THE PENNSYLVANIA STATE UNIVERSITY
SCHREYER HONORS COLLEGE

DEPARTMENT OF CHEMICAL ENGINEERING

TRENDS IN SINGLE TRANSITION METAL ATOM/OXIDE SUPPORT INTERACTIONS
FROM DENSITY FUNCTIONAL THEORY
NOLAN O’CONNOR
SPRING 2017

A thesis
submitted in partial fulfillment
of the requirements
for a baccalaureate degree
in Chemical Engineering
with honors in Chemical Engineering

Reviewed and approved* by the following:
Dr. Michael J. Janik
Professor of Chemical Engineering
Thesis Supervisor and Honors Adviser
Dr. Robert Rioux
Associate Professor of Chemical Engineering
Faculty Reader
* Signatures are on file in the Schreyer Honors College.

i

ABSTRACT

Density Functional Theory (DFT) is used to identify predictions of metal atom binding
on oxide surfaces. These supported single metal atoms offer intriguing properties as
heterogeneous catalysts. Typically supported on oxide surfaces, single-atom catalysts (SACs)
offer enhanced reactivity and selectivity while maximizing dispersion of the expensive active
metal component. However, single metal atoms are susceptible to sintering, a process by which
the atoms agglomerate into larger, more thermodynamically stable nanoparticles. The loss of
active sites from such agglomeration compromises the SAC’s high reactivity. Stronger interfacial
binding between the atom and oxide support reduces the rate of sintering and thereby results in
smaller, more dispersed nanoparticles. Herein, we employ DFT to demonstrate that strong
interfacial binding is correlated with inherent properties of the metal and support: namely, the
metal’s oxide formation energy and the support’s reducibility. DFT is used to further elucidate
the electronic structure effects that govern metal-support binding strength. Finally, we report an
empirical screening tool for determining thermodynamically stable combinations of metals and
oxide supports.
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Chapter 1
Introduction
The stability and activity of supported metal catalysts can be significantly influenced by
interactions between the metal and its support1, 2. For single metal atom catalysts supported on
metal-oxide surfaces, support interactions impact both the metal’s catalytic properties and its
resistance to sintering3. The nature of active sites exposed on the metal surface can be affected
by the size, shape, and dispersion of the metal cluster 1-3. Therefore, understanding the nature of
metal-support interactions is essential for tuning the activity, selectivity, and stability of
metal/oxide catalysts. Despite the large number of studies investigating metal-support
interactions 1, 2, 4-14, trends that predict interaction strengths between metal/support pairs are
relatively unexplored.
Sintering compromises the reactivity of a catalyst by reducing available catalytic surface
area11-13, 15. Typically governed by Ostwald ripening16, sintering of metal catalyst particles has
been shown to decrease reactivity for a number of reactions, including the water gas shift
reaction (WGS), methane oxidation, and the selective hydrogenation of nitroarenes 17-19. Single
atoms anchored to supports, however, can exhibit strong resistance to sintering, and make for
longer-lasting, highly active catalysts12. The degree to which a metal is anchored to a support is
governed by the metal atom’s binding energy: metals that exhibit strong exothermic binding to a
support are less likely to diffuse across the support and agglomerate13.
Due to their influence over catalytic performance, strong metal-support interactions
(SMSIs) have long been studied, even before Tauster first coined the term when describing the
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loss in chemisorption for TiO2-supported Pt20, 21. Recently, SMSIs have taken on a new
meaning5, 11, 22, 23, with numerous studies investigating metal-oxide adsorption energies as a
method of improving catalytic performance5, 7, 11-13, 23-28. Many metal/oxide systems owe their
activity and selectivity to SMSIs1, 2, 28. In particular, metal/oxide systems that can stabilize single
atom catalysts (SACs) have proven to be effective in many applications6, 29, 30. The well-defined
active site of a SAC system can also provide high selectivity due to their uniformity8, 28, 31. As
such, the strength of metal adatom interactions on oxide supports will control stability and
activity of the SACs.
Several notable studies have investigated SMSIs using both experimental and
computational techniques, most examining the interactions between one particular metal and an
oxide surface24, and some studying the trends of SMSIs across different metals7, 12, 25-27 and
across different supports10, 32, 33. Understanding trends of SMSIs across metal adatoms and
support surfaces is critical for screening combinations of metals and supports that can work in
conjunction to produce sinter-resistant catalysts. Considering their activity as supported metal
catalysts and experimental availability28, 31, 34, SACs serve as useful models for studying strong
metal-support interactions. Computationally, density functional theory (DFT) has proven to be a
powerful tool for studying the energetic properties of metal/oxide systems4, 5, 24, 25, and can be
used to study the interaction between metal atoms and oxide substrates.
Recently, Campbell et al. demonstrated that a metal adatom’s oxide formation enthalpy
can be used to effectively predict a metal’s adsorption energy to an oxide support12—a technique
that has been further validated in recent experimental and computational work25. They have also
suggested some correlation between a metal atom’s adsorption energy and a support’s oxide
reduction energy. Herein, we expand these correlations to a range of early and late transition
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metals and oxide supports. We employ DFT to investigate the properties of single adatoms and
oxide supports that influence SMSIs. We study periodic trends and electronic interactions of
metal/metal-oxide systems, and propose an empirical model for predicting metal-support
interactions.
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Chapter 2
Methods
Spin-polarized DFT calculations were employed to investigate the adsorption of single
transition metal atoms on oxide supports. The calculations were performed using the Vienna ab
initio simulation package (VASP)35, using the Perdew-Wang (PW91)36 version of the
generalized gradient approximation (GGA) as the exchange correlation functional, with the
projector augmented wave (PAW)37 approximation representing the atomic core regions. An
atomic force convergence criterion of 0.05 eV Å-1 was used to identify optimized geometries.
Plane wave basis sets were truncated at a kinetic energy cutoff of 450 eV. Atom valences for
each atom type are reported in Table S3. All calculations were spin polarized.
A range of nonreducible and reducible low-index oxide supports, including CeO2 (111),
MgO (100), CeO2 (110), TbO2 (111), ZnO (100), TiO2 (011), and γ-Al2O3 (001), were studied in
their stoichiometric states. Each surface facet was cleaved from an optimized bulk unit cell, and
was then expanded to a 2×2 or 2×1 arrangement with a surface normal lattice vector of 30 Å,
giving ample vacuum space between periodic slabs. The lattice constants for optimized surface
structures are listed in the Supplementary Information. The Monkhorst-Pack38 k-point sampling
used for each facet are reported in Table S2. DFT fails to accurately represent localized d and f
orbitals, and as such here we employed the Dudarev DFT+U39 formalism to treat the f-states of
TbO2, d-states of TiO2, and f-states of CeO2, using U values of 6 eV40, 4.2 eV24, and 5 eV41,
respectively.
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A range of single metal atoms were adsorbed on the above surface models, including many
late transition metals, Cu, Ag, Au, Ni, Pd, Pt, Co, Rh, Ir, along with a few early transition metals,
Fe, Ru, Mn, and V. Each metal atom was adsorbed on all high symmetry sites (i.e., hollow,
bridge, and atop, etc.) present on each surface. Viable adsorption sites for CeO2 (111) and MgO
(100), which are the primary focus of the later sections in this work, are shown in Figure 1. A
detailed table of adsorption sites can be found in Table S1, and coordinates of all optimized
structures are provided in the SI.
A)

B)

Figure 1. Top view of metal atom adsorption sites on a) CeO2 (111) and b) MgO
(100). Ce, Mg, and O atoms are represented by beige, green, and red spheres,
respectively, with “X” marking favorable adsorption sites.

Adsorption energies were calculated using Equation 1, where Emetal-(g) is the total DFT
energy of the metal atom in the gas phase, Esupport-(clean) is the energy of the clean, stoichiometric
oxide support, and Emetal/support is the energy of the metal adatom/support system.
ΔEads = Emetal/support – Esupport-(clean) – Emetal-(g)

(1)
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The reducibility of each oxide support, quantified by the support’s oxygen vacancy
formation energy, is investigated as a descriptor for the strength of metal/support interaction.
Oxygen vacancy formation energy was calculated using Equation 2,
ΔEvac = 𝐸𝑀𝑛𝑂𝑥𝑛−1 +

𝐸𝑂2
2

− 𝐸𝑀𝑛 𝑂𝑥𝑛

(2)

where 𝐸𝑀𝑛 𝑂𝑥𝑛−1 is the energy of the reduced support, 𝐸𝑂2 is the energy of gas phase
molecular oxygen, and 𝐸𝑀𝑛𝑂𝑥𝑛 is the energy of the clean support. Note that the vibrational
energies and entropy were not included, as these parameters would only significantly impact gasphase O2 and therefore would not impact relative trends in SMSIs.
To predict the binding strength of single metal atoms, we use the binding metal atom’s
oxide formation enthalpy (ΔHf,Ox), a correlation first proposed by Campbell and colleagues12.
This oxide formation enthalpy is determined from experimental reference data using the relation
presented in Equation 3,
ΔHf,Ox = ΔHsub - ΔHf,Ox,nulk

(3)

where ΔHsub is the sublimation energy of the metal atom (i.e., the experimentally
determined cohesion energy of the bulk metal) and ΔHf,Ox,bulk is the formation enthalpy of the
metal’s most stable oxide relative to the bulk metal and O2. With the inclusion of ΔHsub, the

Hf,Ox is related to the energy of a single atom rather than the bulk metal phase. The ΔHsub and
ΔHf,Ox,bulk values used for each metal atom are provided in Table S4.
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Chapter 3
Trends in strong metal-support adsorption energies
A range of transition metals, Cu, Ag, Au, Ni, Pd, Pt, Co, Rh, Ir, Fe, Ru, Mn, and V, were
adsorbed on several reducible and irreducible oxide supports, CeO2 (111), MgO (100), CeO2
(110), TbO2 (111), ZnO (100), TiO2 (011), and Al2O3 (001), to investigate trends in metal
adsorption energy among metals and supports. On each support surface, the single metal atom
was adsorbed to several high symmetry sites corresponding to energetically favorable
configurations. For example, Ir favorably adsorbs to CeO2 (111) at an oxygen bridge location
(Figure 2b), while Ag more favorably adsorbs at a 3-fold hollow site, consistent with previous
DFT studies (Figure 2a)7. Conversely, all atoms adsorb above the anionic oxygen on the MgO
(100) surface facet, a well-documented property of the surface 42. The full range of adsorption
sites and energies for each of the metal atoms on all oxide surfaces are reported in Table S1 and
adsorbed configurations are shown in Figures S1-13. The adsorption sites for all previously
studied metal/oxide systems were validated against existing literature when possible4, 27, but
several of the metals and supports have not been studied extensively.
A)
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B)

C)
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D)

Figure 2. Top view of adsorbed late transition metals on the CeO2 (111) surface at
the preferred a) 3-fold hollow site, b) the 2-fold oxygen bridge site, or c) the oxygen “side
bridge” site. Adsorbed metals on MgO (100) all prefer the same d) anionic oxygen site,
Campbell and colleagues correlated the binding energy of metal nanoparticles on oxide
supports with the oxide formation enthalpy of the metal adatoms12. This parameter determines
the interaction strength between a gas-phase metal atom and oxygen, and is quantified using
Equation 3. This oxide formation enthalpy reflects the metal adatom’s affinity for oxygen, and
therefore predicts a metal atom’s interactions with oxygen atoms when adsorbed to an oxide
surface. Previous work by Hosokawa et al. has confirmed the presence of M1—O—M2 bonds
formed during single-atom adsorption on oxides, and thus confirms that adsorbed metals interact
with surface oxygen atoms43. This descriptor is not independently sufficient to predictor metal
atom adsorption energy, in part due to possible M1-M2 interactions upon M1 atom adsorption
(see below).

A)

10

11

Figure 3. Adsorption energies of late and early transition metals onto a) MgO (100),
CeO2 (111), CeO2 (110), TiO2 (011), and ZnO (100) and b) TbO2 (111) and Al2O3 (001)
plotted against the enthalpy formation of the metal adatom’s oxide.

In Figure 3, the adsorption energy of a metal (M1) onto an oxide surface is plotted
against the adsorbed metal’s (M1) oxide formation enthalpy. A linear trend for each support
suggests that the metal adatom’s interactions with surface oxygen atoms have a considerable
effect on the strength of its interfacial bond to the oxide. Metals with a weaker affinity for
oxygen, such as Ag, bind to any oxide significantly weaker than those with high oxygen affinity,
such as V. Thus, the oxide formation enthalpy of the metal is an effective predictor of that
metal’s relative binding strength to an oxide support. The slopes, y-intercepts, R2 values, and
mean absolute errors (MAE) corresponding to each of the different oxide surfaces are reported in
Table 1. The R2 values confirm a reasonable degree of correlation for each support, save for
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MgO (100), which experiences a poor correlation because it binds metals so weakly that
oxidation enthalpy becomes a poor descriptor. The MAE values range from 0.23 to 0.69 and are
higher for supports like TbO2 (111) and Al2O3 (011) that bind metals more strongly. It should be
noted that while Al2O3 is not usually considered a reducible surface, the stoichiometric oxygenterminated model used in this work exhibits characteristics of a reducible surface—a high Evac
and strong interfacial binding with most metal atoms. The Eads values calculated for Ag, Cu,
and Pd on Al2O3 are comparable with DFT calculated Eads values on other oxygen-terminated
Al2O3 facets44, 45.

Table 1. The slopes, y-intercepts, and R2 values corresponding to the best fit lines
from each oxide support from the oxide formation enthalpy versus adsorption energy
relationship plotted in Figure 1.
y-Intercept
Surface

Slope

MAE
R

2

(eV)

(eV)

TbO2 (111)

-1.35

1.16

0.94

0.66

Al2O3 (001)

-0.90

-2.31

0.91

0.69

CeO2 (110)

-0.48

-0.57

0.94

0.30

CeO2 (111)

-0.62

1.00

0.90

0.49

ZnO (100)

-0.19

-0.50

0.81

0.23

TiO2 (011)

-0.38

0.01

0.90

0.28

MgO (100)

-0.06

-0.82

0.13

0.35

The trend of metal adsorption strength on each support surface is described by a unique
slope, suggesting that characteristics of the support itself also play a role in determining the
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overall metal binding strength. Indeed, properties of oxide supports, like nanocrystal shape, have
been shown to strongly influence the catalytic activity of oxide-supported catalysts1, 46. In
particular, the reducibility of a support has been shown to affect the strength with which it adorbs
metal atoms14, 47. This support reducibility is quantified by the oxygen vacancy formation energy
of an oxide, described in Equation 2. Typically, reducible supports with less endothermic oxygen
vacancy formation energies include metals with unoccupied low energy states that can readily
accept the transfer of electrons upon the formation of an oxygen vacancy. This ability of the
surface to accept donated electrons influences the adsorption of metal atoms, which in many
cases have been shown to oxidize upon adsorption and, accordingly, reduce the metal atoms in
the support itself48.

Figure 4. Slopes from the lines of best fit given in Table 1 are plotted against the
oxygen vacancy formation energy of each oxide support.
In Figure 4, the slopes of each surface’s trend line in Figure 2 are correlated with the
oxygen vacancy formation energies for each surface. There reflects a general trend in which
reducible supports (i.e., supports with more exothermic vacancy formation energies) will tend to
have a steep slope featuring more variation in metal atom binding across transition metals. The

14

roughly linear trend over a large range of oxygen vacancy formation energies indicates that the
reducibility of each surface is a viable indicator of the correlation slopes in Figure 2, as each
support’s reducibility reflects its capacity to strongly adsorb metal atoms. MgO (100), an
irreducible surface, does not interact strongly with Ag or V, the atoms with the lowest and
highest oxide formation enthalpy, respectively. Thus, the slope of MgO (100) is much shallower
than that of TbO2 (111), the most reducible surface, which strongly adsorbs the metal atoms
eager to oxidize such as Ir, Ru, and V. The notion that the surface’s reducibility measures its
capacity to strongly adsorb metal atoms also explains the larger variations in V adsorption
energies as compared to Ag adsorption energies.

Figure 5. Adsorption energies of Ag, Ir, and Pd atoms to TbO2 (111), Al2O3 (001),
CeO2 (111), CeO2 (110), TiO2 (011), ZnO (100), and MgO (100) supports plotted against
the corresponding oxygen vacancy formation energies of the support.

If surface reducibility, as measured by the oxygen vacancy formation energy, serves as a
reasonable descriptor for the varying slopes in Figure 3, then oxygen vacancy formation energy
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in a support should correlate to the adsorption energy of a specific metal. In Figure 5, the surface
adsorption energies of Ag, Ir, and Pd atoms are plotted against the oxide support reducibility. As
in Figure 3, a linear trend emerges, this time for each metal across varying supports. These linear
trends indicate a relationship between the oxygen vacancy formation energy of a support and the
strength to which that support can bind a particular metal atom. Whereas Figure 3 shows the
characteristics of the metal adatom that influence strong adsorption energies to a particular oxide
support, Figure 5 shows the characteristics of the oxide support that influence its ability to
strongly bind metal atoms. That is, metal atoms with a higher affinity for oxygen bind strongly to
oxide supports, and supports that readily release oxygen bind metals more strongly. The
equations and mean average errors for the best fit lines shown in Figure 5 are reported in Table
S5.
While the trends between adsorption energy and oxygen vacancy formation energy hold
for supports over a long range of surface reducibilities, it does not accurately describe the
adsorption energy differences between surfaces with similar oxygen vacancy formation energies
(e.g., CeO2 (110), CeO2 (111) and TiO2 (011)). As discussed in a later section, metal-metal
binding can also contribute to differences in metal atom adsorption energies, and partially
explain differences among supports. Specific binding geometries, as well as surface
reconstruction/relaxation, will inevitably contribute noise to the presented correlations as well.
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Chapter 4
Electronic Structure Analysis
Where the previous section described the trends influencing the strength of metal-support
interactions, this section provides an electronic structure analysis to explain these trends and
elucidate the mechanism behind strong metal-support interactions. This section focuses on two
metal atoms and two oxide supports: Ag and Ir because they represent low and high oxide
formation enthalpies, respectively, and CeO2 (111) and MgO (100) because they represent low
and high oxygen vacancy formation energies, respectively. Additionally, these metal atoms and
oxide supports are currently used in industrial applications, and the adsorption of metals to these
supports is widely studied4, 5, 7, 27, 42.
Table 2. Binding energies (in eV) of Ag and Ir atoms to CeO2(111) and MgO(100)
supports.
Ag

Ir

CeO2 (111)

-1.59 eV

-4.13 eV

MgO (100)

-0.44 eV

-2.00 eV

In Table 3, the binding energies (in eV) of Ag and Ir atoms to CeO2 (111) and MgO (100)
supports are reported. These adsorption energy values follow the trends described in the previous
section: Ag binds more weakly to each surface because it has a lower affinity for oxygen; MgO
(100) binds both atoms weakly because its oxygen vacancy formation enthalpy is significantly
more endothermic.
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Table 3. Bader charge differences due to addition of Ir and Ag adatoms on CeO2
(111) and MgO (100) facets.
CeO2 (111)
Ag

Ce2
Ce3
Ce4
Ce1
O1
O2
O3
Metal

Bader
charge
difference
0.06
0.06
0.06
0.25
0.02
0.01
0.01
-0.55

MgO (100)
Ir

Total
magnetic
moment
0.96
0.02
0.93
0.84
0.00
0.00
0.00
0.00

Bader
charge
difference
0.28
0.13
0.26
0.07
-0.09
-0.10
0.00
-0.84

Ag
Total
magnetic
moment
0.96
0.02
0.93
0.02
-0.14
-0.14
-0.01
-0.65

O1
Metal

Bader
charge
difference
-0.16
0.15

Ir
Total
magnetic
moment
0.12
0.72

Bader
charge
difference
-0.34
0.39

The density of states plots in Figure 6 demonstrate clear differences in the adsorption of Ag
and Ir. The many overlapping states between Ce3+, O2-, and Irδ+ below the Fermi level in Figure
6b suggests hybridization between Ir, Ce, and O orbitals, reflecting the surface binding behind
the strong adsorption of Ir to CeO2 (111). Conversely, the overlap of only one state between
Ce3+, O2-, and Agδ+ below the Fermi level is suggestive of the weaker Ag adsorption to the CeO2
(111) surface.
A visual representation of the charge transfer upon metal adsorption onto CeO2 (111) is
shown in the isostructural charge density difference plots presented in Figure 7. Figure 7a
demonstrates that, upon Ir adsorption onto CeO2 (111), significant charge is exchanged between
the Ir adatom and the surface oxygen and Ce atoms. Charge initially surrounding the Ir adatom
redistributes towards neighboring oxygen atoms and ultimately reduces two Ce atoms. This
reduction is evident in the charge density difference’s distinct resemblance to an f-orbital
localized on the adjacent Ce atoms, and by the Bader charge differences and site-projected
magnetic moments reported in Table 4. Positive Bader charge differences indicate reduction

Total
magnetic
moment
-0.01
0.94
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while negative correspond to oxidation; Ce atoms with a total magnetic moment approaching 1
represent Ce3+ ions. Indeed, the formation of interfacial Ce3+ ions has been reported in several
computational and experimental studies7, 48, 49. In Figure 7b, Ag exchanges significantly less
charge with CeO2 (111), reducing one Ce atom and interacting with three surrounding O atoms.
A)

B)

Figure 6. Projected DOS of a) the d-states of Ag, a Ce3+ ion, and p-states of an O
atom in the Ir-O-Ce bond and b) the d-states of Ir, a Ce3+ ion, and p-states of an O atom.
a)

b)

Figure 7. Isostructural charge density difference plots of a) Ir/CeO2 (111) and b)
Ag/CeO2 (111). Blue denotes charge depletion while green represents charge
accumulation. Isosurface level of 0.005 (units of e bohr-3).
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While the reduction of surface Ce ions in both Ir/CeO2 (111) and Ag/CeO2 (111) may be
interpreted to stem from the metal atoms’ interaction with oxygen atoms, the adsorbed metal
does, in both cases, interact with surface Ce atoms directly. Examination of the charge density
difference plot of Ir/CeO2 (111) in Figure 8a reveals the presence of metal-metal binding
between Ir and the Ce atom (labeled Ce2). The green band linking the two atoms indicates a
charge accumulation in a metal-metal hybrid orbital, which corresponds to the peak just above
the Ce-O band on the Ir/CeO2 (111) DOS plot in Figure 8b, as indicated by the image of charge
density associated with that peak. Metal-metal binding between metal adatoms and metal oxides
has previously been reported 20, 25, but has never been considered influential in strong metal
support interactions. This possibility is examined in a following section of this work.
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A)

B)

Figure 8. a) Isostructural charge density difference plot of Ir/CeO2 (111). The green
band between Ir and Ce represents a charge accumulation between the two atoms, an Ir-Ce
bond. b) A DOS plot of Ir/CeO2 (111) and an orbital image of the labeled state.

Electronic structure analysis can also help explain the energy differences between CeO2
(111) and MgO (100) in the binding of metal adatoms. Since MgO (100) is irreducible, it is
unable to readily accept electron density donated by a metal adatom, and instead reduces the
metal adatom, as indicated by a positive Bader charge difference reported in Table 4. Whereas
the adsorption of Ir onto CeO2 involves the interaction between neighboring O and Ce atoms, the
metal-support interactions from the adsorption of Ir onto MgO (100) are localized onto one
surface O atom. This concentration of charge can be seen in an isostructural charge density
difference of Ir/MgO (100) (in Figure 9a). These data suggest that reducible supports accept
greater charge transfer from adsorbed metals and further oxidize the metal adatom.
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Figure 9. Isostructural charge density differences of Ir/MgO (100). Blue denotes charge
depletion while green represents charge accumulation. The charge density difference of
Ir/CeO2 (111) to which it is compared can be found in Figure 7a.

This difference in charge transfer is shown in DOS plots for Ir/CeO2 (111) and Ir/MgO
(100) in Figures 10a and 10b, respectively. The relative lack of overlap between Ir and O states
in Ir/MgO (100) compared with Ir/Ce/O states in Ir/CeO2 (111) indicates less charge transfer in
the former, which explains the significantly lower adsorption energy of Ir to MgO (100).
a)

b)

Figure 10. Projected DOS of a) the d-states of Ir, a Ce3+ ion, and p-states of an O
atom in the Ir-O-Ce bond and b) the d-states of Ir and p-states of an O atom.
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Chapter 5
Empirical Prediction of Binding Energy

Strong metal-supports interactions are dependent on the metal’s oxide formation enthalpy
and the support’s oxygen vacancy formation energy. Metal-metal binding is also observed during
metal adsorption. Given the presence of these interactions upon metal adsorption, it is
conceivable that they could be used in conjunction to empirically predict the binding energy of a
metal adatom to an oxide support.
A second-order, multi-variable equation was fit to the DFT adsorption energies (Equation
4). The equation replicates metal atom binding energies across the seven surfaces used in this
study with a mean average error of 0.49 eV. The accuracy of this empirical fit is illustrated in
Figure 11, with weakly binding metal/metal-oxide combinations more difficult to predict. While
0.49 eV is a large variation, it is relatively small compared to the 10 eV range of adsorption
energies in Figure 11.

Eads,predicted = A([ΔHsub - ΔHf,Ox])2 + B([Evac])2 + C([ΔHsub - ΔHf,Ox]* [Evac]) + D([ΔHsub
ΔHf,Ox]) + E([Evac]) + F

(4)
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Table 4. Best fit constants for the terms in Equation 4, used to predict metal atom
binding energy based on support reducibility and metal atom oxidation enthalpy.
A

0.007

B

-0.125

C

0.162

D

-1.070

E

0.441

F

0.931

To validate the effectiveness of this empirical fit in predicting adsorption energy on
surfaces not included in the optimization, we applied Equation 4 with the parameters given in
Table 5 to predict the adsorption energy of each transition metal to the CeO2 (110) surface facet.
The mean average error associated with predicting CeO2 (110) adsorption energies is 0.40 eV,
which is notably less than the mean average error associated with the prediction of five surfaces
for which the constants reported in Table 5 are optimized.
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Figure 11. The DFT binding energies plotted against the empirical fit’s (Equation 4)
predicted binding energies for the late transition metals—Ag, Au, Co, Cu, Ni, Pd, Pt, Rh—
on CeO2 (111), MgO (100), ZnO (100), TbO2 (111), and TiO2 (011).

To account for observed metal-metal binding between metal adatom and support, we
developed a second equation (Equation 5) that includes a semi-empirical method of calculating
metal-metal binding enthalpies reported by Miedema et al.50. In this study, enthalpies of
formation between metal atoms were calculated using the difference in chemical potential
between the electrons in both metals (2) along with the discontinuity in electron density
between the binding metals (2/3). Miedema’s work only tabulates metal-metal binding
enthalpies for a few of the support metals used in our study—Mg, Ti, Zn. We add their metalmetal binding parameter as a third independent variable in our fit, now to a smaller range of
surfaces. The use of this third parameter improved the mean average error from 0.37 eV to 0.29
eV for this reduced data set. The correlation between actual and predicted adsorption energies is
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shown in Figure 12. We also confirmed that the inclusion of this third parameter improves the fit
relative to inclusion of a randomly generated third parameter.
Eads,predicted = A([ΔHsub - ΔHf,Ox])2 + B([2/3+2) + C([ΔHsub - ΔHf, Ox]) + D([Evac]) + E
(5)
Table 5. Constants corresponding to Equation 5.
A

0.015

B

-0.059

C

-0.406

D

0.361

E

-0.853

Figure 12. The actual binding energies plotted against the empirical model’s
predicted binding energies for the late transition metals—Ag, Au, Co, Cu, Ni, Pd, Pt, Rh—
on MgO (100), ZnO(100), and TiO2(011).
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While a mean absolute error of 0.29 eV is not negligible, this predictive fit has
demonstrated that metal-metal interactions influence the strength of metal-support interactions,
and that, despite local optimization differences, they are largely a function of the oxide formation
enthalpy of the adsorbed metal, the oxygen vacancy formation energy of the support, and the
enthalpy of the interfacial metal-metal interactions.
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Chapter 6
Conclusion
A range of early and late transition metals were adsorbed onto several reducible and irreducible
oxide supports and DFT adsorption energies reported. These adsorption energies were correlated
with properties of both the metal and support: metal oxidation enthalpy, support reducibility, and
enthalpy of metal-metal interactions between metal adatom and support. To explain these trends
in strong metal-support interactions, electronic structures for metal/oxide systems that exhibit
both strong and weak interactions were analyzed. Interestingly, metal-metal interactions between
adatom and support were observed for every metal/oxide system except for those supported on
MgO(100). The three parameters that were demonstrated to influence strong-metal support
interactions—oxide formation energy, support reducibility, and enthalpy of metal-metal
interactions—were used to develop a predictive algorithm to screen for combinations of metal
and support that will work in conjunction to produce strongly adsorbed single atom catalysts.
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Appendix A
Adsorption sites and energies
Table A1. Adsorption energies and sites are reported for each adatom/oxide combination included in
this study
CeO2 (111)
CeO2 (110)
MgO (100) ZnO (100)
Al2O3 (001)
TiO2 (011)
TbO2 (111)
Eads
Ag -1.59
Au -1.14
Co -4.16
Cu -2.73
Ni -2.77
Pd -1.88
Pt -2.51
Rh -2.99
Ir
-4.13
Fe -4.74
V
-8.20
Ru -4.32
Mn -4.21

Ads site Eads
Hollow -1.68
Hollow -2.29
Hollow -4.74
Hollow -3.53
Bridge -3.81
Bridge -2.48
Bridge -3.90
Hollow -4.50
Side Bridge
-5.51
Hollow -4.72
Hollow -6.88
Hollow -4.85
Hollow -4.29

Ads site Eads
Hollow -0.44
Bridge -0.88
Bridge -1.14
Bridge -0.94
Bridge -1.07
Hollow -1.47
Bridge -1.98
Hollow -1.59
Bridge -2.00
Bridge -1.48
Hollow -1.20
Hollow -1.25
Bridge -0.79

Ads siteEads
O-top -0.79
O-top -1.01
O-top -1.97
O-top -1.43
O-top -1.56
O-top -1.62
O-top -2.16
O-top -2.12
O-top -2.63
O-top -2.33
O-top -2.81
O-top -2.11
O-top -1.85

Ads site Eads
O-top -4.78
O-top -4.74
O-top -10.40
O-top -7.32
O-top -8.33
O-top -6.53
O-top -7.47
O-top -9.37
O-top -10.06
O-top -11.22
O-top -13.84
O-top -10.45
O-top -10.71

Ads site Eads
Bridge -1.01
Bridge -0.75
Bridge -3.04
Bridge -2.29
Bridge -2.20
Bridge -2.15
Bridge -3.01
Bridge -3.10
Bridge -3.70
Bridge -3.20
Bridge -5.08
Bridge -3.41
Bridge -3.08

Ads site Eads
Hollow1 -3.41
Bridge -3.73
Hollow1 -10.12
Bridge -5.22
Hollow1 -7.46
Bridge -5.54
Bridge -7.42
Hollow1 -8.33
Bridge -11.84
Hollow2 -12.12
Bridge -16.55
Hollow1 -12.85
Bridge -7.96

Ads site
Hollow
Hollow
Hollow
Hollow
Hollow
Hollow
Hollow
Hollow
Hollow
Hollow
Hollow
Hollow
Hollow
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CeO2 (111)

Figure A1. Side and top views of the CeO2 (111) “hollow” binding site

Figure A2. Side and top views of the CeO2 (111) “bridge” binding site

Figure A3. Side and top views of the CeO2 (111) “side bridge” binding site
CeO2 (110)
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Figure A4. Side and top views of the CeO2 (110) “hollow” binding site

Figure A5. Side and top views of the CeO2 (110) “bridge” binding site
MgO (100)

Figure A6. Side and top views of the MgO (100) “O-top” binding site
ZnO (100)
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Figure A7. Side and top views of the ZnO (100) “O-top” binding site
Al2O3 (001)

Figure A8. Side and top views of the Al2O3 (001) “bridge” binding site
TiO2 (011)

Figure A9. Side and top views of the TiO2 (011) “hollow 1” binding site
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Figure A10. Side and top views of the TiO2 (011) “hollow 1” binding site **CO also on Hollow??

Figure A11. Side and top views of the TiO2 (011) “hollow 2” binding site
TbO2 (111)

Figure A12. Side and top views of the TbO2 (011) “hollow 2” binding site
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Figure A13. Alternate side and top views of the TbO2 (011) “hollow” binding site, with surface-level
atomic shifting induced by the adsorbed Ir atom
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Appendix B
Supplementary Information

Table A2. The cell configuration, size, and layers are reported along with the lattice constants for the
DFT-optimized surface and the functional, k-points, and U correction used to optimize the surface

CeO2 (111)
CeO2 (110)
MgO (100)
TbO2 (111)
ZnO (100)

Clean CellDFT+U
Ce16O32 U=5 eV
Ce14O28 U=5 eV
M40O40 Tb16O32 U=6 eV
Zn32O32 -

TiO2 (011)

Ti16O32

Size
2x2
2x2
2x2
2x2
2x2

U=4.2 eV 2x2

Layers
4
4
5
4
4

Lattice Constants
Functional kpoints a
b
c
PW91
2x2x1 5.481 5.481
5.481
PW91
2x2x1 5.481 5.481
5.481
PW91
3x3x1 4.234 4.234
4.234
PW91
2x2x1 5.449 5.449
5.449
PW91
3x3x1 3.283 3.283
5.26

4

PW91

3x3x1

4.594

4.594

2.959

Table A3. The valence configurations are given for each metal adatom and oxide included in this study
Metal

Valence Configuration

Ce

[Xe]4f15d16s2

Tb

[Xe] 4f96s2

Mg

[Ne]3s2

Zn

[Ar]3d104s2

Ti

[Ar]3d24s2

Al

[Ne]3s2p1

Ag

[Kr]4d105s1

Au

[Xe]4f145d106s1
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Co

[Ar]3d 4s

Cu

[Ar]3d104s1

Fe

[Ar]3d64s2

Ir

[Xe]4f145d76s2

Mn

[Ne]3s2

Ni

[Ar]3d84s2

Pd

[Ar]3d84s2

Pt

[Xe]4f145d96s1

Rh

[Kr]4d85s1

Ru

[R]4d75s1

V

[Ar]3d34s2

Table A4. The oxide formation enthalpies [ΔHsub-ΔHf] for each metal adatom are reported (in kJ/mol).
All values except those marked with [1] were calculated by Stayer et al and Campbell et al.
Metal
ΔHsub
ΔHf
[ΔHsub-ΔHf]
Co

426.64

-297.3

722.97

Rh

555.98

-100.39

681.47

Ir

670.85

-274.13

945.95

Ni

431.47

-245.17

675.68

Pd

377.41

-85.91

462.36

Pt

565.64

-54.05

619.69

Cu

337.84

-167.95

506.76
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Ag

284.75

-15.44

300.19

Au

367.76

9.65

358.11

Mn

520

-280.7

800.7

Fe

824.4

-416.3

828.4

V

775.3

-514.2

1289.5

Ru

305

-642.7

947.7

Table A5. The slopes, y-intercepts, R2 values, and mean absolute error values for each metal adatom in
Figure 5 are reported.
Metal
Slope
y-Intercept
R2
MAE
Ag

0.57

-3.17

0.79

0.57

Pd

0.73

-4.70

0.79

0.73

Ir

1.40

-8.85

0.86

1.06
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