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Cation doping size effect for methane activation on alkaline earth
metal doping of the Ce0O, (111) surface

J.J. carey,” M. Nolan®'

Methane is an extremely important clean fuel source; however, its activation is extremely difficult due to the large energy
required to break the first CH bond. This study presents a density functional theory investigation of doping of cerium
dioxide (111) with alkaline earth metals to promote methane activation. The incorporatation of alkaline metals in the
surface results in spontaneous formation of charge compensating oxygen vacancies, and thus enhances surface
reducibility. This effect from substitutional doping of the ceria surface greatly improves the adsorption, and the stablity of
the CH; + H dissociation products compared undoped ceria. The enhanced stabilisation of the products drives the
thermodynamics towards dissociation. The calculated kinetic barriers show that for Mg and Ca doped surfaces, the kinetic
barrier is lowered compared to the undoped surface, while for Sr the activation energy is higher. We find a correlation
between the thermodynamics and kinetics with the cation dopant size; the dissociation products become more stable with
a decrease in dopant ionic radius while the kinetic barriers are reduced with increasing cation size up to the limit of the Ca
cation. A smaller dopant ionic radius compared to that of CeO, promotes methane activation, while doping with a larger
ionic radius cation than the host diminishes the activity of the surface towards methane activation. The thermodynamics
and kinetics that are affected from the dopant ionic radius show that consideration of the dopant size in a host oxide is
needed for catalyst design. A simple descriptor for the reaction process is also developed arising from the relationship

between the active oxygen vacancy

Introduction

Biogas derived from the anaerobic decomposition of organic
matter (biomass) is a strong potential candidate as a
renewable fuel source with a small carbon footprint, and can
be compressed to natural gas to be used as a motor fuel
source.” > The use of biogas facilitates a sustainable energy
supply and also reduces the concentration of environmental
pollutants such as nitrogen and sulfur oxides, which are
released from fossil fuel sources.’ These gases can cause
detrimental and irreversible damage to the environment by
forming acid rain with atmospheric water which can damage
crops and water ways, as well as forming smog in urban areas
that affects human respiratory health.” There is thus a desire
to develop a ‘green’ alternative, with biogas being one such
candidate.

The utilisation of biogas as an alternative, cleaner fuel is highly
desirable as it is composed primarily of methane gas (~80%),
with smaller contributions from carbon dioxide, hydrogen
sulfide, and siloxanes, which can be purified for applications.5
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formation and the stabilisation of the dissociation products.

The activation of the biogas as a fuel or as a precursor to
development of synthetic gas (syngas),ﬁ'10 methanol,"* ™
formaldehyde,ls'20 acetic acid®® and other biofuels®
depends greatly on the activation of the initial C-H bond by the
following reaction;

23

CH,—- CH;+H

where a CH; radical and H atom are formed, with a large
energy cost of 440kJ/mol in the gas phase.24 The relatively
large activation energy indicates that a catalyst is required to
lower the energy needed to break this bond. The subsequent
successive dehydrogenation of the CH; radical leading to
CO/CO, + H,/H,0 products, depending on the catalyst used
and desired reaction process,g’ 102527 are much more facile
steps than the initial C-H bond cleavage which suggests that
this step is the rate limiting, and the most difficult step of the
reaction process to overcome. Not only does this demanding
step play significant importance in the activation of methane
but also for general C-H bond activation (or C-H bond
functionalisation) in hydrocarbon chemistry. There is thus a
considerable interest in developing catalysts that can
efficiently carry out this challenging process.

28-33 34-38
7

The low index (111), (110), and (100) surfaces of Ni, Pt
Cu,39’ 40 Pd,41 and Rh,42 have been investigated as potential
catalysts to activate the C-H bond of methane. On all transition
metal surfaces investigated for this process, exothermic
dissociation of the C-H bond occurred with reported activation
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energies from temperature programmed desorption of
52.7kJ/mol, 26.8kJ/mol, 55.6kJ/mol on the Ni (111), (100), and
(110) surfaces, respectively.43 Molecular beam studies have
determined energies of 39-, 52-, 29- and 71 -kJ/mol on the
(111) surface of I Pt,38 Rh,45 and Pd*. Density functional
theory (DFT) calculations have determined an activation
energy of 105 kJ/mol on Ni(111) which is lowered by 17kJ/mol
with the presence of structural defects,47 while the Pt(111),
Rh(111) and Ru(0001) surfaces have calculated barriers of 89
kJ/mol,*® 58 kJ/mol*® and 85 kJ/mol*°, respectively, suggesting
that lower activation energies to dissociate CH, occur on Ir and
Rh. The successive dehydrogenation on the transition metal
surfaces leads to tightly bound carbon deposits causing
selective poisoning of the active surface sites, rendering the
catalyst surfaces inactive at higher coverages over time.?® !
Metal oxides such as TiOz,52 Zr02,53 Si02,54 PdO,55 and NiO,9 are
more resistant to carbon deposits through interaction of the
lattice oxygen with carbon forming CO and CO,, and the
dispersion of metal clusters is important for methane
dissociation.” There is thus a desire to design a catalyst that is
carbon (coking) resistant, and highly active for methane
dissociation, while also being economical by avoiding the use
of precious metals.

Cerium dioxide (CeO,) is a strong candidate catalyst for the
partial oxidation of methane. CeO, is a highly reducible
material with many applications in heterogeneous catalysis,56'
62 solid oxide fuel ceIIs,63'69 ceramics,m'73 and in the three-way
catalytic converter.”*® The most thermodynamically stable
surface is (111) which is of great interest and importance.gl' 82
The formation of neutral oxygen vacancies (Ovac) as intrinsic
point defects on the surface occurs by the following process (in
Kroger-Vink notation);

1
OF +2Cef, =V, + 2Cec, +EOZ

Where the 0," represents a neutral O on an O lattice site and
Ceyce is a negative Ce cation on a Ce lattice site. The two excess
electrons reduce two Ce cations from Ce(lV) to Ce(lll) from the
Ovac formation, with a computed energy cost ranging from
2.00 to 2.50eV for PBE+U.% Facile oxygen vacancy formation in
Ce0,, and the high oxygen storage capacity (OSC), play a vital
role in the use of CeO, in many applications and in some cases
it is used as a simple descriptor to predict potential candidate
materials for many reactions.®* % Oxidative coupling of CO to
form CO, from lattice oxygen on the CeO, surface which is
replenished by the dissociation of NO, is an important
reaction in the three-way catalytic converter for emissions
control.?*® Reactions at the CeO, interface, such as the
water/hydrogen cycle,90 sulfoxide formation,91 methanol to
formaldehyde,92 oxidative dehydrogenation of propane,g3’ o
are all greatly influenced and promoted by the OSC properties,
where the surface oxygen vacancies are filled by atmospheric
oxygen according to the well-known Mars Van-Krevelen
mechanism.” The reducible properties of CeO, have attracted
much interest for the partial oxidation of methane,%'98
showing improvements over other metal oxides; however the
computed dissociation barrier of 138 kJ/mol for the undoped
CeO, (111) surface is particularly high compared to transition
metal surfaces.’® ' There is thus a need to greatly improve
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the properties of the CeO, (111) surface for methane
activation to facilitate oxygenation reactions on a comparable
scale with transition metal surfaces.

The properties of the (111) surface of CeO, for both
reducibility and CH, activation of can be greatly improved by
substitutional doping of non-native transition metals at the Ce
cation site.’® The partial oxidation of methane and the C-C
coupling for ethane production (C, selectivity) was
investigated in detail on alkaline metal (Mg, Ca, Sr) doped
CeO, by a range of spectroscopic techniques.101 The Mg2+, ca*
and Sr*" cations mix into the CeO, lattice as substitutional ions
at the Ce sites and oxygen vacancies are formed for charge
compensation. Doping created highly reactive electrophilic
oxygen species at the surface interface to greatly improve the
oxidative coupling of methane compared to undoped CeO,.
The ionic radius of the dopant was found correlate to the
reactivity for the oxidative coupling of methane and C,
selectivity, as Mg2+ and Sr¥* which have smaller and larger ionic
radius than Ce4+, respectively, are found to have a decrease in
activity that is attributed to the structural distortions of
surface around the dopant cation. The Ca®" cation does not
experience this reduction in reactivity which is suggested to be
due to the similar ionic radii of Ca’* and Ce™ cations.
Substitutional doping of the low index surfaces of CeO, with
Mg was investigated using a combination of DFT calculations
and experiment showing that a +2 dopant requires a charge
compensating vacancy, and also causes strong lattice
distortions.’® Enhancement of the oxygen vacancy formation
and hence the OSC within the CeO, lattice is facilitated by
doping with +2 dopants,103 which may be useful for oxidative
coupling and activation of methane. The cationic radius for a
range of substitutional transition metal dopants, from group IV
to Xll, in the (111) surface of CeO, were shown to effect the
adsorption energies of dissociated species, oxygen vacancy
formation, and the activation of the C-H bond.’® A volcano
relationship between optimal M/CeO2 dopant for methane
activation with oxygen vacancy formation, suggesting that
careful consideration of the choice of dopant is necessary for
the activation of methane on doped surfaces.

In this paper DFT calculations are used to investigate methane
activation at the alkaline doped (111) surface of CeO,. We first
examine substitutional cation doping in the surface, and then
the charge compensation of the +2 dopants. The energies for
the formation of the active oxygen vacancy which is a second
oxygen vacancy will also be assessed. The adsorption of CH,
and its subsequent dissociation to CH3* + H is investigated in
great detail, with all possible adsorption configurations
considered to determine the lowest energy structure on each
of the charge compensated doped surfaces. The activation
energies for CH bond dissociation on each of the doped
surfaces will be calculated using the climbing image nudged
elastic band approach.lo‘r"108

The DFT calculations shows that the charge compensating
oxygen vacancy is necessary to describe the correct ground
state electronic structure for a charge neutral doped CeO,
(111). The calculated energies for the active oxygen vacancy
are lower than the undoped surface, indicating that doping the
surface promotes oxygen vacancy formation. These energies
correlate to the ionic radius of the dopant cation; the energies
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increase with increasing ionic radius, which suggests that
smaller cations promote oxygen vacancy formation over larger
cations. The smaller cations of Mg and Ca also improve the
thermodynamics for dissociation and the kinetics for methane
activation, compared to the undoped CeO, surface, while the
larger Sr cation worsens these properties. From the calculated
adsorption energies for the dissociation products and the
energy to form the active oxygen vacancy, a linear relationship
is observed showing a correlation between the two properties.
This relationship can be utilised to provide a descriptor for
further catalyst design in the activation of methane.

Computational Methodology

All calculations were performed using density functional
theory within the generalized gradient approximation (GGA)
using the Perdew-Burke-Ernzerhof (PBE) exchange-correlation
functional,109 as implemented in the Vienna ab initio
Simulation Package (VASP).llO’113
expanded using a plane wave basis set, with the electronic
valence and core interactions being described by the projected
augmented wave (PAW) method.™** Non-spherical
contributions from the gradient corrections inside the PAW
radii are also included, which are important for accurate total
energy calculations. To correct for the strong electronic
correlation within bulk CeO,, the DFT+U method,115 16 is used
with a U parameter of Sey’? 80 82 117, 118 applied to the Ce 4f
states for all calculations.

The valence electrons were

The Brillouin zone integrations were sampled using the
Monkhorst-Pack method,**® and k-point sampling grids of
(2x2x2), (4x4x4) and (6x6x6) were tested on the CeO, bulk at a
400 and 500eV plane wave cut-off. The structural
optimizations of the CeO, bulk were carried out using a
conjugate-gradient algorithm, and performed at a series of
volumes where the atomic positions, forces and cell angles
were allowed to relax while keeping the cell volume constant.
The resultant energies were fitted to the Murnaghan equation
of state’ to obtain the minimum energy structure. The
parameters which sufficiently converged the structure to a
minimum energy structure were found to be a k-point
sampling grid of 4x4x4 at a 400eV energy cut-off with a lattice
parameter of 5.408A which deviates from the experimental
structure by 0.1%."** The bulk, and all subsequent structures
were optimised using the conjugant gradient method and
deemed converged when the forces on the atoms were
determined to be less than 0.02 eV/A.

The (111) surface of CeO, was cut from the low energy
structure of bulk CeO,, and the slab model is periodically
infinite in the xy direction with a vacuum gap above the
surface. A slab of 12 atomic layers was used with a 15.3A
vacuum gap above the surface to remove any interactions
along the c¢ vector. The slab was expanded to a p(4x2)
structure and relaxed using a similar energy cut-off to the bulk
structure with a k-point sampling grid of (1x2x1), which is
consistent with the bulk density sampling.

This journal is © The Royal Society of Chemistry 20xx
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The reduction of the non-doped and doped (111) surface of
Ce0, is important in the activity of ceria. The surface vacancy
formation energy is calculated by;

1
Er = (EMxCe(l—x)O(Z—y) + EEOZ) — Evxce1-x)02

Where E; is the calculated oxygen vacancy formation energy,
Enxce(1x)02(2-y) 1S the calculated energy of the metal doped
surface with an oxygen vacancy, Eg; is the calculated energy of
gas phase O,, and Eyyce1x02 IS the calculated energy of the
metal doped surface. As the alkaline earth metal dopants have
a charge of +2, the first oxygen vacancy forms spontaneously
with a negative E;. This is referred to as the charge
compensating vacancy, and the active oxygen vacancy is the
next oxygen species that is removed from the metal doped
surface.

The molecular and atomic adsorbates were placed on the
charge compensated metal doped (111) CeO, surface at the
top side of the slab, with the bottom CeO, unit (3 atomic
layers) of the slab fixed to the minimum energy bulk positions.
The adsorption energies were calculated by;

E(ads) = E(Mol—CeOZ) - (Eg + Esiap)

Where E,q; is the calculated adsorption energy, Ejvol-ceoz) IS
the energy of the adsorbate on the surface, E; is the energy of
the gaseous species in a vacuum, and Eg,, is the energy of the
bare CeO, surface slab. A negative adsorption energy indicates
a favourable interaction between the adsorbate and the
surface, while a positive energy indicates a disfavoured
interaction.

A symmetric slab with hydrogen adsorption on both sides of
the slab was tested to examine the adsorption energy relative
to the one-side adsorption. The adsorption energy changes by
less than 0.1eV, which is an acceptable deviation. This is
consistent with other surface science DFT studies, suggesting
that there is very little difference between the symmetric
adsorption and adsorption at a fixed bottom slab. The use of
the fixed bottom slab overcomes complications during the
calculation of climbing image nudged elastic band (CI-NEB)
method. This keeps the molecule/atomic adsorption
calculations, and the CI-NEB calculations consistent and
comparable within this body of work. Previous studies have
used the symmetric slab approach for molecular adsorptions
and then changed to the fixed bottom slab for CI-NEB
calculations which introduces inconsistency in the calculations,
which will be avoided.

The calculated energies of the most stable adsorption modes
and gas phase species are used to construct the reaction
profile for the activation of methane on the bare and alkaline
metal-modified CeO, surfaces. The CI-NEB approach, as
implemented in the VASP code by Henkelman et al 1057108 g
used to calculate the kinetic barriers between the most stable
adsorption modes along the reaction pathway. This is carried
out by using the most stable adsorption modes to anchor the
‘elastic band’ between structures, and the transition state is

J. Name., 2013, 00, 1-3 | 3
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pushed up to a local maximum as the turning point to provide
the kinetic barrier. A vibrational calculation is used to confirm
that the obtained transition state is a true maximum on the
potential energy surface since it has an imaginary frequency
associated with a single vibrational mode. The CI-NEB
calculations are carried out using a Newton-Raphson
minimisation method, and are deemed converged when the
forces are less than 0.02eV/A.

The electronic structure for the oxygen vacancy formation and
each of the most stable adsorption modes will be determined
by calculating the partial (ion and /-quantum number
decomposed) electronic density of states (PEDOS) using the
default atomic radii in VASP. The charges of the adsorbate and
surface are calculated using Bader’s atoms in molecules
122-124
approach.

Results
Undoped, reduced and alkaline doped CeO,

The calculated structure of the (111) surface of CeO2 is shown
in Figure 1(a). The Ce-O surface bond lengths are 2.35A while
the Ce-O bond lengths between layers were determined to be
2.38A. To show the electronic structure of the undoped CeO,
(111) surface, the PEDOS is shown in Figure 1(b). The valence
band (VB) and conduction band (CB) are primarily a mixing of
the Ce 4f states (green lines) and O 2p states (red lines), with
no other states shown as these provide negligible contribution
to the top of the VB and the bottom of the CB. The VB to Ce 4f
gap is 2.39eV.

As CeO, is a well-known reducible metal oxide, it is important
to characterise oxygen vacancy formation in the undoped
(111) surface. From previous work on the (111) surface of
ceria, it has been well established that sub-surface oxygen
vacancies are preferentially formed over surface vacancies."”
The removal of an oxygen species from the sub-surface layer
reduces two Ce cations from Ce(IV) to Ce(lll), with a calculated
oxygen vacancy formation energy of 2.19eV. The calculated
value falls within the previously reported range for oxygen
vacancy formation on the CeO, (111) surface of 2.00 eV to 2.50
eV by PBE+U calculations.®> A number of different Ce(lll) cation
positions are possible after forming the vacancy giving
different energy solutions as a spread of 0.3 eV as a function of
Ce(Ill) distributions;® 12> 12¢
guideline for comparing to oxygen vacancy formation in the
doped surfaces.

Our calculated value is used as a

The reduction of the Ce cations on the surface from the
formation of an oxygen vacancy forms a Ce 4f defect peak in
the band gap between the top of the valence band (VB) and
the unoccupied Ce 4f states around 2.1eV above the VB. The
defect peaks is located at 1.11eV above the VB. The defect
peak is derived from the Ce 4f states which originate from the
two electrons that are localised on two Ce cations. Both
electrons have up spin indicating that a ferromagnetic (FM)

4| J. Name., 2012, 00, 1-3
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Figure 1: The calculated (a) structure, and (b) the PEDOS for the (111) surface of CeO2.
The white and red spheres show the Ce cation and O anion lattice positions. The green
and red lines on the PEDOS show the Ce 4f and O 2p states that contribute to the
conduction and valence bands, respectively. The top of the valence band in the PEDOS
is aligned to OeV as indicated by the dotted black line.

ground state electronic structure is preferred over an anti-
ferromagnetic (AFM) for the reduced CeO, (111) surface.® The
reduction of the Ce cations is confirmed by Bader charges
which indicate a gain of 0.32 electrons compared to the bare
Ce0, (111) surface. Spin magnetisation values of 0.99 on each
reduced Ce cation further supports this mechanism.

Substitutional doping on the Ce lattice site with the alkaline
metal (M = Mg, Ca, Sr) in the surface and subsurface layers was
investigated. The preferential lattice position for all dopants
was on the surface Ce site. Mg adopts a four coordinate
distorted tetrahedral geometry, whereas Ca and Sr have
square pyramidal and octahedral coordination in the lattice.
These alkaline earth metal dopants increase in ionic radius
down group Il from Mg (0.57A) to Ca (1.00A) to Sr (1.18A),
which facilitates the increase in coordination number of the
dopants on the surface. The substitutional doping of the Ce
cation by the alkaline metal dopants, which have an effective
charge of +2, removes two electrons from the system, creating
effective charges of +1 on two neighbouring oxygen atoms
relative to lattice oxygen becoming O, which are normally
referred to as hole states. In order to balance the creation of
two +1 charges in the system, a charge compensating oxygen
vacancy must be introduced into the system. The lattice
position of the most stable charge compensating oxygen

This journal is © The Royal Society of Chemistry 20xx
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vacancy to the dopant cation was investigated by examining
the energetics of removing different oxygen atoms. The
possible choices for the oxygen vacancy are the nearest
neighbour (nn) and next nearest neighbour (nnn) oxygen
atoms in the surface (surf) and sub-surface (sub) in the sub
layers as shown in Figure 2.

Examining the oxygen vacancy formation energies for the
removal of the different oxygen atoms, the preferential
position of the charge compensating vacancy for Mg was
found to be the nn-surf, while Ca and Sr preferred the nn-sub
and the nnn-sub surface positions, respectively, as shown by
the black spheres in Figure 3. The smaller Mg cation appears to
promote surface vacancies, while the larger Ca and Sr cations
favour sub surface oxygen vacancies similar to the undoped
surface. The calculated formation energies for the charge
compensating vacancies are -1.26eV, -1.01eV, and -0.85eV for
Mg, Ca and Sr dopants. The values decrease with increasing
cation radius suggesting that there is a correlation between
the dopant size and vacancy formation energies. The negative
formation energies indicate spontaneous formation of oxygen
vacancies, associated with charge compensating species.

The electronic structure was examined for the most stable
charge compensating vacancy in each of the doped surfaces.
The calculated PEDOS for each of these systems was found to
have similar characteristics, as shown for the example of Mg-
doped CeO, in Figure 4, with no substantial contribution from
the dopant to the top of the VB and the bottom of the CB. For
each of the dopants, the M 2p states are at the bottom of the
VB (around -40eV) and are not shown on the graph. The
calculated PEDOS has similar characteristics to the undoped
(111) surface of CeO, (Figure 1) with no defect peaks in the
band gap, and shows that the holes on the oxygen atoms from
the initial doping of the alkaline metal in the surface have been
quenched by the release of the two electrons from the oxygen
vacancy. The ground state structures of the doped surfaces are
therefore charge neutral. This was also confirmed by Bader
analysis as the charges on each of the atoms in the doped
surface with oxygen vacancy and undoped surface are similar,
while examination of the spin states show no excess spins. The
charge compensating vacancy is mandatory to properly

describe the ground state electronic structure of the system.

Figure 2: The lattice positions of the oxygen vacancies relative to the dopant. The
white, red and purple spheres are the lattice positions of the Ce, O and M atoms.

This journal is © The Royal Society of Chemistry 20xx
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Figure 3: The calculated structures for the most stable configuration of the charge
compensating oxygen vacancy, on the Mg, Ca, and Sr doped (111) surfaces of CeO,.
The white, red, and purple spheres are the lattice positions for the Ce cations, O
anions, M dopant with the location of the oxygen vacancy indicated by the black
sphere.

This is necessary for further investigation of surface reactions
as an incorrect description may produce inaccurate and often
spurious results due to over-binding of molecular and atomic
adsorbates.

The removal of a second oxygen atom from the already charge
compensated surface structure forms a second vacancy, which
is referred to as the ‘active oxygen vacancy’. The lowest energy
configuration for the active oxygen vacancy of each doped
surface was explored by starting from the charge compensated

J. Name., 2013, 00, 1-3 | 5
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Figure 4: The calculated PEDOS for the Mg-doped (111) surface of CeO, with the charge
compensating vacancy. The green and red lines are the Ce 4f and O 2p states. The top
of the VB is aligned to OeV

structure (Figure 3), and removing other possible oxygen
atoms in the surface, as shown in Figure 2.

Considering all other nearest neighbour and next nearest
neighbour combinations with the charge compensated
structure, the lowest energy structure for the active oxygen
vacancy in the Mg, Ca and Sr doped (111) surface of CeO, are
shown in Figure 5(a), (b) and (c), respectively. For Mg-doped
CeO, (111), the calculated active oxygen vacancy is the nnn-
sub surface oxygen to the left of the dopant site. The removal
of this oxygen species results in migration of a surface oxygen
atom, which is indicated by the orange atom on the figure. The
relaxation of the surface oxygen atom into the sub-surface
vacancy leaves a nn-surface oxygen vacancy, indicated by the
blue sphere on the figure. This leaves two neighbouring
surface oxygen vacancies, the charge compensated (black
sphere) and active vacancy (blue sphere), giving an unusual
next nearest five coordinated Ce cation to the Mg dopant. The
preferential formation of vacancies in the surface layer is
strongly promoted by the presence of the Mg dopant, and
causes a highly distorted surface structure. This may leave
under-coordinated active surface species and/or sites that
would play an important role for surface catalytic reactions.

The removal of the oxygen atom and creation of the active
surface vacancy reduces the two nearest neighbour Ce cations
from Ce(lll) to Ce(lV), which is illustrated by the calculated spin
density iso-surface shown in Figure 5(a). The figure shows the
highest spin arrangement to indicate the location of the
reduced Ce cations, as there is a small difference of 0.01eV
between the AFM and FM arrangements. We show the most
stable active oxygen vacancy site in each case. Supporting
information shows formation energies of the other trialled
vacancy sites. The reduction of the Ce cations is also evident in
the calculated PEDQOS, with the appearance of a defect peak in

6 | J. Name., 2012, 00, 1-3

the band gap around 1.00eV from the top of the VB. Bader
charge analysis confirms that the two Ce cations are reduced
with a gain of 0.3 electrons. The in-gap PEDOS is associated
with one electron localised on the 7-coordinated Ce(lll) cation
that is furthest away from the Mg dopant. Further
investigations into the band occupations reveals that a defect
peak associated with the unusual 5-coordinate Ce(lll) cation is
greatly lowered in energy to such an extent that it is located
within the top of the VB, and not observable on the plot. This
defect peak being located in the VB may have occurred by the
change in coordination of the Ce(lll) cation due to the two
neighbouring oxygen vacancies, thus greatly stabilising the
cation and lowering the Ce 4f1 electron in energy below the
top of the VB.

The calculated lowest energy configuration for the active
oxygen vacancy for Ca and Sr -doped CeO, (111) is not as
complicated as Mg since these atoms have large cation radius
and can adopt a similar coordination environment to the Ce
cations. For both dopants, the preferential oxygen vacancy is
an oxygen atom bonded to the dopant, forming next nearest
neighbour sub-surface vacancies as shown by the blue spheres
in Figures 5(b) and (c). The calculated spin density for each
dopant structure shows that the removal of the oxygen atom
reduces two Ce cations from Ce(lV) to Ce(lll). For Ca-doped
CeO, (111), the two reduced Ce cations are nearest neighbours
to the oxygen vacancy with one in the surface and the other
below the vacancy in the sub surface layer. Relative to the Ca
cation, however, the reduced Ce cation in the sub surface is
nearest neighbour, and the reduced Ce cation in the surface is
next nearest neighbour. As these reduced Ce(lll) cations are in
different coordination environments, two separate defect
peaks appear in the band gaps as shown in the calculated
PEDOS. The larger cation radius of Sr dopant in CeO, causes
the reduced Ce(lll) cations to be located next-nearest
neighbour and next-next nearest neighbour to the dopant as
shown by the spin density plots in Figure 5(c). Similarly to Ca-
doped CeO,, two defect peaks appear in the band gap of the
calculated PEDOS plot for Sr-doped CeO, which are associated
with the two reduced Ce(lll) cations.

The calculated formation energies for the active oxygen
vacancy in Mg, Ca, and Sr doped CeO, (111) are +1.22eV,
+1.78eV, and +1.90eV. The positive value of the formation
energies show that energy is required to remove the oxygen
atom, which is normally the case with oxygen vacancies in
This the importance of charge
compensation, and determining the correct ground state
electronic structure. The calculated energies are seen to
correlate with increasing ionic radius of the dopant cation
indicating that oxygen removal and vacancy formation are
more difficult for larger cations. The lower vacancy formation
energy of Mg may be attributed to the small ionic radius
causing strong distortions in the lattice.

metal oxides. shows

This journal is © The Royal Society of Chemistry 20xx
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Figure 5: The calculated lowest energy configuration for the active oxygen vacancy of (a) Mg, (b) Ca and (c) Sr doped CeO, (111), along with the associated PEDOS plots. Only the
local structure around the dopant is shown for clarity. The white, red, and purple spheres are thelattice positions for the Ce, O, and M dopant atoms. The charge compensated
oxygen vacancy is indicated with the black sphere on the surface, while the active vacancy is indicated with a blue sphere. The green iso surface (0.05 electrons A™) indicates the
position of thereduced Ce(lll) cations on the surface. The green and red lines on the PEDOS plots are the Ce 4f and O 2p states, and the plots are aligned to the top of the VB.

Molecular and atomic adsorption on alkaline metal doped and
bare (111) surface of CeO,

To assess the catalytic properties of alkaline earth metal doped
CeO, for methane activation, the adsorption process and
electronic structure of CH,, CH; and H on each of the doped
surfaces, and undoped CeO, (111) have been investigated. To
achieve this, the lowest energy configurations on each of the
doped/undoped surfaces are determined from exploring all
possible adsorption modes at different adsorption sites. The
possible adsorption sites on the charge compensated structure
are shown in Figure 6, for the example of the Sr doped CeO,
surface. There are four different kinds of adsorption sites; (I)
the nearest 3 fold O atom to the dopant, (II) the exposed
dopant cation, (lll) the 2 fold oxygen species laying between
the dopant and vacancy, and (IV) the 3 fold oxygen atom close
to the vacancy. Similar adsorption sites are possible on both
the Mg and Ca doped surfaces. The bare (111) surface of CeO,
is not as complicated as the doped surfaces since all surface
oxygen atoms are equivalent by symmetry for CH,, CH; and H
adsorption.

The orientation, interaction and adsorption of molecular CH,
was investigated on the bare (111) surface of CeO,. The CH,
molecule is found to weakly interact (E,4s = 0.1eV) with the
surface in a physisorbed state 3A above the surface, as shown

This journal is © The Royal Society of Chemistry 20xx

in Figure 7(a). The preferred orientation has two H atoms
pointed towards the surface, which is 0.1eV more stable than
other possible orientations such as a single H atom pointed to
the surface™® or flat with 3 H atoms close to the surface.”® '

The difference in energies is not significant at OK, however
considering 0.1kT at 298K this value becomes more significant
suggesting that vibrational and rotational contributions to the
partition function for the activation of methane play an
important role as observed for Ni surfaces.” Van der Waals

corrections are not employed for the physisorbed CH,
molecule as these corrections only add around 0.01eV to the
total energy which is a negligible contribution to this adsorbate
as it is essentially still in the gas phase.

Figure 6: The charge compensated structure of Sr doped CeO2 (111). The different
adsorption sites to examine for molecular and atomic adsorption are numbered I-1V.

J. Name., 2013, 00, 1-3 | 7
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The calculated structure for the adsorption of the dissociated
products, CH; and H, is shown in Figure 7(b), with both
adsorbates adsorbing on surface oxygen atoms. These are the
only available surface sites for adsorption due to the surface
symmetry. The adsorbates form methoxide (O-CH3) and
hydroxyl (OH) species on the surface with calculated
adsorption energy of -1.11eV, relative to gaseous CH,. The
surface Ce-O bond lengths increase from 2.35A to a range of
2.58-2.60A around the adsorbate species on the surface which
indicates that the surface is distorted upon interaction with
the adsorbates. The O-C, C-H and O-H bond lengths were
calculated to be 1.43A, 1.10A and 0.97A, respectively, showing
that the C-H bond are slightly lengthened by 0.02A compared
to gaseous CH,; while the OH bond is typical of surface
hydroxyls.

As the radical CH; and hydroxyl species are known electron
donors, they are expected to transfer electron density to the
surface. The calculated spin density for the interaction of the
adsorbates with the surface shows that each adsorbate
transfers an electron to the surface, reducing two surface Ce
cations, as shown by the green isosurface in Figure 7(b). The
figure shows the highest spin arrangement to indicate the
location of the reduced Ce cations. The electron donation is
supported by calculated Bader analysis, which shows that the
adsorbed H atom becomes neutral on adsorption, while the
nearest Ce cation gains 0.3e. For the CH; species, the
adsorbed C atom loses 0.8e and the nearest Ce cation gains
0.3e.

The calculated PEDOS for the adsorption of CH, and the
dissociation products are shown in Figures 8(a) and (b). The VB
and CB are dominated by the surface O 2p and Ce 4f states,
with the molecular C 2p states and H 1s states magnified (x25)
to show their contributions to the electronic structure. The H
1s and C 2p contributions to the molecular orbitals (MO) are
stabilised in energy from -3.2eV in the PEDOS of the CH,
molecule (Figure 8(a)) to -5.3eV in the PEDOS of the CH; + H
species (Figure 8(b)) from the interaction with the CeO,
surface. The appearance of an H 1s peak at the top of the VB

(a)

Figure 7: The adsorption of (a) CH4 and (b) CH3 + H on the (111) surface of CeO2 along
the (i) ¢ and (i) b vectors. The green isosurface (0.05 electrons A-3) shows the lattice
positions of the reduced Ce surface cations. The off-white, red, grey and white spheres
are the lattice positions of the Ce, O, C and H atoms.
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for the CH; radical can be associated with the creation of a o-
SOMO from the H abstraction which is a well-known
characteristic for the MO description of a methyl group.127 The
presence of a defect level in the band gap around 1eV appears
from the reduction of the Ce(lll) surface cations, in line with
the calculated spin density (Figure 7(b)). Integration of this
peak reveals that two electrons are present from the two
Ce(lll) cations, one peak is present due to the symmetry of the
reduced cations.

Investigating the adsorption and interaction of CH,, CH; and H
on the doped surface is more complicated due to the breaking
of the surface symmetry by the dopants. The examination of
the adsorption and interaction of the CH, molecule on the Mg,
Ca and Sr doped surfaces indicates that the molecule weakly
physisorbs around 3A above the surface with no gain in
energy, indicating there is a negligible interaction with the
doped surfaces as seen for the undoped (111) surface (Figure
7(a)). The calculated PEDOS plots, Bader analysis and spin
density also confirmed that the electronic structure of the CH,
molecule does not change above a doped surface, in a similar
manner to the bare surface (Figure 8(a)).

All possible configurations were explored for H adsorption on
each of the doped surfaces as a starting point, with the lowest
energy structures for the Mg, Ca and Sr doped (111) surfaces
of CeO, shown in Figure 9(a), (b) and (c) respectively. The
adsorption of hydrogen atoms forms surface hydroxyls with a
calculated O-H bond length of 0.97A. One electron is donated
to the surface, reducing a neighbouring Ce surface cation from
Ce(IV) to Ce(lll) as shown by the isosurface plots in Figure 9.
Bader charge analysis confirms that electron density is
donated from the H atom to reduce the Ce surface cation. The
0-Ce bond length increases from 2.38A to 2.54A, which is
typical of Ce(lll) formation.

This journal is © The Royal Society of Chemistry 20xx
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Figure 9: The The adsorption of structure of H adsorption on the (a) Mg, (b) Ca, and (c)
Sr -doped (111) surface of CeO,, along the (i) ¢ and (ii) b vectors, where the local
structure is shown for (ii). The green isosurface (0.05 electrons /'5\'3) shows the location
of the reduced Ce cation on each surface. The off-white, red, purple, and white spheres
are the lattice positions of the Ce, O, dopant and hydrogen atoms, respectively

The location of the adsorbed H atom on the surface is dopant
dependant; the preferred adsorption site for Mg-CeO, is an
oxygen atom next to the dopant cation, while for Ca-CeO, and
Sr-CeO, the H atom adsorbs at the next nearest neighbour O
atom. The reduced Ce(lll) cation is further away from the
dopant site with increasing dopant ionic radius. This is caused
by the Ce(lll) cation having a larger ionic radius than Ce(lV),
and the surface cannot accommodate two large cations, Ce(lll)
and Sr, being next neighbour to each other. The calculated
adsorption energy for the most stable adsorption site on the
Mg, Ca and Sr doped (111) surface of CeO, are -1.72eV, -
1.47eV and -1.34eV, relative to gaseous H,, which is more
stable for Mg and Ca doped CeO, than H adsorption on the
undoped CeO, surface (-1.45eV). The adsorption energies
suggest that adsorption of the hydrogen atom weakens with
increasing ionic radius of the dopant species.

The PEDOS for hydroxyl formation on each of the doped
surfaces are found to have similar characteristics with the CB
and VB being dominated by Ce 4f and O 2p surface states
(Figure 10). The contribution from the adsorbed H atom and
the dopant cation to the VB and CB is negligible. There is a
defect peak in the band gap which is associated with the
reduction of Ce cations in the surface, as shown by the
isosurface in Figure 9.

The most stable adsorption modes established for H
adsorption on each of the doped surfaces were used as a
starting point for the co-adsorption of the CH; radical species.
The adsorption of the CH; radical was explored on all possible
adsorption sites (Figure 6) relative to the most stable H
adsorption structure. The lowest energy configurations for the

This journal is © The Royal Society of Chemistry 20xx

Catalysis Science &-Technology

adsorption of CH; + H on the Mg, Ca, and Sr doped (111)
surfaces of CeO, are shown in Figure 11 (a), (b) and (c). For all
surfaces, the CH; radical prefers to adsorb on the nearest
neighbour surface oxygen species to the dopant cation,
forming a methoxide surface species (O-CHs). The adsorbed
CH; on the Mg and Ca doped surfaces tilts away from the
surface normal towards the dopant cation, while on the Sr
doped surface CH; lies perpendicular to the surface, similar to
undoped CeO,. The O-C and H-C bond lengths for the radical
species are the same on all doped surfaces. The O-C bond is
1.42A, the H-C bond is 1.11A, and O-Ce surface bonds lengthen
to 2.56A. Both the CHs and H species adsorbing near the Mg
dopant suggests that the reaction centre is localised for Mg-
Ce0,, while for the Ca and Sr, the dissociation takes place
away from the dopant cation, which may be an effect of the
large radius associated with Ca and Sr, and
accommodating large Ce(lll) cations.

ionic

The adsorption of the radical species on the doped surfaces
reduces a surface Ce cation in a similar way to the adsorption
of hydrogen, as shown by the spin density plots in Figure 11.
The presence of two electron donating species reduces two Ce
cations, and the figures show the highest spin arrangement to
indicate the location of the reduced Ce cations. The positions
of the Ce(lll) cations were obtained from full geometric
relaxation, and different positions of the Ce(lll) cations in each
of these structures were not explored due to the very large
number of possible configurations to examine. The difference
in energy of the different Ce(lll) locations in the surface would
be ca. 0.1 eV, which is very small compared to the computed
adsorption energies, and would not change the overall trends.
Bader charge analysis confirms the reduction of the surface
with two reduced Ce cations shown in Figure 11. The
calculated adsorption energies for the co-adsorption of CH; +
H are -1.83eV, -1.40eV, and -1.29eV relative to gaseous CHy,,
for the Mg, Ca, and Sr doped (111) surfaces of CeO,
respectively, showing that Mg has the strongest interaction
and Sr has the weakest interaction with the dissociation

4 3 2 -1 0 1 2 3

Ce 4f

Spin Down
L | L |
-4 -3 -2 -1 0 1 2 3
Figure 10: The calculated PEDOS for H adsorption on Mg doped CeO, (111). The
green and red lines are the Ce 4f and O 2p states. The top of the VB is aligned to
OeV, as indicated by the dotted line green and red lines are the Ce 4f and O 2p
states. The top of the VB is aligned to OeV, as indicated by the dotted line
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Figure 11: The most stable configuration for the co-adsorption of CHs + H on the (a)
Mg, (b) Ca, and (c) Sr doped (111) surfaces of CeO,, along the (i) ¢ and (ii) b vectors. The
green isosurface (0.05 electrons /3(3) indicates the lattice position of the reduced Ce
cations. The off-white, red, purple, grey and white spheres are the lattice positions of
the Ce, O, dopant, C and H atoms

species, but still more stable than the undoped CeO, (111)
surface (-1.11eV). The co-adsorption energies are more stable
than single adsorption on the doped surfaces, indicating an
extra stabilisation of the methoxide species. This can be
attributed to the acid-base interaction on doped oxides, as the
hydrogen species acts as an acid on the surface which
increases the binding energy of the base species
(methoxide).m’ 29 The calculated energies follow a similar
trend to surface hydroxyl formation, decreasing with increased
atomic radius of the dopant cation. Dissociation of CH, is more
favoured on all doped surfaces, and hence doping promotes
the thermodynamic drive to form the reaction products.

6-5-4-3-2-10 123

6-54-3-2-101 23

Journal Name

The calculated PEDOS plots for the most stable configuration
of the co-adsorption of the CH; + H on the Mg, Ca and Sr
doped CeO, (111) surfaces are shown in Figure 12. The PEDOS
shows a mixing of the C 2p states and H 1s states to the c MO
around -5 eV in the CH; radical on each doped surface, and
proceeding from Mg to Sr a splitting of the C 2p states occurs
arising from stabilisation of the adsorbate on the CeO, (111)
surface. This stabilisation occurs from the interaction with the
Ca/Sr p and d states as shown in the PEDOS plot, while for Mg-
CeO, there is no interaction between the Mg states and CHj'
states. The 0-SOMO of the CHj radical is located at the top of
the VB and is broadened from the strong interaction of this
orbital with the CeO, surface states. For Mg-CeO,, the position
of this orbital is higher in energy and closer to the top of the
VB than on the other doped surfaces, suggesting donation
from this orbital to the CB of the CeO, surface is easier since
the energy gap is smaller. This may account for the greater
stabilisation of CH; on Mg-CeO,, and the decrease in energy of
this orbital follows the same trend as the calculated adsorption
energies.

The PEDOS shows the electronic structure for the H atoms in
different environments; H atoms bonded to the C atom called
Hs, and the surface adsorbed H species called H,q4 (Figure 12).
For the H species adsorbed on the surface, the plot shows that
some mixing occurs between the H 1s states and the O 2p
states of all doped CeO, (111) surfaces, with the H 1s states
lowering in energy from Mg to Sr. These states are slightly
lower in energy than the H atoms of the CHj3 states due to the
direct interaction and stabilisation with the CeO, surface.

The position of the defect level in the band gap around 1eV is
associated with the reduction of the two Ce surface cations
from the adsorption of the radical and hydroxyl species. This
peak is split for Mg-CeO, and Sr-CeO,, while for Ca-CeO, it is a

6-5-4-3-2-101 23
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Figure 12: The calculated PEDOS plot for most stable CH3 + H adsorption configuration on the (a) Mg, (b) Ca, and (c) Sr doped (111) surface of CeO,. The blue, red, orange and
green lines are the s, p, d, and f state contributions to the VB and CB of each system. The top of the VB is aligned to OeV as indicated by the dotted line.
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single peak arising from the symmetry associated with the
lattice positions of the two Ce(lll) cations in the latter case.

The kinetic barriers for the dissociation of CH, to CH; + H on the
bare and alkaline metal doped (111) surfaces of CeO,

The kinetic barriers were determined by using the lowest
energy structures for the CH, and CH; + H adsorption outlined
in the previous sections to anchor the starting (CH,) and end
points (CH; + H) of the CI-NEB calculations. The calculated
structures for the transition state, on the bare and doped (111)
surfaces of CeO, are shown in Figure 13. The calculated
structure for the transition state shows that for all doped
surfaces, the reaction pathway by H
abstraction from the CH, molecule to form the surface

initially proceeds

hydroxyl species with the CH; radical unbound above the
surface. The CH3' radical species adopts a planar geometry and
is tilted relative to the surface for Mg and Sr doped CeO,. The
change in geometry of CH; facilitates the formation of the
surface O-C bond to form the methoxide surface species. The
structure of the CH; species for the transition state on Ca
doped CeO, is different with a pyramidal geometry, allowing
the interaction of cerium and carbon with a Ce-C bond
distance of 2.54A. For the final structure of the dissociated
species, the O-C bond forms and the three H atoms of the CH;
species change from the planar position of the transition state
(Mg and Sr), to a tetrahedral geometry with the H atoms
pointed away from the surface. The calculated overall spin
magnetisation of the transition state structures for the
undoped, Mg and Sr doped CeO, (111) surface were
determined to be 1. The spin magnetisation and Bader values
indicate that the adsorbed H atom reduces a Ce cation, while
the methyl radical is in the gas phase. For Ca-doped CeO,
(111), the overall spin of the transition state is 2 from the
reduction of two surface Ce cations by the adsorbed CH; and H
species.

The calculated activation energies for the CeO,, Mg, Ca, and Sr
doped CeO, are 1.45eV, 1.32eV, 1.15eV and 1.60eV,
respectively. The activation energy for the bare CeO, (111)
surface is similar to previous DFT studies.’” *® For the Mg and
Ca doped (111) surfaces of CeO,, the activation energies are
smaller than on the undoped surface indicating that doping
the surface enhances methane activation of CeO,, while the Sr
doped surface has a larger activation energy suggesting it is
worse for methane activation. The calculated lower barriers of
Mg and Ca doped suggest that the reaction will proceed at
lower reaction temperatures than on undoped CeO,.

The Ca doped surface has the lowest activation energy which is
attributed to the stabilisation of the transition state through
the new Ce-C bond and formation of the pyramidal geometry
in the transition state. The Ca dopant promotes formation of
an oxygen vacancy that is a next nearest neighbour in the sub-
surface layer, and a surface oxygen species becomes two fold
coordinate to compensate for the absence of the oxygen
atom. The formation of the two fold surface oxygen removes a

This journal is © The Royal Society of Chemistry 20xx
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Figure 13: The calculated structures of the (i) CH, molecule, (ii) transition state, and (iii)
dissociation products for (a) Mg, (b) Ca, and (c) Sr doped (111) surface of CeO,.

Ce-O bond from a surface Ce cation, so that this Ce cation is
under-coordinated which allows the Ce-C bond to form in the
transition state which is not observed for the transition states
on the other doped surfaces. The lower activation barrier from
the stabilisation of the transition state suggests an explanation
as to the experimentally observed increase in methane
activation on Ca doped over the other alkaline metal doped
surfaces.”

The observation of the stabilised transition state for Ca doped
CeO, is only possible by obtaining the correct ground state
structure by taking into account a charge compensating
oxygen vacancy, since its location relative to the dopant plays
a vital role in describing the correct transition state structure.
These results show the importance of having the correct
ground state electronic structure by the inclusion of a charge
model
mechanisms on doped surfaces where charge balance is
needed.

compensating vacancy to correctly reaction

Discussion

The results presented in this paper for oxygen vacancy
formation, adsorption energies of the dissociation products
and activation energies for bare and doped CeO, (111) all
show an ionic radius effect arising from the dopant cation. For
all these quantities, there is a promotion effect from the
presence of the dopant over the bare CeO, (111) surface
indicating that doping the surface with alkaline metals
improves the reducibility of the surface and methane
activation.

J. Name., 2013, 00, 1-3 | 11
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Both the formation of the active oxygen vacancy and the
adsorption energies of CH; + H become less favourable which
correlates with increasing dopant ionic radius, but still shows a
promoting effect over the undoped surface. The Mg cation
promotes oxygen vacancy formation to a greater extent than
both Ca and Sr, arising from the larger distortions present at
the surface since it is a smaller dopant. Mg shows greater
thermodynamic selectivity for the dissociation products, which
becomes less favourable down the group Il alkaline metals. For
the activation energies, the Mg and Ca dopants promote the
activation of methane over the undoped CeO, (111) surface,
having lower energies than the undoped surface, and methane
will be decomposed at lower temperatures. This shows that
the activation of methane is improved to the limit of Ca
doping, and there is no improvement in methane activation
with Sr doping since this activation energy is higher than the
undoped CeO, (111) surface. The promotion of methane on
Mg and Ca doped surfaces correlates with the dopant cation
radius being smaller than the Ce cations, while Sr doping which
has a larger ionic radius than the host cation and appears to
inhibit further promoting effects for methane activation.

The calculated energies, and correlation between the surface
properties and dopant ionic radius size in this work on divalent
alkaline earth metals in CeO, cannot be compared to previous
studies on divalent transition metal dopants in CeO, (111),100'
1 35 a charge compensating vacancy approach is used in this
work, and neglected in other reports. The inclusion of a charge
compensating vacancy is vital to correctly describe the ground
state electronic structure of divalent dopants in CeO,. The
omission of a charge compensating vacancy can lead to
negative oxygen vacancy energies, over-binding of surface
adsorbates and incorrect descriptions of transition states.’®”
194 Eor this reason, the energies for the properties in this work
do not adhere to similar trends on transitions metal doping of
Ce02;104
adsorption and active oxygen vacancy formation in Mg, Ca and
Sr doped CeO,, these dopants show an improvement in
methane activation on CeO, compared to higher valence
dopants such as W, and V doped CeO, (111).104

however considering the correct energies for

The correlation observed in this study between the
thermodynamics and kinetics for methane activation, and the
increasing size of the alkaline earth meal dopant cation down
group Il is restricted to doping of CeO,. Examining doping of
CeO, with different sized cations could potentially support the
role of the dopant ionic size on the behaviour of the oxide
catalyst. Further work on these concepts would extend the
concept beyond this work to predict, and rationally design

catalysts for methane activation.

For many reaction processes that require a catalyst, there is a

desire to identify a quantifiable property that is easily

measurable and can predict a suitable novel candidate to carry

out the reaction of interest. An approach to such identification

is known as a descriptor and has been investigated in detail for
. 84, 85, 130, 131 . .

many catalysts and reactions. Examination of the

12 | J. Name., 2012, 00, 1-3

catalyst properties (active oxygen vacancy, adsorption energy,
activation energy) calculated in this work, shows that a linear
relationship exists between the formation energy of the active
vacancies and the adsorption energy of the dissociated
species, shown in Figure 14. The graph shows that more
favourable oxygen vacancy formation correlates to more
favourable dissociative CH, adsorption. This existing
relationship provides a strong platform to predict new
materials for methane activation, as the reducibility of the
surface can be related to the adsorption energy of the
dissociation products. The oxygen vacancy formation energy of
the material can therefore be used as a simple descriptor to
predict the stability of the dissociated products, which in
principle can be related to the activation energy by the
Bronsted-Evans-Polyani relationship on catalytic su rfaces.’®

A decrease in adsorption energy from Mg to Ca doped CeO, is
followed by a decrease in activation energy indicating the
energy barrier is reduced with a lowering of the CH3* + H
binding, however Sr doping does not follow this trend.
Transition states were calculated for different combinations of
CH; + H on Sr-doped CeO, to examine if there is another
transition state that can provide an activation energy that will
follow the trend; however the reported transition state in this
paper gives the lowest activation energy. There is thus no
significant correlation observed for the adsorption energy of
the dissociation products and the energy barrier for CH,
activation for alkaline earth metal doped CeO, (111). This
suggests that the relationship between these quantities is
dopant dependant and may be difficult to correlate for metal
oxide systems.

Conclusion

We present a density functional theory investigation of the
activation of methane on alkaline earth metal doped (111)
surface of CeO,. Doping with alkaline earth metals requires the
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Figure 14: The correlation between the adsorption energy of the dissociation products
and the formation energy of the active oxygen vacancy on the bare and doped (111)
surfaces of CeO,.
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inclusion of a charge compensating oxygen vacancy to
correctly describe the ground state electronic structure of
these surfaces. The removal of a second oxygen atom, that is
the ‘active oxygen vacancy’, is used to assess the reducibility of
the doped surface compared to the bare (111) surface. The
active oxygen vacancy formation energy is seen to be lower
than the formation of an oxygen vacancy at the bare surface,
indicating that the doping of the surface promotes oxygen
vacancy formation. The formation energy increases with
increased ionic radius of alkaline earth metal dopants, so that
the reducibility of the surface becomes more difficult as the
dopant ionic radius increases.

The adsorption of CH, and its dissociation to CH; + H was also
investigated. The adsorption of CH, at all surfaces is weak,
while the dissociation products show a large gain in energy
upon interaction with the surface. The gain in energy is larger
on the doped surfaces than the bare (111) surface of CeO,,
which indicates that doping enhances the dissociation of CH,.
The smaller Mg dopant has the strongest adsorption energy
for the dissociation products which decreases with increasing
ionic radius of the dopant. The calculated activation energies
for C-H bond breaking on the Mg and Ca doped surfaces are
lower than the bare surface, while the Sr doped surface has a
larger activation energy suggesting it is worse than the bare
surface. The Ca doped CeO, (111) surface has a lower
activation barrier than Mg doped, which has been attributed
to the stabilisation of the transition state by forming Ce-C
bonds at the surface. This can occur from the Ca promotion of
oxygen vacancies close to the dopant, which facilitates Ce-C
bond formation, outlining the importance of charge
compensating oxygen vacancies to correctly describe the
ground state electronic structure for reactions on similar
doped surfaces. From the calculated energies for active oxygen
vacancy formation and adsorption of CH3* + H, a linear
correlation is observed indicating that a relationship exists
between the two quantities. This provides a simple descriptor
to develop catalysts for methane activation as the reducibility
of the catalyst material can predict the dissociation energy of
the products, and hence the materials effectiveness for
methane activation. We find no such relationship between the
activation energy and the adsorption energy of the
dissociation products for this particular set of dopants.

The calculated adsorption energies and activation energies
suggest that for rational catalyst design in doping metal oxides
for methane activation, three important properties must be
considered;

1) Oxygen vacancy charge compensation: For further DFT
studies, the change in the local geometric structure
from the presence of the compensating oxygen

vacancy can influence the stability of the transition
state, and is required to correctly describes the
reaction processes on the catalyst surface.

This journal is © The Royal Society of Chemistry 20xx
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2) lonic radius: The ionic radius of the dopant cation may
play a role in determining the thermodynamics and
the kinetics for methane activation on the doped
surface. Dopants with smaller ionic radius than the
host catalyst promote thermodynamics and kinetics
over the bare catalyst surface, albeit a limit is reached
when a dopant has a similar ionic radius to the host
material. Selecting a dopant with a larger ionic radius
than the host cation is seen to worsen both the
thermodynamics and kinetics, suggesting this should
be avoided. This can be further developed through
studies of other sets of dopants with different ionic
radii.

3) Reducibility: Oxygen vacancy formation can be used as
a simple descriptor to ascertain activity for methane
activation.
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