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Abstract:

The catalytic function of metal nanoclusters has attracted much attention because of their

specific activity and selectivity. The structures of metal clusters are very diverse, especially

when adsorbates are adsorbed on them. This is an obstacle when approaching metal nanocluster

catalysts with computational chemistry. In this manuscript, a prescription for this problem is

presented. With metal nanoclusters catalyzing reactions involving hydrogen in mind, a

comprehensive, systematic, and efficient search for stable structures of metal nanoclusters with

an adsorbed hydrogen atom is presented. This can be achieved through a good use of a

supercomputer while using the particle swarm optimization algorithm and density functional

theory together. In this attempt, three metallic elements, Fe, Ni, and Cu, are selected. When

clustered, what kind of structure these elements form and how their affinity for hydrogen

changes are detailed. Eventually, a path is presented to explore clusters that are actually useful

as catalysts, using surface calculations as a reference.

Keywords: Metal clusters, Swarm intelligence, Particle swarm optimization, Hydrogen

adsorption, Density functional theory



1 Introduction

There are a great variety of processes involving hydrogen in heterogeneous catalysis.

Surface processes involving hydrogen include hydrogen adsorption/desorption, H-H activation,

and hydrogen spillover. Hydrogen-related reactions include hydrogen evolution, ammonia

synthesis, and carbon dioxide reduction. These processes often involve catalyst-hydrogen

reactions. Appropriate evaluation of catalyst-hydrogen interactions is expected to make it

possible to select a suitable catalyst for the reaction. Transition metal surfaces are often used to

study catalysts for hydrogen adsorption reactions because they are frequently used to catalyze

industrially relevant chemical reactions [1].

There is a wide range of transition metals whose interactions with hydrogen have been

systematically investigated. Iron is widely known for its industrial use as a heterogeneous

catalyst. For example, the Haber-Bosch process [2] and the Fischer-Tropsch synthesis [3, 4,

5] are two of the most important large-scale industrial processes where hydrogen is used as the

main reactant. The energy and structure of hydrogen adsorption on iron surfaces have been

clarified by using periodic density functional theory (DFT) calculations [6]. Even if the system

is huge and/or magnetic, it can be treated appropriately.

Nickel is as important a catalyst as iron. Paul Sabatie discovered that using a small

amount of nickel as a catalyst, hydrogen can be added to unsaturated hydrocarbons such as

alkenes. For his work, he was awarded the Nobel Prize in Chemistry in 1912 [7]. The Sabatier



reaction, in which hydrogen and carbon dioxide are placed under high temperature and pressure

to produce methane and water using nickel as a catalyst, is also known [8]. Conversely, nickel

can be used in the production of syngas, comprising hydrogen and carbon monoxide, in steam

reforming of hydrocarbons [ 9]. These catalytic reactions cannot be described without

mentioning the interaction of hydrogen with the nickel surface. The adsorption and dissociation

of hydrogen on the nickel surface has been thoroughly investigated [10, 11, 12].

Copper catalysts can catalyze a limited number of reactions, such as hydrogenation,

dehydrogenation, and oxidation, their activity not high. However, copper-based catalysts are

cost-effective for many chemical processes [13]. Copper catalysts are known to be used for

selective hydrogenation of nitrobenzene to aniline [14]. They are also known to exhibit high

selectivity in dehydrogenation of alcohols [15, 16]. Here, again, hydrogen plays an important

role. The dissociation behavior of molecular hydrogen on Cu surfaces has been systematized in

theoretical studies [17, 18].

Metal species of different sizes (monatomic, nanoclusters, and nanoparticles) exhibit

different catalytic activities in a variety of heterogeneous catalytic reactions [19]. Sub-

nanometer-sized metal clusters are known to have properties that are very different from those

of nanoparticles, and their catalytic functions have attracted much attention because of their

specific activity and selectivity [20, 21, 22]. Many factors such as cluster size, shape, chemical

composition, and metal-support interaction have been shown in the literature to have a



significant effect on the catalytic properties [19, 23].

Recently, transition metal nanoclusters that catalyze reactions involving hydrogen

have also been attracting attention. Hosono and co-workers investigated in detail the kinetics

of ammonia synthesis using ruthenium clusters supported on an electride and found that, unlike

the Haber-Bosch process, the formation of NH, species is a rate-limiting step [24]. Recently,

by reducing the size of copper particles to a very small size, Tada and co-workers have

developed a catalyst that converts carbon dioxide into methanol with high efficiency [25]. The

effectiveness of metal nanoclusters has been experimentally confirmed in various other

catalytic reactions involving hydrogen; for example, hydrogenation of arenes using rhodium

nanoclusters stabilized in ionic liquids [26] and dehydrogenation of aliphatic secondary

alcohols and formic acid using Pt nanoclusters supported on metal oxides [ 27 ] and

phosphorous-alloyed Pd nanoclusters [28], respectively. We are aware that there are too many

experimental studies on nanocluster catalysis to cite here, even if we restrict ourselves to

reactions involving hydrogen. However, this manuscript is not intended to be a review of them,

SO w€ move on.

Theoretical approaches to metal nanocluster catalysis involving hydrogen are also very

useful tools. In the literature, one can find theoretical studies on the C-H bond activation of

methane on Ni and Pt nanoclusters supported on CeOz [29, 30], and those in which the authors

found that copper nanoclusters can be used as catalysts for the hydrogenation of acetylene and



ethylene [31]. It may go without saying that insights into the interaction of metal nanoclusters

with hydrogen atoms will play an important role in these reactions.

When it comes to bulk metal surfaces, it has been reported that hydrogen affinity to

metal surfaces is a good descriptor for the reactivity of the catalyst to methane [32, 33]. It

would also be worth noting that the strength of the interaction between hydride surfaces and

hydrogen is the key to revealing the catalytic activity of hydride catalysts for ammonia synthesis

[34, 35, 36]. We have not yet found any such examples as far as metal clusters go. However,

we are not claiming that humanity’s knowledge of the adsorption behavior of hydrogen on metal

nanoclusters is inadequate. First-principles calculations have gone a long way toward

reinforcing it.

With DFT calculations, it has been revealed that the adsorption energy of hydrogen to

metal nanoclusters is highly dependent on the composition of the cluster and that the details of

the reaction thereon can be elucidated from the changes in the local charges of hydrogen and

the constituent atoms of the clusters [37]. DFT calculations also identified that copper and gold

nanoclusters have small fluctuating adsorption energies with respect to the increase in the

number of adsorbed hydrogen atoms [38]. By combining theoretical and experimental methods,

it is possible to clarify the details of the bonding between metal clusters and hydrogen [39].

In most of the previous theoretical studies, the target is limited to metallic nanoclusters

of a specific element or number of constituent atoms. We are well aware of the fact that



calculations cannot be performed without narrowing down the target. However, a systematic

comparison of the adsorption behavior and interaction of hydrogen atoms across multiple metal

species and multiple numbers of constituent atoms should be made. There are many factors that

get in the way of this, such as limited computational resources. We have worked hard to get

past it, and other theorists [40, 41] are working on it, too.

Herein, we would like to introduce our recent work in pioneering a novel method of

catalyst discovery based on the efficient optimization of hydrogen adsorption structures on

metal clusters using swarm intelligence [42]. More specifically, this manuscript describes the

results of the search for stably adsorbed structures of a hydrogen atom on each of Fe, Ni, and

Cu nanoclusters with the number of atoms up to 10 as well as the theoretical analysis of the

interaction of the hydrogen atom to the clusters. Eventually, clues to catalyst design will be

obtained by comparing the adsorption of hydrogen on the clusters with that on a typical

heterogeneous catalyst surface.

2 Theoretical Methods

The adsorption sites of hydrogen atoms on close-packed metal surfaces are only on-

top, bridge, and hollow [43]. However, since the structure of metal nanoclusters is very diverse

and many isomers exist, it would be necessary to consider more adsorption sites and adsorption

conformations than on metal surfaces [44, 45, 46, 47]. Therefore, manually analyzing the



adsorption site of even a single hydrogen atom on metal nanoclusters one by one would require

a great deal of effort, computational cost, and time.

In order to efficiently search for the most stable hydrogen-adsorbed structure of metal

nanoclusters, we used the Crystal structure AnalYsis by Particle Swarm Optimization

(CALYPSO) program [48, 49, 50]. Particle Swarm Optimization (PSO), a type of swarm

intelligence, is a population-based optimization method first proposed by Kennedy and

Eberhart [51, 52]. PSO, a stochastic global optimization method, was inspired by the dynamics

of bird flocking and can be viewed as a distributed behavioral algorithm for multidimensional

space exploration [49]. In the process of PSO, each individual flies through hyperspace under

the influence of the individual in the local optimal position or the individual with the best fit in

the entire population so far. In addition, individuals can learn from past experiences and adjust

their flight speed and direction. In this way, all the individuals that make up the swarm can

quickly converge to the global optimal position.

It should be noted that PSO is not the only way to search for stable cluster structures.

For example, one could use genetic algorithms (GA) or Bayesian optimization (BO). PSO and

GA can be classified as evolutionary algorithms [53]. This type of algorithm puts emphasis on

structure search through generational change. On the other hand, BO is a selection type

algorithm that can efficiently select candidates from a large number of structures by machine

learning [53]. A comparison of PSO and GA in terms of cluster structure search has already



been discussed in the literature [54, 55]; the main difference would be that GA has a selection
process characterized by the survival of the fittest, while PSO does not include such a process.
It has been reported that PSO requires a relatively small population size and shows fast
convergence compared with GA [55]. As for BO, it is not in conflict with the evolutionary
algorithms. Once a large number of structures are generated by the evolutionary algorithm, the
candidate structures can be efficiently selected by using BO [53]. As such, it may be possible
to find the global minimal structure in much fewer trials. We are not able to use such a method
at present, but in this way, it may be possible to search for the most stable cluster structure in
the future.

In considering conducting a PSO calculation with CALYPSO, it is important to note
that CALYPSO itself does not solve the Schrodinger equation, so one needs a DFT-equipped
sidekick to diagonalize the Hamiltonian for clusters and optimize their structures locally. For
this purpose, we used the Vienna ab initio simulation package (VASP) [56, 57, 58, 59]. The
reader may question our choice, for VASP is a plane-wave based DFT program suitable for
periodic systems. However, the cluster can be calculated by using a unit cell with a vacuum
layer of about 15 A thick introduced in the a, b, and c-axis directions around it, as shown in Fig.
1. We have performed benchmark calculations in our previous studies and have already
confirmed that the cluster structures optimized with this method agree well with those

optimized with software for molecular calculations such as Gaussian [60, 61]. The calculation



of metal clusters using CALYPSO is not something that we have devised. It is a general method

that has been adopted by many groups [62, 63, 64]. The calculation of metal clusters using

VASP is not uncommon, either [65, 66, 67].

Fig. 1 Example of a periodic boundary cell for computing metal clusters using VASP.

The novelty of our research is that we seek the most stable adsorption structure of a

substrate on a metal cluster by optimizing the cluster together with the substrate with catalyst

search in mind. Such a process can be automated, providing a comprehensive set of data that

may be critical for catalyst development. We are cultivating the soil for catalyst informatics [68,

69, 70] to flourish in the future.

With the aid of CALYPSO and VASP, the most stable structure among nanoclusters

consisting of one H and » M (M =Fe, Ni, or Cu; n=1-10) atoms were explored. For comparison,

the stable geometry for each M, structure was determined by exploring the most stable structure

in a system with only » M atoms in the unit cell. The reasons for our selection of these metals
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would be clear from the second through fourth paragraph of the introductory part of this
manuscript.

The generalized gradient approximation of Perdew, Burke, and Ernzerhof (GGA-PBE)
[71] was used as the density functional. Software for molecular calculations, such as Gaussian,
can perform fast calculations using a hybrid functional and provide highly accurate results, but
it is not realistic to use it in VASP to perform structure searches. Therefore, care should be taken
when comparing the energies presented in this study with those calculated using other
functionals. In the Electronic Supplementary Information (ESI), we have discussed the
difference in energy due to differences in programs and calculation methods. The structural
optimization conditions were set so that the cutoff energy was 400 eV and the k-point was
sampled only at the I point within the Brillouin zone. The projector augmented wave method
[72, 73] was used for the pseudopotential. The convergence condition for the self-consistent
field (SCF) calculations was set to 1.0 x 10 eV and that for the structural optimization to 1.0
x 107 eV. Grimme’s D2 method [74] was used as the dispersion correction. The spin
polarization was taken into account in all the calculations. We have thoroughly verified the
validity of the VASP spin polarization calculation in our previous study [60], so we can use it
with confidence in the present study. Information of the magnetic moments of the metal clusters
optimized is available in the ESI.

When generating a new group (next generation) in the PSO process, the number of
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structures per generation (population) was set to 20, 80% of which were generated using the
PSO algorithm, and the remaining 20% were generated randomly. The PSO calculation using
CALYPSO was considered to have converged if there was no update of the most stable structure
for more than 10 generations.

Due to the randomness involved in the search, one might be concerned that each time
the calculation is performed, a different stable structure will be obtained. However, as seen in
the ESI, two calculations done independently present the same structure. On top of that, doing
the same thing with different elements did not change the conclusion. It would be safe to say
that the cluster structures explored with our method are most likely global minimum structures.

In order to optimize a very large number of structures in the structure search using
CALYPSO, the structural optimization in the PSO process was performed under relatively loose
conditions as described above. In order to calculate and better understand the detailed
geometrical and electronic structures of the most stable structures obtained, the structural
optimization of these structures was performed again under more precise conditions: the
convergence condition of the SCF was changed to 1.0x107 eV, the convergence condition of
the structural optimization to 1.0x10™* eV, and the cutoff energy to 500 eV. The other calculation
conditions were the same as those described above. The structure drawing program of VESTA

[75] was used to visualize optimized cluster structures throughout this manuscript.
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3 Results and Discussion

3.1 Stable Hydrogen Adsorption Structures on Nanoclusters

The most stable structures of the metal nanoclusters alone and those of the system

consisting of metal nanoclusters and one hydrogen atom, obtained as a result of the PSO

structure search, are shown in the upper and lower rows in each panel of Figs 2 and 3,

respectively. In interpreting these figures, one may assume that the addition of one hydrogen

atom to the metal cluster structures shown in the upper row produces the structures shown in

the lower row. However, it should be noted that the most stable structure was determined by

PSO before and after hydrogenation separately. We would like to emphasize that CALYPSO

did not refer to the structures of the clusters without hydrogen in the structure search of the

metal clusters with hydrogen. They are the results of completely independent calculations.

Since catalytic reactions usually occur after the catalyst itself has been synthesized, it seems

more natural to use PSO to explore which sites are most stable for H adsorption on the most

stable M, clusters obtained using PSO beforehand. However, we are not able to perform such a

method at present. Nevertheless, we have calculated an energy diagram connecting the structure

obtained from a posteriori addition of H to the most stable metal cluster explored with PSO and

the most stable cluster structure explored with H included in advance. The energy barrier

associated with the structural change from the former to the latter are discussed in the ESI.

Interestingly, the barrier was found not to be high.
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Another caveat in understanding the structures is that these are the most stable

structures in the ground state at T — 0 K; as shown in the ESI, there are many isomers in a

narrow energy range, so the most stable structure may change at high temperatures due to

entropy effects. The entropy effect in such small size clusters has been estimated in our previous

study [60].

First, let us look at the system with up to five metal atoms. At a glance, it can be seen

that the effect of hydrogen addition on the structures of the metal clusters is extremely small.

The addition of one hydrogen atom to the system does not change the structure of the metal

cluster itself at all. One can notice that Cu clusters tend to have a planar conformation regardless

of the presence or absence of hydrogen. In complex chemistry, it is well known that Cu

complexes form a planar four-coordinate structure [76, 77, 78]. This property may be reflected

in the Cu cluster structures. We are currently in the process of developing a more general and

comprehensive framework for understanding the geometrical features of metal clusters. When

the time comes, we may be able to show it elsewhere.
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Fig. 2 The most stable cluster structures of M,, and M,H (M = Fe (a), Ni (b), Cu (¢); n = 1-5)
obtained from our structural search. Fe—Fe, Ni-Ni, and Cu—Cu bonds are shown only when the
bond length is 3.0 A or less. Fe-H, Ni-H, and Cu—H bonds are shown only when the bond
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What happens when the number of metal atoms is further increased? Let us look at the

cases where n = 6-10. As for the Cu clusters, the change in the cluster structure is more

pronounced than in the Fe and Ni ones. As n increases to 9 or 10, structural changes due to

adsorption of a hydrogen atom can also be observed in the Ni clusters. In the case of the Fe

clusters, no significant deformation of the structure due to hydrogen adsorption was observed.

This suggests that the Cu clusters are soft compared to the Ni and Fe ones. One may link this

observation to the variation of the cohesive energy of transition metals with the filling of the d

band, which is well known in solid state physics [79].
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Fig. 3 The most stable cluster structures of M,, and M,H (M = Fe (a), Ni (b), Cu (¢); n = 6-10)
obtained from our structural search. Fe—Fe, Ni-Ni, and Cu—Cu bonds are shown only when the
bond length is 3.0 A or less. Fe-H, Ni-H, and Cu—H bonds are shown only when the bond
length is 2.0 A or less.
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Now, let us look at the structure a little more from another perspective. Fig. 4 shows
how the radial distribution function (RDF), g, for metal-metal distances, 7, in the clusters
changes before and after the adsorption of the hydrogen atom. For each metal, one can identify
a well-developed first coordination sphere. For Fe, its peak is characteristically divided into
two.

Since the position of the peak does not change before and after the adsorption of the
hydrogen atom, it can be said that the effect of the hydrogen adsorption on the metal-metal bond
length is very small. The position of the peak is at » = 2.3 A for Ni, and the larger peak is there
for Fe as well. That of Cu is at » = 2.4 A, which again may reflect the weaker nature of the Cu-
Cu bond.

It is also worth noting the change in peak height. A sharp, high peak means that there
is a high probability of finding an atom at a particular distance. As the structural order is lost, it
goes down. Comparing the RDF peaks for crystal, amorphous, and solution, the differences are
quite striking [80]. It is natural that the peak height becomes lower when the hydrogen atom is
adsorbed. The degree to which the peak height is lowered may be used to quantify the degree
of structural deformation associated with hydrogen adsorption. The decrease in the peak height

for Cu is most pronounced, consistent well with the structural deformation in the Cu clusters

[81].
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Fig. 4 Radial distribution function (RDF), g, for the metal-to-metal distance, , in the Fe (a), Ni
(b), and Cu (c) clusters before (blue) and after (red) hydrogen adsorption. For each metal species,
the RDF plot was generated by taking into account all the structures shown in Figs 2 and 3.

We cannot close this section without mentioning the adsorption sites of the H atom.

Let us go back to Figs 2 and 3. In most cases of Cu, Ni, and Fe, when n = 1-5, the H atom tends
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to be adsorbed at the bridge site. For the cases where n = 6-10, Ni and Fe tend to adsorb H at

the three-fold hollow site, while Cu still tends to adsorb H mainly at the bridge site. The

adsorption of the H atom to the bridge site is commonly observed in the Cu, Ni, and Fe clusters

with n = 8. A general conclusion to be drawn from what is presented here may be that hydrogen

has very little probability of being adsorbed at the on-top site on metal clusters. H adsorption

to the on-top site seems to occur only rarely when the number of metal atoms in the cluster is

very small.

3.2 Strength of the Binding of H to Metal Nanoclusters

Let us evaluate the strength of the affinity of each metal cluster for H. This is a physical

quantity that will be important in predicting the catalytic activity of the clusters. It is known

that the higher the hydrogen affinity of a catalyst surface, the more reactive the site for

activating C-H bonds of alkanes by direct hydrogen-abstraction [82]. Metal clusters with a very

high affinity for hydrogen might also be excellent catalysts not only for dehydrogenation but

also for H-H activation. However, too strong the affinity of catalyst for hydrogen is not

necessarily a good thing.

Here is an example: when Ru, a typical catalyst for ammonia synthesis [83], is injected

with electrons from a promoter, its affinity for hydrogen increases and the hydrogen atoms

supplied during the reaction process cover the Ru surface, making it difficult for the reaction to
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proceed [84, 85]. This is one of the serious problems in catalytic chemistry, called hydrogen

poisoning. After all, it would be desirable for the catalyst to have a moderate affinity for

hydrogen.

Now, let us see how strong the interaction between the metal clusters and hydrogen is

in our optimized metal clusters with one hydrogen atom adsorbed, which are denoted as M, H

below. In order to calculate the binding energy between hydrogen and the clusters, we

performed a single-point calculation for the structure of the clusters with the H atom removed.

Such a structure is denoted as M, in the following. Here, the binding energy AEy is defined

by the following equation:

AE, = EM,H) — E(H) — E(Mp), (1

where E(M,,H), E(H),and E(M,,) represent the energies of M,H, H, and M,,, respectively.

The AEy values plotted against the number of metal atoms constituting the metal

clusters for each metal species are shown in Fig. 5. In a report on the heat of adsorption of

hydrogen on polycrystalline transition metal surfaces, it was suggested that the order of the

strength of adsorption is approximately Ni > Fe > Cu [86], so a similar result was expected for

metal nanoclusters. But things are not so simple. Only the n = 2 cluster follows this order of

adsorption strength.

What we observe here is a pleasing result, suggesting that the nanoclustering of metals

significantly changes the strength of the interaction between metals and hydrogen, which is not
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seen on solid surfaces. Looking at the entire graph, the binding energy of the Cu and Fe clusters

to H seems to vary greatly depending on the number of metal atoms, while the effect of the

change in the number of metal atoms is relatively small for the Ni. It would be very interesting

to note that the n = 5 through n = 7 clusters show the exact opposite trend to what is for the

solid surface. With regard to nanoclusters, it can be said that the strength of the affinity for

hydrogen and the way it changes as a function of the cluster size are not necessarily determined

by the metal species per se.

)

-1.5

/\ A -+Cu
-2.5 =Nij

H Binding Energy AE, (eV

1 2 3 4 5 6 7 8 9 10
Number of Metal Atoms n

Fig. 5 H binding energy calculated for the metal clusters with one hydrogen atom adsorbed is

plotted against the number of metal atoms in the cluster for each metal species.

In the calculations using eq. 1, the binding energy was evaluated by freezing the

structure of the metal nanoclusters upon the elimination of H. Now, what about the energy of
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what we call adsorption energy? Here, we define the adsorption energy AEa¢s of the H atom to

the metal nanoclusters as follows:

AEads = E(MnH) —E) — E(Mn)o (2)

where M,, denotes the global minimum structure of the nanocluster of the metal species M

consisting of n atoms, obtained from the optimization using VASP and CALYPSO. It does not

mean that we simply removed H from the structures shown in Figs 2 and 3 and optimized the

clusters again with VASP, but that we referred to the most stable cluster structures without

hydrogen also shown in Figs 2 and 3.

In that the structures of the metal clusters here are completely relaxed and no artificial

fixation has intervened, we call the energy calculated from eq. 2 the adsorption energy. Care

should be taken in comparing our results with those in the literature, since the energy reference

there may be the H> molecule rather than the H atom.

The AE.gs values plotted against the number of metal atoms constituting the metal

clusters for each metal species are shown in Fig. 6. Broadly speaking, there is no significant

difference in the trends between Figs 5 and 6. However, it is worth pointing out some of minor

differences. Only the clusters with n = 5 show a trend opposite to the order of strength of

adsorption on the polycrystalline surfaces. As for Cu and Fe, the variation of the adsorption

energy is slightly larger than that of the binding energy. On the other hand, the effect of the

number of metal atoms on the adsorption energy of H to the Ni nanoclusters is still small.
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Fig. 6 H adsorption energy calculated for the metal clusters with one hydrogen atom adsorbed

is plotted against the number of metal atoms in the cluster for each metal species.

For each metal species, we generated RDF plots for the metal-hydrogen distance,
taking into account all the cluster structures where H is adsorbed, as shown in Fig. 7. What can
we say about the interaction between hydrogen and metal from this figure? The first
coordination sphere of the metal atoms around the hydrogen is found to be in the range of 1.4
to 2.0 A. The center of the peak for Cu-H is located at a shorter distance than that for Fe-H. The
graph of AEy (Fig. 5) shows that the binding of the H atom is often stronger on the Cu cluster
than on the Fe cluster of the same number of atoms. This observation may correspond to the
difference in the peak positions. The narrower and more intense RDF peak of Ni-H seems to
correspond well with the smaller variation of the binding energy of the H atom on the Ni clusters.
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Fig. 7 RDF plots for the metal-to-hydrogen distance, r, generated by taking into account all the

o

structures with the H atom shown in Figs 2 and 3.

3.3 Distortion of Metal Cluster Structures

The difference between the binding energy (Fig. 5) and the adsorption energy (Fig. 6)

may be attributed to the destabilization due to the structural change of the metal nanoclusters

as a result of H adsorption. By taking the difference between the binding and adsorption

energies, one can quantify the destabilization energy. Therefore, we define the difference AEq4

as follows:

AEq= AE,qs — AE, = E(Mp) — E(My). (3)

One may view AFEq as the energy associated with the distortion of the cluster structure, so it

may deserve to be called the distortion energy. The perceptive reader may have already noticed

our careful wording. The reason for this will soon become apparent.

The graph of AEq plotted against the number of metal atoms for each metal species is
25



shown in Fig. 8. Figs 2 and 3 visually show the structural change of the nanoclusters upon H
adsorption. From those figures, one can see that the structure of some nanoclusters changes
significantly before and after hydrogen adsorption. Such nanoclusters appear to satisfy the
condition of AE4> 0.2 eV. Conversely, it can be generally said that the smaller the value of AEq,
the smaller the structural change.

It should be noted, however, that the threshold number of 0.2 eV is just a good number
as a delimiter and does not mean anything more than that. For example, AEq for Cuz is slightly
above 0.2 eV, but we cannot perceive any significant structural change in Fig. 2. Actually, the
metal-metal bond length has changed by 0.3 A, which is larger than that in Fe, and Ni; [87].
On the other hand, AE4 for Cuy is slightly below 0.2 eV, but we can recognize a relatively large

structural change in Fig. 3.
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Fig. 8 Distortion energy of the metal clusters upon H adsorption is plotted against the number

of metal atoms in the cluster for each metal species.

Since Fes shows the largest AEq value, one might expect that it would have undergone
a significant structural change. However, Fig. 9 shows that this is not the case. We are still
unable to determine the origin of the large AEq value for Fes. At least, we have confirmed that
magnetism is not the cause [88]. Therefore, here, we just report what we observed, leaving
detailed analysis to future studies. On the other hand, the large AEq value calculated for Cue can
be well understood. Before the adsorption of H, the Cus cluster has a two-dimensional geometry,
whereas after the H adsorption, it is stabilized in a three-dimensional geometry. The AEq may
be linked to such a structural change. The reason why hydrogen adsorption causes such a large

structural change is discussed in detail in the ESI.
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Fig. 9 Structural comparison of the Feg nanocluster before and after hydrogen adsorption. The
Fe atoms in the globally optimized structure with hydrogen adsorbed are shown in ochre, while

those globally optimized without hydrogen are shown in green. The two are superimposed.

Hard as it might be to call AEq as distortion energy in this study, the use of the distortion

energy to analyze the energy by distinguishing between binding energy and adsorption energy

may be novel in cluster science; we would like to add that such a way of analysis has been

applied to a variety of energies, such as the activation energy of organic reactions [89, 90], the

adsorption energy of a small molecule [91], the adhesion energy of a polymer [92].

3.4 Towards Catalyst Search

So far, we have systematically investigated the binding and adsorption energies of

hydrogen to nanoclusters of different sizes of the three metals. The binding and adsorption

energies were found to fall in the range of -3.4 to -2.1 eV and -3.4 to -1.4 eV, respectively. What

is the best value for catalysis? However, it would be difficult to make a blanket statement. This

is because the catalytic reactions that readers have in their minds vary from one person to the
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next.

Here, we will limit our discussion to two important catalytic reactions involving
hydrogen, namely the Haber-Bosch process and the Fischer-Tropsch process. In both, it is
known that Ru works very well as a catalyst [83, 93]. The so-called B5 site on the stepped Ru
(0001) surface is presumed to be an important active site in these catalytic reactions [94, 95,
96, 97, 98]. What the BS5 site is all about is presented in Fig. 10a. Since cleavage of N-N and
C-0 bonds are important steps in these reactions [96, 98], the interaction of N, C, and O atoms
with the surface might be worth investigating. Nevertheless, there is a paper by Tanaka and
Tamaru [99], based on a large amount of data, that reported that regardless of the type of
adsorbed atoms, the order of magnitude of the adsorption energy follows a common order
determined by the type of metal. Thus, it may be possible to discuss the catalytic activity based
only on the adsorption energy of hydrogen.

A simple slab model for the B5 site on a unique step-edge type model on Ru (0001)
has been used by many theorists [97, 98, 100]. Referring to those previous studies, we created
a model of the B5 site with one hydrogen atom adsorbed, as shown in Fig. 10a. Our slab model
is composed of four Ru atomic layers of (3 x 4) supercell with two neighboring rows of Ru
atoms in the top layer removed. A vacuum layer with a thickness of more than 12 A was added
on the surface. In the geometry optimization, the bottom two layers were held fixed at the bulk
structure. The optimization was performed using VASP under the same conditions as those used
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for the final optimization of the nanoclusters described in the Theoretical Methods section.
However, there is one point of difference: k-point meshes with the reciprocal space resolution
of 21t x 0.05 A~! were used here instead of the I'-point sampling. For comparison, the adsorption
of an H atom on the clean Ru (0001) surface was also calculated, where a slab model composed
of four Ru atomic layers of (3 % 3) supercell was used. The result of this calculation can be
interpreted as the adsorption of the H atom to a terrace site.

Figs 10a and 10b show the H adsorption structure at the BS and terrace sites on the Ru
(0001) surface. After calculating the various adsorption sites, it was found that the most stable
adsorption mode is the bridge type at the BS while the hollow at the terrace. For hydrogen
adsorption on these surfaces, the binding and adsorption energies were evaluated as in the case

of the metal nanoclusters. They are also shown in Fig. 10.
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Fig. 10 (a) Structure of an H atom adsorbed at a B5 step-edge site on the Ru (0001) surface,
seen from two different angles. 1-2-3-4-5 in the left panel indicates the BS5. (b) That at a hollow
site on the clean Ru (0001) surface (terrace). Below each structure, the values of AE, and AFEads

calculated for the H adsorption are shown.

The difference between AE, and AEqgs for these surfaces is very small, about 0.01 eV,

highlighting the difference from the metal nanoclusters. This suggests that there is little need to

discuss these energies separately for the solid metal surfaces. Comparing the values of AE}, and

AFE.qs for the H atom adsorption at the B5 and terrace sites, their absolute values for the B5 site

are larger than those for the terrace by about 0.1 eV, suggesting that the B5 is more active for

hydrogen adsorption. This is probably due to the highly coordinatively unsaturated nature of

the Ru atoms at the step edge. Such a difference was also observed in the adsorption of other

atoms and molecules to the Ru surfaces in a preceding theoretical calculation [96].

Keeping in mind the binding and adsorption energies of hydrogen at the B5 site on the

Ru surface, when looking at Figs 5 and 6, Fes catches the eye: both AE, and AFE.4s for Fes are
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about -3.0 eV. Also, the distortion energy for Fes is very small, so we have a feeling that Fes

will work as a robust catalyst. One thing to keep in mind when interpreting these energies is

that the actual catalyst surface will not be as clean as the ones shown in Figs 2, 3, and 10. If it

is allowed to assume that the degree of change in the adsorption energy due to the co-adsorption

of other molecules is equal between the Ru surface and the cluster surface, then the above

reasoning would be correct. In any case, this is an issue to be examined in the future. We are

working on theoretical studies of catalytic reactions using Fes.

We have not yet reached the goal of this study that we are aiming for. We still have a

long way to go. However, we have prepared this manuscript with the feeling that we have

reached a milestone. In closing, we would like to discuss the issues that need to be addressed

in the future. In this study, we explored the cluster structure with only one hydrogen atom

adsorbed. However, it may not be true that only one hydrogen atom will be adsorbed in the

actual catalytic process. How the stable structure and adsorption energy change as the number

of adsorbed hydrogen atoms increases is an issue that remains to be investigated. Of course, as

the number of atoms in the system increases, the computational cost increases exponentially.

Most of the industrially relevant metal nanoparticle catalysts are much larger than the

nanoclusters we have studied in this work [101], and it would be difficult to approach them

with the current computational resources. On the other hand, in recent years, it has become

possible to synthesize clusters of similar size to those studied in this research [102], and the
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method presented here can be applied to catalysis using such clusters.

In this study, we have been obsessed with the search for the most stable cluster

structure. However, recent studies on cluster catalysts have interestingly shown that metastable

rather than global minimum structures may govern the kinetics of the catalysis [103]. By using

the local PSO algorithm [104], one may be able to effectively obtain not only global minimum

structures but also metastable structures, which may be beneficial for pursuing such a challenge.

4 Conclusion

For Fe, Ni, and Cu, which are frequently used as catalysts, we have explored stable

nanocluster structures. This was effectively done by using the particle swarm optimization

algorithm. A systematic and comprehensive structural search was conducted, starting with the

number of atoms of 1 and ending up to 10. The same method was also used to search for those

with a single hydrogen atom adsorbed. Using the nanocluster structure obtained from the

structure search, we analyzed the interaction between hydrogen and the clusters. As a result, we

found that the strength of the interaction depends on the metal species and cluster size. It was

found that the dependence of the interaction strength on the cluster size is small for Ni, but for

Fe and Cu, it varies greatly with the cluster size. It was often observed for Cu that the stable

structure differs between the hydrogen-adsorbed state and the metal-only state. This may reflect

the softness of the Cu clusters. When taking into account the robustness as a catalyst, we might
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exclude Cu as an option.

Finally, based on our estimate of the affinity of a hydrogen atom to the active site of a

typical catalyst, Ru, we predicted that an interaction energy of ca. -3 eV for hydrogen would be

suitable for catalysis. A metal nanocluster that satisfies this requirement is Fes, which appears

to be a robust catalyst with very little structural change upon hydrogen adsorption. Although

our research is still in its infancy, we believe that this manuscript contains some useful

information, and hence we would like to present it as a suggestion for one of the possible

methodologies of catalyst discovery.
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