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Abstract

In a future without fossile fuel, electrochemical storage of renewable energy by converting

CO2 into synthetic fuels is a promising method to ensure reliable energy. Solid oxide elec-

trolysis cells (SOEC) are of interest due to their efficiency for CO2 reduction, however they

can have trouble with long term stability owing to cracking and carbon depositing at the

triple-phase boundaries (TPB) between gas, catalyst and electrolyte. A mixed conductor

can act both as a catalyst and electrolyte and will increase the electrocatalysis area to be a

two-phase boundary between the mixed conductor and the gas phase. Ceria (CeO2) is a

mixed conductor which is already known as a catalyst and therefore an ideal candidate for

SOEC. Density functional theory with on site Coulomb interaction corrections (DFT+U ) is

used to investigate the CO2 reduction reaction (CO2RR) on ceria and the effect of doping

and strain in this thesis.

The CO2RR is explored on a reconstructed CeO2– x(110) facet where adsorption of CO2

as monodentate carbonate is found as a stable intermediate and the transition barrier to

form adsorbed CO is independent of the temperature. Doping of the reconstructed (110)

stabilises all CO2RR intermediates and since the stabilisation is equal, the effect of doping

is limited. Reversing the reaction direction to CO oxidation, which is highly relevant for

automobile exhaust gas purification, doping with iridium is found to reduce the reaction

barrier drastically at low temperatures (150 °C).

On CeO2(111) surface tensile strain is found to decrease the oxygen vacancy formation

energy due to a downshift of the Ce f-band centre and a destabilisation of the vacancies

for compressive strain which is in agreement with the larger Ce3+ ion compared to Ce4+.

The destabilisation of Ce3+ is essential for CO2RR on the (111) facet since it reduces

the energetic span and increase the turnover frequency by 4 orders of magnitude by 4%

compression at 800K.

Isovalent doping with hafnium (Hf) and zirconium (Zr) is investigated in bulk, on the (111)

and (100) facets. From their substitution energies the dopants will be present in the sur-

face of (100) facet however this is the least stable facet and on the most stable (111) facet

they will be in bulk or subsurface. Hf and Zr shrink ceria and stabilise the oxygen vacan-

cies nearby, where the stabilisation of vacancies asmicrostrain per dopant is in agreement

with the strain investigated on (111) facet. These findings can provide possible methods

to achieve a compressive strain of ceria.
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Resumé

I en fossilfri fremtid kan elektrokemisk lagring af grøn energi ved at omforme kuldioxid

til syntestiske brændstoffer være en lovende vej til sikker energiforsyning. Fastoxidelek-

trolyserceller (solid oxide electrolysis cells, SOEC) har tiltrukket interesse på grund af

deres effektivitet til kuldioxid reduktion. De kan dog have problemer med deres lang-

tidsholdbarhed, da der kan opstå revner og kan aflejres kul på trefasegrænsen mellem

gas, katalysator og elektrolyt. Ceriumdioxid (CeO2) kan både lede ioner og elektroner og

kan som katalysator i en SOEC forøge den elektrokatalytiske overflade til en tofasegræn-

se mellem gasfase og ceriumdioxid. Tæthedsfunktionaleteori (density functional theory,

DFT) korrigeret for on-site Coulomb vekselvirkninger (DFT+U) bliver brugt til at undersø-

ge CO2 reduktion reaktionen (CO2RR) på ceriumdioxid og effekten af doping og ændring

af gitterkonstanten.

Kuldioxid reduktion reaktionen er undersøgt på en rekonstrueret CeO2– x(110) facet, hvor

adsorption af CO2 som monodentat karbonat er et stabilt udgangspunkt og hvor over-

gangstilstandsbarrieren er uafhængig af temperaturen. Doping af den rekonstrueret (110)

facet stabiliserer alle CO2RR intermediater og da denne stabilisering er ens, er effekten af

doping begrænset. Ved den omvendte reaktion, kulilteoxidation, som er meget relevant

for udstødningsgasrensning fra biler, kan Ir-doping kraftigt reducere overgangstilstands-

barrieren ved lave temperaturer (150 °C).

På CeO2(111) overfladen bliver iltvakancer mere stabile ved forøgning af gitterkonstan-

ten, da Ce f-båndcentret bliver mindre og omvendt ved en formindskelse af gitterkon-

stanten i overensstemmelse med at Ce3+-ionerne er større end Ce4+-ionerne. Denne

destabilisering af Ce3+ er vigtig for CO2RR på (111), da denne destabilisering reducerer

energispændet og øger omsætningsfrekvensen med en faktor 104 ved 4% formindskelse

af gitterkonstanten ved 800K.

Isovalent doping med Hf og Zr er undersøgt i bulk, på (111) og (100) facetterne. Ud

fra deres substitutionsenergier vil Hf og Zr være i overfladen af (100), men dette er det

mindst stabile facet, mens de på den mest stabile (111) facet vil være under overfladen

og i bulk. Hf og Zr formindsker gitterkonstanten for ceriumoxid og stabiliserer iltvakancer i

nærheden, hvor stabiliseringen af iltvakanserne er i overensstemmelse med den ændring

af gitterkonstanten som doping forsager. Doping kan derved være en metode til at opnå

formindskelse af gitterkonstanten i ceriumoxid.
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1 Introduction

The UN 2030 Agenda for Sustainable Development are 17 goals to be achieved by 2030

for a sustainable future for the global population [1]. These goals are diverse, e.g. stop

hunger, gender equality and responsible consumption and production (Fig. 1.1) and with

an increasing world population [2] these goals demand action to be achieved by 2030.

Figure 1.1: The 17 UN Sustainable Development Goals (SDG) for a better future for entire

world population in 2030 [1]

.

The 7th Sustainable Development Goal (SDG) is to ”Ensure access to affordable, reliable,

sustainable and modern energy for all”. This could be met by off-the-shelf renewable

energy solution e.g. wind turbines and solar cell panels, which is decreasing in price [3],

however they lack reliability as one of the targets in the SDG7. One way to compensate

for the fluctuations of wind and solar energy is to use biomass, which in principle can

fulfil the SDG7 goal, perhaps except for the part about being modern. Extensive use of

biomass can by 2050 be requiring up to 9 times the available renewable biomass [4] and

would not be in agreement with SDG15 and its subtarget to ”promote the implementation

of sustainable management of all types of forests, halt deforestation, restore degraded

forests and substantially increase afforestation and reforestation globally” and at the same

time compete with food production for arable land.

One approach to avoid extensive use of biomass and still deliver reliable energy is carbon
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dioxide utilisation by converting captured CO2 or CO2 from point-sources into synthetic

fuels (synfuels) using cheap and renewable energy to drive the process. Synfuels can

then be an easy method to store renewable energy for periods where energy demand

exceeds the production. At the same time synfuels are able to use the same already

installed distribution infrastructure from fossil fuels.

The CO2 utilisation method investigated in this thesis is the electrochemical reduction of

CO2 to CO, which together with H2 (also from a renewable source for consistency) forms

syngas, that in the Fischer–Tropsch process can be catalytic converted into a variety

of hydrocarbon fuels and chemicals [5]. Large scale Fischer-Tropsch processing has

historically taken place in Germany at war times when petroleum was spare but coal was

available [6].

1.1 Solid oxide electrolysis cell

Even with decreasing renewable energy prices, the efficiency of converting CO2 into CO is

still highly relevant and here Solid Oxide Electrolysis Cell (SOEC) is a promising candidate

with potential to reach above 100% efficiency [7–9]. The operating principle can be seen

in Fig. 1.2a, where CO2 enters at the right onto the cathode, where it together with 2

electrons supplied from the external source forms O2– and CO. The O2– then has to

diffuse through the electrolyte, an ionic conductor, and to the anode. In the anode the O2–

is oxidised into oxygen and the electrical circuit is closed. The energy required to drive this

reaction can be split into the electric energy (∆Gf ) and the heat energy (T∆Sf ), see Fig.

1.2b, where the heat can either come from external sources e.g. geothermal or nuclear

[10, 11], but can also be simply the inevitable losses by Joule heating. SOEC operates at

elevated temperatures up to 1000 °C to facilitate high ionic conductance, since the total

energy needed do not change with temperature, but only the ratio between electric and

heat energy as seen in Fig. 1.2b.

A common cathode material for SOEC is a porous cermet of nickel and yttria-stabilized

zirconia (YSZ) due to its electrical conductivity from nickel, the ionic conductivity of O2–

from YSZ, the price and catalytic activity [12–15], while YSZ is commonly used for elec-

trolyte and a porous lanthanum strontium manganite LSM/YSZ composite for anode [13,

16]. The triple phase boundaries (TPB) in the cathode between Ni-YSZ and the gas phase

can become inactive e.g. by carbon particles from the Boudouard reaction under reducing

conditions [15, 17–20] and cracking because mismatch between the thermal expansion

coefficient of Ni and YSZ [15].

1.1.1 CeO2 as catalyst

Ceria (CeO2) has been studied for its catalytic properties in numerous applications, e.g.

water-splitting reaction [21, 22], the three-way catalyst found in cars [23–26], syngas pro-

duction by co-reduction of CO2 and water [27, 28] or direct reduction into products as

Computational Studies of the CO2 reduction on Ceria-based Catalysts 3
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(a) Schematic of a SOEC and the operation

principles.

(b) Thermodynamics for CO2 electrolysis at

atmospheric pressure. Reprinted with per-

mission from [7]. Copyright 2014 American

Chemical Society.

Figure 1.2: The principle of solid oxide electrolysis cell for reduction of CO2.

methane or methanol [29, 30]. The CO2 reduction reaction (CO2RR) on ceria has been

investigated before [20, 31–33] and these catalytic properties is related to the redox cycle

of ceria between Ce4+ and Ce3+ being easily done upon reduction and oxidation of ceria

[34–36].

Ceria is a mixed conductor under reducing conditions [37] and can as cathode material

extent the active area from a TPB to a two phase boundary [38]. The carbon deposition

on ceria is minimal compared to on Ni-YSZ [20] and the mechanical stress due to different

thermal expansion coefficients can be reduced by using a mixed conductor.

Ceria as the catalyst in a SOEC will have these two reaction steps with Kröger–Vink

notation [39]:

2Ce×Ce + O×
O 2Ce′Ce + VO +

1

2
O2 (1.1)

2Ce′Ce + VO + CO2 2Ce×Ce + O×
O + CO (1.2)

The first step is the creation of an oxygen vacancy (VO) by removing a lattice oxygen.

The second reaction is the CO2 splitting into CO and an O, which occupies the vacancy.

The electrons from the oxygen vacancy formation (Eq. 1.1) is used to reduce two cerium

nearby cerium atoms to Ce′ (Ce3+) and in the next reaction (Eq. 1.2) they reduce the CO2.

The focus in this thesis is understanding the CO2 adsorption on different ceria facets at the

conditions of a operating SOEC, possible reaction paths to form CO and using methods

as doping and strain to improve the catalytic property of ceria.

1.2 Outline of thesis

This thesis includes 5 chapters apart from this introduction and an outline of them:
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Chapter 2: The introduction to the theory behind the computational methods involved in

the investigating of CO2RR including principles of DFT, corrections to DFT

and potential energy surface searches for finding transition states. The com-

putational parameters for the calculations are presented.

Chapter 3: Present a reconstructed CeO2(110) for CO2RR, starting with understanding

the vacancy formation, the CO2 adsorption and finally the reaction path for

CO2RR. Finally doping for improving the found reaction path is investigated.

Chapter 4: Focuses on CO2RR on the CeO2(111) facet with strain as a tool to tune the

turn-over-frequency.

Chapter 5: Investigating isovalent doping by substituting Ce with Hf and Zr to alter the

vacancy formation in ceria and a way to realise the strain from Chapter 4.

Chapter 6: Summary of the conclusions from the individual chapters and an outlook on

the possible paths the work presented in this thesis can be further explored

to understand ceria and CO2RR.

Computational Studies of the CO2 reduction on Ceria-based Catalysts 5



6 Computational Studies of the CO2 reduction on Ceria-based Catalysts



2 Theory and computational methods

In this chapter is an introduction to the theory behind the electronic structure calculations

carried out in this thesis. After the short theory introduction the computational methods

and parameters will be presented.

The overall task for electronic structure calculations is to solve the time independent

Schrödinger equation

Ĥ |Ψ〉 = E |Ψ〉 , (2.1)

where Ĥ is the Hamiltonian of the system, Ψ is the wave function and E is the energy

of the system. This is a eigenvalue problem and if there is more than two particles, it

requires approximations and methods to be solved.

2.1 Density Functional Theory

The wave function is a function of all the individual electrons spatial coordinates and for

spin polarised system also the spin. By contrast in a density formulation there is only a

single spatial and spin coordinate, which is a tremendous reduction in variables when the

number of electrons becomes large.

The foundation for density functional theory (DFT) was established in 1964, when Ho-

henberg and Kohn [40] formulated two theorems, where the energy of the system is a

functional of the density:

• The external potential is to within a constant a functional of the electron density and

since the external potential fixes the HamiltonianH, the full many-body ground state

is a functional of the electron density.

• The variational principle is valid. Any trial electron density will yield an energy larger

than the ground state energy.

Hohenberg and Kohn stated that if the universal functional E[n(r)] was known and suffi-

cient simple, then determining the ground state would be a simple minimization in three

dimensions. Unfortunately the universal functional is yet to be described, therefore ap-

proximations have to be made.

2.1.1 Kohn-Sham DFT

The two theorems by Hohenberg and Kohn provides the foundation for DFT however not

a feasible route of how to do it. Kohn-Sham reintroduced single electron orbitals where

there are no electron-electron interaction and instead the electrons are interacting with an

Computational Studies of the CO2 reduction on Ceria-based Catalysts 7



effective potential: (
− h̄2

2m
∇2 − veff(r)

)
φi(r) = εiφi(r) (2.2)

where the effective potential contains both the external, the mean electron density and the

exchange-correlation potential. The density is then obtained as sum of all N electrons in

the system:

ρ(r) =
N∑
i

|φi(r)|2 (2.3)

and the energy of the Kohn-Sham system is:

E[ρ] = Ts[ρ] + EH[ρ] +

∫
ρ(r)vext(r)dr+ Exc[ρ] (2.4)

where Ts is the kinetic energy of the non-interacting electrons, EH is the Hartree energy

(the average electron-electron interaction), vext is the external potential and Exc is the

exchange-correlation energy. The correlation is correcting for the errors created by us-

ing non-interacting electrons and only calculating their interaction on average. Where

Hartree-Fock and post HF methods make approximations to the wave function, DFT in-

cluding KS-DFTmakes approximations to the Hamiltonian through the exchange-correlation

functional used.

2.1.2 Functionals in DFT

In general the exchange-correlation energy is calculated as:

Exc =

∫
ρ(r)εxc(. . .)dr (2.5)

where the functionals can be ordrered after the Jacob’s ladder [41], according to what

input is given to εxc. The first rung is local density approximation (LDA) taking the density

ρ(r) as input. The second rung is the generalized gradient approximation (GGA) which

also includes the gradient ∇ρ(r). The third steps are meta-GGA including also the kinetic

energy density τi = |∇φi|2. Up until the third rung the input for the exchange-correlation

functional have been the local density at each point in space and how it behavior locally

through the gradient. The next rung is hybrid functional where part of the exact exchange-

energy from Hartree-Fock is included and this is a non-local property calculated as the

integral over space, given rise to two electron integrals which are requiring more compu-

tational effort. For each step up the Jacob’s ladder the accuracy is increasing and closer

to the Hohenberg-Kohn universal functional.

2.1.3 DFT+U

One problem in DFT which is not present in Hartree-Fock and post-HF methods is the

self interaction error (SIE). Taking the simplest atomic system as example, the hydrogen

8 Computational Studies of the CO2 reduction on Ceria-based Catalysts



atom, one realises that the single electron is interacting with itself through its own density,

meaning it is having a nonphysical interacting with itself. This self interaction will tend

to spread the electrons and localisation of electrons can be a problem in DFT. This error

is cancel in HF by the exact exchange energy which is one reason why functionals from

fourth rung incorporate part of the exact exchange to cancel this error. To avoid introducing

the two-electrons integrals from exact exchange, a Hubbard potential U can be added to

selected types of orbitals, which favour integer occupation of the orbital: [42]

EDFT+U = EDFT[ρ] +
∑
σI

∑
nl

U I
nl

2
Tr
{
nσI
nl − nσI

nl n
σI
nl

}
(2.6)

where U I
nl is the effective potential in the Dudarev formulation [43] for the orbital with

quantum numbers nl on the atom type I with spin σ and n is the occupation matrix.

The value of the U -parameter is determined by fitting a specific property of interest to the

experimental value, e.g. the band gab or in the case of ceria often either thermodynamic

values by a U -value of 2 eV to 3 eV[44, 45] or correct electron localisation in the Ce 4f

orbital which requires a U -value of 4.5eV to 5 eV [46–48].

2.2 Potential Energy Surface

In Born-Oppenheimer apprixomation the electronic energy depends parametrically upon

the nuclei positions {R} and this approximation is reasonable since the nucleus is much

heavier and slower than the electrons and therefore the electrons will instantaneous ad-

just to a new nucleus position. The energy of the system then becomes the sum of the

electronic and nuclei energies and the nuclei are moving on a potential energy surface

from the electrons.

2.2.1 Nudged Elastic Band method

Nudged elastic band method (NEB) [49] can be used to find the path between two minima

along the minimal energy path (MEP) and identifying the transition state. NEB starts with

an initial R0 and final structure RN and make a interpolation in between:

Ri = R0 +
i

N
(RN − R0) (2.7)

where each of these Ri are called image and N is the number of images. On each image

acts the regular forces Fi and to keep them from simply relaxing into the initial and final

image, NEB adds a spring between the images:

Fi = Fs
i |‖ − F(Ri)|⊥ (2.8)

= k (|Ri+1 − Ri| − |Ri − Ri−1|) τ̂ i − F(Ri)− τ̂ i (τ̂ i · F(Ri)) (2.9)

where τ̂ is unit vector in the path direction. The NEB images will converge to the MEP

however since the images are equally spaced it is unlikely for an image to be the transition
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state. In climbing-image NEB [50] the maximum energy image is free of the springs to

adjacent images and instead climbs freely up in energy and thereby converging to the

transition state.

2.2.2 Dimer method

NEB and CI-NEB gives information about the MEP between initial and final state, e.g.

meta-stable intermediates and transition state(s), but they require energy and force eval-

uation for all images at each step. If the transition state is approximately known, e.g. from

a CI-NEB calculation or if only one of the end states are known, the Dimer Method [49]

can be used. In the Dimer Method two images are separate by a distance ∆R and this

dimer and its midpoint is then set to move up the energy gradient while rotating according

to the torque and from the two sets of forces and energies in the dimer an estimate of the

curvature can be made.

In this thesis MEP and transition state(s) are initially searched with NEB until a reasonable

MEP is found then followed by CI-NEB to approach the transition state. Finally is the Dimer

Method used to converge the transition state to save computational time.

2.2.3 Thermochemistry

Thermodynamic quantities can be obtained from DFT as well. For free gas molecules

the ideal gas approximation is applied and for surfaces with adsorbates the harmonic

approximation is used.

In the ideal gas approximation the enthalpy is given as:

H(T ) = Eelec + EZPE +

∫ T

0
Cp dT (2.10)

where EZPE is the zero-point energy and the integral is the over heat capacity at constant

pressure, which is calculated as:

Cp = kB + CV,trans + CV,rot + CV,vib (2.11)

where the Boltzmann constant converts from constant volume to constant pressure, the

translational heat capacity is 3
2kB, the rotational heat capacity is zero for monoatomic

gases, kB for linear gases and 3
2kB for nonlinear. The integrated vibrational contribution

is a sum over vibrational energies:

∫ T

0
CV,vib dT =

vib DOF∑
i

εi

e
εi

kBT − 1
. (2.12)

For adsorbates the same equations are used to calculate the enthalpy, but the adsorbates

are assumed to have no translational or rotational degree of freedom leaving vibrations

as the only contribution.
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The entropy at pressure P and temperature T is calculated as:

S(T, P ) = Strans + Srot + Selec + Svib (2.13)

where:

Strans = kB ln

[(
2πMkBT

h2

)3/2 kBT

P

]
+

5

2
kB (2.14)

Srot = kB

[
ln

(
8π2IkBT

σh2

)
+ 1

]
(2.15)

Svib = kB

vib DOF∑
i

 εi

kBT
(
e

εi
kBT − 1

) − ln

(
1− e

−εi
kBT

) (2.16)

Selec = kB ln (2s+ 1) (2.17)

for a systemwith massM and total spin of s. The rotational entropy is for linear molecules,

since only CO2, CO and O2 are used in this thesis. I is the degenerate moment of inertia

and σ is the symmetry number for the molecule. Both CO2 and CO have no total spin, O2

has a total spin of 1, while the symmetry number of both CO2 and O2 are 2 and for CO it is

1. Since adsorbates are assumed to have no translation and rotation, these contributions

are zero.

Two Ce3+ are present per oxygen vacancy in ceria and because of spin-orbit-coupling and

crystal field, the degenerated single-occupied 4f orbitals on Ce split into 5 energy levels

according to Fig. 2.1 [51]. Due to this splitting an electronic entropic contribution to the

free energy is added:

Sonsite
elec = −kB

m∑
i

gi pi ln pi (2.18)

where gi is the degeneracy of state i and pi is the Boltzmann probability of being in state

i:

pi =
e

−Ei
kBT

Z
(2.19)

and Z is the partition function given as:

Z =

m∑
i

gie
−Ei
kBT . (2.20)

At 1000K the free energy contribution (TS) from degeneracy of Ce 4f is 0.32eV per oxy-

gen vacancy with the energy splitting given in Fig. 2.1.

2.3 Ccomputational methods

All DFT calculating are perfomed with Vienna Ab initio Simulation Package (VASP) 5.4

[52–57] interfaced with ASE [58]. The Perdew-Burke-Ernzerhof (PBE) [59] functional is
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Figure 2.1: The splitting of the degenerated 4f energy levels into two by spin-orbit cou-

pling and into 5 by both spin-orbit coupling and crystal field for a fluorite structure. The

numbers in parentheses are the degeneracy of the given state and the color represents

the Boltzmann’s factor (exp
(
−Ei(kBT )

−1
)
). Reprinted from [51] with permission.

.
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used to describe the exchange-correlation. PBE is an often used trade-off between com-

putational cost and reliability of the calculations for ceria [35, 47, 60–63]. To describe

the ionic cores and the plane waves the projector augmented wave method (PAW) [55,

57] is used with plane wave energy cutoff of 550 eV. A Hubbard parameter U of 4.5eV

is used for a correct localisation of the electron in the Ce 4f state while following the U -

ramping method from Meredig et al. [64] to ensure correct low energy occupation of the

degenerated the 4f states.

The lattice constant of fluorite ceria used is 5.497Å consistence with other theoretical

studies [21, 65] and close to the experimental value of 5.411Å [66].

The convergence criteria for optimisations is Fmax < 0.01eVÅ
−1

in Chapter 3 and 4

with one exception for the multiple vacancies in Tab. 3.2 in Chapter 3, which has the

same convergence criteria Fmax < 0.03eVÅ
−1

as Chapter 5. The electronic convergence

criteria is 10−6 eV when thermal contributions are used otherwise 10−4 eV.

Different cell/slab sizes and Monkhorst-Pack k-points grids [67] are used in the chapters:

Chapter 3: For the CeO2(110) facet and the reconstructed CeO2(110) facet a slab size

of (3 × 2) is used to accommodate two larger Ce3+ in the rows of the (110)

facet. The non-reconstructed (110) slab consist of 5 layers with the bottom

2 layers fixed and for the reconstructed facet a single row is added to this

slab. A 2× 2× 1 k-point grid is used for all slabs.

Chapter 4: For the CeO2(111) facet a (2× 2) slab is used with 4 O–Ce–O trilayers and

the bottom trilayer fixed. A Monkhorst-Pack k-point grid of 3× 3× 1 is used

for surface calculations and for density of state a 13× 13× 1 grid.

Chapter 5: Two different cells are used for bulk calculations. A (1 × 1 × 1) cell for high

concentration of doping with a 4× 4× 4 k-point grid, while a (2 × 2 × 2) cell

for low concentration of doping with a 2× 2× 2 k-point grid. The same (111)

slab as in Chapter 4 is used for single doping while for 2 substitution a (3 ×
3) slab is used with 2× 2× 1 k-point grid. For the (100) facet a (2 × 1) slab

with 2× 4× 1 k-point is used with 4 layers of Ce and the bottom two cerium

and one oxygen layers fixed.

The vacuum is >10Å for all slabs. The gas phase molecules are calculated in a large

(13Å× 14Å× 15Å) cell with the Γ-point for k-point grid.

The thermochemistry fromSection 2.2.3 is calculated inASE [58] by calculating vibrational

modes using finite difference approximation for the hessian for the atoms participating in

the reaction.

Due to the erroneous description of the C––O and C–––O bond, a correction of −0.08eV
and −0.39eV is added to the energy of CO2 and CO, respectively, both in gas phase

and adsorbates following the method of Christensen et al. [68]. In Chapter 3 only the gas
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phase correction to CO is added.

Gibbs free energies in SOEC operation conditions is calculated in a similar procedure to

Wu et al. [69] where CO2 and CO are in equilibrium and the oxygen pressure is given as

p(O2) = p0e
−∆G(T,p0)

kBT . (2.21)

∆G(T, p0) is the Gibbs free energy for CO2 −−→ CO + 1
2
O2 at the ambient pressure p0

and the temperature T . This is effectively a shift of the chemical potential for gas phase

oxygen by −∆G(T, p0).

The oxygen vacancy formation energies are calculated as:

∆Evac(CenO2n−1) = E(CenO2n−1) +
1

2
E(O2)− E(CenO2n), (2.22)

and absorption energies as:

∆Eads = E(surface+adsorbate)− E(surface)− E(adsorbate) (2.23)

throughout the this thesis.
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3 Paper: DFT+U study of CO2 reduction

and CO oxidation on a reconstructed

CeO2-x(110) facet.

This chapter is a revised version of the paper ”DFT+U study of CO2 reduction and CO

oxidation on a reconstructed CeO2– x(110) facet.” [70] where the ”Introduction” is shorten

and the ”Computational method” section left out. The supplementary information from the

paper can be found in Appendix A.1.

In this chapter a reconstructed CeO2– x(110) facet is introduced for CO2RR and a promis-

ing reaction path is identified. Doping is investigated to reduce the energetic span and

finally the CO oxidation reaction for gas purification in exhaust gas is explored.

3.1 Introduction to the reconstructed CeO2-x(110) facet.

The (110) facet of ceria can under reducing conditions at temperatures of 800K make a

reconstruction as seen experimentally [71, 72]. This reconstruction is also computation-

ally observed and modelling of nanoparticles shows the degree of reconstruction can be

effected by the environment [73, 74]. The reconstructed surface is a (111) microfacet and

its surface energy is in between the less stable (110) and the more stable (111) [75].

3.2 Reconstructed (110) microfacet

The (110) facet of ceria as seen in Fig. 3.1 can be reconstructed into a microfacet by

removing or adding a row, thereby creating a microfacet which resembles the (111) facet

also seen in Fig. 3.1. The surface-close oxygens on the reconstructed surface preserve

their coordination (3-coordinated surface O3c and 4-coordinated subsurface O4c), but oxy-

gens at the top and the bottom of the zig-zag are distinguishable. The only coordination

change is a 7-coordinated cerium atom in the middle of the zig-zag. The nomenclature

for the oxygen used in this chapter is shown in Fig. 3.1.

The vacancy formation energy for the non-reconstructed (110) surface is 1.50eV and

2.27eV for the surface and subsurface vacancy, respectively, as seen in Tab. 3.1. These

values are not very different for the vacancy formation energy on the reconstructed sur-

face, where the cheapest vacancy is the surface OB
3c (∆Eform = 1.54eV) but the sub-

surface vacancy OT
4c is only 0.04eV higher in formation energy and thereby also easier

to form than the 2.27eV subsurface vacancy on the normal (110) facet. Regarding the

surface energy, as seen in Tab. 3.1 the surface energies are in the order (111) < (110)

< (100), where (111) facet is the most stable and (100) the least. The reconstructed
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Figure 3.1: At left the non reconstructed (110) ceria facet with two fixed layers (atoms with

darker colours) and at left the reconstructed 110 facet, where a row of CeO2 is added on

top. The colour and labeling of the top oxygens show their coordination. The unrecon-

structed (110) facet has 3-coordinated surface oxygens (O3c) and 4-coordinated subsur-

face oxygens (O4c). On the reconstructed surface these two types of oxygens are divided

into two onto the top (OT) and bottom (OB) of the zig-zag arising from the reconstruction.

(110) facet has an energy in between the (111) and (110), which is consistent with the

spontaneous reconstruction in experiments [71, 72].

TwoCe3+ are formed then the surface is reduced and on (111) facets these Ce3+ locates at

the next-nearest-neighbour to the oxygen vacancy [46] and at the (110) they are nearest-

neighbour [79]. On the reconstructed (110) facet the two Ce3+ locates on the top row for

all vacancy positions, which can be attributed to the larger Ce3+ compared to Ce4+ has

the more space and less constrain for relaxation on the top.

3.3 CO2 and CO absorption

Multiple CO2 adsorption sites and configurations are investigated on the reduced recon-

structed (110) facet. An oxygen deficient surface is easily form under SOEC conditions

and required for CO2 reduction. CO2 is in most cases physisorbed as a linear CO2

molecule, but one chemisorbed configuration is found relevant to investigate. The CO2

adsorption found is a monodentate carbonate structure with a vacancy at the OT
4c site

as seen in Fig. 3.3c with a DFT adsorption energy of −1.13eV. Generally CO weakly

adsorbs to the cerium atoms on the surface and as seen in Fig. 3.3d a CO adsorption

close to the monodentate carbonate is a favorable site with formation energy of 0.17eV.

Stronger CO adsorption is observed by Zhang et al. [75] when it is adsorbed as biden-

tate carbonate across the (110) rows, where adsorption on the top of the reconstruction

is approximately 0.75eV stronger than at the bottom. At SOEC condition the amount of

surface oxygen available for CO adsorption as bidentate carbonate will be limited and

inhibiting strong adsorption of CO less likely.
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Table 3.1: Calculated surface and oxygen vacancy formation energies for (111), (110) and

reconstructed (110)-2 × 1 facet. OT
3c is a split vacancy 0.09eV lower in energy compared

to inplane. a from [76], b from [75], c from [77],d from [78]

Facet Site ∆Eform/eV γ/Jm−2

(111) 0.71

Surface 2.11a

2.13b

2.30c

Subsurface 1.75a

1.95b

1.89c

(110) 1.07

Surface 1.61d

1.50

Subsurface 2.27

(110)-2 × 1 0.93

OB
4c 1.91

OB
3c 1.54

OT
4c 1.58

OT
3c 1.81
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Starting from the adsorbed CO2 as monodentate carbonate with an oxygen vacancy

nearby at OT
4c see Fig. 3.3c, the minimum energy path is calculated by NEB and with

CO adsorbed on the stoichiometric surface as end point. The energy diagram and struc-

tures of the images are shown in Fig. 3.2. A non-linear CO2
– intermediate emerges from

the NEB calculated path. This non-linear CO2
– is previously describe as a intermediate

for the CO oxidation on ceria (110) and (111) [80] and since it is a small plateau on the

potential energy surface, it is used as an initial image for a higher resolution of the last

part of the NEB, where the overall transition state appears. At the transition state the last

Ce3+ is oxidized and the CO is formed. See Fig. A.3 for the structure of each image on

the NEB path.

The steps of the total CO2 reduction path can be summed as: Surface + CO2(g)→Surface

+ VO + CO2* +
1
2O2(g)

TS−→ Surface + CO* + 1
2O2 → Surface + CO + 1

2O2. The overall

CO2(g) reduction into CO(g) is endothermic and endergonic requiring 2.72eV and 1.85eV

at 0K and 1000K, respectively. This energy comes from heat and electricity added by the

electrolysis.

Beside the DFT energy difference of 2.52eV between the carbonate and the absorbed

CO molecule the additional barrier is only 0.24eV. When thermal contributions are taken

into account the back barrier going from CO to carbonate is increasing as seen in Fig. 3.4

since entropic stabilisation at increasing temperature is greater for gas phase CO than the

adsorbed. The oxygen vacancy formation energy is less temperature dependent at SOEC

condition, where we keep CO2 and CO in equilibrium by reducing the chemical potential

and thereby the partial pressure of oxygen becomes temperature dependent. This cancel

the normal decreasing vacancy formation energy with increasing temperature, see Fig.

3.4.

Poisoning by carbon formation can be a problem under reducing conditions for a SOEC

[20]. Structural minimisation of carbon on the reconstructed (110) surface will form CO

with a surface oxygen. Therefore we cannot identify stable carbon absorption on the

reconstructed (110) surface.

The reconstructed surface is easily reduced at elevated temperatures, even perhaps too

easily as can be seen in Tab. 3.2, where the vacancy formation energy of the additional

vacancy is negative for all of the 8 included vacancies.

Overall the CO2RR is limited by the easily reduced surface and the adsorption of CO2 is

hindered by the entropy change associated with this and the barrier from CO2* to CO* is

large.
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Figure 3.2: The energy and the magnetic moments of the two Ce3+ for the NEB calcu-

lation. The vertical line represents a fixed intermediate, used as final image for the first

part of the NEB and initial image for the last part, when the full NEB was separate. At top

structures seen from the side (top row) and focusing on the reaction (bottom row) where

cerium is coloured grey, oxygen not part of the reaction is red and oxygens part of the re-

action are given arbitrary colours to follow their path in the reaction. The two neighbouring

darker cerium colour show the Ce3+ accounted for by the magnetic moments.
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nvac Pure Ceria Ir doped

∆Eform ∆Gform(SOEC,1000K) ∆Eform ∆Gform(SOEC,1000K)

1 1.54 -3.09 0.96 -3.68

2 2.03 -2.91 1.24 -3.72

3 2.72 -2.56 1.72 -2.60

4 2.64 -2.95 2.39 -1.93

5 3.00 -2.91 2.10 -3.82

6 2.99 -3.25 1.99 -4.24

7 1.12 -5.44 3.39 -3.17

8 3.88 -2.99

Table 3.2: The vacancy formation energy for the reconstructed CeO2– x(110) facet with

Ir-doping and without, where nvac is the number of vacancies,∆E is the DFT formation en-

ergy and∆G(SOEC,1000K) is free energy of formation at SOEC conditions and 1000K.

Both of them is the additional vacancy formation. The full configurational space is not fully

searched, however it shows at SOEC conditions multiple vacancies will be present.

Figure 3.3: a) The stoichiometric reconstructed (110) surface. The green coloured oxy-

gen is removed to form b) A single vacancy at the OT
4c. c) The adsorption of CO2 as a

monodentate carbonate on the surface oxygen coloured purple. d) Adsorbed CO* on the

stoichiometric surface reformed by moving the previous surface oxygen to subsurface

(purple) and one oxygen from CO2 in the surface position (yellow). The darker colours of

the ceriums atoms in b) and c) shows the localisation of the Ce3+ while oxygens are red

if not part of the reaction.
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Figure 3.4: The energy diagram of the found path for CO2 reduction to CO on the re-

constructed (110) ceria surface at different temperatures. CO2 and CO are set be to in

equilibrium with a very low and temperature depending oxygen pressure similar to SOEC

conditions. The oxygen vacancy formation is at all temperatures favourable, whereas

the CO2 adsorption is only favourable at low temperatures. The transition state barrier is

independent on temperature while the backreaction barrier is temperature dependent.
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Figure 3.5: The CO absorption energy on the reconstructed (110) surface with different

doping metals. The dotted line is at the undoped adsorption energy. * A lower energy

configuration not compatible with the path investigated is found during structure optimi-

sation. The numbers shown are from higher energy conformer compatible with the path,

see Fig. A.2.

3.4 Doping

In a effort to improve upon the found path at operating temperatures (≈ 1000K) doping

is sought to lower the energies of the absorbed CO molecule and the structural similar

transition state. Since 4d and 5d transition metals are known to bind CO strongly [81], a

rough screening of metals with stable 4+ oxidation state and with an ionic radius similar

to cerium [82]. The doping is a substitution of the cerium atom to which CO binds in the

found path to directly effecting the adsorption energy. Only a few of the tested elements

binds CO significantly stronger than cerium as seen in Fig. 3.5. Iridium, rhodium and

platinum bind the CO molecule more than 1 eV stronger than on ceria with −1.25, −1.04
and −2.38eV, respectively.

Partial density of states (pdos) for the d-orbitals on the dopants can explain the calculated

adsorption energy of CO, where d-orbitals close to the Fermi energy correlates well with

stronger CO binding as seen in Fig. 3.6, where the half-filled d-orbital on Pt in the recon-

structed (110) ceria surface has the strongest binding of CO and the filled d-orbitals on Ir,

that is below the Fermi level, has a less strong binding.

For rhodium, iridium and platinum the absorption energy of CO2 and the oxygen vacancy

formation energy are calculated to further analyse if these dopants improve the catalytic
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Figure 3.6: At the top the partial density of states for the reconstructed (110) surface

without doping, where no states are at the Fermi energy (Ef ). The bottom part is the

partial density of states for the d-orbitals on Ir and Pt in the doped surfaces. The d-orbitals

on Ir are close to the Fermi level, while Pt has a partially filled d-orbital.

Table 3.3: The DFT energies of the path with the three selected dopants: Pt, Ir and Rh

when CO2 and CO are in equilibrium. The ∆E is the relative energy including the energy

of the gas phase molecules for the four step of the path as found for the undoped case.

∆E(Dopant)/eV

Ce Rh Ir Pt

VO −1.32 −2.05 −2.20 −3.72
CO2* −2.29 −3.42 −3.67 −5.06
CO* 0.17 −0.88 −1.09 −2.22
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Figure 3.7: The energy diagram of CO2 reduction to CO on the Ir doped reconstructed

(110) ceria facet compared to undoped ceria. Doping binds both CO2 and CO stronger,

minimising the effect of doping on the reaction barrier but reduces the backreaction bar-

rier. Structural figures of the individual steps are shown above, where cerium is coloured

grey, iridium blue and oxygen part of the reaction in arbitrary colours for visual guidance

otherwise oxygen is red.

path. The results are listed in Tab. 3.3 and shows that not only the CO molecule is ad-

sorbed stronger on the reconstructed ceria surface, but also themonodentate carbonate is

lowered in energy by the 4d and 5d-metal doping and the formation energy of the oxygen

vacancy is more favourable. Platinum lowers the adsorption energy for the CO and CO2

molecules by 2.38eV and 2.77eV, respectively, compared to the undoped reconstructed

ceria. Iridium and rhodium approximately lowers the absorption energy by half of that of

platinum. Taking these trends and the computational requirement into consideration, NEB

and later on transition state optimisation where only done for iridium. The path and the

transition state found by NEB and Dimer Method for the iridium doped surface does not

differ from the undoped.

At 1000K (chosen as a representative temperature for interval 800K to 1200K) the the

iridium doped surface lowers the energy of the adsorbate, but do not change the relative

energies of these as seen in Fig. 3.7. The effect on the transition state barrier from CO2*

is a slight increase in the barrier energy from 2.54eV for the undoped surface to 2.72eV

for the iridium doped surface at 1000K. On the other hand the back reaction barrier with

the iridium doping is 0.35eV and thereby only half that of the undoped.

Since CO oxidation is used for exhaust gas purification, the SOEC condition used other-
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Figure 3.8: The energy diagram for CO oxidation to CO2 via the reverse reaction as

previous shown. The partial pressures are 0.18p0, 0.011p0 and 0.009p0 for CO2, O2 and

CO, respectively.

wise needs to be change to the condition in exhaust gas. The content of CO2, CO and

O2 in exhaust gas from internal combustion engines are 18.1%, 0.9% and 1.1%, respec-

tively [83]. Usual operating temperature is 600 °C [84], while future regulation requires

effective CO oxidation at 150 °C or below, because new fuel efficient cars dissipate less

heat [85]. The CO oxidation energy diagram under these conditions on the reconstructed

(110) ceria Ir-doped and undoped surface with the reverse reaction path as for CO2 re-

duction are shown in Fig. 3.8. The transition state barrier is 2.12eV for the undoped

surface at 600 °C, which is lowered to 1.25eV at 150 °C and this is similar to the Ir doped

(1.07eV) at 600 °C. For these three cases the transition state is also the largest barrier

for CO oxidation. At low temperature and with Ir doping the transition state is no longer

the overall largest barrier, this has become the desorption of CO2 with a 0.49eV increase

in free energy.

The oxygen vacancy formation free energy on the Ir doped surface is −0.60eV at 600 °C

andCOoxidation conditions. The second vacancy on the Ir doped surface is less favourable

at 600 °C with formation energy of −0.21eV, while the third is not spontaneous with a

Gibbs energy of 0.39eV. This low degree of reduction in the doped surface is important

to allow CO oxidation with surface oxygens.
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3.5 Conclusion

The reconstruction of the (110) ceria facet into a zig-zag (111) similar facet reduces the

surface energy and the oxygen vacancy formation energy. A monodentate carbonate

(CO3
2– ) adsorption of CO2 on the reconstructed (110) ceria surface with a single oxygen

vacancy is favourable and starting configuration for the investigated reaction path for CO2

reduction. An intermediate CO2
– identified by NEB on the path to form CO and the overall

transition state is to the final CO*. The reaction barrier from the adsorbed CO2* to CO* is

approximately 2.50eV and it is independent of the temperature, while the back-reaction

corresponding to CO oxidation is a factor of 10 less, but increasing with temperature.

Doping the reconstructed surface has the potential to bind CO stronger, but both the

oxygen vacancy formation energy and the CO2 adsorption energy follows the same trend,

therefore limiting the effect on the reaction barrier. With iridium doping the forward barrier

do not change significantly, but the back reaction is half that of the undoped surface at

1000K.

When changing the condition from SOEC to CO oxidation for exhaust gas purification

the Ir doped reconstructed (110) ceria eliminates the transition barrier for CO oxidation at

150 °C and instead the CO2 desorption is the limiting step with a 0.49eV barrier.

The proportionality between the CO and CO2 adsorption energies minimise the possibility

to lower the large barrier from CO2* to CO*. Strategies to decouple CO binding and

oxygen vacancy formation energy should therefore be established.
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4 Paper: DFT+U study of strain

engineered CO2 reduction on a

CeO2(111) facet.

This chapter is a revised version of the paper ”DFT+U study of strain engineered CO2

reduction on a CeO2(111) facet.” which is to be submitted.

In this chapter a CO2 reduction path on the reduced CeO2(111) facet is presented and by

straining the surface the vacancy formation energy and the overall turnover frequency is

tuned. This is linked to the larger Ce3+ ions present on the reduced surface and the shift

in Ce 4f-band centre.

4.1 CO2 reduction on CeO2(111)

The CeO2(111) facet is the most stable facet [86] and the oxygen vacancy formation en-

ergy∆Eform is higher on this facet than on (110) and (100), see Tab. 4.1. The most stable

vacancy in the CeO2(111) surface layer is a subsurface vacancy with formation energy of

1.67eV compared to the 2.16eV for the surface vacancy. Due to the high vacancy forma-

tion energy on the (111) surface, it has been hypothesised to be less catalytically active

[87]. But the high vacancy formation energy is less of a limitation at SOEC conditions,

where the oxygen chemical potential is lowered by −4.32eV at 1000K making vacancy

formation favourable. Adsorption of CO on the stoichiometric ceria (111) surface is pos-

sible at different sites on the (111) surface: on top of cerium, surface and subsurface

oxygens or in between these. Adsorption of CO on surface and subsurface oxygens will

form adsorbed CO2, adsorption on cerium atoms is the only adsorption site which pre-

serves CO with an adsorption energy of −0.18eV. Adsorption on a bridge site between

cerium and a surface oxygen forms a bidentate bent CO2
– with an adsorption energy of

0.08eV relative to the stoichiometric surface and gas phase CO. CO2
– has previously

been studied as an intermediate for CO2 reduction [70, 80].

(111) (110) (100)

∆E(sVO)/eV 2.16 2.11a 2.30b 1.14c 1.50d 1.67c

∆E(ssVO)/eV 1.67 1.75a 1.89b 1.48c 2.27d 1.62c

Table 4.1: The oxygen vacancy formation energy for the (111) facet compared to the (110)

and (100) facets. a from a study by Wu et al. [21], b from a study by Ganduglia-Pirovano

et al. [88], c from a study by Wu et al. [76], and d from a previous study [70]
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Figure 4.1: Top view and side view of the CeO2(111) 2 × 2 slab used. The bottom

O–Ce–O fixed trilayer and the subsurface oxygens are shown in dark red.
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Figure 4.2: Stuctures the two possible reaction paths: 1) the stoichiometric surface, 2a/2b)

a surface/subsurface oxygen vacancy, 3a) bidentate CO2
– , 3b) tridentate CO3

2– , 4) CO

adsorbed on the stoichiometric surface. The adsorbed CO3
2– (3b) is with an adsorption

energy of −0.23eV much stronger bound to the reduced surface than CO2
– (3a) at left

with an adsorption energy of 0.85eV compared to their respectively reduced surfaces.

Dark/grey coloured cerium shows Ce3+.

CO2 can bind to the reduced surface on a surface oxygen as tridentate carbonate with an

adsorption energy of −0.23eV. The atomic structure of tridentate carbonate and CO2
–

is shown as state (3a) and (3b) in Figure 4.2.

Two different reaction paths for CO2 reduction can be formed from these adsorption con-

figurations of CO2 andCO as shown in Fig. 4.2. First a surface (2a) or subsurface vacancy

(2b) is introduced into the surface, which is followed by adsorption of CO2 to form CO2
–

(3a) or CO3
2– (3b) that then decomposes to CO adsorbed on top of a cerium atom (4).

The decomposition of CO3
2– to CO requires the breaking of two carbon oxygen bonds,

where one of the released oxygen atoms will have to fill a subsurface oxygen vacancy.

The resulting NEB pathway (from state (3b) to (4) in Figure 4.2) is therefore very long

and the resulting barrier is inhibitingly high (>4 eV). In contrast, the decomposition of

bidentate CO2
– to adsorbed CO (from state (3a) to 4 in Figure 4.2) has a much lower

barrier of 0.57eV and much shorter NEB path.

The adsorption of CO2(g) on the (111) facet with a surface vacancy to form CO2
– has no
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Figure 4.3: The oxygen vacancy formation energy as a function of the placement of the

Ce3+ and the biaxial strain. The lines are only to guide the eye.

additional barrier except the energy change∆Ef of 0.86eV as seen in Fig. A.4. As found

in previous studies [76, 88] on the (111) facet, the subsurface oxygen vacancy is preferred

by 0.49eV compared to the most stable surface vacancy. The NEB/DIMER path for CO2
–

to adsorbed CO is a direct breaking of one C–O bond, leaving behind the oxygen in the

vacancy and forming adsorbed CO. The initial C–O distance in CO2
– is 1.32Å, while at

the transition state it is 1.62Å and the barrier is 0.57eV and the single Ce3+ in the initial

state is reoxidised into Ce4+.

4.1.1 Strain engineering

Because Ce3+ is larger than Ce4+ and Ce3+ is formed upon oxygen defect creation in ceria,

it is known that compressive strain increases the oxygen vacancy formation energy [21].

The oxygen vacancy formation energy as a function of the strain can be seen in Fig. 4.3,

where for all vacancies and Ce3+ configurations compression of the system increases the

vacancy formation energy, while the opposite happens for tensile strain. The most stable

oxygen vacancy under all investigated strain conditions is a subsurface vacancy ssVO

with Ce3+ at subsurface and surface next nearest neighbour (ssNNN+sNNN), while the

most stable surface vacancy for all strains has Ce3+ in the surface as nearest and next

nearest neighbours. The energy gap between these vacancies depends upon the strain

and change to 0.73eV and 0.14eV under 4% compressive and tensile strain, respectively.

The energy diagram for the reaction path under strain can be seen in Fig. 4.4, where it is

seen that the strain affects the vacancy formation energy to the greatest extent and to less

extent the transition state and the adsorbed CO with no large Ce3+, while the adsorbed
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Figure 4.4: The CO2 reduction on the CeO2(111) facet under different level of strain and

under SOEC conditions where CO2 and CO are at equilibrium.

CO2
– has one Ce3+ and the energy change caused by strain is approximately half that of

the oxygen vacancy.

For the density of states for stoichiometric CeO2(111) with strain, see Fig. A.5, the f

band centre ε(Ce, f) location relative to the Fermi energy εf depends linearly on strain as

shown in Fig. A.6. Therefore the formation energy for e.g. the most stable surface and

subsurface vacancy depends linearly on the f-band centre, as shown in Fig. A.7. The

linear dependence agrees with f-orbitals being occupied when vacancies are formed.

The turnover frequency (TOF) can be estimated from:

TOF =
kBT

h
exp

(
− δE

kBT

)
(4.1)

where δE is the free energy difference between the minimum and maximum on the reac-

tion path, in this case between the system with a surface vacancy and CO2 in gas phase

and the transition state. In Fig. 4.5 the temperature and strain dependent TOF is given

relative to the unstrained TOF at 800K. The trend is for high TOF when temperature is

high and compressive strain, the strain effect is because the compressive strain desta-

bilises the Ce3+ for the defect surface while not effecting the transition state much, since
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Figure 4.5: The turn over frequency for CO2 reduction relative to unstrained CeO2(111)

at 800K.

there are no Ce3+.

4.2 Conclusion

We have investigated the CO2 reduction to CO on CeO2(111) facet with a surface oxygen

vacancy and an intermediate bidentate CO2
– to form adsorbed CO. The surface vacancy

is 0.49eV higher in energy compared to the subsurface vacancy, while this allow an easy

absorption of gaseous CO2. The transition state barrier for breaking one C–O bond in

the bidentate CO2
– to form CO is 0.57eV. The overall reaction at SOEC conditions is

limited by the stabilisation of the reduced surface at elevated temperature and low oxy-

gen pressure. Compressive strain improves the overall reaction at SOEC conditions by

destabilising the reduced surface, while effecting the intermediate CO2
– and the transi-

tion state less. The Ce f-band centre dependency upon strain and the linearity between

f-band centre and the vacancy formation energy is in agreement with the observed trend

for the reaction, since the f-band centre increases with compressive strain and reduced

ceria has electrons occupying the f-orbitals on Ce. The turnover frequency in 4 order of

magnitude higher at 4% compressive strain than unstrained at 800K.
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5 Hf/Zr-doped ceria

In this chapter work on Hf/Zr doped ceria is presented. The initial work is done at Karlsruhe

Institute of Technologie (KIT) with Prof. Felix Studt and his group and includes Hf-doped

low-facets of CeO2. Hafnium and zirconium are isovalent with cerium and can replace

cerium without compensating charges. Here the effects of doping in bulk ceria and the

surfaces (100) and (111) will be presented with their substitution energies, their effect on

the lattice constant and the vacancy formation energy.

The CeO2(111) is the most stable ceria surface and CeO2(100) is least stable of the low

index facets, but when the chemical potential of oxygen becomes low (SOEC conditions)

the (100) surface is present although still at small ratios [89]. The CeO2(100) used has

half O-termination in chequerboard pattern (see Fig. 5.3a) at top and bottom to keep the

slab stoichiometric and minimising the surface energy [90].

Through out this chapter the substitution energy is calculated unless otherwise stated as:

∆Esubst = E(CenXxO2n) + E(CeO2)− E(Cen+1Xx−1O2n)− E(XO2), (5.1)

where X can either be Hf or Zr and E(XO2) is the bulk energy per formula unit in their

most stable crystal structure, which is P21/c [91]. To describe the straining of the cell

upon doping an approximately stretch ratio is used:

λ = 3

√
V

V0
, (5.2)

since the cell will often be non-cubic. The strain e is then e = λ− 1.

5.1 Bulk doping of ceria

The first substitution in the (2× 2× 2) cell requires 0.88eV for Hf and 0.68eV for Zr, while

shrinking the cell by 0.23% and 0.20%, respectively, as seen in Fig. 5.1. The second

dopant has a lower substitution energy as seen in Fig. 5.1 where the only exception when

the inter-doping distance is the same as the ceria lattice constant (5.497Å) for zirconium.

For hafnium doping the minimum distance between 2 hafniums is the most favourable,

while for zirconium it is only meta stable and Zr will have a small tendency to separated.

Co-doping of the Hf and Zr in bulk results in an average of the individual trends. The lattice

is shrinking in all cases and for zirconium and the co-doping there is little dependency on

the distance between dopants and the shrinking is twice that of single doping. For 2

hafnium doping the behaviour is less regular even though in the order of twice the first Hf.
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Figure 5.1: The substitution energy ∆E at top and strain e at bottom as a function of the

distance between the dopants in a bulk (2×2×2) conventional cell. The formation energy

is sequential as ∆E(n) = E(n)− E(n− 1).

Computational Studies of the CO2 reduction on Ceria-based Catalysts 37



0.0 0.2 0.4 0.6 0.8 1.0
Ce1 xXxO2

5.1

5.2

5.3

5.4

5.5

a 
/ Å

X=Hf
X=Zr

1
32

2
32

1
4

2
4

3
4

Doping fraction of cell

-7.22

-5.40

-3.58

-1.76

0.05

e 
/ %
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and Zr doping. The trend lines are from Vegard’s Law with bulk CeO2, HfO2 and ZrO2 in

the fluorite Fm3m structure.

Doping in higher concentration shrinks the system further as seen in Fig. 5.2 and it follow

Vegard’s Law:

aCe1−xXxO2
= (1− x)aCeO2

+ xaXO2
(5.3)

as shown with a trend line in Fig. 5.2 using the lattice constant of HfO2 and ZrO2 in the

same fluorite Fm3m crystal structure as CeO2. The shrinkage of the system can be tuned

with the doping concentration e.g. 3.50% tensile strain at 50% doping/alloying.

The bulk oxygen vacancy formation energy for undoped ceria is 2.67eV with Ce3+ next-

nearest while nearest neighbour increases the energy by 0.02eV and the system is ex-

panding 0.27% and 0.28% for NN and NNN, respectively, as seen in Tab. 5.1. When

both a vacancy and a Hf is present in bulk, their opposite strain effect cancel out and

minimising the strain while reducing the vacancy formation energy by ∼0.70eV if the va-

cancy and Hf are close together. Increasing the doping can further decrease the vacancy

formation energy by ∼0.60eV if both the dopants, the vacancy and the Ce3+-ions are

nearest neighbour whereas the effect of increasing doping is less pronounce when the

distance between them increases. A single case of 2 vacancies and 2 Hf substitutions

can be seen in Tab. 5.1 where the stability of the second vacancy (2.18eV) is in between
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the first vacancy in the double doped system and undoped. This indicates doping has a

limit of how many vacancies they can stabilise.

5.2 Doping of the CeO2(100) and (111) facets.

The Hf and Zr doping energies in a (3 × 3) CeO2(111) surface can be seen in Tab. 5.2.

Subsurface substitution is similar in the substitution energy to bulk and ∼0.2eV lower in

energy than surface substitution for both hafnium and zirconium. The additional substitu-

tion energy is on the same order as the first however the trend for the inter-doping distance

is slightly different whether the dopants are in the surface, subsurface or a mixture. Dou-

ble subsurface doping prefer NNN by ∼0.02eV compared to NN, while double doping in

the surface and doping in both subsurface and surface prefer NN by 0.07eV to 0.10eV

and 0.15eV, respectively, independent whether the dopants are Hf, Zr or co-doping.

For the (100) facet a surface Hf substitution energy requires 0.31eV and for subsurface

it is 0.57eV (Tab. 5.3). Surface doping is more stable than subsurface on the (100) facet

and for both surface layers substitution is more stable than for bulk.

The vacancy formation energy for the two doped surfaces are presented in Tab. 5.4. The

undoped CeO2(111) vacancy formation energy is 2.16eV and 1.67eV for sVO and ssVO,

respectively, as previously presented in Chapter 4 and for CeO2(100) the formation energy

is 1.45eV and 1.72eV for sVO and ssVO, respectively. When Hf is present in the surfaces

the vacancy energy is decreasing in general and surface Hf in the CeO2(111) reduces

the subsurface vacancy formation energy by 0.90eV and the surface vacancy becomes

unstable in optimisations, therefore only a split vacancy is reported, which reduces the

vacancy formation energy by 1 eV. This reduction is less when Hf is in subsurface, where

the subsurface and surface vacancy is 0.30eV more stable. Due to the large effect of sHf

on the vacancy formation energy compared to the substitution energy difference between

surface and subsurface, the total energy of a substitution and a vacancy∆Etotal is 0.39eV

lower for surface Hf and a subsurface vacancy. The effect of further doping the surface

with Hf is a further decrease in vacancy formation energy to 0.40eV and 0.58eV for sVO

and ssVO, respectively, and therefore does the total energy only increases by ∼0.4eV.
Despite these stabilisations of the first vacancy, the second vacancy in double surface

doped CeO2(111) has a vacancy formation energy of 1.85eV. Opposite the instability of

surface vacancies on hafnium doped CeO2(111), the subsurface vacancies are unstable

on CeO2(100) whether undoped or doped with Hf in the surface. Doping the (100) facet

reduces the vacancy formation energy for all configurations and the largest difference is

with Hf in surface and the vacancy in surface, which reduces the ∆Evac by 0.69eV. The

total energy for a surface vacancy and a surface hafnium is less than the surface vacancy

itself.

In the previous Chapter 4 the vacancies on the CeO2(111) facet destabilise with compres-
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Formula
Distances

e / % ∆Esubst ∆Evac
Hf-Hf VO-Hf Ce3+-Hf/VO Ce3+-Ce3+

Ce32O64 0.00

Ce32O63 /NN 0.27 2.69

Ce32O63 /NNN 0.28 2.67

Ce31HfO64 -0.23 0.88

Ce31HfO63 NN NN/NN -0.03 2.02

Ce31HfO63 FA FA/NN 0.06 2.68

Ce31HfO63 FA NN/FA 0.10 2.89

Ce30Hf2O64 NN -0.33 0.72

Ce30Hf2O63 NN NN NN/NN NN -0.24 1.44

Ce30Hf2O63 NN NN NN/NN FA -0.23 1.48

Ce30Hf2O63 NN NN FA/FA NN -0.22 1.86

Ce30Hf2O63 NN NN FA/FA FA -0.23 1.87

Ce30Hf2O63 NN FA NN/FA NN -0.05 2.87

Ce30Hf2O63 NN FA FA/NN NN -0.10 2.76

Ce30Hf2O62 NN NN NN/NN NN 0.01 2.18

Ce30Hf2O64 FA -0.46 0.78

Ce30Hf2O63 FA NN NN/NN NN -0.24 2.03

Ce30Hf2O63 FA FA NN/FA NN -0.16 2.73

Ce30Hf2O63 FA FA FA/NN NN -0.17 2.51

Table 5.1: The substition energy ∆Esubs and strain e compared to the stoichiometric cell

and the vacancy formation energy in a bulk (2× 2× 2) cell with different degree of Hf sub-

stitution and distances between the dopants, the vacancies and the Ce3+ given as nearest

neighbour (NN, ∼2.80Å to 3.90Å) and furtherst away (FA, ∼7Å to 9Å) restricted by the

periodicity. The second substitution energy is lower compared to the first and prefers

minimal distance between dopants. Doping decreases the vacancy formation energy

by approximately 0.60eV per dopant if the vacancy and dopants are in close together.

The cell is expanding when vacancies and larger Ce3+ are present, while contracts when

smaller Hf are present. For the most preferred single vacancy and single doped and for

the double doped and two vacancies the volume change of the two almost cancel out.

Dopants far away from the vacancies has a limited effect.
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(a) (2×1) (100) surface top view with a sub-

surface Hf.

(b) (3×3) (111) surface top view with surface

Hf and Zr.

(c) (2×1) (100) surface side view with a sub-

surface Hf.

(d) (3 × 3) (111) surface side view with sur-

face Hf and Zr.

Figure 5.3: The doped (100) and (111) ceria slabs. Subsurface oxygens are coloured in

dark red.
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Dopant X-X
∆Esubst/ eV ∆E2subst/ eV

1st 2nd distacne

Hf subsurface % % 0.82

Hf subsurface NN 0.80 1.62

NNN 0.78 1.60

Hf surface NN 0.91 1.73

NNN 1.05 1.87

Hf surface % % 1.03

Hf surface NN 0.95 1.97

NNN 1.03 2.06

Zr subsurface % % 0.63

Zr subsurface NN 0.63 1.26

NNN 0.60 1.24

Zr surface NN 0.71 1.35

NNN 0.85 1.49

Zr surface % % 0.81

Zr surface NN 0.77 1.57

NNN 0.83 1.64

Hf subsurface Zr subsurface NN 0.62 1.44

NNN 0.60 1.42

Zr surface NN 0.70 1.52

NNN 0.85 1.67

Hf surface Zr subsurface NN 0.53 1.56

NNN 0.68 1.71

Zr surface NN 0.90 1.93

NNN 0.80 1.83

Table 5.2: The substitution energy for (3× 3) CeO2(111) surface with Hf/Zr doping in the

surface and subsurface layers. The substitution energy ∆Esubst is the additional substi-

tution: CexO2x + XO2 −−→ Cex –1XO2x + CeO2

and ∆E2subst is the double substitution energy. Both Hf and Zr prefer subsurface sub-

stitution and they are similar in energy as bulk doping, while the surface substitutions

are ∼0.20eV less favourable. Double substitution in subsurface has a negligible en-

ergy difference of ∼0.02eV between nearest-neighbour and next-nearest-neighbour with

a slight preference for NNN while for double surface doping this difference is ∼0.05eV to

0.10eV favouring NN. Double substitution in different layers has the largest energy span

of ∼0.15eV and favours NN. Co-doping does not change the layer-distance trends nor

the absolute substitution energy.
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Hf doping ∆Esubst

Subsurface 0.57

Surface 0.31

Table 5.3: Single Hf substitution energy for (2×1) CeO2(100) slab. The substutuion energy

in the surface is lower compared to subsurface for (100) and both are more favourable

than bulk doping.

Facet
Slab Dopant

VO

Distances ∆Evac ∆Etotal

size 1st 2nd X-X X1-VO X2-VO Ce3+-VO eV

(111) 2x2 s sNN+sNNN 2.16

ss ssNNN+sNN 1.67

sHf s/ss* NN/NNN ssNN+ssNNN 1.12 2.15

ss NN sNNN+ssNNN 0.77 1.80

3x3 sHf s NN NN NN sNNN+sNNN 0.40 2.37

ss NN NN NN sNN+sNNN 0.58 2.55

s+ss NN 2·NN 2·NN 4·sNNN 1.80 4.17

2x2 ssHf s NNN sNNN+ssNN 1.86 2.68

ss NN sNN+ssNNN 1.36 2.19

NNN sNN+sNNN 1.85 2.68

(100) 2x1 s sNN+ssNN 1.45

ss/s* sNNN+ssNN 1.72

sHf s NN sNN+sNNN 0.91 1.22

NNN sNN+sNN 0.76 1.07

ss/s* NNN sNN+ssNNN 1.58 1.89

ssHf s NN sNN+ssNNN 1.43 2.01

NNN sNN+sNN 1.04 1.61

ss NN sNN+ssNN 1.42 1.99

Table 5.4: The vacancy formation energies∆Evac and the total energy∆Etotal = ∆Evac+

∆Esubst as a function of the facet, the slab size and the distances between vacancy,

dopants and Ce3+ denoted as nearest-neighbour (NN) and next-nearest-neighbour (NNN)

in the surface (s) and subsurface (ss) layers. On the doped (111) surface sVO are unsta-

ble in optimisations and will become ssVO, while the (100) facet has unstable subsurface

vacancies when doped. Split vacancies are observed and are denoted with a slash as

initial/half-way-to. Indentation at ∆Etotal is according to degree of substitution and vacan-

cies.
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Figure 5.4: The oxygen vacancy formation energy as in Fig. 4.3 with the microstrain

from doping with Hf. The local environment around Hf is tensile strain for ceria, since Hf

has a smaller radius, given space for larger Ce3+ ions upon reduction of the surface in

agreement with the slope from strain calculations in Fig. 4.3.

sive macrostrain, while doping with Hf and Zr shrinks ceria and stabilise the vacancies.

By dividing effect of hafnium (and zirconium) doping into the global reduction of the lattice

constant and locally leaving more space for nearby ceria. Then the local microstrain can

be approximated by the smaller ionic radius of Hf and by using the lattice constant of HfO2

in same crystal structre as CeO2 can the microstrain be approximated as:

emicro(nHf) =
nHf
2

(
aCeO2

aHfO2

− 1

)
, (5.4)

where nHf is the number of Hf dopants in CeO2(111) slab and a the respective lattice

constants. This approximation is shown in Fig. 5.4 together with the trend line for the

most stable subsurface and surface vacancies from Fig. 4.3. The microstrain description

correctly predicts the decrease in vacancy formation energy and shows that one hafnium

compensate one Ce3+-ion regarding the volumes they occupy.

5.3 Conclusion

Introducing the isovalent dopants Hf and Zr into ceria is a possible way of realising com-

pressive strains if doping is only present in bulk phase since Ce1– xXxO2 follows Veg-

ard’s Law. The bulk substitution energy of 0.88eV is comparable to the subsurface on

CeO2(111) (0.82eV) and lower than surface (1.03eV), however on the less stable (100)

facet the surface and subsurface doping is favourable (0.31eV and 0.57eV, respectively).
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These values predicts possible manufacturing of doped ceria (111) facet with doping in

subsurface or below.

Hafnium doping decreases the vacancy formation energy for all configuration both in bulk

and the two investigated surfaces where the greatest reduction of 0.7eV to 1.0eV per

dopant is observed when the dopant and vacancy is close to each other in bulk and the

(111) surface. It is opposite for the (100) surface where vacancy and hafnium prefer sitting

next nereast. Due to the large decrease in vacancy formation energy on the (111) and

(100) facet with hafnium in the surface layer, it becomes the energetically most favourable

configuration and under reducing conditions this can alter the hafnium layer distribution.

The reduction of the oxygen vacancy formation energy on CeO2(111) by hafnium doping

correlates well with the smaller ionic radius of hafnium. A single hafnium dopant can

compensate for one of the two larger Ce3+ present together with vacancies.
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6 Summary and outlook

6.1 Conclusions

With DFT+U and computational methods the CO2 reduction reaction on CeO2 has been

explored on different facets with doping and straining as two types of modifications in an

effort to increase the catalytic activity of ceria. In summary the conclusion of the individual

chapters are:

Chapter 3: The reconstructed CeO2– x(110) microfacet reduces the surface energy and

vacancy formation energy to an intermediate between the (111) and the

(110) facet. The CO2RR on the reconstructed surface includes adsorption

of CO2 as monodentate carbonate and adsorbed CO, where the transition

barrier is 0.24eV higher than the energy difference. Doping can increase the

binding of the adsorbates to the reconstructed surface, however the binding

of the adsorbates are equally increased and therefore limiting the improve-

ment of the CO2RR. By reversing the reaction direction to CO oxidation for

automobile exhaust gas purification at low temperatures the Ir-doping signif-

icantly reduces the transition barrier.

Chapter 4: Strain engineering can linearly shift the f-band centre relative to the Fermi

level and thereby alter the stability of the Ce3+ with a single electron oc-

cupying the Ce 4f and the stability of the vacancies. The CO2RR on the

CeO2(111) facet includes the reduced surface with 2 Ce3+ and an interme-

diate bent CO2
– with a single Ce3+ and therefore strain is able to destabilise

the reduced surface and the intermediate CO2
– while the transition state is

unaffected. This results in an increas of 4 orders of magnitude of the turnover

frequency by 4% compressive strain at 800K.

Chapter 5: Isovalent doping with Hf and Zr can be incorporated into ceria and will from

an energetically point of view be preferring surface substitution on the least

stable (100) facet and to a lesser degree prefer being in the bulk phase or in

subsurface on the stable CeO2(111) facet. The present of a Hf or Zr doping

will shrink the ceria system according to Vegard’s Law for the bulk and all

cases decrease the vacancy formation energy if the vacancy and dopant is

close together, because the shrink from the dopant compensates the larger

Ce3+. By using HfO2 as reference for the size of Hf, the microstrain effect

from a single dopant follows the same trend as applying bi-axial strain.

Both of the two different techniques employed to alter the energies of the CO2RR on

the reconstructed (110) and (111) are successful. However doping on the reconstructed
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(110) microfacet has limited effects since it changes the energy of all intermediate equally,

where the strain used on (111) only changes intermediates with Ce3+ and thereby can a

compressive strain decrease the transition barrier and increase the turnover frequency.

Doping ceria with Hf and/or Zr can be a method to obtain compressive strain and signifi-

cantly increase CO2 reduction reaction on CeO2.

6.2 Outlook

At SOEC conditions the vacancies in ceria can become highly stable and multiple vacan-

cies are to be expected when the chemical potential of oxygen is as low as used in this

thesis. From a computational point of view multiple vacancies can significantly increase

the configurational space when both vacancies and the associated Ce3+ are present,

however it will be of interest to clarify how multiple vacancies effect the CO2RR.

A future requirement for doping in ceria which will bind directly to the CO2RR intermediates

as in Chapter 3 is to bind the individual intermediates differently.

Strain on the CeO2(111) facet is a promising method to increase the activity of ceria for

CO2 reduction, however further understanding of how strain will change the surface en-

ergy and thereby the prevalence of the facets is needed and also if the same destabilisa-

tion is observed on other facets.

Bulk doping with smaller isovalent atoms has promising possibility to strain ceria, but fur-

ther understanding of other doping types, the distribution of these under SOEC conditions

and their effect on the surface chemistry is a key topic to establish in collaboration with ex-

perimental work to validate these findings. The mixed conductivity of ceria is also relevant

to link to the doping introduced, because mixed conductivity is one of the first reasons to

use ceria in SOEC.
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A Appendix

A.1 Supplementary Information: DFT+U study of CO2

reduction and CO oxidation on a reconstructed CeO2-x

(110) facet.

The four different vacancies and the placement of the Ce3+ can be seen in Fig. A.1

A.1.1 Oxygen relocation at dopants

The optimisation of Re-doped surface resulted in a structure, where one oxygen is ontop

of Re. For Re this is the only possible minimum, but for other dopants this relocation of the

oxygen is also favourable, see Tab. A.1, even tough not identified by a simple minimum

optimisation.

Table A.1: The change in energy when moving an oxygen ontop of the dopant:

∆Erelocation = Erelocated − Enon-relocated.

∆Erelocation/eV

Ru −1.12
Rh 0.14

W −0.40
Re No stable nonrelocated

Ir −0.34
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Figure A.1: The four different oxygen vacancies in the surface and subsurface of the re-

constructed (110) ceria facet with the localisation of the Ce3+ as the darker cerium atoms.

a) The surface vacancy at the bottom of the zig-zag (OB
3c), b) the surface vacancy at the top

of the zig-zag (OT
3c), c) The subsurface vacancy at the bottom (OB

4c) and d) the subsurface

vacancy at the top (OT
4c) and for all the Ce3+ locates at the top two cerium atoms.

Computational Studies of the CO2 reduction on Ceria-based Catalysts 61



Figure A.2: a) The reconstructed surface with W as dopant, where the oxygens at the

positions of the undoped surface. b) A relocation of the oxygen nearby W, where one

oxygen is located at the top of tungsten. This arrangement is similar to WO3 and two

more Ce3+ is present compared to the structure shown in a.
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Table A.2: The calculated DFT energies, enthalpies and entropies at given temperature

for the gas phase molecules with the ideal gas approximation at 1 bar. a Correction of

−0.39eV is added to the DFT energy of the CO molecule. [68]

CO2 COa O2

EDFT/eV -22.97 EDFT/eV -14.79 EDFT/eV -9.89

T/K ∆H/eV T∆S/eV ∆H/eV T∆S/eV ∆H/eV T∆S/eV

0 0.31 0 -0.26 0 0.1 0

800 0.64 2.14 -0.01 1.89 0.35 1.96

1000 0.75 2.8 0.06 2.43 0.42 2.53

1200 0.87 3.49 0.13 3 0.49 3.11

A.1.2 Tables for DFT energies, enthalpies and entropies

The tables below gives the numbers behind the diagram and plots shown in the article,

where ∆H is the difference between the enthalpy and the DFT energy. The Gibbs free

energy then becomes:

∆G(T ) = EDFT +∆H(T )− T∆S(T ) (A.1)
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Figure A.3: The 16 images from the NEB calculation, ordered in a left-to-right, top-to-

bottom manner starting from the CO2 as a carbonate with Ce3+ shown in a darker colour

than Ce4+. The first 4 images are a slight desorption of the CO2 molecule then followed

by vacancy movement and a bent intermediate CO2
– is formed, where one of the Ce3+

is oxidised. At the transition state the last Ce3+ is also oxidised and the images following

that shows the CO molecule sliding into its minimum adsorption position.
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A.2 Supplementary Information: DFT+U study of strain

engineered CO2 reduction on a CeO2-x(111) facet.

A.2.1 NEB: CO2 to intermediate CO2
–

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
Reaction coordinate / Å

0.0

0.2

0.4

0.6

0.8

E 
/ e

V

Figure A.4: DFT energy of the NEB for gas phase CO2 adsorption as CO2
– , where no

additional barrier is present besides the energy change ∆E. No energy corrections are

added to the DFT energy.

A.2.2 Density of state for ceria (111)

Computational Studies of the CO2 reduction on Ceria-based Catalysts 67



4 2 0 2
200

0

200
0.96

4 2 0 2
200

0

200
0.99

4 2 0 2
200

0

200
1.02

4 2 0 2
200

0

200
0.97

4 2 0 2
200

0

200
1.0

4 2 0 2
200

0

200
1.03

4 2 0 2
200

0

200
0.98

4 2 0 2
200

0

200
1.01

4 2 0 2
200

0

200
1.04

TDOS
O(p)
Ce(f)

Figure A.5: The density of state for the CeO2(111) facet under different strain with the

Fermi energy Ef as zero.
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a b s t r a c t

Catalytic oxidation of CO can remove toxic pollutants from gas emissions, whereas the reduction of CO2

can provide feedstock for fossil free products. Using density functional theory with a Hubbard U
correction (DFT þ U), the reduction of CO2 into CO is investigated on a reconstructed CeO2�x(110) facet at
operatingsolid oxide electrolysis conditions. A reaction pathway is identified with nudged elastic band
(NEB) through adsorption of CO2 as a monodentate carbonate, an intermediate CO2

� and the transition
state to the final adsorbed CO. The reaction barrier for CO2 reduction does not depend on the temper-
ature, whereas the back reaction for CO oxidation decrease with temperatures. Different 4d and 5d
transition metals and other suitable metals are screened as dopants to increase the activity for CO2

reduction. After the screening iridium is the most promising candidate. The same temperature de-
pendencies are present for the Ir-doped surface as the undoped, whereas the back reaction barrier is
decreased to half the undoped value. There is no evidence of destructive carbon deposition on the
reconstructed CeO2�x(110) facet.
© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The potential of electrolyzing CO2 to fuels and chemicals as part
of a zero-emission future is promising. Fluctuating renewable en-
ergy sources are reducing in price, but the mismatch between de-
mand and production inhibits renewable energy to completely
replace fossil fuels. CO2 reduction can minimize the mismatch be-
tween production and demand and deliver carbon-neutral fuels
[1,2]. CO2 can be electrochemical reduced to CO in solid oxide elec-
trolysis cells, which is one of the promising candidate for efficient
conversion at elevated temperatures [3e6]. CO together with H2 as
syngas can by the Fischer-Tropsch process be converted into a verity
of fuels and hydrocarbon products [6]. In the atmosphere, carbon
monoxide is a toxic pollutant from combustion engines, and cata-
lytic oxidation is one of the most commonways to eliminate it [7].

Ceria (CeO2) has been investigated as a catalyst for multiple
reactions including thewater-splitting reaction [8,9], the three-way
catalyst used in automobiles [7,10e12] and reduction of CO2 into CO
[13], syngas by coreduction of water [3,6] or directly into products
as methane or methanol [14,15]. Computational studies of ceria

includes CO oxidation on different facets [16] and the ability of
strain to tune the CO oxidation on ceria nanoparticles [17]. In
oxidation/reduction reactions, ceria catalytic properties can be
attributed to its large oxygen storage capacity, which is related to
the easy change of oxidation state for cerium from Ce4þ to Ce3þ

upon oxygen vacancy formation and the mobility of the vacancy
and the associated Ce3þ-ions between bulk and surface [18e20].

The (110) facet of ceria can under reducing conditions at tem-
peratures of 800 K make a reconstruction as seen experimentally
[21,22]. This reconstruction is also computationally observed and
modeling of nanoparticles shows the degree of reconstruction can
be effected by the environment [23,24]. The reconstructed surface
is a (111) microfacet and its surface energy is in between the less
stable (110) and the more stable (111) [25].

Previous theoretical study of CO2 reduction on the reconstructed
(110) ceria facet has found possible reaction paths but not under
solid oxide electrolysis conditions [25]. In this article, we study the
reconstructed ceria facet as a catalyst for the reduction of CO2 into
CO by using density functional theory with the Hubbard U
correction (DFT þ U), a computational method compromising the
needed accuracy and computational cost. The reaction path we
present is similar to the one found by Zhang et al. [25] for CO
oxidation, but we include thermal contributions and incorporate a
low oxygen pressure in accordance with the operating condition of* Corresponding author.
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a solid oxide electrolysis cell (SOEC). In addition, we study how this
path can be improved by doping the reconstructed surface with 4d
and 5d transition metals.

2. Computational method

All DFT calculations are performed in Vienna Atomic Stimulation
Package 5.4 [26e29] with the Perdew-Burke-Ernzerhof (PBE) [30]
functional to describe the exchange-correlation. The projector
augmented wave method [31,32] is used to describe the ionic cores,
and we apply a plane wave energy cutoff of 550 eV. On-site Coulomb
interaction correction for the cerium 4f orbital is carried out by
adding a Hubbard parameter U of 4.5 eV in the Dudarev formulation
[33]. The value of the Hubbard parameter can be tuned to improve
calculated properties compared with experiments, where values of
2 eVe3 eV is well-suited for getting correct thermochemistry [34,35]
and values in the range 4.5 eVe5 eV is reported to be needed for a
correct description of the electron localization in the 4f state [36e38].
U-values in the range 4.5 eVe5 eV have been used to study a variety
of properties in ceira including oxygen vacancy formation and the
shape of nanoparticles [39,40]. In this work, we use a U-value of
4.5 eV and followed the U-ramping method from Meredig et al. [41]
to ensure correct low energy occupation of the 4f states. Because Ce3þ

has a greater radius than Ce4þ, a cell of (3 � 2) is used to accom-
modate the two Ce3þ in the surface upon forming an oxygen vacancy.
The non-reconstructed (110) slab consist of 5 layers with the bottom
2 layers fixed, and for the reconstructed a single row is added to this
slab. For k-points, a 2 � 2 � 1 Monkhorst-Pack grid [42] is used for
the (110) slab calculations and the reconstructed,whereasG-point for
gas molecules. Optimizations are performed until the maximum
force is below 0.01 eV Å�1 with an electronic convergence criteria of
1 � 10�6 eV when thermal contributions are used otherwise
1 � 10�4 eV. The lattice constant of ceria used is 5.497 Å consistence
with other theoretical [8,43] and close to experimental value of
5.411 Å [44]. Thermal contributions to the DFT energy are calculated
with the Atomic Simulation Environment (ASE) [45] using the ideal
gas approximation and independent quantum mechanical harmonic
oscillators. Zero-point energies and vibrational entropies in the in-
dependent quantum mechanical harmonic oscillator approximation
are calculated by vibrating only the atoms participating in the reac-
tion. DFT(þU) with a generalised gradient approximation (GGA)
functional as PBE has systematic errors on the C¼O binding, which
either require higher and more expensive methods or correction.
Following the correction-method by Christensen et al. [46], a
correction of�0.39 eV is added to the DFTenergy for CO in gas phase.
Owing to the splitting of the 4f orbital by spin-orbit-coupling and
cubic crystal field, an electronic entropy corrections corresponding

to �0.24 eV, �0.32 eV and �0.41 eV at 800 K, 1000 K and 1200 K per
oxygen vacancy is added to the entropy as found by Naghavi et al.
[47].

To calculate the Gibbs free energies in SOEC operation condi-
tions, a similar procedure to Wu et al. [48] is used, where CO2 and
CO are set to be in equilibrium (p(CO2) ¼ p(CO)), which controls the
oxygen pressure with p(O2):

pðO2Þ¼p0e
DGðT; p0Þ

kBT (1)

where DG(T, p0) is the Gibbs free energy for CO2 / CO þ 1
2O2 at the

pressure ambient p0 and the temperature T. This is effectively a shift
of the chemical potential for gas phase oxygen by �DG(T, p0).

To identify theminimum energy path and the transition state on
this, NEBmethod [49] is used and applying the climbing image [50],
when a single candidate for transition state has been found. The
initial full NEB path contains 13 images is divided into two sepa-
rated NEB calculations with an intermediate as fixed image. Two
images are added to the second NEB part and climbing applied. All
NEB calculations have a spring constant of 5 eV Å�2 and with image
separation below 0.75 Å. The transition state image is subsequently
optimized with the dimer method [51,52] with the same conver-
gence criteria of 0.01 eV Å�1.

Fig. 1. At left the non-reconstructed (110) ceria facet with two fixed layers (atoms with darker colors) and at left the reconstructed 110 facet, where a row of CeO2 is added on top.
The color and labeling of the top oxygens show their coordination. The unreconstructed (110) facet has 3-coordinated surface oxygens (O3c) and 4-coordinated subsurface oxygens
(O4c). The reconstructed surface these two types of oxygens are divided into two onto the top (OT) and bottom (OB) of the zig-zag arising from the reconstruction.

Table 1
Calculated surface and oxygen vacancy formation energies for (111), (110) and
reconstructed (110)-2 � 1 facet. OT

3c is a split vacancy 0.09 eV lower in energy
compared with inplane.

Facet Site DEform/eV g/J m�2

(111) 7.1 , 10�1

Surface 2.11a

2.13b

2.30c

Subsurface 1.75a

1.95b

1.89c

(110) 1.07
Surface 1.61d

1.50
Subsurface 2.27

(110)-2 � 1 9.3 , 10�1

OB
4c

1.91

OB
3c

1.54

OT
4c

1.58

OT
3c

1.81

a from a study by Wu et al. [53],
b from a study by Zhang et al. [25],
c from a study by Li et al. [54],
d from a study by Galea et al. [55].
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In this article, the vacancy energies are calculated as:

DEvacðCenO2n�1Þ ¼ EðCenO2n�1Þ þ
1
2
EðO2Þ � EðCenO2nÞ (2)

and absorption energies as:

DEads¼EðsurfaceþadsorbateÞ�EðsurfaceÞ�EðadsorbateÞ (3)

3. Reconstructed (110) microfacet

The (110) facet of ceria as seen in Fig. 1 can be reconstructed into
a microfacet by removing or adding a row, thereby creating a
microfacet which resembles the (111) facet also seen in Fig. 1. The
surface-close oxygens on the reconstructed surface preserve their
coordination (3-coordinated surface O3c and 4-coordinated sub-
surface O4c), but oxygens at the top and the bottom of the zig-zag
are distinguishable. Only coordination change is a 7-coordinated
cerium atom in the middle of the zig-zag. The nomenclature for
the oxygen used in this article is shown in Fig. 1.

The vacancy formation energy for the non-reconstructed (110)
surface is 1.50 eV and 2.27 eV for the surface and subsurface va-
cancy, respectively, as seen in Table 1. These values are not very
different for the vacancy formation energy on the reconstructed

surface, where the cheapest vacancy is the surface OB
3c

(DEform ¼ 1.54 eV) but the subsurface vacancy OT
4c is only 0.04 eV

higher in formation energy and thereby also easier to form than the
2.27 eV subsurface vacancy on the normal (110) facet. Regarding the
surface energy, as seen in Table 1 the surface energies are in the
order (111) < (110) < (100), where (111) facet is the most stable and
(100) the least. The reconstructed (110) facet has an energy
inbetween the (111) and (110), which is consistent with the spon-
taneous reconstruction in experiments [21,22].

Two Ce3þ are formed, then the surface is reduced and on (111)
facets, these Ce3þ locates at the next-nearest-neighbor to the ox-
ygen vacancy [36] and at the (110), they are nearest-neighbor [56].
On the reconstructed (110) facet, the two Ce3þ locates on the top
row for all vacancy positions, which can be attributed to the larger
Ce3þ compared to Ce4þ has the more space and less constrain for
relaxation on the top.

Fig. 2. The energy and the magnetic moments of the two Ce3þ for the NEB calculation. The vertical line represents a fixed intermediate, used as final image for the first part of the
nudged eleastic band (NEB) and initial image for the last part, when the full NEB was separate. At top structures seen from the side (top row) and focusing on the reaction (bottom
row), where cerium is colored gray, oxygen not part of the reaction is red, and oxygens part of the reaction are given arbitrary colors to follow their path in the reaction. The two
neighboring darker cerium color show the Ce3þ accounted for by the magnetic moments.

Fig. 3. (a) The stoichiometric reconstructed (110) surface. The green colored oxygen is removed to form b. (b) A single vacancy at the OT
4c. (c) The adsorption of CO2 as a monodentate

carbonate on the surface oxygen colored purple. (d) Adsorbed CO* on the stoichiometric surface reformed by moving the previous surface oxygen to subsurface (purple) and one
oxygen from CO2 in the surface position (yellow). The darker colors of the ceriums atoms in (b) and (c) shows the localization of the Ce3þ, whereas oxygens are red if not part of the
reaction.

J.V. Kildgaard, H.A. Hansen and T. Vegge Materials Today Advances 8 (2020) 100111
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4. CO2 and CO absorption

Multiple CO2 adsorption sites and configurations are investi-
gated on the reduced reconstructed (110) facet. An oxygen-
deficient surface is easily form under SOEC conditions and
required for CO2 reduction. CO2 is in most cases physisorbed as a
linear CO2 molecule, but one chemisorbed configuration is found
relevant to investigate. The CO2 adsorption found is a monodentate

carbonate structure with a vacancy at the OT
4c site as seen in Fig. 3c

with a DFT adsorption energy of �1.13 eV. Generally, CO weakly
adsorbs to the cerium atoms on the surface and as seen in Fig. 3d a
CO adsorption close to the monodentate carbonate is a favorable
site with formation energy of 0.17 eV. Stronger CO adsorption is
observed by Zhang et al. [25] when it is adsorbed as bidentate
carbonate across the (110) rows, where adsorption on the top of the
reconstruction is approximately 0.75 eV stronger than at the bot-
tom. At SOEC condition, the amount of surface oxygen available for
CO adsorption as bidentate carbonate will be limited and inhibiting
strong adsorption of CO less likely.

Starting from the adsorbed CO2 as monodentate carbonate with

an oxygen vacancy nearby at OT
4c see Fig. 3c, the minimum energy

path is calculated by NEB and with CO adsorbed on the stoichio-
metric surface as end point. The energy diagram and structures of
the images are shown in Fig. 2. A non-linear CO�

2 intermediate
emerges from the NEB calculated path. This non-linear CO�

2 is
previously described as an intermediate for the CO oxidation on
ceria (110) and (111) [57], and because this is a small plateau on the
potential energy surface, it is used as an initial image for a higher
resolution of the last part of the NEB, where the overall transition
state appears. At the transition state, the last Ce3þ is oxidized and
the CO is formed. See S.I. Fig. 3 for the structure of each image on
the NEB path.

The steps of the total CO2 reduction path can be summed as:

Surface þ CO2(g) / Surface þ VO þ CO*
2 þ 1

2O2(g) /
TS

Surfaceþ CO*þ 1
2O2(g)/ Surfaceþ COþ 1

2O2(g). The overall CO2(g)
reduction into CO(g) is endothermic and endergonic requiring
2.72 eV and 1.85 eV at 0 K and 1000 K, respectively. This energy
comes from heat and electricity added by the electrolysis.

Beside the DFT energy difference of 2.52 eV between the car-
bonate and the absorbed COmolecule, the additional barrier is only
0.24 eV. When thermal contributions are taken into account, the
back barrier going from CO to carbonate is increasing as seen in
Fig. 4 because entropic stabilization at increasing temperature is
greater for gas phase CO than the adsorbed. The oxygen vacancy
formation energy is less temperature dependent at SOEC condition,
wherewe keep CO2 and CO in equilibrium by reducing the chemical
potential and thereby the partial pressure of oxygen becomes
temperature dependent. This cancel the normal decreasing vacancy
formation energy with increasing temperature, refer Fig. 4.

Fig. 4. The energy diagram of the found path for CO2 reduction to CO on the recon-
structed (110) ceria surface at different temperatures. CO2 and CO are set be to in
equilibrium with a very low and temperature depending oxygen pressure similar to
SOEC conditions. The oxygen vacancy formation is at all temperatures favorable,
whereas the CO2 adsorption is only favorable at low temperatures. The transition state
barrier is independent on temperature, whereas the backreaction barrier is tempera-
ture dependent.

Fig. 5. The CO absorption energy on the reconstructed (110) surface with different
doping metals. The dotted line is at the undoped adsorption energy. * A lower energy
configuration not compatible with the path investigated is found during structure
optimization. The numbers shown are from higher energy conformer compatible with
the path, see S.I. Fig. 2.

Fig. 6. At the top the partial density of states for the reconstructed (110) surface
without doping, where no states are at the fermi energy (Ef). The bottom part is the
partial density of states for the d-orbitals on Ir and Pt in the doped surfaces. The d-
orbitals on Ir are close to the fermi level, while Pt has a partially filled d-orbital.

Table 2
The electronic energies of the path with the three selected dopants: Pt, Ir, and Rh
when CO2 and CO are in equilibrium. The DE is the relative energy including the
energy of the gas phase molecules for the four step of the path as found for the
undoped case.

State DE(Dopant)/eV

Ce Rh Ir Pt

VO �1.32 �2.05 �2.20 �3.72

CO*
2

�2.29 �3.42 �3.67 �5.06

CO* 1.7 , 10�1 �8.8 , 10�1 �1.09 �2.22
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Poisoning by carbon formation can be a problem under reducing
conditions for a SOEC [13]. Structural minimization of carbon on the
reconstructed (110) surface will form CO with a surface oxygen.
Therefore, we cannot identify stable carbon absorption on the
reconstructed (110) surface.

Overall the reconstructed surface is easily reduced at elevated
temperatures, even perhaps too easily, whereas the adsorption of
CO2 is hindered by the entropy change associated with this and the
barrier from CO*

2 to CO* is large.

5. Doping

In an effort to improve upon the found path at operating tem-
peratures (z1000 K), doping is sought to lower the energies of the
absorbed CO molecule and the structural similar transition state.
Because 4d and 5d transition metals are known to bind CO strongly
[58], a rough screening of metals with stable 4þ oxidation state and
with an ionic radius similar to cerium takes place [59]. The doping
is a substitution of the cerium atom to which CO binds in the found
path to directly affect the adsorption energy. Only a few of the
tested elements binds CO significantly stronger than cerium as seen
in Fig. 5. Iridium, rhodium, and platinum bind the CO molecule
more than 1 eV stronger than on ceria with �1.25, �1.04,
and �2.38352151 eV, respectively.

Partial density of states for the d-orbitals on the dopants can
explain the calculated adsorption energy of CO, where d-orbitals
close to the fermi energy correlates well with stronger CO binding
as seen in Fig. 6, where the half-filled d-orbital on Pt in the
reconstructed (110) ceria surface has the strongest binding of CO
and the filled d-orbitals on Ir, that is below the Fermi level, has a
less strong binding.

For rhodium, iridium, and platinum, the absorption energy of
CO2 and the oxygen vacancy formation energy are calculated to
further analyze if these dopants improve the catalytic path. The
results are listed in Table 2 and shows that not only the COmolecule
is adsorbed stronger on the reconstructed ceria surface, but also the
monodentate carbonate is lowered in energy by the 4d and 5d-
metal doping and the formation energy of the oxygen vacancy is
more favorable. Platinum lowers the adsorption energy for the CO
and CO2 molecules by 2.38 eV and 2.77 eV, respectively, compared
with the undoped reconstructed ceria. Iridium and rhodium
approximately lowers the absorption energy by half of that of

platinum. Because platinum lowers all the energies substantially,
the adsorbed CO2 as monodentate carbonate would become
inhibitingly stable for the reaction. Given this and the similarity
between rhodium and iridium, we chose to only calculate the NEB
reaction path, transition state and thermal contributions for
iridium. The path and the transition state found by NEB and dimer
method for the iridium-doped surface does not differ from the
undoped.

At 1000 K (chosen as a representative temperature for interval
800 Ke1200 K), the iridium-doped surface lowers the energy of the
adsorbate but do not change the relative energies of these as seen
in Fig. 7. The effect on the transition state barrier fromCO*

2 is a slight
increase in the barrier energy from 2.54 eV for the undoped surface
to 2.72 eV for the iridium-doped surface at 1000 K. On the other
hand, the back reaction barrier with the iridium doping is 0.35 eV
and thereby only half that of the undoped.

Because CO oxidation is used for exhaust gas purification, the
SOEC condition used otherwise needs to be changed to the condi-
tion in exhaust gas. The content of CO2, CO, and O2 in exhaust gas
from internal combustion engines are 18.1%, 0.9%, and 1.1%,
respectively [60]. Usual operating temperature is 600 �C [61],
whereas future regulation requires effective CO oxidation at 150 �C
or below because new fuel efficient cars dissipate less heat [62]. The
CO oxidation energy diagram under these conditions on the
reconstructed (110) ceria Ir-doped and undoped surface with the

Fig. 7. The energy diagram of CO2 reduction to CO on the Ir-doped reconstructed (110) ceria facet compared with undoped ceria. Doping binds both CO2 and CO stronger,
minimizing the effect of doping on the reaction barrier but reduces the backreaction barrier. Structural figures of the individual steps are shown in the above context, where cerium
is colored gray, iridium blue, and oxygen part of the reaction in arbitrary colors for visual guidance, otherwise oxygen is red.

Fig. 8. The energy diagram for CO oxidation to CO2 via the reverse reaction as previous
shown. The partial pressures are 0.18p0, 0.011p0, and 0.009p0 for CO2, O2, and CO,
respectively.
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reverse reaction path as for CO2 reduction are shown in Fig. 8. The
transition state barrier is 2.12 eV for the undoped surface at 600 �C,
which is lowered to 1.25 eV at 150 �C, and this is similar to the Ir-
doped (1.07 eV) at 600 �C. For these three cases, the transition
state is also the largest barrier for CO oxidation. At low temperature
and with Ir doping, the transition state is no longer the overall
largest barrier, and this has become the desorption of CO2 with a
0.49 eV increase in free energy.

The oxygen vacancy formation free energy on the Ir-doped
surface is �0.60 eV at 600 �C and CO oxidation conditions. The
second vacancy on the Ir-doped surface is less favorable at 600 �C
with formation energy of �0.21 eV, whereas the third is not
spontaneous with a Gibbs energy of 0.39 eV. This low degree of
reduction in the doped surface is important to allow CO oxidation
with surface oxygens.

6. Conclusion

The reconstruction of the (110) ceria facet into a zig-zag (111)
similar facet reduces the surface energy and the oxygen vacancy

formation energy. A monodentate carbonate (CO2�
3 ) adsorption of

CO2 on the reconstructed (110) ceria surface with a single oxygen
vacancy is favorable and starting configuration for the investigated
reaction path for CO2 reduction. An intermediate CO�

2 identified by
NEB on the path to form CO and the overall transition state is to the
final CO*. The reaction barrier from the adsorbed CO*

2 to CO* is
approximately 2.5 eV, and it is independent of the temperature,
whereas the backreaction corresponding to CO oxidation is a factor
of 10 less but increasing with temperature.

Doping the reconstructed surface has the potential to bind CO
stronger, but both the oxygen vacancy formation energy and the
CO2 adsorption energy follows the same trend, therefore limiting
the effect on the reaction barrier. With iridium doping, the forward
barrier do not change significantly, but the back reaction is half that
of the undoped surface at 1000 K.

When changing the condition from SOEC to CO oxidation for
exhaust gas purification, the Ir-doped reconstructed (110) ceria
eliminates the transition barrier for CO oxidation at 150 �C and
instead the CO2 desorption is the limiting step with a 0.49 eV
barrier.

The proportionality between the CO and CO2 adsorption en-
ergies minimize the possibility to lower the large barrier from CO*

2
to CO*. Strategies to decouple CO binding and oxygen vacancy
formation energy should therefore be established.
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Abstract

Ceria is a promising material for cathodes in high temperature CO2 electrolysis cells

because ceria can become a mixed electronic and ionic conductor through doping, which

enables a high surface area for electrocatalysis. Here, we systemically investigate the

effect of strain to enhance the activity for electrocatalytic CO2RR on CeO2(111) by

using density functional theory corrected for on-site Coulomb interactions (DFT+U).

We find that tensile strain decreases the oxygen vacancy formation energy due to a

downshift of the Ce 4f orbital energy, in agreement with the larger size of the Ce3+ ion

than the Ce4+ ion. The corresponding upshift in the Ce f-band center with compressive

strain destabilizes the formation energy of the critical surface oxygen vacancies and

reduces the energetic span of the reduction reaction, leading to a 4 orders of magnitude

higher turnover frequency at 800K for 4% compressive strain. These findings shed new

light on possible pathways to enhance the catalytic activity for CO2RR on CeO2(111)

and related catalytic systems by strain engineering.

Introduction

The level of anthropogenic CO2 in the atmosphere is higher than ever, while the energy

demand increases. New technologies are needed to decrease the CO2 emission from the

increasing energy demand, and CO2-utilisation to form fossil free fuels and chemical products

can play an important role. Since renewable energy sources e.g. wind turbines and solar

cells are decreasing in price, electrochemical utilisation of CO2 can become a feasible way

to smoothing the fluctuation both from renewable energy production and energy demand.

Solid oxide fuel cells (SOEC) are a promising candidate for high temperature reduction of

CO2 to e.g. CO which together with H2 forms syngas for the Fischer-Tropsch-process which

can produce a variety of carbon-hydrate products. Different candidates for SOEC cathode

catalysts includes e.g. Ni/YSZ1 and Fe–Ni alloy nanoparticles.2

Ceria (CeO2) has a large oxygen "storage capacity" due to the relative low energy barrier
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for changing from Ce4+ to Ce3+ upon reduction of ceria, while the mobility of these oxygen

vacancies are high.3–5 Because of this property, ceria has been researched as catalyst for

multiple redox-reactions including the three-way catalyst used in cars,6–9 the water-splitting

reaction10,11 and reduction of CO2 into CO,12 syngas by co-reduction of water13,14 or direct

reduction into C1-products as methane or methanol.15,16

The effect of strain on the oxygen vacancy formation and migration, and the water-

splitting reaction has previously been investigated on ceria.10,17–22

In this study, we present a CO2 reduction path through a bent CO2
– intermediate to

form CO on the reduced CeO2(111) facet. By strain engineering, we demonstrate tunability

of the vacancy formation energy and the overall turnover frequency. This is attributed to the

larger Ce3+ ions present on the reduced surface and we show the shift in Ce 4f-band center

induced by strain is proportional to the shift in the vacancy formation energy. Our study

provide insight into the effect of strain on the CO2 reduction thermodynamics and reaction

kinetics at operating SOEC conditions.

Computational methods

All DFT calculations are performed in the Vienna Atomic Stimulation Package 5.4 (VASP)23–26

interfaced with ASE.27 The Perdew-Burke-Ernzerhof functional (PBE)28 is used for the

exchange-correlation. Ionic cores are described by the projector augmented wave method

(PAW)29,30 with a plane wave energy cutoff of 550 eV in accordance with previous stud-

ies.10,31,32 A Hubbard U parameter of 4.5 eV is added to the cerium 4f orbitals within the Du-

darev formulation.33 Agreement between experiment and calculations can be accomplished

with different Hubbard parameters, where values in the range 2 eV to 3 eV are well-suited for

getting correct thermochemistry34,35 while 4.5 eV to 5 eV is needed for correct electron local-

ization of electrons in the 4f state in reduced ceria.36–38 Previous studies with U -parameter

of 4.5 eV to 5 eV has investigated properties as oxygen vacancy formation energy and shape
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of nanoparticles.39,40 We follow the U -ramping method of Meredig et al. 41 to obtain cor-

rect minimal energy occupation of the 4f states. For surface slab of the CeO2(111) facet

we use a (2 × 2) cell with 4 O–Ce–O trilayers, one fixed trilayer in the bottom and 17Å

vacuum as shown in Figure 1. For gas phase molecules a large 13Å × 14Å × 15Å cell is

used. A Monkhorst-Pack k-point grid of 3 × 3 × 1 is used for surface calculations, while a

13 × 13 × 1 grid is used for density of states calculations, and a Γ-point sampling is used

for gas phase molecules. The electronic self-consistence convergence criteria is 10−6 eV and

the ionic geometry optimization convergence criteria is a maximum force of 10−2 eVÅ−1. In

agreement with previous theoretical studies,10,31,32,42 a lattice constant of 5.497Å is used,

which is close to the experimental value 5.411Å.43 Due to the erroneous description of the

C––O and C–––O bond, a correction of −0.08 eV and −0.39 eV is added to the energy of CO2

and CO, respectively, both in gas phase and adsorbates following the method of Christensen

et al. 44 . Thermal contribution to the DFT energy is calculated from vibrational modes using

a finite difference approximation for the hessian of the atoms taking part in the reaction,

the Ce3+, and the oxygens they coordinates to. The zero point energy and entropy from

these vibrations are calculated with the ideal gas approximation and the independent quan-

tum mechanical harmonic oscillator approximation as implemented in ASE.27 An electronic

entropy correction of −0.24 eV and −0.32 eV at 800 K and 1000 K per oxygen vacancy is

added to the entropy, due to the splitting of the Ce 4f states by crystal-field and spin-orbit

coupling.45

To calculate free energies at SOEC conditions, we apply a low oxygen pressure at ele-

vated temperatures following the same method as Wu et al. 46 , where CO2 and CO are in

equilibrium. This controls the oxygen pressure:

p(O2) = p0e
−∆G(T,p0)

kBT (1)

where ∆G(T, p0) is the Gibbs free energy for the gas phase reaction CO2 −−→ CO+ 1
2 O2 at
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the ambient pressure p0 and the temperature T . Effectively the chemical potential of oxygen

is shifted by the Gibbs energy of the reaction −∆G(T, p0).

The potential energy surface between minima for the adsorbates is explored with the

nudged elastic band (NEB) method47 and when a single candidate saddle point is established,

we continue with climbing-image NEB (CI-NEB).48 All NEB and CI-NEB calculations are

performed with a spring constant of 5 eVÅ−2 and an image separation smaller than 0.75Å.

For final optimisation of the transition state to the 10−2 eVÅ−1 convergence criteria, the

dimer method49,50 is applied.

CO2 reduction on CeO2(111)

The CeO2(111) facet is the most stable facet51 and the oxygen vacancy formation energy

∆Eform is higher on this facet than on (110) and (100), see Tab. 1. The most stable vacancy

in the CeO2(111) surface layer is a subsurface vacancy with formation energy of 1.67 eV

compared to the 2.16 eV for the surface vacancy. Due to the high vacancy formation energy

on the (111) surface, it has been hypothesised to be less catalytically active.52 But the

high vacancy formation energy is less of a limitation at SOEC conditions, where the oxygen

chemical potential is lowered by −4.32 eV at 1000 K making vacancy formation favorable.

Table 1: The oxygen vacancy formation energy for the (111) facet compared to
the (110) and (100) facets. a from a study by Wu et al. 10, b from a study by
Ganduglia-Pirovano et al. 53, c from a study by Wu et al. 32, and d from a previous
study31

(111) (110) (100)

∆E(sVO)/eV 2.16 2.11a 2.30b 1.14c 1.50d 1.67c
∆E(ssVO)/eV 1.67 1.75a 1.89b 1.48c 2.27d 1.62c

Adsorption of CO on the stoichiometric ceria (111) surface is possible at different sites on

the (111) surface: on top of cerium, surface and subsurface oxygens or in between these.

Adsorption of CO on surface and subsurface oxygens will form adsorbed CO2, adsorption
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Figure 1: Top view and side view of the CeO2(111) 2× 2 slab used. The bottom O–Ce–O
fixed trilayer and the subsurface oxygens are shown in dark red.
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on cerium atoms is the only adsorption site which preserves CO with an adsorption energy

of −0.18 eV. Adsorption on a bridge site between cerium and a surface oxygen forms a

bidentate bent CO2
– with an adsorption energy of 0.08 eV relative to the stoichiometric

surface and gas phase CO. CO2
– has previously been studied as an intermediate for CO2

reduction.31,54

CO2 can bind to the reduced surface on a surface oxygen as tridentate carbonate with

an adsorption energy of −0.23 eV. The atomic structure of tridentate carbonate and CO2
–

is shown as state (3a) and (3b) in Figure 2.

Two different reaction paths for CO2 reduction can be formed from these adsorption

configurations of CO2 and CO as shown in Fig. 2. First a surface (2a) or subsurface vacancy

(2b) is introduced into the surface, which is followed by adsorption of CO2 to form CO2
–

(3a) or CO3
2– (3b) that then decomposes to CO adsorbed on top of a cerium atom (4).

The decomposition of CO3
2– to CO requires the breaking of two carbon oxygen bonds,

where one of the released oxygen atoms will have to fill a subsurface oxygen vacancy. The

resulting NEB pathway (from state (3b) to (4) in Figure 2) is therefore very long and the

resulting barrier is inhibitingly high (>4 eV). In contrast, the decomposition of bidentate

CO2
– to adsorbed CO (from state (3a) to 4 in Figure 2) has a much lower barrier of 0.57 eV

and much shorter NEB path.

The adsorption of CO2(g) on the (111) facet with a surface vacancy to form CO2
– has

no additional barrier except the energy change ∆Ef of 0.86 eV as seen in S.I. Fig. S1. As

found in previous studies32,53 on the (111) facet, the subsurface oxygen vacancy is preferred

by 0.49 eV compared to the most stable surface vacancy. The NEB/DIMER path for CO2
–

to adsorbed CO is a direct breaking of one C–O bond, leaving behind the oxygen in the

vacancy and forming adsorbed CO. The initial C–O distance in CO2
– is 1.32Å, while at

the transition state it is 1.62Å and the barrier is 0.57 eV and the single Ce3+ in the initial

state is reoxidized into Ce4+.
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Figure 2: Stuctures the two possible reaction paths: 1) the stoichiometric surface, 2a/2b)
a surface/subsurface oxygen vacancy, 3a) bidentate CO2

– , 3b) tridentate CO3
2– , 4) CO

adsorbed on the stoichiometric surface. The adsorbed CO3
2– (3b) is with an adsorption

energy of −0.23 eV much stronger bound to the reduced surface than CO2
– (3a) at left with

an adsorption energy of 0.85 eV compared to the stoichiometric surface. Dark/gray colored
cerium shows Ce3+.
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Strain engineering

Because Ce3+ is larger than Ce4+ and Ce3+ is formed upon oxygen defect creation in ceria,

it is known that compressive strain increases the oxygen vacancy formation energy.10 The

oxygen vacancy formation energy as a function of the strain can be seen in Fig. 3, where

for all vacancies and Ce3+ configurations compression of the system increases the vacancy

formation energy, while the opposite happens for tensile strain. The most stable oxygen

vacancy under all investigated strain conditions is a subsurface vacancy ssVO with Ce3+ at

subsurface and surface next nearest neighbour (ssNNN+sNNN), while the most stable surface

vacancy for all strains has Ce3+ in the surface as nearest and next nearest neighbours. The

energy gap between these vacancies depends upon the strain and change to 0.73 eV and

0.14 eV under 4% compressive and tensile strain, respectively. The energy diagram for the
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Figure 3: The oxygen vacancy formation energy as a function of the placement of the Ce3+

and the biaxial strain. The lines are only to guide the eye.

reaction path under strain can be seen in Fig. 4, where it is seen that the strain affects the

vacancy formation energy to the greatest extent and to less extent the transition state and
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the adsorbed CO with no large Ce3+, while the adsorbed CO2
– has one Ce3+ and the energy

change caused by strain is approximately half that of the oxygen vacancy.
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Figure 4: The CO2 reduction on the CeO2(111) facet under different level of strain and under
SOEC conditions where CO2 and CO are at equilibrium.

For the density of states for stoichiometric CeO2(111) with strain, see S.I. Fig. 2, the

f band center ε(Ce, f) location relative to the Fermi energy εf depends linearly on strain as

shown in S.I. Fig. S3. Therefore the formation energy for e.g. the most stable surface and

subsurface vacancy depends linearly on the f-band center, as shown in Fig. S4. The linear

dependence agrees with f-orbitals being occupied when vacancies are formed.
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The turn over frequency (TOF) can be estimated from:

TOF =
kBT

h
exp(− δE

kBT
) (2)

where δE is the free energy difference between the minimum and maximum on the reaction

path, in this case between the system with a surface vacancy and CO2 in gas phase and the

transition state. In Fig. 5 the temperature and strain dependent TOF is given relative to

the unstrained TOF at 800 K. The trend is for high TOF when temperature is high and

compressive strain, the strain effect is because the compressive strain destabilises the Ce3+

for the defect surface while not effecting the transition state much, since there are no Ce3+.
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Figure 5: The turn over frequency for CO2 reduction relative to unstrained CeO2(111) at
800 K.
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Conclusion

We have investigated the CO2 reduction to CO on CeO2(111) facet with a surface oxygen

vacancy and an intermediate bidentate CO2
– to form adsorbed CO. The surface vacancy

is 0.49 eV higher in energy compared to the subsurface vacancy, while this allow an easy

absorption of gaseous CO2. The transition state barrier for breaking one C–O bond in the

bidentate CO2
– to form CO is 0.57 eV. The overall reaction at SOEC conditions is limited

by the stabilisation of the reduced surface at elevated temperature and low oxygen pressure.

Compressive strain improves the overall reaction at SOEC conditions by destabilising the

reduced surface, while effecting the intermediate CO2
– and the transition state less. The

Ce f-band center dependency upon strain and the linearity between f-band center and the

vacancy formation energy is in agreement with the observed trend for the reaction, since the

f-band center increases with compressive strain and reduced ceria has electrons occupying the

f-orbitals on Ce. The turnover frequency in 4 order of magnitude higher at 4% compressive

strain than unstrained at 800 K.
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