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Abstract

Nanocatalysts by design promise to empower the next generation of electrodes for

energy devices. However, current numerical methods deal with individual and often

geometrical closed-shell nanoparticles, neglecting how the coexistence of several and

structurally diverse isomers in a sample a↵ect the activity of the latter. Here, we

present a multiscale numerical approach to calculate in a fast and high-throughput

fashion the current density and mass activity of individual isomers as well as to predict

the activity of morphologically diverse but size-selected samples. We propose specific

design rules of Pt-nanosamples for the electrochemical reduction of molecular oxygen,

identifying the size-range up to 5.5 nm as the one where isomerisation of individual

nanoparticles and the morphological composition of the sample can not be neglected.

We confirm a peak of the activity of defected and concave polyhedra at 2-3 nm whilst

spherical but amorphous isomers become the most active between 3-5 nm, with an

astonishing mass activity of 2.7 A/mg. We provide a possible explanation to rationalize

the discrepancies in the measured mass activity of size-selected samples in terms of the

di↵erent distributions of Pt-isomers in each specimen.
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Pt-nanoparticles, Oxygen Reduction Reaction, Computational Hydrogen Model for nanopar-

ticles, Nanoparticle Design, Nanoparticle Genome, Heterogeneous Catalysis

Introduction

In the long pathway that brings catalysis towards a more and more predictive science, several

milestones have been signed o↵. Since the pioneering work by Ertl,1 we have deepened our

mechanistic understanding of catalytic reactions thanks to the identification and character-

isation, at the atomic level, of how and where chemical reactions occur.2,3 This discovery

process has enabled to draw valuable structure-activity relationships that, together with the

screening of new catalytic materials, play a crucial role in the rational design of well-defined

catalysts. The catalysis-by-design project, enabled by the constant advances in experimen-

tal and numerical tools, therefore, tackles today and future world socio-economics burdens,

predicting the optimal elemental components of greener and more sustainable devices, e.g.

e�cient nano-engineered electrodes for fuel cells and batteries.4–6 Metallic nanoparticles

(MNPs) are an obvious choice as heterogeneous catalysts in electrochemical devices, over-

coming the limitations of the chemistry of extended surfaces.7 They o↵er a high surface-to-

volume ratio, a reduced load of rare metal and a variety of adsorption sites with a variable

coordination.8

Instruments and protocols for industrial scale yields of metallic nanocatalysts are at

reach, with nowadays size-selected MNPs synthesized within an unprecedented accuracy and

precision (mono-dispersivity), at a rate of ⇠ 1 gram per hour.9,10 On the other hand, the

production of optimal nanocatalysts is possibly lagging behind. Despite numerous studies

attempted to provide an atomistic understanding of oxygen reduction reaction (ORR), the

performances and costs enabling the industrial use of Pt-MNPs based electrodes in fuel cells

is still to be improved.11 Although we witnessed Pt-based nanosamples with a mass activity

above the 2017-DOE target of 0.44A/mg,,12–14 the slow advancements in nanocatalysts’
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application could rely on the non trivial identification of which structural features enhance

the catalytic activity of MNPs, besides the advances of microscopy techniques in detecting

geometries at the nanoscale.15,16 On the other hand, the dependence of the catalytic activity

of MNPs on their size has been widely demonstrated,17–24

Especially in physically grown samples, the balance of strain and surface energy con-

tributions, the kinetics of the formation process, and thermally activated structural rear-

rangements lead to the coexistence of various isomers at finite temperature15,25–29 - often

also referred to as fluxionality.30,31 Therefore, to move towards more e�cient and cleaner

industrial processes, new numerical approaches which deal with the fluxionality of metallic

nanocatalysts, eventually suggesting routes for their synthesis, and the structural diversity

of samples, are in high demand.

In the first part of this work, we present a multiscale numerical scheme to account for

and disentangle the contributions from the non equivalent adsorption sites characteristic of

each isomer, and to elucidate how morphological diversity in specimens a↵ects their activity.

Our model monitors the dynamical evolution of a geometrical descriptor, which uniquely

identifies, classifies, and counts each adsorption sites and simultaneously provides a robust

structure-property relationship. Doing so, we overcome common but eventually drastic as-

sumptions such as considering a MNP as (i) a static object, with (ii) a FCC bulk-like core,

and (iii) a surface with an ensemble of isolated and well-defined facets. To elucidate the

dependence of the catalytic activity on the morphological diversity of samples, we refer to

the sample-isomer-distribution (SID), i.e. the occurrence of certain isomers in the sample.

This turns to be a powerful tool for a fast screening of better nanocatalysts and also a

measurable quantity from, e.g. high-angle annular dark field scanning TEM,32 trapped ion

electron di↵raction,7,33 and multiple photon dissociation spectroscopy.34,35

Following the method description, we apply our multiscale method to screen the activity

of samples of Pt-nanoparticles for oxygen reduction over a size range between 1.5-7.5 nm.

We analyse the mass and specific activity of closed-shell geometries as well as highly-defected
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and amorphous isomers obtained from annealing of liquid nanodroplets. We observe that the

most active Pt-NPs are concave and defected polyhedra of 2-3 nm and, far more surprisingly,

spherical but amorphous isomers of 3-5 nm. The latter display an average mass activity

up to four-fold the one currently measured in experiments and a much greater one with

respect to any closed-shell counterpart. At sizes larger than 5 nm, the shape factor seems to

wane. Finally, we propose a possible explanation to the discrepancies in measured catalytic

behaviours of Pt-samples for ORR based on the di↵erent isomer distribution within the

samples. Our result shifts the paradigm of nanocatalyst design from controlling individual

nanoarchitectures towards monitoring their ensemble statistics.

Methodology

The core assumption of the multiscale model here developed, named NanoCHE, is that the

reaction free energy �G of the rate limiting step of the considered reaction can be written

as a function of a geometrical descriptor, GD. The GD should simultaneously (i) distinguish

and classify uniquely every non-equivalent adsorption sites of any isomer; (ii) count their

occurrence; (iii) and relate the energetics of the adsorbate to the local atomic environment

of the site. In analogy with genetics, each GD-value, ↵, becomes a gene, and the collection

of all these genes constitutes the MNP’s geometrical fingerprint, Fisomer. The nanoparticle

genome is in turn the full catalogue of the adsorption sites together with their occurrence,

⌦, and it reflects the changes in the nature and distribution of adsorption sites.36

As widely demonstrated,37,38 the atop generalised coordination number,

aGCN(i) =
X

j2i�neighbours

CN(j)/CNmax (1)

where CNmax = 12 is the maximum coordination for an atom in a FCC-bulk, can be employed

as geometrical descriptor for both oxygen and CO2 electrochemical reduction.39,40

Thanks to the discrete nature of the geometrical genome, the cathodic mass or specific
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activity associated to the MNP’s architecture can be estimated with respect to standard

conditions. Indeed, at the applied potential U and temperature T , an isomer characterised

by a GCN-fingerprint Fisomer produces a current density from a reaction step associated to

a free reaction energy �G given by

jisomer(t, T, U) =
X

↵2Fisomer

C⇠(t, T )↵e��G , (2)

where all the contributions from available sites are included. A similar formalism was in-

troduced by Tripkovic et al. where �G was calculated within a density functional theory

approach, for adsorption sites available on low-Miller indexes surfaces.41 In Eq. 2, � is the

Maxwell-Boltzmann factor, and ⇠(t, T ) = ⌦(↵)
Nsite(t,T ) is the relative occurrence of non-equivalent

adsorption sites with respect to the total number of sites available, Nsite, for the isomer under

consideration. The prefactor C is fitted to reproduce the known specific current of low-Miller

index surfaces. The free reaction energy of the reaction step �G = �G(↵, U) depends on

the geometrical descriptor value ↵ in the fingerprint and on the applied potential U . Let us

here remark again that the Fisomer is sensible to the geometry of the nanoparticle and hence

it changes in correspondence of structural rearrangements and phase transitions.36

In agreement with the approach used in the computational hydrogen electrode model,42,43

the applied voltage is included as an a-posteriori correction of the reaction free energy.

�G is first written in terms of the GD descriptor and calculated in the absence of any

electrochemical potential, and then an extra term that depends on the number n of electrons

involved in that step of the reaction times the applied potential is added. The specific activity

of an individual isomer, SA⇤
isomer in mA/cm2, is calculated directly from Eq. 2 substituting

a certain value to the applied potential U⇤. By definition, the mass activity of an isomer,

MA⇤
isomer, is

MA⇤
isomer =

SA⇤
isomerAisomer

Misomer
, (3)

where the mass Misomer of an isomer equals the number of atoms in the nanoparticle times
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their atomic mass, i.e. 195 a.u. for Pt, while the MNP’s area is assumed to be quantifiable

as a function of the geometrical descriptor too. Considering atoms as spheres, the surface

area of an isomer, Aisomer, can be expressed in terms of the atop generalised coordination,

Aisomer =
NX

i=1

4⇡r2at(1� aGCN(i)/12) , (4)

where the sum is over all the atoms i in the nanoparticle. Within this approximation, the

surface contribution from each atom is greater for low coordinated atoms than for highly

coordinated ones, as expected from a geometric argument. In Supporting Information, we

compare values arising from the area calculations from the formalism introduced by Tripkovic

et. al,41 and in the approximation of spherical MNPs (see Table S2-S7 columns 5,6,7).

On top of mass activity and specific activity, we find convenient to introduce another

quantity to fast screen more active isomers. In the following, we refer to the lowest theoretical

over-potential, ⌘1, calculated as the equilibrium potential minus the potential required to

produce a current density of 1 mA/cm2, to quantify the activity of individual isomer. The

lower the over-potential ⌘1 is, the more active the isomer for that reaction.

In the assumption that sintering and coalescence of MNPs in the specimen are negligible,

each isomer contributes fully to the specific current density of the sample and hence the

catalytic activity of the specimen can be expressed as the sum over individual contributions

weighted by their relative abundance, wisomer(t, T ),

jsample(t, T, U) =
X

isomer

jisomer(t, T, U)wisomer(t, T ) , (5)

where jisomer is from Eq.5. The collection of each wisomer provides the sample-isomer-distribution,
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SID. Similarly the mass activity of a sample at a certain applied potential U⇤ is

MA⇤
sample(t, T ) =

X

isomer

MA⇤
isomerwisomer(t, T ) (6)

=
X

isomer

SA⇤
isomer(t, T )wisomer(t, T )

Aisomer(t, T )

Misomer
, (7)

where the meaning of symbols is the same as in Eq.3.

Here, we select the generalised coordination number as the geometrical descriptor for

oxygen reduction reaction catalysed by Pt nanoparticles. However, we would like to remark

that NanoCHE is fully general and transferable to other systems and reactions, whenever a

geometrical descriptor(s) depicts the most relevant chemical information, as for CO2 on Cu

nanoparticles.44 The extension of our method to bi- and multi- metallic systems can be also

pursued, under the condition that the chosen geometrical descriptor captures the complexity

inherent to reactions on adsorption sites surrounded by atoms of di↵erent chemical species.45

Surrogate electronic structure descriptors which are fast to compute and able to catalogue

not-equivalent adsorption sites,46 can also be employed as descriptors in Eq. 2 with good

success. Machine learning predictions of adsorption energies, and hence �G, using an en-

semble of features instead of a single geometrical descriptor are also very promising.47,48 For

supported nanoparticles, descriptor-activity relationships should be thoroughly addressed,

eventually disregarding those sites in direct contact with the support.37,49

Setting the NanoCHE for ORR

With a focus on Pt-NPs for ORR, beyond the complexity of the process with several in-

termediates (O, OOH, OH, H2O2), the non-trivial pH- and potential-dependent reaction

network,50 the accepted rate-limiting step of ORR at the cathode in fuel cells is the pro-

ton/electron transfer to the adsorbed OH, OH⇤+H++ e� ! H2O, for both dissociative and

associative mechanisms51 and several non equivalent sites. We assume this holds for all the

type of adsorption sites on nanoparticles, regardless of their size and shape. In terms of the
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atop generalised coordination number, with ↵ spanning over the entire fingerprint,37,38 the

reaction free energy of the OH⇤ reduction,

�GOH = �0.715 + 0.192 ↵ for ↵ < 8.33

�GOH = 2.483� 0.192 ↵ for ↵ > 8.33 , (8)

holds valid also for five-fold symmetries, as shown in the Supporting Information Table S1.

For the right leg of the free-energy plot, we assume a symmetrically equivalent reduction

of the activity when moving from the ↵-value of the aGCN corresponding to the maximum

activity, as in previous studies.38 For ORR on Pt-NPs, the constant C in Eq.2 is set to 12.56

mA/cm2 by fitting a linear function to the limiting specific currents of 96 mA cm�2 and 83

mA cm�2 for crystalline (111), ↵ = 7.5, and (100), ↵ = 6.67, surfaces, respectively.43 Eq. 8

rules whether a site on Pt-NPs is more or less active for ORR. The more its coordination

is closer to the top of the volcano-shaped curve, the more it is active. Fig. 1 provides a

graphical representation of the structure-relationship of Eq. 8 together with snapshots of

isomers, with a particular care to show examples of highly active sites. From Eq. 2 the

activity of an isomer is determined by the relative amount of non-equivalent adsorption sites

with a high activity, as found from their aGCN.

To forecast on-the-fly the correlation between catalytic activity and structural changes

upon a timescale of µs, we employ an iterative temperature molecular dynamics algorithm

(itMD), as available in LoDiS,52 to monitor the evolution of the aGCN-genome, and then

the mass activity during the formation process of Pt-NPs. A common neighbour analysis

(CNA)53 quantifies structural changes and defects formation, i.e. re-entrances and elongated

concavities, and the formation of twin planes, grain boundaries, and five-fold axis. We thus

take in consideration (5,5,5)-(4,2,2)-(4,2,1) CNA signatures.54 itMD is a concatenation of

canonical ensemble runs, each lasting a period of time �⌧ , during when the system evolves

according to Newton’s equation of motion (integrated by a velocity-Verlet algorithm) with
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Figure 1: (A) Volcano-plot: �GOH as a function of aGCN (blue); specific current associated
to each active site from 5 assuming ⇠ = 1 at two bias values (U=0.84 V, red; and U=0.65 V,
green). Below we show a MDh (B panel) and a defected twinned structure (C panel) where
atoms are coloured according to their aGCN. Each snapshot highlights di↵erent adsorption
sites, spanning di↵erent aGCN values. Rightmost enlargements exemplify which adsorption
sites are deemed as the most active ones by the model. These correspond to adsorption
sites at re-entrances, close to adatoms, or unveiled following the formation of vacancies on a
surface or at facets edges.

a time step of 5 fs. The temperature, controlled by a stochastic Andersen thermostat with a

frequency of 0.5 THz, is decreased by �T between two successive iterations, corresponding

to a freezing rate of ⇢ = �T/�⌧ .55 The rate is chosen on the basis of the NP-size but we

gather statistics from at least 8 simulations per each system. To speed-up the calculations,

the second-moment approximation of the tight-binding is employed to describe the metal-

metal interaction.56

Results and discussion

First we summarise the results obtained for individual isomers in the 1.5-7.5 nm range

presenting a closed-shell geometry as well as arising from the nucleation of nanodroplets,

as depicted in Figs. 2-3 and 4 respectively. We then combine those data to construct
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morphological heterogeneous samples characterised by a unique SID and representative of

di↵erent experimental set-ups, whose activity has been proved to be significantly di↵erent,

Fig. 5.

Individual isomers

The IV-curves of the selected closed-shell isomers with a diameter of about 1.5, 3.5, 5.5

and 7.5 nm are depicted in the right panel of Fig. 2, together with snapshots for each

morphology (left) and their corresponding aGCN-genome as a function of size (central).

Figure 2: Closed-shell geometries snapshots, their genomic characterisation at di↵erent sizes
, and their I-V curves obtained from Eq.2, are reported in the left, central, and right panel
respectively. The y-axis in the I-V curves is by purpose bound at 1 mAcm�2 to easily
estimate ⌘1.
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The interested reader is referred to the Supporting Information Tables S2-S6 for a detailed

structural and catalytic properties characterisation of each isomer taken in consideration

during this screening, for a larger number of sizes, below 10 nm.

First we aim to assess the catalytic activity of individual Pt-isomers that display a well-

known geometry and delimited by well-defined facets. In turn, we consider four architectures

presenting a FCC geometry and delimited by (100) and/or (111) facets, namely cube (Cb),

octahedron (Oh), regular truncation of an octahedron (TO), cuboctahedron (Co). Fol-

lowing surface energy considerations, suggesting a (111) > (100) > (110) order, twinned

non-crystalline structures are likely. Among them, we examine icosahedron (Ih) and three

di↵erent cuts of a pentagonal bi-pyramid: Ino-Decahedron (IDh), Marks-Decahedron (MDh),

and a stellated Marks-Decahedron (SDh). The geometrical construction for such truncation

is recast in terms of 3 parameters: m, n, and p, where m and n enumerate the number of

atoms along the two edges of the (100) facet formed by applying cuts parallel to the five-

fold axis while p � 1 labels the number of missing layers in the re-entrance along the grain

boundary. We select p = 1, p = 2, p > 2 and m = n, m = n+ 1, m = n = 2 respectively for

IDh, MDh and SDh.25

We note a remarkable structural e↵ect up to 5.5 nm, with ⌘1 strongly varying between

0.33-0.7 V. On the other hand a negligible di↵erence in ⌘1 is found when the diameter -

defined as the maximum atomic pair distance - enlarges from 5.5 to 7.5 nm, with an average

value of 0.41±0.02 V, excluding the two extreme and opposite cases of Cu and SDh which

have a large size limit of 0.56 V and 0.37 V, respectively. For Cu, MDh and To, we register

small changes of about 0.05 V in ⌘1 when the MNP’s diameter is enlarged from 1.5 to 5.5 nm.

On the other hand, in the same size range, Oh and Ih decrease their ⌘1 of 0.10-0.15V, while

for Co and IDh the drop is even larger, 0.20 V. These changes (see also Fig. S1) are in very

good agreement with recent experimental data.22

To stress the structural e↵ect, Fig. 3 reports the IV-curves and the mass activity, calcu-

lated at 0.9 V, associated to each isomers. We notice that (i) the position of the maximum
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Figure 3: Homogeneous size-selected samples, at 1.5, 3.5, 5.5, 7.5 nm. Left panel: IV-curves
are calculated scanning over the applied potential, as in Eq. 2, where the diameter is labelled
by grey lines of increasingly dark tone. Right panel: mass activity (A/mg) is extracted at
0.9 V vs SHE using Eq. 7. The activity of homogeneous structural samples have a similar
size-dependency as their individual components.
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activity varies as SDh at 2 nm, Cu at 3.5 nm, Ih at 6 nm, IDh at 7 nm, while TO and Oh

peaks at 3.5 and 5 nm, respectively; (ii) a drop in the activity below 1.5 nm which can be ex-

plained in terms of the aGCN-genome size-behaviour (see central panel of Fig.2). As evident

from Fig. 1, the most active sites are characterised by a aGCN of 7.33-8.5. These features,

with the exception for concave and elongated shapes as the SDh, are not present or scarce at

small sizes, but becoming predominant above 5.5 nm (see also36); (iii) The maximum value

of MA⇤ spans three orders of magnitude, leading to a general trend of the activity versus

the structure as SDh � MDh > Oh ⇠ To ⇠ Ih ⇠ IDh ⇠ Co � Cu.

Nucleation of Pt-nanodroplets

As a case study to prove the importance of addressing structural changes on the activity of

Pt-MNP for ORR, we investigate the annealing of MNPs with a radius in the 1.2-5.5 nm

range, i.e. 147-309-561-923-1415-2057-2860-3871 atoms. In the itMD runs, we choose a

nucleation rate ⇢s of 50 K/ns, with �T = 50 K and �⌧ = 1 ns, and a twice faster rate

for sizes above 561 atoms setting �T of 100K, because of the increased computational costs

associated to study the freezing of larger systems. Besides structure sampled via freezing

nanodroplets, we further consider the activity of quenched nanodroplets, whose annealing

takes place over just a few fs. In this process we always obtain amorphous and spherical

geometries, labelled as ”Am”. Regardless of their size, structures formed after nucleation

are spherical with many surface defects and stacking faults. The characteristic features of

isomers after nucleation are displayed in the paradigmatic snapshots in panel B of Fig. 4.

The interested reader is referred to the dedicated section in the Supporting Information for

a detailed report on the aGCN genome of these systems, Fig. S2-S13.

We classify the structures on the basis of their CNA signature. An isomer is labelled as

FCC in absence of (5,5,5) signature (in red in Fig. 4); Ih when it has a relative high percent-

age of (5,5,5) and (4,2,2) signature (in green), as a Dh, a high (4,2,2), a small percentage

of (5,5,5) (in blue), and eventually as Am when there is not a predominant CNA character
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Figure 4: Panel A: ⌘1-evolution during annealing of Pt-nanodroplets in vacuo, at di↵erent
diameters. Each line corresponds to an independent simulation. Colours refer to the struc-
tural classification of Pt-isomers into amorphous (grey); FCC (red); Dh (blue); Ih (green)
families via common neighbour analysis.53 Panel B: typical snapshots of Dh, Ih, FCC and
amorphous shapes. Panel C: Comparison of ⌘1 and MA⇤ between shapes obtained during
annealing and their corresponding closed-shell.

(in grey). Nonetheless, the relative probability of each motif changes with size. Twinned

and FCC-like isomers coexist between 2 and 5.5 nm, with Ih very frequent at small sizes

but less likely above 3 nm. In specific, at 147 atoms, an Ih occurs more than 80%, and it

could be both a closed-shell or an incomplete Ih. At 309, 561 and 923 atoms, all the three

motifs are likely to be formed, with a probability about 25-38% for FCC and Ih, and a 38%

for Dh. The Dh are usually asymmetric with an island on a HCP stacking while the FCC
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contains several dislocation planes, almost parallel.54 Perfectly closed Ih become rare, and

they might nucleate with an incomplete shell. Above 1415 atoms, FCC-like are the most

probable, followed closely by Dh, while the likelihood of finding Ih drops below 15%. The

detailed study of how the freezing rate57 as well as the presence of a support37 a↵ects the

likelihood to observe one Pt-isomer or the other is a topic of great interest. This is, however,

beyond the scope of the current report, and currently investigated in ongoing studies. In the

following, we see what could be the e↵ect of di↵erent isomers distribution.

Panel (A) of Fig. 4 reports ⌘1 evolution during the nucleation of Pt nanodroplets, while in

panel (C) we plot its average per each size, together with the MA⇤. First, we notice that only

at certain sizes and for certain morphology the activity increases after nucleation, but at the

phase transition the nanoparticle might have a lower activity. Furthermore, contrasting the

activities of nucleated isomers and closed-shell geometries, the former are always more active

by a significant amount, stressing the importance of defects formation for ORR activity.

Table S7 (Supporting Information) reports ⌘1, SA⇤ and MA⇤ for closed-shell isomers, an

average from defected polyhedra (d-poly) as obtained during the slow-nucleation and Am,

as from a fast nucleation. Pt-NPs with a diameter larger than 3 nm and nucleating into

defected Ih shapes have a promising activity above 1.5 A/mg. This is much higher than the

MA⇤ of their perfect close-shell counterparts. The most active isomers are defected-Dh of

2-3 nm with a MA⇤ hitting 3 A/mg, and amorphous shapes above 3 nm. The latter present

an average MA⇤ of 2.71±0.27 A/mg. This value is three to four times larger than previously

reported values in the literature.20 The gain in MA⇤ could be as high as twelve-fold and

increases with the NP-size. Indeed, while the MA⇤ of the best closed-shell structure peaks

at small sizes just below 2 nm (147 atoms), the one of a solidified NP peaks at about 3.2 nm

(923 atoms). Amorphous are better than any closed-shell isomer once the size is above 2 nm,

oscillating around 2.71 ± .27 A/mg, a value significantly higher than commonly measured

ones.20 Shape e↵ects are relevant up to 2.7 nm, where the MA⇤ from Ih is less than one fifth

of the value from Dh, and wane at 5 nm and above. Dh performed better between 2-3 nm,

15

Page 15 of 29

ACS Paragon Plus Environment

ACS Catalysis

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



while at 3-4 nm FCC-like are more active.

The analysis of isomers sampled by annealing liquid nanodroplets highlights the key

importance of implementing structural disorder -i.e. defects, steps, and re-entrances at

stacking faults- to enhance the nanoparticle activity. The superior activity of Am isomers is

in fact due to the significant number of highly coordinated sites in the amorphous surface,

in correspondence of the above listed defects (Fig. S2-S10). Further, our results show that a

shape-factor is important up to 5 nm. After this size the mass activity of defected polyhedra,

regardless of their specific morphology, converges to an average value of 1.83±0.03 A/mg.

Sample Isomers Distributions

We estimate the ORR mass activity of size-selected ensembles of nanoparticles which present

di↵erent isomer distributions. Our aim is two-fold: (i) to characterise quantitatively the

degree by which a change in the Sample-Isomer-Distribution of a specimen versus MNP size

alters the profile of the mass activity; (ii) to shed light on the apparent controversy among

measured data where the maximum peak of the mass activity could significantly change.58

Besides a general consensus that the ORR mass activity peaks for Pt-nanoparticles of 2.2-3

nm in diameter, its intensity ranges from 0.1 A/mg for Shao and coworkers,19 through 0.55

A/mg reported by Arenz et al.18 To this end we build specimens whose SID varies with size.

We consider homogeneous samples, where only one morphology is present, see Fig.3 and

structurally heterogeneous sample, as reported in Fig. 5.

We then contrast the mass activity of these four specimens against sets of experimentally

reported data18,19,21,23 and report the observed trends in the right panel of Fig. 5. Although

experimental set ups, e.g. linear scanning voltammetry,59 could rationalise a di↵erent per-

formance, we believe that the Sample-Isomer-Distribution is a fundamental quantity in the

determining the catalytic activity of samples containing metallic nanoparticles. Indeed, the

intensity of the activity peak and the size at which it appears can be tuned dramatically just

by changing the isomer distribution.
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Figure 5: Activity from morphological heterogeneous samples. The morphological compo-
sition, SID, of each sample is given in the bar chart on the left, and colour coding stands
for Am (grey), FCC (pink), Ih (green), SDh and MDh magenta and blue, respectively. For
sake of clarity we gather FCC-like motifs with the same colour. The right hand side panel
shows the comparison between the calculated mass activity (mA/mg) of the sample in trian-
gular, and available experimental data with squared symbols. Lines are for eye-guide only.
Light/Dark Green: Sample (A) - data from Ref.;19 Orange/Red: Sample (B) - data from
Ref.;18 Light/Dark blue: Sample (C) -data from Ref.;21 Pink/Magenta: Sample (D) -data
from Ref.23

Rational Design Paradigms

Our results show that the rational design of nanocatalysts for oxygen reduction can follow

two paradigms: one aimed at the formation of individual isomers with an abundance of

highly coordinated sites, e.g. twinned structures with deep re-entrances, and isomers with a

large surface disordering; the other devoted to find the formation process leading to optimal

isomer distribution(s) within a size-selected sample.

Whilst at a certain thermodynamic condition, one SID should be available, the isomer

distribution within an ensemble of size-selected nanoparticles can be kinetically controlled

and the presence of long-life metastable structures, whose rearrangements are hindered by

activation barriers much larger than the thermal energy, can not be ruled out. Although

a conclusive and all-encompassing list of formation methods is well beyond the scope of

this work, a general overview of common tools suggests that (i) colloidal methods can bias
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favourably the formation of twinned structures with deep re-entrant facets;28,60 (ii) aggre-

gation sources and cluster matrix assembly can enhance kinetic trapping and disordered

surfaces;61–64 (iii) post-synthesis treatments allow to form highly coordinated sites from the

removal of low coordinated ones.12,14,59,65–67 Generally speaking, coalescence and sintering

of nanoparticles lead to defected shapes with many highly coordinated surface sites and, in

turn, good catalytic performances for ORR.39,68

Conclusions

In conclusion, we develop a new multiscale numerical method to estimate the activity of

the elemental components of nano-engineered electrodes, namely metallic nanoparticles, in

realistic temperature conditions. To this end we incorporate the nanoparticles genome into

the computational hydrogen electrode model. To sequencing the geometrical nanoparticle

genome we choose the atop generalised coordination number, but the method is general and

can be used also with other geometrical descriptors. Our approach allows to establish robust

design-rules of Pt-nanoparticles for oxygen reduction taking into account their fluxionality

and the isomer heterogeneous distributions characteristic of experimental samples.

Among structurally well-defined nanoparticles, we confirm the high performance for oxy-

gen reduction of Pt concave and defected polyhedra with a diameter of 2-3 nm. The analysis

of Pt-nanoparticles produced by annealing shows that defected and twinned geometries are

also highly active, in agreement with experimental evidence. Nonetheless, in the 3-5 nm

range, spherical but amorphous Pt-isomers are the most active. These may be obtained

through the fast annealing of liquid nanodroplets, and present an extraordinary average mass

activity of 2.7 A/mg, about five times the actual activity of commercial Pt-nanocatalysts.

we further provide a demonstration on how discrepancies in measured catalytic behaviours

can be rationalised in terms of diverse morphological compositions of the samples taken for

comparison.
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Finally, we hope this work will pave the way to obtain feasible designs of nanoscaled

metallic electrodes. Our study promotes and gives ground to a collaborative e↵ort where

numerical, characterisation (both post synthesis and in operando), and catalytic reaction

data are collected, analysed and intelligently combined to rationalise the catalytic activity

of nanoscaled materials for a certain reaction.

Supporting Information

This information is available free of charge on the ACS Publications website: numerical

methods further details; benchmark of the GCN - �G scaling relationship for non-fcc cut

nanoparticles; recap tables for structural and catalytic properties of closed-shell, defected,

and amorphous isomers; aGCN genomes and representation of amorphous and defected

isomers.
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