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Abstract

Catalytic conversion of methane (CH4) into useful products is critical for maximizing the
utility of natural gas output and for reducing green house gas release associated with flar-
ing (burning off CH4 at natural gas extraction sites). One particular useful technique is
methane dry reforming (DRM), which involves the chemical reaction of CH4 with carbon
dioxide (CO2) to generate carbon monoxide (CO), hydrogen gas (H2), and subsequently
other useful products. New and improved catalysts are required to facilitate efficient dry
methane reforming. In this report, we apply the Density Functional Theory (DFT) compu-
tational technique to investigate a catalyst consisting of small nickel clusters (Nin, n<10) on
ceria (Ce02 (111) surfaces) support. One main thrust of this project is to study the initial
CH4 and CO2 reactions with the catalyst. We find that CH4 exhibits barrierless reactive
adsorption on to the catalyst. In order words, this step is likely not the rate-determining
step. A second thrust is to perform detailed studies of the catalyst itself and examine the
role of oxygen vacancies. Using a specific DFT method and a hypothesis about the absence
of the Ce(III) redox state, we obtain predictions about oxygen vacancies in good agreement
with experimental observations.
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Chapter 1

CH4 and CO2 Catalytic Reactions

Introduction

Rising methane emissions pose a serious concern for the climate, with methane having
approximately 25 times the short term warming impact of carbon dioxide. [1] Substantial
amounts of methane are currently emitted as waste in both the fracking of natural gas and
as a natural byproduct of farming. [2, 3] Ideally, this waste methane could be captured and
then converted to other useful hydrocarbon forms that could be directly used for energy
production. Dry reformation of methane (DRM) provides a process for converting methane
and carbon dioxide into a mixture of carbon monoxide and hydrogen gas known as syngas. [4,
5] This syngas is an important chemical precursor for later catalytic conversion using the
Fischer-Troph process. [6] The widespread application of DRM at methane emission hotspots
could therefore substantially increase energy efficiency of methane usage and decrease both
short term climate impacts from methane and long term impacts from carbon dioxide.

DRM has not yet been widely deployed, however, due to a number of outstanding chal-
lenges making the process impractical. DRM is a highly intricate process with at least six
main reactions and dozens of side reactions.[7] Many of these reactions require high tem-
peratures, with a typical operating temperature around ,,,400 °C. [8] Understanding which
of these reactions are rate limiting steps is crucial to improving the performance of next
generation DRM devices. Furthermore, the exact design of both catalyst and support can
make a large difference on the overall efficiency of DRM by influencing these rate limiting
steps. [9] While a wide variety of catalyst and supports have been explored, nickel nanopar-
ticle catalysts with a ceria (Ce02) support have shown excellent performance for DRM and
other similar catalytic reactions.[8, 10, 11, 12]

Accordingly, researchers have significantly explored the Ni nanoparticle with ceria sup-
port system for DRM using a variety of theoretical methods. Density functional theory
(DFT) analysis has been widely used to find the most stable structures of Ni nanoparti-
cles on both stable and reduced ceria, from the adsorption site for a single Ni atom through
nanoparticles of up to 20 Ni atoms. [13, 14, 15, 16, 17] It is important to note that while these
lowest energy structures can be useful guidelines, given the high temperature of operation,
it is likely that several metastable configurations comfortably coexist. The consensus is that
nanoparticles are generally favored to sinter into larger clusters. [15, 16]
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Figure 1.1. A cartoon illustration of the dry reformation of
methane process (DRM). Methane (CH4) and carbon dioxide
(CO2) are exposed to a catalyst, here illustrated as a ceria
(Ce02) supported nickel nanoparticle catalyst. Through a
series of chemical reactions at temperatures ..?_, 400 °C, these
inputs are then transformed into syngas, a mixture of carbon
monoxide (CO) and hydrogen gas (112).

After nickel nanoparticle formation, the initial adsorption and methane has been the most
studied step as it is often assumed within the DRM community that the initial dissociation of
CH4 to CH3 + H will be the rate limiting step, as seen for pure Ni and Pt catalysts. [18, 19, 20]
DFT calculations are typically limited to a subset of the possible Ni nanoparticle sizes, often
focused on 1 or 4 Ni atom structures, finding barriers to methane dissociation on the order
of --, 0.7 eV. [21, 22] Lustemberg et al. have experimentally measured methane dissociation
at room temperature on ceria supported nickel nanoparticles. [8, 23] Lian et al. have recently
shown on an 8 Ni cluster that the exact location of dissociation (on the support, on the
nanoparticle, at the interface) can have a significant impact on the ultimate barrier for
both methane and carbon dioxide dissociation. [24] None of these works have systematically
examined how methane and carbon dioxide adsorption and dissociation may change as the
Ni nanoparticle size is increased. Given the predicted tendency of Ni to sinter into large
clusters, understanding this trend may be vital to understanding the real world behavior of
these systems.

In this paper, we use DFT with a Hubbard U correction (DFT+U) to examine the
initial adsorption and dissociation of both methane and carbon dioxide as a function of Ni
nanoparticle size on a ceria support. We find barrierless dissociation of methane from CH4
to CH3* + H* at all Ni nanoparticle sizes tested. We further show that carbon dioxide has a
more favorable adsorption energy directly on the nickel nanoparticle than at the nickel—ceria
interface, which may lead to lowered barriers for initial dissociation. We thus conclude that
both the initial dissociation of methane and carbon dioxide are unlikely to be the rate limiting
step of DRM in a ceria supported nickel system, regardless of the size of the underlying nickel
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particles.

Methods

To model Ni nanoparticles with a ceria support, we generate a 2 x 2 ceria slab in the
(111) direction with five layers and 20 A of vacuum space between sides to eliminate any
spurious surface interactions. To discover the configuration of Ni nanoparticles, we start
with a clean ceria surface, adding one Ni atom at several positions on the surface, measuring
adsorption energy of the Ni atom on the surface as

Ea,Nix = ECe02/Nix ECe02/Nix_i EMI (1.1)

where Ece02/Nix is the DFT calculated energy of the ceria slab with an x Ni atom nanoparticle
adsorbed, and ENi1 is the DFT calculated energy of a single Ni atom surrounded by a 15
A wide cube of vacuum. Once the lowest energy configuration is found for a given x atom
Ni nanoparticle, we then begin again by adding an additional Ni atom and determining its
lowest energy configuration.

With equilibrium configurations for the Ni nanoparticles in hand, we then introduce
methane and carbon dioxide molecules to the surface, measuring the adsorption energy for
a particular nanoparticle Nix as:

ENix ENix — ENix — E (1 .2)a,molecule Ce0 2 /molecule Ce02 molecule)

where ENi" is the DFT energy of the molecule adsorbed onto a ceria slab with aCe02 /molecule

Nix nanoparticle, EcNeix02 is the DFT energy of the ceria slab with a Nix nanoparticle and no

adsorbate, and Emoiecuie is the energy of the molecule calculated isolated in a 15 A wide cube
of vacuum.

All electronic structure calculations are performed using the plane wave QUANTUM-
ESPRESSO software. [25] The bottom two layers of the slab are frozen and the geometry of
the surface layers along with the adsorbate are relaxed until the interatomic forces are lower
than 50 meV/Å. We use norm-conserving pseudopotentials with Perdew-Burke-Ernzerhof
exchange correlation [26] from the SSSP precision repository. [27, 28] We use kinetic energy
cutoffs of 80 Ry and 640 Ry for the plane wave basis sets used to describe the Kohn-Sham
orbitals and charge density, respectively. We sample the Brillouin zone with a 2 x 2 x 1
Monkhorst-Pack grid[29] and 0.01 Ry of Marzari-Vanderbilt smearing.[30] Spin polarization
has been included in all calculations.

We utilize a Hubbard U potential on the cerium atom to counteract the unphysical
electronic delocalization of the f orbital within standard density-functional theory. It should
be noted that there is discussion in the literature on the exact value of U that should be
used for a ceria surface depending on application.[31, 32] Following Hahn et al. and other
examples[15, 23, 33, 24] attempting to understand the ceria supported nickel system within
the literature, we set the value of the cerium U to 4.5 eV.
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(a) (d)

Figure 1.2. A top view of our predicted Ni nanoparticle
structures for (a) 1 Ni atom, (b) 2 Ni atom, (c) 3 Ni atom, (d)
4 Ni atom, and (e) 5 Ni atom. These configurations should
not be taken as the absolute lowest energy configurations, but
one of many reasonably likely configurations likely to coexist
at typical DRM operating temperatures.

Reaction barriers are calculated using the Nudged Elastic Band (NEB) method as im-
plemented within the QUANTUM-ESPRESSO package.

Results and Discussions

Differing nanoparticle size

For our calculations of methane and carbon dioxide adsorption, we use the configuration
of nickel nanoparticles on an unmodified ceria surface shown in Fig. 1.2. Nickel nanoparticle
structure shapes are found to align qualitatively well with other works. A single nickel atom
adsorbs at the hollow site above an oxygen atom. We predict a relatively high adsorption
energy of —3.93 eV, as shown in Fig. 1.3. A second Ni atom then attaches in a bridging
position between a nearby Ce and O atom with an adsorption energy of —3.58 eV. This is
less than the adsorption energy of a single Ni atom, indicating that a Ni atom adsorbing
onto the surface may prefer to adsorb as a single atom nanoparticle at another site versus
combining into a two atom nanoparticle in this configuration. It should be noted that as the
focus of this paper is not on determining the equilibrium position of nickel nanoparticles as
a function of size, the search for nanoparticle configurations was not exhaustive and lower
energy configurations may exist. This result should instead be taken as indicative of one of
many favorable nanoparticle configurations. Given the elevated temperature of operation,
there will likely be several potential configurations in coexistance at any given moment.

Above two atoms, we always find it favorable to add additional Ni atoms to a nanoparticle.
We predict a triangular three Ni atom nanoparticle shape, centered at the oxygen hollow
site and with all Ni atoms pointing to one of the nearby oxygen atoms. From there, a four
Ni atom nanoparticle forms as a pyramid, with the additional atom adsorbing on top of the
established three atom triangular structure. We finally predict a five Ni nanoparticle to form
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Figure 1.3. The adsorption energy of an additional nickel
atom onto a larger nickel nanoparticle, the dissociated CH3
+ H configuration, CO2 adsorbed at the the interface of the
nickel nanoparticle and the ceria support, and CO2 directly
adsorbed on the nickel nanoparticle.

as an extended pyramid, with a new corner stretching to the neighboring Ce hollow site and
the on top Ni atom moving in between the two middle base atoms.

The high adsorption energy of nickel nanoparticles at all sizes indicates that these nanopar-
ticles will stay firmly attached to the ceria system once adsorbed, even at the elevated tem-
peratures of typical DRM operation. Our results also match the previous findings that nickel
clusters are indeed thermodynamically favorable to sinter into larger nanoparticles. We next
investigate how methane and carbon dioxide dissociation are affected by this likely change
in nickel nanoparticle size.

Methane adsorption and decomposition

Methane dissociation has traditionally been thought of as the rate limiting step in DRM.
In both pure metals of Pt and Ni, the barrier to the initial dissociation of CH4* to CH3* +
H* has been shown to dominate the reaction pathway. [18, 19]

We predict a pathway from methane gas to adsorbed CH3* + H* that does not require an
intermediate adsorbed CH4 step and therefore eliminates the initial barrier to dissociation
for methane gas adsorbing onto the surface. It is important to note that this pathway
does not eliminate the possibility of a barrier for dissociation once the methane molecule
has already been adsorbed. The location of the final adsorbed CH3* and H* for each Ni
nanoparticle configuration is shown in Fig. 1.4. In this path, the methane adsorbs on the
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(a)

(c)

(d)

Figure 1.4. The final adsorbed configuration of CH3* +
H on the ceria supported nickel nanoparticles. Both side and
top views are shown for (a) 1 Ni atom, (b) 2 Ni atom, (c)
3 Ni atom, (d) 4 Ni atom, and (e) 5 Ni atom nanoparticles.
These dissociation pathways are all found to occur without a
barrier from CH4 gas.
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edge of the nickel nanoparticle, interacting with both the nanoparticle and the ceria surface.
This qualitatively matches recent work by Lian et al. that showed the metal support interface
to have the lowest barriers to methane and carbon dioxide activation.[24] The CH3* fragment
adsorbs onto the nickel nanoparticle and then the remaining hydrogen atom gets adsorbed
onto a nearby oxygen atom on the ceria surface.

Furthermore, this dissociation pathway for methane gas is not dependent on the size
of the nickel nanoparticle, suggesting that it will be resilient to further sintering of the Ni
nanoparticle. The adsorption energy of the dissociated CH3* + H* starts at —1.59 eV for a
one nickel atom nanoparticle. This adsorption energy then decreases to a minimum for the
two nickel atom structure before increasing to its least stable form for the 4 Ni nanoparticle
structure at —1.06 eV. The adsorption energy then decreases again to be more stable for
a 5 Ni nanoparticle. This pathway does require, however, that the initial approach of the
methane gas molecule to be near the metal support interface, as opposed to on top of the
nickel or directly on the ceria surface. It may thus be expected that as nickel atoms on the
ceria surface sinter into larger nanoparticles that extend more vertically than horizontally,
the amount of exposed pure nickel will increase and the chances of barrierless dissociation
will decrease. Strategies for maximizing CH4 dissociation at low temperatures should focus
on ensuring that the maximum amount of metal support interface is exposed.

This barrierless dissociation of methane could have significant impacts on the study
of ceria supported nickel nanoparticle catalysts for DRM. Recent experimental evidence has
demonstrated the initial methane dissociation step being accomplished at room temperature, [23]
matching our predictions well (although merely low barriers are required for room temper-
ature activation, not necessarily no barrier). Nonetheless, effective DRM still requires tem-
peratures on the order of 400 °C. This implies that the initial dissociation of methane is not,
in fact, the rate limiting step for DRM.

There remains several possibilities that could serve as rate limiting steps. As discussed
above, the sintering of large nickel nanoparticles could reduce the chances of the barrierless
pathway occurring at higher temperatures. Similarly, we do not test the further dissociation
of CH3*, which indeed, once already adsorbed onto the nickel nanoparticle, requires over-
coming several barriers to fully dehydrogenate. Significant accumulation of carbon is also a
well known factor in reduced performance and could be likely to accumulate through inter-
mediary reactions and block pathways for easy dissociation. Alternatively, the rate limiting
factor could instead be found in the decomposition of carbon dioxide. In the next section,
we investigate the initial adsorption of carbon dioxide to examine this possibility.

Carbon dioxide adsorption

The literature has largely settled on a "bifunctional7 process to describe DRM on the
ceria supported nickel system where methane is dissociated at the nickel nanoparticle-ceria
interface, and carbon dioxide is dissociated at the ceria surface, with its substantial oxygen
reservoir. [34] Lian et al. have shown, however, that carbon dioxide dissociation is possible
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(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

(i)

Figure 1.5. The positions of initial carbon dioxide adsorp-
tion. Both side and top views are available for carbon dioxide
adsorption at the nickel nanoparticle ceria interface on (a) 1
Ni atom, (b) 2 Ni atom, (c) 3 Ni atom, (d) 4 Ni atom, and
(e) 5 Ni atom nanoparticles. Carbon dioxide shows a consis-
tently stronger adsorption, however, when adsorbing directly
onto the nickel nanoparticle as shown for (f) 1 Ni atom, (g)
2 Ni atom, (h) 3 Ni atom, (i) 4 Ni atom, and (j) 5 Ni atom
nanoparticles.
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at the metal-support interface as well as directly on top of the metal and at any oxygen
vacancy cite. [24] In this work we examine both the interface between the nickel nanoparticle
and the ceria surface and directly on the nickel nanoparticle as locations for initial carbon
dioxide adsorption.

Carbon dioxide has a systematically stronger adsorption energy directly on top of the
nickel nanoparticle than at the interface between the nickel nanoparticle and the supporting
ceria, as demonstrated in Fig. 1.3. For most nanoparticle sizes, the carbon dioxide is -4 eV
more likely to adsorb directly on the nanoparticle as opposed to the interface. The exception
to this trend is the 2-Ni nanoparticle, in which the difference between the two sites is only
0.2 eV. For the interfacial carbon dioxide, the adsorption energy thus reaches its lowest and
strongest point for a 2 Ni atoms, and increases as the Ni atom size increases. In contrast,
for the adsorption directly onto the nickel nanoparticle, the adsorption energy reaches its
minimum at 3 Ni atoms.

One potential explanation for the decreased adsorption of carbon dioxide at the interfacial
sites is that the carbon dioxide tends to pull oxygen from the ceria surface toward the carbon,
as illustrated in Fig. 1.5. This reduces the symmetry of the surface, and pushes the oxygen
surrounding the carbon dioxide into a trigonal-planar formation. This interfacial structure
remains consistent regardless of the nickel nanoparticle size, indicating that this will likely
remain a stable feature even if the nickel sinters to larger structures. Carbon dioxide adsorbs
with less distortion when landing directly on the nickel nanoparticle, with no change in the
underlying structure and a bending of the oxygen angle.

This difference in adsorption energy may also imply a lower reaction barrier for initial
carbon dioxide dissociation. Lian et al. have shown that the reaction barrier for CO2*
dissociating into CO* + 0* is --, 0.8 eV lower directly on the nickel nanoparticle as opposed
to at the nickel ceria interface. [24] Our work implies that the carbon dioxide is most likely
to adsorb directly on the nickel, making the dissociation process more likely to occur at low
thermal budgets. Furthermore, this result is independent of nickel nanoparticle size and will
not be affected by sintering, although sintering into larger particles where many of the nickel
atoms are "hidden" in the lower layers of the nanoparticle structure may reduce the surface
area where carbon dioxide can easily adsorb directly onto the nickel as opposed to dispersed
nickel atoms

Due to resource restrictions, we did not investigate the impact of oxygen vacancies on
carbon dioxide adsorption and dissociation, which is known to play a significant role within
any ceria based DRM system. Our results should therefore not be taken as a definitive stance
on the dissociation of carbon dioxide, but illustrative of the general impact of changing
nickel nanoparticle size on initial adsorption. In general, oxygen vacancies can be expected
to further decrease the barrier to carbon dioxide dissociation.

The role of DFT+U should also be noted. Previous work on this system using DFT+U
has provided a wide range of adsorption energies even for the same U value. It is possible
that our DFT+U value leads to overbinding and thus an underestimation of the barriers
required for dissociation. Given the extremely downhill nature of the methane dissociation
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reaction reported here, we expect the impact to be minimal, but it is worth further work
exploring how robust this finding is to the exact DFT+U settings used.

We thus conclude that the rate limiting step of DRM on ceria supported nickel is un-
likely to be either initial methane dissociation or carbon dioxide adsorption, at least at low
nickel nanoparticle sizes. While we do not find any changes in the barrierless dissociation
of methane or the preference for direct on metal carbon dioxide adsorption as a function of
nanoparticle size, it is possible that changes in nanoparticle size may make these pathways
less easily accessible, by reducing the area of the nickel—ceria interface or the available nickel
atoms to directly attach to. Further research on this subject to find the rate limiting step of
DRM in this system should likely focus attention on the several intermediary reactions after
initial dissociation that lead to syngas formation, along with the sintering of nickel into even
larger particles

Conclusion

In this work, we use first principles DFT-FU methods to examine the impact of changing
nickel nanoparticle size on the initial adsorption/dissociation of methane and carbon dioxide.
We find nickel nanoparticle structures consistent with literature and find a minimum adsorp-
tion energy at 4 Ni atoms. We discover a novel pathway for the barrierless dissocciation of
CH4 to CH3* + H* at the interface of the nickel nanoparticle with the ceria support that
is independent of the number of nickel atoms, but does require methane to adsorb at the
nickel—ceria interface. Strategies for maximizing the amount of exposed metal support inter-
face are therefore likely to lead to enhanced low temperature performance. We examine the
initial adsorption of carbon dioxide, demonstrating a consistently lower adsorption energy
for carbon dioxide directly adsorbing onto the nickel nanoparticle. This implies that lower
energy barriers may be easily accessible for carbon dioxide dissociation. Overall, our work
shows that the initial dissociation of methane and carbon dioxide is unlikely to be the rate
limiting step of DRM on the ceria supported nickel system. These findings are robust at all
nickel particle sizes tested, but the possibility remains that further sintering of the system
may make the pathways outlined above less accessible. We conclude that future work should
instead focus on the numerous intermediary reactions and the potential impact of coking to
find the true rate limiting step.
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Chapter 2

Catalyst Modeling

Using first-principles density functional theory methods, we explore the fundamental
materials aspects that endow a ceria-supported nickel catalyst system with its special bi-
functional catalytic properties. The elevated operation temperatures of the system prove
to be an essential aspect of not just enabling the chemistry, but also of activating key pro-
cesses of this catalytic foundation. The crucial dispersion of metal catalyst is found to be
stabilized by the existence of "magic clustee sizes, toward which an adsorbed population of
nickel will ripen at high temperatures. The redox capability of the ceria substrate is fueled
by the facile, but not too facile, transport of oxygen atoms: neutral oxygen vacancies are
found to migrate through a subsurface reservoir with moderate barriers. In contrast with the
conventional approaches that use DFT+U or hybrid functionals to circumvent an unphysical
delocalization of the electrons in an oxygen vacancy and impose a localization into a Ce 4f
state, our simulations are performed with standard density functionals, where unphysical
delocalization is instead avoided by explicitly preventing occupation of a Ce 4f state.

Introduction

Transition metals dispersed on an oxide support (substrate surface) are fascinating ma-
terials systems, of great value to vital chemical processes such as catalysis. Oxide-supported
metal systems' facility for sophisticated catalysis, such as for the immensely valuable chem-
ical process of dry reforming of methane (DRM),

CH4 + CO2 —> 2 CO + 2 H2, (2.1)

is often attributable to a "bi-functionar mechanism. [34] In the case of DRM, one specie,
the methane, is activated (cleaved) by the adsorbed transition metal, while the other, in
this case the CO2, is activated upon the oxide, through the easy removal (reduction) and
deposition (oxidation) of an oxygen atom from the oxide substrate. The subsequent chain
of reaction mechanisms leading to CO and H2 [8] follows from these initial steps.

For greatest activity, the metal adsorbates should be widely dispersed, to maximize access
to the metal and maximize the perimeter length that allows these bifunctional mechanisms
to interoperate.. A better understanding of this chemistry, toward improving the activity
and selectivity for specific chemistries, [16] is an important research area in chemistry. In this
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paper, we focus on gaining fundamental understanding of the essential aspects in an oxide-
supported materials system responsible for its effectiveness as a high-temperature catalytic
platform.

Ceria (Ce02) is a particularly useful oxide support material; notably for its easy stor-
age, release, and transport of oxygen, necessary to fuel oxidation-reduction reactions at the
surface; and also for its high thermal stability as a support, necessary to survive the high
temperature (700-1100K) operation typical of interesting catalytic chemistry applications.
Oxygen vacancies play a pivotal role in the chemistry. Facile creation and healing of oxy-
gen vacancies at or near the ceria surface is generally believed to be an essential enabling
mechanism for the catalytic behavior of the support. [35, 36, 37] The nature of these oxy-
gen vacancies and, especially, how these vacancies might participate in the chemistry at the
surface, is poorly understood.

In the search for more abundant and less expensive alternatives to supported metal
catalysts such as Pt, Pd, Rh, or Pd,[37] and to survive deactivation at high temperature
(these noble metals sinter, i.e., un-disperse into catalytically inactive clumps), nickel has
proven to be a promising candidate.[8, 15, 16, 21, 24, 38]

For the rational design of an improved oxide-supported metal catalyst system, the inter-
action of this oxide support with the metal adsorbates is crucial, so as to attain a catalytically
effective dispersed metal catalyst. The greater the dispersion, the greater the effective area
for metal-catalyzed activation. Large clusters foul by coking (carbon formation), deactivating
the catalyst. Venerable models for supported metal catalysts, such as strong metal—support
interactions (SMSI) or interfacial metal-support interactions (IMSI), [39], rationalize the ex-
istence of clusters, but do not explain the stability of metal clusters against sintering. The
mechanisms by which a dispersed metal is achieved and sustained in chemically aggressive
environments is not understood, and the effect that defects (vacancies) in the substrate might
have in this stabilization is unknown.

For calculations of extended bulk or surface systems, density functional theory (DFT)
methods are the current state-of-the-art for elucidating atomic-scale understanding. An
accurate treatment of cerium and nickel with oxygen poses unresolved challenges for DFT,
most prominently (but not exclusively) stemming from dual oxidation states accessible to
Ce. The Ce typically can adopt either a nominally [4+], WV, with the 4f shell empty, or a
[3+] oxidation state, Cell', with a single electron in the 4f, a case of a highly-localized single
electrons that DFT handles particularly poorly.

Ceria adopts a fluorite crystal structure, as depicted in Figure 2.1(a). In this paper,
"cerie is deemed synonymous with the fluorite structure Ce02, the subject of this work
(ignoring the Ce203 oxide). In this Ce02 crystal, the Ce straightforwardly adopts a nominally
[4+] oxidation state Cew, counterbalanced by two nominally O[2-] ions.

The ambiguity arises when the ceria is reduced, i. e. oxygens are removed. First-principles
DFT incorrectly gives a metallic ground state for reduced ceria surfaces, [40, 41, 42] delo-
calizing the two electrons left behind by an oxygen vacancy into a state distributed widely
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(a)

Ce02 crystal

Figure 2.1. (a) Fluorite-structure crystal ceria. (b) A
top-down view of the top tri-layer of the Ce02(111) surface:
a top hexagonal layer of exposed oxygen atoms (large red
balls), a layer of Ce below (charteuse balls), and sub-layer
of O below that (small pink balls). The primitive p(1 x 1)
surface cell, circumscribed by a dashed red line, is composed
of two triangles, one around an underlying Ce site, the other
around the sub-layer oxygen. The area depicted corresponds
to the atoms of a (4 x 4) surface cell.

over Ce 4f orbitals. In nature, reduced ceria remains insulating, and the electrons around
a vacancy are seen to remain localized. [43] Characterized as a "complete failure of the GGA
approximatione [35], this prompted the use of DFT+U approaches that, with U —5 eV, elim-
inated the offending metallicity by localizing the distributed 4f state onto two Ce atoms,
reducing them CeIV to Cem.[41, 42, 43] The performance of an empirical DFT+U for de-
fects at ceria surface remained "unsatisfactory" , [35] but it at least removed this fundamental
failure and has been the mainstay of simulations for ceria surfaces since.

In this paper we propose and test a different hypothesis for the oxygen vacancy at the ceria
surface: rather than compelling localization of the delocalized 4f electrons into localized 4f-
orbitals on two Cem atoms, instead, preventing any occupation of the 4f and thus localizing
the vacancy electrons into a Coulombically bound states within the simple vacancy. This
simultaneously resolves this fundamental problem in the band structure, and allows first-
principles DFT to give an accurate description of the energetics of vacancies at the surfaces.
This provides a consistency between theory and experimental observations for the surface
and in bulk ceria that avoid contradictions with experiment observed using +U approaches.

Using the (111) surface (as depicted in Figure 2.1(b)) as the substrate, we systematically
examine the stability of different sized Ni nanoclusters, from one to twelve Ni atoms. We
discover that the interaction of these clusters with the ceria surface imposes a steric template,
through strong but somewhat adirectional Ni-O bonds, that result in "magie clusters. These
exceptionally stable cluster suggest a ripening model that could explain the generation and
stability of a dispersed Ni catalysts at the Ce02 surface at high temperatures.
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The presentation begins with a description of the computational methods used, with some
elaboration of the setup of the computational models. A section is devoted to the troublesome
question of defining standard chemical reference states. Defining useful chemical potentials
in the Ni-Ce02 system is particularly fraught, [36, 37] and makes for difficulties benchmarking
different computational studies. While formally arbitrary, we will find that judicious selection
of an oxygen potential can be particularly insightful for Ce02. A section describing the DFT
results for the Ni clusters and O vacancies is followed by an analysis section that discusses the
implications of the results and presents a holistic model for understanding the bifunctional
oxide-supported metal catalyst.

Computational methods

Electronic structure approach

To model the behavior of transition metal atoms and vacancies at the (111) surface of
the Ce022, we use first-principles density functional theory methods and a thin-film slab to
approximate the semi-infinite ceria substrate.

The electronic structure calculations use the Gaussian-basis local-orbital pseudopoten-
tial code SEQQUEST. [44] We use the Perdew-Burke-Ernzerhof (PBE) density functional, [26]
a flavor of the generalized gradient approximation (GGA), to approximate the electron-
electron interactions. Spin polarization is included in select calculations, as needed, but spin
polarization mostly proves unimportant (or nonexistent) and the results reported below are
spinless unless specifically stated otherwise.

Only the valence electrons are explicitly treated in these DFT calculations, the effect of
core electrons replaced by generalized norm-conserving pseudopotentials (GNCPP) in the
Hamann form, [45] except for the Ni atom p,d-potentials which used the Troullier-Martin
form. [46] These atomic PP were generated with the FHI98PP code,[47] using custom atomic
parameter settings optimized to maximize transferability.

The nickel atom PP uses an Argon core, leaving the 4s4p3d shells treated as valence
electrons (Z = 10) using a 3d84s1 ionic [1+] atomic valence state. [48] A non-linear partial-
core correction (NLCC) [49] proves sufficient (in nickel) to accurately replace the core. In
particular, including the semi-core 3p6 electrons among the valence electrons was assessed
and found to be inconsequential.

The oxygen PP places the 1s2 into the core, and does not include a partial-core correction.

To expand the solutions of the electron wave functions, an atom-centered contracted-
Gaussian "double-zeta plus polarization" (DZP) basis set is used (two radial functions for
strongly-occupied atomic shells to allow for radial polarization, plus a single radial function
for weakly-occupied atomic shells for angular polarization).
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The cerium PP is specifically formulated to target the Cew oxidation state, a companion
to a distinct Celli PP used successfully in simulations of mechanical properties of rare-earth
hydrides. [50] The valence electrons in the Cerv PP are defined by the atomic configuration
of 5/364f°5d26s1 used to generate the PP, including the 5p6 semi-core electrons in the valence
and using a partial core correction (RNLcr = 2.0 Bohr) to account for remaining non-linear
exchange-correlation interactions of the valence electrons with the core electrons replaced by
the PP. Unlike in the Celli PP, where the 4f occupation was imposed through the form of
the PP (the 4f i shell was place explicitly in the core, preventing any change in the oxidation
state, i.e., imposing exactly one electron in the 4f), the oxidation state in the CO' atom
used here is instead enforced by basis exclusion. The Ce basis set, again, is of DZP quality,
but does not include f-functions to prevent occupation of the 4f.

The DFT calculations discussed below almost universally yield an insulating electronic
structure, i.e., with a Fermi level inside a band gap, so that eigenstates usually can be as-
signed fully occupied or completely empty occupations. In certain cases, (near-)degeneracies
amongst the defect states (esp. the Ni clusters) make this "closed shelP description diffi-
cult to converge. For these cases, the state occupations near the Fermi level are "smeared"
with a Fermi-Dirac distribution using a (fictitious) electronic temperature that enables self-
consistency to be achieved. This temperature is made small enough (usually T,-0.0002 Ry-
dberg) to not impact the total energy significantly.

To achieve total energies relaxed to within r‘,0.01 eV of the structural minimum, atomic
positions are relaxed until the forces on every (unfrozen) atom are reduced to less than
0.0003 Ry/Bohr (-0.008 eV/A).

Computational model design

The bulk and slab ceria models are constructed and the periodic dimensions constrained
to the computed equilibrium lattice constant for the fluorite structure Ce02 (5.534 A) using
PBE functional and the Ceiv atoms described above.

The defect calculations in bulk ceria are performed in 96-, 324-, and 768-site cubic super-
cells that are 2 x 2 x 2, 3 x3 x3, and 4 x 4 x 4 expansions of the conventional cubic cell (Ce408).
The smaller cell uses a 32 regular k-grid to sample the reciprocal space in the full Brillouin
Zone (BZ); a 22 k-grid is sufficient to converge the larger supercells (all offset from F). The
smaller supercell might be marginally sufficient to converge the defect properties. The larger
cells are used to quantify this convergence and verify extrapolations to infinitely dilute defect
densities.

The workhorse computational model for the ceria(111) surface in this study is a p(4x4)
slab model (the surface depicted in Figure 2.1), with five (O-Ce-O) tri-layers ("5L"), i.e.,
fifteen atomic layers, with oxygen atoms being the top exposed layer of atoms.

The p(4 x 4) is the minimum lateral extent necessary to isolate the larger (e.g., 10-atom)
Ni-clusters from their periodic images on the surface, so as to leave at least one free surface
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oxygen between the Ni clusters (Ni atoms are bonded to surface oxygens). The surface BZ
of the p(4 x 4) and larger surface cells are sampled with a 12 k-mesh—the F-point. Smaller
p(2 x 2) and p(3 x 3) surface cells use 32 and 22 k-grids, respectively. A larger lateral extent
would be necessary to consider any chemistry around any one Ni-cluster, to provide free ceria
surface that isolates that chemistry to one cluster, but in the current work we consider only
the material aspects that would influence the chemistry, so this (4 x 4) surface area suffices.

The atomic positions on both sides of the ideal slab model are minimized to equilibrium
positions. The bottom two tri-layers on the back-side of the relaxed slab are frozen to this
clean surface structure in every slab simulation. The metal clusters and surface defects
are applied to the front-side surface side of the slab. Significant surface relaxations, and
relaxations around defects, are observed to extend one tri-layer from a site. We consider
defects (vacancies) in the second tri-layer, mandating a minimum of five tri-layers be included
for an acceptable slab model.

The local moment countercharge (LMCC) method[51] is used to eliminate spurious slab
surface dipole fields that might be generated from modeling adsorption on a single side of
the slab. The vacuum spacing between slabs is made wide enough to ensure that atomic
orbitals do not impinge on the vacuum edge (this condition is explicitly enforced through
automated tests in every calculation). This isolates a slab from its periodic images both
electronically and electrostatically, tantamount to a strictly two-dimensional calculation. A
generalized LMCC method is used to impose the correct electrostatic boundary conditions
to enable accurate calculations of defects with net charge in the bulk and the surface. [52, 53]

Chemical reference systems

The Ni/Ce02 chemical system is comprised of components that are particularly vexing
for DFT methods. It is not the intent of this work to fully resolve these issues; but the need
to establish the underlying merits of the approach mandate that an accounting be presented
of how the current methods perform in with regard to these issues.

Cerium, in particular, is a problem, the easily mutable oxidation state already injecting
itself into struggles to describe the elemental f cc metal correctly. [54, 55, 56, 57, 58] The non-
magnetic ground state a- f cc structure is best described as a Ceiv with no 4f occupation,
while the magnetic 7-fcc has a larger lattice parameter best described as a Cell' with a 4 fi
occupation. Foreshadowing similar issues in Ce02 and Ce203, it was found that smaller-U
were needed to properly describe the relative stabilities and the structures, while larger-U
gave better descriptions of the electron structure. [58] The computed PBE lattice constants
for the a- f cc phase, reported to be 4.72 A[56] and 4.74 A,[57, 58] are an anomalous (for
GGA) and severe underestimate of the 4.85 A experimental lattice constant, that a +U
treatment did little to remedy. [58] Our Cew atom, having excluded a 4f-occupation, yields
a PBE lattice constant of 4.96 A for f cc Ce. This result is 2.3% larger than experiment, an
overestimate consistent with the usual performance of the GGA approximation.
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Our Ce02 PBE lattice constant is computed to be 5.534 A, with B=191 GPa. This
equilibrium lattice constant is imposed in all the simulations in this study. This 4f-less Ce
lattice constant is again larger than other PBE results. [31] The bulk modulus is also larger,
which better approaches the experiment B = 220(9) GPa. [59] The 2.7% overestimate of the
experimental lattice constant 5.391 A (the OK value as extrapolated by Castleton, et al. [60])
is again reasonable, within GGA expectations. The computed formation enthalpy of Ce02
(cf. ce-Ce(f cc) and the triplet 02 molecule) is -9.80 eV, which despite the very different
construction of the Ce atom, is in general agreement with previous GGA and GGA+U
results.[32, 57, 61, 62]

The Ce atom gives a satisfactory description of the structure and energetics of Ce02,
as good as in some respects better than U-modified GGA methods. The crucial aspect
is that the absence of Ce 4f-functions has pushed the unoccupied 4f-derived levels higher
in the Kohn-Sham (KS) gap. Without the Ce 4f basis functions, the usually problematic
4f state is shifted to much higher, expanding the effective gap in Ce02 to 3.7 eV. This
imposition of a Cew oxidation state proves sufficient to avoid the unphysical delocalization
of an oxygen vacancy state into Ce 4f orbitals.

The oxygen molecule is the conventional experimental standard reference state for oxy-
gen. As Pacchioni pointed out, [36] the use of half the energy of the ground state 02 molecule
as the chemical reference state, it(0;02), is rather awkward in computational studies. Awk-
ward both in term of accuracy—because DFT inaccurately describes the binding of 02
molecule—and awkward in terms of usefulness in comparing the results of different computa-
tional studies different DFT methods exhibit very different errors for 02. To avoid these
difficulties, Lutfalla, et al., [32] advocated using a dehydrogenation of water, i. e., a chemical
potential ,u(0;H20) defined by

/40;H20) = E(H20) — E(H2), (2.2)

as the oxygen chemical reference energy in Ce02 simulations. This definition "bypasses" the
difficulties stemming from DFT inaccuracies in describing 02437] Our computed difference
between µ(0;02) and [t(O;H20) is -2.61 eV. This compares favorably to the experimental
shift of -2.48 eV and matches exactly the 02 to H20 shift in plane wave GGA methods
quoted by Paier. [37] While this oxygen reference state is formally arbitrary, it is more trans-
ferable (between different studies) to use the more computationally consistent hydrogenation
reference, and, as we show later, more chemically insightful to use ,u(O;H20). We use this
reference in presenting our results in the following.

The Ni atom reference is similarly arbitrary, and similarly fraught. The Ni atomic ground
state is a triplet d8s2. However, once more, DFT and solid state DFT implementations
cannot give a proper description of this electronic configuration, introducing uncontrolled
errors in comparison to experiment, and also making comparisons between different DFT
studies difficult. In the calculations of Ni atom adsorption, we use the singlet-di' Ni atom as
our chemical reference. It still gives a meaningful measure of an atomic adsorption energy.
A triplet-spin Ni atom is computed to be 0.80 eV lower, but we reiterate that this triplet
energy is not physically reliable. It is provided here strictly to facilitate comparisons to other
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studies that might use the triplet-Ni as a reference. To avoid the difficulties associated with
a proper DFT description of the triplet ground state nickel atom, we recommend using the
singlet-Ni—a clean c11° atom that can be properly represented in DFT—as the Ni chemical
reference in computational studies.

Results

Nickel clusters on Ce02(111)

A comprehensive exploration of the potential energy surface for a single Ni atom on the
clean ceria(111) surface includes:

• Three atop sites: atop the Ce; above the Otop atom; and above the Osub (also commonly
labeled as the "holloe site);

• Three bridge sites: between the Ce—Otop, between the Otop—Osub, and between Ce—
()sub (commonly labeled as a"bridge" site,[15] as it bridges between two Otop sites);

• An off-symmetry site: within the triangle defined by the Ce, Otop, and ()sub sites.

We find a off-symmetry site, slightly displaced off the Ce—OSub mirror plane, to be the
lowest energy adsorption site for a single Ni atom on the ceria(111) surface, as illustrated in
Figure 2.2. The atop-Ce and atop-Otop sites are maxima on this surface, clearly disfavored,
at 2.12 and 0.69 eV, above the ground state position, respectively. The atop-Osub site is
0.27 eV above the ground state. While the ()sub site is a minimum along the mirror plane
between the top- and sublayer-oxygen, a nickel located atop the ()sub would slide down
toward the nearest neighbor Ce atom to a Ce-0,,,,b bridge site that is 0.25 eV lower, and
then relax further to its ultimate minimum another 17 meV lower just off that bridge site.
This same off-symmetry site was reached relaxing from multiple sites within the triangle,
clearly identifying this as the minimum energy adsorption site.

This Ni atom adsorption is in substantial agreement with Hahn, et al.,[15] who used a
PBE+U approach in a local orbital code (including f-functions). They found the "bridge"
site (bridging between two Otop) to be the lowest energy adsorption site, 0.19 eV below the
"holloe site (atop Osub). That they did not find our off-bridge distortion might be due
to their only sampling high-symmetry (atop and bridge) configurations. We note that our
result indicates that this Ni adsorption structure is insensitive the use—or absence—of a
+U, and to the presence—or lack—of 4f-functions.

Other results using PBE+U, by Lu, et al.,[14] Carrasco, et cd.,[21] and Riley, et al.,[16]
instead find the atop-0,,ub site to be favored. Hahn reports an Ni adsorption energy of -2.18
in the °sub site, these others authors report -1.51, -3.68, and -3.24 eV, respectively. That
the Lu result is an apparent extreme outlier is due to their use of a free-standing (2 x 2) Ni
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(a)

Figure 2.2. Adsorbed Ni atom on Ce02(111) surface. (a)
Diagram of optimal surface adsorption site, in a position off-
set from the ()sub Ce line, bridging between two Otop sites.
(b) Schematic depicting energies at high-symmetry Ni ad-
sorption sites, and migration barrier energies (with respect
to the minimum energy structure, in eV). The barrier across
the Osub—Otap line is not through the mid-line saddle point
(+0.41 eV), but instead is over the ()sub site (+0.27 eV).

layer as their Ni reference energy (they did not quote an Ni atomic energy), while the others
all used a (triplet) gas phase Ni° atom as their reference energy.

Using the same functional (PBE) and similar U-values, these other authors nonetheless
quote rather different values for the nickel atom adsorption. This might be attributed to the
practice and problem dependence observed in an +U approach[35, 42, 63] that can lead to
variations in nominal defect formation energies as large as 3 eV,[42] but it is also possible
that this is a problem in establishing a consistent Ni atomic reference with the triplet-Ni
atom.

Our adsorption energy of a single Ni atom in the off-symmetry ground state structure,
using the less problematic singlet-dm Ni atom reference, is -3.13 eV. To compare directly
to these previous results, we obtain -2.86 eV binding of a singlet-dm Ni atom at the ()sub
site. This translates to -2.08 eV with respect to the problematic triplet-Ni atom reference,
in good agreement with -2.18 V binding obtained by Hahn.[15]

This Ni reference energy is, repeating, formally arbitrary, useful mostly to facillitate
meaningful quantitative comparisons and benchmarks between different studies. The im-
portant aspect, for the purpose of understanding the adsorption kinetics, is that a Ni atom
adsorbs strongly on the surface, so strongly that it will not desorb again at any temperature
of interest.

In particular, the Ni desorption energy is much larger than its migration energy on the
surface. Figure 2.2 summarizes the critical points on the potential energy surface important
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to migration. To traverse the Ce ()sub edge into the neighboring channel, only 17 meV is
required. The Otup—Osub edge has a saddle point at 0.41 eV, but the lowest-energy crossing
across that edge into the neighboring channel is actually right at the ()sub site. For long
range migration, the overall barrier is the highest-energy crossing of the three edges of the
channel triangle (otherwise the Ni atom would locally orbit a single site). The saddle point
through the Ce Otop edge is 0.35 eV above the ground state site, and this constitutes the
overall surface migration barrier.

The diffusion along the surface, therefore, has a computed activation energy of <0.4 eV,
indicating facile migration of a single adsorbed nickel atom on the Ce02(111) surface even at
room temperature. Such a low surface migration barrier suggests that individual Ni atoms
will diffuse rapidly along the surface until they find some deeper sink, e.g., a defect or a
step edge that might bind the Ni more strongly, or encounter other adsorbed Ni atoms to
bind into clusters that are less mobile. This notion is consistent with (note: not proven by)
experiments that have not, to date, observed single adsorbed Ni atoms at the ceria surface.
For 0.1 monolayers of nickel deposited on a ceria surface at 300K, Liu, et al.,[8] observed Ni
clusters, but reported no isolated Ni atoms on their surface that might indicate an immobile
adsorbed nickel atom.

Two adsorbed nickel atoms form an adsorbed dimer, bound by 0.65 eV with respect to
separated adsorbed atoms. We note that for simplicity in this case and in the following,
results of spin-singlet (no spin) calculations are quoted; the effects of spin-polarization will
be discussed afterwards, and do not materially affect the analysis.

As shown in Figure 2.3, the two Ni atoms bridge asymmetrically across a pair of ()top
sites. Figure 2.3(a) shows a conventional ball-and-stick model of this structure, Figure 2.3(b)
depicts a more abstracted form focussed on the surface positions of the Ni atoms that proves
more useful for illustrating the structures of larger clusters. Included in the Supplemental
Information is a detailed listing of the entire series of adsorbed Ni cluster configurations.

An extensive search for the ground state structure reveals a rather flat PES with multiple
shallow minima, suggestive of a dimer that is also mobile.

A trimer is more strongly bound. A dimer captures a third adsorbed Ni, with an energy
gain of 1.52 eV. The trimer adopts a triangular structure that slots into a triangular "socket"
defined by three ()top. There are two distinct such sockets on the surface, one centered on
the Ce atom, the other centered above the ()sub atom, as shown in Figure 2.4. These have
binding energies within 30 meV of each other, equivalent within any credible numerical
resolution that can be claimed of the calculation. The Ce-centered trimer retains the full
Cav symmetry, while the Osub-centered trimer is slightly (51 meV) distorted (twisted) from
a three-fold symmetric configuration. This result reveals two important structural motifs of
Ni clusters on ceria(111): first, a strong, but somewhat adirectional bonding of the nickel
atoms to a single surface oxygen that fastens the cluster to the surface; second, a triangular
packing that maximizes coordination between nickel atoms, akin to the close-packing in bulk
fcc-Ni.
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(a) (b)

Figure 2.3. Adsorption geometry for the adsorbed Ni
dimer ground state structure. (a) Ball-and-stick diagram
showing the nickel atoms (large blue balls) bridging asymmet-
rically between two Otop (red) atoms. (b) A stylized repre-
sentation of the structure, the Ce02 substrate depicted using
the triangular lattice defined by the top oxygen atoms, with
pink triangles above the subsurface oxygen and the chartreuse
triangles centered on the Ce atoms.

The binding of a fourth Ni atom to this trimer is stronger yet. Confined to the single
surface layer, a new Ni atom is bound to the edge of the trimer to form a rhombus by
1.46 eV. However, it is more stable for the cluster to be a Ni tetrahedron. The Osub-centered
tetrahedron yields a a total attachment energy of 1.72 eV. The Ce-centered tetrahedron is
less favorable, at 1.57 eV attachment energy. The barrier to climb from the flat rhombus
to the °sub centered tetrahedron is only 0.71 eV (a corner atom folds over the step) and to
the Ce-centered tetrahedron is 0.87 eV (via a concerted process where the rhombus corner
pushes an edge atom to the peak). The two-level tetrahedron will readily form upon the
capture of a fourth nickel atom.

This single-atom attachment energy, stemming from this surface reaction Ni(n_l)/ceria
+ Nii keria —> Nin/ceria:

Eattach(n) = E(NinIceria(111))— E(Ni(n_i)Iceria(111))—(E(NiiIceria(111))— Eceria(111)),
(2.3)

first proposed (in the context of Ni/ceria) by Riley, et al., [16] proves particularly illuminating
in understanding the stability of different N cluster sizes.

The four-atom Ni cluster is found to be a magic cluster. A fifth Ni atom attaches to the
edge of tetrahedron, with a reduced attachment energy of 1.33 eV. The over-Ce tetrahedron
is favored over the over-Osub tetrahedron, reversing the four-atom tetrahedrom site order.
The difference between these five-atom clusters is only 0.06 eV, however, and the second-layer
Ni atom hops between the sites with a very small barrier.

31



MA W
WAWA
ATA A V

(a)

A A V V
VAVAW&
A MA' A V

(b)

Figure 2.4. Low energy adsorption configurations for ab-
sorbed Ni trimers and tetramers. (a) Ni trimer adopts a
triangular shape that fits into triangles of Otop, favoring the
()sub just slightly over the Ce site. (b) Ni tetramer can attach
another edge Ni to form a single layer rhombus, but prefers
(with modest barriers) to climb atop the triangle to form a
tetrahedron, favoring the ()sub more strongly.

This cluster binds a sixth Ni atom with only 1.23 eV (one atom atop a five-atom trapezoid,
adding another atom to the base rhombus layer), a seventh with 1.41 eV (a second atom
atop a five-atom trapezoid), and an eighth attaches with 1.23 eV (squeezing yet a third
atom into a triangle atop the trapezoid). This sequence appears to attempting to maximize
coordination within the cluster of adsorbed nickel atoms, in a close-packed arrangement.

The nine-atom cluster switches motifs. The base layer transforms to a seven-atom
hexagon embedded into a larger °top hexagon on the surface. The central Ni in this hexagon
binds atop the central ()top, and the outer hexagon Ni bond to one of the outer hexagonal ()top.
The two atoms in the second layer position themselves into Ni-bridging sites, a structure
also reported by Hahn, et al. [15] The attachment energy accompanying this rearrangement
increases to 1.74 eV, rivaling the Ni4 cluster attachment energy.

The 10-atom cluster completes a triangle on the second layer topping this hexagon, and
is seen to mark another magic cluster size. This close-packed structure gives a Ni attachment
energy of 1.88 eV.
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Figure 2.5. Nickel atom attachment energy of Ni clusters
on ceria(111) Note that a complete detachment must addi-
tionally overcome a Nil diffusion energy (0.35 eV) to escape
the cluster. The optimal clusters tend to be bilayered, with
close-packed (triangular or hexagonal) base layer with close-
packed layers above it. The Ni4 and Nil() clusters exactly
satisfy these conditions, and are most stable against detach-
ing an atom.

Additional attachments on the outside of the hexagon base puts new Ni atoms too far
from a °sub to form as favorable a bond. The best attachment of an eighth atom at the
edge of the based hexagon layer yields at best eV. Additional atoms instead climb onto
the base hexagon to join the second layer. This requires compromises in the close-packed
coordination of the cluster. The 11-atom attachment energy is only 1.26 eV and the 12-atom
only 1.32 eV. It is energetically favorable for the cluster to continue to accrete diffusing Ni
atoms, but the additional Ni attachment energy is much less than that of the 10-atom magic
cluster.

The attachment energy as a function of cluster size, Enttach(n) vs. Nin, is illustrated in
Figure 2.5. It can clearly be seen that a four-atom and a ten-atom cluster close what appear
to be particularly stable shells in a magic number cluster.

The inclusion of spin polarization does not impact these results meaningfully. The ad-
sorbed Ni1 is only stable as a spin-singlet (and our attempts to converge a spin-triplet Ni1[2+]
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failed). A spin-triplet is the ground state for Nix, for x = 2 — 5, with a spin polarization
energy of 0.3-0.6 eV, with the magic x = 3, 4 clusters gaining more that the others. For the
Ni10, the spin-triplet gains 0.25 eV over a spin-singlet, but the ground state has six majority
electrons that is 0.53 eV more stable than the singlet. The overall magnetization, 0.6pB/Ni,
perhaps coincidentally, matches that of bulk Ni, although the net magnetization energy is
slightly larger than computed for bulk Ni. [48] Overall, the shape of the attachment energy
with cluster size remains the same with spin included. While the facile creation of open-shell
d-electrons undoubtably facilitates the catalytic activity of the nickel clusters, the energies
involved in magnetization remain modest.

Oxygen vacancies - bulk ceria

Before proceeding to a discussion of oxygen vacancies at the ceria surface, it behooves
one to consider the limiting case of an oxygen vacancy in bulk ceria.

The conventional objection to the use of standard first-principles density functionals in
ceria, and particularly as applied to reduced surfaces, is the metallic delocalization of the
electrons within an oxygen vacancy using LDA or GGA, deemed a "complete failure of the
GGA approximation" (emphasis in source).[35] This failure, due to a delocalized occupation
of 4f-states on the cerium atoms in the Ce02 lattice, is used to motivate—and justify—the
use of an empirical +U approach, despite this itself being deemed "unsatisfactory" .[35]

The excluded 4f-basis approach prevents this delocalization. The neutral bulk oxygen
vacancy has a well-defined defect state inside the Kohn-Sham gap, occupied by two electrons
that are Coulombically bound by a Madelung potential at the vacated oxygen site. Using
,u(0;H20), the formation energy of the neutral vacancy is found to be 3.214 eV in the
smallest (96-site) supercell, 3.207 eV in the 324-site supercell, and 3.202 eV in the largest
768-site supercell. We quote three decimal places above, finer than any credible numerical
uncertainty, only to resolve a distinction between the different supercells. Add 2.61 eV to
these values convert to the conventional, but computationally less reliable triplet-02 standard
reference state. Reflecting the large band gap and the strong localization in the computed
defect state, this formation energy of v0 [0] is already well converged in the smallest supercell.
This, incidentally, also verifies the convergence of the k-grids used in these supercells.

Computed bulk v0[0] formation energies in the literature, even restricted to just GGA
functionals (although with occasionally differing U values),[40, 61, 62, 64, 65, 66, 67] span
a wide range of 4 eV, [35] precluding any meaningful quantitative benchmark comparisons.
The current calculations give a formation energy for the neutral oxygen vacancy at the high
end of this range, slightly above the 4-5 eV heat of reduction per oxygen atom reported in
experiments. [68]

The computed migration barrier for the bulk neutral neutral vacancy is 1.67 eV. A nearest
neighbor oxygen along a (001)-axis squeezes between the two Ce atoms of the shared edge
of the tetrahedra around the two oxygen site. This stands in contrast to literature using
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DFT+U methods, which after creating a pair of Cem to accompany the oxygen vacancy, yield
0.5-0.6 eV barriers vacancy diffusion. [66, 67, 69, 70, 71, 72] This unusual consistency among
different +U calculations for the diffusion barrier is in agreement with diffusion energies
(,-,0.5 eV) inferred from ionic conductivity experiments in doped ceria. [73, 74]

The neutral vacancy has a doubly occupied defect state in the Kohn-Sham eigenvalue
gap, 2.7 eV above the valence band edge. This state can be ionized once to create a vo [1+]
state, the nearest neighbor Ce atom shifts from a slight (0.6%) inwards position in the vo [0],
to sit outwards by 3.7%. A second ionization, 0.07 eV deeper, creates the vo [2+] defect. The
nearest neighbor Ce now sits 8.1% outwards. Jiang, et al., using first-principles PBE, had
predicted a —U vo (0/2+) transition at +1.9 eV above the valence band edge, the (0/1+)
transition at 1.5 eV being deeper than the (2+/1+) transition. The current results resemble
more the PBE+U results from Zacherle, et al., [62] which had the (0/1+) transition 0.12 eV
above the (1+/2+) transition, in the standard order, for the undecorated oxygen vacancy.
When they included a pair of U-induced Cem atoms into the vacancy description, this
overall system had a —U (2+/0) transition from the simple vo [2+] vacancy to the neutral
(2Cem + vo) [0] at 1.53 eV.

The charged state calculations use a local moment countercharge method[52, 53] that
give accurate descriptions of charge transition energies. [75] The extrapolation to infinitely
dilute defect densities uses a Jost screening model[53] with a static dielectric constant of 25
as computed with DFT[72] (and an unpolarized skin depth of 2.0 Bohr [53]). The accuracy of
the method is verified through consistency (within 0.02 eV) of defect transitions computed
in independent extrapolations from the different 96-, 324-, and 768-site supercells.

The calculated migration barrier for the v0 [2+] is 0.45 eV. That this [2+] barrier is much
smaller than the barrier for the neutral vacancy is to be expected: a O[0] atom is much smaller
than a O[2-] ion, and therefore will squeeze between the two Ce atoms at the barrier more
readily. This migration barrier of the simple vacancy, in its [2+] charge state, matches the +U
barriers for the neutral vo. This [2+] migration barrier is now in excellent agreement with the
experimental estimates. The experimental analysis[74] specifically extracted the diffusivity of
charged free vacancies de-associated from their compensating dopant defects. This analysis
suggests that the crucial aspect for explaining the bulk vacancy diffusion experiments is
the presence of vo [2+]. The creation of nearby compensating Celll—if such species are
created—is only incidental, not fundamental to vo diffusion.

Oxygen vacancies - ceria(111) surface

The potential importance of oxygen vacancy formation and transport at the ceria surface
has long been appreciated as a crucial element of understanding the redox behavior in ceria.
Calculations of ceria(111) surface vacancies date back to at least 2004, when Yang, et al., [40]
discovered that a local GGA functional, just as for the bulk vacancy, created an unphysical
metallic ground state with a fully delocalized pair of electrons. Nolan, et al., [76] and Fabris,
et al.,[42] soon eliminated this delocalization with the use of GGA+U methods to stabilize the
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Functional

PBE+U(4.5)a

HSEa

PW91+U(5.0)b

(GGA)+U(5.0)c

PBE+U(4.5)d

PW91+U(5.0)e

PBE+U(4.5)f

PBE+U(4.5)9

PBE+U(5.0)h

Table 2.1. Computed values from literature for the oxygen
vacancy formation energy (in eV) at the ceria(111) surface, in
an O-rich limit using the triplet-02 as the standard reference.

Slab model/k-grid

(2 x 2) x 3L / 32

(2 x 2) x 3L / 22

(4 x 4) x 4L / 22

(3 x 4) x 3L / F

(4 x 4) x 4L / F

(3 x 3) x 4L / 22

(6 x 6) x 6L / F

(4 x 4) x 4L / F

(4 x 4) x 4L / F

Ef ( 'Vt (G:13

2.34

3.10

2.23

2.11

1.93

2.18

3.29

2.38

1.94

) E f ( tVb )

1.87

2.65

2.17

1.94

1.76

1.81

3.23

2.04

1.72

(a) Ganduglia-Pirovano, et al., 2009477]
(b) Zhang, et al., 2009478]
(c) Li, et al., 2009479] specific GGA functional not documented, likely PW91.[80]
(d) Murgida, et al., 2013481]
(e) Plata, et al., 2013; [82] also including a +U=5.0 eV on the O-2p.
(f) Hahn, et al., 2015415] using a local-orbital method.
(g) Su, et al., 2016483]
(h) Zhang, et al., 2019484]

vacancy electrons into reduced Cern atoms. Echoing the considerable variation reported in
the formation energy of bulk oxygen vacancies (see above), these early results (summarized
in an early review[35]) showed multi-eV variations in vacancies at the surface, stemming
from differences in formulation of +U, supercell surface area, slab thickness, location of the
reduced Cem ions442]

Studies since have largely coalesced around a consensus computational model (Ur•-,5 eV),
and yielded more consistent results for vo at ceria(111), as recounted in Table 2.1. Confirming
the early first-principles-GGA prediction that the vacancy at the subsurface site, rbub, would
be more stable than the vacancy at the top O site, vot',[40] these GGA+U results all find the
subsurface vacancy more stable, by 0.2-0.5 eV. The formation energy, Ef(te) given by the
GGA+U were seen to be quite small, only 1.8-2.2 eV. The HSE prediction, one alternative
to a DFT +U approach, gives a slightly larger formation energy. [77]

Just as for the bulk vacancy, our PBE calculations that preclude 4f-occupation on the Ce
result in localized surface oxygen vacancy states. The Kohn-Sham level for the defect state
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Table 2.2. Computed neutral oxygen formation energies
(in eV)a for 5 tri-layer (5L) slabs, as a function of depth into
the slab, using an O-rich µ,(0;H20) reference. (As noted in
Section 2, the 02-based PBE reference leads to values 2.61 eV
higher).

Unit cell/lc-grid topvo subvo
L2+

vo
L2_

v0

(2 x 2) / 22 3.250 2.985 2.880 3.262

(2 x 2) / 32 3.252 2.956 2.867 3.254

(3 x 3) / 22 3.326 2.961 2.873 3.255

(4 x 4) / F 3.226 2.946 2.875 3.252

(4 x 4) / 22 3.248 2.944 2.860 3.249

(5 x 5) / F 3.260 2.941 2.870 3.252

(6 x 6) / F 3.250 2.942 2.871 3.250

(a) Three decimal place shown only to discern differences between slabs; results have
±0.01 eV numerical uncertainties

does climb in the KS gap with respect to the bulk analog, but the vacancy state remains in
the gap, localized in the Coulombically-stabilized site vacated by the oxygen atom.

Our computed neutral oxygen vacancy formation energies are presented in Table 2.2. To
investigate the effects of supercell size, the calculations are repeated from (2 x 2) through
(6 x 6) unit cells, with varying k-point sampling in the surface BZ. Also, leveraging the
latitude granted by using thicker 5L slabs, the stability of a vacancy into the second tri-layer
is investigated.

The results for the neutral vacancy are well converged with (4 x 4) unit cells and larger,
to within ,10 meV. The smaller supercells are still satisfactory, provided a beyond-F k-grid
is used. In accord with the GGA+U studies cited above, the subsurface vacancy is more
stable than the top vacancy, here 0.3 eV lower. However, a vacancy in the next deeper layer,

'J
,,,L
o
2+
, is lower yet, by another 0.07 eV. The vacancy in the fourth layer of oxygens, voL2-

returns to the the same energy as vot'.

The vacancy calculations extending to a 9L slab in the (4 x 4) / r unit cell give results
within 0.01 eV of the 5L slab. Using this thicker slab, Figure 2.6 plots Ef [vo] for vacancies
eight oxygen layers deep (through the fourth tri-layer). These results indicate that any
(neutral) oxygen vacancies near the surface will collect in the two subsurface layers, leaving
the topmost layer of oxygen atoms in place. The vacancy energy achieves the asymptotic
bulk limit after the third tri-layer.

Our computed migration barrier from vot" to ve is 0.66 eV (the barrier to return is
0.94 eV), from vbub to the next sublayer is 0.81 eV (0.88 eV to return), and down further
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Figure 2.6. Formation energy (in eV) of a neutral oxy-
gen vacancy at the ceria(111) surface, as a function of depth
into the substrate, using the H20-derived O reference energy
µ(0;H20). Dashed line indicates the computed asymptotic
bulk value.

into the fourth layer of oxygen atoms is 1.84 eV. Compared to the bulk barrier (1.67 eV),
the barriers to vacancy migration between the top three oxygen layers is much smaller.
Proximity to the surface strongly facilitates vacancy motion.

The potential energy surface for the vo[2+] at the Ce02(111) surface changes. The vo[2+]
prefers the top two layers, with the sublayer slightly favored (by 0.15 eV in the (4 x 4) x 5L
slab). The next sublayer, the lowest energy site for the vo [0], is instead >0.5 eV higher, and
the next layer deeper is yet another 0.5 eV less stable. The vo[2+] induces larger local lattice
distortions that the neutral and induces long-range screening, so that the ionized defect is
less well converged with slab model size. Extending to 9L or expanding to a (6 x 6) unit cell
reduces the margin favoring the sublayer to only —0.07 eV, while lowering both top layers
with respect to the deeper layers by another 0.1 eV. Despite gaining additional screening
energy as the net charge descends into the bulk, the vo [2+] is mostly confined to the top
two layers.

Just as in the bulk, these results for the undecorated, simple vo [2+] mimic the GGA+U
literature results for vo [0] in Table 2.1, where the vo was decorated with two U-induced
Celli.

The diffusion of oxygen vacancies is the mechanism behind oxygen transport in ceria,
and has motivated studies of vacancy migration at the ceria(111) surface using GGA+U.
Li, et cd.,[80] favoring the sublayer by 0.17 eV, gave a 0.44 eV migration barrier from the
top layer into the sublayer. Plata, et al., [82] exploring different sites for the associated Cem
sites around the vacancy, determined a barrier as small as 0.17 eV to the sublayer site (with
0.37 eV lower energy). Likewise, invoking concerted motion of the associated small polaron
(Celli ), Su, et al.,[83] also came to a small 0.15 eV barrier to their 0.34 eV deeper sublayer
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vacancy. Zhang, et al.,[84] identified barriers as small as 0.06 eV from DFT molecular
dynamics trajectories.

Our computed barrier for the simple vo [2+] migration into the sublayer is only 11 meV,
for the (4 x 4) x 5L slab. This small barrier, once again, essentially echoes the result from
the GGA+U neutral (vo + 2Cem). The slightly higher barriers in the literature GGA+U
studies likely can be attributed to the lattice distortions being confined into thinner slabs
and smaller unit cells. The more extended, expanded slabs used here better accommodate
the greater distortions in the (charged) defects.

There is no direct experimental measurement of migration barriers for the vacancy at the
surface. Such data would be highly valuable.

Analysis and discussion

What is known, from the observations of Namai, et al.,[85] using atomic force microscopy,
and from Esch, et al.,[43] and from Grinter, et al. [86], using scanning tunneling microscopy
(STM), is that isolated single vacancies at the ceria surface are immobile at room temper-
ature. Esch, et al. reported that they did not observe diffusion of vacancies at the surface
until temperatures higher than 400°C. The low barriers predicted within a GGA+U pic-
ture of a Cem-decorated vo (and also the analogous depiction of the surface vacancies as
simple vo[2+]) are contradicted by these observations. With GGA+U migration barriers
<0.2 eV, vacancies would exhibit rapid diffusion even below room temperature; these (high-
temperature) STM observations of localized vacancies would be impossible. [87] Furthermore,
the redox activity of the ceria support is known to activate at elevated temperatures, [65]
which, stipulating that vacancy motion is integral to this redox behavior, also indicates
much larger barriers to vacancy motion at ceria(111).

The simple vo [0] picture given by the current results, with barriers >0.8 eV, is more
compatible with the high-temperature STM observations and redox behavior. This simple-
vacancy model also more naturally explains the three-fold symmetry observed in these
AFM[85, 88] and STM[43, 86] experiments. A GGA+U-inspired Cem-decorated vo model
predicts broken symmetry structures, that requires the assumption of spatial averaging to
regain the observed symmetry. [87]

The thermochemistry is also better represented by the simple-vacancy picture, which
becomes apparent when one calibrates the vacancy formation energies using the H20-based
oxygen chemical reference. The shift in the oxygen reference energy from a 02- to H20-
reference for plane wave GGA methods quoted by Paier [37] is 2.61 eV. The GGA+U vacancy
formation energies listed in Table 2.1, at <2.0 eV) using an 02-reference, then become
< — 0.6 eV in the hydrogenation reference. The implications become evident in writing the
chemical reaction reducing the surface corresponding to this reference:

Ce02(111) + H2(g) —> Ce02(111):vo + H20(g). (2.4)

In the presence of H2, removal of an oxygen atom from the GGA+U ceria surface (creating
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an oxygen vacancy) to form water is exothermic. The ceria surface has been of great interest
because of its active catalysis for hydrogenation reactions, e.g., alkynes, [89] prompting stud-
ies to understand adsorption and activation of H2 on ceria. [90] The re-referencing reveals that
a ceria surface, with GGA+U, will not catalyze 112 reactions, it will instead spontaneously
be reduced.

The current results for the simple vacancy, without reduced-Cem, are better compar-
isons to the bulk vacancy formation energy, and the results of calculations (depicted in
Figure 2.6 clearly demonstrate that the near-surface vacancies have comparable formation
energies (which they must) that quickly converge to the bulk vacancy energy with depth.
The conventional GGA+U oxygen vacancies, that spawn two reduced Cem satellites, are
2-3 eV too stable.

This failure of GGA+U to describe chemistry at the surface had been noted previously,
for the description of CO on ceria(111),[63] who determined that a much smaller U =
2 eV—insufficient to spawn Celli—was needed to get the correct adsorption energetics. This
unphysical bias toward reduced-Cem in GGA+U might have been anticipated from the error
in heat of reduction of Ce02 to Ce203, which is much too favorable with a U,,,5 eV,[31, 91]
the reduction of Cew to Cem overly favored by almost 2 eV. [32] To reproduce the bulk
heat of reduction, requires a U = 2 eV. To reproduce the bulk heat of reduction, requires a
U = 2 eV. Needed to obtain quantitatively reasonable thermochemistry at the surface, using
this smaller U for an oxygen vacancy prevents delocalization into (i. e.. occupation of) the
Ce 4f orbital, but does not engender reduced COI neighbors.

The picture that emerges for oxygen vacancies at the ceria(111) surface is illustrated in
Figure 2.7, which indicates an entirely new mechanism for oxygen transport at the surface.
The neutral oxygen vacancies tend to segregate into the two sublayers. At high temperatures,
the vacancies can traverse through this subsurface reservoir, with computed barriers <0.9 eV.
Vacancies created at the top surface (perhaps fueling an oxidation reaction) can readily
migrate into the this reservoir and, conversely, the top surface, being only 0.4 eV higher, is
thermally accessible from a subsurface vacancy, to accommodate a reduction reaction at the
surface. An interesting aspect of this mechanism is that the crucial transport processes can
leave the top surface undisturbed. The stable oxide support retains its structural integrity
in the midst of the flux of oxygen atoms at the surface necessary to enable the redox activity
at the ceria(111) surface.

But then how does one reconcile the resulting model of neutral oxygen surface vacancies
with the STM images showing structure compatible with (Cem-compensated) vo [2+]?[85,
43, 92] The answer lies in the nature of the measurement: the STM is not measuring the clean
undisturbed surface. The STM obtains its images through measurements of current, which,
in an insulator like ceria, only occurs through the defects in the material, i.e., the oxygen
vacancy. The measurement itself removes electrons from the vacancy, changing the charge
state from neutral to [2+], and induces the structural change that the STM then observes.
That there potentially is a structural rearrangement indicative of such a change in charge
prompted by the measurement would be consistent with an observation from AFM. [88] Their
dissipative signal measured from the atoms above a subsurface vacancy exhibited significant
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Figure 2.7. Energies and migration barrier energies (A,E*)
of neutral oxygen vacancies near the Ce02(111) surface, ref-
erenced to the bulk values. The formation energies near the
surface differ slightly from the bulk formation energy, but the
migration barriers are much smaller near the surface. Neutral
vacancies favor the two sublayers, and can diffuse laterally
across the surface by interchanging between these two layers
with barriers <0.9 eV.

(energetic and structural) relaxation in the course of a measurement.

That provides a consistent model for the essential oxygen transport function of the ceria
support. Building upon this foundation, the results above for the Ni clusters upon this ceria
support provide a model framework to understand the stability and activity of a dispersed
metal catalyst.

A highly dispersed nickel catalyst is vital to maximize the interface perimeter between
chemically active nickel clusters and bare ceria surface, and to avoid sintering into larger
clusters that would lead to coking that deactivates the catalyst. The high mobility of the
adsorbed Ni atom and the extra stability of magic cluster sizes, cognizant of the elevated
temperatures needed to activate the catalytic behavior of the ceria-supported metal, provide
the mechanisms that explain the dispersion of nickel clusters on ceria. [8]

Even at room temperature, individual nickel atoms on ceria(111) will be mobile. These
mobile Ni combine to form clusters, which are more stable and less mobile. Judging from
the binding energies alone, these clusters would grow indefinitely into a catalytically useless
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Figure 2.8. Illustration of hypothesized high-temperature
Ni cluster ripening processes on the Ce02(111) surface
around magic 4-atom tetrahedral (dark blue triangles) and
10-atom hexagonal (dark blue hexagons) clusters. Single Ni
adsorbates 1 are highly mobile even at room temperature.
Two Ni can combine to form dimers 2, themselves transitory
at low temperatures, unless a third Ni encounters the dimer
first to form a pre-magic trimer 3. A mobile Ni can also fill
a shell on a magic cluster 4 to create a new stable surface
species. Existing magic clusters will readily capture 5 a mo-
bile atom (exothermic by >leV). Being less well-bound than
the magic clusters, these satellite atoms can detach 6 at ele-
vated temperatures. The resulting surface consists of magic
(filled-shell) clusters with associated satellite atoms, where
those added atoms will intermittently be released onto the
open surface of migrating single Ni atoms.
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(sintered) mass. However, at elevated temperatures, such as those use to prepare and then
use the metal-supported catalyst, the competing process of Ni detachment is potentially
accessible. Magic clusters, those that ideally fit into O-bound chemical sockets on the ce-
ria(111) surface and complete close-packed shells, are much more stable against detachment,
as shown in Figure 2.5 for the Ni4 and Ni10 clusters. Additional attached Ni atoms are not
as strongly held, being less well able to bind to a surface oxygen.

The picture that emerges is illustrated in Figure 2.8, where the high temperature leads
to ripening of the cluster population at the surface. Four- and ten-atom clusters are stable
points, which attach itinerant additional Ni atoms, atoms that will intermittently detach
into a sea of mobile Ni atoms on the surface. These mobile atoms will find each other to
form new magic clusters, or attach to an existing cluster. In this interpretation, the elevated
temperature is not only necessary to activate endothermic chemical reactions, but is an
essential feature of preparing the dispersed catalyst system itself.

Summary and Conclusions

In this work, we used first-principles DFT to understand the fundamental features of
a ceria-supported nickel surface system relevant to its use as a bi-functional catalyst: the
dispersion and stability of the metal catalyst, and the oxygen vacancy contributions to the
oxygen storage and release from the Ce02 surface.

Designing new catalytic materials systems is dependent upon a meaningful understanding
the dispersion and stability of a metal adsorbate. Based upon these results, we propose
that Ni clusters on ceria(111) will natural coalesce around magic cluster sizes through a
ripening mechanism activated at high temperatures. The strong metal-surface interaction is
determined to be Ni—O bonds, and a strong templating in the Ce02(111) surface leads to
chemical sockets that favor magic cluster sizes. Elevated operating temperatures serve not
only to activate the intended catalytic chemistry, but are an integral part of preparing the
nickel catalyst surface itself. Computational efforts intended to study catalytic chemistry
at adsorbed Ni clusters are likely best founded upon clusters aligning with magic 4- and
10-atom nickel clusters, and also perhaps the mobile single Ni atoms that are activated at
elevated operating temperatures.

An understanding of how the ceria substrate contributes to reduction/oxidation reactions
starts with an atomic-scale understanding of oxygen vacancies at the surface. Conventional
approaches for ceria surfaces use an empirical DFT+U to avoid an unphysical metallization
of the vacancy into a delocalized 4f state, imposing a localization of the vacancy electrons
into nearby reduced Celli atoms. Testing an alternate hypothesis, we find that a method that
deliberately and explicitly precludes occupation of a Ce 4f orbital also avoids metallization,
localizing the charge into the vacancy, and recovers the expected predictive behavior of first-
principles GGA-PBE. The single oxygen vacancy is predicted to be a simple neutral vacancy,
while a simply doubly-ionized vo(2+) gives results closely matching the +U result, without
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leading to the contradictions with respect to experiment. A subsurface reservoir explains a
oxygen exchange activated at higher temperature, the vacancy migrating through the two
sublayers with moderate barriers activated at elevated temperatures.

These results indicate the one does not need to decorate an oxygen vacancy with Cell'
to explain observed vacancy behavior in ceria. The key aspect is the accessibility of the
vo [2+] state, but the normal state of the single vacancy is as a simple neutral vacancy. The
adoption of +U methods, with 15--,5 eV, to reproduce electronic properties, has long been
known to compromise accurate thermochemical predictions at ceria surfaces. The analysis
here indicate that the use of +U for ceria, particularly formulated to create Cern, needs to
be more carefully and critically reassessed. Ceria is a known catalyst for hydrogenation, but,
recasting the chemical potential into a more insightful reference, it becomes evident that,
exposed to H2, Ce[+U]02(111) instead burns.
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