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Atomistic Landscape of Pt Nanoparticles via Machine Learning: How Size
Effect and Hydrogen Adsorption Govern Structural Ensembles and Catalytic
Activity

Dongxiao Chen!, Philippe Sautet!*3*

!Department of Chemical and Biomolecular Engineering, University of California, Los Angeles,
California 90095, United States

’Department of Chemistry and Biochemistry, University of California, Los Angeles, California
90095, United States

3California NanoSystems Institute, University of California, Los Angeles, Los Angeles,
California 90095, United States.

ABSTRACT: Understanding the atomistic structure and fluxionality of Pt nanoparticles under
reactive conditions is essential for rational design of effective catalysts, yet their structural
complexity presents a great challenge. In this work, we combine grand canonical global
optimization methods and machine learning potentials to explore the atomistic landscape of
nanometer-sized (I ~ 2 nm) Pt nanoparticles under a pressure of hydrogen, resulting in a
comprehensive library of PtiHy nanoparticles with over one million low-energy metastable
structures. We found that hydrogen adsorption drives a size-dependent transformation from an
amorphous to a crystalline structure, leading to sharp phase transitions for smaller nanoparticles
and smooth transformations for larger ones. This behavior is governed by a competition between
distinct core configurations, as well as the formation of rigid and fluxional local domains, where
stability is dictated by specific surface motifs at low H coverage and by the crystalline core at high
H coverage. We uncover general rules for the coverage-dependent structure of surface Pt hydrides,
which are analyzed and compared with the experiments. By applying this structural library for
reactivity modeling of methane dehydrogenation and ethylene hydrogenation, we show a marked
discrepancy between the abundance of a surface site and its catalytic contribution, indicating that
the active sites are rare, structurally distinct motifs, not the most common sites. This study provides
a foundational understanding of Pt nanocatalysts under hydrogen and highlights a paradigm shift
in nanoparticle computational catalysis research: from using a single model catalyst to the
screening of vast, realistic structural ensembles to identify the active sites.

Introduction

The structural identification of noble metal nanoparticles (NPs) is crucial for understanding
nanoscale effects and has broad applications in heterogeneous catalysis!! ). While experimental
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techniques like the combination of high-resolution electron microscopy*® and X-ray
spectroscopyl’®], paired with theoretical calculations!®!%], can determine the structure of metal NPs
in a vacuum, the scenario is more complex in catalytic applications. Under reactive environment
and temperature, NP catalysts interact extensively with their surroundings, which alters their
configuration!!131. A key example is the structural mobility of Pt NPs. Their morphology
dramatically changes upon adsorbing molecules like CO or Ha, affecting their ordering, surface
mobility, metal-support interaction, and the ratio of low-coordinated surface sites. These
phenomena have been demonstrated through both experimental characterization and theoretical
modeling!'®24l, and similar behaviors are observed in other metal NPs such as Pd?>26l and Aul?728],
However, the precise structure of NPs when adsorbing these molecules is highly sensitive to NP
size and adsorbate coverage, making the detection of metal NPs under realistic reactive conditions
a significant challenge for catalytic studies.

To clearly reveal the structures of metal NPs with adsorbates, one major challenge is the
adsorbate-mediated evolution of NPs[?’l. For instance, under typical dehydrogenation or
hydrogenation conditions (with a wide range of temperature between 300 ~ 900 K)iF0-31 H,
dissociatively adsorbs onto the Pt surface. These surface hydrogen species modify the structure of
small Pt NPs (1 ~ 2 nm), leading to a more ordered structure, which is observed on various supports
(e.g., y-AlO3, O)221. Experimental findings for the H»/Pt system indicate the coexistence of
ordered and disordered Pt NPs, suggesting a noncrystalline-to-crystalline transition zone that is
sensitive to external conditions!??. Extended X-ray absorption fine structure (EXAFS)
spectroscopy reveals that a Hz environment increases both the average Pt coordination number
(CN) and the Pt-Pt first-neighbor distance, confirming a significant morphological influencel'®,
These trends are supported by Density Functional Theory (DFT) calculations, which model Pt
clusters (e.g., Pts, Ptis, Pta4) and predict a cuboctahedral shape for hydrogenated Pt clusters at high

H coveragel?%-21:23],

In addition to the structural evolution of the Pt atoms, the variation of surface species under
H> exposure, especially the Pt hydrides, is also critical for understanding active sites in
heterogeneous catalysis. Infrared (IR) spectroscopy is widely used to detect Pt hydrides in-situ.
For example, using operando FT-IR, Carosso et al.*¥ observed various top-site H species on
supported Pt NPs in an H2/N: flow at 393 K. The replacement of H> by N> leads to the quick
decrease of a frequency peak at 2100 cm! associated with strongly adsorbed top-site H, and to an
increase of peaks around 2000 cm™!, being weakly adsorbed top-site H. Their findings support the
'three-site' model!*], which classifies Pt hydrides as top-site H, multi-fold H (2-fold or 3-fold), and
coexisting (top-site and multi-fold H on the same Pt) species, where the coexisting species with
strongly adsorbed top-site H appears only after the formation of the other two species. To detect
all Pt-H vibrational modes, Vottero et al.l'®l employed inelastic neutron scattering (INS)
spectroscopy, which identified bridge- and hollow-site H signals below 1600 cm™. By fitting these
spectra with various supported PtH, NPs, they confirmed the coexistence of ordered and
disordered Pt NPs and suggested a cuboctahedral Pt shape at high H coverage.
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Despite this partial understanding of hydrogenated Pt NPs, accurate models for real-size Pt
catalyst (1 ~ 2 nm) are lacking due to the high computational cost of DFT calculations. Importantly,
the gap between experimental characterization and theoretical modelling also hinders the
understanding of size-dependence and adsorbate-effect on the structures of Pt NPs. For example,
the spectroscopic experiments only give an average picture, over large amounts of configurations
among structural ensembles. The exploration of one or several models typically cannot depict the
overall behavior of a NP[*%], especially for a system with good atomic mobility as Pt NPB7], On the
other hand, Pt NPs are typically deposited on various supports (e.g. Al2O3, C, SiO., TiO», zeolite)
as the real catalyst?%341 and metal-support interaction also affect the behavior of Pt NPs.
However, theoretical calculations have shown that the adsorption of hydrogen actually weakens
the metal-support interaction by partly detaching NP from the support, so that metal-support
interactions become less important at high H coveragel!>?°l. Tt is therefore essential to first
decouple the intrinsic behavior of Pt NP under H adsorption from metal-support interaction effect,
by modelling Pt NPs in vacuum and exploring their structural ensembles with the variation of NP
size and H-coverage.

Recently, the development of machine-learning potential (MLP) offers a promising
solution, accelerating energy and force evaluations by several orders of magnitude compared to
DFT without sacrificing accuracy!*>*!. For instance, it has enabled thousands-of-atoms or
nanosecond-scale molecular dynamics (MD) simulations, revealing shape changes in Pt surface or
unsupported Pt NPs interacting with H> molecules!**?4, Our previous work also combined neural
network potential (NNP) with global optimization to identify the structures of unsupported Ptis
clusters at various H coverages, focusing on both the global minima (GM) and the low-energy
metastable ensembles (LEME)?!), defined as the ensemble of metastable structure for a given
composition with an energy higher than the GM by 0.5 eV or less. The present work aims to extend
NNP-based theoretical modeling to realistic catalyst sizes (1 ~ 2 nm), which enables a direct
comparison with experimental data, bridging the gap between small Pt clusters and bulk-truncated

Pt surfaces for our understanding of the response to H adsorption for Pt catalysts.

This paper is organized as follows. All the computational methods that introduce our PtiHy
structure database (x ranging from 46 to 210 and y ranging from 0 to 192), comprising over one
million GM or LEME configurations, are placed in Supporting Information (SI) Section 1. To be
brief, this is achieved by extensive potential energy surface (PES) sampling, accelerated by an
NNP that mimics DFT energies and forces with the optPBE-vdW functional. Then, we use the GM
from this database to construct thermodynamic formation free energy profiles and analyze their
geometries. Next, we investigate the fluxionality of LEME structures, detailing the mobile
rearrangement of the Pt core, the Pt local environment and the surface hydride species. Finally, we
apply these findings to two catalytic case studies, methane activation and ethylene hydrogenation,
to demonstrate how the evolution of Pt NPs under H, generates active sites. We will conclude by
discussing how Pt nanoparticle size and H coverage control the final NP structure, which is critical



for their application in heterogeneous catalysis. The complete structure database is publicly
available via the link in the Data Availability Section.

Results and Discussion

In this work, we modeled three primary sizes of Pt NPs: Ptso (~1.1 nm), Ptioo (~1.4 nm),
and Ptaoo (~1.8 nm). To ensure the results were not dependent on the exact atom count, we also
investigated adjacent sizes (Ptas/s4, Ptos/105, and Pti9or210), corresponding to a ~+2% size variation
for each model. For each of these nine Pt NPs, we added H atoms until the surface was nearly
saturated and further H-addition was unfavorable even under typical hydrogenation reaction
conditions (323 K, 1 bar Hz). The maximum number of H are PtssHs3, PtsoHss, PtsaHoz, PtosHi2s,
PtiooH128, PtiosHi2s, PtisoH192, PtaooH192, Pta10H1s4, with a Pt:H ratio decreasing with size from 1:2
to 1:1. To generate the structural database, we employed a multi-step procedure for each PtiHy
composition. For each composition, we first performed global optimizations to get GM and collect
all local minima. The resulting GM then underwent a grand canonical expansion to enumerate
hydrogen addition or removal actions to obtain structural generations for other compositions.
Finally, all the collected structures were used in an iterative LEME exploration until convergence
was achieved. All calculations were efficiently performed using the NNP models trained on the
energy and forces of DFT calculations (see SI Section 1.1). The framework, training procedure,
and validation of these NNP models are detailed in SI Section 1.2 and Figures S1-S3, together with
the details of the structure sampling methods (SI Section 1.3). This rigorous process yielded a
database of over one million distinct PtsHy NPs, which were used for the following structural
analysis (Figures 1 to 5).
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Figure 1. Formation free energy for PtsoHx, PtiooHx, and Pt2ooHx NPs as a function of the number
of H or of the H surface coverage in monolayer (ML). Each point represents a GM, with the colors
denoting distinct classes of Pt configuration (see SI Section 1.5 for classification). Solid lines
connect the neighboring GM, while dashed lines connect structures that share the same Pt
configuration across adjacent compositions (but are not GM). The hydrogen chemical potential for
formation free energy calculations corresponds to conditions of 1 bar H> under 460 K.

Thermodynamic scheme

We first analyzed the formation free energy (see SI Section 1.5 for equation) of the GM
structures to understand the thermodynamic behavior of Pt NPs under H. atmosphere. Figure 1
shows representative results for PtsoHx, PtiooHx, and Pt2ooHx. Under the given conditions (1 bar of
Ha, 460 K), all NPs favor a moderate hydrogen coverage (with surface H coverage of 0.3 to 1.4
ML), but the stability landscape strongly depends on the NP size. Locally stable H contents
correspond to minima of the formation free energy. The energy profile for the small PtsoHx NP is
complex, with three distinct convex hulls of similar stability at H coverages of 0.5 ~0.75 ML, 1.0
ML, and 1.25 ~ 1.5 ML. The medium Pt;0oHx NP is simpler, showing two stable convex hulls at
around 0.35 ML and 1.0 ~ 1.25 ML. In contrast, the large Pt2ooHx NP exhibits a smooth, parabolic
energy curve with a single, well-defined stable convex hull around 0.8 ML of H coverage.

These different energy landscapes dictate the thermodynamic behavior of the NPs. As
shown in the phase diagrams in SI Figures S4 ~ S6, the complex profiles for PtsoHx and PtiooHx
lead to phase gaps between low and high H coverage phases at ~ 460 K with 1 bar Hz, with abrupt
jumps from PtsoHz9 to PtsoHses and from PtiooH2s to PtiooHso, respectively. Conversely, the smooth
energy curve for PtoooHx results in a continuous phase diagram. We have verified these
thermodynamic trends by reoptimizing some NNP-predicted GM directly by DFT (SI Section 2.2
and Figures S7-S10), also demonstrating a small influence of different DFT functionals on these
trends (SI Section 2.3 and Figures S11-S13). This trend is also general for other Pt sizes: for small
and medium sizes of Pt NPs, like Ptss, Ptsa, Ptos, Ptios, their formation free energy curves are not
parabolic (SI Figures S14, S15), showing multiple convex hulls and corresponding phase gaps in
the phase diagrams (SI Figures S17, S18), while larger NPs (Pt190, Pt210) exhibit parabolic curves
in formation free energy landscapes and smooth transitions in phase diagrams (SI Figures S16,
S19). Intriguingly, for all small and medium size NPs (< 1.5 nm), the conditions for phase gaps
consistently occur between 400 ~ 500 K at 1 bar H (or 300 ~ 350 K at 1 mbar Hy). This suggests
the existence of an ideal window for observing hydrogen mass transfer between the gas phase H»
and small Pt nanoparticles, which is indeed the typical experimental conditions in some previous
works!?2],

In the next step, we classified the GM structures by their underlying Pt configuration (see
SI Section 1.5 for classification), with each color in Figure 1 representing an ensemble of similar
Pt configurations, with variable H coverage. The non-parabolic profiles for PtsoHx and PtiooHx are
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a direct result of hydrogen-induced changes in the underlying Pt configurations. While each
individual Pt configuration follows its own simple parabolic energy curve as H is added or
removed, the system's true GM switches between these configurations to maintain the lowest
energy. The PtiopoHx NP provides a clear example of this. Its overall energy curve is the lower
envelope of three distinct parabolic curves (blue, orange, and green). The blue configuration is the
most stable one at low H coverage (< 0.5 ML), but as coverage increases, the orange (0.55-0.7
ML) and then the green (> 0.7 ML) configurations become the GM. These transitions create the
non-parabolic shape of the overall formation free energy profile. This behavior is even more
pronounced for the PtsoHx NP, which traverses eight different Pt configurations, resulting in a
highly complex energy profile. Note that even the smooth curve of the PtaooHx NP is a composite
of two separate Pt configurations, although they possess similar formation energies where they
intersect. These results show that H adsorption strongly influences the nanoparticle's core structure,
with smaller NPs undergoing more frequent configurational changes as hydrogen coverage
increases. The geometries of these Pt configurations will be analyzed in more details in the next
section.
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Figure 2. (a) The distribution of Pt CN (restricted to Pt atoms) for the GM structures of PtsoHx,
Pti10oHx, Pt2ooHx NPs, with x ranging from 0 to the maximum by the step of 2, 4, 8, respectively.
The colored areas represent the proportion for each Pt CN occurrence. The blue line tracks the
average Pt CN, while the black line separates surface and bulk Pt atoms. (b-e) Detailed geometric
views for representative structures (PtsoHas, PtsoHss, PtiooHo2s, PtiooHso, Pt20o, Pt200H104), including
(b) snapshot of GM geometry, (¢) atomic order parameter value with / = 6 to measure the intensity
of the hexagonal symmetry, (d) a cross-section of each Pt configuration colored by Pt CN, and (e)
Pt configuration colored by CN restricted to surface atoms, CNsur.

Pt geometries of all global minima

The formation free energy profiles tell us that the addition of hydrogen atoms significantly
impacts the configuration of Pt NPs, leading to new Pt configurations that are stable at high H
coverage. In this section, we focus on the geometry of these Pt configurations. Figure 2(a) first
illustrates the change in Pt coordination number (CN, restricted to Pt atoms) for the GM structures
of PtsoHx, PtiooHx, Pt2ooHx NPs with different number of H. The average Pt CN shown with the
blue line increases with higher H coverage across all NP sizes. For example, the medium Ptjo0 NPs
show the largest increase (from 7.0 to 8.6), while the Ptso and Ptaoo NPs exhibit more modest
increases from 6.6 to 7.6 and 8.6 to 9.5, respectively. This increase is not gradual but occurs in
sudden leaps at specific compositions (e.g., PtsoHas to PtsoHas, PtiooH4o to PtiooHa4, PtaooH4o to
Pt200Ha4g), which is in line with the finding of sudden changes in Pt configurations. Before the leap,
both PtsoHx and PtiooHx structures indicate a fluctuation in the average Pt CN, while such the
fluctuation disappears after the leap. Analysis of the individual CN species in Figure 2(a) reveals
that these jumps are caused by an increase amount of Pt bulk atoms with CN=12, and Pt surface
atoms with CN being 8 or 9, a potential signal of the formation of face-center cubic (fcc) crystal.
The change in average Pt CN is consistent with experimental EXAFS datal**], where a 7.0 to 8.4
increase of Pt CN was found on supported Pt NPs with the size of 1.4 = 0.4 nm.

Actually, the increase of average Pt CN with the adsorption of more H atoms is not
immediately obvious to understand, since a simple application of the bond order conservation
principle would imply that upon H adsorption Pt-Pt bonding would be weakened. It is thus
essential to also analyze the Pt-Pt bond lengths with the variation of H coverage. SI Figures 20~28
plot the radial distribution functions (RDF) of Pt-Pt interaction for GM structures among all sizes
of Pt NPs and various numbers of H. In all sizes of Pt NPs, although the number of overall Pt-Pt
bonds (peak intensity in RDF) is increasing, there is an obvious elongation (peak shift) of Pt-Pt
bond length with an increase of H coverage, revealing a weakened Pt-Pt interaction. By classifying
the Pt-Pt bonds based on Pt location (surface or bulk), we can see that Pt-Pt bonds among surface
Pt atoms elongate gradually from approximately 2.7 to 2.8 A, indicating a direct competitive effect
from H adsorption. In contrast, Pt-Pt bonds within the bulk part exhibit more abrupt changes, with
a small shift (from 2.70 to 2.75 A) in one sudden elongation for the large NPs (Pt;99 ~ Pt210), and



a large shift (from 2.6 to 2.8 A) in several elongation steps for the small NPs (Ptss ~ Ptss). This
suggests that changes of Pt-Pt bond length in the bulk part of NP are an indirect result of structural
rearrangements induced by surface hydrogenation. Previous EXAFS experiments**! on supported
Pt NP (1.4 + 0.4 nm) show an average Pt-Pt bond length increase from 2.702 A to 2.737 A after
exposure to a H, atmosphere, which corresponds well with our theoretical results for large NPs.

It should be noted that not all GM shown here are stable in real conditions. There are phase
gaps in PtsoHx and PtiooHx NPs shown in previous section, the locations of which are indicated in
Figure 2(a). These gaps correspond precisely to the compositions where the Pt CN undergoes
dramatic changes, indicating that these transition zones are thermodynamically unstable. A key
difference across these phase gaps is the emergence of bulk Pt atoms with CN of 12. For the case
of the PtoooHx NP that lacks a phase gap, this type of bulk Pt atoms can already be found in its bare
state (without H). This suggests that the emergence of an ordered, bulk-like core (containing Pt
atoms with CN of 12) is the critical factor driving this phase transition, together with the
appearance of phase gap. Similar behaviors are also found across the other Pt models (SI Figures
S29 ~ S31), with one minor exception on Pt4ysHx NPs, where a Pt4sHas phase without bulk-like core
is a stable transition phase that interrupts the phase gap.

We now focus on the geometric differences between the structures before and after the
phase gap, as illustrated in Figure 2(b-¢). For the Pt2ooHx series, which does not have a phase gap,
we select Ptaoo and PtaooH1o4 as representative examples of the two different Pt configurations
labeled in Figure 1.

PtsoH2z6 versus PtsoHss. The GM geometry of PtsoHoe is less ordered in its Pt arrangement
compared to PtsoHss, as shown in Figure 2(b). Regarding the bulk atoms in Figure 2(c), PtsoHss
has a clear fcc core, with Pt atoms in perfect hexagonal symmetry, matching standard fcc bulk
atoms. In contrast, PtsoH2s has low hexagonal symmetry, though it still possesses some order,
evidenced by the similar order parameter value (with / = 6 only, see SI Section 1.5) among its bulk
Pt atoms. Figure 2(d) indicates the Pt CN in PtsoHas are diverse, ranging from 5 to 8, with CN=7
being the dominant coordination. For PtsoHss, all bulk Pt atoms have a CN of 12, while its surface
Pt ranges from 5 to 8, again with the main Pt species with CN=7, indicating a high ratio of (110)-
surface like sites on the surface of such a small NP. When the CN is restricted to only surface Pt
atoms (CNsurf), Figure 2(e) shows a slight decrease from PtsoHas (5 or 6) to PtsoHss (4 or 5),
different from the changing trend of average Pt CN (6.6 for PtsoH2s versus 7.7 for PtsoHss).

PtiooH2s versus PtigoHso. The GM geometry of PtiooHa2s in Figure 2(b) has a rather unique
order, with a low bulk coordination of mainly 8, arranged by six coplanar atoms forming a
hexagonal ring, and two atoms in the axial positions above and below the plane. In contrast, the
geometry of PtiooHso has characteristics that are similar to PtsoHss, with all Pt atoms in a fcc lattice.
In Figure 2(c), all bulk Pt atoms in PtigoHgo are perfect fcc atoms, while only a medium strength
(blue color) of hexagonal symmetry is found in the middle layer of bulk Pt atoms in PtiooHas,
demonstrating the lack of fcc symmetry for it. Regarding the Pt CN in Figure 2(d), CN=7 and
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CN=8 Pt species mainly occupy the surface and bulk parts of PtiooHzs, respectively, which has an
average CN higher than PtsoH26. The bulk of PtiooHso is fully occupied by Pt with CN=12, and its
surface is largely occupied by Pt atoms with CN=9, indicating the formation of regular (111) fcc
surfaces. The CNgyrf situation shown in Figure 2(e) is similar to the PtsoHx case, with a decrease of
CNiurr with increased H coverage, opposite to the change for average Pt CN.

Pt200 versus Pt2goH104. In the low H coverage case of the PtaooHx series, unlike PtsoHz6 and
PtiooHzs, the bare Ptooo NP already exhibits an fcc lattice in its lower half, although the upper half
remains disordered. This partial crystallinity is demonstrated by its GM geometry, high order
parameter value with CN=12 in the lower half of bulk Pt, as shown in Figure 2(b-d). Figure 2(d)
also shows that the disordered part of the NP lowers the CN of some bulk Pt species to 10 or 11,
and makes Pt surface atoms with CN=7 dominant. Despite the partial formation of an fcc lattice,
the CNgurr values in Ptooo are still 6 or 5, without exposing a (100)-like facet, which is similar to
the cases of PtsoHs and PtiooH2s. In contrast, the PtooHios structure forms a nearly perfect
cuboctahedral NP. This is evident from its fcc-lattice geometry, with order parameter values similar
to perfect fcc atoms, its CN=12 for all Pt bulk atoms, and regular (111) and (100) surfaces, as
shown in Figure 2(b-e), respectively. The structure has only one surface Pt vacancy on the edge of
two (111) surfaces when comparing with the magic number for a cuboctahedral NP, Pt2o;.

In general, the GM geometries of the Pt NPs reveal several key trends. For Pt NPs with
low H coverage, regardless of size, the surface is dominated by Pt atoms with CNsurr of 5 and 6,
indicating the high stability of these specific surface sites. In contrast, after sufficient H adsorption,
all NPs converge to a structure with a crystallized fcc core and a generally cuboctahedral shape.
The mechanism governing these geometric changes is a competition between surface stability and
bulk stability. The surface stability dominates for NPs where adsorbate is insufficient, favoring Pt
configurations that maximize surface bonding, even at the cost of a less-ordered core or a lower
CN in bulk atoms. When adsorbate like H is introduced, it stabilizes the undercoordinated Pt
surface sites, allowing bulk stability to be the dominant factor. Consequently, the Pt atoms in bulk
rearrange to form a more dense, crystalline fcc core. This strong adsorbate effect drives a
significant evolution of the Pt configurations. It leads to the phase gaps and the formation of
intermediate configurations (like PtsoH42 and PtiooH44 in Figure 1), where the final structure is
determined by the competition between surface stability and bulk stability.

This framework also explains the observed size effect in Pt nanoparticles. Larger NPs have
a higher proportion of bulk atoms (see Figure 2(a)) and thus inherently favor bulk stability more
than smaller NPs. This clarifies the observation that bare Ptaoo is already partially crystalline, and
that PtsoHx requires a higher H coverage than PtiooHx to achieve full crystallization. Furthermore,
the fcc crystals formed by smaller NPs typically present a higher density of low-coordination
surface sites (e.g., (100) facets, kinks, vacancies), which also require a higher H coverage to be
fully stabilized. This model explains key experimental findings, such as the coexistence of non-
crystalline and crystalline Pt NPs, and the higher proportion of ordered structures observed for
larger Pt particles or under H atmosphere!?2].



It is important to explore the kinetics of NP transformation, to address the accessibility of
certain GM configurations in experimental conditions. To this end, we take the PtiooHx series as
an example, which is an ideal model for studying the kinetics of the noncrystalline-to-crystalline
transformation without going through many intermediate Pt configurations. The dissociation
barrier of Hy is first explored as a function of H coverage and discussed in SI Figure S32, the main
finding being that accessible barriers (< 0.7 eV) exist in a wide range of H coverage (Ptioo ~
PtiooH112), covering all the considered transformations between Pt configurations.

The kinetic feasibility of the noncrystalline-to-crystalline transformation was also explored
on the example of the PtiopoHx NPs. At 1 bar H and 460 K, this transformation is slightly endergonic
and occurs around PtiooH44. The transition coverage does not significantly change with temperature,
while the transformation becomes exergonic below 450 K (SI Figure S33). By adding H atoms on
the GM of PtiopoH40 while fixing this noncrystalline Pt configuration, we obtained metastable
PtiooHso0, PtiooHso, and PtiooHso structures (extrapolating the blue line on Figure 1) that represent
the quick response of Pt NP under H: rich conditions in a H coverage region where the crystalline
fce structure is more stable. MD simulations at different temperatures (300 K, 500 K, 700 K) were
then conducted starting from these initial structures. The results and detailed discussions shown in
SI Figures S34~S36 indicate the successful observation, even in the short time scale of the MD (1
ns), of phase transition under moderate MD temperature or H coverage, as identified by the
snapshots and evolution of Pt CN. Already with PtiooHso at 500 K (resp PtiooHso at 300K), we
observe a transition towards a partial fcc crystalline structure after 150 ps (resp 350 ps). At higher
H coverage with PtiooHso, only 60 ps is required to form the complete fcc core at simulation
temperature of 300 K. This demonstrates the clear kinetic feasibility for H-driven NP
transformation. If a metastable non-crystalline structure with a H coverage higher than the
transition threshold can be populated, it will quickly rearrange into crystalline structure. The
noncrystalline-to-crystalline transformation should happen at intermediate temperature where the
thermodynamics is favorable and the H coverage can reach high values (SI Figure S33), while the
kinetics is fast. Note that a thermodynamic barrier is also present at high temperature, significant
above 400 K, rendering energetically difficult the increase in H coverage above the 44 H threshold
on Ptigo. Although these preliminary kinetics studies support the accessibility of the
thermodynamic structures explored here, further studies are still required to fully understand the
dynamic behaviors of Pt NPs under H, such as the influence of size on NP kinetics.
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Figure 3. (a) Occupation ratios of the top 20 most frequent Pt core configurations (coded by color)
among all LEME structures of all compositions. (b) The distribution of these Pt cores (with the
same color codes as in (a)) among LEME structures of each composition, as represented by the
number of Pt atoms and the H coverage. Within the zone of one composition, the area of each color
is proportional to the occupation ratio of that specific Pt core within the LEME structures of that
composition. The white color indicates the Pt core that does not belong to the top 20 cores. (c)
Geometric views of the top 8 most frequent Pt cores (with the same serial numbers as in (a)) and

their representative examples. The geometric views of all other Pt cores can be found in SI Figure
S37.

Fluxionality of Pt core in the LEMEs

Having analyzed the GM structures, we now investigate the fluxionality within the LEME
structures from a thermodynamic perspective, i.e. identifying the variation of structure motifs
within the LEME structures. This analysis is crucial because at finite temperatures, the behavior
of one NP is determined by the ensemble average of all its thermally accessible isomers, not solely
by the GM. In this section, we first identify the fluxionality of the Pt core, as determined by the
most central Pt atoms in a NP (see SI Section 1.5 for details).

Our analysis began by extracting the Pt core from each structure in all of the explored
LEME structures. As shown in Figure 3(a), although there are more than one million distinct
LEME structures, the diversity of Pt cores is surprisingly limited. Only 20 distinct Pt core
configurations have an occupation ratio above 0.1%, and the top 8 of them account for over 90%
of all LEME structures. Remarkably, the most frequent Pt core, core 1 (in deep blue color), is found
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in half of all LEME structures. Figure 3(b) and 3(c) shows the distribution of these Pt cores among
LEME structures of each NP size and composition, and the detailed geometries of core 1 to core
8, while geometries of the remaining Pt cores are shown in SI Figure S37. It is shown that core 1
is actually a Pti3 cuboctahedral cluster, the smallest unit representing an fcc core. This Pti3 core is
dominant under two main conditions: at high H coverages for small and medium-sized NPs (Ptas
to Ptios), and across nearly all H coverages for large NPs (Ptioo to Pt210). This aligns with our
previous analysis linking H coverage and Pt size to crystallization. In the cases of large NPs, the
overwhelming occupation by core 1 among not only GM but also LEME structures indicates a
quenching of the Pt core's fluxionality, where the structural change of the Pt core is highly
thermodynamically unfavorable.

We now focus on the zones in Figure 3(b) where the Pt core is not restricted to core 1. For
medium Pt particles (Ptos to Ptios) with low H coverage (0 ~ 0.5 ML), the Pt core is also quenched,
but to a unique configuration, core 3, which is not seen in any other cases. As shown in Figure 3(c),
this core (of composition Pto) is centered on an octa-coordinated Pt atom with Dsn symmetry,
generating a stable, barrel-shaped Ptos NP. This foundational shape is stable and relatively
insensitive to the addition of Pt and small amount of H atoms, an example of which is PtiooH2s
shown previously in Figure 2(b). At higher hydrogen coverages, competition among cores 1, 4,
and 10 is observed in PtiopoHx and PtosHx. This phenomenon does not imply an absence of fcc
crystallization within the LEME structures. For instance, in core 4 (as seen in PtosHsgg), although
the Pt atoms are arranged in an fcc lattice, the NP lacks a center of symmetry. Instead, a triangular
Pt3 unit forms the NP’s core. Because core 4 does not fully occupy this zone and competes with
other cores like core 10, it suggests that Pt atoms are not fully quenched even within a crystallized
lattice structure.

The most complex region in Figure 3(b) is the lower-left corner, which corresponds to
small NPs (Ptss ~ Pts4) at low-to-moderate H coverage (0—1.0 ML). For Ptss and a large portion of
the Ptso structures, core 2, a perfect Pts cube, is the dominant internal motif. As exemplified by the
Pts4Hio structure in Figure 3(c), these nanoparticles are formed by this cubic core enveloped by a
surface Pt-H layer. Similar core-shell structures are found for other configurations in this region,
possessing cores 5 to 8 that contain 6, 10, 7, and 6 Pt atoms, respectively. These Pt cores have been
identified in the GM or low-energy isomers of small Pt NPs in previous theoretical works**,
Despite the variety of these metastable Pt cores, a unifying feature is that their surfaces are
consistently covered by triangular Pt3 motifs, with H atoms on bridge sites, preferentially formed
by two undercoordinated Pt atoms, thereby maximizing the surface stability. This suggests that at
low H coverage, the small Pt NPs first arrange its surface atoms into a uniform shell, and the
remaining Pt atoms then assemble to form the core. Consequently, for ~1.1 nm NPs, the Pt core
structure is highly sensitive to the precise number of Pt atoms but weakly sensitive to H coverage
or choice of structure among the LEME structures. This explains why only a limited number of
distinct core configurations were observed for the specific numbers of Pt atoms that we
investigated.
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Figure 4. Recurrence ratio of Pt atomic environments for representative GM structures. The
recurrence ratio for a given Pt atom in the GM is defined as the fraction of LEME structures that
contain at least one atom with a nearly identical local environment, as measured by the small
difference (< 0.05) in their order parameter values (see SI Section 1.5). This analysis provides a
measure of how frequently the local structure around each GM atom reappears within the LEME
structures.

Fluxionality of local Pt environment in the LEMEs

In this section, we assess structural fluxionality from a thermodynamic viewpoint by
analyzing the existence of specific local atomic environments within the LEME. The recurrence
ratio is defined for each atom in a given GM structure, as the fraction of the LEME structures that
contain at least one atom with a nearly identical local environment. A low recurrence ratio signifies
a "fluxional" environment for the Pt atom, while a high ratio indicates a stable, rigid environment.

Figure 4 visualizes these recurrence ratios for several representative compositions in PtsoHy,
PtiooHx, and PtaooHy, following the order of H coverage from low to high. Focusing on the bulk
atoms in Figure 4, we can see that at high H coverage (e.g., PtsoHgo-s0, PtiooHss-112, Pt200H4s-192),
the atoms within the crystallized fcc core exhibit high recurrence ratios. This indicates these
environments are rigid and largely unaffected by surface rearrangements. In contrast, at low H
coverage (e.g., PtsoHo-40, PtiooHo-28), the core atoms show very low recurrence ratios (deep red
color). Although from the last section we know that PtiopoHo-28 share the same Pt core, the results
shown here indicate that the local atomic environments of a non-fcc core, including bond lengths
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and angular arrangements, are easily perturbed by variations in surrounding atoms among the
LEME:s. Such perturbations demonstrate the intrinsic flexibility and responsiveness of the non-fcc
core structure to external atomic rearrangements.

Turning to the surface atoms in Figure 4, we observe some high-recurrence regions,
indicating the existence of energetically-favored local surface patterns. For example, in PtsoHao,
the high-recurrence region is the upper half, which corresponds to a specific surface pattern
saturated with H. Conversely, in PtiooHzs, the surface pattern with high recurrence ratio is on the
left half, a metallic pattern that resists H adsorption and surface rearrangement compared with Ptioo.
For Ptyoo, the surface atoms with high recurrence ratios are those in the lower part of the NP,
anchored by the underlying fcc lattice. These results highlight the heterogeneous nature of surface
fluxionality at low H coverage. Specific surface patterns, whether metallic or hydrogenated, form
rigid domains (the blue areas in the figure), while the remainder of the NP stays fluxional,
permitting atomic rearrangements to adapt to the environment.

For the NPs where the fcc lattice is well-formed, some surface atoms still remain fluxional.
Structural defects such as vacancy sites (e.g. lower-right corner of PtoooH192), ad-atom sites (e.g.,
the top Pt atom of PtsoHsgo), and missing-row defects (e.g. top-left corner of PtiooH112) consistently
exhibit low recurrence ratios (red color in Figure 4). The inherent mobility of these defect sites
from one LEME structure to another introduces a persistent fluxionality to the nanoparticle surface,
a behavior that contrasts sharply with that of magic-number clusters like Pt;3?!). For the regular,
well-ordered facets of these crystalline NPs, such as PtaooH4s-192, the recurrence ratio is also
dictated by the diversity of H adsorption sites. For example, the (111) sites of PtoooHag are mostly
empty, leading to low diversity and a high recurrence ratio (blue), while H begins to populate the
(111) sites in Pt2ooHos and PtaooH 144, generating multiple occupation patterns and thus lowering the
recurrence ratio. At higher H coverage in PtaooH192, the saturated adsorption of H on (111) sites
once again reduce the configurational diversity, leading to the even larger recurrence ratio (blue
(111) sites in Figure 4). In all PtagoHas-192 NPs, the (100) and edge sites are consistently more
fluxional (i.e., have lower recurrence ratios) than the (111) sites, which reflects their ability to host
a greater variety of metastable H adsorption patterns. This demonstrates that fluxionality on
crystalline facets is driven by both surface defects and the statistical diversity of H adsorption.
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Figure 5. (a) Population of five Pt surface sites common upon cuboctahedral NPs for all PtogoHx
NPs, along with their respective H coordination environments (categorized by the number of
neighboring H atoms, CN(H), and binding mode of H), shown as a function of total H count. For
clarity, only H coordination environments with a population greater than 3% are plotted. (b)
Representative snapshots illustrating the sequential order (from top to bottom) of hydrogenation
for each of the five Pt surface species. (¢) Overall distribution of H coordination types (top, bridge,
hollow) across the entire LEME for all PtoooHx, PtiooHx, PtsoHx NPs. (d) Average CN(H) of the Pt
atom(s) to which each type of hydrogen (top, bridge, hollow) is bonded. To calculate this, we
identify all the Pt atom(s) bonded to a specific type of H, count all other H atoms attached to that
same Pt atom, and then average this count over all Pt atoms among LEME structures for each NP
series (Pt20oHx, PtiooHx, PtsoHx).

Fluxionality of surface hydride in the LEMEs

While the previous analysis established that variations in H adsorption control the
fluxionality of the Pt framework, this coupling presents a challenge to analyze the fluxionality of
surface Pt hydrides if the Pt site itself is not structurally stable. However, at high H coverage, the
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Pt framework is quenched into a stable fcc lattice, often resembling an ideal cuboctahedron. This
provides a fixed structural template upon which we can systematically analyze the formation of
surface hydrides. Considering the first-neighbor environment on surface atoms of an ideal Pt
cuboctahedron, there are five distinct types of surface sites. Based on their location and CNgurf,
these are: two terrace (t) sites on a (111) facet (CNsurr=6) or (100) facet (CNsurt=4), two edge (e)
sites ata (111)/(111) junction (CNsur=6) or a (111)/(100) junction (CNsu+=5), and one kink (k) site
ata (111)/(111)/(100) junction (CNsu+=5). These five Pt surface species, namely Ptet, Ptas, Ptee, Ptse,
Ptsk, can be identified based on calculating CNsur and the number of planes between Pt and its
neighbors. The evolution of surface hydrides on these specific sites will be analyzed as a function
of the number of H on the NP.

The PtaooHx series serves here as an excellent representative example because the NP adopts
a nearly perfect cuboctahedral shape at moderate to high H coverage. Figure 5(a) first tracks the
population of these five Pt surface sites across the LEME distribution for all PtoooHx NPs, revealing
the significant fluctuation of their population ratios at low H coverage (Pt200Ho-40) and the constant
population in the high H coverage regime (Pt20oHas-192). This indicates that the LEME structures
conform to the ideal cuboctahedral shape after PtoooHas, with all Pt atoms being quenched into the
fce lattice. This transformation leads to the decreased number of Pt sites with CNg,:=6, and the
increase or emergence of Pt sites with low CNgur (4 or 5), which is consistent with our previous
analysis. For an ideal Pt2o1 cuboctahedral NP, the ratio of these Pt species should follow Pte; : Ptee :
Ptse : Ptsi : Ptag=48:12:24: 24 : 6. The slightly different values in PtoooHx NPs at high H coverage
is the result of a stable vacancy on one Pte. site, removing also two Ptsx and four Pte sites.

The plots in Figure 5(a) also detail the H coordination environment for each of the five Pt
surface types, with the results averaged over the entire LEME structures of one composition. From
this data, we can infer the intrinsic H affinity for each site. The trend follows the order Pts ~ Ptsi
~ Ptse > Ptse > Pter, which is determined by the population of bare sites in the figure. Pt sites that
remain bare longer, like Pte, have the lowest affinity for H. However, the H affinity does not
directly correlate with the maximum H storage capacity, which obeys the order Ptsk > Pts; ~ Ptse ~
Ptse > Pter. The Ptsk site exhibits the highest capacity, capable of forming up to a PtHs hydride
(purple zone). In contrast, the Pts has the lowest capacity, reaching a maximum of only PtH3
hydride (yellow zone).

Figure 5(b) displays representative snapshots of the H coordination environment for each
of the five Pt surface types, illustrating the most abundant configuration at each stage of
hydrogenation. Supported by these visualizations, we can understand the detailed distinction
between top-site, bridge-site, and hollow-site H in Figure 5(a), revealing that each Pt site has a
strong and distinct preference for certain H coordination environment (top, bridge, or hollow). For
example, the Pte site exclusively adsorbs H in top or hollow positions, avoiding bridge sites
entirely across all H coverages. In contrast, the Pty site shows an overwhelming preference for
bridge-site H. The edge and kink sites, including Ptee, Ptse, Ptsk, are all initially populated by
bridge-site H. However, as the number of H increases, hollow-site H begins to either replace (on
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Ptsc) or concurrently appears with the bridge H (on Ptse and Ptsk). This site-specific behavior is
rooted in the local Pt geometry visible in Figure 5(b): the triangular Pt3 motifs on (111) facets favor
top-site H or hollow-site H, while the edge sites themselves and square-like Pts motifs on (100)
facets favor bridge-site H. Notably, the unique PtHs hydride that forms on the Ptsy kink site at high
H coverage is the only environment observed to simultaneously accommodate all three H
coordination types.

The data in Figure 5(a) also explains the diversity of LEME structures at a given
composition. At an intermediate H coverage of ~0.8 ML as in PtagoH104, for example, the Pt site
exists as a statistical mixture of bare site, Pts-H(top), Ptsi-H(hollow) in roughly a 2 : 1 : 1 ratio,
while one edge site, Pte, shows a 3 : 1 mixture of Pts.-H(bridge) and Ptse-Ha(hollow). The
combinatorial possibilities arising from these local mixtures across the surface generate a vast
number of distinct LEME configurations. Similarly, at high coverage as in PtaooHis4 (~1.5 ML),
the competition between PtHs and PtHs geometries on Ptsk is another major source of structural
diversity.

Despite the diversity of the LEMEs, we can nevertheless identify a general occupation
order of various surface hydrides when increasing the H coverage. Top-site H first preferentially
occupies the Ptg sites, dominating the LEME distributions for compositions from approximately
Pt200He4 to PtaooH160. At higher H coverage, this top-site H shifts to the Pts sites as part of the more
complex PtHs hydride. This observed order, whereby a complex site (PtHs hydride) containing
both top-H and bridge/hollow-H appears only after the appearance of simpler sites (PtH hydride
with H in a single type of sites), provides a detailed atomic picture of the 'three-site' model
previously proposed®> and supported by experimental IR spectroscopy!'’l.

Figure 5(c) enables us to compare the overall population of different hydrogen species as
a function of H coverage across PtoooHx, PtiooHx, and PtsoHx NPs. For the PtxooHx series, H
adsorption occurs almost exclusively at bridge sites before 0.5 ML, then hollow-site and top-site
H begin to appear (on Pte sites). At ~1.2 ML, a sharp increase in hollow-H corresponds with a
decrease in top-H, indicating a transition from top-H to hollow-H occurring on Pte sites. After
~1.4 ML, the population of top-H increases again, which corresponds to its occupation on Ptsk
sites. A similar behavior is found for PtiopoHx NPs, except for the decrease in strength of the first
top-H peak. However, the small PtsoHx NPs show a distinct tendency, featuring a much larger
proportion of top H at low H coverages and, conversely, a higher proportion of bridge H at high H
coverages compared to the larger NPs. We also compared the results of six other Pt models (Pt4sHx,
Pts4Hx, PtosHx, PtiosHx, PtiooHx and Pta10Hx, see SI Figures S38 ~ S40) with the models selected
for Figure 5 (PtsoHx, PtiooHx, Pt20oHx), which indicates that the results are intrinsic and not
modified significantly by a small variation in Pt NP sizes.

The average hydrogen CN (the number of neighboring H atoms), CN(H), for the Pt atoms
bonded to each H type are analyzed in Figure 5(d) for PtaooHx, PtiooHx, and PtsoHx NPs, and in SI
Figures S41 ~ S43 for the other six Pt models. We observe remarkably similar trends across all
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sizes of NP. The behavior of hollow and top H is characterized by a dramatic transition, where the
CN(H) for the bonded Pt atom(s) undergoes a sharp increase. For example, the CN(H) of top H in
Pt20oHx NPs shifts from 0.5 to 4 at ~ 1.3 ML, corresponding to the transition from H-Pt on Pts to
H-PtH4 on Ptsi. The existence of this trend for all sizes of Pt further indicates a general occupation
order of surface hydrides, which is independent on the sizes of Pt NP or the ratio of different H
species. In the case of bridge H, the CN(H) for the bonded Pt atoms increases continuously and
regularly across the entire range of H coverage. This indicates that bridge-H atoms progressively
activate the H capacity of the preferred sites (mainly edges and kinks) in the whole hydrogenation
process, which is a key driving force for the structural rearrangements of the Pt NP under an H>
atmosphere.
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Figure 6. (a) LEME distributions as a function of the number of H atoms for PtsoHx NPs in the
conditions typical for dehydrogenation reactions (873 K, 1 bar H) and hydrogenation reaction
(323 K, 1 bar Hz). Each bar represents a distinct configuration. (b) Comparison between
normalized abundance of 10 Pt surface sites and their calculated turnover frequencies (TOFs) for
methane dehydrogenation and ethylene hydrogenation. (c) Snapshots of the initial states (IS), final
states (FS), and transition states (TS) for methane dehydrogenation on sites 1, 4, 6, and (d) IS, FS,
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TS for ethylene hydrogenation on sites 1, 10, 4. In ethylene hydrogenation, we further show the
snapshots of the ethylene adsorption state with n-bonded mode (if present) or only NP. Yellow
atoms represent the reactive Pt atom of each site, and large white balls are reactive H. The bond
lengths of all bonding Pt-C and C-H in TS are marked, and the Gibbs free energies are labeled
relative to NP and gaseous CH4 (873 K, 0.1 bar) or CoHs (323 K, 0.01 bar). All the reaction
pathways on other Pt sites are shown in SI Figure S48, S49.

Application to Catalysis: Active Sites in PtiHy Nanoparticles

To develop an application of our Pt.H, structure database in chemical reactivity, we now
apply it to investigate the active sites for heterogeneous catalysis. Two representative probe
reactions, that operate under distinct conditions, are selected i.e. (i) methane dehydrogenation!*6-
481 a high-temperature reaction (873 K, 1 bar H,) where conditions are chosen to maximize product
yield and suppress coking, and (ii) ethylene hydrogenation!*2334°] a low-temperature reaction (323
K, 1 bar Hz) where conditions are set to thermodynamically favor the forward reaction. The rate-
determining step (RDS) in both reactions is their corresponding first step, i.e. CHs — CH3* + H*
and CoHs + H* — CyHs™*. Both of these two elemental reactions involve only a single Pt atom that
adsorbs the carbon species of the products (CH3* and C>Hs*), which allows us to approximate a
reaction site as a single surface Pt atom to accept the product. To investigate the active sites for
these two probe reactions, we use PtssHx, PtsoHx, PtsaHx NPs as computationally feasible models
to represent Pt catalyst, corresponding to NP catalyst with ~ 1.1 nm in size.

First, we determined the relevant LEME for each reaction condition. Because the Pt NP
continuously interacts with the H> atmosphere in a real system, the relevant ensemble includes
structures with varying numbers of H. To enable a direct thermodynamic comparison across these
different compositions, we calculated the LEME distribution using the formation free energy
(without normalizing to each Pt) instead of the total energy. The resulting distributions for the
PtsoHx series are shown as a representative example in Figure 6(a), while that for the PtssHx and
Pts4Hx series are shown in SI Figures S44, S45. Under dehydrogenation condition, H adsorption is
hindered by high temperature. Consequently, the GM of bare Ptso NP is the most stable structure
in this condition, and the accessible ensemble is narrow, comprising only 770 distinct LEME
structures primarily from the LEME structures of Ptso, PtsoHi and PtsoH>. In contrast, the
hydrogenation condition under low temperature favors H adsorption. The most stable structure
shifts to the GM of PtsoH79, and the accessible ensemble becomes vast and diverse, containing
13,845 distinct LEME structures, with the compositions ranging from PtsoHes to PtsoHg7. This vast
increase in the number of LEME structures also highlights the fluxionality of surface Pt hydrides.

To accurately model the catalytic activity, all surface sites should be evaluated, even those
on metastable LEME structures. This is because an active site with high intrinsic activity on a
metastable structure can compensate the stability of its host NP and contribute significantly to the
overall reaction ratel?!l, This presents a formidable computational challenge. For the ~ 1.1 nm NPs
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studied here, the number of distinct surface Pt environments across the LEMEs is 43,491 for the
dehydrogenation condition and 97,758 for the hydrogenation condition, making a full analysis of
each site impossible in this paper. To select representative active sites for analysis, all unique
surface Pt sites within the LEME structures were classified using the mean-shift clustering
algorithm. This process identified structurally distinct site classes. For both hydrogenation and
dehydrogenation conditions, the 10 most abundant Pt sites representing distinct classes were
chosen for the catalytic activity analysis (see SI Figures S46, S47). This selection ensures the
chosen sites are both abundant and structurally diverse.

Figure 6(b) plots the turnover frequency (TOF) of each representative Pt site against its
normalized abundance among these sites. The calculation of the TOF requires the identification of
TS and IS (see SI for details) that contains hydrocarbon species, which are calculated directly by
DFT. For both methane dehydrogenation and ethylene hydrogenation, a clear discrepancy emerges
between site abundance and catalytic activity. For methane dehydrogenation, the three most
abundant sites (1, 2, 3) exhibit a TOF of approximately 0.01 s™!, an order of magnitude lower than
the less abundant site 4 (0.1 s™!). The site-dependency is even more pronounced for ethylene
hydrogenation. Here, site 10, which constitutes only ~2% of the selected sites, overwhelmingly
dominates the catalytic activity. Its TOF is roughly 100 times greater than the second-most active
site (site 4) and approximately 10'? times greater than the most abundant site (site 1).

Figure 6(c) and SI Figure S48 details the geometries for the methane dehydrogenation
pathway of these 10 sites. In all cases, the reaction begins with weak CH4 physisorption (-0.10 ~ -
0.16 eV), a thermodynamically unfavorable process that increases the Gibbs free energy by
approximately 1.8 eV, due to the large entropy loss of CHs. The CH4 molecule then proceeds
through a TS where the breaking C-H bond interacts with a single Pt atom. Following dissociation,
the resulting methyl group remains adsorbed on the original Pt site, while the dissociated H atom
migrates to a neighboring surface Pt atom.

The differing catalytic activities on sites 1, 4, 6 shown in Figure 6(c) arise primarily from
their TS geometries. For example, the most active site 4 is a six-coordinate kink site, with a
geometry of the six surface Pt neighbors resembling a chair conformation. It exhibits a low
electronic energy barrier (0.70 eV) and overall Gibbs free energy barrier (2.46 eV). This unique
topology facilitates C-H activation by shortening the C-H bond in the TS (1.583 A) and stabilizing
the FS at +1.59 eV in free energy. In contrast, the most abundant site 1, a penta-coordinated Pt
atom, is less active, with energy and free energy barriers of 0.83 eV and 2.64 eV, respectively. The
least active site, site 6, resembles a flat Pt(111) terrace, which has a high energy and free energy
barriers (1.18 and 2.94 eV) and features the longest Pt-C and C-H bond in the TS (2.232 and 1.655
A). These results indicate that protruding sites are more active for dehydrogenation than planar
terrace sites, although the latter will become numerically dominant on larger NPs.

The structure-activity relationship for ethylene hydrogenation is more complex, as shown
in Figure 6(d) and SI Figure S49. The dramatic differences in performance among sites 1, 4, and
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10 originate from local defects, since their positions can all be attributed to Pts. site in a perfect,
vacancy-free cuboctahedral NP. Site 1 represents the ideal, fully hydrogen-saturated PtscHa
environment with two PtsxHs neighbors, making it the most abundant site on small NPs under
reaction conditions. However, this saturation lowers its reactivity, with a high energy barrier of
0.71 eV. In contrast, site 4, which has two H vacancies (PtscH2) plus two PtskHs neighbors, and site
10, two adjacent PtH4 kink sites (PtsaxH4 + PtskHa4), formed by the missing of one neighboring Ptsi
and the top-H of the other neighbor, are far more active, with energy barriers being 0.37 eV and
0.35 eV, respectively. This trend is amplified when coupling with ethylene adsorption. The free
energy barrier, considering the entropy loss of C2H4 during adsorption, is 1.30 eV for the inactive
site 1, which drops to 0.71 eV for site 4 and just 0.54 eV for site 10. This reveals that local H
vacancies are crucial for lowering the reaction barriers, while Pt vacancy further increases the
activity of the site by favoring ethylene adsorption.

The different activities of each site can be understood by examining their ethylene
adsorption modes and TS geometries in Figure 6(d). On site 1, the high local H coverage only
allows for a weak physisorption of ethylene (-0.19 eV), making the adsorption endothermic by
0.59 eV in free energy. Even in the TS structure, the neighboring, already hydrogen-saturated
PtskHs site also repels the incoming H atom for hydrogenation, which is reflected by a long Pt-C
bond (2.385 versus ~ 2.1 A) and a short C-H bond (1.533 versus ~ 1.6 A) compared to the other
two sites. In contrast, the H vacancy on site 4 allows for strong chemisorption of ethylene as a di-
o bonded species, a process resulting in only a 0.34 eV increase in free energy and two short Pt-C
bonds (2.143 and 2.175 A). From this stable configuration, the ethylene molecule reacts with the
top H on neighboring Ptsi to form an ethyl group, which goes through a TS containing still two Pt-
C bonds (2.134 and 2.314 A).

In more advanced, the exceptional activity of site 10 is due to a neighboring Pt vacancy,
creating an ideal kink-like center for ethylene adsorption. Initially, ethylene adsorbs in a very stable
n-bonded configuration, where two carbon atoms attach to the same Pt atom with Pt-C length close
to about 2.3 A. This state is highly favorable, with an adsorption energy of -0.77 eV and nearly no
free energy loss upon adsorption. The chemisorption nature of ethylene is confirmed by a 0.057 A
elongation of the C-C bond upon adsorption, indicating a weaker C-C double bond. To proceed
hydrogenation, CoH4 must first shift its binding from n-bonded mode to a reactive di-c-bonded
configuration, together with the movement of reactive H from bridge site to the top of Ptsk. This
rearrangement has a small energy cost of 0.18 eV. Once this active configuration is achieved, the
subsequent C-H bond formation step proceeds via a low-barrier pathway similar to that on site 4.

Our findings on ethylene adsorption are consistent with extensive surface science
experiments and theoretical calculations on model single crystal surfaces®*>!], which confirm that
both n-bonded and di-o-bonded species exist on Pt surfaces and that the n-bonded state is more
stable under hydrogen-rich conditions!®’l. Our calculations on realistic NP models, however,
provide new atomic-level insights into the active site, highlighting the critical role of surface
vacancies. Specifically, we find that an ideal active center requires a combination of features: a
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local H vacancy is necessary to allow ethylene to adopt its reactive di-c configuration, while a
neighboring Pt vacancy is also highly beneficial to stabilize the initial n-bonded state and lowers
the overall free energy barrier. Two adjacent PtH4 kink sites, are thus an ideal motif for achieving
exceptionally high catalytic activity of ethylene hydrogenation.

Now we compare our calculated TOF with the experimental data. For methane
dehydrogenation, Pt supported by metal carbides was tested to provide a TOF of 0.2~0.6 s! at
1023 K and 0.01 atm CH4*"), while a Pt catalyst on ZSM-5 zeolite had a TOF of ~ 0.05 s™! with
0.1 atm CHj at a lower temperature (923 K)!*¥l. By summing the TOF of each site normalized by
its site proportion, we get a total TOF of 0.02 s! at 873 K and 0.1 bar CHa, in good agreement with
the experimental value. For the TOF of ethylene hydrogenation, Somorjai group found that silica-
supported Pt NPs (1.7 ~ 7.1 nm) have a TOF of ~ 1 at room temperature®?! while ~ 10? s'! at 403
K31, both under 0.013 bar of C2Hs and 0.13 bar of H,. Our estimated total TOF of 574 s (323 K,
0.01 bar C2Hy) is notably higher than values reported in experiments. We attribute this to the lack
in the experiment of the extremely active double PtH4 kink sites (site 10), which should be found
only on small (~1.1 nm) NPs. Indeed, if we only count sites 1 ~ 9 for their activity contributions,
our calculated TOF drops to 5.4 s, a value that aligns well with the experimental data, where the
primary active site is a common Pts. edge site with H vacancy (site 4). Additionally, experimental
data suggest that the apparent activation energy of this reaction is little affected by the conditions
or type of catalysts, being in the range of 0.36 ~ 0.47 eVI°+3¢, We have checked the sensitivity of
our calculated TOF on temperature, which is shown in SI Figure S50. The obtained apparent
activation energy is 0.46 eV, consistent with the upper bound experimental values, thus confirming
the adequacy of our models and calculations. These findings highlight the exceptional catalytic
potential of ~ 1 nm Pt NPs for ethylene hydrogenation, and underscore that investigating only the
most abundant site may be insufficient to identify the true minority species that often govern
overall catalytic performance.

The results in this section highlight a significant inconsistency between the abundance of
a surface site and its actual contribution to the overall catalytic activity. This inconsistency arises
from the conflicting structural requirements for nanoparticle stability versus catalytic reactivity.
The majority of surface sites on a catalyst are configured for maximum stability, often featuring Pt
atoms with well-coordinated environment. However, catalytic reactions frequently favor more
unstable or "active" sites, such as kinks or vacancies. Consequently, a small fraction of rare,
metastable sites can contribute the majority of activity. While the exploration of the LEMEs via
NNP has allowed us to identify tens of millions of surface sites, it also presents a new challenge:
identifying the handful of truly active sites within this vast ensemble. Therefore, the next frontier
of the work should be the development of high-throughput screening methods, likely based on
machine learning, to rapidly assess the reactivity of these surface sites and pinpoint the true origins
of catalytic activity.
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Conclusion

In this study, we leveraged the combination of grand canonical global optimization
methods and machine-learning potentials to construct and analyze a vast atomistic landscape of
unsupported, nanometer-sized Pt NPs under a hydrogen atmosphere. The atomistic models
encompass bare and hydrogenated Pt NPs with sizes in the 1 ~ 2 nm size range and with H
coverages from 0 to 2 ML, allowing for the investigation of intrinsic properties of realistic Pt
catalysts, separate from the effects of a support, across a wide variety of catalytically relevant
conditions. By generating and analyzing an ensemble of over one million structures, our findings
offer several key insights into the structure, fluxionality, and reactivity of these complex systems.

(1) Hydrogen interaction is a primary driver of nanoparticle structure. H promotes a size-
dependent crystallization, leading to sharp, complex phase transitions from a non fcc to a fcc
structure for smaller NPs (< 1.5 nm) and smoother transformations from partly fcc to full fcc
structure for larger ones. This behavior arises from a competition between surface stability (high
CNiurt sites) and core stability (fcc), which are selectively combined at different H coverages. The
atomistic model shown here provides an explanation and understanding of the noncrystalline-to-
crystalline transformation observed in previous TEM experiments.

(i1) The fluxionality of NPs within the LEMESs, in a thermodynamic view, is contributed by
the fluxionality of Pt core, local Pt environments, and surface hydrides. The Pt NP is best described
as a dynamic mosaic of rigid and fluxional regions. At low H coverage, rigid regions are dictated
by specific surface motifs, where the environments of the Pt core (for smaller NPs) and other Pt
atoms are highly fluxional. At high H coverage, a rigid crystalline core and fcc lattice dominates
the location of Pt atoms, but fluxionality of Pt atoms persists, governed by inherent structural Pt
surface defects. The primary source of the system's fluxionality is the vast statistical diversity of
possible H adsorption patterns. However, underlying this complexity, we identify the sequential
appearance of different surface hydrides upon increased H coverage, which strongly depends on
the local environment of surface Pt atom but is only slightly affected by particle size.

(ii1) By coupling the structural library with reactivity modeling for methane activation and
ethylene hydrogenation, we have uncovered that for NP catalysts the abundance of a surface site
does not correlate with its activity. Despite their vastly different reaction conditions,
dehydrogenation and hydrogenation reactions favor kink sites as their active centers, while
ethylene hydrogenation on fully hydrogenated Pt NP requires a more complex active motif that
includes specific local defects to achieve maximum activity. These active sites are rare, structurally
distinct motifs, not the most stable and common sites on the Pt NPs at relevant conditions. This
finding is extending the dynamic picture of the active sites proposed in recent years for small
clusters (about 10 atoms)P7! to the regime of NP catalysts. Comparisons of the calculated TOF
with the experimental values highlight the importance of considering both the abundance and the
intrinsic activity of each catalytic site. Our findings reveal that the maximum performance of a
catalyst is dictated by a small population of rare, highly active sites. Conversely, the more
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numerous but less active sites actually lower the overall performance by diluting these key active
centers.

Overall, this work highlights a paradigm shift in computational catalysis. With the power
of machine learning potentials and PES sampling methods, the challenge is no longer limited to
predicting a single ground-state structure on model catalyst. The new frontier is to develop high-
throughput methods to screen vast structural ensembles for the modelling of real catalyst in
reaction conditions and the identification over these ensembles of active sites that govern the
performance of a working catalyst.
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