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Why conclusions from platinum model surfaces do
not necessarily lead to enhanced nanoparticle
catalysts for the oxygen reduction reactiont

Federico Calle-Vallejo,*® Marcus D. Pohl,® David Reinisch,” David Loffreda,®
Philippe Sautet® and Aliaksandr S. Bandarenka*?®

Experiments on model surfaces commonly help in identifying the structural sensitivity of catalytic reactions.
Nevertheless, their conclusions do not frequently lead to devising superior “real-world” catalysts. For
instance, this is true for single-crystal platinum electrodes and the oxygen reduction reaction (ORR), an
important reaction for sustainable energy conversion. Pt(111) is substantially enhanced by steps, reaching
a maximum at short terrace lengths of 3-4 atoms. Conversely, regular platinum nanoparticles with
similar undercoordinated defects are less active than Pt(111) and their activity increases alongside the

terrace-to-defect ratio. We show here that a model to design ORR active sites on extended surfaces can
Received 27th October 2016 Iso b dt e thi t tradicti d id te desi les f ticl
Accepted 6th December 2016 also be used to solve this apparent contradiction and provide accurate design rules for nanoparticles.

Essentially, only surfaces and nanostructures with concave defects can surpass the activity of Pt(111),

DOI: 10.1035/c65c04788b whereas convex defects are inactive. Importantly, only the latter are present in regular nanoparticles,
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Introduction

Identifying active sites is one of the central paradigms in
heterogeneous catalysis."” However, this is a non-trivial task on
solid catalysts due to the presence of multiple centers with
dissimilar adsorption properties.*” The oxygen reduction reac-
tion (ORR), which limits the efficiency of certain low-tempera-
ture fuel cells that will be important for the future use of
renewable energy sources,®*® is a prominent example of how
complicated the process of finding active sites can be.* For
decades, a myriad of electrocatalytic materials have been tested
for the ORR based on Pt and its alloys."**> Although Pt catalysts
are known to be highly active materials, quantitative relation-
ships between their geometric structure and activity are still
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which is why we design various concave nanoparticles with high activities.

missing. There is currently a gap between model surface and
nanoparticle electrochemistry®® so that very often experiments
on single-crystal electrodes result in design principles that do
not lead to the elaboration of more efficient nanoparticle cata-
lysts. At the same time, the high activity of certain nano-
structures is in stark contrast with comparable single-crystal
observations. This is true for numerous Pt-based catalysts,
particularly stepped surfaces,"*® nanoparticles of specific
shapes™ and ordered arrays of them,* mesostructured thin
films,** etc.

Volcano-type activity plots have shown that Pt(111) is the
most active low-index surface of platinum.''* Its sites bind
*OH, the archetypal ORR intermediate, slightly stronger (~0.1
eV) than the optimal sites. It is known for late transition
metals®™* and in particular for Pt***® that highly coordinated
sites bind chemisorbates (such as those involved in the ORR)
more weakly than the undercoordinated ones. Following this
idea, creating undercoordinated sites on Pt(111) should lower
its ORR activity, which is the case on convex nanoparticles.””**

However, multiple Pt catalysts with different types of
undercoordinated sites'*'®******  demonstrate substantially
higher activity than Pt(111). These opposing observations
challenge our ability to understand activity trends using
approaches based on adsorption energies only. Moreover, they
reveal a lack of correlation between single-crystal and nano-
particle design principles that creates a gap between controlled
laboratory experiments and technological implementations. In
this work, we show that it is possible to determine the under-
lying features of a vast number of experimental data related to
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the high ORR activity of Pt stepped surfaces, nanoparticles
of different shapes and arrays of them and other types of
nanostructures using a single geometric descriptor. We will
show that this descriptor, called generalized coordination
number,>>?¢3® enables a clear distinction between deleterious
and beneficial defects for the ORR activity in nanoparticles as
well as in extended surfaces.

Methods

The DFT calculations of the stepped Pt surfaces were carried out
with VASP,** using the PBE functional®® and the projector
augmented-wave method.** The extended surfaces contained
four metal layers, the two topmost of which as well as the
adsorbates were allowed to relax in all directions, while the 2
bottommost layers were fixed at the bulk distances, with a Pt-Pt
interatomic distance of 2.81 A, typical of PBE. The relaxations
were carried out with a plane-wave cut-off of 450 eV, using the
conjugate-gradient minimization scheme, until the maximum
force on any atom was below 0.05 eV A~*. The k-point meshes
(k1, ko, ks3) were selected for extended surfaces so that their
product with the norms of the lattice vectors (a4, a,, a;) in A was
(ayky, azks, asks) > (25 A 254,25 f&), which ensures convergence
of the adsorption energies below 0.05 eV. The vacuum layer
between repeated images was at least 14 A and dipole correc-
tions were applied. We used kg7 = 0.2 eV, and took the
extrapolated total energies at 0 K. H,O and H, were simulated in
cubic boxes of 15 A x 15 A x 15 A using the I-point and kT =
0.001 eV. We model the oxygen reduction reaction (ORR)
following Nerskov et al's approach,® which is explained in
detail in Section S2 in the ESL.}

A comprehensive picture of Pt ORR catalysts can only be
provided using a descriptor able to capture activity trends
across extended surfaces and different types of nanoparticles
with multiple facets and defects. Such a descriptor is difficult to
find, mainly because of finite-size effects. A number of theo-
retical®*>*” and experimental studies®*® have consistently shown
those effects on the adsorption properties and ORR activities of
Pt nanoparticles, but none provides a systematic way of
capturing them. A simple approach for capturing finite-size
effects that enables the direct comparison of nanoparticles and
extended surfaces is the use of generalized coordination
numbers (CN).2?¢ Conventional coordination numbers are
a count of the first nearest neighbors that captures trends on
adsorption energies on extended surfaces®*?* but fails on
nanoparticles.®® To be able to describe both, generalized coor-
dination numbers weight each first-nearest neighbor atom () by
its coordination number (cn(f)). Thus, CN is calculated arith-
metically for a site i as:*>*¢

oN =) o) 1)

The specific value of cnyax, Which is the maximum number
of first nearest neighbors in the bulk, allows CN to be defined on
fcc and hep (cnmax = 12) and bee (enp.x = 8) crystals and
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guarantees that CN and cn span the same ranges (0-12 for fec
and hcp crystals, and 0-8 for bece crystals). It is clear in eqn (1)
that conventional coordination numbers (cn) are a particular
case of the generalized ones (CN) in which all neighbors
possess cn(f) = 12, namely the bulk coordination. Details of the
assessment of CN for all sites in this study can be found in the
ESI, Section S2.7

Bead-type Pt(331) (Icryst, Jilich, Germany), Pt(221), Pt(775)
(both obtained from Prof. Juan Feliu, University of Alicante,
Spain) and Pt(111) (Mateck, Jilich, Germany) single crystals
were flame-annealed using an isobutane flame and cooled
down in a 1000 ppm CO (4.7, Air Liquide, Germany) mixture
with Ar (5.0, Air Liquide, Germany). The quality of the surface
was checked by obtaining the characteristic voltammograms
recorded in an Ar-saturated HClO, electrolyte. The used elec-
trochemical setup is described in the ESL{ All activity data were
corrected for the iR-drop as described elsewhere.*® Further
details are presented in the ESI, Section S4.F

Results and discussion

Fig. 1 summarizes original and literature experimental data
reported by different groups on the ORR activities and *OH
adsorption potentials of stepped single-crystal Pt surfaces (a
similar collection of data on single-crystal Pt alloys can be found
in ref. 40). Fig. 1A and B exemplify how changes in *OH
adsorption potentials are assessed with respect to Pt(111) (see
the ESI, Fig. S4f contains the experimental activities of single-
crystal stepped Pt and ref. 39 and 41 for further details on these
calculations). Fig. 1C contains the experimental activities of
single-crystal stepped Pt surfaces of various (111) terrace
lengths and step types ((111)-like and (100)-like), at a reference
potential of 0.9Vgyg. The activity trends are a function of the
experimentally-assessed differences in adsorption energies of
*OH with respect to Pt(111). Fig. 1C and D show that certain
stepped surfaces, e.g. Pt(221) and Pt(331), display ORR activities
that surpass those of Pt(111) and also those of most alloys,
except only for Pt;Ni(111).

Schematics of the surfaces under study appear in Fig. 2. The
facets are written as Pt[n(hik1l1) X (hykl,)]- In this notation,
(hqk4l1) is the terrace type ((111) in all cases), n is the atomic
length of the terraces, and (h,k,l,) are the step types, namely
(111) or (100). For instance, Pt(221) (Fig. 2C) has 4-atom wide
(111) terraces separated by (111) steps, and is denoted Pt
[4(111) x (111)].

Note that at a reference potential of 0.9V, although *O is
likely not present at terraces (e.g. Fig. 2H), it does block step
edges.*>** Its low mobility is due to its substantial adsorption
energies and relatively high diffusion barriers.”*** Thus, the
step edges in Fig. 2 are in all cases covered with *O to emulate
the experimental conditions at 0.9Vyyg. Note in passing that on
surfaces with (111) steps, *O has its most stable adsorption
energies on threefold (fcc) hollow sites formed by two edge Pt
atoms and a terrace atom, while on those with (100) steps it
prefers to adsorb on bridge sites at the edge.>®** Furthermore,
Fig. 2 contains the *OH adsorption sites that provide, according
to our DFT calculations, the highest ORR activities on the

This journal is © The Royal Society of Chemistry 2017
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Fig.1 (A) Cyclic voltammograms of Pt(111), Pt(221), Pt(331) and Pt(775) in 0.1 M HCIO,, dU/dt = 50 mV s7%, and (B) the integrated anodic parts of
the voltammograms in which it is shown that the *OH adsorption energies for the stepped surfaces are lower with respect to Pt(111). (C) ORR-
activity enhancement of Pt(221), Pt(331) and Pt(775) with respect to Pt(111) at 0.9Vrue; the inset shows a comparison of Pt(221) and Pt(331) with
the most active Pt alloys reported in the literature. (D) Activity “volcano” plot for pristine Pt(111) (circle), stepped Pt[n(111) x (111)] (triangles) and Pt
[n(111) x (100)] (squares) surfaces from ref. 39 and references therein are provided; data from this work (Pt(331) in blue, Pt(221) in green and
Pt(775) in red) are also provided. The atomic length of the 111-terraces (n) is provided in each case. The data in (C) and (D) and their sources

appear in Table S1.§

various stepped Pt surfaces under study, while Fig. S31 contains
the sites with the strongest *OH adsorption energies. In all
cases, the most active adsorption sites for the ORR are located at
the bottom of the steps, while the strongest adsorption sites are
located at the upper edges of those steps. The corresponding
potentials for *OH desorption of all sites under study are
given in Table S3.7 Those two types of sites coincide on the
surfaces with the shortest terraces, namely Pt(110) and (311),
where n = 2.

To assess the individual activity of the various sites in Fig. 2
and S3,T we constructed the coordination-activity plot in Fig. 3
(see also Fig. S10%). In this graph we include the activities of
both the most active sites on the bottoms of the steps (blue
points in the gray area) and the inactive ones at their edges (red
points in the lower left). Note that the generalized coordination
number of any surface Pt atom at a pristine (111) surface is

This journal is © The Royal Society of Chemistry 2017

CN = (9x6+3x12)/12 =7.5. Since all of the points are
located on the left side of the volcano plot, simple and general
conclusions can be obtained: sites with CN<7.5 bind *OH
stronger than Pt(111) and have larger overpotentials, while
those with CN > 7.5 bind *OH weaker than Pt(111) (by no more
than 0.15 V, as predicted using conventional volcano plots')
and have smaller overpotentials. This means that the intro-
duction of undercoordinated sites on Pt(111) does not enhance
its catalytic activity. The enhancement comes from the highly
coordinated sites formed in the vicinity of those under-
coordinated sites (see Fig. 2 and S37t). Such highly coordinated
sites do not form at the surface of convex nanoparticles, which
explains in simple terms their lower activities compared to
Pt(111) electrodes. That is why creating atomic-scale cavities in
Pt(111) enhances the ORR electrocatalysis, without any need for
alloying (see ref. 30 and data points B and C in Fig. 3, which

Chem. Sci,, 2017, 8, 2283-2289 | 2285
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A) 2(111) x(111)
or (110)

E) 2(111) x(100)
or (311)

CN =6.00 CN =5.83

B) 3(111) x(111)
or (331)

F) 3(111) x(100)
or (211)

CN =17.83 CN =17.67

C) 4(111) x(111)
or (221)

G) 4(111) x(100)

D) 5(111) x(111)
or (553)

CN=15

Fig.2 Most active sites on Pt single-crystal surfaces for the ORR. *OH
sits at the active sites, which are located in all cases at the bottom of
the steps (CN is provided in each case, see Section S2 in the ESIt for
details of its assessment). The Miller indices of the surfaces are
provided together with the length of their (111) terraces and step types,
namely (111)-like (left) or (100)-like (right). In all cases, the step edges
are covered with *O.

correspond to overcoordinated Pt(111) sites at the bottom of
such cavities). As the differences in Fig. 3 between step-edge and
step-bottom sites are as large as ~0.4 V in ORR overpotentials
and ~2 units in coordination, clear distinctions exist between
inactive and active sites within this model.

Note that Fig. 1D shows that Pt[2(111) x (111)] (i.e. Pt(110)) is
20% more active than Pt(111), which is in line with previous
work.*® The coordination-activity plot in Fig. 3 predicts that
pristine Pt(110) (denoted p-Pt(110)) is not active for the ORR.
However, it is well known that Pt(110) reconstructs under
electrochemical conditions** in a missing-row fashion (see
Fig. S8f). The missing-row structure, for which we have
included data in Fig. 3 (r-Pt(110), yellow), possesses wider
terraces where sites with CN > 7.5 are present (see Fig. S21) and
are responsible for the activity enhancement with respect to
Pt(111). This coincides with recent measurements by Attard and
Brew, who found the following ORR activity ordering: p-Pt(110)
< Pt(111) < r-Pt(110).%°

2286 | Chem. Sci., 2017, 8, 2283-2289
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Fig. 3 Coordination—activity plot for the ORR on Pt surfaces and
nanostructures. The plot correlates CN with the potentials of the ORR
limiting steps. The ORR overpotential is the difference between 1.23 V
and those potentials. Convex sites (CN <7.5) located e.g. at step
edges (red) have larger overpotentials than Pt(111), while concave sites
(CN>7.5) ate.g. the bottom of steps (blue) have lower overpotentials.
Data are included for Pt[n(111) x (111)] (V¥), Pt[n(111) x (100)] (M,
italics), missing-row-reconstructed Pt(110) (yellow, denoted r-Pt(110)),
and cavities on Pt(111) (®) from ref. 30, and one convex and three
concave nanoparticles (Ptyo1, Ptzes, Ptszs, Ptsi4). TC: terrace center;
TM: terrace middle; SE: step edge; CD: concave defect. See Fig. 4, S9,
$10 and Table 37 for further details. ACN""/"™" = 0.8 and AAUPPY1I —
0.15 V delimit the energetic-coordination region (in gray) of
improvement with respect to Pt(111).

A noteworthy feature of Fig. 1C is the unusual dependence of
the kinetic current on the potential for Pt(331). While Pt(111),
Pt(775) and Pt(221) exhibit nearly exponential growth and the
difference in activities increases with the overpotential, Pt(331)
loses its high activity. This can be understood as follows: on this
surface, *O makes an important contribution to the nearest-
neighbor counting of the most active sites due to the short
terrace length and the threefold adsorption configuration of *O
(Fig. 2B). Under ORR conditions, adsorbate coverage depends
on the electrode potential in a way such that at high potentials,
high *O coverages are observed. As the potential is lowered, the
*O coverage is lowered, which decreases the generalized coor-
dination number of the active sites from 7.83 to 7.5 when all *O
is reduced. Conversely, surfaces with larger terraces such as
Pt(221) and Pt(775) do not depend on the presence of *O at
steps to have highly coordinated sites at their step bottoms and
maintain their high activity, so that a quasi-exponential current
growth is observed.

In summary, the coordination-activity plot in Fig. 3 (see also
Fig. S107) is a useful tool to determine the relationship between
the activity and geometry of different types of active sites. In
particular for the ORR on Pt, the high activity region corre-
sponds to highly coordinated sites located at concavities, which
explains why stepped Pt surfaces are more active than Pt(111).

This journal is © The Royal Society of Chemistry 2017
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Note, however, that the overall catalytic activity of a given
surface will not only depend on the presence of those sites, but
also on their relative abundance.

Aiming at connecting model-surface and nanoparticle
design principles, we will now extend the approach based on CN
to nanoparticles of various shapes.

Let us start the analysis with Pt,,q, a typical convex nano-
particle with only (111) and (100) terraces present at the surface,
as shown in Fig. 4A. CN is maximal (7.5) for atop sites at the
center of the (111) terraces, while the sites closer to the edges or
at the (100) terraces have lower coordination (see Fig. S97}).2°2¢
Pt,o; in Fig. 4A is a truncated octahedron, but this conclusion
based on CN holds for any other convex particle shape, for
instance, a regular octahedron, cuboctahedron, etc. For all
those convex shapes, the upper limit for CN is 7.5. In small
particles, this value is only reached by a small fraction of surface
atoms, located at the center of (111) terraces as the blue atom in
Fig. 4A. Therefore, convex individual Pt nanoparticles cannot be
substantially more active than Pt(111), as shown in Fig. 3, where
the ORR overpotentials for all sites on Pt,y; (and two convex
defects on Pt;4g) are equal to or larger than those of Pt(111).
Indeed, numerous experimental data confirm this claim: with
the increase of the particle size, the specific ORR activity (i.e. the
activity normalized per real surface area) of convex nano-
particles only approaches the activity of bulk Pt electrodes.””*®
This trend is justified by the increasing fraction of (111) facets
in the particles.***”

A) Convex NP (Pt,,) C) Frame NP (Pt,,,)

CNyux =15

B) Coalescent NP (Pt;q,)

CNuax =7.83

Fig. 4 Most active sites on various Pt nanostructures. (A) “Classical”
convex nanoparticle; (B) coalescent convex nanoparticle, at the
contact of which a concavity is formed; (C) frame nanoparticle; (D)
cross nanoparticle. The sites with the largest CN and nearly optimal
*OH adsorption energies appear in blue and their activities appear in
Fig. 3. More examples (superstructures/high loading of nanoparticles
or idealized porous films) are given in the ESI, Section S5.

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Summary of the predictions of the coordination—activity plot and
their relationship to the geometry of Pt sites. Four types of sites exist: flat
(111) sites (black); convex sites (red) that are less active than flat sites;
concave sites (blue) that are more active than flat sites; and concave
sites with steric hindrance (blue cross). The optimal catalyst is simulta-

neously more coordinated than Pt(111) (Am"p‘/“l =0.8) and binds

*OH more weakly (AAU°PY = 0.15 V).

Our next example considers two convex nanoparticles in
contact with each other (see Fig. 4B, the orange data in Fig. 3
and S67). This situation may be found in supported electro-
catalysts with relatively large loadings of Pt nanoparticles when
these are in contact with each other but do not aggregate (note
that when the particles are not in contact but their double layers
overlap the ORR is also enhanced).®* Furthermore, this type of
contact/coalescence may also be found in the ordered arrays of
nanoparticles recently synthesized and found to be highly active
for the ORR.*® As shown in Fig. 4B, the partial coalescence of two
or more convex particles results in a larger, concave particle. At
the concavity, sites with CN>7.5 are formed that possess
smaller overpotentials compared to Pt(111), while convex
defects such as edges and kinks on the same particle are
considerably less active, see Fig. 3 and Table S3.f Thus, our
model suggests that one can enhance the activity of Pt nano-
particles in two ways: (i) increasing the nanoparticle loading
while avoiding significant aggregation,” and (ii) creating
ordered nanoparticle arrays, which can extend on 1D (chains) or
2D (grids).>®

Fig. 4C shows an example of the frame nanoparticles that are
promising to increase the mass activity of Pt-based ORR elec-
trocatalysts due to their high surface-to-volume ratio. This type
of concave morphology also possesses two types of sites for
which CN>7.5 and hence the predicted overpotentials are
smaller than those of Pt(111) (see Table S37). Again, recent
experimental measurements have confirmed the exceptionally
high ORR specific activity of these nanoparticles.”””** Further-
more, Fig. 3 and 4C show that cross-shaped nanoparticles, the
anisotropic growth of which has been studied by Strasser and
coworkers,*” also possess active concave sites for the ORR.

Chem. Sci,, 2017, 8, 2283-2289 | 2287
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Finally, a way of improving the ORR activity of Pt electro-
catalysts is the design of mesostructured films. The preparation
of pores with specific arrangements (see schematics in Fig. S7t)
that create sites with CN > 7.5 would be of particular interest to
obtain more active Pt-based materials with increased activity
and stability. Remarkably, mesostructured films do demon-
strate surprisingly high ORR activities®* that can also be
understood in terms of CN > 7.5, which is also the case of the
highly active Pt-based nanoparticles with microstrain recently
reported by Chattot et al.*®

Conclusions

Careful model-surface observations obtained from single-
crystal experiments do not necessarily lead to the design of
enhanced Pt nanoparticle catalysts for the ORR. This is because
stepped single-crystal surfaces contain both convex (step edges)
and concave sites (step bottoms), but convex nanoparticles
contain only the former. While convex defects are not active for
the ORR, concave defects are very active and can outperform
sites on pristine Pt(111) if they do not have steric hindrance.
Concave defects are not present in convex nanoparticles,
explaining why the activity of this type of particle increases
alongside the number of (111) terrace sites. Concavities are,
however, present in a variety of active nanostructures.

Our results suggest that, in general, active ORR sites possess
two distinctive and equivalent features: they bind *OH up to
~0.1-0.15 V more weakly than Pt(111) and possess CN > 7.5.
These conclusions are summarized in Fig. 5, where there is an
explicit connection between the geometry, adsorption energy
and ORR activity of Pt sites, which explains the high activity of
a wide variety of Pt single-crystal electrodes and nanostructures.

Coordination-activity plots can also be used to design ORR
catalysts made of metals other than Pt such as Au,* and for
other electrocatalytic reactions such as the hydrogen evolution
reaction.®

Note added after first publication

This article replaces the version published on 19th December
2016, in which an incorrect version of Fig. 5 was presented
through editorial error.
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