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states beyond the dilute limit of
single-atom alloys†

Andrew S. Rosen, abc Sudarshan Vijay ac and Kristin A. Persson *ad

Through a data-mining and high-throughput density functional theory approach, we identify a diverse

range of metallic compounds that are predicted to have transition metals with “free-atom-like” d states

that are highly localized in terms of their energetic distribution. Design principles that favor the formation

of localized d states are uncovered, among which we note that site isolation is often necessary but that

the dilute limit, as in most single-atom alloys, is not a pre-requisite. Additionally, the majority of localized

d state transition metals identified from the computational screening study exhibit partial anionic

character due to charge transfer from neighboring metal species. Using CO as a representative probe

molecule, we show that localized d states for Rh, Ir, Pd, and Pt tend to reduce the binding strength of

CO compared to their pure elemental analogues, whereas this does not occur as consistently for the Cu

binding sites. These trends are rationalized through the d-band model, which suggests that the

significantly reduced d-band width results in an increased orthogonalization energy penalty upon CO

chemisorption. With the multitude of inorganic solids that are predicted to have highly localized d states,

the results of the screening study are likely to result in new avenues for heterogeneous catalyst design

from an electronic structure perspective.
Catalysts play a central role in the efficient production of
chemicals, fuels, and materials across virtually all sectors of
industry. In addition to improving existing chemical processes,
the discovery of novel catalysts is crucial for addressing major
societal challenges involving clean energy and sustainability.
With the function of a given catalyst intricately tied to its
atomic-scale structure, there has been a surge of interest in
single-site heterogeneous catalysts, which are solid-state mate-
rials with well-dened and uniform active sites.1,2 Especially in
tandem with theoretical methods and recent advances in data
science,3–5 studies of such catalysts have made it easier to
discover structure–reactivity relationships and ultimately
design new materials tailored for a given chemical trans-
formation of interest.

Single-atom alloys (SAAs)—solid-state materials composed
of a catalytically active “guest” metal embedded on the surface
of a typically less-reactive “host” metal—are one particularly
interesting class of single-site heterogeneous catalyst that has
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the Royal Society of Chemistry
received signicant attention in recent years.6–12 The density of
active sites is purposefully kept low in most SAAs to create
atomically dispersed binding sites and to minimize the likeli-
hood of surface aggregation, with monolayer coverages of a few
hundredths being common.13 In addition to their ability to
break scaling relationships by decoupling the binding sites of
reactants and intermediates,6,14–16 some SAAs are known to
exhibit unique electronic structure properties that can greatly
inuence their catalytic activity.7,11,17 As noted by Thirumalai
and Kitchin,18 certain combinations of guest and host metals in
SAAs (particularly those with Ag or Au as the host) can lead to
signicant contraction of the guest atom's d-band that is
reminiscent of a free metal atom or that of a molecular metal
complex. This nding was later supported experimentally in
work by Greiner et al. who used in situ photoemission spec-
troscopy to show that a AgCu SAA with 0.3 at% Cu exhibits Cu
d states that are “free-atom-like” in character.19 Recently, several
studies have suggested that these free-atom-like d states can
drastically alter the reactivity of the guest metal sites in
SAAs,18–22 such as by reducing the activation energy for meth-
anol reforming,19 enabling the chemisorption of methane,21 and
tailoring selectivity during the activation of crotonaldehyde.22

To date, “free-atom-like” d states have primarily been dis-
cussed within the context of SAAs, but this begs the question: is
the dilute limit of alloying a pre-requisite for d states that are
highly localized in terms of their energetic distribution? If not,
what other materials can exhibit this unique electronic struc-
ture behavior, and how might it effect their reactivity? To
Chem. Sci., 2023, 14, 1503–1511 | 1503
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address these questions, we turn to high-throughput density
functional theory (DFT) calculations and data-driven
approaches built upon the Materials Project: an open-access
database of predicted physicochemical properties for approxi-
mately 150 000 materials.23,24 Of particular relevance to the
present work, the Materials Project contains DFT-optimized
structures and corresponding electronic density of states
(DOS) for most known inorganic compounds as well as many
hypothetical structures.

Inspired by the AgCu SAA known to have localized d states,19

we rst carried out a simple query of the Ag–Cu compounds on
the Materials Project to test whether the dilute limit of alloying
is necessary for this electronic structure phenomenon. As
shown in Fig. 1a, we found that the hypothetical bulk
compound Ag3Cu (mp-984351) exhibits an extremely narrow Cu
d-band that is clearly distinct from the comparatively broad d-
band of elemental Cu (mp-30) as well as most other Cu-
containing metals, such as Pd3Cu (mp-1184119). In fact, the
Cu d-projected DOS of bulk Ag3Cu is nearly the same as that
reported for the Ag255Cu SAA19 despite a signicant difference in
Cu density and incorporation of the Cu sites throughout the
crystal lattice rather than just on the surface.

With the Ag3Cu proof-of-concept suggesting that localized
d states are neither restricted to the highly dilute limit of SAAs
nor conned to surface sites, we sought to explore the broader
chemical space of intermetallic compounds and identify more
general structure–property–reactivity relationships. Intermetal-
lics, which contain well-dened and uniform local coordination
environments, have received signicant attention in recent
years for a variety of catalytic reactions and exhibit substantial
chemical diversity.25–27 As demonstrated by Wegener et al.,28

intermetallics can also serve as appealing alternatives to SAAs,
as the density of active sites can be made signicantly higher,
Fig. 1 (a) Calculated d-projected DOS for bulk structures of Cu (mp-30
Materials Project. The orange filled DOS is the Cu d-band, and the gray u
the number of Cu atoms in the unit cell for ease-of-comparison. Energie
(orange), Pd (dark gray), Ag (silver). (b) Summary of the computational scre
metals on the Materials Project.

1504 | Chem. Sci., 2023, 14, 1503–1511
and their structural uniformity makes it possible to more
precisely tailor their geometric and electronic properties.29

In a more data-driven mode, we screened the Materials
Project for both known and hypothetical intermetallic
compounds with transition metals that exhibit localized
d states based on their computed DOS (dened here as having
a Gaussian t with an R2 $ 0.9 and standard deviation less than
0.3 eV; refer to the ESI† for additional details). We note that
some of the intermetallics on the Materials Project are better
classied as alloys with the crystallographic disorder removed.
Additionally, some of the metals in the investigated interme-
tallic compounds may be immiscible in the bulk state, as can be
expected for the Ag3Cu proof-of-concept.30 Nonetheless, our
primary goal is to investigate the chemical space of metallic
compounds beyond SAAs in the dilute limit to better under-
stand the nature of localized d states.

As shown in Fig. 1b, several hundred intermetallics on the
Materials Project are predicted to exhibit localized d-state
transition metals. This suggests that—although the phenom-
enon is relatively uncommon amongst all intermetallic struc-
tures—it is certainly not restricted to Ag3Cu. To lter out
structures that are likely to be highly unstable,31 we analyzed the
thermodynamic phase diagrams for each material and selected
the subset of intermetallics that are within 0.1 eV per atom of
the convex hull. This process resulted in over 300 unique
intermetallics with localized d states from the starting dataset
of ∼25 000 intermetallic compounds. We note that if a much
stricter 0.01 eV per atom tolerance for the energy above hull
were used as suggested in prior work,32 211 structures still
remain at the end of the screening process.

By investigating the structures obtained from the screening
process, several clear principles emerge for the design of
intermetallics with localized d states. As shown in Fig. 2a, the
), Pd3Cu (mp-1184119), and Ag3Cu (mp-984351), as obtained from the
nfilled DOS is the Pd or Ag d-band. The DOS values are normalized by
s, E, are shown with respect to the Fermi level, Ef. Atom color code: Cu
ening process to identify intermetallics with localized d state transition

© 2023 The Author(s). Published by the Royal Society of Chemistry
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median interatomic distance between transition metals with
localized d states in the Materials Project dataset is only 4.6 Å.
As a result, having metal species in the dilute limit—as is
commonly the case with SAAs where this phenomenon has
previously been reported—is not a pre-requisite. Nonetheless,
some degree of site isolation is found for nearly all the examples
identied in this work, even if the relevant metals are separated
by only two coordination spheres. The importance of site
isolation is expected based on prior work showing that two- and
three-atom ensembles of dopant metals in SAAs can introduce
hybridization and splitting of the dopant metal's d-band.33

The majority of intermetallics with localized d states also
have non-negligible partial atomic charges (Fig. 2b), although
we note that the degree of charge transfer is rather sensitive to
the charge partitioning scheme used (Fig. S2 and S3†). The
presence of partial anionic character for many of the localized
d states is reminiscent of prior experiments on the AgCu SAA,
which was shown to have Cu sites with anionic character based
on X-ray photoelectron spectroscopy and near edge X-ray
absorption ne structure measurements.19 While not neces-
sarily associated with localized d states, charge transfer has
recently been reported for several other SAAs in the literature as
well.37 With this in mind, intermetallics and alloys with local-
ized d states may be worthwhile materials to consider if cata-
lysts with anionic metals are desired. For instance, prior work
has shown that single-atom catalysts with anionic metal centers
are promising for several electrocatalytic reduction reactions.38

A few representative intermetallics identied from the
screening process are shown in Fig. 2c. Most of the elements
Fig. 2 (a) Histogram of the minimum distance, dmin, between transition
screening process. (b) Distribution of DDEC6 (ref. 34–36) partial atomic ch
in the screening process. Partial charges are averaged across transitionm
horizontally for ease-of-visualization. (c) Structure and calculated d-proje
Au2CuZn (mp-864623), and bulk Y2CuAu (mp-1187723). Energies, E, a
(turquoise), Pt (brown), Au (yellow), Ni (green), Cu (orange), Zn (light pur

© 2023 The Author(s). Published by the Royal Society of Chemistry
with localized d states are late transition metals (Fig. S4†). In
addition, the elements with localized d states are oen sur-
rounded by group 1–3 metals (Fig. S5 and S6†), as is the case for
Na3Pd (mp-1186067), Ca5Pt2 (mp-1103570), and Sr7Ag3 (mp-
1106092) with localized Pd, Pt, and Ag d states, respectively.
That said, there are also numerous examples of localized d state
metals surrounded by late transition metals, as is the case for
Ag3Cu (mp-984351) and Au3Ni (mp-976806) with localized Cu
and Ni d states, respectively. Notably, the presence of localized
d states is not restricted to binary intermetallics, and many
examples of ternary compounds exist with this electronic
structure behavior. This includes ternary compounds where two
different metal elements have localized d states, such as
Y2CuAu (mp-1187723), Au2CuZn (mp-864623), and Pd2CuSn
(mp-1184057) with localized Cu/Au, Cu/Zn, and Cu/Sn d states,
respectively. Given the substantial diversity of intermetallic
compounds, the presence of localized d states in these mate-
rials opens up a wider range of compositions that can be
considered as compared to SAAs where the dopant metal is in
the dilute limit. Additionally, the presence of two different
localized d states in the ternary compounds may make it
possible to designmulti-functional catalysts that can be tailored
for specic reactions of interest, similar to recent work on dual-
atom catalysts.39

Drawing from crystal structures that appeared several times
in the screening process, we took cubic Na3X (Fm�3m space
group), orthorhombic Y3X (Pnma space group), hexagonal Ag3X
(P63/mmc space group), and hexagonal Au3X (P63/mmc space
group) and varied the identity of metal X to be any of the group
metals with localized d states for the intermetallics identified in the
arges, qDDEC6, for the transitionmetals with localized d states identified
etals of the same identity within a given structure. The points are jittered
cted DOS for bulk Ca5Pt2 (mp-1103570), bulk Au3Ni (mp-976806), bulk
re shown with respect to the Fermi level, Ef. Atom color code: Ca
ple), Y (teal).

Chem. Sci., 2023, 14, 1503–1511 | 1505
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7–11metals to identify periodic trends. The d-projected DOS are
shown for the 3d metals in Fig. 3, with the 4d and 5d metals
shown in Fig. S7–S10.† Although not all compositions yield
highly localized d states, there exists a general trend that
elements with higher group numbers tend to decrease the width
of the d-band while shiing the d-band center to lower energies
with respect to the Fermi level (Fig. 3 and S7–S10†), similar to
that recently reported for SAAs.22 We note that the d-band
trends are different for intermetallics with magnetic d states,
such as Ag3X (X = Mn, Fe, Co), which have asymmetric spin-
channels. Carrying out a spin-unpolarized calculation for
these compounds restores the periodic trend of decreasing d-
band center with increasing group number (Fig. S11†). The
width of the minority atom's d-band also tends to be narrower
for the 3d metals than the 4d and 5d metals (Fig. S7–S10†),
likely due to the larger spatial extent of the valence orbitals in
the latter, which leads to increased orbital overlap and broadens
the d-band.

To investigate the effects of localized d states on adsorption
trends, we used a high-throughput workow40 to explore CO
adsorption on various surfaces of intermetallics identied from
the Materials Project screening process, focusing on the
following metal binding sites: Rh, Ir, Pd, Pt, and Cu. These
metals were selected because they are commonly invoked as the
active site in various SAAs,7 and CO was chosen as it is
a common probe molecule and reaction intermediate. Before
discussing the adsorption trends, we rst note that the localized
d states found in the bulk are oen still present on the surface.
Consistent with prior work,41,42 we nd that the d bands tend to
be narrower for the surface sites than their bulk counterparts
due to the reduced coordination numbers of the former
(Fig. S12a†); nonetheless, there exist a few outliers where this is
not the case, such as for the Cu binding sites of Pd2CuM (M =

Al, Zn, Ga, In), which were subsequently excluded from the CO
Fig. 3 d-Projected DOS for atom X (X = Mn, Fe, Co, Ni, Cu) in tetragona
case of magnetic structures, the dashed and solid lines distinguish betw
respect to the Fermi level, Ef. Atom color code: X (maroon), Na (dark pu

1506 | Chem. Sci., 2023, 14, 1503–1511
adsorption analysis. Additionally, the localized d-band centers
are generally shied towards higher energies for the surface
sites compared to their bulk analogues (Fig. S12b†).

Fig. 4 shows the distribution of DFT-computed adsorption
energies for CO binding atop of the metal sites with localized
d states as compared to the same process on elemental refer-
ence surfaces. Based on the results in Fig. 4, CO is predicted to
bind weaker on the surface of most intermetallic compounds
with localized Rh, Ir, Pd, or Pt d states compared to their
elemental counterparts (this trend does not hold for Cu, which
we will explain below). The reduced binding strength of CO for
many of the materials studied here is particularly benecial for
catalyst design, as it suggests that CO poisoning can likely be
substantially reduced for many intermetallics that have local-
ized d states. A reduction in CO poisoning has also been known
to occur for several SAAs (and Pt–Fe intermetallics28) when
compared to elemental reference structures,43,44 although the
aforementioned materials were not studied within the context
of localized d states. Previous studies on metallic surfaces have
suggested that narrowing of the d-band—albeit oen not to the
degree shown here—is typically associated with stronger CO
chemisorption.45,46 However, narrowing of the d-band due to
perturbative effects like strain and reduced coordination
numbers is oen associated with a simultaneous increase in the
d-band center,46 which does not generally hold across the varied
intermetallic compounds studied in this work (Fig. S13†) since
there is no requirement to maintain a constant band lling. As
a brief aside, despite the less exothermic adsorption energy of
CO on the Rh, Ir, Pd, and Pt atoms with localized d states
compared to their elemental analogues, the bound CO is also
more signicantly reduced in many cases (Fig. S14†)—likely
a consequence of the electron-rich nature for many of the metal
binding sites.
l Na3X, orthorhombic Y3X, hexagonal Ag3X, and hexagonal Au3X. In the
een the spin-up and spin-down channels. Energies, E, are shown with
rple), Y (turquoise), Ag (gray), Au (yellow).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Adsorption energies, DECO, for CO on the atop site of a given
metal with localized d states. Each point represents the CO adsorption
process on a material with a different composition and/or surface
facet. The points are jittered horizontally for ease of visualization. The
horizontal lines represent the average CO adsorption energy at the
atop site for the (100), (110), and (111) surfaces of the corresponding
ground-state, elemental reference structure.
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Initially, we considered whether the position of the d-band
center could explain the difference in the DFT-computed CO
adsorption energies, as might be expected from the Hammer–
Nørskov model47,48 and prior work.41,49–51 However, as shown in
Fig. S15,† the d-band center only loosely captures the CO
adsorption energy trends across the intermetallics with local-
ized d states, especially when comparing binding sites of the
samemetal element. The same is true for various descriptors for
the upper edge of the d-band,52,53 as shown in Fig. S16.† The
relatively poor correlation is likely due to the wide range of
chemical compositions considered in the present study, which
differs from the perturbative effects that are typically invoked
when using the d-band center as a metric for reactivity trends.17

To better understand variations in the CO adsorption energy
between themetal binding sites with localized d states and their
elemental analogues, we parameterized an effective chemi-
sorption model introduced by Vijay et al.,54 which is built upon
the d-band model55 with a modied term from the Newns–
Anderson model of adsorption.56,57 As discussed further in the
ESI† (with the model parameters and model t in Table S1 and
Fig. S1,† respectively), the modied Newns–Anderson model
makes it possible to split the chemisorption energy, DEchemi(3-

d,wd), into a sum of two components given by

DEchemi(3d,wd) = Ehyb(3d,wd) + Eortho(3d,wd) (1)

Here, Ehyb is the hybridization energy resulting from mixing of
the electronic states of the adsorbate and metal binding site,
and Eortho is the orthogonalization energy penalty (Pauli repul-
sion) of the hybridized eigenstates. Additionally, 3d and wd are
the site-projected d-band center and d-band width, respectively,
based on semi-elliptical ts to the d-projected DOS of the metal
binding sites. Ehyb is a stabilizing (i.e. net negative) contribu-
tion, whereas Eortho is a repulsive (i.e. net positive) contribution
to the overall adsorption energy.47,55,58,59 As such, increasing the
© 2023 The Author(s). Published by the Royal Society of Chemistry
hybridization energy and/or decreasing the orthogonalization
energy terms results in more favorable chemisorption (i.e.more
exothermic DEchemi). For clarity, we note that DEchemi is the
model analogue of the DFT-computed DECO but otherwise is
intended to describe the same chemical process of CO
adsorption.

By varying the d-band width (wd) and d-band center (3d)
independently and continuously in the effective chemisorption
model, it becomes possible to determine their general effect on
the CO adsorption energy. As shown in Fig. 5, increasing the d-
band center for a xed d-band width (i.e. moving up the y-axis
for a given x-value) decreases the orthogonalization energy
penalty (Eortho) and increases the hybridization energy (Ehyb),
which synergistically strengthen the binding of CO. In contrast,
decreasing the d-band width while keeping the d-band center
xed (i.e. moving le on the x-axis for a given y-value) increases
Eortho while Ehyb remains relatively similar, thereby weakening
the adsorption of CO.

The variation of Ehyb and Eortho with changing 3d and wd can
be used to rationalize the trends in the DFT-computed CO
adsorption energies previously shown in Fig. 4. By the very
nature of the computational screening process, the interme-
tallics with Rh, Ir, Pd, and Pt binding sites have a signicantly
narrower d-band compared to their corresponding elemental
surfaces. The decreased wd for the intermetallics with localized
d states oen results in a signicant energetic penalty due to an
increased Eortho, which makes the overall CO chemisorption
process less exothermic. We propose that the increased
orthogonalization energy penalty is an essential component for
explaining why localized d states tend to weaken the binding of
CO for most of the intermetallics with Rh, Ir, Pd, or Pt binding
sites compared to their elemental analogues. While necessary to
consider, the orthogonalization energy penalty is not always the
primary distinguishing factor; for instance, many of the inter-
metallics with localized Pd d states have a reduced d-band
center compared to elemental Pd, which decreases Ehyb and
further weakens the CO adsorption process. We note that
designing a catalyst with localized Rh, Ir, Pd, and Pt d states
with stronger CO binding than their elemental counterparts is
possible if the d-band center is sufficiently close to the Fermi
level, although in practice this may be challenging to achieve
based on the dataset considered in this work.

As previously shown in Fig. 4, this trend of weakened CO
adsorption for the intermetallics with localized d states does
not hold in general for the Cu binding sites. This can also be
explained with the chemisorption model in Fig. 5, as the
difference in the d-band width between elemental Cu and the
intermetallics with localized Cu d states is small compared that
of Rh, Ir, Pd, and Pt, which results in relatively similar Eortho
values for the Cu-containing intermetallics and the elemental
Cu surfaces. As such, the main factor that dictates that differ-
ence in CO adsorption energies for the Cu elementals and
intermetallics with localized Cu d states is primarily Ehyb (via
a change in the d-band center), which varies substantially
across the dataset considered in this work.

To summarize, we have shown that localized (or “free-atom-
like”) d states are not restricted to the dilute limit typically
Chem. Sci., 2023, 14, 1503–1511 | 1507
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Fig. 5 Orthogonalization energy penalty, Eortho (colormap), and hybridization energy, Ehyb (contour lines), when freely varying the d-band center,
3d, and d-band width, wd, for different materials considered in this study. The points are from semi-elliptical fits to the d-projected DOS of the
metal binding sites on the surface of intermetallics (pink circles) and corresponding transition metals (green squares).
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associated with single-atom alloys, although some degree of site
isolation is generally present. A diverse range of metallic
compounds can exhibit transition metals with localized d states
based on our screening of the Materials Project, including
ternary compounds that have two different localized d states in
the crystal structure. The majority of inorganic solids with
localized d states also exhibit charge transfer between the metal
centers, similar to what was reported experimentally for the
AgCu SAA.19 With the large dataset of localized d states identi-
ed in this work, we identied several structure–reactivity
relationships using CO as the probe molecule. Based on the
high-throughput DFT calculations, we predict that localized Rh,
Ir, Pd, and Pt d states tend to result in weaker CO adsorption
than their elemental analogues, whereas this is not generally
true for Cu. We attribute the weaker CO adsorption in the
former to an increased orthogonalization energy penalty with
narrower d-band widths, which is less pronounced when
comparing the Cu-containing compounds. The weaker CO
adsorption with narrowed d-band widths mimics the resistance
to CO poisoning observed for SAAs43,44 without needing to dilute
the density of active sites on the surface. Collectively, with the
multitude of inorganic materials that are predicted to have
highly localized d states and the direct inuence that their
electronic structure has on chemical reactivity, new avenues in
heterogeneous catalyst design60,61 are likely to become
accessible.60,61
Data availability

The data on the Materials Project can be found at https://
materialsproject.org. A summary of the tabulated VASP data is
stored as a JSON le at the following DOI: 10.5281/
1508 | Chem. Sci., 2023, 14, 1503–1511
zenodo.7098518. The VASP output les are stored at the
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