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Abstract. Hydrogen spillover (H-spillover) is the surface migration of activated hydrogen 

atoms from a metallic particle, on which they are generated, onto a support. The phenomenon 

has been widely studied because of its implication in hydrogen storage and in catalytic reactions 

involving hydrogen. Its existence on carbon materials is well established, but questions remain 

regarding its mechanism and the involvement of surface oxygen groups. In this study, we 

combined experimental work with chemical modeling to study the mechanisms of H-spillover 

on a representative system including a carbon material presenting basal and prismatic surfaces: 

oxidized carbon nanotubes doped with Pd. The experimental results, supported by those of 

modeling, show that the surface carboxylic acid groups are the key species allowing the 

spillover of hydrogen on carbon materials to take place. The carboxylic groups can also work 

in combination with phenol groups to facilitate H-spillover. If the concentration of these groups 

is too low, the H-spillover does not operate, except in the case of the addition of water, which 

serves as a shuttle for the protons. This study leads to a deeper understanding of the long-

debated issue of H-spillover on carbon materials, and provides insight into designing systems 

with enhanced properties.  

Keywords: Hydrogen spillover, palladium, carbon materials, DFT calculations, oxygen 

functional groups, surface chemistry   
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1. INTRODUCTION 

Spillover is defined as the transport of a species, adsorbed or formed on a specific surface 

(or site), to another surface, which, under the same conditions, does not adsorb or form this 

species.1 More specifically, Boudart et al. called “spillover” the migration of H atoms from 

metallic particles to a support they can invade.2 Since the first experiments carried out sixty 

years ago,3 a growing body of indisputable evidence exists for the occurrence of hydrogen 

spillover (H-spillover) in a wide range of systems. Typical applications of the H-spillover effect 

include hydrogen storage and catalytic hydrogenations,4 as well as hydrogen production from 

water splitting.5 A H-spillover mechanism should consist of several steps. In the first one, 

molecular hydrogen is activated and dissociated on a transition-metal (TM) particle in close 

contact with the support. Secondly, the migration of H species from the metal particles to the 

support should occur. This step is highly dependent on the nature of metal and support 

(reducible vs non-reducible oxides, carbon materials).1, 6-8 The last two steps consist in the 

surface diffusion, which can be assisted by water,9-10 and recombination of H species on the 

support surface. The nature of the H-species, in the form of H+, H●, both H+ and H● or H-, 

depending on the nature of the support, has been discussed for a long time in the literature.11  

On carbon materials, the H-spillover mechanism has been explored because of its relevance 

for hydrogen storage, and to a lesser extent for its implication in catalytic reactions.8, 12-13 The 

first step in H-spillover on TM particles is to dissociate H2. Although several metals or semi-

metals have been investigated, Pd and Pt are the most studied since the first experiments of 

Robell and Boudart.14 The dissociative chemisorption of H2 on these metals is facile,15-16 and 

accompanied by the formation of strong metal-hydrogen (M-H) bonds,17 the binding energies 

of which are coverage dependent.18 This is a very unfavorable starting point for H-spillover 

from a metal surface to the surface of a defect-free carbon material.19-20 Indeed, high-energy 

barriers (46-62 kcal.mol-1) have been systematically predicted for migration of one H atom from 

a fully saturated Pt cluster to such a carbon surface.17, 19-20 Experimental and theoretical results 

converge towards the fact that the majority of physisorbed H● on a defect-free carbon is 

expected to associatively desorb as H2.
8 Spilt-over hydrogen can thus be seen as an unstable 

electron donor located at the carbon surface, which needs to be stabilized by a surface receptor 

site. It has been proposed that spilt-over hydrogen could be reversibly stored on the carbon 

material as adsorbed H+ and as electrons in the bulk,21 as proposed for H-spillover on reducible 

oxides, where H atoms migrate as neutral H+-e- pairs via sequential proton-coupled electron 

transfer.7, 22 On carbon, both species (H+ and e-) migrate onto the support surface by means of 



protonic and electronic conduction, which must be exhibited by the support.23 The spilt-over 

hydrogen could be stabilized by oxygen-containing functional groups (OFGs) present on most 

carbon materials,8 as proposed for H-spillover on non-reducible oxides, where H-spillover is 

assisted by oxygenated molecules,7, 24 or others gaseous molecular shuttles.25 Stabilization by 

reactive defects resulting from carbon vacancies has also been proposed,8, 26 but such a 

mechanism should not be the dominant one considering the low concentrations of such species 

and the high stability of the C-H bonds formed.27-28  

Different factors have been identified as affecting the H-spillover on carbon materials. First, 

the presence of OFGs enhanced surface diffusion, or reversible adsorption of the spilt-over H 

atoms, even if surface functionalization of the support can decrease its specific surface area and 

pore volume.23, 29-34 This results from an improved migration from the metal to the support, but 

also from a higher dispersion of the metallic phase on functionalized supports.23, 32-33, 35 In the 

presence of epoxy groups in the vicinity of a Pt cluster, the migration of one H atom is easy, 

with an energy barrier of 9.2 kcal.mol-1 per H atom.17 Similar results were reported for Ni 

clusters.36 Based on deuterium TPD experiments, Guerrero-Ruiz et al. have proposed that 

carboxylic and/or lactonic groups should be involved in H-spillover, whereas phenolic and 

carbonyl groups seem to be less efficient for the migration of D atoms and/or for their 

collection.30 The superiority of semiquinone groups as receptors for the spilt-over hydrogen 

was proposed by Yang et al.33 This latter work reported a strong (and irreversible) binding of 

the spilt-over hydrogen with the lactone groups forming a carboxylic group and a C-H bond. 

NMR and Raman studies have evidenced that small amounts of carboxylic groups contribute 

to improved spillover efficiency.37 A synergistic role of water and surface oxygen groups has 

also been reported.31 Beside the concentration and type or surface oxygen species, the specific 

surface area of the support,38 and the metal particle dispersion39 and composition40 have been 

shown to play a role in the spillover.  

From this literature analysis, it seems obvious that “imperfections” of the carbon material, 

such as OFGs and defects, play a crucial role in the H-spillover mechanism. These 

imperfections affect the bonding of the particle on the support, the binding energy of the 

hydrogen molecules or atoms on the metal, the migration energy of the H atoms from the metal 

to the support and, finally, the diffusion of hydrogen on the carbon material. The exact role of 

these imperfections, and in particular of OFGs, definitively needs further studies, as it may be 

at the origin of the often observed discrepancies between theoretical and experimental studies, 

but also between different experimental studies.41 The nature of the H-species involved in H-



spillover (radicals, protons, hydrides, activated hydrogen) is still unclear, and further work is 

needed to gain further information on that issue. Here, experience and modeling using density 

functional theory (DFT) calculations are combined to study H-spillover mechanisms on a 

representative carbon material system: Pd-doped oxidized carbon nanotubes (CNTs). 

2. MATERIALS AND METHODS 

2.1 Experimental details 

CNT supports. Carbon nanotubes were produced by catalytic CVD in a fluidized bed reactor 

using ethylene as the carbon source.42 The produced CNTs were purified (dissolution of the 

catalyst) with an aqueous solution of H2SO4 (50 vol%) under reflux for 4 h. Finally, the CNTs 

were oxidized by treatment with HNO3.
42 The final product was collected and dried at 80 °C 

overnight. Finally, the oxidized CNTs were treated or not at 400, 600, 800 and 1000 °C under 

pure argon for one hour to yield CNT400, CNT600, CNT800 and CNT1000. 

Pd/CNT catalyst preparation. A dry impregnation method was used to prepare the palladium 

catalysts supported on the different CNTs. The desired amount of palladium(II) nitrate solution 

[Pd(NO3)2·2H2O] was added to acetone (10 mL) containing 1 g of CNTs42 to yield 1.2 wt% Pd 

on CNTs. The solution was sonicated at room temperature for 1 hour and magnetically stirred 

overnight. The solution was then filtered and washed with acetone. The resulting solid was 

dried in an oven at 120 °C overnight. Finally, the catalyst was reduced in a horizontal tube 

furnace under a flow of argon and hydrogen (20 vol% H2) at 300 °C for 2 h (10 °C min-1). 

Characterization. The elemental analyzes were carried out on a Perkin Elmer 2400 series II 

elemental analyzer. The Pd content in the Pd/CNT catalysts was measured by inductively 

coupled plasma optical emission spectroscopy (ICP-OES) with a Thermo Scientific ICAP 6300 

instrument.  

The samples were analyzed by X-ray photoelectron spectroscopy at using a VG Escalab MKII 

spectrophotometer, which operated with a non-monochromatized Mg Kα source (1253.6 eV). 

Laboratory NAP-XPS measurements were done with an EnviroESCA (SPECS GmbH, Berlin, 

Germany).43-44 The focused, monochromatic Al Kα X-ray source (1468.7eV, 42W, 14kV) is 

separated from the measurement chamber by a silicon nitride window, and the hemispherical 

energy analyzer is under ultra-high vacuum (<1 × 10−8 mbar) due to a three-stage differential 

pumping system between the analysis section and analyzer. The analyzer entrance aperture 

(nozzle) has a diameter of 300 μm and the usual working distance is 1–2 times the nozzle 



diameter. Samples were pressed into individual wells of a stainless-steel sample holder and 

measured first as received under vacuum conditions (p~1 10-6 mbar). After that a gas mixture 

of H2/N2 (5/95) was introduced into the analysis region using a mass flow controller. Then the 

samples were measured in this atmosphere at a pressure of 1 mbar. Survey spectra were 

acquired with a pass energy of 100eV, a step size of 1.0 eV and a dwell time of 0.2 seconds. Pd 

3d, O1s, and C1s core level spectra were acquired with a pass energy of 50eV, a step size of 

0.1 eV and a dwell time of 0.2 seconds. The residual energy shift of the binding energy scale 

after environmental charge compensation by the gas was corrected for all spectra with respect 

to the emission line of aliphatic carbon at 285 eV.  

High-resolution microscopy analyzes were performed using a JEOL JEM 2100F equipped with 

a field emission gun (FEG) operating at 200 kV with a spot resolution of 2.3 Å and a JEOL 

JEM-ARM200F Cold FEG operating at 200 kV with a point resolution of >1.9 Å. The particle 

size distribution was determined by manual measurement of enlarged micrographs of different 

areas of the TEM grid (at least 300 particles). The PdSA/PdNP ratio (a numerical ratio) was 

measured from STEM-HAADF analyses of at least 500 elements. The reported size distribution 

in atomic percentage of Pd (based on total number of atoms) in each size range was obtained 

by calculating the number of atoms (N) in each Pd particle assuming a spherical shape using an 

equation described in the literature.45 The dispersion of Pd was calculated from a universal 

mathematical relationship between the average relative size of metal crystallites and their 

dispersion.46 

The specific surface area and pore volume were determined from N2 adsorption/desorption 

isotherms at – 196 °C using a Micromeritics instrument. Before analysis, all samples were 

degassed under vacuum at 120 °C for 6 h. The calculation of the DFT, basal plane, and "non-

basal plane" surfaces and the respective ratios has been performed as described in the 

literature.47-48 The Raman spectra were obtained on a micro-Raman assembly (Una labram 

HR800 Jobin Yvon spectrometer). A laser of 532 nm wavelength was used as the excitation 

source with a maximum power of 7 mW. Powder X-ray diffraction (XRD) patterns were 

obtained at room temperature with a PANalytical X'PERT PRO diffractometer, using Cu Kα 

radiation (λ = 1.54187 Å) and a parabolic MPD mirror for Cu radiation. 

Temperature-programmed desorption (TPD) measurements were carried out using the 3Flex 

(Micromeritics) combined with a mass spectrometer (Cirrus 2, MKS Spectra Product). The 

samples (approximately 50 mg) were pretreated under He (50 mL/min) at 120 °C (10 °C/min) 

for 1 h to clean their surface. The sample was reduced at 150 °C for 2 h at 5 °C/min under a 



flow of 5% H2/Ar. The solid was then purged with helium at 50 °C until the TCD baseline 

remained stable before commencing temperature programmed desorption at a ramp of 

10°C/min up to 1000 °C. The released products were analyzed by mass spectroscopy. The 

following fragments (m/z) were recorded: 2, 15, 18, 28, and 44 corresponding to hydrogen (H2), 

methane (CH4), water (H2O), carbon monoxide (CO) and carbon dioxide (CO2), respectively. 

2.2 Computational details 

Periodic DFT calculations were performed using the ab initio plane-wave pseudopotential 

approach as implemented in the Vienna Ab initio Simulation Package (VASP 5.4).49-50 The 

Perdew−Burke−Ernzerhof51 exchange−correlation functional within the generalized gradient 

approximation was chosen and van der Waals interactions were taken into account through the 

D3 method of Grimme52 with zero-damping function. The innermost electrons were replaced 

by a projector-augmented wave (PAW) approach,53-54 while the valence monoelectronic states 

were expanded in a plane-wave basis set with a cut-off energy of 450 eV. As previously 

computationally modeled and described,55 the supported metal catalyst consists of an O-

functionalized graphene (including experimentally probed abundant OFGs and point defects) 

as carbon support, together with a single Pd atom embedded in a single vacancy and an adsorbed 

Pd13 cluster, the latter being hydrogenated with a ratio between adsorbed hydrides and surface 

metal atoms above unity. All the systems considered for the present study are neutral, and Γ-

centered 3×3×1 k-point56 grid was employed as a good compromise between accuracy and 

computational cost. Spurious interactions between the modelled slab and its perpendicular 

periodic images were eliminated by adding a vacuum region by at least 10 Å, and by considering 

a dipole correction to the total energy along the z-direction.57 Iterative relaxation of atomic 

positions proceeded until the change in total energy was less than 10−6 eV and the residual 

forces on any direction were less than 0.015 eV Å-1. Transition states were first located by the 

Climbing Image version of the Nudged Elastic Band, CI–NEB method,58-59 and then properly 

optimized using the Quasi–Newton algorithm. Finally, they were proven to show a single 

imaginary frequency by diagonalizing the numerical Hessian matrix, in which each atom is 

displaced with a step of 0.015 Å in both positive and negative directions of each coordinate. All 

computed energies are presented as potential energies; thus, entropies are not considered. 

Thermal and vibrational contribution from several steps was verified to typically modulate the 

relative energy positions (reactant/transition state/product) by less than 2 kcal·mol-1, and thus 

has not been applied to all cases. 

 



3 RESULTS AND DISCUSSION 

3.1 Experimental study on H-spillover on Pd-doped carbon nanotubes 

3.1.1 Characterization of the carbon nanotube support 

The CNTs were produced, purified and oxidized according to procedures already described.42 

Since H-spillover can be influenced by the physicochemical properties of the support, the 

textural, structural and surface chemistry properties of the CNTs were investigated (Table S1). 

Figure S1 shows representative SEM, TEM and HRTEM micrographs of the CNTs. The CNT 

powder (220 m2 g-1) is composed of agglomerates of size 5-100 m, and the mean external 

diameter of CNTs is 13 nm. The nitric acid treatment creates some damage on the tube walls 

(Figure S1c). DFT calculations derived from N2 adsorption data were used for the 

determination of basal plane, prismatic and defect surfaces of CNTs.48 The percentages of 

prismatic (edges), basal, and defect (surface steps or surface functional groups) surfaces of 

CNTs are: 58, 31 and 11 (Figure S1d). The ID/IG ratio of around 1 (from Raman analyses) 

points to a significant concentration of structural defects on this support. The crystallite size (Lc 

from XRD) and the typical inter-defect distance (LD from Raman60) are also characteristic of a 

graphitic material presenting defects. The d002 value corresponds to a graphitization degree61 of 

38%. The surface chemistry was probed by TPD and XPS analyses. In XPS, the presence of 

defects and functional groups in carbon materials introduce new peaks and alter the linewidth 

and peak position of the C 1s peak. The full width at half-maximum (FWHM) of the C 1s peak 

has been used to assess the graphitic nature of carbon, with a larger FWHM corresponding to a 

more disordered structure.62 The obtained values (0.72 eV) indicates a moderate graphitization 

degree of CNTs.42 The best fit for the main C 1s spectrum was obtained by deconvoluting the 

profile into seven line shapes (3 C-C peaks, 3 C-O peaks and a - * shake-up peak, Figure 

S2),63 and their respective parameters and attributions are given in Table S2. The C/O at. ratio 

was 16.5, pointing to a high concentration of oxygen due to the nitric acid oxidative treatment. 

This result can be rationalized by a high proportion of defects on the pristine CNTs and by their 

high surface area (Sprismatic + Sdefect = 42 %, Figure S1d). The quantification of OFGs presented 

in Table S2 shows that the CNTs contains high amount of all of them. TPD-MS analysis allows 

characterizing OFGs of carbon materials,64 which decompose, releasing CO and/or CO2 at 

different temperatures. The CO2 and CO spectra of CNTs are shown on Figure S3, and the 

quantification of these groups is given in Table S3. The CNT support contains carboxylic 

groups of various strength (CO2 at 200/300 °C),65 carboxylic anhydride (CO2 and CO at ~450 

°C),66 lactone (CO2 ≈ 580 °C),66-68 phenol (CO at ~ 720 °C),66, 68 ether and semiquinone (CO at 



~ 820 °C),66, 68-70 and quinone/pyrone/chromene (CO at T ~ 880 °C)67-69 surface groups. 

Considering the specific surface area of CNTs and the fact that the hexagonal unit cell of 

graphene contains two carbon atoms having an area of 0.052 nm2, so 38.5 C nm–2, it was 

possible to calculate the density of OFGs (Table S4). These data were used to model by means 

of periodic DFT simulations an O-functionalized carbon support,55 which was used for the 

modeling study (section 3.2). 

3.1.2 Characterization of the Pd-doped CNTs  

Pd-doped CNTs (Pd/CNT) with a nominal Pd loading of 1.2 wt % were prepared by wet 

impregnation from Pd nitrate. From ICP analyses, the Pd loading was 1.09 % wt%. The specific 

surface area of this sample was 232 m2 g-1. This sample shows a homogeneous distribution of 

Pd nanoparticles (PdNP), as shown on Figure 1a.  

 

Figure 1. (a) STEM-HAADF micrographs of the Pd/CNT sample. (b) Particle size distributions (from STEM-

HAADF micrographs) for Pd/CNT based on total particle number. (c) STEM-HAADF micrographs of Pd/CNT. 

(d) XPS Pd 3d high-resolution spectra of Pd/CNT.  

 

The measured mean PdNP size was 1.5 nm (Figure 1b). Particle size distributions based on total 

number of Pd atoms is given on Figure S4. The small PdNP size obtained on CNTs should be 

related to a high amount of OFGs well distributed on the CNT surface that can act as nucleation 

centres for PdNP.29, 37, 71 The coexistence of Pd single atoms (PdSA) and PdNP on this sample is 

visible on Figure 1c. These two species coexist in commonly used commercial carbon-



supported TM catalysts.72 The ratio PdSA/PdNP (a number ratio) was determined to be of 3 for 

this sample from STEM-HAADF analyses. The sample was also characterized by XRD, XPS, 

and TPD/MS analysis. In XRD, due to the relatively low metal loading and high metal 

dispersion, the diffraction peak associated with Pd(111) was of too low intensity to be exploited. 

XPS analysis was performed on the catalyst to probe the Pd oxidation state and charge transfer 

(Figure 1d). The deconvoluted XPS spectrum for Pd 3d exhibits two pairs of doublets, assigned 

to Pd(0) and Pd+ species. The binding energy of the metallic feature (PdNP) is ≈ 0.6 eV higher 

than that of Pd bulk (335.1 eV), which may arise from the small size of PdNP and/or charge 

transfer with the support.73 The Pd+ species should be related to small Pd clusters and 

particularly PdSA that experienced significant charge transfer with the support.74  

3.1.3 Experimental studies of H-spillover on Pd/CNT 

It is known that the spilt-over H species readily reacts under mild conditions with tungsten 

oxide WO3 (yellow powder) to form dark blue HxWO3.
75 Hydrogen molecules accomplish the 

reduction only above 200 °C.76 As shown in the photographs of Figure S5, the WO3 alone 

exhibited an unchanged color after H2 treatment for 10 min. at 20 °C. When mixed with minute 

amounts of Pd/CNT, a dark blue color is observed after 3 min., demonstrating that H2 

dissociation and extended H-spillover occurred on Pd/CNT. It is inferred that the significant H-

spillover should be attributed to the high concentration of OFGs on the carbon support.29 

Indeed, it was recently shown that a higher OFG concentration on carbon supports (per surface 

unit) allows a more extended H-spillover.77 The surface chemistry of the Pd/CNT was probed 

by TPD experiments (Figure S6). The CO2 TPD profiles of the support and of the reduced 

Pd/CNT sample (Figure S6a) show that a significant amount of carboxylic groups act as 

anchoring sites for PdNP.78 Indeed, the narrow peak at 190 °C is characteristic of a catalytic 

decomposition of surface groups, and should be associated to the decomposition of the –COOPd 

interface in the catalyst (surface acetato ligands).79 This interface may have been formed either 

during sample preparation or after its reduction and further air exposure. As H-spillover is 

operative on this catalyst, it can also occur during catalyst reduction at 300 °C. This could 

explain the decrease of carboxylic anhydrides and phenol/carbonyl groups on Pd/CNT 

compared to CNTs (Figure S6b). Indeed, H-spillover arising from TM particles facilitates the 

reduction of some OFGs on carbon materials at relatively low temperatures.13, 80 Compared 

with H2-molecule-involving reduction, H-spillover can reduce the contents of OFGs of porous 

carbon more effectively.80 For the H2 desorption profiles (Figure S6c), the peak starting at high 

temperature present on the bare support grows significantly for the Pd catalyst. This peak was 



attributed to stable C-H functionalities, which should be generated thanks to H-spillover on 

PdNP during the catalyst reduction step.81 Few amounts of H2 are also released in the 200-600 

°C temperature range. Water is also released in the same temperature range (Figure S6d). One 

possible explanation to this could be that some groups are formed thanks to H-spillover during 

the reduction of the catalyst, which can decompose during TPD by producing either H2 or 

preferably H2O. Froudakis et al.’s simulation have shown that desorption of spilt-over hydrogen 

bound to surface OH groups occurs more favorably as water rather than molecular hydrogen.17 

To follow the H-spillover, a particular experiment was performed in the TPD apparatus. First, 

the reduced Pd/CNT sample was purged with helium at 120 °C for 1 h to clean its surface. The 

sample was then re-reduced at 150 °C for 2 h at 5 °C min−1 under 5% H2/N2 flow. Since H-

spillover already occurs at room temperature on Pd/CNT (Figure S5), extended H-spillover is 

expected under these conditions.77 Then, the flow of H2 was switched to helium and the sample 

was cooled to 50 °C. TPD-MS was finally performed to quantify the amounts of H2, H2O, CO, 

and CO2 released. Figure 2 shows the results obtained as well as those performed on the 

reduced Pd/CNT, which have been exposed to the air.  

 

 

Figure 2. (a) CO2 TPD profiles of the Pd/CNT before and after H2 treatment. (b) CO TPD profiles of the Pd/CNT 

before and after H2 treatment. (c) H2 TPD profiles of the Pd/CNT before and after H2 treatment. (d) H2O TPD 

profiles of the Pd/CNT before and after H2 treatment. 



 

The CO2-releasing groups concentration decreases due to H-spillover (Figure 2a). As far as 

CO-releasing groups are concerned (Figure 2b), the one that decomposed at medium 

temperatures are slightly decreasing while the more stable species are slightly increasing. The 

creation of basic carbon surface, generally attributed to very stable quinone/pyrone/chromene,82 

thanks to H-spillover has already been reported.83 As the–COOPd interface disappears after the 

H2 treatment at 150 °C, it is reasonable to propose that it should be formed upon air exposure.79 

For supported Pd catalysts, H2 desorption from Pd species (either absorbed or chemisorbed H2) 

has been reported to occur at relatively low temperatures; and typically, below 50 °C.84 

Consequently, these desorption peaks are not visible on Figure 2c. The amount of stable C–H 

functionalities, does not change significantly between the two experiments. A significant 

decrease of H2O desorption is noticed after the H2 treatment (Figure 2d). 

From these experiments on Pd/CNT, it is clear that H-spillover operates and that it contributes 

to a modification of the surface chemistry. Globally, the concentration of CO2-releasing OFGs 

decreases significantly and to a lower extent the one of some CO-releasing OFGs (phenol, ether, 

carbonyl). On the other hand, the concentration of very stable groups 

(quinone/pyrone/chromene and C–H functionalities) is slightly increasing. Some of us recently 

report that such phenomena can contribute to catalyst deactivation during hydrogenation 

reactions.77 

3.1.4 Influence of oxygen-containing functional groups on H-spillover on Pd/CNT 

To probe the possible influence of the type and concentration of OFGs on the extent of H-

spillover, four different Pd-doped CNT samples were prepared from Pd nitrate on CNTs 

presenting various amounts of OFGs. To modulate the concentration of OFGs, the oxidized 

CNTs were heat-treated at 400 (CNT400), 600 (CNT600), 800 (CNT800) and 1000 °C (CNT1000). 

The influence of heat treatment at 400 °C on the TPD profiles is shown on Figure S7. This 

treatment eliminates the carboxylic groups and part of the anhydride groups, while lactones are 

not significantly affected. The slight decrease of phenol groups during the heat treatment at 400 

°C could be related to possible rearrangements, such as the reaction of two neighboring 

hydroxyl groups forming ether bridges between rings.85 XPS analyses were conducted to probe 

the surface chemistry of the four heat-treated supports. For the O 1s region, a model based on 

four main components was used as presented in Table S5.63-64, 67 Peak I (530.5-530.6 eV) is 

associated to carbonyl oxygen in quinone groups. The peak II (531.8-531.9 eV) corresponds to 



C=O groups in ketones, aldehydes or carboxyl; this peak has sometimes been associated also 

to the presence of oxygen atoms in hydroxyl groups.67 The peak III (533.1-533.2 eV) has been 

attributed to phenol and non-carbonyl (ether-type) oxygen atoms in esters and anhydrides.86 

The peak IV (534.3) corresponds to -OH in carboxylic groups and has also been attributed to 

epoxides.87 XPS and TPD analyses on CNTs oxidized by HNO3 have shown that this acid 

treatment not only introduced carboxyl, carbonyl, and phenol surface groups, but also generated 

ether-type oxygen groups between the graphitic layers.88 As expected, compared to CNT400, the 

amount of oxygen decreases in the samples heated at 600, 800 and 1000 °C. Nevertheless, it 

should be noted that the amount of oxygen in CNT1000 is higher than in CNT600 and CNT800. 

This may be due to the reaction of active defects, created during the heat treatment at 1000 °C, 

with water vapor, O2, and/or CO2 from the atmosphere upon exposure to ambient conditions 

after the annealing procedure.89 Indeed, heat treatment of carbon materials at high temperatures 

induces the decomposition of surface groups and reconstruction of the carbon surface, creating 

reactive defects such as vacancies, Stone-Wales defects or loops.90 Type IV group (carboxylic 

groups ) is particularly affected by the annealing, and the remaining groups should be the more 

stable ones (quinones, semiquinones and ether groups88). In the case of CNT1000, the groups 

which are formed upon air exposure are mainly of type II and III. 

Table 1 shows the characterization of the Pd-doped CNT series. ICP analyses show that the Pd 

loading decreases as the temperature of the CNT heat-treatment increases, from 1.1 for 

Pd/CNT400 to 0.7 for Pd/CNT1000.  

 

Table 1. Characterization of the Pd-doped CNT series. 

Catalyst 
Pd 

(%) 

PdNP 

(nm) 

D 

(%) 
PdSA/PdNP %spillover 

Pd/CNT 1.1 1.5 67.0 3 100 

Pd/CNT400 1.1 2.5 44.5 5 79.9 

Pd/CNT600 1.1 3.5 33.8 6 70.3 

Pd/CNT800 0.9 5.3 24.0 4 33.1 

Pd/CNT1000 0.7 4.9 25.7 3 0 

 

This can be related to a decrease of the concentration of OFGs that act as nucleation center for 

Pd deposition during the impregnation procedure. Figure S8 shows representative low-

resolution STEM micrographs of the four samples. Some large PdNP are visible at low 



magnifications for samples Pd/CNT600, Pd/CNT800 and Pd/CNT1000. Figure S9 shows 

representative high-resolution STEM-HAADF micrographs of the four samples; palladium 

single atoms are visible on all samples. Particle size distributions (from STEM-HAADF 

micrographs) are shown in Figure S10. The PdNP size increases from 1.5 nm for Pd/CNT to 5.3 

nm for Pd/CNT800. This can be a consequence of a better diffusion of Pd atoms on the 

defunctionalized supports. The mean PdNP size of the Pd/CNT1000 sample is slightly smaller 

than the one of Pd/CNT800. The PdSA/PdNP ratio is not significantly affected by the annealing. 

This could be the result of the creation of stabilizing sites for PdSA during the heat treatment, 

such as carbon vacancies.91 The samples were characterized by XPS to evaluate the C/O ratio, 

the type of OFGs and the metal state. For the O 1s region (Figure 3 and Table S6), the same 

model based on four main components is used as in Table S5.  

 

 

Figure 3. XPS O 1s high resolution spectra of the carbon-supported palladium catalysts. 

 



First, it is notable that surface re-oxidation occurred during sample preparation, since 

Pd/CNT600, Pd/CNT800 and Pd/CNT1000 all present a higher concentration of oxygen compared 

to the bare supports. Such a phenomenon has already been reported when carbon-supported 

catalysts are prepared from nitrate salts.92 Indeed, during catalyst calcination under an inert 

atmosphere (denitrification), water vapor and various nitrogen oxides (NO, NO2, N2O4, and 

N2O5) are produced. Thus, OFGs can be created by (catalyzed) oxidation with nitrogen oxides. 

Samples Pd/CNT800 and Pd/CNT1000 present the lower percentage of carboxylic groups (Type 

IV < 0.4 at. %), identified as important for H-spillover.30, 37 In addition, sample Pd/CNT1000 is 

still the sample that presents the lower concentration of OFGs. The deconvoluted XPS spectra 

for Pd 3d (Table S7) exhibit two pairs of doublets, assigned to Pd(0) (335.4-335.7 eV) and Pdδ+ 

and species (337.1-337.6 eV). The binding energies of the metallic feature is slightly lower than 

that of the Pd/CNT sample (335.7 eV), which may arise from the larger Pd particle size in this 

series. The higher contribution of the Pd(0) component in samples Pd/CNT800 and Pd/CNT1000 

can be tentatively attributed to the presence of larger PdNP in these two samples. All samples 

present Pd(0), necessary for H-spillover. 

The H-spillover was experimentally probed for all the Pd-doped CNT series using the WO3 

reduction test performed at 20 °C for 5 min (Figure S11a). To quantify the obtained results, 

UV-Vis Diffuse Reflectance Spectroscopy (UV-Vis DRS) analyses were performed on the 

resulting powders (Figure S11b). The values obtained from spectroscopy were normalized by 

given 100 % to the highest value obtained with Pd/CNT, and 0 % for the Pd/CNT1000 (Figure 

S12, black bars and Table 1). These data were normalized by the total amount of Pd (Figure 

S12, red bars) and by the total amount of Pd present on the surface of PdNP (Figure S12, blue 

bars). The general tendency observed is a decrease of H-spillover for the samples treated at high 

temperatures. This decrease starts to be significant on Pd/CNT800 and a complete absence of H-

spillover is observed on Pd/CNT1000. No linear correlation could be drawn between the atomic 

surface concentration of the OFGs of type I-III determined by XPS (Table S6) and the extent 

of H-spillover (Figure S13). The only type of OFGs that shows a clear tendency is group IV, 

with an increase of H-spillover associated to an increase in carboxylic groups (Figure 4). The 

evolution of H-spillover normalized by surface Pd atoms (Figure S12, blue bars) is difficult to 

rationalize since particle size could affect the heat of adsorption of H2 (that increases 

significantly below 3 nm93), the formation of a -hydride phase94 or the H-coverage95 on the Pd 

surface. However, even considering this normalization, a decrease of H-spillover is noticed on 

sample Pd/CNT800 compared to Pd/CNT600. 



 

 

Figure 4. Correlations between the atomic surface concentration of the OFGs (type IV) determined by XPS (Table 

S6) and the extent of H-spillover. 

 

To follow the H-spillover on the heat-treated samples, the same TPD experiment are conducted 

as for sample Pd/CNT (Figure 2). Figure S14 shows the results obtained. No significant 

differences are noticed for the CO2-TPD profiles (Figure S14a) and residual carboxylic and 

anhydride groups are detected on the four samples. After H2 treatment, partial reduction of 

carboxylic groups to phenol are expected.88 The Pd/CNT400 still contains significant amounts 

of carboxylic anhydrides and lactone groups, which have been proposed to be involved in H-

spillover.30 Lactones groups significantly decrease for the Pd/CNT600 and Pd/CNT800 samples. 

The presence of a peak at high temperature on the CO2 profile of Pd/CNT1000 can be tentatively 

attributed to a Boudouard-type reaction.88 The decrease of H-spillover for Pd/CNT800 and its 

complete disappearance for Pd/CNT1000 cannot be rationalized from the CO2-TPD profiles only. 

Significant differences between samples Pd/CNT800 and Pd/CNT1000 and the other samples are 

visible on the CO-TPD profiles (Figure S14b). In particular, the peak centered at 700-800 °C 

corresponding to the phenol/semiquinone groups is significantly decreased in Pd/CNT800 and 

Pd/CNT1000 samples. Thus, it seems that the presence of residual groups of the carboxylic type 

is not sufficient to ensure the H-spillover. Since carbonyl groups have been identified as poorly 

efficient for H-spillover,30 it can be proposed that the phenol and/or lactone groups, in 

combination with carboxylic groups, facilitate the H-spillover on the carbon supports. The H2-

TPD profiles of Pd/CNT400, Pd/CNT600 and Pd/CNT1000 samples (Figure S14c) are quite 

similar. The Pd/CNT800 sample shows a higher amount of -CH functions, which could have 

been created during the reduction of this catalyst or during the experiment under H2. The H2O-



TPD profiles are similar for the four samples (Figure S14d). It is interesting to note that water 

is evolved at relatively low temperatures, and we should consider that water molecules can 

serves as shuttle for H species during the H-spillover.96 To verify this hypothesis, the WO3 

reduction test was performed at 20 °C in the presence of water vapor with the Pd/CNT1000 

sample that does not allow H-spillover. The results of these experiments are shown on Figure 

S15. Clearly, the presence of water vapor assisted the H-spillover on the carbon support. From 

the observed color change, the result obtained is similar to the Pd/CNT600 sample. In order to 

compare the efficiency between water-assisted and carboxyl-assisted H-spillover, a new 

Pd/CNT catalyst (Pd/CNTp) was prepared, for which Pd was deposited on purified but not 

oxidized CNTs (CNTp). As nitric acid oxidation is performed to introduce OFGs and 

particularly carboxylic groups, the CNTp should contain few OFGs and no carboxylic groups. 

The resulting Pd/CNTp has been characterized by ICP-OES, STEM-HAADF and XPS. The Pd 

loading (0.7 % w/w) is relatively low compared to the targeted value (1.2 % w/w), and the mean 

Pd particle size is 2.1 ± 0.7 nm (Figure S16). The XPS analysis (Table S8) shows that the 

Pd/CNTp sample contains very few OFGs compared to the other samples. The measured C/O 

ratio is 56, whereas it lies between 20 and 27 for the other samples (Table S6). In addition, the 

Pd/CNTp sample do not contain carboxylic groups (group IV). The H-spillover has been 

evaluated for this new sample in the presence or not of water (Figure S17). As expected, no H-

spillover was observed in the absence of water, as for the Pd/CNT1000 sample, which contains 

very few carboxylic groups. No H-spillover was detected neither in the presence of water. This 

new result is important, since it shows that water-assisted H-spillover can be effective at room 

temperature only if enough carboxylic groups are present on the surface. Up to now, the positive 

role of water on H-spillover has been rationalized as followed: i) chemisorbed H atoms form 

strong C-H bonds with the support; ii) each chemisorbed H atom must form a pair with another 

H atom bound closely in order to lower the energy with respect to the free H2 state; iii) because 

of the strong C-H bonds, the barrier for H cooperative migration is very high (> 46 kcal.mol-1); 

and iv) when mediated by H2O molecules, the barrier can be reduced to 20-30 kcal.mol-1.96-97 

However, such barriers are not compatible with the fact that H-spillover can operate at room 

temperature. Our results demonstrate that for H-spillover to operate at room temperature, 

carboxylic groups should be present. If no carboxylic groups are present, H-spillover does not 

operate at room temperature, even in the presence of water. Consequently, at room temperature, 

the role of water should be to facilitate the H-spillover between carboxylic groups. 



Finally, near-ambient pressure X-ray photoelectron spectroscopy (NAP-XPS) was performed 

to follow the H-spillover at room temperature on sample Pd/CNT400. First, the XPS spectra 

were recorded under vacuum (experiment labeled “0”) at room temperature. Then, individual 

data sets with O 1s and Pd 3d spectra at 1 mbar H2 at room temperature were taken one after 

the other over for more than 2 hours (5 experiments labeled “1” to “5”). Figure S18 shows the 

evolution of the high resolution Pd 3d and O 1s spectra. Some modifications of the Pd 3d and 

O 1s spectra can be noted upon H2 introduction and at other intervals under H2. The Pd(0)/Pdδ+ 

ratio as well as the percentage of the various types of OFGs (types I to IV) was specifically 

followed and the evolution of these features is presented in Figure S19. The Pd(0)/Pdδ+ ratio 

shows some fluctuations over time, with a slight tendency to increase (Figure S19a). The 

relative concentrations of the various types of oxygen species also shows fluctuations upon H2 

introduction and then over time at room temperature (Fig. S19b). For type III (phenol) and type 

IV (carboxylic) groups, there is a tendency over time for type III groups to decrease whereas 

type IV groups are increasing (Fig. S19c). The decreasing of phenolic group concentration over 

time might be related to the desorption of water.17 The increase of carboxylic groups might be 

related to reaction of lactones with spilt-over H species.33 Type I and II groups (carbonyl-

containing groups) are not significantly impacted during the experiment (Fig. S19d). These last 

experimental results show that surface modifications occur during the H-spillover even at room 

temperature, affecting both the surface of palladium and that of the carbon support. It is 

interesting to note that at room temperature, these surface modifications are in the direction of 

an increase in the concentration of carboxylic groups, which we identified as key for the H-

spillover. 

3.2 Modeling study of H-spillover on a carbon supported Pd system 

DFT simulations were conducted to provide insights into the H-spillover mechanism on TM-

doped carbon materials. For this, a realistic model previously described by some of us was 

considered,55 taking into account the greater proportion of basal planes (compared to prismatic 

planes) experimentally observed in CNTs, which essentially present graphene layers parallel to 

the axis of the tube. This model, representative of the Pd/CNT samples, integrates Pd particles 

(PdNP) and single atoms (PdSA) as metal species on a carbon support decorated with 

experimentally probed abundant OFGs (see section 3.1.1). 

 

 



3.2.1 H2 dissociative adsorption 

The first step in the H-spillover process involves the coordination and subsequent dissociation 

of hydrogen molecules on PdNP.77 In the absence of H atoms on the PdNP surface (H/Pd at. ratio 

= 0.00), H2 is coordinated in top position (adsorption energy of -17.4 kcal·mol-1, see Figure 

S20). The H–H distance turned out to be 0.88 Å (compared to 0.72 Å in the gas phase), so the 

molecule is clearly activated. The thermodynamics (reaction energy of -13.0 kcal·mol-1) and 

the kinetics (energy barrier of 5.7 kcal·mol-1) of the H2 dissociation step indicated a very 

favorable and affordable process, leading to the formation of metal hydrides.98 For a higher 

hydrogen coverage (H/Pd at. ratio = 0.92), a weaker adsorption energy is observed (-9.6 

kcal·mol-1, see Figure S20). At this hydrogen coverage, the dissociation reaction continues to 

be thermodynamically favorable, but kinetically slightly more restrained, -6.3 and 10.0 

kcal·mol-1, respectively. Thus, H2 dissociative adsorption is feasible on small PdNP even at H/Pd 

at. ratios close to 1.0. As far as PdSA are concerned, H2 can be adsorbed on the metal center; 

however, both homolytic and heterolytic H2 dissociations being endothermic, they will not take 

place.77 Consequently, these species should be considered as spectator in the first step of the H-

spillover mechanism, even if they can act as receptors for H species.74 

3.2.2 Hydrogen migration 

The second step in the H-spillover process consists in the migration of hydrogen atoms from 

the metal to the support. The difficulty of this step for defect-free carbon materials is evident 

under standard conditions, since it is usually endothermic and requires overcoming energy 

barriers sometimes close to the desorption energy of the H atoms from the metallic species.99 

However, performance can be significantly improved when using defective or doped carbon 

materials.100 Due to the HNO3 oxidation of the carbon material, the Pd-doped carbon model 

presents three potential organic motifs in the vicinity of PdNP that can act as H-transfer groups: 

i) –COOH groups perpendicular to the carbon lattice; ii) –OH groups also perpendicular to the 

carbon lattice; and iii) –CO– groups located next to decorative vacancies. 

The transfer via –COOH occurs through a concerted mechanism, in which one of the H atoms 

of the PdNP is transferred to the oxygen of the C=O fragment, while the H atom of the OH 

fragment migrates to the support. The flexibility of the acidic group due to C–C rotation and 

C–O–H bending facilitates the appropriate conformation for migrations (barrierless cis-trans 

isomerization of the –OH fragment). This allows H atoms to jump to various C atoms on the 

model support, as illustrated in Figure 5a and schematically represented in Figure 5c. 



 

 

Figure 5. Illustration of potential sites for (a) hydrogen migration and (b) diffusion on the Pd-doped carbon model 

(each of them is labelled consecutively and represented with a different color). (c) Schematic representation of the 

key H-transfer steps involving the carboxylic groups, where the black arrow indicates from PdNP to –COOH, the 

red arrow indicates between –COOH, and the green arrows indicate from –COOH to the surface. Atomic color 

scheme: Pd (Sea Blue); O (Candy Apple Red); C (Philippine Gray); H (White). 

 

The resulting energy profile along with their corresponding structures for the two most relevant 

sites is shown in Figure 6 and for all positions in Figure S21. The C3H migration step (wine 

pathway) is thermodynamically favorable with an overall reaction energy of -12.6 kcal·mol-1, 

whereas in the case of C4H (orange pathway) it is slightly unfavorable with a value of 3.1 

kcal·mol-1. Despite this significant difference in stability, the energy barriers are low and very 

similar for both pathways, between 13 and 15 kcal·mol-1, which makes them affordable under 

experimental conditions. Charge analysis confirms the hydride to proton umpolung (or polarity 

inversion) of the transferred hydrogen atoms, with an average partial atomic charge of around 

-0.24, +0.51, and +0.36 |e| for the PdNP–H, COO–H, and C–H species, respectively. A detailed 

description of the bond lengths and charge distributions around the C–H groups can be seen in 



Figure S22. It is interesting to note that the carboxyl groups coordinated with the PdNP are not 

able to participate in the H transfer process. The process involving polarity inversion, promoted 

by a low energy barrier in which the hydride in PdNP–H is the charge donor (ranging from 

negative to positive values) and the surface carbon atom that receives the hydrogen atom is the 

charge acceptor (ranging from positive or neutral values to negative), is in agreement with 

similar metallic systems reported in the literature.101-102 Thus, the chemical nature of the 

diffusing hydrogen species can change significantly depending on which step of the spillover 

process is occurring and where they are located. 

As an alternative to the concerted mechanism proposed for hydrogen transfer mediated by 

COOH groups, the possibility of a gradual mechanism was also considered, potentially 

involving the transfer of a hydrogen atom from trans–COOH to a neighboring carbon atom, 

and the subsequent CO2 release. This novel hydrogen migration is evaluated using the same –

COOH group and the same support carbon sites used previously, with the resulting energy 

profile along with their corresponding structures shown in Figure S23. Although a mechanism 

of this type is capable of offering more favorable thermodynamics for all cases than the 

concerted mechanism, with total reaction energies between -15 and -20 kcal·mol-1, the kinetics 

are more impeded for all of them with energy barriers above 21 kcal·mol-1. Thus, the release of 

CO2 seems not to be competitive with the migration of hydrogen, as indicated by the 

experimental results with the characterization of stable carboxylic groups. 

The initial model does not include phenolic/hydroxyl groups, although these could be present 

on the surface, since they are experimentally detected with the same TPD-MS signal as the 

ether groups. The extent of these –OH groups for hydrogen migration was evaluated by 

replacing the same –COOH group used previously for the migration step with a –OH one (the 

considered structure is provided in Figure S24a). The lower flexibility and bond length of this 

group makes migration infeasible, since the distance of 3.50 Å between the closest PdNP–H and 

the O–H fragment turns out to be unattainable. 



 

Figure 6. Reaction profile for the energetically most relevant sites (shown below as insets) of hydrogen migrations 

and diffusions (black and gray for the first and second common steps). Relative energies are referenced with 

respect to the carbon-supported Pd catalyst. Atomic color scheme: Pd (Sea Blue); O (Candy Apple Red); C 

(Philippine Gray); H (White). 

 



Although it has been demonstrated that phenolic can be one of the dominant acidic sites in gas-

phase chemistries,103 the O-containing functional group has to be irremediably located at the 

edge of the graphitic carbon lattice (electron density delocalization induced by the neighboring 

aromatic rings conjugated with the conjugate base of the acidic site), which is not considered 

in this work. 

Finally, the use of the C=O group as a transfer agent has also been considered (Figure S25). 

Interestingly, the transfer of an H from PdNP to the oxygen atom of the carbonyl group is more 

favorable than to a –COOH group from the thermodynamic and kinetic points of view (reaction 

energy of -40.8 vs. -12.6 kcal·mol-1 and energy barrier of 11.4 vs. 13.4 kcal·mol-1, respectively). 

This is consistent with previous calculations showing that atomic H can bind very strongly to 

oxygen functionalities, such as to the basal-plane epoxide and edge carbonyl groups.33 The 

distance between PdNP–H and the carbonyl O atom is 2.70 Å, very similar to 2.74 Å with the 

corresponding carboxyl O atom. An appreciably more hindered second H-spillover completes 

the carbonylic reduction to form hydroxylated CH–OH groups. The possibility of subsequent 

proton transfer through these new saturated species does not seem to be promoted due to the 

impossibility of delocalizing the electron density of the conjugate base from the potential acidic 

site with the aromatic ring to which it belongs. This implies that partially or fully saturated C=O 

groups can coexist in the vicinity of the metal catalyst, trapping hydrogen atoms.  

Consequently, it is important to emphasize that –COOH groups located on the basal plane are 

the only OFGs capable of promoting hydrogen migration from the active metal species to the 

O-functionalized carbon support. The carbonyl groups decorating the metallic surroundings are 

more energetically prone, but the resulting reduced groups end up with a configuration (CH–

OH) and a high stability, from which the H atoms can barely emerge. These results suggest that 

the H-spillover mechanism could progress: i) by migration of H atoms away from the PdNP 

through carboxyl groups; or ii) after reduction of all carbonyl groups around the PdNP. 

3.2.3 Hydrogen diffusion 

The final step considered in the H-spillover process encompasses the diffusion of hydrogen 

species on the support surface. The theoretical results raise the difficulty of chemisorbed H 

atoms, specially Hδ−, moving freely at room temperature, since diffusion involves the 

dissociation of the C−H bond, with a relatively high activation energy (25-38 kcal·mol-1).104 

Given the nature of the model support, H atoms can first diffuse over a short range directly to 

other adjacent carbon atoms (see Figure 5b). Starting from the thermodynamically most 



favorable C3H position, the two possible hopping to the two neighboring carbons (i.e., the C2H 

and C4H positions) resulted in endothermic and moderately costly processes at room 

temperature (average reaction energies and energy barriers of around 16 and above 32 kcal·mol-

1, see Figure S26), in agreement with what was reported for the H diffusion on CNTs and 

polyaromatic carbon materials.104 In contrast, the migration of hydrogen from the C4H position 

to the C3H and C9H positions turned out to be clearly exothermic, with reaction energies greater 

than -15.8 kcal·mol-1, mainly due to the slight endothermy shown by the starting position (see 

Figure S27). The latter (C9H), with an energy barrier of 17.6 kcal·mol-1, was kinetically more 

enabled (by 3.8 kcal·mol-1) than the former (C3H), as shown with the C4H → C9H diffusion 

step (in orange) in Figure 6. However, from C4H the H-diffusion appears to be non-competitive 

with respect to the back H-migration due to a lower barrier (11.9 vs. 17.6 kcal·mol-1) of the 

back H-migration process. Thus, from C4H, the migration process leading to the initial trans–

COOH state is faster than the diffusion process to form the C5H product. As the C9H product 

is more thermodynamically stable, it is possible that more drastic reaction conditions could give 

rise to the hydrogen diffusion pathway through the carbon lattice. It is interesting to note that 

C9H is found in the vicinity of a single Pd atom in a single vacancy, a species of great interest 

in selective hydrogenation reactions of organic substrates.105 The H atom could reach the PdSA 

from this position (para with respect to the metal) in a single step or by cascade diffusion 

through the meta and ortho relative positions. In any case, neither of the two paths seems to 

lead preferentially to the hydrogenated metal species PdSA–H, mainly due to the high 

thermodynamic stability (at -14.1 kcal·mol-1) of the C9H position (both diffusion pathways are 

illustrated in Figure S28). 

Hydrogen diffusion became more effective in the medium/long-range using the numerous 

acidic functionalities available on the model carbon support. As in the migration step, the 

carboxyl groups manage to reduce energy costs by simultaneously transferring the H atom from 

the support to the C=O fragment and the H atom from the O–H fragment back to the surface 

(as shown in Figure 5b and schematically represented in Figure 5c). Thus, while 

thermodynamics showed values close to thermoneutrality for the most favorable diffusion 

processes from the C3H position (see Figure S29), the kinetics revealed energy barriers 

accessible under experimental conditions, as illustrated in Figure 6 (in wine) with the C8H 

position (effective reaction energy and energy barrier of -3.2 and 13.2 kcal·mol-1). The H-

diffusion from the C4H position was also possible, being less favorable thermodynamically 

(reaction energy of 2.1 kcal·mol-1) but kinetically more feasible (energy barrier of 8.9 kcal·mol-



1) than the unassisted direct diffusion of hydrogen, as represented in Figure 6 and S30, with 

position C16H (in red). Finally, COOH-assisted H diffusion was unfavorable in the case of 

C9H (average reaction energies and energy barriers above 14 and around 26 kcal·mol-1, 

respectively, see Figure S31), which could indicate that if an H atom arrived on a carbon with 

this particular configuration, it would almost be trapped so as not to continue undergoing H-

spillover. This specific configuration (H atom in para position with respect to the PdSA anchored 

in a single vacancy) has recently been proposed by some of us as a potential active species 

contributing to the selective hydrogenation of phenylacetylene directly.105 Thus, in contrast to 

the unassisted hydrogen diffusion pathway, the carboxyl group-assisted H-diffusion pathway 

appears to be kinetically favorable regardless of the migration position of C3H or C4H (except 

the C9H position). Consequently, the role of –COOH functional groups continues to be 

essential throughout the different steps of the H-spillover mechanism. 

In addition, as modeled for the hydrogen migration step, the –COOH group previously used as 

an assistant was replaced by an –OH group to assess its capability in the H-diffusion step (the 

atomistic model is depicted in Figure S24b). Regardless of the starting C3H or C4H migration 

position, the hydroxyl group was mostly inefficient for potential diffusion processes between 

carbons (see Figure S32 and S33). The reaction energies were relatively comparable for –

COOH- and –OH-assisted hydrogen hopping, with values close to thermoneutrality. However, 

the energy barriers with hydroxyl were much higher than with carboxyl due to the need for 

excessive bending. Only one exception is observed (C4H → C8H H-diffusion) for which the 

energy barrier of 23.7 kcal·mol-1 is accessible under experimental conditions. In this case, the 

H diffusion takes place between carbon atoms adjacent to the one carrying the hydroxyl group. 

Therefore, the assistance of hydroxyl functional groups in the hydrogen diffusion between 

carbons seems restricted and, consequently, less important than that of carboxyl groups, 

although their presence in carbon materials might contribute to the H-spillover mechanism by 

diffusing an H atom from an –OH group to an adjacent O (epoxide) atom.17 

Instead of diffusion of hydrogen species on carbon materials, a second H migration from PdNP 

could take place after the first one (see Figure 5a). Larger hydrogen island structures may be 

formed by saturating the support after sequential addition of H atoms because of faster kinetics 

for migration than for diffusion.106 From the C3H or C9H positions, none of the many possible 

processes was energetically viable due to kinetic impediments (energy barriers above 29 

kcal·mol-1, see Figure S34 and S36). However, the C4H position enhanced access to a second 

migration, particularly the C4H– C17H (in green) and C3H–C4H (in dark cyan) pathways, as 



shown in Figure 6 (the other H migrations are revealed in Figure S35). The difference between 

these two intermediates is the H-location, in the first case being far from each other (about 4.42 

Å) and in the second case attached to two adjacent carbon atoms in a geminal position (around 

2.12 Å). Thus, for C4H– C17H, the two transferred H atoms can be considered as two 

independent C–H entities, being able to undergo diffusion processes that can eventually lead to 

the C3H–C4H scenario. The C3H–C4H configuration, reminiscent of a double bond 

hydrogenation, was found to be very stable, preventing most surface processes, such as simple 

(one at a time) or coupled (both at once) diffusion, –COOH group-assisted diffusion, H2 

recombination, and even a third H migration (the energetics are found in Figure S37-S39). For 

all these reasons, the presence of small areas of saturated graphite during H-spillover 

phenomena would be feasible, as confirmed by the TPD experiments. However, the concerted 

or assisted migration of H atoms from these areas is complicated from a kinetic point of view 

and most of the time endothermic from a thermodynamic point of view.  

3.2.4 Importance of water 

The experimental results showed that the surface composition of the carbon material changed 

as the H-spillover phenomenon progressed, highlighting the formation of water. The water 

formed (or other protic species) can be used to activate C–H bonds on the surface of the carbon 

material, as demonstrated in previous studies.96-97 To computationally rationalize the positive 

role of water as a possible shuttle for H species, an explicit water molecule was included in the 

model support, positioned between the participating carboxylic groups to maximize hydrogen 

bonding interactions. The use of a single water molecule as an explicit solvent gives rise to an 

incipient illustration of the influence of the solvent. Due to a relatively small space between the 

PdNP and the carboxylic group, and only traces of water experimentally present, there would be 

no need to resort to liquid water models (implicit solvent) around the active sites. Thus, the 

spillover mechanism would take place by transferring the H atom from PdNP to the water 

molecule through a first –COOH group, and subsequently to the support along a second 

carboxylic group, as illustrated in Figure 5a. The resulting energy profiles along with the 

corresponding structures are summarized in Figure S40 and S41. The placement of the water 

molecule allows the H species to be directed toward a graphitic-like region (Figure S40) or a 

more oxidized region (Figure S41), the results showing a clear preference for the hydrogenation 

of surface carbons on the graphitic-like regions. This is consistent with the aforementioned 

difficulty in saturating C atoms bonded to O atoms, which could lead to routing H-spillover 

through less O-functionalized carbon-based regions. Interestingly, among the different 



possibilities for accommodating the spilt-over hydrogen, the C8Hw2 position (light blue 

pathway in Figure 7) turned out to be the most plausible. It is located in geminal position to a 

–COOH group in a Stone-Wales point defect with a “577” carbon rearrangement. This position 

also corresponds to the most probable H-diffusion in the absence of water. By comparing in 

Figure 7 the predominant mechanisms of H-spillover (including hydrogen migration and co-

diffusion) in the presence or absence of water, it is possible to highlight the role of H2O.  

 

 

Figure 7. Reaction profile of non-assisted (C3H→ C8H) and water assisted (C8Hw2) hydrogen migration and co-

diffusion. Relative energies are referenced with respect to the carbon-supported Pd catalyst (+ H2O(g)). 

 

Both pathways appear to have quite similar favorable thermodynamic and kinetic contributions, 

with minor energetic differences (2.7 kcal·mol-1). However, from a kinetic perspective, the 

H2O-assisted mechanism evolves in a single energy barrier slightly below (2.6 kcal·mol-1) the 

most energy-demanding step of the mechanism in the absence of water, corresponding to H-

migration. This would significantly facilitate the migration of H atoms and would thus point to 

a faster kinetics of the H-spillover phenomenon in the presence of water.96-97 Additionally, 

water could avoid potential resting states such as the C3H position, so it would be possible to 



chain successive hydrogen transfer steps between water molecules and –COOH functional 

groups.107  

 

4. Conclusion 

This study, combining experiment and modeling, allowed progressing in the understanding of 

the H-spillover mechanism on carbon materials. A series of palladium-doped carbon nanotubes 

presenting PdNP and PdSA, as well as different concentrations and types of surface oxygen 

groups, were prepared and characterized. H-spillover was experimentally probed and quantified 

in the series of Pd-doped CNT. Systematic characterizations by XPS and TPD reveal that 

concentrations and types of OFGs are modified by H-spillover. The reaction temperature has a 

pronounced effect on the type of transformations observed. At room temperature, NAP-XPS 

experiments have shown that carboxylic groups are created whereas phenol groups are 

consumed. At higher temperature (in this case 150 °C), the TPD experiment reveals that the 

less stable CO2-releasing groups are consumed. The XPS and TPD results also evidence that 

the carboxylic groups on the carbon material play a crucial role in the H-spillover to proceed. 

The combination of carboxylic and phenol and/or lactone groups could also be efficient, 

although to a lesser extent. Considering the model proposed by Koren and Soffer for H-spillover 

on carbon surfaces,23 where the OFGs (and adsorbed water) serve as electrolyte for protonic 

conduction, our findings show that surface ionic conductivity can be assured only if a sufficient 

density of surface carboxylic groups is present on the surface. A model integrating PdSA and 

PdNP on an oxidized carbon support was built to validate the experimental study through 

modeling. This model first served as the basis for a theoretical study on molecular hydrogen 

activation on PdNP, showing an affordable process. The modeling study of H-spillover on Pd-

doped carbon has demonstrated the feasibility of the process. The simulations confirm: i) the 

need for surface carboxylic groups for H migration to trigger the spillover process, and ii) that 

these carboxylic groups can also work in combination with phenol groups to facilitate H-

spillover on the carbon support. Finally, the positive role of water, which act in concert with 

carboxylic groups at ambient temperature, on H-spillover was also highlighted experimentally 

and theoretically. These results provide a molecular scale understanding of one of the positive 

role of water often observed during hydrogenation reactions over carbon-supported catalysts,108 

because the H species resulting from H-spillover can be directly be involved in the 

hydrogenation steps of some substrates,109 as it is the case for oxide supports.9 These results 

emphasize the importance of rational surface modification of carbon materials to regulate the 



H-spillover. Precise syntheses should be developed to go in that direction, so as to be able to 

regulate H-spillover strength for enhanced catalytic performance.110-111 This study also show 

how surface chemistry affects and is affected by H-spillover. Consideration of these different 

elements should allow significant advances in the field of catalytic reactions involving 

hydrogen and, in a broader context, for the hydrogen-based economy. 
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