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Abstract: Platinum is a prominent catalyst for a multiplicity of
reactions because of its high activity and stability. As Pt
nanoparticles are normally used to maximize catalyst utiliza-
tion and to minimize catalyst loading, it is important to
rationalize and predict catalytic activity trends in nanoparticles
in simple terms, while being able to compare these trends with
those of extended surfaces. The trends in the adsorption
energies of small oxygen- and hydrogen-containing adsorbates
on Pt nanoparticles of various sizes and on extended surfaces
were analyzed through DFT calculations by making use of the
generalized coordination numbers of the surface sites. This
simple and predictive descriptor links the geometric arrange-
ment of a surface to its adsorption properties. It generates linear
adsorption-energy trends, captures finite-size effects, and
provides more accurate descriptions than d-band centers and
usual coordination numbers. Unlike electronic-structure
descriptors, which require knowledge of the densities of
states, it is calculated manually. Finally, it was shown that an
approximate equivalence exists between generalized coordina-
tion numbers and d-band centers.

The increasing global demand for energy, the current
dependence on fossil fuels, and the need for carbon-neutral
processes call for the use of renewable energy sources and
their associated technologies.! Among these, catalysis-based
technologies, such as fuel cells and electrolyzers, promise to
generate, store, and transform clean energy by means of the
cleavage and formation of chemical bonds. However, high
costs and efficiency and durability problems hinder the
widespread implementation of these technologies.”! The
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costs are lowered by using nanoparticles, as their high surface
area to volume ratio reduces catalyst loadings. The challenge
is to find appropriate catalyst sizes and morphologies for
given catalytic purposes. Experimentally, this requires facile
synthesis methods that permit the preferential formation of
active sites with the highest turnover frequencies.”) From
a theoretical standpoint, simple and robust models are
required with sound physical-chemical foundations and
predictive power, that is, they must be able to univocally
locate new information within existing trends. The most
successful example of such models is arguably that of
Hammer and Ngrskov.™ Their d-band model provides
explanations of the reactivity of late transition metals based
on a single parameter: the d-band center of the surface atoms.
Nevertheless, it requires the computational calculation of
projected densities of states (pDOS) on the surface atoms and
has some limitations, such as a loss of accuracy for early
transition metals, metals with fully filled d-bands, and strongly
correlated metals.”!

Moreover, theoretical chemistry nowadays encounters the
need for more realistic descriptions of catalytic nanoparticles.
Instead of using model approaches such as Wulff construc-
tions to describe complex nanostructures, first-principles
simulations of entire nanoparticles with multiple terrace,
edge, and corner sites should be performed to improve the
current understanding of catalysis.!”! In this context, the key
question is whether it is possible to find simple and efficient
descriptors for the reactivity of the multiple sites in nano-
particles and extended surfaces, the variation of which can be
unambiguously linked to changes in adsorption energies, and
that do not require additional computational calculations to
be estimated. In the following we will argue, through the
analysis of the adsorption energies of *O, *O,, *OH, *OOH,
*H,0, and *H,0,, that the generalized coordination numbers
of surface sites fulfill all those conditions and perform better
than conventional descriptors.

The nanoparticles in this study are Pty,, Pt;, and Pty
(Supporting Information, Figure S1). These particles are
truncated octahedra with diameters between 0.7 and 1.7 nm,
exhibiting hexagonal-type (111) and square-type (100) facets.
Besides, there are edges and corners (henceforth referred to
as kinks) at the intersection between two and three neighbor-
ing terraces, respectively. Adatoms were also added to Pt,;, in
order to increase the types of active sites and explore the
properties of highly unsaturated surface Pt atoms (see the
Supporting Information). The extended surfaces in this study
were carefully chosen to geometrically match the different
sites of the nanoparticles, and a full list of crystal facets is
given in the Supporting Information (Table S5).
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Coordination numbers are used in chemistry as a zeroth-
order approximation to describe the electronic environment
in which an atom is embedded. For an fcc crystal, the
maximum coordination is obtained in the bulk, where twelve
nearest neighbors surround every atom. Coordination num-
bers below twelve are typical of surfaces and correspond to
atoms with tendencies towards the formation of bonds that
compensate for the lack of coordination. Hence, there is
a proportionality relationship between the lack of coordina-
tion of surface atoms and their response towards the
formation of new bonds,”! following bond-order conservation
theory.”! To exemplify this proportionality, the adsorption
energies of *OH atop were plotted against the two types of
coordination numbers for a multiplicity of adsorption sites on
Ptyg, Pty, Ptyy,, and extended surfaces (Figure 1; for details on
the active sites, see Figure S6).
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crystal), and to hollow sites, where cn,,, is 22 and 26 for
threefold and fourfold sites, respectively (see additional
details in Tables S2-S8). We emphasize that double counting
of nearest neighbors is avoided, and that generalized coordi-
nation numbers 1) can be straightforwardly extended beyond
second neighbors, 2) are always smaller than the usual ones
(except for the bulk), 3) are bound between 0 and 12 for fcc
crystals, as the usual ones, 4) can be used on other lattices,
such as bcc crystals, by changing cn,,,, accordingly, 5) can be
defined on bridge and hollow sites, so that adsorption-mode
sensitivity is ensured (see Tables S1-S8 and Figure 2), 6) help
distinguish between similar sites in extended surfaces and
nanoparticles of various sizes, thereby allowing to quantify
size effects.
Figure 1 shows that CN performs better than cn, which is
mainly due to the limited description of the adsorption-
energy trends for small nanoparticles offered by the

e I o T T latter. For instance, the adsorption energies of (111)
Ao, top = - 3802+ 0.185 CN AFon,op = 3:934 + 0,157 en terraces and kinks on particles of different sizes are
4 25l r=0971 1l r=0933 ¥ | clearly distinguished by using CN (see Figure S6; see
2 SO MAE=0.056eV MAE =0.090 eV & also Figure S3 for a detailed comparison of CN and
~ MAX =0.161 eV MAX =0.331 eV ol cn). CN produces linear relations when plotted against
‘E vl 1L g | adsorption energies, which suggests that a decrease in
u&.c’ ) O Pty coordination number corresponds to an increase in
O P, binding strength, as intuitively expected. However, one
.| VP || | may argue that the description provided by electronic
O Pty descriptors, such as d-band centers (&4), would be
S I relatively similar, thus questioning whether our new
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Figure 1. Adsorption energies of *OH atop, described by generalized (left) and

usual (right) coordination numbers of the sites to which the adsorbate is

bound. Data for Pty (m), Pt;s (#), Pty; (), and extended surfaces (@) are

provided. Linear fits and related statistics are also given.

The trends in Figure 1 are described by usual
coordination numbers (cn) and a first-order extension
of those, which we will refer to as generalized
coordination numbers (W) To estimate the general-
ized coordination number (CN) of an atom i with n;
nearest neighbors, those neighbors are counted and
weighted by their own usual coordination numbers

[Eq. (D)]:

AEs | eV —>

m(l) = i: Cn(i)nj/cn|nax (1)

Hence, each neighbor of atom i is not accounted
for with a weight of 1, as done usually, but with
a weight of nj/cn,,,, (and cn,,,, =12 for an fcc crystal).
For a top site on a (111) surface, the generalized
coordination number of the surface metal atom is thus
CN = (9 x 64 12 x 3)/12 = 7.50 (as there are six and
three neighbors in the first and second layers, respec-
tively, with usual coordination numbers of nine and

descriptor is advantageous. For comparison, we have
plotted the adsorption energies of all oxygen- and
hydrogen-containing species against CN and ¢, in
Figure 2, for the most stable adsorption sites on Pty
and extended surfaces (therefore, top, bridge, and

1
1 2 3 4 5 6 7 8 -26 -24 22 20 -18 -1.6
CN —> e /eV >

twelve). The same definition can be extended to bridge
sites, where cn,,,, = 18 (the number of atoms that two
nearest-neighbor atoms have in the bulk of an fcc
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Figure 2. Trends in the adsorption energies of oxygen- and hydrogen-contain-
ing species on Pt,y, (V) and extended surfaces (@) as a function of CN (left)
and g, (right). Least-square lines and regression coefficients (r) are given in
each case (for the corresponding equations, see Table S9).
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hollow sites at terraces, edges, and kinks are included).
Although ¢; produces similar trends, it is worth noticing
(Figure 2) that approximately six to ten sites (depending on
the adsorbate) with significantly different adsorption energies
have band centers at around —2.34 £0.06 eV (see Tables S1
and S5 for the actual values and Figure S2, where the d-band
centers were calculated with two different codes). For that
narrow distribution of band centers, the ranges of adsorption
energies are approximately 0.75eV for *O,, *OH, and
*OOH, and 0.3 eV for *O, *H,0, and *H,0,. Generalized
coordination numbers separate these sites much better and, as
a result, yield higher regression coefficients (r; Figure 2; they
also yield lower statistical errors, see Table S10), the average
of which is 0.91 for CN and 0.82 for &,.

These features limit the descriptive and predictive power
of d-band-based descriptors and furthermore make it difficult
to distinguish between important active sites on nanoparticles
and extended surfaces. This suggests that the first-moment
approximation of the pDOS, which is the cornerstone of the
d-band model, is able to capture general trends, but it is not
sufficient to differentiate among key sites at the nanoscale.
Conversely, CN generates rather uniformly distributed
trends.

Remarkably, generalized coordination numbers are also
able to distinguish between hcp (CN =7.50) and fcc
(CN =6.95) hollow sites in (111) terraces. Such a distinction
is not achieved by d-band centers or usual coordination
numbers and explains the preference of electronegative
adsorbates such as *O for fcc sites. However, the full
prediction of preferred adsorption sites, for example, that O
prefers the fcc hollow site or OOH the bridge site on Pt(111),
requires adsorbate-sensitive descriptors.”!

The analogous description of adsorption energies pro-
vided by CN and ¢, in Figure 2 suggests that an explicit
physical-chemical relation must exist between geometric and
electronic structures. The bond-cutting model provides the
simplest relationship between surface energy and usual
coordination numbers.'”! As generalized coordination num-
bers are a first-order extension of the usual ones (see
Figure S2), it is possible to apply the bond-cutting model in
a similar fashion. Following Eichler et al.'” (see Section S4),
the formation of a surface is a perturbation to the bulk that
can be quantified in terms of CN. The slab formation energy
(0) with respect to the bulk is described by Equation (2):

E C_NSUT
0= Eqa, = Eurc & =5 <_Wf - 1> )
bulk

Where Ecoy is the cohesive energy of the material. For
simplicity, the correlation between o and CN is assumed to be
linear in the coordination range of interest, but approaches
exist that correlate those variables as o = F(CN"/ 2) in wider
ranges of coordination'™!! (see Section'S4 for further
discussion). On the other hand, following the d-band
model,”! ¢ can also be approximated as the difference
between the average band energies of surface and bulk,
multiplied by their average occupations [0,; Eq. (3)]:

o~ O0,f (67" — &™) 3)
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where 5" is constant for a given transition metal, and f is

a factor that relates d-band centers calculated up to the Fermi
level and over the whole d-band, calculated according to the
rectangular band approximation'? (see Figure S4). The
combination of Equations (2) and (3) provides an approx-
imate relationship between CN and ¢, [Eq. (4)]:

surf - . bulk
& &

ECOH <W5urf >
+ ——wt g 4
204f \CN @

The implications of Equation (4) are far reaching. It shows
that the d-band center of a given surface atom is approx-
imately equal to that of a bulk atom plus a positive correction
that accounts for three main factors: the cohesive energy of
the material, the geometric environment in which the surface
atom is embedded, and the electronic occupation of its
d band. It can be inferred that the correction accounts for the
narrowing of the d-band that accompanies surface forma-
tion."! Interestingly, the explicit relationship between geo-
metric and electronic structures in Equation (4) appears in
the literature only through qualitative analyses."'*! To show
the accuracy of Equation (4), we present the d-band centers
of a multiplicity of atop surface sites on extended surfaces and
nanoparticle sites of Pt as a function of CN in Figure 3.
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Figure 3. Relationship between CN and ¢, for various top sites on Pty

(¥) and extended surfaces (®). The blue line is the least-square fit;

the red line corresponds to Eq. (4). The dashed line at —2.34 eV marks

the region with nearly identical &, but different CN values.

The slopes and offsets of the model and the least-square
line are in excellent agreement (0.120 vs. 0.119 and —1.609 eV
vs. —1.658 eV), which validates the model. It is also worth
mentioning that CN is correlated to other electronic-structure
descriptors, such as band fillings and half-wave energies (see
Figure S5).

Although the overall trend in Figure 3 is practically linear,
it is possible to pinpoint the nanoparticle and extended
surface sites for which the d-band center has limited accuracy
as a descriptor of adsorption energies. The region of points for
which e, is nearly —2.34 eV corresponds to a range of CN
from 4 to 7.5. This wide range reaches from poorly coordi-
nated sites, such as kinks and edges, to low-index facets, such
as (100) and (111) terraces (see the Supporting Information).
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In view of this, d-band centers have limited accuracy for sites
that contribute significantly to the overall catalytic properties
of Pt, as noted by other authors.”*®!

Finally, it is important to note that the accuracy of DFT-
GGA energetics can be cautiously set at +0.2 eV, which
applies to d-band centers and adsorption energies. This means
that DFT-predicted catalytic activities can have significant
inaccuracies. In contrast, generalized coordination numbers
are accurately determined as long as large adsorption-driven
reconstructions are not undergone. Thus, CN opens the path
for improved quantitative predictions of adsorption energies.

To summarize and conclude, we have provided a simple
and powerful alternative to electronic-structure analyses for
understanding chemical reactivity on pure metals. So far, our
descriptor can be applied to metallic nanostructures of
various sizes and has not only descriptive, but also predictive
power, a solid physical-chemical basis, and does not require
the computation of any electronic-structure calculations. The
extension to other types of catalysts, such as metal alloys, is
the subject of ongoing work.

Experimental Section
The DFT calculations were made with VASP™! For full details, see
the Supporting Information.
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