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ABSTRACT: It has been established recently that the quantum mechanically confined motion of 

conduction electrons within ultrathin metal films can strongly modify the various atomic rate 

processes and chemical reactivity on top of the films with thickness-dependent stability. In this 

work, we investigate theoretically how such quantum size effects (QSE) can alter the energetics 

and kinetics as gaseous hydrogen molecules adsorb dissociatively on one side of an ultrathin Pd 

membrane serving as a model separating system, and desorb associatively from the other side. 

We first establish that these quantum Pd films possess extra (or magic) stability at certain film 

thicknesses, and demonstrate that the H2 flux through such quantum films can be tuned 

significantly by the QSE-induced variations in the key molecular/atomic rate processes. 

Furthermore, when the permeate side of the films is coated with a layer of less H-reactive Cu or 

Ag element, the depth of the H chemisorption well is lowered substantially without introducing 

other larger barriers, which in turn can enhance the H2 flux by several orders of magnitude 

around 500 K. These findings of fundamental nature may prove to be inspirational in future 

design of ideal membrane-based devices with maximal hydrogen permeability and low cost. 

PACS numbers: 73.21.Fg , 66.30.–h, 82.20.Kh, 82.30.Rs 
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I. Introduction 

Quantum mechanically confined motion of conduction electrons within ultrathin metal films 

or related metal nanostructures gives rise to discrete energy levels or subbands, which in turn 

may render these nanomaterials new properties different from their bulk counterparts.1-8 Indeed, 

such quantum size effects (QSE) play a determinant role in the formation and stability of the 

metal films, leading to self-assembled growth of atomically flat films with highly selective 

thicknesses, a phenomenon dubbed “electronic growth” or “quantum growth”.2 Extensive efforts 

have been devoted to exploiting how such QSE can also strongly modify the various atomic rate 

processes and chemical reactivity on top of the ultrathin metal films with thickness-dependent 

stability.9-17 For example, bi-layer oscillations in the growth morphology of Pb/Si (111)18 and 

thickness-dependent Fe island density on wedged Pb films19 have been observed experimentally 

stemming from QSE modulated surface adatom mobility. Dramatic oscillations in the desorption 

temperature of CO on ultrathin Cu films as a function of film thickness have also been observed, 

which has been attributed to the existence of two dimensional quantum well subbands crossing 

the Fermi level.9 Similarly, it has been demonstrated that the oxidation rate of ultrathin Mg(0001) 

films on W(110) oscillates as a function of the film thickness, and correlates well with the 

oscillatory decay lengths of the quantum well states;10 especially, thickness variation of only one 

atomic layer has been shown to result in a change of factor 3 in the surface oxidation of quantum 

Pb films.13 

In this work, we investigate a more complex and conceptually intriguing problem, namely, 

how QSE can alter the energetics and kinetics as gaseous hydrogen molecules transport through 
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an ultrathin metal film, with Pd-based membranes as prototypical systems. Purification of 

hydrogen using Pd-based films (usually with their thicknesses in the bulk-like regime) has been 

widely explored using both theoretical and experimental approaches, because of their high 

permeability, high selectivity, and chemical compatibility with many hydrocarbon-containing 

gases.20-28 Nevertheless, the high cost of such thick films, lower-than-desirable permeability, and 

long-term stability still stand as major obstacles against large-scale applications.29-31 Separately, 

a recent experimental advance has been achieved by Huang et al. in synthesizing atomically flat 

freestanding hexagonal palladium nanosheets that are only less than 10 atomic layers thick,32 

which may have a wide range of new application potentials. In particular, exploration of such 

Pd-based quantum films for hydrogen purification may not only offer insights into dramatically 

reducing the cost of Pd due to increased area/volume ratios, but such studies may also reveal 

extra tunability in the H-reactivity and overall permeability of the films.  

Aside from invoking QSE for improved permeance, additional functionalization of the pure 

Pd quantum films may offer further enhancement. In particular, in this thin-film, surface-effect 

dominant regime, since the decomposition of H2 on the feed side is almost a spontaneous process, 

we expect that coating of the permeate side with less H-reactive metal can significantly lower the 

desorption barrier, thus enhancing the H2 flux. Interestingly, for a reverse purpose of hydrogen 

storage, previous studies showed that magnesium thin films capped with palladium layers on 

both sides can significantly increase the hydrogen pressure inside the films.33 Moreover, earlier 

studies revealed that the recombination rate of H2 on the surface of Cu is larger than that on 

Pd.34,35 However, reduced H2 fluxes was reported experimentally when a thin Cu layer (3-5 nm) 
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was coated on the permeate side of Pd membranes (of thicknesses ~100 μm).36 These somewhat 

conflicting findings of hydrogen permeability involving much thicker Pd, Cu, and Cu-coated Pd 

films offer yet additional incentives to carry out a more systematic study of these systems, 

particularly in the ultra-thin, quantum regime based on first-principles approaches. 

Here we explore the feasibility of using ultra-thin Pd quantum films as potential building 

blocks in developing membrane technologies with high H2 permeability using a multi-scale 

approach combining first-principles calculations within density-functional theory (DFT) with 

rate equation simulations. We demonstrate that QSE can dramatically tune the H2 flux through 

the ultrathin quantum films. More strikingly, functionalization of the Pd films (in the surface 

effect dominated thickness regime) with the coating of a less H-reactive Cu or Ag monolayer can 

dramatically reduce the rate-limiting barrier, thereby increasing the H2 flux at ~500K by as high 

as respectively 5 or 4 orders of magnitude over the flux for symmetric pure Pd films. 

 

II. Computational Methods  

The DFT calculations were carried out using the Vienna ab initio simulation package 

(VASP)37 with the projector augmented wave (PAW) method and the generalized gradient 

approximation (PBE-GGA)38 for exchange correlation. The ‘‘climbing image nudged elastic 

band’’ method39 was used for the calculation of energy barriers for the various kinetic processes. 

The Monkhorst-Pack scheme was adopted for the Brillouin zone sampling with a 24 × 24 × 1 

and 3 × 3 × 1 k-point mesh for pristine Pd films and Pd films with H adsorption at 1/4 ML 

coverage, respectively. A supercell containing 1 × 1 and 4 × 4 primitive unit cells was used with 
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a vacuum region of 15 Å, large enough for the system to converge to a correct total energy. In 

these calculations, all the atoms in a slab were fully relaxed. The cutoff energy used for the 

plane-wave basis set was 260 eV and the structural relaxation was done when all the forces on 

the atoms were smaller than 0.01 eV/Å. The calculated Pd lattice constant of 3.95 Å is very close 

to the experimental value of 3.89 Å, validating the accuracy of this computational method. 

 

III. Results 

A. Stability of quantum films 

We first study the stability of symmetric and metal (Ag, Cu) coated asymmetric freestanding 

Pd quantum films along the [111] direction up to 20 layers. For an asymmetric film with a total 

thickness of N ML, the Ag or Cu monolayer is coated on the permeate side of an (N-1)-ML Pd 

film; the most stable stacking is obtained by placing the coating layer with the same lattice 

sequence of the pure N-ML Pd film, and is denoted by (N-1)Pd1Ag and (N-1)Pd1Cu, respectively. 

The second differences of the surface energies (δ2E/δN2= EN+1+EN-1-2EN, EN being the total 

energy of an N-ML film)8 for the NPd, (N-1)Pd1Ag, and (N-1)Pd1Cu films as a function of the 

total film thickness are displayed in Figure 1, with positive values indicating stable films. The 

stability of these films shows considerable variations due to QSE, with the 4 ML possessing 

particularly high stability, characterizing it as a magic thickness in all the three systems. We also 

observe stable films at 7 ML and 10 ML film thicknesses, and the existence of magic thicknesses 

in this thickness regime is consistent with experimental observations.32 
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Figure 1. Second differences of the surface energies for NPd, (N-1)Pd1Ag, and (N-1)Pd1Cu 

films. The black dashed line is given as guide to the eye.  

 

B. Quantum size effects on the energetics and kinetics of hydrogen interaction with 

pure Pd films 

The permeation of H2 through a metal film usually involves the following elemental 

molecular/atomic rate processes successively from the high pressure to low pressure side:23 (1) 

H2 decomposition; (2) surface-subsurface diffusion of H atoms; (3) subsurface-bulk diffusion of 

H atoms; (4) bulk diffusion of H atoms; (5) bulk-subsurface diffusion of H atoms; (6) 

subsurface-surface diffusion of H atoms; and, finally, (7) recombinative desorption of H2. For 

thin Pd films, the surface effect, namely, the various atomic rate processes at or near the surfaces, 

dominates the whole permeation cycle. Therefore, we now investigate the thickness-dependent 



7 
 

surface H-reactivity of symmetric quantum Pd films. We place 1/4 ML of atomic H on all 

possible surface or subsurface sites and find the following trends: A surface fcc-site is 

energetically slightly favored over a surface hcp-site by less than 0.01 eV; at the subsurface depth 

level, H prefers to adsorb at an octahedral site rather than a tetrahedral site by about 0.1-0.2 eV; 

H adsorption on a surface fcc site is ~0.35 eV more stable than that on a subsurface octahedral 

site; the thicknesses-dependent variations of H binding energies near the surface due to the QSE 

are less than 0.04 eV. As surface-subsurface diffusion is an important step for H2 separation,40 

we also examine the influence of the Pd film thickness on the kinetics of this process with 

selected thicknesses of 4, 6, 7, and 13 ML, and find that the barriers are about ~0.4 eV with 

variations less than 0.05 eV for different thicknesses.  

 

C. Energy landscape of H permeation through 4-ML symmetric and asymmetric films 

As the 4-ML films possess extremely high stability and the H penetration from surface to 

subsurface is easier, we next look into the thermodynamic and kinetic aspects of hydrogen 

permeation through 4Pd, 3Pd1Ag, and 3Pd1Cu films. The simplified energy landscapes of H2 

penetrating through these films are displayed in Figure 2, in which we incorporate the horizontal 

in-plane diffusion of H. The decomposition barrier of H2 on the surface of pure Pd is negligible 

(0.04 eV), while the barrier for the reverse process (desorption) is high (1.36 eV), in line with the 

deep chemisorption well of H on the surface (Figure 2a). The second largest barrier, 

corresponding to surface-subsurface diffusion, is 0.4 eV, much smaller than the desorption one. 

To reduce the well depth of H adsorption on the permeate side, we replace 1 ML of surface 
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Pd with 1 ML of Cu or Ag, known to have weaker bonding to H than Pd. As seen from Figure 2, 

the binding of H on the permeate side surface of 4Pd and 3Pd1Cu is 0.68 and 0.34 eV more 

favorable than free H2 respectively, and becomes unfavorable by 0.25 eV for 3Pd1Ag. 

Furthermore, on the permeate side, the hydrogen adsorption on the surface is 0.34 and 0.29 eV 

more stable than that on the subsurface for 4Pd and 3Pd1Cu, respectively, and is 0.24 eV less 

stable for 3Pd1Ag. Consequently, the H2 desorption from the permeate side of the 3Pd1Ag film 

is a spontaneous process. Without considering the subsurface-surface diffusion, we might 

conclude that the 3Pd1Ag film were a perfect system for hydrogen permeation. However, a large 

barrier of 0.95 eV appears against H penetration from the subsurface site to the Ag surface in the 

3Pd1Ag system, a value not too much lower than the H2 desorption barrier of 1.36 eV from a Pd 

surface. In contrast, on the permeate side of the 3Pd1Cu film, the H2 desorption barrier is 

lowered to 0.79 eV, and the corresponding decomposition barrier is raised to 0.25 eV. 

Furthermore, the barrier against subsurface-to-surface diffusion of H increases only slightly to 

0.1 eV from 0.04 eV in the pure Pd case. Therefore, desorption from the permeate side is the 

rate-limiting process for hydrogen permeation through the 4Pd and 3Pd1Cu films, while for 

3Pd1Ag the rate-limiting process is the subsurface-to-surface diffusion. The reduced desorption 

barriers are consistent with the relatively weak binding between atomic H and Ag or Cu and can 

be understood by the d-hybridization picture that the positions of the d-band centers follow the 

order Ed (Ag) < Ed (Cu) < Ed (Pd). 35,41,42  
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Figure 2. The energy landscapes of H2 permeation through (a) 4Pd, (b) 3Pd1Ag, and (c) 3Pd1Cu. 

Single lines: energetics of atomic H transport through the films (the energy is scaled to that of a 

free hydrogen molecule H2 far away from the surface); double lines: energetics of the H2 

decomposition and recombination processes. The curves are discontinuous because for the 

decomposition and recombination processes we use twice the values for atomic H transport. The 

red dashed lines indicate half of the energy level of a free H2, and the red dotted lines are to 

guide the eye. 

 

D. Rate equation model for deriving the H2 flux 

The quasi-steady state H2 fluxes through the NPd, (N-1)Pd1Ag, and (N-1)Pd1Cu films with 

thicknesses ranging from 4 to 100 ML are estimated by analyzing the diffusion equation from a 
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microscopic view. A one-dimensional (1D) lattice model is applied without considering the H-H 

interaction (known as the tracer diffusion regime for dilute H concentrations43,44). For simplicity, 

we also assume that the feed side surface of a film is always fully occupied by atomic hydrogen, 

namely, the H/Pd ratio is 1.0. At time t = 0, the dimensionless hydrogen concentration on the 

feed side surface (c0) equals 1.0, and that on other layers (ci) is 0.0. This approximation is 

justified by the fact that saturated occupation of H will be rapidly established on the feed side 

surface even at moderate temperatures and under very low pressures, because of the deep 

chemisorptions well on the Pd surface. The fcc metal lattice is simplified into a 1D cubic lattice, 

and the permeation is described by a series of independent hydrogen jumps between adjacent 

sites in the 1D lattice. Moreover, since the associative desorption barrier of H2 from the Pd 

surface is very large (1.36 eV) and the hydrogen partial pressure in the gas phase is high on the 

feed side, we ignore molecular desorption from the feed side surface. Given the ultra high 

vacuum conditions on the permeate side, the dissociative adsorption process of H2 on the 

permeate side surface is also neglected. The jumping rate is defined as, 

)exp( ,
0, Tk

E
k

B

a
ji

ji

−
=ν ,    (1) 

where the prefactor ν0 is estimated as ν0 = kBT/h=4.2×1010 T/Ks, a
jiE , is the activation energy for 

H jumping from site i to j, kB is the Boltzmann constant, and T is the temperature. A sufficiently 

small uniform time step (
jik

t
,

1<<Δ ) is adopted for each jump. As the feed side surface is 

assumed to be always fully occupied by atomic H, hopping from subsurface to surface is 

forbidden (k1,0 = 0.0, denoting a high pressure limit), and the reverse process is allowed with a 
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rate k0,1. Hydrogen concentration on each layer evolves from 0.0 to ci (t) ≦ 1.0 with an 

increment rate of 
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τ
, the ith layer is saturated with H. The decomposition, recombination, 

surface-subsurface, and subsurface-bulk diffusion barriers are from our DFT calculations of the 

4Pd, 3Pd1Ag, and 3Pd1Cu films, even though our simulations include much thicker films than 4 

ML total. We consider the layers inside the subsurface as bulk-like, and the corresponding H 

penetration barriers are calculated from H diffusion in bulk Pd. 

 

 

Figure 3. Logarithmic of H2 flux through a 4-ML Pd film as a function of temperature. The H2 

desorption barrier adopted: right column, 1.36 eV, adopted from the surface of 4Pd; left column, 

1.31 eV, as reduced by the upper limit (0.05eV) due to QSE. 
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Figure 4. Logarithmic of the H2 flux as a function of the temperature through the symmetric 4Pd 

and asymmetric 3Pd1Ag and 3Pd1Cu films. 

 

E. H2 permeance of the symmetric and asymmetric quantum Pd films 

Equilibrium H2 flux is very rapid to reach for all of the three systems if the total thickness is 

in the quantum regime. For example, even for 100-ML films, the time to get saturation is only on 

the order of 10-7 s at 600K. Therefore, we can ignore the influence of the transient behavior on 

the performance of the films. As expected, the steady state H2 flux follows the Arrhenius 

relation )exp(0 Tk
EJ
B

a
des−= θν , where θ is the concentration of the chemisorbed H dimers on the 

permeate side surface, and a
desE is the associative desorption barrier. For a given type of films, 

the flux is determined only by the concentration of H dimers on the permeate side surface and 

the desorption rate. On one hand, since the surface H-reactivity of pure quantum Pd films varies 

by less than 0.05 eV induced by QSE, the H2 flux can be tuned by only several times (Figure 3). 
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On the other hand, dramatic changes in the H2 flux can be expected as we go from a pure Pd film 

to the functionalized Pd films. Moreover, for a given a
desE , the variation of membrane thickness is 

small perturbations to J because surface effects rather than bulk diffusion determine the 

hydrogen flux. e.g., The quasi-steady state J is 7.82×10-4 and 7.81×10-4 for 10 and 100 ML, 

respectively (ΔJ = 10-6 mol.m-2.s-1) at 600K. As can be seen from Figure 4, the H2 flux in the 

temperature range of 400-600K through the asymmetric 3Pd1Ag and 3Pd1Cu films are about 3-5 

and 5-7 orders of magnitude larger than that through the symmetric 4Pd film. These dramatic 

findings contradict qualitatively with the experimental observation that the permeability is 

reduced for the asymmetric Pd membranes coated with Cu films.366 The contradiction is 

attributed to the endothermic nature of atomic H dissolution in bulk Cu and the corresponding 

lower solubility and diffusivity compared with that in bulk Pd.20,34,35 The thinnest Cu coating 

layer used in the earlier experiments was 2.9 nm, much thicker than the single Cu coating layer 

suggested in the present study. In particular, our present study strongly indicates that dramatic 

flux enhancement is expected in future controlled experiments exploiting quantum (N-1)Pd1Cu 

and (N-1)Pd1Ag films. 

We perform thermodynamic analysis to evaluate the influences of finite pressure and 

temperature and to justify the approximations made in our rate equation model. Within the 

ideal-gas law, the chemical potential of H, μH, is determined by45 

)ln(
2
1),(),( 0

0

p
pTkpTpT BHH += μμ ,    (3) 
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where the pressure p0 = 1 atm, and ),( 0pTHμ  was taken from the NIST-JANAF 

thermodynamical tables.46 The chemical potential for half of the free H2 as a function of the 

pressure and temperature is plotted in Figure 5. The binding energies of H on the feed side 

subsurfaces of all the three systems are similar (about -0.34 eV, Figure 2). Hydrogen prefers to 

stay on the subsurface rather than in the free molecule phase below 550K at 1 atm (Figure 5). 

Thus, it is valid to neglect the subsurface-to-surface hopping of atomic H on the feed side, while 

keeping the surface saturated with H below this temperature. For 3Pd1Cu, when the permeate 

side is kept in a low pressure (10-5 atm) and the temperature is higher than 320K, the free H2 

state is favored over the H chemisorption state on the surface. For the case of 3Pd1Ag, hydrogen 

always prefers the free H2 phase, rather than the binding state on the surface of Ag. However, for 

symmetric Pd films, higher vacuum conditions on the permeate side are needed to avoid the 

dissociative adsorption of permeated H2. That is, with the pressure of 1 atm on the feed side and 

10-5 atm on the permeate side, our approximation is valid in the temperature range of 320-550K 

for 3Pd1Cu and 0-550K for 3Pd1Ag; however, for the pure Pd film, a much higher vacuum on 

the permeate side is required. Moreover, as the chemical potential of free H2 at finite temperature 

and pressure decreases (Figure 5), the H2 desorption barriers will be reduced and the H2 flux will 

thus be higher.43,44 As yet another cross validity check in connection with existing studies, the 

hydrogen flux obtained by our numerical model is comparable with the experimental results of 

Chen et al. in the surface-effect dominated regime. 47  Moreover, our results are also 

quantitatively consistent with the results of other models48 when the same hydrogen desorption 

barrier is adopted.  
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Figure 5. The chemical potential of free H2 in the gas phase as a function of temperature and 

pressure. The horizontal black dotted lines indicate the H binding energy on the permeate side 

surface of 4Pd, 3Pd1Cu, and 3Pd1Ag, and the red dotted line indicates the H binding energy on 

the feed side subsurface; the vertical dashed lines are used to guide the eyes. 

 

We next discuss the influences of H-H interaction on the magnitude of H2 flux. If H-H 

interaction is taken into account, the hopping rate in the diffusion equation becomes dependent 

on the H concentration. From our DFT calculations, we find that H atoms on two adjacent fcc 

sites of the surface of 4Pd, 3Pd1Cu, and 3Pd1Ag are slightly repulsive (~0.02-0.05 eV), while 

the repulsive energy between the neighboring hcp and fcc is about 0.20 eV. The repulsive 

interaction between two closest H atoms at the octahedral interstitial sites within the permeate 

side subsurface of 3Pd1Ag is 0.01eV, while that at the octahedral-tetrahedral sites is 0.60 eV. 

Thus, H will hardly occupy the tetrahedral sites, consistent with previous results.49 The hopping 

rate tends to decrease as the concentration of the diffusing particles increases if the inter-particle 

interaction is attractive, and it tends to increase for a repulsive inter-particle interaction.43,44 

Therefore, the atomic H hopping rates inside the films will be larger when the H-H interaction is 

considered, and the resulting H2 flux will be further enhanced. 
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Despite the obvious advantages of thin palladium films for hydrogen permeation, issues 

exist limiting their applications, such as feed side contamination by molecular gas mixtures and 

high hydrogen concentration induced embrittlement.50-52 One route to solve this problem is to 

use Pd-based metal alloys as membranes, which the current inorganic membrane technology 

community mainly focuses on.53-55 In the quantum film community, the fabrication of atomically 

flat metal alloys in the quantum regime becomes feasible even for two metal elements 

immiscible in the bulk form,5 and the amount of Pd consumed will be significantly reduced 

compared with the conventional thick membranes. Moreover, for applications of the coating 

systems in hydrogen purification, especially with high temperature annealing, one disadvantage 

is the intermixing of the coating element and the substrate at the interface.23,33 However, even if 

interfacial alloy is formed in our asymmetric films, the rate-limiting barriers should shrink 

though compared with that of the pure palladium films considering the energetics and kinetics of 

H2 penetrating through a metal film. Therefore, we expect that PdxCu1-x alloy with thickness in 

the quantum regime can be used as hydrogen purification membrane with the ability to resist 

sulfur containing poisoning and simultaneously also to increase the hydrogen flux by reducing 

the rate-limiting barrier.  

IV Conclusions 

In summary, we have used a multi-scale approach combining first-principles calculations 

with rate equation simulations to explore how quantum size effects (QSEs) and QSE-based 

functionalization can alter the energetics and kinetics of H2 transports through ultrathin Pd metal 

films. The quantum Pd films are found to possess extra (or magic) stability at certain film 
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thickness. The H2 flux through such quantum films are demonstrated to be tuned dramatically by 

the QSE-induced variations in the key molecular/atomic rate processes. Most strikingly, coating 

the permeate side of the Pd quantum films with only one layer of less H-reactive Cu or Ag 

element can significantly reduce rate-limiting barrier of pure Pd and thus enhances the H2 flux 

around 500 K by 5-7 or 3-5 orders of magnitude, respectively. These novel findings are 

fundamentally intriguing in their own right, and also point to new directions in materials 

discoveries for advanced hydrogen purification technologies. 
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