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Abstract. The support plays an important role for supported metal catalysts by positioning 

itself as a macromolecular ligand, which conditions the nature of the active site and contributes 

indirectly, but also sometimes directly to the reactivity. Metal species such as nanoparticles, 

clusters or single atoms can be deposited on carbon materials for various catalytic reactions. 

All the carbon materials used as catalyst support constitute a large family of compounds that 

can vary both at textural and structural levels. Today, the recent developments of well-

controlled synthesis methodologies, advanced characterization techniques and modeling tools 

allow one to correlate the relationships between metal/support/reactant at the molecular level. 

Based on these considerations, in this Review article, we wish to provide some answers to the 

question "How and why anchoring metal nanoparticles, clusters or single atoms on carbon 

materials for catalysis?". To do this, we will rely on both experimental and theoretical studies. 

We will first analyze what sites are available on the surface of a carbon support for the 

anchoring of the active phase. Then, we will describe some important effects in catalysis 

inherent to the presence of a carbon-type support (metal-support interaction, confinement, 

spillover and surface functional group effects). These effects will be commented on by putting 



into perspective catalytic results obtained in numerous reactions of thermal catalysis, 

electrocatalysis or photocatalysis. 
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1. Introduction 

It has long been recognized that some activated carbons, developed for gas mask during the 

First World War may be used not only for their own catalytic activity but also as support for a 

metallic phase.1 In fact, the development of metal impregnated carbon was firstly accomplished 

in order to increase the catalytic activity of the carbon itself,2 and there is now more than a 

century that carbon materials are used industrially as catalyst or catalyst support.3,4 Carbon 

supported metallic catalysts are exploited for a wide range of reactions involving noble metals 

(Pd ≈ Pt > Rh > Ru ≈ Ir),5 such as (selective) hydrogenations, hydrogenolysis, dehydrogenation, 

dehalogenation or coupling reactions.4,5 Reactions involving non-noble metals also exist as for 

vinyl acetate production (Zn) or hydrocarbon sweetening by oxidative dehydrogenation on Cu-

Mn-Fe-Co catalysts. One of the oldest industrial application of activated carbon as catalyst 

support is for HgCl2 supported catalyst. This catalyst was used for many years for the vapor 

phase production of vinyl chloride monomer from acetylene and HCl. Interestingly, 

commercialization of a new carbon supported gold catalysts for acetylene hydrochlorination 

has been recently reported.6 X-ray spectroscopic studies of the working catalysts and 

computational modeling have shown that the active species are single-site Au cations.7 This 

example among many others illustrates the continuous interest in using carbon materials in 

catalysis, and how the tremendous progresses in surface science and modeling allow the 

development and understanding of carbon-supported metallic catalysts.  

The most used carbon support material is activated carbon, followed by carbon black and 

graphite or graphitized materials. In addition to a tailorable porous structure and surface 

chemistry, carbon materials present several advantages to be used as catalyst support, such as: 

(i) an easy reduction of the metallic phase; (ii) a good resistance to acids and bases; (iii) a stable 



structure to high temperatures (even above 1023 K under inert atmosphere); (iv) porous carbon 

catalysts can be prepared in different physical forms as granules, clothes, fibers, pellets, etc.; 

(v) the active phase can be easily recovered; and (vi) the cost of conventional carbon supports 

is usually lower than that of other conventional supports, such as alumina and silica.8 Although 

it was soon recognized that the nature of the carbon material, and particularly its electronic 

properties, structure, and surface chemistry, has an influence on its own catalytic 

performances,9,10 studies aiming at investigating its influence on (electro)catalytic 

performances of supported catalysts only appears several years later.11-13 Thus, the importance 

of electronic interactions between Pt particles and a carbon support on the electrocatalytic 

performances of Pt/C catalysts was reported in 1965 by Hillenbrand and Lacksonen.11 For an 

appreciation of the possible variations in the electronic properties of carbons, Mrozowski et al. 

proposed in 1954 a model from aromatic hydrocarbons through defective graphites to near ideal 

graphite, that involves progressive reduction of a finite energy gap between the full p-electron 

band and the conduction band (Figure 1a).14 Thus, as stated by Coughlin,10 in any given 

microcrystalline carbon we might expect to find islands of order, differing in degree of 

perfection and, therefore, corresponding to several of the stages shown in Figure 1a. 

Consequently, we might find, within a typical sample, well-ordered carbon whose electronic 

behavior approaches that of a metal, as well as some highly disordered carbon with electronic 

behavior similar to that of an insulator. This reflects the difficulty to draw structure-property 

relationship with this kind of material. The porous structure impact’s of the carbon support on 

hydrogen transport limitations from the bulk liquid phase to catalyst particles was highlighted 

in 1972 by Acres and Cooper.13 The first attempt to understand the structure of carbons was 

made by Franklin in the 1950s.15 She put forward a simple model based on small graphitic 

crystallites joined together by cross-links, without explaining the nature of these links (Figure 

1b). Still today, the precise atomic structure of activated carbon remains unknown.16 The first 



works on the understanding of the surface chemistry of carbonaceous materials and its 

involvement in catalyst preparation and even catalysis appeared in the 1980s. Some landmark 

papers were published during this period, related to the influence of surface functionality on the 

preparation and the activity of carbon(-supported) catalysts.17-19 The unambiguous 

identification of surface hetero-element species is a delicate art, and requires much experience. 

The presence of surface oxygen-containing groups (Fig 1c) formed upon oxidation of carbon 

proposed in 1913,20 and highlighted by H.P. Boehm and others in the 60’s,21,22 is an important 

parameter that influences catalyst performances. It is also worth to keep in mind that it has been 

verified both experimentally and theoretically that pure (i.e. without any impurities) carbon 

materials can exhibit magnetism.23 The presence of vacancies or radical species (Figure 1d) 

could be at the origin of magnetism.24 If generated, the high chemical reactivity of the carbon 

atoms involved should be considered during the preparation of catalysts or during catalysis.25 

Furthermore, graphitic crystals, exhibiting highly anisotropic properties due to difference in 

bonding between basal planes and within basal planes, show large differences in surface 

energies in their different crystallographic directions: about 0.11 J.m-2 in the basal plane and 5 

J.m-2 in the prismatic planes.26 The edge surface would be expected to react much more rapidly 

than does the basal plane surface. 



 

Figure 1. a) Schematic diagram of the energy bands and the position of the Fermi level for the 

aromatic solids starting from molecular van der Waals solids (a) and ending on a perfect 

graphite crystal (e). Reprinted from ref 14; b) Schematic representation of the structure of a 

graphitizing (but non graphitic) carbon. Reprinted with permission from ref 15 Copyright 1951 

from the Royal Society; c) Decomposition of isolated surface oxygenated groups. Reprinted 



with permission from Coltharp, M. T.; et al. J. Phys. Chem. 1968, 72, 1171-1177.22 Copyright 

1968 from the American Chemical Society; and d) Types of reactive sites on carbon materials: 

I. banana bonds, free valence = 0.75, reactive, II. p-orbital electron unpaired, free valence = 

1.70, radical, very reactive, III. resonance, stabilized, less reactive than II, IV. Extremely 

reactive. Reprinted with permission from Binford, J. S. In Literature of the Combustion of 

Petroleum; American Chemical Society, 1958, 20, 39-48.24 Copyright 1958 from the American 

Chemical Society. 

 

The 1990s saw significant advances in the surface characterization of carbon materials, and in 

particular surface groups containing heteroatoms such as oxygen, nitrogen or sulfur. 

Consequently, advances in the understanding of the influence of carbon surface chemistry on 

catalyst preparation and use have been made.27 For example, the role of surface carboxyl groups 

in the catalyst loading stage and of surface carbonyl groups in anchoring the active phase has 

been discussed, and at the same time the importance of carbon surface inertness in the activity 

and selectivity of many carbon-supported catalysts has also been shown.28 Since the beginning 

of the century, the field of carbon (nano)materials for catalysis is rapidly expanding, and many 

reviews29-38 and entire books have already been devoted to the subject.39-42 This is mainly due 

to: i) the (re)discovery of new types of carbon materials or allotropes, such as fullerene, carbon 

nanotubes (CNT) and graphene (G), which present outstanding properties, including for 

catalysis; ii) the emergence of new demanding applications, particularly in the field of energy, 

environment and biomass conversion;43-45 and iii) the development of metal-free-,46 photo-47 

and electro-catalysis.48 Among the enormous recent advances due to the use of carbon 

(nano)materials as support for catalysis, we can point several highly important articles dealing 

with the use of (i) carbon black in Proton Exchange Membrane Fuel Cell (PEMFC)49 or in 

Oxygen Evolution Reaction (OER),50 ii) (nano-)fibers for CO oxidation51 or Oxygen Reduction 



Reaction (ORR),52 (ii) carbon nanotubes in Direct Methanol Fuel Cells (DMFC)53 or for ORR 

purpose,54 (iii) graphene for ORR55 or CO/methanol oxidation,56 or iv) the discovery, 

development, and commercialization of a new Au/C catalyst for vinyl chloride production by 

acetylene hydrochlorination.6,7 

In parallel, recent developments of characterization techniques, modeling tools, and  progresses 

in surface coordination chemistry have allowed significant advances. Representative examples 

are shown on Figure 2, which can be considered in perspective from those presented in Figure 

1. Figure 2a shows density of state (DoS) analysis carried out to examine the electronic structure 

of several defective sites in graphene.57 Sharp spikes exist within 0.5 eV from the Fermi level 

on the DoS curves of all these defects, denoting the localized character of those reactive states. 

Charge densities of these states were extracted, which further prove that these features in the 

DoS are associated to defect states localized on carbon atoms involved in defect sites. Such 

defects alter the electronic properties of graphene and modify the chemical reactivity toward 

adsorbates. Recent investigation by aberration-corrected Transmission Electron Microscopy 

(TEM) suggests that activated carbon has a structure related to that of fullerenes, consisting of 

curved fragments containing pentagons and other non-hexagonal rings in addition to 

hexagons.16,58 Figure 2b shows a molecular model based on a random packing of fullerene-like 

fragments, functionalized with carboxylic groups.59 Experimental data combined with Density 

Functional Theory (DFT) calculations have shown that both metal precursor and metallic 

nanoparticles (NPs) can be anchored on the surface of the carbon support via these carboxylic 

surface groups, presumably via surface acetato ligands. Figure 2c shows a Ru13 cluster adsorbed 

on a site of graphene combining a double vacancy and two -COOH groups before (on left panel) 

and after a proton jump from the –COOH group to the metal.60 Finally, while perfect graphite 

is nonmagnetic, experimental observations of magnetic ordering in carbon materials are often 

explained by the presence of defects, such as vacancies or hydrogen chemisorption defects.61 



Figure 2d shows the spin-density projection in µB/a.u.2 on the graphene plane around these types 

of defects. Calculated magnetic moments are 1 µB per hydrogen chemisorption defect, and 1.1-

1.5 µB per vacancy defect, depending on the defect concentration. 



 

Figure 2. a) Structures of i) pristine graphene (G), ii) single vacancy (SV-G), iii) double 

vacancy (DV-G) and several haeckelite-like structures, namely iv) 5775, v) 555-777 vi), 5555 



-6-7777 and their corresponding DoS curves vii). The charge densities of defective states at the 

Fermi level in vii) are shown in purple in ii)-vi) with an iso-value of ±0.003 a.u. Reprinted with 

permission from ref 57. Copyright 2014 from the Royal Society of Chemistry; b) Molecular 

model of a corannulene-like element functionalized with three carboxylic groups from two 

different perspectives in the cpk representation (on the left). The final structure (190 elements 

in a cubic cell of 60 Å in size) obtained from random packing of the individual elements (on 

the right). Cyan: carbon, red: oxygen, white: hydrogen. Reprinted with permission from ref 59 

Copyright 2017 from Elsevier; c) Side-views of Ru13 adsorbed on Gr-DV-2COOH site before 

(on left panel) and after a proton jump (right panel). C atoms are in black, O in red, H in with 

white and Ru in mocha. Reprinted with permission from ref 60 Copyright 2014 from Elsevier; 

and d) Spin-density projection in µB/a.u.2 on the graphene plane around i) the hydrogen 

chemisorption defect (∆) and ii) the vacancy defect in the a sublattice. Carbon atoms 

corresponding to the a sublattice (o) and to the b sublattice (●) are distinguished. Simulated 

STM images of the defects are shown in iii) and iv), respectively. Reprinted with permission 

from ref 61. Copyright 2007 American Physical Society. 

 

Despite the fact that syntheses and applications in various fields of catalysis of carbon-

supported metal catalysts have been largely covered in many recent review articles or book 

chapters, we do believe that a comprehensive review covering from both theoretical and 

experimental point of views the critical issues dealing with this central question “How and why 

anchoring metal nanoparticles, clusters or single atoms on carbon (nano)materials for 

catalysis?” is definitively missing. Indeed, modern approaches for an in-depth understanding of 

the complex and rich surface chemistry as well as structural characteristics of carbon materials, 

and their influence on metal nanoparticle/cluster/atom anchoring and activity/selectivity, pass 

by a strong interaction between experiment and theory. We also believe that this review article 



that cover the period 2000-2018 will open new perspectives for researchers exploring the 

reactivity of carbon and metallic surfaces in many other fields than catalysis. 

 

2. How interact metal nanoparticles, clusters or single metal atoms with 

carbon (nano)materials? 

As mentioned in the introduction, already in the late 1960s, R. W. Coughlin suggested in a 

landmark paper that the catalytic activity and selectivity of carbon catalysts was related to their 

surface chemistry and electronic properties.10 We only recall that pure nanostructured carbon 

materials can be (i) 0D (carbon black or fullerene) (ii) 1D (nanotubes), (iii) 2D (graphene, 

graphene oxide) or even (iv) 3D (mesoporous carbon, graphite) for instance. A very large 

amount of experimental and theoretical works in the field are devoted to describe and/or tune 

the anchoring modes of supported metallic catalysts (be it a single atom, a small aggregate or 

even a NP) on all possible nanostructured carbon-based materials. A well-accepted concept is 

that specific sites on the carbon support, irrespective of their type, are required to trap the 

chemically active species. The next section is firstly devoted to present the major results 

concerning the description of those anchoring sites, and in a second time, to describe how 

atoms, clusters and NPs interact with them.  

Adsorption on carbon materials is related to their surface physico-chemical properties. The sp2 

type carbon material surface chemistry is mainly dictated: (i) by basal and edge carbon 

atoms,62,63 and (ii) point-defects such as structural carbon vacancies or non-aromatic rings.64 

The presence of such defects along the edges of graphene layers, and also incorporated in the 

graphene layer, is at the origin of their high reactivity since many unpaired electrons are indeed 

localized at these specific sites. Two types of carbon appear then, some carbene type on zigzag 

sites, or carbyne-like for armchair configurations.62 Heteroatoms, mainly oxygen, hydrogen, 



nitrogen, and sulfur can be also adsorbed or even substitute carbon atoms, resulting in very 

stable surface compounds, which induce a complex surface chemistry, especially in conjunction 

with structural point-defects.  

Among the heteroatoms, nitrogen is particularly appealing, due to its chemical versatility and 

to the induced doping produced by a single substitution N/C.65-67 If most of the adsorption sites 

for chemisorption on sp2 and sp2+d carbon materials are on the basal planes and inner or outer 

surface in the case of CNT, the presence of heterogeneous groups,68 mainly oxygenated ones, 

can also reinforce the overall adsorption capacity. This is due to a higher activity compared to 

pure sp2 carbon of basal planes, or even carbon atoms involved in CNT sidewall, which are 

usually more pyramidalized. It is of great interest to get a better understanding at the atomic-

scale, which necessitates the use of precise computational approaches combined with various 

experimental techniques, of how all these defects, substitutions and or functionalized groups 

grafted on carbon support interact with the active metal. Of course, computational chemistry is 

precious to elucidate the molecular scale interfacial structure, see ref. 69 for bright prospects 

and emerging challenges in the field of graphene-based energy applications for instance.  

 

2.1 Anchoring sites on carbon surfaces 

Direct atomic-scale pictures of nano-hybrid systems are difficult to obtain experimentally. 

However, in conjunction with the most advanced characterization technics such as FT-IR, 

Raman, XANES, EXAFS, HR-TEM, XPS, STEM-EELS, HAADF-STEM, theoretical works 

mainly using DFT, based on more and more realistic models, can provide useful insights of the 

metal-carbon interactions. The precise understanding of single atom catalysts (SAC), clusters 

or NP anchoring modes on advanced carbon materials, and potentially its engineering are key 

issues to obtain new catalytic properties. Nowadays, those fundamental studies mainly relies 



on the fine-tuning of metal-carbon interaction through either the presence of structural surface 

defects, and/or by substitutional-doping and/or by chemical functionalization of the carbon 

surfaces. For instance, such studies should allow the development of highly efficient 

electrocatalysts for ORR,70 since nitrogen-modified carbon are used as supports,71 by mainly 

increasing the stability of metallic NP on the support. Supports with a high level of 

graphitization, such as CNT and graphene have been extensively considered. Indeed it has been 

thought that a higher level of graphitization yields to a higher stability due to a lower density 

of edge and defect sites. Other supports for which both the level of graphitization and support 

microstructure can be tailored have been considered too, such as nanofibers, hierarchical 

carbon, aerogels, and ordered mesoporous carbon. Surface functionalized and chemically 

modified carbon nanomaterials have been getting increased attention over the past few years. 

In these materials, surface functional groups can help to stabilize the carbon structure, and at 

the same time can also provide a bonding site for metal, by increasing its dispersion and stability 

at the same time.72 If the introduction of hetero-atoms (N, B, P, S) in the carbon graphitic 

network usually alters locally the electronic properties, it usually increases the carbon sites’ 

reactivity upon functionalization, making them efficient localized grounds for further SAC, 

clusters or metal NP anchoring. Although the interaction between functional groups and metal 

has been studied by various characterization techniques, the success of TEM is considerable in 

this field, see ref. 73 for a recent review. Finding correlation between catalytic performances 

and atomic scale pictures of the systems obtained from theoretical models, is an object of 

intense research work, especially for the elucidation of the nature and the role of heteroatoms.74  

In last years, the newly emerging N-doped carbon-supported metal catalysts have arguably 

experienced great progresses and brought the most attention since nitrogen doping can tailor 

the properties of carbon for various applications of interest. Compared with pristine carbon-

supported metal catalysts, these catalysts normally show superior catalytic performances in 



many reactions because of specific metal-support interactions resulting from N-doping.75 We 

will focus our attention, in the next subsections, on the interaction of (non-)noble metals with 

various carbon nanostructures employed for catalytic purposes, namely 0D (fullerene-like), 1D 

(nanotubes) and 2D (graphene-like). In a last part, the occurrence of surface modification to 

induce metal anchorage on more complex systems like graphitic of carbon nanofibers (CNF), 

will be discussed. 

 

2.1.1 0D materials 

The early significant atomic scale investigations of the interaction between transition metals 

(TM) with fullerenes dated from the 2000s, in the context of hydrogen storage,76 with the aim 

of building polymerized structures, see ref. 77 for an overview. Metal fullerides have been the 

subject of intensive investigations over the past 20 years, and mostly compounds of C60 with 

alkali and alkaline metals (A-C60) have been synthesized.78 In contrast, only a few reports 

claiming the existence of fullerides or metal-fullerene complexes with transition metals  are 

known.79-84 The characterization of those complexes based on Pd or Ru metals is not easy, since 

various dispersion morphologies of palladium and ruthenium particles on the C60 matrix are 

obtained, depending on the synthesis conditions.85 

Theoretically, most of the reports found in the literature deal with the interaction of a single TM 

atom adsorbed on a single C60 molecule, which is a versatile ligand, with various hapticity.68,86 

Usually are reported the binding energy, the most stable adsorption sites either hollow (h6), 

pentagonal (h5), bridge on a single bond (h2(5-6)) or on a double bond (h2(6)), or top position, see 

Figure 3a, as well as  the geometric parameters such as bond-lengths, and angles. For light TM, 

Sc and Ti prefer hollow sites with a binding energy of 48.4 kcal.mol-1, while V and Cr prefer 

h2(6) sites with binding energies of 29.9 and 18.5 kcal.mol-1, respectively. In the same work, it 



is reported that heavier metals such as Mn, Fe, and Co do not bond on C60.76 However, 

experimental evidences were reported for the formation of: i) Co-C60 polymeric structure with 

a complex covalent ionic bond character between the two moieties,87 and ii) Con(C60)m+ mixed 

clusters with various compositions. Pd and Pt single atoms bind strongly with a h2(6) 

coordination mode and a corresponding adsorption energy of 34.1 and 63.9 kcal.mol-1 

respectively.88,89 Nickel atoms also possess a strong affinity with C60.89 We recall that this kind 

of study is only ideal in the sense that further molecular adsorption on the metallic center will 

occur, due to the presence of H2, CO, or some ligands associated to the metallic precursors 

decomposition90 or even other C60.91     

In the case of Ru fullerides, EXAFS techniques, which are site-specific tools,92 corroborated by 

DFT calculations have shown that single Ru atoms can adopt a h2(6)-h6 coordination mode 

between two fullerenes. Charge transfer from the metal to the C60, known as good electron 

acceptor, has been evidenced, by Raman spectroscopy and DFT calculations too.91 For a single 

Pd atom embedded in a C60-polymeric 1/1 ratio, the preferential coordination is h2(6)-h2(6), and  

remains the same even in a 3D organization.93 The adsorption of small clusters of Nin, Pdn and 

Ptn, with n £ 4 on fullerenes, have been also studied theoretically.89 In the Pd and Pt cluster 

cases, when increasing the number of involved atoms, the formation energy also increases, 

meaning that larger clusters are more favorable energetically. The same conclusion has been 

drawn for larger C60-supported Ptn clusters, with adsorption energy of the different clusters 

ranging from 34.6 to 71.5 kcal.mol-1.88 Fullerenes can be either functionalized68,94,95 or can be 

also used to anchor organometallic complexes, to provide new homogenous type of catalysts; 

see ref. 68,96 for a review, which is out the scope of the present review. 

 



 

Figure 3. Typical adsorption modes on: a) C60, and b) graphene layer presenting also armchair 

and zigzag edges as well as single vacancy. 

 

Even if theoretically, activated carbon or carbon black (CB) have been less studied, due to the 

large size of these systems, we can mention the work of Dutta et al. They have systematically 

investigated by DFT calculations performed on a curved polyaromatic hydrogenated (PAH) 

molecule, used as a model of activated carbon surface, the mechanism of dihydrogen molecule 

dissociation to form metal hydride on supported small rhodium clusters, catalyzed by bare and 

activated carbon.97 Five- as well as six-member rings of the activated carbon act as the support 

for hydrogen-adsorbed rhodium clusters. When a rhodium cluster is linked with a five-member 

ring of activated carbon, it has the enhanced ability to activate H2 molecule. 

Activated carbon can be also functionalized by acid groups for instance, to anchor small Rh NP 

with good dispersion.98 In ref. 99, the authors report on the use of phosphorus-doped activated 

carbon made of 50 nm nanospheres, as support to grow via chemical reduction ultra-small (1-3 

nm) and ligand-free precious metal NPs. The valence states of surface phosphorus species are 

critical in tuning the affinity between the carbon support and metal precursors, which rationally 

controls the loading, size and uniformity of resultant materials. Five metals (Ru, Ag, Au, Rh, 

and Pd) were grown in situ to demonstrate the key role of surface phosphorus sites. 



 

2.1.2 Nanotubes  

 Theoretically, the interaction of single TM atom or small clusters with CNT has been studied 

since 15 years. Because the electronisc structure of CNT is crucially dependent of their diameter 

and helicity, it is expected that adsorption of metal is affected by these two properties.100,101 

Many publications dealing with the anchorage of TM single atom on pristine or functionalized 

nanotube sidewalls in the single context of hydrogen storage have been published, supported 

by strong orbital analyses.102-105 It has been shown that the curvature of the surface has an 

impact on the surface diffusion of metallic adatoms106-108 as well as on the type of binding sites 

for the metal.109,110 Most of the results clearly indicated that defects, such as Stone-Wales (SW) 

defects or vacancies, which may be present either inherently or induced during purification 

process, play a crucial role in the adsorption or surface diffusion of TM atoms on CNT. 

Vacancies (Figure 3b) usually reinforce the bonding between TM atoms and the neighboring C 

atoms, since a factor of 2 in the adsorption energy values is found.111 Clearly, the presence of 

σ-bonding of metal to carbon atoms around the defect edge provide stabilization. It has also 

been shown that the 3d TM atoms acting as substitutional defects can substantially modify the 

electronic structure of CNT. Due to bonding character differences with C atoms, adsorption 

energies can vary considerably from one 3d TM atom to the other.111 Endohedral coordination, 

which is much less favorable thermodynamically is generally not favored.112 This is the case 

for Fe in interaction with a (6,6) single-walled CNT.113 However in some specific cases, the 

interactions and reactions of some specific TM clusters (Os, Re, W) with the interior of single-

walled CNT have been modeled.114   

 A major challenge for NP catalysis is the synthesis and stabilization of small (< 2 nm) NP. 

Owing to their high reactivity and mobility, sub-2 nm metal NP easily merge to form larger 

ones, and thus many of the valuable physical properties are lost, especially their catalytic 



activity can be suppressed. In this respect, single-walled CNTs appear to be an interesting 

support since curvature effects may reduce NP sintering even without any chemical treatment 

of the CNT sidewalls, see Figure 4a.  

 

 

Figure 4. a) TEM images of Pd nanoparticles on graphene surface and on 1-2 nm diameter 

CNT surfaces. Images were taken after the loading and after sequential annealing for 2 h at 773 

K. Reprinted with permission from Staykov, A.; et al. J. Phys. Chem. C 2014, 118, 8907-



8916.115 Copyright 2014 from the American Chemical Society; and b) schematic representation 

of major possible oxygen functional groups present on carbon-based nanomaterials for further 

NP anchoring.  

 

 In the case of Pd or Au clusters, DFT calculations combined with experiments have proven 

the superiority of CNT over graphene supports to reduce significantly the sintering of small NP, 

after annealing, especially with small diameter CNT (Figure 4a).115 Interestingly, important 

effects of metallic NP morphology on their dispersity and thus on their catalytic stability have 

been addressed in the case of small icosahedra Pt NP deposited on commercial single-walled 

CNT. When comparing small Pt nanocubes with icosahedra, the latter are highly mono-

dispersed on CNT support due to their unique geometry, showing in return better 

electrocatalytic activity and stability.116 One can suspect that this strong anchorage of Pt 

icosahedra is the result of combined effects due to the curvature and the presence of inherent 

defects on the carbon support with highly reactive facets of icosahedra Pt. Obtaining atomic 

dispersion, with very low metal loading, as in ref. 117, increases the portion of the surface active-

atom sites and therefore, notably lowers the Pt loading needed for attaining a high Hydrogen 

Evolution Reaction (HER) catalytic activity.   

 Chemical treatments such as surface functionalization are also efficient to reinforce the 

interaction between the CNT and the metallic NP.118,119 Those treatments often involved surface 

oxidation, with the formation of various functional groups (Figure 4b) such as ketones, phenols, 

lactones, carboxyls, ethers and acid anhydrides120,121 from gas-phase reactions or nitric acid 

treatment.122 In 2011, Chiang et al have stressed the importance of the oxidation treatment of 

CNT, which introduced primarily -OH and -COOH groups on CNT sidewalls, as revealed by 

XPS. This treatment enhanced the reduction of Pt ionic species, resulting in smaller Pt particles 



with improved dispersion. Pt NP supported on oxidized CNT usually display superior durability 

than those on pristine CNT or commercially available Pt/C.123  

 Halogenation either during the CNT synthesis step124 or via direct contact with chlorine, 

bromine or iodine vapor125 can be used to better trap NP. Besides, sulfonation reaction is an 

alternative route to anchor metallic NP, either through the formation of -SO3H group on the 

CNT surface,126 or via non-covalent functionalization with the aim of forming oxidized 

groups127 to anchor Pd128 or Pt NP.129 Hetero-atoms doping is also possible, for instance as in 

sulfur-doped CNT, which are highly-efficient Pt catalyst support toward methanol oxidation 

reaction,130 or nitrogen-doped carbon supports131 that enhance the dispersion and the stability 

of Pt NP,132 since strong metal-nitrogen bonds enhanced the metal-support interactions thus 

limiting the coalescence of neighboring NP.133  

 

2.1.3 Graphene and few layer graphene 

 Due to its high electronic conductivity and excellent mechanical properties, graphene meets 

the requirements of an ideal electrocatalyst support. For a review with a particular focus on the 

microscopic thermodynamic and kinetic mechanisms, concerning the fabrication of graphene-

metal NP composites using vapor-phase depositions of metals on/in graphene-based materials, 

see ref. 134. Numerous DFT studies of 3d, 4d, and 5d TM atom adsorption on a pristine graphene 

surface, have been reported, few of them have even compiled complete series of adsorption 

energies.135-138 Figure 3b recalls the most favorable adsorption sites on graphene. Generally, 

TM atoms stand in hollow (h6) sites when they are chemisorbed (with typical Eads ³ 23 kcal.mol-

1) with a strong hybridization between the TM d orbitals and the p orbital of the graphene layer, 

inducing spin state change.139,140 Bridge (h2) or top (h1) sites are more eager to be occupied 

since the interaction involved only weak van der Waals forces. This physisorption process 



occurs mainly for half-filled and completely filled d orbital atoms, and energy differences 

between different hapticity configurations are rather small. Among Few Layer Graphene 

(FLG), the adsorption on pristine Bilayer Graphene (BLG) has been theoretically studied,141 

and on model of graphite as well.142 An increase of the binding energy is generally obtained, 

when more graphene layers are stacked.143 Edges sites reactivity of graphene and FLG towards 

Au, Cr, and Al atom adsorption has been investigated,143,144 and all edge sites were found to be 

good traps for all TM atoms with large binding energies, due to the presence of dangling bonds. 

More than 60 kcal.mol-1 for adsorption site on armchair edges and even 120 kcal.mol-1 for 

zigzag ones have been reported.145 A study combining HRTEM and XPS experiments have 

allowed to elucidate the bonding of single Pt atoms at graphene step-edges, after plasma 

sputtering, revealing a large binding energy shift of the Pt 4f state. Thanks to DFT, it was shown 

that the Pt 5dxy-orbital in the step edge plays a crucial role in the formation of chemical bonds 

to C atoms and in the considerable charge transfer from Pt to C atoms, resulting in the large 

binding energy shift of the Pt 4f state.146 However, due to experimental setup (chemical vapor 

deposition), the probability is high that most of those edge sites are passivated by hydrogen. In 

the case of a Fe atom adsorbed on a H-terminated site, the binding energy drops off, but remains 

still larger by 10 kcal.mol-1 than the adsorption on pristine graphene.147 

 Intrinsic, essentially vacancies, line of defects or grain boundaries as well as extrinsic, such 

as impurities defects are also good candidates for a strong anchoring of TM atoms, due to their 

high reactivity.148,149 The presence of such defects thanks to the versatile nature of carbon atoms 

embedded in the graphene layer allows easy reconstruction by forming non-hexagonal rings. 

The numerous energetic aspects of changes in graphene atomic structures have been detailed 

recently,150 we only present here important results considering further TM adsorption. 

The simplest defect in any graphene-based materials, observed by TEM151,152 or STM,153 

despite its high formation energy around 170 kcal.mol-1,154,155 and thus the most studied one so 



far,23,61,154,156,157 is obviously the single vacancy (SV). See Figure 3b for the corresponding 

atomic structure induced by the formation of a five aromatic ring,158 leaving one highly reactive 

dangling bond on the opposite C atom. Moreover, molecular orbital analysis have shown a 

small energy separation between the singlet and triplet state, pointing the carbene character of 

those mobile point defects.121 Thus, such sites are usually involved in the anchoring of small 

metallic and well-dispersed NP in oxygen-free FLG samples.159 

 The migration barrier of such defect has been estimated to be around 30 kcal.mol-1 for 

graphene and small diameter single-walled CNTs,154,155 meaning that slightly above room 

temperature these defects start to move. With the coalescence of two SVs, and possible rotation 

of C-C bonds,64 a divacancy (DV) presenting a 5-8-5 structure (Figure 5a) is created with an 

energy gain per missing C atoms of 80 kcal.mol-1, . Upon a rotation of one of the C-C bonds in 

the octagon, the so called 555-777 DV (Figure 5a) is obtained, yielding a more stable structure 

by around 20 kcal.mol-1,160 but with a large activation energy barrier ~115 kcal.mol-1.161 DV 

defects appear to be immobile due to their high energy migration barriers,154 justifying the use 

of 5-8-5 DV as model in several studies.  

 

 



Figure 5. a) Examples of single vacancy, 5-8-5 vs. 555-777 divacancy atomic structures, b) 

Stone Wales (5775) defect, c) adsorption of Pt atom in SV and 5-8-5 DV, and d) various 

nitrogen doping configurations: graphitic, pyridinic and pyrrolic. 

 

 DFT studies of TM adatoms adsorbed on graphene sheet with carbon vacancies have all 

stressed that the strain fields around these rather localized defects spread far away from the 

adsorption site.162,163 Moreover, it has been reported that metal atoms usually bind more 

strongly to vacancies than to pristine carbon-support, forming covalent bonds.164-167 Those 

extensive studies have shown that the binding energies for a TM atom in SV defect are in typical 

range of 45-190 kcal.mol-1. Similar values were obtained for DVs.164 Thus, the presence of 

vacancies should prevent metal clustering on the carbon-support surface.167 Interestingly, such 

defect passivation by Fe atoms have been observed experimentally by aberration-corrected 

TEM by Robertson et al.168 The typical atomic configurations of TM SV/DV complexes are 

shown in Figure 5c.164. Those localized defects induce strain extending for at least 2 nm away 

from the defect, as it can be seen in Figure 6. TM atoms are thus attracted by the reconstructed 

defects. The increased reactivity of the strained graphene makes it possible to attach metal 

atoms much more firmly than to pristine graphene and supplies a tool for tailoring the electronic 

structure of graphene. 

 



 

Figure 6. Strain fields in: a) SV, b) DV (5-8-5 defect), c) reconstructed DV (555-777 defect), 

and d) 5555-6-7777 defect. The bonds are colored according to an increase (blue) or decrease 

(red) in the bond length (given in picometers). The bonds close to pentagons are contracted, but 

most C–C bonds are stretched. Reprinted with permission from ref 169. Copyright 2011 from 

Springer Nature. 

 

Since TM atomic radii are larger than the carbon one, the TM atom tends to be displaced 

outward from the graphene plane, more strongly for SV than for DV, inducing a long range 

buckling of the graphene support.164 For small clusters such as Pd4, it has been shown that the 

larger is the vacancy, the stronger is the adsorption, due to more Pd-C bond formations.170 The 

interaction of single Pt atom and very small clusters (up to Pt4) with two stacked graphene ML 

decorated by various vacancies, to model irradiated Highly Oriented Pyrolytic Graphite 

(HOPG) was investigated thanks to DFT calculations.171 For Pt clusters supported on HOPG 



with vacancy aggregations, this study shows that a strong driving force for nucleation and a 

much enhanced tendency for particle ripening is present. 

 SW defects172 have been also proposed as efficient point defects for further atomic 

adsorption since they do not involve any removed or added atoms. It implies a single 90°-

rotation of a single C-C bond, which transforms 4 hexagons into 2 pentagons and 2 heptagons 

(5775-defect), as depicted in Figure 5b.173 Despite their rather large formation energy, i.e. 70-

115 kcal.mol-1 depending on model’s curvature,173-176 they have been observed 

experimentally.177-179 Due to the presence of more reactive bonds, TM atoms bind more strongly 

to SW defects than pristine graphene layer, i.e. by almost 10 kcal.mol-1 for a single Co atom.180 

Due to curvature effect in nanotubes, SW defects are even better sites for metal anchoring.181,182 

In the case of Ti, Pd, Pt or Au small metallic clusters, SW defects tend to bind more strongly 

than pristine support.183 

 Another type of point defects usually used as anchoring site are substitutional foreign 

atoms,184 mainly nitrogen, see ref. 67 for a review of synthesis and characterization of N-doped 

graphene (N-G), boron (B-G)185 and in a lesser extend others elements like S or P.186 

Embedding a single hetero-atom, as B, in the graphene layer usually induced important out-of-

plane distortions, as well as introducing a hole, acting thus as a p-dopant.187 As a consequence, 

the incorporation of boron into graphene substantially enhances the adsorption strength for 

small metallic clusters. For Pt4 the gain is already larger than 25 kcal.mol-1.188  

Nitrogen doping can be achieved by several methods,189 and has been particularly studied in 

several contexts such as for supercapacitor applications,190 and electrocatalysts for ORR,191 in 

PEMFC.192 As schematically illustrated in Figure 5d, three common bonding configurations of 

N atoms in graphene have been evidenced,193 including pyrrolic, pyridinic, and substitutional 

(also denoted quaternary or graphitic) N. Experimentally, the atomic structure, electronic 

structure, and dynamic behavior of those defects have been systematically studied at the atomic 



level by using a scanning transmission electron microscope.194 Comparisons between XPS 

measurements and DFT calculations have proven its utility for site characterization.195 Such N 

atoms can change the local density state around the Fermi level of N-doped graphitic carbons, 

which may play a vital role in tailoring the electronic and adsorption properties. Experimentally, 

the pyridinic-N exhibit higher chemical reactivity and thus appear to be better traps for single 

atoms; Mg, Al, Ca, Ti, Cr, Mn and Fe were successfully tested.194 DFT results have clearly 

shown that the nitrogen incorporation into CNT or FLG could not only facilitate the 

immobilization, but also modifies the electronic structures of the TM atoms, which provides a 

promising approach for optimizing SAC.196,197 The electron distribution in carbon atoms next 

to a nitrogen dopant is significantly disturbed, causing differences in the electron scattering and 

consequently contrast-differences in high resolution TEM images.198,199 In the case of extensive 

N-doping, N4-TM configurations can be produced, which have been proven to be highly active, 

like N4-Co to build efficient counter electrode for dye-sensitized solar cells,200 or N4-Mn for 

ORR.201 The structural stability of N-G with graphitic-N, pyridinic-N and pyrrolic-N, and TM 

atoms (from Sc to Ni) embedded into N-G have been investigated by DFT.197 The TM atoms 

embedded in a N4-DV, by substituting four C atoms in a DV site with N atoms, form a N4-

centered structure, which provides strong anchoring mode with binding energy larger than 160 

kcal.mol-1. By increasing the nitrogen concentration, graphitic carbon nitride (g-C3N4,) 

although not so in-depth characterized, can be formed,202 as well as carbon nitride 

nanotubes.203,204 C3N4 conjugated polymer can also be synthesized under specific conditions. 

We refer to ref. 47 for further information since metal/g-C3N4 nanohybrids have been reported. 

It has been recently proposed that the stabilization of single metal atoms on g-C3N4 is due to 

the presence of defects.205 In the same work, DFT calculations of the adsorption, stabilization 

and diffusion of metals, established the stable location close to the six-fold interstices between 

tri-s-triazine units composing the g-C3N4. Even CNF can be N-doped, and it was shown that 



for ORR efficiency trade-offs between nitrogen content, electrical conductivity and surface 

density of active sites must be reached.206  

 It was proposed that these g-C3N4 porous materials show, as graphene, a honeycomb-like 

structure but with six-membered carbon-nitrogen rings, that opens a gap in the electronic band 

structure, and presenting various type of cavities. The adsorption of 3d TMs on those sites have 

been reported using DFT calculations.207-210 The binding energies are usually strong, however 

in some cases, they remain smaller than the corresponding metal cohesive energies, still below 

the most favorable N4 sites. For Pt clusters supported on HOPG with nitrogen defects, 

calculations have shown a greater driving force for nucleation and greater particle tethering, 

due to the disruption of the regular graphene bonding near the defect. For instance positively 

charged neighboring C atoms attract Pt more strongly.171 Finally, edge doping of graphene 

nano-ribbons (GNRs) has also been reported by annealing graphene ribbons in ammonia,211 

presenting pyridinic-type N atoms. It appears that metal NP chemical reactivity are enhanced 

upon deposition, due to the creation of a Mott-Schottky heterojunction at the planar metal-

semiconductor interface, inducing charge transfer.212 

 One dimensional defects have been observed in several experimental studies on 

graphene.151,213-215 Generally, these line defects are tilt boundaries, with a tilt axis normal to the 

plane, which separate two graphene domains with different lattice orientations. These defect 

lines can be viewed as a line of reconstructed point defects presenting or not some dangling 

bonds.64 In the case of FLG, the layers can interconnect either by direct atomic bonding, 

forming grain boundaries, or by overlapping, holding by van der Waals interactions.216 Because 

of its low dimensionality and the rigid bonding structure of graphene, the structural variety 

along these lines is typically governed by the presence of 7-5 rings and 8-5 ring defects.217 

Grain boundaries in graphene have been studied extensively and are predicted to have specific 

electronic,218-220 magnetic221 and thus chemical properties.222 Their activity allows for very 



localized metal deposition.223 The presence of such line defects induces a very localized strain, 

which provides better reactivity than pristine graphene.224 This enhanced chemical reactivity at 

the grain boundary, makes graphene ML with engineered line defects a highly promising 

candidate for gas sensor applications,225 or even for ORR.226 It can also act like very localized 

anchoring sites, with stronger adsorption energies on the line defects for metal163,227 or Li 

atoms,228 and at the same lower diffusion barrier energy along the grain boundary. Besides, by 

increasing the concentration of the TM adatoms, nano-lines can be formed due to the 

strengthening of the energetic stability of the TM/grain boundary systems.229 

 Graphene oxide (GO) is a complex nonstoichiometric material possessing a layered 

structure, with physico-chemical properties, which are highly dependent on synthesis 

procedures and post-synthesis treatments.230-232 The various strategies and application of metal 

NP deposition on GO have been reported elsewhere.233,234 The efficiency of GO support for 

HER has been proven, since this support can be used simultaneously as an electron acceptor 

that allows electron transport, as co-catalyst, photocatalyst or photo-sensitizer.235 Due to the use 

of strong oxidants under acidic conditions during GO synthesis, the graphene surface and edges 

are fully functionalized by a wide range of groups such as alcohols, epoxide and carboxylic, 

making: i) the O/C ratio the critical parameter that defines the atomic structure, usually 

extracted from XPS experiments,236,237 and ii) GO modeling a challenging task.238 In the 

literature, several different structural models exist for GO. All of them present epoxy239 (mainly 

oxygen in bridge) or hydroxyl (-OH) groups adsorbed on graphene basal plane,238,240,241 less 

with -COOH groups, despite their fundamental roles in reactivity.242,243 Then, the component, 

the structure, and O/C ratio depend much on the different chemical oxidation processes.244,245 

Most of the possible applications of GO as support imply its reduction, to restore partially 

graphene’s structure and physico-chemical properties. Depending on the reduction process, 

various properties of the reduced GO (rGO) can be obtained and thus different performances 



achieved.246 It has been suggested that by removing -OH and -COOH groups, the sp2 character 

of the carbon atoms is restored.247 Only few theoretical studies have addressed the adsorption 

of metals (or other elements) on GO or rGO.244,248-250 As expected, those theoretical works have 

pointed stronger binding energies when GO is used as support when compared to pristine 

graphene. In the case of a single iron atom, the most favorable anchoring mode gives an 

adsorption energy of -160 kcal.mol-1, quite similar to defective graphene values, when on a 

pristine graphene it is only ~ 20 kcal.mol-1. Combined with a high migration barrier of 75 

kcal.mol-1, GO should ensure strong metal stability and avoid metal clustering. The presence of 

oxygen atoms allows for the anchoring of a single Pt as well as small Pt13 clusters, with a strong 

enhancement (~7 times) of the adsorption energies compared to the undoped situation,251 when 

it is even unfavorable thermodynamically on pristine graphene.252 The introduction of epoxy 

and hydroxyl groups on a graphene layer modifies its chemical properties, due to the 

deformation of the basal plane, which depends on the type and the concentration of these 

functional groups. It can even results in the formation of surface dangling bonds, which can 

greatly stabilize Pt single atom adsorption.253 Experimentally, Raman and XANES analyses 

have allowed to identify TM-C and TM-O-C bond formation in the case of Pd/graphene 

catalysts.254 

 Considering the interaction of graphene ML, FLG and GO with metallic atoms, clusters and 

NP, very similar strategies, as exposed in the previous section devoted to CNT, have been 

developed: the use of surface functionalization and/or heteroatom doping in the presence of 

intrinsic defects. Several reviews on that topic are available in the literature.205,255-259 Energy-

related applications have benefited from these major progresses. In the context of fuel cells, 

doped graphene-supported nano-electrocatalysts have been widely considered. See ref. 260 for 

a comprehensive review on synthesis, physico-chemical characterization and applications in 

this particular topic, especially for Pt and Pd catalysts. For instance, stabilized Pt atoms and 



clusters were obtained when numerous N-dopant types were incorporated in the graphene 

support, followed by an atomic layer deposition procedure.261 Applications of mixing those 

chemical approaches in ORR and HER contexts have been reviewed too.262-264 A further 

functionalization of rGO to covalently graft p-phenyl SO3H- or p-phenyl NH2- groups facilitates 

the homogeneous surface distribution of Pt NP and reduces the NP size since the strong 

interaction between the Pt atoms and the functionalized groups avoids the 

migration/coalescence of the NP, during durability tests.265 In the context of ORR, it has been 

demonstrated that even without metals, a specific structure made of nitrogen pair doped SW 

defect provides a very active site.266 The effect of curvature was also addressed, and its 

beneficial outcome clearly proven.267,268 In the same spirit, the combined presence of defects, 

oxygenated groups (-OH mainly) and nitrogen groups (-N and -NH2) on rGO insures the 

formation of ultrafine and well-dispersed NiPd NP with high activity for dehydrogenation 

reaction.269 XPS results have shown that using N-doped rGO support for Pt NP deposition leads 

to formation of Pt-N chemical bonds, with an electronic transfer from Pt to the carbon support. 

It has also been demonstrated that ca. 25% of the total amount of N atoms were bound to Pt 

ones.270 Sulfur-doped graphene, for which S is located either on edges or in the vicinity of a 

SW defect are very favorable configurations,271 and are also ideal candidate for metal 

deposition. Finally, line defects can be further stabilized by N-doping, due to the occupation of 

frontier orbitals, thus enhancing the ultimate tensile strength,272 but the effect on TM deposition 

is still lacking.  

 

2.1.4 Graphite (intercalation) + mesoporous (edges, activated carbon, carbon nano 

fibers) and hybrid structures 

A novel sandwich-structured graphene-Pt-graphene catalyst has been synthesized and well 

characterized by X-ray diffraction (XRD), XPS, scanning electron microscopy, HRTEM, and 



electrochemical measurements.273 All these experiments have shown that Pt NP are anchored 

between two adjacent graphene sheets, see Figure7a for schematic representation, substantially 

enhancing the metal-support interaction. Such configuration (G-Pt-G) allows preventing Pt to 

leach into the electrolyte in fuel cells, increasing catalyst overall stability. Moreover, 

electrochemical measurements have shown that this nano-hybrid has higher activity for 

methanol electro-oxidation than Pt/graphene catalyst. 

 



 

Figure 7. a) Schematic illustration of the preparation of the sandwich-structured graphene-Pt-

graphene hybrid catalyst. Adapted with permission from ref 273 Copyright 2015 from the Royal 



Society of Chemistry.; b) and c) TEM images and histograms of the Pt NP size distribution of 

Pt/polyalanine nanofiber precursors carbonized at 1023 K b) and Pt/polyalanine nanofiber 

precursors carbonized at 1273 K c). Reprinted with permission from Melke, J.; et al. ACS Appl. 

Mater. Interfaces 2016, 8, 82-90.274 Copyright 2016 from the American Chemical Society. 

 

Carbon nanofibers 

Concerning CNF, aberration-corrected TEM observations showed that the degree of the 

surface graphitization strongly influences the structures of supported gold NP. With CNF 

presenting more ordered graphitic layers, Au NP prefer to bind to the CNF by their (111) plane, 

exhibiting more facet area. For disordered CNF surfaces, random orientation of supported NP 

is obtained. The different shape of similarly sized Au NP allowed determining the effect of 

support surface structures on the selectivity of the catalyst in the liquid-phase oxidation of 

glycerol.275  

The preparation of Pt NP supported on N-doped CNF from a polyaniline nanofiber precursor 

(Figure 7b) has been investigated for ORR. Initially, Pt NP are deposited on polyaniline 

nanofiber precursor. By NEXAFS, it has been shown that electrons from the Pt are being 

transferred toward the π-conjugated systems of polyaniline nanofiber precursors. Due to this 

strong interaction, a high dispersion of Pt NP on the nanofiber is obtained. After carbonization 

of polyalanine nanofiber precursors at different temperatures, structurally different N-CNF are 

obtained. There are strong evidence of interaction between N-groups and Pt NP in all 

investigated N-CNF, despite the differences in composition of N-species and Pt NP dispersion. 

Interestingly, the presence of pyridinic sites favors a small mean Pt NP size with a narrow size 

distribution, when graphitic and pyrrolic N-groups induce an increase in the average Pt NP size 

with a broad size distribution.274 In a similar manner N-functionalized carbon by pyridine N, 



amine and amide groups modulate the size of Ir NP compared to pure carbon support. In XPS, 

a shift in Ir0 4f7/2 is experienced, confirming electronic interaction between Ir NP and N-doped 

carbon substrates.276  

 

Complex hybrid materials 

Hollow graphitized nanofibers are unique carbon nanomaterial possessing a topologically 

complex nanoscale structure comprising a series of stacked cups encased within concentric 

tubes.277 The conjunction of typical internal diameters between 50 and 70 nm, and nanofiber 

tips opening allows efficient transport of molecules through the internal structure. Moreover, 

anchoring sites for TM NP are also present due to the distinctive internal herringbone structure 

resulting in a succession of 3-4 nm high steps formed by rolled-up sheets of graphene.278 

Depending on the Pd NP synthesis conditions, small Pd NP (1.1 nm) can be obtained and mainly 

located at the internal graphitic step-edges.279 

Deposition of fcc-Pd NP on multi-scale hierarchical carbon supports that have exceptionally 

high surface area per volume, has been investigated. The proposed supports consist of porous 

carbon foam whose surface has been either chemically functionalized, or morphologically 

altered by grafting of carbon-nanotubes.280 Even without further surface CNT etching, Pd NP 

were anchored on CNT sidewalls, presumably due to the very high density of the CNT forest 

grown by CVD, which insures sufficient surface active defects and confines sufficiently Pd 

precursor during NP formation.     

A hierarchical N-doped carbon nanotube-graphene hybrid nanostructure, in which the 

graphene layers are distributed inside the CNT inner cavities, was designed to efficiently 

support well dispersed noble metal PtRu NP with 2-4 nm diameters, even inside the N-doped 



CNT.281 Again the presence of nitrogen allows to firmly anchor the PtRu NP, resulting in a 

better stability and enhanced activity for methanol oxidation. 

A comparison between electro-deposited of Pd NP on carbon black (Vulcan Carbon XC-72) 

and functionalized GNRs has shown that in the context of ORR toward hydrogen peroxide 

formation,282 the changes in selectivity and activity between GNR and Vulcan are explained 

by: i) the higher dispersion of Pd on GNR due to the presence of oxygen- and nitrogen-

containing anchoring sites, and ii) the different porosity (determinant for the diffusivity and 

residence time of peroxide on the catalysts) and mass transport within layers, also related to 

different layer thicknesses or loadings. In the same spirit, by using inelastic neutron scattering 

(INS) that is able to probe surface hydrogen nature on the NP as well as on the support,283,284 it 

was shown that depending of the support nature more isolated/clustering C-H groups could be 

observed on Ru catalysts, influencing the further activity of deposited Ru NP.285 

Several TM-N-C catalysts were synthesized by pyrolysis of organometallic complexes and 

nicarbazin.286 Their characterization has shown atomic dispersion of the TMs, with explicit 

TM-N bonds; where pyridinic and graphitic sites were used as anchoring sites for single Cu or 

Co cations for instance. These observations were obtained by using electron energy loss 

spectroscopy (EELS) in combination with AC-TEM, as extracted from data given in Figure 

8.287 In the case of Fe NP incorporated into a N-doped carbon matrix, XPS analyses have clearly 

demonstrated the formation of Fe-Nx bonds too.288  

 



 

Figure 8. a) Co 2p3/2 X-ray photoelectron spectrum of Co-N-C-HCl. b) Cu 2p3/2 X-ray 

photoelectron spectrum of Cu-N-C. c, d) N 1s X-ray photoelectron spectra of (c) Co-N-C-HCl 

and (d) Cu-N-C. Reprinted with permission from Xie, J.; et al. ACS Catal. 2018, 8, 3875-

3884.287 Copyright 2018 from the American Chemical Society. e) and f) HRTEM image of N-

doped CNT-graphene hybrid, which shows 1-5 graphene layers derived from the inner walls of 

CNT, as pointed out in the circle part. Reprinted with permission from ref 281. Copyright 2011 

from John Wiley and Sons. 

 



Pt NP deposition on N-,S-doped or co-doped mesoporous carbons have been investigated 

experimentally and theoretically.289 Dependency on the type of heteroatom doping of the size 

distribution has been clearly evidenced. DFT calculations have highlighted that both N and S 

atoms increase the interactions between Pt and carbon support, however if the co-dopants are 

too close to each other’s the interaction with a single Pt atom tends to be less strong. Thiophenic 

groups appear to be very efficient anchoring sites, making Pt NP in Pt/S-mesoporous carbon 

more active for electrochemical applications, than N-doped or co-doped samples.   

2.2 Atom, cluster, and nanoparticle anchoring 

2.2.1 Atom anchoring 

Single-atom catalysts have sparked new interests in catalysis because of their high catalytic 

activity, stability, selectivity, and 100 % atom utilization. See ref. 290 and ref. 291 for general 

reviews with specific interest on innovative syntheses and characterization techniques for SAC, 

with a focus on their electrochemical applications in the ORR/OER, HER, and hydrocarbon 

conversion reactions for fuel cells (electrooxidation of methanol, ethanol, and formic acid). 

Rivera-Cárcamo et al have recently reviewed SAC on carbon-based materials,292 focusing on 

the preparation of SAC on carbon materials, the comprehensive understanding of the metal-

support interactions in SAC thanks to experimental and theoretical works, and how to explain 

their catalytic performances. As mentioned before, defects or heteroatoms usually reinforce the 

bonding between the TM and the carbon support. We will discuss now in more details the 

structures, determined experimentally as well as theoretically, of those SAC on carbon support 

in the most significant examples depending on the TM nature. After the seminal theoretical 

work of Krasheninnikov et al,164 on the description of TM atoms embedded in a graphene ML, 

several DFT studies came out to go deeper in the description of the geometric and electronic 

structures, and to rationalize magnetic and electronic properties of incorporated TM atom using 

simple model.293 It is based on the hybridization between the d states of the metal atom and the 



defect levels associated with the unreconstructed D3h carbon vacancy, as detailed in Figure 9. 

Magnetic states can thus be obtained for V, Cr, Mn, Co, Fe, Cu, Ag and Au embedded atoms. 

Kattel et al,294 have extended the study of the electronic structures of embedded TM in the case 

of N-doped SV as well as DV defects. They have shown that Co-N3, Fe-N3, and Fe-N4 defects 

are predicted to show ferromagnetic states with large magnetic moments and stabilization 

energies, resulting in a better stability as expressed by favorable formation energies, and high 

TM binding energies. In ref. 295, N4-DV defects have been considered for various TM from 

groups VII-IX. The reported results have stated that the adsorption behavior of TM is not 

intrinsic, since it can be severely altered by changes in the local geometry of the active site, the 

nearest neighbors’ chemical nature, and the oxidation states. To be active for ORR or OER, 

spin states analyses suggest that the oxidation state of those elements in the active sites should 

be in general +2. 

 



 

Figure 9. a) Spin-compensated calculation of the band structure of an unrelaxed carbon vacancy 

(D3h symmetry) in a 4 × 4 supercell of graphene. The electronic structure near EF (Fermi level) 

is dominated by a fully symmetric pz level (A pz) and two defect levels with E-symmetry and 

sp character (E sp). b) Approximate scheme of the electronic structure of the spin-compensated 

D3h C vacancy indicating the character and symmetry of the different levels and their 

occupations. c) Schematics of the hybridization between the 3d levels of Ti and the localized 

impurity levels of the D3h C vacancy. d) Schematic representation of the evolution of the 

electronic structure near EF for several substitutional transition metals in graphene. The spin 

moment (S) is also indicated. Reprinted from ref 293. 

 

Comparisons of performance for Ag, Cu, Pd, Pt and Co SAC embedded in a SV for 

electrochemical reduction of CO2 have been reported based on DFT investigations of reaction 



pathways.296 SAC show distinct differences in terms of their efficiency and selectivity in CO2 

reduction, which can be correlated with their elemental properties as a function of their group 

number in the periodic table. Double anchoring, in which two different TM metal layers such 

as a Fe-Ti couple, are absorbed on the two sides of an unique SV in a graphene, has been 

proposed as a promising system for hydrogen storage.165 We recall that the energy levels of 

localized d states of TM are known to be crucial for the activation of adsorbed reactants and 

subsequent reactions.297-299  

For hydrogen storage applications as for many hydrogenation reactions, the hydrogen 

activation is a key issue. By studying the interaction of functionalized graphene and (8,0) single-

walled CNT with individual 3d TM atoms, trends in molecular orbital analysis have been 

drawn.102 Those results can be rationalized as follows: on one hand, H2 can be dissociated by 

any metal site adsorbed on any surface to form a dihydride species, modifying the oxidation 

state of the metal in +2 units. On the other hand, the molecular adsorption mode of H is 

governed by back-donation, involving H2 σg and σg* orbitals, bonding and antibonding orbitals 

respectively and 3dxy orbitals. Occupation of MO produces a lengthening of the H−H bond, 

since the H−H overlap is antibonding. The amplitude of the lengthening is higher when the d 

atomic orbitals are more diffuse (on the left side of the d series, Sc, Ti, V). Thus, a dissociative 

coordination mode is favored for electropositive atom (Sc and Ti), when the stability of 

adsorbed molecular H2 increases from left to right of 3d series due to minor π back-donation, 

except for Cr and Mn. Similar results extended to 4d and 5d series have been reported.136 

Hereafter are presented some works dealing with the electronic structure investigations of single 

Pt, Pd, and few others TM atoms after embedding in a carbon support, for hydrogen storage, 

CO oxidation, electrochemical and hydrogenation reactions.  

Platinum 



It has been shown by first-principles-based calculations that the combination of highly 

reactive Pt atoms and SV over graphene makes the Pt-embedded graphene a superior mono-

dispersed atomic catalyst for CO oxidation, since the strong interfacial interaction is able to 

tune the energy level of Pt d-states for the activation of O2 (see Figure 10a). This promotes the 

formation and dissociation of the peroxide-like intermediate.300 In this context, the presence of 

a pyridinic N-doped site close to the Pt atom enhances the CO oxidation efficiency and the 

resistance to poisoning, due to the combined presence of a new spin-down channel below the 

Fermi level, as well as a spin-up channel above the Fermi level.301 It was also shown that the 

formation of Pt1-C bond at the edges of graphene layers results in electronic strong metal-carbon 

interaction. As a result, the Pt atoms transfer electrons to the support to form Ptd+ species, which 

are efficient for the 3-nitrostyrene hydrogenation.302 

 



Figure 10. On the top panel, top view a); and side view b) of the contour plot of differential 

charge density of Pt-SV-G; density of states of Pt-SV-G c); and Pt(111) surface d). Reprinted 

with permission from ref 300. Copyright 2014 from the Royal Society of Chemistry. On the 

bottom panel, e) spin-polarized DoS projected on Pd-4d orbitals (red curve) and the 2p orbitals 

(black curve) of one of its neighboring carbon atoms. The Fermi level is set to zero. Reprinted 

with permission from ref 303. Copyright 2017 from Elsevier. 

 

By attempting to tune the electronic properties of single Pt atom catalysts absorbed on pristine 

graphene ML, thus adopting a h2 coordination with the presence of various oxygenated groups, 

it was shown that the strengthening of the Pt-C interactions by the carbon support with different 

oxygen concentrations is more due to charge transfer than frontier-orbital hybridization. In 

general, the larger the concentration of oxygen containing groups is, and the closer they are to 

the Pt adatom, the stronger is the Pt binding energy to the carbon support. In the case of CO 

adsorption, by downshifting the d-band center of the Pt atom, due to the presence of epoxy 

groups, the coupling between the Pt d-band and the CO 2π* state is reduced, thus decreasing 

the adsorption energy and at the same time the catalytic activity.304 When comparing the 

adsorption states and diffusion behavior of a single Pt atom on pristine graphene and B-, N-, O-

, Si-, P-, and S-doped graphene by means of DFT calculations with a thorough study of the 

corresponding Pt electronic structures, Hasegawa et al,305 have: i) shown that localized orbitals, 

which can trap Pt atoms, are systematically created in the vicinity of dopants, and ii) explained 

the nature of the bonding and its strength. Figure 11 shows the detailed projected DoS 

depending on the dopants, and the position of the corresponding states available for further 

adsorption. O- and P-doping are particularly efficient to trap Pt atoms, preventing for desorption 

as well as limiting diffusion, with large (> 50 kcal.mol-1) diffusion barrier compared to pristine 

graphene (3 kcal.mol-1). The corresponding DoS has peaks associated to Pt 5dz2 and P sp3 



orbitals around -5 eV below the Fermi level (Figure 11i) due to their bonding characters (Figure 

11l). The O-doped graphene presents dangling bonds, which allow Pt atoms bond covalently 

with C atoms as seen in Figure 11k). 

 

 



Figure 11. Projected density of states for Pt atoms adsorbed on: a) pristine graphene, b) and c) 

B -, d) and e) N-, f) O-, g) Al-, h) Si-, i) P-, j) S-doped graphene (the energy origin is set to the 

corresponding Fermi energy; and the arrows in d) and e) denote the C atoms, which are 

considered), and k) and l) electron density distribution in the vicinity of Pt atoms on O- and P-

doped graphene, respectively. Reprinted with permission from Hasegawa, S.; et al. J. Phys. 

Chem. C 2017, 121, 17787-17795.305 Copyright 2017 from the American Chemical Society. 

 

Palladium 

Recent EXAFS experiments have shown that Pd single atoms can be attached to CNF at low 

loading, i.e 0.2 wt%.306 When embedded in a graphene ML, through its adsorption in a SV, the 

strong interaction between the Pd atom and neighboring C atoms can be confirmed by the 

presence of overlapping peaks in the DoS. Additionally, as it can be seen in Figure 10e, there 

are several Pd-4d and C-2p peaks emerging near the Fermi level, which implies the high activity 

of the Pd-graphene system. These states are available and ready to activate O2 molecules, for a 

further CO oxidation.303  

In ref.307 the nature of the N-Pd interaction in N-doped CNT, with N-graphitic or pyridinic 

sites was investigated by XPS and NEXAFS of the N 1s and Pd 3d core excitations, supported 

by theoretical works. The interaction of those nitrogen species with a single Pd atom has been 

characterized and corresponds to: i) a σ-type donation from the filled π-orbital of the N atom to 

the empty d-orbital of the Pd atom, and ii) a π back-donation from the filled Pd d-orbital to the 

π* antibonding orbital of the N atom. On one hand, the interaction of Pd atom with pyridinic 

site is mainly covalent with a partial ionic character, consistent with the chemical shift observed 

in the Pd 3d core level of divalent Pd. On the other hand, Pd on a graphitic site is covalently 



bound without any charge redistribution. This electronic state of the Pd atom corresponds to 

metallic Pd NP electronically modified by the interaction with the support. 

It has been reported that single Pd atoms anchored on exfoliated graphitic carbon nitride 

surpassed homogenous catalysts for Suzuki coupling.308 This solid catalyst matches the high 

selectivity and broad functional group tolerance of state-of-the-art homogeneous catalysts for 

Suzuki couplings, and demonstrates a robust stability in flow. The adaptive coordination 

environment within the macro-heterocycles of exfoliated g-C3N4 has shown to be a facilitator 

for each catalytic step: the N sites in the support act as ligands in homogeneous systems that 

provide the electronic density required for the activation of phenylbromide. Additionally, the 

flexible lattice enables an almost continuous variable coordination pattern that adapts to the 

charge on palladium along the reaction coordinate, which gives rise to the high stability. 

Decorated defective nanodiamond-graphene hybrids by single Pd atoms have shown 

remarkable performance for the selective hydrogenation of acetylene to ethylene, with high 

conversion (100%), ethylene selectivity (90%), and good stability. The Pd-C anchoring mode 

does not allow for unselective subsurface hydrogen species presence, and at the same time 

ensures the facile desorption of ethylene against the overhydrogenation to undesired ethane, 

which is the key for the outstanding selectivity of the catalyst.309 Upon the adsorption of a single 

Pd atom on the sidewall of a single-walled CNT, the bonding character in PdH2 has been 

described in details.310 It turns out that the role of s, p and d orbitals on the bonding mechanism 

for all adsorbates and substrates have been addressed, and intermolecular donor-acceptor C-Pd 

and Pd-H delocalization after adsorption have been evidenced. 

 

Others transition metals 



Graphitic and pyridinic N-sites created after the pyrolysis of Metal Organic Frameworks 

(MOFs) followed by annealing treatment under N2, have appeared to strongly anchor single Co 

atoms with very precise Co-N coordination; mainly Co-N2 and Co-N4 sites were evidenced by 

EXAFS experiments.311 Those Co-N2 SACs have been identified to be active sites for ORR 

thanks to DFT calculations. Indeed, Co-N2 has stronger binding energies towards various ORR 

intermediates than Co-N4 due to the availability of more d-states in the Fermi level’s vicinity. 

Stronger O2 binding energy allows Co-N2 to more efficiently capture the O2 molecules from 

the solution than Co-N4, satisfying the prerequisite for the ORR in PEMFC. An extensive 

theoretical study to investigate the potential of TM atoms embedded in buckled g-C3N4 ML, 

has demonstrated that V, Cr, Mn, and Cu are much less susceptible to form NP than the other 

TM atoms under investigation, except Ti and Sc, for which clustering is thermodynamically 

almost impossible. In the context of CO oxidation, Cr and Mn can be considered as promising 

SAC since the metallic center adsorbs relatively weakly CO and O2 and the activation of the 

latter is reasonable energetically ~14-17 kcal.mol-1.312 Atomic cobalt incorporated in N-G has 

also been identified as active sites for the reduction of water to hydrogen, thanks to EXAFS.313 

Recently, Co1/N-G SAC has been also considered for dye-sensitized solar cells applications as 

counter electrode.200 Electrochemical measurements have revealed that Co-N4 sites embedded 

in N-G nanosheets are highly active, which also make the composite stable counter electrode 

for the interconversion of the redox couple I-/I3-. Co-N4 sites have been shown to adsorb iodine 

rather weakly, leading to a good balance between adsorption and desorption processes. In the 

electrocatalytic reduction of CO2 to CO, both experiments and DFT calculations have shown 

that Ni on N-doped carbon are highly efficient catalysts due to the weak binding of CO on such 

catalysts that limits CO poisoning.314 

Sahoo et al have investigated theoretically graphene supported single TM such as Cr, Mn, Fe, 

Co, and Cu atoms for activation of methane and identified catalytically active centers through 



C-H bond cleavage. Low activation barriers for both TM-adsorbed and embedded systems have 

been obtained, compared to that of free TM-methane systems. In this study it is stated that the 

interaction of three dxz, dyz and dz2 orbitals with methane, in terms of their relative positions, 

and occupancies play a key role in governing the catalytic activity of supported TM systems.315 

Embedding TM has globally a negative impact, lower activation barriers are yielded for Co and 

Fe adsorbed on pure graphene in h6 coordination mode. 

 

2.2.2 Cluster (< 13 atoms, 0.5 nm) anchoring 

The adsorption of small TM clusters (up to 13 atoms) of different nature on graphene has been 

the subject of intense theoretical works.316-321 Usually, those systematic works rely on the report 

of DFT investigations of the structural, energetic, and magnetic properties of small aggregates. 

It is observed in most cases that when the number of atoms increases, the cluster binds more 

weakly to the graphene ML, while its binding energy mounts up. For Ni, Pt and Pd clusters, 

adsorption on pristine graphene causes minor charge redistribution: the TM atoms bound to C 

atoms become positively charged, while the remaining metal atoms acquire negative charge.322  

Palladium 

Anchored Pd clusters on graphene ML presenting SV have been thought to be interesting sites 

for hydrogen storage. Indeed, the analysis of the sequential energies and H2 averaged bond 

lengths have suggested that a Pd4 cluster is able to attach up to four molecules covalently, 

forming dihydrogen complexes; most importantly with moderate binding energies, within the 

ideal energy range for efficient cyclic adsorption/desorption at room temperature and moderate 

pressures.323 If Pd atoms tend to nucleate and form small clusters around SV with strong binding 

energies, Eb ≈ 115 kcal.mol-1, it has been demonstrated that Pd-Pd interaction is much smaller 

than the Pd-SV interaction, making possible Pd dispersion on the carbon support. Moreover it 



has been found that Pd binds more strongly to graphene vacancies than hydrogen does, 

therefore, hydrogen cannot replace Pd atoms or clusters attached to the vacancies.324 

Interestingly, on pristine graphene, hydrogenated adsorbed Pd atoms and clusters can even 

desorb and should compete with H2 desorption, due to a loss of stability induced by the partial 

activation of H-H bond by the metallic centers. However for a Pd-H2 complex embedded in a 

SV, its complete desorption is 20 times more costly than the molecular hydrogen desorption, 

proving that enhancing the reversible adsorption-desorption of hydrogen in porous carbon 

materials is possible by using Pd-SAC.325 Pd6 and Pd13 clusters adsorbed on pristine graphene 

have been further used to investigate H-spillover mechanism by ab initio molecular dynamics 

(MD).326 It was shown that: i) H2 dissociation occurs more frequently on naked Pd13 and 

generally takes place on the lateral regions of the Pd NP model, and ii) not a single dissociation 

event occurs on H-saturated clusters. 

When using Pd clusters anchored on DV, to model cross-coupling catalytic reaction,327 the 

graphene support was clearly proven to act as an electronic density reservoir, allowing for the 

efficient reduction of activation energy barriers of specific steps in the catalytic cycle. A strong 

Pd-support interaction implies an enhanced Pdn cluster reactivity, since the bonding and 

antibonding orbitals that control the formation of the C-C bond are significantly stabilized by 

the positively charged state of the supported cluster.328  

Increasing the size of the vacancy favors the anchorage of Pdn (n = 3-8) clusters, since the 

absolute values of binding energies increase with the increasing size of the graphene 

nanopore.170 Moreover the d-band center, the charge density difference, and charge analysis 

have shown that graphene with vacancies greatly changes the electronic structure of the Pd 

cluster because of the charge transfer from the defective support to the Pd clusters. As a result, 

the graphene with vacancies usually leads to a downshift of the d-band center. This provides 

interesting features for CO and O2 adsorptions on Pd8 adsorbed on a 6C-vacancy. Indeed, the 



results show that this system has similar adsorption abilities for CO and O2, which can enhance 

the CO tolerance of Pd clusters, with moderate activation barriers (~ 12 kcal.mol-1) for O2 

dissociation and CO+O reaction. The catalytic decomposition of formic acid to HCO2 + H 

(formate) and CO2H + H (carboxyl) on single Pd atom embedded in SV and DV of graphene, 

as well as on a Pd dimer embedded in di-, tri-, and quadri-vacancy of graphene, has been 

theoretically investigated.329 The former route has been proven to be kinetically more favorable, 

and Pd2 embedded in DV appears to be the most active configuration with the smallest 

activation barrier (~ 16 kcal.mol-1) corresponding to the rate-determining step, i.e. HCO2 +H 

à CO2+2H.  

It has already been proven that energy level of the d-band center of small Pd NP is an efficient 

descriptor for their reactivity.330 Additionally to the strong metal-substrate interaction due to 

the presence of vacancies, alloying Pd13 by substituting one single Pd atom either by Fe, Co, 

Ni, Cu or Zn, stabilizes the systems, tunes the averaged d-band center of the deposited Pd NP, 

and strongly interferes with O adsorption. The estimated adsorption energy of oxygen on these 

materials correlates well with the shift of the NP average d-band center. As the adsorption of 

these O-containing species is weakened on these systems, the ORR kinetics hindered by strong 

adsorption of these species will also be promoted.331  

Platinum  

The mechanisms of the ORR on defective graphene-supported Pt13 clusters have been 

investigated to understand the effect of defective graphene support on this reaction and predict 

possible ORR pathways.332 The defective graphene support may provide a balance in the 

binding of ORR intermediates on Pt13 by tuning the relatively high reactivity of free Pt13 cluster 

that binds the ORR intermediates too strongly, subsequently leading to slow kinetics. The 

defective graphene support lowers not only the activation energy for O2 dissociation from 9 to 

4 kcal.mol-1, but also the energy barrier of the rate-limiting step by reducing the stability of 



HO* species. This is due to the charge transfer from the Pt13 aggregate to both defective 

graphene and the ORR intermediate species, in both scenarii involving 2 or 4 electrons pathway, 

see Figure 12a. DFT calculations have also shown that stronger binding of the Pt13 cluster to 

the support (vacancy sites) leads to increased charge transfer from the Pt13 cluster to the support, 

with a downshift of the cluster d-band center (Figure 12b-e).318 In several cases, the d-band 

center is shifted below that of a Pt(111) surface.  

 

 

Figure 12. a) Excess Bader charges (in units of e-) of defective graphene (graph.), Pt13, and 

adsorbates (O2, OOH, O, or OH) of the Pt13-defective graphene and freestanding Pt13 systems 

depending on the direct and series oxygen reduction pathways. Reprinted with permission from 



Lim, D.-H.; et al. J. Phys. Chem. C 2012, 116, 3653-3660.332. Copyright 2012 from the 

American Chemical Society. On the bottom panel, position of d-band center (εd,Pt) relative to 

the Fermi level for supported Pt13 clusters subjected to b) relaxation alone and c) annealing 

followed by relaxation. Horizontal dotted lines indicate the d-band center of the Pt(111) surface 

(εd,Pt(111)) and the average d-band center of the various free Pt13 clusters (⟨εd,Pt13⟩) considered 

here. Charge transfer from d) relaxed and e) annealed and relaxed Pt13 clusters to the substrate. 

(The electron charge is taken to be negative here.) The dashed lines in all plots are merely 

guides to the eye. Reprinted with permission from Fampiou, I.; et al. J. Phys. Chem. C 2012, 

116, 6543-6555.318 Copyright 2012 from the American Chemical Society. 

 

Similar effects on the electronic structures of Pt13 cluster333,334 (or Pt4335) in interaction with 

N-G have been reported. For graphitic N-sites, the enhanced binding strength of the Pt13 cluster 

is attributed to the neighboring carbon atom activation, when for pyridinic sites it involves 

strong hybridization of the Pt d-states and sp2 N-dangling bonds. Moreover, a net charge 

transfer is experienced from the metallic cluster to the support, accompanied by a substantial 

downshift of the Pt13 d-band center, greatly weakening the interaction with adsorbed atomic 

species such as O,333 or CO.334 Thus, CO-tolerant platinum catalysts could be obtained for 

hydrogen oxidation reaction (HOR) on defect-engineered graphene.334 Alloying Pt with other 

TMs (Fe, Co, Ni, Cu and Pd) also reinforce this downshift.336 Gasper et al.337 have found that 

the support-induced shifts in catalyst electronic structure correlates well with an overall change 

in adsorption behavior of methanol decomposition reaction intermediates, and that the reaction 

thermodynamics are modified in a way that suggests the potential of greater catalytic activity 

for Pt13 on graphene ML with SV. Interestingly, in the same work, it was shown that adsorption 

energy predictors338-340 established for traditional heterogeneous catalysis studies of methanol 



decomposition reaction on macroscopic crystalline facets are equally valid on supported nano-

catalysts with irregular surface morphologies, see Figure 13. 

 

Figure 13. Adsorption energies of CH3OH decomposition reaction intermediates on all systems 

predicted by fitted scaling relationships based on C and O adsorption energies versus their DFT 

calculated values. Error bars are Student-t 95% confidence intervals of the DFT-calculated 

adsorption energies. Equality line is plotted as a guide to the eye. Reprinted with permission 

from Gasper, R. J.; et al. J. Phys. Chem. C 2016, 120, 17408-17417.337 Copyright 2016 from 

the American Chemical Society.  

 

The presence of oxygenated groups (hydroxyl and epoxy) in various concentrations, as on 

GO, also influences Pt13 adsorption.252 At low O/C ratio (< 0.125) Pt13 cluster weakly binds to 

GO support (-8 kcal.mol-1) favoring cluster migration and small NP merging, or abstraction of 

a neighboring O atom to release more energy. At higher O/C ratio, Pt13 adsorption energy is 

larger (£ -37 kcal.mol-1) depending on the O/C ratio, thus the clusters should remain well 



dispersed. The presence of oxygenated groups in the vicinity of the Pt13 cluster also induces a 

large charge transfer from the cluster to the support, which increases with the O/C ratio (from 

+0.93 e- for O/C = 0.125, Figure 14a, to +1.36 e- for O/C = 0.50, Figure 14c). These transferred 

electrons accumulate around the oxygen groups (the charge distribution is given in Figure 14d) 

and result in the destruction of epoxy groups (Figure 14e), causing the formation of a C=C 

bond, a C-O-Pt interface (accumulation of charges, cyan areas in Figure 14a-c) and the broken 

region between O and C atoms (depletion of charges, yellow areas in Figure 14a-c). 

 

 

Figure 14. a-c) Charge-density difference plots of Pt13 on various GO models with different 

O/C ratios, yellow and cyan colors represent charge depletion and accumulation, respectively. 

d) Charge distribution of an anchored Pt13 cluster including top, central, and bottom areas. e) 

Charge-transfer scheme of a Pt13 cluster anchored on a GO sheet. Reprinted with permission 



from Wu, S.-Y.; et al. J. Phys. Chem. C 2014, 118, 26764-26771.252 Copyright 2014 from the 

American Chemical Society. 

 

As a consequence of this charge redistribution over the cluster, which is accompanied by a 

downshift of the d-band center, CO adsorption energy is decreased (by ~4kcal.mol-1), which in 

turn decreases the combined barriers, CO + O and CO + OH, in the water-gas shift reaction 

(WGSR) and thus improves the CO tolerance of this Pt catalyst. This charge redistribution has 

been observed experimentally in N-doped rGO by combined XPS-DFT approach.270 

For methane to methanol conversion on Pt dimers, oxygenated groups nearby the Pt dimer, 

induces a dz2 feature well above the Fermi level, which facilitates the activation of a C-H bond 

of the methane, yielding moderate adsorption’ for this molecule and making affordable the 

addition of O2.341  

 

Other transition metals 

Chemical bonding of Co13 clusters with pristine graphene has been reported,342 and very small 

charge transfer were estimates for various deposited isomers. Heteroatom doping with B or N 

by substitution does not disturb the strong Co-C chemical bond. When comparing Co, Fe and 

Ni 13-atom cluster adsorption on pristine or defective graphene ML, Co13 is absorbed relatively 

more strongly on all types of graphene-models as compared to Fe13 and Ni13 clusters,343 with 

charge transfer estimates close to 0.1e- for the three clusters on SV-G.344 The covalent character 

of the Cun (n = 4, 5, 6,7 and 13) graphene interaction for pristine and extended lineal structural 

defect-graphene was evidenced, when a more ionic-like interaction for SV-G was reported by 

García-Rodríguez et al.345 These interactions appear to be rather local since only Cu/C atoms 



close to the contact region are involved. The electronic contact region appears to be  much 

larger for defective-graphene than for pristine-graphene.    

DFT studies on the interaction of defective graphene-supported Fe13 and Al13 have also 

demonstrated that the sp2 dangling bonds of neighboring carbons near the vacancy site 

significantly contribute to anchor the clusters, so that the height of the neighboring carbon 

atoms increases, buckling the graphene surface.346 Electronic charges are transferred mostly 

from the Al cluster to the carbon atoms involved in the vacancy, when more C atoms appears 

to be polarized in the Fe case due to larger extend of sp-d orbital hybridization. The net charge 

accumulation on defective graphene is 1.57 and 3.08 e- for the Fe and Al systems, respectively. 

Surprisingly, upon adsorption on SV-G, Fe13 d-band center is upshifted closer to the Fermi 

level. In ORR context, after the synthesis of N-doped carbon-supported iron catalyst, XRD, 

XPS and Rotating Disc Electrode experiments have revealed that Fe3-N sites are most likely 

active sites, when the presence of graphitic and pyridinic N-sites was clearly identified.347  

In a study of nickel NP supported on N-doped CNT as HOR catalyst in alkaline electrolyte,348 

DFT investigations of Ni13 adsorption on graphitic or pyridinic sites have been reported. The 

presence of a pyridinic site upshifts the d-band center of adjacent Ni-binding sites. As these 

sites originally lie in the weak binding region of H adsorption, this upshift consequently 

activates them for the HOR by strengthening the binding energy by 2 kcal.mol-1. In ref. 57, Ru13 

clusters have been adsorbed on a wide variety of defects (SV, DV and others re-constructed 

DV) to mimic rGO situations, which appear to be strong trapping sites. It has been shown that 

this interaction, which correlates with the interfacial structures and the charge transfer, tunes 

the averaged d-band center of the materials, and contributes to improve the reactivity of these 

catalysts. Further study reveals that the performances of the catalysts against oxygen adsorption 

correlate well with the d-band center’s shift of deposited Ru NP, which originates from the 



covalent interfacial Ru-C interaction and is controlled by the presence of defects on rGO 

support. 

Comparisons of the performances of Ti4 and Ni4 clusters embedded in a SV-G site to store 

hydrogen349 have proven that: i) both clusters should remain attached to the vacancy and will 

neither diffuse on the surface nor be desorbed, due to strong adsorption energies, and ii) the 

single absorbed H2 molecule configuration is found to depend on the metal on which it is 

absorbed. The H2 bond activation is favored by deposited Ni4 since H 1s levels only interacts 

with the Ni 4s levels, forming dihydrogen-type complexes with H-H bond lengths between 

0.85-0.9 Å, while the adsorption on Ti4 exhibits a dissociative character, given that hydrogen 

1s levels strongly interact with the Ti 3d levels. This results in an increase of H2 content and 

favors the formation of Kubas-type complexes of Ti4(H2)n/SV-G with n > 3. The analysis of the 

sequential energies and H2 averaged bond lengths suggests that Ni4 is able to covalently attach 

up to 3 molecules to form dihydrogen complexes with moderate binding energies within the 

ideal energy range for efficient cyclic adsorption/desorption at room temperature and moderate 

pressures. On the other hand, embedded Ti4 adsorbs up to six H2 molecules before reaching 

saturation, also exhibiting moderate binding energies.349 

 

2.2.3 Nanoparticle anchoring 

Palladium 

Despite a weak bonding between Pd NP and carbon-based support, ex-situ preparation of Pd 

NP on multi-walled CNT has been proposed to be an interesting way to form efficient catalysts 

for cross-coupling reactions.350 In those experiments, NP ripening appears to be strongly 

dependent on the CNT curvature, which is a clear manifestation of van der Waals interaction. 

Indeed, highly curved surfaces provide the smallest dispersion interactions between NP and 



CNT, and the lowest retardation of the growth and coalescence of catalytic centers and, thus, 

the lowest catalyst stability. 

Experimentally, one way to strongly anchor large Pd NP (8-12 nm), is to use heteroatom 

doping. For example, from XPS experiments performed on one-pot synthesis of Pd NP 

supported on N-doped carbon, anchoring of large Pd0 NP on pyridinic and quaternary nitrogen 

sites has been demonstrated.351 Similarly, the deposition of Pd NP on N-doped exfoliated 

graphene induces a strong enhancement of the hydrogen uptake capacity, due to the high 

dispersion of Pd NP over N-G sheets, and the interaction’s strengthening between the N-G 

sheets and the NP. It originates from the carbon atoms in the vicinity of nitrogen atoms, more 

of pyrollic type than pyridinic in this work, which develop an increased π-electron density, 

making the back-donation to 5s orbitals of Pd easier. Moreover, anchored Pd NP can catalyze 

the H2 dissociation and the subsequent migration of hydrogen atoms on the doped graphene 

sheets.352 N‐functionalized activated carbon was also used to stabilize Pd NP and prevent their 

aggregation.353 This Pd/N-AC catalyst has shown high activity and excellent chemoselectivity 

for the selective hydrogenation of nitro compounds to the corresponding anilines. The presence 

of N-pyridinic sites is also crucial to boost the efficiency of Pd NP to dehydrogenate formic 

acid, due to prominent surface electronic modulation. Indeed, by combining XPS data and 

ATR-IR spectroscopy to monitor the absorbed linear mode of CO on the supported Pd NP, Pd 

atoms appears to be negatively charged.354 Nitrogen and sulfur dual-doped graphene was also 

used to stabilize small Pd NP for both direct formic acid fuel cell and direct methanol fuel 

cell.355 

It is important to note that if the presence of these heteroatoms on the carbon support is 

beneficial to stabilize the metal NP because of a strong adsorption energy; their presence as 

impurities in the feedstock of catalytic reactions is harmful because it can lead to poisoning and 

deactivation of the catalyst.356 Pd/C catalyst poisoning has thus been reported in the presence 



of sulfur-,356 chloro-,357 phosphorous-,358 or amine-species.359 The active life of Pd/C catalyst 

has sometimes been prolonged, and its resistance to poisoning in service increased, by 

selectively pre-poisoning it during its preparation.360 In that case, the original activity is 

somewhat reduced, but an appreciably more stable catalyst is produced. In addition, if the 

addition of sulfur, nitrogen, phosphorous, or halogen containing compounds to the original 

catalyst often retards the reaction rate, sometimes it suppresses possible side reactions, thereby 

leading to high selectivity.361 

Covalent functionalization is another possibility to improve Pd catalyst stabilization: after 1,3-

dipolar cycloaddition reaction under microwave conditions on CNT sidewalls, Pd/CNT 

catalysts were prepared through strong electrostatic adsorption and hydrogen reduction. The 

enhancement of the interaction between the Pd precursors and the functionalized carbon-

support yields well-dispersed small NP with an average size of 1.5 nm, avoiding the migration 

and coalescence of the NP.262 Wrapping multi-walled CNT with a functional biopolymer-

polydopamine by in situ spontaneous oxidative polymerization of dopamine, allows for the 

deposition of charged metal complexes, which upon reduction generate Pd NP with good 

dispersion and mean diameter of ~ 10 nm. The anchoring modes in this case certainly implies 

amine and hydroxyl surface groups.362 XPS analyses have suggested that on rGO, with a large 

amount of oxygenated groups, Pd NP are suspected to be bound to carboxylate surface 

groups.363 Moreover the effects of surface functionalization by HNO3 treatment on carbon 

activated either by steam or phosphoric acid, investigated by means of several characterization 

techniques among INS,283 in the context of Pd/C catalyst preparation have been explored.364 It 

was shown that the HNO3 treatment affects mainly the irregular borders of the graphene layers, 

which are decorated mainly by carboxylic and carboxylate groups. Under these conditions, the 

authors have noticed that the presence of these oxygen-containing groups is responsible of a 

general decrease of the palladium dispersion. 



 

Platinum 

On pristine carbon-support, such as graphene, dispersion forces supposedly govern Pt NP 

deposition. Large scale DFT calculations, by simulating the adsorption of Pt309 on pure 

graphene ML, have proven that van der Waals forces are getting more importance when 

increasing the NP size.365 A charge re-organization, with an overall charge being transferred 

from the Pt NP to the graphene support, over the entire NP is also demonstrated, since Pt-Pt 

bond-lengths are increased for the closest Pt facets from the graphene sheet, when far away the 

interface the Pt-Pt distances are decreased. As already discussed, point defects in graphene 

strongly anchor Ptn models, with n = 2-80, but also appreciably affect their morphologies.366 

From a structural analysis, it can be extracted that the fraction of potentially active surface sites 

in supported clusters is maximized for stable Pt clusters in the size range of 20-30 atoms. In the 

case of bimetallic PtnFe(55-n) (n = 0, 11, 13, 18, 28, 37, 42, 44, 55) NP on graphene SV, it was 

found by DFT that the NP prefer to be adsorbed on the SV through the Fe atoms (Pt and Fe 

atoms are both on the surface), because of the stronger interaction between Fe atoms and SV.367 

In this context, INS technique coupled with hydrogen adsorption measurements is a powerful 

tool to locate Pt NP on activated carbon and to observe Pt hydride formation.368,369 EXAFS 

experiments have been also used to characterize in situ the interaction between Pt NP on CNF, 

in terms of Pt-C bonds.370 The presence of oxygen-surface groups on CNF leads to the 

stabilization of Pt NP. After reduction, a Pt-carbon distance of 2.62 Å has been detected, and 

after evacuation, the distance is decreased to 2.02 Å. The 2.62 Å distance is ascribed to the 

presence of atomic chemisorbed hydrogen in the interface between the Pt NP and the carbon 

support. According to the number of interfacial Pt-C bonds (four), the Pt NP supported on CNF 

has been proposed to be in contact with a prismatic surface of the carbon support, on which 

oxygen groups have more stable bonds with carbon atoms. Six Pt-C bonds have been detected 



in the metal-support interface on CB, which supports an epitaxial growth of Pt NP on the (0001) 

basal surface plane. 

The support effect and metal particle size effect, which are often intertwined, are two critical 

factors influencing the activity of a supported TM catalyst. Recently, to clarify each effect on 

the activity of carbon-supported Pt catalysts during the dehydrogenation of decalin to release 

hydrogen, a series of Pt/C catalysts have been elaborately prepared from CNF and CNT, with 

various NP sizes (from 1 to 9 nm).371 Great differences between Pt/CNF and Pt/CNT in both 

the geometric structure and electronic property of Pt clusters have been revealed, especially 

when the NP size is smaller than 2 nm. Pt atoms interact more strongly with the edge planes of 

CNF than with the basal planes of CNT, hence forming a more dispersive and simultaneously 

more active Pt-C boundary for further reaction of interest. The carbon support effect dominates 

the activity divergence in the smaller size range (< 2 nm), while the Pt particle size effect 

prevails on the catalysts with medium Pt particle size (2-4 nm). Both effects can fade out with 

continually increasing Pt particle size. 

Several recent works have discussed catalytic performance of Pt NP/carbon supports systems 

for ORR in terms of NP size,372 shape373 and composition.374 The effects of carbon support 

modifications have been reported too. For instance, in a recent work of Jackson et al,375 it has 

been proven that Pt NP supported on graphite-rich boron carbide show a 50-100% increase in 

ORR activity in acidic media and improved cycle stability compared to commercial carbon 

supported Pt NP. Analyses of TEM images and XAS experiments demonstrate that similar Pt 

NP shapes, sizes, lattice parameters, and cluster packing on both supports are yielded, when x-

ray photoelectron and absorption spectroscopy show distinctly changes in the NP’s electronic 

structure. This shows that electronic metal-support interactions alone can significantly improve 

ORR activity with no further modification of shape, or size of the NP. Indeed, the Pt 4f spectrum 

shifts to higher binding energies, relative to the C 1s core levels for sample of Pt deposited on 



B-doped graphite. Optimizing the electronic interaction between the catalyst and support is, 

therefore, a promising approach for advanced electrocatalysts where optimizing the catalytic 

NP themselves is constrained by other concerns. Improvement of long-term stability of ORR 

catalysts can be also obtained if oxygen surface groups that are effective for the anchoring of 

Pt NP are present on the carbon surface.376 However, some of the oxygen surface groups, and 

particularly the carboxylic ones, may not be stable under the reduction conditions during 

catalyst preparation, and their decomposition would have negative effects on catalyst 

properties. Thermal treatment of the carbon support can also increase the stability of Pt/C 

electrocatalysts for ORR.376 In that case, the increasing metal-support interaction is related to 

π-sites of the carbon basal plane, which act as anchoring centers for Pt NP.  

Doping the carbon support with nitrogen has also several virtues. Pt NP deposition on CNT is 

clearly favored when pyridinic and quaternary surface nitrogen species are present on the 

sidewalls. The larger the number of available functional sites, the more the NP size is 

decreased.377 Additionally, for ORR applications, incorporating nitrogen in CNT sidewalls also 

i) improves electronic conductivity,378 thus favoring electron transfer to active sites for higher 

ORR activity, and ii) modifies the electronic structures of the Pt NP, due to the donor character 

of the N-doped sites. In the case of nitrogen-doped nanocage, an improve stability of the Pt 

catalyst for both HOR and ORR, when tested under potential conditions of practical fuel cell 

operation, has been evidenced.379 Strong metal-support interactions have been also reported 

between the sulfur atoms in a sulfur-doped carbon support and the surface atoms of Pt NP.380 

Metal NP stabilization on a carbon-support can also be achieved by making triple junction 

points by synthesizing first indium tin oxide (ITO) nanocrystals on functionalized graphene 

sheets, and then by depositing Pt NP.381 The combined ITO/Pt anchoring on defective graphene 

implies large binding energies, and it has been suggested by DFT calculations that supported 



Pt clusters prefer to bond at the interface between ITO and graphene, confirming TEM image 

interpretations, see Figure 15. 

Atomic scale simulations of the interaction of a Pt38 NP model with a functionalized graphene 

ML by oxygenated groups such as -OH and -COOH, extend the understanding of Pt/rGO 

catalyst properties.382 Again anchoring Pt NP on defective sites further decorated by 

functionalized groups greatly stabilizes the structure and results in net charge transfer between 

the two subsystems. It induces a well-localized charge redistribution within the NP and finally 

shifts the d-band center. Surprisingly, the anchoring mode is not direct, in the sense that it does 

not involve oxygenated groups, but C atoms neighboring them. 

 



 

Figure 15. Top panel, TEM images of ITO nanoparticles on graphene sheets (a, b), Pt-ITO-

graphene (c, d), and the cross section TEM images of Pt-ITO-graphene (e, f). Inset: The 

schematic structure of Pt-ITO-graphene nanocomposite. ITO content in ITO-graphene 

composite is 75 wt % and Pt content in Pt-ITO-graphene is 20 wt %. Bottom Panel, Pt6-ITO- 

graphene triple junction model. Graphene sheet is displayed as gray balls for clarity; indium 

atoms are in green, oxygen atoms are in red, platinum atoms are in dark blue, and tin atoms are 

in light blue. Reprinted with permission from Kou, R.; et al. J. Am. Chem. Soc. 2011, 133, 2541-

2547.381  Copyright 2011 from the American Chemical Society. 

 



As mentioned before Pt NP anchoring on graphene supports through surface functionalization 

has been already reported.265 Interestingly, XAS and XPS experiments have shown that a strong 

interaction between the Pt and graphene support exists, leading to an electron density shift from 

the Pt to the graphene, experienced by Pt 4f5/2 and Pt 4f7/2 peaks as it can be seen in Figure 16a. 

When the Pt NP are deposited on graphene-SO3H and graphene-NH2, a further positive shift of 

the Pt 4f binding energy (by 0.21 and 0.37 eV, respectively) related to the Pt/graphene is 

observed. These additional shifts can be attributed to the functional group presence that 

promoted a charge transfer from the Pt NP to graphene-SO3H and graphene-NH2 supports, 

respectively.  

 



Figure 16. High-resolution XPS spectra of a) Pt 4f, c) S 2p, and e) N 1s. The possible 

configurations of the interaction between Pt NP and functional graphene support are illustrated 

in b), d), and f), where dotted lines and solid lines illustrate the weak S-Pt and strong N-Pt 

interactions, respectively. Reprinted with permission from Xin, L.; et al. ACS Catal. 2016, 6, 

2642-2653.265 Copyright 2016 from the American Chemical Society. 

 

Finally, the importance of the morphology of deposited NP with diameter around 10 nm has 

been recently reported, in the context of photocatalytic HER over Pt NP supported on g-C3N4.383 

Cubic shape NP appear to be more photoactive than octahedral or spherical ones to produce H2. 

Thus the size and shape control of catalysts can be a next promising strategy for the design of 

future solar-to-fuel conversion photocatalysts.  

 

Others transition metals 

In the case of porous carbon-supported gold NP for ORR, the effects of the NP size on the 

activity have been investigated, proving that catalysts prepared from Au25 nanocluster 

precursors show the best electrocatalytic activity, yielding final NP size of 3.7 nm after 

pyrolysis.384 In the same work, anchoring mode between the oxygenated carbon support and 

the Au NP has been elucidated. XPS measurements suggest an electron transfer from the 

carboxylic/carbonyl moieties to gold, and it is likely that the enhanced electron density on Au 

had a positive influence on the oxygen electroreduction activity. The effects on the NP 

morphology due to the carbon-support structure have been also studied.275 In this work, Au NP 

were supported on two types of CNF with different degree of graphitization, which in turn 

strongly influence the deposited NP morphology, see Figure 17. When the CNF graphitic layers 



are well ordered, the Au NP prefer to bind with their (111) planes and exhibits more facets 

areas. On the opposite, with disordered CNF surfaces, random NP orientations are obtained. 

 

Figure 17. On the left, aberration-corrected HRTEM images of Au NP supported on ordered 

CNF surfaces. a) A representative 2-4 nm particle with (111) surface epitaxially parallel to the 

graphitic layer of CNF. b) Structure model derived from the image in part a). c) A larger particle 

with spherical shape showing carbon binding to the CNF surface. On the right, aberration-

corrected HRTEM images of Au particles supported on disordered CNF, with d) modified 

cuboctahedral configuration, e) icosahedral configuration showing interaction between particle 

and CNF surface, and f) surface carbon decoration with uncovered windows (each indicated by 

arrows). Reprinted with permission from ref 275. Copyright 2012 from the John Wiley and Sons. 



 

The synthesis of glutathione decorated Au NP, with an average size of ~ 1.4 nm, supported 

on rGO at low Au loadings, with high catalytic activity for the reduction of 4-nitrophenol in an 

aqueous medium, has been revealed.385 The observed Au 4f7/2 and 4f5/2 peak redshifts compared 

to bulk Au, consistent with Au(0) oxidation state, have been attributed to reduced core-hole 

screening in small metal particles. A controlled synthesis of carbon-supported Co catalysts from 

single atoms to NP has been achieved by the deposition of Co(salen) complex precursor under 

heat treatment.386 The precise characterization, using TEM, XRD and in situ XAFS of the 

corresponding structural transformation are highly valuable in terms of carbon-support-TM 

interaction. The first decomposition of the Co(salen) complex is initiated by the dissociation of 

Co-O-C bonds at around 523 K, which produces isolated Co single-atom while retaining the 

Co-N-C bonds even up to 673 K. When the heat treatment temperature exceeds 723 K, the 

second decomposition of the Co-N-C bonds occurs to form Co oxide nanoclusters followed by 

the growth of Co NP upon further increase of the heat treatment temperature. Direct 

comparisons between DFT calculations of Ru NP supported on graphene and EXAFS 

experiments on Ru/C catalysts,387 detail that Ru NP are very structure sensitive and stabilized 

on the sp2 carbon support only in certain geometries, thus resulting in specific shapes and 

electronic properties, and consequently in the presence of active B5 sites. These B5 sites consist 

in five Ru atoms in a certain 3D arrangement exposing a 3-fold hollow site and a bridge site 

close together. These DFT results also suggest that for Ru clusters with more than 4 atoms, 

epitaxial growth of the metal on the carbon support is possible only in certain configurations. 

 

3. Why anchoring metal nanoparticles, clusters or metal single atoms on carbon materials 

for catalysis? 



Supported metal catalysts are among the most important solid catalysts. In general, the metal 

functions as the catalyst, and the function of the support is to keep the metal particles well 

dispersed. However, supports can play a non-innocent role in heterogeneous catalysis and are 

often critical for the efficiency and stability of the catalytic systems. In most applications, only 

the metal NP are the active centers; however, in some cases both the supported metal and the 

support itself function as a catalyst. The support effects on the catalytic properties of metal NP 

are connected to: i) changes due to metal particle charging, ii) effects related to variations in 

metal NP shape and crystallographic structure and, iii) appearance of specific active sites at the 

metal-support boundary.388 Thus, different types of effects have been identified: i) electronic 

effects, ii) geometric effects, but also iii) bifunctional effects such as spillover phenomena389 or 

direct involvement of the support in catalysis, and iv) confinement effects.390 It is also worth 

mentioning that many of these effects are also correlated to the size of the metallic species, so 

that fundamental differences will be observed if large size particles or isolated single atoms are 

used. In this section, we will analyze these different effects in the case of carbon supports. 

 

3.1 Metal-support interaction 

The metal-support interaction may influence catalytic performances in different ways, 

including: i) geometric effects (changes in NP size, morphology or strain due to the presence 

of the support), ii) electronic effects (e.g. charge transfer between metal and support or ‘ligand’ 

effects due to coordination of the metal by the support), iii) interfacial reactivity (where specific 

sites at the metal-support interface provide a given reactivity),391 or even iv) direct participation 

of the support in the catalysis (see section 3.4).392 Electronic, geometric, and ligand effects are 

interrelated,393 and it is not possible to clearly discriminate each single contribution. In the case 

of carbon supports, the rich surface chemistry of carbon materials as well as the broad spectrum 

of structurally different carbon materials offer interesting perspectives to modify the catalytic 



performances. We voluntary speak about modification, and not modulation and even less of a 

fine tuning of the performances, since up to now such a level of control has not been achieved 

on carbon supports. Indeed, if the understanding and the control of the extent of metal-support 

interaction in carbon-supported metal catalyst opens an exciting avenue of research for the 

rational design of catalysts, many efforts remain to do to achieve this goal. Indeed, while the 

relationships between catalyst affinity and activity have been known for nearly a century, 

techniques to continuously and controllably tune the affinity and hence, the activity and 

selectivity of a catalyst are only beginning to emerge.13,389 Recently, significant efforts have 

been made towards revealing metal-carbon support interactions during catalyst synthesis or 

catalytic reactions by XRD, electron microscopy, and spectroscopy methods.73 

3.1.1. Geometric effects 

Nørskov et al. have shown by DFT that surface reactivity of strained metal surfaces increases 

with lattice expansion, up-shifting the metal d states closer to the Fermi level.394 Carbon 

support-induced strain in metallic NP has not been much investigated. Experimentally, strain 

variation within NP is usually investigated using either coherent XRD, TEM or more recently 

by combining high-energy resolution fluorescence detection (HERFD), XAS methods, namely, 

HERFD XANES and HERFD EXAFS.395 On graphene support, local strain accumulation 

during the growth of Pt cluster was experimentally and theoretically evidenced.396 The authors 

proposed that the local strain field in the immediate vicinity of the NP is not favorable for the 

growth of other NP that preferentially migrates to other pristine regions of the graphene surface. 

It has also been shown that strain field around the defects of graphene397,398 or externally 

induced on defect-free graphene399-401 also significantly reinforces the adsorption of the metal 

on graphene, by reducing the distance between the clusters and the graphene ML (Figure 18) 

and by increasing the adsorption energy. Consequently, charge transfer occurs between the 

metal and graphene, and thus its reactivity is altered. Using Au16 and Au8 clusters on graphene 



for CO oxidation, it was found that a small strain of 5% in graphene reverses the charge transfer 

between Au clusters and graphene, and thus drastically reduces the CO oxidation activation 

barrier from around 69 kcal.mol-1 (without strain) to less than 4.6 kcal.mol-1.400 An influence of 

strain was also noticed for the same reaction in the case of Pt6 clusters on a graphene ML.401 

By varying the thickness of an amorphous carbon film, strain on Ag NP can be induced, that 

was investigated using HRTEM by Settem et al.402 It was shown that the strain increases with 

the thickness of the film, and that the effect is more pronounced in the case of small NP. The 

effect of graphene edge topology on the strain of Ag NP was also reported.403 A +2.7% strain 

was found by DFT in the case of a silver-zigzag edge interface, and -1.0% in the case of the 

silver-armchair edges interface. 

 

 



Figure 18. a) Variation of the distance between the adsorbed cluster and a graphene ML under 

different strains, and b) the relative change of adsorption energy of different metal clusters on 

graphene, where E0ad is the adsorption energy for zero strain, and ΔEad is the change of the 

adsorption energy under strain relative to that of zero strain. Reprinted with permission from 

Zhou, M.; et al. J. Phys. Chem. C 2010, 114, 16541-16546.400. Copyright 2010 from the 

American Chemical Society 

 

Pt NP with thin plate-like morphologies and a (110) crystal surface parallel to the (0001) 

planes of graphite flakes were observed by HRTEM.404 The Pt NP were found to be 

anisotropically deformed from the pristine fcc symmetry. Approximately two-thirds of the Pt 

NP were compressively strained (5.9% compared with the bulk lattice constant of Pt), and the 

others showed an expanded unit cells (2.8% compared with the bulk lattice constant of Pt). On 

CB, Pt NP (≈ 3.5 nm) were randomly oriented on the surface of the support.405 A single Pt NP 

had ca. 70% compressive facets and ca. 30% expansive facets on average. The mean unit cell 

volume of the NP (0.386 ± 0.015 nm) was 4.2% smaller than that of bulk Pt, and no correlation 

was found between the monoclinic lattice parameters and Pt NP diameters. In other studies 

dealing with Pt NP on CB, it was shown that when decreasing the average Pt NP size down to 

approximately 2 nm, the unit cell parameter decreases nonlinearly (variation of 0.7% in 

comparison to bulk Pt) and the size effect is predominant for small Pt NP.406,407 The origin of 

the bond length disorder in Pt NP on carbon was investigated from an atom-by-atom structural 

analysis and it was shown that it results from anisotropic distortions in the cluster arising from 

interactions of the bottom metal layer in contact with the graphite surface.408 On graphitized 

CB, the lattice strain of Pt NP was directly observed and mapped, using aberration corrected 

STEM coupled with geometric phase analysis.409 The Pt formed spheroidal NP (Figure 19) 

presenting Pt-Pt bond lengths varying between 2.64 Å-2.79 Å (i.e. by 5.7%). Slightly shorter 



average bond lengths are observed at facet edges, whilst longer average bond lengths are 

obtained on the facet planes. Upon post-processing effects, with or without hydrogen 

passivation, shear instability of supported Pt NP have been addressed theoretically,410 and it 

was shown that dramatic morphological change of the NP can occur even with small changes 

to first-shell Pt-Pt coordination number. 

 

Figure 19. a) and b) atomic resolution STEM-HAADF cross-sectional images of Pt/CB; and c) 

false-color lattice strain amplitude map of Pt/CB obtained by geometric phase analysis of the 



STEM-HAADF images. Strain maps were overlaid on the Cs-STEM image for clarity. 

Reprinted from ref 409. 

 

On C60 nanowires, Pt NP were anisotropically strained from the fcc structure, with fcc lattice 

constants significantly different from those of Pt NP deposited on graphite particles (0.391 ± 

0.013 nm on C60 and 0.388 ± 0.015 nm on graphite, 0.39231 nm for bulk Pt).411 On CNF 

(platelet type) it was found from MD simulations that the initial mismatch between the atomic 

structure of support’s edges and the adsorbed facet of a Pt100 cluster leads to a desorption of a 

few Pt atoms from the cluster and the subsequent restructuring of the cluster (flattening of the 

cluster).412 Consequently, the average Pt-Pt bond length is enlarged in agreement with 

experimental results. This enlargement is more pronounced at the Pt/C interface than in the rest 

of the NP. The curvature of the carbon support has no appreciable effect on the bond-length 

distribution for the Pt clusters; whereas an effect is noticed for Ni clusters.413 Simulations have 

shown that upon adsorption, the distribution of first-shell Pt-Pt coordination number changes 

significantly for Pt NP up to 2 nm, and that the restructuration of the NP decreases with particle 

size (Figure 20).414 This was attributed both to the reduced binding energy per Pt atom bonded 

to the support and to the increased cohesive energy of the Pt NP. According to the orientation 

of graphene sheets, CNF are classified into three categories, platelet type, tubular type, and 

fishbone (or herringbone) type CNF, with their graphene sheets perpendicular, parallel, and 

tilted to the principal axis, respectively. For fishbone type CNF, a decrease of the apex angle 

decreases the binding energies of a Pt100 clusters to the CNF.415 This is accompanied by a lower 

degree of cluster reconstruction. When more CNF edge planes are exposed, a higher Pt 

dispersion, lower surface first-shell Pt-Pt coordination numbers, and longer Pt-Pt surface bonds 

are obtained. According to the d-band model, the increased Pt-Pt interatomic distance results in 



an upshift in the surface d-band center, which would eventually strengthen the binding of 

molecules to the supported Pt clusters. 

 

Figure 20. a) Illustrations of the equilibrium geometries of adsorbed Pt particles on CNF; and 

b) distributions of first-shell Pt-Pt coordination number in supported and isolated Pt NP. In each 

model, three Pt NP denoted as Ptn(I), Ptn(II), and Ptn(III) were initially placed over the armchair 

arrangement, the zigzag arrangement, and their junction, respectively, where n is the number of 



atoms involved in the Pt NP. Reprinted with permission from Cheng, H.; et al. J. Phys. Chem. 

C 2014, 118, 23711-23722.414. Copyright 2014 from the American Chemical Society. 

 

In the case of a Ni100 cluster adsorbed on the same support, it was reported that the Ni-Ni bond 

length increases as the distance to the platelet edge is enhanced, due to the strain in the region 

close to the platelet-cluster interface.416 This phenomenon is even more pronounced on 

armchair or zigzag edges of CNF than on the basal plane of graphite (Figure 21). It was shown 

experimentally that the surface curvature of the CNF, and the strong interaction between the Ni 

NP and the graphene edges cause local deformation of the Ni NP, and thereby induce a high 

degree of microstrain.417 Such lattice expansion has been shown to increase the activity of Ni 

NP on CNF for ethane hydrogenolysis. 

 

 

Figure 21. Mean bond-length distribution for a Ni100 cluster as a function of the distance to the 

CNF platelet edge and carbon basal plane. Reprinted with permission from Sanz-Navarro, C. 

F.; et al. J. Phys. Chem. C 2008, 112, 12663-12668.416. Copyright 2007 from the American 

Chemical Society. 



 

Interfacial compressive stress was also reported in the case of CoFe2O4 NP in interaction with 

graphene oxide sheets.393 These results show that the strained structure of metallic NP changes 

depending on the surface energy of the carbon support. 

Finally, we should also mention that it is possible to take advantage of strain in multimetallic 

catalytic systems deposited on carbon support to control the catalytic performances. This is 

particularly true for electrocatalysis, as many studies have shown that tuning the surface strain 

of nanocatalysts is efficient for boosting the electrocatalytic performances of the ORR, 

including the long-term stability.418 

 

3.1.2. Charge transfer 

If the Fermi levels of the metal and the carbon support differ, an electron transfer occurs when 

the metal-support interface is created to shift the local work function at the catalytically active 

outer surface. This electronic transfer results from the formation of polar chemical bonds with 

more or less ionic character between the support surface atoms and the metal atoms. The Fermi 

level pinning leads to a Schottky barrier and a rectifying behavior of the contact at the junction 

between the metal and the support. The extent of the interaction depends on the nature of the 

metal, but much more on the particle size and the nature of the support.419-421 On carbon 

supported catalysts, the modification of the electronic properties of metal atoms can be 

measured either directly or indirectly.422 Direct methods include Raman,423-426 XAS423,427-429 or 

XPS spectroscopies.430-435 In Raman, a shift of the G-band in graphitic materials toward higher 

wavenumbers is indicative of an electron-accepting metal, and a shift toward lower frequencies 

is indicative of an electron-donating metal (Figure 22a). For Au NP on graphene, it was reported 

that the shift of the 2D peak is more significant than that of the G peak.436 For fullerene, the 



Ag(2) mode is particularly sensitive to charge transfer.91 Changes in the NEXAFS intensities of 

π* resonance in the C K-edge and metal edge spectra are also characteristic of charge transfer.423 

XANES experiments also evidenced charge redistribution between carbon support and Pt NP 

(charge redistribution between C 2p-derived states and Pt 5d bands),437 since during synthesis 

the change of oxidation state during all reaction steps can be followed.438 

In XPS, a shift of the metal binding energy towards higher energy will result in a charge 

transfer from the metal to the support, when a downshift is indicative of a reverse charge transfer 

(Figure 22b). However, due to the dependence of binding energy with particle size (enlargement 

of NP size induces a positive shift in the binding energies),439 such a conclusion should be taken 

with care. Indirect methods include calorimetry or infrared spectroscopy with probe molecules 

such as CO.440 In FTIR, the CO band will shift toward lower frequencies if an increased back-

donation to p* anti-bonding orbitals of CO occurs through a charge transfer from the support 

to the metal (Figure 22c). Electron microscopy equipped with energy-dispersive X-ray 

spectroscopy (EDS) and EELS is also a powerful tool that can be used to reveal metal-carbon 

interactions.441 More sophisticated techniques combining synchrotron-radiation photoelectron 

spectroscopy, scanning tunneling microscopy and DFT calculations can also been used to 

precisely quantify the charge transfer per metal atom.442  



 

Figure 22. Different methods allowing the direct or indirect identification of charge transfer: 

a) Raman spectroscopy (G-band in the Raman spectra of graphitic materials); b) XPS (binding 

energy of core-electrons of the metal particle); and c) FTIR (nCO band of CO adsorbed on 

metal). 

 

Obviously, the quantification of charge transfer on carbon-supported catalysts should take into 

account the possibility of metallic NP oxidation upon air exposure. This is particularly 

important for small NP,443 which are very sensitive to air oxidation, even for noble metals such 

as platinum, and should give rise to significant charge transfer.442 To avoid confusion related to 



oxidation or NP size, comparison of charge transfer between different catalysts deposited on 

carbon supports should be ideally performed avoiding air oxidation and with using similar metal 

NP size. 

It is important noting that due to strong charge screening, the excess of charge on metal NP 

could be expected to accumulate at the direct contact interface between the NP and the support 

(sub-nm short-range charge transfer), which moderately contributes to catalysis. It is thus 

obvious that topology of the NP should affect the extent of electron transfer, and in the case of 

nearly flat NP, in which most of the metal atoms are in contact with the support; they would 

suffer higher electron transfer. However, electrostatic considerations suggest that, in addition 

to the short-range charge transfer at the metal-support interface, electronic equilibration with 

the support leads to a long-range direct charging of the NP outer surface (at a distance up to 

several nanometers away from the interface) bypassing the strong charge screening of the metal 

particle (Figure 23).444  

This long-range charge transfer depends on the size, shape, and proximity of the neighboring 

NP. If the influence of NP size and shape on catalyst performances (activity, selectivity and 

stability) is well documented in supported catalysis, the influence of inter-particle distance has 

been much less studied, particularly for carbon-supported catalysts. However, some studies on 

Pt/C or Pd/C electrocatalysts have clearly evidenced an influence of Pt inter-particle distances 

on the catalytic properties.445-453 It has also been proposed that the NP might be polarized, with 

the top metal atoms bearing one type of charge and those at the interface, an opposite charge.454  



 

Figure 23. Schematic of energy levels, work functions (W), and electrostatic potentials during 

the outer surface charging of supported NP. a) Work functions of the isolated support and NP; 

b) illustration of the additional net electrostatic energy contribution (−e)F resulting from 

electronic equilibration. An outer surface charge on the NP is necessary to account for the 

difference FNP-V of the net electrostatic potential levels in vacuum and inside the NP, 

respectively; and c) the equilibrated system is characterized by a common Fermi level and work 

function WNP/S. Adapted from ref 444. 

 

If the interfacial charge transfer between the metal (or semi-conductor) and the support can 

play a pivotal role in thermal catalysis, it is even more critical in photo-455-457 and electro 

catalysis,458,459 where metal-carbon support interactions are central. Thus, in electrocatalysis, 

the activity depends largely on interfacial charge transfer from the metal core to the carbon 

support that influences the electronic interactions between the catalyst surface and reaction 

intermediates, and varies with the structures and morphologies of the metal and the carbon. As 

far as the carbon support is concerned, the charge transfer will strongly depend on the structure 

of the carbon (sp2 vs sp3, orientation of the graphene layers, number of graphene layers, 

presence of defects) and on its surface chemistry. 



Interfacial charge transfers between metals and sp3 carbon materials (diamond-like) have been 

poorly studied.460-462 Significant charge transfers were predicted between diamond and Al, Cu, 

Ni, Ti, V, and Zn. For fullerene and particularly C60 (sp2.23 hybridization), the strong electron 

acceptor property of fullerene provides significant charge transfer from the metal to the 

C60.91,463-465 In the case of Ru NP, the electron deficient ruthenium in Ru/C60 catalysts shows a 

specific selectivity in hydrogenation of nitrobenzene466 and cinnamaldehyde.467 For these 

carbon materials, as for the sp2 family, the direction of the charge transfer depends on the work 

functions of the supports and the metals. The work function of conventional carbon materials 

ranged between 4.15 and 6.5 eV.468-473 These values can change significantly with the presence 

of defects or the introduction of heteroatoms like O, N, S, B, or P. The work function of 

transition metals ranged between 2 and 5.6 eV for polycrystalline surfaces.474-476 Figure 24 

shows the work functions of conventional carbon materials and selected transition metals 

relevant for catalysis. From this figure it appears clearly that the direction of the charge transfer 

will be the same (from the metal to the support) whatever the metal with fullerene C60. For the 

other carbon materials, it will depend mainly (variations of work function with NP size 

exist)477,478 on the nature of the metal. Charge density analyses are usually performed on top of 

DFT calculations using several partitioning schemes, the Bader analysis479 being one of the 

most widely used as in ref 480. The charge transfer estimates of a single atom in interaction with 

a graphene ML are reported in Table 1, and according to ref 481 they can also vary for different 

adsorption sites. The general trend follows that of the atom’s electronegativity: for non-metallic 

atoms, the charge transfer is from graphene to the atoms, whereas for metals it is the opposite. 

For some metals, very low electron transfer was found.  



 

 

 

 

 

 

Table 1. Charge density analysis of Bader for various elements of the classification period adsorbed on graphene.480 

 

H 
0.15 

   He 
 

Li 
0.86 

Be 
0.05 

B 
0.43 

C 
0.02 

N 
0.68 

O 
-0.84 

F 
-0.59 

Ne 
 

Na 
0.62 

Mg 
0.10 

Al 
0.81 

Si 
0.72 

P 
0.38 

S 
-0.04 

Cl 
-0.41 

Ar 
 

K 
0.63 

Ca 
0.87 

Sc 
1.1 

Ti 
1.1 

V 
0.98 

Cr 
0.84 

Mn 
0.70 

Fe 
0.58 

Co 
0.48 

Ni 
0.45 

Cu 
0.19 

Zn 
0.03 

Ga 
0.55 

Ge 
0.43 

As 
0.22 

Se 
-0.01 

Br 
-0.34 

Kr 
 

Rb 
0.60 

Sr 
0.82 

Y 
1.04 

Zr 
1.16 

Nb 
0.97 

Mo 
0.72 

Tc 
0.53 

Ru 
0.37 

Rh 
0.24 

Pd 
0.17 

Ag 
0.10 

Cd 
0.03 

In 
0.57 

Sn 
0.43 

Sb 
0.27 

Te 
0.9 

I 
-0.28 

Xe 
 

Cs 
0.61 

Ba 
0.86 

Lu 
1.23 

Hf 
0.82 

Ta 
0.83 

W 
0.72 

Re 
0.48 

Os 
0.35 

Ir 
0.22 

Pt 
-0.00 

Au 
-0.11 

Hg 
0.01 

Tl 
0.48 

Pb 
0.37 

Bi 
0.24 

Po 
 

At 
 

Rn 
 

 

Electron transfer from graphene to adatom  

 Electron transfer from adatom to graphene 
 

greater than 0.5 

lower than 0.5 



Basically, all TM -with the exception of Au-482-484 transfer electron density to the graphene 

layer; and this charge transfer is more acute for early TM, and more attenuated for late TM due 

to electronegativity increase.137 The evolution of the work function of graphene doped by 

different metal adatoms and at different concentrations was investigated, and in general, the 

work function drops significantly before reaching saturation. In the case of Cs, the work 

function saturates at 2.05 eV at 8% doping.485  

 

 

Figure 24. Work functions of conventional carbon materials (multi-walled CNT = MWCNT; 

single-walled CNT = SWCNT; graphdiyne = GDY) and selected 3d, 4d and 5d transition 

metals. 

 

It is worth remembering that in graphite the carbon 2p-p electron density is symmetrically 

distributed with respect to the flat graphene plane, whereas the curvature of the CNT induces a 

re-distribution of the electron density, with most of the wave function being outside of the 

curved graphene layers. Thus, due to the difference in the surface electron density, interactions 

and charge transfer at the CNT surface are expected to be different from interaction and charge 



transfer at a flat graphene layer (Figure 25). In the case of 3d TM atoms, a similar tendency in 

charge transfer variation from Sc to Cu was observed in the case of graphene and CNT, although 

larger charge transfer were generally observed in the case of CNT.103 The influence of curvature 

on charge transfer has not been studied into details, and remains unclear. An old report proposed 

that, in the case of single Ni atoms, the direction of the charge transfer changed from Ni atom 

to carbon on graphite, to carbon to Ni in the cases of a small diameter CNT.109 However, more 

recent reports have shown that for Ni atoms, the direction of the charge transfer is always from 

Ni atom to carbon whatever the support, graphene (0.42-0.65 e-/Ni),481,486 or small diameter 

CNT (0.21-0.73 e-/Ni).487,488   

 

 

Figure 25. Schematic interaction diagrams between the graphitic surfaces and single TM 

adatoms. DoS are represented by boxes (black ones represented the occupied levels). The 

energy difference, dE (in red), is related to the interaction intensity between vacant surface p* 

orbitals and 3d metal orbitals (2e2): when dE decreased, the interaction intensity increased. The 

curved arrows (in blue) symbolize electron transfer from the metal to the graphitic surfaces. In 



the curved graphitic surface (CNT), p-like levels had sp3 character, in contrast with the 

graphene levels (sp2), and they are lower in energy. 

 

Clearly here, computational details’ choices, such as Tight-Binding approach vs DFT 

calculations scheme, as well as partitioning electronic density methods used to estimate the 

charge transfer, appear to be crucial. Besides, most of the studies published so far used metallic 

CNT, however differences in charge transfer are expected when the CNT are semi-conducting 

ones.103 For a single Ru atom adsorbed in exohedral positions, the charge transfer (from the 

metal to the CNT) tends to increase with the tube diameter; when it is inside the tube, the charge 

transfer decreases with the diameter.489 Since they are sharing the same valence electron 

configuration it is not surprising that Ru and Fe atoms behave similarly in terms of charge 

transfer with CNT, Fe atom outside the tube giving more electronic density than inside, due to 

a better overlap between the d orbitals of Fe and the p orbitals of the neighboring C 

atoms.103,113,490  

Clusters have also been analyzed, particularly with platinum. For Pt38 clusters interacting with 

a graphene surface, small charge transfer (< 0.2 e-) have been reported from the support to the 

metal but with a significant polarization effect inside the cluster.491-493 The facet interacting 

with the support losses charge upon adsorption, which together with the charge obtained from 

the graphene layer is redistributed to the rest of the Pt atoms. Similar results were obtained on 

Pt13-147 clusters.494 Very low charge transfers were reported for Pt4,495 Pt13,454 and Pt37,496 on 

graphene as well. Higher value of charge transfer were provided by Rao et al. for Pt40 clusters,497 

Auer et al. for Pt10-37 clusters498 and by Song et al. for a Pt7 cluster (~0.65 e-).499 Surprisingly, 

changes in charge transfer direction were given by Skylaris et al. (overall charge being 

transferred from Pt13-309 clusters to the graphene support),500 Huang et al. for Pt4-27 clusters,501 



and Wang et al. for Pt4 clusters.502 Again, those differences are the consequence of the wide 

variety of different computational settings used, which should make the reader very cautious 

about final statement concerning charge transfer estimate, see for instance the discrepancies 

obtained in the case of non-covalent doping of graphene for various electronic integration 

methods.503 

Changes in charge transfer due to curvature effect compared to a graphene surface were 

reported by Song et al. in the case of a Pt7 cluster: the higher the curvature, the higher the charge 

transfer is.499 Charge transfers from CNT to Pt14 clusters504 and Pt atom505 were also reported, 

as expected since the value of the Pt work function is higher than CNT’s one. However, for a 

Pt4 cluster on CNT, the charge transfer was estimated from Pt to carbon,506 as well for Pt3-13 

clusters.507,508 In that latter case, it was also shown by Mulliken charge analyses that the charge 

transfer amount (per Pt atom) decreases with the size of the Pt cluster (Pt3: 0.27 e-/Pt; Pt7: 0.17 

e-/Pt; Pt13: 0.14 e-/Pt), in agreement with experimental observations. 

For metals presenting a lower work function than Pt, like ruthenium, the charge transfer occurs 

from the metal to the carbon support. Such charge transfers were reported for Ru13 on CNT (1.1 

e-/Ru13)509 and graphene (0.9 e-/ Ru13),510 as well as  for Ru6 on CNT (1.7-2.2 e-/Ru6).489 In this 

case, it was also shown that the charge transfer is enhanced for double-walled CNT compared 

to single-walled CNT. Similar charge transfers from the metal to the carbon support were 

reported for Mn7/G,142 Ti13/G,511 and Fe1-5/G.512 As expected, the metal atoms in the interfacial 

layer have much more positive/negative charges (according to the direction of the charge 

transfer) than those in the upper layer, as shown on Figure 26 for Pt37 and Ru13 clusters. 

On functionalized graphene, the adsorption of Pd clusters, induces a clear signature in Raman 

spectra, typical of a donation from the metal to the graphene support,513 when the d-band center 

of Pd clusters clearly shifts to closer values to the Fermi level.514 For a single Pd adatom or a 



single embedded one in a SV on graphene, the charge transfer is 0.4 and 0.2e-, respectively 

from the metal to the support.320 

 

Figure 26. Contour plots of differential charge density of: a) Pt37/G; in blue (red), increase 

(decrease) of the electron density upon interaction; reprinted with permission from ref 498 

Copyright 2019 from AIP Publishing; and b) Ru13/CNT. The charge accumulation region is 

rendered in yellow, while the charge depletion region is in blue. Reprinted with permission 

from Zhou, S.; et al. J. Phys. Chem. C 2018, 122, 9091-9100.509. Copyright 2018 from the 

American Chemical Society. 

 

In the same work, polarization effect with a depletion of the electronic density at the edges of 

the cluster is already experienced for a Pd6 system adsorbed on a SV-G. This phenomenon is 

reinforced for larger clusters, which are able to present spin-polarized edges. Considering a Pd 

single atom or a dimer adsorbed on CNT sidewalls, it has proposed that one type of donor-

acceptor delocalization occurs: a Pd 4d to C 2s donation and C 2p to Pd 5s back-donation. For 



large Pd NP deposited on stacked cup CNF, a Pdd+ phase was clearly evidenced by XPS, and 

corroborated by DFT calculations.430  

For oxides such as TiO2, the charge transfer occurs from the carbon support to the TiO2457,515-

518 Variation of work function between j = 4.70-6.44, 4.62-6.76, and 4.51-5.62 eV have been 

reported for the TiO2 anatase and rutile (001), (101) and polycrystalline surfaces, 

respectively.519 Therefore, carbon support (G, CNT) enable charge transfer and inhibit the 

charge recombination process when combined with TiO2-based photocatalysts.518 Charge 

transfers from graphene to other oxides such as CoO and Co3O4 or MnO2 were also found.520 

In the case of CoFe2O4 NP on GO sheets, a significant charge transfer from GO to the oxide 

NP was measured.393 The significant change in the work function value of GO (j = 4.60 eV), 

after decoration with CoFe2O4 NP (j = 7.70 eV) confirms a shift of the highest valence bands 

towards the Fermi level. 

As already mentioned, introduction of topological defects in carbon materials such as carbon 

vacancies or Stone Wales defects significantly affect their electronic properties. This results in 

higher binding energy of metals to the carbon167 and in modified charge transfer. Particularly, 

the introduction of vacancy defects, which generates acceptor-like states will enhance the 

charge transfer and hence the Coulomb interaction between metal and graphene.521 When 

compared to pristine carbon supports, the charge transfers are systematically higher on carbon 

surface presenting carbon vacancies. Thus, on a SV-G, more electrons are transferred from the 

Pt, Pd, Au, and Sn adatoms to the carbon atoms at the defect site.522 Significant charge transfers 

from the TM to carbon supports containing SV or DV were reported for Au,523 Rh,524 W,525 and 

Pd.526 Higher charge transfer were also provided for clusters on defective carbon supports 

compared to defect-free supports, such as for Pd13/SV-G (SV-G = single vacancy on G) 

compared to Pd13/G,527 Pt13/SV-G compared to Pt13/G,501,528-530 Pt2-80/SV-G compared to Pt2-

80/G,531 Pt1-6/SV-CNT compared to Pt1-6/CNT,502 Ru13/SV-G compared to Ru13/G,510 Cu4-13/SV-



G compared to Cu4-13/G,532 Au1-5/SV-G and Fe1-5/SV-G compared to Au1-5/G and Fe1-5/G.512 In 

all these works, the charge transfer is from the metal to the carbon support. Similar charge 

transfers were reported for Fe13 and Al13 clusters on SV-G,533 and Pd1-5 on SV-G526 and DV-

G.534 For a Pd4 cluster interacting through 3 Pd atoms on a DV-G, the three lower Pd atoms 

have a Mulliken charge of +0.65-0.72 e-, while the upper atom has a Mulliken charge of -0.39 

e-.534 With the increasing size of point defects in the carbon support, both the binding strength 

and charge transfer between the NP and carbon-support increase.528,529 

The orientation of the carbon layers will also play a significant role on the charge transfer in 

carbon materials. A strong interaction of Pt clusters with the graphene edges of CNF was 

evidenced by X-ray absorption near-edge structure, EXAFS, and MD simulations.535 In a study 

on graphene electrochemistry, it was shown by Pavlov et al. that the rate of electron transfer at 

graphene zigzag edges is ~4 times larger than far from edges.536 Much faster electron transfer 

at graphene edges than on the basal plane was also reported by Shi et al.537 Larger charge 

transfer could thus be anticipated on edges. A much lower charge transfer was obtained for Ag 

adatom adsorbed on graphene (0.022-0.029 e- from Ag to graphene) than for Ag on armchair 

(0.34 e- from Ag to graphene) or zigzag edges (0.25 e- from Ag to graphene).538 MD calculations 

were also used to compare the interaction of Pt100 and Pt400 clusters with the surface of CNT 

and CNF (Figure 27).371 For Pt/CNF, the chemical attraction from the edge atoms causes Pt 

atoms to detach from the cluster and deposit separately on the carbon surface. This phenomenon 

is much more important for Pt100 clusters compared to Pt400. On CNT, due to the poor interaction 

between Pt atoms and the p system, this phenomenon is not observed. For small NP (1.2-1.4 

nm), a higher charge transfer from Pt to the support was experimentally evidenced from XPS 

analyses: Pt 4f7/2 = 72.14 eV for Pt/CNF and Pt 4f7/2 = 71.97 eV for Pt/CNT. 

 



 

Figure 27. Snapshots of the geometries of: a) Pt100 cluster interacting with CNF; b) Pt400 cluster 

interacting with CNF; c) Pt100 cluster interacting with CNT; and d) Pt400 cluster interacting with 

CNT. Reprinted with permission from ref 371. Copyright 2018 from Elsevier. 

 

However, some studies, based on finite models, based on relatively large PAH molecules to 

mimic carbon-support, reported a charge transfer from the support to Pt.412,498 For Pt37 clusters 

adsorbed on the basal or prismatic surface of graphite, the charge transfer observed was even 

higher in the case of the basal plane (0.89 e-/Pt) compared to the prismatic surface (0.76 e-

/Pt).498 In the case of Ni55 clusters interacting with small carbon surfaces, negative charges 

always accumulate on edge carbon atoms; on the contrary, non-edge carbon atoms have little 

charges.112 Model sizes and charge transfer estimate methods should be extensively studied to 

leave those uncertainties for large clusters.   

Heteroatom doping of the carbon support induces electron re-localization and local variations 

in the DoS of the support, thus producing an increase or a decrease of the work function.472,539 

This modification unavoidably influences the charge transfer, the hybridization between the 



electronic states of the metal and those of the support, and definitively the metal-support 

interactions (Figure 28).422 

 

 

Figure 28. Effect of the introduction of heteroatoms in the carbon support on metal NP 

carbon support interactions. Reprinted from ref 422. 

 

It has been shown that the work functions of heteroatom-doped graphene (doping by carbon 

atom substitution) obey a periodic law, except for O-doped graphene (Figure 29a).540 The 

values of the work function vary with dopant concentration. Thus, the work function of B-doped 

graphene increases monotonically with the increase of the doping concentration, while for N-

G, doping makes the work function decrease (Figure 29b). However, the type of doping for a 

given element also affects the work function values. If doping by atomic substitution can 



provide general trends, the real doped-carbon support generally contains different types of 

groups for a given element. For instance, it has been shown that, in the case of O-doping of 

rGO, individual functional groups (carbonyl, epoxy, hydroxyl) have a different effect on the 

work function, with dominant effect for carbonyl groups (Figure 29c,d).541  

 

 

Figure 29. a) Work function vs the atomic number of the substituting atom for heteroatom-

doped graphene, for a  single substitution  in 5 × 5 supercell; b) work function as a function of 

doping concentration for B and N-doped graphene; reprinted with permission from Gholizadeh, 

R.; et al. J. Phys. Chem. C 2014, 118, 28274-28282.540 Copyright 2014 from the American 

Chemical Society; c) calculated work function of carbonyl-rich and hydroxyl-rich reduced 

graphene oxide structures with different oxygen content; and d) effect of individual functional 

groups on the work function of reduced graphene oxide, for two different total oxygen 

concentrations. Reprinted with permission from Kumar, P. V.; et al. ACS Nano 2013, 7, 1638-

1645.541. Copyright 2013 from the American Chemical Society. 



 

Similarly, the work function of graphene correlates strongly with the site and amount of doped 

nitrogen. Nitrogen atoms doped at a graphitic site lower the work function, while nitrogen atoms 

at a pyridinic or a pyrrolic site increase the work function.542  

The adsorption of Cu adatoms on (defective or not) CNT  functionalized with various surface 

functional groups, including atomic oxygen (-O), hydroxyl (-OH) and carboxyl (-COOH) 

groups, was investigated by DFT.543 The oxygen functional groups can either promote charge 

transfer from Cu to carbon atoms, or directly interact with Cu as surface ligands. Three types 

of CNT were studied, pristine CNT (CNT-P), CNT with Stone-Wales defects (CNT-SW) and 

CNT with single vacancies (CNT-SV). Figure 30 shows the charge transfer from copper to 

carbon obtained on these different surfaces with or without oxygen functionalities. Among the 

functional groups investigated, the carboxyl functional group resulted in the largest and most 

consistent increase in the Cu binding energies and charge transfer on both pristine and defective 

CNT.  

 

 

Figure 30. Charge transfer from Cu to carbon (negative sign meaning that Cu transfers electron 

to carbon) for a Cu adatom on various carbon surfaces.543 



 

Charge transfers were also reported from Pt adatoms to oxygen functionalized carbon 

supports;544 an increase concentration of oxygen containing groups leading to a shift of the d-

band center of Pt toward lower energy. Similarly, higher charge transfer from an iron single 

atom to graphene was obtained if carboxylic groups were introduced on the support surface.545 

Charge transfer (0.2e-) from a gold adatom to oxygen decorated double vacancy of graphene 

was also computed.546 Charge transfer from 3d TM adatoms to a C3N4 support have been 

reported too.547 In the case of Pd single atoms, the charge transfer was much larger in the case 

of Pd1/C3N4 than in Pd1/G.548 It has also been shown by XPS analysis that the presence of 

nitrogen functional groups favors the reduction of Pd on CNT, suggesting an electronic 

promoter effect.549  

For Pt clusters, charge transfer from the metal to the carbon support have been systematically 

reported for B-,550 N-,289,427,550 S-,289 and O-doping.252,492 For supports bearing oxygen 

containing groups it was shown that for a Pt38 cluster, the overall charge transfer increases 

slightly in the following order: G-COOH > G-OH > Gpristine.492 On graphene oxide, the charge 

transfer from a Pt13 cluster to the support depends on the oxygen’s concentration on the 

support.252 The metal atoms in the interfacial layer have important positive charges, whereas 

those in the upper layer have a negative charge, as shown on Figure 14d. The overall charge 

tends to increase with oxygen concentration’s increase of the support. Surprisingly, an inverse 

tendency was observed in the case of large Pd NP on CNF.430 In the case of gold NP on GO, 

the electrons are better transferred from GO (higher work function) to Au NP (lower work 

function) when the Au NP size decreases.421 Charge transfer from the metal to the support were 

reported for Pd atoms and clusters on N-G551 or N-doped nanotubes.431,552 For a Pd single atom, 

the nature of the interaction of the N-containing groups (pyridine) with the metal is of σ-type 

donation from the filled π-orbital of the N atom to the empty d-orbital of the Pd atom, and a π 



back-donation from the filled Pd atomic d-orbital to the π* antibonding orbital of the N atom. 

The interaction of pyridine N with Pd is characterized by a charge transfer typical of a covalent 

chemical bond with partial ionic character, consistent with the chemical shift observed in the 

Pd 3d core level of divalent Pd.431 XPS and DFT results have shown that the charge may change 

according to the type of nitrogen functionalities present on the surface. Higher charge transfer 

(and binding energy) were obtained for Pd4 clusters and Pd atoms on N-pyridinic site than on 

N-graphitic sites.431,552 In the case of Pt NP, the N-graphitic sites were identified from XPS data 

as electron donors and the pyridinic as electron acceptor sites.553,554 XPS analyses have clearly 

shown that on N-doped CNT, the charge transfer decreases with the increase of the Pt loading 

and thus NP size (Figure 31).432 

 

Figure 31. Pt 4f XPS spectra of Pt/N-CNT with varied Pt contents. Reprinted with permission 

from Shi, W.; et al. ACS Catal. 2016, 6, 7844-7854.432. Copyright 2016 from the American 

Chemical Society. 

 



Cobalt atoms and NP were deposited on pristine graphene, B-G and N-G.555 For Co1/G, the 

junction of Co and graphene induces a charge transfer from graphene to Co due to the difference 

in work function between Co (f = 5 eV) and graphene (f = 4.5 eV). This results in an increase 

in the electron density of Co and a lack of electrons in graphene, as confirmed by XPS and 

Raman. On N-G, quaternary N incorporated into the support induced an upshift of the Fermi 

level and more electrons were transferred from N-G to Co. In the case of B-G, there is a 

downshift of the Fermi level and electron transfer occurs in the opposite direction (from Co to 

B-doped support). DFT was used to investigate the interaction between Rh and Ti metal 

adatoms and dimers with pyridinic and pyrrolic sites in graphene.556 Charge transfer occurs 

from metal to substrate in all cases. Both metals prefer pyridinic defects for initial adsorption 

of the first atom. The charge transfer is approximately 0.68 e- for Rh adatom, and between 1.63 

and 1.76 e- for Ti. In the case of dimers, there are around 0.85 e- for Rh2, and 2.57 e- for Ti2 

being the metal atoms positively charged.  

 

Charge transfer and catalyst preparation – Spontaneous metal reduction 

If, of course, the charge transfer can influence the catalysis, it should also influence the 

preparation of the catalyst. Indeed, it has been shown that metal NP can form spontaneously on 

semiconductor and metal surfaces via galvanic displacement from aqueous metal salt 

solutions.557 On carbon surfaces, this phenomenon can also occur, and the spontaneous 

reduction of metallic salts on sp2 carbon surfaces is a well-identified phenomenon. Pd salts 

reduction during carbon supports’ impregnation with aqueous solutions of H2PdCl4 is known 

for many years.27,558,559 This reduction of Pd occurs because of the reductant power and the 

conductivity of the carbon support. Because no evolution of carbon oxides is observed upon the 

process, adsorption of Cl- ions was proposed to compensate for the number of electrons 



consumed from the carbon to reduce palladium.27 The presence after the impregnation step of 

two forms of adsorbed Pd, metallic and ionic, determines the bimodal size distribution of the 

metal. The spontaneous gold or platinum NP (7-16 nm) formation on CNT sidewalls, when 

CNT are immersed in corresponding metal salt (HAuCl4 or Na2PtCl4) solutions has been 

reported by Dai et al.560 The work function of CNT has been determined to be ≈ 5 eV (Figure 

24). The Fermi level of a CNT is therefore about +0.5 V above the potential of a standard 

hydrogen electrode (SHE), and it is well above the reduction potentials of AuCl4- and PtCl42-, 

which are +1.002 and +0.775 V vs SHE, respectively. Thus, the relative potential levels 

rationalize the spontaneous electron transfer from the CNT (oxidation) to the metal ions and 

their reduction. Interestingly, smaller Pt NP size (5 nm) were obtained when using oxidized 

CNT, since the oxygen-containing functional groups play a role in anchoring Pt NP.561 

Spontaneous reduction from H2PtCl6 aqueous solution (EPt/PtCl62- (vs saturated calomel electrode 

(SCE)) = 0.68 V) at 348 K produces Pt NP (10-20 nm) on the sidewalls of oxidized CNT (EvsSCE 

= 0.34 V).562 Similar NP sizes were obtained from the same precursor in the inner cavity of 

CNT, and an EXAFS study has confirmed that the reduction of Pt4+ was due to the electron 

transfer from CNT.428 

A broad Au NP size distribution (few nm to 200 nm) was obtained on rGO by spontaneous 

reduction from an aqueous solution of HAuCl4.3H2O.563 Smaller Au particles were obtained on 

rGO from AuCl3 in nitromethane.564 The reduction potential of graphdiyne was estimated to be 

about -0.33 V vs SHE, which was lower than that of PdCl42- ions (+0.62 V vs SHE), suggesting 

its ability as support for the deposition of Pd NP (4 nm) from K2PdCl4 (Figure 32).565 The use 

of oxidized graphdiyne allows the production of smaller Pd NP (1.4 nm). CNT and GO, which 

present reduction potentials of +0.5 V and +0.48 V vs SHE respectively, were also used for the 

spontaneous reduction of H2PdCl4 aqueous solutions to produce 2-3 nm Pd NP.566 Palladium 

NP were obtained on CB, CNT and carbon spheres by the spontaneous reduction of PdCl2 with 



oxygen-functional groups on the carbon surfaces.567 Quinone moieties have been proposed to 

dominate the redox property of pyrogenic carbon, both quantitatively and kinetically, although 

it was not possible to completely rule out the contributions of other types of redox-active groups 

that possess slower electron transfer kinetics.568 

 

 

Figure 32. Schematic illustration of spontaneous reduction of PdCl42- on graphdiyne (GDY) to 

produce Pd NP (blues spheres). Reprinted with permission from Qi, H.; et al. J. Am. Chem. Soc. 

2015, 137, 5260-5263.565. Copyright 2015 from the American Chemical Society. 

 

Pd(OAc)2 or oxime carbapalladacycle were also used as precursor for the production of 2-10 

nm NP on CNT.569 Silver NP (40-50 nm), nanocubes or Ag dendrites were also obtained by 

spontaneous reduction of AgNO3 on GO. The geometry control was achieved by using different 

concentrations of silver ions, sampling orders and different reaction times at room 

temperature.570 This galvanic displacement method can also be used for the preparation of oxide 

NP. Thus, the spontaneous redox reaction between MnO4- ions (KMnO4 aqueous solution) and 

CNT provides MnO2 NP571 or MnO2 coating on the CNT surface.572 Cu2O NP (4-5 nm) were 

produced on CNT from the spontaneous reduction from [Cu(NH3)4]2+ aqueous solution.573 Both 

the pH of the medium and the defect density on CNT influence the oxidation potential of CNT. 



Spontaneous reduction of Ru(VI) (K2RuO4) was also reported for the deposition of RuO2 NP (1-

3 nm) on CNT.574 Finally, it is interesting noting that such a phenomenon is relevant for other 

fields than catalysis, since electron transfer reactions are the basis of bio-geochemical cycles 

and govern most of geochemical and biochemical transformations.568 

 

Charge transfer and catalysis – The metal-support interaction 

Charge transfer also influences the adsorption of reactants on the metal surface, and can 

consequently influence the catalytic activity. Table 2 presents significant results obtained in 

various studies showing the influence of charge transfer on chemisorption of various molecules 

or on the catalytic activity in different reactions. For small molecules activation, it has been 

shown that the binding energy of H2, 325,575,576 CO,334,577 or O2578 to metallic clusters or atoms 

decreases when the electronic density on the metal decreases because of the charge transfer 

from the metal to the support (downshift of the metal d-band center). This phenomenon is more 

pronounced for small clusters, which are more sensitive to charge transfer, and should be 

maximal for isolated atoms. As far as H2 dissociative chemisorption is concerned, there is a 

lack of theoretical study to investigate the influence of charge transfer on dihydrogen 

dissociation. The works carried out on Pd deposited on carbon supports have shown that small 

clusters, for which charge transfer from Pd to the support are generally reported, should not 

spontaneously dissociate H2. In the case of small Pt clusters (for which weak charge transfers 

are generally obtained), spontaneous dissociation of H2 was reported;579 however the influence 

of charge transfer on this reaction, by addition of vacancies to the support, was not 

systematically investigated.580 

The influence of charge transfer between the metal and the support or between the catalyst 

and the reactant on the catalytic activity has also been investigated for various reactions on 



carbon-supported catalysts (see Table 2 for representative examples). The low-temperature 

oxidation of CO, has prompted broad interest due to the imperious demands of reducing CO 

emissions from transportation, power plants, and industrial and domestic activities. The 

mechanism of this reaction has been investigated by DFT for many single metal (or semi-metal) 

atom catalysts including: Pt,301,581-583 Au,523,584 Fe,248,585-588 Co,589,590 Ni,591 Cu,592,593 

Pd,303,594,595 Mn,596 V,597 Cr,598 W,525 Ti,599 Al,600,601 Ge,601 and Zn602. According to the single 

atom catalyst model, the reaction for the first CO oxidation can follow a Langmuir-

Hinshelwood (LH), Eley-Rideal (ER) or termolecular Eley-Rideal (TER) mechanism (Figure 

33a). In the case of the LH mechanism, after the first oxidation, an oxygen atom remains on the 

metal, and the second CO oxidation reaction usually follows a traditional ER mechanism with 

low activation energy. On graphene support, the presence of vacancy or nitrogen atoms induces 

a charge transfer from the metal to the support, which effectively regulates O2 and CO 

adsorption. The single atom catalyst transfers charge to the oxygen molecules and activates it. 

The charge transfer to CO (LH mechanism) is usually smaller than to O2. For metal single atoms 

deposited on SV-G, DV-G, graphyne (GY) or GO that follow an ER mechanism, a correlation 

between the charge transferred from the metal to the O2 molecule and the activation energy for 

the CO oxidation is found (Figure 33b). This activation energy is varying between 4.6 and 39.2 

kcal.mol-1 according to the catalyst used (Figure 33a). Interestingly, very low activation energy 

were reported in the case of gold single atoms on CNT.523 In the case of metallic clusters, the 

adsorption of the cluster on carbon vacancy allows to reduce the activation energy for CO 

oxidation, thanks to a significant shift of the d-band center. Relatively low activation energy 

for CO oxidation (2.3-11.5 kcal.mol-1) were reported for Pt,603,604 Au,603 Pd170 and bimetallic 

AuPd605 clusters supported on graphene supports. 



Table 2. Influence of charge transfer on adsorption of molecules or catalytic reactions on carbon-supported metal catalysts. 

 

Reaction System Charge transfer influence Ref. 

Hydrogen chemisorption 

M1/G 
Whatever the metal from Sc to Ni, charge transfers from M1/G to H2 are obtained. The dissociative 
chemisorption is the favored mode for the most electropositive atoms Sc and Ti. The stability for the 
molecular chemisorption increases from left to right, as a general trend, due to minor π back-donation. 

102 

Ni13/G 

Dissociative chemisorption is a non-activated process on Ni13, whereas an activation barrier is observed on 
Ni13/G. The charge density depletion on the Ni13/G, due to its accumulation around the Ni13-graphene 
interface, makes H2 dissociation electronically less favorable. When H co-adsorption is considered, a 
redistribution of charge density is observed, decreasing the activation barrier. 

606 

Rh2/N-G 
Ti2/N-G 

In both cases,  there is a charge transfer from the metal to the nitrogen-doped graphene (0.7e- for Rh and 1.7 
e- for Ti). The molecular chemisorption is barrierless and the dissociative chemisorption needs a small 
activation energy for both systems. 

556 

Ti1/N-G 
Computed electronic structures show that the charge transfer between the acceptor levels in absorbents and 
the Ti d orbitals plays a crucial role for metal dispersion and subsequence hydrogen adsorption. Upon H2 
adsorption, a certain amount of electrons are transferred from Ti d orbitals to the antibonding s* of H2. 

607 

Pd2-4/N-G 
Positive charges were found on Pd for the Pd2-4/N-G systems, with the higher charge on the Pd2/N-G. The 
dissociative chemisorption needs an activation energy for all the systems; the lower activation energy was 
measured for the Pd2/N-G. 

608 

Pd1-4/N-G Positive charges were found on Pd for the Pd1-4/N-G systems. The dissociative chemisorption needs an 
activation energy for all the systems. 

551 

Pd1-6/SV-G 

The charge transfer from Pd atom to the graphene vacancy (0.4 e-) is higher than from a Pd atom to defect-
free graphene (0.16 e-). In both cases, the hydrogen molecule becomes activated but the H-H bond is not 
broken. The H2 molecular adsorption energy is weaker on Pd1/SVG (4.8 kcal.mol-1) than on Pd1/G (22.1 
kcal.mol-1) and on free Pd atom (25.8 kcal.mol-1). Activation energy for dissociative adsorption of H2 on Pd3-
6/G have been calculated at 16.1 kcal.mol-1 (Pd3/G), 10.6 kcal.mol-1 (Pd4/G), 6 kcal.mol-1 (Pd5/G) and 6.9 
kcal.mol-1 (Pd6/G).609 

325 

Pd9/CNT The dissociative chemisorption is easier on the Pd9/CNT than on the free Pd9 cluster. 610 

Al4-13/SV-G 
Upon adsorption of the Al clusters on graphene SV, charge is transferred from Al to the support. The total 
charges on the unsaturated carbon atoms of the vacancy increase upon the adsorption of the H2 molecule. No 
correlation is made between the activation energy for dissociative chemisorption and the charge transfer.  

611 

 Ru1/CNT 
Bader analysis reveals that Ru transfers a charge of 0.4e- to single-walled CNT, allowing Ru atoms to act as 
adsorption center for H2 molecules. The first H2 molecule is dissociatively adsorbed (Eads = 25.4 kcal.mol-1) 
and subsequent H2 additions (3 molecules) show that H2 molecules are molecularly adsorbed. 

612 



CO chemisorption 

Au20/CNT There is a charge transfer from the CNT to the gold cluster. The CO adsorption on the gold surface is 
accompanied by transfer of electronic density back into the CNT. 

483 

Pt2/G 

The carbon support enhances the back-donation of electrons to the 2π* orbitals of the CO molecule. The 
high electron density and the partial negative charge on the Pt atoms not directly bonded to the support 
increase the repulsion between the 5σ orbital of the CO and the s-d orbitals of the metal, and consequently 
reduces the Pt-CO interaction. 

440 

Pt1/Gox 

The Pt-C bond strength is more due to charge transfer than frontier-orbital hybridization. The larger the 
concentration of oxygen containing groups is, the stronger is the Pt binding energy to the support. The 
chemisorption energy of CO to Pt is lower when increasing the concentration of oxygen containing groups 
(downshift of the Pt d-band center). This downshift suppresses the coupling between the Pt d-band and the 
CO 2π* state. 

544 

Pt1/Gox The CO-Pt binding energy is significantly lower when -COOH groups are present compared to -OH group. 613 

Pt13,55,147/G Low charge transfer from the support to the Pt clusters. The presence of the support induces a weaker CO 
adsorption, but this effect rapidly decreases with the cluster size increase and it is only significant for Pt13/G. 

494 

Pt4/CNT Charge transfer from the Pt4 cluster to the CNT. The wide variety of dynamic reactions of CO molecules 
with Pt4 clusters makes difficult to correlate charge transfer and CO binding energy. 

506 

Pt6/C In comparison to the interaction of CO on the unsupported Pt cluster, the interaction energy is higher on the 
oxygen terminated sp3 diamond-like surfaces, and lower on sp2 and sp3 domains of C surfaces. 

614 

Pt13/SV-G 
A downshift of the Pt13 cluster d-band center upon immobilization on the graphene SV decreases the binding 
energy of CO to the cluster compared to unsupported or supported clusters on perfect graphene. Upon CO 
adsorption, there is a significant charge transfer from the cluster to both the graphene support and the CO. 

577 

O2 chemisorption 

Pt13/SV-G 

Upon adsorption of the Pt13 on graphene SV, charge is transferred from Pt to the support. With the  adsorption 
of O2 on Pt13/SVG, strong charge depletion of the Pt atom at the interfaces of Pt-C and Pt-O2 is observed. 
The Pt13/SVG shows an O2 adsorption energy (53 kcal.mol-1), which is weaker than the O2 adsorption energy 
on the free Pt13 cluster (90.4 kcal.mol-1). 

578 

Au2-7/N-G 
When O2 is adsorbed on Au2-7/N-G, the adsorption energies are largely increased compared with those on 
bare clusters. The increased adsorption energies significantly facilitate the electron transfer from Au d-orbital 
to π* orbital of O2, and weaken the O-O bond. 

615 

Pt1,4/SV-G 
Pt1,4/N-V-G 

Charge transfer from Pt to graphene is larger for N-doped support (more positive charges on Pd, which 
upshift the d-band centers toward the Fermi level). The activation barrier for O2 dissociation is lower on Pt4 
than on Pt1. The positive charged sites favor the dissociation of O2. The energy barrier for O2 dissociation 
decreases almost linearly with the increase of Pt positive polarized charges. 

616 

CO oxidation Pt4/SV-G 
Au8/SV-G 

The reaction barrier of CO oxidation catalyzed by Au8/G or Pt4/G (LH mechanism) is 69 kcal.mol-1 and 11.5 
kcal.mol-1, respectively; when adsorbed on SV, the reaction barrier greatly reduced to 4.6 kcal.mol-1and 3 
kcal.mol-1, respectively. When adsorbed on Au8/SV-G or Pt4/SV-G, the O-O bond of O2 is significantly 
elongated (electrons transfer to the antibonding 2p* orbital of O2) thanks to a significant charge transfer from 
the metal (0.7 and 0.9 e- for Au8 and Pt4, respectively). 

603 



Pt13/SV-G 
Pt13/DV-G 

The rate limiting step involves the CO*-assisted O2 activation (ER mechanism), followed by formation of 
O*-O-C*-O intermediates that decompose to O* and CO2. The strong interaction of Pt13 with SV and DV 
lowers the activation energy by more than 4.6 kcal.mol-1compared to unsupported clusters. The strong charge 
transfer from the metal to the support is accompanied by a downshift of the Pt13 d-band center, a weakening 
of the Pt-CO bond, and in keeping with the Sabatier principle, lowers the barrier for CO oxidation. 

604 

Pd4,8/SV-G 
The presence of vacancies on graphene (from 1 to 6) induces charge transfer from Pd to the support (from 
+0.10 e- for G to +0.75 e- for G with 6 vacancies); causing a substantial downshift of the d-band center of 
the Pd cluster, thus decreasing CO adsorption. For a Pd8/6VG, the energy barrier is 11.3 kcal.mol-1. 

170 

PdmAun/G 

The charge transfer from the metal varied between 0.01 e- for Au7 to 0.29 e- for Pd7. In bimetallic clusters 
the charge transfer increases with the Pd content up to 0.3 e-. On Au-rich clusters, CO can directly react with 
the adsorbed O2 with a low barrier of ∼	4.6 kcal.mol-1. The Pd-rich clusters are unreactive for the reaction at 
low temperature. 

605 

Pt1/SV-G 
Pt1N-G 

Facilitating the charge transfer between Pt and O2 increases the efficiency of the rate-limiting step in the 
oxidation reaction. Pt1/SV-G and Pt1/N-G exhibit high catalytic activity for CO oxidation with a modest 
energy barrier of 8.3 and 9.2 kcal.mol-1, respectively. On both supports, the first CO oxidation occurs via a 
LH mechanism. The second CO oxidation proceeds easily via an ER mechanism. 

301 

Mn1/DV-G 

The reaction mechanism on graphene with divacancy embedded with transition metal from Sc to Zn was 
studied. Mn1/DV-G shows the best catalytic properties for CO oxidation. The charge transfer from the Mn 
atom to the adsorbed molecules plays an important role for the CO oxidation. The first CO oxidation occurs 
via a LH mechanism (Ea = 9.4 kcal.mol-1). The second CO oxidation proceeds easily via an ER mechanism 
(Ea = 3.9 kcal.mol-1). 

596 

Fe1/SV-G 
There is about 0.27 e- charge transfer from the Fe atom to graphene, and about 0.4 e- charge transfer from 
Fe1/SVG to O2. The preferred mechanism is ER, in which the CO molecules directly react with the adsorbed 
and activated O2 (Ea = 13.4 kcal.mol-1). 

585 

Fe1/GO 

There is a significant charge transfer from Fe to GO (1.21 e-). There is also charge transfer from Fe1/GO to 
O2 (0.58 e-) and CO (0.17 e-). In the LH mechanism (not kinetically favorable), the reaction occurs between 
the co-adsorbed O2 and CO species, while in the ER mechanism, the CO molecules directly react with the 
adsorbed and activated O2 (Ea = 22.6 kcal.mol-1).  

248 

Fe1/GY 
There is about 0.26 e- charge transfer from the Fe atom to graphyne. There is about 0.34 e- electron transfer 
from Fe1/GY to O2 and 0.09 e- to CO. The reaction proceeds via the ER mechanism with an energy barrier 
of as low as 4.8 kcal.mol-1 in the rate-limiting step. 

586 

Au1/SV-CNT 
Au1/DV-CNT 

The defective CNT surface promotes electron transfer from the atom to O2. For the LH mechanism, the 
barriers of the rate-limiting step are calculated to be 0.4 and 1.15 kcal.mol-1 for Au1/SV-CNT and Au1/DV-
CNT, respectively. To regenerate the active sites, an ER-like reaction occurs to form a second CO2 molecule. 

523 

Hydrogenation 
 

1,3-butadiene 
 

Pd/CNT 
Pd/CNF 

The interaction of Pd with CNF edges resulted in electron transfer from the metal to the support.  The strong 
interaction of Pd2+ species with the edges of graphite results in the stabilization of Pd in an ionic state. An 
increase in the fraction of Pd2+ in the catalysts was responsible for a decrease in both the activity and 
selectivity of Pd/C catalysts. 

617 



Pd1/SV-G 

The Pd atom is located in a vacancy decorated with oxygen atoms. The Pd atom has a charge of +0.30 e-, 
suggesting a significant cationic character due to charge transfer from Pd to the support. H2 is activated by 
the Pd atom, but not dissociated. The activation energy on Pd SAC for hydrogenation (30.7 kcal.mol-1) is 
higher than on Pd(111). The 1-butene desorption is dynamically driven (repulsion between the incipient 1-
butene and Pd SAC). 

618 

Pd1/G-N 
Pd1/G 

The higher valence of Pd species (Pd2+ and Pd4+) on G-N compared to Pd1/G (Pd2+) is likely due to a charge 
transfer from Pd to the support. Consequently, the Pd1/G is much more active than Pd1/G-N. Pd1/G showed 
a higher 1-butene selectivity than that of Pd1/G-N. 548 

Acetylene 
 

Pd1/G-N 
Pd1/G 

The Pd1/G is much more active than Pd1/G-N. Pd1/G showed a lower ethylene selectivity (75%) than that of 
Pd1/G-N (98%). 

Pd1/N-G In-situ XPS revealed that the considerable charge transfer from the Pd NP to the support likely plays an 
important role in the observed high selectivity towards ethylene. 

619 

Cinnamaldehyde 
 

Pd/CNF 
Support with different amount of oxygen groups were used. Higher charge transfer from Pd to the support 
were observed for highly defunctionalized support. Higher selectivity towards hydrocinnamaldehyde were 
obtained at low Pd0/Pdd+ ratio. 

430 

Pd/C 
Pd was deposited on graphite felt (GF) and oxygen functionalized graphite felt (OGF). The Pd0/Pdd+ ratio is 
higher on GF. The Pdδ+ metal phase, is due to the electron transfer from Pd atoms to the OGF. The higher 
stability of the Pd/OGF related to Pd/GF is reported. No difference in selectivity is reported. 

620 

Ru@C60 Significant charge transfer from Ru to C60 is observed. The electro-deficient Ru NP catalyzed the acetal 
formation from reaction of cinnamaldehyde with the alcoholic solvent.  

Nitrobenzene 
 

Pd/CNT  
Pd/N-CNT 

The Pd catalysts display electron-deficiency depending on the intensity of the metal-support interaction 
between Pd and pyridinic nitrogens. Due to the strong adsorption of nitro-groups on electro-deficient Pd NP, 
it is possible to tune the catalytic activity through the charge transfer from Pd to the support (the charge 
transfer from Pd to the support is determined either by nitrogen content or by the distribution of nitrogen 
groups). 

552 

Pt/CNT  
Pt/N-CNT 

A charge transfer from N species to Pt NP is observed, generating an increased electron density on Pt. The 
Pt/N-CNT catalyst is more active and more selective than the Pt/CNT or than a Pt/O-CNT catalyst. 

432 

Ru@C60 
Significant charge transfer from Ru to C60 is observed. Electron-deficient Ru NP supported on Ru fulleride 
allow the successive and chemoselective hydrogenation of nitrobenzene to aniline and then to 
cyclohexylamine. 

466 

Ni@C60 The reduced electron density of metallic Ni leads to excellent aniline selectivity. 621 

Nitrophenol 
Pd/G 

Pd/N-G 
Pd/B-G 

On Pd/B-G the Pd NP are electro-deficient whereas they are electron rich on Pd/N-G; Pd/G being an 
intermediate situation. The corresponding activity order was: Pd/B-G > 4 Pd/G > Pd/N-G. The negatively 
charged 4-nitrophenolate is preferentially adsorbed onto the electrophilic Pd on B-G. 

555 

Levulinic acid 
Ru/C Ru NP (1.2-9 nm) were deposited on various supports. There is a progressive increase in electron-deficiency 

of Ru NP with the decreasing of the particle size. The smaller Ru NP have the higher TOF. 
622 

Ru/AC 
Ru/G 

Ru/G showed a lower binding energy (Ru3p - 462.6 eV) and higher concentration of Ru(0) (36.8%) in 
comparison with Ru/AC (462.8 eV and 29.4%, respectively). The interaction of graphene and Ru NP can 

623 



upshift the d-band center of Ru, which thus facilitates the H2 activation, providing enhanced hydrogenation 
activity. 

Ru/AC 
Ru/rGO 

Ru/rGO showed a lower binding energy (Ru3d - 280.5 eV) in comparison with Ru/AC (280.75 eV), and a 
higher catalytic activity. The electron-rich state of Ru NP on rGO promotes the electron transfer from the Ru 
d orbital to the CO 2π* antibonding orbital.  

624 

CO 
Co/G 

Co/N-G 
Co/B-G 

On Co/G and Co/N-G the charge transfer occurs from the support to Co whereas for Co/B-G it is the opposite. 
The electron-rich Co in Co/N-G facilitates the back-donation, leading to an excess of charge in the CO 
molecule and a weakening of the intramolecular bonds compared to Co/G and Co/B-G. The weakened CO 
bond facilitates H-assisted CO dissociation. The opposite trend was expected with the Co/B-G system. 

555 

Hydro-isomerization of butene Pd9/CNT The stabilizing effects produced by the presence of CNT compared to a bare Pd9 cluster strongly increases 
the but-1-ene adsorption energy on palladium. 

625 

Acetylene hydrochlorination Au/N-AC 
Increasing the electron density of Au3+ via charge transfer from N atoms to the Au3+ active sites increases 
HCl adsorption and inhibit the of Au3+ to Au0 reduction during the reaction, and hence improves the catalytic 
stability. 

626 

O2 reduction reaction (ORR) 

Pd/N-G 
Pd/G 

The electron transfer in Pd/N-G from Pd to the support increases with the concentration of pyrrolic groups. 
The Pd/N-G performed 8 times better than Pd/G or commercial Pt/C for the ORR in alkaline media. 

627 

Ag8/N-G 
The supported cluster is more active than the unsupported one due to significant decrease in O2 adsorption 
energy and higher charge transfer to O2. Electron transfer from Ag to O2 leads to the elongation of the O-O 
bond, which facilitates the breaking of this bond.  

628 

Pt/G The ORR activity is related to the partial charge transfer from Pt to G. The extent of charge transfer can be 
modulated by controlling the defect concentration of the support.  

629 

Pt13/G 

Defective graphene support lowers the activation energy for O2 dissociation from 8.5 to 3.7 kcal.mol-1 by 
promoting charge transfer from Pt atoms to O2, and the energy barrier of the rate-limiting step by reducing 
the stability of HO* species. Charge is transferred from the Pt13 cluster to both defective graphene and ORR 
intermediate species. 

332 

Pt1/G 
Pt1/SV-G 
Pt1/DV-G 

There are 0.07, 0.27, and 0.36 e- charge transfer from single Pt atom to graphene support in Pt1/G, Pt1/SV-
G, and Pt1/DV-G, respectively. Electro-deficient Pt atoms are more efficient for oxygen activation. 
Additionally, the oxygenated intermediates are adsorbed more strongly on Pt1/G and Pt1/SV-G (difficult 
desorption of OH*). The weaker adsorption of intermediates on the prepared Pt1/DV-G catalyst makes all 
elementary steps of ORR much easier.  

630 

Pt/S-G The sulfur doping modulates the electronic properties of Pt, resulting in a downshift of the d-band center. 
This negative shift allows for improved ORR kinetics of Pt/S-G in comparison to Pt/G. 

631 

Pt/O-CNT 
Pt/N-CNT 
Pt/S-CNT 

The higher charge transfer from the metal to the support was measured for the Pt/O-CNT sample prepared 
by a non-covalent approach. The higher activity was obtained for the Pt/O-CNT catalyst. 

632 

Pt-N-rGO 
The interaction between Pt and N allows for an electronic transfer from Pt to the carbon support. DFT results 
reveal that the O-O distance is much elongated in the case of the N-doped support, which suggests lower 
barriers for O2 dissociation.  

493 
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Figure 33. a) Activation barriers for the CO oxidation for various graphene-supported single 

atom catalysts, and the corresponding mechanisms; and b) relation between the charge 

transferred from the metal to O2 and the activation barrier for CO oxidation for graphene-based 

metal single atoms following an ER mechanism (from refs. 248,525,585,586,593,597,599,602). 

 

As far as hydrogenation reactions are concerned, we have already seen that hydrogen 

activation is more difficult when the charge transfer leads to electro-deficient particles/atoms. 

The studies reported in Table 2 deal mainly with experimental works and are not systematically 
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combined to DFT calculations. The charge transfer is most of the time measured from XPS. For 

1,3-butadiene548,617,618,633 and acetylene hydrogenation,548,619 the results obtained are consistent 

with the fact that electro-deficient NP are poorly active for the hydrogenation of these 

substrates. However, for acetylene hydrogenation, the use of electro-deficient Pd single atoms 

plays an important role in the observed high selectivity towards ethylene. For cinnamaldehyde 

hydrogenation, more contrasting results have been reported. Comparison between catalysts 

supported on graphite and activated carbon have shown that some metals present a cinnamyl 

alcohol (COL) selectivity that can be modulate via charge transfer. Thus the COL selectivity of 

Pt and Ru is increased on graphite or CNT because of the charge transfer to the metal, which 

enhances p* CO backbonding.634-636 A poor selectivity towards COL was obtained on 

PtRu/CNF catalyst (Pt(0) = 62 at%, Pt(II) = 34 at%, Pt(IV) = 4 at%) compared to a PtRu/CNT 

catalyst (Pt(0) = 82 at%, Pt(IV) = 18 at%).637 On the other hand, Ir and Pd have high intrinsic 

selectivity (the former to COL, the latter to HCAl), which are weakly modified by the charge 

transfer.620,634 On Pd/CNF however, an influence of charge transfer was reported; a higher 

selectivity towards HCAL being obtained at low Pd(0)/Pdd+ ratio.430 For nitrobenzene or p-

chloronitrobenzene hydrogenation, electron-deficient NP are generally preferred to reach high 

activity and high selectivity towards the aniline.552,638 DFT calculations performed on Ru@C60 

catalysts have shown that in addition to an electropositive metal, the presence of hydrides on 

the metal is a key parameter that allows to influence the chemisorption of nitrobenzene via the 

nitro group.466 Charge transfers between electro-deficient Ni1/N-G single atom catalyst and the 

reactants (H2 and nitrobenzene) were also evidenced by DFT, and proposed to explain the high 

activity and selectivity of this catalyst.639 Interestingly, electron-deficient Pd NP deposited on 

highly defective carbon support were reported to be more active and more selective for the 

hydrogenation of 3-nitrostyrene to 3-ethylnitrobenze than Pd NP on CB.640 For the reduction of 

o-nitroaniline to 1,2-benzenediamine on Au NP of different size (5-40 nm) deposited on GO, 
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the electrons are better transferred from GO (higher work function) to Au NP (lower work 

function) when the Au NP size decreases.421 The larger charge transfer from GO to the smaller 

Au NP leads to a higher catalytic activity, since the enhanced electron transfer should promote 

the hydrogen dissociation on the Au NP surface. For levulinic acid hydrogenation to g-

valerolactone on Ru/C catalysts (a structure sensitive reaction), higher activity have been most 

of the time obtained on electron-rich Ru NP.623,624,641 Higher activity were also obtained in the 

case of electron-rich Co NP for CO hydrogenation. Transfer hydrogenation of vanillin was 

studied in water phase with formic acid (FA) as hydrogen donor on Pd/C and Pd/N-C catalyst.642 

The Pd/NC catalyst shows a higher concentration of Pdd+ (Pd0/Pdd+ = 34/66), a higher activity, 

stability and selectivity compared to Pd/C (Pd0/Pdd+ = 71/29). It was proposed that in this 

catalyst, the Pdd+ are responsible for HCOOH decomposition, and the Pd0 of the hydrogenation. 

Influence of charge transfer was also reported for Pd NP on graphitic carbon nitride, which 

were used for transfer hydrogenation of nitroarenes using formic acid as hydrogen source.643 

This catalyst was much more active than a commercial Pd/C catalyst. Theoretical calculations 

have confirmed the superiority of Pd1,2/SV-G catalysts compared to Pd clusters or Pd(111) and 

Pd(211) surfaces for formic acid dehydrogenation.644 Another study has also shown that the 

metal support interaction can be used to shift the d-band center of Pd in N-doped carbon, the 

smallest d-band center resulting in the lowest energy barrier for formic acid dehydrogenation.645 

Electro-deficient metal NP were also demonstrated to be superior in the case of 

dehydrogenation of ammonia borane on Pt/CNT catalysts.646 It was proposed that on oxidized 

CNT (large amount of oxygen surface group) the charge transfer occurs from the CNT to Pt, 

whereas on defective CNT (defects and small amount of oxygen surface group), the charge 

transfer occurs from the Pt to the support. Large difference in activity were also reported for 

decalin dehydrogenation over Pt/CNT and Pt/CNF catalysts due to charge transfer.371 For small 

NP (< 2nm), the larger charge transfer from Pt to CNF compared to CNT is the most significant 
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factor for activating the reactant while avoiding the strong adsorption of the product because of 

the low d-band center of Pt NP. When Pt NP are larger than 2 nm, the particle size effect 

becomes preponderant. For oxidation of 5-hydroxymethylfurfural on Au/C catalyst, better 

activity were obtained on electro-deficient Au NP.647 

In the ORR, charge transfer derived from the support generates noticeable impact on the 

electrocatalytic activity of Pt. As for other reactions, this effect is difficult to de-correlate from 

other effects (size, facet, or strain effects).648 In most studies it has been shown that the Pt-C 

interaction is attributed to an electron transfer from Pt to the carbon support.391 Enhanced charge 

transfer have been obtained by the use of defective or functionalized carbon supports. The 

electro-deficient Pt NP generally allow: i) to lower the activation energy for O2 dissociation by 

promoting charge transfer from Pt atoms to O2; and ii) to lower the adsorption of OH species, 

which would further enhance the catalytic activity given that strongly adsorbed OH is a well-

known catalyst poison. Additionally, DFT calculations have shown that the strong Pt/N-G 

interaction led to no changes in NP-support separation (elongation of NP-support distance) with 

the presence of adsorbed molecular oxygen.493 The authors suggest that this strong interaction 

may be responsible for a decrease in the resistance for electron transfer between the cluster and 

the support, facilitating the electrochemical reactions. These tendencies have been confirmed 

in many studies for metal single atoms630,649 and NP.332 However, for small Ptn clusters (n < 6), 

which are exceptionally dynamic and can easily change shapes upon binding different 

adsorbates, dynamics can break the scaling relationships for ORR.650 For electrocatalytic 

oxidation reactions (methanol,651-653 glycerol,553 formic acid,553 H2654 or CO553,554), several 

studies have reported an increase of the electron density on Pt NP, thanks to charge transfer 

from the carbon support to the metal, that leads to a higher activity. In that context, the use of 

boron-doped carbon support, which allows electron transfer from the support to Pt has been 

generally favored.652-654 In the HER on carbon supported metal catalysts, charge transfer has 
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also been analyzed as a pivotal parameter. For Rh sheet on graphene, in the interaction region, 

there is a pronounced charge transfer from Rh to graphene (0.52 e- per atom) that allows for the 

downshift the d-band center position by about 0.24 eV.655 This downshift, resulting of a weak 

hybridization of Rh-d orbitals with H-s orbital, facilitates the HER activity. For single metal 

atoms on graphene, the high activity was attributed to a charge transfer between the metal atom 

and the adsorbed H atom, which significantly promotes the proton adsorption and the reduction 

of kinetics.656-658 DFT calculations were used to compare the charge transfer during H 

adsorption on Pt44 and Pt1/N-G system.657 The electron transfer from each surface Pt atom of 

Pt44 to H is 0.1 e-, which is much less than that of the single Pt atoms (0.421 e-). For MoS2659 or 

CoS2660 nano-sheets on graphene the charge transfer was proposed to occur from the support to 

the sulphides.  

TiO2 photocatalysis (photo-oxidation and photo-reduction) is one of most appealing and 

attractive technologies for the degradation of pollutants. TiO2 modification with carbon 

materials (AC, fullerene C60, CNT, graphene) is a very effective route for excellent 

photocatalytic activity (including for water splitting661-663), and comprehensive reviews on the 

subject have already been published.518,663-668 TiO2 photocatalysis depends on the creation of 

an electron-hole pair after the light absorption with an energy equal to or greater than the band 

gap of TiO2. A first problem of TiO2 is its wide band gap (3.2 and 3.0 eV for anatase and rutile 

TiO2, respectively) that makes it active only under UV-light irradiation. Another problem of 

TiO2 is the fast recombination rate of photo-generated charge carriers. In that context, the 

combination of TiO2 photocatalyst and carbon materials presents the opportunity to 

simultaneously enhance photocatalytic efficiency through a higher adsorption of pollutants, an 

enhanced absorption of visible light and a facile charge separation and transportation. Both 

ground-state charge transfer from graphene to TiO2 and photo-induced charge transfer from 

graphene to TiO2 have been demonstrated.457 As far as (photo-induced) charge transfer is 
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concerned, both electron transfers from graphene to TiO2 and from TiO2 to graphene have been 

proposed, according to the energy of the incoming photons (see Figure 34).669,670 Under visible 

light, electron excitation occurs from carbon-based states to both C- and Ti-based states (overall 

electron transfer is from graphene to TiO2). UV photons may produce excitations from Ti-based 

states again to both C- and Ti-based states (overall electron transfer from TiO2 to graphene). 

Thus, photo-excitations with different charge-transfer characters are possible, depending on the 

excitation wavelength. However, both types of photo-excitations produce charge-transfer 

states, thus creating electron-rich and hole-rich materials for photocatalytic applications. 

According to calculations, under visible light, the tunneling probability of photo-induced 

electrons is determined by the height and width of the Schottky barrier (Figure 34c).671 Due to 

the settled electronic structure of TiO2 and graphene, this Schottky barrier is mixed; so, 

decreasing its width is a reasonable approach to enhance the electron transfer at the interface. 

The maximum width of the Schottky barrier can be considered as the thickness of the graphene 

used. On the other hand, the additional control of the surface defect density (or functional group 

of graphene) is needed to ensure the chemical contact between the graphene basal plane and 

TiO2. Therefore, a balance between the high electron transfer probability at the interface and 

the good intrinsic electrical property of graphene should be achieved. Several experimental and 

theoretical works have confirmed the role of graphene as a photosensitizer, leading to photo-

induced charge transfer.457,515,663,672-678 Photocatalytic activity of graphene composites with 

metal oxides other than TiO2 has also been reviewed.668 Graphene-TiO2 yields superior 

electronic coupling compared to CNT-TiO2, but on the other hand, CNT are more efficient TiO2 

photosensitizers.679 For CNT-TiO2 photocatalysts also, the charge transfer varied with the 

energy of the incoming photons.680 Photoexcitation of CNT-TiO2 with visible light results in 

charge transfer between TiO2 and CNT and generation of separated charge carriers. UV light 

excitation can induce charge transfers in any direction from CNT to TiO2 and from TiO2 to 
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CNT, the latter process being more probable because of the higher density of initial states in 

TiO2 compared to CNT. The extent of charge transfer will depend on: i) the type of CNT,517 

higher charge transfer occurring from metallic CNT to the TiO2 surface than from semi-

conducting CNT; and ii) their surface chemistry, since the electron transport is facilitated by 

functional groups such as -COOH, -OH, and -O- located at the edges of CNT. Thus, like for 

graphene, the TiO2-CNT heterojunction can minimize recombination of photo-induced 

electrons and holes. 

 

 

Figure 34. Band structures and interface interactions of the graphene-TiO2: a) before 

combination; b) under UV-light irradiation; and c) under visible light irradiation with a close 

chemical contact. Reprinted from ref 667. 
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Fullerene C60 were also used in combination with TiO2 for photocatalysis. C60 is an excellent 

electron acceptor, which can efficiently separate photo-induced charges. The performances of 

anatase TiO2 NP associated to C60, graphene or CNT were compared for the photocatalytic 

selective oxidation of benzyl alcohol to benzaldehyde under visible light irradiation.681 No 

significant difference was observed on the ability of the three different carbon materials on 

lengthening the lifetime of photo-generated electron-hole pairs of the TiO2/carbon catalysts. 

The reduction of C60 (one-electron process) by anatase TiO2 NP under UV irradiation has been 

observed, the charge transfer between the excited TiO2 NP and C60 occurs with a quantum 

efficiency of 24%.682 However, the efficiency of fullerenes in combination with TiO2 in 

photocatalysis needs to be nuanced as contrasting results have been published. Indeed, whereas 

different experimental and theoretical studies have shown the superior efficiency of 

C60/anatase-TiO2,681,683 and C60/P25-TiO2684 under UV irradiation, some works have shown that 

the only situation, where an effect was noticed, was by combining C60 with rutile-TiO2 under 

visible light.609 For rutile TiO2 in van der Waals interaction with C60, DFT calculations have 

shown that a charge redistribution of only 0.04 e- from C60 to TiO2 was observed, and is mostly 

taking place at the C60/TiO2 interface.685 Much more efficient charge transfer occurs in boron-

doped C60/TiO2 than in the C60/TiO2. Finally, in the case of C70, it was proposed that the charge 

transfer depends on the energy of the incoming photons.686 Under UV-light irradiation, the 

electrons on the valence bands of TiO2 are excited to the conduction bands. Due to a covalent 

contact between C70 and TiO2, the electrons on the conduction band of TiO2 are transferred to 

mid-gap band and from mid-gap band to the conduction band of TiO2. 

From this analysis of the literature, it appears that charge transfer between carbon supports 

and metal NP might be a complicated phenomenon. More fundamental works are definitively 
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needed to improve our knowledge of the effect of carbon structure and functional groups on the 

electronic properties of the metal NP. 

 

3.2 Confinement effects 

The effects of confinement in heterogeneous catalysis have been the subject of particular 

attention since they can affect catalyst activity, selectivity but also stability.390,687-692 Although 

the majority of the studies are dealing with confinement effects in oxides, and particularly 

zeolithes,688,691,693 including 2D zeolites,694 carbon materials have also been the subject of 

studies,141 and particularly CNT. Indeed, they constitute an ideal support to study confinement 

effects due to: i) their specific morphology with a well-defined nanometer-size inner cavity, 

and ii) the possibility to deposit quite selectively the active phase either on the outer- or on the 

inner-surface. Besides CNT,32,141,695-699 confinements effects have also been observed in porous 

carbon supports, and more recently under two-dimensional materials such as graphene.141,700,701 

The nature of the confinement effects can be either physical or chemical. The physical effects 

are related to space restriction in the pores. The physical or “soft” effects can lead to shape (or 

inverse shape) selectivity in some reactions,702 impact the nanofluidics and mass transport,703-

706 the phase separation and phase equilibria,707 the freezing and melting,708 or induce 

significant pressure enhancements.709 The chemical or “hard” effects are related to interactions 

that involve significant electron rearrangement, including the formation and breaking of 

chemical bonds with the confining material. These latter effects can directly contribute to 

catalyst stabilization, and enhanced reductibility and/or reactivity. Thus, reaction energetics, 

mechanisms and dynamics could be significantly altered inside the pores of a 1D, 2D or 3D 

carbon material. It appears that all the above effects can affect catalytic chemical reactions to 

different extents, depending on the selected catalysts, the diameter and shape of the pore, and 
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the specific reaction carried out. The so-called confinement effect is frequently a collective 

result of more than just one of these effects. Although many efforts, in particular by molecular 

modeling,710 have been made to evaluate the relative importance of each factor, in order to 

obtain fundamental information on the effects of confinement, they are still, in most cases, quite 

difficult to clearly identify. 

 

3.2.1 Electronic or “hard” effects 

In the d-band model developed by Norskov et al. the density of d-band valence electrons near 

the Fermi level is an important factor affecting catalytic activity, as already discussed in section 

2.711 Tuning the d-band center position by changing the metal-support interaction (electron 

transfer between support and metal catalyst particles) can lead to specific reactivity. As already 

mentioned in section 3.1.1, an amendment of d-band theory in terms of “d-band + work 

function” has been proposed to account for long-range (10-100 nm) charge transfer.444 It is thus 

attractive to be able to modulate metallic NP reactivity by controlling: i) their location (inside 

or outside the carbon pores), ii) pore diameter, and/or iii) pore helicity in the case of CNT 

(metallic vs semi-conductor CNT). 

In graphite or graphene, the p orbitals are perpendicular to the graphene layer, while in CNT 

or in carbon materials presenting curved surfaces as fullerenes, they are not parallel to each 

other due to surface bending, and locally the σ and π orbitals are no longer rigorously 

perpendicular. As a consequence, the π orbitals on the concave or convex surfaces rearrange in 

a way that the convex contribution is larger than the concave one (see Figure 35). The curvature 

induces a rehybridization between π orbitals and σ bonds, and introduces misalignment of π-

orbitals within the carbon network (the misalignment angle, f is shown on Figure 35a). This 

rehybridization can also be regarded as a mixture of sp2 and sp3 orbitals. The higher the sp3 
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contribution, the higher is the reactivity. The pyramidalization angle θ, defined as the angle 

between the σ and π orbitals minus 90° (θ = 0° for the sp2 hybridization), can be used (see 

Figure 35b) as an index for local reactivity. Indeed, the curvature induces a shift of the p 

electron density from the inner to the outer surface, and the occurrence of an electron potential 

difference across the graphene layers.690 Additionally, as both f, θ and this potential difference 

scale inversely with the diameter of a CNT,690,712 there should be a correlation between the tube 

diameter and the chemical reactivity of the outer/inner surfaces. It has also been shown that the 

energy difference between the LUMO and the HOMO (bandgap) of single-walled CNT 

decreases when the diameter of the tube is increasing.713 

 

 

Figure 35. a) The π-orbital misalignment angles ϕ along the C1-C4 bond; and b) scheme 

showing the π orbital in planar graphene and its change into hp under bending together with the 

pyramidalization angle θ. 
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If we now consider the interaction of a metallic NP or single atom with a curved carbon 

surface, the electronic structure of the metal will be affected differently if it is located on the 

concave or convex surface. This has been clearly demonstrated for Cs,714 Ru489 and Pt715 NP 

and atoms adsorbed on concave/convex carbon surfaces. Figure 36 shows the DoS for Ru and 

Pt species adsorbed outside or inside CNT. The Ru-CNT interaction mainly comes from the 

coupling of d states of Ru atom and sp ones of C atoms. 

 

 

Figure 36. a) Local DoS on Ru atom for Ru inside and outside CNT. Black dashed line stands 

for Fermi level; black, red, and blue lines represent the 5s, 5p, and 4d states, respectively. 

Reprinted with permission from ref 489 Copyright 2010 from AIP Publishing; and b) DoS of the 

minima for Pt15 and Pt75 clusters inside and outside the CNT. Reprinted with permission from 

ref 715. Copyright 2015 from the Royal Society of Chemistry. 

 

As discussed in section 2, the amount and direction of charge transfer usually show 

systematical trend with the electronegativity of the (semi)metal.489 Thus for ruthenium489 and 
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platinum715 clusters encapsulated in small diameter CNTs, a net charge transfer from Ru or Pt 

to C atoms occurred. Interestingly despite the smaller electronegativity of aluminum compared 

to carbon one, encapsulated anionic Aln clusters are expected, since transfer from C atoms to 

Al atoms has been reported.716  The charge transfer from TM atoms adsorbed inside CNT is 

higher than that from the exohedral TM atoms by a nearly constant shift of 0.5 electrons. This 

reflects the higher electron density on the outer surface of CNT. It was also shown in the case 

of Re oxide NP that more electrons are transferred from metallic CNT to oxidized rhenium 

clusters, from semiconducting tubes.717 An easier reduction under H2 of Ru718 and Co719 NP 

confined in CNT was experimentally evidenced, compared to their counterparts deposited on 

the external surface. 

For TM atoms or small clusters, the binding energy of TM outside CNT is generally higher 

than that inside CNT.113,489,720 For large clusters and NP the opposite is often true.715 Such 

differences become smaller as tube diameters increase. This can be correlated to a pronounced 

confinement effect on the NP structure. Indeed, the morphologies of cluster/NP under 

confinement turn out to be very different as compared to the free or supported cluster/NP (see 

Figure 37 for the case of Pt).715,721 It has been clearly demonstrated that these structural changes 

of confined species has a direct impact on the properties of the NP. 
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Figure 37. The ground state structures for Pt15, Pt75, and Pt260 clusters in vacuum, outside CNT 

and inside CNT. Reprinted with permission from ref 715. Copyright 2015 from the Royal Society 

of Chemistry. 

 

The thermal stability of Al,722 Au,723-725 Au-Pt,726 Cu,727,728 Pd,729 Pd-Pt,730 Pd-Au-Pt,731 

PtCo,732 PtCu,733 or Pt734 clusters located in the inner cavity of CNT or carbon nanospheres has 

been studied by MD calculations. In the case of gold, the melting phenomenon starts from the 

innermost layer, when the freezing one begins from the outermost layer for confined NP. This 

corresponds exactly to the opposite behavior of free NP. The melting temperature of confined 

Au NP is lower than its bulk counterpart, and higher than that observed for free NP. The same 

tendency (i.e. a higher melting point of the confined phase related to free NP) was reported for 
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Au-Pd-Pt NP confined in CNT,731 and PtCo NP confined in hollow carbon spheres.732 For 

copper it was shown that the melting temperature of the NP decreases with decreasing CNT 

diameter. For Pd (Figure 38), contrarily to gold, it is also found that the melting temperature of 

the confined Pd NP is lower than that of free NP. The structural changes of the NP at high 

temperatures before melting, and the strength of the TM-C interaction are responsible for these 

observations. 

 

Figure 38. Melting temperatures changing with the inverse diameter of the NP for the free and 

CNT-confined Pd NP.729 

 

Similarly, the magnetic properties of Fe,735-739 Fe3C,740 Co,736,741,742 or Ni736 NP confined in 

CNT or fullerenes are modified. Except for a few cases, the total magnetic moments decrease 

for TMm clusters (m = 2-6) confined in Cn fullerenes compared with free TM clusters; in 

particular, for large clusters (n = 5-6) inside small fullerenes (C60).736 In the case of iron clusters 

(Fe19) or nanowires (Fe13)  confined in CNT, the magnetic moment of the clusters is increased 

in comparison with bulk bcc Fe. The strong interactions between the clusters and the CNT 

induce a reduction of the TM coordination number, and consequently an increase of the 

magnetic moments. Highest magnetic moments are obtained on the atoms having the lowest 

coordination numbers.735 
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It is also worth mentioning that if the metallic NP is confined in a carbon material, the 

reactivity of the outer carbon surface can itself be modified. DFT calculations have shown that 

Fe clusters confined in CNT significantly modify the electronic structure of the carbon surface, 

and significantly facilitate the activation of adsorbed O2 molecule to produce surface epoxy 

groups.743 Thus, when CNT are filled with metals, charge transfer between the sidewalls and 

the encapsulated metals may result in an increased electron density of the CNT outside convex 

surface. This strategy was followed to enhance the catalytic activity of CNT in the aerobic 

oxidation of cyclohexane.744 

Theoretical works indicate that the strength of the reactants’ adsorption on catalyst surfaces 

depends on the matching of reactants’ energy levels to those of the catalyst surface (d-band 

center theory). Thus, the DoS of d-band valence electrons near the Fermi level is an important 

factor affecting adsorption and reactivity. By combining DFT calculations and experiments for 

Fe, FeCo, RhMn, and Ru clusters as models, Bao et al. observed significant strains and 

deformations within the CNT channels, inducing electronic structure modifications. This leads 

to downshifted d-band states, and consequently to a weaker adsorption of molecules such as 

CO, N2, and O2.745 These authors introduced the concept of confinement energy (Econ): Econ = 

Eb(in) − Eb(out); where Eb(in) and Eb(out) are the binding energies of molecules over NP adsorbed 

in or on CNT.745,746 It can be anticipated that this important concept could be used to predict 

the effects of confinement on several catalytic reactions. This idea was used to rationalize the 

fact that iron oxide747,748 or rhenium oxide717 NP are more easily auto-reduced (carboreduction) 

when confined in CNT, and that Fe NP are more difficult to oxidized when confined in CNT.749 

It is also worth noting that a lower binding energy (negative Econ) has been reported for: i) H2 

adsorption on gold750 and Pd751 clusters confined in CNT and carbon nanohorns, respectively; 

ii) CO adsorption on Sc atom confined in CNT;752 and iii) O2 adsorption on Pt clusters confined 

in CNT.715 In that latter study, the authors also investigated the mechanism of O2 dissociative 
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chemisorption according to surface coverage. At low oxygen coverage, O2 dissociation occurs 

readily on Pt15 NP inside and outside CNT. At high coverage, the particles inside CNT are more 

active for O2 dissociation, and more resistant towards oxidation. These results were confirmed 

by a study of Bao’s group.746 Finally, the concept of confinement energy should also integrate 

CNT diameter. Thus, taking O2 chemisorption on Pt and N2 chemisorption on Re as probe 

reactions, Bao et al. have shown that maximum confinement effects are expected for CNT 

presenting an internal diameter of around 1 nm.746 It should be also noted that the presence of 

defects752 or hetero-atom dopants720 in the CNT structure can deeply affect the adsorption 

energy (Eb(in) and Eb(out)) of reactant during catalysis. Besides CNT, it was also reported that the 

binding energy of various molecule (CO was particularly studied) is reduced when adsorption 

occurs on a metallic surface covered by graphene,753-757 graphdiyne,758 or graphitic carbon 

nitride.759  

All these results converge towards the fact that the confinement of a metallic active phase in 

a carbon material induces hard effects on the adsorption of molecules (potential reactants) and 

therefore on their potential reactivity. The trend appears to be a lower adsorption on confined 

NP. Of course, this confinement effect will be the most important as the adsorption energy of 

the molecule on the metallic NP will be large. 

3.2.2 Physical or “soft” of effects 

The inner surface of CNT, without defects, is atomically smoother than any known surface. 

As such, and considering the CNT diameter, they constitute interesting nanoreactors for 

catalysis. Besides the electronic effects discussed just above, additional physical or “soft” 

confinement effects can be expected, such as i) ultrafast mass transport, ii) an enrichment of 

molecules (concentration gradients), and/or iii) spatial restriction phenomena. 

Fast transport and concentration gradients 
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Transport of confined liquids/gas/ions in CNT channels have attracted great attention in last 

decades due to its potential for a variety of applications such as sensing, separation, energy 

storage and conversion, water desalination, but also catalysis.705,760-764 Thus, one of the most 

fascinating properties of CNT is their smooth surface that offers essentially resistance-free 

transport to small molecules in the form of gases, vapors, and liquids. Both experimental and 

modeling studies have established a diffusion driven mass transport of light gases and liquids 

inside CNT largely exceeding those of other porous materials.765-769 Thus, increases of flow 

rates of gas/liquid up to one to five orders of magnitude with respect to conventional fluid-flow 

theory have been reported. Despite extraordinary progresses over the past few decades, efforts 

have to be made to understand the physical source of the non-classical phenomenon of liquid 

under confinement. For this, besides modeling, the development of new experimental probes 

that are highly sensitive to the local environment would be particularly useful. Indeed, NMR 

time scale is relatively long, and generally provides only an averaged time scale, while 

comparatively short vibrational lifetimes limit the ability of vibrational spectroscopies to probe 

the slow dynamics that appear upon confinement.770 

Diffusion of gases 

Gas transport through mesoporous materials is generally a combination of: i) viscous or 

Poiseuille flow, ii) Knudsen diffusion, and iii) surface diffusion. When the pore diameter is 

reduced to a size similar to the dynamic diameter of confined species, their transport behavior 

will change significantly. MD simulations for both self- and transport-diffusivities of light gases 

(Ar, Ne, H2 and CH4) in rigid CNT and in zeolites with similar pore sizes (ZSM-12 and 

silicalite) have shown that transport rates in CNT are orders of magnitude faster than in the 

zeolites (Figure 39).771,772 The exceptionally high transport rates in CNT are shown to be a result 

of their inherent smoothness. For diatomic molecules such as O2, molecular geometry effects 

have also to be taken into account to rationalize the flow physics.773 For CO2 in CNT (1-5 nm 
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diameter) transport diffusivities are roughly independent of pressure, and the observed diffusion 

mechanism is not Knudsen like but configurational.774 Other MD simulations integrating the 

CNT flexibility have confirmed that transport diffusion of gases is also rapid in flexible 

CNT,775,776 even if completely dynamic (non-rigid) CNT slowed fluids more rapidly than 

partially rigid ones, because the dynamic motion of the CNT walls disturbed the flow of the 

molecules to a greater extent.777 However, the interfacial resistance (entrance and exit 

resistance) slows the diffusion of CH4 by 2 to 3 orders of magnitude in CNT of finite length 

compared to infinitely long CNT.778 The transport diffusivity in CNT of finite length increases 

with the length, because the inner diffusion, which increases with length, contributes the most 

to the overall diffusion. The introduction of defects in the CNT structure does not affect the 

diffusivity of gas such as Ar or CO2 because scattering from fluid-fluid collisions dominates 

over the fluid-CNT collisions.776 Extremely rapid diffusion can also occur for gas mixtures 

(CH4/H2).779 For these binary-mixtures, the mixture-diffusion characteristics can be estimated 

with good accuracy from the pure-component diffusion parameters.780 Worth to be noted is that 

the presence of water traces as clusters inside the tube can block the diffusion of methane 

because of strong hydrogen bonding.781 However, CH4 molecules can still replace H2O 

molecules inside the CNT, and completely fill the inner cavity of CNT over a nanosecond time 

scale.782 Selective gas diffusion can also be achieved by controlling gas flow channels and pores 

via different stacking methods with FLG and GO.783 Theoretically, it has been shown that by 

adjusting the interlayer spacing or by chemically modifying the membrane, highly selective gas 

permeation can be obtained.784 
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Figure 39. Diffusivities for a) H2 and b) CH4 in CNT (circles), ZSM-12 (squares), and silicalite 

(diamonds). The filled symbols and full lines represent the self-diffusivities and the open 

symbols and dashed lines are values for the transport diffusivities. Reprinted with permission 

from ref 771. Copyright 2002 from the American Physical Society. 

 

Molecular dynamics was used with success to compute diffusion coefficients at the single-

pore level by using a pore network model for diffusion in microporous porous carbon 

materials.785,786 

 

Diffusion of liquids 

When one examines a liquid confined in nanometer pores, virtually all aspects of both the 

structure and dynamics are modified relative to the corresponding bulk liquid.770 The topic of 

the static and dynamic behavior of liquids inside CNT includes investigation of liquid entering 

inside the CNT, their subsequent filling, the overall flow through CNT as well as the wetting 
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of the CNT walls. The understanding of the CNT filling process is still limited.787 Numerous 

theoretical and experimental works have shown that the transport of water molecules through 

CNT is super-fast.788,789 A unique combination of different features contribute to large flow 

rates in CNT, in contrast to other materials, such as: i) the fact that the water’s friction at 

graphitic surfaces exhibits a strong curvature dependency;790 ii) the number and distribution of 

hydrogen bonds per water molecule in the CNT;791 iii) the water molecule orientations,792 and 

the change of water molecules distribution in CNT caused by the variation of CNT diameter.793 

The presence of defects such as vacancies in the CNT structure causes a reduction in the 

confined water density, disrupts the nearly frictionless water transport, and leads to significant 

reduction in fluid velocity and mass flow rate.794 The critical dimension below which 

confinement in CNT affects fluid transport is currently debated.795 For water in CNT, the 

continuum approximation seems to break down for CNT with diameter below 10 nm, and the 

enhancement of flow rate decreases with increasing CNT diameter.796 Interestingly, it has been 

demonstrated both experimentally and theoretically that water enters spontaneously in the inner 

cavity of hydrophobic CNT.797 This phenomenon is primarily driven by an increase in the 

rotational entropy of H2O inside the pore, arising from a reduction in the average number of 

hydrogen-bonds around a water molecule. 

Beside water, which have been particularly studied, a high diffusion of various liquids 

(CH3OH,798 ethanol,799 CH3OH/H2O,800 ionic liquids,801,802 and alkanes,780,803) in CNT has been 

reported. A grand canonical MD simulation study of the transport of a CH3OH/H2O mixtures 

in CNT functionalized (or not) with carboxyl acid groups onto the inner wall has shown that 

the mixture’s transport through functionalized CNT is faster than through hydrophobic ones, 

although the mixture’s diffusion is slower inside hydrophilic CNT due to the existence of a H-

bond network. Thus, the transport of the liquid mixture through CNT is mainly controlled by 

the pore entrance effect, for which H-bonding plays an important role. Unimpeded permeation 
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of water have been reported in sub-micrometer-thick GO-based membranes.804 These 

membranes appear to be impermeable to liquids, vapors and gases but allow easy permeation 

of water. Theoretical works have related this result to the presence of oxygenated functional 

groups.805 There also, MD simulations have been successfully used to predict diffusion of 

liquids in the pores of carbon materials.806  

In catalysis, mass transfer of reactants to and of products away from the active sites is an 

important step, and diffusion in microporous materials is often the dominating mechanism 

determining the mass transfer rates. It is thus important to keep in mind that in the case of CNT, 

the diffusion can be, contrarily to zeolites, MOF or activated carbons, an ultrafast process, and 

that it is the interfacial resistance that limits transport diffusivities. 

Concentration gradients 

Several experimental and modeling studies have shown that the inner cavity of CNT has 

stronger affinity for gas adsorption than the interstitial channels of CNT bundles.807 This was 

also demonstrate for liquids, such as methanol.808 The internal and external arrangement of 

molecules can differ significantly according to CNT diameter. Figure 40 shows a snapshot of 

benzene configuration in the presence of a (8,8) or a (10,10) single-walled CNT. Interestingly, 

it has been shown that benzene or methanol inside or outside CNT can be conveniently 

distinguished by 13C MAS NMR.808-810 
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Figure 40. Snapshot of benzene molecules in: a) a (8,8) SWCNT; reprinted with permission 

from ref 811; Copyright 2011 from the Royal Society of Chemistry. and b) a (10,10) single-

walled CNT. Reprinted with permission from ref 812. Copyright 2015 from the John Wiley and 

Sons. 

 

The adsorption selectivity of any species inside the tube is greatly driven by its different 

interaction potentials with the graphitic walls. In addition to an electron-deficient environment, 

we recall that the internal cavity of CNT is hydrophobic. Thus, hydrophobic and/or nucleophilic 

species should accommodate more easily in CNT that hydrophilic and/or electrophilic ones. 

Adsorption and separation of binary and ternary mixtures have been investigated using different 

methods such as grand canonical Monte Carlo (GCMC), first-principles simulations or even 

classical MD calculations.  

For CO2/CH4 mixture adsorption and diffusion in CNT, it was shown that: i) CNT show a 

preferential adsorption for CO2 in the binary CO2/CH4 mixture;813 ii) compared with CH4, CO2 

prefers to stay closer to the CNT wall;814 and iii) CNT show better performances for CO2/CH4 

separation than disordered porous carbons.815 For H2/CH4 mixtures it was evidenced that the 
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CNT diameter has a pronounced influence on the partition on these two gases inside or outside 

the CNT (Figure 41).816 The influence of CNT diameter was also reported for ethane/ethylene 

mixtures, small-diameter CNT preferring ethylene to ethane.817 

 

Figure 41. Equilibrium snapshot of equimolar H2/CH4 mixture at 293 K and 12.2 MPa in 

idealized bundle of a) [9,9] (left panel); and b) [18,18] SWCNT (red balls: methane; blue balls: 

hydrogen). Reprinted with permission from Kowalczyk, P.; et al. J Phys. Chem. C 2007, 111, 

5250-5257.816. Copyright 2007 from the American Chemical Society. 

 

Syngas was also investigated, and a stronger interaction of both H2 and CO with the inner 

cavity than with the exterior surface of CNT was evidenced by GCMC, showing that CO 

interacts more strongly with CNT than H2.818 As a result, syngas molecules are enriched inside 

CNT and the ratio of CO/H2 inside CNT increases with respect to the composition of syngas in 

the bulk gas phase. CO/O2 enrichment in the inner cavity of CNT has been proposed to 
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rationalize the high activity of confined Ru NP for CO oxidation in H2-rich streams.819 The 

existence of a concentration gradient between the outside and the inside of the CNT could open 

the way to conduct reactions that conventionally require high pressures under much milder 

conditions, and contribute to selectivity shifts in some reactions involving gas mixtures. 

The partition of species between the inner cavity of CNT and the outer surface or bulk phase 

is not limited to gas. Thus, using MD calculations, it was shown that for equimolar mixtures of 

water and acetonitrile, the inner CNT cavity is filled exclusively by acetonitrile for CNT of 0.55 

nm radius, and that water begins to get incorporated within the inner cavities as the radius of 

the tube reaches ∼1 nm.820 Entropy as well as hydrogen bonding can both play important roles 

in determining the solute location and orientation.821 Selective enrichment of molecules with 

different properties in solution was also reported for the rhenium-catalyzed hydroxylation of 

benzene to phenol.822 Solid-state NMR studies have shown that benzene is enriched inside CNT 

while phenol is discriminatively expelled out of the cavities. The highly local concentration of 

benzene inside the CNT cavity and the fast desorption of phenol induces a 4-fold enhancement 

of the benzene conversion rate when using a Re confined catalyst compared to catalyst for 

which the active phase is on the CNT external surface.  

There is no doubt that the existence of concentration gradients and adsorptive separation inside 

CNT could play a role in numerous confined catalytic reaction, but also during catalyst 

synthesis. 

 

Spatial restriction and stabilization 

Confining boundaries affect the spatial distribution of the hindered species and the way by 

which those species may dynamically evolve. These effects play an important role in the 

thermodynamics of the confined systems.708,823 Thus, water molecules hindered in very narrow 



133 
 

CNT arrange in a single line, and exhibit a solid-like ordering at room temperature due to strong 

hydrogen bonding between nearest-neighbor molecules.797 Confining boundaries also alter 

drastically the boiling and critical behavior of water droplets,824 and extreme phase transition 

temperatures of H2O confined inside CNT have been observed.825 Phase transition of ionic 

liquids from liquid to high-melting point crystal has also been observed.826 As in the case of 

water, despite CNT hydrophobic character, spontaneous filling of CNT by ionic liquids is 

observed.827 

The rigid cavity of CNT can also affect the size, shape, composition and properties of confined 

NP. For example, it was reported in different studies on confined metallic NP synthesis that the 

confined NP systematically show a smaller particle size than those supported on the external 

surface of CNT presenting relatively large internal diameters.828-831 Confinement effects are 

also responsible for major changes in the shape and composition of bimetallic systems.832 Thus, 

for the preparation of confined CoPt and FePt nanostructures, a marked confinement effect has 

been evidenced, on both bimetallic nano-object shape and composition. In large diameter CNT, 

small Co- and Fe-rich NP were produced, while in small diameter CNT Pt-rich nanowires were 

selectively obtained (see Figure 42). Although CNT can be used as templates for the growth of 

metallic nanowires (MoO2,833 Bi,834 FeCo,835 Fe65Ni35,836 PbTe,837 Gd,838 Au,839,840 Ag,841 Pt,839 

and Pd842) in the case of ligand stabilized FePt nanostructures, both NP or nanowires could be 

selectively produced in the same CNT of 4-5 nm diameter just by changing the nature of the Pt 

precursor (Figure 42).832 
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Figure 42. Evolution of PtFe nanostructures shape and composition with CNT inner diameter: 

a) PtFe NP in CNT of 170 nm i.d.; b) PtFe aggregated NP in CNT of 35 nm i.d.; c) PtFe 

nanowires in CNT of 4-5 nm i.d.; and d) PtFe NP in CNT of 4-5 nm i.d. Reprinted with 

permission from ref 832. Copyright 2016 from the Royal Society of Chemistry. 

 

Ultrathin molybdenum,843 europium,844 tellurium,845 and TeSn846 nanowires with diameters of 

a single atom were also selectively produced within very thin CNT by diameter-controlled 

polymorphism of the encapsulated materials.847 Because the nanowires are confined and 

protected by the walls of the CNT, they resist oxidation and structural disintegration. The 

propensity to form continuous nanowires throughout the length of the CNT seems to be strongly 

correlated with the existence of an incomplete electronic shell in the most stable ionic state of 

the metal.848 These objects however have not been investigated yet in catalysis. The 

stabilization of specific phases of inorganic materials inside CNT or carbon nanorods has also 

been reported for: lead (amorphous phase) in CNT,849 γ-Fe phase in CNT,850 cubic iron nitride 

NP in CNT,851 new 1D allotropes of arsenic in CNT,852 or α-NiS NP in carbon nanorods.853 



135 
 

Interestingly, for GeTe structures, amorphous to crystalline changes were evidenced under 

electron-beam irradiation.854 Finally, the possibility to produce specific phase under mild 

condition under confinement in CNT was also reported for CoFe2O4 particles.855-857 

Obviously, if all the effects cited above may operate independently, it is of course also possible 

that a combination of these primary effects leads to specific secondary confinement effects.  

3.2.3 Catalytic chemical reaction confined within carbon materials  

The control of chemical reaction pathways at the molecular level presents one of the most 

important scientific challenges to achieve fully sustainable and thermodynamically efficient 

chemical processes. When the space surrounding molecules becomes restricted, their reactivity 

and related behavior will be altered.691,692,694,858,859 Owing to confinement effects imparted by 

CNT, it has been shown that novel and distinct physical and chemical properties are found for 

the confined species. There have been only a limited number of studies to illustrate the use of 

the inner space of CNT to control non-catalytic chemical reactions. Catalytic transformations 

however have been much more studied. The vast majority of the studies describes a positive 

effect of confinement, but a negative effect has also been described in rare cases. Of course, 

while efforts have been made in some studies to rationalize the confinement effect, in most 

cases it is just noted. We will limit our analysis to those studies for which an extensive study of 

the effects of confinement was performed, as well as to the reactions for which net trends were 

observed. 

Fischer-Tropsch synthesis 

Cobalt and iron based catalysts are both employed industrially for Fischer-Tropsch synthesis 

(FTS). Iron catalysts can operate under a wide range of temperature and H2/CO ratios, with low 

CH4 selectivity. They exhibit higher catalytic activity for WGSR than Co catalysts, and 

deactivate rapidly. Cobalt catalysts are preferred due to their high activity, high selectivity to 
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long-chain paraffin, low WGS activity and higher resistance to deactivation by water. 

Ruthenium catalysts, though presenting high performances are less studied because of the high 

cost of the metal. Table 3 summarized the main results obtained for Fe-, Co-, and Ru-based 

catalysts confined in carbon materials for FTS. Selectivity control and catalyst stability are 

central issue in FTS. For iron catalysts, a clear trend is that confined catalysts are more active 

and more selective than unconfined ones in fixed bed reactors. With regard to stability, it 

appears that the deactivation of the confined catalysts is slower than in the case of unconfined 

ones (Figure 43a).860 For the Fein@CNT catalyst the CO conversion drops by 26.8% during 720 

h FT synthesis, while in the case of Feout@CNT catalyst the decrease in CO conversion is 

46.4%. Confinement also affects methane and C5+ liquid hydrocarbon selectivity (Figure 43b), 

higher selectivity to C5+ being obtained with the Fein@CNT catalyst. Additionally, Feout@CNT 

catalyst showed an increase of 11.5% in C5+ selectivity during 720 h FT synthesis, while the 

increase is only of 6.3% for the Fein@CNT catalyst. This difference could be related to the 

higher drop in CO conversion and the higher increase in particle sizes in the case of Feout@CNT 

catalyst compared to Fein@CNT catalyst. The productivity of a 10%Fein@CNT catalyst (0.336 

gHC.gcat-1.h-1, in gram of produced hydrocarbon per gram of catalyst and per hour) is comparable 

to that of the commercial catalyst utilized by Sasol.  

For cobalt catalysts, although a similar tendency (Figure 44) is observed in fixed bed reactors, 

the results are more contrasted. During long FTS tests, CH4 selectivity decreases and C5+ 

selectivity increases with time on stream. Generally speaking, the NP (Fe or Co) confined in 

CNT are smaller and present a higher degree of reduction than those deposited on the external 

surface,860-862 and the diameter of the confined NP decreases when decreasing CNT internal 

diameter.863 Thus, small NP (5-8 nm) confined in small diameter CNT are more active than the 

bigger ones deposited on the external surface.  



137 
 

Table 3. Catalytic performances of Co, Ru and Fe based catalysts confined in carbon materials for FTS. 

Catalyst Conditions CO 
conversion Activity / TOF C5+ 

selectivity a Stability Ref 

5%Fein0.1K@CNT 
T = 573 K, Psyngas = 5 bar 

GHSV = 21800 h-1 
11 - 34.7 - - 864 

10%Fein@CNT 
T = 548 K, Psyngas = 20 bar 

1860 mL.(h.gcat)
-1 

86 1.95 gHC.gcat
-1.h-1 70.2 - Stable 120 h on stream 865 

10%Fein@CNT 

10%Feout/CNT 

T = 623 K, Psyngas = 10 bar 

GHSV=17 L/g.h 

33.7  

12 

0.521 s-1 

0.288 s-1 
19.9 

14.1 
- 10 h on stream 866 

10%Fein@CNT 
10%Feout/CNT 

T = 543 K, Psyngas = 10 bar 
 

40 
29 

0.440 gHC.gcat
-1.h-1 

0.210 gHC.gcat.h
-1 

29 
19 

- 24 h on stream 867 

10%Fein@CNT 

10%Feout/CNT 

T = 548 K, Psyngas = 20 bar 

 

85.2 

69.7 

0.336 gHC.gcat
-1.h-1 

0.272 gHC.gcat
-1.h-1 

40.5 

32.9 
- 

48 on stream 
After 720 h on stream 

62% CO conv. - 46% C5+ 

860 

12%Fein@CNT 

12%Feout/CNT 

T = 543 K, Psyngas = 20 bar 

4000 mL.(h.gcat)
-1 

85 

79 
- 

36.2 

23.8 
- 125 on stream 868 

20%Fein@CNTnarrow 

20%Fein/CNTlarge 

T = 548 K, Psyngas = 20 bar 

2000 mL.(h.gcat)
-1 

25 

10 
- 

45 

12 
- Stable 120 h on stream 863 

13%Fein@CNT 
32%Fein/out/CNT 

T = 593 K, P = 5 bar 
GHSV = 3500 h-1 

2.4 
20.7 

- 
15.2 
26 

- Stable 120 h on stream 869 

5.6%FeNin@CNT 

5.2%FeNin/CNT 

T = 573 K, Psyngas = 5 bar 

GHSV = 15 000 h-1 
- 

9.3 molCO. s-1.gFe
-1

*10-4 

6.7 molCO. s-1.gFe
-1

*10-4 

22.9 

20.9 
- 24 on stream 851 

10%Fein@C 
T = 543 K, Psyngas = 20 bar 
WFe/F(H2+CO) = 2.5 g.h.mol-1 

90.1 - 60.1 - 

24 on stream 

After 100 h on stream 

75% CO conv. 

870 

Fe-FeCin@C 
T = 583 K, Psyngas = 69 bar 

GHSV = 3000 h-1 
87.5 0.120 gHC.gcat

-1.h-1 65 - Stable 100 h on stream 871 

7.4%FexOyin@C T = 543 K, P = 20 bar 76 (70h) 2.5 L.gFe-1.h-1 60 - 
NP 7 nm fresh – 9 nm 

after 108 h on stream 
872 
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Fe-Mnin@C 
T = 613 K, P = 20 bar  

GHSV = 5000 h-1 
94 5.66 molCO.gFe

-1.s-1
*10-5 55 - Stable 100 h on stream 873 

10%Coin@CNT 
T = 493 K, P = 20 bar 

flow rate of = 30 mL.min-1 
23 0.09 gHC.gcat

-1.h-1 72 - 48 h on stream 874 

10%Coin@CNT 
T = 493 K, P = 10 bar 

W/F = 10 g.h.mol-1 
55.3 - 84.4 - - 875 

15%Coin@CNT 
T = 498 K, P = 20 bar,  

GHSV = 2.4 NL.gcat
-1.h-1 

53.8 1.793 gHC.g-1
Co.h

-1 52.1 0.81 25-30 h on stream 876 

20%Coin@CNT 
T = 503 K, P = 20 bar  

WHSV = 6750 mL.(h.gcat)
-1 

68 0.16 s-1 87.3 0.81 
22 h on stream – unstable 

(68 to 50% conv.) 
877 

15%Coin@CNT 

15%Coin/out/CNT 

T = 493 K, P = 25 bar  

GHSV = 6000 h-1 

57 

45 

0.87 gHC.gcat
-1.h-1 

0.81 gHC.gcat
-1.h-1 

54.8 

62.2 

0.82 

0.87 
25-30 h on stream 862 

10%Coin@CNT 

10%Coout/CNT 

T = 493 K, P = 10 bar 

GHSV = 5000 h-1 

18.8 

12.9 

0.91 gHC.g-1
Co.h

-1 

0.74 gHC.g-1
Co.h

-1 

83.6 

79.6 
- 48 h on stream 878 

10%Coin@CNT 

10%Coout/CNT 

T = 478 K, P = 20 bar  

flow rate of = 33.3 mL.min-1 
- - 

23a) 

26 
- - 879 

10%Coin@CNT 

10%Coout/CNT 

T = 493 K, Psyngas = 10 bar 

4000 mL.(h.gcat)
-1 

29.1 

24.7 

4.3 molCO.gCo
-1.s-1

*10-5 

3.7 molCO.gCo
-1.s-1

*10-5 

83.0 

81.9 
- Stable 120 h on stream 880 

9.5%Coin@CNT 

9.5%Coout/CNT 

T = 513 K, P = 20 bar 

flow rate of = 75 mL.min-1 

58.7 

16.4 

5.2 molCO.gCO
-1.s-1

*10-3 

1.4 molCO.gCO
-1.s-1

*10-3 

59.1 

18.9 
- 

Stable 130 h on stream 

Unstable 130 h on stream 
861 

20%Coin@CNT 
T = 513 K, P = 20 bar 

flow rate of = 52.4 mL.min-1 
74.6 0.42 gHC.g-1

Co.h
-1 79.7 0.86 

12 h on stream 

After 450 h on stream 
57% CO conv. - 95% C5+ 

881 

15%Coin/out@CNT 
T = 493 K, Psyngas = 20 bar 

3000 mL.(h.gcat)
-1 

30.1 0.23 gHC.g-1
Co.h

-1 81.2 0.75 
20 h on stream 

Stable 50 h on stream 
882 

20%Co@CMK-3 
T = 493 K, Psyngas = 20 bar 
GHSV = 4000 mL.(h.gcat)

-1 
81.3 5.7 molCO.gCo

-1.s-1
*10-5 93.6 - 40 h on stream 883 

3.5%Ruin@CNTb) 
T = 493 K, Psyngas = 20 bar 

SV = 2.0 slph.gcat
-1 

18 3.8 molCO.gRu
-1.s-1

*10-5 67.1 0.76 Stable 300 h (slurry) 884 

2.4%Ruin@Cspheres 
T = 493 K, Psyngas = 10 bar 

W/F = 15 g.h.mol-1 
18.5 5.5 molCO.gRu

-1.s-1
*10-5 78.1 0.78 

NP 3.2 nm fresh – 3.6 nm 
after 40 h on stream 

885 

a) Defined as the molar ratio of the C5+ hydrocarbons to the total of all products. b) Oxygenate selectivity ∼17%. 
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These small NP are also less prone to sintering, mainly because of the template effect of the 

CNT walls. Three different deactivation steps are clearly distinguishable on Figure 44a. 

 

Figure 43. a) Changes in %CO conversion with time on stream for Fein@CNT and Feout/CNT 

catalysts; and b) changes in C5+ and CH4 selectivity with time on stream for Fein@CNT and 

Feout/CNT catalysts.860 

 

The first deactivation process has been attributed to oxidation of the smallest Co NP. The 

second and third deactivations have been tentatively attributed to sintering of NP outside the 

CNT and inside the CNT, respectively. The increase selectivity for C5+ upon time on stream 

has been correlated mainly to an increase of NP size. The higher the sintering rate, the faster is 
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the deactivation (conversion losses), but the faster is the selectivity gain (C5+ increase), as 

shown on Figure 44b. 

 

 

Figure 44. a) Changes in %CO conversion with time on stream for a Coin@CNT catalyst; and 

b) changes in C5+ and CH4 selectivity with time on stream for Coin@CNT catalyst.881 

 

Hydrogenation reactions 

The confinement effects of carbon materials have been studied using mainly liquid phase 

hydrogenation reactions. Selective hydrogenation of a,b-unsaturated aldehydes was 
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particularly studied as a model reaction for evaluating chemo-selectivity issues, and few reports 

are dealing with asymmetric hydrogenation. Table 4 summarize the main results obtained using 

catalysts confined in carbon materials for hydrogenation reactions, including CO2 

hydrogenation. The analysis of these works highlights a number of clear trends. First, the 

confinement of NP has a net effect on the catalytic performances of the studied systems; 

enabling better activities but also chemo- and enantio-selectivity. With respect to confinement 

effects, a number of parameters are reported in a systematic way: i) the absence of transfer-

related limitations in the inner cavity;886 ii) enrichment of reagents in the internal cavity of the 

CNT, which directly affects the kinetics of the reaction;830,887-892 iii) this is also true for 

hydrogen, and a higher H2 pressure in the inner cavity has been reported;890,893 iv) an easier 

reduction of the active phase when it is confined;312,892,894-896 v) an easier H2 activation and 

hydrogen spillover for the confined catalyst;897-899 vi) smaller NP and higher dispersion for the 

confined catalyst;312,830,893,900 vii) sometimes the presence of electro-deficient metal species 

within the cavity;890,893 and viii) an improved stability of the confined phase related to 

sintering.312,894,900-902 All of these experimental observations are entirely in agreement with the 

theoretical findings on hard and soft confinement effects reported in sections 3.2.1 and 3.2.2. 

Additionally, some reports have analyzed the effect of CNT diameter on the performances of 

the confined catalyst. The general trend is that the effects of confinement are all the stronger as 

the diameter of the nanotubes decreases. However, a too large reduction, as in the case of single-

walled CNT, can induce transfer problem (especially for liquid phase reactions), which can be 

detrimental to the activity. Additionally, it was shown by DFT that within too small CNT, the 

binding is overly weakened, and thus activation of the reaction molecules is sluggish.746 
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Table 4. Catalytic performances of catalysts confined in carbon materials for hydrogenation reactions. 

Substrate Catalyst Activity Selectivity Remark Ref. 

Acetylene 
0.075%Ptin@CNT 
0.075%Ptout/CNF 

Ptin < Ptout 
Ethylene 
Ptin > Ptout 

The enhanced selectivity is due to the different electronic 

structure and faster Knudsen diffusion of confined acetylene in 

CNT channels. 

903 

Benzene 
6%Niin@CNT 
6%Niout/CNT 

Niin >> Niout Cyclohexane 
Gas phase hydrogenation. Increased reactants concentration. 
Easier reduction of NiO for Niin. 

892 

Benzene 
4%Ruin/CNT 

4%Ruout/CNT 
Ruin > Ruout  

Heat treatment was performed, and XPS indicated that heat 

treatment made Ru NP electron rich. 
904 

Benzene 2%Pdin@CNT Niin >> Niout/AC Cyclohexane Absence of transfer limitations. 886 

Benzene 
8%Ruin@C 

8.5%Ruout/C 
Ruin >> Ruout Cyclohexane 

Enhanced hydrogen-spillover due to the intimate surface 

contact between the Ru NP and the carbon supports. 
899 

Nitrobenzene 
4%Ruin@CNT 

4%Ruout/CNT 
Ruin > Ruout Aniline 

Heat treatment was performed, XPS indicated that heat 

treatment made Ru NP electron rich. 
904 

Nitrobenzene 8%Auin@C Auin@C = Au/C Aniline Strong confinement confers stability. 901 

Nitrobenzene 
6%Niin@CNT 

6%Niout/CNT 
Niin >> Niout Aniline 

Efficient and reusable catalyst for the reduction of various 

aromatic nitro compounds. 
902 

Nitrobenzene 
6%Pdin@CNT 

6%Ptin@CNT 
Pd1in > Ptin 

Aniline  

Pd1in > Ptin 

Magnetic NP (Fe, Co) have been grafted on CNF to improve 
recovery, enabling significant improvement in the reuse of the 

catalyst. 

905 

Nitrobenzene 
Fe3Cin@C-N-CNT 

Fe3Cout/FLG 
Fe3Cin > Fe3Cout 

Aniline 

Fe3Cin > Fe3Cout 
N-doped CNT with graphene encapsulated Fe3C. 906 

Chloronitrobenzene 
10%NiBin@CNT 

10%NiBout/CNT 
NiBin >> NiBout chloroaniline 

Smaller NiBin NP, and improved thermal stability in NiBin. The 

NiBin can more efficiently activate hydrogen. 
900 

4-nitrophenol 0.3%Pd1in@C Pd1in >> Pdout 4-aminophenol 
Pd SAC formed in a confined interface between graphene and 

AC.  
907 

Hexene 
12%Ptin@C 
10%Ptout/C 

Ptin@C > Ptout/C - 

Reaction rate constant is affected by pore confinement and 

changes in the following order: 2-methyl-1-peneten > 1-decene 

> 1-hexene. 

908 

Norbornene 
3%Ruin@CNTlarge 

3%Ruin@CNTnarrow 

Ruin@CNTlarge 
>> 

Ruin@CNTnarrow 

- 
The constricted space inside the CNTnarrow lowers turnover 

numbers. 
909 



143 
 

Acetylene 
1%Pdin@CNT 

1%Pdout/CNT 
Pdin = Pdout Pdout > Pdin 

The electronic interaction between CNT and Pd weakens the 

adsorption strength of ethylene on Pdout/CNT leading to higher 
ethylene selectivity. 

910 

Phenol 
3%Ptin@CNT 

3%Ptout/CNT 
Ptin >> Ptout 

Ptin > Ptout 

Cyclohexanone 

Smaller Pt particle size, easier reduction, and increased catalyst 

stability for Ptin@CNT are obtained.  
312 

D-glucose 0.5%Ruin@CNT Ruin > Ru/AC - 
Due to the improved transfer resistance in longer CNT, the 
catalytic activity increases with reducing CNT lengths. It also 

increases with the reduction of diameters. 

911 

Cellobiose 
2%Ruin@CNT 
2%Ruout/CNT 

Ruin > Ruout Sugar alcohols 

Higher reducibility of Ruin is yielded due to the electron-

deficient of CNT interior surface. Enhanced interactions 
between the reactants and Ruin give higher conversion. 

Confinement reduces the leaching and improves the stability. 

894 

Cellobiose 
2%Ruin@CNTlarge 

2%Ruin@CNTnarrow 
Ruin/CNTnarrow > 
Ruin@CNTlarge 

Sugar alcohols 
The confinement effect of CNT channel was gradually 
enhanced with the decrease of nanotube diameters. 

912 

Furfural 
1%Pdin@C 
1%Pdout/C 

Ptout >> Ptin 
Ptout >> Ptin 

Furfuryl alcohol 

1%Pdin@C favors the formation of 2-methyl furan, probably 

due to an encapsulating effect favoring perpendicular 

orientation of furfural adsorbed on Pd. 

913 

2,5-
Hydroxymethylfurfural 

1%Ruin@CNT 
5%Ruin@CNT 

Ruin >> Ru/AC 
2,5- 

Dimethylfuran 

Higher loadings result in catalysts that present lower 

reducibility. 1%Ruin@CNT displays higher intrinsic activity 

than 5%Ruin@CNT. The decrease in TOF by increasing Ru 

loading is explained by a decrease in the reducibility of the 
supported metal. 

895 

Methyl acetate 
3%Cuin@CNTlarge 
3%Cuin/CNTnarrow 

Cuin = Cuout 
Cuin = Cuout 
Methanol 

Cuin performed better than Cuout. Cuin/CNTnarrow exhibited 

stronger auto-reduction of Cu NP than Cuin@CNTlarge. Upon 
heat treatment the activity and selectivity of Cuin/CNTnarrow  is 

superior to Cuin@CNTlarge. 

896 

Dimethyl oxalate 
8%Agin@CNT 
9%Agout/CNT 

Agin > Agout 

Methyl 

glycolate  

Agin = Agout 

Agin formed wires. The confinement effect was found to induce 

a geometric effect, which made the surface of Ag rough and 
enriched with grain boundaries and vacancies beneficial for the 

activation of hydrogen and diffusion of H-species. 

897 

Cinnamaldehyde 5%Ruin@CNT - - 

In single-walled CNT, continuous flow using scCO2. 

Hydrocinnamaldehyde (ca. 70% conversion, >99% 
selectivity).  

914 

Cinnamaldehyde 
4%Ruin@CNT 

4%Ruout/CNT 
Ruin = Ruout Ruin > Ruout 

Heat treatment was performed, and XPS indicated that heat 

treatment made Ru NP electron rich. 
904 
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Cinnamaldehyde 
3%Ruin@CNT 
3.4%Ruout/CNT 

- Ruin > Ruout 

Different interactions between the confined Ru NP and the 

exterior and interior walls of the CNT were evidenced. Spatial 
restriction and enrichment within the CNT inner cavity likely 

play important roles. 

887 

Cinnamaldehyde 
5%PtRuin@CNF 

5%PtRuout/CNF 
PtRuin > PtRuout PtRuin > PtRuout Enrichment within the CNT inner cavity is likely important. 830 

Cinnamaldehyde 10%PtRuin@CNF PtRuin > PtRu NP - 
Higher local concentration of reactants and catalyst inside 

CNF. 
888 

Cinnamaldehyde 5%Pdin@CNT Pdin > Pd/AC Pdin >> Pd/AC A peculiar metal-support interaction is proposed. 915 

Cinnamaldehyde 
3%Ptin@CNTlarge 
3%Ptout/CNTnarrow 

Ptin < Ptout Ptin > Ptout Complete hydrogenation on Ptout, cinnamyl alcohol on Ptin. 
916 

Cinnamaldehyde 
1.6%Auin@CNT 
1.6%Auout/CNT 

Auin >> Auout Auin = Auout 

Hydrocinnamaldehyde is produced. The interaction of confined 

Au NP with CNT facilitates the activation of H2, which is the 

rate determining state. 

898 

a-ketoesters 
5%Ptin@CNT 
5%Ptout/CNT 

Ptin >> Ptout Ptin > Ptout 

High activity and enantioselectivity are attributed mainly to 

enrichment of both cinchonidine and reactants in the inner 

cavity of CNT. 

889 

a-ketoesters 5%Ptin@CNT 

5%Ptout/CNT 
Ptin >> Ptout Ptin > Ptout 

Ptd+ species are stabilized in CNT when Na+ is present. The Ptd+ 

promoted the interaction between cinchonidine/reactant and Pt, 
which is crucial for high enantioselectivity. H2 enrichment in 

the channels contributed to the high activity. 

890 

α,β-unsaturated 

carboxylic acid 

5%Ptin@CNT 

5%Ptout/CNT 
Ptin >> Ptout Ptin >> Ptout 

Higher activity and e.e. on Ptin. Water enhances the interaction 

between cinchonidine and the CNT channels, and the ability of 
the channels to discriminate between the reactant and product. 

917 

α,β-unsaturated 

carboxylic acid 

5%Pdin@CNT 

5%Pdout/CNT 
Pdin > Ptout Pdin > Ptout 

The enhanced catalytic performances (activity and 

enantioselectivity) is attributed to the enrichment of reactant, 
chiral modifier, and additive in the channels of CNT. 

891 

CO2 
5%Pdin@CNT 

5%Pdout/CNT 
Pdin > Ptout 

Methanol 

Pdin > Ptout 

The channel structure and electronic density difference 

between the inside and outside of CNT resulted in a smaller 

size and more Pdδ+ species I Pdin. The inside of CNT has a 
higher H2 pressure, which is conductive to CO2 hydrogenation. 

893 
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Other reactions 

Many reactions other than hydrogenation have been studied; the main results are reported in 

Table 5. It emerges from the analysis of these results that if in the majority of the published 

works the confinement of the active phase has a positive role on the catalytic performances 

(activity, selectivity and/or stability), there are reactions where the impact of confinement is 

negative. This is the case of the ammonia synthesis reaction,718 for which the electron deficient 

Ru NP confined in CNT are less active for the dissociative adsorption of N2 (rate determining 

step of the reaction) than the electron rich Ru NP deposited on the external surface of CNT, 

even if a selective enrichment of N2 over H2 has been reported in carbon micropores.918 This 

electronic effect does not seem to affect the activation of dihydrogen in the same way, since as 

we have just seen, confined catalysts are good hydrogenation catalysts. For the rest, most of the 

effects of confinement reported in these studies remain the same as in the studies on FTS and 

hydrogenation: i) a better reducibility of the active phase, ii) a higher dispersion of the metallic 

phase for the confined systems, and iii) a better stability of the confined phase. MD simulations 

performed on a CuOin@CNT catalyst for ozone decomposition and hydroxyl radical generation 

have shown that the effects of the confined environment of CNT included: i) more reactants 

into the channel; and ii) an interaction between CuO and CNT that change the electronic 

properties of CuO particles.919 Another DFT study on CO oxidation over Ptin@g-C3N4 catalyst 

has predicted that the energy barrier for CO oxidation over Ptin@g-C3N4 is reduced when 

compared with that on pure Pt(111), suggesting a promoted reaction activity thanks to the 

confinement effect.759 
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Table 5. Catalytic performances of catalysts confined in carbon materials for various reactions. 

Reaction Catalyst Activity Selectivity Remark Ref. 

Ethylbenzene 

dehydrogenation 

5%CeO2in@CNT 

5%CeO2out/CNT 

CeO2in > 

CeO2out 
Styrene 

The confinement effect strengthens the interaction between 

CeO2 NP and carbon (crystal lattice distortion). This promotes 

reduction of CeO2 and activation of its surface lattice oxygen, 

which accelerates the ODH reaction by promoting WGSR. 

920
 

Ethylbenzene 

dehydrogenation 

7%CeMnin@CNT 

7%CeMnout/CNT 

CeMnin > 

CeMnout/CNT 
Styrene 

Higher reduction ability, higher selectivity and reactant 

enrichment. 

921
 

Ammonia 

synthesis 

3.5%Ruin@CNT 

2.9%Ruout/CNT 
Ruin < Ruout - 

Ruout exhibits a higher electron density than Ruin. The 

dissociative adsorption of N2 (electrophilic process and rate 

determining step) is more facile over Ruout than that over Ruin. 

718
 

Ammonia 

decomposition 

5%FeCoin@CNT 

5%FeCoout/CNT 

FeCoin > 

FeCoout 
Hydrogen Confinement improves the thermal stability. 

922
 

Ammonia 

decomposition 

2%Ruin@CNT 

2%Ruout/CNT 
Ruin < Ruout Hydrogen 

Ruin NP are smaller than Ruout. Larger particles are more active 

in ammonia decomposition. 

923
 

Oxidative 

carbonylation of 

methanol 

9%Cuin@C 

9%Cuout/CNT 
Cuin > Cuout 

Dimethyl 

carbonate 

Copper species in the cavity show high auto-reduction ability in 

spite of poor dispersion after activation. 

924
 

Reduction of 

nitrate 

2%Pd-1%Cuin@CNT 

2%Pd-1%Cuout/CNT 

Pd-1%Cuin < 

Pd-1%Cuout 
N2 

Pd-1%Cuin NP are smaller. Superior stability of Pd-1%Cuin 

catalyst. Electron deficient Pd-1%Cuin NP are less efficient for 

this reaction. 

925
 

Formic acid 

decomposition 

2%Pdin@CNT 

2%Pdout/CNT 
Pdin >> Pdout H2 

Easier reduction of Pdin and Pdin NP bigger than Pdout. d-band 

center is shifted downward when Pd NP are confined inside the 

CNT. 

926
 

Hydrodeoxygenati

on of guaiacol 

15%Niin@CNT 

15%Niout/CNT 
Niin = Niout 

Cyclohene/ 

cyclohexane 

The formation of cyclohexene is favored for Niin. The 

differences in selectivity are attributed to steric constraints. 

927
 

Toluene oxidation 
2%Ptin@CNT 

2%Ptout/CNT 
Ptin >> Ptout CO2 

Confinement allows tailoring the oxidation activity by 

restricting the cluster size down to around 1.0 nm and by 

retaining the Pt species at the active reduced state, even in the 

presence of O2 up to 473 K. 

928
 

Ethanol oxidation 
2%Ptin@C/CNT 

2%Ptout/CNT 

Ptin@C/CNT > 

Ptout 
Acetic acid 

Carbon film encapsulated Pt NP supported on CNT. Carbon 

films encapsulating the Pt NP suppress the over oxidation. 

929
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Selective oxidation 

of benzyl alcohol 

3%K12%Mnin@C/CNT 

4%K14%Mnout/CNT 

KMnin > 

KMnout 
Benzaldehyde Easier reducibility of MnO2 confined in CNT. 

930
 

CO oxidation 

(PROX) 

1%Auin@CNT 

5%Auout/CNT 
Auin < Auout - 

Smaller NP in Auout but not prepared by the same method than 

Auin. 
931

 

CO oxidation 

(PROX) 

5%Ruin@CNT 

5%Ruout/CNT 
Ruin > Ruout - 

The CNT cavity can selectively increase the density of reactants 

and the confinement of Ru NP provides a micro-environment to 

increase the activity of catalytic sites. 

932
 

CO oxidation 

(PROX) 

5%Ruin@CNT 

5%Ruout/CNT 
Ruin > Ruout - 

Smaller NP and enhanced reducibility in Ruin are obtained. The 

enrichment of CO and O2 enhances the ratios of CO/H2 and 

O2/H2 in the channels of CNT. Stable catalyst. 

819
 

CO oxidation 

(PROX) 
20%CuxCe1-xOin@CNT - - Catalytic performance is correlated with Cu/Ce molar ratios. 

933
 

CO oxidation Pt@Graphene - - 

The electronic interaction between the top graphene layer and 

CO helps to weaken the C–O bond in CO and promotes the 

formation of O–CO bond. 

756
 

Propylene 

epoxidation 

TiO2in@CNT 

TiO2out/CNT 

TiO2in > 

TiO2out 
- 

Electron transfer from Ti to CNT inner surface in TiO2in@CNT. 

In contrast, no electron transfer has been observed for 

TiO2out/CNT. 

934
 

Styrene 

epoxidation 

5%Coin@CNT 

2%Coout/CNT 
Coin > Coout Epoxide Coin is more active, more selective and more stable. 

935
 

Benzene 

hydroxylation 

4%Pd-0.3%Vin@CNTnarrow 

5%Pd-0.3%Vin@CNTlarge 

M@CNTnarrow 

> M@CNTlarge 
- 

The understanding of the confinement effects needs further 

systematic investigations. 

936
 

Alkyne 

hydrosilylation 

5%Rhin@CNF 

5%Rhout/CNF 
- 

Regioselectivit

y Rhin > Rhout 

Specific p-p interactions increase the local concentration of the 

aromatic reactant. 

937
 

Alkyne 

hydrosilylation 

5%Ptin@CNF 

5%Ptout/CNF 
- 

Regioselectivit

y Ptin > Ptout 

Increased concentration of aromatic substrates in CNT thanks to 

specific p-p interactions. Ptin@CNT create an environment 

promoting the formation of aromatic over aliphatic products in 

the competitive hydrosilylation of phenylacetylene with mixture 

of triethylsilane and dimethylphenylsilane reactants. 

938
 

Huisgen 

cycloaddition 

5%Cuin@CNF 

5%Cuout/CNF 
Cuin > Cuout - 

Cuin@CNT exhibits superior activity and stability in 

cycloaddition reactions. Sintering after recycling but activity 

remains high for Cuin@CNT. 

939
 

Suzuki-Miyaura 

reactions 

8%Pdin@CNF 

6%Pdout/CNF 
Pdin = Pdout Pdin < Pdout 

Activity and selectivity of the confined reactions are sensitive to 

the steric congestion of the aryl iodides. 

940
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Suzuki-Miyaura 

reactions 
8%Pdin@CNF - - 

Pd NP do not dissolve and re-precipitate. NP migration with  

coalescence is the main mechanism decreasing the active 

surface area under Suzuki-Miyaura reaction conditions. 

941
 

Asymmetric oxa-

Michael addition 

CoFe2O4in@CNT 

CoFe2O4out/CNT 

CoFe2O4in > 

CoFe2O4out 

Flavone 

CoFe2O4in > 

CoFe2O4out 

CoFe2O4in is recyclable and shows excellent activity and 

selectivity. 

942
 

Knoevenagel 

condensation-

reduction cascade 

reaction 

Pdin@g-C3N4 - - 

Confinement in g-C3N4 nanotubes concentrates the reactants. 

The presence of N atoms stabilizes Pd NP and prevents the 

leaching, leading to a high stability. 

943
 

Methane activation 
Pd4in@CNT 

Pt4in@CNT 
Pt > Pd - Higher activation energy are calculated for Pd than for Pt. 

944
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Electro- and photocatalytic reactions 

Although several studies report an effect of confinement of the active phase in reaction such 

as ORR and HER,945 few efforts have been devoted to the understanding of these effects. 

Nitrogen doped CNT appear to be more convenient that pure CNT to confine the active 

phase,946,947 probably because of a different charge transfer. For CNT, a DFT study has shown 

that in the case of a confined Fe4O6 cluster for the OER, small diameter CNT should be used to 

take advantage of the electronic interaction with the CNT.948 The inner cavity of CNT should 

also be beneficial for efficient molecular- and ion-diffusion.949 Since electrocatalysis is often 

performed in acidic media, corrosion issues are critical. The confinement of the active phase 

contributes to protect the metal from sintering or leaching, providing excellent stability under 

accelerated degradation conditions.947,949-952 DFT calculations have shown that it should be 

possible to enhance the hydrogen reactivity on Ni via confinement underneath graphene.953 The 

graphene overlayer on the Ni surface weakens the adsorption free energy of an H adatom on 

Ni, shifting nickel close to the optimum of HER volcano plot. More studies are necessary to 

confirm potential advantages of confinement in electrocatalysis. Indeed, some experimental 

works in ORR have also shown that it is necessary that: i) all of the Pt NP are present on the 

outermost surface of the support, and ii) the ionomer covers uniformly the Pt and carbon 

surfaces, in order to efficiently supply large amounts of oxygen and protons at high current 

densities.954 

In photocatalysis, the synergy between TiO2 and carbon nanomaterials is well documented, 

and enhanced photocatalytic activity occurs through: i) minimization of electron/hole 

recombination, ii) band-gap tuning/photosensitization; and iii) provision of high quality highly 

adsorptive active sites.664 Photocatalytic processes in spatially confined nanoreactors have also 

been discussed, but mainly in the case of porous oxides and hybrid photocatalysts based on 

molecular-organized assemblies.955 Up to date, few works are related to the study of 
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confinement of photocatalytic reactions in carbon materials. The discovery of the extension of 

the photocatalytic activity of TiO2 from the UV to the visible-light region upon confinement in 

CNT should push-up this domain of research. Table 6 shows representative results obtained 

with confined catalysts in electro- and photo-catalysis. 
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Table 6. Catalytic performances of catalysts confined in carbon materials for electro- and photocatalysis. 

Reaction Catalyst Activity Remark Ref. 
Confined electrocatalysis 

ORR (acidic) 
Ptin@CNF 
Ptout/CNF 

Ptin > Ptout 
Depositing Pt NP inside GNF results in a catalyst with higher catalytic activity and 
stability. It also increases electrochemical active surface area. 

956 

ORR (acidic) 
Fein@CNT 

Fein@N-CNT 
Fein@N-CNT > 

Fein@CNT 
DFT calculations indicate that the catalytic activity could arise from the electron 
transfer from Fe NP to the CNT. 

946 

ORR (acidic) PtNiin@C - 
Thanks to confinement effect, and if the threshold for significant Pt dissolution is not 
exceeded, the initial performance is fully retained for more than 10000 degradation 
cycles. 

950 

ORR (basic) 21%Coin@N-CNT Coin = Pt/C Great durability, and excellent tolerance for methanol crossover are reported. 952 
ORR (basic) Coin@N-CNT - High current density and good durability capability are obtained. 957 
Hydrazine 
oxidation 

NiFein@CNT - 
Confined Ni85Fe15 NP have superior electrocatalytic activity for hydrazine 
electrocatalysis than catalysts with other compositions. 

958 

HER (acidic) 
MoCxin@CNT 
MoCxout/CNT 

MoCxin > MoCxout 
Smaller NP size and more reduced states of the confined MoCx NP are given. A 
weakened adsorption of hydrogen on MoCxin@CNT may be another effect enhancing 
the HER activity. 

959 

HER (acidic) 
Coin@CNT 

Coin@N-CNT 
Coin@N-CNT > 

Coin@CNT 

Fe, Co and FeCo catalysts are studied with long-term durability. Adsorption free 
energy of the H atom on CNT is decreased by the presence of confined metal and N 
dopant. 

947 

HER (acidic) Coin@N-CNT-rGO - Excellent electrocatalytic HER activity. 960 
HER (basic) CoNiin@N-C - Excellent electrocatalytic HER activity. 961 
HER (basic) FeNiin@N-C - Excellent electrocatalytic HER activity. 962 
HER (basic) Co2P/CoNin@N-CNT - Excellent electrocatalytic HER activity. 963 

HER (basic) 
Coin@N-CNT 
Fein@N-CNT 

Coin > Fein High stability. 964 

HER (basic) 
5%Ruin@N-C 
5%Ruout/N-C 

Ruin > Ruout 
Fully confined Ru catalyst performs better than semi-confined ones. DFT calculations 
indicate that the confined space affects the catalytic performance by enhancing the 
charge transfer from Ru to C. 

965 

OER (basic) Niin@CNT - High OER activity. 966 
Methanol 
oxidation  

Auin@C Auin@C > Auout/C The electrons could transfer from the graphitic layers to the Au core. 967 
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Methanol 
oxidation 

55%Ptin@CNT 
55%Ptout/CNT 

Ptin > Ptout 
Ptin@CNT shows higher electrocatalytic activity and stability than Ptout/CNT. Well-
ordered CNT channels allow a regular molecular- and ion-diffusion. No Ostwald 
ripening of Pt NP is observed. 

949 

Methanol 
oxidation 

2.5%Pdin@C 
2.5%Pdout/C 

Pdin > Pdout 
The activity improves due to the higher proximity of the NP to the reactants inside the 
cavity and minimal leaching of the NP over 300 cycles. 

951 

Glycerol 
oxidation 

Ptin@FLG - 
Pt nanosheets with a unique (100)/(111)/(100) faceted structure within FLG provide 
excellent catalytic activity and selectivity toward C1 products. 

968 

Confined photocatalysis 

Methylene blue 
photodegradation  

20%TiO2in@CNT 
20%TiO2out/CNT 

TiO2in > TiO2out 

Large amount of unpaired electrons in TiO2in@CNT, which possibly arise from 
oxygen vacancies are created. Ti3+ or oxygen vacancies generated from the modified 
electronic structure of TiO2 via the confinement accounts for the extension of the 
photocatalytic activity from the UV to the visible-light region. 

969 

Methylene blue 
photodegradation 

ZnFe2O4in@FLG 
ZnFe2O4in@FLG 

> ZnFe2O4 

The graphene is beneficial for fast transport of photon-excited electron from catalyst 
surface, and acts as electron reservoir that can suppress the recombination of 
photogenerated electron-hole pairs. 

970 

Methylene blue 
photodegradation 

CdSin@CNT 
CdSout/CNT 

CdSin > CdSout 
Enhanced separation efficiency of photogenerated charge carriers is demonstrated. 
The photo-corrosion of CdS is suppressed efficiently by confinement. 

971 

Cyclohexane 
oxidation of  

Auin@CNT 
Auout/CNT 

Auin >> Auout 
Confinement of reaction intermediates within CNT might prolong their contact time 
with the catalyst. 

972 
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3.2.4 Material perspective 

The confinement of metal NP in carbon (nano)material pores of nanometer scale offers 

significant advantages for catalysis. The controlled synthesis of such catalyst in CNT is often 

more delicate than a simple impregnation,277,828,830,973 even if it has been shown that wet 

impregnation of oxidized CNT can allow to reach up to 80% of confinement.829 The choice of 

the method depends on CNT diameters, and gas phase processes seem more adequate for small 

diameter CNT. We have shown in this section that confinement effects can be classified into 

two categories, “soft” and “hard” effects. Figure 45 summarizes the main effects observed in 

the studies of catalytic confinement effects in CNT. Soft effects such as reagent enrichment or 

rapid diffusion will directly affect the kinetics of the reaction. A hard effect like the charge 

transfer between the metal and the support will also affect activity/selectivity and stability. 

Combined hard/soft effects will also lead to better reducibility, dispersion and stability of the 

confined active phase. 

 

 

Figure 45. Main confinement effects related to catalysis observed in carbon nanotubes. 
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If the large majority of studies are dealing with CNT it is of course because of the peculiar 

morphology of these nano-objects, which present a well-defined cavity that can be easily 

opened. It is possible that some of the effects of Figure 45 are also operative in the porosity of 

other carbon materials or in metallic NP encapsulated/embedded by a graphenic or graphitic 

layer. However, in this latter case, the accessibility of the reactant to the metallic surface is a 

critical issue that is difficult to control. Indeed, even hydrogen cannot penetrate a graphene 

layer, so it is necessary to open a porosity in these graphenic or graphitic layers, in such a way 

that the confinement effects do not disappeared. Significant efforts are still to be made in this 

direction. As far as CNT are concerned, the confinement effects could be seen as the other 

properties of this material (electronic, mechanic), for which it has been shown for a long time 

that the reality was still far enough from the expectations because of the non-perfect structure 

of industrially produced CNT. However, the positive point of confinement is that it is essentially 

based on the perfection of the internal layer of nanotubes, which is often more perfect than the 

external sheets. 

As far as more conventional carbon materials are concerned, such as activated carbon or 

carbon black with carbon slit (micro)pores, no confinement effect on catalysis has been 

reported. This should be linked to the defective structure of these materials, which deferred 

sensibly from the one of CNT or graphene. In that case, the microporosity of the materials is 

often a synonym of internal diffusion/mass transfer limitations in liquid974-976 or even gas 

phase977,978 catalytic reactions. The mass-transfer limitations can be evaluated experimentally 

using diagnostic criteria such as varying gas flow rate, stirring speed (in slurry reactors), catalyst 

concentration and particle size. 
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For the purpose of preventing these disadvantages, many attempts have been made to develop 

mesoporous structured supports, allowing operation in a fixed-bed reactor without significant 

internal diffusion limitation. 

 

3.3 Hydrogen and oxygen spillover 

Spillover is defined as the transport of a species, adsorbed or formed on a specific surface (or 

site), to another surface, which does not adsorb or form this species under the same 

conditions.979 More specifically, Boudart et al. called “spillover” the migration of H atoms from 

metallic particles to a support.980 In heterogeneous catalysis, only the spillover of catalytically 

active species is important. Spillover is involved in many surface reactions and transport 

phenomena, and includes other atoms than hydrogen, like oxygen or molecules as CO;981 and 

sulfur spillover has also been reported on carbon materials.982 Spillover encompasses not only 

adsorption but gasification of solids, creation of catalytically active sites, and reaction with 

adsorbed species. Hydrogen or oxygen atoms are not usually produced on a perfect graphitic 

surface, but can be formed on defects. Additionally, it has been shown that spillover from a 

metal surface to the surface of a defect-free carbon support is energetically not favorable.983,984 

Spillover of H or O atoms from metal particles to a carbon support with defects or to a 

contaminated support is possible. If the defects bind the H or O atoms and if the distance 

between the defects is not too large, then these atoms might diffuse from the metal particles to 

the defect sites. Spillover of hydrogen or oxygen is a fast phenomenon, which can compete with 

the rate of a catalytic reaction. The spillover species formed on the metal may react with the 

reactant adsorbed on the support. More subtle interactions are observed when the spillover 

species create new types of active centers on the support.985 The catalytic activity and selectivity 

may be thus promoted or modified by the spillover of adsorbed species.  
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3.3.1 Hydrogen spillover 

A hydrogen spillover mechanism should consist of several steps. In the first one, molecular 

hydrogen is activated and dissociated on a TM catalyst in close contact with the support. 

Secondly, the migration of H species from the catalyst particles to the support should occur. 

The last two steps consist in the diffusion and recombination of H species on the support 

surface. For H-spillover, different species have been considered, such as hydrogen radicals 

(H•), protons (H+), hydrides (H−) and activated hydrogen (H∗).14 On carbon materials, the 

hydrogen spillover mechanism has been largely discussed because of its relevance to hydrogen 

storage, and to a lesser extent for its implication in catalytic reactions. Some reviews have 

already been published,986-992 and we will concentrate on the most relevant results.  

We will first consider the fate of dihydrogen on a bare support. Weak binding energy of 

molecular hydrogen on pristine graphene has been reported (1-2 kcal.mol-1).993-995 A 

consequence of that is the easy diffusion of H2 on graphene with activation energy ranging 

between 0.2-0.4 kcal.mol-1, according to the temperature.996,997 The dissociative adsorption of 

dihydrogen on highly symmetric sites of graphene (or CNT) is relatively high, and ranges 

between 76.1 kcal.mol-1 and 89.9 kcal.mol-1, depending on the bonding site.983,998,999 It is 

associated with an endothermic heat of reaction of 43.6 kcal.mol-1, making dissociation of H2 

on pure graphene a rare event.1000 The isolated chemisorbed H species diffuses on graphite from 

top site to top site via bridge sites with an associated barrier of 22-23 kcal.mol-1, and diffusion 

through the hollow site is unfavorable (93.4 kcal.mol-1).1000-1002 For diffusion of spiltover H in 

the vicinity of another H, the activation energy is lower, typically in the range 9-12 kcal.mol-

1.996,1001,1003 According to the surface coverage, dimerization and clustering of atomic hydrogen 

on graphitic surface have also been observed both theoretically and experimentally.1004-1008 The 
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existence of hydrogen-rich domain around metallic NP has thus been proposed.1009 Calculations 

of diffusion distance in carbon-based spillover systems ranged from 15 nm at 298 K1010 to 100 

nm at 473 K and to 5 mm at 623 K.1011 The stability of chemisorbed H atom(s) particularly 

related to desorption has been investigated. For a monomer, diffusion and desorption have 

similar barriers, 21.7 and 20.1 kcal.mol-1, respectively. Adsorption of a second H close to the 

first adsorbed one does not modify the adsorption barrier, but appreciably changes the 

desorption of the single hydrogen.1001,1012 Recombination of two chemisorbed H atoms (dimer) 

to desorb H2 required passing an activation energy of 32.3-37.6 kcal.mol-1, according to the 

position of the two chemisorbed H atoms on the carbon atoms.1012 These values are in good 

agreement with TPD experiments for hydrogen on graphite. It is worth mentioning that much 

higher energy barrier have also been reported (65 kcal.mol-1) depending on the model.1001 An 

alternative Eley-Rideal mechanism for molecular hydrogen abstraction has also been proposed 

that involves an adsorbed H atom and an incoming H atom from the gas phase.1013-1016 For this 

mechanism, the energy barrier is lower than for the Langmuir-Hinshelwood mechanism.1001 

The diffusion barrier is found to be curvature-dependent with a higher barrier associated with 

carbon atoms of higher curvature, as in single-walled CNT.1017 Applying stress to graphene 

lower dramatically the barrier of H2 dissociation and changes the process from being 

endothermic to exothermic, without modifying significantly the diffusion.1000 A slight decrease 

of the activation energy for H2 dissociation was reported on N-G,1018 and for graphene bearing 

hydroxyl groups.1019 DFT results thus suggest that it could be difficult for chemisorbed H atoms 

to move freely at near-ambient temperatures, since diffusion requires C-H bond dissociation, 

with a relatively high activation energy. Interestingly, it has been proposed that the use of a 

shuttle gas (H2O, HF, or NH3) can make the migration easier via coadsorption.1020,1021 Without 

co-adsorbates a barrier of 21.7 kcal.mol-1 has to be passed for the diffusion barrier of H atoms 

on graphene, whereas with water/ammonia this barrier decreases to 19.6/2.8 kcal.mol-1.1021 The 
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presence of H2S was also found to accelerate H-spillover in CoMo/C HDS catalysts.1022 It was 

proposed that H2S leads to an increase of terminal -SH groups by dissociative H2S adsorption, 

which could form hydrogen bridges with the carbon support functional groups. It is worth 

mentioning that the addition of “co-catalysts” presenting various proton affinity to assist the 

spillover was already proposed in the early works of Boudart, who proposed the formation of 

solvated protons on the metallic surface.1023 

It has also clearly been shown both theoretically and experimentally that the role of 

oxygenated surface groups is crucial to improve spillover and also decrease the H diffusion 

barrier,989,1024-1028 since an energy barrier as low as 7.6 kcal.mol-1 has been reported for 

migration of a H atom from a hydroxyl group to an adjacent O (epoxide) atom. Thus, the process 

of H atom diffusion on oxidized carbon surfaces should happen in a similar manner to the H 

spillover mechanism on metal oxide surfaces. Of course, the proximity of O groups will 

facilitate the phenomenon; and the H diffusion barrier will depend on the type of surface 

functionalities. For the migration of a H between two C atoms that are both in ortho position to 

OH groups, the H diffusion barrier is 23 kcal.mol-1, very similar to the one on pristine 

graphene.1029 Experimental heats of adsorption, XPS analyses, and ab initio calculations have 

shown that the binding energy between the spiltover H atoms and the different groups followed 

the following order: lactone > semiquinone > carboxyl > basal plane.1030 For hydrogen 

spillover, semiquinone are thus ideal receptors for the spiltover hydrogen. A synergistic role of 

oxygen surface groups and water on hydrogen spillover has also been reported.1027 The stability 

of the oxygen surface groups is an important parameter to consider, since in many cases water 

desorption has been reported because of the poor stability of some -OH groups under attack of 

an H atom.1031 Thus, H-spillover has been already used to remove oxygen surface groups of 

carbons,1011 and for reduction of GO at 353 K.1032,1033 Such a process allows to increase the C/O 

atomic ratio from 1.7 in GO to 22 in rGO. 



159 
 

Among the different intrinsic defects of graphene, the single vacancy is the one that allows 

the higher binding energy of dihydrogen (7-12 kcal.mol-1).993,999 The chemisorption of H2 on 

such site, as well as on zigzag and armchair sites has been studied by DFT.1034-1039 The zigzag 

edges are very reactive, and it is possible to dissociate H2 on these sites without any (or very 

small) activation barrier.1034,1035 There is an activation barrier hindering spontaneous H2 

dissociation at the armchair edges (13.8-39.2 kcal.mol-1, according to H2 binding site).1036 The 

SV forms an intermediate level between the armchair and zigzag edges, and activation energies 

of 18.4-25.4 kcal.mol-1 have been reported.999,1037 Lower activation energy or even barrierless 

profiles have also been reported.1038,1039 On a hydrogenated vacancy, a second dihydrogen can 

dissociates with activation energy of 11.5-20 kcal.mol-1.999,1040 Further hydrogen incorporation 

is possible with an increase of the activation energy.1040 The relative energies of C-H bonds 

follow the order: zigzag edge > armchair edge > basal-plane edge.1041 

The first step in H-spillover on TM particles is to dissociate hydrogen molecules. Although 

several metals or semi-metals have been investigated (Ni,349,1031 Ti,349,556,1042 V,1043 Rh,97,556 

Cu,1044 Al,611), Pd and Pt are the most studied. The dissociative chemisorption of H2 on Pt and 

Pd particles is generally easy, and is accompanied by the formation of strong M-H bonds. INS 

combined with H2 adsorption measurements on Pt NP on activated carbon have detected the 

adsorption of H2 on hydride-covered Pt NP, and provided evidence for the occurrence of atomic 

hydrogen spillover from the Pt surface to unsaturated reactive sites located at the irregular 

borders of the sp2 domains on the support.368 These binding energies are coverage dependent. 

Theoretical calculations on Pt clusters indicate that the binding energy of the H atoms is 56 

kcal.mol-1 at full coverage, and 74 kcal.mol-1 at zero coverage.989 On carbon supported Pt4 

clusters, the dissociative chemisorption of H2 is barrierless, up to saturation (5 to 6 H2).983,1024 

Strong binding energies have been reported; for example the average binding strength of H 

atoms on a fully saturated Pt4 cluster (with 10 H) on graphite was calculated to be 74 kcal.mol-
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1.1024 On curved carbon surfaces such as carbon nanohorns, the binding energy is even higher: 

between 40 and 110 kcal.mol-1 according to the surface coverage.1045 This is a very unfavorable 

starting point for spillover, and high-energy barriers (46-62 kcal.mol-1) have been 

systematically predicted for migration of one H atom from the fully saturated Pt4 cluster to the 

defect-free graphitic support.188,983,984,1024 However, on curved carbon surface, DFT 

calculations have shown that the H atom migration from the hydrogenated Pt4 cluster to the 

support surface is thermodynamically favorable at room temperature with low energy barrier 

and highly exothermic.1045 A lower barrier was also measured for the migration of 2 H atoms 

from a physisorbed Pt6H24 cluster on graphene (11 kcal.mol-1 per H atom).1017 Lower energy 

barriers for H-migration from the fully saturated Pt4 cluster were also reported on B-G.188 More 

favorable energy barriers (≈ 35 kcal.mol-1) were predicted on fullerene C60 for Pt1-13 clusters.1046 

In the presence of surface oxygen groups in the vicinity of the Pt4 cluster, the migration of one 

H atom is much easier, with an energy barrier of 9.2 kcal.mol-1 per H atom (see Figure 46a for 

an epoxy group).1024 Such a decrease was also reported for Ni4 clusters in the vicinity of an 

epoxy group.1031 Sulfonic groups present on a carbon surface can also promote the spillover 

process that favors H2 adsorption in large amounts on a Pt catalyst.1047 Tin oxide present in a 

PtSn/C catalyst constitutes anchoring centers for spiltover hydrogen, and the tin oxide is 

reduced by these H species that migrate to the particles close to the Pt atoms.1048 In the case of 

supported palladium, the dissociative chemisorption barriers of H2 is cluster-size dependent: ≈ 

0, ≈ 0, 10.6, 6.0, 6.9, 2.9, and 0.7 kcal.mol-1 for Pd2, Pd3, Pd4, Pd5, Pd6, Pd9 and Pd13, 

respectively.326,610,1049,1050 For a single Pd atom on graphene H2 adsorbed molecularly, with a 

weaker interaction and smaller binding energies than on Pt.609,1051-1054 The adsorption energy 

per H2 decreases when increasing the hydrogen concentration.1055 If the Pd atoms or clusters 

are deposited on SV-G, it prevents the desorption of metal-hydrogen complexes, and lowers the 

Pd-hydrogen bonding energy in a more pronounced way compared to Pt on defect-free 
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graphene.325,1056-1059 A different situation seems prevailing for a Pd4 cluster on DV, since five 

H2 molecules were molecularly adsorbed.534 Nitrogen or boron doping of the support also 

affects significantly the Pd-H bonding energy.551,1060-1064 The binding energy of a H2 on Pd is 

thus found to depend on the cluster size and on its adsorption site (vacancy, N- or B-doping, 

oxygen surface groups).263,1063 MD simulations have shown that a low energy barrier does not 

mean that all the molecules dissociate, and the probability for dissociation was 33% on the 

supported Pd13 cluster and only 5% on Pd6.326 H2 molecules that did not find the most favorable 

path to dissociate are either reflected or molecularly adsorbed. On clean graphene, the energy 

barrier to pass for H-migration from a supported Pd13 cluster to the support is 60 kcal.mol-1,326 

so similar to the Pt system. This value decreases to 48 kcal.mol-1 when the Pd13 cluster is 

saturated by 10 hydrides. This barrier is further significantly reduced (15.7 kcal.mol-1) if a Pd4 

cluster is in the vicinity of a fully hydrogenated graphene phase (Figure 46b).1065 The presence 

of nitrogen surface groups near the Pd cluster also allows for a significant decrease of the energy 

barrier for H-migration. Energy barriers of 18.4 (pyridinic group) and 11.5 kcal.mol-1 (pyrrolic 

group) were estimated in the case of a fully covered Pd4 cluster.608 
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Figure 46. a) Optimized structures of the initial and final states and DFT-calculated reaction 

coordinate scans for the migration of H from a Pt4 cluster to epoxide O on a model graphite 

surface. Reprinted with permission from Psofogiannakis, G. M.; et al. J. Am. Chem. Soc. 2009, 

131, 15133-15135.1024 Copyright 2009 from the American Chemical Society; and b) Fully 

relaxed Pd4 cluster saturated with H, next to a hydrogenated phase (gray area), and plot of 

energies of intermediate images for the barrier calculation versus the reaction coordinate. 

Reprinted with permission from Singh, A. K.; et al. ACS Nano 2009, 3, 1657-1662.1065 

Copyright 2009 from the American Chemical Society. 

 

Many experimental studies were also conducted to measure the hydrogen spillover in carbon-

supported catalysts, and to identify/characterize the key involved species. Hydrogen adsorption 

isotherms and advanced DFT modelq can be used to obtain accurate values on physisorbed, 

chemisorbed and spilt-over contributions.1066 Direct evidence for the spillover of atomic 

hydrogen may be studied by several techniques. Inelastic neutron scattering  has been used for 
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the characterization of catalysts;1067 since this technique reveals the state of hydrogen, in either 

atomic or molecular form, and provides a direct quantitative evaluation of the amount of 

hydrogen adsorbed on carbon in an atomic form via spillover.368,1009,1068-1072 The existence of 

hydrogen-rich domains around the metal particles has been proposed from an INS study 

conducted on a Pt/C catalyst.1009 Using EXAFS, Shen and coworkers have demonstrated that 

palladium hydride phase can be even formed, in the context of electrochemical reduction of 

CO2 to synthesis gas with controlled CO/H2 ratio,1073 a result also confirmed by XANES under 

operando conditions when Pd/C catalysts are in the presence of hydrogen.1074 Hydrogenation 

of the carbon support of a Pd/C catalyst by H-spillover was observed under harsh hydrogenation 

conditions (high pressure and temperature) to give a material with contributions that strongly 

resemble those of an amorphous hydrogenated carbon.1072 The reactivity of defects/vacancies 

has also been probed by INS coupled with NMR studies.1069 INS studies have evidenced the 

occurrence of atomic H-spillover from Pt or Pd surfaces to unsaturated reactive sites on the 

carbon support, and in particular to those located at the irregular borders (edges),368 with the 

formation of C-H bond.1075 These sites can be completely saturated during the hydrogenation 

process. Small-angle neutron scattering (SANS) has been used for the determination of the 

clustered structure and spatial distribution of hydrogen adsorbed in the porosity of carbon 

materials.1076 In situ conductivity and ex-situ XPS studies have shown that spillover is 

responsible for molecular hydrogen hydrogenation of a Pt/CNT catalysts,1077 and that stable C-

H bonds are formed during the process.1077,1078 In situ electrical studies were also performed on 

Pd/C to evidence that H-spillover contributes to a decrease of the electrical conductance of the 

carbon film.1079 In-situ high-pressure Raman spectroscopy and DFT calculations were used to 

probe reversible spillover in Pt/C catalysts.1080 The hydrogenation apparently occurs through H 

surface diffusion in a chemisorbed state, while dehydrogenation requires surface oxygen groups 

and the back-diffusion of the chemisorbed species to platinum. Diffuse reflectance infrared 
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Fourier transform spectroscopy (DRIFTS) was employed to identify the various chemical 

species formed during the reaction of H2 and Ru/C.1081 In the absence of Ru, only physisorbed 

H2 was detected at room temperature. On Ru/C, in addition to the physisorbed H2, the formation 

of water, surface hydroxyl groups (X-OH, where X = C or Ru), and C-H bonds was evidenced. 

A TPD study of nitrobenzene (coupled with CO poisoning) on Pt/N-doped-C catalyst has 

provided interesting information: i) the H amount is significantly higher than the chemisorption 

capacity of Pt; ii) the spiltover H are mobile and reverse spillover from the support to the metal 

can occur; and iii) the spiltover H are not active for nitrobenzene hydrogenation and thus 

possibly stored protons on the surface, and electrons in the bulk of the support.1082 This later 

mechanism possibility, involving both protonic and electronic conductions was already 

proposed in 1977 by Kerren and Sofer. It could explain the positive role of surface oxygen 

groups and water in the diffusion step.1083 The coexistence of strongly chemisorbed H+ ions and 

weakly chemisorbed H atoms has also been proposed.1084  

Further different parameters have been identified as affecting the spillover. First, the presence 

of nitrogen-1085 or sulfur-1086 but mostly oxygen-surface groups (such as hydroxyl groups) 

enhanced surface diffusion, or reversible adsorption, of the spiltover H atoms, even if surface 

functionalization of the support decreases its specific surface area and pore 

volume.513,1027,1028,1030,1087-1093 As discussed previously, it can be due to an improved migration 

from the metal to the support, but also to a higher dispersion of the metallic phase on the 

functionalized support.513,1030,1083,1085,1088 Based on deuterium TPD experiments, Guerrero-Ruiz 

et al. have proposed that carboxylic and/or lactonic groups should be involved in spillover, 

whereas phenols and carbonyls seem to be less efficient for the migration of D atoms and/or for 

their collection.1090 The superiority of semiquinone groups for enhanced spillover related to 

phenol groups was proposed by Yang et al.1030 Similar studies should be definitively 

encouraged to confirm these results and compared them to theoretical works. NMR and Raman 
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studies have also evidenced that small amounts of carboxylic groups contribute to improved 

spillover efficiency.1091 A synergistic role of water and surface oxygen groups has also been 

reported.1027 It has also been suggested that the removal of surface oxygen groups that may 

create surface defects can also improve the spillover.1094 The addition of sodium on a Ru/C 

catalyst inhibits the spillover phenomenon.1093 Beside the concentration and type or surface 

oxygen species, the specific surface area of the support,1095,1096 the metal particle 

dispersion1009,1097,1098 and  its composition1099 have been shown to play a role on the spillover. 

High surface area and dispersion provide a favorable environment. Particularly, it has been 

shown for Pt and Ni that when the size becomes less than 1 nm, the spillover is drastically 

enhanced compared to larger particles (1-2 nm).1100,1101 EXAFS analyses have shown that for 

sub-nanometer Pt clusters the Pt-Pt bond is significantly contracted relative to bulk values. 

Interestingly, the influence of the support’s dimensionality (1D - CNT, 2D - graphene, and 3D 

- activated carbon) on the spillover has been reported.1102 CNT are superior to graphene, which 

is superior to AC. For CNT, the most significant parameters are their specific surface area and 

their length; higher area and shorter CNT yielding faster kinetics. The degree of metal-carbon 

contact contributes to enhance hydrogen spillover.1094 The effect of temperature is also 

important and it has been shown that spillover is increased with increasing temperature from 

273 to 353 K.1103 Beside the diffusion of hydrogen on the surface of the support, hydrogen 

spillover through the gas phase was also evidenced experimentally.1104,1105 Primary (between 

the metal and a first carbon material) and secondary (between the first carbon material and a 

second carbon material) spillover through a carbon bridge (formed with the addition of sucrose) 

was reported by Yang et al (Figure 47a).1106,1107 This finding has to be related to the early works 

of Boudart, which have highlighted the importance of “carbon contaminants” on the platinum 

surface that provide bridges permitting surface diffusion of hydrogen atoms from Pt to the 

carbon support.1108 Fullerenes C60 constituted excellent acceptors or bridges that promotes the 
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spillover, and the strength of the H-C60 interaction is in between physisorption and 

chemisorption.1109 Primary and secondary spillovers in a Pt/CB/C60 composite are sketched on 

Figure 47b. 

 

 

Figure 47. a) Primary and secondary spillover enhancement by improved contacts and bridges. 

Reprinted with permission from Lachawiec, A. J.; et al. Langmuir 2005, 21, 11418-11424.1107 

Copyright 2005 from the American Chemical Society; and b) A structure model describing H2 

spillover on a Pt/CB/C60 composite. Adapted with permission from ref 1109. Copyright 2018 

from the Royal Society of Chemistry. 

 

Although spillover has been regularly invoked in the literature to rationalize catalytic results 

involving carbon-supported catalysts, particularly for hydrogenation reactions, relatively few 

specific studies have been published. As defective carbon materials are able to activate 
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hydrogen by themselves, the involvement of H-spillover in hydro-processing reactions 

involving carbon as catalyst has been discussed,1110 but is out of the scope of this review. 

Hydrogen spillover has been detected for various reactions involving carbon-supported metal 

catalysts, such as but not limited to hydrogenation,897,899,1082,1102,1111-1120 dehydrogenation,1121-

1130 isomerization,1131-1136 and syngas conversion.1137-1142  

The involvement of H-spiltover species in benzene hydrogenation (373-393 K) has been 

reported for Ru/C,899 Pt/C1111 and Ni/C catalysts.1112 In these two latter studies, H2 

chemisorption and/or TPD experiments have highlighted H-spillover on these catalysts. Since 

spillover is often postulated when the dilution of catalyst increases its activity, this argument 

was proposed here. In both cases, the benzene hydrogenation activity increased upon dilution 

of the catalysts because of the existence of the hydrogen spillover effect. In the case of the Ru/C 

catalysts, Ru particles were deposited onto a porous carbon to form a sandwiched Ru/C 

structure. The intimate interfacial contact between Ru NP and the support supposedly favors 

the H-spillover, and in fine explains the high activity of this catalyst. For 1-hexene 

hydrogenation (323 K), H-spillover was also demonstrated by diluting a Pt/C catalyst with 

activated carbon.1113 The initial conversion of 1-hexene was increased from 86.5% to 98.5% 

when the Pt/C catalyst was diluted. In the hydrogenation of anthracene (573-593 K), H-spillover 

was proposed for Ni/C1118 and Pd/C catalysts.1116 It is worth mentioning that this proposition is 

supported by the fact that carbon materials have been reported to be active in this reaction under 

similar conditions.1119 In the gas phase hydrogenation of butyronitrile (383 K), the higher 

activity of Pd/C compared to Pd/Al2O3 has been attributed to an increase of the total surface 

hydrogen (chemisorbed on Pd and spiltover, from H2 TPD) on the Pd/C catalyst.1117 For the 

hydrogenation of diphenylacetylene on Pd/C catalysts (C = CNT, AC and FLG), pure catalysts 

and composites (1 catalyst + 1 support) were used to evidence the role of primary and secondary 

spillover.1102 For primary spillover, the steps in which Pd participates are rate limiting. For 
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secondary spillover, the hydrogen atoms need to travel longer distances, and this step is 

proposed to be limiting. The authors have found that the increase kinetics in the presence of 

spillover agents is strongly correlated with the dimensionality of the carbon materials CNT (1D) 

> FLG (2D) > AC (3D). Short CNT with high surface area have been identified as the best 

support. Beside the dimensionality and the length of CNT, it has also been suggested that the 

arrangement of the graphene layer in CNT could favor spillover. In the case of Ag particles 

located inside herringbone and conventional (parallel-type) CNT, diffusion of spiltover H to 

the interplanar spaces of herringbone CNT has been proposed.897 It was shown that these 

spiltover H species can contribute to the reduction of Cu particles present on the CNT, and to 

the activity of the Ag/CNT catalyst towards the selective hydrogenation of dimethyl oxalate. 

The superiority of herringbone CNT towards parallel-type CNT for H-spillover was also 

discussed in a study of Pd-ZnO/CNT catalysts for CO2 hydrogenation to methanol.1115 In that 

case, it was proposed that the higher concentration of dangling bonds on herringbone CNT 

should favor the H-spillover compared to parallel-type CNT. The authors also proposed that 

this spillover generates a microenvironment around the metallic particles with high 

concentration of active H-species, thus increasing the rate of CO2 hydrogenation. Involvement 

of H-spillover has also been proposed for crotonaldehyde hydrogenation on Pt/C catalysts.1120 

In that case, the better performances in terms of selectivity towards the hydrogenation of the 

C=O bond obtained on oxidized supports have been rationalized in part by spillover. First, it 

was proposed that active centers are formed on the support upon the decomposition of oxygen 

surface groups during catalyst activation under dihydrogen, which can chemisorb nascent 

hydrogen spilt from the platinum NP. Second, the H-species on the support near Pt could 

polarize the C=O bond, through their interaction with the oxygen atom. This interaction would 

activate the C=O bond for the attack of hydrides on the Pt surface. In the case of nitrobenzene 

hydrogenation on Pd/C1114 or Pt/C1082 catalysts, if hydrogen spillover has been detected, no 
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evidence of an involvement of H-spiltover species in the hydrogenation performances was 

reported. Finally, hydrogen spillover was also reported in the case of RuCu bimetallic catalysts 

on carbon catalyzing the hydrogenation of alginic acid into sugar alcohols.1143 The intimate Ru-

Cu interaction facilitates hydrogen spillover from Ru to Cu, which enables Ru to maintain its 

hydrogenation activity in spite of a decrease in active Ru exposed due to Cu decoration. 

In some dehydrogenation reactions involving C-H or O-H bond cleavage, the rate at which 

the adsorbed hydrogen atoms, form upon substrate activation or recombine to form dihydrogen 

can be rate limiting. In that case, the reverse spillover (from the support to the metal) can 

contribute to an enhancement of the activity. Carbon materials can catalyze the 

dehydrogenation of aliphatic and alicyclic hydrocarbons. In these reactions, it has been reported 

that the use of a carbon-supported catalyst merely accelerate the desorption of hydrogen through 

reverse spillover (Figure 48a).1121,1122,1126,1129 The catalytic activity of the supported catalyst is 

suppressed by hydrogen molecule in the gas phase, due to the normal spillover effect. It has 

also been demonstrated that it is possible to use the spiltover-H for hydrogenolyzing 

organosulfur compounds that exist in petroleum fractions.1126 In that case, the sulfur compounds 

incorporated in a hydrocarbon dehydrogenation system react with the hydrogen atoms on the 

metals to form hydrocarbons and hydrogen sulfide by hydrogenolysis without any consumption 

of gaseous hydrogen (Figure 48b). The reverse spillover was also invoked in dehydrogenation 

of cycloalkanes using two metals supported on carbon supports. In the case of Ag/C1130 and 

Ni/C1128 catalysts, the addition of small amounts of platinum significantly increases the activity 

of the catalysts for the dehydrogenation of cyclohexane. The increased catalytic activity has 

been tentatively attributed to the easy formation of molecular hydrogen and its rapid desorption 

due to the reverse spillover on Pt. Hydrogen spillover was invoked when physical mixture of 

Pt/C and Pd/C were used for dehydrogenation of various cycloalkanes.1127 The catalyst mixture 

showed higher activities than the Pt/AC catalyst alone due to the synergistic effects of spillover, 
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migration, and recombination of hydrogen over Pt/C and Pd/C. Decalin dehydrogenation was 

studied on Pt/C and Pt/Al2O3 catalysts.1123 Although the exact role of H-spillover over activity 

was not fully understood, it was proposed to rationalize the superior activity of Pt/C even though 

the Pt dispersion was similar on both supports. Finally, hydrogen spillover was also suggested 

to play a role in the dehydrogenation of NaAlH41124 or LiAlH41125 on metal-supported carbon 

catalysts. The metal particles can catalyze the decomposition of the hydrides, but also assist H2 

formation by recombination of H spiltover from the hydrides to the support (Figure 48c). It is 

also possible that part of the dihydrogen generated by catalytic decomposition of the hydride is 

lost in the support due to the spillover on the metallic particles.1125 

 

Figure 48. a) Model of hydrogen reverse spillover during cyclohexane dehydrogenation. 

Reprinted from ref 1126; b) model of hydrogen transfer hydrodesulphurization of thiophene. 
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Reprinted from ref 1126; and c) Schematic representation of spillover during the dehydrogenation 

of NaAlH4. Reprinted with permission from ref 1124. Copyright 2011 from Elsevier. 

 

Hydrogen spillover over macroscopic distances on a combination of carbon-supported 

catalysts (Pd/C and a bimetallic catalyst) was evidenced in dual-bed reactor (Figure 49a) for 1-

butene isomerization.1131,1133 In this reactor, the hydrocarbon never contacted the Pd/C catalyst, 

and the bimetallic catalysts alone (Fe or Co, and a lanthanide metal deposited on the same 

carbon support that Pd) have no measurable activity for the investigated reaction at 313 K; 

likely because they cannot dissociate dihydrogen at this temperature. The activation energy for 

the reaction was found to be 1.9 kcal.mol-1 for the Pd/C catalyst, 10 kcal.mol-1 for a FeCe/C 

bimetallic catalyst, and 1.7 kcal.mol-1 for the same catalyst in the dual-bed reactor. The function 

of Pd/C is simply to generate H-spillover species, and the isomerization of butene occurs in the 

separate section of the reactor containing the bimetallic catalyst (Figure 49b). The results of 

this study support the fact that spillover can explain the activity synergy observed during alkene 

isomerization over similar trimetallic catalysts and physical mixtures of catalysts.1144-1146 
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Figure 49. a) Segregated bed reactors: dual-bed, dual-feed reactor. Reprinted with permission 

from Weigle, J. C.; et al. Langmuir 2004, 20, 1189-1193..1131 Copyright 2004 from the 

American Chemical Society; and b) Hydrogen dynamics within the dual-bed reactor: (i) 

molecular hydrogen adsorbs and dissociates over the Pd/C catalyst, (ii) atomic hydrogen 

diffuses along the carbon support surface to the bimetallic catalyst sites, and (iii) 1-butene 

adsorbs and reacts at a bimetallic site, forming 2-butene. Adapted with permission from Weigle, 

J. C.; et al. AIChE J. 2004, 50, 821-828.1133. Copyright 2016 from John Wiley and Sons. 

 

The n-hexane skeletal isomerization was studied on Pt/CNF and Pt/SiO2 catalysts.1135 The 

Pt/CNF catalyst can activate n-hexane at lower temperatures than Pt/SiO2, with a high 

selectivity. These performances have been attributed to a higher abundance of surface H at the 

active Pt sites thanks to reverse spillover of hydrogen retained by the CNF.1132,1135 It was 

pointed there also that Pt on herringbone CNF shows higher spillover capacity compared to Pt 

on parallel-type CNF.1132 Hydrogen spillover has also been proposed as an important factor 

determining the lower deactivation via carbon deposition of Pt/CNF catalyst compared to 

Pt/SiO2.1134 A similar observation (lower fragmentation of the substrate compared to Pt/SiO2) 

was made for Rh/CNF catalysts involved in the ring-opening reactions of methylcyclopentane; 

and there also this was attributed to the highest reverse spillover supplying H to the metallic 

sites.1136 

Hydrogen spillover was also reported to be involved in reactions with syngas such as FTS1138 

or higher alcohol synthesis (HAS).1137,1139 In FTS, the H-spillover effect has been proposed to 

be involved in the improvement of the reduction of Co-based catalysts on carbon supports, 

thanks to their functionalization with oxygen surface groups.1140-1142 The same phenomenon 

was proposed to take place when the Co catalyst was doped with a minute amount of noble 

metal (Ru) to assist the cobalt reduction (Figure 50).1138 In the case of HAS, the excellent 
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performances of a CoMo-K/CNT catalyst were attributed to its ability in adsorbing and 

activating H2, and in promoting H-spillover.1137,1139 Based on TPD analyses, it was proposed 

that large amounts of reversibly adsorbed H-species on the catalyst surface would generate 

surface microenvironments with high stationary-state concentrations of H-species on the 

catalyst. Beside these reactions, H-spillover was also proposed to play a significant role in other 

thermally activated reactions involving carbon-supported catalysts.992,1147-1153 Table 7 

summarized the main findings reported in these studies. 

 

 

Figure 50. Pathways for spillover-assisted Co reduction on Ru-Co/C catalyst, a) primary; and 

b) secondary spillover. (i) Molecular hydrogen; (ii) dissociative adsorption; (iii) spillover; (iv) 

hydrogen atom surface migration; (v) spillover; and (vi) reduction and water removal. 

Reprinted with permission from Phaahlamohlaka, T. N.; et al. ACS Catal. 2017, 7, 1568-

1578.1138 Copyright 2017 from the American Chemical Society. 

 

Finally, H-spillover is also a phenomenon that is relevant in electrocatalysis. In PEMFC, 

catalysts typically consist of Pt NP dispersed on carbon black. H-spillover in such catalysts has 

been evidenced in various studies, and the importance of specific surface functional groups (-

COOH, -SO3H) of the support on the diffusion processes has been evidenced.1047,1154-1156 

Although this effect could contribute to the electrochemical characteristics of the systems, 
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further works are needed to investigate the potential impact of H-spillover on these 

electrocatalysts, both for accurate characterization of catalytic systems and for the rational 

design of innovative functionalized carbon supports, allowing alternative routes of proton 

transfer. It is also worth mentioning that pre-treating Pt/C catalysts in H2 allows the removal of 

oxygen functional groups via H-spillover.1033,1157 This treatment produces more robust catalysts 

for PEMFC. Although no clear explanation has been given to explain this latter result, it is 

possible that the vacancies created upon functional groups removal contribute to Pt 

stabilization. 
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Table 7. Examples of reactions in which hydrogen spillover plays a role. 

Reaction Catalyst H-spillover involvement Ref. 
Hydrodechlorination 

(HDC) 
Pd/C and Ni/C (CNF, AC, graphite) Presence of chemisorbed-H (on Pd), spillover-H (on the carbon support), 

and hydride (associated with Pd) are reported. Spillover hydrogen can 
contribute to the catalytic activity of the supported metal. The HDC rate 
increases with decreasing metal surface area, where spillover-H allows 
enhancing HDC performances. 

1147-

1149 

Ammonia borane 
hydrolysis  

Ru/CNT The high reaction rate is attributed to a combination of H-spillover and 
strong interface interaction between metal and multi-walled CNT. 

1151 

Glycerol 
hydrogenolysis 

Cu-Ru/CNT Ru clusters are in contact with the Cu NP. The Ru clusters are inactive 
for hydrogenolysis, but generate and transfer via hydrogen spillover H-
species to the Cu surface. The Cu-Ru/CNT catalyst show similar 
selectivity for 1,2-propanediol than Cu metal, and much higher activity 
than Cu metal because of the H-spillover effect. 

1150 

Benzylic alcohol 
hydrogenolysis  

Rh/C The higher activity of Rh/C compared to Rh/Al2O3 is due to the 
formation of a better leaving group (OH2+) from the benzyl hydroxy 
group on the carbon support followed by the scission of the C-O bond 
with spillover hydrogen. 

1152 

H2O2 synthesis from 
H2/O2  

C-coated-Pt/SiO2 Competing reactions such as H2O formation and consecutive 
decomposition/hydrogenation of the produced H2O2 into H2O are 
suppressed when an amorphous carbon layer that can selectively allow 
the diffusion of H2 over O2 covers Pt. H2 diffuses through the carbon 
layer, dissociates on the Pt surface. Then the activated hydrogen diffuses 
to the outer surface of the carbon layers through H-spillover. The 
spiltover H can further react with O2 on the carbon surface without O-O 
dissociation to selectively form H2O2 (Figure 51). 

992,1153 
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Figure 51. a) Reaction pathways involved in the direct synthesis of H2O2; b) schematic 

representation for the reaction pathways in conventional Pt catalyst on open porous supports; 

and c) in Pt catalyst covered by amorphous carbon layers that allow selective diffusion of H2 

over O2. Reprinted with permission from ref 1153. Copyright 2014 from John Wiley and Sons. 

 

It appears obvious from the analysis of the modeling literature that the “imperfections” of the 

carbon support such as oxygen surface groups, lattice dopants and defects will play a crucial, 

and most of the time positive, role on the spillover mechanism. These imperfections will affect 

the bonding of the cluster on the support, the binding energy of hydrogen molecules or atoms 
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on the metal, the migration energy of H atoms from the metal to the support, and finally the 

diffusion of hydrogen on the support. The exact role of these imperfections needs definitively 

further works, since it can be at the origin of the discrepancies often observed between 

theoretical and experimental studies, but also between different experimental investigations.1158 

Experimental studies have clearly shown that H-spillover can occur on carbon-supported 

catalysts, even at room temperature, depending on the metal and support natures. The exact 

nature of the H-species involved in spillover (radicals, protons, hydride, and activated 

hydrogen) remains unclear, and further works are necessary to gain further information on that 

issue. Direct or reverse, primary or secondary spillover have been observed, depending on the 

type of reaction. Gas phase and surface spillover have also been evidenced in different studies. 

The involvement of H-species arising from spillover in catalytic reactions has been also proved 

in many catalytic reactions. The role of these H-species can be direct (direct reaction with a 

reactant) or indirect. In that latter case the H-species can: i) create a favorable microenvironment 

in the vicinity of the metallic NP with high concentration of active H-species that will positively 

affect the reaction rate, ii) assist the reduction of a hardly reducible metal under the condition 

of the reaction, or iii) provide hydrogen to a (reduced) metal that is not able to dissociate 

hydrogen under the condition of the reaction, and give to him the opportunity to perform the 

aimed catalytic transformation. Finally, experimental studies have also shown that the H-

spiltover species can contribute to improve the activity the catalysts, but also their selectivity 

and even their stability. 

 

3.3.2 Oxygen spillover 

If hydrogen spillover on carbon materials is well documented, the literature on oxygen 

spillover, especially the comparison between theory and experiment, is quite limited for carbon 

surfaces. Its implication is most of the time limited to the creation of surface functional 
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groups,1159,1160 or related to the oxidation of the carbon support;1161-1163 although its implication 

in other reactions should also be envisaged. One particularity of oxygen spillover on carbon 

surfaces is that the presence of a metal is not a prerequisite, since experimental and theoretical 

works have shown that some specific sites can easily activate the dioxygen molecule.1164-1167 

Spillover involves interaction and mobility of reactant species over the support and the catalyst 

surface, and may occur in either direction, from the support to the catalyst edge and vice versa. 

Jiang et al. have proposed that oxygen spillover from the carbon support to Pt particles explains 

the increase in Pt utilization with catalyst layer thickness in a fuel cell electrode.1168 The 

adsorption energy of dioxygen changes from physisorption on perfect graphitic surfaces (Ea = 

6 kcal.mol-1)1169 to chemisorption for oxygen-containing functional groups on the edge of a 

graphite surface.1170 In that case, the O2 is strongly adsorbed onto the surface to form a four-

membered ring structure, in which the O-O bond is greatly weakened. The adsorption energy 

of O2 depends on the type of oxygen-containing functional groups. In the case of N-doped 

carbon materials, a chemisorption of O2 was also evidenced, with an adsorption energy of 14.7 

kcal.mol-1 close to a graphitic N.1169 Higher nitrogen concentration reduces the energy barrier 

efficiently for graphitic N.268,1171 This mechanism is relevant to the N-doped carbon catalyzed 

ORR in electrocatalysis. The adsorption and dissociation of O2 on N-G was followed 

experimentally with multiple in situ synchrotron spectroscopy experiments.1172 The interaction 

leads to O2 dissociation and formation of C-O single bonds on graphene. Change in the chemical 

environment of graphitic N upon oxidation is consistent with the adsorption of two oxygen 

atoms on the nearest carbon atom neighbors of the graphitic N (epoxy position), as predicted 

theoretically. The interaction of dioxygen with vacancies or Stone-Wales defects was also 

investigated by DFT.1173 Dioxygen was chemisorbed on SV in CNT, but physisorbed on perfect 

and SW-defected CNT. Radovic et al. have demonstrated by DFT that epoxide groups present 

on a graphitic surface are formed on the basal plane via spillover of atomic oxygen from 
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graphene edges.1159 The carbene-type sites on zigzag edges are susceptible to non-dissociative 

adsorption of O2 followed by its dissociation to a semiquinone oxygen (in the graphene plane) 

combined with an out-of-plane epoxy-type oxygen. The likely subsequent fate of the epoxy-

type oxygen is surface diffusion on the basal plane. The mobility of these groups, and how it is 

affected by the geometric/electronic properties of the graphene support has been studied by 

DFT.1174-1178 The adsorption energy of an isolated oxygen atom on graphene to form an epoxide 

is 53 kcal.mol-1, indicating a strong adsorption with small variations according to the surface 

coverage.1175 However, the migration barrier of these oxygen atoms on graphene is only 17-18 

kcal.mol-1 (inclusion of van der Waals correction in DFT reduces the value by 10.4 kcal.mol-1) 

and makes oxygen diffusion possible.1175,1177 Thus, although a single oxygen atom is very 

difficult to desorb,1174 cooperative desorption of two oxygen atoms should be feasible.1175 DFT 

calculations have also shown that a correlation exists between the strength of the “leaving” 

epoxide group and the epoxy oxygen-hopping barrier. Under the most favorable conditions, 

oxygen mobility is of the same order as that of gas-phase O2 in micropores.1174 Both geometric 

and electronic properties of graphene affect this energy barrier.1174,1177 DFT calculations on 

diffusion of oxygen on the surface of a defective graphene sheet have shown that atomic oxygen 

diffuses at different rates depending on the local environment; however with relatively low 

barriers (mostly < 23 kcal.mol-1), and in some cases lower than on pristine graphene.1177 The 

effect of strain on graphene on oxygen diffusion has also been studied, and it appears that the 

energy barrier for atomic oxygen diffusion increases with strain, from 16 kcal.mol-1 for pristine 

graphene to 20.2 kcal.mol-1 on strained graphene.1176 The importance of electronic properties 

and the carrier density (modified with an external gate voltage) on the atomic oxygen diffusion 

has also been evidenced.1178 For pristine graphene, a barrier of 16 kcal.mol-1 was calculated; 

however, upon electron doping the barrier decreases almost linearly to reach values as low as 

3.4 kcal.mol-1 for densities of -7.6.1013 cm-2 (corresponding to one electron added to the 
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calculation cell). Interestingly, ab initio calculations have shown a strong tendency of epoxy 

groups to form tightly packed structures (clusters).1179 Indeed, O atoms added in close proximity 

to another O have a greater binding energy than O atoms separated by larger distances.1180 This 

clustering can further induce an easier desorption of O2,1181 and changes in the material’s 

conductivity.1182 It has been also shown that it is energetically favorable for the epoxide groups, 

if combined with hydroxyl groups, to aggregate together and to form specific types of strips 

with sp2 carbon regions in between.1183 

The adsorption and dissociation of molecular oxygen was also studied on metals (atoms or 

clusters) deposited on graphene, which is a key step in the ORR.493,578,616,1184-1193 Unfortunately, 

most of these studies concentrate on the dissociation of O2 on the metal, but do not treat the 

possible hopping of oxygen atoms on the support. Compared to carbon vacancy in graphene, 

the introduction of TM single atoms may increase the dissociation barriers of the O2 molecule, 

and, depending on the metal, the O=O bond is not necessarily broken.1185-1187,1193 The possible 

involvement of the carbon support on this process has been suggested, and in that case an epoxy 

group can be formed (Figure 52a,b).1187,1193 For Pt, the energy barrier for all the process is 27.7 

kcal.mol-1,1193 whereas it is only of 9.2 kcal.mol-1 for a Ni single atom.1187 Compared to N-

graphitic carbon in N-G, the introduction of TM single atoms (M-N4 environment) may 

decrease the dissociation barriers of O2, and the O=O bond is generally broken.1184,1188,1190,1191 

In that case also, involvement of the carbon support and formation of an epoxy group has been 

proposed (Figure 52c), with energy barriers of 16-35 kcal.mol-1 for the overall process, 

depending on the metal (Fe, Co or Mn).1190 For an iron-based system, the energy barrier to pass 

from the species where O2 is dissociatively adsorbed on the iron center to the [Fe-O + epoxy] 

system is only of 11.5 kcal.mol-1. 
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Figure 52. a) Side and top views of the optimized structures of O2-Pt1/CNT systems along the 

minimum energy path to the dissociative adsorption of O2. Reprinted with permission from ref 

1193. b) Dissociation paths of O2 on a Ni1/CNT single atom. Reprinted with permission from ref 

1187. c) Minimum energy path for the O2 dissociation after the adsorption on the metal of the 

Co−N4 center in graphene. Reprinted from Orellana, W. J. Phys. Chem. C 2013, 117, 9812-

9818.1190. Copyright 2013 American Chemical Society. 

 

On Ptn clusters (n = 4,493,616 13578 or 38493) deposited on various graphene (vacancy, N-doped), 

O2 is first adsorbed molecularly with adsorption energy ranging between 34.5 and 53 kcal.mol-

1 according to the cluster size and the nature of the support. Then, on Pt4 cluster, low energy 

barriers have been reported for O2 dissociation (7 to 8 kcal.mol-1), according to the nature of 

the support,616 since the supports induce positive polarized charges on Pt that favor the O2 
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dissociation. However, in that case, a direct implication of the support and the formation of 

epoxy groups was not discussed. Using scanning tunneling microscopy and Auger electron 

spectroscopy, Novotny et al. investigated O2 interactions with easily reducible CeOx clusters 

on a graphene ML-covered Ru(0001) surface.1192 In the presence of molecular oxygen, the 

clusters promote the intercalation of oxygen under the graphene layer. The authors proposed 

that the mechanism for the intercalation includes the formation of holes in the graphene layer 

directly below the CeOx clusters, and oxygen atoms are released from the CeOx clusters. 

Oxygen spillover is an important phenomenon related to carbon material oxidation, which is 

relevant for soot oxidation or electrode deterioration in fuel cells. In many studies, spillover is 

proposed to occur on the surface of an oxide, which can be the support of Pt (Al2O3 or SiO2) or 

the catalyst itself (transition metal oxides or CeO2).1160,1161,1194-1196 However, experimental 

studies dealing with catalytic soot oxidation have shown that activated oxygen atoms (oxygen 

spillover) can migrate from the metal (Pt) to the carbon via the gas phase.1162,1197-1199 In 

particular, Zeng et al. have stated that activated oxygen is mainly transported via the gas phase 

and that the generally accepted surface transport is indeed negligible.1199 A direct spillover of 

atomic oxygen on the carbon support has been first proposed by Baumgarten et al.1161 When 

the Pt catalyst is in direct contact with the carbon support, a dissociative adsorption of O2 on 

the metal followed by the spillover of atomic O to the carbon at the Pt/C interface.1163 Spillover 

of atomic O from Pt NP to graphite has also been proposed in a combined XPS and STM study 

by Kalinkin et al,1200 in which the authors find that the supported platinum greatly enhance the 

graphite oxidation. Pd catalysts supported on FLG, CNT and AC have been used in the aerobic 

oxidation of aromatic alcohols using molecular oxygen.1201 Based on O2-TPD analyses, the 

superior performances of the Pd/FLG catalyst have been attributed to an enhanced oxygen 

spillover from Pd to the adjacent bridge sites of graphene. 
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3.4 Effects of surface functional groups on catalysis 

We have seen in section 2 that the surface functional groups of carbon materials play a crucial 

role in the anchoring of the active phase. We also saw in sections 3.1 and 3.3 that their presence 

could have a significant impact on charge transfer and spillover. To be complete we have to 

discuss the direct influence of the presence (or absence) of these functional groups on metal-

catalyzed reactions. Indeed, the surface functional groups may be involved either in the 

adsorption/desorption step, or directly during the chemical transformation (Figure 53). As far 

as adsorption/desorption modification is concerned it is mainly an effect of the support’s 

polarity. When considering chemical reactivity, we can distinguish between: i) bifunctional 

catalysis, where the surface functional groups ensure one catalytic function (most of the time 

acid catalysis) and the metal another one; and ii) cooperative catalysis where the functional 

groups and the metal operate concertedly during a single chemical transformation. 

 

 

Figure 53. Direct effects of surface functional groups on catalysis. 
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3.4.1 Effect of support polarity 

Different studies, dealing with the selective hydrogenation of cinnamaldehyde, have reported 

that the presence/absence of the surface oxygen groups of carbon supports, plays a role on the 

performances of metal supported catalysts. Thus, for Pt/CNF,1202-1204 Ru/CNF,1204,1205 

Pt/CNT,1206,1207 Ir/CNT1207 and PtRu/CNT108,637 it was shown that the removal of oxygen 

surface groups by a heat-treatment under inert atmosphere at 973 K significantly affects the 

catalytic activity. For all the investigated systems, a significant increase in activity is observed 

upon oxygen surface group removal, while particle size effect is unlikely to bring about such 

changes in catalytic performance. For Pt/CNF, the intrinsic reaction rate is increased up to a 

factor of 120 by the removal of the oxygen surface groups. Additionally, adsorption constants 

increase significantly, suggesting that the hydrogenation is assisted by adsorption of the 

aromatic ring of cinnamaldehyde on the non-polar CNF support surface after removal of the 

oxygen-containing groups.1203 The adsorption of aromatic rings enables the periphery of the 

metal NP to participate in the hydrogenation. This adsorption may result in the preferential 

orientation of the C=O bond towards the metal surface, which could explain the higher 

selectivity towards cinnamyl alcohol observed for the support with low amount of surface 

oxygen groups.1204  

For the selective hydrogenation of resorcinol (RES) to 1,3-cyclohexanedione on Pd/rGO 

catalysts, the high selectivity obtained in apolar solvents is attributed to: i) the strong π-π and 

p-π interactions between the non-functionalized graphene surface and the aromatic ring and 

hydroxyl group in RES molecule; and ii) the weak interaction between 1,3-cyclohexanedione 

and the graphene surface (easy desorption). Similar effects and explanations were proposed for 

the same reaction with Pd/AC catalysts.1208 In the case of phenol and derivatives hydrogenation, 

the use of a polar and protic solvent (water) in combination with a hydrophilic support (g-C3N4) 

allows to reach very high selectivity towards cyclohexanone on Pd/g-C3N4 catalysts.1209 In this 
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system, phenol can interact with the surface through hydroxyl groups to form strong O-H…N 

or O-H…π interactions. Although an interaction of the phenol’s aromatic ring with the π 

electrons of the carbon nitride is not excluded, it is expected that such a π…π interaction is rather 

weak, and that the phenol therefore adsorbs in a non-planar fashion over the basic sites of the 

support (Figure 54a). The benzene ring of phenol is then partially hydrogenated to the enol 

(Figure 54b), which can isomerize rapidly to give cyclohexanone. Once formed on Pd, the 

cyclohexanone leaves the surface of the catalyst quickly, being replaced by a more strongly 

bound new phenol molecule (Figure 54c). A similar explanation was proposed to explain the 

high selectivity obtained in water towards cyclohexanone on palladium NP supported on 

hydrophilic (containing -OH, C=O and -COOH surface species) carbon supports.1210  

 

 

Figure 54. Proposed reaction mechanism of phenol hydrogenation to cyclohexanone over 

Pd/g-C3N4 catalyst.1209 
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For selective hydrogenation of aromatic carboxylic acids over Pd/N-C, it was clearly 

demonstrated that the introduction of nitrogen surface groups (predominantly pyridinic groups) 

notably improves the surface hydrophilicity and the adsorption of acid molecules.1211 Pd/N-C 

catalysts show an enhanced activity in water for the selective ring hydrogenation of benzoic 

acid (and also benzamide or removal of phenol) in comparison to undoped catalysts. In the case 

of benzene hydrogenation over Pt/AC1212 and Ru/AC1213 catalysts, a positive effect of the 

presence of surface carboxylic groups on activity was reported. Ru/AC catalysts were used in 

liquid phase with water for the selective hydrogenation to cyclohexene. The main role of water 

is to withdraw cyclohexene from the surface of the more hydrophilic catalyst, reducing its 

undesired hydrogenation. As far as activity is concerned, it was further proposed an stronger 

adsorption on benzene on acidic surface sites (-COOH). The rate enhancement could be 

associated with an additional contribution from the benzene molecules that adsorb on surface 

support acidic sites and then react either with chemisorbed hydrogen on the particle surface or 

with spiltover hydrogen.1111,1214 An influence of the hydrophilicity of the support was also 

reported in the enantioselective hydrogenation of methyl pyruvate over Pt/C catalysts.1215 The 

authors proposed that: i) the surface oxygen groups (whatever their nature) facilitate the reactant 

transport; and ii) hydrogen bond interactions exist between the oxygen atom from the substrate 

(C=O bond) and hydrogen species chemisorbed on the support (located on the active sites 

created after the thermal decomposition of the surface groups). Enantioselectivity is neither 

affected by the surface content nor by the chemical nature of the functional groups. Oxidation 

of benzyl alcohol with molecular oxygen has been investigated on Ru/CNF catalysts.1216 After 

partial removal of surface -COOH groups by annealing under N2, the catalytic activity is 

significantly reduced. It is proposed that the benzyl alcohol’s adsorption on the support through 

hydrogen bond could activate the alcohol group. Moreover, when the activated alcohol group 
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is close enough to oxygen atoms dissociated on Ru NP surface, benzyl alcohol is easily 

converted into benzaldehyde. A similar effect of oxygen surface group was also noticed for the 

same reaction on Co3O4/C catalysts.1217  

Interestingly, in the aqueous phase reforming (APR) of glycerol over Pt/CNT1218 and 

PtCo/CNT,1219 a negative impact of -COOH surface groups was reported. Compared to as-

received CNT support, if the Pt NP dispersion was improved on oxidized CNT due to the 

presence of surface -COOH groups, the TOF of APR was decreased by half. The TOF was 

recovered by removing the carboxylic groups via high temperature annealing. These results 

were rationalized by considering a competitive adsorption of water and ethylene glycol on the 

support. The introduction of -COOH groups increases the hydrophilicity of the CNT support 

and, therefore, the local concentration of water around the support. The decrease in the local 

concentration of ethylene glycol around the catalytic component (lower than that in the bulk 

liquid) leads to lower activity in terms of TOF. The effect of CNT functionalization (-COOH 

surface groups) on Pt particle size and catalytic activity has been explored by Haller et al. via 

different probe reactions.1218 The oxidized CNT supported catalyst have lower activity in 

reactions with a binary mixture (APR, 10 wt% ethylene glycol in water), both in aqueous and 

gas phase, where competitive adsorption does occur. However, for alkane dehydrogenation with 

a pure hydrocarbon reactant, the Pt particle size effect is more important. For the 

hydrodechlorination of chlorobenzenes over Pd/C, Pd/CB and Pd/CNF, a negative impact of 

surface -COOH groups was also evidenced.1220 Hydrodechlorination inhibition was attributed 

to chloroarene interactions with the surface -COOH groups that renders the reactant less 

susceptible to hydrogenolytic attack.  

In electrocatalysis, the use of sulfuric acid or chlorosulfuric acid functionalized carbon 

materials can improve the electrocatalytic performances thanks to an easier access for protons 

(higher ionic transport), and better wettability (higher water uptake).1221,1222 Electrochemical 
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characterizations have shown that catalysts supported on sulfonated carbons present better 

performances for alcohol electro-oxidation,1221,1223,1224 formic acid electro-oxidation,1225,1226 

ethylene glycol electro-oxidation1227 and ORR1228-1233 as compared to un-sulfonated supports. 

The basic sites of nitrogen-doped carbon were also used to improve the efficiency of Pt catalysts 

in the direct electroreduction and carboxylation of CO2 with halides.1234 It was proposed that 

the basic nitrogen sites of the support could adsorb CO2 molecules and increase the local CO2 

concentration around the Pt NP, which might account for the much higher yields obtained with 

Pt/N-C compared to the pure Pt NP. 

It was shown that it is possible to produce amphiphilic partially N-doped CNT containing in 

the same nanotube two different sections: a hydrophobic undoped part connected to a 

hydrophilic N-doped segment.1235 These CNT interact very well with aqueous media due to the 

hydrophilic N-doped section, whereas the undoped hydrophobic one has strong affinity for 

organic molecules. They have been used as pickering interfacial catalysts for oxidation of 2-

heptanol with molecular oxygen on Ru and Pd. 

3.4.2 Bifunctional catalysis 

It is first important to remind that carbon materials can be used as metal-free (electro)catalysts, 

and that their activity is related to the presence of surface groups or defects.46,1236-1239 Thus, 

diverse defects and chemical functionalities on graphene layers can catalyze reactions, 

including oxygenated functional groups, carbon vacancies and holes, edge effects, and the 

presence of dopant elements.1240 Although bifunctional catalysis with carbon materials is 

limited to metal-acid functionalities, since some carbon materials behave as a strong protonic 

acids,1241,1242 other functionalities could be exploited such as quinone groups as nucleophilic 

sites,1243 or pyridinic groups as basic sites.1244  



189 
 

Skeletal isomerization of alkanes into the corresponding branched isomers has attracted much 

attention as a catalytic process able to produce clean fuel with high-octane quality. The reaction 

is commonly carried out over bifunctional catalysts, with a hydrogenation/dehydrogenation 

function performed by a noble metal (often Pt or Pd) and acid sites for skeletal isomerization 

reaction involving carbenium ions.1245 Catalysts presenting a high degree of hydrogenation 

activity and a low degree of acidity are the best for maximizing hydro-isomerization versus 

hydrocracking. Generally, acidic oxide supports (zeolites, silico-alumino-phosphates, 

amorphous mixed oxides and mesoporous molecular sieves) are used as a support, but carbon 

materials have been also investigated. A Pt/AC catalyst showing an optimized acidity (-COOH 

surface groups) have shown similar performances than a commercial Pt/SAPO-11 catalyst for 

the hydro-isomerization of n-decane.1246 For the hydrogenation on myrcene on Pd/C catalysts, 

the better performances of catalysts prepared on oxidized supports bearing -COOH groups were 

tentatively attributed to an involvement of the carboxylic groups in the isomerization of the 

hard to reduce internal C=C bond of myrcene into an easy to hydrogenate terminal C=C 

bond.1247 Indeed, alkene isomerization on carbon materials bearing -COOH functionalities has 

already been reported elsewhere.1248,1249 Pristine, N-doped, and O-doped ordered mesoporous 

carbons were used as supports to prepare Pt catalysts for the hydro-conversion of n-heptane.1250 

The best performances have been achieved on the Pt/N-doped-C catalyst that shows a proper 

balance between the metal dispersion and the weak acid sites density, which is essential for n-

heptane activation. 

Tire oil hydro-processing (hydrodesulphurization, hydrocracking) has also been studied on 

bifunctional NiMo/AC1251 and PtPd/AC catalysts.1252 For NiMo/AC catalysts, it has been 

reported that the increase of the acidity of the support could yield faster isomerization rates, 

combined to those of hydrodesulphurization, and could significantly increase the removal of 

substituted dibenzothiophene species. In order to produce stable acidic sites, chemical 
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activation with H3PO4 has been performed on an AC; such a treatment produces oxygen-

phosphorus surface groups (mainly C-O-PO3 and C-PO3).1252 These phosphate groups are stable 

hydrocracking sites, with comparable performance to that of the acid sites present in amorphous 

SiO2-Al2O3. The PtPd/AC bifunctional catalyst is capable of removing 97.3% of the original 

sulfur and up to 97 wt% of the heavy gasoil molecules in the pretreated tire oil. 

Bifunctional catalysts present the advantage of integrating several catalytic processes 

(hydrogenation, oxidation, hydrolysis, or dehydration, etc.) that are usually tandem or parallel 

in the transformations of biomass. Thus, metal/acid bifunctional catalysts are also used for 

biomass valorization in various reactions of a biorefinery45 such as: cellulose hydrolytic 

hydrogenation towards C2-C6 sugar alcohols (Ru/C and Pt/C),1253-1256 conversion of levulinic 

acid to γ-valerolactone (Ru/C),1257 or sugar conversion to alkyl lactate and lactic acid (Sn/AC-

SiO2).1258 

The mechanism of the heterogeneous metal/acid-catalyzed direct conversion of cellulose to 

sorbitol consists first in cellulose proton-catalyzed hydrolytic depolymerization at the glycoside 

bond by the acid sites of the support,1259 followed by the metal-catalyzed hydrogenation of the 

so-formed glucose.1260 On Pt/CB catalyst without acidic sites it is proposed that both reaction 

can occur on Pt, but that the rate-determining step is the hydrolysis one.1261 On Ru/C catalyst 

without acidic sites, supposedly the reaction proceeds through two steps: cellulose hydrolysis 

to glucose by acids, that are reversibly formed in situ from hot water, and subsequent glucose 

hydrogenation by supported Ru NP.1262 It is also known that carbon materials presenting acidic 

surface functional groups (-SO3H, -COOH, and -OH) are active for the hydrolysis of cellulose 

into saccharides.45,1263-1268 Ru/C catalysts are also reported to be active for cellulose hydrolysis 

to glucose.1269,1270 In that case, a synergistic effect between the support and Ru is observed, in 

which the main role of the carbon support is the hydrolysis of cellulose to oligosaccharides, 

while Ru promotes the conversion of oligosaccharides into glucose. Generally, high sorbitol 
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yields are achieved only if the hydrolysis is the rate-determining step, and a fast hydrogenation 

reaction prevents the degradation of the thermolabile glucose. In that context, the use of 

bifunctional metal/acid catalysts combining a hydrogenating metallic center and an acidic site 

of the carbon support has been investigated (Table 8). Some important findings are summarized 

below. First, it is found that ball-milling of cellulose and catalyst (mix-milling) drastically 

improves the yield of glucose and oligosaccharides, due to better contacts between the solid 

cellulose and solid catalyst.1264 It was also proposed that acids necessary for the hydrolysis can 

be reversibly formed in situ from hot water,1262 although the role of the support or the metal in 

this process was not discussed. Thus, the same Ru/C catalyst is active in water and inactive in 

either protic (ethanol) or aprotic (dioxane) solvents. However, other authors have shown that, 

even in hot water, acidic groups of the support are mandatory to have an activity on Ru/AC 

catalysts.1255 Indeed, AC, AC-SO3H and Ru/AC are found not to be active for sorbitol 

production, whereas the Ru/AC-SO3H catalyst is very active. As far as surface functional 

groups are concerned, a synergistic effect between surface -OH or -COOH and -SO3H groups 

was reported.1271,1272 The carbon material is capable of adsorbing β-1,4-glucan thanks to the -

OH or -COOH surface groups, and -SO3H groups function as active sites for both decomposing 

the hydrogen bonds and hydrolyzing the β-1,4-glycosidic bonds. In the case of a Pt/rGO catalyst 

it is proposed that the acidity is maintained throughout the reaction thanks to hydrogen spillover 

from the metal to the support.1273 In the same study, the authors have compared different carbon 

materials for the catalytic conversions of cellobiose (a diholoside produced by the degradation 

of cellulose) into sorbitol. The best performances follow the order: rGO > GO ≈ CNT >> AC > 

G. As far as the choice of the metal to reach high sorbitol selectivity is concerned, different 

results are obtained according to the nature of the support. On carbon black, the order follows: 

Pt > Ru >> Ir >> Rh > Pd.1261 On CNT the order is: Ru >> Ir > Rh > Pt >> Pt > Fe >> Co ≈ Ni 

≈ Ag ≈ Au.1256  
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Table 8. Bifunctional metal/acid catalysts for direct conversion of cellulose to sorbitol. 

 

Catalyst Conditions Cellulose 
conversion (%) 

Sorbitol 
selectivity (%) Ref. 

10 wt.% Ru/AC-SO3H Ball-milled cellulose 50 mg, catalyst 20 mg, water 12 mL, 438 K,  
50 bar H2, 24 h 81 58.7 1255 

5%Pt/AC-SO3H 1.12 g microcrystalline cellulose, 0.48 g cat., 40 mL water, 453 K,  
20 bar H2, 24 h 

46.9 40.2a) 
1253 5%Ru/AC-SO3H 38.3 31.7a) 

3%Pt/AC-SO3H 1.12 g ball-milled cellulose, 0.48 g cat., 40 mL water, 453 K,  
20 bar H2, 24 h 

88.6 49.4a) 
3%Ru/AC-SO3H 94.8 41.7a) 

5%Ru/CB-SO3H Cellulose (500 mg), catalyst (125 mg), distilled H2O (25 g), 463 K,  
50 bar H2, 3 h 68.8 43.5 1254 

1%Ru/CNT-COOH Cellulose (crystallinity, 33%) 0.16 g; catalyst 50 mg; H2O 20 mL,  
458 K, 50 bar H2, 24 h - 69b) 1256 

2%Ru/ACc) Milled cellulose 324 mg, catalyst 50 mg, water 30 mL, 2-propanol 10 
mL, 463 K, 18 h 80.2 36.8 1274 

2%Ru/ACc) 324 mg of cellulose oligomers, catalyst 100 mg, 20 mL of water, 20 mL 
of 2-propanol, 15 bar Ar at room temperature, 20 min. 75 35.3a),b) 1275 

5%Pt/rGO Cellulose 171 mg, catalyst 50 mg, 20 mL of water, 463 K, 50 bar H2,  
24 h 84 54 1273 

1%Rh-5%Ni/C 0.5 g cellulose (Merck, microcrystalline), 0.15 g catalyst, 50 mL water, 
518 K, 60 bar H2, 30 min. 100 51.5 1276 

7.5%Ni/CNF Ball-milled cellulose 1 g, 0.5 g catalyst, 50 mL water, 463 K, 60 bar H2, 
24 h. 93 76d) 1277 

a) Sorbitol and mannitol, with an average ratio of 50-60% sorbitol and 40-50% mannitol based on ion chromatography measurements. b) Sorbitol yield. c) Transfer 
hydrogenation. d) Hexitol yield. 
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It is also evidenced that a minimal metal (Pt or Ru) loading (ca. 3-5 wt.%) is necessary to 

promote the hydrogenation of glucose to sorbitol versus other acid-catalyzed reactions.1253 The 

same observation is made for Ni/CNF catalysts, and in that case the optimum Ni loading is 

7.5% w/w.1277 For the same catalyst, the balance between the hydrogenation and the acid 

functions has been also examined, and it is found that a relatively high amount of Ni surface 

atoms and a low density of Brønsted acid sites show the highest hexitol yields. Finally, transfer 

hydrogenation with 2-propanol has been also investigated as an alternative to H2 pressure for 

this reaction on Ru/C catalysts.1274,1275 Experiences with deuterium (D2 and D2O) have allowed 

to establish that the direct transfer of hydrides from 2-propanol to glucose occurs through a 

dihydride mechanism in which both hydrogen atoms are transferred to the ruthenium surface. 

The catalytic hydrogenation of levulinic acid (LA) involves a two-step sequence: a metal-

catalyzed hydrogenation of LA to 4-hydroxyvaleric acid (4-HVA), followed by an acid-

catalyzed intra-molecular esterification to γ-valerolactone (GVL) (Scheme 1).  

 

 

Scheme 1. Reaction scheme for the catalytic hydrogenation of LA (levulinic acid) to GVL 

(γ-valerolactone). 

 

Regarding the intramolecular esterification reaction of 4-HVA to GVL, it is assumed that the 

reaction is an equilibrium reaction catalyzed by a Brønsted acid. Two acids, LA and 4-HVA, 

are present in the reaction mixture and it is assumed that both catalyze this reaction. Thus, this 
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reaction was reported to proceed in water on Ru/C,1278-1281 Pt/C1282, Ir/C,1282 Ir/CNT,1283 

Fe@C,1284 Re/C,1282, Ni/C1282,1285 Pd/CNT1286 and Pd/C1280,1287 catalysts without the need of 

acid functions on carbon material. The best selectivity to GVL is obtained on Ru catalysts.1282 

However, it has been shown that in water, surface hydroxyl groups are formed on a Ru/C 

catalyst, and that the formation of these groups coincides with the emergence of Brønsted acid 

sites on the catalyst.1288 Moreover, the performances of a Ru/C catalyst are improved by the 

addition of a heterogeneous acid co-catalyst, such as the ion exchange resins Amberlyst-

15.1289,1290 A Ru/polyethersulfone catalyst is also active for LA hydrogenation to GVA in 

aqueous solution.1291 The high reactivity is ascribed to the fact that acid and metal sites are both 

operating in this bifunctional catalyst. Support with high point of zero charge (PZC) favors the 

reversible deactivation of Ru catalyst during LA hydrogenation.1292 Thus, the use of a carbon 

support with acidic sites, combining an activity for acid-catalyzed intra-molecular 

esterification, and a low PZC is potentially interesting. Surprisingly, there is only one report 

concerning the use of an acidic carbon support for this important reaction. A Ru/rGO-SO3H 

catalyst has been prepared, presenting excellent activity (522 h-1) and selectivity towards GVA 

(82%) at 323 K and 20 bar H2,1257 whereas a Ru/rGO catalyst yields only 18 % for similar Ru 

NP sizes. Compared to catalyst deposited on other acidic supports or even to a Ru/AC-

Amberlyst catalysts, the Ru/rGO-SO3H shows lower selectivity but significantly higher 

activity. 

A bifunctional carbon-silica composite (CSM) catalysts containing grafted Sn(IV) species on 

SiO2 has been used for trioses, glyceraldehyde and dihydroxyacetone conversion to ethyl lactate 

in ethanol.1258 For this catalyst, Lewis acidity is provided by Sn(IV), while weak Brønsted acidity 

originates from surface oxygen groups on the carbon. In the investigated reactions, strong 

Brønsted acidity should be avoided as it favors competitive reactions. The presence of weak 
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Brønsted acid sites is crucial in accelerating the rate-determining dehydration reaction, that is, 

the first step in the reaction mechanism from triose to lactate.  

Finally, acid-base bifunctional catalysis over WOx/N-doped carbon has been used for one-pot 

cascade reactions comprising sequential acetal hydrolysis and Knoevenagel condensation from 

dimethoxymethylbenzene.1293 The reaction proceeds through a two-step mechanism involving 

acid-catalyzed hydrolysis of dimethoxymethyl benzene to benzaldehyde, which undergoes a 

base-catalyzed Knoevenagel condensation in the presence of ethyl cyanoacetate (Scheme 2). 

 

 

Scheme 2. Reaction pathway for Knoevenagel reaction of dimethoxymethyl benzene over 

bifunctional WOx/N-C catalyst. 

 

3.4.3 Cooperative catalysis 

The basic properties of N-doped carbon materials have been exploited for cooperative 

catalysis. Indeed, the introduction of N atoms alters the acid-base properties of the support 

surface, which is beneficial for transfer hydrogenation, dehydrogenation, and oxidation 

reactions (Scheme 3).75 In that case, the presence of N species acting as basic sites, are able of 

improving the interactions of the carbon surface with acidic molecules though dipole-dipole, 

hydrogen bonding, and/or covalent bonding. 
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Scheme 3. Promotional effect of N-doping on carbon-supported bifunctional catalysts. 

 

On SAC deposited on carbon materials, the hydrogen activation during hydrogenation 

reactions is often difficult because the single atom is electro-deficient. Several works have 

shown that on SAC deposited on N-doped carbon materials, a heterolytic activation of 

dihydrogen occurs.1294,1295 On such catalysts, the metal is in close proximity with nitrogen 

groups of the support. Thus, on isolated Pd atoms, the hydrogen activation occurs first by the 

coordination of molecular hydrogen on the metal, which undergoes heterolytic dissociation, 

leaving one of the hydrogen atoms bound to a nitrogen atom of the support and the second one 

on the Pd atom.1294 A similar reactivity was observed on Ni1/N-C catalysts.1295 This type of 

reactivity is not limited to nitrogen-doped carbon materials, since for Pd atoms it is also shown 

that the proximity of oxygen atoms is found to be crucial for facilitating heterolytic H2 

dissociation.1296 This dissociation is reminiscent of that of frustrated Lewis pairs in 

homogeneous catalysts, where H2 is heterolytically dissociated at the sterically encumbered 

Lewis acids and bases. In supported SAC, the single metal atoms are usually positively 

charged,292 and therefore act as a Lewis acid, while the nearby nitrogen atoms from the support 

can act as a Lewis base; the combination of the two facilitates the dissociation of hydrogen via 

a heterolytic pathway. A similar cooperation between the metal and the nitrogen-doped carbon 
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is also proposed for the activation of molecular oxygen on Co/N-C catalysts occurring during 

the oxidative dehydrogenation of 1,2,3,4-tetrahydroquinoline.1297 

Nitrogen surface groups and particularly pyridinic groups of carbon material can function as 

Lewis-base sites, which can be used to adsorb the alcohol (hydrogen-donor) and thus enhance 

metal hydrides’ formation in transfer hydrogenation reactions. Thus, a bifunctional Co/N-C 

catalysts has been used for base-free transfer hydrogenations of nitriles.1298 Under base-free 

conditions with 2-propanol as both proton donor and solvent, the Co/N-C catalyst could convert 

nitriles into primary amines or imines with high selectivity. It is proposed that the N-basic sites 

play a role similar to that of the base additives, which not only inhibit the formation of 

polyamine, but also effectively promote the transfer hydrogenation. Similar conclusions were 

obtained in the case of a Fe/N-C catalyst for the catalytic transfer hydrogenation of furfural to 

furfuryl alcohol.1299 In that case, the authors propose that the transfer hydrogenation mechanism 

requires both basic and acidic active centers. The alcohol (hydrogen donor) is adsorbed on the 

basic site and the ketone on an adjacent acidic site and hydrogen is transferred as hydride. The 

pyridinic basic sites may also have a positive impact on the dehydrogenation of formic acid. 

For this reaction, the crucial role of amines is to promote the O-H bond cleavage, leading to the 

formation of a metal-formate species. Pt catalysts on N-CNF have been investigated for this 

reaction,1300 suggesting that the pyridinic surface groups induce both the formation of electro-

deficient Pt centers, and the dissociation of the O-H bond in formic acid, hence leading to 

improved catalytic activity. 

In the aerobic oxidation of alcohols, a sacrificial base as NaOH is generally needed to initiate 

the reaction by capturing H+ from hydroxyl groups of reactants. Additionally, the base can 

contribute to prolong the catalyst lifetime by removing from the catalyst surface strongly 

adsorbed reactions products such as organic acids. Pt/N-C catalysts were used for the base-free 

oxidation of 5-hydroxymethylfurfural (HMF) to 2,5-furandicarboxylic acid.1301 It was shown 
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that the pyridine surface groups played a key role in the selective oxidation of HMF, which was 

attributed to their medium strength basicity that could promote the activation of hydroxyl and 

the formation of hemiacetal intermediates in this reaction. Similar observation (acceleration of 

the deprotonation process) was made in the case of the aerobic oxidation of several alcohols 

under base-free conditions on Co/N-C,1302-1304 Pd/N-C,1305 and Pt/N-C1306 catalysts. 

The reductive Ullmann homo-coupling of aryl halides using Pd/N-G catalysts without any 

external reductant was also investigated. Although bases have been needed for this reaction, the 

Pd catalyst on N-G performs much better than on graphene or rGO. It was proposed that N-

doped graphene acts as both catalyst support and electron source (reducing agent) in this 

reaction.  

Although to a lesser extent, the acidic properties of O-doped carbon materials (-OH and -COOH 

groups) have also been exploited for cooperative catalysis. For the hydrogenolysis of 

hydroxymatairesinol to oxomatairesinol over Pd/C and Pd/CNF catalysts, an active role of the 

Brønsted acid sites present on the catalyst support (-COOH groups) is noticed, and higher 

activities are achieved over Pd catalysts on more acidic supports.1307,1308 Quantum chemical 

calculations have been performed as an attempt to understand the role of acid sites.1308 The 

Brønsted acid sites have been suspected to be involved in the protonation of 

hydroxymatairesinol, which has been identified as the first step in the formation of 

oxomatairesinol. Finally, DFT calculations were used to investigate the synthesis mechanism 

of vinyl acetate from acetylene and acetic acid catalyzed by carbon-supported zinc acetate 

containing different types of surface oxygen groups.1309 It has been found that carboxyl groups 

can reduce the activation barrier of the rate-limiting step (CH≡CH + CH3COOH* → 

CH2=CH−OCOCH3*) dramatically, while hydroxyl groups increases it. Carbonyl groups shift 

into epoxy group and as such do not improve the kinetics. 
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4. Conclusions and perspectives 

“Carbon is often described as one of the most long-established, and yet newest material to be 

used in technology.” This statement of E. Fitzer, although dating from 1967,1310 is still relevant 

in 2020, proving the richness of chemistry and physics centered around this element. Research 

on carbon materials dates from the mid-nineteenth century,1311 and for a long period, the study 

of carbon materials remained a story of specialists. Inagaki identified three periods for the 

development of carbon materials: i) before 1960, period I for the classic carbons (artificial 

graphite, activated carbons, carbon blacks and natural diamond); ii) 1960-1985, period II for 

the new carbons (carbon fibers, glass-like carbons, pyrolytic carbons, intercalation compounds, 

composites, and synthetic diamond); and after 1985, period III for the carbon nanomaterials 

(fullerenes, carbon nanotubes, and graphene).1312 It has to be emphasized that carbon materials 

from period I are currently the principal products and principal incomes for carbon industries 

worldwide. The structural characteristics in each family are relatively broad, and each carbon 

family shows various possibilities for accepting foreign atoms (doping, substitution, and 

intercalation). Although the study of chemistry and physics of carbon was largely initiated 

during period II, as exemplified by the book series “Chemistry and Physics of Carbon” initiated 

in 1965 by P.L. Walker; it is during period III that the domain became really multidisciplinary 

and that scientist from different horizons were interested in these materials. However, still 

today, and because of the large family of carbon materials, the field is still relatively partitioned. 

In this respect, catalysis constitutes a specific field, in the sense that the spectrum of carbon 

materials used is very wide. In fact, almost all the materials of the three periods have been used 

in catalysis, either as support or as catalyst. If, as in the other fields, the materials of the period 

I are still today those which are used in industrial catalytic processes, the materials of period 
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III constitute excellent model materials, which make it possible to better apprehend the 

chemistry and the physics of structurally more complex materials like activated carbon or 

carbon black. The use of carbon materials as catalyst support requires a good knowledge of 

many characteristics, such as the surface chemistry, the electronic, mechanical, structural and 

textural properties, which will all affect the final catalyst. Due to the complexity of the structure 

and surface chemistry of some carbon materials (as stated in the introduction of this review, 

still today, the precise atomic structure of activated carbon remains unknown), more efforts 

have to be devoted to the study of model systems, and establishing correlations between these 

model systems and the more complex ones. It is noted that studies on model catalysts 

comprising carbon supports are relatively rare compared to oxides.1313-1315 

In this review article, we were interested in compiling and discussing the most significant 

experimental and theoretical results allowing a better understanding of key phenomena in 

catalysis as: i) the anchoring of the metal; ii) the metal-support interactions (geometric effects, 

charge transfer); iii) confinement; iv) spillover; or v) surface functional group effects. 

Undeniable advances in modeling and advanced analytical techniques have allowed, as in the 

case of other catalyst support, a better understanding of these phenomena. It appears that in a 

sp2 or sp2+d carbon material, the regular arrangement of carbon atoms allows mainly the control 

of: i) the morphology, which can play on the confinement, and ii) the electronic properties that 

can play on the charge transfer. Next to that, the ratio of prismatic to basal surface is an 

important parameter that affects the surface charge and bonding strength with metal particles. 

The presence of vacancies and the exact nature of the edges is also a crucial point that 

definitively requires more attention, since these sites are theoretically highly reactive and can 

strongly affect many properties, it was suggested that they are at the origin of the magnetic 

properties of some carbon materials.63,153 If the existence of these sites does not seem to be a 

problem for theoreticians, the experimenters must be circumspect because: i) their generation 
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is not simple and requires special conditions,1316,1317 and ii) the stability of the more reactive 

sites is questionable.1318 

The introduction of heteroatoms into the carbon matrix constitutes also a possibility to 

modulate its properties. There is still little work involving side-by-side comparisons among 

doping of different elements in carbon materials. Controlling the doping selectivity of carbon 

materials is also a point that requires more effort on the part of synthetic chemists. In particular, 

the control of the type of functional group introduced for a given heteroatom is mostly not 

achieved, although it is often a key point towards better activity, selectivity and even stability. 

In that prospect, new materials like graphdiyne1319 or graphitic carbon nitride1320 are particularly 

interesting.  

All the limitations mentioned above contribute to the fact that the study of certain phenomena, 

such as charge transfer or spillover on carbon materials is particularly difficult. Combined 

experimental and theoretical approach will be essential to deeply understand these phenomena 

and to identify the structure, mechanism and kinetics of the catalytic center. 
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