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Abstract

We propose and investigate computationally Ag-Au subnanometer clusters as catalysts
for the hydrogen evolution reaction (HER). Focusing on Ag;;Au, we conduct a
complete first-principles study of the HER process on this Au@Ag ultrananocatalyst.
After determining the hydrogen-saturated resting state under standard conditions as
AgiAuH|;, HER reaction energies and barriers are predicted also including solvent
effects using both implicit and explicit models. We find that Agj,Au is a good candidate
as HER catalyst, with a good stability and an overall reaction energy barrier 0.89 eV as
an upper bound. We also draw indications for the design of HER subnanometer
catalysts.
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INTRODUCTION

In the context of the increasing global energy demand, the exploitation of
renewable and clean energies represents one of the greatest scientific challenges™ 2. In
this context, hydrogen (H) is regarded as an appealing energy carrier, alternative to
carbon-containing compounds, suitable to store energy durably for further use® *.
Hydrogen can be generated by water splitting electrochemically at the cathode in a
process known as hydrogen evolution reaction (HER) while oxygen is evolved at the
anode in the oxygen evolution reaction (OER)™ °, thus converting electricity into a
stable form of chemical energy. Electrocatalyst materials are the key enabling
technology for these processes, and their rational design is of crucial importance for the
efficiency of H, and O, production. Although the most popular electro-catalysts for
HER are based on platinum (Pt)’, its high cost and global scarcity have promoted
efforts to develop alternative catalysts''. For instance, various earth-abundant
transition metals (Fe, Co, Ni, Mo) and their mixtures (e.g. NiMo, NiFe'*'*) have been
designed as efficient HER electro-catalysts under either acidic or alkaline
conditions'>'®. Other studies have proposed molecular-like thiolate-protected metal
clusters, such as PtAuys(SR);s, with promising results'’. Transition-metal sulfides,
phosphides, selenides, borides, carbides, and nitrides have also recently attracted great
interest in this field*'®.

Here we propose and explore via computational tools a novel class of materials as
HER electro-catalysts: bimetallic silver@gold subnanometer (or ultranano) clusters.
Several reasons justify this choice. Thanks to their high surface area, high activity, and
size-tunable electronic properties, silver and gold nanoparticles have been the focus of
intense attention in several fields such as catalysts, sensors, etc.'*? including HER***
Moreover, mixed Ag-Au systems have been proved to exhibit enhanced chemical
stability in addition to specific superior features compared to pure Au or Ag
nanoparticles, such as for example the plasmonic response of Au@Ag core-shell
nanospheres”. Bimetallic Ag-Au clusters also exhibit favorable electronic properties,
which could make them appropriate as receptors of electrons and H;O" water-ions to
produce gaseous H, efﬁciently26. Our choice was also inspired27 by recent work
showing that Ag clusters grown on Au nanorods enhance energy harvesting and
increase stability in light-induced HER catalysts®, but, at variance with this previous
study, the absence of the plasmon resonance at the ultrananoscale suggested us to
exclude optical phenomena. Finally, after completion of this work, alloyed Cu-Pt dual
sites on Pd nanorings were demonstrated to possess a very high HER activity®’, which
further supports this line of investigation, i.e., metal ultrananoclusters as HER catalysts.
In designing potential candidates we took into account the known strong dependence of
catalytic activity on the exact number of Ag atoms in the ultrananocluster, as e.g.
observed in the effect on storage properties in lithium—oxygen batteries™. We thus
chose to investigate Au@Ag clusters in the Ag-rich régime, specifically the Ag;,Au
cluster, as electrochemical catalyst for HER. Due to their ultra-small size and thus high
active surface area, their near-metallic character, and the high content in Ag (less
expensive than Au or Pt), these systems could combine a reasonably lost cost, good
conducting properties, and good efficiency, which may pave the way for further
investigations combining optical and electrical phenomena. Our goal here is then a
complete investigation via first-principles simulations of a Au@Ag ultrananocluster at
a selected composition as HER catalyst, to unveil the detailed mechanistic steps of the
HER process on these systems, hence drawing insight and if possible general principles
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that can trigger the development and rational design of HER cluster catalysts®'.

The article is organized as follows. In Section 2 we describe our methodology.
Results are presented and discussed in Section 3, while Section 4 summarizes our main
conclusions.

2. THEORETICAL METHOD

In Section 2.1 we provide computational details of the present simulations, while
in Section 2.2 we describe the approach employed to model the HER process on Ag-Au
nanoclusters.

2.1 Computational Details

Density-functional theory (DFT) calculations on Ag;;AuH,, systems were
performed using the Quantum Espresso (QE) package®” and ultra-soft pseudopotentials.
A semi-empirical correction (Grimme-D2)*® was added to the Perdew-Burke-Ernzerhof
(PBE) exchange-correlation (xc-)functional®® to account for dispersion interactions®>*°.
A cubic unit cell measuring 38 A in side length, and 40 Ry and 400 Ry as the cutoffs for
the plane-wave representation of the wave function and the density, respectively, were
employed. Calculations were performed spin-restricted for even-electron (closed-shell)
systems and spin-unrestricted for odd-electron systems, at the Gamma point only. The
cell size was determined from calculations on charged Ag;,AuH,, species: cells of
dimension 30 A or 38 A in length were considered, finding that the total energy of the
Agi2AuH; anion is lower by 0.29 eV for a cell size of 38 A with respect to a cell size of
30 A, but that the energy does not change significantly for cell sizes larger than 38 A.
The electronic affinity (EA) of Ag;2AuH;; in the gas-phase is determined as 2.545 eV,
while that of Ag;,AuH;; is 3.484 eV. Solvation energies (E£s) of the charged species in
water were estimated both via explicit solvent simulations and via an implicit-solvent
polarizable continuum model using the Born formula as:

Es= —

N | =
=S,

(1)

where q is the charge and R is the radius of the cluster. In our case, R is estimated as
13.89 a.u. for both clusters and g is 1, therefore Es = 0.980 eV. The electronic affinity
of AgpAuH;; and Ag,AuH;; clusters in water thus increase to 3.525 and 4.464 eV,
respectively.

Energy barriers for selected reactive processes were calculated using QE and the
Nudged Elastic Band (NEB) method®’>. In this approach, the minimal energy path
between two stable molecular conformations is sought by optimizing the energy of a set
of intermediate replicas that represent the gradual transition between end points and
that are connected by harmonic springs. Here, we employed 4 intermediate replicas,
with the reference optimized structure and the result of the unconstrained optimizations
as starting and end points, respectively.

Selected DFT geometry optimizations and ab initio Molecular Dynamics (AIMD)
simulations were conducted using the CP2K package®® whose DFT algorithms are
based on a hybrid Gaussian/Plane-Wave scheme (GPW)*'. Pseudopotentials derived by
Goedecker, Teter, and Hutter (GTH)** were chosen to describe the core electrons of all
atoms and DZVP basis sets” to represent the DFT Kohn-Sham orbitals. The
semiempirical Grimme-D3?® correction was added to the PBE xc-functional®* to take
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into account dispersion interactions. The cutoff for the auxiliary plane-wave
representation of the density was 300 Ry. AIMD simulations were performed both to
test the stability of AgixAuH,, species and introduce thermal effects, and to model the
HER Volmer step (see below) using an explicit solvent. AIMD runs were carried out
ranging from 300 to 600K and 1 atm pressure. The temperature was controlled using a
Nose—Hoover thermostat. A time step of 0.5 femtosec was used to integrate the
equations of motion. A trajectory of 10 picosec was typically generated and used for
analysis. This time scale is comparable with the reported time scale for the simulation
of Au nanoclusters which has been validated in previous work****. For the free cluster,
a simulation box with cell size of 38 A nm in each Cartesian direction was employed,
large enough to make cluster/cluster interactions negligible (see above). For the
explicitly solvated clusters, a simulation box with 100 explicit water molecules
embedding the Ag;,AuH;; or Ag;,AuH;, clusters was employed, together with
identical AIMD simulation numerical parameters (time step, total simulation time,
thermostat).

2.2 Theoretical Approach to HER

In electrochemistry, HER is a classic example of a two-electron transfer reaction
with one catalytic intermediate, H* (where * denotes a site on the electrode/catalyst
surface), and in acidic conditions is assumed to occur via the Volmer-Heyrovsky
mechanism™:

Volmer step: H+e+*—>H )
Heyrovsky step: H +H' +e¢ — Hy+ * 3)

The overall rate of the reaction via this Volmer-Heyrovsky mechanism is
determined by the adsorption free energy of this hydrogen intermediate, H*, which
should be neither too strong (which would hinder H; desorption in the Heyrovsky step)
nor too weak (otherwise, H adsorption in the Volmer step would be slow). The HER
rate as a function of hydrogen adsorption energy should thus follow a volcano plot,
according to the Volmer-Heyrovsky and Volmer-Tafel routes to designing optimal
catalysts™ "

We model the HER hydrogen adsorption-reduction-desorption processes and
evaluate reaction free-energy diagrams on the electrode surface by combining DFT and
gas-phase free energies. In particular, the Gibbs free energy of [H' + ¢7], G, -1

calculated as one-half of the Gibbs free energy of gas-phase Hj:

1
= EGHZ 5 GH2: Gtrans + Guip T Grot + Gee 4)

H'+e™
where Girgns» Guip» Grot» and G are the translational, vibrational, rotational and
electronic energy terms, and the first three terms can be derived from the partition
function of gas-phase H,, while G, is obtained by DFT relaxation of the H,
molecule. In detail, under standard conditions (room temperature = 298 K, H, pressure

=1 atm) in our approach G, is -31.718 eV; Gyt + Guans = -0.29 eV ; and Gy is

neglected due to the cancellation of vibrational terms between gas-phase and adsorbed
1

species. We thus obtain G, = > Gy, =-16.004 ¢V under standard conditions.
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Moreover, as customary in the literature®® !> we exploit the fact that at zero bias

(bias = 0. V) on the electrode there is equilibrium between hydronium ion plus an
electron from the electrode, and gas-phase Ha:

H+e o % “)

to equate the free energy of the pair (hydronium plus electron) with one-half of the
free energy of gas-phase H, at zero bias, then properly shifting this quantity at a
generic bias V17,

Finally, we need the energy of an electron separately to estimate energy
differences upon electron exchange between the electrode and the Ag;,AuH,, catalysts.
The work function of the Pt electrode at zero charge is 6.167 eV, which decreases in a
water environment to 5.167 eV>*>>. Assuming that the HER reaction occurs at -0.9 V
bias, the work function (WF) of Pt electrode, i.e., the chemical potential of the
electron in Eq.(2), is thus calculated under these conditions as 4.267 eV.

3. RESULTS AND DISCUSSIONS

Inspired by the HER experiments™ of Ag clusters growing on Au nanorods, we
choose a AgjxAu icosahedral cluster of 13 atoms as the model on which to investigate
HER. This Au@Ag cluster corresponds to the smallest structurally magic cluster with
icosahedral symmetry, its size is small enough to allow us to conduct a systematic
first-principles investigation, but is also large and thus stable enough to accommodate a
significant number of H adatoms without disruption of the cluster’®. Although Au tends
to occupy surface sites in bare Ag-Au nanoclusters’, here we focus on a
Au(core)-Ag(shell) arrangement to mimic the exohedral arrangement of Ag clusters in
experimentzg. Importantly, as we will see below, the catalytically species at high
hydrogen coverage is in fact Ag;AuH,;, and at this coverage the configuration with Au
in the core (which we focus on) is only 0.082 eV higher in energy with respect to the
configuration with Au in a surface site. The Au(core)@Ag(surface);,H;; configuration
that we investigate is associated with a minor energy penalty, is significantly populated
under standard conditions, and is thus a realistic model on which to study HER.

3.1 Hydrogen saturation and resting state of the catalyst

The first step in a computational study of on ultrananoclusters is to determine the
resting state of the catalyst under reaction conditions”™ . The adsorption of a single H
atom onto Agj,Au at its three main surface adsorption sites: bridge, hollow, and top
sites, followed by full relaxation of the structures shows that adsorption strengths are in
the order: bridge (-2.457 eV) = hollow (-2.457 eV) <top (-2.161 eV), in agreement with
previous studies (see e.g. Ref.’ and references therein). Such a preference for bridge or
hollow adsorption sites is however attenuated at higher hydrogen coverage. For
example, the energy difference between hydrogen adsorption on 12 bridge and 12 top
sites is only ~0.086 eV/H-atom. Moreover, the Ag;,Au cluster quickly reaches
saturation: when more than 13 H atoms are placed around the cluster surface, free H,
molecules evolve during the geometry relaxation step (this doesn’t occur up to 13
adsorbed hydrogens). Although H adsorption on bimetallic nanoparticles has been
studied in previous work®*, saturation has rarely been considered, with few
exceptions65. Finally, a crucial point to consider is that hydrogen adsorption energies on
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these ultrananoclusters exhibit an odd/even alternation (i.e., they are larger on average
by ~0.5-0.7 eV for odd number of hydrogens with respect to even number), due to the
fact that the Agj,Au cluster possesses one unpaired electron and needs an odd number
of H atoms to realize an (energetically more stable) closed shell configuration.

Figure 1. Adsorption sites of H atoms on the icosahedral structure of the Ag;,Au cluster: bridge,
top, and hollow, respectively. Ag and Au atoms are represented by light blue and yellow
spheres, respectively.

Geometry relaxations have then been performed on the Ag;;AuHy, clusters (with
m=1, 3, 5, 7, 9, 11, 12, 13) clusters. From the structural point of view, a quasi
icosahedral arrangement (see Figure 1) is essentially kept up to 7 adsorbed H atoms,
whereas adsorption of 9 H atoms or more changes the symmetry of the cluster and
restructures it as shown in Figure 2 for Ag;,AuH,, with m=11-13.

The main results of such calculations is that the resting state of the system under
standard thermodynamic conditions is Ag;;AuH;; with very minor admixtures of
Ag,AuHg and Agj;AuH 3. Indeed, we find:

G(Agi,AuHy) - G(AgAuHy) - G(H)) <0:  AG =-0.130 eV )
G(Agi2AuH3) - G(Agi2AuH ) - G(H2)) >0; AG=+0.168 eV ()

where G(H») is the Gibbs free energy of H, obtained as described in Section 2.2. To
further support this result and to check the stability of the Ag;;AuH;; and Ag;,AuH;;
species, AIMD simulations on Agj,AuH;; were performed at 300, 350, 400, 450, 500,
550, and 600 K, each AIMD simulation starting from the end-point of the previous one
and lasting 10 picosec. The structure of the Ag;,AuH;; cluster remained basically
unchanged after the AIMD runs, and a final local optimization produced a
configuration identical to the initial configuration shown in Figure 2. On the opposite,
an AIMD simulation on Ag;;AuH;; performed at 400 K showed that the system
spontaneously produced [Agi,AuH;; + H;] before the end of the 10-picosec run: this
means that Ag;,AuH;; is higher in free energy and spontaneously transforms into
AgipAuH|; + Hy, at 400 K, in good agreement with the energetics reported in Eq. (2).
We thus assume Agj,AuH|; as the resting state of our system under realistic (standard)
conditions.

3.2 HER catalytic steps

After determining the hydrogen saturation level and the lowest-energy geometry
of Agp,AuH;;, we explored HER mechanistic steps on this cluster in the
super-saturation régime, via both implicit-solvent (3.2.a) and explicit-solvent (3.2.b)
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models.

Following the super-saturation path, the first point is to determine the
quantum-mechanical (QM) energy difference (AE) between neutral clusters in their
lowest-energy geometry with increasing H content, for which we obtain:
AE(Aglean - Aglequz) =-15.168 eV, AE(Aglequz - Aglequg,) =-16.671
eV. These numbers are consistent with the even/odd alternation principle, and it can be
noted that their average is -15.919 eV which is not sufficient to overcome the free
energy of 2 H; (equal to -16.004 eV under standard conditions, as estimated in Section
2.2). According to the Volmer-Heyrovsky route*’, we assume that HER on the Ag,Au
cluster catalysts via a super-saturation path proceeds via the following steps, whose
energetics can be derived from the QM values above and is also reported:

AgpAuH;; +H +¢ — AgpAuH, . AG =+0.835 eV (5)
AgppAuH;, +H +e¢ — AgpAuH,; . AG =-0.667 eV (6)
AginAuH,; — AginAuH;; + H, : AG =-0.168 eV (7)

where, as discussed in Section 2.2, the free energy of [H™ + ¢7] is taken as half that of
G(H;) under standard conditions at zero bias, -16.004 eV at bias = 0.0 Volt.

Eq.(5) AE =-15.168 eV

[ | 2 ¥
[Ag,AuH,] [Ag;,AuH ]! [Ag,AuH ]’

an®
o Eq.(10)] AE=-0.197 eV
+e Bias= 09V

[Ag;,AuH,,]"!

Ag,AuH,, +H,

Figure 2. Schematic energy diagram illustrating the HER processes on the Ag;,AuH;, catalyst
via a super-saturation path; for Eq. 5 and 6, AE=Energy differences between two neutral
clusters; for Eq. 8 and 10, AE= WF (work function of Pt electrode) — EA (electronic affinity) at
-0.9V bias. Color coding as in Figure 1, with H atoms in white color.

The resulting AG for the first reaction-step of the HER process, Eq. (5), comes out
to be 0.835 eV. We thus expect from a thermodynamic point of view that reaction (5)
can occur spontaneously at a cathode bias of -0.835 V or larger which is very close to
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the bias typically used in HER devices, i.e. -0.9 V. The Ag;,AuH;; cluster thus seems to
realize a nearly ideal energetics, entailing an energy dissipation in the process of only
0.065 eV under typical conditions. To predict catalytic efficiency, we need to evaluate
the free energy barrier associated with this reaction. To achieve this, we should in
principle model the composite system: cluster+Pt-electrode+water-solvent. Modeling
at the QM level such a large system is unfeasible using our computational resources.
We can however model the cluster without the electrode, and we use both
implicit-solvent (3.2.a) and explicit-solvent (3.2.b) models to simulate the surrounding
water.

3.2.a Super-saturation path — implicit-solvent model

We take a simplified path to provide an estimate of the efficiency of the HER
process, and decompose Eq.(5) into two successive steps, i.e., cluster electron affinity
(EA) and hydronium attachment, as follows:

Ag2AuH;; +e — AginAuHi; (anion) (®)
AgpAuH1; (anion) + HY— Ag,AuHy, 9)

where Eq.(8) corresponds to the EA(Ag;,AuHy;) electron affinity or charging process,
while Eq.(9) corresponds to the attachment of a hydronium ion to the Ag;;AuH;;” anion.
The EA of Agi,AuH;; in water solution estimated using the Born formula Eq.(1) is
3.525 eV, thus charging of a cluster in close vicinity to a Pt hydrogen electrode at -0.9 V
bias results in an energy penalty of 0.742 eV (AE = WF(Pt)[bias = -0.9 V] — EA =
4.267- 3.525 = 0.742 eV), where WF(Pt)[bias =-0.9 V] is the work function of the Pt
electrode in water and at a bias of -0.9 V, as discussed in Section 2.1. Once the cluster is
charged, the process of hydronium attachment onto it can be assimilated to those
Grotthuss-like processes determining the anomalously high proton conductivity of
water®®, and can be so expected to be fast. We note that the free energy barrier thus
estimated considering two independent and successive steps for cluster charging and
hydronium attachment clearly represents an upper bound to the real barrier, which will
likely be smaller than this value as the hydronium cation approaching the cluster will
polarize the system and favor electron transfer from the Pt electrode. Anyway, the
present discussion shows that the barrier for reaction (5) is not larger than 0.74 eV at
-0.9 V bias and standard conditions, corresponding to a reasonably efficient HER
catalyst.

Ag2AuHq, +e — AginAuH7, (anion) (10)
Ag,AuHT, (anion) + H*— Ag,AuH, 5 (11)

As for the second HER step, the reaction energy of Eq. (6) is -0.67 eV at zero bias,
i.e., it is thermodynamically strongly favored even at zero bias. Moreover, at -0.9 V bias,
the charging energy of Ag;,AuHj; is also favored: AE = WF(Pt)[bias =-0.9 V] - EA=
4.267-4.464 =-0.197 eV, indicating that a Ag;»AuH;; cluster in water in contact with a
Pt electrode at -0.9 V bias spontaneously charges to an anionic form. The hydronium
attachment to such cluster is therefore expected to be fast and has not been further
investigated.
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3.2.b Super-saturation path — explicit-solvent model

The estimates in Section 3.2.a are based on an implicit model for the solvent and on
assuming the free energy of the (hydronium plus electron) pair equal to one-half of the
free energy of gas-phase H; at zero bias, then properly shifting this quantity at a generic
bias V [48,51-53]. Here we overcome the implicit solvent modeling via explicit-solvent
AIMD simulations of the “Ag;,AuHy; (anion) + H30"— Ag;,AuH;,” process to
estimate the associated free-energy barrier. To this purpose, we start from AIMD runs at
room temperature on the Agj,AuH;, neutral cluster surrounded by explicit water
molecules (see Section 2 for computational details). We monitor the distance of closest
approach of the H;O molecule to the cluster, and select the snapshot in which one of the
molecules achieve minimum distance, implying that the corresponding O atom is
pointed toward one Ag atom of the cluster. We add a H' species to this water
transforming into a hydronium cation: since we still impose the system to be globally
neutral, this implies that the Ag;,AuH;; cluster is negatively charged to compensate,
thus forming a [Ag;2AuH,;” anion/H3;O" hydronium] close ionic pair. To equilibrate the
system, we first relax via DFT the atoms of the [Ag;2AuH,;;” anion/H;0" hydronium]
pair keeping the water molecules frozen, and then we conduct 10 psec AIMD
simulation of the water keeping the ionic pair frozen: this represents the starting
configuration of the hydronium attachment process — Eq.(9). The end configuration of
this process is obtained by moving a H atom from hydronium to the cluster, thus
obtaining a [Ag;2AuH;; cluster/H,O water] neutral pair, whose atoms are then relaxed
via DFT keeping the water molecules frozen.

J (A) ' J (8) J (©
o e
NG -~

“T'(g
W e Wiptie Win

» »
v ¢ g ol

- W - WS -
Figure 3. Schematic atomistic depiction of the NEB process transforming the [Ag;,AuH;;
anion/H;O0" hydronium] pair into a [Ag;»AuH,, cluster/H,O water] neutral pair, where panel (A)
is the initial structure, panel (B) the saddle point, and panel (C) the final structure. Only few
surrounding water molecules are visualized. Ag, Au, O, H atoms are represented by gray,
yellow, red, and light blue spheres, respectively, with the O atom of the hydronium/water
species in light green.

We finally evaluate the energy barrier between these two configurations by
perform a NEB calculation in which the H,O water molecules are kept frozen. An
atomistic view of this process is illustrated in Figure 3. The energy barrier we thus
estimate is 0.20 eV. The so-calculated barrier necessarily represents an upper bound to
the real barrier, as the stabilization of the neutral species due to solvation is incomplete,
water being frozen into a snapshot optimally adjusted to the charged
[Aglequ1'/H30+]conﬁguration. To assess this effect quantitatively, an analogous
DFT-relaxation+NEB simulation protocol was conducted in which the water molecules
were still frozen, but adjusted to the neutral system: this alternative protocol gave a
NEB barrier of 0.10 eV. We can therefore reasonably estimate the barrier for the
hydronium attachment process — Eq.(9) — as 0.15 eV, which, summed to the previous
value of 0.74 eV, finally produces a predicted overall HER free-energy barrier of 0.89
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eV in the super-saturation régime. It should be mentioned that in this estimate we have
neglected the barrier associated with the approach of the hydronium to the cluster anion
surface. Finally, given the strong thermodynamic driving force for the second
hydronium attachment process — Eq.(11), we have not performed AIMD simulations on
the Ag;2AuH;;" cluster similar to those conducted on Ag;;AuH ;" to estimate the barrier
to hydronium attachment which is expected to be negligible, i.e., we expect that
reaction (6) occurs much more rapidly compared to reaction (5), which is thus the
rate-determining step.

In conclusion, from the previous analysis we find that for HER on Ag;;AuH;; the
first Volmer-Heyrovsky step is rate-determining in the super-saturation régime, and the
estimated free energy barriers do not exceed 0.89 eV as an upper bound. These findings
make of Agj»Au a potentially interesting system as a HER catalyst.

4. CONCLUSIONS

Hydrogen (H;) production by electrochemical water splitting (via the HER)
represents a promising alternative to fossil-fuel-based energy storage'”. Although the
most popular HER electrocatalysts are based on platinum, its high cost and global
scarcity have promoted efforts to develop alternative catalysts®'*. Here we propose
Ag-Au subnanometer clusters as potentially favorable candidates in this context and
illustrate such a proposal by investigating computationally the Ag;»Au nanoalloy as a
model catalyst. In our approach, we first determine the resting state of the catalyst
under realistic (standard) conditions, i.e., at high hydrogen coverage®™ *, and then
investigate the mechanistic steps according to the Volmer-Heyrovsky route via DFT
and AIMD atomistic simulations including the effect of the bias and the effect of the
water environment via both implicit and explicit models.

Our results indicate that the Agj>Au cluster can act as a reasonably efficient HER
electrocatalyst under realistic conditions. We find that the H-adsorption saturation level
on this system is up to 11 hydrogen atoms, while further hydrogens undergo
spontaneous H, evolution. The energetics of HER mechanistic steps seem favorable via
a super-saturation path, with a nearly iso-energetic balance for the first
Volmer-Heyrovsky step, which is also the rate-determining-step with an energy barrier
estimated to be not larger than 0.89 eV, while the second Volmer-Heyrovsky step is
largely favored thermodynamically, and should quickly convert Ag;;AuH;, into
AgipAuH 3, which we find then spontaneously evolves a H, molecule.

The proposed subnanometer catalysts, in analogy with previous experimental
work®”?? in which very small clusters (including Ags. 15 clusters on a carbon cathode
for Li batteries) have been used under realistic electrochemical conditions, are also
shown via AIMD simulations to possess some degree of robustness, with
disaggregation barriers of the Ag;;AuH,; free cluster at least > 0.25 eV (Section 3.1).

The reasons of the reasonable HER efficiency of the Ag;,Au catalysts is strictly
connected to its ultra-nano form, and can be sought in the enhanced metal-hydrogen
affinity when noble metals are shaped into subnanometer clusters, see e.g. Ref.”’,
whereas larger, non-subnanometer particles are not expected to be active as HER
catalysts without promotion from light?’, as hydrogen adsorption is too weak on these
systems.

Interestingly, our analysis also suggests that a slight increase in the chemical
affinity of the Ag;,AuH;; cluster, i.e., of its affinity toward electrons and hydrogen
species, could simultaneously decrease HER energy barriers and achieve a better
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balance between first and second Volmer-Heyrovsky steps'**'. This might be realized

by introducing a third metal element which incidentally could also be beneficial in
anchoring the cluster to the electrode: work is in progress to explore HER along these
lines. The obtained mechanistic insight can thus be used to devise improved catalysts
for experimental and computational testing. The present work thus suggests a
promising avenue for deriving and rationally designing metal ultrananoclusters as
potentially efficient and cost-effective electro-catalysts in the HER.
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Atomistic view of hydronium (H30") attachment toa subnanometer Ag;,AuHT; HER catalyst.
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