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ABSTRACT: The hydrogen evolution reaction (HER) is a critical
reaction in addressing climate change; however, it requires catalysts
to be generated on an industrial scale. Nanomaterials offer several
advantages over conventional HER catalysts, including the
possibility of atomic precision in tailoring the intrinsic activity.
Ligand-protected metal clusters, such as the thiolate-protected
MAu,,(SR) ;3 (where M is Au, Cu, Pd), are of particular interest as
not only are they electrocatalytically active toward HER, but the
charge state and composition can be precisely tuned. Here, we
present a comprehensive computational study examining how the
charge state and dopants affect the catalytic activity of
[MAu,,(SCHj;)5]? toward the Volmer step of the HER. Assuming
an adsorbed hydrogen atom to be the key intermediate, then,
according to the Sabatier principle, the H adsorption energy should be nearly thermoneutral for an ideal HER catalyst. Our results
show that adsorption energies alone are an insufficient criterion to identify a promising catalytic material; experimentally relevant
redox potentials, the corresponding catalyst’s charge states, and the kinetic barriers should also be considered. Notably, this work
explains the relative activity of MAu,,(SR) ;3 (M = Au, Cu, Pd) clusters reported by Kumar et al. (Nanoscale 2020, 12, 9969). Our
results validate a more thorough computational approach that includes charge and redox potential to understand and screen
electrocatalytically active nanoclusters.
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B INTRODUCTION weakly or too strongly.” The rate of the overall reaction is
determined by the Volmer step for a weakly adsorbed
hydrogen atom and by the Heyrovsky/Tafel step for a strongly
adsorbed hydrogen atom.” Optimized electrocatalysts are
required to achieve the efficiency necessary for industrial-
scale hydrogen production.”’® Currently, Pt is still the best
HER catalyst under acidic conditions.'"”"> Limited improve-
ments in this material’s activity can made by roughening the
surface to expose more active sites or by increasing the catalyst

Clean, renewable sources of energy are required to mitigate
anthropogenic climate change driven by CO, emissions."”
Current sources of clean energy such as wind and solar are
intermittent and the challenge becomes one of energy storage.”
An attractive solution to this problem is to use hydrogen
produced from electrocatalytic water-splitting as fuel,”* due to
its high mass energy density.” Water-splitting consists of two
half-reactions, namely the oxygen evolution reaction (OER)

13 . . .

and the hydrogen evolution reaction (HER)." The HER is a loading.* Therefore, there is a strong impetus to improve

two-electron transfer reaction that occurs in two steps. The intrinsic activity by considering other classes of materials, such
possibilities under acidic conditions are as follows: as nanoparticles and nanoclusters.

. . . The catalytic activity of protected gold nanoclusters (NCs)

H +e + "> H Volmer step has been tested experimentally,'*"* and these systems offer

several advantages over conventional bulk materials such as
H'+H " +e + "> H,+ * Heyrovsky step

% " Received: March 8, 2023
2H" - H, +2 Tafel step Revised:  June 5, 2023

These three reaction steps form the two possible HER Published: June 22, 2023

mechanisms: the Volmer—Heyrovsky mechanism and the
Volmer—Tafel mechanism. According to the Sabatier princi-
ple,’ a good HER catalyst does not bind the hydrogen too
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size-controllable synthesis, tailoring of the organic ligands, and
high stability in solution and solid state.'”'" Small NCs
belong to the so-called “every-atom-counts region” where
adding or removing a single atom alters the NC’s physical and
chemical properties. Furthermore, the ability to control the
nanocluster’s composition through doping and ligand tailoring
allows structural optimization toward a specific function, in this
instance, catalyzing the HER reaction.”””** Au,s(SR);q in
particular has emerged as a promising catalyst and is one of the
most widely studied atomically Erecise structures with its own
broad crystallographic database.”” These nanoclusters’ stability
as homogeneous and heterogeneous catalysts makes them
highly versatile. Ligands are necessary to stabilize the metal
core, and their composition can alter the cluster’s overall
physical and chemical properties including its stability and
effective catalysis in a given solvent.”’> Doping these clusters
with other metallic elements such as Pt, Pd, and Cu has also
been shown to alter the cluster’s physicochemical properties,
for example, redox potentials, optical absorption, and reactant
adsorption en<ergies.24_27 Doping Au,s(SR) ;5 clusters can also
modify the ground-state charge which is of particular interest
for electrochemical reactions.”**® Au,s(SR),g-based clusters
can be effective electron transfer mediators when their redox
potential closely matches the reactants’ thermodynamic
potential.”> In particular, the clusters’ redox potential in
solution was found to correlate well with the potential at which
HER activity is detected on the solid electrode.”” The charge
state, electrode potential, and catalyst activity are strongly
correlated; therefore, meaningful calculations on Au,s(SR)g
clusters’ HER activity should ensure the clusters have the
correct charge state at potentials used for HER experimentally.

Previous computational studies have quantified NC-
catalyzed HER activity in terms of hydrogen adsorption
energies and the Sabatier principle, linking the adsorption
energy with the exchange current to construct volcano plots.
This analysis, based on thermodynamic quantities, has been
widely used to screen for HER catalysts to avoid explicitly
calculating reaction kinetics. While previous studies have
investigated pure and doped Au,5(SR),5 clusters’ HER activity
by following the Sabatier principle and computing hydrogen
adsorption energies, there are concerns that a nearly
thermoneutral hydrogen adsorption energy is insufficient to
explain HER activity.”*">" Furthermore, adsorption energies
are typically computed for the cluster’s most stable charge state
which does not necessarily correspond to the charge state
found under experimental conditions that is, at a given
electrode potential.”**”** To correctly account for the
electrode potential in DFT simulations, calculations should
be performed using constant potential, Grand Canonical
ensemble DFT.**** This would, however, be extremely costly
computationally, as both the NC and the electrode onto which
it is deposited must be explicitly simulated. An equally rigorous
alternative is to use canonical, fixed-charge DFT with the
charge state that occurs at the desired potential.”>**

In this work, we investigate HER thermodynamics and
kinetics by examining the Volmer step in [MAu,,(SR)]? (M
= Au, Pd, Cu) NCs. This reaction step is necessary in the two
possible mechanisms for HER. While the Volmer step is also
the rate-determining step on Au(111),°* the mechanistic
details for HER on Au,s(SR),s-based clusters remain unclear.
For example, on Au,5(SR) g, a Tafel slope of ~70 mV dec™
was extracted from from Kumar et al’s experimental data.”®
Tafel slopes depend on several parameters including the
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coverage of H atoms on the catalyst’s surface as shown by
previous studies.’® In this study, we assume low coverage due
to endergonic hydrogen adsorption energies. At low coverages,
the expected slopes for the Volmer, Heyrovsky, or Tafel step
being rate-determining were estimated to be 120, 40, and 30
mV dec™’, respectively.”” Cu and Pd were selected as dopants
because experiments have shown that they represent extremes
in the HER performance of doped Au,;SR;g nanoclusters. The
onset potentials for HER activity, corresponding to the foot-of-
the-wave in the linear sweep voltammogram, follow the order:
PdAu,, < Au,s < CuAu,,. Specifically, at any given potential,
Pd exhibited the highest current density while Cu exhibited the
lowest.”® We study the stability of the nanoclusters by
correlating the superatomic electronic structure and the
HOMO-LUMO gap (where HOMO is the highest occupied
molecular orbital and LUMO is the lowest unoccupied
molecular orbital) of five different charge states (g = —2, —1,
0, +1, +2). Redox potentials were calculated to establish the
relevant charge states for electrode potentials used in the HER.
Adsorption energies for 1—3 H atoms are tested as a simple
thermodynamic descriptor to identify clusters that may exhibit
high HER activity. In addition, by studying the adsorption
energetics of more than 1 H, we can make inferences about the
overall mechanism and whether multiple HER sites on a single
NC are possible. By computing free energies of reaction and
activation for the Volmer step under acidic conditions, we are
able to show that H adsorption energies on nanoclusters based
on [Au,(SCH;),5]? do not have as linear a correlation with
activation barriers as expected in Brensted—Evans—Polanyi
analyses. In addition, the computed kinetic barriers for the first
Volmer step on some [MAu,,(SR);]? (M = Au, Pd, Cu)
clusters are comparable to those calculated on Pt,***® which is
known to be one of the best HER catalysts. This implies that
ligand-protected, doped gold clusters have great potential as
promising HER electrode materials.

B COMPUTATIONAL DETAILS

The molecular structures used in this study are based on the
crystallographic data provided by Tofanelli et al.,*” where the
2-phenylethanethiol ligands are substituted with methylthiol
groups. This truncation was done to lower computational costs
and reduce the configurational space. All spin-polarized
ground-state computations were performed employing the
real-space grid base GPAW software."”* The frozen core
PAW approximation was used for all the elements, with 16, 11,
11, 6, 6, 4, and 1 valence electrons for Pd, Au, Cu, S, O, C and
H, respectively. The exchange correlation effects were
considered employing the GGA-PBE* functional with the
Tkatchenko—Scheffler dispersion correction.** Smearing of
electron occupations was set to zero to prevent the fractional
occupation of states.

All calculations were carried out using a cubic cell of
dimensions 28.8 A X 28.8 A x 28.8 A, with a real-space grid
spacing of 0.2 A. The water solvent effect was included by
employing a continuum solvent model™ as implemented in
GPAW. The optimization was finished when the residual
forces on each atom were less than 0.05 eV/A.

To associate the electrode potential with the correct charge,
we calculated the redox potential using the Nernst equation:

o
° AGR/O
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Figure 1. HOMO—-LUMO gap (eV) for [Au,s(SR)5]% [CuAu,,(SR) )7 and [PdAu,,(SR) )7 clusters, and n adsorbed hydrogen atoms on each
cluster with charges, ¢ = =2, —1, 0, 1, 2 and n = 1—3. The number of superatomic electrons is indicated for the most stable structures.

where AGg)q is the free energy of the reduction or oxidation
process under standard conditions, #, the number of electrons
transferred in the process, and F the Faraday constant. The first
term gives the redox potential on an absolute scale; the second
term, Ep(REF), is the SHE (Standard Hydrogen Electrode)
potential on the absolute scale, which has been determined to
be 4.44 V."° The free energy of reduction or oxidation is
calculated according to

AGI(Q/O =1IP + AGt(zans,vi’b,rot,ZPE + Ad ”

solv (2)
where IP is the vertical ionization energy from [M,Au,;_,]? —
[M,Au,_,]7". The difference in the translational, vibrational,
rotational, and zero-point energy contributions to the free
energy of the two charge states involved is given by
AGg s vibrotzpe This term is expected to be negligible because
the structural differences that accompany the change in the
charge state are minor (Figure SI-1 in the Supporting
Information). It is also neglected as even using a rigid-rotor
harmonic oscillator approximation to obtain this quantity is
too computationally burdensome. The last term, AdGgy,
represents differences in solvation energy, that is, the energy
spent as solvent molecules rearrange around the newly charged
species. Although we do not consider explicit solvation to keep
the model simple and the computational expense manageable,
the change in solvation energy is partially accounted for with a
continuum solvation model.

Adsorption energies Ey, for n hydrogen atoms on pure and
doped clusters were calculated according to

E, = E(Au + nH) — E(Au + (n — 1)H) — %E(Hz)
3)

where E(Au + nH) and E(Au + (n — 1)H) are the potential
energies of the system with n and n — 1 adsorbed H atoms,
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respectively, and E(H,) is the energy of the gas-phase H,
molecule.

The free energies of reaction and activation for the first and
second Volmer steps on these clusters were determined for the
following reactions:

H,0" + [MAu,,(SR);4]""" - H,0 + [HMAu,,(SR),]’
(4)

H,0" + [HMAu,,(SR)g]"™"

- H,0 + [HZMAu24(SR)18]q (5)

where M = Ay, Cu, Pd, and q = —1, 0, +1, and +2. To
determine kinetic energy barriers, transition states were
identified with the climbing image nudged elastic band
method,*”*® using five images and a convergence criterion of
0.05 eV/A. We performed Bader charge analysis* to validate
the local charge on the nanocluster, H and H;O" for every
initial, transition, and final state identified.

A limited vibrational analysis was performed to confirm
stationary states as minima or transition states and to compute
the structures’ free energies by obtaining the zero point
energies and entropic contributions. Only the vibrational
contributions from the H;0*, H,0, and adsorbed H in the
reaction systems are considered in the calculations as the
entropic contribution from the NC’s vibrational modes is
expected to be negligible. The free energies of reaction and
activation reported herein were calculated as the difference
between the products and reactants in the same unit cell.

Bl RESULTS AND DISCUSSION

We explored the energetics and Au core distortions of the
[MAu,,(SCH,)4] structures, which were optimized as
described in the computational section at different charge
states, ¢ = =2, —1, 0, +1, +2. Distances between the central
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atom and icosahedral surface atoms vary from 2.81 A to 2.92
A, in agreement with previous reports for Au,(PET) g3
which show that these distances vary between 2.7 A and 3.3 A.
To illustrate structural distortions caused by the charge state,
we examined the clusters’ overlap with [Au,s(SCH;),5] 72
which is used as a reference. As can be seen in Figure SI-1,
there are no significant structural differences between
[Au,5(SR)5]? clusters with different charge states. The
negligible structural differences between charge states agree
with a previous study on Au,s(PET),"%*V).3” This observa-
tion suggests that instead of differences in relative atomic
positions, purely electronic structural differences cause the
clusters’ varying catalytic activity.

B CU- AND PD-DOPED [AU,5(SR);5]? CLUSTERS

We analyzed the effects of doping the [Au,s(SCHj;) ]
structure with Cu or Pd for each charge state. For the sake
of clarity, we adopt a notation of [Au,s]?, [CuAu,,]d,
[Cu,Au,;]Y, and [PdAu,,]? to refer to the nanocluster systems
and their charge states (g = —2, —1, 0, +1, +2). Three
symmetrically nonequivalent positions for Cu and Pd-doping
are identified as the center of the icosahedral core, the surface
of the icosahedron, and part of the S—Au—S staple motif
(Figure SI-2 in the Supporting Information). Fractional,
althou%h greater than 1, Cu-doping reported experimen-
tally>”>" raises the possibility of a double Cu substitution.
We therefore investigated the double substitution of two Au
atoms with Cu atoms for several different possible combina-
tions of positions in the [Au,5]? clusters, as shown in Figure SI-
3 in the Supporting Information. The relative energies for the
[CuAu,,]?, [CuyAu,s]% and [PdAu,,]? NCs are summarized in
Tables SI-2—SI-4, respectively, in the Supporting Information.

To compare the electronic stability of the pure Au cluster
with its Cu and Pd-doped counterparts, we correlate the
HOMO-LUMO gaps with the superatom’s®® electron
configuration and overall charge (see Figure la). Large
(small) HOMO-LUMO gaps indicate a greater (lesser)
electronic stability. The [Au,s(SR);5]? electronic structure
configurations have been extensively studied with different
thiol ligands and charge states. The superatomic electron
counting rule®® considers the valence electrons donated/
withdrawn by the metal atoms/thiols to/from the cluster’s
metallic core. The [Au,s(SR);5]™" system has been widely
reported as having an 8e~ superatomic configuration (1S*1P°),
where each Au contributes le~ and each thiol withdraws 1e~.>
Additionally, a recent study reported that hydrogen adsorbed
to the metal core of Au,s-based nanoclusters also behaves as a
metal and thus contributes its 1s electron to the superatom’s
electronic configuration.”* Table SI-1 in the Supporting
Information summarizes the different superatomic electron
configurations. As expected, our calculations show that the
[Au,s] ™! cluster is the most stable with a HOMO—LUMO gap
of 1.19 eV due to the closure of the core—shell with an eight-
electron superatomic configuration (Figure 1a). Also expected,
[Auy]™ NC is the second-most stable with a six-electron
superatomic configuration (15*1P*) and a gap of 0.48 V. The
[Au,s] NCs with g = +2, 0, —2 each have an odd number of
superatomic electrons and have much smaller HOMO-—
LUMO gaps, between 0.07—0.08 eV. The order of electronic
stability is therefore —1 > +1 > +2 > 0 > —2.

The relative energies of a single Cu-dopant at the center, on
the surface of the icosahedral core or in one of the S—Au—S
staple motifs are found in the range of 11—108 meV, regardless
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of the charge state (see Table SI-3). The range of relative
energies is wider for [Cu,Au,;] NCs than for [CuAu,,] NCs;
however, it is still much smaller than that observed for
[PdAu,,] NCs. Although experiments have shown Cu to
preferentially substitute for Au atoms in staple positions,””>"
our results suggest the different isomers are energetically
competitive and therefore the site preference observed
experimentally must be due to low kinetic barriers encountered
in the synthesis. To reduce the configurational space, we study
H adsorption and HER energetics using only the lowest energy
structures with a single dopant atom for each charge state. The
doubly doped NCs will only be used to evaluate the redox
potentials.

As with Au, the Cu atom donates its 1s electron to the core,
and the 8e” superatom is [CuAu,,]™". [CuAu,,]™" is the most
stable charge state, similar to the pure NC, with a HOMO—
LUMO gap of 1.27 eV (Table SI-2). This Cu-doped cluster
substitutes for an Au atom on the surface of the icosahedral
core and its HOMO—LUMO gap is 73 meV larger than its
pure Au counterpart. As observed in the pure Au NC, the
second-most stable Cu-doped cluster corresponds to the 6e™
superatom, [CuAu,,]"', with a HOMO—LUMO gap of 0.58
eV. The [CuAu,,] NCs with an odd number of superatomic
electrons also have smaller band gaps, between 0.07 and 0.08
eV, than those with an even number of superatomic electrons.
Cu substitutes an Au atom on the surface of the icosahedron
core for the 8e~ [CuAuy]™', 6e” [CuAu,,]*', and Se”
[CuAu,,]™ clusters, whereas it substitutes the central Au
atom for the 9¢~ [CuAu,,]™* and 7e~ [CuAu,,]° NCs (see
Table SI-3). The order of stability for these systems is —1 > +1
>0, 42 > —2.

Previous experimental and computational studies have
shown that Pd preferentially substitutes the central Au atom
in the Au,; icosahedron.”* ™" Our calculations agree with this
finding and show that this preferred doping site is independent
of the charge state (Table SI-2). According to the superatomic
electron counting rules, Pd does not donate a valence electron;
therefore, [PdAu,,]™* achieves the 1S?1P® superatomic
configuration of eight electrons (see Table SI-2 and Figure
la). The 8¢~ [PdAu,,]™*> NC exhibits the highest HOMO—
LUMO gap, 1.24 eV, among all the different charge states (see
Table SI-2) and is electronically more stable than its [Au,]™
counterpart by SO meV. Interestingly, the 4e~ [PdAu,,]"* NC
is more stable than the 6e™ [PdAu,,]° NC by 48 meV as seen
by the HOMO—-LUMO gap (see Table SI-2). The stability
trend for these NCs is then —2 > 42 > 0 > +1 > —1.

B REDOX POTENTIALS

Monoatomically doping the [Au,s]™" cluster changes the
electronic structure and opens the possibility to tune the redox
potentials and, hence, lower the overpotentials encountered for
HER. Our calculated redox potentials shown in Table 1 are in
good agreement with experimental values found for the —2/—1
redox pairs, —1.476 Vg (Au,s), — 1.272 Vg (CuAu,,), and
—0.476 Vgyp (PdAu,,).”””"” As the charge state increases,
however, the deviation in our calculated redox potentials from
experimental values increases. These deviations may be caused
by errors in the difference in solvation energies. Deficiencies in
the solvation model have been shown to overshadow any gains
in accuracy that may be achieved using a higher level of
theory.”” Deviations from experiment may also be the result of
the ligand truncation, as the experimental values taken for
comparison are from clusters with bulkier 2-phenylethanethiol
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Table 1. Redox Potentials (Vgyg) for [Au,s(SR)5]%,
[CuAu,,(SR);5]7 [CuyAu,;(SR) 6] and [PdAu,,(SR),s]?
Clusters with Reduced q = -2, -1, 0, 1, 2

Redox potential (Vgyg)

redox pair Au,g CuAu,, Cu,Au,, PdAu,,
-2/-1 —-1.55 —1.48 —1.48 —0.55
-1/0 —-0.30 —-0.35 —0.31 —0.38
0/+1 -0.15 —0.16 -0.17 0.06
+1/+2 0.23 0.14 0.42 0.26
+2/43 0.38 0.40 0.42 0.65

ligands. Indeed, Kumar et al. showed that thinner ligand layers
would increase the HER current density for a given potential.*®
Nevertheless, certain qualitative trends remain; for example,
redox potentials for CuAu,, are similar to those for Au, and
the range of potentials observed for PdAu,, redox pairs is
much smaller than for Au,;. Interestingly, the redox potentials
for Cu,Au,; are similar to those of CuAu,,, suggesting similar
electrocatalytic properties and, therefore, further justifies
excluding Cu,Au,y; clusters from further calculations. We
focus our analysis on the voltage range between 0 and —1
Ve This extended range can help identify clusters that may
have high HER activity within the margins of error afforded by
the computational methods and also explain the activity on
clusters that are deemed to be poor catalysts. In this range, the
relevant charge states for PdAu,, are 0, —1, and —2, while the
relevant charge states for Au,s and CuAu,,, are +1, 0, and —1.
The potentials of zero charge, that is the redox potentials that
stabilize clusters with zero charge, are —0.15—0.16, and 0.06 V,
respectively for Au, Cu-doped, and Pd-doped clusters.
Interestingly, this follows the trend in the experimentally
measured onset potentials, suggesting that the potential of zero
charge is a descriptor for HER.>® The redox potential is a
relatively simple quantity to calculate that, in this case, explains
the trend in activity; however, it is not a sufficient criterion to
explain HER activity.

B HYDROGEN ADSORPTION AND ELECTRONIC
STABILITY

We studied hydrogen adsorption in pure and single-atom Cu-
and Pd-doped [Au,s]? Different adsorption sites shown in
Figure 2 and combinations thereof were explored using the
lowest energy structures of the pure and doped [Au,5]? NC.
For the first H, adsorption at a hollow site for ¢ = 0, +1, and +2
is preferred, while a bridging position between two icosahedral
atoms is energetically more favorable for ¢ = —1 and -2, for

Figure 2. Hydrogen adsorption sites for the [Au,5(SR)5]? clusters.
Au atoms are represented in orange, S in yellow, and H in blue. CH,
groups are omitted for clarity: (a) the hollow site where H binds to
the central atom and two icosahedral atoms, (b) a bridge site where H
is between two icosahedral atoms, and (c) another bridge site where
H is between an atom in the staple motif and an icosahedral atom.
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both pure and doped Au clusters. To reduce configurational
space, combinations of adsorption sites for two and three
adsorbed H are restricted to those where the adsorbed H is in
relative proximity to each other such that H, may be formed
later. Adsorption energies (E,) for 1—3 H atoms at different
sites are summarized in Tables SI-5—SI-7 in the Supporting
Information. The lowest adsorption energies obtained for each
system are presented as a function of the cluster’s charge in
Figure 3.

In general, hydrogen adsorbed on doped systems achieving 8
or at least an even number of superatomic electrons is more
stable. Considering clusters with the same superatomic
electron configuration (i.e., [Au,s]?, [CuAu,,]?, and
[PdAu,s]?™"), one can observe the following trend in
adsorption energies: Au > Cu > Pd, in agreement with
hydrogen adsorption observed on the corresponding metal
slabs. The lowest binding energies are found when the H—Cu
or H-Pd distances are smallest. In Cu-doped systems, the
distances to the gold atoms involved are also shorter, but this
effect is less significant. Additionally, the hydrogen preferen-
tially adsorbs at sites closer to the nanocluster’s core rather
than on the surface. This suggests that the nanocluster’s metal
atoms and the Cu and Pd dopants in particular participate in
the adsorption.

In most cases, H adsorbs endothermically into the cluster,
indicating weaker binding. The charge states with adsorption
energies close to zero may be promising HER catalyst
candidates. The following charge states may be considered
for HER catalysis due to their low adsorption energies (below
~0.4 eV) for the first hydrogen: ¢ = =2, 0, 1, and 2 for Auy;
and CuAu,, and ¢ = =1, 0, 1, and 2 for PdAu,,. Four
characteristic distances for each H atom adsorbed are
distinguished: the distance between the H and the two nearest
icosahedral metal atoms, the central atom, and the nearest
metal atom in the staple motif. These characteristic distances
for the structures with the lowest adsorption energy are
summarized in Tables SI-8—SI-10 in the Supporting
Information.

For Au,s NCs, we observe an inverse correlation between
the adsorption energies and the HOMO—-LUMO gaps that
persists for each charge state and can be related to the
superatom model. As previously mentioned, the H atom
contributes its 1s electron to the superatom’s electronic
structure. Consequently, the 8e™ superatomic electron
configuration shifts toward more positive charge states as the
number of adsorbed H increases, regardless of the system, as
can be seen in Figures 1b—d. Alternatively, higher angular
momentum electronic shells are filled as the number of
adsorbed hydrogens increases for a given charge state. For
example, [Auy]™!, [HAuy ), [HyAuys]™, and [HyAuy]** are
isoelectronic with 8 superatomic electrons. The electronic
stability of these systems decreases as the number of adsorbed
H increases, as indicated by HOMO—LUMO gaps of 1.19 eV
([Auzs]_l)y 1.09 eV ([HAuzs]o)x 091 eV ([HzAuzs]H); and
0.74 €V ([H;Auy]*?). It is notable that the difference in the
HOMO-LUMO gaps for [HyAu,s]™* and [HAu,]™" is only
0.03 eV, indicating that higher densities of adsorbed H stabilize
highly anionic Au NCs. Au,s NCs with an even number of
superatomic electrons have larger HOMO—LUMO gaps and
lower H adsorption energies. Conversely, Au,s NCs with an
odd number of superatomic electrons have smaller HOMO—
LUMO gaps and higher H adsorption energies. These
observations are in agreement with and an extension to
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Figure 3. Adsorption energy, Ey, (eV) for the nth hydrogen atom on [Au,5(SR) )%, [(Cu,Pd)Au,,(SR) 5] clusters where g = —2, —1, 0, 1, 2, and n

=1-3.

previous computational studies that were done on Au,; NCs
with g = —1, 0, +1.**

The trends in the HOMO—-LUMO gaps and H adsorption
energies for [CuAu,,]? NCs are similar to those observed for
[Au,s]? NCs, as can be seen upon comparing Figure 1c and
Figure 2b. Compared to the [Au,s]? NCs discussed above,
there is less symmetry in the HOMO-LUMO gaps and
adsorption energies in the g = 0 charge state. The 8e™ systems,
[HCuAu,,)°, [H,CuAu,,]*!, and [H;CuAu,,]*?, have similar
HOMO-LUMO gaps (091 eV, 1.00 eV, and 0.86 eV,
respectively). The lowest adsorption energies for the first and
third H adsorbed are found at g = +2, while the lowest
adsorption energy for the second H is found at q = +1.

The [PdAu,,]? NCs exhibit different trends in the HOMO—
LUMO gaps and H adsorption energies compared with their
pure Au and Cu-doped counterparts. As shown in Figure 1d,
the 8¢~ [PdAu,,] systems have HOMO—-LUMO gaps within
0.06 eV of each other and have the following order of
electronic stability: [3H-PdAu,,]"' > [2H-PdAu,,]° > [1H-
PdAu,,]™". Figure 2c shows that these charge states also exhibit
the lowest adsorption energies for the third, second, and first
adsorbed hydrogen, respectively. The 10e™ systems, [3H-
PdAu,,]™" and [2H-PdAu,,] % are ~0.4 eV less stable than
their 8e™ counterparts.

B VOLMER STEP ENERGETICS

Conventionally, superior activity of candidate HER catalysts
has been inferred using the Sabatier principle, whereby
hydrogen adsorption, that is the Volmer step, should be nearly
thermoneutral.”>® However, optimal adsorption energies
corresponding to maximum current density will shift, depend-
ing on the overall kinetics and the electrode potential.”’ To
correctly account for the electrode potential, calculations
should be performed using constant potential, Grand Canon-
ical ensemble DFT.>*** Although many of the clusters in this
study have low adsorption energies suggesting that high HER
activity, kinetic parameters, such as the frequency factor and
activation energy, control a catalyst’s activity.”” Therefore, to
verify the clusters’ activity, we investigate the free energies of
reaction and activation for the first Volmer step under acidic
conditions, that is, the decomposition of H;O" into a proton
adsorbed onto the [MAu,,]? cluster and a water molecule.
Given the redox potentials discussed above, only the 0, —1, and
—2 charge states for PdAu,, and the +1, 0, and —1 charge
states for CuAu,, and Au,s need be considered, because they
occur at potentials relevant for HER. For the sake of

completeness, however, we report our results for all charges
considered.

The calculated free energies of the reaction and activation
barriers for the first Volmer step are given in Table 2. The free-

Table 2. Free Energies of Activation and Reaction for the
First Volmer Step: H;0* + [MAu,,(SR)4]9™' —» H,0 +
[HMAu,,(SR);4]%, Where M = Au, Cu, Pd, and g = —1, 0, 1,
2

Free Energy (eV)

Au Cu Pd
q activation  reaction activation reaction activation reaction
-1 0.000 —0.656 0.000 —0.845 0.000 —0.983
0 0.092 —0.488 0.670 —0.223 0.133 —0.056
+1 0.632 —0.072 0.450 —0.111 0.508 —0.261
+2 0.830 0.285 0.444 0.014 0.330 —0.164

energy diagrams for this reaction on each cluster are given in
Figure SI-4 in the Supporting Information. We note that these
results were calculated under conditions of constant charge,
where g in Table 2 is the overall charge in the system and
therefore neglect the effect of applied potential.

As a proton is transferred from H;0" to the cluster, an
electron is expected to transfer from the cluster to the proton.
A Bader charge analysis shows that as a H moves from H;0" to
an adsorption site on the cluster, the charge on this atom
decreases from approximately +0.5 to 0 (see Figure SI-S in the
Supporting Information). No significant charge transfer occurs
toward the other atoms forming H,O, indicating that the
adsorbed proton has gained an electron from the cluster. This
confirms that the H adsorption is an electrochemical step.

We also observe a common trend in the reaction energies,
where the reaction becomes increasingly exergonic as the
cluster is reduced. In other words, as higher negative potentials
are applied, reduced charge states are stabilized, and the first
step for the HER becomes more energetically favorable.
Kinetic barriers then determine the activity at each charge
state.

At 0 Vgyg, [Auy]* is stable and can react with H;O" to
form [HAu,s]™ and H,O (see q = +2 in Table 2). This
reaction is endothermic and has a significant kinetic barrier of
0.83 eV. [Auy|*! may therefore be excluded as a possible HER
catalyst. Additionally, this charge state is stable only until
—0.15 V, at which point the cluster is reduced to [Au,]’.
[Au,,]° is stable between —0.15 and —0.30 Vg and shows a
favorable reaction energy of —0.07 eV. The kinetic barrier for
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the proton transfer is 0.63 eV. This is comparable to the barrier
calculated for the same process on Au(111) (~0.6 eV),**
which is a poor HER catalyst. [Au,s]™" is stabilized upon
lowering the potential to —0.30 Vgyz. This cluster has a
favorable reaction energy of —0.49 eV and a kinetic barrier of
0.09 eV making it a promising HER catalyst candidate. The
proton transfer is barrierless on [Au,s] ™% however, this cluster
is stabilized only at very high negative potentials (—1.55 Vgyz)
and is therefore excluded from further discussion.

Similarly, based on the redox potentials, [CuAu,,]*" is stable
at 0 Vg and reduces to [CuAu,,]® below —0.16 Vgyz. The
proton transfer on both of these clusters (see ¢ = +2 and +1 in
Table 2) is not very energetically favored, and the kinetic
barriers are non-negligible. Lowering the potential below
—0.35 V stabilizes [CuAu,,]™", which shows a more favorable
reaction energy of —0.22 eV, but also a higher kinetic barrier of
0.67 eV (see g = 0 in Table 2). Although [CuAu,,] > exhibits a
barrierless proton transfer, it is stable only at very high negative
potentials outside the range of HER potentials generally
employed. These results may explain why Cu-doped clusters
experimentally have lower HER activity, as demonstrated by a
higher negative onset potential of —0.57 Vgyg (—0.53 Vg at
pH 0.7)*° than Au or Pd-doped clusters.

As discussed above, [PdAu,,] clusters stabilize at different
charge states, compared to Au and Cu-doped clusters in the
potential range relevant for HER. [PdAu,,]°, [PdAu,,] ™, and
[PdAu,,] 2 form at 0.06, — 0.38, and —0.55 Vi, respectively.
As shown in Table 2, the first Volmer step is thermodynami-
cally favored for all charge states. [PdAu,,]° has a barrier of
0.51 eV and is therefore unlikely to be the active catalyst. In
contrast, [PdAu,,]™" and [PdAu,,]™* have low and zero
barriers, respectively, suggesting that HER readily occurs below
—0.38 Vgyg. Our results suggest higher reactivity in [PdAu,,]
clusters than Pt(111), which has a barrier of ~0.3 eV for the
Volmer step,”® making these clusters promising HER catalyst
candidates.

Experiments on Au,s-based clusters with PET ligands report
the HER onset potentials for PdAu,,, Au,s, and CuAu,, to be
—0.33 Vgup, —0.37 Vi, and —0.57 Ve (—0.29, — 0.33, and
—0.53 Vg at pH 0.7), respectively.26 The order of activity in
terms of the measured current density was reported to be
PdAu,,(PET);3 > Au,s(PET);3 > CuAu,,(PET),s at any
voltage where all three samples were active.”® Our computa-
tionally determined redox potentials neglect entropic con-
tributions, and errors may arise due to the implicit solvent
model, the exchange-correlation functional, and the substitu-
tion of PET ligands with smaller methyl groups. Therefore, our
values need not necessarily align with the experimentally
observed onset potentials. However, if we were to compare our
results at voltages such as —0.60 or —0.70 Vg, as considered
in Kumar et al.’s paper, we find the same trend in activity. At
such voltages, the Pd-doped cluster exists as [PdAu,,] %, while
the pure and Cu-doped clusters are stable as [Au,s]™' and
[CuAu,,]™". The first Volmer step on the Pd-doped cluster is
barrierless and the most exergonic among the clusters
considered. The Au cluster has a very small barrier (0.09
€V) and a favorable reaction energy (—0.49 eV), while the Cu-
doped cluster has the least favorable reaction energy (—0.22
eV) and a high barrier of 0.67 eV. In effect, our calculations
also suggest the same order of reactivity: PdAu,, > Au,s >
CuAu,,.

The calculated redox potentials demonstrate that these
clusters exist in different charge states under the reaction
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conditions. Employing the common method of comparing
reactivity at a given charge state would lead to a different order
of reactivity. For example, on neutral clusters (see ¢ = 1 in
Table 2), the reaction barriers would give the order of activity
CuAu,, > PdAu,, > Au,; while the reaction energies would
give PdAu,, > CuAu,y, > Au,;.

B ENERGETICS OF A POSSIBLE SECOND VOLMER
STEP

Next, we consider the second Volmer step under acidic
conditions: H;O* + [HMAu,,(SR)3]"-1—> H,0 +
[H,MAu,,(SR)5]% Here, a second H;O" decomposes into a
proton adsorbed on the hydrogenated cluster and a water
molecule. This is the precursor to the Tafel step, where two
adsorbed H atoms combine to form a hydrogen molecule.

If the clusters are active as homogeneous catalysts in
solution, then one should consider the possibility that the
proton and electron transfers are not necessarily coupled. In
other words, the clusters could follow this sequence upon
protonation: [MAuy,]7—2 - [HMAu,,]"-1—> [HyAu,,]%
This would, of course, depend on the relative rate at which the
cluster’s charge state can be stabilized at the given potential
and the rate of reaction for the second Volmer step. If the
clusters are heterogeneous catalysts, as in the experiments by
Kumar et al.,* they are supported on an electrode which acts
as an infinite source or sink of electrons. This allows the
clusters to change their charge state while maintaining a
constant potential. Therefore, it is important to identify the
relevant charge state of the hydrogenated cluster at a given
potential. Our calculated redox potentials for the hydrogenated
clusters are shown in Table 3.

Table 3. Redox Potentials (Vgyg) for [HMAu,(SR) 5]?
Clusters, Where M = Au, Cu, Pd, and Reduced g = -2, -1,
0,1,2

Redox Potential (Vgyr)

redox pair HAu,; HCuAu,, HPdAu,,
-2/-1 —-0.95 —0.81 —-1.04
—1/0 -0.70 -0.71 —0.16
0/+1 0.17 0.58 0.10
+1/+42 0.38 0.36 0.37
+2/+3 0.77 0.74 0.69

In general, the qualitative trends in the redox potentials
observed with the bare clusters are also seen in the
hydrogenated clusters (Table 3). For example, the redox
potentials for [HAu,;] and [HCuAu,,] are similar. Addition-
ally, for each cluster, the charge state with the largest difference
between its reduction and oxidation potentials also has the
largest HOMO—LUMO gap (g = 0 for HAu,; and HCuAu,,
and q = —1 for HPdAu,,). Given the unusually large redox
potential for [HCuAu,,]’ < [HCuAu,,]*', we suggest that the
redox potentials are sensitive to the position of the dopant and
the adsorbed hydrogen atom within the cluster. The Cu is at
the center for both ¢ = —2/—1 and 0/+1 redox reactions;
however, the adsorbed hydrogen atoms are in different
positions. For ¢ = —2/—1, the hydrogen is located at a bridge
site between two icosahedral Au atoms, whereas for g = 0/+1,
it is at a hollow site binding to the center atom (see Table SI-
9). Nevertheless, from the redox potentials given in Table 3,
we see that the charge states relevant for HER activity are g =
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0, —1, and —2 for [HAu,s] and [HCuAu,,], and g = 0 and —1
for [HPdAu,,].

The calculated free energies of the reaction and activation
barriers for the second proton adsorption on each cluster for all
charges considered are given in Table 4. Here again, g is the

Table 4. Free Energies of Activation and Reaction (eV) for a
Second Volmer Step: H;O" + [HMAu,,(SR);5]7! — H,0 +
[H,MAu,,(SR),5]%, Where M = Au, Cu, Pdand q = —1, 0, 1,
2

Au Cu Pd
q activation  reaction activation reaction activation reaction
-1 0.000 —0.470 0.274 —0.349 0.049 —0.747
0 0.000 —0.319 0.096 —0.320 0.653 —0.226
+1 0.562 0.076 0.000 —0.259 0.238 —0.158
+2 0.313 —0.006 0.873 0.343 0.323 —0.027

overall charge of the system in the reaction, where
[HMAu,,]7" becomes [H,MAu,,]%. As shown by the Bader
analysis in Figure SI-S, while the H atom already adsorbed on
the cluster maintains its neutral charge over the course of the
second Volmer step, the second H transferred from H;O" to
the cluster loses its positive charge. This confirms that the
second proton also gains an electron from the cluster. As was
the case for the first Volmer step, the second Volmer step
becomes increasingly exergonic; that is, the reaction becomes
more energetically favorable as the cluster is reduced from +1
to —2.

At 0 Vgyp, HAuy exists as [HAuy]° and the reaction is
slightly endothermic with a barrier of 0.56 eV (see ¢ = 1 in
Table 4). At potentials below —0.70 Vgyp (g = 0 or —1 in
Table 4), the reaction becomes thermodynamically favorable
and barrierless.

The results for HCuAu,, are in high contrast here. This
cluster exists as [HCuAuy,]® at 0 Vgyg and stabilizes to
[HCuAu,,]™" and [HCuAu,,]™> at —0.71 Vgyg and —0.81
Vsups respectively. The second Volmer step is exergonic for
each of these three clusters. As the hydrogenated cluster is
reduced from g = 0 to q = —2, the reaction barrier increases
slightly from 0 to 0.27 eV. Since the second Volmer step
occurs easily, thereby paving the route for a Volmer—Tafel
mechanism, the rate-determining step on Cu-doped clusters
may be the Tafel or the first Volmer step. For HPdAu,,, the
relevant charge states, 0 and —1, are stable at potential ranges
of 0 to —0.16 Vg and —0.16 to —1.04 Vg, respectively.
[HPdAu,,]° and [HPdAu,,]™" (g = +1 and 0 in Table 4) are
both energetically favorable toward the second proton
adsorption and have barriers of 0.24 and 0.65 eV, respectively.

Given that HER activity is observed for Cu-doped clusters
only below —0.57 Vgy (—0.53 Vyyg at pH 0.7),”° the relevant
charge states to compare activity toward the second Volmer
step are [HAu,5]%, [HCuAu,,]°, and [HPdAu,,]™". While the
reaction easily proceeds on the Cu-doped cluster, it is
energetically unfavorable on the pure cluster, and both the
Pd-doped and pure clusters have significant reaction barriers.
This points to the likely fact that, in the case of Au and Pd-
doped clusters, the adsorption of the second H is not highly
favored and the Volmer—Heyrovsky mechanism may be the
preferred route for HER activity.

The significant differences between the first and second
proton transfer energetics and the corresponding kinetic
barriers demonstrate how sensitive these systems are to the
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presence and configuration of two adsorbates. This sensitivity
appears to agree with the discussion above of the NCs’
adsorption energies and HOMO—-LUMO gaps.

B CONCLUSIONS

We have investigated the effects of doping [Au,s(SR);g]?
clusters on their stability, strength of hydrogen adsorption,
redox potentials, and eflicacy as HER catalysts. We considered
single atom Cu and Pd doping and different charge states (g =
-2, —1,0, +1, +2).

Electronic stabilities given by HOMO—-LUMO gaps and
adsorption energies for 1—3 H atoms were correlated to the
clusters’ superatomic electron configuration. Generally, clusters
corresponding to an 8e” superatom have larger HOMO—
LUMO gaps, higher stability, and lower H adsorption energies
(stronger binding) than those with other electronic config-
urations.

The range of potentials of interest to study HER activity
under acidic conditions is generally between 0 and —1 Vgyg.
Based on our calculated redox potentials, the charge states that
exist in this range are +1, 0, and —1 for Au,s and CuAu,,, and
0, —1, and —2 for PdAu,,. Interestingly, the trend observed in
the potential of zero charge or the redox potential to reach the
cluster with g = O agrees with the experimentally observed
trend in HER onset potentials:*® PdAu,, > Auys > CuAu,,.

We computed the free energies of the reaction and kinetic
barriers for the first and second Volmer steps under acidic
conditions. At —0.6 or —0.7 Vg, we find that PdAu,, exists at
q = —2, while Au,; and CuAu,, exist in a different charge state
q = —1. The corresponding reaction energies and kinetic
barriers give the following order of activity toward the first
Volmer step: PdAu,, > Au,; > CuAu,, the same trend
observed experimentally.”® We find that PdAu,, and Au, have
reactivity toward the Volmer step that is comparable to that of
Pt(111),”® making them promising HER catalysts.

Our results for the second Volmer step on Au,;, CuAu,,,
and PdAu,, raise the possibility that these three clusters may
not necessarily follow the same mechanism for HER. The
adsorption of the second H appears effortless on the Cu-doped
cluster, suggesting the Volmer—Tafel mechanism may occur.
For the Au and Pd-doped cluster, however, the adsorption of
the second H is not favorable, thereby suggesting the Volmer—
Heyrovsky mechanism is preferred. Further investigations on
the following steps in the HER would help confirm this.

We believe this study to be an improvement to the
computational strategies generally employed, where inves-
tigations and comparisons are carried out on clusters in their
neutral or stable charge state. This work highlights the
importance of determining redox potentials and identifying
the relevant charge states of a cluster under the electrochemical
reaction conditions. Our results confirm that choosing an
appropriate dopant can help control the charge state at a given
potential, hydrogen adsorption energies, HER activity, and
reaction mechanism significantly. This study brings us closer to
understanding and developing both computational and
experimental strategies to design highly active HER catalysts.
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