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Ceria offers great promise in catalysis, due to its facile switchable oxidation statemanifested from its oxygen buff-
ering capability. This work presents the first equilibrium surface phase diagram of ceria exposed to various oxy-
gen providing reservoirs (e.g., a pure O2 reservoir as well as NO/NO2, H2/H2O, or CO/CO2 redox environments)
using first principles thermodynamics. For a pure O2 environment, the stoichiometric ceria (111) surface is fa-
vored at ambient conditions. Any appreciable surface reduction is observed only at ultra-lowoxygen partial pres-
sures (b10−30 atm) and room temperature or at temperatures N2000 K and ambient pressures. On the other
hand, a redox environment promotes surface reduction at temperatures as low as 300 K. Semi-local, Hubbard
modified semi-local, and hybrid electronic exchange-correlation functionals are used to capture the energetics
and phase transitions.We observe nodifference between the three theories in the energetics governing ceria sur-
face reduction in the dilute limit. The predicted phase transitions by all levels of theory are in agreement with
each other and in excellent agreement with literature experimental data. Creation of oxygen vacancies in the
sub-surface is energetically favored over surface vacancies, and is pivotal in determining the key features of
the surface phase diagram. Consequently, we identify the oxygen vacancy formation energy as a descriptor for
the surface reactivity of ceria in various oxygen environments. This single governing factor could beused in future
studies to probe the surface reactivity of ceria and also to design improved ceria-based materials for redox
reactions.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Oxides of cerium (CeO2 and Ce2O3) possess a peculiar characteristic
of being able to regulate their oxygen content based on the operating
environment. This “buffering” capability makes them suitable for redox
reactions, e.g., during the treatment of automotive emissions in fuel-rich
or -lean environments. More recently, this functional merit of cerium
oxides has been harnessed in solid oxide fuel cell electrolytes to regulate
oxygen transfer between the cathode and anode compartments [1]. An-
other application of cerium oxides is in high temperature gas sensors
and thermochemical water splitters that rely on alternating oxidized
and reduced states of ceriumoxides [2,3]. Finally, a prominent application
of cerium oxides is in catalysis, particularly for the water–gas shift (WGS)
reaction (CO + H2O → CO2 + H2). Recent studies indicate that the
oxide support actively participates in the reaction, in addition to provid-
ing structural integrity to the metal catalyst [4–7]. A governing factor in
all these applications is the role of oxygen within the ceria lattice or at
the surface. Therefore, developing a fundamental understanding of the
ineering, Annandale, NJ 08801,
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oxygen interaction with ceria is of paramount importance in discerning
the chemical properties of cerium oxides in various oxygen environ-
ments. Knowing the surface/lattice chemistry allows one to rapidly tailor
materials based on desired characteristics (e.g., reactivity, selectivity, and
stability, to name a few).

Regulating the O stoichiometry in ceria offers a promising prospect in
catalysis given the existence ofmultivalent cationic states. In reactions in-
volving a net transfer of O such asWGS, ceria is believed to play an inter-
mediary role of providing redox sites for the reactants [8,9]. The current
understanding of the reaction mechanisms involving ceria is based
upon experimental results and first principles calculations. Ample exper-
imental data characterizing O non-stoichiometry of ceria exists, primarily
from a few decades ago. In the 1980's, Bevan and Kordis equilibrated
ceria in a mixture of either H2O/H2 or CO2/CO and measured the partial
pressures of the corresponding gases to determine the oxygen non-
stoichiometry at 10−8–10−32 atm and 909–1443 K [10]. Panlener et al.
performed similar non-stoichiometry studies using thermo-gravimetric
measurements over 1023–1773 K and 10−2–10−26 atm oxygen partial
pressure [11]. Additional experiments (mass spectrometry, effusion
measurements, high temperature X-ray diffraction, thermal expansion
measurements, and specific heat measurements) studying the non-
stoichiometry of ceria, along with those discussed above, indicate that
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high temperatures and low oxygen partial pressures are required to ob-
serve any appreciable reduction of the undoped bulk CeO2 or any appre-
ciable changes in its equilibrium fluorite crystal structure (Fig. 1a)
[12–15]. Within the context of catalysis, non-stoichiometry at the ceria
surface introduced by point defects such as O vacancies is crucial for the
creation of active reaction sites. These vacancies can be formed either in
the surface or sub-surface O layer (Fig. 1b), as elaborated in the work by
Torbrugge and Reichling [16]. Using atomic and dynamic force microsco-
py, they revealed that the preferred position of the O vacancies is the sub-
surface region for ceria annealed at ~1200 K and 10−12 atm.

The availability of such experimental information on the stoichiom-
etry of ceria and the importance of vacancies in processes involving
ceria have provided the motivation and testing ground for parallel and
complementary first principles computational studies. While extensive
first principles density functional theory (DFT) studies exist for bulk
ceria, there is a limited understanding on the transitions between stoi-
chiometric and non-stoichiometric surface phases. Past computational
studies on ceria have led to a deeper understanding of its electronic
and structural properties, stable surface orientation, and the role of ox-
ygen diffusion and vacancies within the bulk lattice [17–27]. These in-
clude identification of the O vacancy as a crucial factor in determining
the activity of ceria in chemical reactions [28,29]. It is suggested that O
vacancies are preferably formed in the sub-surface layer rather than
the surface layer (or within the bulk) [30], which is consistent with
the aforementioned experiments. Recent work by Janik and colleagues
further indicates the significance of O vacancies in activating a ceria sur-
face for hydrocarbon conversion [31]. Vacancies reduce the neighboring
Ce atoms making them active for dissociation of gas phase molecules.
Fronzi et al. studied the surface behavior of ceria in the presence of a
water and oxygen environment [32]. They found that water remains
adsorbed on the surface even under extremely low water partial pres-
sures (~10−10 atm), at a temperature of 300 K and oxygen pressure
of 1 atm. Under these conditions, reduction in the oxygen pressure in-
duces O vacancies andwater dissociation into OH and H. Thus, O vacan-
cies increase the surface reactivity of ceria for water dissociation.

Even though significantwork has been conducted on ceria usingfirst
principles calculations, ceria still poses technical difficulties due to local-
ization of electrons in the 4f orbitals leading to increased columbic re-
pulsion as it undergoes reduction. These effects are not captured by
conventional DFT that uses local or semi-local electronic exchange-
correlation functionals [28,33,34]. The general practice of modeling ce-
rium oxides has evolved from the traditional functionals to functionals
modified using the Hubbard parameter (U) [35,36] and to hybrid func-
tionals [17]. Furthermore, while most of the zero-temperature DFT
studies [17,19–25,31] have provided substantial understanding of the
Fig. 1. (a) Fluorite structure of ceria and (b) a 5-trilayer slab model of the ceria (111) surfac
consisting of Ce and the top and bottom O atomic layers. The a, b, and c axes of the surface mo
role of oxygen chemistry, amore quantitative connectionwith the avail-
able experimental data for ceria stoichiometry requires a treatment that
includes non-zero temperatures and pressures. First principles thermo-
dynamics (FPT) combines zero-temperature DFT results with statistical
thermodynamics concepts, and offers a reliable, practical, and powerful
prescription to address such factors [37–39].

In the present contribution,we have considered several ceria surface
non-stoichiometric configurations and used DFT–FPT to determine the
favored surface stoichiometry of ceria in equilibrium with a given oxy-
gen environment over a wide range of temperatures and pressures.
Fig. 2, for instance, shows the essence of our current findings, in which
such an equilibrium surface phase diagram of ceria exposed to a pure
O2 environment is portrayed, along with available experimental data
to highlight the level of fidelity that can be achieved in such DFT–FPT
studies. The surface phase diagrams shown in Fig. 2 are determined at
three levels of theory: the first one (panel a) using a conventional
semi-local electron exchange-correlation functional, the second one
(panel b) using the Hubbard modified exchange-correlation functional
accounting for increased electronic repulsion, and the third one (panel
c) utilizing a hybrid functional incorporating a certain amount of
screened nonlocal exchange interaction. Phase diagrams corresponding
to other chemical environments that can provide an indirect oxygen
source (e.g., NO/NO2, H2/H2O, and CO/CO2) are also determined in this
work, and their features compare favorably with the available experi-
mental data (discussed later).

The key findings from this work are as follows: (i) A redox envi-
ronment promotes surface reduction compared to a pure O2 reser-
voir. (ii) The computationally expensive hybrid or Hubbard modified
functionals show a marginal difference compared to the semi-local
exchange-correlation functionals. (iii) The sub-surface O vacancy forma-
tion energy is the single most important factor in determining significant
features of the ceria surface diagram in an O2 or redox environment. The
lastfinding has deeper implications for future attempts aimed atmethods
to control features of the surface phase diagram; andwe thus elaborate on
that point further. Equilibrium phase diagrams, by definition, do not
contain any kinetic information. Nevertheless, key phase boundaries in
the phase diagrams may be indicative of catalytically active conditions,
as elucidated in the past for CO oxidation over RuO2 and Pd surfaces by
Scheffler and colleagues [37–39]. Consistent with the Sabatier principle,
such studies have established that experimentally observed catalytically
active regions occur primarily when surface phases undergo transition.
Similarly, for a stoichiometric CeO2 surface, the conditions corresponding
to the formation of a subsurface O vacancy indicate the point atwhich the
Ce oxidation state begins to become “flexible”, and may be an important
factor to track. The O vacancy formation energy in various chemical
e. Green atoms represent Ce and red atoms represent O. The box represents one trilayer
del are shown at the bottom right corner.



Fig. 2. Predicted ceria surface phase diagram in an oxygen environment using the (a) PBE, (b) PBE + U, and (c) HSE06 levels of theory. Symbols represent experimental data [10,11], and
the dashed lines indicate thermodynamically governed relations based on PBE.
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environments may thus be viewed as a descriptor for catalyst screening
studies in the future.

The remainder of this manuscript is organized as follows. In Section 2,
we discuss our methodology for the DFT calculations and the FPT frame-
work. Our main results are presented in Section 3, which starts with the
0 K O adatom(s) binding and O vacancy formation energies, followed
by the surface energies for different O vacancy concentrations (surface
and sub-surface) and the relative surface energies of all configurations
as a function of oxygen chemical potential. The penultimate part of this
section presents the first principles derived surface phase diagram for
ceria in an oxidizing environment based on equilibrium with oxygen,
alongwith a Bader analysis to rationalize the oxidation states of the stable
phases. We end this section with the surface phase diagrams in different
environments inwhich the oxygen chemical potential is defined in terms
of redox reactions involving NO/NO2, H2/H2O, or CO/CO2 and the implica-
tions of thiswork. Lastly,we concludewith keypoints of the current study
in Section 4.

2. Methodology

2.1. Computational and model details

All first principles DFT calculationswere performed using the plane-
wave based Vienna Ab-Initio Simulation Package (VASP) [40]. Projector
augmented wave (PAW) frozen core potentials with the O 2s, 2p, and
the Ce 5s, 5p, 4f, 5d, 6s states treated as the valence stateswere employed
[41,42]. A 400 eV plane-wave cut-off energy was necessary to en-
sure converged results. The quantum mechanical part of the elec-
tron–electron interactions was represented using the Perdew–Burke–
Ernzerhof (PBE) exchange-correlation functional, and its Hubbard
modified extension (PBE + U, U = 5 eV) along with the Heyd–
Scuseria–Ernzerhof (HSE06) hybrid functional [43–46]. While the
PBE functional is a widely used semi-local functional, the HSE06
functional incorporates a certain amount of screened range-
separated nonlocal exchange interaction, known to improve various
properties including thermochemistry (i.e., energetics) and the
electronic structure (e.g., the band gap of insulators) [17]. The Hub-
bard modified PBE functional, on the other hand, accounts for the in-
creased Coulombic repulsion due to electron localization on a
reduced surface. As the HSE06 functional requires significantly
more computational time relative to the PBE functional, all geome-
try optimization calculations were performed using the PBE func-
tional, followed by the evaluation of just the energies using the
HSE06 functional at the PBE-optimized geometry. For completeness,
geometry and electronic optimization was carried out with PBE + U
functional; and it was included here primarily to compare and con-
trast the three levels of theory. A convergence criterion of 10−4 eV
and 10−3 eV between consecutive electronic and ionic iterations
was adopted. A 0.1 eV Gaussian smearing width was used to treat
the band occupancies close to the Fermi level. Spin polarized calcu-
lations assured correct treatment of the magnetic components of the
ceria system, particularly in treating the atomic O, molecular O2, and
reduced Ce atom states.

The bulk ceria fluorite structure in Fig. 1a was optimized using a
gamma centered 6 × 6 × 6 k-point mesh and the PBE functional, yield-
ing a lattice parameter of 5.47 Å,which is reasonably close to the exper-
imental value of 5.41 Å [47]. Similarly optimization based on PBE + U
functional resulted in a lattice parameter of 5.49 Å for the bulk struc-
ture. Using the PBE optimized bulk lattice parameters, a 2 × 2 ceria
slab was created to model the (111) surface with a total of 15 atomic
layers (Fig. 1b) and a vacuum of 15 Å between periodic images to min-
imize the finite size interactions. As shown in Fig. 1b, stacking along the
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(111) direction can be represented in terms of [O–Ce–O] trilayers, with
equal number of atoms in each layer of a trilayer for a stoichiometric
CeO2 system. Therefore, the 15 atomic layers consist of 5 such trilayers.
For the 1st trilayer, we refer to the upper and lower O layers as the sur-
face and sub-surface layers, respectively. The k-point grid was reduced
to 3 × 3 × 1 for the slab supercell, and the middle 3 trilayers were
fixed to create a bulk-like region, yielding a symmetric surface model.
Fig. 3 shows the top and the side views of the supercell used to model
the crystal surface (only the top two trilayers of the surface are shown
for clarity). The green and gray spheres represent Ce atoms in the first
and second trilayers, respectively. The red, black, and blue atoms repre-
sent the surface, sub-surface, and adsorbed (adatom) O atoms, whose
concentrations are denoted asα, β, and θ, respectively. O concentration
in a given layer is defined as the ratio of the number of O atoms in that
layer to the number of Ce atoms per trilayer. In the present study, α, β,
and θ, were varied systematically and independently between 0 and1 in
increments of 0.25 (noting that an intact layer without vacancies con-
tains 4O atoms at the surface and sub-surface layers). This encompasses
more than 20 configurations, ranging fromanOdepleted surface or sub-
surface to a completely O adatom saturated surface.

We systematically start from a stoichiometric CeO2 slabwithout any
O adatoms (α = β = 1, θ = 0) and successively remove the surface
or sub-surface O atoms from the 1st trilayer until the surface or sub-
surface is devoid of O. These conformations simulate the surface transi-
tion of ceria as it undergoes reduction in a highly oxygen–lean/reducing
environment. In addition to removing O atoms from the surface or
sub-surface layers, several additional cases were considered in which
surface and sub-surface O atoms were removed simultaneously. These
included situations leading to a reduced Ce2O3 stoichiometry in the sur-
face trilayer (α = β = 0.75, θ = 0), or to the surface trilayer complete-
ly devoid of O (α = β = θ = 0) which may occur under extremely
reducing conditions. On the other hand, to model O adsorption on ceria
in oxygen-rich/oxidizing conditions, θwas varied from 0 to 1monolayers
(ML)whilemaintaining the ceria stoichiometry (α = β = 1). For a given
concentration of the O adatom(s), three different adsorption sites, viz.,
top, bridge, and hollow (3-fold), were considered. To prevent ambiguity,
we use the general notation CeOx

α,β + θ ML to represent the surface
trilayer region includingOadatoms. The trilayer stoichiometry is captured
by x (=α + β). For simplicity and to eliminate some redundancy, when
θ = 0, we represent the surface region by just CeOx

α,β; and when θ N 0,
we use the notation CeO2 + θML (as α = β = 1when θ N 0).

2.2. First principles thermodynamics

FPT has been extensively discussed in the past [37–39]; here we
briefly remark on some key concepts only. The free energy for the
Fig. 3. (a) Top view of the ceria (111) 2 × 2 supercell, and (b) different O atoms in the slabmod
green and gray atoms represent Ce in the 1st and 2nd trilayers, respectively.
formation of a certain concentration of O vacancies or adatoms
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Here, ECeOα;β
x þθ and ECeO2 represent the 0 K DFT energy of the non-

stoichiometric slab and the stoichiometric ceria slab (α = β = 1,
θ = 0), respectively; and 4(α + β + θ − 2) represents the net num-
ber of O atoms that have been added to or removed from the stoichio-
metric slab (while noting that there are 4 O atoms per layer in the
2 × 2 (111) slab). μO is the oxygen chemical potential of the reservoir,
which can bewritten in its temperature (T) and pressure (P) dependent
form as

μO T;PO2

� �
¼ 1

2
EO2

þ ΔμO2
T;PO2

� �h i
; ð2Þ

where,

ΔμO2
T;PO2

� �
¼ Δμ

0

O2
T;Po
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PO2

Po
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: ð3Þ

EO2
in Eq. (2) represents the 0 K energy of an isolated O2 molecule in-

cluding the zero-point harmonic vibrational energy. ΔμO2
contains the

temperature and pressure dependent components, and can be separat-
ed into a purely temperature dependent part Δμ

0

O2

� �
that can be deter-

mined using the JANAF thermochemical tables [48] or statistical
thermodynamics [49]. kT ln

PO2
Po

� �
accounts for the pressure dependence

with a chosen reference pressure of Po (1 atm). In deriving Eq. (1),
the entropic and pressure–volume contributions to the free energy of
condensed phases were neglected given that these effects would likely
cancel out between the non-stoichiometric and stoichiometric slabs, as
has been verified before by Zhu et al. [49].

Similarly, the surface energy corresponding to a slab with a certain
concentration of O vacancies or adatoms, relative to the stoichiometric
slab, is given by

ΔγCeOα;β
x þθ ¼ γCeOα;β

x þθ−γCeO2

¼
ECeOα;β

x þθ−ECeO2
−4 αþ βþ θ−2ð ÞμO

2σ
: ð4Þ

Here,ΔγCeOα;β
x þθ is the relative surface energy; γCeOα;β

x þθ andγCeO2
are

the surface energies of the non-stoichiometric and the stoichiometric
slabs, respectively; and σ is the exposed surface area. The factor of 2 in
the denominator accounts for the fact that our slab contains identical
el; red atoms— surface O, black atoms— sub-surface O, and blue atoms— adsorbed O. The
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top and bottom surfaces. The relative surface energy is used to identify
the stable phases observed for a range of oxygen potentials. The driving
force for O exchange is governed by the difference in the chemical po-
tential between the solid and its environment. Low μO indicates an oxy-
gen–lean environment in which O from the solid would likely desorb
and create vacancies. Similarly, high μO indicates an oxygen-rich environ-
ment in which O adatoms would adsorb on the stoichiometric surface.
Thus, μO is bound by two limits: a critical maximum when molecular O2

condensation occurs on the surface and a critical minimum when μO is
low enough to promote decomposition of ceria into its constituent com-
ponents (Ce metal and O2 gas).

The aforementioned equations apply to a ceria surface in equilibri-
um with an explicit O2 reservoir. However, O transfer to and from the
surface can also indirectly be facilitated by the presence of other redox
environments (e.g., NO/NO2, H2/H2O, and CO/CO2). In such cases, μO is

governed by the ratio of the gas concentrations or pressures, i.e.,
PNO2
PNO

;

PH2O
PH2

;or
PCO2
PCO

, based on the following relations:

μO¼ μNO2
−μNO or μO¼ μH2O

−μH2
or μO¼ μCO2

−μCO; ð5Þ

μO T;PNO2
;PNO

� �
¼ ENO2

−ENO þ Δμ
0

NO2
T;Po
� �

−Δμ
0

NO T;Po
� �þ kT ln

PNO2

PNO

� �� 	
; ð6Þ
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 !" #
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and
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0
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� �

−Δμ
0
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Here, Ei represents 0 K energy, whereas the temperature dependent
Δμi' terms for the different gases (i = NO, NO2, H2, H2O, CO, CO2) are ob-
tained from the JANAF thermochemical tables [48]. The other terms are
similar to those defined in Eqs. (2) and (3).

All the above mentioned relations apply to a thermodynamically
governed system. Thus the stability of a surface is based on minimizing
its free energy. The surface energy relation alongwith the expression for
the oxygen potential allows for a one-to-one mapping between the
stable surface phases and the operating variables (temperature and
pressure), thereby allowing for the creation of the ceria surface phase
diagram [37–39].

3. Results and discussion

3.1. 0 K energy of oxygen adatom(s) binding and vacancy formation

As alluded to earlier, the transition point when a surface readily
switches between stoichiometric and non-stoichiometric states is par-
ticularly important in understanding the potential catalytic activity of
Table 1
Binding energy of O adatom(s) at different adsorption sites using molecular O2 as reference. V

Coverage, θ ML Top (PBE) Hollow (PBE)

0.25 2.24 (−1.08) 1.52 (−1.80)
0.5aa 2.28 (−1.05) 1.58 (−1.75)
0.5ba 2.28 (−1.05) 1.58 (−1.74)
0.75 2.30 (−1.02) 2.19 (−1.14)
1 2.32 (−1.02) 2.43 (−0.89)

a (a) Vacancies or adatoms are adjacent to each other along the same axis; (b) vacancies or
a particular material. In this section, in an attempt to understand such
transitions, the dilute limit of O adatom binding or O vacancy formation
in the stoichiometric ceria surface is explored. Table 1 shows the calcu-
lated 0 K formation energies for O adatoms on the surface, obtained by
settingΔμO2

T;Pð Þ to zero in Eq. (2). At θ = 0.25 ML, which corresponds
to a single O adatom on the 2 × 2 stoichiometric ceria slab, this simu-
lates a dilute O adatom coverage on the ceria (111) surface. For this di-
lute coverage scenario, the binding energies with respect to molecular
O2 at the 3 different adsorption sites, viz., top, hollow, and bridge, are
2.24, 1.52, and 0.34 eV, respectively, at the PBE level of theory (the cor-
responding values are−1.08,−1.80 and−2.99 if the atomic O energy
is used as a reference). Given that HSE06 is computationally expensive,
we determined the adatom binding energy only for the stable bridge
site, and obtained a similar binding energy value of 0.34 eVwith respect
to molecular O2. Similarly, for PBE + U, the adatom binding energy for
the stable bridge site was 0.38 eV with respect to molecular O2. At the
bridge site, the O\Ce bond length is 1.95 Å, whereas the bond length
increases to 2.40 Å and 2.35 Å for the hollow and top sites, respectively.
The short O\Ce bond length at the bridge site increases its bond
strength, making it the most favorable site. Similarly at the hollow
site, which is the second most stable site, the increased bond length
reduces the orbital overlap thereby weakening its bond. However, at
the hollow site, the O atom concurrently bonds with three neighboring
Ce atoms, thus inducing greater stability relative to the top site binding.
Furthermore, as the O adatom coverage increases from a dilute
case (θ = 0.25 ML) to one where the entire surface is covered with O
adatoms (θ = 1ML), the bridge binding mode remains the most stable
site followed by the hollow and top sites. Increasing the surface cover-
age of O adatoms results in larger adsorbate–adsorbate lateral repulsive
interactions resulting in weaker O binding energies. These lateral inter-
actions, however, are not significant even under high O coverage, given
the large adatom separation in metal oxides compared to that in metals
[50].

Having discussed the adatom cases, we now move to mildly reduc-
ing conditions where O vacancies start forming in the surface or sub-
surface layers. Table 2 shows the 0 K energy required to form such an
O vacancy, at the surface or sub-surface layer. In the dilute limit repre-
sented by a single vacancy in the 1st trilayer of the 2 × 2 slab, the energy
required for an O vacancy formation at the surface or sub-surface layer
is 3.27 and 2.98 eV, respectively. Therefore, a sub-surface O vacancy is
more stable than a surface O vacancy by 0.29 eV. A similar DFT study
comparing the relative stability of surface and sub-surface O vacancies
in ceria indicates that a sub-surface vacancy is more stable than a sur-
face vacancy by 0.29 eV due to lattice relaxations [30,51,52]. Nolan
and colleagues also report a surface O vacancy formation energy of
3.30 eV [21,22]. The O vacancy formation calculations were repeated
with the HSE06 level of theory, yielding a formation energy of 3.60
and 3.04 eV for a surface or sub-surface vacancy, respectively, in the
1st trilayer. We observed a slightly higher O surface vacancy formation
energy compared to Pirovanno et al., mostly due to a lack of geometry
optimization [30]. The corresponding values with PBE + U were 3.25
and 2.90 eV, respectively. In all three levels of theory, the sub-surface
site is the more stable location for the point defect. The phenomenon
of a more stable sub-surface vacancy has also been observed experi-
mentally by Torbrugge and Reichling [16], where the nucleation of
sub-surface vacancies occurs prior to the formation of surface vacancies
alues in parentheses are the binding energies with atomic O as the reference.

Bridge (PBE) Bridge (PBE + U) Bridge (HSE06)

0.34 (−2.99) 0.38 (−2.95) 0.34 (−2.25)
0.38 (−2.95) 0.34 (−2.99) 0.45 (−2.14)
0.42 (−2.91) 0.45 (−2.87) 0.48 (−2.11)
0.51 (−2.81) 0.65 (−2.68) 0.58 (−2.01)
0.58 (−2.74) 0.68 (−2.65) 0.69 (−1.91)

adatoms are not along the same axis in the 2 × 2 cell.



Table 2
Vacancy formation energies for a surface and sub-surfaceO in the 1st trilayer and at the upper
and lower O layers of the 2nd and 3rd trilayers for a ceria (111) surface. The O vacancy
formation energy in bulk CeO2 is also shown for comparison.

Trilayer Oxygen vacancy formation energy, eV

PBE PBE + U HSE06

Vacancy in
upper
layer

Vacancy in
lower
layer

Vacancy in
upper
layer

Vacancy in
lower
layer

Vacancy in
upper
layer

Vacancy in
lower
layer

1 3.27 2.98 3.25 2.90 3.60 3.04
2 3.97 3.91 – – – –

3 3.85 3.85 – – – –

Bulk 3.50 – –

Table 3
Relative surface energy,Δγ, for variousOnon-stoichiometry and adatomcoverage configura-
tions for ceria (111) at 0 K,with reference to the stoichiometric slab (α = β = 1, θ = 0). For
non-zero adatom coverages (α = β = 1, θ N 0), the adatom location is also mentioned.

θ α β Δγ, eV/Å2

PBE PBE + U HSE06

0 1a 1a 0 0 0
0 1 0.75 0.058 0.058 0.059

0.5ab 0.155 0.173 0.139
0.5bb 0.142 0.148 0.139
0.25 0.218 0.219 0.198
0 0.321 0.310 0.278

0.75 1 0.063 0.063 0.069
0.5ab 0.188 0.208 0.173
0.5bb 0.149 0.148 0.146
0.25 0.269 0.297 0.239
0 0.342 0.356 0.307
0 0.75 0.450 0.460 0.419

0.5ab 0.553 0.557 0.517
0.5bb 0.862 0.831 0.869
0.25 0.935 0.980 0.974
0 0.786 0.778 0.739

0.75 0.75cc 0.195 – –

0.75dc 0.75 0.150 – –

0.25—top 1 1 0.043 – –

0.25—hollow 0.029 – –

0.25—bridge 0.007 0.011 0.007
0.5ab—top 0.088 – –

0.5ab—hollow 0.061 – –

0.5ab—bridge 0.015 0.019 0.017
0.5bb—top 0.088 – –

0.5bb—hollow 0.061 – –

0.5bb—bridge 0.016 0.022 0.018
0.75—top 0.133 – –

0.75—hollow 0.086 – –

0.75—bridge 0.030 0.038 0.034
1—top 0.179 – –

1—hollow 0.188 – –

1—bridge 0.045 0.052 0.058

a Δγ = 0 eV/Å2 as CeO2 is the reference. Calculatedγwith PBE functional = 0.56 J/m2.
b (a) Vacancies or adatoms are adjacent to each other along the same axis; (b) vacancies

or adatoms are not along the same axis in the 2 × 2 cell.
c Vacancy at surface and sub-surface layer,with both the vacancies created by removing

O atoms associated with a Ce atom or between a Ce atom and its nearest neighboring Ce
atom, respectively.

Fig. 4.Parity plot of PBE + U vs. PBE andHSE06 vs. PBE relative surface energy (Δγ) values
for the configurations in Table 3.
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as resolved via atomic and dynamic force microscopy. Table 2 reports
the O vacancy formation energy for the 2nd and 3rd trilayers as well,
using PBE. For the 2nd trilayer, creating an O vacancy requires 3.97 or
3.91 eV from an upper and lower O layer, respectively; whereas for
the 3rd trilayer, 3.85 eV is required to remove an O from either of the
O layers. Finally, we also report that the O vacancy formation energy
for bulk CeO2 is 3.50 eV, consistent with the value of 3.62 eV reported
by Jiang et al. [27]. These results indicate that the bulk-like nature of
the material is progressively recovered as one moves from the surface
to the interior. It is also evident that removing O from the bulk-like
internal trilayers requires significantlymore energy and any underlying
chemistry would likely be restricted to the surface (i.e., 1st trilayer).
Therefore, we have considered O non-stoichiometry only at the 1st

trilayer in the subsequent discussion.

3.2. Relative surface energies of configurations

Before incorporating the finite temperature and pressure effects, we
look at the 0 K relative surface energy (Δγ) values for all the configura-
tions considered (Table 3). The 0 KΔγ valueswere computed by setting
ΔμO2

¼ 0 in Eq. (2). Comparing cases with similar configuration from
Table 3, i.e., as β (for α = 1, θ = 0) and α (for β = 1, θ = 0) vary
from 0 to 1, we observe that a reduced sub-surface is again preferred
over a reduced surface, regardless of the O vacancy concentration.
Along with the 0 K Δγ values, Table 3 also compares the three levels
of theory.

The agreement in Δγ values among the three levels of theory is ex-
cellent, as indicated by the parity plot in Fig. 4 or by comparing the
tabular values in Table 3. Validation of our calculated values with litera-
ture is challenging given that almost no information exists on non-
stoichiometric ceria surfaces to the best of our knowledge. However,
the ceria (111) surface energy value is widely reported, and thus we
have used it as a basis of comparison. For a relaxed stoichiometric sur-
face, past data range from 0.45 to 0.77 J/m2 [18,19,27], which compare
well with our calculated value of 0.56 J/m2. The 0 K data provide a ge-
neric understanding of the surface; but the finite temperature and pres-
sure contributions must be considered in real operating environments.

Next, we incorporate non-zero temperature and pressure effects
using Eq. (3) into the relative surface energy relations in Eq. (4). Incor-
porating these factors results in a plot of Δγ as a function of ΔμO2

as
shown in Fig. 5. As the relations mentioned in Section 2 are thermody-
namically bound, the surface configuration with the lowest Δγ is the
most stable one. In Fig. 5, we observe that different surface configura-
tions form the minimum trace line, as we progress gradually along the
ΔμO2

scale. The ΔμO2
scale is indicative of the driving force for the ex-

change of O between the surface and its environment. At highly nega-
tive ΔμO2

values, the environment is extremely reducing due to the
lack of oxygen, which creates a systematic imbalance that forces O out
from the slab. Under such conditions, a highly reduced surface with no
surface or sub-surface O atoms is observed, i.e., the surface is Ce termi-
nated. As ΔμO2

becomes more positive, the imbalance created between
the oxygen reservoir and the surface diminishes, thereby reducing the
extent of surface non-stoichiometry. Moving along the positive direc-
tion on theΔμO2

axis in Fig. 5, the heavily reduced Ce terminated surface
configuration CeO0

0,0 transitions to a CeO1
1,0 configuration (sub-surface

layer completely devoid of O), followed by a CeO1.25
1,0.25 configuration

image of Fig.�4


Fig. 5. Relative surface energy (Δγ) as a function of oxygen potential ΔμO2

� �
using the (a) PBE, (b) PBE + U, and (c) HSE06 functionals. Minimum energy line represents themost stable

phases, whereas the intersection points depict phase transformation regions.
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(sub-surface layer with high O vacancy concentration), followed by a
marginally reduced CeO1.75

1,0.75 configuration (sub-surface layer with low
O vacancy concentration), and finally ending with a stoichiometric
CeO2 surface (no vacancies).With the currentmodel, we do not observe
the intermediate configuration of CeO1.5

1,0.5. This particular stoichiometry
is energetically unfavorable, and the stable phase switches between
CeO1.25

1,0.25 and CeO1.75
1,0.75, as discussed in the sections to follow. At higher

ΔμO2
values (N0.35 eV for PBE, N0.4 eV for PBE + U, and N0.3 eV for

HSE06), the onset for O adatom adsorption is observed on the ceria sur-
face. These potentials represent an oxygen-rich environment, where a
role reversal between the environment and the surface allows for
adatom covered surfaces to be thermodynamically favorable. Starting
from a stoichiometric or clean surface (θ = 0), the O adatom coverage
(θ) increases from 0 ML to 0.25 ML to 0.5 ML to 0.75 ML and finally to 1
ML (complete saturation) as the O2 content in the environment increases.

At this point, we also note the similarities and differences among the
PBE, PBE + U, and HSE06 derivedΔγ plots (Fig. 5a, b and c, respectively).
In all the plots, the same stable phases are observed; the relative position
of phase transformation however differs to some extent. Given that we
solely optimized the electronic structure in HSE06 calculations, the con-
figurationswith significant rearrangement (primarily the heavily reduced
ones) show different oxygen potential locations for phase transition, and
a geometric optimization could alter these boundaries. However, the ini-
tial reduction from CeO2 to CeO1.75

1,0.75 or the adatom adsorption from CeO2

to CeO2 + 0.25 ML occurs at similarΔμO2
conditions for all three levels of

theory. Another key point, as described in Section 2, is that ΔμO2

is bound by the two critical limits. In an oxygen–lean environment
(ΔμO2

b −5.23 eV), the onset for the decomposition of the bulkmaterial
into its constituent elements, i.e., bulk Ce metal and O2 gas, occurs. Using
the stable phases and the critical conditions observed under different
ΔμO2

values allows us to create the ceria surface phase diagramunder var-
ious oxygen environments.

3.3. First principles derived phase diagram for ceria

A mapping of the stable phases observed in Fig. 5 as a function of
ΔμO2

leads to the generation of the ceria surface phase diagram. Essen-
tially, each ΔμO2

value of Fig. 5, corresponding to a transition from one
configuration to another, manifests as a curve in the phase diagram
(as prescribed by Eq. (3)). Such a phase diagram is shown in Fig. 2
(PBE, PBE + U, and HSE06 results in panels a, b, and c, respectively). It
reveals that under atmospheric pressure, a ceria surface remains in its
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Fig. 6.Bader charge distribution of Ce atoms progressing from the 1st trilayer at the surface
to the internal bulk-like 3rd trilayer.
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stoichiometric state even at extremely high temperatures (up to
2000 K). Progressing from the top left (close to ambient conditions)
downwards (lower oxygen pressure) and to the right (higher tempera-
tures), an imbalance between the O2 reservoir and the surface causes O
to desorb from ceria, making a mildly non-stoichiometric surface in the
sub-surface layer to be themost stable phase. A further decrease in pres-
sure (and oxygen potential) leads to a high degree of O desorption cre-
ating a more reduced sub-surface phase. Eventually under extremely
high temperatures and low pressures (highly negative oxygen poten-
tials), all the O atoms desorb from the sub-surface and surface layers,
thereby creating a Ce terminated surface. All the manifestations ob-
served in Fig. 5 are directly translated onto the ceria surface phase dia-
gram in Fig. 2. The phases corresponding to adatom coverages do not
appear under the conditions shown here, given that a practically unreal-
istic oxygen pressure is required (PO2 N 106 atm) to observe any trace
of adsorption.

After discussing the theoretical insights from the phase diagram, next
we compare the phase diagram features with experimental data in litera-
ture. Symbols in Fig. 2 correspond to bulk ceria non-stoichiometry ob-
served in an ensemble of experiments, such as thermo-gravimetric
analysis, mass spectrometry, effusion measurements, high temperature
X-ray diffraction, thermal expansion measurements, and specific heat
measurements. The experimentally observed configurations include
CeO1.99, CeO1.9, CeO1.8, CeO1.75, and CeO1.7 [10,11]. The presence of
ample experimental data allows for a direct comparisonwith the predict-
ed non-stoichiometry. As seen in Fig. 2, the predicted phases are in good
coherence with the experimental data. In order to observe any apprecia-
ble reduction of bulk ceria, ultra-low oxygen pressures and high temper-
atures are required, which is consistent with our predicted trend. As
mentioned earlier, creating surface non-stoichiometry is energetically
less taxing compared to bulk non-stoichiometry; therefore, surface reduc-
tion occurs prior to bulk reduction. This phenomenon is also captured
by our phase diagram, which indicates the presence of a CeO1.75

1,0.75 surface
phase prior to the experimentally observed bulk stoichiometry of CeO1.75.
The dashed red line represents the thermodynamic conditions derived
from DFT energies for bulk CeO2 transitioning to its reduced Ce2O3 state.
Again, in order to observe this transformation, the overall bulk stoichiom-
etry must correspond to that of Ce2O3. The dashed purple line represents
the thermodynamically governed conditions for the decomposition of
bulk ceria into its constituent elements, i.e., Ce metal and O2 gas. The
difference observed in the position of the dashed lines between panels
(a) and (b) lies in the governing theory used to create the thermodynamic
transformations. For the HSE06 derived phases to be consistent, it is nec-
essary to allow for structural relaxation. This may be important for only
those caseswhere a significant rearrangement of the surface occurs as de-
scribed earlier. On the other hand, forminimal rearrangement such as the
initial transition of stoichiometric ceria to CeO1.75

1,0.75, using the PBE + U or
HSE06 theory results in only amarginal difference (the phase transforma-
tion occurs at a lower temperature by ~5 Kwith PBE + U and ~50 Kwith
HSE06), indicating that the PBE level of theory is sufficient for practical
purposes. Based on both theories, the region where ceria undergoes the
initial phase transformation (transition of CeO2 to CeO1.75

1,0.75) is of utmost
importance, as this governs the use of ceria as an O buffering material.

At this point, it is important to mention the limitations under which
the phase diagramwas derived: (i) The observed stable phases are lim-
ited by the initial domain of the configurations considered in this study.
Additional intermediate configurations are therefore buried within the
phase transition boundary, but they could be discerned using larger
unit cell calculations. Nonetheless, the overall predictions based on the
considered configurations are in excellent agreement with the experi-
mental and thermodynamic data. (ii) The vibrational entropy contribu-
tion of the condensed phases to the total free energy is neglected.While
this may be a good assumption at low temperatures (due to favorable
cancelation of this contribution in the system before and after O adsorp-
tion/desorption) [49], this may have to be revisited at high tempera-
tures close to the melting temperature. Given that the upper
temperature limit of the phase diagram is well below the melting
point of the fluorite phase of ceria (~2650 K), we do not expect
these effects to drastically alter the predicted energetics. (iii) The
abrupt transitions in the derived stoichiometries will not be ob-
served experimentally, but they are rather a manifestation of ignor-
ing the configurational entropy (and point (i) made above). (iv) The
dynamics of vacancy filling and migration are not considered here.
(v) Using a PBE based geometry as a baseline can induce the forma-
tion of Ce3+ ions more readily. (vi) Lastly, using a PBE functional re-
sults in a delocalization of electrons (charge density plots showing
the extent of delocalization between the two functionals are provided
in the supplementary information), but captures the initial phase trans-
formation accurately given that energetics is not significantly altered
under a dilute vacancy limit. Despite these assumptions and limitations,
we expect the predictions made using such strategies to be at least
semi-quantitative in systems involving O chemistry, as has been point-
ed out earlier [49], and as is clearly borne out by the current work. The
predicted phases not only validate experimentally observed transitions,
but are also in excellent agreement with the experimental and thermo-
dynamic data.

3.4. Bader analysis to determine the oxidation states

To further validate the stable phases predicted by FPT calculations,
we performed a Bader analysis to determine the oxidation states of
the Ce atoms under different O environments. Ce atoms in CeO2 and
Ce2O3 have a formal oxidation state of +4 and +3, respectively. How-
ever, the nominal oxidation states as recovered by the Bader analysis
are expected to be different from these formal values due to incomplete
charge transfer and the inability to unambiguously partition space in
order to determine the formal atomic charge. In our calculations, bulk
ceria in a nominal +4 and +3 state exhibits a Bader oxidation state of
+2.23 and +1.98, respectively. These oxidation states are similar to
the bulk values (+2.37 and +1.98) reported by Loschen et al. [51].
Using these values as a benchmark, we compared the oxidation states
of Ce atoms in each trilayer for all the configurations to distinguish
whether the Ce atom is in an oxidized (+4) or reduced (+3) state.
Fig. 6 shows the Bader charge of the Ce atoms as we progress from the
1st trilayer down to the bulk-like internal trilayers. The two dotted
lines in Fig. 6 represent the Bader oxidation states of the Ce atoms in
bulk CeO2 and Ce2O3. The CeO1.75

1,0.75 configuration has an oxidation
state (+2.37) similar to bulk CeO2, whereas the CeO1.25

1,0.25 configuration
has an oxidation state (+1.98) similar to bulk Ce2O3. This indicateswhy
the intermediate CeO1.5

1,0.5 configuration does not show up as a stable
phase in the relative surface energy plot. For any intermediate oxidation
states, this configuration is not energetically favored. A similar reduction
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in the Bader charge (~0.1 eV) on progressing to non-stoichiometric cases
has been reported with ceria nanoparticles whereby the reduced co-
ordination affects bonding between the Ce and O ions, and also affecting
the surface energy as a result [53]. Finally, as we move into the material
(i.e., the inner trilayers), the Bader oxidation state of bulk CeO2 is
recovered; and thus the energy required for forming an O vacancy from
the 2nd and 3rd trilayers is equivalent to that of an O vacancy from bulk
CeO2. This is also consistent with the conclusion drawn from the O vacan-
cy formation energy.

3.5. Ceria phase diagram with indirect oxygen participation

As discussed earlier, in the presence of a reducing/oxidizing environ-
ment, O transfer can occur via an indirect redox reaction of ceria with
various gas molecule pairs. FPT serves as a powerful tool to consider
these situations of indirect O participation, as discussed in Section 2 and
Eqs. (6)–(8). Given that the relative difference in surface stoichiometry
changes marginally when using PBE + U or HSE06, we re-derived the
ceria surface phase diagrams in three equilibrium redox environments –
NO/NO2, H2/H2O, and CO/CO2 – (Fig. 7a, b, and c, respectively) using
PBE energetics. The critical assumptions made while deriving these
phase diagrams are as follows: (i) Direct interactions of CO, CO2, H, H2O,
NO, and NO2 with the ceria surface are not included, i.e., the energetics
of adsorption and surface reactions involving these species are not incor-
porated. (ii) The oxygen potential is defined based on a single redox reac-
tion given in Section 2,whereas several side reactions could be possible in
a real environment.

The phase diagrams in Fig. 7 were derived in terms of the ratio of the
partial pressures, which governs the oxygen chemical potential as
discussed earlier. A low ratio indicates an oxygen deficient (reducing)
environment. Fig. 7a, b, and c indicate that the ceria surface is readily re-
duced in the CO-rich and H2-rich environments [54,55], as compared to
an NO-rich environment which requires higher temperatures for the
Fig. 7. Ceria surface phase diagram derived in (a) NO/NO2, (b) H2/H2O, and (c) CO/CO2 red
same extent of non-stoichiometry. This is consistent with the notion
that H2 and CO are stronger reducing gases compared to NO [50]. Given
assumptions (i) and (ii) above, the difference in the predicted phases in
H2/H2O andCO/CO2 environments (Fig. 7b and c) is a directmanifestation
of the thermodynamics governing their corresponding oxidation reac-
tions. For any given temperature, a decrease in the ratio of partial pres-
sures lowers the oxygen potential, therefore creating a reduced surface.
The extent of non-stoichiometry increases as the temperature increases
or the ratio of partial pressures decreases. Once again, the predicted
phases are in good agreement with the experimentally observed phases
of ceria under the considered redox environments [10].

3.6. Implications of O vacancy formation energy for catalysis and materials
design

The work presented thus far demonstrates our ability to make the
high-fidelity predictions of phase transitions enabled by chemical pro-
cesses on ceria surfaces using DFT–FPT. In order to use this scheme to
tailor the activity of ceria for redox catalysis, e.g., through doping, it
may be useful to identify themost important factor (or the “descriptor”)
that controls the surface oxygen chemistry of ceria [56]. Based on our re-
sults, we believe that the O vacancy formation energy is such a descriptor
as it largely governs the transition of stoichiometric ceria to a reduced
phase, where active sites are created. Indeed, factors that control the
placement of relevant phase boundaries have been shown in the past to
correlate to catalytic activity [57,58]. Moreover in this work, even though
the sub-surface O vacancy formation energy is identified as a descriptor,
both the surface and sub-surface vacancies could play an active role
after equilibration. Based on the experimental work by Torbrugge et al.
[16] and Esch et al. [28], both types of vacancies exist at ~1300 K, and
the active rearrangement of the vacancies indicates the availability of
defect sites for reactions (outside the scope of our work). O vacancies
on a ceria surface also drive water dissociation into OH and H – a
ox environments using the PBE functional. Symbols represent experimental data [10].
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pre-requisite for WGS reaction [59,60] – as shown by Fronzi et al. [32]. O
vacancies on a ceria surface are known to be thermodynamically favor-
able during CO oxidation — another key component of the WGS reac-
tion [61]. The creation of such vacancies in a CO environment could
provide nucleation sites for water dissociation, which could explain the
improved performance of ceria in WGS [4,5,7,9]. Recently, Janik and col-
leagues reported the role of O vacancies (ceria surface reduction) and
metal doping in hydrocarbon conversion [31]. The O vacancies were
shown to directly lower the dissociation energy of methane on a reduced
surface. The collective evidence signifies the crucial role of O vacancies in
chemical reactions involving ceria. As these vacancies play a key role in
promoting surface reactions, measuring them and understanding their
properties are critical in explaining the trends among new catalyticmate-
rials being developed or synthesized. Having identified the O vacancy
formation energy as the descriptor, a framework for the predictive design
of novel ceria-based materials for catalytic processes involving oxygen
chemistry can be established.

4. Conclusions

In this work, we have derived the first ceria (111) surface phase di-
agram in four types of oxygen environments involving direct and indi-
rect oxygen participation using first principles thermodynamics. Our
results correlate well with literature experimental data in every case
where such comparisons can be made. A stoichiometric ceria surface
in a pure O2 environment is highly stable; and any appreciable surface
reduction occurs only under extreme temperatures and oxygen pres-
sures. Surface reduction is however more facile in the presence of a
redox environment (NO/NO2, H2/H2O, or CO/CO2). H2 and CO, being
strong reducing agents, promote O capture from the sub-surface at
any given temperature, as compared to anNOor a pureO2 environment.
Transition from a stoichiometric to a reduced surface is a crucial factor
in governing the surface reactivity of ceria in redox reactions. Irrespec-
tive of the level of theory used here (involving semi-local, modified
semi-local, and hybrid electronic exchange correlation functionals),
this transition occurs at similar temperature and pressure conditions.
The O vacancy formation energy primarily drives this transition and
can thus be viewed as a descriptor for the catalytic activity of ceria in
redox reactions. The predictive power of the first principle thermody-
namics approach for describing the surface oxygen chemistry of ceria
immediately opens up the possibility for further optimization of this
system via descriptor-driven materials design.
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