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ABSTRACT: Single-atom catalysts (SACs), containing
under-coordinated single metal atoms bound to the surface
of supports, are promising heterogeneous catalysts due to their
intrinsic catalytic properties and efficient utilization of noble
metal atoms. However, SAC stability under catalytic operation
is questioned due to the tendency of metals to sinter
(aggregation). Herein, we perform density functional theory
(DFT) calculations to investigate the metal—support inter-
actions (MSIs) of a series of transition-metal atoms supported
on three common oxide supports (y-AL,O;, MgO, and
MgAl,O,). Moreover, utilizing the DFT results and genetic
programming, we develop a predictive model for the strength
of MSIs using simple properties of both the SACs and

supports. Finally, we introduce criteria for the synthetic accessibility of SACs based on thermodynamic arguments. Our
computational work can guide experiments by identifying combinations of metals and oxides that can potentially lead to highly

stable (and catalytically durable) SACs.

B INTRODUCTION

Catalysts play a central role in various chemical and biological
transformations by controlling the rates of both desired and
undesired reactions.' > Among different homogeneous and
heterogeneous catalysts, due to their ability to change
oxidation states and form complexes, transition-metal nano-
particles (TMNPs) find tremendous application in catalysis.*
Since catalytic reactions occur at the surface of TMNP-based
catalysts, only the surface metal atoms can be utilized as active
sites. As a result, the subsurface atoms of TMNPs are
essentially wasted and introduce an extra economic cost to
industrial processes.”” To maximize the ratio of exposed metal
atoms, an obvious solution is to make the TMNP as small as
possible. Efforts to reduce TMNP size have led to the
development of single-atom catalysts (SACs). SACs are a new
frontier in catalysis designed to address the issue of atom
economy: the metal is atomically dispersed on the support,
making all atoms accessible for catalysis.”*~ Due to the under-
coordination of the metal, quantum size effects, and strong
metal—support interactions (MSIs),”” SACs can exhibit high
catalytic activity and selectivity in a wide range of chemical
transformations.”® Recently, a series of noble metal SACs were
synthesized and characterized in a variety of supports.'’~"* For
instance, Pd;/MgO(100) synthesized by high-frequency laser
evaporation shows a unique size effect: the Pd cluster size
governs the reacting temperature and mechanism of the
catalyzed cyclo-trimerization of acetylene to benzene.”’ Pt,/
graphene has been successfully synthesized by atomic layer
deposition and exhibits a high activity for methanol oxidation
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with superior tolerance for CO. This catalyst has excellent
performance due to low-coordination and the presence of
unsaturated 5d orbitals on the single Pt atom.”’ Rh/ZnO
nanowires have been fabricated via the facile adsorption
method. When catalyzing the hydroformylation of olefins,
these nanowires exhibit orders of magnitude higher activity
than typical heterogeneous catalysts.”> A well-known SAC is
Ir;/FeO,, whose water—gas shift activity is an order of
magnitude higher than on TMNP.”’ Related to SACs are
catalysts based on site pairs, where two isolated atoms form an
active catalytic site. In 2018, Guan and Gates demonstrated Rh
site pairs on MgO to catalyze the hydrogenation of ethylene
and hydrogen—deuterium exchange with higher activity
compared to isolated Rh sites.”* Similarly, Wang et al. recently
showed that Pt atoms could form Pt—O—Pt site pairs on
CeO,, with enhanced low-temperature CO oxidation activity
compared to single Pt sites. Overall, although SACs do not
universally deliver improved activities versus larger catalysts
(e.g., nanoparticles and clusters), they show great promise in
catalyzing a variety of reactions.'”””*’ However, their
penetration into the industrial sector has been slowed” by
the need for improved characterization methodologies,” a lack
of scalable, cost-effective synthetic techniques, and stability
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issues, which result in the agglomeration of SACs into larger
particles.*

Due to the strong cohesive energy and unfavorable surface
energy of single transition-metal atoms, the active metals of
SACs have the thermodynamic tendency to sinter, which raises
questions regarding the stability of SACs under realistic
catalytic conditions.”’ ">’ Sintering of SACs reduces their
catalytic activity’’™>* by reducing the surface area and
increasing the average coordination of the metal atoms.*
However, strong MSIs can mitigate sintering by anchoring
metals to the support,34 stabilizing the SACs, and preserving
their high surface area. For instance, in the case of Pt;/FeO,,
despite the high surface free energies of single Pt atoms, the Pt
atoms are stabilized on the support via the formation of Pt—
O—Fe metal—support bonds.”” It has also been shown that the
MSIs can dictate the performance of SACs, making it feasible
to tune their activity, selectivity, and stability during catalytic
operation.”>™*” In recent years, a number of research efforts
have focused on characterizing MSIs through both experiment
(such as utilizing aberration-corrected environmental TEM
chambers to dynamically study MSIs*®) and computation
(using DFT and statistical learning to generate predictive
models®). Despite these advances, a fundamental under-
standing of the primary interactions in SACs is still lacking. To
understand MSIs, one needs to identify simple descriptors for
the strength of MSI, ideally based on fundamental physical
properties of the supported metal atoms and the supports.
Several outstanding contributions have demonstrated linear
scaling relationships between metal adsorption energy and
metal—support pair properties (for SACs and other supported
TMNPs) such as surface energy of the metal, metal oxidation
enthalpy,” the heat of metal oxide formation,*' and support
reducibility.”* These findings suggest that MSIs are influenced
by the properties of both the metal and the support. Using
DFT, O’Connor et al.*’ confirmed the metal oxidation
enthalpy and support reducibility to be descriptors for metal
adsorption in the case of SACs. They demonstrated that both
metal and oxygen atoms on the support surface contribute to
adsorption. Furthermore, they applied statistical learning
methods to build predictive models by including various
metal—support properties and investigated a large set of
descriptors for SAC adsorption energy.

In this work, we calculate the adsorption energies of a series
of metal atoms spanning different columns and rows in the
periodic table (Au, Cu, Ag, Pt, Pd, Ni, Rh, and Ir) on low-index
surface facets of three oxides (y-Al,0;(100), y-Al,05(110), -
AlL,O4(111), MgO(100), MgO(110), MgAl,0,(100), and
MgAlL,0,(110)) that are commonly used as supports in
catalysis. We identify two primary descriptors for MSIs
(quantified in this work as adsorption energy), namely, the
gas-phase metal—oxygen binding energy (Ey_o) and the band
gap of the oxide support. By using the DFT results as a training
set for genetic programming, we develop a predictive model for
the adsorption energy of metals on supports. Finally, we apply
the square-root bond (SRB) cutting model**** to introduce a
thermodynamics-based guiding principle for the synthetic
accessibility of SACs. This computational framework can
potentially aid the synthesis of highly stable SACs by
identifying metal and support combinations that exhibit strong
MSIL

B METHODS

DFT calculations were performed using CP2K."> The
Perdew—Burke—Ernzerhof (PBE) exchange-correlation func-
tional*® was used in combination with Grimme’s D3
dispersion-correction method*” to account for long-range
MSIs. Dipole corrections™ were also added to accurately
investigate asymmetric slab systems. TZVP basis sets*’ were
used for O; DZVP basis sets’” were used for Al, Mg, Ay, Cu,
Ag, Pt, Pd, Ni, Rh, and Ir. Additionally, we use the
pseudopotentials of Goedecker, Teter, and Hutter’"~>> with
a kinetic energy cutoff 400 Ry. For the oxide bulk
optimizations, we used a 1 X 1 X 1 “supercell” for y-Al,O;
and MgAl, O, due to their already-large unit cell and a 2 X 2 X
2 supercell for MgO. Following optimization of the bulk, we
cleave the supercells to construct slabs. We use a 2 X 1 slab
with 2 layers of repeating supercell for y-Al,O;, a 1 X 1 slab
with 1 layer of repeating supercell for MgO, and a 2 X 1 slab
with 1 layer of repeating supercell for MgAlL,O,. y-Al,O; and
MgALO, had a vacuum distance of 10 A between repeating
slabs, and MgO had a vacuum distance of 15 A (the periodic
box size for each slab can be found in Table S1). The two
bottom atomic layers were fixed in their cell positions. Systems
were relaxed with a force-convergence criterion of 0.0004 Ha/
bohr and an SCF convergence criterion of 10™® Ha. The metal
adsorption energy (E,4) is calculated by eq 1, where En—support
is the total energy of the metal—support system, E.o is the
energy of the support, and Ey; is the gas-phase energy of the
single metal atom.

Ey = EM—support - Esupport — Ey (1)

To calculate the metal—oxygen binding energy (Ey_o)
accurately (listed in Table S4 of the Supporting Information),
we calculated the energy of a gas-phase metal binding with a
single oxygen atom. To accurately access the energies, we
investigated several different spin states and chose the
minimum-energy spin state of the metal—oxygen complex
(listed in Table S4 of the Supporting Information).

B RESULTS AND DISCUSSION

To examine the MSIs, we studied the adsorption of single
metal atoms on y-Al,03;, MgO, and MgAl,O,, which are both
thermally stable and commonly used as supports in
catalysis.”* > In these oxides, the surface Lewis acid—base
properties for under-coordinated site pairs benefit charge
transfer when metal atoms adsorb on the surface.’*™ Because
of their ubiquity as supports, a series of SACs have already
been synthesized, including Pt,/y-AL,O,,% Rh,/y-AL O,
Aul/MgO,62 Pd,/MgO,” and Irl/MgAIZO4.63 Different sur-
face facets of metal oxides exhibit different surface coordina-
tion, so we investigate a variety of low-index surface facets: y-
AlL,0,(100), 7-Al,05(110), y-AL,O4(111), MgO(100),
MgO(110), MgAl,0,(100), and MgAl,0,(110). Depending
on the offset of the termination plane from the origin of the
unit cell, each crystallographic facet can be terminated with
different atoms. Therefore, we screen multiple surface
terminations for each facet and report the most thermodynami-
cally stable surfaces, because they likely represent a significant
portion of the exposed surface area.

The MgO(111) and MgAl,0,(111) surfaces exhibit high net
dipole due to their asymmetric nature, which results in high
energy regardless of termination. In addition, they undergo
severe restructuring (indicative of unstable surfaces), so we do
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Figure 1. Structures of (a) y-ALO; bulk, (b) y-Al,0;(100) facet, (c) MgO bulk, (d) MgO(100) facet, (e) MgAlLO, bulk, and (f) MgAL0,(100)

facet. Orange atoms represent Mg, gray atoms represent Al, and red atoms represent O.

not include them in this study. The optimized bulk structures
and the most stable facets of the considered oxide supports are
shown in Figure 1. The other facets are shown in Figure S1 of
the Supporting Information.

Following optimization of the different surfaces, we placed
the single metal atoms on different sites. Depending on the
heterogeneity of the oxide surface, several metal adsorption
sites may be possible. The initial guess for the metal adsorption
site is selected to maximize the interaction of the metal atom
with neighboring surface oxygen atoms, because many of the
metal atoms we select are oxophilic in nature. We investigate 4
adsorption sites on y-Al,05(100) and (111) (Figure 2a,), S
sites on y-Al,05(110) (Figure 2b), 1 site on MgO(100) and
(110) (Figure 2d,e), 3 sites on MgAl,0,(100) (Figure 2f), and
2 sites on MgAL O,(110) (Figure 2g). Overall, this allows us to
include a large variety of adsorption sites in our dataset.

On y-Al,04(100), the preferred adsorption configuration for
all metal atoms except Cu is a hollow site between two oxygens
(the case of Pd is shown in Figure S2a,b of the Supporting
Information), while Cu is in a different hollow site between
two different oxygens (shown in Figure S2c of the Supporting
Information). The metal atoms coordinate with both Al and O
atoms. The DFT-calculated adsorption energies are as follows:
Pt (B, = —4.62 ¢V) < Ir (E,, = —4.56 eV) < Rh (E,4, =
—3.57 eV) < Ni (E,g, = —3.55 V) < Pd (E g, = —2.59 eV) <
Cu (Eygs = —1.64 €V) < Au (E,4 = —0.97 eV) < Ag (B =
—0.79 eV). By convention, more negative adsorption energies
are stronger. Additional details regarding the geometry of all
binding sites in this study can be found in Tables S8—S19 in
the Supporting Information.

On y-ALO;(110), the strongest adsorption site for Au is a
hollow site between Al and O atoms (Figure 3a,b), Cu binds in
an identical configuration. Ag prefers adsorption in a hollow
site between a different pair of Al and O atoms (shown in
Figure S3a,b of the Supporting Information). Pd adsorbs to a
hollow site, which is close to the adsorption site of Au and Cu
(shown in Figure S3c,d of the Supporting Information). Pt
prefers a different hollow site (Figure 3c,d), and Ni, Rh, and Ir
bind in an identical configuration. The DFT-calculated metal
adsorption energies follow Ir (E,q4, = —3.87 eV) < Pt (E 4 =
—3.71 eV) < Ni (E,4, = —3.14 eV) < Rh (E,4, = —2.69 eV) <
Pd (B4 = —2.20 €V) < Cu (E,; = —1.64 eV) < Au (E, =
—1.49 eV) < Ag (E,4 = —1.18 €V). We note that the strong
adsorption (Pt, Ni, Rh, and Ir) causes surface restructuring
(support atoms come significantly closer to the supported

0
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b

Figure 2. Chosen sites on the lowest energy termination of (a) y-
AL 05(100), (b) y-ALO5(110), (c) 7-ALO4(111), (d) MgO(100), (e)
MgO(110), (f) MgAL,0,(100), and (g) MgAl,0,(110). Sites are
indicated with capital letters. Only top layers are shown by ball-and-
stick, the atoms in the subsurface are shown by a wireframe. Green
atoms represent Mg, pink atoms Al, and red atoms O.

metal atom, changing their coordination environment) on the
oxide surface (Figure 3e,f).

On y-Al,04(111), metals bind on a hollow site. The DFT-
calculated metal adsorption energies are Ir (E 4, = —8.25 €V) <
Ni (B, = —8.04 eV) < Rh (E., = —7.36 eV) < Pt (E,y, =
—635 eV) < Cu (E,q, = —5.96 eV) < Pd (E4 = —5.13 V) <
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Figure 3. Au adsorption on y-Al,05(110) (a) top view, (b) side view; Pt adsorption on y-Al,O5(110) (c) top view, (d) side view. Surface
restructuring is observed by comparing side views of the y-AL,05(110) support surface when interacting with (e) Au and (f) Pt. Yellow atoms

represent Au, blue atoms Pt, pink atoms Al, and red atoms O.

Ag (E,4 = —4.54 eV) < Au (E,4 = —3.75 eV). The relatively
weakly bound Ag is located on a hollow site (shown in Figure
S4ab of the Supporting Information) and Au binds in an
identical configuration. Cu, Pd, Ni, Rh, and Ir bind in the same
configuration as Pt (shown in Figure S4c,d of the Supporting
Information).

The slab model of MgO(100) yields a highly symmetric
support structure. We note that most metals adsorb directly
above an oxygen atom and coordinate with several neighboring
Mg atoms (represented by Cu in Figure 4a,b). Rh prefers to
bind on a hollow site (Figure 4c,d) and Ir binds in an identical
configuration. The DFT-calculated adsorption energies are: Pt

Figure 4. Cu adsorption on MgO(100) from (a) top view, (b) side
view; Rh adsorption on MgO(100) from the respective (c) top view,
(d) side view. Copper atoms represent Cu, blue atoms Rh, green
atoms Mg, and red atoms O.

(Ege = =307 V) < Ir (E 4 = —2.56 V) < Rh (E,4, = —2.03
eV) < Ni (E4 = —1.98 V) < Pd (E,4 = —1.68 V) < Au (E, 4
= —1.08 eV) < Cu (E4, = —0.98 V) < Ag (E 4, = —0.68 €V).

On the other stable surface facet of MgO, the (110), most
metals strongly bind on a hollow site between two oxygen
atoms and coordinate with nearby Mg atoms (shown in Figure
SSa,b of the Supporting Information). The most-favorable
binding site for Pt is slightly different and prefers to coordinate
directly above an oxygen atom with nearby O and Mg atoms
(shown in Figure SSc,d of the Supporting Information). The
DFT-calculated metal adsorption energy is as follows: Ir (E,q4,
= —4.73 €V) < Pt (E,;, = —4.48 eV) < Ni (E 4 = —3.84 eV) <
Rh (E,; = —3.78 eV) < Cu (B, = —2.57 €V) < Pd (E,, =
—2.54 eV) < Au (Ey, = —2.10 eV) < Ag (E,q, = —2.08 eV).

Due to the lower symmetry of MgAl,0,(100), the observed
adsorption behavior of different metals varies. Au and Cu
bridge the same two nearby Mg atoms (shown in Figure S6 of
the Supporting Information), with Ag in an identical binding
configuration as Au. Pt binds in a hollow site while
coordinating with neighboring Mg, Al, and O atoms (Figure
Sab). The adsorption configuration of Pd and Ni is the same
as Pt. Rh is in a different hollow site between two oxygens and
coordinating with nearby Mg and Al atoms (Figure Sc,d). Ir
binds in the same configuration. The DFT-calculated metal
adsorption energies are: Pt (E,4, = —3.89 eV) < Ir (Ey =
—3.61 eV) < Ni (B4, = —2.94 eV) < Rh (E,;, = —2.76 €V) <
Au (E, = —2.38 eV) < Cu (E,;, = —1.81 eV) < Pd (E,4 =
—1.81 V) < Ag (Ep, = —1.21 eV).

On MgAl,0,(110), the strongest adsorption site for all
metals is similar, which is a hollow site between two nearby
oxygens on the surface (shown in Figure S7 of the Supporting
Information). DFT-calculated metal adsorption energies are as
follows: Ir (E,q = —7.34 eV) < Ni (E,y, = —6.18 eV) < Pt (E,4,
= —5.77 eV) < Rh (E 4, = —5.50 eV) < Cu (E 4 = —4.78 V) <
Pd (E,y, = —3.74 €V) < Ag (E,y = =325 eV) < Au (Eq, =
—3.24 eV). Although their binding sites are similar, due to
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(c) (d)

Figure 5. Pt adsorption on MgAl,0,(100) (a) top view, (b) side
view; Rh adsorption on MgAL,0,(100) (c) top view, (d) side view.
Dark blue atoms represent Pt, light blue Rh, green Mg, pink Al, and
red O.

initially high surface energy of MgAl,O,(110), the strong Ir
adsorption resulted in a surface restructuring with the Ir
bridging two oxygen surface atoms (shown in Figure S7¢,d of
the Supporting Information).

Overall, a major observation we make from our calculations
is that the supported metals move closer to the support
oxygens after optimization. For instance, in the case of Ni
adsorption on MgO(100), the initial placement of Ni is on a
hollow site coordinating with nearby two Mg and two oxygens
with average Ni—O distance 2.042 A (shown in Figure S8a of
the Supporting Information). During optimization, the Ni
atom moves toward the top site of an oxygen atom with the
final Ni—O distance 1.805 A (shown in Figure S8b of the
Supporting Information). This suggests that the metal—oxygen
binding is crucial for metal adsorption with strong MSIs
inducing surface restructuring to accommodate guest metals on
the surface, which we observe in Pt/Ni/Rh/Ir on y-Al,0,(110)
as well as Ir on MgAL,0,(110). When restructuring, surface
oxygen atoms (shown in Figure S7b of the Supporting
Information) are pulled toward the supported metal (shown in
Figure S7d of the Supporting Information).

In Figure 6, we plot the adsorption energy of metals on their
most preferred sites on different oxide supports. We observe
for every metal, the adsorption is strongest on y-Al,O; and
weakest on MgO. The metal adsorption on MgALO, is
between y-Al,O; and MgO. Notably, this trend appears to
follow chemical composition where MgAl, O, is the combina-
tion of Al,O; and MgO, although the crystal structures of the
oxides are different. Because of the similarity in adsorption
energy trends for every metal, this suggests that if a metal
strongly adsorbs to y-Al,Oj, it would also adsorb on MgO and
MgAlL, O, with a stronger interaction compared to the other
metals on the same support. For instance, Ir always binds the
strongest among the metals we choose. Finally, the deviation
that is observed from the overall trends for Pt (stronger
interaction with MgO and MgAL O, than Rh) can be
attributed to its affinity for Mg atoms that are absent in the
case of y-Al,O;, as shown in the insets of Figure 6. Overall,
these results highlight the role of both the metal and support in
governing the overall MSIs.

&
o

o
o

=0~ y-Al,0,

&
o

<~ MgO

P
=)

—o- MgAl,0,4

DFT adsorption energy/eV

&
=)

-9.0

Figure 6. DFT-calculated metal adsorption energy for most preferred
sites of different transition metals adsorbed on different supports; the
structures of Pt adsorption are attached for an insight into the
structures. Blue atoms represent Pt, green atoms represent Mg, pink
atoms represent Al, and red atoms represent O.

To solidify our conclusions regarding the relationship
between the metal—oxygen binding and the MSI, in Figure
7, we plot the adsorption energy of the most preferred site for

Ir PtNi Cu
0.0 MgO (100)
y = 0.4891x + 0.5022
1.0 1 R?=0.766
MgAl,0, (100)
y = 0.5532x +0.0057
2 -2.0 R® = 0.7645
2 v-AL0; (110)
2.3.0 y = 0.6636x + 0.5789
2 R = 0.8997
:4.0 MgO (110)
S y =0.715x + 0.0407
€ 50 R?=0.9683
5 y-Al,0; (100)
) y =0.9891x +1.7849
560 R = 0.9047
[ MgAl,0, (110)
a-7.0 y = 0.981x - 0.4407
R =0.9356
-8.0
-9.0 T T T T J
7.0 -6.0 -5.0 -4.0 -3.0 -2.0

Metal-oxygen binding energy/eV

Figure 7. Relationships between DFT-calculated metal adsorption
energy on each surface facet and metal—oxygen binding energy of the
supported SAC.

each metal on several different surface facets versus the metal—
oxygen binding energy (Ey_o). Ey_o refers to the calculated
binding energy of a single metal atom with a single oxygen
atom in the gas phase (shown in Table S4 in the Supporting
Information). We observe a linear relationship between the
metal’s adsorption energy on the support and the correspond-
ing Ey;_o: the stronger the E,;_g in the gas phase, the stronger
the adsorption energy to the support. On all of the considered
facets of y-ALO;, the relationship between metal adsorption
energy and Ey_ o is strong. One of the reasons for this
relationship is that except for the relatively weaker binding
cases of Au/Cu/Ag on y-AL,O,(110) (Figure 3a,b as well as
Figure S3a,b of the Supporting Information), all preferred sites
for metals on y-Al,O; are found to coordinate with a number
of oxygen atoms. As a result, the metal—oxygen interaction
becomes a major factor for adsorption on y-Al,O5, which Ey_o
characterizes. The correlation between metal adsorption
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energy and Ey_o on MgO(100) is weaker due to most metals
only coordinating with one oxygen (Figure 4ab). On
MgO(110), every metal participates in strong bonds with
two oxygens (shown in Figure SS of the Supporting
Information) and as a result Ey;_ works well as a descriptor.
On MgAL,0,(100), Au, Cu (shown in Figure S6 of the
Supporting Information), and Ag primarily coordinate with
metal centers on the support and the correlation between
metal adsorption energy and E,;_g is relatively low. It should
be noticed that these specific metals, Au and Ag, have a low
affinity for oxygen as shown by the Ey_ o descriptor, which
justifies their tendency to coordinate with more surface metal
atoms than oxygens. On MgAl,0,(110), the correlation is
excellent due to a higher metal—oxygen coordination
compared with MgAL,0,(100) (shown in Figure S7 of the
Supporting Information). To summarize, Ey;_g is found to be a
good descriptor to rationalize MSIs on oxide supports,
demonstrating the tendency of a supported metal to interact
with surface oxygens.

We now search for a descriptor based on the properties of
support, because it is also an important aspect of the
adsorption interaction (see our discussion of Figure 6).
However, this is not straightforward because the supports
display complex structures, which occasionally restructure their
surface upon metal adsorption. After screening several support
properties (surface energy, band gap, ionization potential, and
fermi energy), we identified that the support band gap
correlates best with metal adsorption energy. We plot the
adsorption energy of metal atoms on the most preferred site
versus the band gap of the support in Figure 8. We note that
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Figure 8. Relationship between DFT metal adsorption energy and
band gap of the oxide support.

the smaller the band gap, the stronger the adsorption. This
makes sense, because adsorption of metals on supports
involves charge transfer.”” A support with a low band gap
can more-easily transfer electron density to form bonds with
the adsorbed metal atom, enhancing the adsorption
interaction.®*

The adsorption of metal atoms on the oxide supports
involves complex MSIs. As a result, we suspect that additional
(potentially nonlinear) factors may play a role in describing
adsorption. To explore possibly nonlinear factors related to the
MSI, we employ symbolic regression via genetic programming
(see the SI section titled “Genetic Programming” for a brief
description of the technique), as implemented in Eureqa.”
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The training set consists of our DFT-calculated adsorption
energies, along with several possible physical descriptors, which
are obtained from the literature and our own calculations. We
calculate the following descriptors using DFT: gas-phase
metal—oxygen binding energy (Ey_o), ionization potential of
the support, band gap of the support, Fermi energy of the
oxide support, gas-phase HOMO—-LUMO gap of the metal,
gas-phase Fermi energy of metal, and surface energy of the
support (these are listed in Tables S4—S7 of the Supporting
Information). In addition to the DFT-calculated parameters,
we also investigate coordination numbers (using the bond radii
reported in Table S20 of the Supporting Information). We also
use a “hypothetical cohesive energy” (CE,,,) described in the
SRB model to predict the metal atom’s cohesive energy in
SACs.*>* This is given in eq 2, where CEy, is the
experimental cohesive energy for metals in the bulk, CN is
the total coordination between the supported metal atom and
support; CNyp is the metal atom’s coordination number in its
own bulk. Because we only investigate FCC metals, CNyy is
always 12. Inherently, we simulate the cohesive energy of the
metal atom on its own metal particle with the same
coordination that has on the oxide support.

CN

CEypyp, = CEpuy N

@)

We consider the following physical properties for the metal
from the literature: experimental bulk cohesive energy,*
experimental ionization potential,”” experimental electron
afﬁnity,67 oxidation enthalpy,39 Van del Waal radius,®®*’
electron conﬁgur;ition,67 Martynov—Batsanov_electronegativ-
ity,”” the covalent radius of a triple bond,”" the heat of
vaporization,”" and electrical resistivity at 273 K.%/

To combat overfitting, we take S subsamples of the dataset,
consisting of only 75% of the total dataset, and use each as
separate training sets. Genetic programming is inherently a
stochastic process, so we run it multiple times to have
confidence in our results. For each training set, we run Eureqa
S times (25 searches total), halting each search after 2 million
generations. The complexity is assessed on the equation
generated by the Genetic Algorithm (GA). We plot in Figure
S11 of the Supporting Information the Pareto Front (the set of
equations for each complexity, which minimizes the error)’” of
equations generated by Eureqa, using the RMSE reported by
Eureqa.

The equations generated by Eureqa do not necessarily have
their coeflicients optimized, as they are generated with a
genetic algorithm. To further reduce the error of the best
equations found by Eureqa, we optimize their coeflicients using
the Simplex method of Nelder and Mead”* as implemented in
the optim function in R. To ensure accurate estimates of
RMSE, we utilize bootstrapping (i.e., sampling with replace-
ment from the dataset). We take a bootstrap sample, and then
optimize the coefficients. The RMSE is then recorded and
another round of sampling and optimization is performed. We
repeat this process of bootstrap sampling and optimization
10 000 times for each function. The results of this method are
provided in Tables S21—S30 of the Supporting Information.
We find eq 3 to be the best equation in terms of bootstrapped
RMSE, equaling 0.69 eV. Finally, we use the whole
(unbootstrapped) dataset and optimize its coefficients to
generate eq 3. In eq 3, E 4 is metal adsorption energy, Ey_o
represents the gas-phase metal—oxygen binding energy of the
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supported metal, IP, represents the ionization potential of the
oxide support, and BG, represents the band gap of the oxide
support.

0.413%Ey_o — 1.243%ID, — 4.147
4.740%BG, + 1.165

+ 0.859 (3)

B,y = 0.523%Ey_¢ +

The correlation between DFT adsorption energy in our
dataset and hypothetical adsorption energy calculated using eq
3 is shown in Figure 9.
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Figure 9. DFT adsorption energy versus predictive adsorption energy
calculated by eq 3.

Overall, this equation supports what we elucidated from our
DFT calculations. We have already shown that the band gaps
of the oxide support (BG,) and metal oxygen binding energy
(Ep—o) strongly correlate with the metal adsorption energy.
Furthermore, the inclusion of the ionization potential of the
support (IP;) verifies our conclusion of charge transfer playing
an important role in metal adsorption on the support.
Examining models recently reported by O’Connor et al,*”
we find several similar descriptors: the oxide formation
enthalpy of the metal (which is similar to our Ey_g), the
ratio of the LUMO of the support and the metal (we use the
support band gap, which is the E(LUMO—HOMO)), and
electron affinity of the metal (we use ionization potential of the
support) in particular stand out. Our bootstrapped RMSE
equals 0.69 eV, which indicates that our model is better suited
to a coarse-grained approach to screen a large pool of potential
metal—surface pairs before applying a more expensive
technique such as DFT.

It is important to compare our single-atom adsorption
model with previously developed models in literature. To this
end, we compare our model with the work of O’Connor et al®
and Iyemperumal et al’* O’Connor et al.*” recently
investigated the adsorption of various d-block metals on
oxide supports, including CeO,(111), CeO,(110), MgO(100),
TbO,(111), ZnO(100), TiO,(011), and a-ALO,(0001).
Several models of metal adsorption were developed, which
included nonlinear terms arising from combinations of physical
properties such as the coordination of the support metal in the
bulk, the electron affinity of the metal, the ionization energy of
the metal, oxidation enthalpy of the metal, the LUMO of the
metal and support, etc. Iyemperumal et al.’* also recently
investigated the adsorption of various d-block and p-block

atoms on the anatase TiO,(101) surface and developed a
simple adsorption model of single atoms to this surface. The
best-reported correlations were for the experimental bond
dissociation energy of the M—O dimer, the group number and
number of d-electrons (both of which are highly correlated),
and the d-band center of the adsorbed metal.

The model we have developed as well as the models
reported by O’Connor et al.’” and Iyemperumal et al,”* all
identified a trend in adsorption with the ability of the adsorbed
metal to oxidize. Our descriptor for this is the DFT-calculated
M—-O dimer bond energy. O’Connor et al.*” identified the
metal’s enthalpy of oxide formation, and Iyemperumal et al.”*
identified the tabulated experimental M—O dimer bond
energy. In addition, all three models identified an electronic
structure descriptor. Our descriptor results from a correlation
identified between metal adsorption and the support’s band
gap. O’Connor et al.*’ showed a dependence on the LUMO of
both the metal and the support, and Iyemperumal et al.”*
showed a correlation with the d-band center of the metal.
Moreover, we show a correlation with the ionization potential
of the support, and similarly O’Connor et al.’” show a
dependence on the electron affinity of the metal. Iyemperumal
et al,”* on the other hand, show that the electron affinity of the
metal has almost no correlation with adsorption on TiO, and a
weak correlation with ionization energy. A part of this
discrepancy in charge-transfer-based descriptors (i.e., electron
affinities and ionization energies) may be due to the differences
in the supports: Iyemperumal et al.”* investigate a reducible
support, whereas O’Connor et al.’’ investigate a variety of
irreducible and reducible supports, and we investigate
irreducible supports.

Other groups have observed similar trends in metal—oxygen
binding. Asaduzzaman et al.” investigated several 3d transition
metals on rutile TiO,(110) and found that the metal—oxygen
binding energy to trend with the metal-TiO, adsorption
energy. The recent work of Dietze et al.”® focused on the
interface of several metals with oxides, represented as two
periodic slabs (metal and oxide). It was found that the binding
energy of oxygen to the metal surface correlates with the
adhesion energy between the metal and oxide surfaces.

Opverall, our descriptor selection is well supported by the
existing literature. For instance, the inclusion of a term
describing the metal’s tendency to bind with oxygen®”’*~7°
makes physical sense because bonds with oxygen are highly
likely to be formed when a metal atom adsorbs to an oxide
surface. Our inclusion of an electronic structure descriptor in
the form of the band gap is similar to other electronic
descriptors reported in literature.””’* Finally, the ionization
potential of either the metal or support has been used as a
descriptor in other models in literature.”””* In our case, we use
the ionization potential of the support. To summarize, the
inclusion of these descriptors makes our model sensitive to (i)
the intrinsic tendency for the metal to bind with the oxide
(metal—oxygen dimer binding energies) and (ii) the electronic
properties of the support (both the ionization potential and
band gap of the support).

Stabilizing single metal atoms with a support is a necessity
for the creation of stable (i.e., sintering-resistant) SACs. This
manifests as a competition between the cohesive energy of the
metal atoms (which enhances sintering) and their binding
energy with the support (which enhances atomic dispersion).
This competition between cohesive energy and binding energy
was also suggested as a mechanism for the stabilization of
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sin7%le Pt atoms on the (100) surfaces of CeO, NPs by Bruix et
al.”” From a thermodynamics perspective, if the strength of the
MSI is stronger than the (pure) metal cohesive energy, the
single metal atom will energetically prefer adsorption to the
support, stabilizing the SAC and resist sintering. This
assumption is most applicable in the case of sintering to
form large NPs, where a significant fraction of the metal atoms
moves far from the metal—support interface such that the CE
becomes more important than surface effects (which may be
important in stabilizing smaller clusters). We use the SRB
model (eq 2) to estimate the hypothetical cohesive energy
(Epyp) of the metal atom.

In Figure 10, we plot the adsorption energy of the metal
atoms on the different supports versus the CE,, of the metal.
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Figure 10. DFT adsorption energy vs hypothetical cohesive energy of
the supported metal on (a) y-ALO;, (b) MgO, and (c) MgALO,.

With this formulation, we are able to address the metal’s atom
preference to interact with the support or with its parent metal
(in a cluster/nanoparticle). The red line shows the boundary
where the supported metal adsorption energy is equal to SRB-
calculated metal cohesive energy. The points below the red line
indicate that the adsorption energy is higher than the cohesive
energy of a given metal atom, and the corresponding SAC
formation is, therefore, suggested to be more favorable. We
note that for y-AlL,O; surface, all data points on (100) and
(110) are above the red line, which suggests that stabilizing
SACs on these facets may be difficult. However, on (111), all
of the considered metals are likely to yield stable SACs, as they
are located below the red line (Figure 10a), showing a facet-
specific thermodynamic preference for the formation of SACs.
We notice that Pt and Rh SACs have already been synthesized
on y-ALO,.°*°" Similarly, on MgO, the surface facet plays an
important role in stabilizing SACs, and four points fall under
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the red line, which are Cu/Ag/Pt/Ni on MgO(110). Au/Pt/
Pd/Rh/Ir SACs have been synthesized on MgO.*>373> [t
should be noticed that in Figure 10b, Au, Pd, Rh, and Ir on
MgO(110) are also close to the red line, validating our
predictions. On MgALO,, most of the data points for (110)
surface facet sites are under the red line, suggesting that
MgAl,0,(110) could also be a good support for the formation
of SACs (Figure 10c). Indeed, the Ir SAC has already been
synthesized on MgAlZO4_63 Overall, Figure 10 demonstrates
that high-energy oxide surface facets are required to stabilize
single metal atoms and overcome their thermodynamic
tendency to segregate and form nanoparticles. This result
demonstrates the complexity of experimentally synthesizing
SACs, since typically high-energy surface facets have the
tendency to adsorb molecules, such as water that is present on
the environment, and alter their surface properties (e.g., acid/
base and catalytic properties as in the case of y-ALO,’®). These
results suggest that the comparison between the metal atom
cohesive energy and the adsorption energy on the support
could be used as a first screening tool for hypothesizing the
stability of SACs.

B CONCLUSIONS

In this work, we apply DFT and statistical methods to a series
of transition-metal atoms (Au, Cu, Ag, Pt, Pd, Ni, Rh, and Ir)
supported on low-index surface facets of y-Al,0;, MgO, and
MgAL, O, on a variety of sites to determine descriptors for
adsorption. Based on our DFT calculations, we identify two
primary descriptors for MSIs: the binding energy of the metal—
oxygen complex in the gas phase and the band gap of the oxide
support. By combining DFT calculations and a thorough
statistical learning approach, we develop a mathematical model
that is able to estimate MSIs in SACs. Moreover, we introduce
a thermodynamic stability metric for the synthetic accessibility
of a number of SACs by comparing the DFT adsorption
energy with a hypothetical metal atom cohesive energy (the
tendency of the metal to form clusters than being atomically
dispersed on the support). Our computational results ration-
alize experimental observations, elucidate the underlying
physics of MSIs, and guide experimentalists for the synthesis
of SACs.
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