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Abstract: The oxygen reduction reaction (ORR) plays a key role in
renewable energy transformation processes. Unfortunately, it is
inherently sluggish, which greatly limits its industrial application.
Sub-nano cluster decorated electrode interfaces are promising
candidate ORR electrocatalysts. However, understanding the nature
of the active sites on these catalysts in electrocatalytic conditions
presents a formidable challenge for both experiment and theory, due
to their dynamic fluxional character. Here, we combine global
optimization with the electronic Grand Canonical DFT, to elucidate
the structure and dynamics of sub-nano Pt, clusters deposited on
electrified graphite. We show that under electrochemical conditions,
these clusters exist as statistical ensembles of multiple states, whose
fluxionality is greatly affected by the applied potential, electrolyte,
and adsorbate coverage. The results reveal the presence of potential-

dependent active sites, and hence, reaction energetics.

Introduction

The progressive fossil fuels depletion in conjunction with the need
for reducing environmental pollution has motivated an increasing
interest in the search for renewable and efficient energy
processes.l!l Within this context, electrocatalysis plays a crucial
role, being at the heart of many state-of-the art energy
technologies such as hydro-gen producing devices,/? photovoltaic
systemsll and fuel cells.[l Specifically, (sub-nano) Pt-based
clusters are promising catalysts for important electrocatalytic
process such as the Oxygen Reduction Reaction (ORR).[-101
These systems exhibit many intriguing features. For example, the
activity and selectivity of size-selected Ptn (n = 1-14) clusters
deposited on glassy carbon and indium tin oxide strongly and
non-monotonically depend on the cluster size.l''!5 One key
feature of supported Ptn clusters is their high fluxional character,

which leads to various competing low energy structures. This

results in their capability to change shape from thermal
fluctuations, and to restructure in response to the number and
nature of the adsorbates. One consequence is that they can
circumvent the generally accepted scaling relations of ORR..[16-18]
In electrochemical processes, the catalytic interface can be highly
impacted by the applied potential. For example, Reuter and co-
workers showed from first principles that the electrode potential
causes reconstruction of IrO:z nanoparticles.'9 Roldan et al
showed a significant restructuring of Cu nanoparticles in COz2
electro-reduction conditions.?)l Many catalytic intermediates also
exhibit potential-dependent coordination modes, such as pyridine
on Au(111),l oxalate on Ni(111),[2!
Cu(211).128] These observations, in conjunction with the high

and activated CO2 on

fluxionality, and structural sensitivity of Pt clusters to the
reaction conditions,?4 are suggestive of a) several structures and
hence active sites present in one chosen electrochemical condition
and b) a strong dependence of these available active site(s) on the
electrochemical conditions on a cluster-decorated interface. Notice
that, at an electrochemical interface, the number of electrons is
not fixed, as the electrode acts as a source (cathode) or sink
(anode) of electrons. Instead, the electrochemical potential stays
constant along the reaction coordinate. Sub-nano clusters are, as
other molecular systems, known to adopt different shapes in their
different charge state (cationic, neutral, or anionic). Thus, we
expect that the explicitly included electrochemical potential
should produce significant alterations of the cluster-decorated
electrocatalytic interface; as pointed out by us in a recent
exploratory work.[?”l The central goal of this study is the
elucidation of the structural evolution, reagent coverage, and
resultant ORR activity of sub-nano Pt clusters deposited on
graphite (as a model system for carbon-based supports), under
ORR conditions of applied potential and in the presence of various
adsorbate coverages.
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Figure 1. Left: Selected local minima, relative energy with respect to the GM for the zero-charge systems (AEzcp), electrochemical potential associated to the
zero-charge system (zero-charge potential, ZCP), and Boltzmann cluster population at 300 K considering the relative energies of the ZCP (Pzcp). Right: AG (with
respect to the GM at each potential) as a function of the potential (w.r.t. SHE), and Boltzmann cluster distribution as a function of the potential. at 300 K in the SC

The methodology suitable for this task requires a special note.
While previous addressed ORR on
graphite/graphene-supported Pt  clusters,[2630  the
optimization typically required for small clusters has not been
accomplished (with  the
exception of ref. 25). At this point, we should comment on the

studies
global
under electrochemical conditions
work of Nakajima and co-workers, who have studied graphite-
based surfaces decorated with Ptn clusters by pre-optimizing the
clusters in the gas phase and then depositing them in the surface,
the potential effect being later included by means of the
Computational Hydrogen Electrode (see below). In order to
identify the relevant clusters at working conditions, they relied on
XAFS spectroscopy, and used it to match the observations with
some of the DFT computed structures.'331 Even though their
approach is, without any doubt, valuable, they had to recur to
experimental evidence to identify the global minimum (GM), and
did not consider ensemble effects. In this sense, out perspective is
different, as it is enforced to extract the chemical information from
the system without requiring external input.

Indeed, the potential-dependent
adsorption and especially fluxionality is not trivial, and cannot be

accounting for effects in
done, for example, within the widely-used Computational
Hydrogen Electrode (CHE) model.32l In this work, we therefore
combine global optimization techniques with an explicit grand
canonical modelling of the electrochemical potential. This is
attained by the Surface Charging (SC) method, 33 which consists
of tuning the system workfunction by adding/removing electrons
to/from the neutral system. Adding full explicit solvation and the
sufficient statistical mechanical sampling of the solvent and ions
to the scheme would be prohibitively expensive.l34 Therefore, we
resort to implicit solvation with the linearized Poisson-Boltzmann
(PB) model of the electrolytel*l - the approach has demonstrated
success for a variety of electrochemical processes.[21:36:371 Note that
modelling the electrochemical reconstruction of interfaces is very
methods continue to be
developed.[38401 'We believe our approach is innovative and can

challenging, and new theoretical

offer a significant advance in the understanding of dynamic
electrochemical catalytic interfaces.

Results and Discussion

The structures for the global optimizations were generated by our
in-house code, PGOPT, with bond length distribution algorithm
(BLDA), ! and optimized with dispersion-corrected DFT in the
presence of an electrostatic potential (with respect to the standard
hydrogen electrode), U(SHE). We selected an electrolyte
concentration of 1 M and analyzed the electrochemical potential
in the [0 — 1.2] V range. We start with the potential dependence
of bare clusters, the presence of adsorbates being presented later.
We provide the results for the bare clusters at negative potentials
just for illustrative (academic) purposes, as for U(SHE) < 0 V,
they are expected to be covered by hydrogen. The full description
of the computational details is provided in the Supporting
Information.

Pt1 and Pts clusters.

Pt1 and Pt2 clusters over a graphite surface are considered first.
All the initial structures of Pt1 converged to the same minimum,
in which Pt is in the bridging position over a single C—C bond
(Figure Sla). This adsorption mode has been reported by other
authors.[2642  For Pt
predominant coordination mode, in which the Pt atoms lie over

structures, we also found a single
two C—C bonds belonging to adjacent hexagonal rings (Figure
S1b). The predicted potential dependence of these structures is
minimal.

Pt3 clusters

Pt3 clusters have a more diverse conformational distribution: Five
different local minima were found within the energy cutoff with
respect to the GM of 0.7 eV, when no applied potential is included.



The energy cutoff was chosen generously to account for the
possible differential (de)stabilization of the isomers when the
potential is applied. The various structures are labeled as
Pt3-#min, where #min indicates the stability order with respect
to the GM when the potential effect is not considered (zero-charge
system), and this nomenclature is kept for the following systems.
All the structures are Pt triangles, whose dimensions and
adsorption sites on the support differ slightly (Figure 1a). The four
most stable structures are within less than 0.2 eV from the GM.
Pt3-V is significantly less stable than the other isomers, and, even
when the potential effect is considered, it does not contribute to
the overall Boltzmann ensemble at room temperature.

Isomers Pt3-I-Pt3-IV exhibit sensitivity and order switching as a
function of the applied potential. Note that, under CHE, the
energy difference between the minima would be constant (and
equal to that of the zero-charge system), and their statistical
distribution would not change as a function of the potential. This
way, the Boltzmann structural ensemble would consist of 75% of
Pt3-1, 19% of Pt3-1I and so on; see Pzcp entry in Figure 1 — Pzcp
corresponds to the zero-charge potential (ZCP), that is, the results
for the neutral systems, which is the basis of the CHE model. In
contrast, when we explicitly account for the potential via SC, the
picture changes dramatically. For example, the distribution of Pts-
I now varies as a function of the potential, between 15 and 96%
at 300 K, which is a typical temperature in electrocatalysis (see
Figure 1). We note that the ability to fully rearrange into an
equilibrium thermodynamic ensemble in response to the current
conditions is assumed in this study, supported by previous
theoretical and experimental findings. [43:44]

Remarkably, a potential-dependent switch in the GM, between
Pt3-I and Pts-II, is observed at -0.6 V. Even though at U(SHE)
> -0.6 V the GM remains unchanged (as Pts-I), the 300 K
populations of various isomers (Pts-I to Pts-III) change as a
function of U(SHE) (Figure la).
predominant at any potential, and the ensemble composition can

In fact, no isomer is fully

be modified by switching the potential. For example, at 0.3 V the
ensemble contains 80% of Pts-1, 15% of Pts-II and 5% of Pt3-IIL
While in this case the structures are relatively similar, these
results are relevant, as they show the important effect of the
applied potential in governing the cluster probability distribution.
This GM switch is, in broad strokes, a consequence of the ZCP
difference between the various isomers (i.e. 0.02 V for Pts-I and
0.15 V or Pts-II), which determines the center of the parabolic
dependence of the cluster Gibbs energy w.r.¢. the potential, as the
parabola’s curvature (related to the system polarizability, Figure
S3) are qualitatively similar. The ZCP changes even further for
larger and more geometrically diverse clusters (vide infra).

Pts clusters

The Pts/graphite system was addressed in a recent separate
study.?l Pts clusters show a growing geometric diversity (Figure
1b and Figure S4). Pts-I (and also Pts-III) exhibits distorted
pentagonal geometries, which have previously been attributed to
a second order Jahn-Teller effect,[*5 hinting at the sensitivity of
its stability to the electron count. Indeed, the populations for Pts-
I and Pt5-IT range between 53-100% and 0.1-44%, respectively, at
300 K (Figure 1b), following the large variations in the energy gap
between these structures with the change of the potential. For
instance, at 0.0 V, when Pts-11 is stabilized the most, it is less than
0.01 eV above Pt5-I, which corresponds to 44% of Pts-1I and 53%

of Pts-1. Note that there is a region of the potential of a significant
co-existence of Pts-I, Pts-II and Pts-1IT at 300 K at about 0.7 V.
It might seem surprising that Pts-I is stabilized at both, more
positive and more negative potentials. As shown in Figure S5, it
is a consequence of the very different curvature of the Gibbs
energy vs potential parabolic fitting, which is much higher for Pts-
I. Again, considering the energy data at the ZCP (CHE model),
the populations would stay constant, at 71% of Pt5-1 and 23% of
Pts-11.

It is noticeable that Pts-II (or a closely related structure), has been
previously identified for Pts clusters over glassy carbon (while our
model support is graphite) by XAFS.'5l Even though this
structure is not the GM in our ensemble at any potential, it
further supports our approach.

Potential- and coverage-dependent ORR energetics

on Pts/graphite

We now focus on the largest cluster considered in this study,
Pts/graphite, and report on the impact of the potential and
adsorbate coverage effects on the ORR activity. First, we study
the adsorption of the reaction intermediates for the 4-electron
ORR mechanism (Scheme 1), *O, *OH, and *OOH.16 Note that
adsorption can be coupled to geometric rearrangements of the
cluster, beyond simple relaxation, leading to the reagent itself
preparing the real active site possibly absent on the bare
catalyst.[16:4749] Hence, we aim to interrogate how the nature of
the active sites changes as a function of the nature and coverage
of the bound intermediates, as well as the applied potential,

simultaneously.
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Scheme 1. Schematic representation of the four-electron mechanism of
ORR. A model Pts cluster with a single adsorbate has been taken as
reference for visual purposes.

Pts clusters with one adsorbate

Adding one adsorbate dramatically affects the structural
morphology of Pts on graphite. Importantly, the cluster geometry

is also potential-dependent (Figure 2). For all three considered



adsorbates, OH, O, OOH, the ensemble at 300 K is composed
mainly of two different cluster isomers, with potential-dependent
proportions.

For Pt5(OH) clusters, we found a potential-dependent GM:
Pt5(OH)-I or Pts(OH)-IV. Although the neutral Pts(OH)-IV is
0.29 eV above the GM (being the fourth most stable geometry),
the ZCP for Pts(OH)-I and Pt5;(OH)-IV are very different (0.26
and 0.04 V, respectively), and the curvatures in the parabola are
also different (Figure S7). As a result, Pt5(OH)-IV becomes
dominant at 1.1 V. On the contrary, zero-charge results (CHE
model) would lead to 99% of Pts(OH)-I, 1% of Pt5(OH)-II, and no
relevant proportions of Pts(OH)-IV (at 300 K).

For Pt50 clusters, two structures (Pt50-I and Pt50-II, Figure 2)
are very close in energy, with an energy difference of 0.04 eV for
the neutral systems, corresponding to 85% of Pt5O-I and 15% of
Pt50-11. Importantly, the SC modelling of the potential induces
two switches in the GM, alternating between these two structures

*OH

Pts;OH-IV

(see Figure 2). The double switch is a consequence of the parabolic
shape of the Gibbs energy with the potential, which in this case
translates into Pts(O)-I being predominant in the [0.1 - 0.8] V
range, and Pt5(O)-II outside of this range. This behaviour is
attributed to the significantly different values of ZCP, but
especially to the very different parabola curvature (Ze. in the
capacitance variation of these clusters), which is much more
pronounced for Pt5(O)-I (see Figure S9).

The same behaviour of alternation between two structures is
obtained for Pt5(OOH) clusters, with two minima, Pt5(OOH)-I
and Pt5(OOH)-II (Figure 2), with an energy difference of only 0.07
eV when the potential effect is not taken into account, which
corresponds to 94% of Pts(OOH)-I and 6% of Pts(OOH)-II at
300K. Inclusion of the potential via SC changes the picture: in the
[0.0-1.2] V range, the Pt5(OOH)-I population varies from 0.1% to
94% (reaching it at ca 0.4 V), and that of Pt5(OOH)-II ranges
between 6 and 100% (which is reached at about 1.1 V, see Figure
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Figure 2. Selected local minima for Pts-adsorbate systems, ZCP and Boltzmann cluster distribution as a function of the potential in the SC framework at
300 K. The x axis corresponds to the potentials (vs SHE) in unit of V.
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2). There is a GM switch from Pt5(OOH)-I to Pts(OOH)-II at ca.
0.8 V. As for Pt5(0), the GM switch is a consequence of the very
different parabola curvatures (see Figure S11).

Pts clusters with two adsorbates

Interestingly, additional adsorbates change the GM, and that is
especially significant for Pts(OOH)2 and Pts5(OH)2 (Figure 2),
whose geometrical structures are completely different from those
of Pt5(OOH) and Pts(OH). For OH, the preferred binding mode
also changes from atop to bridge. Contrarily to the previous case,
the GM is constant in the entire potential range: 100% of Pt5(O)2
is in Pt5(0)2-1, and 96-100% of Pt5(OOH)2 is in Pt5(OOH)2-1. The
collapse of the ensemble to a single structure is a signature of
particular stability, reached through adsorbate-induced geometric
change, and making the adsorption stronger.l’®l The potential-
dependent geometric variation is somewhat more pronounced for
Pt5(OH)2, where the population of GM, Pt5(OH)2-1, oscillates
between 85 and 100%. Due to lower structural variation with the
potential, the results in this case would be closer to those of the
CHE model, which predicts populations of Pts(OOH)2-1, Pt5(O)2-
I and Pt5(OH)2-T of 92%, 100% and 96% at 300 K.

Pts clusters with three, four and five OH adsorbates

As will be shown below, the analysis of the ORR energetics reveals
the fourth step (protonation of *OH to yield water) being
thermodynamically limiting. This is because the *OH binding is
the most exothermic for one and two adsorbates (Figure 3), which
would lead to the clusters at the catalytic interface being covered
by the *OH adsorbates.[6l Hence, we focus on *OH and increase
the adsorbate coverage. The third *OH adsorbate reinvigorates
the potential-dependence of the GM. At ZCP Pt5(OH)s-I is 0.20
eV more stable than Pts(OH)s-II, which corresponds to relative
proportions of 99.9 and 0.05%, respectively, at 300 K. However,
in the more realistic SC framework, GM switches at 0.9 V from
Pt5(OH)s-I (structurally related to Pts(OH)2-I) to Pts(OH)s-II.
Contrarily to other cases, in which GM switches were associated
to significantly different ZCPs, in this case the two structures have
very similar values ZCPs of 0.25 and 0.22 V. Nonetheless, the
capacitances are very different, as revealed by a significantly
higher curvature in the parabola for Pts(OH)s-1I (see Figure S16),
which is responsible of it being more stable from 0.9 V on.

The addition of a fourth *OH adsorbate also brings important
consequences for the ensemble composition. GM changes three
times as a function of the potential in the studied widow. The GM
at ZCP, Pt5(OH)+I, is predominant in the [0.25 — 1.1] V range,
Pt5(OH)4+-II is GM up to 0.25 V, and Pt5(OH)s-IV is GM at
potential above 1.1 V. Notice that the structural diversity of
clusters geometry is reflected in the electrochemical behaviour;
namely, ZCP varies in a wide range (0.20 V for Pt5(OH)s-I, 0.43
V for Pt5(OH)+II and 0.07 V for Pts(OH)4-III), which, in
conjunction with different parabola curvatures (Figure S18),
results in the aforementioned stability alteration. The ensemble
composition in the CHE picture would be 86% of Pt5(OH)s-I and
13% of Pt5(OH)4-1I at all potentials at 300 K.

Finally, Pt;(OH)s clusters also exhibit a strong geometric
dependence on the applied potential (Figure 2 bottom right).
Namely, in the [0.0 — 1.2] V range, there are three main
predominance regions: [0.0 — 0.1], [0.1 — 1.0] and [1.0 — 1.2] V.

5

Between 0 and 0.1 V, Pt5(OH)5-VIII is majority, with 73%
population at 0 V. Other significant structures in this range are
the GM at ZCP (Pts(OH)s-I), as well as Pts(OH)sII and
Pt5(OH)5-VI. Note that, while Pts(OH)s-VIII is 0.23 eV higher in
energy than the GM, their ZCP values are very different (0.08 V
for Pt5(OH)s-I and 0.64 V for Pt;(OH)s-VIII, Figure 2 bottom
right), which, in conjunction with a different curvature in the
parabola is responsible for the switch in the potential-dependent
GM (Figure S20). In addition, when inspecting Figure 2, it is clear
that Pts(OH)5-VI and Pt5(OH)s-VIII show very similar geometries,
only exhibiting subtle differences in interatomic distances, namely
at ZCP Pt5(OH)5-VI is only 0.02 eV more stable than Pt5(OH)s-
VIII. This way, when including the potential effect via SC, the
combination of ZCP and parabola’s curvature translates in
Pt5(OH)s5-VIII being more stable in the considered range. Between
0.1 and 1.0 V, Pt5(OH)s-I, constitutes the majority; while at
potentials above 1.0 V, Pt5(OH)5-VI does. This is mainly
attributed to a sharper parabola curvature for Pts(OH)s-VI
(Figure S20). One complication here is that with 5 adsorbates, we
start finding cluster geometries which are less bonded to the
support. This might indicate the high propensity for sintering,
affecting the practicability of ORR catalysis on Ptn/graphite.

The populations at 300 K derived from the CHE approach are:
94% of Pt5(OH)5-1, 5% of Pts(OH)s-1I, 0.3% of Pts(OH)s-I1I, and
only 0.1% of other clusters; which reveals the large sensitivity of
the of the
electrocatalysts to the applied potential.

ensemble composition adsorbate  decorated

ORR electrocatalysis on Pts/graphite

We now explicitly address the energetics of the ORR steps, with
the special focus on the potential limiting reaction step (step 4 in
Scheme 1). The following discussion is based on the system
(Figure 3), but
qualitatively similar conclusions can be drawn when the energies

ensemble-averaged adsorption energies
are computed with respect to the GM at each potential (see Figure
S21). We first consider one adsorbate, ensemble binding energies
of *O, *OH, and *OOH (XGo, BGon, and BGoon) to Pts being
shown in Figure 3a. *OOH shows the least favourable binding,
between 2.63 and 3.18 eV (versus 3.14 eV in the CHE framework).
Notice that MG oo exhibits a “shoulder” at about [0.8 — 1.2] V,
due to the GM switching from Pt5(OOH)-I to Pts(OOH)-II in this
region, which affects the relative cluster proportions, and thus the
total ensemble energy of the system. XG o are in the range between
0.71 and 0.78 eV (versus 0.72 eV in the CHE framework).
Remarkably, MG oy is negative, -0.18 ¢V in CHE, and between -
0.13 and -0.21 eV in SC, revealing that Pts/graphite suffers from
over-binding, which is expected to limit the ORR activity and will
lead to the catalytic interface being covered of *OH adsorbates. 2l
Based on adsorption energies, we computed XG for the four steps
of ORR (Scheme 1, ®G1 — ®G4) as a function of the potential
(right-hand side of Figure 3a). Due to *OH over-binding, BG4
(protonation of *OH to produce water) is the thermodynamically
limiting step of ORR, being positive in the entire potential range,
[0—1.2] V.[13.2551] This would suggest that Pts/graphite is inactive
towards ORR catalysis in the considered coverage conditions; as
XG4 becomes negative at about -0.1 V, which would correspond
to an ORR overpotential higher than 1.23 V. This result resonates
with previous calculations on Pts, which, under an already
explained different approach predicted an overpotential of 1.04
V.115]
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Figure 3. (a) Binding energy of one adsorbate (*O, *OH and *OOH) to Pts/C ensemble and AG for the four steps of the 4-e- mechanism of ORR. (b) Binding
energy of two adsorbates (*O, *OH and *OOH) and AG for the four steps of the 4-e- mechanism of ORR. (c) Binding energy of 1 — 5 *OH adsorbates and AG4
for the 4-e” mechanism of ORR. SC results are shown in solid lines and CHE ones in dotted lines.

There are some significant differences between SC and CHE
results. While they are almost indistinguishable in the low
potential range, the GM switching in Pt;(OOH) translates into
important oscillations in ®MG1 and X®Gs, even leading to them
crossing at 1.0 V. At this point, we note that relevant differences
between both approcahes had also been porposed by some of us. 46l
Next, we study how coverage affects the energetics of the reaction
steps. We added an extra *O, *OH and *OOH adsorbate to the
previous structures; ze. *OH to Pts(OH), *OOH to Pt5(OOH) and
*O to Pt5(0), and computed the binding energies (w.r.t. the
previous coverage) and the derived MG values for the four steps

of ORR. We found that the absolute values of the binding energies
are relatively similar to those computed for a single adsorbate (see
Figures la and 2a, left-hand side). Unfortunately, XG o is roughly
the same (even about 0.05 eV more negative at low potentials) as
for Pts(OH), indicating that this coverage increase does not
mitigate over-binding, and ORR would not take place in the
potential range between 0 and 1.23 V (as XG4 is positive,
unfavourable in the whole range). Moreover, the negative
adsorption energy for *OH, would strengthen the possibility of the
real catalytic interface being covered of *OH adsorbates.



This way, as *OH adsorption is by far more favourable than *O
and *OOH, and the ORR thermodynamic-limiting reaction step
is #4 — *OH protonation to yield water, we only consider further
addition of *OH to the cluster catalyst ensemble (Figure 3c). The
third *OH leads to a change in both the binding sites and the
cluster shape, which is typical of sub-nano cluster catalysis.[5l
This has relevant implications for the energetics of the activity-
limiting ORR step. Specifically, MG om is now positive (about 0.2-
0.4 eV increase compared to two adsorbates), indicative of partial
mitigation of over-binding. This leads to XG4 being negative
(favourable) at potentials lower than 0.1 V (which corresponds to

an ORR overpotential of 1.12 V, in both CHE and SC approaches).

Interestingly, the CHE and SC binding energies (and thus XG4
values) are relatively similar at low potentials (between 0 and 0.3
V, and that is why they lead to similar overpotentials), but differ
significantly at potentials higher than 0.3 V. This is a consequence
of cluster fluxionality and the parabolic dependence of the system
Gibbs energy on the potential.

ORR energetics are even more favourable upon adsorption of the
fourth adsorbate, which leads to an additional change in cluster
morphology. Interestingly, MG on increases at low potentials, while
it is less unfavourable than that derived from three adsorbates at
[0.7 — 1.2] V. Notice that MGom in the SC framework deviates
significantly from that derived from CHE (see Figure 3c, left-hand
side). The increase in MGowm at low potentials leads to further
decrease in the ORR overpotential. Namely, the ORR onset
potential — the potential at which all reaction steps became
thermodynamically favourable — would be 0.30 V, corresponding
to an overpotential of 0.93 V.

This favourable tendency holds for the fifth adsorbate, which
further destabilizes *OH adsorption by about 0.1-0.4 eV
(depending on the potential, Figure 3c). This benefits the fourth
ORR step, which now becomes exothermic at 0.4 V, that is, the
system would have an ORR overpotential of 0.81 V.

Thus, we can see that increasing cluster coverage reduced ORR
overpotential, and, although it keeps being higher than that of
Pt(111) (about 0.4 V),B25253 it is indicative of the activity
increase. In addition, it should be highlighted that, even though
the overpotential of these clusters is higher than that of Pt(111),
the Pt loading in this systems is much lower, and the relative
surface area and site—specificity to interact with O2 molecules is
higher, which can overcome the overpotential increase in practical
applications.I'®%] Note that adsorption energies of *OH point
towards the adsorption of the first two adsorbates being
thermodynamically favourable, thus revealing that the real
catalytic interface will be covered by OH. The extension to which
this coverage takes place would also depend on the experimental
conditions (such as electrolyte concentration and temperature),
but our results reveal how increasing coverage affects the catalytic
activity and that more than one adsorbate needs to be considered
to account for the system activity.55

Conclusion

This study reveals that an accurate description of cluster-

decorated electrochemical interfaces requires the explicit

consideration of the electrochemical potential and the
restructuring of the interface at this potential, and in the presence
of the adsorbates at relevant coverages. Because of the highly

fluxional character of deposited sub-nano clusters, they are able

to change shapes as a function of the applied potential, so that
the dominant species in the cluster population also can be highly
potential-dependent. We expect the behaviour to be non-
monotonic with the Pt cluster size, as Pt3 and Pts behave
differently, and the same happens with different adsorbates
coverages for Pts size: some systems show a more pronounced
structural sensitivity to the potential. Moreover, the example of
Pts; with adsorbates highlights the dramatic geometrical change
that takes place when adsorbates bind to the clusters in their
potential-dependent binding modes. Considering more relevant
higher coverages is also evidently crucial for predicting the ORR
activity, whereas at lower coverages, the *OH adsorption is too
strong and incompatible with the ORR activity. These results
have important implications for cluster electrocatalysis and
provide a step toward the accurate modelling of electrochemical
interfaces, and understanding of novel catalysts with switchable
properties a function of the potential.

As a final comment, we should note that parameters in the model
can affect the absolute values of binding energies and
highlight
phenomena that must hold true regardless of the model, such as

overpotentials. However, the results important

potential-dependent  cluster  fluxionality = and  interface
restructuring, and, consequently, potential-dependent binding

energies and ORR steps energetics (and thus overpotentials).
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