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A B S T R A C T   

The reduction of protons to H2 (the hydrogen evolution reaction, or HER) is one of the two half reaction of water 
electrolysis. It produces H2 that can be used as an energy vector or sustainable feedstock for other compounds. 
Platinum electrodes are the “golden standard” catalysts. However, due to Pt cost, there is a need for cheaper 
alternatives. Indeed, highly active ruthenium nanoparticles are a promising alternative. In this contribution, we 
use DFT (PBE-D2) calculations to understand the differences in the catalytic activities of Ru and Pt materials by 
considering slab models containing crystalline close packed planes, terraces, steps, islands and adatoms. Results 
reveal that the strong adsorption of isolated H atoms on either material and on various sites prevents the 
hydrogen evolution reaction from taking place. Regardless of the model considered, the formation of a mono
layer is also too favorable, thus suggesting that higher coverages are needed before HER onset. The adsorption 
energies of H atoms exceeding the monolayer on platinum’s crystalline surfaces, defective steps and terraces are 
very close to the ideal value, consistent with platinum’s high catalytic activity. These results outline that the 
presence of lowly coordinated metal centers has little effect on the reactivity of Pt. The adsorption energy of extra 
H on Ru surfaces depends on the adsorption site: On non-defective sites, the adsorption of the extra H is unfa
vorable, leading to inefficient catalysts. In contrast, the adsorption on defective sites is favorable and close to the 
ideal value, thus suggesting an enhancement of the catalytic activity when Ru coordination decreases. These 
results outline that the reactivity toward hydrogen of Ru materials is more sensitive to surface morphology than 
Pt-based ones. Indeed, the presence of low coordinated centers is larger on Ru nanoparticles, thus rationalizing 
their high HER catalytic activity.   

1. Introduction 

Water electrolysis powered with renewable energies (including 
sunlight conversion) has long been envisioned as an ideal source of 
green hydrogen (H2) [1–3]. Among the major applications of this sus
tainably produced H2 are its use as an energy vector able to store sun
light energy in chemical bonds [4,5] as well as a feedstock reagent in 
many crucial industrial processes [6,7]. This includes the synthesis of 
green ammonia, which is seen as a promising alternative to the current 
Haber-Bosch process [8–10] 

Water electrolysis implies two half reactions (Scheme 1): i) at the 
anode, water is oxidized to O2 through the oxygen evolution reaction 
(OER); and ii) at the cathode, protons are reduced to H2 in acidic media 
through the hydrogen evolution reaction (HER) [11,12]. Current efforts 
in HER upscaling mainly target the costly noble metals employed as 
electrocatalysts [11,13]. The so-called “golden standard” catalyst is 

platinum,[14] whose low Earth-abundance makes it costly. Several 
non-mutually exclusive strategies have been outlined to reduce the 
catalyst cost [15,16], including: a) the use of Earth-abundant alterna
tives to platinum [15,17–25] and b) the design of new materials with 
lower noble metal content [16,19,26–32]. In the struggle for Pt-free 
catalysts [14], advances in nanofabrication allow for finely-tuned cat
alysts to be designed, aided by the extensive research into single-atom 
catalysts (SAC) [28,30,31,33–35] and SAC-alloys [36], edged surfaces 
[37] and nanoparticles [38]. In this context, despite also being a noble 
metal, ruthenium has attracted significant attention [12,39,40]. Indeed, 
ruthenium-based materials can be used as catalysts for the hydrogen 
evolution reaction in the form of small nanoparticles with high catalytic 
activities that in some cases are close to those of platinum-based mate
rials [13,27,41–49]. The catalytic activity of ruthenium nanoparticles 
has been reported to depend on the nature of the capping ligands [46] 
and on surface amorphization [41] both being indicative of high 
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sensitivity to surface morphology. Nevertheless, despite the sizeable 
number of contributions analyzing the catalytic activity for HER of 
ruthenium [27,39,41,43,44,47,50–54] there is not a systematic 
computational study describing how the catalytic activity is influenced 
by surface morphology. 

Computational chemistry is essential to state-of-the-art material 
screening in electrocatalysis [11,55]. It has been applied to determine 
the catalytic activity – metal correlations [34,56,57] and to provide an 
atomistic understanding of the catalytic activity at different sites on a 
specific material [58,59]. Most of these contributions (particularly those 
involving acidic media) are based on the Nørskov model [11,60], which 
uses the hydrogen adsorption energy (computed through the computa
tional hydrogen standard electrode (CompHSE) [61] Scheme 1) as the 
key descriptor for predicting the catalytic activity of a particular mate
rial and site [11,60]. In this approach, hydrogen adsorption should be 
neither too weak (H is not adsorbed at reaction conditions) nor too 
strong (H2 formation and desorption are hindered by metal-H in
teractions). Assuming constant thermal contributions, the optimal value 
is proposed to be around -0.24 eV (-23 kJ mol− 1), which fits with the 
value computed for Pt, but differs significantly from that of ruthenium. 
Remarkably, although in their seminal work Nørskov and co-workers 
considered different H coverages on the metallic surfaces [60], most 
of subsequent work [62] considered the adsorption energies at low 
coverages, without exceeding unity. More recently, some contributions 
showed that, at least in the case of ruthenium, coverages exceeding one 
H per surface metal site are needed to reproduce the experimental 
trends, both when using slab [41,63,64] and nanoparticle models [27, 
65]. 

The influence of surface morphology and active site metal coordi
nation on the HER catalytic activity has been widely analyzed for Pt 
based materials, either using slab models [58,66] and nanoparticles 
[38]. Results show that catalyst activity for HER is sensitive to the active 
site metal coordination environment, the highest activities being asso
ciated with metals coordinated to about 9 other centers [62,66]. To the 
best of our knowledge an analogous study on ruthenium-based or other 
metal materials has never been performed. Furthermore, a comparison 
between different materials as a function of the coordination environ
ment has not been reported. 

In this contribution, we analyze the catalytic activity of Ru and Pt 
sites of different slab models including pure crystalline environments, 
steps, terraces, islands and adatoms with the aim of determining the 
most active sites for ruthenium and how they compare to equivalent 
sites on platinum. Catalytic activity is analyzed using the hydrogen 
adsorption energy as descriptor at three different coverages: i) isolated H 
adsorption; ii) H monolayer formation and iii) H adsorption exceeding 
the monolayer. Results show that coverages exceeding the monolayer 
are required to obtain H adsorption energies close to those of the ideal 
value. Moreover, all Pt models lead to very similar adsorption energies, 
thereby suggesting that inclusion of defects has a minor role in 
enhancing the Pt catalytic activity. In contrast, adsorption energies on 
Ru-based materials are highly sensitive to metal coordination. Particu
larly, the presence of steps and islands is of high importance to enhance 
HER activity with Ru-based materials, something that can be achieved 
through nanoparticle design. Overall, the final estimated overpotential 

for Ru defective models are reasonably close to those of all Pt slabs. 

2. Computational details 

All simulations were performed with the VASP code, which employs 
three-dimensional periodic calculations using plane wave basis sets. For 
that, a vacuum space of at least 15 Å is set to avoid unrealistic in
teractions between images in the non-periodic direction of the slab 
models. 

2.1. Models 

The most stable fcc Pt(111) and hpc Ru(100) surfaces were used to 
model the non defective materials. The models of these pure crystalline 
surfaces (referred as M20 hereafter, M = Pt or Ru) were built as 
5x2√(2R_(30◦) ) supercells. This supercell is rectangular and includes 
20 surface atoms of a close packed plane. The slab thickness is fixed to 9 
and 8 layers for Pt and Ru respectively (Fig. 1a). Additionally, three 
other surface models containing steps, terraces, islands and adatoms 
were also considered (Fig. 1b). They were built by carving out the 
desired pattern on both sides of the surface slab, which results in a 
reduction of thickness by two layers. The three new models are referred 
as: i) M10, which has 10 atoms on the uppermost layer with a terrace and 
a step between two planes; ii) M7, which has 7 atoms on the uppermost 
layer defining an island with a central nine coordinated metal; and iii) 
M1, which consists of a single adatom. 

In line with previous contributions [41], an exhaustive exploration of 
hydrogen surface coverage (θ) has been undertaken, from 
single-hydrogen binding to coverages beyond monolayer formation. 
Upwards of 20 hydrogen atoms were needed to form a monolayer on the 
slab models. Adsorption energies were computed assuming the compu
tational hydrogen standard electrode [61] and considering different 
coverages. For H adsorptions below θ = 1, hydrogen adsorption energies 
(Eads) with respect to the pristine surface were calculated as follows: 

Scheme 1. Water electrolysis half reactions.  

Fig. 1. Surface slab models used to represent crystalline and defective Pt and 
Ru materials. The dark color of the outermost metals is intended to better 
illustrate the represented defects. 
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Eads =
1
n

(

EnH− surf − Esurf −
n⋅EH2

2

)

Where Esurf , EnH− surf and EH2 correspond to the PBE-D2 energies of the 
pristine surface, the surface with n adsorbed hydrogen atoms, and the 
dihydrogen molecule, respectively. In contrast, for a given coverage 
exceeding θ = 1, the reference situation is the H monolayer and thus, the 
adopted expression is: 

Eads = E(N+1)H− surf − ENH− surf −
EH2

2  

Where E(N+1)H− surf corresponds to the energy of the uttermost hydrogen 
adsorption. 

2.2. Level of theory 

All calculations were performed at the density functional theory 
(DFT) level with the Perdew-Burke-Erzernhof (PBE) exchange- 
correlation functional [67], as implemented in VASP [68,69]. Disper
sion interactions were introduced through Grimme’s D2 correction [70]. 

The selection of D2 is grounded on prior experience with related 
materials and the observation that D2 tends to more accurately repro
duce cell parameters for similar systems[71–73]. Magnetization was 
confirmed to be absent in the explored systems. Thus all simulations 
were conducted without introducing spin-polarization. Projector 
augmented wave (PAW) pseudopotentials [74,75] were used to repre
sent the atomic cores, with plane waves utilizing a kinetic energy cut-off 
of 500 eV to describe the valence electrons. A fixed 2x2x1 
Monkhorst-Pack [76] k-point grid was used in all calculations. 

3. Results and discussion 

The results and discussion section is organized as follows. We first 
focus on the H adsorption energies on pristine crystalline Pt and Ru 
slabs, paying special attention to different coverages (isolated H 
adsorption, H monolayer formation and adsorption of H exceeding the 
monolayer) and potential adsorption sites. Secondly, we describe the 
adsorption of H on the different sites present on the defective slab 
models M1, M7 and M10 (M = Pt or Ru), encompassing the three 
aforementioned coverages. The nomenclature used herein to describe 
the adsorption sites is based on one or two letters followed by a set of 
numbers enclosed in parenthesis. Letters denote the specific adsorption 
site as follows: i) T, when it is on top of a surface atom; ii) Oh, on top of 
an octahedral hole; iii) Td, on top of a tetrahedral hole and iv) μ on a 
bridge between two surface atoms. Numbers indicate the coordination 
number of the metal atoms interacting with the adsorbed H. For Top 
sites, where only one atom interacts with H, a single number is provided. 
For bridge sites, two numbers are mandatory to describe the coordina
tion number of the atoms interacting with H. Finally, for Oh and Td sites, 
three numbers are required, one for each metal interacting with H. 

3.1. Pure crystalline M20 slabs 

The adsorption of hydrogen on the pure crystalline models was 
briefly reported in a previous contribution of our group [41]. Here, we 
summarize the main results with the aim of using them as reference 
values for understanding the role of defects in the HER catalytic activity. 

3.1.1. θ = 1/20 
Fig. 2 shows the optimized structures and the corresponding 

adsorption energies of one H atom on the two metallic surfaces. Fig. 3 
reports the most stable structures and energetics of coverages θ = 1 as 
well as the H adsorption energy of one H atom exceeding the most 
favorable monolayer on each metal. 

The adsorption of one H atom on Pt is exoergic for all four potential 

sites (T(9), Oh(9,9,9), Td(9,9,9) and μ(9,9)). The associated adsorption 
energy range between − 61.0 and − 55.2 kJ mol− 1, with a marginal 
preference for octahedral sites (Oh(9,9,9)). These values are between 15 
and 30 kJ mol− 1 more negative than most of the previously reported 
energies for Pt that do not include dispersion corrections.[60,77] 
However, the differences between our data and the published values is 
much smaller when comparing with values including Grimme (D3) 
correction.[78] The adsorption of one H on Ru is only a minimum of the 
potential energy surface on the Oh(9,9,9) and Td(9,9,9) positions, thus 
indicating a clear preference for H adsorbing between three metals. The 
computed adsorption energies are − 70.0 and − 62.5 kJ mol− 1. 
Remarkably, the same preference for Oh(9,9,9) and Td(9,9,9) in 
ruthenium crystalline models was reported before.[63,64] Overall, the 
adsorption of H is stronger on Ru than on Pt, both values being signifi
cantly higher than the optimal value for HER (-23 kJ mol− 1). This sug
gests that HER does not take place at low coverages and thus, higher H 
concentrations need to be explored. 

3.1.2. θ = 1 
Adsorption of one H atom per surface metal on Pt leads to three 

potential monolayer structures (T, Oh and Td) (Fig. 3a reports the 
preferred one). The adsorption energies per H atom of the three 

Fig. 2. Optimized structures and adsorption energies (in kJ mol− 1) of one 
hydrogen adsorption on a) Pt20 and b) Ru20 crystalline surfaces. 

Fig. 3. Optimized structures and hydrogen adsorption energies (in kJ mol− 1) at 
coverages θ = 1 and θ =21/20 on a) Pt20 and b) Ru20. The atom in orange 
corresponds to the H exceeding the monolayer. 
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structures are again very similar (-49.1, − 50.4 and − 44.7 kJ mol− 1 for 
T, Oh and Td, respectively) and show that θ = 1 on top and octahedral 
sites are essentially degenerate and both have a very minor preference 
over the Td monolayer. Again, the behavior for Ru is significantly 
different (Fig. 3b). In this case, only Oh and Td monolayers are minima 
of the potential energy surface, the former being more stable (-66.0 vs. 
− 61.2 kJ mol− 1). Comparison between the adsorption energies of an 
isolated H atom with those of the monolayer shows a very minor impact 
from the presence of other adsorbed H atoms, at least up to this 
coverage. Indeed, the adsorption energies become less negative by only 
− 11.9 and − 4.0 kJ mol− 1 for Pt and Ru respectively. Overall, H atoms 
forming a monolayer on Pt or Ru do not seem to be highly active due to 
their strong binding with the surface, thus suggesting that the adsorption 
of additional H atoms are required to perform the catalysis. 

3.1.3. θ > 1 
Adsorption of one H atom exceeding the monolayer on Pt was 

studied starting from the monolayer with hydrogen atoms on top posi
tions (Fig. 3a) as well as from the monolayer with hydrogen atoms on 
octahedral positions. We discuss in detail those results associated with 
the monolayer with all hydrogens on top as it is the preferred situation at 
coverages higher than 1. The adsorption energy of the H atom exceeding 
the monolayer is stable on the two explored sites (Oh(9,9,9) and Td 
(9,9,9)). The associated adsorption energies are − 33.6 and 
− 26.5 kJ mol− 1, respectively. These two values are very close to the 
reference value defined for an ideal catalyst, thus suggesting that HER 
activity starts when exceeding the monolayer. Conversely, for ruthe
nium close packed planes, the adsorption of the 21st atom is endoergic 
with values of +22.9 kJ mol− 1 and +39.3 kJ mol− 1 for the T(9) and Td 
(9,9,9) positions. Therefore, our results suggest that crystalline ruthe
nium would require high overpotentials to perform HER. Overall, results 
for the pure crystalline slab reproduce the observed trends, suggesting 
that Pt is a very active catalyst, while ruthenium is mostly inactive. In 
this context, exploration of how the presence of defects tunes the cata
lytic activity for HER of the two preceding materials may provide in
sights on the origin of the high catalytic activity of ruthenium 
nanomaterials. 

3.2. Defective M10, M7 and M1 slabs 

The presence of terraces, steps, islands and adatoms implies that the 
20 surface metal centers are no longer chemically equivalent. Conse
quently, the number of non-equivalent top, octahedral, tetrahedral and 
bridge sites increases. Fig. 4 shows the different metal sites present in the 
M10, M7 and M1 models. For all these sites we computed the adsorption 
on top as well as on a representative set of octahedral, tetrahedral and 
bridge sites. 

3.2.1. θ = 1/20 
Figs. 5 and 6 report the most stable structures of each type involving 

the adsorption of an isolated H atom on these models, both for Pt and for 
Ru. Tables 1 and 2 contain the adsorption energies of all considered sites 
on the Pt and Ru models. 

The adsorption of one H atom on Pt10, Pt7 and Pt1, leads to 
adsorption energies ranging from − 73.1 to − 38.2 kJ mol− 1. The highest 
adsorption energies are generally obtained for bridge sites, while the lowest values are found for T and some Td sites. This originates from a 

different behavior in the adsorption energies of each type of site as a 
function of the coordination of the metals involved. The adsorption 
energies (in absolute value) on T, Oh and Td sites tend to present a 
maximum when the coordination numbers of the metals involved is 
around that of the pure crystalline surface (9). For instance, while the 
adsorption on T9 ranges between − 48.7 and − 59.6 kJ mol− 1, the 
adsorption on top of the adatom (T3) is only − 38.9 kJ mol− 1. Similarly, 
the adsorption on the non-defective Oh(9,9,9) is larger than 
− 50.0 kJ mol− 1, but the adsorption on the less saturated Oh(9,6,6) is 

Fig. 4. Different surface metal centers on M10, M7 and M1 models. The number 
indicates the coordination number of each metal. The dark color of the outer
most metals is intended to better illustrate the depth of the represented defects. 

Fig. 5. Optimized structures and adsorption energies (in kJ mol− 1) for the most 
stable sites of each adsorption mode (octahedral hole (Oh), top (T) and bridge 
(μ)) on the three defective models of Pt (Pt10, Pt7 and Pt1). The dark color of 
the outermost metals is intended to better illustrate the depth of the repre
sented defects. 

Fig. 6. Optimized structures and their adsorption energies (in kJ mol− 1) for the 
most stable sites of each adsorption mode (octahedral hole (Oh), top (T) and 
bridge (μ)) on the three defective models of ruthenium (Ru10, Ru7 and Ru1). 
The dark color of the outermost metals is intended to better illustrate the depth 
of the represented defects. 
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− 46.0 kJ mol− 1. Meanwhile, the adsorption on bridge centers increases 
when reducing the coordination number of the metal centers interacting 
with H. Indeed, the strongest adsorption energies are obtained for μ(6,6) 
(-73.1 kJ mol− 1). Remarkably, since the adsorption energies on all sites 
are very similar in pure crystalline Pt, the fact that the adsorption is 
enhanced when reducing the coordination of the metals involved for 
bridge sites makes these positions become the preferred adsorption 
centers. Overall, most of the adsorbed H on these defective Pt surfaces 
present strong interactions with the surface and, few exceptions aside, 
calculations suggest that HER would only occur with a H monolayer on 
the surface. 

The differences between Pt and Ru observed on crystalline surfaces 
influence the behavior on the defective surfaces. However, for each 
material, the trends in adsorption energies as a function of the coordi
nation number of the metals involved in each type of site remain rather 
similar. The computed adsorption energies of an isolated H atom on 
various defective models of ruthenium range between − 70.9 and 
− 12.9 kJ mol− 1, which are very similar to those of defective Pt surface. 
This is due to the top and, particularly, bridge sites of Ru adsorbing H 
more weakly than the analogous sites of Pt. Consequently, while a few 
top sites become minima of the potential energy surface and their 
adsorption energies are slightly favorable, in most cases, the adsorption 
on top evolves to the adsorption on an octahedral, tetrahedral or bridge 
site. Moreover, some bridge sites also become stable in defective models, 
particularly when involving lowly coordinated sites. However, the 
computed adsorption energies (in absolute value) are still lower than 
those computed for most Oh(9,9,9) or related octahedral sites that 
overall are still the most stable ones. Since adsorption on Oh sites is not 

particularly favored when including defects, this means that Pt and Ru 
defective surfaces present similar adsorption energies to the crystalline 
ones. In any case, most sites still exhibit very strong adsorptions, thus 
suggesting that higher coverages are required for performing the HER. 

3.2.2. θ ≥ 1 
Results for higher coverage adsorptions are summarized in Table 3, 

which reports the adsorption energies of the monolayer and the 
adsorption of additional H atoms exceeding the monolayer. Moreover  
Figs. 7 (Pt) and 8 (Ru) show the structure of the monolayers as well as 
some representative structures of an additional H on adsorption sites 
differing from the environments already existing in M20. In both figures, 
the adsorption energy per H atom in the case of the monolayer or the 
adsorption energy of the additional H atom are also reported. Remark
ably, the monolayers of the M10, M7 and M1 models are constructed 
adding one H atom at each preferred site of the crystalline structure (top 
for Pt, octahedral holes for Ru) and a few additional atoms on the defects 
that show high adsorption energies at low coverage (mainly bridge 
sites). For instance, one additional H is included on the adatom of Pt1 
and Ru1, leading to a monolayer formed by 21 H; while two, three or 
four additional H atoms are added in bridge sites for Ru10, Ru7 and the 
two Pt models, respectively. To ensure that the adsorption of these 
21–24 H atoms is favorable at reaction conditions and that they all 
adsorb similarly, we computed the mean adsorption energy of these H 
atoms and compared to the values for isolated H species. The mean 
adsorption energy for Pt10, Pt7 and Pt1 is − 52.4, − 51.9 and 
− 46.4 kJ mol− 1, respectively, while the mean adsorption energies for 
the analogous models for ruthenium are − 58.6, − 59.0 and 
− 56.2 kJ mol− 1 for Ru10, Ru7 and Ru1, respectively. Consequently, in 
all cases the adsorption energy per H atom is significantly larger than the 
reference value (-23 kJ mol− 1) and relatively close to the individual 
adsorption energies. This suggests that there is only a minor destabi
lizing effect when going from the isolated adsorption to the monolayer 
(as already seen for M20 models) and that the models constructed are 
representative of the composition of the surface at reaction conditions. 

As for the crystalline models, we considered the adsorption of one 
additional hydrogen to the monolayer. We analyzed the adsorption of 
the extra H on sites that are equivalent to those found for the crystalline 
models (Oh(9,9,9) and Td(9,9,9)) as well as sites that are unique in the 
presence of defects. Regardless the metal considered, the adsorption 
environment of H in the Oh or Td sites close to a defect is essentially 
equivalent to that of the flat surfaces. Moreover, the top sites on the 
defective centers are partially bent towards the step between the 
outermost layer and the subsequent ones. Finally, two main classes of 
bridge sites can be identified, sites in which the additional H atom in
teracts with two defective metal centers of the outermost layers μ(8,6) or 
μ(6,6) and sites on which H is placed between two layers, thus 

Table 1 
Adsorption energies (in kJ mol− 1) of one isolated H atom on the different sites of Pt10, Pt7 and Pt1. The most stable structure of each type of site is depicted in Fig. 5.   

Pt10 Pt7 Pt1 

Type of site Site Eads Site Eads Site Eads 

Top  T(6) -49.8  T(6) -38.9 – − 48.9  T(3) -38.9 
(-57.1)a  T(8) -54.3  T(9) -48.7 – − 59.6  T(9) -52.5 – − 52.6   

T(9) -51.1 – − 54.4       
Oh  Oh(9,8,6) -47.5  Oh(9,6,6) -46.0  Oh(9,9,9) -52.3 
(-61.0)a  Oh(9,8,8) -48.0  Oh(9,9,9) -38.3  Oh(9,9,10) -48.7   

Oh(9,9,9) -50.3       
Td 

(-55.2)a  
Td(9,8,8)   Td(9,6,6)   Td(9,9,9) -45.6  
Td(9,9,9) -44.2  Td(9,9,9)   Td(9,9,10) -54.3 

Bridge  μ(6,8) -59.6 – − 69.5  μ(6,6) -73.1  μ(3,10) -42.6 
(-56.4)a  μ(6,10) -66.4  μ(6,9) -45.7         

μ(6,10) -59.1         
μ(6,11) -43.6     

a Computed adsorption energy for each type of site in the pure crystalline Pt20 model. 

Table 2 
Adsorption energies (in kJ mol− 1) of one isolated H atom on the different sites of 
Ru10, Ru7 and Ru1. The most stable structure of each type of site is depicted in 
Fig. 6.   

Ru10 Ru7 Ru1 

Type of site Site Eads Site Eads Site Eads 

Top (N.A)a      T(9)  -20.8  T(3)  -12.9 
Oh  Oh(9,8,6)  -70.5  Oh(9,6,6)  -60.8  Oh(9,9,9)  -67.4 
(-70.0)a  Oh(9,8,8)  -53.0  Oh(11,6,6)  -50.9  Oh(10,9,9)  -57.0   

Oh(9,9,9)  -68.8  Oh(9,9,9)  -70.9     
Td  Td(9,8,6)    Td(9,6,6)    Td(9,9,9)  -59.8 
(-62.5)a  Td(9,8,8)  -53.0  Td(9,9,9)    Td(10,9,9)  -47.2   

Td(9,9,9)  -62.0  Td(10,9,9)  -61.5           
Td(11,9,9)  -51.3     

Bridge  μ(6,8)  -67.9  μ(6,6)  -69.9  μ(3,10)  -44.6 
(N.A.)a  μ(6,10)  -67.7  μ(6,10)  -65.1       

μ(6,11)  -60.5  μ(6,11)  -50.9      

a Computed adsorption energy for each type of site in the pure crystalline 
Ru20 model. 
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interacting with a defective metal and another that is highly coordinated 
(μ(6,10)). 

The adsorption of this extra H atom on different octahedral, bridge 
and top sites of Pt10 leads to adsorption energies between − 31.2 and 

− 18.2 kJ mol− 1. These values are very close to the ideal value and, in 
general, similar to the values obtained for crystalline surfaces. 
Remarkably, the defective sites present adsorption energies that are 
similar to the non-defective sites (compare T(6) and μ(6,8) adsorption 
energies (-25.1 and − 22.2 kJ mol− 1) with that of Oh(9,9,9) 
(-31.2 kJ mol− 1)). Overall, the adsorption energies closer to the ideal 
value correspond to T(6) and T(8) sites, but all sites diverge by less than 
8 kJ mol− 1 from the ideal value. As a consequence, calculations suggest 
that the inclusion of steps does not significantly improve the catalytic 
activity of Pt, although some defective sites seem to provide values 

Table 3 
Adsorption energies (in kJ mol− 1) of a H atom exceeding the monolayer on the different sites of M10, M7 and M1. Some selected structures are depicted in Figs. 7 and 8, 
for Pt and Ru, respectively.  

Site Pt10 Pt7 Pt1 Ru10 Ru7 Ru1 

MLa -52.4d -51.9d -46.4d -58.6d -59.0c -56.2d 

T(3) N.A. N.A. -79.4/-57.1/+35.9e N.A. N.A. -46.2/-26.4 f 

T(6) -25.1 -33.6 N.A. -40.4 -14.4/-15.6 N.A. 
Ohdef

b -19.7/-18.2 -31.9/-32.4 N.A. N.A. N.A. N.A. 
Oh(9,9,9) -31.2 -32.2 -44.1 N.A. N.A. N.A. 
Ohexc

c — -21.4 N.A. N.A. N.A. N.A. 
μdef

b -22.2 -46.2 N.A. -43.6 N.A. N.A. 
μexc

c —— N.A. N.A. -40.4 N.A. N.A. 

a ML stands for monolayer. 
b Centers composed by metal centers that have coordination numbers lower than 9 Oh(9,8,6), Oh(9,8,8) and μ(6,8) for M10 or Oh(9,6,6) and μ(6,6) for M7. 
c Centers composed by metal centers that have coordination number higher than 9 Oh(9,10,10) and μ(6,10) for M10 or Oh(9,9,10) and μ(6,10) for M7. 
d Adsorption energy per H atom with respect to the clean surface. 
e Adsorption of 1/2/3 H atoms exceeding the monolayer on the adatom. 
f Adsorption of 1/2 H atoms exceeding the monolayer on the adatom. 

Fig. 7. Selected optimized structures and hydrogen adsorption energies (in kJ 
mol− 1) at a) coverages θ = 1 and exceeding the monolayer on b) Pt10, c) Pt7 and 
d) Pt1. The dark color of the outermost metals is intended to better illustrate the 
depth of the represented defects. The atom in orange corresponds to the H 
exceeding the monolayer. 

Fig. 8. Selected optimized structures and hydrogen adsorption energies (in kJ 
mol− 1) at a) coverages θ = 1 and exceeding the monolayer on b) Ru10, c) Ru7 
and d) Ru1. The dark color of the outermost metals is intended to better 
illustrate the depth of the represented defects. The atom in orange corresponds 
to the H exceeding the monolayer. 
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closer to the ideal value. 
The adsorption of one H atom exceeding the monolayer on Pt7 was 

explored adsorbing the H on T(9), T(6) and Oh(9,6,6) as well as the basal 
Oh(9,9,9) and Oh(9,10,10) sites. The computed values range between 
− 21.4 and − 46.2 kJ mol− 1. As for the Pt10 model, all sites present very 
similar energies that span less than 10 kJ mol− 1 around the ideal value. 
The only exception is μ(6,6), which was already predicted to be a 
strongly adsorbing site at low coverages. Therefore, the catalytic activity 
of the Pt7 model is also expected to be very high, but not particularly 
higher than that of Pt20 and Pt10. Finally, the adsorption of one H atom 
exceeding the monolayer on Pt1 shows that the adatom is not an active 
center, even after adsorbing more than one extra H. Indeed, the 
adsorption energy of an additional H is − 79.4 kJ mol− 1, that of the 
second H atom is − 57.1 kJ mol− 1, while the adsorption of the third atom 
exceeding the monolayer is unfavorable. This is consistent with reports 
by Pacchioni and co-workers, which suggest that Pt single atom catalysts 
are not particularly active for HER [35,36]. 

Overall, defective Pt models present adsorption energies for H atoms 
exceeding the monolayer that are very close to the ideal value defined by 
Nørskov, thus suggesting that they are very active catalysts. However, 
comparison with the values obtained for crystalline Pt shows that the 
defective models are not particularly more active than the crystalline 
surface. That is, inclusion of defects does not substantially improve the 
catalytic activity of platinum. 

The adsorption of an additional H atom on the monolayer of Ru10, 
Ru7 and Ru1 presents a relatively different behavior to that found for 
platinum. The adsorption of the twenty-third H atom on Ru10 presents 
adsorption energies ranging from +29.3 to − 43.6 kJ mol− 1. The 
adsorption of this additional H atom is unfavorable on those sites that 
resemble the crystalline Ru surface (T(9) and T(8)) but it is favorable in 
the more defective sites such as the T6 and the bridges (μ(8,6) and 
μ(10,6)). While the absolute value in these defective sites is still rela
tively large compared to the ideal value suggested by Nørskov, it is 
closer to the values obtained for crystalline ruthenium, thus suggesting 
that defective sites significantly enhance the catalytic activity of 
ruthenium for HER. Assuming that the kinetic effects are constant in 
both models and thus could be neglected, the computed overpotential 
would decrease around 0.2 V when including defects. A similar behavior 
is obtained for Ru7. The adsorption energy of an additional H atom 
exceeding the monolayer on Ru7 ranges between +39.0 and 
− 15.3 kJ mol− 1. Again, the crystalline T(9) sites present an unfavorable 
or negligible H adsorption while the more defective centers show the 
largest (in absolute value) adsorption energies. Particularly, the T(6) 
sites defining the step show adsorption energies that are only 
10 kJ mol− 1 lower than the ideal value. Finally, the adsorption of one 
additional atom on the adatom of Ru1 is favorable but the computed 
adsorption energy of − 46.2 kJ mol− 1 is relatively higher than the ideal 
value. Conversely, the adsorption of a second H atom leads to an 
adsorption energy of − 26.4 kJ mol− 1, which seems to suggest that this 
center could be promising. That is, when three H atoms are adsorbed on 
the adatom, this center may start becoming active for HER. At this point 
it is worth mentioning that the addition of the extra H atom on T(3) leads 
to the formation of a dihydrogen intermediate, similar to the structure 
reported by Pacchioni and co-workers for some single atom catalysts 
[34]. 

Overall, calculations on Ru10, Ru7 and Ru1 at a H coverage 
exceeding the monolayer show that the presence of defects significantly 
improves the catalytic activity of ruthenium-based materials for HER. 
Comparison with platinum shows that the catalytic activity of ruthe
nium is substantially more sensitive to surface morphology (with an 
overpotential decrease of at least 0.2 V) than Pt-based materials, where 
the presence of defects leads to very similar H adsorption energies 
compared to the crystalline slab. Said catalytic enhancement is associ
ated with the presence of lowly coordinated metal centers (mainly six- 
coordinated sites) that can adsorb more than one hydrogen atom. 
Consequently, the high catalytic activity of ruthenium small 

nanoparticles could be attributed to the presence of a high number of 
lowly coordinated ruthenium centers, whose catalytic activity is only 
slightly below to that of platinum. 

4. Conclusions 

Platinum- and ruthenium-based materials are some of the most 
active catalyst for the hydrogen evolution reaction. In this contribution, 
we have analyzed how surface morphology influences their catalytic 
activity for HER by performing DFT (PBE-D2) calculations. For that, we 
have considered different slab models including crystalline close packed 
surfaces as well as the presence of terraces, steps, islands and adatoms. 
We used the H adsorption energy descriptor defined by Nørskov to es
timate the catalytic activity of the different models. Additionally, several 
H coverages were considered, from the isolated adsorption of H to 
coverages exceeding the monolayer. 

Results show that the adsorption of an isolated H atom on any of the 
considered models of Pt and Ru lead to a very strong interaction with the 
surface that prevents HER. Similarly, the adsorption of one H atom per 
surface metal also leads to exceedingly high (in absolute value) 
adsorption energies, thus suggesting that coverages beyond the mono
layer are needed for HER to take place. The computed adsorption en
ergies of H atoms exceeding the monolayer for crystalline Pt and Ru 
surfaces indicate that: a) the interaction of H with Pt at this coverage is 
optimal for performing HER very efficiently and b) the interaction of H 
at such a high coverage is unfavorable for ruthenium, thus predicting the 
need for high overpotentials. The addition of defects on Pt surfaces 
slightly optimizes the Pt – H interaction, which may be indicative of a 
marginal improvement of the HER activity on steps and islands. 
Remarkably, the catalytic activity enhancement is much larger in the 
case of ruthenium. The presence of lowly coordinated ruthenium centers 
favors the adsorption of additional H atoms with adsorption energies 
relatively close to the ideal value. Assuming a constant kinetic effect, 
calculations predict a decrease on the required overpotential of around 
0.2 V. That is, ruthenium catalytic activity for HER is much more sen
sitive to surface morphology than that of platinum. Since the abundance 
of lowly coordinated ruthenium centers is expected to be significantly 
larger in small Ru nanoparticles, the present results provide a plausible 
explanation of the origin of their enhanced activity. 
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