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Abstract 
Under H₂, sub-2 nm Au nanoparticles are highly fluxional and evade static coordination-based 

descriptions. Using DFT and 300 K ab-initio molecular dynamics, we track hydrogenation of 

icosahedral Au₁₄₇ and truncated-octahedral Au₂₀₁ from ideal adsorption motifs to thermally 

reconstructed, dynamically sampled structures. Near-monolayer hydrogen acts as a structure-

directing reactant, reorganizing the outer shell into contracted Au–H–Au chain networks while 

sustaining a fluctuating population of adsorbate-induced unusual low-coordination Au sites. 

Electronic descriptors reconcile hydride-like polarity with metallic character: hydrogen 

becomes negatively charged whereas gold is positively polarized, yet the density of states 

remains finite at the Fermi level. ELF connectivity and saddle-point analysis of the 

hydrogenated gold nanoparticles reveal the emergence of a delocalized, heterogeneous 

electronic network in the reconstructed state, able to redistribute charge and mediate hydrogen 

transfer. Calculated IR features at 2000–2160, 1780, and 1630–1680 cm⁻¹ rationalize debated 

operando band assignments. In ethene hydrogenation, Au–H–Au chain ensembles weaken the 

driving force for successive hydrogen additions by disrupting stabilizing bridging motifs, 

providing a mechanistic basis for the high selectivity of ultrasmall Au catalysts.
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I. Introduction

Gold is often regarded as chemically inert in its bulk form, yet it displays strikingly different 

behavior when dispersed into nanoscale particles. Since Haruta’s seminal discovery of 

supported Au nanoparticles (NPs) as highly active catalysts for low-temperature CO oxidation 

[1-2], extensive work has established that Au becomes catalytically effective once its size 

decreases into the few-nanometer regime, with activity frequently increasing as particle size 

decreases [3-7]. In hydrogen-rich environments, Bond and co-workers further showed that 

ultrasmall Au NPs that chemisorb H2 promote hydrogenation reactions, whereas larger particles 

remain comparatively hydrogen-poor and substantially less active [8]. Together, these 

observations establish sub-2 nm Au NPs as a benchmark system in which hydrogen 

chemisorption and surface restructuring can unlock catalytic behavior absent in bulk gold. [9-

10].

For more than three decades, Au NPs reactivity has largely been rationalized within an 

“under-coordination paradigm”, where corners, edges, and vertex sites act as the primary active 

motifs. This view has been strengthened by the success of coordination-based descriptors, such 

as the coordination number (CN) [11-12] and generalized coordination number (GCN) [13-14], 

and by scaling relationships linking adsorption energetics to local coordination environments 

across facets, steps, and terraces. While powerful for descriptor discovery and catalyst 

screening, these approaches implicitly assume a static lattice and a fixed adsorption sites. In 

this framework, surface structure is treated as a geometric input rather than as a dynamic 

variable that can be reshaped by the reactive environment [15-17]. This static picture is 

increasingly challenged by in-situ and operando observations showing that ultrasmall Au is 

intrinsically fluxional [18] and can undergo gas-driven structural transitions under working 

conditions [19-24]. Aberration-corrected environmental TEM under reactive gases (including 

H2 [19] and CO [20]) has revealed size-dependent restructuring on supported Au, up to partial 

loss of fcc order below a few nanometers under hydrogen atmospheres. These findings are 

particularly consequential in the sub-2 nm regime, where multiple morphologies (e.g., Ico vs 

fcc-derived Wulff shapes such as TOh) are often close in energy [25-26] and therefore easily 

interconverted by adsorbate-induced forces. Collectively, they motivate a revised viewpoint in 

which dynamic morphology, not only static under-coordination, can govern the nature and 

population of active sites on ultrasmall Au. 
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Hydrogen is particularly disruptive because adsorption can simultaneously reshape NP 

geometry and redistribute electronic density [19, 23, 27-29]. In an early DFT study of H2 

dissociation on small Au clusters, Barrio et al. showed that activation can involve structural 

fluxionality, cooperative participation of several Au atoms, and ensemble effects, rather than a 

single rigid adsorption site [30]. Subsequent theoretical studies further established that the 

atomic and electronic structures, finite-temperature isomer populations, and catalytic properties 

of bare, ligand-protected, and supported Au clusters can depend on fluxional ensembles and on 

the surrounding reactive environment [31–35]. However, much of this literature has focused on 

clusters containing only a few to a few tens of Au atoms, generally under isolated-adsorbate or 

low-coverage conditions. The hydrogen-rich, near-monolayer regime on larger sub-2 nm Au 

nanoparticles therefore remains comparatively less explored. 

In a recent work, we have reported that hydrogen adsorption on sub-2 nm Au can drive 

pronounced surface and subsurface reconstruction, including terrace disruption and the 

emergence of well-ordered 1-D chain-like Au–H–Au–H–Au motifs [19]. However, the 

chemical identity of hydrogen and gold on these motifs and the appropriate use of the term 

“hydride” remains actively debated [29, 36]. Similar uncertainty surrounds the extent to which 

hydrogenated surface sites in ultrasmall gold NPs should be regarded as metallic or non-

metallic in character [37-38]. In molecular gold hydrides, the metal–hydrogen bonding is 

commonly described as covalent in character, with Au atoms (electronegativity 2.54 on the 

Pauling scale) bearing partial negative charge and hydrogen atoms (electronegativity 2.20) 

being partially positive [39]. Whether this polarity and bonding picture carries over to hydrogen 

bond at metallic gold interfaces under varied coverage, however, remains far from obvious [36]. 

Insight into this question was provided from the work of Nguyen et al., who, using X‑ray 

diffraction (XRD) together with Raman spectroscopy and DFT/phonon analysis, reported an 

unusual lattice contraction in hydrogen‑implanted gold thin films. This contraction was 

interpreted as evidence for dynamic gold–hydrogen interactions within an otherwise 

electronically delocalized lattice [29]. Curiously, and to the best of our knowledge, the 

theoretical literature on the restructures Au NPs of hundreds of atoms under hydrogen remains 

underdeveloped, and a detailed molecular description of surface electronic structure and 

hydrogen-driven dynamics has not been reported.

At catalytic interfaces, the debate is sharpened by spectroscopic ambiguity surrounding the 

formation and the nature of surface gold hydrides. Bands in the ~2125–2130 cm−1 region, 
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historically reported on Au/ceria and related supports under H2, have been variably assigned 

either to support-related electronic features or to a chemically distinct Au–H stretching 

vibration associated with Au–H hydride species [40-41]. Comparative FTIR studies on Au 

supported on different oxides further reported additional bands around ~1600–1620 cm−1 (and, 

on ceria, also ~1800 cm−1) and attributed them to Au–H stretching modes, consistent with 

hydrogen bound to under-coordinated Au and/or bridging Au–H–Au environments [41]. 

Overall, this uncertainty is not merely semantic: whether hydrogen is best described as weakly 

adsorbed H, as a localized Au–H fragment, or as a polarized, hydride-like Au–H–Au motif has 

direct implications for how hydrogenation pathways, charge transfer, and site stability are 

modeled.

Building on this evolving context, the present work provides a systematic DFT and ab initio 

molecular dynamics (AIMD) assessment of hydrogen-induced restructuring in two prototypical 

sub-2 nm morphologies, icosahedral Au147 and truncated-octahedral Au201. These two 

morphologies were examined across three representative hydrogenation states: (I) fixed-lattice 

adsorption (Au frozen, H relaxed), (II) fully relaxed 0 K Au+H structures, and (III) thermally 

accessible configurations sampled by AIMD at 300 K and subsequently quenched. We quantify 

hydrogen-driven structural evolution using radial distribution functions and coordination 

analyses, and we decompose adsorption energetics into intrinsic Au–H interactions and metal-

deformation contributions to isolate how reconstruction stabilizes hydrogenated surfaces. To 

address the hydride debate directly, we characterize hydrogen polarity and bonding via Bader 

charge analysis, electronic density of states, electron-localization function, non-covalent 

interactions index, frontier reactivity, and vibrational fingerprints. The persistence of a 

delocalized, metal-like electronic network under near-monolayer hydrogen coverage indicates 

that the reconstructed surface is not electronically passivated; instead, it remains capable of 

supporting charge redistribution and H-transfer events, consistent with catalytic performances 

under hydrogenation conditions. Finally, we link the hydrogen-restructured active state to 

function by revisiting ethene hydrogenation on well-ordered chain motifs and contrasting the 

resulting mechanism with the historical static-lattice paradigm. Overall, our results position 

hydrogen not only as a reactant but also as a structure-directing agent that reshapes the active 

ensemble in ultrasmall Au, with direct consequences for activity and selectivity. 
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II. Results and Discussion

Hydrogen adsorption on sub-2 nm Au NPs is not a passive coverage effect but a coupled 

structural–electronic response that reshapes the active surface. In this section, we first establish 

that near-monolayer hydrogen drives a contracted Au–H–Au chain network on both icosahedral 

and truncated-octahedral morphologies. We then identify the electronic nature of this 

reconstructed state as polarized Auδ+/Hδ− bridging species embedded in a delocalized metallic 

network, before connecting these motifs to catalytic consequences in ethene hydrogenation and 

to vibrational fingerprints accessible to operando spectroscopy.

II.1. Hydrogen directs surface reconstruction into Au–H–Au chain networks

II.1.1. Chain formation under relaxation and at 300 K

We compare two sub-2 nm Au NP morphologies (Au147 Ico and Au201 TOh) under three 

hydrogenation states (see details in computational section and Supplementary Information). As 

reported in Figure 1, allowing the Au framework to relax (from Model I to Model II) triggers a 

qualitative change: hydrogen redistributes from hollow sites toward bridge and on-top 

environments while the outer Au layer reorganizes to form short Au–H–Au motifs. This 

reconstruction is particularly pronounced on Au147, where the surface becomes largely 

disordered, while Au201 retains remnants of its original facets albeit strongly distorted (Fig. 1.a). 

Thermal sampling (Model III) at 300 K further orders this reconstructed shell into longer, 

better-defined Au–H–Au–H chain frameworks. In parallel, limited H2 

recombination/desorption occurs (6 H atoms for Au201 and 12 for Au147), yielding Au201H116 

and Au147H80. Importantly, the resulting surface is not “dehydrogenated”; rather, it stabilizes an 

extended, chain-rich hydrogenated state in which bridging H dominates, with a minor 

population of on-top H at terminal/apical chain positions. These results show that hydrogen 

does not merely populate pre‑existing undercoordinated sites but rather, it actively rebuilds the 

surface into chain‑like Au–H–Au networks. It is also important to emphasize that the present 

study focuses on the hydrogen-rich regime, in which hydrogen-induced restructuring is 

expected to be most pronounced. At sub-monolayer coverage, Au–H–Au motifs are not 

expected to be intrinsically excluded, but their formation should be progressive and local. Short 

chain-like fragments are likely to nucleate first in locally H-rich regions around highly under-

coordinated edge and vertex sites, before extending toward more compact regions such as (100) 
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and (111)-type facets as the local hydrogen coverage increases. Thus, isolated Au–H–Au motifs 

may already be accessible below one monolayer, whereas the extended Au–H–Au chain 

network discussed here corresponds to the hydrogen-rich limit. A quantitative determination of 

the critical coverage for chain nucleation requires systematic finite-temperature sampling over 

many hydrogen coverages, nanoparticle sizes, and morphologies. This question is being 

addressed in a dedicated study using a DFT-trained machine-learning interatomic potential.

Figure 1: Hydrogen-driven surface reconstruction and dynamic low-coordination Au ensembles 
in sub-2 nm gold NPs. (a) Representative structures of Ico Au147 (top row) and TOh Au201 (bottom 
row) for Model 0 (pristine nanoparticle), Model I (fixed-lattice adsorption: Au atoms frozen and H 
atoms relaxed), Model II (fully relaxed Au+H structure at 0 K), and Model III (representative 
structure sampled by AIMD at 300 K and subsequently quenched), showing the progressive 
reorganization of the outer shell under hydrogen coverage. Inset: Close-up of a representative Model 
III region highlighting the formation of ordered Au–H–Au–H chain frameworks. (b) Summary of first-
neighbor distances extracted from surface-restricted radial distribution functions for Ico and TOh 
NPs. Colored markers denote the surface Au–Au first-neighbor peak positions for Models I–III, the 
black marker denotes the Au–H first-shell distance, and the dashed line indicates the bulk Au–Au 
nearest-neighbor distance. (c) Distribution of surface Au atoms by coordination number (CN; Au–Au 
cutoff = 3.5 Å) for Models I–III in TOh and Ico NP; the red line gives the cumulative fraction of low-
coordination surface atoms (CN ≤ 7) and the dashed horizontal line marks the fraction of surface 
atoms in the NP. (d) Time evolution of the CN of four representative surface Au atoms belonging to 
an Au–H–Au chain in TOh during AIMD at 300 K, illustrating reversible coordination fluctuations 
and fluxional bond exchange within the reconstructed hydrogen-bridged surface. Yellow and white 
spheres represent Au and H atoms, respectively.
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II.1.2. Quantifying surface compaction and loss of medium-range order

To quantify the reconstruction of this hydrogen-rich regime, we analyze surface-restricted 

radial distribution functions (RDFs) for Au–Au and Au–H pairs (Fig. 1.b). Complete RDF 

profiles including core-restricted analyses are provided in the Supporting Information (Figs SI.1 

and SI.2). In Model I, the surface Au–Au first-neighbor peak lies near the bulk value, reflecting 

the initial lattice order of each morphology. Upon relaxation under hydrogen (Model II), the 

surface Au–Au peak collapses to shorter distances in both NPs, consistent with 

hydrogen-bridged motifs pulling near-surface Au atoms together. After AIMD sampling 

(Model III), surface compaction is further reinforced, with the first-neighbor peak shifting to 

even shorter distances in both morphologies, indicating that thermal accessibility enhances the 

stability of contracted Au–Au contacts within the hydrogenated shell.

Concurrently, the surface Au–H first-shell peak remains centered near ~1.77 Å across models 

and morphologies (Fig. SI.1), but it narrows from Model I to Model III, consistent with a 

progressively more uniform H environment dominated by bridging geometries along the chain 

network. A minority of terminal/apical H species exhibits shorter Au–H distances, reflecting 

residual heterogeneity at chain ends and local junctions. Beyond the first peak, hydrogen 

adsorption strongly attenuates medium-range order in the surface RDFs, consistent with terrace 

disruption and chain formation. Overall, the surface-restricted RDFs show that hydrogen 

compacts near-surface Au–Au bonds while preserving a nearly invariant Au–H first-shell 

distance, thereby stabilizing a contracted, chain-rich active surface ensemble. Consistently, the 

core-restricted RDFs (Fig. SI.2) indicate that restructuring remains primarily surface-localized, 

with the NP interior displaying only a secondary strain redistribution (partial recovery toward 

fcc-like packing in TOh, while Ico retains residual internal strain) transmitted from the 

reconstructed shell.

II.1.3. Dynamic generation of low-coordination surface atoms

Coordination-number (CN) analysis provides a complementary picture of reconstruction (Fig. 

1.c and Fig. SI.3a). Relative to the rigid-lattice reference, relaxation under hydrogen converts a 

significant fraction of terrace-like surface atoms (CN ≈ 8–9) into low-coordination atoms (CN 

≤ 7). Notably, the chain ensemble introduces CN < 6 environments that are absent from the 

static lattice description and cannot be described as simple “edges” or “vertices” of the pristine 
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morphology. In Model III, despite partial H2 desorption, the population of CN ≤ 7 remains high, 

demonstrating that hydrogen not only creates low-coordination sites but also dynamically 

maintains them at 300 K.

AIMD further reveals reversible CN fluctuations for Au atoms involved in Au–H–Au chains 

(Fig. 1.d; see also Fig. SI.3b and Movie M1), evidencing fluxional interconversion among local 

motifs and continuous Au–Au bond exchange with near-subsurface neighbors while preserving 

a hydrogen-bridged framework. Thus, undercoordination is not a transient defect but a 

dynamically sustained property of the chain network at 300 K. Because edge-like and chain-

like environments can display similar Au–Au CN values, CN alone does not uniquely define 

the reactive motif; rather, the relevant “site identity” emerges from the connected Au–H–Au 

framework, which naturally enables concerted rearrangements of local geometry and, 

potentially, energetic and electronic distribution along the chain. This motivates the electronic 

analysis developed in the next sub-section.

II.2. Electronic identity of the chain state: polarized H in a delocalized metallic network

II.2.1. Energetic driving forces: Au–H stabilization versus metal deformation 

Energetic decompositions with detailed values depicted in Table SI.1 show that, although 

pristine Au201 (TOh) is slightly more stable than Au147 (Ico), both morphologies exhibit the 

same energetic response to hydrogenation. Allowing the Au framework to relax under 

near-monolayer H coverage stabilizes the intrinsic Au–H interaction by ≈ 0.43 eV per H from 

Model I to Model III, whereas the associated metal-deformation penalty remains modest when 

expressed per Au atom (≈ 0.11–0.160 eV per Au). Because these two contributions oppose each 

other, the net adsorption energy becomes only ≈ 0.15–0.180 eV per H more exothermic across 

Models I–III. This near-cancellation indicates that hydrogen-driven reconstruction is 

energetically accessible and is primarily promoted by the stabilization of bridging Au–H–Au 

environments in the reconstructed shell.

II.2.2. Bader charge analysis and heterogeneity along Au–H–Au chains

Bader charge analysis establishes a robust polarity of the reconstructed state (Fig. 2.a). Even in 

the rigid-lattice reference, hydrogen adsorption induces Auδ+/Hδ− polarization. This polarity 

becomes markedly enhanced once reconstruction occurs and is most pronounced along chain 

frameworks in Model III, where positive charge accumulates on surface Au atoms while bonded 

hydrogen becomes increasingly negative. In contrast, the core of the NP remains close to neutral 
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on average, indicating that the electronic perturbation is primarily localized within the 

reconstructed shell.

Figure 2: Electronic identity of the hydrogen-reconstructed Au–H–Au chain state. (a) Bader-
charge maps for the representative hydrogenated Au NP, shown as external views (top row) and 
cross-sectional views (bottom row) for Model 0 (pristine nanoparticle), Model I (fixed-lattice 
adsorption), Model II (fully relaxed Au+H structure at 0 K), and Model III (AIMD-derived structure 
sampled at 300 K and subsequently quenched). Upon hydrogen adsorption and reconstruction, 
positive charge progressively develops on outer-shell Au atoms, whereas bonded H atoms become 
negatively charged, evidencing a polarized Auδ+/Hδ− surface state mainly localized in the 
reconstructed shell. (b) Correlation between the Bader charge q(Hi) of individual hydrogen atoms 
and their corresponding removal energies Eremoval(Hi) in Model III. More negatively charged H 
species are more strongly bound to the Au surface, highlighting the chemical heterogeneity of 
hydrogen within the chain network. The solid line is a linear fit. (c) Mid-plane ELF cross-sections for 
Model I and Model III shown as filled contours. Reconstruction transforms the outer shell into a more 
heterogeneous but still electronically connected network; no localized molecular AuH-like fragment 
is identified, consistent with Au–H–Au motifs embedded in a delocalized metallic scaffold. (d) Au–Au 
ELF saddle-point values extracted from the ELF topological network as a function of radial distance 
d from the NP center. Relative to Model I, Model III exhibits higher and broader outer-shell ELF 
values, evidencing redistribution of metallic connectivity within the reconstructed near-surface 
region. Together, the Bader and ELF analyses support a picture of hydride-like Auδ+/Hδ− polarity 
embedded in a delocalized metallic framework.

Importantly, surface hydrogen is electronically heterogeneous, and this heterogeneity is 

chemically meaningful. Removing individual H atoms from the Model III structure reveals that 

more negatively charged H species bind more strongly (Fig. 2b), with variations in removal 

energies spanning ~1 eV across the sampled charge window. This correlation links the 

“hydride-like” character directly to site stability within the chain network.
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II.2.3. ELF topology and charge redistribution: hydride-like polarity without localized 
Au–H bonds

The Auδ+/Hδ− polarity evidenced by Bader analysis does not, by itself, distinguish between 

localized, molecular-like Au–H fragments or a collective polarization of a metallic surface. We 

therefore combine real-space descriptors that probe electron localization/connectivity (ELF 

topology and charge-density differences Δρ) with energy-resolved and response descriptors 

(TDOS/PDOS and Fukui functions) to assess whether the reconstructed shell behaves as a 

molecular hydride phase or as a polarized metallic network.

In the ELF framework, most two-center covalent bonds are associated with a disynaptic valence 

basin [42-43]. However, this is not the case of hydrogen which only has one electron. To gain 

insight into the interactions, the ELF can instead be analyzed at the saddle points between Au 

and H. As a first indication, the isosurfaces clearly show that the Au–H–Au bridges are not 

isolated AuH-like fragments, but rather delocalized interactions embedded in the metallic 

scaffold (Fig. 2.c). Comparison of the saddle-point ELF values across the different models 

further shows that reconstruction reshapes metallic cohesion within the outer shell. The 

distribution of Au–Au ELF saddle-point values connecting neighboring Au basins shifts 

upward and broadens toward the surface in Model III (Fig. 2.d). This systematic evolution 

indicates that surface reconstruction does not disrupt Au–Au connectivity; rather, it 

redistributes it (see Fig. SI.4). The outer shell therefore adopts a contracted yet electronically 

connected near-surface Au network, in which bonding interactions become more heterogeneous 

but remain topologically continuous. This interpretation is reinforced by complementary real-

space descriptors. Non-covalent interaction (NCI) analysis, which highlights weak density-

overlap regions such as dispersive contacts, shows that interactions between adjacent chain 

segments are predominantly weak and van der Waals–like (Fig. SI.5). Accordingly, the 

reconstructed shell is not stabilized by strong lateral Au–Au bonds between chains, but instead 

behaves as a fluxional ensemble primarily held together by the polarized Au–H–Au framework. 

The ELF and NCI analyses thus converge toward a picture of electronically connected chains 

with weak inter-chain cohesion.

Charge-density differences (Δρ) provide the electronic origin of this behavior. Electron 

accumulation occurs on H, while depletion develops in the outer Au layer, with a depletion 

component extending into Au–Au regions of the reconstructed shell (Fig. SI.6). This Au→H 

charge transfer competes directly with lateral Au–Au bonding, thereby softening and 
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reorganizing the surface metallic network. Reconstruction is therefore not merely geometric but 

electronically driven, as polarization toward hydrogen destabilizes conventional surface Au–

Au interactions and promotes the emergence of contracted Au–H–Au chains. Despite this 

polarity and structural reorganization, the energy-resolved electronic structure demonstrates 

that the NP retains a clear metallic character under near-monolayer hydrogen coverage. The 

pristine clusters exhibit sharp, highly structured TDOS features characteristic of finite-size 

quantization and high symmetry, whereas H adsorption (with or without reconstruction) 

smooths and broadens the spectrum, reflecting symmetry breaking and a wider distribution of 

local Au environments (Fig. SI.7). In all hydrogenated models, the TDOS remains finite at EF 

and the near-EF states are dominated by delocalized Au 6s/6p character, ruling out electronic 

passivation or “molecularization” into AuH-like units (Figs. SI.7–SI.9). Hydrogen instead 

introduces a robust deep-valence feature around ~−8.5 eV assigned to Au(5d)–H(1s) 

hybridization (Fig. SI.8). Locally, reconstruction compresses and upshifts the Au 5d manifold, 

shifting the d-band center from εd ≈ −3.68 eV at an edge site (Model I) to εd ≈ −3.29 eV at a 

chain site (Model III), while the H-projected signal becomes more structured and redistributes 

toward higher energies, consistent with a more multicenter Au–H–Au interaction along the 

chain network (Fig. SI.8). Site-resolved PDOS further highlights enhanced heterogeneity upon 

relaxation without loss of metallic DOS at EF (Fig. SI.9). Overall, DOS/PDOS analyses 

reconcile hydride-like polarity with a delocalized metallic backbone whose local d-states are 

reshaped by chain formation. Finally, Fukui-function maps extend this collective picture to 

frontier reactivity. In the fixed-lattice reference, donor and acceptor regions remain localized at 

vertices and edges, consistent with the classical undercoordination paradigm. Upon chain 

formation, however, the Fukui response spreads along the Au–H–Au network, indicating that 

reactivity is no longer confined to isolated hot spots but delocalized over an electronically 

cooperative chain ensemble (Fig. SI.10). Taken together, ELF topology, NCI analysis, charge 

redistribution, DOS signatures, and Fukui functions consistently describe a hydrogen-driven 

reconstruction that preserves a delocalized metallic backbone while introducing hydride-like 

polarity. The resulting Auδ+/Hδ− chain network is therefore electronically collective, structurally 

adaptive, and catalytically active rather than electronically quenched.

II.3. Catalytic consequences: chain sites attenuate the thermodynamic driving force for 

ethene hydrogenation
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Supported Au NPs are widely recognized for their high selectivity in acetylene hydrogenation 

to ethene, exhibiting limited propensity for subsequent ethene hydrogenation under relevant 

feed conditions [44-45]. To assess how hydrogen-induced Au–H–Au chain reconstruction 

influences this selectivity, we compare stepwise C₂H₄ hydrogenation on Model I and Model III 

of TOh NP, where near-monolayer hydrogen coverage stabilizes bridging motifs. 

Although ethene can in principle, bind through π adsorption on a single Au atom or via di-σ 

coordination bridging two Au atoms [46-47], the scarcity of accessible atop sites on the chain-

saturated surface and the structural cost associated with disrupting multiple bridges render di-σ 

binding the most compatible mode with the reconstructed state. Accordingly, for Model III, 

adsorption is generated by removing one bridging H from a representative chain arrangement 

followed by local relaxation of the surrounding Au/H environment (more details are provided 

in the Supporting Information and in Fig. SI.11). The resulting reaction-free energy profiles 

reported in Figure 3 show that, despite the dense hydrogenated shell, di-σ adsorption remains 

accessible and is even slightly less endothermic on the chain site (+0.205 eV) than on the 

representative edge site of Model I (+0.385 eV). This result indicates that reconstruction does 

not penalize initial C₂H₄ binding. The decisive contrast instead emerges in hydrogen-transfer 

thermodynamics. On the rigid edge site, the first H-addition is favorable, with C₂H₅* lying 

0.215 eV below C₂H₄* (ΔG₁ = −0.215 eV), whereas on the chain site this step becomes 

endergonic, placing C₂H₅* 0.318 eV above C₂H₄* (ΔG₁ = +0.318 eV); similarly, the second 

H-addition is markedly less exergonic on the chain ensemble (ΔG₂ = −0.696 eV) than on the 

edge (−1.262 eV). Thus, while adsorption energetics remain comparable within a few tenths of 

an eV, chain motifs substantially attenuate the thermodynamic driving force toward ethane 

formation. This moderation originates from the collective nature of the reconstructed shell. As 

the transferring hydrogen is part of a polarized Au–H–Au bridge that concurrently stabilizes 

the contracted near-surface Au framework, so hydrogen transfet to C₂H₄ entails an energetic 

penalty associated with reorganizing these linkages. The chain ensemble therefore behaves as 

a self-stabilized hydrogen reservoir that accommodates unsaturated adsorbates while reducing 

the thermodynamic driving force for excessive hydrogen transfer. In this way, hydrogen-

directed reconstruction simultaneously preserves adsorption accessibility and attenuates the 

propensity toward ethene over-hydrogenation, providing a thermodynamic rationale for the 

high selectivity characteristic of ultrasmall Au catalysts under hydrogenation conditions. We 

note however, that a full kinetic treatment including all possible adsorption motifs and transition 

states would require a dedicated study beyond the scope of the present work.
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Figure 3: Reaction-energy diagram for stepwise ethene hydrogenation on rigid-lattice edge site 
(Model I) and on AIMD-derived Au–H–Au chain site (Model III). Relative Gibbs free energies at 
300 K (ΔG300 K, eV) are reported for optimized intermediates and referenced to C2H4(g) + the 
corresponding pre-prepared H-covered surface (0.0 eV; see Supporting Information for site 
preparation/constraints and table SI.2 for energy references). Ethene binds in a di-σ configuration 
(C2H4*), followed by optimized minima for the ethyl (C2H5*) and ethane (C2H6*) surface 
intermediates; the final state corresponds to C2H6(g) after desorption. Connecting lines are guides to 
the eye.

II.4. Vibrational fingerprints of Au–H motifs for operando identification

Finally, to connect the reconstructed Au–H–Au network with operando spectroscopy, we 

computed harmonic vibrational modes for representative AIMD-derived structures (Model III). 

The Au–H stretching region splits into distinct motif-dependent families (Figure 4). 

Terminal/apical Au–H species (Au–H ≈ 1.58–1.60 Å) yield high-frequency stretches in the 

~2000–2160 cm⁻¹ range (see table SI.3), overlapping the debated ~2125–2130 cm⁻¹ window 

often reported on the literature for supported Au/CeO₂ [48-49], (more data and literature details 

are provided in Supplementary Information, Table SI.3). Bridging H within Au–H–Au chain 

motifs (Au–H ≈ 1.69–1.77 Å) gives lower-frequency bands around ~1630–1680 cm⁻¹, 

consistent with the ~1620 cm⁻¹ features assigned to Au–H on several oxide supports. More 

constrained chain-intersection environments produce intermediate frequencies (~1785 cm⁻¹), 

close to the ~1800 cm⁻¹ band reported on Au/CeO₂. These assignments rationalize the 

coexistence of multiple Au–H-related bands (terminal/apical vs bridging in Au–H–Au chains 

vs more constrained chain-intersection environments), rather than a single “universal” Au–H 

frequency.
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Figure 4: Vibrational fingerprints of Au–H motifs derived from AIMD (Model III) for operando 

identification: Computed harmonic Au–H stretching frequencies are resolved into motif-dependent 

families. Bridging hydrogen in Au–H–Au chain configurations (dAu–H ≈ 1.69–1.77 Å) gives rise to low-

frequency bands at 1630–1680 cm⁻¹. More constrained environments at chain intersections yield 

intermediate frequencies around 1785 cm⁻¹ (dAu–H ≈ 1.63 Å). Terminal and apical Au–H species (dAu–H 

≈ 1.58–1.60 Å) produce high-frequency modes in the 2017–2160 cm⁻¹ range. These assignments 

rationalize the coexistence of multiple Au–H spectral features reported experimentally, rather than a 

single characteristic Au–H stretching frequency.

III. Conclusion

Hydrogen adsorption on sub-2 nm Au NPs induces a coupled structural–electronic 

transformation that redefines the catalytic ensemble. Across both icosahedral Au₁₄₇ and 

truncated-octahedral Au₂₀₁ morphologies, near-monolayer hydrogen coverage reconstructs the 

outer shell into a contracted Au–H–Au chain network and dynamically sustains a high 

population of fluxional low-coordination surface atoms at 300 K. Charge partitioning 

demonstrates systematic Au→H electron transfer, yielding polarized Auδ+/Hδ− bridging species 

whose site-dependent stability is chemically significant. Real-space electronic descriptors (ELF 

topology and charge-density differences) indicate that this hydride-like polarity does not 

correspond to localized molecular Au–H bonding; instead, the reconstructed shell remains 
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embedded in a delocalized metallic network reorganized by collective surface polarization. 

These structural and electronic fingerprints translate into catalytic consequences. In ethene 

hydrogenation, chain motifs provide accessible di-σ adsorption environments while 

intrinsically moderating hydrogen-transfer energetics because key steps disrupt stabilizing Au–

H–Au bridges, thereby preventing facile over-hydrogenation to ethane. Moreover, normal-

mode analysis predicts three diagnostic Au–H stretching families, providing operando-testable 

IR fingerprints for identifying the chain ensemble. Together, these findings establish Au–H–

Au chain networks as the hydrogen-stabilized active ensemble on ultrasmall gold NPs and 

provide a mechanistic explanation for their outstanding performance and selectivity under 

hydrogenation conditions. More broadly, this work suggests that the chemistry of ultrasmall 

gold under reactive atmospheres should be understood not through static site descriptors alone, 

but as an adsorbate-shaped, dynamically polarized metallic ensemble. This perspective raises 

the question of whether other gases can similarly imprint distinct structural–electronic states, 

opening new routes to understand and control reactivity and selectivity on sub-2 nm Au.

IV. Computational details

Model construction: To elucidate how hydrogen reshapes the structure and electronic properties 

of ultrasmall Au NPs, we performed a systematic model study combining density functional 

theory and ab initio molecular dynamics. Two representative sub-2 nm morphologies of Au 

NPs comprising a few hundred atoms were considered: a truncated-octahedral (TOh) NP with 

201 atoms (1.69 nm) and an icosahedral (Ico) NP with 147 atoms (1.52 nm). The TOh 

morphology was generated via Wulff construction using DFT-calculated surface energies γ100 

= 0.11 eV.Å-2 and γ111 = 0.09 eV.Å-2 [50]. Both NPs were considered under full hydrogen 

coverage (θ = 1 ML), corresponding to 122 and 92 surface adsorbed H atoms for TOh and Ico, 

respectively, i.e., one H atom per surface atom. This coverage was selected to probe the 

hydrogen-rich limit, where adsorbate-induced restructuring is expected to be maximized.

For each morphology, we compared four models (Fig. 1). The first is pristine reference denoted 

Model 0 which corresponds to H-free TOh and Ico NPs. Model I referred to as “Fixed-lattice 

adsorption”, considers Au atoms frozen in the positions of the pristine NP, while adsorbed 

hydrogen atoms are fully relaxed. In this model, H atoms are positioned on high-symmetry 

sites, consistent with the literature, namely 3-fold sites on compact (111) facets and bridge sites 

on (100) facets and edge sites [51]. This setup isolates purely electronic effects of hydrogen at 
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constant Au geometry. Model II referred to as “Fully relaxed at 0 K” allows the entire NP+H 

system to relax within DFT optimization in order to quantify static, H-induced reconstructions. 

Model III, referred to as “AIMD at 300 K”, is based on representative structures extracted from 

AIMD simulations at 300 K and subsequently refined by 0 K relaxation. This last model 

captures thermally assisted restructuring of core and surface NPs as well as partial hydrogen 

desorption.

Electronic-structure calculations: 

Spin-unpolarized DFT calculations were performed using VASP package [52] within the 

projector augmented wave (PAW) [53-54] formalism and the Perdew–Burke–Ernzerhof (PBE) 

generalized-gradient approximation for exchange-correlation [55]. To account for van der 

Waals interactions, Grimme’s D3 dispersion corrections were considered [56]. The plane-wave 

kinetic-energy cutoff was set to 500 eV and Brillouin-zone sampling was restricted to the Γ 

point. Electronic self-consistency and ionic relaxations employed thresholds of EDIFF = 10-

6 eV and EDIFFG = −0.01 eV.Å−1, respectively. AIMD simulations were carried out in the 

canonical ensemble (NVT) at 300 K using a Nosé–Hoover thermostat [57-58] and a time step 

of 1.5 fs. To improve numerical stability for hydrogen-containing trajectories, hydrogen mass 

scaling was applied by setting POMASS = 3 in VASP. No additional geometric constraints 

were used during AIMD. This mass scaling affects only the nuclear dynamics and the effective 

sampling time scale, while leaving the underlying Born–Oppenheimer potential energy surface 

and the quenched optimized structures unchanged. Trajectories up to 35 ps were used to 

generate Model III structures by sampling thermally equilibrated snapshots before final 

minimization at 0 K. 

Structural, energetic and electronic analyses: 

Hydrogen-induced structural reconstruction was quantified using radial distribution functions 

(RDFs) for Au–Au pairs, together with coordination numbers defined using a nearest-neighbor 

cutoff of 3.5 Å. These metrics were used to characterize changes in local order, 

undercoordination, and motif formation upon hydrogen adsorption. Adsorption energetics were 

analyzed through a decomposition scheme separating intrinsic Au–H interaction energies from 

the energetic penalty associated with NP deformation, allowing the stabilizing role of hydrogen-

driven reconstruction to be isolated and compared across morphologies. Electronic structure 

and bonding were examined using total and projected densities of states, d-band center analysis, 
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and spatially resolved charge redistribution descriptors, including charge-density difference 

maps. Hydrogen polarity and Au–H bonding character were quantified using Bader charge 

analysis [59] and complementary real-space analysis using the electron localization function 

(ELF) was employed to assess the Au-Au and Au–H interactions [42-43]. Vibrational properties 

were further characterized by normal-mode analysis to identify infrared-active stretching 

fingerprints associated with different types of adsorbed hydrogen. Finally, frontier reactivity 

was evaluated using Fukui-function–based descriptors to identify electron-donating and 

electron-accepting regions and to rationalize hydrogen activation and transfer events. Full 

methodological details, including all energetic definitions, equations, and electronic-structure 

descriptors, are provided in the Supporting Information.
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The computational data supporting this article have been deposited in Zenodo at 
[10.5281/zenodo.20509625]. The dataset includes the raw VASP input and output files for 
the DFT geometry optimizations, AIMD-derived quenched structures, electronic-structure 
calculations, and vibrational-frequency calculations discussed in the manuscript. The 
deposited files include INCAR, KPOINTS, CONTCAR, OSZICAR, OUTCAR, vasprun.xml, 
and DOSCAR files where applicable. POTCAR files are not redistributed.
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