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ABSTRACT  

Isotope effects greatly enhance our understanding of chemical reactions in heterogeneous 

catalysis. Despite their widespread use, there is limited understanding about how realistic reaction 

conditions, such as the coverage of surface adsorbates, affect them. Here, we study the influence 

of hydrogen (H) coverage on the thermodynamic and kinetic isotope effects of H2/D2 dissociative 

adsorption on the close-packed, open, and stepped surfaces of 12 transition metals: Ag, Au, Co, 

Cu, Fe, Ir, Ni, Re, Pd, Pt, Rh, and Ru, over a catalytically relevant temperature range. Through 

first-principles density functional theory calculations, we show that increasing coverage has two 

effects: i) it may change preferred adsorption sites and transition state geometries, and ii) it 

increases the vibrational frequencies of adsorbed H due to the interactions between H atoms. 

Empirically, isotope effects decrease in absolute value with increasing coverage for most of our 

studied systems, indicating a relative shift in stability in favor of the D-substituted minima and 

transition states. This is likely due to the consistent influence of the latter factor, which affects all 

structures. Higher temperatures reduce the magnitude of these decreases. Our findings provide 
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insights into the nanoscale mechanisms by which coverage influences isotope effects, which will 

affect how we interpret experimentally measured isotope effects. They also point towards new 

applications of isotope effects in catalysis, such as for quantifying the adsorbate coverages, as well 

as for elucidating adsorption and active sites on the surfaces of catalysts. 

1. Introduction 

Isotopic substitution is a powerful tool for obtaining mechanistic information about chemical 

reactions at the nanoscale.1–4 With the conceptually simple act of swapping one isotope for another 

in a reactant, we retain the chemical properties of the reactant but change its mass and thus also its 

translational, vibrational, and rotational properties, in turn leading to different reactivities and 

reaction rates. By analyzing how reaction rates vary and product distributions shift upon isotopic 

substitution, one can elucidate reaction mechanisms5–10 and validate kinetic theories, such as 

improvements in transition state theory.4,11  

There are two types of isotope effects: Kinetic Isotope Effects (KIEs), which quantify changes in 

reaction rates upon isotopic substitution; and Thermodynamic Isotope Effects (TIEs), sometimes 

known as equilibrium isotope effects, which quantify changes in the equilibrium constants of a 

reaction. 

Analyzing experimental KIEs for reactions on surfaces can be complicated as the observed KIEs 

may be a convolution of the KIEs and TIEs of multiple elementary steps.12–16 For example, the 

experimentally measured KIE of Fischer-Tropsch13 and hydrogenation16 reactions are found to be 

inverse (< 1) because of the inverse TIE of H2 dissociation even though H2 dissociation was not 

the rate determining step in these reactions. This is because the overall rate of reaction depends 

not only on rate constants, but also on the coverages of surface intermediates, which are affected 
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by the equilibrium constants of the relevant steps. A derivation for a simple example is shown in 

the Supporting Information (SI), Section S1. It is therefore valuable to know the KIEs and TIEs of 

individual elementary steps in a reaction mechanism. Unfortunately, it is tedious and sometimes 

impossible to experimentally measure TIEs and KIEs of an elementary step in isolation.  

As a result, our knowledge of how the properties of a realistic surface, such as their step densities, 

defect densities, and adsorbate coverages can influence isotope effects is scant. The influence of 

coverage is especially relevant since high coverages of adsorbates often build up on surfaces during 

reactions.17–21 Preferred adsorption sites, binding geometries, and binding energies can change as 

a function of the adsorbate coverage, which in turn may affect reaction rates and even pathways.22–

28 Isotope effects are not spared from the influence of adsorbate coverage: co-adsorbed H seems 

to enhance the KIE for H2 dissociation on Ni(100),29 and subsurface H decreases experimentally-

observed KIEs for H2 desorption from Ru(0001).30 These preliminary works point to a potential 

range of impacts coverage may have on the isotope effects of H2 dissociation, which will be 

propagated to the overall KIE—complicating their interpretation—for reactions involving H such 

as hydrogenations and dehydrogenations. 

Here, we study how surface coverage influences isotope effects of H2/D2 dissociative adsorption 

on transition metal surfaces. We aim to shed light into how isotope effects can be affected by 

realistic reaction conditions, and to aid in interpretation of experimentally observed isotope effects. 

We perform first-principles calculations to evaluate TIEs at a coverage of 1 monolayer of H (1 ML 

H) for 12 close-packed (111),  (110), and (0001) surfaces; 8 open (100) surfaces; and 8 stepped 

(211) surfaces of Ag, Au, Cu, Co, Fe, Ir, Ni, Re, Pd, Pt, Rh, and Ru. We also evaluate KIEs at the 

same coverage for the (111), (100), and (211) surfaces of Au, Ag, and Cu. We then compare these 

isotope effects with those calculated at a coverage of 1/9 ML for the TIEs and 2/9 ML for the 
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KIEs.31 These comparisons are conducted under base conditions of a temperature of 623 K and a 

H2 pressure of 0.1 atm. Since isotope effects may change under different experimental conditions, 

we lastly determine how varying temperature and pressure affect our results. 

2. Methods 

2.1. Density Functional Theory (DFT)-Based Calculations 

Periodic, plane-wave, density functional theory (DFT)-based calculations were performed using 

the Vienna ab initio Simulation Package (VASP)32,33. Nuclei and core electrons were represented 

by projector augmented-wave (PAW) pseudopotentials34,35, whereas the valence electron 

wavefunctions were expanded using a plane-wave basis set with a kinetic energy cutoff of 400 eV.  

The Perdew and Wang (PW91) form of the generalized gradient approximation (GGA) was used 

to describe contributions from exchange and correlation.36 For Co, Ni, and Fe surfaces only, spin-

polarized calculations were performed. Structures were fully relaxed until the Hellmann–Feynman 

forces acting on the atoms were smaller than 0.02 eV / Å. All settings were chosen for consistency 

with our previous publication.31 Transition states were located with the climbing image nudged 

elastic band (CI–NEB) method37 using a minimum of seven interpolated images between the initial 

and final states, and were confirmed to possess only one vibrational mode with an imaginary 

frequency.  

Harmonic vibrational frequencies were calculated by first building up the Hessian via numerical 

differentiation of the energies using a second-order finite difference approach with a step size of 

0.015 Å. The Hessian was then mass-weighted and diagonalized to yield the normal mode 

frequencies. The frequencies were tested for convergence with respect to the step size. For all 

frequency calculations, all slab atoms were fixed while all adsorbate atoms were relaxed.  
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Close-packed surfaces (fcc(111), hcp(0001), and bcc(110)) were modeled by five-layer 3 × 3 slabs, 

whereas open surfaces (fcc(100)) were modeled by six-layer 3 × 3 slabs, and stepped (fcc(211)) 

surfaces were modeled by a twelve-layer, 1 × 3 slab. The top three, four, and seven layers of the 

close-packed, open, and stepped surfaces respectively were allowed to relax; the rest of the layers 

were fixed at their bulk lattice positions, with lattice constants of (experimental values38 in 

parenthesis, all values in Å): Ag – 4.16 (4.09), Au – 4.18 (4.08), Co – a: 2.50 (2.51), c: 4.03 (4.07), 

Cu – 3.64 (3.61), Fe – 2.84 (2.87), Ir – 3.88 (3.84), Ni – 3.53 (3.52), Pd – 3.96 (3.89), Pt – 3.98 

(3.92), Re – a: 2.78 (2.76), c: 4.48 (4.46), Rh – 3.84 (3.80), Ru – a: 2.73 (2.71), c: 4.31 (4.28). 

For the open (100) surfaces, we also considered a six-layer 4 × 4 slab to capture the symmetry of 

the p4g reconstruction, which is highly thermodynamically favorable for Cu(100).39–42 We verified 

that the average H binding energies (BEs) for the 3 × 3 and 4 × 4 unit cells differed by < 0.01 eV 

and thus the results for these two unit cell sizes are practically identical.  

A 6×6×1 Monkhorst-Pack k-point mesh43 was used to sample the first Brillouin zone of the close-

packed and open surfaces except for Cu(111), Ag(111), and Au(111), where a finer 8×8×1 

Monkhorst-Pack k-point mesh was used. An 8×6×1 Monkhorst-Pack k-point mesh was used for 

the stepped (211) surfaces. Periodic images of the slabs were separated by a vacuum region of ~12 

Å in the z-direction. Adsorbates were placed on only one side of the slabs, with the electrostatic 

potential adjusted accordingly to prevent spurious interactions between the images.44,45  

2.2. Binding Energy Definitions 

We define the average binding energy (𝐵𝐸തതതത), applicable to both minima and transition states, as: 

𝐵𝐸തതതത ൌ  
𝐸ୟୢୱ  – 𝐸ୡ୪ୣୟ୬ – 𝑛𝐸ୌ

𝑛
 , ሺ1ሻ 
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where Eads, Eclean, EH are the total energies of a minimum or transition state structure, the clean 

slab, and the gas-phase H atom, respectively. n is the number of H atoms in the system. Negative 

BEs reflect exothermic binding, whereas positive BEs reflect endothermic binding.  

We define the average zero-point energy (𝑍𝑃𝐸തതതതതത) of a system as: 

𝑍𝑃𝐸തതതതതത ൌ  
𝑍𝑃𝐸

𝑛
  , ሺ2ሻ 

where ZPE is the total ZPE of the system. 

We finally define the activation energy (Ea) for a system as: 

𝐸௔ ൌ  𝐸୘ୗ െ  𝐸୧୬୧୲୧ୟ୪ െ 𝐸ுమ
 , ሺ3ሻ 

where ETS is the total energy of a transition state structure, Einitial is the initial state of the slab, 

which could be clean or covered with spectator H, and EH2 is the energy of gas-phase H2. 

2.3. Calculation of Kinetic and Thermodynamic Isotope Effects 

We define H2 dissociative adsorption as the reaction: H2 (g) → 2 H*, where (g) denotes gas-phase 

species, and * denotes adsorbed species. D2 dissociative adsorption is defined analogously, with 

H replaced by D. 

The thermodynamic isotope effect (TIE) for H2/D2 dissociative adsorption is defined as: 

𝑇𝐼𝐸 ൌ
𝐾ு

𝐾஽
ൌ

exp ቀെ 𝛥𝐺ு
𝑅𝑇 ቁ

exp ቀെ 𝛥𝐺஽
𝑅𝑇 ቁ

ൌ exp ൬െ
𝛥𝐺ு െ  𝛥𝐺஽

𝑅𝑇
൰ ൌ exp ൬െ

𝛥𝐻ு െ  𝛥𝐻஽

𝑅𝑇
൅  

𝛥𝑆ு െ  𝛥𝑆஽

𝑅
൰ , ሺ4ሻ 

where K is the equilibrium constant, ΔG is the Gibbs free energy of reaction, ΔH is the enthalpy 

of reaction, ΔS is the entropy of reaction, R is the molar gas constant, and T is the temperature. 

Subscripts H and D denote quantities evaluated using the respective isotopes.  
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Note that the binding energies of H-metal and D-metal bonds are identical because H and D have 

the same electronic structure. If we approximate finite-temperature corrections to the enthalpy as 

negligible, as was done in our previous work,13,31 the TIE is then: 

𝑇𝐼𝐸 ൌ exp ൬െ
𝛥𝐻ு െ  𝛥𝐻஽

𝑅𝑇
൅ 

𝛥𝑆ு െ  𝛥𝑆஽

𝑅
൰ 

        ൎ exp ൬െ
𝛥𝑍𝑃𝐸ு െ  𝛥𝑍𝑃𝐸஽

𝑅𝑇
൅  

𝛥𝑆ு െ  𝛥𝑆஽

𝑅
൰ 

        ൌ exp ൬െ
𝛥𝑍𝑃𝐸ு െ  𝛥𝑍𝑃𝐸஽

𝑅𝑇
൰ exp ൬ 

𝛥𝑆ு െ  𝛥𝑆஽

𝑅
൰  ≡  𝑇𝐼𝐸௓௉ா𝑇𝐼𝐸ா௡௧௥௢௣௬ 

 ,                          ሺ5ሻ 
 

 

where ΔZPE is the Zero Point Energy (ZPE) change of reaction, and TIEZPE and TIEEntropy are the 

ZPE and entropic contributions to the TIE respectively.  

To calculate the TIE at high coverage, we consider the initial state to be a clean slab and the final 

state a structure with 1 ML H. All reaction quantities are averaged by the number of H2 molecules 

needed to obtain the final state from the initial state. Although it would be ideal to calculate 

differential reaction quantities instead of averaged ones, the computational cost to do so over the 

entire coverage range would be prohibitive. Additionally, our averaged values can also be easily 

compared to experiments which measure integral properties e.g. integral heats of adsorption. 

The kinetic isotope effect (KIE) for H2/D2 dissociative adsorption is defined similarly: 

𝐾𝐼𝐸 ൌ
𝑘ு

𝑘஽
ൌ

exp ቆെ
𝛥𝐺ு

‡

𝑅𝑇 ቇ

exp ቆെ
𝛥𝐺஽

‡

𝑅𝑇 ቇ

ൌ exp ቆെ
𝛥𝐺ு

‡ െ  𝛥𝐺஽
‡

𝑅𝑇
ቇ ൌ exp ቆെ

𝛥𝐻ு
‡ െ  𝛥𝐻஽

‡

𝑅𝑇
൅ 

𝛥𝑆ு
‡ െ  𝛥𝑆஽

‡

𝑅
ቇ , ሺ6ሻ  

where k is the rate constant, ΔG‡ is the Gibbs free energy of activation, ΔH‡ is the enthalpy of 

activation, and ΔS‡ is the entropy of activation, all for the dissociative adsorption reaction. 
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As with the TIE, we approximate finite-temperature corrections to the enthalpy as negligible. 

Consequently, the KIE is: 

𝐾𝐼𝐸 ൌ exp ቆെ
𝛥𝐻ு

‡ െ  𝛥𝐻஽
‡

𝑅𝑇
൅  

𝛥𝑆ு
‡ െ  𝛥𝑆஽

‡

𝑅
ቇ 

        ൎ exp ቆെ
𝛥𝑍𝑃𝐸ு

‡ െ  𝛥𝑍𝑃𝐸஽
‡

𝑅𝑇
൅  

𝛥𝑆ு
‡ െ  𝛥𝑆஽

‡

𝑅
ቇ 

        ൌ exp ቆെ
𝛥𝑍𝑃𝐸ு

‡ െ  𝛥𝑍𝑃𝐸஽
‡

𝑅𝑇
ቇ exp ቆ 

𝛥𝑆ு
‡ െ  𝛥𝑆஽

‡

𝑅
ቇ  ≡  𝐾𝐼𝐸௓௉ா𝐾𝐼𝐸ா௡௧௥௢௣௬ ,                         ሺ7ሻ 

 
 

where ΔZPE‡ is the activation ZPE, and KIEZPE and KIEEntropy are the ZPE and entropic 

contributions to the KIE, respectively. 

To calculate the KIE at high coverage, we considered as the initial state a 7/9 ML H structure, 

created by removing two H atoms from a 1 ML H structure to form two adjacent vacancies (seven 

adsorbed H atoms in the 3×3 unit cell), and as the final state the corresponding 1 ML H structure 

(nine adsorbed H atoms in the 3×3 unit cell). Multiple possible initial states were constructed from 

the non-exhaustive permutations of two adjacent vacancies in multiple final state structures. It is 

not possible to use a clean slab as the initial state and a structure with 1 ML H as the final state 

(like we did for the calculation of the high coverage TIEs) for the calculation of the high coverage 

KIE. This would involve averaging all reaction quantities by the number of H2 molecules needed 

to obtain the final state from the initial state, resulting in a KIE that would be convoluted with TIEs 

arising from the contributions of the spectator H.  

Section S2 of the Supporting Information (SI) details how the ZPE and entropy of the various 

components of our systems are calculated. We use the harmonic oscillator approximation to 
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calculate entropies from our vibrational frequencies. State-of-the-art methods for calculating 

entropies, via constructing potential energy surfaces for example, may also be used for this 

purpose.46,47 Note that we neglect quantum tunneling effects in our calculations of isotope effects 

as such effects are expected to be significant only at temperatures < 200 K48,49, and not at the 

catalytically relevant temperatures that we wish to probe in this study. 

DFT-calculated frequencies have errors ranging from 3 – 5%, depending on the functional.50 To 

test how robust our calculated isotope effects are with respect to errors in frequencies, we simulated 

how these errors would propagate into our calculated isotope effects for the most stable low 

coverage states on the 12 close-packed metal surfaces. In our analysis, we multiply the frequencies 

by random scaling factors drawn from a normal distribution centered on 1.00 with a standard 

deviation of 0.015 (Figure S2a) and recalculated the isotope effects with these scaled frequencies. 

Repeating this 2000 times, we obtain an ensemble of isotope effects (Figure S2b-c), which turn 

out to have normal distributions with standard deviations of 0.011–0.015 (Figure S2c), much 

smaller than the typical effects of coverage on the isotope effects (averaging 0.14 in magnitude, as 

shown later). This shows that our results are robust to errors in calculated frequencies.  

3. Results 

To elucidate the influence of coverage on isotope effects, we compare the thermodynamic and 

kinetic isotope effects (TIEs and KIEs) for H2/D2 dissociative adsorption at high (1 monolayer 

(ML)) versus low (1/9 ML for TIEs and 2/9 ML for KIEs) hydrogen coverages. Data for the latter 

were obtained from our previous publication31. For the TIEs, we probe multiple H adlayer 

structures on the close-packed, open, and stepped surfaces of up to 12 transition metals. For the 

KIEs, we probe multiple transition states on the close-packed, open, and stepped surfaces of Ag, 
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Au, and Cu. This allows us to gather a range of possible TIEs and KIEs, out of which we will focus 

on those resulting from the most stable minimum energy structures and transition states. 

We evaluate all TIEs and KIEs at 623 K and 0.1 atm H2/D2 pressure for consistency with our 

previous publication31, except for in the last subsection, where we analyze how our results vary 

with temperature. Compared with our previous publication, there are small changes (0.01 – 0.02) 

in TIEs and KIEs of the low-coverage structures due to rounding errors in intermediate quantities, 

which in our current work have been eliminated.  

We do not claim that either 1/9 ML or 1 ML is the equilibrium coverage of H on any of the metal 

surfaces at the considered temperature and pressure. Our aim in this contribution is to analyze 

changes in isotope effects with changes in coverage, and not to determine absolute coverages and 

isotope effects values at these conditions. Our calculated isotope effect values, which span from 

the low to the saturation coverage regime for a given metal, are intended as useful metrics for 

comparing against realistic experimental data over a range of conditions. 

3.1. Thermodynamic Isotope Effects of H2/D2 Dissociative Adsorption 

3.1.1. Close-packed Surfaces 
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Figure 1 Top view of 1 monolayer H adlayer structures on close-packed (a-c) fcc (111) surfaces, and (d) 
bcc (110) surfaces. Structures are named by the sites on which H is adsorbed. In (d), “hol” is short for 
hollow. Adlayer structures for hcp (0001) surfaces are similar to those for fcc (111) surfaces. The unit cell 
is marked by dashed lines. Color code: yellow – metal, blue – H 

Figure 1 illustrates the stable, high-coverage H adlayer structures we identified on the fcc (111) 

surfaces of Ag, Au, Cu, Ir, Ni, Pd, Pt, and Rh, the hcp (0001) surfaces of Co, Re, and Ru, and the 

bcc (110) surface of Fe. In these structures, H occupies all equivalent high-symmetry sites of each 

of the top, fcc, and hcp site types of the (111) and (0001) surfaces, and the hollow (hol) site types 

of the (110) surface. We omitted adlayers with mixed binding site types as there are no reports we 

know of that propose such structures on close-packed surfaces. Low-coverage structures involve 

single H atoms binding on the various high-symmetry site types, illustrations of which are shown 

in Figure S1a-c for the (111), (0001), and (110) surfaces respectively.  

Table 1 displays thermodynamic properties and TIEs for H2/D2 dissociative adsorption associated 

with these structures. Table entries are ordered by stability; those which are most stable, having 

the largest absolute average zero-point-energy-corrected binding energy (𝐵𝐸തതതത ൅ 𝑍𝑃𝐸ுതതതതതതത), come first. 

Calculated vibrational frequencies for high- and low-coverage structures can be found in Table S1. 
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Table 1 Calculated thermodynamic properties for H/D adsorption at 623 K and 0.1 atm H2/D2 pressure on close-packed surfaces, arranged in 
alphabetical order. Properties include average binding energies (𝐵𝐸തതതത, eV), average zero-point energy corrected binding energies (𝐵𝐸തതതത ൅ 𝑍𝑃𝐸തതതതതത, eV), 
average zero-point energies (𝑍𝑃𝐸തതതതതത, eV), and ZPE (TIEZPE) and entropic contributions (TIEEntropy) to the overall thermodynamic isotope effect (TIE). 
See Methods for the definitions of these terms. For each surface and coverage, only stable structures are shown, and the entries are ordered by 𝐵𝐸തതതത ൅
𝑍𝑃𝐸ுതതതതതതത, with the most stable states first.  

    Average Binding Energies / eV  Average ZPEs / eV  TIE Values 
Surface Coverage / ML Structure   𝐵𝐸തതതത 𝐵𝐸തതതത ൅ 𝑍𝑃𝐸ுതതതതതതത 𝐵𝐸തതതത ൅ 𝑍𝑃𝐸஽തതതതതതത  𝑍𝑃𝐸ுതതതതതതത 𝑍𝑃𝐸஽തതതതതതത  TIEZPE TIEEntropy TIE 
Ag(111) 0.11 fcc  -2.12 -1.98 -2.03  0.141 0.099  0.93 1.00 0.93 

  hcp  -2.12 -1.98 -2.02  0.139 0.099  0.94 1.00 0.94 

 1.00 fcc  -2.07 -1.90 -1.95  0.171 0.121  0.67 1.15 0.77 

  hcp  -2.06 -1.89 -1.94  0.169 0.120  0.68 1.14 0.77 
Au(111) 0.11 fcc  -2.10 -1.97 -2.00  0.129 0.091  1.05 0.95 1.00 

  hcp  -2.07 -1.94 -1.98  0.126 0.089  1.09 0.94 1.03 

  top  -1.91 -1.75 -1.80  0.154 0.109  0.80 1.16 0.93 
1.00 fcc  -2.02 -1.87 -1.91  0.148 0.105  0.85 1.04 0.88 

 hcp  -2.01 -1.86 -1.90  0.146 0.103  0.88 1.03 0.90 
 top  -1.70 -1.55 -1.60  0.154 0.109  0.80 1.16 0.93 

Co(0001 0.11 fcc  -2.83 -2.65 -2.71  0.179 0.127  0.61 1.20 0.73 

  hcp  -2.80 -2.63 -2.68  0.173 0.122  0.65 1.16 0.76 

 1.00 fcc  -2.78 -2.58 -2.64  0.200 0.141  0.49 1.32 0.64 

  hcp  -2.77 -2.57 -2.63  0.195 0.138  0.51 1.29 0.66 
Cu(111) 0.11 fcc  -2.50 -2.33 -2.38  0.168 0.119  0.69 1.13 0.78 

  hcp  -2.50 -2.33 -2.38  0.168 0.119  0.69 1.13 0.78 

 1.00 fcc  -2.41 -2.21 -2.27  0.199 0.141  0.49 1.32 0.65 

  hcp  -2.41 -2.21 -2.27  0.198 0.140  0.50 1.31 0.65 
Fe(110) 0.11 hol  -3.00 -2.82 -2.87  0.171 0.121  0.67 1.15 0.77 
 1.00 hol  -2.93 -2.74 -2.79  0.191 0.135  0.54 1.27 0.68 
Ir(111) 0.11 top  -2.78 -2.60 -2.65  0.185 0.131  0.57 1.26 0.72 

  fcc  -2.71 -2.57 -2.61  0.146 0.104  0.87 1.04 0.90 

  hcp  -2.68 -2.54 -2.58  0.139 0.098  0.95 1.01 0.96 

 1.00 top  -2.72 -2.53 -2.59  0.193 0.136  0.52 1.29 0.68 

  fcc  -2.62 -2.47 -2.52  0.149 0.105  0.85 1.06 0.89 
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  hcp  -2.61 -2.47 -2.51  0.141 0.100  0.93 1.03 0.95 

  bri  -2.60 -2.45 -2.49  0.149 0.105  0.85 1.08 0.91 
Ni(111) 0.11 fcc  -2.83 -2.65 -2.70  0.179 0.127  0.61 1.19 0.73 

  hcp  -2.82 -2.64 -2.69  0.177 0.125  0.63 1.18 0.74 

 1.00 fcc  -2.82 -2.62 -2.68  0.202 0.143  0.48 1.34 0.64 

  hcp  -2.81 -2.61 -2.67  0.199 0.141  0.49 1.32 0.65 
Pd(111) 0.11 fcc  -2.87 -2.70 -2.75  0.165 0.117  0.71 1.12 0.79 

  hcp  -2.82 -2.66 -2.71  0.162 0.115  0.73 1.10 0.81 

 1.00 fcc  -2.81 -2.63 -2.68  0.174 0.123  0.64 1.17 0.75 

  hcp  -2.75 -2.58 -2.63  0.170 0.120  0.67 1.14 0.77 
Pt(111) 0.11 fcc  -2.76 -2.62 -2.66  0.142 0.101  0.91 1.02 0.92 

  hcp  -2.71 -2.58 -2.62  0.134 0.095  1.00 0.99 0.99 

  top  -2.76 -2.58 -2.63  0.188 0.133  0.55 1.28 0.71 

 1.00 fcc  -2.71 -2.55 -2.60  0.152 0.107  0.82 1.06 0.87 

  hcp  -2.66 -2.51 -2.56  0.146 0.103  0.87 1.04 0.91 
 top  -2.69 -2.50 -2.55  0.192 0.136  0.53 1.29 0.68 

Re(0001) 0.11 fcc  -2.97 -2.78 -2.83  0.189 0.133  0.55 1.25 0.69 

  hcp  -2.93 -2.75 -2.81  0.180 0.127  0.60 1.20 0.72 

 1.00 fcc  -2.82 -2.63 -2.68  0.195 0.138  0.51 1.29 0.66 

  hcp  -2.80 -2.61 -2.67  0.184 0.130  0.58 1.23 0.71 
Rh(111) 0.11 fcc  -2.84 -2.68 -2.72  0.162 0.115  0.74 1.11 0.81 

  hcp  -2.81 -2.65 -2.70  0.157 0.111  0.77 1.08 0.84 

  top  -2.49 -2.34 -2.39  0.144 0.102  0.89 1.15 1.03 

 1.00 fcc  -2.79 -2.61 -2.66  0.171 0.121  0.67 1.15 0.77 

  hcp  -2.76 -2.60 -2.65  0.167 0.118  0.70 1.13 0.79 
Ru(0001 0.11 fcc  -2.89 -2.73 -2.78  0.167 0.118  0.69 1.13 0.79 

  hcp  -2.82 -2.66 -2.71  0.158 0.111  0.77 1.08 0.84 

  top  -2.44 -2.31 -2.35  0.130 0.092  1.04 1.11 1.15 

 1.00 fcc  -2.84 -2.66 -2.72  0.179 0.127  0.61 1.20 0.73 

  hcp  -2.80 -2.63 -2.68  0.175 0.123  0.64 1.17 0.75 
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Figure 2 Calculated thermodynamic isotope effects (TIEs) for H2/D2 dissociative adsorption on close-
packed surfaces. Circles mark the TIE for each calculated structure in Table 1. For each metal, the left-most 
data points correspond to the low coverage (1/9 ML) TIEs; the right-most data points correspond to the 
high coverage (1 ML) TIEs. Larger circles reflect more stable structures; the circles sizes are based on a 
Boltzmann distribution at 623 K. The most stable structures for each surface and coverage are highlighted 
in black and are labelled by their names at the top x-axis.  All TIEs are evaluated at 623 K and 0.1 atm 
H2/D2 pressure. 

Comparing the high and low coverage adsorption structures, there are no changes in the adsorption 

site preferences of H with increasing coverage (Table 1). Our calculated site preferences of H on 

these surfaces are in agreement with experimental findings on the close-packed surfaces of Ru51, 

Ag52, Cu53 Pt,54, Pd,55, Ir56, Rh57, Fe58, Co59, and Ni58, and in agreement with theory for Au60 and 

Re60, for which we did not find any experimental reports. 

We plot a comparison of the high and low-coverage TIEs in Figure 2. Comparing only the most 

stable adlayer structures at low and high coverages, the TIEs decrease with increasing coverage 

for all metal surfaces by an average of 0.08 (Table 1 and Figure 2). Since there are no changes in 

the binding preferences of H, these decreases in the TIE must thus be induced by changes in the 

vibrational frequencies of the metal-H bonds. This is because the TIE at a constant temperature is 

only affected by changes in zero-point energy (ZPE) and entropy (Equation 4) — both of which 
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are dependent only on the vibrational frequencies of a system. The effect of these changes in 

vibrational frequencies always decreases the TIE, as observed by comparing all pairs of structures 

(not just the most stable ones) with the same H adsorption sites at high and low coverage (Table 

1). 

Direct comparison of the vibrational frequencies of the low- and high-coverage structures is 

difficult as there are more adsorbates and thus more vibrational modes at high coverage. Changes 

in the average ZPE of a structure are however good proxies for the changes in vibrational 

frequencies that occur with increasing coverage. The larger average ZPEs of the high coverage 

structures (by 0.01 - 0.02 eV) compared with the low coverage structures (Table 1; Figure S2) 

indicate that increasing coverage shifts the vibrational frequencies of the adsorbates higher, in 

agreement with the literature22,61–63. These increases are due to destabilizing interactions between 

H adatoms, which create steeper potential energy wells and more corrugated potential energy 

surfaces for H adsorption.62 

The higher vibrational frequencies induced by increasing adsorbate coverage decrease the TIE, i.e. 

they destabilize adsorbed H relative to adsorbed D. We indeed find a good inverse correlation 

between the TIE and the average ZPE per H atom (Figure S3). To understand why, we break the 

TIE down into its ZPE and entropic contributions and track how higher frequencies affect each 

component. The ZPE differences between adsorbed H and D increase with higher vibrational 

frequencies, and because H has larger ZPEs than D, this destabilizes H more and leads to a 

decrease in the ZPE contributions to the TIE. The entropy differences between H and D however 

decrease with higher vibrational frequencies as the excited vibrational levels become harder to 

occupy. As D always has larger vibrational entropy, this decrease stabilizes H relative to D, and 

leads to an increase in the entropic contributions to the TIE. These trends are reflected in Table 1; 
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the high-coverage TIEs have larger entropic contributions and smaller ZPE contributions 

compared to the low-coverage ones. For our systems, and at the considered temperature, the 

decrease in ZPE contributions is larger than the increase in entropic contributions, thus the overall 

effect is a decrease in the TIE. 

Comparing the different surfaces, weakly binding surfaces tend to exhibit larger TIEs. For 

example, Au and Ag have TIEs of 1.00 and 0.93 respectively at 1/9 ML coverage, whereas most 

other surfaces have TIEs lower than 0.9 at the same coverage (Table 1). This can be explained by 

the smaller vibrational frequencies of H on these surfaces, which are in turn because these surfaces 

bind H much weaker than others at the same coverage.64 These smaller vibrational frequencies 

translate into larger TIEs, as explained above.  

3.1.2. Open Surfaces 

Figure 3 Top view of 1 monolayer H adlayer structures on open fcc (100) surfaces. Structures are named 
by the sites on which H is adsorbed. See main text for explanations of structure names. The unit cell is 
marked by dashed lines. Color code: yellow – metal, blue – H.  
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Figure 3 illustrates the six high-coverage adlayer structures we identified for 1 ML H adsorbed on 

the open fcc (100) surfaces of Ag, Au, Cu, Ir, Ni, Pd, Pt, and Rh. In these structures, H binds on i) 

all top sites (top); ii) all bridge sites (bri); iii) all hollow sites (hol); iv) 1/3 hollow sites and 2/3 

bridge sites (1/3 hol + 2/3 bri); v) 2/3 hollow sites and 1/3 bridge sites (2/3 hol + 1/3 bri); and vi) 

the hollow sites of a H-induced p4g reconstruction (p4g). Low-coverage structures involve single 

H atoms binding at various high-symmetry site types on the (100) surface, illustrations of which 

are shown in Figure S1d.  

Table 2 displays thermodynamic properties and TIEs for H2/D2 dissociative adsorption associated 

with these structures. For each metal, table entries are ordered by stability; those which are most 

stable, having the largest absolute 𝐵𝐸തതതത ൅ 𝑍𝑃𝐸ுതതതതതതത, come first. Vibrational frequencies of the high and 

low coverage structures can be found in Table S2. 
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Table 2 Calculated thermodynamic properties for H/D adsorption at 623 K and 0.1 atm H2/D2 pressure on open surfaces, arranged in alphabetical 
order. Properties include average binding energies (𝐵𝐸തതതത, eV), average zero-point energy corrected binding energies (𝐵𝐸തതതത ൅ 𝑍𝑃𝐸തതതതതത, eV), average zero-
point energies (𝑍𝑃𝐸തതതതതത, eV), and ZPE (TIEZPE) and entropic contributions (TIEEntropy) to the overall thermodynamic isotope effect (TIE). See Methods 
for the definitions of these terms. For each surface and coverage, only stable structures are shown, and the entries are ordered by 𝐵𝐸തതതത ൅ 𝑍𝑃𝐸ுതതതതതതത, with 
the most stable states first.  

    Average BEs / eV  Average ZPEs / eV  TIE Values 
Surface Coverage / ML Structure  𝐵𝐸തതതത 𝐵𝐸തതതത ൅ 𝑍𝑃𝐸ுതതതതതതത 𝐵𝐸തതതത ൅ 𝑍𝑃𝐸஽തതതതതതത  𝑍𝑃𝐸ுതതതതതതത 𝑍𝑃𝐸஽തതതതതതത  TIEZPE TIEEntropy TIE 
Ag(100) 0.11 hol  -1.96 -1.89 -1.91  0.069 0.049  2.03 0.78 1.59 

 
 bri  -1.96 -1.82 -1.86  0.140 0.099  0.93 1.07 0.99 

 1.00 p4g  -2.04 -1.90 -1.94  0.140 0.099  0.93 1.02 0.95 

 
 1/3hol+2/3bri  -1.97 -1.82 -1.87  0.141 0.100  0.92 1.04 0.96 

Au(100) 0.11 bri  -2.22 -2.06 -2.11  0.158 0.112  0.77 1.12 0.86 

 
 top  -1.92 -1.78 -1.82  0.143 0.101  0.90 1.15 1.04 

 1.00 bri  -2.17 -2.00 -2.05  0.166 0.118  0.70 1.16 0.81 
Cu(100) 0.11 hol  -2.41 -2.30 -2.33  0.107 0.075  1.34 0.87 1.17 

 bri  -2.31 -2.15 -2.20  0.157 0.111  0.78 1.16 0.90 
1.00 p4g  -2.36 -2.20 -2.25  0.162 0.114  0.74 1.11 0.82 

  hol  -2.32 -2.20 -2.23  0.115 0.081  1.23 0.91 1.12 

  2/3hol+1/3bri  -2.31 -2.17 -2.21  0.144 0.102  0.89 1.04 0.93 

  1/3hol+2/3bri  -2.28 -2.12 -2.17  0.164 0.116  0.71 1.15 0.82 

Ir(100) 0.11 bri  -2.95 -2.78 -2.83  0.168 0.118  0.69 1.16 0.81 

  top  -2.87 -2.70 -2.75  0.171 0.121  0.67 1.22 0.81 

 1.00 bri  -2.98 -2.81 -2.86  0.175 0.124  0.63 1.20 0.76 

 
 top  -2.82 -2.64 -2.69  0.180 0.127  0.60 1.25 0.75 

Ni(100) 0.11 hol  -2.77 -2.66 -2.69  0.164 0.116  1.28 0.89 1.14 

 
 bri  -2.69 -2.52 -2.57  0.111 0.078  0.72 1.20 0.86 

 1.00 hol  -2.83 -2.70 -2.74  0.132 0.093  1.02 0.97 0.98 
  2/3hol+1/3bri  -2.77 -2.62 -2.67  0.149 0.105  0.84 1.06 0.89 

Pd(100) 0.11 hol  -2.75 -2.69 -2.71  0.061 0.043  2.21 0.78 1.72 

 
 bri  -2.76 -2.60 -2.64  0.164 0.116  0.72 1.19 0.85 

 1.00 hol  -2.79 -2.70 -2.73  0.086 0.061  1.68 0.82 1.37 

  2/3hol+1/3bri  -2.75 -2.64 -2.67  0.113 0.080  1.25 0.93 1.16 
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  1/3hol+2/3bri  -2.71 -2.58 -2.62  0.137 0.097  0.96 1.04 1.01 

  bri  -2.69 -2.52 -2.57  0.167 0.118  0.70 1.19 0.83 

Pt(100) 0.11 bri  -2.95 -2.78 -2.83  0.170 0.121  0.67 1.19 0.79 

 
 top  -2.75 -2.58 -2.63  0.165 0.117  0.71 1.22 0.87 

 1.00 bri  -2.93 -2.76 -2.81  0.173 0.122  0.65 1.19 0.78 

 
 top  -2.68 -2.51 -2.56  0.165 0.117  0.71 1.22 0.86 

Rh(100) 0.11 hol  -2.77 -2.69 -2.71  0.074 0.053  1.91 0.81 1.55 

 
 bri  -2.79 -2.64 -2.68  0.158 0.112  0.77 1.14 0.88 

 1.00 2/3hol+1/3bri  -2.77 -2.65 -2.69  0.119 0.084  1.18 0.94 1.11 

  1/3hol+2/3bri  -2.77 -2.63 -2.67  0.140 0.099  0.93 1.04 0.97 

  bri  -2.77 -2.61 -2.65  0.165 0.117  0.71 1.16 0.82 

 

 

. 
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Figure 4 Calculated thermodynamic isotope effects (TIEs) for H2/D2 dissociative adsorption on open 
surfaces. Circles mark the TIE for each calculated structure in Table 2. For each metal, the left-most data 
points correspond to the low coverage (1/9 ML) TIEs; the right-most data points correspond to the high 
coverage (1 ML) TIEs. Larger circles reflect more stable structures; the circles sizes are based on a 
Boltzmann distribution at 623 K. The most stable structures for each surface and coverage are highlighted 
in black and are labelled by their names at the top x-axis.  All TIEs are evaluated at 623 K and 0.1 atm 
H2/D2 pressure. 

For all surfaces except Ag(100), Cu(100), and Rh(100), the preferred H adsorption site does not 

change upon increasing coverage (Table 2). Our predicted site binding preferences are consistent 

with experiments for Ir65, Ni66, Pd67, and Pt68. The Ag(100), Cu(100), and Rh(100) surfaces bind 

H most stably on the hollow sites at low coverage, but at high coverage the p4g structure (Figure 

3f) is most stable for Ag(100) and Cu(100), while the 2/3 hol + 1/3 bri structure (Figure 3e) is most 

stable for Rh(100). X-ray photoelectron spectroscopy studies observed similar shifts in site 

preference from hollow to bridge sites upon increasing coverage for Rh(100),69 whereas low-

energy electron-diffraction and other experimental techniques observed similar p4g 

reconstructions on Cu(100) at high coverage.39,41,42.  We, however, found no reports of H-induced 

reconstruction on the Ag(100) surface, which may be because H2 does not dissociate on it.70 

Further, we could not find experiments where pre-dissociated atomic H was dosed to Ag(100).  
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The TIEs for the most stable open-surface adlayer structures all decrease upon increasing coverage 

(Table 2 and Figure 4), like for the close-packed surfaces. On the five surfaces where the preferred 

H adsorption sites were unchanged, the TIEs decreased by an average of 0.12. Like the decreases 

seen for the close-packed surfaces, this is due to an increase in the vibrational frequencies of the 

metal-H bonds.62  

The changes in the preferred adsorption sites for Ag(100), Cu(100), and Rh(100) however 

contributed to a large average decrease of 0.48 in their TIEs upon increasing H coverage from 0.11 

to 1 ML. The reason for this is as follows: at low coverage, H binds on hollow sites on all three 

surfaces, giving rise to soft vibrational modes and low vibrational frequencies, and thus leading to 

large TIEs. At high coverage however, H binds on p4g hollow sites (Ag, Cu) and (100) bridge 

sites (Rh), which have much harder vibrational modes and higher vibrational frequencies, thus 

leading to smaller TIEs.  

From the large overlaps of the high- and low-coverage TIE ranges (Figure 4), whether the TIE 

increases or decreases with coverage depends on how the preferred adsorption structures change 

as coverage increases—that is, structural changes may greatly affect TIEs. Out of the eight close-

packed surfaces we studied, changes in the preferred H adsorption structures occurred for three 

surfaces (Ag(100), Cu(100), and Rh(100)), and the TIEs decreased with increasing coverage in all 

three cases. We, however, cannot preclude scenarios where changes in the preferred H adsorption 

structures may lead to increases in TIEs with coverage for other transition metal systems not 

studied in this work.  
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3.1.3. Stepped Surfaces 

Figure 5 Top views of 1 monolayer H adlayer structures on stepped fcc (211) surfaces. See main text for 
explanations of structure nomenclature. Red lines indicate the step edges. The unit cell is marked by dashed 
lines. Color code: yellow – metal, blue – H.  

Figure 5 shows the eight adlayer structures we identified for adsorption of 1 ML H on the stepped 

fcc (211) surfaces of Ag, Au, Cu, Ir, Ni, Pd, Pt, and Rh. These structures are labelled as triplets of 

site names—i) fcc-fcc-bri, ii) fcc-fcc-edge, iii) fcc-edge-bri, iv) hcp-hcp-bri, v) hcp-hcp-edge, vi) 

hcp-hcp-hol, vii) top-edge-bri, and viii) top-top-bri—because there are three columns of H adatoms 

with three symmetry-equivalent H in each column for all structures. Columns on the (111) terraces 

are denoted by “top”, “fcc”, or “hcp”, if H binds on top, fcc-like, or hcp-like hollow sites 

respectively. Columns on the (100) steps are denoted by “hol”, ‘bri”, and “edge”, if H binds on 

hollow, bridge, and step edge sites respectively. An fcc-edge-bri structure thus refers to an adlayer 

structure with H binding on the fcc-like sites of the (111) terrace, and the step edges and bridge 

sites of the (100) step. Although other high-symmetry structures were observed during our studies, 

they were energetically less favorable (> 0.2 eV) than the ones we considered. Low-coverage 

structures involve single H atoms binding at various high-symmetry site types on the (211) surface, 

illustrations of which are shown in Figure S1e.  



23 
 

Table 3 displays the relevant thermodynamic properties and TIEs for H2/D2 dissociative adsorption 

associated with these structures. For each metal, table entries are ordered by stability; those which 

are most stable, having the largest absolute 𝐵𝐸തതതത ൅ 𝑍𝑃𝐸ுതതതതതതത, come first. Vibrational frequencies of the 

high- and low-coverage structures can be found in Table S3. 
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Table 3 Calculated thermodynamic properties for H/D adsorption at 623 K and 0.1 atm H2/D2 pressure on stepped surfaces, arranged in alphabetical 
order. Properties include average binding energies (𝐵𝐸തതതത, eV), average zero-point energy corrected binding energies (𝐵𝐸തതതത ൅ 𝑍𝑃𝐸തതതതതത, eV), average zero-
point energies (𝑍𝑃𝐸തതതതതത, eV), and ZPE (TIEZPE) and entropic contributions (TIEEntropy) to the overall thermodynamic isotope effect (TIE). See Methods 
for the definitions of these terms. For each surface and coverage, only stable structures are shown, and the entries are ordered by BEതതതത ൅ ZPEୌതതതതതതത, with 
the most stable states first. 

   Average BEs / eV  Average ZPEs /  TIE Values 
Surface Coverage / ML Structure 𝐵𝐸തതതത 𝐵𝐸തതതത ൅ 𝑍𝑃𝐸ுതതതതതതത 𝐵𝐸തതതത ൅ 𝑍𝑃𝐸஽തതതതതതത  𝑍𝑃𝐸ுതതതതതതത 𝑍𝑃𝐸஽തതതതതതത  TIEZPE TIEEntropy TIE 
Ag(211) 0.11 hcp_a1 -2.13 -1.99 -2.03  0.138 0.097  0.96 0.99 0.95 
  fcc_c2 -2.07 -1.93 -1.97  0.138 0.098  0.95 0.99 0.94 
  hcp_c1 -2.06 -1.92 -1.96  0.145 0.103  0.88 1.02 0.90 
  fcc_b2 -2.02 -1.88 -1.92  0.143 0.101  0.90 1.01 0.91 
  top_b -1.88 -1.75 -1.79  0.138 0.097  0.96 1.06 1.01 
 1.00 hcp-hcp-hol -2.00 -1.86 -1.90  0.141 0.100  0.92 1.02 0.94 
  fcc-fcc-edge -1.98 -1.81 -1.86  0.165 0.116  0.71 1.13 0.81 
  hcp-hcp-bri -1.95 -1.79 -1.84  0.161 0.114  0.74 1.22 0.90 
  fcc-fcc-bri -1.93 -1.77 -1.82  0.160 0.113  0.75 1.12 0.84 
  fcc-edge-bri -1.91 -1.75 -1.80  0.163 0.115  0.73 1.13 0.82 
Au(211) 0.11 bri_a -2.29 -2.14 -2.18  0.157 0.111  0.77 1.12 0.87 
  fcc_c2 -2.12 -1.99 -2.03  0.132 0.093  1.02 0.97 0.99 
  top_b -2.11 -1.95 -1.99  0.160 0.113  0.75 1.13 0.85 
  hcp_c1 -2.06 -1.92 -1.96  0.137 0.097  0.96 0.99 0.95 
  fcc_b2 -2.02 -1.88 -1.92  0.142 0.100  0.91 1.01 0.92 
  top_a -2.02 -1.87 -1.91  0.153 0.108  0.81 1.16 0.95 
  top_c -1.86 -1.71 -1.76  0.149 0.105  0.85 1.15 0.98 
 1.00 fcc-edge-bri -2.10 -1.93 -1.98  0.162 0.115  0.73 1.12 0.82 
  fcc-fcc-edge -2.05 -1.90 -1.94  0.152 0.108  0.82 1.08 0.88 
  fcc-fcc-bri -1.98 -1.82 -1.87  0.160 0.113  0.75 1.12 0.84 
Cu(211) 0.11 hcp_a1 -2.55 -2.39 -2.43  0.166 0.118  0.70 1.13 0.79 
  fcc_c2 -2.47 -2.30 -2.35  0.167 0.118  0.69 1.13 0.78 
  hcp_c1 -2.43 -2.26 -2.31  0.173 0.122  0.65 1.16 0.76 
  fcc_b2 -2.38 -2.21 -2.26  0.169 0.119  0.68 1.14 0.78 
  hol -2.30 -2.19 -2.22  0.109 0.077  1.31 0.89 1.16 
  top_b -2.20 -2.05 -2.09  0.152 0.107  0.82 1.14 0.94 
 1.00 hcp-hcp-hol -2.35 -2.18 -2.23  0.169 0.120  0.68 1.15 0.78 
  fcc-fcc-edge -2.32 -2.13 -2.19  0.191 0.135  0.54 1.28 0.69 
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  hcp-hcp-bri -2.28 -2.09 -2.15  0.188 0.133  0.55 1.26 0.70 
  fcc-edge-bri -2.23 -2.04 -2.09  0.185 0.131  0.57 1.25 0.71 
  fcc-fcc-bri -2.20 -2.00 -2.06  0.198 0.140  0.50 1.32 0.66 
Ir(211) 0.11 bri_a -3.06 -2.89 -2.94  0.173 0.122  0.65 1.19 0.78 
  top_a -2.90 -2.73 -2.78  0.167 0.118  0.70 1.21 0.84 
  top_b -2.87 -2.70 -2.75  0.170 0.120  0.67 1.17 0.79 
  top_c -2.66 -2.47 -2.53  0.186 0.132  0.56 1.27 0.72 
  hcp_c1 -2.57 -2.44 -2.48  0.130 0.092  1.04 1.01 1.05 
  bri_bc -2.58 -2.43 -2.48  0.149 0.105  0.85 1.09 0.92 
  fcc_c2 -2.57 -2.43 -2.47  0.138 0.097  0.96 1.01 0.97 
  fcc_b2 -2.55 -2.41 -2.45  0.142 0.100  0.92 1.03 0.94 
 1.00 fcc-edge-bri -2.81 -2.63 -2.68  0.177 0.125  0.62 1.20 0.75 
  top-edge-bri -2.82 -2.63 -2.68  0.186 0.131  0.57 1.25 0.71 
  top-top-bri -2.75 -2.56 -2.62  0.184 0.130  0.58 1.25 0.72 
  fcc-fcc-edge -2.69 -2.53 -2.58  0.157 0.111  0.78 1.10 0.86 
  hcp-hcp-edge -2.67 -2.51 -2.56  0.151 0.107  0.83 1.08 0.89 
Ni(211) 0.11 hcp_a1 -2.84 -2.67 -2.72  0.174 0.123  0.65 1.17 0.76 
  fcc_c2 -2.78 -2.60 -2.66  0.174 0.123  0.64 1.17 0.75 
  hcp_c1 -2.77 -2.59 -2.65  0.178 0.126  0.61 1.19 0.73 
  bri_a -2.76 -2.59 -2.64  0.165 0.117  0.71 1.22 0.86 
  hol -2.68 -2.57 -2.61  0.112 0.079  1.27 0.90 1.14 
  fcc_b2 -2.74 -2.57 -2.62  0.174 0.123  0.64 1.17 0.75 
  top_b -2.61 -2.44 -2.49  0.161 0.114  0.74 1.18 0.87 
 1.00 hcp-hcp-hol -2.77 -2.59 -2.64  0.181 0.128  0.60 1.21 0.73 
  fcc-fcc-edge -2.73 -2.54 -2.59  0.191 0.135  0.53 1.28 0.68 
  fcc-edge-bri -2.67 -2.48 -2.53  0.189 0.134  0.53 1.29 0.69 
Pd(211) 0.11 hcp_c1 -2.81 -2.64 -2.69  0.163 0.115  0.72 1.11 0.80 
  fcc_b2 -2.81 -2.64 -2.69  0.164 0.116  0.72 1.11 0.80 
  hcp_a1 -2.80 -2.64 -2.68  0.161 0.114  0.74 1.10 0.82 
  fcc_c2 -2.79 -2.63 -2.68  0.161 0.114  0.74 1.10 0.81 
  bri_a -2.76 -2.59 -2.64  0.169 0.120  0.68 1.21 0.82 
  top_b -2.66 -2.50 -2.55  0.163 0.116  0.72 1.18 0.85 
 1.00 hcp-hcp-hol -2.73 -2.59 -2.63  0.145 0.103  0.88 1.04 0.91 
  fcc-fcc-edge -2.73 -2.56 -2.61  0.170 0.120  0.67 1.16 0.78 
  fcc-edge-bri -2.68 -2.51 -2.56  0.175 0.123  0.64 1.19 0.76 
  fcc-fcc-bri -2.66 -2.48 -2.53  0.180 0.127  0.60 1.21 0.73 
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Pt(211) 0.11 bri_a -2.90 -2.73 -2.78  0.170 0.120  0.67 1.18 0.80 
  top_a -2.75 -2.58 -2.63  0.176 0.124  0.63 1.24 0.78 
  top_b -2.74 -2.57 -2.62  0.173 0.122  0.65 1.20 0.78 
  top_c -2.72 -2.53 -2.58  0.188 0.133  0.55 1.28 0.70 
  fcc_c2 -2.66 -2.53 -2.57  0.135 0.095  0.99 0.99 0.98 
  bri_ca -2.66 -2.52 -2.56  0.149 0.106  0.84 1.10 0.93 
  hcp_c1 -2.63 -2.49 -2.53  0.134 0.095  0.99 1.00 0.99 
  fcc_b2 -2.62 -2.47 -2.52  0.142 0.100  0.91 1.03 0.94 
  bri_bc -2.63 -2.47 -2.52  0.162 0.114  0.74 1.15 0.85 
 1.00 fcc-edge-bri -2.77 -2.60 -2.65  0.172 0.122  0.66 1.17 0.77 
  top-edge-bri -2.75 -2.57 -2.62  0.182 0.129  0.59 1.24 0.73 
  fcc-fcc-edge -2.71 -2.55 -2.60  0.156 0.110  0.78 1.09 0.86 
  top-top-bri -2.70 -2.52 -2.57  0.185 0.131  0.57 1.26 0.72 
  fcc-fcc-bri -2.59 -2.43 -2.48  0.167 0.118  0.70 1.15 0.80 
Rh(211) 0.11 bri_a -2.85 -2.69 -2.73  0.167 0.118  0.69 1.18 0.82 
  hcp_a1 -2.81 -2.65 -2.70  0.154 0.109  0.80 1.08 0.87 
  hcp_c1 -2.75 -2.59 -2.64  0.158 0.112  0.77 1.09 0.84 
  top_b -2.75 -2.59 -2.64  0.161 0.114  0.74 1.15 0.85 
  fcc_b2 -2.74 -2.58 -2.62  0.158 0.112  0.77 1.09 0.83 
  fcc_c2 -2.73 -2.57 -2.61  0.158 0.112  0.76 1.09 0.83 
 1.00 fcc-edge-bri -2.76 -2.58 -2.63  0.177 0.125  0.63 1.20 0.75 
  hcp-hcp-edge -2.74 -2.57 -2.62  0.166 0.118  0.70 1.14 0.80 
  fcc-fcc-edge -2.74 -2.57 -2.62  0.168 0.119  0.69 1.15 0.79 
  hcp-hcp-bri -2.68 -2.51 -2.56  0.165 0.117  0.71 1.14 0.81 
  fcc-fcc-bri -2.63 -2.46 -2.51  0.176 0.124  0.63 1.19 0.75 
  top-edge-bri -2.61 -2.44 -2.49  0.167 0.118  0.69 1.19 0.82 
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Figure 6 Calculated thermodynamic isotope effects (TIEs) for H2/D2 dissociative adsorption on stepped 
surfaces. Circles mark the TIE for each calculated structure in Table 3. For each metal, the left-most data 
points correspond to the low coverage (1/9 ML) TIEs; the right-most data points correspond to the high 
coverage (1 ML) TIEs. Larger circles reflect more stable structures; the circles sizes are based on a 
Boltzmann distribution at 623 K. The most stable structures for each surface and coverage are highlighted 
in black and are labelled by their names at the top x-axis.  All TIEs are evaluated at 623 K and 0.1 atm 
H2/D2 pressure. 

For the stepped surfaces, increasing coverage necessarily leads to changes in the preferred 

adsorption sites of H—at low coverage, H occupies a single adsorption site type; at high coverage 

however, H is forced to occupy a mixture of different adsorption site types due to the low symmetry 

of the (211) surface (Figure 6 and Table 3). These changes in the TIE are partially attributable to 

the occupation of multiple binding site types with increasing coverage. This however cannot be 

the sole reason; if it were, we would expect the TIEs of the high-coverage structures to be simple 

linear combinations of the TIEs of the low-coverage structures. This hypothesis fails on a simple 

test: the smallest TIEs of the high-coverage structures are less than the smallest TIEs of the low-

coverage structures, except for Pt(211) (Figure 6).  
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The decrease in TIEs must thus be a combined effect of both higher vibrational frequencies and 

changes in preferred adsorption sites, where the former exerts a persistent, predictable dampening 

influence on the TIE. This is consistent with high-coverage structures possessing larger average 

ZPEs those of the low-coverage structures. Often, the combination of the two effects decreases the 

TIE. In the case of Pd(211) however, the changes in preferred adsorption sites exert a larger 

opposite influence, leading to an overall increase in the TIEs. 

3.2. Kinetic Isotope Effects of H2/D2 Dissociative Adsorption 

Figure 7 Top views of most stable high-coverage transition state structures for H2/D2 dissociative 
adsorption on the fcc (111), fcc (100), and fcc (211) surfaces of Ag, Au, and Cu. Pink lines mark the step 
edges of the (211) surfaces. The unit cell is marked by dashed lines. Color code: grey – Ag, yellow – Au, 
brown – Cu, blue – spectator H, cyan – dissociating H2 molecule.   

To complement our analysis of the TIEs of H2/D2 dissociative adsorption, we additionally 

calculated KIEs for the (111), (100), and (211) surfaces of the three noble metals, Au, Ag, and Cu, 

chosen because H2/D2 dissociative adsorption is highly activated on their surfaces.71–75  
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Figure 7 shows the structures of the most stable high-coverage transition states we identified; those 

of the less stable transition states are shown in Figures S4-6 for Ag, Au, and Cu respectively. The 

most stable low-coverage transition states, obtained from our previous work,31 are shown in Figure 

S7. Table 4 displays kinetic properties and KIEs, evaluated at 623 K and 0.1 atm H2/D2 pressure, 

associated with these transition states. Table entries are ordered by stability; those which are most 

stable, having the largest absolute average 𝐵𝐸തതതത ൅ 𝑍𝑃𝐸ுതതതതതതത, come first. Vibrational frequencies of the 

high- and low-coverage structures can be found in Table S4. 
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Table 4  Calculated kinetic properties for H2/D2 dissociative adsorption at 623 K and 0.1 atm H2/D2 pressure on Au, Ag, and Cu surfaces. Properties 
include activation energy barriers (Ea, eV), zero-point energy corrected activation barriers (Ea+ΔZPE, eV); average binding energies (𝐵𝐸തതതത, eV), 
average zero-point-energy-corrected binding energies (𝐵𝐸തതതത ൅ 𝑍𝑃𝐸തതതതതത, eV), and average zero-point energies (𝑍𝑃𝐸തതതതതത, eV) for the transition states; and ZPE 
(KIEZPE) and entropic contributions (KIEEntropy) to the overall kinetic isotope effect (KIE). See Methods for the definitions of these terms. For each 
surface and coverage, the entries are ordered by 𝐵𝐸തതതത ൅ 𝑍𝑃𝐸ுതതതതതതത, with the most stable states first. Entry numbers differentiate between the different 
transition state structures, listed in Figures S4-6 in the Supporting Information. Listed coverage indicates the coverage at the final state of the 
dissociation event. 

 
 

  
Activation Energies / eV  Average BEs / eV  

Average ZPEs / 
eV 

 KIE Values 

Surface 
Coverage  
/ ML 

Entry 
No. 

Ea 
Ea+ 

ΔZPEH 
Ea+ 

ΔZPED 
 𝐵𝐸തതതത 

𝐵𝐸തതതത
൅ 𝑍𝑃𝐸ுതതതതതതത 

𝐵𝐸തതതത
൅ 𝑍𝑃𝐸஽തതതതതതത 

 𝑍𝑃𝐸ுതതതതതതത 𝑍𝑃𝐸஽തതതതതതത  KIEZPE KIEEntropy KIE 

Ag(111) 0.22 1 1.09 1.03 1.05  -1.73 -1.63 -1.66  0.102 0.072  1.41 1.27 1.79 
 1.00 1 1.48 1.47 1.47  -1.97 -1.82 -1.86  0.156 0.110  1.07 1.43 1.53 
  2 1.47 1.45 1.46  -1.97 -1.81 -1.86  0.155 0.109  1.07 1.42 1.53 
Au(111) 0.22 1 0.97 0.95 0.95  -1.79 -1.67 -1.71  0.124 0.088  1.11 1.43 1.59 
 1.00 1 1.42 1.43 1.43  -1.95 -1.81 -1.85  0.143 0.101  0.94 1.51 1.43 
  2 1.42 1.43 1.43  -1.93 -1.79 -1.83  0.142 0.100  0.92 1.53 1.41 
Cu(111) 0.22 1 0.48 0.47 0.48  -2.03 -1.91 -1.94  0.128 0.090  1.07 1.45 1.55 
 1.00 1 0.89 0.91 0.90  -2.31 -2.13 -2.18  0.182 0.128  0.88 1.54 1.35 
  2 0.88 0.91 0.90  -2.31 -2.13 -2.18  0.181 0.128  0.87 1.55 1.34 
Ag(100) 0.22 1 1.10 1.06 1.07  -1.73 -1.61 -1.65  0.115 0.082  1.22 1.33 1.62 
 1.00 1 0.91 1.00 0.97  -2.00 -1.86 -1.90  0.144 0.102  0.62 1.71 1.06 
  2 1.13 1.16 1.15  -1.99 -1.85 -1.89  0.142 0.100  0.86 1.53 1.32 
  3 1.42 1.46 1.45  -1.97 -1.83 -1.87  0.142 0.100  0.81 1.63 1.31 
  4 1.63 1.66 1.65  -1.96 -1.82 -1.86  0.143 0.101  0.87 1.54 1.33 
Au(100) 0.22 1 0.69 0.68 0.68  -1.93 -1.80 -1.84  0.129 0.092  1.05 1.46 1.53 
 1.00 1 0.87 0.88 0.88  -2.11 -1.95 -2.00  0.158 0.112  0.95 1.51 1.43 
  2 0.97 0.93 0.95  -2.09 -1.94 -1.98  0.153 0.108  1.25 1.33 1.66 
Cu(100) 0.22 1 0.56 0.54 0.55  -2.00 -1.87 -1.91  0.126 0.089  1.09 1.41 1.53 
 1.00 1 0.78 0.84 0.82  -2.32 -2.16 -2.21  0.165 0.116  0.71 1.70 1.21 
  2 0.75 0.78 0.78  -2.31 -2.15 -2.20  0.160 0.113  0.84 1.57 1.31 
  3 0.88 0.94 0.92  -2.30 -2.14 -2.19  0.161 0.114  0.71 1.72 1.23 
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Ag(211) 0.22 1 1.10 1.04 1.06  -1.72 -1.62 -1.65  0.101 0.071  1.43 1.26 1.80 
 1.00 1 1.26 1.24 1.25  -1.94 -1.80 -1.84  0.139 0.098  1.07 1.45 1.55 
  2 1.50 1.49 1.49  -1.94 -1.80 -1.84  0.142 0.100  1.01 1.46 1.47 
  3 1.67 1.64 1.65  -1.94 -1.80 -1.84  0.144 0.102  1.22 1.37 1.67 
  4 1.57 1.58 1.58  -1.94 -1.79 -1.84  0.148 0.104  0.92 1.60 1.46 
  5 1.11 1.06 1.08  -1.93 -1.78 -1.83  0.150 0.106  1.29 1.33 1.71 
  6 1.14 1.18 1.17  -1.93 -1.78 -1.82  0.160 0.113  0.78 1.65 1.28 
  7 1.45 1.43 1.44  -1.90 -1.77 -1.81  0.129 0.091  1.11 1.41 1.56 
  8 1.25 1.28 1.27  -1.93 -1.77 -1.82  0.157 0.111  0.88 1.54 1.35 
  9 1.60 1.59 1.59  -1.92 -1.77 -1.82  0.155 0.110  1.05 1.44 1.51 
  10 1.56 1.53 1.54  -1.91 -1.77 -1.81  0.146 0.103  1.19 1.36 1.63 
  11 1.66 1.66 1.66  -1.91 -1.76 -1.81  0.147 0.104  0.97 1.49 1.45 
  12 1.90 1.80 1.83  -1.89 -1.76 -1.80  0.129 0.091  1.74 1.19 2.06 
  13 1.50 1.59 1.56  -1.89 -1.73 -1.78  0.156 0.110  0.63 1.73 1.09 
  14 1.19 1.17 1.17  -1.88 -1.73 -1.77  0.150 0.106  1.12 1.39 1.56 
  15 1.79 1.74 1.76  -1.86 -1.71 -1.75  0.151 0.107  1.33 1.32 1.76 
  16 1.77 1.77 1.77  -1.86 -1.70 -1.75  0.157 0.111  1.00 1.48 1.48 
Au(211) 0.22 1 0.71 0.75 0.74  -1.92 -1.77 -1.81  0.155 0.110  0.79 1.66 1.31 
 1.00 1 0.80 0.85 0.83  -2.06 -1.90 -1.95  0.159 0.113  0.74 1.64 1.22 
  2 1.03 1.01 1.02  -2.05 -1.89 -1.94  0.154 0.109  1.07 1.42 1.52 
  3 0.93 0.93 0.93  -2.05 -1.89 -1.94  0.157 0.111  0.95 1.49 1.42 
  4 1.02 1.01 1.01  -2.03 -1.87 -1.92  0.155 0.110  1.03 1.46 1.51 
  5 1.09 1.10 1.10  -2.02 -1.86 -1.91  0.157 0.111  0.98 1.51 1.48 
  6 1.28 1.27 1.28  -2.00 -1.86 -1.90  0.149 0.105  1.02 1.49 1.52 
  7 0.65 0.65 0.65  -1.98 -1.84 -1.88  0.145 0.102  0.97 1.54 1.49 
  8 1.10 1.06 1.08  -1.97 -1.83 -1.87  0.141 0.100  1.22 1.36 1.66 
Cu(211) 0.22 1 0.43 0.45 0.45  -2.06 -1.91 -1.96  0.146 0.103  0.88 1.58 1.39 
 1.00 1 0.77 0.80 0.79  -2.29 -2.13 -2.18  0.164 0.116  0.85 1.53 1.31 
  2 0.61 0.62 0.62  -2.29 -2.13 -2.18  0.164 0.116  0.98 1.50 1.47 
  3 0.99 1.01 1.01  -2.28 -2.11 -2.16  0.164 0.116  0.88 1.54 1.35 
  4 1.07 1.11 1.10  -2.28 -2.11 -2.16  0.173 0.123  0.83 1.60 1.33 
  5 1.21 1.14 1.16  -2.27 -2.11 -2.16  0.161 0.114  1.49 1.23 1.84 
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  6 0.83 0.87 0.86  -2.26 -2.10 -2.15  0.155 0.110  0.81 1.67 1.35 
  7 0.43 0.44 0.44  -2.28 -2.10 -2.15  0.177 0.125  0.93 1.51 1.41 
  8 0.68 0.72 0.71  -2.26 -2.08 -2.13  0.180 0.127  0.76 1.64 1.25 
  9 0.61 0.73 0.70  -2.26 -2.08 -2.13  0.176 0.125  0.52 1.91 1.00 
  10 1.04 1.06 1.05  -2.25 -2.08 -2.13  0.177 0.125  0.90 1.55 1.39 
  11 0.72 0.77 0.76  -2.25 -2.07 -2.13  0.180 0.127  0.77 1.69 1.29 
  12 0.91 0.93 0.92  -2.25 -2.07 -2.12  0.176 0.124  0.89 1.51 1.35 
  13 1.12 1.21 1.18  -2.24 -2.07 -2.12  0.174 0.123  0.61 1.84 1.13 
  14 1.10 1.23 1.19  -2.20 -2.02 -2.08  0.177 0.125  0.50 1.93 0.97 
  15 1.08 1.13 1.11  -2.18 -2.00 -2.05  0.177 0.125  0.77 1.62 1.24 
  16 1.83 1.90 1.88  -2.16 -1.99 -2.04  0.172 0.122  0.68 1.77 1.21 
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Figure 8 Calculated kinetic isotope effects (KIEs) for H2/D2 dissociative adsorption on Ag, Au, and Cu 
surfaces. For each metal, the left-most data point corresponds to the low coverage (2/9 ML) KIE; the right-
most data point corresponds to the high coverage (1 ML) KIE. Circles mark the KIE for each calculated 
structure in Table 4. Larger circles reflect more stable structures; the circles sizes are based on a Boltzmann 
distribution at 623 K. The most stable structures for each surface and coverage are highlighted in black and 
correspond to entry numbers of 1 for each surface and coverage in Table 4. All KIEs are evaluated at 623 
K and 0.1 atm H2/D2 pressure. 

The KIEs of the most stable high coverage transition states are all lower than those of the most 

stable low coverage ones (Table 4 and Figure 8). By visual inspection (Figure 7 versus Figure S7), 

only the (111) surfaces and Au(100) retained similar most stable transition state structures upon 

going to higher coverages. On these surfaces, the KIEs decreased by an average of 0.18, with 

Au(111) showing the largest decrease of 0.26. The reasons driving this decrease in the KIEs are 

similar to those driving the decreases in the TIEs: increases in the vibrational frequencies of the 

transition states, as implied by the increase in their average ZPEs, which lead to greater 

destabilization of the H-transition state relative to the D-transition state. 

The remaining surfaces have different high- and low-coverage transition state geometries; surface 

reconstructions were also observed for Ag(100) and Cu(100). For these surfaces, the TIEs 

decreased by an average of 0.26, with Ag(100) showing the largest decrease of 0.56. The decrease 
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in KIEs for some of these surfaces however seems quite fortuitous. On Au(211) for example, all 

higher coverage transition state structures except the most stable one give rise to larger KIEs than 

that of the low coverage transition state structure. Additionally, many structures are only slightly 

less stable—with two structures just 0.01 eV per H higher in energy—than the most stable 

structure. These examples of structures which are very close in energy, and yet have very different 

KIEs, emphasize the unpredictability of the influence of changes in the preferred adsorption sites 

on isotope effects.



35 
 

3.3. Temperature Dependences of Thermodynamic and Kinetic Isotope Effects 

Figure 9 Temperature dependence of (a-c) thermodynamic isotope effects (TIEs) for the most stable 
adsorption structures on (a) close-packed, (b) open, and (c) stepped transition metal surfaces; and (d) kinetic 
isotope effects (KIEs) on close-packed, open, and stepped surfaces of Ag, Au, and Cu. Dashed and full 
lines represent low coverage and high coverage structures respectively.  
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All calculated TIE and KIE values until here were evaluated at a temperature of 623 K and a H2/D2 

pressure of 0.1 atm. We find that pressure does not affect our calculated values; although the 

translational entropy of H2(g) and D2(g) depends on pressure, it changes equally with pressure for 

both species. Changes in temperature however affect the entropies of gas-phase H2, adsorbed 

species, and transition states unequally, and thus may alter our calculated TIEs and KIEs. Note 

that changes in temperature and pressure can also affect the coverage of H—for example, 

increasing temperature and decreasing pressure will reduce the coverage of H—which we do not 

consider in our analysis.  

We plot in Figure 9a-c TIEs evaluated between 200 – 700 K; and in Figure 9d KIEs evaluated in 

the same temperature range. Only the most stable structures at high (Figure 9; full lines) and low 

(Figure 9; dashed lines) coverage were considered. Similar plots for the TIEs of less stable 

structures are in Figures S8-10 for the close-packed, open, and stepped surfaces respectively; and 

similar plots for the KIEs for less stable transition states are in Figure S11.  

Importantly, we find that the differences in isotope effects between different structures narrow 

with increasing temperature. For example, at 200 K, the TIEs for the low (Figure 9a; red dashed 

line) and high (Figure 9a; red full line) coverage structures of Au(111) are 3.67 and 2.27 

respectively, differing by 1.40. At 700 K however, this difference narrows to just 0.11, with TIEs 

of 0.95 and 0.84 for the high- and low-coverage structures respectively. This is because the TIEs 

for all surfaces tend to a constant value of ~1 at high temperatures. A similar effect is observed for 

the KIEs, which tend to ~1.5. For a detailed explanation of this phenomenon, see Section S3. 

Trends in isotope effects across the different structures and surfaces are relatively unchanged with 

changing temperature, as evidenced by the scarcity of line crossings in Figure 9. In the rare event 
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of a change in the trends, the isotope effects remain close to each other. For example, the lines 

representing the KIEs of the high- and low-coverage transition states of Au(211) (Figure 9d; red 

lines) cross but stay within 0.2 of each other throughout the temperature range.  

Overall, higher temperatures diminish the changes in isotope effects induced by increasing 

coverage. The sign of these changes is however rarely affected. Thus, for most surfaces, higher 

temperatures reduce the magnitude of the decrease in isotope effects caused by increasing 

coverage.  

4. Discussion 

4.1. Implications of Findings 

Table 5 Summary of changes in thermodynamic and kinetic isotope effects (TIEs and KIEs) upon 
increasing coverage, from 0.11 to 1.00 ML H for the TIEs and from 0.22 ML to 1.00 ML H for the KIEs. 
All identified high-coverage structures were included, and changes were evaluated with respect to the most 
stable low-coverage structures for each metal and facet. Isotope effects are evaluated at 623 K and 0.1 atm 
H2/D2 pressure. 

 Thermodynamic Isotope Effect  Kinetic Isotope Effect  
Overall 

 

Close-
packed 

Open Stepped  
Close-
packed 

Open Stepped 
 

Average Change –0.05 –0.41 –0.04  –0.21 –0.25 –0.11  –0.14 
Number of 

Structures with 
Increased Isotope 

Effects 

4 1 7  0 1 11 

 

24 

Number of 
Structures with 

Decreased 
Isotope Effects 

23 21 28  6 8 29 

 

115 

Our results reveal two ways in which increasing coverage can influence isotope effects: increases 

in the vibrational frequencies of adsorbed H, and changes to the preferred H adsorption sites. 

Whereas the former always leads to smaller isotope effects, the latter can lead to either smaller or 

larger isotope effects.  
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Empirically, our findings show that increasing H coverage results in smaller kinetic and 

thermodynamic isotope effects (KIEs and TIEs) in most cases. After considering all high-coverage 

structures we identified, and comparing them to their corresponding most stable low-coverage 

structures, only 24 showed increases in their isotope effects with increasing coverage, while 115 

showed decreases (Table 5). The average change is also negative: –0.14. These are by no means 

comprehensive statistics. They however indicate that the inevitable increases in the H vibrational 

frequencies with increasing coverage, regardless of changes in the preferred adsorption sites, exert 

a strong dampening influence on the isotope effects.  

If we could somehow predict that the preferred adsorption site would not change with increasing 

coverage, then we could be almost certain that the isotope effects would decrease with increasing 

coverage. Besides costly first-principles calculations, descriptors such as the orbitalwise 

coordination number76 may serve as approximate predictors of whether changes in adsorption sites 

would occur or not. These descriptors can be used to estimate the energetics of adsorption at 

different adsorption sites in the presence of coadsorbates, and thus serve as a useful screening tools 

for approximately predicting which systems are likely to experience changes in adsorption sites 

upon increasing coverage. Pairing this descriptor-based screening of adsorption site preferences 

with our general rule of thumb that isotope effects decrease when there is no change in adsorption 

sites will allow us to predict how isotope effects change as a function of coverage for a range of 

systems. 

Our conclusions stand across a range of temperatures, which we show affects the magnitude of the 

changes in isotope effects with coverage but does not flip the sign of these changes. Higher 

temperatures tend to homogenize the isotope effects on different surfaces, thus leading to smaller 

differences in the isotope effects on surfaces with different coverage. This, however, neglects the 
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changes in adsorbate coverages that these temperature changes would bring about, which would 

have to be factored in separately. 

Our results agree with the scarce literature available on this topic. The dissociative sticking 

coefficients of D2 are lower than those of H2 on Ni(100)77 and the activation energies for H2 

dissociation are lower than those for D2 dissociation on PdAgCu alloys78. These observations are 

consistent with the normal KIEs we calculated for Au, Ag, and Cu. Additionally, Truong and 

Truhlar found an increase in the KIE of H2 dissociation on Ni(100) with increasing coverage29, 

which at first seems inconsistent with our findings. They however attribute the increase to quantum 

tunneling, which is only expected to play a role only at temperatures less than ~200 K.48,49 Without 

quantum effects, they find that the KIE instead decreases with increasing coverage29, in agreement 

with our findings on Au, Ag, and Cu.  

Besides quantum effects, it is important to keep in mind other limitations of our study. Firstly, we 

use the harmonic approximation to calculate thermodynamic quantities such as zero-point energy 

and entropy. We expect it to hold reasonably well as most of our vibrational modes are large (> 

200 cm–1). Secondly, the vibrational modes of many atoms couple to form phonons; we however 

do not model the effects of phonon dispersion away from the Brillouin zone center, as the 

dispersion of the phonon modes is weak for H adlayers,79,80 and our relatively large unit cell sizes 

allow us to capture the major effects of vibrational coupling.81 Lastly, we have focused on two 

extremal coverages, 1/9 and 1 ML.  It is unclear what happens at intermediate coverages, which is 

an interesting subject for further computational studies.  

At coverages > 1 ML, which are likely relevant on small nanoparticles and nanoclusters less than 

~2 nm in diameter82,83, we predict that the trend of decreasing isotope effects with increasing H 
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coverage should continue for most metal surfaces. Firstly, although most metals prefer to bind H 

at hollow sites at coverages of 1 ML or less, the occupation of bridge and top sites, which have 

steeper potential energy wells than hollow sites, becomes inevitable at coverages > 1 ML. This 

was shown on Ru(0001)84 and Pt(111)85 for example. Secondly, destabilizing interactions between 

adsorbed H increase sharply for coverages > 1 ML.17,83–85 Both these factors likely lead to an 

increase in the average H vibrational frequencies and thus a decrease in the observed isotope 

effects. 

Ni and Pd are, however, possible exceptions to these projected trends. For Ni and Pd, H prefers to 

occupy bulk and subsurface sites instead of further saturating the surface at coverages > 1 ML.86,87 

The impact of this on the isotope effects is unclear as the H vibrational frequencies can differ 

greatly depending on the type of subsurface sites occupied.88 Further, the occupation of subsurface 

sites would not destabilize surface H as much as the occupation of additional surface sites would. 

For these metals, system-specific calculations would be needed for elucidating how subsurface 

sites affect the isotope effects for H2 dissociation. 

4.2. Catalytic Applications  

To end our discussion, it is interesting to consider how our results may guide researchers in 

applying isotope effects to solve problems in catalysis. An application of our finding that TIEs 

vary with coverage is as a scale for quantifying equilibrium adsorbate coverages. Once calibrated 

with several TIE measurements at different coverages, this scale would be able to deduce the 

coverage of adsorbates on a surface based on subsequent TIE measurements. As the resolution of 

typical isotope effect measurements is around 0.15,8, this would work best on surfaces with large 

differences (> 0.1) in their high- and low-coverage TIEs, such as the open (100) surfaces (Table 

5).  
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Figure 10 Structure-sensitivity of TIEs and KIEs for dissociative adsorption of H2/D2 on transition metal 
surfaces. (a) Maximum variation in TIEs (ΔTIE) and BEs (ΔBE) across the (111), (100), and (211) facets 
of various metals at low and high coverage. Re, Ru, Fe, and Co are not shown as only close-packed surfaces 
were considered for these metals. (b) Maximum variation in KIEs (ΔKIE) and activation energies (ΔEa) 
across the (111), (100), and (211) facets of Ag, Au, and Cu at low and high coverage. Isotope effects are 
evaluated at 623 K and 0.1 atm H2/D2 pressure. Dashed lines mark the typical resolution of isotope effect 
measurements (0.1). 

TIEs may also be used to elucidate the adsorption sites of H and thus the types of facets present 

on nanoparticles of unknown morphology.31 To evaluate the feasibility of this idea, we calculated 

the maximum variation in average binding energies and TIEs across the various facets for each 

metal we studied, at both high and low coverages. Most metals exhibit variations in the TIEs of 
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their facets that are larger than 0.1 (Figure 10a; light and dark blue bars), the typical resolution of 

isotope effect measurements.5,8 TIEs can thus be used to distinguish between H adsorption on the 

different facets. This should however work better at low coverages, where the variations in TIEs 

are generally larger. For example, Pd exhibits a large TIE range of ~0.9 between Pd(100) and 

Pd(111) at low coverage (Table 1 and Table 2). At high coverage however, this difference 

decreases to 0.6, making it more difficult to distinguish between the two facet types. When 

differences in the TIEs are small however, other complementary techniques for determining 

adsorption site preferences may be useful. On Ir for example, the differences in the TIEs are small, 

but the differences in binding energies across the different facets are large (Figure 10a; pink and 

red bars), making calorimetry a possible alternative. 

Analogous to using TIEs to determine the adsorption sites of H, KIEs may be used to identify 

active sites for H2/D2 dissociation.31 Figure 10b shows the maximum variation in activation 

energies and KIEs between the facets of Ag, Au, and Cu at high and low coverage. With increasing 

coverage, the variations in activation energies also increase, indicating larger structure sensitivity 

in terms of reaction rates, whereas the differences in KIEs decrease (except for Ag), indicating 

smaller structure sensitivity in terms of KIEs. It is thus easier to use differences in KIEs to identify 

active sites at low coverages, and easier to use differences in reaction rates at high coverages. 

5. Conclusions 

We elucidated the effects of coverage on the thermodynamic and kinetic isotope effects (TIEs and 

KIEs) of H2/D2 dissociative adsorption on a total of 28 different transition metal surfaces of 12 

different metals. Our first-principles, density functional theory (DFT) calculations reveal that 

increasing coverage can influence isotope effects in two main ways. Firstly, it may change the 

most preferred H adsorption sites and transition state structures. This may either increase or 
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decrease the isotope effects. Secondly, increasing H coverage increases the vibrational frequencies 

of adsorbed H due to the destabilizing interactions between H species. This consistently decreases 

the isotope effects. For most of our studied systems, we observed an overall decrease in the isotope 

effects with increasing surface coverage, reflecting the more consistent nature of the latter effect. 

Higher temperatures reduce the magnitude of these decreases in the isotope effects. 

Our work sheds light into how high coverage of adsorbates, commonly found under realistic 

reaction conditions, influences isotope effects. Although in this work we used atomic H as a model 

coadsorbate, we believe that the coverage effects we uncovered will be highly generalizable to 

other coadsorbates, such as hydrocarbons species that are frequently present in high coverages 

during hydrogenation reactions for example. This is because the fundamental mechanism by which 

increasing coverage influences isotope effects — via destabilizing lateral interactions between 

adsorbates — is independent of the adsorbate.  

These insights will aid in the analysis and interpretation of experimentally measured isotope 

effects, and thus allow researchers to fully harness the power of isotopic substitution for 

elucidating mechanistic pathways. We hope that our work will also spur on further research into 

the multitude of potential applications of isotope effects, such as using TIEs and KIEs to elucidate 

the adsorption sites of H/D and active sites of H2/D2 dissociative adsorption. 
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