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ABSTRACT: Single-atom alloy catalysts combine catalytically active metal atoms, present as dopants,
with the selectivity of coinage metal hosts. Determining whether adsorbates stick at the dopant or spill
over onto the host is key to understanding catalytic mechanisms on these materials. Despite a growing

body of work, simple descriptors for the prediction of spillover energies (SOEs), i.e., the relative stability
of an adsorbate on the dopant versus the host site, are not yet available. Using Density Functional
Theory (DFT) calculations on a large set of adsorbates, we identify the dopant charge and the SOE of
carbon as suitable descriptors. Combining them into a linear surrogate model, we can reproduce DFT-
computed SOEs within 0.06 eV mean absolute error. More importantly, our work provides an intuitive

theoretical framework, based on the concepts of electrostatic interactions and covalency, that explains
SOE trends and can guide the rational design of future single-atom alloy catalysts.

ingle-atom alloys (SAAs), which consist of atomically

dispersed metal atoms doped typically in the surface of Cu,
Ag, or Au nanoparticles, are emerging as highly active and
selective catalysts.'™> Their catalytic performance is closely
related to their ability to direct selected adsorbates from host
sites to dopant sites, where difficult elementary steps can be
catalyzed, and redirect the products to the host sites or the gas
phase to prevent any poisoning. Although entropy can play a
role in a limited number of cases (see Role of Entropy in the
Supporting Information), the driving force for this crucial
surface migration is the binding energy difference of adsorbates
between host and dopant sites, also referred to as the spillover
energy (SOE). For example, surface Pd dopants efficiently split
H,(ads) to 2H(ads). The SOE of H(ads) is however more
favorable on the PACu SAA than on the PdAu SAA,° resulting
in the former being better than the latter as a hydrogenation
catalyst.” Spectator species with large SOEs have also been
shown to modulate the performance of SAA catalysts, with
CO(ads) or I(ads) being prominent examples of these
effects,”” or even to stabilize SAA surfaces by anchoring
dopants at the surface of the catalyst.”'°”'® Therefore, the
ability to understand factors affecting the SOEs and predict
SOEs for a wide range of chemical intermediates on various
SAA surfaces is key to the development of this new class of
catalysts.

The binding energy of a species to a given adsorption site
(the SOE is the difference between two binding energies) is
routinely computed with Density Functional Theory (DFT)
calculations.”’ Machine-learning models, trained on DFT data,
have also emerged, and they can accelerate the elucidation of
new SAA materials and reactions.'*™'® Albeit accurate, these
models provide extremely complex nonlinear multiparameter
relationships that are typically specific to a given problem (e.g.,
a given elementary step) and do not perform well upon
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extrapolation beyond the domain spanned by the training data
set. The field would therefore benefit from simple, widely
applicable, descriptor-based models that capture trends relative
to the SOEs on SAAs. This would help narrow down,
intuitively, the most promising SAA candidates in terms of the
best host metal and dopant atom combinations, considering
the stability of the alloy itself and the optimal energetic
pathways for the targeted reaction.

In the past, the development of metal catalysts (mono-
metallic and intermetallic) has benefitted greatly from
descriptor-based linear scaling relationships including thermo-
chemical scaling relationships,'” Brensted—Evans—Polanyi
relationships,”’"** the d-band model,”*** and relationships
using the generalized coordination number.”> The success of
these models results from their simplicity: only a few
parameters (e.g., the d-band center or the binding energies
of C and O) are needed to provide semiquantitative
predictions regarding the performance of catalysts.'®**™*"
These models have proved particularly useful for experimen-
talists and theoreticians to rationalize experimental observa-
tions””*” and predict behaviors on-the-fly in multiscale
modeling simulations.”” Although some of these simple
relationships hold for SAAs, the behavior of these materials
can significantly differ from that of pure transition metals.””*!
This can be attributed to the unique electronic structure of
SAAs, which has been compared to that of gas phase atoms.*
In this regard, descriptors commonly used in molecular
chemistry (e.g, molecular orbitals, atomic chariges) have been
considered to rationalize the behavior of SAAs.”>” There are
examples in the literature where charge analyses on DFT

Received: May 19, 2022
Accepted: July 28, 2022

https://doi.org/10.1021/acs.jpclett.2c01519
J. Phys. Chem. Lett. 2022, 13, 7314—7319


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Romain+Re%CC%81ocreux"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="E.+Charles+H.+Sykes"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Angelos+Michaelides"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michail+Stamatakis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpclett.2c01519&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.2c01519?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.2c01519?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.2c01519?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.2c01519?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.2c01519/suppl_file/jz2c01519_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.2c01519?fig=tgr1&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpclett.2c01519?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JPCL?ref=pdf
https://pubs.acs.org/JPCL?ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://acsopenscience.org/open-access/licensing-options/

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

calculations were performed to explain experimental shifts
observed in X-ray absorption and photoemission spectra.’>*’
However, the origin of these charges on the dopant atom and
their impact on the stability of chemical intermediates
adsorbed on the dopant site of SAAs (electrostatic
repulsion/attraction) are yet to be understood.

Here, we consider the SAA dopant atomic charge as a
potential descriptor for the SOE of a broad range of
catalytically relevant adsorbates (H, CO, OH,, NH,, and
CH,). We have performed plane-wave DFT calculations, using
the optB86b-vdW functional*® on periodic models of the most
stable (111) facet of 12 SAAs (Figure 1a). We have computed
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Figure 1. Atomic charges (Bader analysis) in SAA surfaces. (a)
Surface structure of the (111) facet of a SAA (dopant in cyan, host in
gray). (b) Heatmap chart and (c) plot of the dopant charges (in units
of ¢, the elementary charge) for Cu-, Ag-, and Au-based SAAs. (d)
Correlation between the dopant charge and the electronegativity ()
difference between the host (y,) and the dopant (y,;) metals.

the atomic charges of Cu-, Ag- and Au-based SAAs doped with
Nij, Pd, Rh, and Pt, following the approach developed by Bader
(details in the Supporting Information).*" As shown in parts b
and c of Figure 1, the dopant atom can exhibit a significant
atomic charge, ranging from —0.61e for PtCu to +0.32¢ for
NiAu (e, taken as positive, being the elementary charge). The
countercharge is delocalized over the host atoms of the slab
making their atomic charges negligible (Table S1). As a general
trend, the dopant sites of Cu-based SAAs are more negatively
charged than Ag- and even more so than Au-based SAAs
(Figure 1b,c). Figure 1d shows that the atomic charges indeed
correlate linearly with Pauling’s electronegativity difference
(data in Table S2). The more electronegative element retrieves
a fraction of an electron from the less electronegative one.
Copper, as the least electronegative host (y¢, = 1.90), favors
anionic dopants, whereas gold, the most electronegative
element of the d-block (y,, = 2.54), promotes more cationic
dopants. This trend holds, to some extent, when considering
other partitioning schemes for the definition of atomic charges.
The refined Density Derived Electrostatic and Chemical
(DDECS6) approach®”* and the Hirshfeld-Dominant (HD)
method* both confirm that Cu and Ag hosts donate more
electron density to the dopant atoms than Au hosts (Table
S1).

Using Bader analysis, we have considered the impact of the
dopant charge on the relative stability of adsorbates between

7315

guest and host sites, the host sites being essentially uncharged
due to delocalization. To this end, we have computed the SOE
for a variety of catalytically relevant adsorbates (Tables S3 and
S4 and Figures 2 and S2). The SOE is defined as the energy
required for an adsorbate to migrate from the dopant atom site
to the most stable site on the host metal (Figure 2a). The SOE
can therefore be calculated from the formation energies of the
adsorbate on host sites E;;, and dopant sites Eg, (Table S3). It
can also be calculated from the adsorption energies on host
sites A,;E, and dopant sites A 4 E,; (eq i).

SOE = A B, — A By = Ery — Ery i)
Focusing first on OH,, CH;OH, and NH, (Figure 2¢,d), we
can see that there is a certain degree of correlation between the
SOE and the SAA dopant charge. Even if the quality of the
correlation, which will be discussed later, is not equal for all
adsorbates, the SOE generally increases with the dopant
charge. Interestingly, all these adsorbates bind to the surface
via their heteroatom (N or O) that carries a negative partial
charge. Thus, it is expected, from an electrostatic perspective,
that more negatively charged dopants would bind these
adsorbates less strongly than the essentially uncharged host,
thereby decreasing the SOE. One striking example of this effect
is that OH has negative SOEs (higher stability on host sites)
for all SAAs with a dopant charge <—0.21e. Other similar
examples can be found in Table S4, and together, these data
indicate that the dopant charge should be taken into
consideration when developing SAA catalysts. The correlation
between the SOE and the dopant charge holds for saturated
(CH;0H, H,0, NH;) or nearly saturated (OH) adsorbates
(R* > 0.65) and deteriorates for highly unsaturated species
(e.g, N and C). To get insight into the nature of the binding
mechanism of the different adsorbates on SAAs, one can
tentatively decompose the SOE into three terms: a dispersion
term AE,;,, an electrostatic term AE,,, and a covalent term
AE,,, (eq ii). Comparing the SOEs of OH computed with two
well-established functionals, namely PBE and optB86b-
vdW, 1% g insightful. The correlation part of the latter
functional is specifically designed to account for dispersion
interactions, which are poorly described by the former. Despite
this essential difference, the two sets of SOEs for OH are
similar within 0.04 eV. This suggests that the dispersion
contribution AE,;, can be neglected in the energetic
decomposition (Table S4 and eq iii).

SOE = AE,,, + AE,,, + AE, (i)

lec

SOE = AE,,, + | —&
4reyd

)X(O_qd)

=AEC°V—{ qu qud
4reyd (iii)

The electrostatic contribution on host sites in assumed to be
zero as the host is not charged. In eq iii, €y is the vacuum
permittivity, g, the atomic charge of the adsorbate’s
heteroatom, g, the atomic charge of the dopant atom, and d
the distance between the adsorbate and the dopant. Assuming
that the interaction is essentially ionic, i.e. electrons are
localized on each species and not shared via a covalent bond,
only the second term should dominate. In this situation, one
would expect from a purely electrostatic perspective, for q, ~
—0.1¢ and d ~ 2 A, a linear variation of the SOE with respect
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Figure 2. Correlation between the spillover energy (SOE) and the dopant charge for different adsorbates on 12 different SAAs. (a) The SOE is
defined as the energy difference between the adsorbate (in this case methyl) bonding at the dopant site (cyan) and at a distant site on the host
(yellow). (b—e) SOE plotted against the dopant charge (in units of the elementary charge ¢) for (b) H and CO as well as other absorbates bound
via a (c) O, (d) N, and (e) C atom. For each adsorbate, the least-squares linear fit is plotted as a red line.

to the dopant charge with a slope of about 0.7 V. This is, of
course, an oversimplified scenario, as the electronic structure of
the adsorbate is not frozen and is affected by interactions with
the surface. For instance, further Bader charge calculations on
adsorbed states show that O takes 0.20e from Ni on NiAu and
0.32¢ from Pt on PtCu. Nevertheless, if the electrostatic term
dominates, the dopant charge is likely to remain a good
descriptor and the SOE should correlate with the dopant
charge as predicted by eq iii. The qualitative agreement with
the DFT data plotted in Figure 2 supports the electrostatic
origin of the variation of the SOE. It is important to note,
however, that the partitioning scheme used to define atomic
charges plays a key role in the quality of the correlation.
DDECG6 and HD charges do not quantitatively correlate with
the SOEs (Figures S3 and S4). Therefore, we only consider
charges obtained with the Bader analysis throughout the rest of
this work.

Analysis of the intercept of the linear correlations (Figure 2)
is also insightful as it estimates an averaged covalent
contribution to the SOE. Saturated species do not generally
need to form extra chemical bonds as they are already stable.
For these species, the covalent contribution AE_,, is expected
to be small, making the electrostatic term dominant. When the
degree of saturation decreases, the adsorbate’s orbitals tend to
hybridize more with those of the surface, resulting in the
formation of a chemical bond. In this situation, the covalent
contribution AE,,, is expected to be larger as chemical bonds
with transition metals tend to be stronger than with coinage
metals (Table S2). The plots in Figure 2 are consistent with
this analysis: the value of the intercept increases when the
degree of saturation of the adsorbates decreases (Figure 2c—e).
It is also important to note that AE_,, is a complicated function
of the chemical nature of both the surface and the adsorbate.

As expected, when AE_, becomes dominant over AE,,, the
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SOE versus dopant charge plots become noticeably scattered.
Indeed, the SOEs of unsaturated adsorbates (O, NH,, NH, N)
and CH,, H, and CO (Figure 2b—e) are consistent with this
analysis. For these adsorbates, the dopant charge is not a good
descriptor for the SOE, and another descriptor must be found.

To this end, we have replotted the data as a function of the
SOE of C, the species that shows the largest deviation in our
previous attempt to use the dopant charge as a descriptor
(Figure SS). Figure 3a provides a comparison between the
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Figure 3. Bonding mechanism of adsorbates on SAAs. (a) Correlation
coefficients of the two one-parameter models for each adsorbate. The
x-axis gives the correlation coefficients for the model using only the
dopant charge g, as a parameter. The y-axis gives the correlation
coefficients for the model using only the SOE of C as a parameter. (b)
Classification of adsorbates with increasing electrostatic/covalent
character in their bonding mechanism to SAA surfaces. (c) Unique
adsorption geometry of CH;OH on PtCu(111) SAA. (d) Parity plot
of the SOE:s fitted on both the dopant charge and the SOE of C (two-
parameter model) versus the DFT-computed SOEs.

quality of the regression of the SOEs against the dopant charge
on the one hand (variable x), and the SOE of C on the other
hand (variable y). Interestingly, the points of this plot lie close
to the line y = 1 — «. In fact, from this plot, we can qualitatively
classify the species on a scale that goes from predominantly
covalent interactions (upper-left corner) to predominantly
electrostatic contributions (lower-right corner) as shown in
Figure 3b. This classification is consistent with chemical
intuition when considering the degree of unsaturation of the
species and their electronegativities (yy = 2.20, y¢ = 2.55, yy =
3.04, and y, = 3.44) compared with those of the dopants (1.91
< yi < 228).

The analysis of methanol adsorption on PtCu reveals a third
type of interaction. On this SAA, the SOE of methanol, when
bound to the dopant via O, is negative (—0.09 eV): methanol
should therefore prefer to bind to host sites distant from the
dopant site. However, another type of binding site was
reported for alcohols where the molecule adsorbs on a Cu
atom at the vicinity of Pt with the O—H bond pointing toward
the dopant (Figure 3¢).>"* This geometry is more stable than
on pure Cu host sites and brings the SOE of methanol up to
+0.04 eV. A similar binding configuration was found for H,O
on PtCu, bringing the SOE from —0.09 eV (for O on top of
the dopant atom) to +0.02 eV (on top of the vicinal Cu site).
This overstabilization is even more unexpected considering
that, around the dopant, there exists an exclusion zone that
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destabilizes adsorbates with respect to distant host sites."’
Interestingly, this more stable binding configuration could only
be identified on PtCu, where the dopant charge is the most
negative among all SAAs investigated. This interaction can be
analyzed as a monopole-dipole interaction or weak hydrogen
bond and could lead to enhanced reactivity of polarized O—H
bonds. This is in line with the DFT investigations of the
mechanism of the dry dehydrogenation of ethanol to
acetaldehyde. On PtCu (g; = —0.61¢), the O—H cleavage is
reported to be the first elementary step,46 whereas on NiAu (g4
= +0.32¢), the C—H cleavage occurs first.””

To build a quantitative surrogate model that simultaneously
captures the effects of both bonding mechanisms, we have
performed a multilinear regression using both the dopant
charge and the SOE of C as descriptors. The parameters of the
regression are given in Table SS. Figure 3d shows the parity
plot of the fitted SOEs against the DFT-computed SOEs. The
SOEs are reproduced with a mean absolute error (MAE) of
0.06 eV and a standard deviation of 0.07 eV. This excellent
agreement confirms that the dopant charge and the SOE of C
are good descriptors for the estimation of SOEs on SAAs.
Although the interaction of C with metal surfaces is easy to
compute using ab initio methods, it is more difficult to obtain
from experimental data. There is, however, growing exper-
imental data on the adsorption energies of H and CO on
SAAs.”'”** We have therefore considered the SOEs of H and
CO, both at the covalent end of the scale shown in Figure 3b,
as alternatives for the covalent parameter of the surrogate
model. The SOE of H turns out to be a poor descriptor of the
nonelectrostatic contribution (Table S5). The SOE of CO,
albeit not as good as the SOE of C, performs well with a MAE
of 0.07 eV and a standard deviation of 0.10 eV. Thus, the SOE
of CO could also be used, instead of the SOE of C, should the
latter be unknown.

In conclusion, through a detailed study of common
adsorbates on SAA surfaces, we have furthered the under-
standing of the relative binding of adsorbates to host and
dopant sites. We have shown that the electronegativity
difference between the dopant and the host atoms results in
the formation of atomic charges localized on the dopant atom,
with the countercharge fully delocalized on the host. Our work,
therefore, provides theoretical rationalization of experimental
observations suggesting the presence of charges located at the
dopant of SAA surfaces. The dopant charge significantly affects
the relative stability of chemisorbed species between dopant
and host sites. Furthermore, the dopant charge alone is a
quantitative descriptor for the SOE of saturated species bound
to the surface via their lone pair (H,0, CH;OH, NHj;). The
dopant charge is also a qualitative descriptor for the SOEs of
the catalytically relevant OH, and NH, chemical intermediates,
which are more stable on host sites when the dopant carries a
high negative charge. Including the SOE of C as a second
regression parameter systematically improves the correlation
for all the chemisorbed species considered in this study. The
combination of these two descriptors captures, by disentan-
gling the covalent and electrostatic contributions, the main
bonding mechanisms of surface species on SAAs, regardless of
whether the species are chemically related to C or not. In that
sense, our charge-inclusive thermochemical scaling relation-
ships offer more versatility and transversality on SAAs than
traditional thermochemical scaling relationships, which tend to
solely correlate the binding energies of chemically related
fragments.”** Our model offers a simple guide in the design
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of new SAA catalysts based on the charge of the dopant metal
atoms and their affinity for carbon. Finally, our work indicates
that in the continued development of high-throughput and
machine-learning models for alloy catalysts,” > it would be
prudent to consider the local charge distribution of the clean
alloy surfaces as input parameters, since they may outperform
traditional descriptors.
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