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Using structural diversity to tune the catalytic
performance of Pt nanoparticle ensembles

Hector Barron and Amanda S. Barnard*

Recent developments of metallic nanoparticle catalysts have been largely based on the assumption and

evidence that exquisite control over the size or shape (or both) is critically important to the economic

efficiency of future products. However, the cost associated with reducing polydispersivity on the industrial

scale is also a limiting factor, and at this stage it is unclear if samples that are monodispersed in size or

shape are more desirable. In this study we use a combination of thermodynamic and statistical models to

explore how restricting different types of structural polydispersivity impacts the performance of platinum

electrocatalysts, characterized by the molar density of surface defects, and their respective degree of

under-coordination. We find that a combination of simultaneous size and shape control is advantageous,

but attention and resources should be directed toward producing shape control. More specifically, a

sample containing particles entirely enclosed by {111} facets, regardless of the geometric shape, will always

outperform samples where other crystallographic facets are present; but perfect monodispersivity is

unnecessary. Distributions in both size and shape are acceptable (and can even be useful), provided they

are predictable and reproducible.
1. Introduction

The size, shape, and morphology control of nanostructures
has become a central priority in nanoparticles production,
principally due to the tunability of their physical and chemi-
cal properties,1–4 and the promise of applications in catalysis,
sensors, photochemistry, optoelectronics.5–7 Catalysis is argu-
ably the most important area where this topic prevails, since
it has been shown that structures with controlled size and
shape, characterized by specific surface areas and crystallo-
graphic facets, can be used to tune the selectivity and reactiv-
ity of many major catalytic reactions.8,9 In particular, plati-
num and palladium are ideal for numerous catalytic
reactions,10 such as hydrogenation and dehydrogenation,11

and CO oxidation in catalytic convertors.12

The predominant mechanism for the full electroreduction
of oxygen to water (the oxygen reduction reaction, ORR,
which is critical to the efficiency of fuel cells13 and metal–air
batteries14,15) involves an adsorbed hydrogen peroxide inter-
mediate that may convert and adsorb as H2O2, before under-
going further reduction. The formation of hydrogen peroxide
is undesired as it reduces the effective cathodic current,
contaminates the surroundings of the catalyst, and corrodes
the polymer membrane present in fuel cells. Platinum is
the superior monometallic electrode material for the ORR
because the oxygen–oxygen bond can be efficiently broken on
platinum surfaces, with relatively little interference from
the formation of an irreversible oxide. Likewise, the hydro-
gen oxidation reaction (HOR, which consumes fuel in fuel
cells) and the hydrogen evolution reaction (HER, which pro-
duce hydrogens via cathodic reaction in electrolyzers) are
both characterized by extremely fast kinetics on platinum
electrodes16 with almost perfect reversibility. Platinum is key
to the development of fuel cells and batteries, electrolyzers,
and electrosynthetic methods, as well as electrochemical
sensing systems, provided the particles are decorated with
Miller index facets that improve the catalytic activity, and a
high density of atomic edges, steps, and kinks that serve as
the active sites for bond breaking and bond making.

While significant achievements in the size-controlled syn-
thesis of quasi-spherical nanostructures have been recently
made,17–26 the formation of non-spherical nanostructures
with precise shape control is still very challenging.27–30 Among
the new techniques under development around the world,
solution-phase methods have emerged as a highly versatile syn-
thesis to control the size and the shape of nanoparticles of
different materials.31–34 Solution-phase synthesis of platinum
nanoparticles consists in the reduction and decomposition of
a metal precursor in the presence of a surfactant.35–41 A varia-
tion in the type and concentration of the precursor as well as
the reducing agent and stabilizer with temperature and time,
leads to the formation of different shapes and sizes. Other
variables that also influence the final shape and growth stages
oyal Society of Chemistry 2015

http://crossmark.crossref.org/dialog/?doi=10.1039/c5cy00123d&domain=pdf&date_stamp=2015-04-23
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c5cy00123d
https://pubs.rsc.org/en/journals/journal/CY
https://pubs.rsc.org/en/journals/journal/CY?issueid=CY005005


Catalysis Science & Technology Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
M

ar
ch

 2
01

5.
 D

ow
nl

oa
de

d 
on

 7
/2

6/
20

25
 8

:3
7:

56
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
is the introduction of seeds or foreign species42 and the intro-
duction of twin planes.43,44

The investment in this area has been largely driven by
both assumption and evidence that exquisite control (of both
size and shape, or size or shape) is central to future technol-
ogy advancements.45 For example, reliable performance in
many applications requires consistent properties, which are
only possible when samples are monodispersed.2,17,46–48

However, most samples are not perfectly monodispersed, and
contain distributions of sizes and mixtures of shapes;49,50

many of which are very difficult to distinguish when the par-
ticles are small. At this stage it is unclear if future efforts
should strive for samples that are monodispersed in size,
shape, or both.

Based on these recent studies it is easy to see that a better
understanding of how this persistent polydispersivity impacts
the performance of platinum electrocatalysts will aid in devel-
opment. This can be done in a straightforward manner using
a large and diverse virtual sample of platinum nanoparticles,
where it is a simple matter to accurately determine the den-
sity of under-coordinated surface atoms that activate the reac-
tions. This includes the atoms located at surfaces, edges and
corners; the coordination of which varies depending on the
crystallographic orientation of each surface feature. Once the
density of active sites is known for a large statistical ensem-
ble of morphologies, we can combine this with the size-,
shape- and temperature-dependent probability of observa-
tion, and explore how restricting the diversity of the ensem-
ble improves or degrades the molar density of active sizes; to
enhance or retard the efficiency of different reactions, as a
measure of catalytic performance.

2. Methods

While it is possible to generate a virtual samples containing
a large set of individual structures (that contain considerable
variety of shapes and sizes) and study metal nanoparticle
ensembles using explicit computer simulations, this repre-
sents a very large undertaking, and considerable time and
resources will be spent describing structures that have a very
low probability of observation; contributing little to the prop-
erties of the ensemble. It is more efficient to use an analytical
model to generate the sample, rather than to attempt to sim-
ulate thousands of individual nanoparticles.

Previously it has been established that a phenomenologi-
cal nanomorphology model, designed to compare the ther-
modynamic stability of isolated (unsupported) nano-
particles,51 is ideally suited to this task. The model used here
provides the geometric summation of the Gibbs free energy
with contributions from the particle bulk and surfaces:
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where M is the molar mass, ρ is the mass density, q is the
surface-to-volume ratio, T is the temperature, and γiĲT) is the
This journal is © The Royal Society of Chemistry 2015
specific surface free energy of facet i. These components
converge to the Wulff shape at large sizes. In addition to
this, the surface stress σiĲT) and the external pressure Pe
produce a volume dilation, the magnitude of which de-
pends on the bulk modulus B0. These components are not
present in a Wulff construction, and are significant at small

sizes. The weighting factor is a fractional area, so fi
i
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(to be consistent with the Laplace–Young

formalism). While it has been shown in previous works that
the contributions to the free energy from the edges and cor-
ners are minor, and that (over this critical size) they do not
drive the formation of alterative shapes, they are important
to the catalytic activity and are included explicitly in the pro-
ceeding analysis.

The temperature-dependent free energy ΔGĲT) may be
determined by parameterizing with γiĲT) and σiĲT). This may
be done using any suitable computational method, such as
density functional theory (DFT),52,53 provided that it is used
consistently (to avoid uncertainties associated with the
mixing methods) and has sufficient accuracy to distinguish
between different facets and provide the right energetic
ordering. A detailed account of this model, with a parameteri-
zation for platinum, is provided elsewhere.52 From experi-
ment, it is usually known that defects, such as edges and
corners, make up the majority of the active sites for cataly-
sis, and that the activity of an atomic site is related to the
inter-atomic coordination number of the site. A 3-fold
coordinated corner atom has a different activity to a 9-fold
coordinated surface atom, and will be instrumental in differ-
ent reactions.

Once parameterized, the models above can be used to
compare the relative stability of each shape (n), and
predict their probability of observation (p) as a function of
T.54 The latter can be easily obtained using a Boltzmann
distribution:

p(n) = e−Gn(T)β (2)

where β is reciprocal of the thermodynamic temperature of a
system, calculated at any given temperature. This can in turn
be used to calculate the population of each n in an ensemble
containing N particles (each with a specific size and shape),
using statistical mechanics:

p nN
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(3)

where the denominator is the canonical partition function.
Of course, it is also possible to use other statistical distribu-
tions, if required.

Using the size- and shape-dependent relative stability
Gn(T) we can compute the probabilities pn∀n ∈ N, and then
determine the populations for a range of equilibrium and
Catal. Sci. Technol., 2015, 5, 2848–2855 | 2849
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non-equilibrium (metastable) geometries. Irrespective of the
sizes and shapes included in the ensemble, the populations
for non-equilibrium shapes are always non-zero at finite tem-
peratures, though they are, of course, low for the least stable
morphologies. The ensemble average of the density of differ-
ent classes of active sites (Xc) can then be computed for any
ensemble containing N particles using:

X p nN xc
n

N

c n



1
( )| (4)
where xc,n is the density of active sites of class c, on a
given particle n.

Our classification scheme is based on the degree of under-
coordination of each surface atoms, and the similarity with
respect to known surface features that share characteristics.
These classes include: surface defects, which include all
adatoms in configurations (“top”, “bridge” and “hollow”) where
the Pt-coordination number can be 1, 2 or 3; surface microstruc-
tures, which include surface “kinks” and “steps”, where the Pt
coordination number can be 4, 5, 6 or 7; and surface facets,
which include planar configurations (in any hkl orientation)
where the Pt coordination number can be 8, 9, 10 or 11. The
coordination number of Pt atom in the bulk is 12. In each case
the individual values of xc,n have been estimated using a linear
fit to the exact number of under-coordinated sites of a range of
explicit structures with between 300 and 6600 atoms. As we will
see, these classification become useful when we relate the
results to different types of catalytic reactions.

Note that while there is some evidence for metals such as
palladium55–57 that the efficiency of these different classes of
surface features may vary with the over all size of the particle,
due to some predicted size-dependence of the density of
electronic states,58 the present study does not include this
phenomenon. The reason for this is 3-fold; firstly, as it only
pertains to structures that are below the size range consid-
ered here; secondly, that it is a simple matter for Readers to
include this effects as a size-dependent weighting function to
the final results; and finally, we are dealing with distributions
of sizes (and shapes), rather than comparisons between indi-
vidual particles, and minor variations in the size-dependent
activity of specific types of surface structures will be indistin-
guishable. Explicitly inclusion of the size-dependent shift in
the electronic states is only relevant when considering indi-
vidual nanoparticles, or perfectly monodispersed samples,
which we are not.

3. Results and discussion

In this study a virtual sample of 3705 nanoparticles from 5
nm to 55 nm in average diameter has been developed theo-
retically, including a range of facetted and quasi-spherical
morphologies, with unique geometric shapes. These include
the icosahedron, Marks decahedron, tetrahedron, truncated
tetrahedron, octahedron, cuboctahedron, truncated cube,
cube, truncated octahedron, doubly-truncated octahedron,
small rhombicuboctahedron, great rhombicuboctahedron,
2850 | Catal. Sci. Technol., 2015, 5, 2848–2855
rhombi-truncated cube, rhombi-truncated octahedron, rhom-
bic dodecahedron, trapezohedron, tetrahexahedron, trisocta-
hedron and the hexoctahedron; as shown in Fig. 1. This vir-
tual sample is an ensemble, because every one of the 3705
particles is unique. The size range chosen here extends
beyond the range that is typically targeted by researchers
(usually under 10 nm in size59) but is sufficiently large to
cover the range of sizes present in industrial samples60

(where value is place on cost reduction, as opposed to effi-
ciency gains and monodispersivity). It is also sufficiently
large to capture the impact of more complex nanoparticle
shapes that are typically produced at the upper end of this
size range.61–65 As we will see however, the properties are still
dominated by the small nanoparticles, and the inclusion of
large particles does nothing more than establish a more com-
mercially relevant frame of reference. Choosing a different
frame of reference would shift numerical results, but not
alter the general trends.

Computationally many studies have been carried out on
metallic nanoparticles in order to find energetically stable
structures using different approaches. The energetic stability
of platinum clusters has been addressed by different
studies,66–69 finding icosahedral structures are stable at small
sizes, followed by decahedral and truncated octahedral struc-
tural motifs as the size increases. This is consistent with the
relevant regions of the phase diagram of platinum at low
temperatures,52 as well as the statistical probabilities of
observations predicted using consistent methods.54

This is not to say, however, that other shapes may not be
present. A mixture of different species is commonly present fol-
lowing solution-phase synthesis, based on the precursor,28,39,70–75

solvent, stabilizer and reducing agent,28,39,76–78 or the foreign
ions70,79–82 and seeds.83 In addition to this reaction tempera-
tures may affect the decomposition or reduction rate of the
metal precursor, as well as moderating the growth kinetics by
shifting the equilibrium established between the different
species that co-exist in the solution. By varying the reaction
temperature, different morphologies of platinum nano-
particles have been reported.79,84–86 For example, truncated
cubic and cubic morphologies could be obtained at tempera-
tures of 180 °C, 160 °C and 120 °C.79

Given that platinum nanoparticles can have a range of
morphologies (some deliberatively encouraged, and others
appearing adventurously) regardless of how carefully they are
prepared, it is more realistic to model distributions and mix-
tures of particles, than to assume all samples are adequately
represented by the ground state structure. Attempts to
improve the degree of monodispersivity can be costly, and
may not be amenable to industrial level production, so in
addition to this it is highly desirable to ascertain how detri-
mental persistent polydispersivity is to performance, and
whether perfect monodispersivity is as advantageous as has
previously been assumed.

Using our virtual sample of 3705 particles, the relative sta-
bility, density of active sites, and the Boltzmann population
at 160 °C was calculated as described above. Setting aside for
This journal is © The Royal Society of Chemistry 2015
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Fig. 1 Nanoparticle morphologies included in this study: (a) icosahedron, (b) marks decahedron, (c) tetrahedron, (d) truncated tetrahedron,
(e) octahedron, (f) cuboctahedron, (g) truncated cube, (h) cube, (i) truncated octahedron, (j) doubly-truncated octahedron, (k) small
rhombicuboctahedron, (l) great rhombicuboctahedron, (m) rhombi-truncated cube, (n) rhombi-truncated octahedron, (o) rhombic dodecahedron,
(p) trapezohedron, (q) tetrahexahedron, (r) trisoctahedron and the (s) hexoctahedron. Regular edges are shown in red, and the edge of twin planes
are shown in blue.
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a moment the classification of surface sites, we can first pre-
dict the total number of under-coordinated surface atoms for
each structure, and obtain an ensemble average of 196.9 sites
per mmol, where polydispersivity is entirely unrestricted (in
both size and shape). This is a crude measure of perfor-
mance, but we can see that it changes very little with temper-
ature, as shown in Fig. 2, though the additive contribution
from particles of different sizes varies. In Fig. 3 we can see a
histogram of the change in performance (relative to the
entire ensemble) if sub-samples of particles were extracted
with near perfect monodispersivity in size, but retaining the
natural polydispersivity in shape. In this figure the difference
in size is equivalent to one atomic layer, and we can see that
This journal is © The Royal Society of Chemistry 2015

Fig. 2 Ensemble average of the number of under-coordinated surface
sites per millimolar volume as a function of temperature, for an
ensemble of 3705 particles between 5 nm to 55 nm in size, and with
the shapes displayed in Fig. 1 (with each structure weighted by the
size- and shape-dependent probability of observation).
for each class of surface site a clear trend emerges. There is
a significant advantage in growing or selecting small sizes
(as we would expect), but this advantage depends on what
type of feature one seeks to promote. The relative increase
in the number of surface defects sites is extreme (see
Fig. 3a); over 2000% increase if we were to extract only 5 nm
particles from the 5–55 nm distribution. Over ~20.3 nm the
millimolar fraction of surface defects sites decreases, and we
would be better off retaining the unrestricted distribution. A
similar trend is observed for the surface facet sites (Fig. 3c),
though the maximum increase (29.8% for 5 nm mono-
dispersed samples) is significantly less, and threshold is
slightly higher (~28.3 nm).

The results for the surface microstructure sites, however,
are different (Fig. 3b). If we were to extract monodispersed
samples of small nanoparticles we would expect to see an
increase in performance (relative to the entire ensemble),
due to the larger surface-to-volume ratio. This supports the
reasons why researchers target these sizes. However, we also
see an increase in performance (relative to the unrestricted
sample) if we extract the larger particles as well, due to the
larger overall surface area. In contrast, particles between
~8.6 nm and ~33.7 nm are predicted to have fewer surface
microstructure sites per mmol, and an unrestricted poly-
dispersed sample will likely perform better than a mono-
dispersed sample in this range.

This is hugely significant, since it has been clearly demon-
strated in the literature that surface defects are important in
the second stage of CO oxidation reactions, where it has been
shown than CO oxidation initiated at step on (111) facets rap-
idly diffuse to adatom sites where the atomic coordination
numbers are 1, 2 or 3.87,88 Surface microstructures are impor-
tant in the first stage of CO reactions,87,88 and oxygen reduc-
tion reactions (ORR), since electrolyte anions adsorb more
strongly on steps and kinks with coordination numbers of 4,
5 and 6, where oxygen–oxygen bonds can be more readily
Catal. Sci. Technol., 2015, 5, 2848–2855 | 2851
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Fig. 3 The performance change, in %, attributed to the number of surface defect sites, surface microstructure sites, and surface facet sites,
relative to the entire unrestricted ensemble. The results are predicted for samples of platinum nanoparticle catalysts that are perfectly
monodispersed in size, with a resolution of one atomic layer, but with the natural mixture of the shapes displayed in Fig. 1 (with each structure
weighted by the size- and shape-dependent probability of observation). Note the dramatically different scale in the case of surface defects, char-
acterized by adatoms in “top”, “bridge” and “hollow” configurations.
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broken.88 Surface facets, in turn are responsible for H oxida-
tion (HOR) and evolution (HER) reactions, with the desorp-
tion/adsorption of hydrogen increasing on surfaces with
atoms with coordination numbers of 7, 8 and 9.89

While this prediction is instructive, it is not particularly
practical, since achieving this degree of monodispersivity is
still beyond most experimental capabilities. In Table 1 we
can see the performance change that could be achieved if a
range of smaller size distributions were made or extracted
(while retaining the natural mixture of shapes). Here we can
see that, relative to the entire unrestricted ensemble of
shapes between 5–55 nm, it is possible to achieve a signifi-
cant increase in performance while still tolerating a reason-
able size distribution. Irrespective of the class of surface site
2852 | Catal. Sci. Technol., 2015, 5, 2848–2855

Table 1 Prediction of how restricting the size distribution of platinum
nanoparticle catalysts may impact performance, as defined by the change
(in %) in the number of surface sites per millimolar volume in each class,
for each ensemble, relative to the entire, unrestricted distribution
between 5 nm to 55 nm. In all cases the temperature of 160 °C, and the
natural mixture of shape is preserved (with each structure weighted by
the size- and shape-dependent probability of observation)

Shape Surface defects Surface microstructures Surface facets

5–10 nm +631.81 +2.80 +12.63
5–15 nm +272.20 −0.56 +7.26
5–20 nm +139.02 −1.17 +4.64
5–25 nm +81.51 −1.14 +3.21
5–30 nm +49.05 −0.95 +2.22
5–35 nm +30.70 −0.74 +1.54
5–40 nm +18.78 −0.53 +1.03
5–45 nm +10.23 −0.33 +0.61
5–50 nm +4.47 −0.16 +0.28
5–55 nm 0.00 0.00 0.00
that is required, we can see that targeting a smaller distribu-
tion between 5 nm to 10 nm will still yield a measurable
improvement. The surface defects site and surface facet sites
decrease logarithmical with the expanding size distribution,
and the surface microstructures exhibit a polynomial rela-
tionship to the size distribution (for the reasons mentioned
above).

Rather than attempting to restrict or segregate the particle
sizes, an alternative way of improving the performance of
platinum nanocatalysts is to control the shape. If we modify
the mixture of shapes in the virtual sample, targeting specific
morphologies instead of restricting the size distribution of
the ensemble, then we can also predict ways to improve per-
formance. Taking a coarse-grained approach we could target
simple polyhedra (Platonic and Archimedean solids) over
more complex polyhedra (zonohedrons) that appear quasi-
spherical. In this case we find that the simple polyhedra, dec-
orated with distinct edges and corners, may increase in den-
sity of surface facets sites over the unrestricted mixture; while
the quasi-spherical particles will increase the density of sur-
face defects and surface microstructures (see Table 2). This is
because there are a greater number of edges and corners on
the quasi-spherical particles and even the atoms of the high-
index facets tend to have a lower coordination number (being
more step-like or kink-like).

If we take a more fine-grained approach we may begin to
ask which types of shapes are most suitable for different reac-
tions, and how monodispersed do the samples need to be? By
creating some more restrictive ensembles we find that shapes
with >50% {111} surface are the ones responsible for the
enhancement of surface facets sites that are useful for HER
and HOR reactions. In contrast, the shapes >50% {110} surface
This journal is © The Royal Society of Chemistry 2015

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c5cy00123d


Table 2 Prediction of how restricting the overall shape of platinum
nanoparticle catalysts, or the prevalence of different facets, may impact
performance, as defined by the change (in %) in the number of surface
sites per mmol in each class, for each ensemble, relative to the entire,
unrestricted distribution between 5 nm to 55 nm. In all cases the temper-
ature of 160 °C, and the entire distribution of sizes is preserved (with each
structure weighted by the size- and shape-dependent probability of
observation)

Surface
defects

Surface
microstructures

Surface
facets

Coarse-grained
Simple polyhedra −58.82 −13.25 +18.4
Quasi-spherical +71.24 +9.88 −22.42

Fine-grained
(111)-Enriched +631.81 +2.80 +12.63
(100)-Enriched +272.20 −0.56 +7.26
(110)-Enriched +81.51 −1.14 +3.21
Edge-enriched +49.05 −0.95 +2.22

Table 3 Prediction of how preparing or selecting specific shapes of plat-
inum nanoparticle catalysts may impact performance, as defined by the
change (in %) in the number of surface sites per mmol in each class, for
each ensemble, relative to the entire, unrestricted mixture of all shapes
(weighted by their individual probability of observation). In all cases the
sizes are distributed between 5 nm to 55 nm, and the temperature of
160 °C

Shape
Surface
defects

Surface
microstructures

Surface
facets Fig.

Icosahedron −100.00 −99.94 +42.55 1(a)
Marks decahedron −100.00 −44.62 +65.50 1(b)
Tetrahedron +122.70 −61.35 +119.87 1(c)
Truncated tetrahedron −100.00 −67.81 +75.25 1(d)
Octahedron −100.00 −56.59 +60.55 1(e)
Cuboctahedron −100.00 −49.88 +32.48 1(f)
Truncated cube −100.00 −63.04 +47.19 1(g)
Cube −100.00 −73.81 +60.28 1(h)
Truncated octahedron −100.00 −58.85 +36.54 1(i)
Doubly-truncated
octahedron

−100.00 +50.37 −22.07 1(j)

Small
rhombicuboctahedron

−100.00 +17.91 −29.86 1(k)

Great
rhombicuboctahedron

−100.00 +13.72 −33.87 1(l)

Rhombi-truncated cube −0.34 +49.38 −67.67 1(m)
Rhombi-truncated
octahedron

−100.00 +100.96 −91.07 1(n)

Rhombic dodecahedron −5.44 +158.58 −100.00 1(o)
Trapezohedron −100.00 +96.84 −92.07 1(p)
Tetrahexahedron +1577.42 +88.69 −92.80 1(q)
Trisoctahedron +42.28 +41.74 −21.44 1(r)
Hexoctahedron −100.00 +20.05 −50.73 1(s)
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area provide a greater density of surface microstructure sites
for ORR reactions (more than 64% over the mixed ensemble).
Surface defects sites are enriched if we targeting shapes with
a high edge-to-volume ratio, such as a trapezohedron, tetra-
hexahedron, hexaoctahedron, trisoctahedron or icosahedron.
This is also reflected in the performance changes for perfectly
shape-selected samples (see Table 3); assuming that this
degree of shape control were possible.

By comparing the results in Table 3 we can see that
there is a delicate balance between the number of facets,
edges and corners, the orientation of the facets, and the
angle subtended at the edges and corners. Some facets, edges
and corners have atoms with a lower degree of under-
coordination than others. The un-twinned shapes that have
exclusively {111} facets (the tetrahedron, truncated tetrahe-
dron and octahedron) all show a marked increase in surface
facets sites; the shapes that have structurally very similar the
rhombic dodecahedron (rhombic dodecahedron, rhombi-
hexahedron, rhombi-octahedron, trapezohedron and trisocta-
hedron) show an increase in surface microstructure sites;
and the tetrahedron and tetrahexahedron significantly in-
crease the density of surface defects sites—even when we
make no attempt to control the size.

The culmination of this systematic investigation, is the
combination of simultaneous size and shape control. We
have shown that, depending on the type of surface structure
that are required (with particular reactions in mind),
targeting some generalized morphologies and a range of sizes
distributed between 5 nm to 10 nm are both advantageous.
Combining this knowledge we now find that a 5–10 nm
{111}-rich sample of tetrahedra, truncated tetrahedra and
octahedra is predicted to offer +90.53% more surface facet
sites than the polydispersed sample. Similarly, a 5–10 nm
sample of rhombic dodecahedron-like shapes (rhombic
dodecahedron, rhombi-hexahedron, rhombi-octahedron, trape-
zohedron and trisoctahedron) is predicted to provide +87.73%
more surface microstructure sites than the polydispersed sam-
ple. And finally, a 5–10 nm sample of tetrahedra and
This journal is © The Royal Society of Chemistry 2015
tetrahexahedra is predicted to exhibit a staggering 4594%
more surface defect sites than the polydispersed sample. In
each case, one could argue that this increase in performance
is certainly worth the investment, particularly given that a sig-
nificant degree of polydispersivity is still permitted.

At this point it is prudent to remind Readers that the
results use Boltzmann distributions, based on the relative
stability of the individual structures in the ensemble. If we
were to use a different distribution, such as normal or Gauss-
ian distribution, we would expect some differences in the
numerical values. However, as we have reported relative
changes in all cases (comparing only like-distributions) we
would not expect the trends to be significantly different. This
would be, of course, an interesting topic for further research.

Before concluding it is also worthwhile to briefly discuss
what one may expect from particles smaller than 5 nm, which
were deliberately excluded from this work. Particles in this
size range are significantly more complicated than the ideal-
ized polyhedra included here, and often present as amor-
phous structures with significant geometric heterogeneity. An
assumption inherent in the model used in this study is that
the nanoparticles are symmetric, crystalline, and sufficiently
large that their surface features can be related to those
observed in the bulk. For these reasons it is better to under-
take explicit computer simulations on a large ensemble of
small platinum nanocatalysts (rather than building theoreti-
cal models), to ensure than this complexity is captured
Catal. Sci. Technol., 2015, 5, 2848–2855 | 2853
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effectively. It would then be possible to undertake a similar
statistical study, and compare smaller structures to the results
presented herein.

4. Conclusions

Although it is well known that engineering the size or shape
of electrocatalysts will enhance performance, a fact that is
certainly supported by these results, the outcome of the com-
parisons presented here indicate that there is not one strat-
egy that will suit all situations. Reducing the size of Pt nano-
catalysts will increase the density of surface defect sites (such
as adatoms in “top”, “bridge” and “hollow” configurations)
and benefit CO oxidation reactions; irrespective of the shape.
In contrast, the traditional approach of targeting morphol-
ogies with exclusively {111} facets will succeed in improving
HER and HOR efficiency, regardless of the size. In the case of
ORR reactions however, the promotion of more Surface
Microstructure sites (such as “kinks” and “steps”) is more
complicated, and will require trade-offs to be made in terms
of size- and/or shape-selectivity. However, given the time and
cost associated with controlling size, shape, and the degree
of polydispersivity in both, it is reassuring to find that achiev-
ing perfect monodispersivity is unnecessary. Distributions in
both size and shape are acceptable (and can even be useful),
provided they are predictable and reproducible.

Further work is currently underway to include defective
particles with surface steps, corners and concave surfaces;90

with the ultimate objective of treating more sophisticated
branched nanostructures.72
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