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ABSTRACT: In the limit of dilute alloyingthe so-called “single-atom alloy” (SAA) regimecertain bimetallic systems exhibit
weak mixing between constituent metal wave functions, resulting in sharp, single-atom-like electronic states localized on the dilute
component of the alloy. This work shows that when these sharp states are appropriately positioned relative to given molecular
orbitals, selective hybridization is enhanced, in accordance with intuitive principles of molecular orbital theory. We demonstrate the
phenomenon for activation pathways of crotonaldehyde, a model α,β-unsaturated aldehyde relevant to a wide range of chemical
manufacturing. This analysis suggests new possible strategies for selectivity control in heterogeneous catalysis.

Transition metal surfaces are often poorly selective toward
activating specific molecular bondsfor example, in

performing partial oxidation or partial hydrogenation on
multifunctional molecules.1,2 High activity with poor selectivity
can in part be attributed to a high, but energetically broad
density of d-states near the Fermi level, leading to facile
hybridization with multiple molecular orbitals (MOs) of a
substrate.3,4 Interestingly, in the limit of dilute alloying
between transition and noble metals, weak mixing between
constituent metal wave functions can result in narrow, “free-
atom-like” electronic states.5,6 Illustrative density functional
theory (DFT) calculations7,8 are shown in Figure 1A,
displaying the local, d-orbital projected density of states
(pDOS) for a surface atom in monometallic Au (host
element), and for the same atomic site exchanged for a single
atom of Ni or Pt (guest elements). Periodic trends are
elaborated in Figure S1.
Previously, a number of SAA systems have been identified to

exhibit unique reactivity relative to their monometallic
constituents.9−11 However, this observation has mainly been
explained in the context of creating bifunctional surfaces that
exploit the reactivity of a dopant while avoiding contiguous
ensembles of this reactive element and favoring the selectivity
of the nobler host through site coupling. For example, Pd sites
on a Cu surface can facilitate H2 dissociation, while entropy-
driven spillover still permits a high availability of hydrogen on
Cu sites;12 this has been translated to practical semi-
hydrogenation catalysts for alkynes and dialkenes.13−17 Direct
effects from narrowed electronic states have been suggested in
regard to a few reactions,5,6,18 but such effects have not been
characterized in a generalizable way.
It could be expected that such free-atom-like states should

similarly to atomic orbitalshybridize most strongly with
molecular states that are energetically resonant. In some
regards this is similar to what is approximated in the well-
known d-band theory of chemisorptionthe d-states referred
to here as “broad” are still quite localized in comparison to sp-
states, and they are often considered to behave like atomic
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Figure 1. (A) Left: d-projected DOS for single-atom-alloys with an
Au(111) host. The colored atom of the inset is the substituted site, for
which the d-pDOS is plotted: Ni (purple), Pt (orange), and
unsubstituted Au (black). Right: Frontier and adjacent orbitals for
crotonaldehyde. Electron density isosurfaces are outside the plot,
which shows corresponding pDOSs at 5 Å from an Au surface. (B)
Reduction pathways for crotonaldehyde, related to interactions with
the MOs localized on particular functional groups.
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orbitals in simplified two-level interaction models.19,20

However, we illustrate here that the extreme localization in
so-called “single-atom alloys” (SAAs) amplifies the consequen-
ces of this approximation with regard to selective interactions.
The concept is schematically shown in Figure 1A, where the
pDOS of the SAA systems are shown next to computed MOs
of crotonaldehyde (a representative α,β-unsaturated alde-
hyde21), with bonding and antibonding states preferentially
forming with a particular MO. The MOs of most interest
localize about the aldehyde group (HOMO) and alkene group
(HOMO−1), and interaction of catalysts with these states has
been suggested to govern periodic selectivity trends in
reduction of the respective functional groups toward
unsaturated alcohol (more challenging) or saturated aldehyde
(Figure 1B).22 The LUMO is also relevant, but is delocalized
and has little influence on trends (Figures S2−S3 and
Supporting Methods).
A survey of adsorption preferences of crotonaldehyde on a

series of SAA surfaces (transition metals in Cu, Ag, or Au
(111) hosts) is summarized in Figure 2. Among possible
adsorption geometries,23 two, corresponding to interactions
with either functional group, show energy minima on SAA
guest sites. We categorize the pathways as “ene-approach” and
“ald-approach” (Figure 2 inset), where the respective geo-
metries are a η2-πCC configuration atop the guest atom or a
πCO mode mainly involving an oxygen lone pair. There is a
clear preference for alkene binding on late transition metal
sites, while the earlier transition metals prefer the aldehyde
mode and exhibit stronger overall adsorption. The trade-off in
mode also generally manifests at lower d-filling for the 4d and
5d guests. Understanding these effects and separating the
specific influence of narrowed states from broader periodic
trends requires examination of the electronic factors governing
adsorption.
In a two-level interaction model (Figure 3A), orbital

hybridization can be largely encapsulated in terms of the
coupling strength (V ) between states. The upward and
downward shift of bonding and antibonding states due to
hybridization (Ehyb) is roughly equal to ±| |V when states are

near-resonant and approaches ±
ε ε−

V

i j

2

as the energy

separation becomes larger.24,25 A penalty (approximately

proportional to V2)26,27 is also paid for reorthogonalization
of overlapping states (Pauli repulsion, Erep), resulting in the
antibonding level being destabilized more than the bonding
level is stabilized. For adsorption on d-metals these factors
remain critical, but the energetic distribution of the states also
merits consideration; this can be captured semiquantitatively
within the Newns−Anderson−Grimley (NAG) model of
chemisorption.28−30 In the NAG framework, the distribution
of the band, the initial adsorbate levels, and the coupling
elements between them define the interaction. Exact
parameters are not critical to the qualitative output, but for
crotonaldehyde adsorption, we have considered the MOs as
linear combinations of atomic orbitals (LCAO) and estimated
coupling strengths between states with tabulated tight-binding
relationships31−33 (Figure S2 and SI Methods). Using these
assumptions, Figure 3B shows representative model outputs

Figure 2. Adsorption enthalpies for crotonaldehyde in each stable geometry (insets) across SAAs. Pairs of hatched bars correspond (left to right)
with Cu (dotted), Ag (cross-hatched), and Au (solid) hosts for the respective guest elements. Blue bars signify ald-mode; red, ene-mode.

Figure 3. (A) Two-level interaction showing contributions of
hybridization (Ehyb) and repulsion (Erep). (B) Newns−Anderson−
Grimley model for two-state selectivity. Initial adsorbate levels
represent desired (εD, blue) and undesired (εU , red) states to activate.
Tight binding parameters for each geometry using LCAO
representations of the crotonaldehyde HOMO and HOMO−1 define
the system.
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for the adsorbate pDOS on an SAA site in each relevant
geometry. The NAG pDOS qualitatively resembles Figure 3A,
but with bonding and antibonding bands associated with each
orbital. The apparent asymmetry between bonding and
antibonding can be understood in that the colored DOS
features are projected on the adsorbate, and (for this example)
the bonding levels have more adsorbate character, whereas the
antibonding have more d-character. Adsorption energy differ-
ences also follow from the model (SI Methods).
Since hybridization requires both spatial and energetic

overlap, the defining differences in adsorption energies come
from comparing coupling to the HOMO while in the ald-mode
against coupling to the HOMO−1 while in the ene-mode. In
this comparison the coupling element is slightly larger for the
HOMO due to shorter bond distance, but the interplay
between resonance, Pauli repulsion, and occupation creates
scenarios where either orbital interaction can be favored. To
remove confounding factors and focus on the role of
perturbation to the d-band, adsorbate geometries and coupling
elements have been fixed to those on a reference surface (Co/
Au) that was determined by DFT to show near-equal binding
energies in both modes. Figure 4A shows resulting dif ferences
in d-band interaction energy (ΔΔE) between each adsorption
mode over a designated range of d-band center and width.
Strong preference for the HOMO can be seen for high-lying,
nearly empty d-states, which balance resonance with this
higher energy MO against overcontributing electron density to
antibonding states. This behavior for high d-band centers could
only be inverted if the coupling element toward the HOMO−1
were much larger, to compensate for the better energy
alignment of the HOMO and larger HOMO coupling element.
The HOMO stabilization diminishes at very high band centers
due to the growing energetic misalignment, and, more
interestingly, is also diminished for similar reasons as the
band becomes wider. The opposite selectivity is seen for low-
lying, nearly filled d-states, which prefer the HOMO−1. While
there is again a favorable contribution from resonance, the
dominant factor isperhaps counterintuitivelythe smaller
coupling element of the HOMO−1. The nearly filled surface d-
orbitals of low bands yield high occupation of antibonding
states, and while these antibonding states weaken interactions
for both MOs, larger coupling toward the HOMO causes its
associated Pauli repulsion (scaling as V2) to be particularly
unfavorable. This is, in general, the mechanism by which a
weak-coupling interior orbital can be selected. The trends
again remain magnified for narrower bands.
Several monometallic and SAA compositions are marked for

illustration of broad trends in Figure 4A. However, for more
quantitative agreement it is necessary to also account for
periodic changes in coupling strengthmultiple SAAs can
have similar d-band centers and widths, but elements with
larger spatial extents of d-orbitals will have stronger coupling to
each MO (at a constant ratio, still preserving trends). The full
parameter space of accessible SAA d-band characteristics is
illustrated in Figure 4B, and period-specific (3d, 4d, 5d)
selectivity maps (accounting for periodicity of d-orbital radii)
are presented in Figure S5. Additional visualizations of the
maps based on calculated DFT values are given in Figure S6.
The period-resolved model is in good agreement with DFT, as
seen in a parity plot in Figure 4B. Residual errors mainly stem
from the approximation of fixed geometry (particularly in cases
where absolute bond strength is very weak, such as on pure
hosts) and from assignment of Lorentzian band shape to well-

hybridized guests with large widths (cf. Figure S4). Figure 4B
further shows correlations between the DFT ΔΔE and d-band
center and width. While a stronger relationship with d-band
center is clear (and noting center and width are correlated for
constant d-state filling), the calculations nonetheless highlight a
distinct role still played by broadening to weaken and
distribute interactions toward both orbitals, dampening
selectivity. This is isolated in the vicinity of ≈f 0.5.
To further illustrate the relationship between band

narrowing and resonant interactions, Figure 5 compares the
DFT-calculated orbital pDOS for adsorption of crotonalde-
hyde on monometallic Fe, Pt, and Au(111) to that when the
respective Fe and Pt states become sharpened at isolated sites

Figure 4. (A) Difference in d-band interaction between binding
modes (ΔΔ = Δ − ΔE E ED U

ald ene) vs band characteristics. Markers are
only placed as a qualitative guide (cf. Figure S5 for period-specific
selectivity maps). Dotted lines represent constant filling of a
Lorentzian d-band. (B) Accessible parameter space of center and
width (Lorentzian) for transition metal SAAs hosted in Cu, Ag, and
Au (i); parity plot between period-adjusted NAG and DFT-calculated
ΔΔE (ii); correlation of DFT ΔΔE with d-band width for
intermediate fillings (iii); and correlation of DFT ΔΔE with d-band
center (iv).
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hosted within Au. In the case of monometallic Fe, the high
energy center and breadth of d-states lead to hybridization with
both functional groups (η4 adsorption), with net bonding
interactions indicated by partially depopulated antibonding
states. While this simultaneous hybridization is also enabled by
the geometry of contiguous Fe sites present, we can still
contrast the orbital interactions with those found in each
adsorption mode on the isolated Fe SAA. There, due to the
higher d-center of isolated Fe, the ene-mode has a more
asymmetric interaction, where the bonding level mainly has
character of the former HOMO−1 and antibonding level has
more Fe-character (recall the plots are projected on the
adsorbate). In the ald-mode, however, the HOMO is better
aligned with the sharpened Fe-state and experiences more
effective hybridization than in the monometallic case. It may
also be noted that the HOMO−1 still shows a hybridization
pattern in the ald-modethis is related to having some orbital
density on the O atom and adds a small extra repulsive
contribution (Figures S2−S3).
On Pt, the ene-mode of binding is preferred on both

monometallic and single-atom sites, though it is weakened on
the single atom. Upon state sharpening, the Pt d-band becomes
positioned between the two critical MO’s (cf. Figure 1),
causing a similar degree of energetic overlap. This leads to
spatial overlap effects dominating, and, combined with the high
filling of the Pt states (promoting population of antibonding
levels), leads to a dominant role of Pauli repulsion disfavoring
the HOMO in the ald-mode. Additional guest elements within
Cu, Ag, and Au hosts display similarly interpretable behaviors
and are explored in Figures S7−S8.
To conclude, we have shown how local electronic structure

of SAA surface sites can be chosen to promote interaction with
specific molecular orbitals. The approach could broadly be
applied to intramolecular chemo- or regioselectivity problems,

or selectivity in mixtures, as long as key MOs are spatially
localized (Figures S9−S10). We also note that, for brevity, we
have neglected a number of important considerations for the
suggested selectivity principle. Adsorption is but one step in a
catalytic cycle; though it may tip selectivity toward a given
route, all down-pathway intermediates must be considered.
Figures S11−S12 show full reaction path free-energy diagrams
for formation of both crotyl alcohol and butanal on Au, Fe/Au,
and Pt/Au surfaces, as well as their MO diagrams. In each case,
the favored route to product on the guest site is consistent with
the initial adsorption mode. While experimental validation of
selectivity trends on monometallics34−37 and traditional
alloys38−40 are plentiful, we are only aware of one example
using an SAA.41 This involved acrolein hydrogenation on Pd/
Ag, where the isolated site and host have competing reactivity
(similar to Pt/Au here). A general design principle may be that
guest sites should complement or have much higher intrinsic
rates than host sites. We further acknowledge that in some
cases materials may prefer surface segregation of the host
element;42 however, surface termination will be a function of
the reactive environment, as has been shown for several
SAAs.43 Ultimately, SAAs will likely not provide a universal
solution to selectivity problems, but they represent a possible
new paradigm for selectivity control by expanding the available
palette of electronic characteristics for tuning catalysis.
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Figure 5. (A) Projected DOS for HOMO (blue) and HOMO−1
(red) of crotonaldehyde in its most stable adsorption geometry
(insets) on monometallic Fe, Au, and Pt (111) surfaces. (B) Projected
DOS for crotonaldehyde MOs adsorbed at isolated guest atom sites of
Fe/Au (ΔΔE = −0.16) and Pt/Au (ΔΔE = +0.23) SAAs in both
stable geometries (insets). In each panel the pDOS for host metal
(solid black) and guest (dashed black, shaded) are also overlaid, and
the arrows signify antibonding levels of activated bonds.
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