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Abstract    

Here we present a thorough density functional theory study, including and excluding 

dispersive forces interaction description, on the adsorption and dissociation of H2 

molecule on the low-index Miller Cu (111), (100), and (110) surfaces and two different 

surface Cu nanorows, all displaying a different number of surface nearest-neighbours, 

nn. The computational setup has been optimized granting an accuracy below 0.04 eV. 

Surface and nanorow energies —for which a new methodology to extract them is 

presented— are found to follow the nn number. However, the adsorption strength is 

found not to. Thus the adsorption energies seem to be governed by a particular orbital↔ 

band interaction rather than by the simple nn surface saturation. The van der Waals 

(vdW) forces are found to play a key role in the adsorption of H2, and merely an 

energetic adjustment on chemisorbed H adatoms. No clear trends are observed for H2 

and H adsorption energies, and H2 dissociation energy with respect nn, and no Brønsted-

Evans-Polanyi, making H2 adsorption and dissociation a trend outlier compared to other 

cases. H2 is found to adsorb and dissociate on Cu(100) surface. On the Cu(111) surface 

the rather smaller H2 adsorption energy would prevent H2 dissociation, regardless is 

thermodynamically driven to. On Cu(110) surface the H2 dissociation process would be 

endothermic, and achievable if adsorption energy is employed on surpassing the 

dissociation energy barrier. On low-coordinated sites on Cu nanorows, vdW plays a key 

role in the H2 dissociation process, which otherwise is found to be endothermic. Indeed 

dispersive forces turn the process markedly exothermic. Nanoparticle Cu systems must 

display Cu(100) surfaces or facets in order to dissociate H2, vital in many hydrogenation 

processes.  

Keywords: Copper · Surfaces · Nanorows · Hydrogen Adsorption · Density Functional 

Calculations · Dispersive Forces.  
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1. Introduction  

 Hydrogen technology is a wide area of study, from its production to its use. As a 

reactant it is mainly used for crude oil refining into commercial liquid fuels, the 

production of high-value chemicals, and the evolving interest in using H2 as a source of 

energy. Among the means of production the catalytic conversions are very important; 

such as the Steam Reforming (SR), the Partial Oxidation (PO), the Oxidative Steam 

Reforming (OSR), the Gasification of Carbon (GC), the carbon formation, and the 

Water Gas Shift reaction (WGS) [1]. In the case of SR and GC reactions, they may 

produce the same amount of CO2 like in the regular fuel combustion, although the 

carbon dioxide can be removed from the product stream sequestered. These two 

reactions create the so-called syngas (a mixture primarily composed of CO and H2), 

where CO can be used as a reactant in the WGS to produce more hydrogen [2].  

 In the case of methanol-reforming processes used to produce H2 one can 

mention the Methanol Decomposition (MD), the Methanol Partial Oxidation (MPO), the 

Methanol Steam Reforming (MSR), and the Oxidative MSR (OMSR). In all these cases 

the Cu-based catalysts have been identified as outstandingly cost-effective for many 

reactions [3]. A number of recent studies assumed that copper and zirconia behaved in a 

bifunctional manner during the MD or methanol synthesis, with Cu serving as a site for 

the dissociation or removal of hydrogen molecules, and zirconia being an adsorption 

site for carbon-containing intermediates [4,5]. Similarly, for the WGS reaction Cu-

based catalysts are widely employed and studied in order to elucidate the mechanism 

and the responsible sites of the catalytic activity [6].    

 As it can be seen the interaction of hydrogen molecules with metallic surfaces in 

general, of Copper in particular, is important for technological purposes and for 

modeling reactions taking place on solid surfaces [7]. The interaction of hydrogen with 

transition metal surfaces is a topic of considerable experiments and theoretical 

calculations, as they are used often to catalyze chemical reactions of industrial interest 

[8]. The prediction of the elementary processes occurring when H2 is scattered on a 

metal surface is one of the main challenges in the field of heterogeneous catalysis [9]. 

As an example, the active sites for the H2 production from the methanol reforming are 

still controversial [3]. For example dehydrogenation of cyclohexanol to cyclohexanone 

where Cu-based catalysts are the matter of investigations to understand the mechanism 

and active sites for the dehydrogenation process [10]. For these reasons hydrogen 

interaction and dissociation on the Cu(111) surface has turned out to became a 
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benchmark for understanding the reaction path. Nevertheless, metal nanoparticles 

exhibit a variety of facets, edges, and corner sites with different degrees of coordination, 

which can be crucial for the catalytic and synthesis purposes [11-14]. The understanding 

of the microscopic factors determining the reactivity of metal surfaces is of paramount 

interest since it might lead to the improvement of catalysts in a systematic way [15]. 

 To contribute to the better understanding of the interaction of H2 with different 

types of Cu surfaces, here we report a systematic theoretical study of the adsorbed and 

dissociated situations of molecular hydrogen on a variety of well-defined surface 

models. Moreover two types of Cu nanorows have been studied as approximations of 

less saturated sites. We considered lowest-index Miller Cu surfaces; (100), (110), (111), 

and two nanorows over the (111) surface, which altogether display a significant variety 

of low-coordination sites. In addition we explored the effect of vdW on such reaction on 

the given supports. With all this we discuss on the main aspects to consider when 

designing a Cu based catalyst for H2 dissociation production and the effect of surface 

coordination in H2 attachment and dissociation.  

 

2. Theoretical Models and Computational Details 

 In this work Density Functional (DF) theory calculations have been carried out 

using the Perdew-Burke-Ernzerhof (PBE) exchange-correlation (xc) functional [16], 

within the Generalized Gradient Approximation (GGA). This xc functional has been 

found to be the best choice for simulating transition metals compared to other 

functionals within GGA or other approximations [17]. For the simulation of Cu bulk 

and surfaces the periodic VASP computation package was employed [18,19]. During the 

optimizations an electronic step convergence criterion of 10-6 eV has been used, 

together with a tight atomic force threshold of 0.001 eV/Å. Projector augmented wave 

pseudopotentials were used to treat the core electrons effect on valence electrons [20]. A 

plane-wave basis set has been used with a kinetic energy limit and a Monkhorst-Pack k-

points mesh to sample the Brillouin zone [21]. These variables were optimized for bulk 

Cu sampling ranges of 250-600 eV and N×N×N (N=1-17), respectively. An optimal 

cut-off kinetic energy of 525 eV and a Monkhorst-Pack k-point mesh of 9×9×9 

dimensions yielded variations in the total energy below 0.01 kJ mol-1 per bulk Cu atom 

by using slightly smaller kinetic energy limit and k-point mesh; consequently, these 

values have been used throughout the study. The calculated bulk Cu unit cell parameter, 

cohesive energy, and bulk modulus of 3.64 Å, 3.49 eV atom-1, and 134 GPa, 
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respectively, obtained through a procedure described elsewhere [22], are in excellent 

agreement with the experimental values of 3.63 Å, 3.48 eV atom-1, and 133 GPa, 

respectively, and also in excellent agreement with previous calculations [22], thus 

validating the present calculation setup. 

 To simulate the (100), (110), and (111) Cu surfaces, see Figure 1 for a depiction, 

a set of slab models were constructed using (1×1) supercells with increasing number of 

layers Nl (Nl = 1-15), but always keeping a vacuum region of 10 Å in the direction 

normal to the surface to avoid interaction between translationally repeated slabs. Bulk 

truncated, γfix, and relaxed, γrel, surface energies were computed following a procedure 

described elsewhere [23]. It has been found that a general thickness of Nl = 7 layers is 

enough to grant variations on any of the computed surface energies below 0.04 eV 

atom-1. Final values are listed in Table 1; from them it is clear that the relaxation energy, 

εrel, defined as 

      εrel = γfix - γrel     (1), 

is rather small, yet dependent on the stability of the surface; this is, most stable (111) 

surface features the smallest relaxation energy, and least stable (110) surface the largest 

one. Thus, the relaxation energy is in line with the degree of compactness of the surface, 

i.e. the larger the value of nearest-neighbors, nn, is, the lesser the relaxation energy. 

Already at this level one would expect surfaces with larger surface energies to be more 

active towards the attachment of adsorbates, as found previously in the literature [24]. 

 

Surface (110) (100) (111) 

γfix / J m-2 1.601 1.515 1.313 

γrel / J m-2 1.548 1.500 1.307 

εrel / J m-2 0.053 0.015 0.006 

nn 7 8 9 

 

Table 1. Fixed and relaxed surface energies, γfix and γrel, respectively, as well as the 

relaxation energy, εrel, for the (100), (110), and (111) Cu surfaces, together with the 

number of nearest-neighbours for a surface Cu atom, nn. 
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Figure	1. Top views of the studied Cu surfaces and nanorows. Spheres represent Cu 

positions, and color the height. The nanorows are shown in pink and decreasing the 

height it is shown gold, brown, and light green. Dashed lines denote the employed 

supercells and the solid lines denote the surface unit cells. 

 Once regular surfaces were duly well-described, we decided to expand our study 

to other periodic systems containing even less saturated Cu surface atoms. To do so, we 

decided to model Cu nanorows on the Cu(111) surface as recently similarly carried out 

for Au [25,26]. These nanorows were constructed starting from a symmetric relaxed 

Cu(111) surface of 7 layers, but building up a (1×3) supercell out of the (1×1) 

orthorhombic unit cell, as depicted in Figure 1. Six different arrangements were tested 

for the nanorow; in two of them all the three atoms conforming a section of the Cu 

nanorow are in line perpendicular to the direction of the nanorow (in-line), in which one 

case the bottom Cu atoms lay on hollow sites, (in-line-hollow) and in the other case on 

top positions (in-line-top). Two other cases are variations of the in-line but with the 

nanorow top Cu atom displaced (displaced), resulting in the top-displaced-top and top-

displaced-hollow situations. Finally, the other two structures are equivalent to the in-
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line ones but with one nanorow bottom Cu atom displaced (bottom-displaced-hollow 

and bottom-displaced-top).  

 However, geometry optimizations of the nanorows delivered that most of them 

either are high in energy or evolve to one of the two most stable ones, the so-called 

bottom-displaced-hollow and top-displaced-hollow, hereafter referred as to bottom- and 

top-displaced, respectively, for the sake of simplicity. Indeed, bottom-displaced-top was 

just 0.06 eV higher in energy than the -hollow counterpart, but since only one model 

with this particular coordination was needed, we chose the -hollow one for the rest of 

the study. As nanorows could be considered line defects, we chose to study their 

stability by calculating their absolute row energy, in a similar fashion as earlier 

performed to obtain absolute surface step energies [27]. According to it, the total energy 

of the slab, E, would be decomposed in the following terms 

    E = εN + 2γrel(L·W) + 2βW    (2), 

where ε is the energy of a bulk Cu atom, N the number of Cu atoms in the slab model, 

γrel the relaxed surface energy of the exposed (111) surface, and β the line energy of the 

Cu nanorow. Note that surface energies depend on the area exposed (L·W) and nanorow 

line energies on the width of the slab (W), illustrated in Figure 3. 

 

 
 

Figure	2. Sketch of a nanorow slab model, as well as the L and W geometric parameters 

used in equation 2. 

 

 The computed nanorow line energies for the top-displaced, and bottom-

displaced nanorows are 8.27, and 7.77 eV nm-1, respectively —equivalent to 2.260 and 

2.782 J m-2, respectively, given that nanorows occupy a certain Cu(111) surface area. 

The top-displaced arrangement seems to allow a better coupling of the nanorow Cu 

orbitals with the Cu(111) surface, being nanorow Cu bottom atoms bridging two Cu 

atoms of what it would be the Cu(111) surface. In the case of bottom-displaced, this 
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factor seems to be added to the point that every second bottom Cu atom is sitting on a 

Cu(111) surface hollow site, indeed, that which would be occupied for an ideal eighth 

Cu layer, fact that seems to add more stability to the system. In summary, both 

displaced situations have been further considered for the H2 adsorption study. The nn of 

top- and bottom-displaced situations is 6 and 5, respectively. Note that, considering the 

equivalent surface energies of the nanorows, the stability seems to be highly governed 

by the number of nearest neighbors. 

The hydrogen molecule adsorption on the different Cu surfaces and two different 

nanorows has been studied using supercells: on (100) and (110) surfaces a (2×2) 

supercell —56 and 28 Cu atoms, respectively—, in the case of the (111) surface a (2×2) 

supercell from the orthorhombic surface unit cell —56 Cu atoms—, and (2×3) 

supercells for the two studied nanorows —96 Cu atoms each—. In all cases for all the 

H2 adsorption tested positions the molecule is placed at a 3 Å initial distance from the 

tested site, being the initial H-H bond length 0.75 Å. The molecule and the three top 

layers are relaxed during the calculations, allowing the system to reach a minimum 

energy. For these optimized structures, the adsorption energy has been calculated with 

the following equation: 

   Eads =  𝐸!!/!"#$ − 𝐸!"#$ − 𝐸!!    (3), 

where Eads is the adsorption energy, EH2/surf is the energy of the hydrogen molecule 

interacting with the metallic surface, and Esurf and EH2 are the energies of the pristine 

surface and of the isolated molecule, respectively. The isolated molecule has been 

optimized using the same setup but isolating it within an asymmetric cell of 9×10×11 Å 

dimensions, and carrying out the calculations at the Γ  point. Within this definition, 

adsorption energy values are negative, and so the more negative the Eads value, the 

stronger the interaction. Note by passing by that interaction among translationally 

repeated H2 molecules when adsorbed, and the changes by including a different k-point 

set are minimal, below 0.01 kJ mol-1. Those preferred sites, whose population is above 

1% according to a Gibbs distribution at 300 K, have been re-optimized considering a 

description of the dispersive forces following the dispersion correction D2 of Grimme 

[28], and adsorption energies have been calculated likewise. This dispersion correction 

has been previously found to be appropriate to describe the adsorption of molecules on 

Cu substrates [29], and also on the interaction of graphene on metal surfaces [30]. Note 
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in passing by that similar correction D3 of Grimme [31] was found to correctly describe 

the H2 adsorption, yet there on oxide clusters [32]. 

 The final H2 dissociation situation, i.e. two H adatoms on the Cu systems, has 

been studied similarly yet deliberately placing the H atoms in nearby positions 

according to earlier extensive experimental and theoretical works, which show that H 

adatoms prefer to sit on face-centered cubic (fcc) hollow sites and four-fold hollow sites 

on Cu(111) and Cu(100) surfaces, respectively [33-35], and over short-bridges (sb) and 

long-bridges (lb) of Cu(110) surfaces [35]. In the case of Cu nanorows, they display 

small (111) or (100) like facets. Thus, the two H atoms have been placed on hollow 

positions of nanorow adjacent facets. Charges on atoms have been estimated through a 

Bader analysis of the electron density [36], yet in all the studied cases charge transfer 

from Cu substrate to/from hydrogen species has been found to be essentially zero, this 

is, they are in all the studied cases neutral species, and so this aspect is no longer 

referred in the oncoming discussion. 

 The H2 dissociation path connecting H2 and 2 H adatoms has been studied 

obtaining the Transition State (TS) structures using the dimer approach [37], at the PBE-

D2 level. The gained TS have been characterized by a vibrational frequency analysis, 

performed by the construction and diagonalization of the Hessian matrix by finite 

displacements of 0.03 Å. The TSs featured only an imaginary frequency in all the cases. 

Then, the H2 dissociation energy barrier, Ebarr, is calculated as: 

                               Ebarr =  𝐸!" − 𝐸!!/!"#$     (4), 

where ETS is the total energy of the located TS. Thus, energy barriers are delivered 

positive. 

  

3. Results and Discussion 

3.1. H2 Adsorption 

 Let us being with the H2 molecule adsorption process. For it, aside from the 

adsorption energy values, Eads, we provide general features for the final optimized 

configurations: the shortest distance between one H atom of the H2 molecule and a 

substrate Cu atom, d, the H-H bond length, l, and the angle between the surface and the 

H2 bond, α, i.e. the angle that the line connecting both H atoms in H2, extrapolated to 

contact the surface, forms with respect the surface plane. In this sense, an angle of 0º 

implies H2 molecule planar to the surface, whereas 90º implies H2 molecule 

perpendicular to the surface.  
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3.1.1. H2 Adsorption on Cu(111) 

We start from most compact Cu surface, the (111). Here five highly symmetric 

adsorption geometries on the Cu(111) surface were sampled, whose Initial 

Configuration (IC) and Final Configuration (FC) are shown in Figure 3. These include 

top (1) and bridge sites (2a and 2b), one hexagonal close-packed (hcp) hollow site (3a) 

and one fcc hollow site (3b). Energetic and geometric information are encompassed in 

Table 2. The highest stability of Cu(111) surface, as shown in Table 1, is translated into 

extremely weak adsorption energies, where all sites feature the same Eads values. 

Indeed, the Cu surface repulsion normally makes the molecule rotate to adopt a 

perpendicular direction, see angles α on Table 2, with the caveat of 2a position. Here no 

site seems to be especially active in elongating H2 bond length, nor one implies a 

special attraction to the surface. Indeed, PBE results show that H2 molecule is merely 

physisorbed, floating over the Cu(111) surface. However, when D2 dispersive forces 

correction is applied, H2 molecules approach the Cu(111) surface by ~0.9 Å, despite the 

H2 interatomic distance is unperturbed. Moreover, the adsorption energy is increased 

manifold, but still being rather low, to values of circa -0.08 eV. Note that the addition 

of dispersive forces does not allow discriminating in between the sampled adsorption 

sites. Thus, one can state that H2 adsorption on Cu(111) surface is governed by van der 

Waals (vdW) interactions, but equally for all the adsorption configurations.  

Recent calculations showed the perpendicular disposition of H2 on Cu(111) 

surface —as well as on Ni(111) [38]. However no preferential adsorption site was 

reported, although it was stated that fcc and hcp hollow sites were somewhat more 

stable, as here found. In the case of atomic H, fcc seems to be slightly more stable, as 

also found on an ammonia decomposition study [ 39 ], where the perpendicular 

disposition of H2 —here over a top site— was reported at standard DF level with no 

vdW description. Finally, note that many of the experimental mechanisms proposed for 

WGS, SR, or MD reactions on Cu(111) imply that the H2 generation step goes directly 

from the atomic H combination to H2 in the gas phase [4-6], pointing for a very low 

adsorption energy of H2, and thus, a solid statement insomuch that H2 is weakly 

physisorbed. However, over different Cu surfaces the H2 interactions may change, as is 

discussed in the next sections.  
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Figure 3. IC (left) and FC (right) for the sampled H2 adsorption high-symmetry sites on 

Cu(111) surface. H atoms are light blue spheres, while the rest of color-coding is as in 

Figure 1. 

 
 1a 2a 2b 3a 3b 

PBE l / Å 0.75 0.75 0.75 0.75 0.75 

 d / Å 3.44 3.71 3.39 3.38 3.44 

 α  / º 88.1 1.1 88.3 86.8 89.3 

 Eads / eV -0.001 -0.001 -0.002 -0.001 -0.001 

PBE-D2 l / Å 0.76 0.75 0.75 0.75 0.75 

 d / Å 2.51 3.15 2.52 2.47 2.48 

 α  / º 85.3 2.1 88.4 88.7 89.3 

 Eads / eV -0.07 -0.07 -0.07 -0.08 -0.08 

 

Table 2. FC structural and energetic parameters for H2 adsorbed on Cu(111): the 

shortest distance between one H atom of the H2 molecule and a substrate Cu atom, d, 

the H-H bond length, l, both in Å, the angle between the surface and the H2 bond, α, in 

degrees, and the adsorption energies, Eads, as calculated by PBE and PBE-D2 methods, 

both in eV. 

3.1.2 H2 Adsorption on Cu(100)  

 Similar to Cu(111) surface, six highly-symmetric H2 adsorption geometries have 

been explored on the Cu(100) surface, see Figure 4, including top, bridge, and hollow 

sites. At variance with Cu(111), most of the conformations stay at the same position, 

maintaining the H2 molecule parallel to the Copper surface, see structural values in 

Table 3. However, the adsorption energies at PBE computation level are already 
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significant, highlighting how the decrease in nn affects the chemical activity of surface 

Cu atoms. Indeed, the bridge 2b site is predominant over the other sites, although it is 

still a physisorption situation. Addition of vdW essentially doubles the attachment 

strength, but it still remains a physisorption, with an approaching of H2 molecule to the 

surface of more than 1.3 Å. Besides, the adsorption on top of a Cu surface atom gets the 

molecular bond length slightly elongated by 0.03 Å plus the H2 molecule is close to the 

Cu(100) surface, with Cu-H distances of ~2 Å. However, note that this is not the most 

stable site and H2 molecules are unlikely to dissociate from this particular site, which 

would be just slightly populated to a Gibbs distribution (0.025%). Last, the adsorption 

on 2a site leads to a structure perpendicular to the Cu surface, in a similar fashion to the 

above commented cases on Cu(111) surface. Note that the adsorption energy is an order 

of magnitude larger than the values reported experimentally [40,41], however the 

adsorption energy and site allocation is in excellent agreement with a previous work 

using Embedded Atom Method (EAM) [42]. In that work both 1b and 2b sites were 

found to compete, with a slight preference for the 2b site, in terms of adsorption heat 

and dissociation energy barrier, and present and previous results do agree with other 

experimental values of the adsorption heat of ~ -0.42 to -0.52 eV [43].  

 

 
 

Figure	4. IC (left) and FC (right) for the sampled H2 adsorption high-symmetry sites on 

Cu(100) surface. Atomic color-coding is as in Figure 3.  

 

 
 1a 1b 2a 2b 3a 3b 

PBE l / Å 0.78 0.78 0.75 0.75 0.75 0.75 
 d / Å 2.03 2.02 3.37 4.02 4.08 4.17 
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 α  / º 0.1 0.4 87.0 0.0 0.0 0.0 
 Eads  / eV -0.20 -0.21 -0.27 -0.42 -0.25 -0.25 

PBE-D2 l / Å — — 0.75 0.75 — — 

 d / Å — — 2.04 2.64 — — 

 α  / º — — 88.2 0.7 — — 
 𝑬𝒂𝒅𝒔𝒗𝒅𝑾/ eV — — -0.68 -0.91 — — 

 

Table 3. FC structural and energetic parameters for H2 adsorbed on Cu(100): the 

shortest distance between one H atom of the H2 molecule and a substrate Cu atom, d, 

the H-H bond length, l, both in Å, the angle between the surface and the H2 bond, α, in 

degrees, and the adsorption energies, Eads, as calculated by PBE and PBE-D2 methods, 

both in eV. 

 

3.1.3 H2 Adsorption on Cu(110) 

 Here ten highly-symmetric adsorption geometries were sampled on the Cu(110) 

surface, including top, bridge, and hollow sites. Note that in this particular surfaces 

there are two kinds of bridge sites, the above commented sb (2a,b) and lb (2c,d) sites. 

Figure 5 shows ICs and FCs, and energetic and structural data are presented in Table 4. 

Here top adsorption sites with H2 molecule oriented towards bridge sites are the most 

stable ones, in particular 1b, which points H atoms to sb sites, in agreement with 

previous studies determining sb sites to be the most stable for H adatoms [35]. 

Moreover, the H molecule gets its bond length increased by 0.04 Å, implying a bond 

weakening, and thus going for a dissociation. Last but not least, as happened with top 

sites on Cu(100) surface, the H2 molecule gets close to the Cu(110) surface, with a Cu-

H distance d of ~1.95 Å. The addition of a vdW description yields an increment of Eads 

value similar to the Cu(100) surface, with negligible structure changes, with a lowering 

of the molecule of solely by ~0.1 Å in 1a and 1b cases, but of ~1 Å in the 2b case. It is 

noteworthy that the adsorption energy values are higher than for the Cu(111) surface, 

but smaller than the Cu(100) one, thus, against a trend governed by nn, contrary to the 

expected trend of adsorption strength decaying in the order Cu(110) > Cu(100) > 

Cu(111), as found for other adsorbates, such as hydrazine [29]. Apparently, H2 

adsorption disobeys the nn rule, and the particular Cu-H interaction, i.e. orbital 
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coupling, bias the adsorption strength, rather than the surface Cu saturation. Last, the 

site preference of 0.03 eV between 1a and 1b configurations is maintained when 

plugging vdW, but now with a somewhat more acute difference of 0.14 eV. Even more, 

the less energetic preference of 2b site is also maintained. Note that 2a and 2b displace 

to reach the 1a and 1b positions, although there H2 molecule is located farther from the 

surface. In this sense, it appears that there are two minima of adsorption on each site, 

located at different heights, and possibly with a small energy barrier in between them.  

Thus, site preference seems to be properly described at PBE level even when 

differences are of a few hundreds of eV.  

 

 
 

Figure	5. IC (left) and FC (right) for the sampled H2 adsorption high-symmetry sites on 

Cu(110) surface. Note that positions 2a,b belong to sb sites, whereas positions 2c,d to lb 

sites. Atomic color-coding is as in Figure 3. 

 

  1a 1b 1c 2a 2b 2c 2d 3a 3b 3c 

PBE l / Å 0.78 0.79 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 

 d / Å 1.97 1.93 3.43 3.53 3.66 4.25 4.12 3.53 3.51 3.64 

 α  / º 0.0 0.0 0.0 0.0 1.0 0.0 0.0 0.8 1.5 0.3 

 Eads / eV -0.08 -0.11 -0.07 -0.07 -0.07 -0.06 -0.06 -0.07 -0.07 -0.07 

PBE-D2 l / Å 0.78 0.80 — 0.75 0.75 — — —  — — 

 d / Å 1.89 1.84 — 2.50 2.62 — — — — — 

 α  / º 2.8 2.0 — 0.0 0.0 — — — — — 

 Eads / eV -0.65 -0.79 — -0.51 -0.52 — — — — — 
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Table 4. FC structural and energetic parameters for H2 adsorbed on Cu(110): the 

shortest distance between one H atom of the H2 molecule and a substrate Cu atom, d, 

the H-H bond length, l, both in Å, the angle between the surface and the H2 bond, α, in 

degrees, and the adsorption energies, Eads, as calculated by PBE and PBE-D2 methods, 

both in eV. 

 

3.1.4 H2 Adsorption on Cu Nanorows 

 Last, we sampled four highly-symmetric adsorption geometries on the two Cu 

nanorows; bottom- and top-displaced. For this, H2 molecules were placed at the 

nanorow apex, either on top or at bridge sites. Aside, they could be aligned with the 

nanorow direction, or perpendicular to it, see Figure 6. Results are encompassed in 

Table 5. Let us first focus on the top-displaced nanorow; here the adsorption energy 

values are rather low, of the same order to the Cu(110) surface, despite the nn is reduced 

to a value of 6, whereas Cu surface atoms on Cu(110) had a nn value of 7. Overall the 

H2 molecule is placed parallel to the nanorow, and in some cases, like in position 1b, 

elongates by 0.05 Å. However, most stable adsorption site is 2a, where molecule rotates 

to adopt a perpendicular disposition with respect the Cu nanorow.  

 The addition of vdW forces, merely doubles the adsorption energy, which still 

remains rather low, at variance with Cu(110) surface, where the inclusion of a 

description of dispersive forces strengthened the interaction by almost 0.7 eV. This can 

be easily explained by the lack of Cu atoms in a close proximity to the hydrogen 

molecule, which makes that vdW interactions, which are additive in nature, and mostly 

raising from first neighbors, due to the rapid decay for more distant atoms, fall in very 

small contribution. 

 In the bottom-displaced case, the adsorption of H2 is even weaker, and the 

molecule prefers to sit atop of the Cu apex nanorow atom. At variance with case 2a in 

top-displaced, here H2 remains parallel to the nanorow, with an adsorption energy of -

0.06 eV for both top 1a and 1b sites. Particularly, the 1a site features an elongated l H2 

bond length by 0.06 Å, which could be assimilated to the known Kubas adsorption 

mode found in organometallic compounds or supported metal adatoms [44,45]. Here the   

expected increase in the adsorption energy due to a reduced nn value of 5 is not 

observed, yet it can be explained in terms of the Kubas adsorption mode: the higher 

interaction with the Cu nanorow apex atom is counteracted by the energy necessary to 

elongate the H2 bond. The addition of vdW, as above-explained, is mild. 
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 All in all, the reduced nn of Cu nanorows does not necessarily imply a 

preferential adsorption of H2, and indeed, H2 would prefer to adsorb on the Cu (100) or 

(110) surfaces. On one hand, apparently the specific electronic arrangement in the 

nanorows does not match the H2 molecular orbitals for a favorable interaction, on the 

other hand, the interaction of H2 molecule may imply a bond distance elongation, which 

intrinsically demands an energetic cost, which goes in an opposite direction to the 

adsorption energy release.  

  

 
 

Figure	6. IC (left) and FC (right) for the sampled H2 adsorption high-symmetry sites on 

Cu bottom- and top-displaced nanorows. Atomic color-coding is as in Figure 3. 

 

 
 Top-displaced Bottom-displaced 

 
 1a 1b 2a 2b 1a 1b 2a 2b 

PBE l / Å 0.76 0.80 0.75 0.75 0.81 0.75 0.75 0.75 

 
d / Å 2.20 1.84 4.02 3.34 1.84 2.59 2.55 2.60 

 
α  / º 3.0 1.6 87.5 3.9 1.1 1.1 63.8 77.7 

 
Eads / eV -0.06 -0.05 -0.11 -0.04 -0.06 -0.06 -0.01 -0.01 

PBE-D2 l / Å 0.77 — 0.75 — 0.81 0.76 — — 
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d / Å 2.16 — 3.63 — 1.80 2.27 — — 

 
α  / º 2.8 — 87.9 — 1.2 1.1 — — 

 
Eads / eV -0.11 — -0.20 — -0.15 -0.15 — — 

 

Table 5. FC structural and energetic parameters for H2 adsorbed on Cu Top- and 

Bottom-displaced nanorows. the shortest distance between one H atom of the H2 

molecule and a substrate Cu atom, d, and the H-H bond length, l, are given in Å, the 

angle between the nanorow and the H2 bond, α, in degrees. Adsorption energies, Eads, as 

calculated by PBE and PBE-D2 methods, are given in eV. 

 

3.2. H Adsorption 

 Here is explored the adsorption of two H atoms on the three Cu surfaces and the 

two nanorows, as explained in the computational details. FC are shown in Figure 7, and 

energetic and structural data are encompassed in Table 6, both for PBE and PBE-D2 

calculations. As expected, H sits on four-fold hollow sites on Cu(100) surface, and fcc 

three-fold hollow sites on Cu(111) surface. Curiously, H atoms do like to sit on sb 

bridge sites on Cu(110) surface, but their stability is essentially isoenergetic as to have 

them on lb bridge sites, contrary to previous statements [35]. Probably the slight 

discrepancy with previous statements is due to small variations on the computational 

procedure or level, and being conservative one should consider both sites competitive. 

However, for the rest of the discussion we shall focus on lb sites. In the top-displaced 

nanorow case the H atoms remain on the three-fold hollow sites of adjacent nanorow 

facets, whereas in the case of bottom-displaced nanorow one H sits nearby the four-fold 

hollow site of the (100)-like facet, whereas the other one is more bridging two nanorow 

apex Cu atoms, see Figure 7. 
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Figure	7. FC for two H adatoms on the different Cu surfaces and nanorows. Atomic 

color-coding is as in Figure 3. 

 

 (111) (100) (110)-sb (110)-lb Top- Bottom- 

d / Å 1.76 1.91 1.30 1.83 1.64 1.87 

Eads  / eV -2.30 -2.53 -2.08 -2.11 -2.29 -2.43 

dvdW / Å  1.74 1.86 1.29 1.79 1.58 1.81 

EadsvdW/ eV -2.38 -2.82 -2.24 -2.40 -2.53 -2.58 

 

Table 6. FC structural and energetic parameters for 2 H adsorbed on Cu (111), (100), 

and (110) surfaces, and Top- and Bottom-displaced nanorows. Average distance 

between the H atoms and the surface plane or nanorow facet, d, are given in Å, for PBE 

and PBE-D2 (vdW superindex) calculations. Mean adsorption energies, Eads, are given 

in eV for the nanorow case. 

 

 In general terms H atoms in any of the surfaces or nanorows is strongly attached 

and so chemisorbed, with Eads values below -2 eV. In relation with that, such H atoms 

are located close to the Cu surface, typically in between 1.5-2 Å, yet in some cases, like 

in bridge sites of Cu(110) surface, such small H atoms can even sink placing themselves 

almost in plane with the Cu surface. There is apparently no clear change in the 

adsorption strength depending on the coordination nn values, as happened with H2 

molecule adsorption. The addition of vdW implies in all cases a small reduction of the 

adsorption energies ranging 0.1-0.3 eV, and so, dispersive forces are not the main 

contribution in such interactions, at variance with H2 molecule. Because of this, addition 
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of vdW seems to be mandatory when treating not only H2 adsorption on Cu surfaces, 

but also its dissociation, given that they are the main force in the initial state, and 

probably playing an effect in the dissociation transition states. 

 

3.3. Trends in H2 Adsorption and Dissociation 

Here the trends in the adsorptive and dissociated states of H2 on the different Cu 

surfaces and nanorows are put under light, as well as the dissociation process. Table 7 

summarizes the adsorption energy values obtained both at PBE and PBE-D2 calculation 

levels, as commented in the previous sections, plus the H2 dissociation energy on the 

substrate, ΔEr, defined as: 

 

   ∆Er = 2·𝐸!"#!  -𝐸!"##
!!  -𝐸!"#

!!    (5), 

 

where 𝐸!"#!  and 𝐸!"#
!!  are the adsorption energies of H atom and H2 molecule, 

respectively, and 𝐸!"##
!!  is the dissociation energy of H2 molecule in vacuum, defined as: 

 

   𝐸!"##
!!  =𝐸!!  - 2·𝐸!    (6), 

  

where 𝐸!!  is the total energy of a H2 molecule in vacuum, and 𝐸! that of a H atom in 

vacuum, obtained as explained in the computational details section. Either at PBE or 

PBE-D2 computational levels, 𝐸!"##
!!  is found to be 4.53 eV. Note that this atypical 

definition of ΔEr is equivalent to: 

   ∆Er = 𝐸!·!/!"#$ −  𝐸!!/!"#$   (7), 

this is, the difference in energy with the Cu-substrate with H2 molecule or 2 H atoms 

adsorbed, 𝐸!·!/!"#$ and 𝐸!!/!"#$, respectively. Table 7 also encompasses the obtained 

energy barriers Ebarr, as detailed in the computational details. Note that the TS reported, 

obtained at the PBE-D2 level, are characterized as saddle points by a frequency analysis 

finding a sole imaginary frequency.  

 

  (111) (100) (110) Top- Bottom- 

 nn   9 8 7 6 5 
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PBE 𝑬𝒂𝒅𝒔
𝑯𝟐   	 -0.002 -0.42 -0.11 -0.11 -0.06 

𝑬𝒂𝒅𝒔𝑯  	 -2.30 -2.53 -2.11 -2.29 -2.43 

∆Er	 -0.07 -0.11 0.42 0.06 0.27 

PBE-D2 𝑬𝒂𝒅𝒔
𝑯𝟐    -0.08 -0.91 -0.79 -0.20 -0.15 

 𝑬𝒂𝒅𝒔𝑯   -2.38 -2.82 -2.40 -2.53 -2.58 

∆Er -0.15 -0.20 0.52 -0.33 -0.48 

Ebarr 0.55 0.12 0.53 0.53 0.59 

 

Table 7. Adsorption energies for H2 and H, 𝐸!"#
!!  and 𝐸!"#! , respectively, as well as the 

H2 dissociation exothermicity, ΔEr, all values in eV, obtained at PBE and PBE-D2 

computational levels, for Cu (111), (100), and (110) surfaces, and Top- and Bottom-

displaced nanorows. Nearest-neighbor values, nn, are also displayed. 

 

The values in Table 7 can be plotted against nn, see Figure 8, and many 

conclusions can be withdrawn. First, the adsorption energy of H2, as calculated by PBE 

level, does not lower with respect nn. Indeed, a maximum interaction is found for 

Cu(100). The addition of vdW description, yet important, does not alter the situation for 

Cu(111) surface and Cu nanorows, yet implies a high strengthening of the interaction in 

the cases of Cu (100) and (110) surfaces. As far as the adsorption energy of H adatoms 

is concerned, Figure 8 shows that the binding strengthening as a function of a nn 

reduction is observed just in some parts, and indeed the nn variation for the low-index 

Miller surfaces studied does not imply a clear patterned change in the adsorption 

energy, specially disrupted for the Cu (100) and (111) surfaces. The addition of vdW 

forces description lowers the adsorption energy values for all the studied cases 

essentially the same, with very little effect on the overall trend. 

Last, we inspected the reaction exothermicity in terms of ΔEr values. PBE 

generates some results that should be treated with caveats. In the case of Cu(111) 

surface, the H2 dissociation is found to be thermodynamically favoured, yet the very 

small H2 adsorption energy prompts to think that H2 would desorb before dissociating. 

Indeed, by inspecting the Ebarr values in Table 7, that is what it would happen, given 

that the energy barrier of 0.55 eV is an order of magnitude higher than the desorption 

energy. Almost the same degree of exothermicity is found for Cu(100) surface, yet here 
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the H2 adsorption energy is higher, and so, this surface would be more likely to capture 

and dissociate H2 than Cu(111). This is supported by a small dissociation energy barrier 

of 0.12 eV, making the dissociation much more viable than the H2 desorption. Note that 

despite the H2 adsorption energy and site match previous simulations [42], present 

energy barrier is sensibly lower than previous reported values 0.51-0.58 eV [42,46], but 

however in more accordance with reported values of ~0.2 eV as reported in the 

literature [47]. Considering the Cu(110) surface, yet having a reduced nn, it does not 

imply a stronger adsorption of H2, nor a stronger adsorption of H adatoms as well. 

Consequently, H2 dissociation is unlikely to happen in such a surface, given the 

pronounced endothermicity, despite such a surface could be equally represented in a Cu 

nanoparticle, following the surface stability values reported in Table 1. The energy 

barrier for this surface is 0.50 eV, in agreement with a reported experimental value of 

0.62 ± 0.06 eV [48].  

Similarly yet unexpectedly, H2 dissociation seems to be unlikely on low-

saturated sites, as found for Cu nanorows. Indeed, the H2 adsorption is not specially 

high, similar to Cu(110), plus the H adatoms are not remarkably stable. The 

consequence is that here, as well, H2 dissociation is an endothermic process, and so, 

unlikely to happen in standard conditions. Following this argument, one would be 

prompted to claim that low-coordinated sites on Cu nanoparticles are not playing any 

key role in H2 dissociation, a statement that is surprising, knowing how low-coordinated 

sites are typically implying a higher activity, as found in many previous studies 

[13,49,50]. This leads to think that H2 dissociation is less favoured whenever less 

surface coordination is. 
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Figure 8.  Most stables adsorption energies of H2 molecule (top panel), and of an H 

atom (middle panel), and H2 dissociation exothermicity (bottom panel) versus the 

nearest-neighbors number, nn.  

 

However this picture may be changed when vdW interactions are properly 

described. In this sense, as seen in Figure 8, the change by adding dispersive forces is 

little for Cu surfaces. Indeed, the exothermicity related to surface H2 dissociation 

increases a little in the case of Cu(111) and Cu(100) surfaces, yet it is slightly 

detrimental in the special case of Cu(110) surface. However, a large change is observed 

for the low-coordinated sites of Cu nanorows. Here H2 dissociation process changes 

from clearly endothermic to clearly exothermic, in essence due to the highest 

stabilization of H adatoms compared to that of H2 molecules by vdW forces. Therefore, 

H2 molecules can physisorb on these sites, plus their dissociation is favoured, more than 

in any other regular defect-free surfaces. Last but not least, with the caveat of Cu(110) 

surface, the ΔEr values show a nice linear trend with respect nn, given that vdW forces 

are accounted for. 
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 Some previous and recent studies highlighted the linear relationship in between 

on adsorbate and another adsorbate adsorption energies, obtained for species attaching 

by a main group element (C, N, O, or S) atom [51], which recently has been found to be 

influenced by nn [52]. Note that such a relationship in between H2 and H adsorption 

energies, and ΔEr with respect these two yielded no linear trend (not shown). This 

highlights that H seems to be a very peculiar system which disobeys previous found 

trends, being an exception to the rule, and so must be treated with care and caution.  

Already at the PBE-D2 level one could try to obtain the known Brønsted-Evans-

Polanyi (BEP) relationship [53-55], which linearly relate the observed activation 

energy, Eact, of a reaction or elementary step, and the reaction energy, ΔE, here defined 

as: 

  Eact = 𝐸!"/!"#$ −  𝐸!! − 𝐸!"#$  (8), 

  ΔE = 𝐸!·!/!"#$ −  𝐸!! − 𝐸!"#$  (9). 

Such quantities have been evaluated from data contained in Table 7, and the BEP 

relationship is shown in Figure 9. From its inspection it is apparent the overall trend, 

this is, the larger the exothermicity, the lower the barrier. However, a linear trend is not 

observed (R2 < 0.35), and so, H2 dissociation on Cu systems seems to be an outlier of 

the general BEP relationships as found on metals, oxides, and carbides [54]. Note that 

considering that the Ebarr is similar for all the studied substrates and equal to ~0.55 eV 

—with the caveat of Cu(100) surface—, one would think that such process is equally 

likely on all the surfaces, but here thermodynamics do play a key role. For instance, on 

Cu(111) surface and Cu nanorows the H2 dissociation, despite being exothermic, 

features a TS above the reagent energy level, and so energy should be supplied to 

overcome it. On the contrary, for Cu(110) and Cu(100) surfaces, the TS is located 

below the reagent energy level, and so part of the energy of H2 adsorption could be 

utilized, when no dispersed on the Cu surface, to overcome the energy barrier. 

Particularly, Cu(100) surfaces or facets are highlighted as the main character in H2 

dissociation. 
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Figure 9.  BEP relationship as calculated at PBE-D2 level for H2 dissociation on Cu 

(100), (110), and (111) surfaces, and Top- and Bottom-displaced Cu nanorows. 

   

4. Conclusions 

 Here we presented a thorough density functional theory study, including and 

excluding dispersive forces interaction description, on the adsorption and dissociation of 

H2 molecule on the low-index Miller Cu (111), (100), and (110) surfaces, displaying a 

reducing number of surface nearest-neighbours, nn, as a measurement of the saturation 

degree, as well as on two different surface Cu nanorows deposited on Cu(111) surface. 

The computational setup has been optimized granting an accuracy below 0.04 eV. Most 

stable adsorption sites and geometries are delivered.  

 Surface and nanorow energies —for the latest a new methodology to extract the 

is presented— are found to follow the nn number. The most stable substrates are 

thought to attach H2 stronger, yet this is statement is found to be unaccomplished, and 

this is also found for the optimized H adatoms situation obtained from a H2 molecule 

dissociation. The adsorption strengths seem to be governed by a particular orbital↔ 

band interaction rather than by the simple nn coordination. Furthermore, despite overall 

Brønsted-Evans-Polanyi trend is followed, the linear relationship is absent, making H2 

dissociation on Cu surfaces an outlier of the general trends found on metals, oxides, and 

carbides. Aside, vdW forces are found to play a key role in the adsorption of H2, and 

merely an energetic adjustment on chemisorbed H adatoms.    

 No clear trends are observed for the evolution of H2 and H adsorption energies, as 

well as the H2 dissociation energy with respect nn, and among theses quantities, making 

H2 adsorption and dissociation a trend outlier compared to other molecules and 
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processes. Indeed, it is found that H2 is likely to dissociate on Cu(100) surface given a 

significant H2 molecule adsorption energy and being the process slightly exothermic, 

with a very small energy barrier of 0.12 eV. On the Cu(111) surface the rather smaller 

H2 adsorption energy would prevent H2 dissociation, regardless is thermodynamically 

driven to, added to the fact that the dissociation energy barrier is of 0.55 eV. On 

Cu(110) surface H2 molecules are likely to attach, but the dissociation process is 

markedly endothermic with a sensibly large energy barrier of 0.53 eV. For the low-

coordinated sites on Cu nanorows, vdW interactions inclusion play a key role in order to 

investigate the H2 dissociation process, which otherwise is found to be endothermic, and 

so, unlikely. However, dispersive forces turn the process markedly exothermic, making 

it viable, yet the dissociation energy barriers are ~0.55 eV. Consequently, a nanoparticle 

Cu system must preferably display Cu(100) surfaces or facets in order to dissociate H2, 

vital in many hydrogenation processes. Finally, note that dispersive forces description 

results mandatory in treating such processes.  
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