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Single-atom alloys (SAAs) have drawn significant attention in recent years due to their excellent catalytic
properties. Controlling the geometry and electronic structure of this type of localized catalytic active site
is of fundamental and technological importance. Dual-atom alloys (DAAs) consisting of a heterometallic
dimer embedded in the surface layer of a metal host would bring increased tunability and a larger active
site, as compared to SAAs. Here, we use computational studies to show that DAAs allow tuning of the
active site electronic structure and reactivity. Interestingly, combining two SAAs into a dual-atom site can
result in molecular-like hybridization by virtue of the free-atom-like electronic d states exhibited by
many SAAs. DAAs can inherit the weak d—d interaction between dopants and hosts from the constituent
SAAs, but exhibit new electronic and reactive properties due to dopant—dopant interactions in the DAA.
We identify many heterometallic DAAs that we predict to be more stable than either the constituent
SAAs or homometallic dual-atom sites of each dopant. We also show how both electronic and ensemble
effects can modify the strength of CO adsorption. Because of the molecular-like interactions that can
occur, DAAs require a different approach for tuning chemical properties compared to what is used for
previous classes of alloys. This work provides insights into the unique catalytic properties of DAAs, and
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1. Introduction

Transition metals and alloys are common active sites in
heterogeneous catalysts; however, due to the complexity of
supported heterogeneous catalysts, atomic-scale design of
stable alloy active sites with high catalytic performance for
a particular reaction remains difficult. Many catalytic surfaces
exhibit a roughly mean-field behavior that restricts their ability
to overcome linear scaling relations that can limit catalyst
performance."™ As an important class of single-atom cata-
lysts,>® single-atom alloys (SAAs) feature isolated metal atom
dopants in the surface of a different host metal, which have
been shown to deviate from scaling relations through differ-
ences in binding site preference of the transition states and
intermediates™® or through spillover.® In recent years, notable
progress in catalysis has been made with this strategy.'®'
Furthermore, localized electron density at the dopant as char-
acterized by free-atom-like d states are considered to play an
important role in some SAAs' chemical reactivity.'” These free-
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atom-like states result from the minimal interaction between
the d states of the dopant atom and the host metal and manifest
on the dopant atom as a narrow d state compared to the pure
bulk material.

Although SAAs have shown excellent catalytic performance
for many reactions, some larger reactants or intermediates and
multi-step reactions may require an active site larger than one
atom. Supported dual-atom catalysts, which provide larger
active sites than single-atom catalysts, have been shown to
enable enhanced catalytic performance for many reactions.”®™**
Currently, most studies focus on homo-dual-atom catalysts,
including Fe,' Pt,”” Co'™ and Cu® dimers in carbon-based
materials and on other supports. The success of supported
dual-atom catalysts suggests that dual-atom alloys (DAAs) may
also have interesting chemical properties. Indeed, previous
work has suggested that dimers or small localized clusters of
the same element can have electronic structures more akin to
localized molecular orbitals, which has important implications
for reactivity.”*> However, these monometallic dimers offer
a limited structure space and would be difficult to create
experimentally in metal surfaces because most SAAs are ther-
modynamically stable with respect to aggregation, i.e. dimer-
ization of the dopants.

Hetero-dual-atom catalysts contain atomic pairs of two
different elements in the support. This brings improved
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tunability and possibly easier synthesis of the dual atom sites
because thermodynamic mixing enthalpies can drive the
formation of the heteroatom pairs. Both computational and
experimental studies have demonstrated that this type of
surface structure can bring unique catalytic properties.* So far,
hetero-dual atom catalysts have been reported in carbon-based
materials,>?* metal oxides® and metal organic frameworks
(MOFs),?**° but studies of heterodimers in a metal host to form
a trimetallic alloy are lacking.”"*° These DAAs would likely have
desirable catalytic properties based on analogies to both SAAs
and dual-atom catalysts. Herein, we elucidate unique and
fundamental properties of dual-atom sites in metal hosts,
particularly in their electronic structure. Specifically, we raise
the fundamental question: if two dopants exhibit free-atom-like
d states as SAAs, will the combination of these electronic states
in a dual-atom site lead to hybridization and formation of
molecular-like states on the dopant atom pair, analogous to the
formation of molecular orbitals when two atoms are within
bonding distance (Fig. 1(a) and (b))?

More generally, controlling the geometric and electronic
structure of catalytic active sites is of fundamental and tech-
nological importance. Often, reactivity of alloy surfaces is
interpreted in terms of ensemble and electronic effects.
Ensemble effects describe the changes in catalytic properties
due to the local structure and composition of the active site.**
Electronic effects (or ligand effects) refer to the changes in the
electronic structure of the active site caused by metal-metal
interactions, usually associated with hybridization and/or
charge transfer.*> In most cases, both effects exist in an alloy
surface and can be difficult to separate because modifying the
surface structure or composition typically also affects the elec-
tronic structure. Computational®*** and experimental®® studies
on these two effects have been reported. These studies focused
on bimetallic systems with different dopant concentrations. It
has been shown that ensemble effects dominate when a bime-
tallic alloy consists of a strongly adsorbing metal and a weakly
adsorbing metal, such as Rh, Pd and Pt alloyed with Au, Ag and
Cu, with electronic effects becoming more important when both
metals bind adsorbates strongly.**

Herein, we demonstrate that combining the dopant atoms of
two different SAAs into a dual-atom site can result in molecular-
like hybridization. Many of these dual-atom sites are predicted
to be stable by consideration of the alloying energetics. We
demonstrate that the molecular-like hybridization has a signif-
icant influence on the reactivity of the dual site, as demon-
strated by changes in the binding strength of CO. Even in dual-
atom sites without significant rehybridization, ensemble effects
appear to affect the binding of CO to the active site. In this way
we demonstrate cases in which ensemble or electronic effects
can affect the reactivity of heterometallic dual-atom sites. This
provides a strategy to controllably tune the catalytic properties
and opens up new possibilities in the design of catalytic active
sites with tunable electronic structure in a way that is qualita-
tively different from alloys that exhibit a more mean-field
behavior.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) H, molecular orbitals result from combining two H 1s
orbitals. (b) Molecular-like states may result from combining free-
atom-like d states of two different dopants in a metal host. (c—i) pDOS
of d states and wavefunctions of Ir;Cu (c and d), Ir;Ti;Cu (e—g), and
Ti1Cu (h and i). (c) and (h) show narrowed d states of Ir and Ti atoms in
their SAA form in a Cu host. (e) shows shifted and broadened d states
and two new small peaks, all due to Ir—Ti hybridization in the IryTi;Cu
DAA. (d) and (i) are d,, orbitals of Ir at —0.8 eV and of Ti at 0.4 eV. The
combination of (d) and (i) result in a d—d 7 orbital (f) at —1.7 eV and ad—
d 7* orbital (g) at 1.1 eV.

2. Method

All periodic, plane-wave density functional theory (DFT)***’
calculations were performed with the Vienna Ab initio Simula-
tion Package (VASP)***° using the Perdew-Burke-Ernzerhof
generalized gradient (GGA-PBE)* exchange-correlation func-
tional with the Tkatchenko-Scheffler method* for van der
Waals interactions. The cutoff energy in this work was set to
400 eV. A 7 x 7 x 1 Monkhorst-Pack k-point mesh** was used
for relaxation calculations with a 19 x 19 x 1 mesh for non-self-
consistent projected density of states (pDOS) calculations.
Different initial spin states for each dopant-host system were
tested to determine the most stable one. The post-calculation
analysis (pDOS and real-space wavefunctions generated from
the planewave coefficients of a Kohn-Sham orbital) was done by
VASPKIT*® and the wavefunctions were visualized by VMD.**
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Fig. 2 Screening of homodimer and heterodimer formation energies for M;Pd;Ag (a), M1Pd;Au (b), M1Pt;Ag (c) and M;Ti;Cu (d). The dopants in
light blue areas are predicted to only form heterodimers; those in the white area are predicted to give predominantly heterodimers with some
homodimers; those in the light pink area are predicted to form few or no heterodimers. Some dopants are omitted due to their high homodimer
formation energies, resulting in values far below the diagonals. Complete results are listed in Table S1.¥

In this work, we used 3 x 3 x 4 unit cells to model the (111)
surfaces of face-centered cubic (FCC) structures, with the top
two layers and adsorbates relaxed and the bottom two layers
fixed. The lattice constant calculations and convergence tests
were done in our previous work.2! A ~16 A vacuum gap was set
along the z direction. The formation energy of a dimer in a tri-
metallic alloy, E¢,m, was calculated as:

1)

where E,; is the energy of a trimetallic alloy surface with two

Etorm = Eii + Enost — Esaaavy — Esaaow)

neighboring dopants, Ej,.g is the energy of the pure host surface
with no dopant, and Egsanv is the energy of a SAA surface with
a dopant M. If M = M/, Egorm, is @ homodimer formation energy;
if M # M/, Egorm, is a heterodimer formation energy. A negative
value indicates the dimer is more stable than the monomers.
For the CO adsorption studies, CO was initially placed either
on top of a dopant or at the bridge site (1,-CO) between two
dopants. The CO adsorption energy, E,qs, was calculated as:

E.qs = Eiot — Eyi(or Esaa) — Ecog) (2)
where E is the total energy with CO adsorbed on the surface
and Eco(g) is the energy of CO in the gas phase. Either E; or Egaa
was used in the equation depending on whether CO was
adsorbed on a trimetallic or a SAA surface.

14072 | Chem. Sci,, 2022, 13, 14070-14079

3. Results and discussion
3.1 Molecular states in a dual-atom site

To gain insight into molecular-like electronic states in DAAs, we
first study Ir;Cu, Ti;Cu, and the dual site Ir;Ti;Cu, as our
calculations suggest that Ir;Cu and Ti;Cu form stable SAAs with
free-atom-like d states on the Ir and Ti atoms respectively. For
example, in the Ir;Cu SAA, the Ir d states have a sharp peak
centered at ~—0.8 eV (Fig. 1(c)), while the neighboring Cu has
a broad d band from —1.5 to —4.0 eV (Fig. S1(a)t). Although the
Ir d states and Cu d band have some minor overlap between —2
to —5 eV, the narrow d states indicate Ir has minimal interaction
with Cu. The free-atom-like electronic structure of Ir is also
supported by the symmetry-resolved pDOS, where the t,, and e,
states of Ir show negligible splitting, as in Fig. S1(c).f The
calculated real-space wavefunction of one state at —0.8 eV
clearly shows it is primarily composed of the d,, orbital of Ir
(Fig. 1(d)). Although there is some contribution from Cu, the
interaction is small and the clover shape of the d orbital is clear.
Some other representative wavefunctions are shown in Fig. S2.1

Although the Ir-Cu d-d interaction is weak, the Ir-Cu
interaction is not zero; otherwise Ir would not be bonded to Cu
and would not be stable in the alloy surface. In particular, there
is significant sp hybridization between Ir and Cu, as s and p
orbitals tend to be more delocalized than d states (Fig. S1(2)7).
This sp interaction likely stabilizes Ir in the surface. However,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Top views of CO on a top adsorption site of M in SAA and DAAs, and on a bridge site between M and M'. (b) M,Pd;Ag, M,Pd;Au, and
M;Ti;Cu trimetallic alloys from the white and light blue areas in Fig. 2 were divided into three groups based on the CO adsorption energies in
Table S2.1 The alloys in the dark yellow area have strong electronic effects while the alloys in the blue area have strong ensemble effects. The
alloys in the gray area show weaker electronic and ensemble effects. (c) CO adsorption energy on top of the dopant in SAAS (E gsisaa)) Vs. in DAAs
(Eaasipaamy). The labels correspond to the alloys in (b). The ensemble-effect cases are close to the diagonal, indicating little difference in the top-
site adsorption energies. The strong electronic-effect cases (|(Eagsipaam) — Eagssan)| > 0.14 eV; outside dashed lines) exhibit a large deviation from
the diagonal, indicating large changes in reactivity. (d) Trend for CO top-site adsorption energy difference and shift in d-band center. All strong
effect cases listed in (b) are shown. Some weak-effect cases are omitted. The inverse correlation agrees with the d-band model. (e) CO
adsorption energies on different sites. For these three ensemble-effect cases, while there is a only small difference between E, gssan and
Eadsioaam). the Eagspaa,sri is stronger.

d states generally have a larger effect on variations in adsorption  resolved pDOS also indicates degenerate Ti t,; and e, states
and reaction energies,* and as such their behavior is crucial in  (Fig S1(d)f). Unlike Ir, we find that the Ti d states lie almost
determining surface chemistry. completely above the Fermi level. The wavefunction of one state
Similar to Ir,Cu, Ti atoms exhibit free-atom-like d-states in  at 0.4 eV shows the Ti d,., orbital retains its shape, similar to the
Ti;Cu (Fig. 1(h)). The d states of Ti are somewhat broader than Ir case (Fig. 1(i)).
those of Ir, although there is almost no overlap between the Ti Therefore, in the Ir;Cu and Ti,Cu SAAs, the isolated Ir and Ti
d states and the Cu d band from —1 to 3 eV (Fig. S1(b)). One atoms each have free-atom-like electronic structure for their
possible reason for the somewhat broader states is that the Ti  d states. This raises the question of whether we can tune the
d states have some interaction with Cu s or p states with similar chemical properties by creating a Ir,Ti;Cu dual-atom site
energies. The Ti-Cu d-d interaction is also visible around —2 to  without interfering with the minimal interaction of the Ir and Ti
—5 eV, but is much weaker compared to Ir. The symmetry- d states with Cu. Additionally, if we combine Ir and Ti into

© 2022 The Author(s). Published by the Royal Society of Chemistry Chem. Sci,, 2022, 13, 14070-14079 | 14073
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a DAA site, will Ir and Ti retain their free-atom-like electronic
structures, or will there be a strong Ir-Ti interaction leading to
a different electronic structure and chemical reactivity? In
a molecular-orbital picture, hybridization between two states
results in a new state higher in energy than the original states,
and a new state lower in energy than the original states (Fig. 1(a)
and (b)). This same behavior is observed for the Ir;Ti;Cu DAA
shown in Fig. 1(e): the narrow Ir d-state peak shifts down while
the narrow Ti d-state peak shifts slightly up. In both cases, the
states broaden somewhat, as would be expected from tight-
binding.***” The Ti d states are also observed in the Ir pDOS as
a small peak at ~1.2 eV, the same position as Ti's most intense
DOS peak. Similarly, there is a small peak at ~ —1.7 eV in the Ti
pDOS, the same position as Ir's largest DOS peak. These elec-
tronic interactions and subsequent changes in the shape and d-
state location as compared to the two isolated atoms provide
clear evidence for a significant interaction between Ir and Ti,
demonstrating that it is possible to create a DAA site with new
electronic, and hence catalytic, properties based on two SAAs.
This interaction also leads to significant changes in the CO
adsorption energies on the top site of each dopant, which will
be discussed in Section 3.3.

The localized interaction between Ir and Ti in Ir; Ti; Cu is also
confirmed by the spatial extent of the wavefunctions. Fig. 1(f)
shows the wavefunction of one state at —1.7 eV, which shows
the Ir d,, orbital extending to Ti to form a d-d 7 bond. Since the
d states of Ir have shifted to lower energy, in Fig. 1(f) we can also
find more significant contributions from Cu. However, though
the energies of Ir and Cu d states are closer than in the SAA, the
wavefunctions have little spatial overlap because Cu's contri-
butions are mainly from lower-energy states. This suggests that
the interaction between Ir and Cu in the Ir,;Ti;Cu DAA is still
quite small. At 1.2 eV, the wavefunction shows a well-defined d-
d * bond made of Ir and Ti d,, orbitals (Fig. 1(g)), which has
the same shape as in Fig. 1(f), but out of phase. This result
indicates that the overlaps at —1.7 eV and 1.2 eV are molecular-
like bonding and antibonding states resulting from Ir-Ti
hybridization and state splitting. There are very few contribu-
tions from Cu to the antibonding state, again indicating that the
Cu host metal does not participate significantly in the
hybridization.

In contrast to the nearly complete degeneracy of the t,, and
e, states in the SAAs in Fig. S1(c) and (d),t there are deviations
between SAA and dual-atom states for both Ir and Ti after
combination in the dual-atom site (Fig. S1(e) and (f)}). Ir's ty,
states near —1.8 eV shift to lower energies, while Ti's t,, states
near 2.0 eV shift to higher energies. These results are consistent
with the wavefunction showing hybridization between d,,
orbitals; further, the states' splitting shifts the bonding states to
lower energies and the antibonding states to higher energies.
Bonding and antibonding wavefunctions contributed by other
orbitals are shown in Fig. S2(d)-(f) and (g)-(i),} including d-d =
and d (anti)bonding orbitals. Therefore, the case of Ir;Ti;Cu
demonstrates that dual-atom sites in trimetallic alloys can have
unique electronic properties that differ from either of the bulk
alloys or SAAs and resemble the molecular orbitals formed by
two interacting atoms. This raises the questions: how many

14074 | Chem. Sci, 2022, 13, 14070-14079
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other trimetallic combinations are likely to form dual-atom
sites, and what is the chemical reactivity of these sites?

3.2 Stability screening: predictions of synthesizable dual-
atom sites

If heterometallic DAA sites are not thermodynamically stable
with respect to other configurations, they will be difficult to
experimentally synthesize or maintain under reaction condi-
tions. Previous work on single-atom alloys has suggested that
aggregation is a crucial factor in determining stability.>* To
predict whether specific dual-atom sites can be synthesized, we
performed DFT calculations to study the formation energies of
a range of dimers in various hosts. A DAA site can either be
a homodimer or heterodimer. We are particularly interested in
heterodimers because for surface alloys, it is experimentally
difficult to control the selective formation of homodimers, and
one is typically left with a mix of single atoms and a variety of
larger ensembles. That is, for alloy surfaces, it is difficult to
selectively create dimers, as either single atoms or larger
ensembles will often be favored, depending on the thermody-
namics of the specific system.'*> We propose two criteria to
determine whether a particular heterodimer-host combination
is likely to be synthesizable experimentally. First, the formation
energy Egorm for a heterodimer (M # M') in eqn (1) should be
negative. This means that the heterodimer is energetically
favored over the two separate SAAs. Second, the heterodimer
formation energy should be more negative than the homodimer
formation energy. This ensures a dopant will tend to form
a heterodimer with the other dopant metal rather than forming
homodimers with itself.

Based on previous work,**** we chose Pd;Ag, Pt;Ag, Pd;Au
and Ti;Cu as the starting bimetallic systems (i.e., first dopant M’
= Pd, Pt or Ti). Many metals were tested as the second dopant
(i.e., M = Co, Cr, Fe, Hf, etc.) to be added to the four bimetallic
systems. The formation energies of each trimetallic are plotted
in Fig. 2. The light pink regions signify trimetallics for which
either the heterodimer formation energy is positive, or it is not
as negative as homodimer formation energy. The dopants in
these areas are unlikely to form a significant number of heter-
odimers. In the white areas, though heterodimers are favored,
there still could be small amounts of homodimers. The other
area (shaded in light blue) signifies stable heteroatom dual-
atom sites but unstable homodual-atom sites and SAAs. It is
clear from this survey that there are many DAAs that are likely to
be thermodynamically stable and hence synthesizeable. For
example, Sc, Mn, Sn, Mg, Cr, Cd and Zn are promising to form
M-Pd heterodimers when added to a Pd;Ag SAA (Fig. 2(a)). Sc
shows the strongest tendency for selective heterodimer forma-
tion, while the others are closer to the origin. Hf has the most
negative heterodimer formation energy, though its homodimer
formation energy is also slightly negative.

Qualitatively, M;Pt;Ag exhibits the same stabilities as
M, Pd;Ag, in that the second dopants in M;Pt;Ag have similar
energetics to M;Pd;Ag. Considering the similarity between Pd
and Pt, this suggests that similar dopant metals, e.g., those in
the same group, are likely to give qualitatively similar dimer

© 2022 The Author(s). Published by the Royal Society of Chemistry
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formation energetics in a given host. For M;Pd;Au, the metals
reside within a small area near the origin, and most dopants
have qualitatively similar positions as M;Pd;Ag. For example, in
Fig. 2(a) and (b), Sc and Hf are on the top left, while Pd, Rh, Pt, Ir
and Ru are on the right side from top to bottom. On the other
hand, some metals change position significantly, e.g., Ti and V.
For M;Ti;Cu, both host and the first dopant M’ have been
changed significantly, and the plots seem to be quite different
from the other three. In this case, Ir, Rh, Pt, Pd and Mn are the
most promising to form heterodimers. For both homodimers
and heterodimers, the formation energies span a wider range
and seem more correlated to each other than the other three
systems, i.e., the homodimer and heterodimer energies roughly
scale with each other for M;Ti,Cu.

From inspection of the data, we hypothesize that the
strength of correlation between the homodimer and hetero-
dimer formation energies is related to the host metal reactivity.
In inert hosts, such as Ag and Au, the dopants are more likely to
exhibit free-atom like electronic structures;*® therefore, the
position of each element on the screening map is more
dependent on the details of the dopant-dopant hybridization.
In more reactive hosts, such as Cu, the dopants can more easily
electronically hybridize with the host. This leads to more
metallic behavior in most cases; therefore, the difference in
dimerization energy between homodimers and heterodimers is
reduced. Hence, in more reactive hosts that tend to electroni-
cally mix with dopants, the formation energies of homodimers
and heterodimers are likely to be more correlated and may not
be as likely to show a strong preference for heterodimers over
homodimers.

Our two criteria—that the heterometallic dual-atom site be
more stable than the corresponding SAAs and homometallic
dual-atom sites—provide a convenient method to predict
experimentally synthesizable hetero-dual-atom sites. Similar
criteria for SAAs have proven quite successful in guiding
experiments.”* However, the presence of these dual-atom sites
in a given experiment depends on other factors as well, such as
entropy and the effect of adsorbates on stability. For instance,
some dual sites can be stabilized by bridge-bound CO mole-
cules.®* For those dopants that have some tendency towards
aggregation, keeping the SAAs as dilute as possible is key, as
increasing the dopant concentration will lead to the formation
of trimers and tetramers. Furthermore, in certain cases some
energetically unfavorable structures can be observed in experi-
ments through kinetic trapping.®® Therefore, while our results
are a useful guide to possible dual-atom sites, changing dopant
concentrations, temperature, and the reactive atmosphere will
also affect the stability of these sites and this is best examined
on a case-by-case basis experimentally.

For the dopant atoms to significantly affect catalytic perfor-
mance, they must reside in the surface layer under reaction
conditions. Previous work suggests that for Cu-, Ag-, and Au-
based SAAs, most dopant atoms prefer the surface layer over
the subsurface when adsorbed species are present, as would be
expected under reaction conditions.®” As an additional test, we
compared the stability of an Ir;Ti; dimer in the subsurface layer
and the surface layer of Cu, with and without an adsorbed CO
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molecule. Without CO, the dimer is 0.07 eV more stable in the
subsurface, but in the presence of adsorbed CO the dimer is
more stable in the surface by 1.19 eV. Therefore, while surface
segregation will depend strongly on the conditions, it is likely
that many of the dimers will prefer the surface over the
subsurface given the appropriate reaction conditions.

3.3 Chemical properties of dual-atom sites: CO adsorption

To investigate the chemical reactivity of the dual-atom sites that
are likely to be stable, we calculated the CO adsorption energy
E.q4s for dopants that meet the two criteria when added to Pd;Ag,
Pd;Au and Ti;Cu. We use CO adsorption as a simple probe for
chemical reactivity because (1) CO adsorption on various
surfaces has been extensively studied;*** (2) CO is involved in
many SAA-catalyzed reactions, and the adsorption energies are
often related to reaction barriers and hence catalytic perfor-
mance;* (3) strong CO adsorption often leads to catalyst
poisoning, which greatly affects their performance.’®* In
addition to the adsorption energy, the CO stretching frequency
is often used to study the surface environment and active site.*®
Therefore, CO is a widely used probe both in experiment and
theoretically, and the study of CO adsorption is a simple but
effective approach to shed light on the potential catalytic
properties of alloy surfaces.

To understand ensemble and electronic effects, we
compared CO adsorption on these dual-atom sites to CO
adsorption on the corresponding SAAs. For the SAAs, the CO
was placed on the top site of the dopant (Eaqssaa)), While for
dual-atom sites, we calculated the CO adsorption energy on the
top site of each dopant (Eaqspaa,m)) and Eaasaa,my), and in the
bridge site between the two dopants (Eaqspaa,sri), as shown in
Fig. 3(a). By comparing top-site adsorption energies between the
SAA and the dual-atom site, we can probe electronic effects, and
by examining the bridge-site adsorption energies we can probe
ensemble effects (Fig. 3(b)).

While ensemble and electronic effects coexist, we focus on
the cases where one of them dominates the change in CO
adsorption energy between the SAA and the corresponding dual-
atom site. We first look at the cases dominated by electronic
effects, i.e., cases where the CO adsorption energy atop the
dopant atom changes significantly due to the dopant-dopant
interaction described in Section 3.1. Above we discussed how
Ir;Ti;Cu exhibits significant hybridization between Ir and Ti.
This results in an increase in the top-site CO adsorption energy
on Ir of 0.30 eV, as compared to the Ir;Cu SAA. In addition to
this case, which we denote Ir,(Ti,)Cu to indicate CO adsorption
atop the Ir atom in this dual atom alloy, there are significant
changes in CO adsorption energy for Ruy(Ti;)Cu, Fe;(Ti;)Cu,
and Mn,(Ti;)Cu, etc. Specifically, |(Eaasmaam) — FEadsisaa) >
0.14 eV for these cases, meaning that CO binds much stronger
or weaker to the top-site of the dual site than the isolated atom.
In Fig. 3(c), we show these cases, as well as other cases that have
similar top-site adsorption energies between the SAA and the
DAA, which indicates minor electronic effects. Ru,(Ti;)Cu and
Iry(Ti;)Cu are above the diagonal, indicating stronger top-site
CO adsorption on the SAAs, while Fe,(Ti;)Cu and Mn;(Ti;)Cu
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are below the diagonal, indicating stronger adsorption on the
DAAs.

To understand why dopant-dopant hybridization affects top-
site adsorption energies significantly in some cases but not in
others, we examined the electronic structure changes between
the dual-atom sites and the corresponding SAAs. Cases where
the top-site CO adsorption energy changes significantly also
show large changes in their electronic structure. That is,
changes in top-site CO adsorption energies between SAA and
DAA sites can be traced back to differences in the electronic
structure of the sites. The pDOS of M d states of Ru,(Ti;)Cu,
Fe,(Ti;)Cu and Mn;(Ti;)Cu are shown in Fig. S3} (Ir,(Ti,)Cu was
shown in Fig. 1). Ruy(Ti;)Cu is similar to Iry(Ti;)Cu, also
showing broadened d states in the dual-atom site, indicating
increased hybridization. The shifts in d-band center from SAAs
to dual-atom sites are negative (to values further below Ey), at
—0.45 and —0.43 eV for Ru in Ru,(Ti;)Cu and Ir in Iry(Ti;)Cu,
respectively. For Fe;(Ti;)Cu and Mn,(Ti;)Cu, which have
nonzero spin, the spin-up states are narrower in the dual-atom
sites, while the spin-down states are broader. The overall shifts
in d-band center for these two are positive (toward Ey), 0.16 and
0.34 eV, suggesting that the d states in these particular dual-
atom sites become more free-atom-like.

To more quantitatively examine the link between adsorption
energy changes and electronic structure changes, we studied
the correlation between the shift in d-band center and the top-
site adsorption energy difference (Eaaspaam) — Fads(saa)-
Fig. 3(d) shows an inverse correlation between these quantities;
ie., a shift of the d-band towards Ef results in stronger
adsorption.*®*” Cases with little change in top-site adsorption
energy are very close to the origin, indicating small changes in
electronic structure and small changes in top-site adsorption
energies, consistent with our description above. Two electronic-
effect cases are in the upper left quadrant and the other two are
in the lower right quadrant in Fig. 3(d). These results suggest
that electronic effects can either lead to more free-atom-like d-
states, shifts in the d-band center towards Ef, and stronger
adsorption (e.g., Mn and Fe); or to less free-atom-like states,
shifts away from E;, and weaker adsorption (e.g., Ru and Ir).
Qualitatively, these results are broadly consistent with the d-
band model,***” and generally the M;(Ti;)Cu alloys have larger
differences in adsorption energy and d-band center than the
M, (Pd,)Ag and M;(Pd;)Au alloys.

Thus, the interaction between dopant atoms makes it
possible to change the electronic structure and hence tune the
reactivity of each atom in the dual site. At the same time,
ensemble effects can also affect the reactivity in cases where the
electronic effects are small. When ensemble effects dominate,
CO adsorption on the top sites of the dual-atom site is similar in
strength to CO adsorption on the corresponding SAA top sites
(Eads(saa) = Eads(paa,m)), because the small electronic interaction
between the dopant atoms leads to almost the same chemical
reactivity of the individual atoms. At the same time, ensemble
effects can lead to CO adsorption on the bridge site in M;M' H
being stronger than either top site (i.e., Eaas(paa,pri) i lower than
Eqas(paa,m) and Eaggpaaw)- Cri(Pd)Ag, Tii(Pd;)Ag and Ti,(Pd,)
Au all show strong ensemble effects but weak electronic effects.
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Compared with the electronic-effect cases in Fig. 3(b), these
ensemble-effect cases have negligible deviations from the
diagonal. Fig. 3(e) shows the CO adsorption energy on these
three surfaces, among which Cr;(Pd,)Ag has the smallest
difference between Eagssaa) and Eagsaa,m), as well as the largest
decrease from Eaqspaam) and Eadsaa,m) tO Eadspaa,sri), indi-
cating ensemble effects have the most influence on Cr;(Pd;)Ag.
The pDOS of M d states of the three ensemble-effect cases
generally show small differences between the SAAs and the DAA
(Fig. S47). For Cr,(Pd;)Ag and Ti,(Pd;)Au in particular, although
there are differences in the pDOS due to inevitable small elec-
tronic effects, the changes are very small. For Ti;(Pd,;)Ag, on the
other hand, the d states are more prominent for the SAA than
the dual-atom site, and small DOS peaks appear around —2 to
—3 eV, indicating somewhat increased hybridization. However,
the overall band shape and position for Ti;(Pd,)Ag are not
drastically altered, which is consistent with the small change in
top-site adsorption energy. Therefore, small changes in elec-
tronic structure result in small changes to reactivity.

Whether the top site or the bridge site is favored for CO
adsorption on a DAA depends on the nature of the dopants, the
host, and their interactions. Our calculations show that one
cannot predict the site preference only based on CO adsorption
on the corresponding SAA and homodimer. For example, CO
prefers the bridge site in some homodimers (Cr,Ag, Mn,Ag,
Ti,Au, Rh,Cu, Mn,Cu, etc.) but the preference in the corre-
sponding DAAs varies: the bridge site is favored for Cr,Pd;Ag,
Mn, Pd,Ag, Ti,Pd;Au, while the top site is favored for Rh,Ti;Cu
and Mn;Ti,;Cu. The calculations indicate the top site is gener-
ally preferred when the two top-site adsorption energies in
a DAA are very different, while either the bridge site or the top
site can be preferred if the adsorption energies are close.
However, a detailed understanding of the site preference of CO
in all cases is beyond the scope of this work.

Compared to what is known for bimetallics,**** our calcula-
tions demonstrate that there are additional considerations that
must be taken into account to understand the reactivity of tri-
metallic DAAs. Although our host metals (Cu, Ag, and Au) are
weakly adsorbing and most heterometallic dimers embedded in
host metals exhibit a mixture of ensemble and electronic
effects, some cases show obvious ensemble effects, like Cry-
Pd;Ag, while electronic effects can dominate in other cases, like
Ru,(Ti;)Cu. Electronic hybridization can result in electronic
structures that resemble the molecular orbitals of gas phase
molecules. This demonstrates that even in a trimetallic alloy,
which conventional wisdom would suggest should have delo-
calized electronic states, it is possible to form what could be
termed a “metal molecule”, e.g., the Ir;Ti; pair site in Cu which
exhibits bonding and antibonding localized molecular states as
seen in Fig. 1(f) and (g). We note that strong electronic effects do
not always coincide with a strong bond between the two
dopants, as measured by our stability calculations, but instead
only indicate a large change in the CO top-site adsorption
energy, which tends to correlate with the change in the d states.
Our example in Section 3.1 shows free-atom-like dopants in
SAAs and strong electronic interaction between the two dopants
in DAAs, resulting in molecular-like electronic states. However,
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the details of hybridization between different atoms, orbitals,
and spin channels can be complex in some cases. This can lead
to the counterintuitive result of more free-atom-like d orbitals
in DAAs as compared to SAAs (e.g.,, Mn;Ti;Cu vs. Mn,Cu).
Another aspect that we did not study in detail here is the
contribution of s and p bands to either dopant-dopant bonding
or to hybridization. While they usually show less influence on
molecular adsorption than d bands, in some cases s and p
bands can play an important role in the electronic structure of
alloys and adsorption energies.*"*

4. Conclusions

As a first example, we computationally studied the electronic
structure of the Ir;Ti;Cu trimetallic surface, showing that
molecular-like electronic states can be obtained in a DAA
created from the thermodynamically favorable combination of
two SAAs. The pDOS and wavefunctions illustrate that Ir;Cu and
Ti;Cu SAAs have free-atom-like states, while in the Ir;Ti; DAA
site there is hybridization between some of these localized Ir
and Ti d states resulting in hybridization into a molecular-like
“orbital” that is highly localized at the dual-atom site. We
then identified many other thermodynamically preferred dual-
atom sites that are more stable than either isolated dopants
or homodimers, and are therefore likely to be synthesizable.
Our results show that when both SAAs contain dopants with
free-atom-like electronic states, the newly formed dual-atom
sites often inherit the minimal interaction between the
dopant and the host metal, while molecular-like bonding and
antibonding states arise from hybridization and state splitting
within the heterodimer itself. In most close-packed alloy
surfaces, changing one of the nine nearest neighbors of
a surface atom would not be expected to have a large electronic
effect; however, combining “electronically insoluble” atoms,
that is dopant atoms with d states that do not hybridize with
their host, can result in molecular-orbital-like interactions
between dopants that can significantly affect the electronic
structure of the dual-atom active site. This modifies the CO
binding strength of each top site of the dual-atom pair. In other
cases, the creation of a new bridge site between the dopant atom
pair can bind CO strongly. Importantly, our results reveal that,
depending on the dopant, moving from the SAA case to the DAA
site can either weaken or strengthen CO adsorption, high-
lighting the tunable chemistry offered by this approach.
Overall, the DAA sites described in this work have unique
structural and electronic properties that are expected to offer
new and useful catalytic properties that differ from either
traditional bimetallic alloys or SAAs. These metal dual-atom
active sites have electronic structures that are somewhat anal-
ogous to molecules, in which atomic orbital overlap leads to
localized and quantized bonding and antibonding states, which
in turn define the chemical properties of the molecule. The
catalytic properties of DAA sites can be tuned by controlling
their ensemble and electronic effects, providing a new strategy
for catalytic active site design. Furthermore, study of these new
dilute trimetallic alloy materials should provide new funda-
mental insights into electronic and ensemble effects. Given the
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large combinatorial structure space of trimetallics, there are
many other possible DAA sites to consider. By combining atoms
with different kinds of chemical reactivity (e.g., oxophilic vs.
carbophilic®*®) and further tuning their reactivity via electronic
hybridization, DAA sites can be rationally designed for partic-
ular reactions of interest. Therefore, these DAA sites enable
tuning of the electronic structure, and hence chemical reac-
tivity, beyond what is possible in SAAs. Importantly, these DAA
active sites preserve some of the important benefits of SAAs,
such as a localized, well-defined active site with molecular
binding energies that are different from the individual
elements, while bringing much greater tunability than SAAs due
to the much larger trimetallic compositional space.
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