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Abstract 

The initial impulsive diffusion of hot hydrogen atoms resulted from the dissociative 

chemisorption of H2 at atomically dispersed Pt atoms embedded on Cu(111) is 

investigated using ab initio molecular dynamics. Upon dissociation, one of the two 

hydrogen atoms tends to roam away from the dissociation site while the other remains 

trapped. It is shown that the fraction of diffusion and the average diffusion length 

increase with the incident energy and H2 vibrational excitation, due apparently to the 

increased initial kinetic energy of the hot atoms. Most importantly, the strong 

interaction with surface electron-hope pairs, modeled using an electronic friction model, 

is shown to play an important role in rapid energy dissipation and significant retardation 

of the impulsive diffusion. 
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Hydrogen spillover refers to the migration of activated H atoms from hydrogen-

rich regions of a catalytic surface, typically a metal, to hydrogen-poor regions, such as 

oxides.1, 2 In the initial discovery,3 atomic hydrogen resulted from the dissociative 

chemisorption of H2 on Pt was found to migrate to WO3, leading to its reduction to 

WO3-x manifested by a color change. Since then, hydrogen spillover has attracted much 

attention, because it represents an important element in designing advanced catalysts 

with enhanced catalytic activity, selectivity, and stability.4-6 However, the dynamics of 

the spillover has seldom been investigated and little is known about the factors that 

controls the diffusion of these activated H atoms on catalyst surfaces.  

Taking advantage of hydrogen spillover, Sykes and coworkers recently created 

single atom alloys (SAAs) by doping copper with atomically dispersed platinum group 

metals (PGMs, e.g., Pd and Pt),7-13 which are found to catalyze selective hydrogenation 

of alkenes.14, 15 It is well established that Cu surfaces exhibit high catalytic selectivity 

towards alkene hydrogenation,16, 17 but H2 dissociation on pure Cu has a high activation 

barrier and occurs very slowly unless driven by harsh reaction conditions such as high 

temperatures and pressures.18 Single atoms of a PGM alloyed into Cu surfaces can 

significantly improve the activity of the catalyst yet retaining its high reaction 

selectivity in hydrogenation reactions. It was proposed that the atomically dispersed 

PGM active sites in the Cu-based SAA catalysts facilitate H-H bond activation, 

allowing for the uptake of H2 onto the surface and promoting the subsequent H spillover 

onto the Cu host, where selective hydrogenation can take place.5 

Although hydrogen spillover has previously been investigated on bimetallic 
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alloys,19-21 detailed studies of hydrogen dissociation and diffusion on SAA surfaces 

have recently been carried out by Sykes and coworkers.8-13 Using scanning tunneling 

microscopy (STM) and density functional theory (DFT), these authors found that the 

PGM dopants exist in atomic forms on the topmost host metal surface near step edges, 

thanks to their thermodynamic stability. The isolated Pd atoms on a Cu host surface 

were found to substantially lower the energy barrier for H2 dissociation relative to that 

on Cu(111) and enable the H spillover from Pd to Cu.8-10 Similar effects were found for 

atomically dispersed Pt on Cu surfaces.13 The PGM single atoms serve as the gateway 

for both dissociative chemisorption and the reverse recombinative desorption of 

hydrogen,11, 15 coined by Marcinkowski et al. as the “molecular cork effect”.11 

Importantly, atomic H was found in regions on Cu surfaces more than hundreds of nm 

away from the active sites even at low temperatures.10  

Additional studies by other groups shed further light onto the catalytic effects of 

PGM single atoms embedded on SAA surfaces. For example, Jiang et al. recently 

investigated SAA catalysts by dispersing Pd atoms onto Cu nanoparticles with different 

exposed facets, Cu(111) and Cu(100).22 They revealed that Pd/Cu(100) exhibited a 

substantially higher catalytic activity and selectivity for the semi-hydrogenation of 

alkynes compared with Pd/Cu(111). By physically mixing pure copper nanomaterials 

with different sizes to Pd/Cu(111), they speculated that the distance of hydrogen 

spillover could be as long as 500 nm at room temperature. The lowering of the H2 

dissociation barrier by the PGM dopants on various Cu surfaces was also confirmed by 

others using DFT calculations.23-27 Most relevant to the current work, Busnengo and 
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coworkers performed a DFT based ab initio molecular dynamics (AIMD) study for H2 

interacting with a Pd dopped Cu(111) surface.23 They found that upon the dissociation 

at the Pd site, one H atom tends to stay near the Pd site while the other H spillovers to 

a nearby Cu site. In addition, H spillover from Pt and Pd clusters to their graphene 

substrate was investigated using AIMD,28, 29 but the results suggested that the barriers 

are too high. 

 On metal surfaces, adsorbate diffusion and reactions are always subjected to energy 

dissipation via interactions with electron-hole pairs (EHPs) and lattice vibrations, i.e., 

phonons.30-32 The energy dissipation strongly influences the diffuse length and 

relaxation time of hot atoms on the surface.33-37 In a recent study, for example, 

translationally hot H atoms scattered from a gold surface were shown to loss significant 

energy,38 due apparently to nonadiabatic energy dissipation to surface EHPs,39 as the 

adiabatic energy transfer is minimum because of the mass disparity. EHPs are thus 

expected to have a significant impact on hydrogen spillover. However, all recent 

theoretical studies of H2 dissociation and H diffusion on SAA surfaces23-25 have ignored 

the EHPs. In this Letter, we report a first-principles study of H2 dissociation and the 

initial impulsive spillover dynamics of the resulting hot H atoms on a Pt/Cu(111) SAA 

surface driven by their kinetic energy acquired during dissociation. Both the mechanical 

(adiabatic) and electronic (nonadiabatic) dissipations are treated based on AIMD, 

augmented by an electronic friction model (AIMDEF) in the latter case. Our results 

suggest that the EHP-facilitated dissipation significantly reduces the diffusion length in 

the initial stage of the spillover, which might have important implications in 
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understanding this important surface process.  

    All spin-polarized DFT calculations were performed in the Vienna Ab initio 

Simulation Package (VASP)40, 41 using a plane wave basis with a cutoff energy of 400 

eV and the projector augmented wave scheme.42 The electron exchange-correlation was 

described by the optPBE-vdW functional,43 which incorporates the van der Waals effect. 

The Cu(111) slab consists of four atomic layers with a 5 × 5 unit cell and separated by 

a vacuum space of 16 Å. The Pt/Cu(111) surface was modeled by replacing one surface 

Cu atom with a Pt atom, corresponding to 1/25 of the surface sites. For all the 

calculations performed, Cu atoms located at the bottom two layers were fixed and the 

remaining atoms were fully relaxed. The surface Brillouin zone was described with a 

Γ-point electronic wave-vector grid. The energy barriers were determined using the 

climbing image nudged elastic band (CI-NEB) method from the VTST tools,44 with the 

force convergence criterion of 0.03 eV/Å.  

The static reaction pathway of H2 dissociation and H diffusion on the Pt/Cu(111) 

surface computed by DFT is depicted in Fig. 1. There is a shallow (-0.06 eV) 

physisorption well atop the Pt atom with the H2 parallel to the surface 3.41 Å above the 

surface plane. The H-H distance (0.746 Å) is close to that of the isolated H2 (0.751 Å). 

The dissociative transition state, which resembles the physisorption configuration, but 

is closer to the surface (Z=2.13 Å) with an H-H distance significantly elongated to 0.784 

Å, is merely 0.05 eV above from the asymptote. This is consistent with the 

experimentally observed facile H2 dissociation on the Pt/Cu(111) SAA surface,15 and in 

agreement with previous DFT studies of this system.15, 24, 26 The nearly barrierless 
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dissociation pathway is similar to that on the Pt(111),45 in sharp contrast with that on 

Cu(111), which is around 0.5 eV.18, 46, 47 After the barrier, the two H atoms settle in two 

adjacent hollow sites with a distance between them of 2.76 Å with a total adsorption 

energy of -0.34 eV, relative to the gaseous H2. In Supporting Information (SI), a detailed 

comparison of the dissociation barriers on different surfaces is given.  

The calculated diffusion energy barrier of a H atom from the Pt-Cu-Cu hollow site, 

as shown in Fig. 1, to an adjacent Cu-Cu-Cu hollow site is 0.25 eV, in agreement with 

previous calculations (~0.3 eV).24, 27 The barrier for the subsequent H diffusion to a 

farther Cu-Cu-Cu hollow site is 0.06 eV. The diffusion of the second H away from the 

initial Pt-Cu-Cu site is difficult, with a barrier of 0.26 eV. As a result, the initial Pt-Cu-

Cu site could serve as a trap for atomic hydrogen. As shown by the figure, energies of 

all diffusion barriers are below to that of the H2(g) + Pt/Cu(111) asymptote, which make 

the diffusion possible. The energetics of the diffusion pathway is similar to that of the 

Pd/Cu(111) system as well.8, 23 

 

 

Fig. 1. Energy profile for H2 dissociation and H diffusion on the Pt/Cu(111) surface. 

White, orange, and green spheres represent H, Cu, and Pt atoms, respectively. For 
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clarity, only the top layer of the Pt/Cu(111) surface is shown. 

The AIMD and AIMDEF calculations were performed using a modified VASP 

program.33-35, 48 The electronic friction was approximated with a generalized Langevin 

equation49 with friction coefficients from the independent atom approximation (IAA) 

version50 of the local density friction approximation (LDFA).51, 52 The Pt/Cu(111) 

surface was modeled with a 5×5 unit cell, which is larger than that used in the static 

calculations, to explore both the adiabatic and nonadiabatic dynamics of H2 dissociation 

and the subsequent hot H atom diffusion. The Brillouin zone sampling was carried out 

with a Γ-point electronic wave-vector grid. The metal substrate was equilibrated at 300 

K for 3 ps and the geometries and momenta of surface atoms were saved for the 

AIMD/AIMDEF dynamic calculations. The initial position of the impinging H2 was 

placed 6.0 Å above the Pt/Cu(111) surface with its polar and azimuthal rotational angles 

randomly sampled. The incident kinetic energy of the H2 molecule ranges from 0.1 to 

0.5 eV with the center of mass velocity along the surface normal (θi=0o) and at an 

oblique angle (θi=20o). The H-H internuclear distance and vibrational momentum were 

sampled for both the ground (v=0) and first excited state (v=1) using a quasi-classical 

trajectory model.53 The time step of the AIMD calculations was set at 1.0 and 0.5 fs for 

the ν=0 and 1 states of H2, respectively, while the time step of AIMDEF calculations 

was set at 0.25 fs.  

To understand the influence of the Pt dopant in H2 dissociation and the subsequent 

diffusion of atomic hydrogen, we first performed the AIMD calculations with H2(v=0,1) 

impinging on the Pt/Cu(111) surface at normal incidence with incident energies, Ei = 
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0.10, 0.25 and 0.50 eV. For each Ei value, we propagate 50 trajectories. The impinging 

H2 is within a circle centered at the Pt site with a radius of r=1.4 Å, since the reactivity 

drops to zero outside the circle as discussed in SI. A trajectory was considered as: (I) 

“dissociation”, if the H-H distance reached 2.3 Å; (II) “scattering”, if the H2 is scattered 

beyond 6.0 Å above the surface with the molecular center velocity pointing away from 

the surface; (III) “diffusion”, if the distance between an H atom and the Pt site reached 

beyond 2.5 Å after H2 dissociation; and (IV) “trapping”, if the distance between an H 

atom and the Pt site was less than 2.5 Å after H2 dissociation when the maximum 

propagation time was reached. The results are summarized in Table 1. Note that the 

latter two cases are necessarily contained in I: each dissociation always results in either 

one diffusion (III) and one trapping (IV) or two diffusion (III) events. Mathematically, 

the sum of the III and IV fractions should be twice of that for I. An exemplary trajectory 

depicting diffusion and trapping is shown in Fig. 2 and more are displayed in SI. 

 

Table 1. Fractions of H2 dissociation (fdiss), the corresponding standard errors (σdiss) of 

H2 dissociation, H trapping (ftrap), the standard errors (σtrap) of H trapping, H diffusion 

(fdiff), the standard errors (σdiff) of H diffusion, the mean distance of H diffusion (ddiff) 

and the maximum distance of H diffusion (Ddiff), obtained from AIMD calculations with 

different initial states (IS) of H2 and incident energies (Ei) at normal incidence.  

Ei (eV) IS fdiss ftrap fdiff ddiff (Å) Ddiff (Å) 

0.10 v=0,j=0 10±4.2 % 12±4.6 % 8±3.8 % 9.35 10.13 

0.25 v=0,j=0 16±5.2 % 18±5.4 % 14±4.9 % 9.87 16.25 
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0.50 v=0,j=0 46±7.0 % 38±6.9 % 54±7.1 % 10.92 21.86 

0.25 v=1,j=0 34±6.7 % 22±5.9 % 46±7.1 % 12.31 22.35 

 

 

Fig. 2. An exemplary trajectory depicting diffusion and trapping of the hot H atoms 

upon dissociation. The blue and red lines represent trapping and diffusion trajectories, 

respectively. The H, Cu, and Pt atoms are represented by white, orange and green 

spheres, respectively. For clarity, only the top view of the atomic structures is shown. 

 

As shown in Table 1, the fraction of dissociation increases from 10 to 46 % as the 

incident energy is increased from 0.1 to 0.5 eV. Despite the low barrier in Fig. 1 for H2 

dissociation at the Pt site, the corresponding potential energy surface is quite anisotropic, 

similar to the case on Pt(111).45 Dissociation is most likely to occur when the H2 

molecule orients parallel to the surface and the barrier increases drastically with the 

polar angle of the molecule. As a result, not all trajectories lead to dissociation, as 

shown in Table 1, even when the energy is higher than the minimal barrier. The 
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dissociation is also promoted by vibrational excitation of the incident H2, thanks to the 

late barrier of this process. The promotional effect of both the translational and 

vibrational excitation is well established by previous studies.54 

After dissociation, the H atoms acquire on average an amount of energy equal to 

(Ei + Evib + Ead), which renders them translationally hot and undergo extensive diffusion 

on the surface, as shown in Fig. 2. In most of these trajectories, one H is trapped near 

the Pt site while the other roams around the surface, consistent with the higher diffusion 

barrier for the second H atom shown in Figure 1. This is also in agreement with the 

recent work of Ramos et al. on H2 dissociation and H diffusion on Pd/Cu(111).23 At the 

lowest incident energy (0.10 eV), only 8% undergo diffusion, with a mean diffusion 

length of ~ 9 Å. As the incident energy is increased to 0.50 eV, and the fraction of H 

diffusion increases to 54 %, and the mean diffusion length to ~11 Å. Similarly, the 

vibrational excitation of the impinging H2 also leads to increased diffusion fraction and 

mean/maximum diffusion length. These increases can be readily understood as the total 

energy available to the hot H atoms is increased. In the meantime, the trapping fraction 

decreases as the energy increases, either from translational or vibrational excitation.  

The results presented above are all obtained from the AIMD simulations, which 

only included the dissipation due to surface phonons. In order to explore the impact of 

energy dissipation caused by surface EHPs on H diffusion, we performed AIMDEF 

simulations for H2 impinging the surface at normal and oblique incidences with the 

incident energy of 0.25 eV. 100 trajectories are run for each case. The results are 

compiled in Table 2 in a similar fashion as Table 1.  
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Table 2. Fractions of H2 dissociation (fdiss), the corresponding standard errors (σdiss) of 

H2 dissociation, H trapping (ftrap), the standard errors (σtrap) of H trapping, H diffusion 

(fdiff), the standard errors (σdiff) of H diffusion, the mean distance of H diffusion (ddiff) 

and the maximum distance of H diffusion (Dspill), obtained from AIMD and AIMDEF 

calculations with H2(v=0) impinging on the Pt/Cu(111) surface at the incident energy 

of 0.25 eV at two different incidence angles (θi).  

Method θi (o) fdiss ftrap fdiff ddiff (Å) Ddiff (Å) 

AIMD 0 22±4.1 % 25±4.3 % 19±3.9 % 9.84 20.53 

AIMDEF 0 20±4.0 % 35±4.8 % 5±2.2 % 4.73 5.78 

AIMD 20 14±3.5 % 22±4.1 % 6±2.4 % 9.60 16.32 

AIMDEF 20 13±3.4 % 22±4.1 % 4±2.0 % 4.88 6.03 

 

As shown in Table 2, it is clear that the oblique incidence reduces the dissociation 

fraction because the kinetic energy along the surface normal is smaller (normal scaling). 

Accordingly, the diffusion fraction is also lowered, although the diffusion length 

remains roughly the same. This result suggests oblique incidence may not help the 

spillover. Furthermore, the fraction of dissociation is similar for AIMD and AIMDEF 

calculations, indicating that EHPs have only a very limited effect on dissociation. This 

is consistent with existing knowledge of dissociative chemisorption.50, 55 However, the 

fraction of H diffusion is drastically reduced, along with a reduced mean and maximum 

diffusion lengths. In other words, coupling to surface EHPs leads to strong dissipation. 
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Along with phonon-induced dissipation, the diffusion is significantly curtailed.  

 

 

Fig. 3. Main panel: The mean energy dissipation caused by phonons (Eph = Esk + Esp ) 

and EHPs (Eehp) as a function of time for the diffusion AIMDEF trajectories. Inset: the 

mean H-H distance of the diffusing H atoms as a function of time from the diffusion 

AIMD and AIMDEF trajectories. 

 

 To provide a statistical perspective of the difference between the AIMD and 

AIMDEF trajectories, we have computed the mean H-H distance by averaging over all 

diffusion trajectories for normal incidence H2(v=0) at 0.25 eV incident energy. As 

shown in Figure 3, the diffusion is mostly complete in 0.5 ps for AIMDEF and this time 

is about 1.5 ps for AIMD. The mean H-H separation is also much smaller in AIMDEF 

simulations than that in the AIMD ones. This result suggests that the EHPs plays a 
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significant role in energy dissipation and retardation of diffusion. It is worth noting that 

our AIMDEF calculated distance of H diffusion on the Pt/Cu(111) surface (~5 Å) is 

similar to the results of AIMDEF calculations for H travelling on Pd(100) (~5 Å) with 

the incident energies of 0.5 eV and 1.0 eV, as reported in Ref. 33.  

To further quantify the effects of EHPs and phonons on the energy dissipation, 

we compute the energy dissipation along the trajectories. For a single trajectory, the 

energy dissipation caused by EHPs (𝐸𝐸𝑒𝑒ℎ𝑝𝑝(𝑡𝑡)) as a function of time can be evaluated 

by integrating  the friction force on gas atom A,35, 50 

𝐸𝐸𝑒𝑒ℎ𝑝𝑝(𝑡𝑡) = ∫ 𝜂𝜂�𝑟𝑟𝐴𝐴(𝑡𝑡′)�|𝑣𝑣𝐴𝐴(𝑡𝑡′)|2𝑑𝑑𝑡𝑡′𝑡𝑡
0                  (1) 

where 𝜂𝜂(𝑟𝑟𝐴𝐴) is the friction coefficient acting on the hydrogen atom at its position rA, 

and 𝑣𝑣𝐴𝐴 is the instantaneous atomic velocity. On the other hand, the energy dissipation 

caused by phonons (Eph) is approximated as Eph = Esk + Esp, where Esk is the 

instantaneous variation of the kinetic energy of the surface atoms and Esp is the 

instantaneous variation of the potential energy as a result of lattice distortions.35 Esk was 

provided on-the-fly in the AIMDEF simulations relative to the initial kinetic energy of 

the surface atoms. Esp can be evaluated as the difference between the potential energy 

of the equilibrium bare-surface configuration and the distorted surface configuration of 

which adsorbate was removed. 

The energy loss in individual trajectories is similar so we present the averaged 

results. As shown in Fig. 3, the dissipated energy due to EHPs increases monotonically 

and smoothly with time. This is because the friction coefficient for the H atom is quite 

significant and mostly constant, thanks to the fact that 𝜂𝜂 is correlated with the electron 
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density at the H positions,56, 57 which are quite large thanks to the small size of the atom. 

On the other hand, the energy loss to the phonons mostly occurs during collisions 

between the hot H atom and the surface, resulting in non-monotonic energy loss and 

sometimes even energy gain. The contribution of phonons in dissipation is comparable 

to that of EHPs in the run time from 100 to 400 fs, in which H diffusion takes place in 

this period. After 0.5 ps, the energy transfer into EHPs is around two times larger than 

the energy transfer into phonons. 

The results presented above cannot be directly compared with the spillover length 

of ~102 nm reported in recent studies.10, 22 We note that the simulation time in this work 

is on the order of a few ps, which is sufficient to follow the impulsive diffusion of the 

hot H atoms immediately after the dissociation, but far shorter than time needed for 

thermal diffusion, which can certainly contribute to spillover. Furthermore, the H atom 

dynamics is treated in this work with classical mechanics, which ignores tunneling. The 

inclusion of tunneling is expected to lower the effective diffusion barrier and helping 

the diffusion.10 Finally, the electronic friction is treated approximately in this work by 

only considering the diagonal elements of the friction tensor. Recent advances in 

computing the full friction tensor using first-principles methods58, 59 could provide a 

more accurate treatment of the EHP-facilitated energy dissipation. 

The next level of understanding of hydrogen spillover requires an accurate account 

of thermal diffusion at a much longer time scale. However, this will face two major 

challenges. First, an accurate analytical potential energy surface is needed as AIMD is 

too time consuming. This has recently become possible with reliable DFT models for 
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the interaction energy60 and machine learning based construction of high-dimensional 

potential energy surfaces.61 The second challenge is a method capable of including 

quantum tunneling. A possible candidate of a quantum treatment of H diffusion is ring-

polymer molecular dynamics,62 which has been attempted recently.63 We emphasize 

that thermal diffusion is expected to also be affected by dissipation (and fluctuation) 

due to surface phonons and electron-hole pairs.  

 To summarize, we have investigated using first-principles methods the impulsive 

diffusion of H atoms immediately after their initial dissociation at the active Pt site 

atomically dopped on Cu(111). Our results indicate that the hot H atoms diffuse from 

the initial site near the Pt to nearby Cu surface sites, and the fraction of diffusion and 

the diffusing length depend on the available energy acquired in the dissociation. More 

importantly, the H atoms are subject to strong EHPs induced dissipation, which is 

modeled here via an electronic friction model, and they lead to a smaller fraction of 

diffusion and reduced diffusion length in the AIMDEF calculations relative the AIMD 

results. These results underscore the importance of nonadiabatic effects in surface 

processes, particular those involving light atoms, whose small size allows them to 

access the electron density of the substrate. 
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