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Abstract 

 The development of transferable interatomic potentials for the diffusion of hydrogen on 

palladium surfaces can be of significant value for performing molecular simulations.  These 

molecular simulations, can, in turn lead to a better understanding of palladium-hydrogen 

interactions at the atomic scale. Here, we have built upon previous work to develop an 

analytical palladium-hydrogen embedded atom method (EAM) potential to better describe the 

potential energy surface for hydrogen on palladium surfaces. This EAM potential reproduces 

minima and transition states calculated with density functional theory for hydrogen on Pd(111) 

and Pd(110) surfaces. Additionally, this potential was tested by simulating the long timescale 

dynamics of hydrogen adsorbed on Pd(111). Our simulations show a barrier of ca. 0.49 eV for 

hydrogen diffusion into the bulk of Pd(111), which is consistent with experimental results.  
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Introduction 

The palladium-hydrogen system has attracted attention from applications ranging from 

catalysis to hydrogen purification and storage.[1–3] Palladium-hydrogen adsorption and 

absorption has also been studied in detail in vacuum, which has provided a fundamental 

understanding of the formation of palladium hydrides.[4–7] However, due to the importance of 

the interactions of hydrogen with palladium, either on the surface or in the bulk, there has 

been a desire to model these interactions to garner a better atomistic understanding. An 

example where such an understanding of the interaction of hydrogen with palladium, both on 

the surface and in the bulk, is of importance for the reductive pretreatment of palladium 

catalysts. These pretreatments are typically derived empirically without a detailed scientific 

understanding of the atomistic processes that are occurring. However, since these 

pretreatment methods occur over long time scales (hours to days), modern ab initio based 

computational methods are not capable of directly simulating the processes. To curtail this 

issue, empirical potentials such as the embedded atom method (EAM) can be used to reduce 

computational costs while increasing the accessible simulation time.[8–10] By using an empirical 

potential to gain atomistic insight into the evolution of catalytic surfaces, we can move towards 

tailoring catalytic pretreatments.  

 For the palladium hydride system, a number of EAM potentials have been developed to 

study the low (a) and high (b) hydrogen content phases. Zhou et al. developed an EAM 

potential based on a polynomial fit to the tabulated Pd potential data proposed by Foiles et al., 

which was able to predict the a and b phase miscibility gap.[11–13] Park et al. then developed a 

Pd-H EAM potential which also used a power series to fit the tabular Pd potential data from 



Foiles et al.[14] Later, Hijazi et al. produced an analytical EAM potential for the Pd-H system, 

which was able to predict a number of physical properties of bulk palladium hydrides.[15] Of 

these analytic potentials, however, there remains an inability to accurately describe adsorbed 

hydrogen on palladium surfaces. The ability to model hydrogen adsorption on Pd surfaces is 

necessary to model the effects that hydrogen exposure has on Pd catalysts, as adsorption and 

surface diffusion are precursors to diffusion into the bulk.[16] Here, we build upon the work by 

Hijazi et al. and fit an analytic Pd-H EAM potential that can accurately describe the potential 

energy surface (PES) of hydrogen adsorbed on palladium surfaces.  

Embedded atom method 

In the embedded atom method, the total energy of the system can be written as: 
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where Etot is the total internal energy, &# is the electron density of atom i due to all other atoms, 

Fi is the energy to embed atom i into an electron density &#, +#$ is a two-body interaction 

potential between atoms i and j, ,#$ is the distance between atoms i and j, and .$ is the electron 

density of atom j as a function of the distance from its center. To describe the Pd-Pd and H-H 

interactions, we have kept the analytical form proposed by Hijazi et al. where the embedding 

function for Pd is taken as 
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and  
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where fe is a scaling constant defined by the relationship fe = Ec/W where Ec is the cohesive 

energy and W is the atomic volume, re is the equilibrium bond length, and c is a fitting 

parameter. The two-body potential for Pd-Pd and H-H are defined as 
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where f, d, bPdPd, DHH, bHH, and aHH are all adjustable parameters. The embedding energy for 

hydrogen is expressed using the form presented by Hijazi et al. as  
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where aH, bH, cH and dH are fitting parameters, CH and dH are positive constants, and eH is a 

constant with the value 0.054. Lastly, the Pd-H pair potential is expressed using a Morse 

potential with the form  
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where DPdH, aPdH, and roPdH are fitting parameters. Here, we keep the Pd-Pd and H-H terms 

proposed by Hijazi et al. (eq. 3-6, 8), and set out to fit new parameters for the Pd-H terms (eq. 7 

and 9).  

Fitting procedure 



The parameters in equations 7 and 9 were determined by minimizing the error in energies and 

geometries with respect to a set of Pd-H configurations. The structures used for fitting included 

atomic hydrogen adsorbed to an fcc surface site on Pd(111) (Hfcc), hydrogen in a Pd(111) 

subsurface octahedral site (Hoct), and hydrogen in a Pd(111) subsurface tetrahedral site (Htetr). 

In addition to these three local minima, the transition states between Hfcc à Hoct, Hfcc à Hhcp on 

Pd(111) and the transition of hydrogen in bulk Pd from Hoct,b à Htetr,b (as opposed to the above 

mentioned subsurface Hoct and Htetr sites) were used to represent higher energy structures. To 

capture the local curvature of the H-Pd interaction, a set of structures were included where the 

z coordinate of hydrogen was fixed at 0.1 Å above and below the Hfcc minima on Pd(111). 

Additionally, the energy of images to the left and right of the Hfcc à Hhcp transition state were 

used to capture the curvature at higher energies and reduce the chance of fitting artificial 

minima at the transition states. From the above structures, we were able to capture local 

minima, local maxima, and local curvatures in our fitting procedure. A Monte Carlo algorithm, 

implemented in Python, was used to minimize the error between the binding energies and 

geometries for the above listed minima and the relative energies for the above listed transition 

and intermediate states.  

Computational Details 

 All EAM calculations were performed with the large-scale atomic/molecular massively 

parallel simulator (LAMMPS).[17] All density functional theory (DFT) calculations were 

performed using the Vienna ab initio simulation package. [18–21] For DFT calculations, the 

projector augmented wave framework was used to treat interactions between the core and 

valence electrons. [22, 23]  Electronic exchange and correlation were described with the 



generalized gradient approximation – Perdew-Burke-Ernzhof functional. [24, 25]  A cutoff energy 

of 400 eV was used for all calculations. Methfessel-Paxton smearing was employed with a width 

of 0.2 eV. [26] All of the training Pd-H slabs were modelled as (4x4) unit cells with four atomic 

layers where the bottom two layers were frozen in bulk positions. For the PES mapping 

calculations, a (2x2) unit cell with five atomic layers was used where the bottom two atomic 

layers were frozen to bulk positions. Periodic slabs were separated by 12 Å of vacuum. The bulk 

Pd-H calculations were performed with a 2x2x2 unit cell with periodic boundary conditions. For 

the DFT calculations, the Brillouin zone was sampled with a 2x2x1, a 5x5x1 and a 11x11x11 

mesh using the Monkhorst-Pack k-points scheme for the training slabs, PES mapping slabs and 

bulk calculations, respectively.[27] All calculations were allowed to relax until the forces on each 

atom were less than 0.05 eV/ Å.  An optimized lattice constant of 3.89 Å was used for the EAM 

calculations and 3.94 Å for the DFT calculations.  

 The adaptive kinetic Monte Carlo (aKMC) method as implemented in the EON package 

was used to simulate the dynamical evolution of hydrogen on Pd(111).[28–30] The energy and 

force of the system were evaluated with our EAM potential. The system was modelled as a 

(4x4), six-layer slab with the two bottom-most layers frozen to bulk positions. The dimer 

method was used to explore possible reaction mechanisms and product states.[31] At each new 

state, dimer minimum-mode following searches were performed until a confidence value for 

the rate table of 0.95 was reached. The rate constant for each event was computed from the 

Arrhenius equation , = M	exp	(
-∆>
?+@

), where DE, T and kb are the energy barrier, temperature 

and the Boltzmann constant, respectively. The pre-exponential factor was calculated explicitly 



from harmonic transition state theory where M = 	
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normal mode frequencies of the initial and saddle points, respectively. The absorbing Markov 

chains method was used to improve simulation efficiency by determining the escape time from 

superbasin states.[32]  

 

Results 

Table 1. Fitting parameters for equations 7 and 9 to describe the Pd-H interactions. 

  

The Pd-H pair potential and hydrogen embedding function are shown in Figure 1. The 

corresponding parameters for the EAM potential (equations 7 and 9) are listed in Table 1.  As 

seen in Figure 1a, the Pd-H pair potential is narrower and exhibits weaker binding than the 

literature potential. Additionally, the new Pd-H pair potential has a longer equilibrium bond 

length of 1.71 Å as compared to the literature value of 1.30 Å. As shown in Figure 1b, there is 

also a significant change in the hydrogen embedding term; a more positive slope is seen as 

compared to what is in the literature. In the low-density region (Figure 1b, inset), the 

embedding term is slightly stabilizing (negative energy) below r = 7 and there is a significantly 

repulsive (positive energy) at higher densities. The decreased stabilization from the embedding 

term at low densities (which would be expected for adsorbed hydrogen) leads to a higher 

contribution to the total energy from the Pd-H pair potential. In contrast, the literature 

embedding term shows significant stabilization at electron densities below r = 17 and mild 

DPdH aPdH roPdH aH bH cH dH 

0.123452 5.583967 1.712318 4.245745 69.595833 0.000104 1.672605 



repulsion at higher densities. This significant stabilization at densities up to r = 17 helps explain 

the significant stabilization of bulk hydride formation seen in the literature EAM potential.  

 

Figure 1. Our fit and literature a) Pd-H pair potential and b) hydrogen embedding term.[15] 

 

Table 2 shows the energy and geometry results from our EAM and DFT calculations for 

the structures used to fit our EAM potential. It is seen that there is good agreement between 

the EAM and DFT binding energies, geometries and transition state barriers. The EAM potential 

shows slight under-binding for surface hydrogen when compared to the DFT values. In contrast, 

there is a slight over-binding of subsurface hydrogen for the EAM potential when compared to 

DFT. Finally, the EAM and DFT calculated transition state barriers align well with each other. To 



ensure that our EAM potential can accurately describe regions the PES that were not included 

in the training set, we mapped the PES for Pd(111) using both DFT and EAM. The results, seen 

in Figure 2, are in good agreement with each other. For both, three-fold hollow sites are seen to 

be the most stable, followed by bridge and then top sites. Additionally, smooth transitions are 

seen between minima.  

 

Table 2. Energies and bond lengths for hydrogen on Pd(111) and bulk Pd.  Binding energies for 
DFT are relative to a clean Pd(111) slab and ½ H2. Binding energies for EAM are relative to a 
Pd(111) slab with hydrogen held at an infinite distance.  
 

 EHfcc 

(eV) 
EHoct 

(eV) 
EHtetr 
(eV) 

rHfcc 

(Å) 
rHoct 

(Å) 

rHtetr 

(Å) 

Hfcc à Hoct 

TS (eV) 
Hoct,b à Htetr,b 

TS (eV) 
Hfcc à Hhcp 

TS (eV) 
DFT 0.63 0.29 0.28 1.81 1.77/2.42 1.68 0.35 0.25 0.16 

EAM 0.57 0.34 0.34 1.76 1.74/2.32 1.73 0.27 0.23 0.06 



Figure 2. Potential energy surfaces for hydrogen on Pd(111) calculated using a) DFT and b) our 
EAM potential. The energy shown is the binding energy (eV) for hydrogen on the surface at a 
coverage of q = 0.25. 
 

To test the transferability of the EAM potential, the PES of hydrogen on the Pd(110) 

surface was calculated with both DFT and EAM. As seen in Figure 3, there is good agreement 

between the PES produced from DFT (Figure 3a) and the PES produced from EAM (Figure 3b). 

For the 110 surface, a slight over-binding can be observed for surface hydrogen using the EAM 

potential. However, it should be noted that our EAM potential can accurately describe the 

pseudo-hollow site as the true minima, followed by the short bridge and then the long bridge. 

This stands out, as EAM potentials for hydrogen on other metals, such as Cu, have been unable 



to accurately reproduce the PES of the (110) surface.[33] This finding shows the transferability of 

our EAM potential to structures outside of our training set. 

Figure 3. Potential energy surface for hydrogen on Pd(110) calculated using a) DFT and b) our 
EAM potential. The energy shown is the binding energy (eV) for hydrogen on the surface at a 
coverage of q = 0.25.  
 

Using our EAM potential, we performed long time scale simulations of hydrogen 

diffusion on Pd(111) using the adaptive kinetic Monte Carlo (aKMC) method.[28, 29] The diffusion 

of a single hydrogen adatom on a Pd(111) surface was modelled at 300 K. The absorbing 

Markov chains method was used to improve the efficiency of simulation by grouping fast 

transitions into superbasins via a transition counting scheme.[30,32]  With this method, the 

surface diffusion states of hydrogen were treated as a single superbasin, where individual 



transitions between the surface H states were lost, but the transition times out of the 

superbasin were preserved. The time evolution of the total energy of hydrogen on Pd(111) can 

be seen in Figure 4. Before 2.8 µs, hydrogen is seen to diffuse across the Pd(111) surface from 

Hfcc to Hhcp sites by way of bridge sites. There is also diffusion from Hfcc to subsurface Hoct sites 

as well as from Hhcp to Htetr sites. However, before 2.8 µs, no transitions are seen between 

subsurface sites or into the second subsurface layer – all subsurface hydrogen resurfaces. After 

2.8 µs, diffusion to the subsurface was observed, where hydrogen migrates between Hoct sites 

via tetrahedral sites in the second sublayer (Htetr,b). These transitions are depicted in Figure 4c.  

To better represent the diffusion of hydrogen into the bulk, a disconnectivity graph was 

produced using the minima and transitions from the aKMC simulation (Figure 4b).[34–37] Briefly, 

the endpoint of each vertical line in the disconnectivity graph represent a minimum from the 

aKMC calculation. A vertex which connects any two minima indicates the energy of the saddle 

point that connects the corresponding minima. A discretization of 0.002 eV was used to 

distinguish between unique states. In Figure 4b, the lower black portion of the graph 

corresponds to hydrogen diffusion on the Pd(111) surface. The middle green portion 

corresponds to hydrogen in the first subsurface layer, while the upper blue portion corresponds 

to hydrogen diffusion into the second (bulk-like) subsurface layer. From the disconnectivity 

graph, we see that the energy barrier to diffuse from a surface adsorbed hydrogen to a 

hydrogen in the bulk is ca. 0.49 eV. These results are in agreement with past experimental 

findings that show that hydrogen penetration into the bulk of Pd foils is the rate limiting step 

for hydrogen absorption, with a barrier of ca. 0.3 - 0.4 eV.[38, 39]   



 

Figure 4. a) The time evolution of the total energy of hydrogen on Pd(111) at 300 K. inset) 
magnification of the first 0.003 µs. b) A disconnectivity graph from the 5 unique states visited in 
the aKMC simulation. Hydrogen states in the first subsurface are colored green. Hydrogen 
states in the second subsurface (bulk like sites) are colored blue. c) Depictions of the states 
labelled in b and c where the white spheres are Pd and the blue spheres are H. The black, green 
and blue outlines refer to the colors from Figure 4b.   
 

Conclusions 

 Using a set of three local minima, three transition states, and the local curvature around 

one minimum and one transition state, we were able to fit an analytic EAM potential to 

describe the PES of hydrogen on palladium surfaces. This EAM potential was able to accurately 



reproduce the PES for hydrogen on Pd(111) and Pd(110). On Pd(110), the potential was able to 

capture the pseudo-hollow site as the local minima. Using the EAM potential, long time scale 

dynamics were performed to model hydrogen on Pd(111) at 300 K. It was seen that for the first 

2.8 µs, surface diffusion was dominant. Only after 2.8 µs was diffusion into the bulk observed, 

which is consistent with past experimental findings that showed the bottleneck to hydrogen 

absorption is diffusion from the surface into the bulk.  
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