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1 Conspectus

The rationale of the catalytic activity observed in experiments is a crucial task in
fundamental catalysis studies. Efficient catalyst design relies on the accurate
understanding of the origin of the activity at the atomic level. Theoretical studies have
been widely developed to reach such a fundamental atomic scale understanding of
catalytic activity. Current theories ascribe the catalytic activity to the geometric and
electronic structure of the active site, in which the geometrical and electronic structure
effects are derived from the equilibrium geometry of active sites characterizing the
static property of the catalyst, however catalysts, especially in the form of nanoclusters,
may present fluxional and dynamic structure under reaction conditions and the effect
of this fluxional behavior is not yet widely recognized. Therefore, this account will
focus on the fluxionality of the active sites which is driven by thermal fluctuations
under finite temperature. Under reaction conditions, nanocluster catalysts can readily
restructure, either being promoted to another metastable isomer (named as plastic
fluxionality) or presenting ample deformations around their equilibrium geometry
(named as elastic fluxionality). This account summarizes our recent studies on the
fluxionality of the nanoclusters and how plastic and elastic fluxionality play roles in
highly efficient reaction pathways. Our results show that the low energy metastable
isomers formed by plastic fluxionality can manifest a high reactivity despite their minor
occurrence probability in the mixture of catalyst isomers. In the end, the highly active

metastable isomer may dominate the total observed reactivity. In addition, the



isomerization between the global minimum structure and the highly active metastable
isomer can be a central step in catalytic transformations in order to circumvents some
difficult reaction steps and may govern the overall mechanism. In addition, the thermal
fluctuation driven elastic fluxionality is also found to play a key role, in complement
with plastic fluxionality. The elastic fluxionality creates substantial structural
deformations of the active site, and these deformed geometries enable low activation
energies and high catalytic activity, which cannot be found from the static, equilibrium
geometry of the catalyst. A dedicated global activity search algorithm is proposed to
search for the optimal reaction pathway on fluxional nanoclusters. In summary, our
studies demonstrate that the thermal-driven fluxionality provides a different paradigm
for understanding the high activity of nanoclusters under reaction conditions beyond
the static description of geometric and electronic structure. We first summarize our
previous results and then provide a perspective for further studies on how to investigate
and take the advantage of the fluxional geometry of nanoclusters. We will defend in
this account that the static picture for the active site is not complete, and might miss
critical reaction pathways that are highly efficient and only open after thermally

induced restructuring of the active site.
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reaction mechanisms.

3 Introduction

A fundamental understanding of the relationship between the attributes of catalytic sites

and reaction activities is crucial for rational catalyst design. Currently, the most

prevalent theories explain the origin of the catalytic activity using solely the static

properties of the active sites, i.e. the electronic and geometric attributes of the

equilibrium geometry. For the electronic effect, the d band model is a prevalent model

linking the adsorption energy and the electronic structure (d state energies) of the active

sites for transition metals.””. With the insights from d band model and Sabatier

principle, one can improve the electronic structure of the active sites by ligand effect or



strain effect for better reactivity. For instance, a second element is generally alloyed

with platinum for more efficient electrode material in oxygen reduction reaction.®®

In complement to the electronic structure, the spatial arrangement of atoms at catalyst
active sites generally has significant impacts on the reaction barriers. There are a few
different well-established theories, from different scenarios, discussing the promotion
of catalytic performance through geometric effects, such as the ensemble effect in the
context of alloy catalysts requiring a group of active elements on the surface.” Another
example is the Bs site depicting a specific arrangement of five atoms in which three of
them build a hollow site at the step bottom and two of them form a bridge site in step
top region. The Ru Bs site is particularly active for N, (or CO) activation.'’ Other
examples include the bifunctional sites at the interfaces between metals and metal

. 11
oxides.

Rationalizing the catalytic activity by electronic and geometric effects is successful, '*

1214 however, the observation of the electronic structure and geometric structure relies
on the equilibrium static geometry of the active sites. In realistic conditions, the atoms
that comprise the active sites are constantly vibrating and diffusing, driven by thermal
fluctuations. In many circumstances, such as high reaction temperature, one can expect
nontrivial restructuring and fluxionality. We will review our recent studies on
dynamical restructuring of the active site and its impact on catalytic activity, using the
alkane dehydrogenation catalyzed by nanoclusters as examples. We will show that the
dynamic properties of active sites could represent another key parameter to understand
the reactivity of active sites, beyond the static description using the electronic structure

and geometric effect.
4 Two types of fluxionality driven by thermodynamic fluctuations

To concentrate our discussions in this account within a precise context, we consider the
phenomena of ample deformations of the active site structures promoted by thermal
fluctuations as structural fluxionality. Thermal fluctuations may promote two loosely
defined fluxional phenomena that coexist and are interconvertible. The first one refers
to the active site structures vibrating and deforming around the equilibrium geometry
but within a free energy basin. In this account, we will refer to this type of fluxional

behavior as elastic fluxionality considering the forces always pull the structures back to



the equilibrium geometry. The second one refers to the structure restructuring into
another free energy basin through a small barrier. At reaction temperatures, the
isomerization of the structures from different basins is fast.'”” The second type of
fluxional behavior is referred to as plastic fluxionality since external energy (thermal
energy) is required to pull the structure back to the global minimum (GM) (Figure 1).
By changing the reaction temperature, free energy basins may merge or become
degenerate, and the plastic and elastic fluxionality will convert one to the other. The
two types of fluxionality require different modelling methods. For the plastic
fluxionality, one may use the local minima of each potential energy basin to represent
the configurations of the whole basin following the simplified potential energy surface
(PES) approach which reduces the effective dimension and saves the computational
cost.'® However, the elastic fluxionality requires explicit sampling of the configurations,
which is computationally expensive. We will introduce the global activity search (GAS)
method for studying the effect of elastic fluxionality on catalytic activity later in this

2
account.

>

elastic fluxionality
plastic fluxionality

Free energy landscape

Deformation coordinate

Figure 1 Two types of fluxional behaviors: elastic fluxionality and plastic fluxionality.

It is important to clarify the terminology fluxionality in this account with the
terminology dynamic before continuing the discussion, because both are widely
adopted in the literature for a wide range of distinguished physical phenomena. In this
account, we will focus on the fluxional behavior of catalyst or active site driven by
thermal fluctuations other than minimizing the free energy. In the literature, the
restructuring of catalyst in varying temperatures or pressure, which changes the
chemical potentials of gas-phase reactants, is also frequently referred to as the dynamic

property of nanocluster catalysts. However, the adsorption induced reconstruction is



dominated by lowering the free energy of nanoclusters, which is different from the
thermal fluctuation prompted fluxional dynamics focused in this account. The
minimization of the free energy will result in a single GM structure, which has the
largest occurrence probability. However, the fluxional motions of atoms are promoted
by thermal fluctuations which activate the geometry from a single GM to higher (free)
energy metastable isomers. On the other hand, the dynamics discussed in this account
relies on the potential energy evaluated by Born—Oppenheimer and adiabatic state
approximations, and we will not consider the non-adiabatic effect although it can also

be a critical topic for catalytic reactions.'”

5 Plastic fluxionality triggered reactivity

5.1 Metastability triggers the reactivity of hydrogenated Pt;; cluster toward methane

activation.

To study the role of plastic fluxionality, which is characterized by the emergence of
low-energy metastable isomers, global optimization methods are the key tools for
identifying the probable local minimum structures as the first step. For example, we
designed a modified genetic algorithm' for exploring the low-energy metastable
ensemble (LEME, defined as the set of structures whose energies are within a given
window from that of the GM) of hydrogenated Pt;; clusters. The energy spectrum of
the LEME structures (using a 0.5 eV window) for Pt;3, Pt;3H;s, and Pt;3Hy6 are shown
in Figure 2. Pt;3, Pt;3H;g, and Pt;sHae have 49, 20, 19 unique structures in the LEME,
respectively. Pt;3 is the most fluxional system, showing different Pt cluster
morphologies, while the LEME of Pt;3Hye is characterized by a frozen cuboctahedral

Pt;5 core being blocked by various hydrogen decorations.
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Figure 2 The low-energy metastable ensemble structures of three Pt;3H, clusters in 0.5 eV energy window. (a)-(c)
show the first three most stable structures of Pti3, (d)-(f) show the first three most stable structures of Pt;3Hg, (g)-
(i) show the first-three most stable structures of Pt;3H,s Under each row of structures, a spectrum of the energies
of the low energy metastable ensemble are shown. The grey balls are Pt atoms and the light pink atoms are
hydrogen atoms. Reproduced with permission from reference' Copyright 2018 American Chemical Society.

Starting from the knowledge of the presence of abundant metastable isomers, the next
question to answer is the role of metastable isomers in catalysis. We first determined
the optimal structure of Pt;3Hy by ab initio thermodynamics, in which the reaction
condition is selected as 400 °C and 0.5 bar of H,, and found that Pt;3H,¢ is the most
stable configuration.' However, if we examine the details of the low energy metastable
ensembles of Pt;3Hoe, there are at least 19 unique isomers in the energy window from
the energy of GM and 0.5 eV above (Figure 2). Hydrogen atoms adsorb on the top or
bridge sites on the surface of the Pt;3 cluster. The maximum Pt-H coordination number

is 5 including 4 bridge H and 1 top H. We notice that the GM structure (GMO in Figure



3) has two types of partially vacant Pt sites: PtH3 and PtH4 with a Pt-H coordination
of 3 and 4, respectively. The PtH3 site misses a neighbor bridge H and a top H, and the
PtH4 site misses the top H. The first metastable structure (GM1 in Figure 3(b)) also has
the PtH3 and PtH4 site, while it possesses a special PtH2 site that has only two hydrogen
neighbors. For the second metastable isomer (GM2 in Figure 3(b)), only PtH4 is present.
The relative stabilities of the first three isomers of Pt;3Hyg are 0.0, 0.173, and 0.274 eV,
respectively. Considering the reaction temperature, the relative occurrence probabilities
of these isomers of the catalyst are 100 %, 5.1 %, 0.89 % using Boltzmann distribution.
In typical experimental characterizations, the presence of GM1 and GM2 should be
completely hidden behind the outstanding abundance of GMO. The experimentally

observed activity would hence be routinely correlated with the GMO isomer.
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Figure 3 (a) Activation energy (E,) and weighted reaction rates for methane C-H bond dissociation for the low energy
metastable isomers of Pt;3Hy4 clusters (T = 400 °C); (b) structures of the first three low energy metastable isomers
(the accessible active sites are shown) and transition state structure for methane C-H dissociation on the PtH2 site
of the first metastable isomer (GM1). Adapted with permission from ref. 1. Copyright 2018 American Chemical
Society.

To investigate the contributions of each isomer in catalytic reactions, the catalytic
activity of the vacant Pt sites toward methane C-H activation is investigated. The two
vacant Pt sites on GMO are only moderately active for methane C-H dissociation
showing barriers around 1.0 eV. However, on the first metastable isomer (GM1), the
unique PtH2 site is proven to be very active for methane C-H dissociation and the
barrier is around 0.6 ¢V, while the other PtH3 and PtH4 sites of GM1 show similar
reaction barriers to that of GMO. The presence of the PtH2 site renders GM1 very active
for methane activation, however, GM1 is only a minority structure with a small

population because of its slightly less favorable energy. At high reaction temperature,



the relative population of GM0 and GM1 is supposed to be in equilibrium. Therefore,

we exploit the occurrence probability of GM1 to weigh its intrinsic reaction rate,

Eq

Ty =PI, = pAe_szT (1)

In Equation (1), p is the relative population of each isomer estimated by the Boltzmann
distribution, A is the prefactor of the chemical reaction considered (we assume A4 is the
same for all the surface sites), E,, is the barrier, T is the reaction temperature and kj is
the Boltzmann constant. Figure 3(a) shows 7, for methane activation on GM0, GM1
and GM2, and it is found that even though GM1 has a small population, the very high
activity of the PtH2 site on GM1 still dominates the overall reaction rate. The weighted
reaction rate through PtH2 site on the GM1 is 30 times faster than other reaction
pathways. GM2 has only PtH4 site and is less active than GMO for methane activation,

hence GM2 is less probable and less active which is not interesting for the catalysis.
5.2 Structural isomers in the grand canonical ensemble

Under operando conditions, the adsorbate coverages on the active sites are varying from
particle to particle, and from time to time, being dominated by thermal fluctuations. We
still ascribe this structural diversity as plastic fluxionality since they are rooted in
thermal fluctuations. To explore the structures of plastic fluxionality in the case of
varying adsorbate coverages, grand canonical global optimization is necessary for
exploring not only geometrical isomers but also compositional isomers. One example
is the metal oxide clusters in O, environments, which may present different
stoichiometries and reactivity. This is the case of the amorphous alumina supported
Cu40Ox clusters which present diverse stoichiometry and geometry (Figure 4), that have

been acquired by the grand canonical Basin Hopping method.’
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Figure 4 Top-view structures of the low free energy Cu,O, isomers. The relative free energies and number of oxygen
atoms (x in Cuy0,) are also indicated. The brown balls are Cu atoms and the abstraction energy of oxygen atoms is
color-coded. Oxygen atoms with large oxygen abstraction energy (> 3.0 eV) is are not colored (white). Other atoms
are shown by white balls (large: Al, intermediate: support O, small: H). We distinguish two subgroups of clusters,
type 1 (or T1) and type 2 (or T2), depending on their position on the support. Reproduced with permission from
reference® Copyright 2020 American Chemical Society.

Such metal oxides can be used as catalysts for selective oxidation reactions, such as

%1% and alkene epoxidation (EPO), in which

oxidative propane dehydrogenation (ODH)
reactant withdraws an oxygen atom from the active site and reduces the catalyst. e.g.,
the CuyOx cluster is reduced to CusOy.; during reaction. To investigate the reactivity of
all low free energy Cu4Oy cluster isomers, the oxygen abstraction energy (AGS,),
which is the free energy difference between CuyOx and CusOy., is computed. The
CusOy.; cluster is obtained by removing one oxygen atom from the CusOx cluster and
optimizing the CusOy.; structure into the immediate local minimum (rather than the

global minimum of CuyOx.1). AGS,, is defined in Equation (2), in which the chemical

potential of the O, is computed by the ideal gas model.”
0 1
AGabs = G(Cu40x-1) - G(CU4OX) - E#(OZ) (2)

The calculated AGZ, ¢ are shown in Figure 5 as a function of the clusters’ formation

energies. CuyOy clusters present a large range of AGS, ¢ from -1.20 to 5.10 eV. Oxygen

10



atoms with negative to moderate AGZ,; (< 3.0 eV) are shown in both Figure 4 and
Figure 5. Stoichiometry is the most crucial factor in determining the AGZ, .. All CusO4
clusters, either type 1 or type 2, show at least one active oxygen with small AGZ,, (<
0.5 eV). The small positive reaction free energy is readily compensated by the
exothermic reaction energy from the selective oxidation reaction. Therefore, the
catalyst reduction reaction CusO4 — CusO3, combined with the selective oxidation
reaction, propane dehydrogenation (ODH in Figure 5) or epoxidation (EPO in Figure

5) is exergonic, and is supposed to be a feasible step.
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Figure 5 Each data point represents a supported CusOy cluster: the y coordinate is the smallest oxygen abstraction
energy from the cluster and the x coordinate is the stability of the cluster indicated by the relative free energies using
the GM as the reference (green dash lines). Colors of the point indicate the stoichiometry of the cluster, and the color
codes are: CuyOs (black), CuyO4 (green) and CuyOs(blue). In the selected conditions (T=400 °C and p(0,)=0.5 bar ),
the GM has the formula of CuyO4. The left and right panel show the results from clusters of type 1 and type 2,
respectively. Cluster isomers below (above) the blue dash lines would perform the oxidation reactions (propane
ODH or propene EPO) exergonically (endergonically). Clusters in the green dash ellipse would be reduced to the
most stable Cu4O; in each type (C1 for type 1 and C4 for type 2). Adapted with permission from ref. 3. Copyright
2020 American Chemical Society.

The reduction of the first four most stable CusO4 clusters (green dots encompassed by
a dashed ellipse in Figure 5(a)) produces a very stable CusO3 isomer (C1 blue dot in
Figure 5). The minimal AGZ, of the cluster C1 is very large (~2.3 eV), and it is not
possible to compensate such a large AGZ,; by coupling with the ODH or EPO reactions.
Therefore, the large AGS,; makes the reduction of CusO; to CusO, combined with the
oxidation of the reactant a difficult endergonic step, which could be the rate-limiting
step in the overall catalytic cycle. To circumvent this difficult reaction step, we

examined the AGY,s of metastable CusO; clusters. To investigate which metastable

11



isomers provide an alternative mechanism for bypassing the difficult step from C1, we

decompose the reaction thermodynamics into three steps

Cuy03(GM) — CuyO3(metastable) AGis,  (3)
1 0
CU403 - CU402 + EOZ AGabs (4)
1
R+ 502 - RO AGr  (5)

Equation (3) indicates the isomerization step leading to a metastable CusO; isomer,
equation (4) is linked with the oxygen abstraction energy, and equation (5) corresponds
to the reaction energy of the targeted selective oxidation reaction. To find a metastable
Cu403 structures that provides an alternative exergonic mechanism for the combined

reactant oxidation and cluster reduction, the following equation must be met:

AGg + AGS + AG, < 0 (6)

Equation (6) sets up a boundary for the metastable isomers that can be potentially used.
Figure 5 shows two boundary conditions which are associated to the reaction energy of
ODH or EPO (blue dash lines). We find that there exists metastable CusOs5 clusters only
0.1~ 0.3 eV higher than C1, but demonstrating a very active oxygen atom with AGZ,
as +1 eV for C2 and +0.14 eV for C3, instead of +2.3 eV for C1. Hence C2 can be
active species for ODH and C3 for ODH and EPO. Explicit reaction pathway searches
for cluster restructuring event (Figure 6) shows that restructuring from C1 to C2 is
kinetically fast (barrier 0.58 eV), confirming that this isomerization of CusOs into a low
energy metastable isomer is key to transform the poorly active GM of CusO; into an
active oxidation catalysts. The formation of Cu4O; and its re-oxidation by O, reforms

the initial CusO4 cluster catalyst, and hence closes the catalytic site.

12
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6 The elastic fluxionality and concomitant reconstruction

We just showed that the plastic fluxionality of nanoclusters populates diverse
metastable structures with different morphologies and compositions, and these
metastable isomers, with specific geometrical and electronic properties, may dominate
the catalytic activity, even though their population is low. Instead, the elastic
fluxionality depicts the fluxional behavior of the cluster geometry within the same PES
basin, around one local minimum, activated by thermal fluctuation. This section below
will discuss the role of elastic fluxionality in catalysis using the example of alkane

activation reaction catalyzed by small supported Pt clusters.
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Figure 7 A schematic illustration of the GAS method. The GAS method directly explores and globally optimizes
the configuration of the supported cluster and its adsorbates for the transition state (TS) of the considered catalytic
elementary step, here C-H dissociation of methane (green line). From an existing TS (TS,), GAS explores
neighboring TS (TSg or TSc) by altering the adsorbate coverage or randomly displacing the coordinates of the
supported cluster and adsorbates. The free energy difference between the new TS with new cluster configuration
(TSg or TSc) and the original TS (TS,) is used for determining whether the new TS is accepted or not. For each
located TS structure, the “reactant state” configuration of the cluster, entry points of the reaction with methane far
away of the cluster, are obtained by intrinsic reaction coordinate calculation. Adapted with permission from ref. 2.
Copyright 2021 American Chemical Society.

Our recent study proposed a dedicated algorithm named the global activity search (GAS)
method. Using alkane activation as an example, the GAS method globally optimizes
the TS for the rate-determining step (C-H breaking of the alkane) and produces an
ensemble of pathways including the transition states (TS) and entry clusters (ES) that
initialized the pathway. The key characteristic of the GAS method is that it directly
determines the configuration of the cluster catalyst that minimizes the energy of the TS
for the considered catalytic reaction (green line in Figure 7) instead of stepwise
exploring local minima on the PES and determining TS afterwards. In the example, the
GAS method starts with an existing TS (T'S;) for alkane C-H activation catalyzed by
supported PtgHy nanocluster, then the GAS method manipulates hydrogen coverage of
Pts cluster as well as geometrical restructuring of the Ptg clusters. An algorithm is
designed to optimize the distorted TS to another TS (T'S;, ;) for methane activation. The
free energies of the acquired TS (G(T'S;) and G(TS;,1)) are used as the optimizing
objective, and the standard Metropolis accepting rule can be implemented using the
difference between the G(TS;) and G(TS;,,). Finally, the GAS finds the putative
lowest G(TS,,) corresponding to the fastest reaction pathways in operando condition,
where both the geometry and hydrogen coverage of the supported PtsHy cluster catalyst
are optimized. The entry clusters initializing the TSs can be computed afterward GAS

by the intrinsic reaction coordinate method (magenta lines in Figure 7).

14



The GAS approach automatically generates a large number of reaction pathways for
CHy, activation catalyzed by Ptg cluster in the presence of the co-fed H» (the H adsorbate
is in equilibrium with gas-phase H; at T=600 Celsius and P=0.1 bar). It should be noted
that multiple reaction pathways may occur from the same Ptg isomer. Although the GM
of Ptg has a formula of PtgHg, we find that the optimal reaction pathway proceeds on a
metastable configuration PtgHs, highlighted by a green circle in Figure 8(a). What is
more important, the optimal pathway for methane activation takes advantage of the
elastic fluxionality of the cluster, as shown by the large distance variation color-coded
in Figure 8(a). Figure 8(b) shows that in the optimal TS the elastic fluxionality enables
Pts to deform for optimizing the CH activation step. One Pt in the cluster is lifted away
from the surface oxygen and gets electronically activated, and the top site hydrogen
migrates to the neighbor bridge site to vacate the reaction site. Although the initial entry
cluster shows a low reactivity, the thermal fluctuation promoted fluxionality, however,
transforms the cluster into a different geometric and electronic structure that
demonstrates the best reactivity for C-H dissociation. Since previous theoretical studies
in the literature relied on electronic and geometrical structure of the equilibrium
geometry, the new activity that originated from the fluctuation-driven fluxionality has
been missed. Without the extensive sampling on the elastic fluxionality of the clusters,

the reaction barrier for CH activation is overestimated by 0.26 eV.?
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Figure 8 (a) illustrates the ensemble of pathways for methane activation catalyzed by alumina supported PtgH,,
generated by thermal fluxionality of the cluster catalyst. The x-axis shows the free energies of the entry clusters
which initialize the reaction pathways. The y-axis shows the free energies of the TS for C-H dissociation. Symbol
shape indicates the hydrogen coverage of the Ptg clusters. The color of the point codes the elastic deformation
parameter (maximum displacement of a cluster atom during the reaction). (b) shows the elastic deformation of the
cluster catalyst during the methane C-H bond dissociation for the lowest energy TS highlighted by a green circle in
(a). Adapted with permission from ref. 2. Copyright 2021 American Chemical Society.
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We should also note that the GAS has advantages over the metadynamics approach in
computational efficiency, the capability of handling fluxionality in high-dimension
configuration space, as well as the complexity from the grand canonical condition.

More details are discussed in our previous publication.’
7 Summary and future opportunities

In this account, recent advances on the fluxional behavior of nanoclusters and its
influence on catalytic performance have been presented and discussed. They show that
besides the static property of the active sites, e.g. the electronic and geometric structure
of the equilibrium geometry, the dynamic description of the active sites could play a
key role in the catalytic activity, since thermal fluctuations can deform the catalytic site
into a structure slightly less stable, but much more catalytically active. We can distinct
two types of fluxionality activated by thermal fluctuation: plastic fluxionality and
elastic fluxionality. The plastic fluxionality produces low-lying metastable isomers
which could dominate the overall reactivity despite their low occurrence probability.
Instead, elastic fluxionality results in a deformed geometry away from the equilibrium
coordinates, and it is frequently ignored in the theoretical heterogeneous modeling.
However, by using a dedicated global activity search method, our study shows that
elastic fluxionality can play a key role on top of plastic fluxionality to provide low-
lying transition states for catalytic elementary steps and highly active pathways in

nanocluster catalysis, which cannot be found from a static description.

The concept of fluxionality assisted catalysis was demonstrated in this account on the
basis of small supported subnanocluster catalysts, for which the active particle contains
4-13 atoms. Although these highly dispersed active phases can represent an important

class of practical catalysts*>

and although fluxionality is very common, it is worthy
to note that not all the catalysts can exhibit equivalently ample fluxionality.** In other
situations when considering larger nanoparticles, although their core part is rather rigid,
it can be expected that their surface atoms present substantial fluxionality at high

temperature, as hinted by their surface premelting behavior.>>°

There are other outstanding questions. On one hand, in the example studies from this
account, the fluxionality of the nanoclusters, either supported or isolated, are not

controllable, and the potential energy landscape is the only factor influencing the mode
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and magnitude of the fluxionality. Because of the high dimension of the potential
energy surface and the large configuration space, not all fluxional behaviors will be
beneficial to catalysis. Therefore, the next step could focus on finding ways to control
and design the fluxional behavior for the active sites. Plausible strategies include
reducing the size of the clusters to remove the unnecessary fluxional part, or limiting
the nanoclusters in confined space where only a few beneficial fluxional modes are
achievable. Atomistic simulations are valuable tools in exploring the atomistic details

in this field.

On the other hand, it is important to strengthen the link with experimental observation.
Considering the low population of metastable isomers and the short lifetime of the
transient configuration from elastic deformation, it is very challenging to detect these
minor species in the matrix of abundant global minima. Theoretical studies need to
guide experiments for detecting the minor species that is the main player in the catalysis.
For example, starting from the sampled atomic structures of the minorly populated
metastable isomers, theoretical predictions can be used for predicting the spectroscopy
of active species in X-ray absorption.”” If the metastable active species presents unique
electromagnetic response from the X-ray, they can be then distinguished from other
spectators. Since the experimental spectrum always come from the mixture of active
species and spectators, it is also important to demodulate the complex signals, and

. . . . . . 08
modulation excitation spectroscopy can be an important method in such a scenario.
30

In addition, the fluxional behavior of the active sites being an intrinsic attribute of the
potential energy of the atomic system and the reaction conditions, theoretical studies
must rely on accurate and efficient potential energy evaluation methods as well as
configuration sampling methods. The most popular methods, such as the brute-force ab
initio molecular dynamic simulations are still too expensive to apply in catalysis studies.
Well-established structural sampling algorithms such as Basin Hopping or genetic
algorithms are not designed to cover all types of fluxional behaviors. Therefore, new
developments that combine efficient potential energy evaluation methods, such as
machine learning force field,”' and fast configuration samplings methods®* should be

developed in the further studies.
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