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Abstract

Characterising and developing new catalytic materials for the adsorption and ac-

tivation of CO2 is arguably one of the most important materials problems in recent

times, with the realisation that climate change is upon us. In this paper we demon-

strate, using electronic structure calculations, the difference in surface behaviour of the

important catalyst ceria (CeO2). Many nanoparticles show enhanced catalytic activity

on particular surfaces. Hence, a key challenge is to identify strategies to control the

expression of such surfaces and to avoid their disappearance over time. Here, we use

density functional theory to explore the adsorption of carbon dioxide on the surfaces of

cerium oxide (CeO2), and its relationship with the resulting nanoparticle morphology

under conditions of pressure and temperature. CeO2 is an important solid electrolyte

in fuel cells, a catalyst, and enzyme mimetic agent in biomedicine, and has been shown
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to interact strongly with CO2. We demonstrate that the adsorption of CO2 as a car-

bonate ion is energetically favorable on the {111}, {110} and {100} surfaces of CeO2,

and that the strength of this interaction is morphology and surface stoichiometry de-

pendent. By predicting the surface stability as a function of temperature and pressure,

we built surface phase diagrams and predict the surface dependent desorption temper-

atures of CO2. These temperatures of desorption follow the order {100} > {110} >

{111} and are higher for surfaces containing oxygen vacancies compared to stoichio-

metric surfaces, indicating that surface oxidation processes can reduce the stability of

surface carbonate groups. Finally, we propose a thermodynamic strategy to predict

the evolution of nanoparticle morphology in the presence of CO2 as the external con-

ditions of temperature and pressure change. We show that there is a thermodynamic

driving force dependent on CO2 adsorption that should be considered when selecting

nanoparticle morphologies in catalytic applications.

1. Introduction

The issue of global warming caused by anthropogenic CO2 has brought attention to atmo-

spheric CO2 levels.1,2 Removal of CO2 from the atmosphere has the potential to reduce its

environmental impact but also to utilize the carbon in production of useful chemicals.3,4

Catalytically activated CO2 conversion provides a route to this goal but the activation of

such a stable molecule poses energy related challenges: i.e. the use of high temperatures in

the catalytic processes. The design and engineering of catalyst based materials is therefore

of primary importance for realizing optimal and efficient CO2 conversion.

The first step of materials coming into contact with CO2 is that of adsorption. This ad-

sorption needs to be understood since it is the first step towards addressing CO2 conversion.

Here, the bonding of CO2 at the surface becomes an opportunity for control as it defines

the activation of the molecule towards further reactions. Nevertheless, there are challenges

to overcome, such as the formation of surface - carbonate species, alterations to the particle
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morphology and removal of CO2 from the surface.

The formation of surface species by adsorption of CO2 is observed on many oxides, e.g. Yt-

tria stabilized Zirconia (YSZ),5 ZrO2,
5 MgO,6 BaTiO3,

7 TiO2,
8–11 Fe2O3

12–14 and Al2O3.
15

Chemisorption of CO2 onto oxides is particularly prevalent where the oxides are basic16 and

lead to a) carbonates through binding of the carbon atom to basic surface oxygen sites,

and b) hydrogen carbonates where the CO2 inserts into an existing hydroxyl O-H bond.

Formation of carboxylates (where the CO2 binds through oxygen to a metal atom) are less

common but examples can be seen in the ZnO literature where both carboxylates and car-

bonates are observed.17 Of particular interest is cerium oxide (ceria, CeO2) due to the wide

range of applications that result in direct contact between its surfaces and CO2.
18,19 CeO2 is

used in both three way catalysts and soot oxidation catalysts,20,21 where it oxidizes unburnt

hydrocarbons and oxidizes CO to CO2. CeO2 is used in the water gas shift reaction,22,23

where H2O + CO > H2 + CO2. The dry reforming process is another application24,25 where

the interaction between the surface and the gas is a conceivable way to provide an oxidant

for organic reactions and would yield CO as a syngas for further synthesis. All these appli-

cations hold the key to understanding and defining a wider picture of the interaction of CO2

with CeO2.

In this context, we provide a computational analysis of the interaction of CO2 with the sur-

faces of CeO2 with the aim of defining a relationship between the adsorption of CO2 at CeO2

surfaces and the morphology of the nanoparticle. The driving force is to provide a compu-

tational procedure that could help design functionalized ceria morphologies as a function of

pressure and temperature, two variables that can be controlled experimentally. We focus on

the formation of carbonate species at the surfaces of ceria and discuss this in terms of ad-

sorption strength, concentration and surface morphology effects. Although CO2 adsorption

at the surfaces of ceria has been studied, the nature of surface intermediates has not been

fully explored. In some cases it has been reported that surface carbonates are responsible for

3



the reduction in the activity of ceria surfaces in several catalytic processes,26–29 i.e. carbon-

ate poisoning. Both experimental and computational work have confirmed that carbonate

species can form at the surface,30,31 but findings seems to be somehow complicated by the

claims of a morphology dependent effect. Overbury et al. found for ’surface engineered’

CeO2 nanoparticles that there was a clear dependence for the strength and amount of sur-

face basic (both basic hydroxyls and surface lattice oxygen sites) on the particular surface

on the particles.32 This change in the surface basicity was evident in differences between the

IR spectra of CO2 adsorbed to these surfaces and the subsequent Temperature Programmed

Desorption (TPD) experiments.

In this work we study the interaction of associatively adsorbed carbon dioxide molecules

(carbonate CO3
2- species i.e. a bond forming between a surface oxygen atom and a CO2

molecule) with the most important low index surfaces of CeO2 ({111}, {110} and {100}).

We also investigate the adsorption of CO2 onto sub stoichiometric surfaces (surfaces con-

taining an oxygen vacancy) of CeO2. We explore the morphology dependent impact on

carbonate stability and demonstrate that the carbonates have significant effects relating to

the morphology which can affect the catalytic properties of the material.

2. Methodology

Adsorption of CO2 on Ceria Surfaces

The number of potential configurations for adsorbed carbon dioxide on surfaces of ceria

is extremely large and many have been proposed in the literature.33 We have studied the

associative adsorption of CO2 on the surfaces of ceria (Figure 1) i.e. CO2 molecules adsorbed

through a surface oxygen to form a carbonate (CO3
2-) species. We have also studied sub-

stoichiometric surfaces of ceria, here, an oxygen vacancy is introduced, which leaves two

electrons that localize and reduce two cerium atoms from Ce4+ to Ce3+; these surfaces

are referred to as reduced surfaces in this article. For reduced surfaces, configurations were
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constructed to ensure that a CO2 oxygen fills the vacancy (Figure 1b). In some configurations

where a carbonate was set at the start of the calculation, the surface oxygen-carbon bond

was found to break but the CO2 molecule remained loosely bound to the surface: these

configurations are referred to as ’molecular CO2’ in this paper.

Figure 1: Schematic illustrating associative adsorption on stoichiometric (a) and reduced
(b) {110} surface of ceria. For clarity, oxygen, cerium, carbon, oxygen vacancies are shown
in red, cream, orange and black respectively. The oxygen of the CO2 molecule are shown in
blue and the surface oxygen that the carbon bonds to is shown in green.

In order to investigate the adsorption geometry, four concentrations of CO2 were investigated:

0.13, 0.25, 0.38 and 0.51 CO2/nm2 on the {111}; 0.12, 0.23, 0.35 and 0.47 CO2/nm2 on

the {110}; and 0.17, 0.33, 0.50 and 0.67 CO2/nm2 on the {100}. These concentrations

correspond to 1, 2, 3 and 4 CO2 species on each surface. In each case, different adsorption

geometries were investigated and corresponded to monodentate, bidentate and tridentate

adsorption configurations. In reality, hydroxyls/water will also exist at these surfaces and

thus an interaction of these species with carbon dioxide is likely. Temperature Programmed

Desorption experiments have shown that the stability of water and carbon dioxide on these

surfaces is not identical and that carbon dioxide adsorbed as a carbonate can persist in the

absence of water.34–37 A study on the co-sorption of water and carbon dioxide represents a

possible future avenue of research.
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Calculation Details

Density functional theory (DFT) calculations were performed using the Vienna Ab-initio

Simulation Package (VASP) code,38,39 within which projector augmented-wave pseudopo-

tentials and a plane wave cutoff of 500 eV was used with the sampling of the Brillouin zone

sampled using a 5x5x5 Monkhorst-Pack grid for the bulk materials (CeO2 and Ce2O3) and

2x2x1 for the slabs. Calculations were carried out using the generalized gradient approxi-

mation (GGA) exchange-correlation functional of Perdew (PBE), with the +U correction of

Dudarev40 to account for on-site Coulombic interactions. A U value of 5 eV is applied to Ce f

states as this value has been utilized successfully in other studies.30,41,42 The structures were

optimized until the residual forces on each atom were less than 10 meV Å -1. All calculations

were spin polarized and an initial ferromagnetic ordering was used throughout, which was

shown to produce no difference in the energetic of CeO2 systems.43

Bulk Models

The structure of stoichiometric bulk CeO2 retains the fluorite crystal structure (space group

Fm-3m) despite a small expansion of the unit cell, which is well-documented effect for the ab

initio methodology employed in this study.43 The simulated lattice parameter (a=0.545nm)

compares well with the experimental lattice parameter of (a=0.541nm).44

Surface Models

Model surface structures were generated using the METADISE code.45 3D boundary condi-

tions were used throughout, and hence, the surfaces were modelled using the slab method46

in which a finite number of crystal layers is used to generate two identical surfaces via the

introduction of a vacuum gap perpendicular to the surface. A vacuum gap of 15 Å was used

to minimize the interaction between images. The {100} and {110} slabs with a p(2 x 2)

expansion of the surface unit cell included 13 and 7 atomic layers (24 and 28 CeO2 units,
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respectively), while the {111} slab with a p(2 x 3) expansion included 12 atomic layers (24

CeO2 units).

The K-point grid of Γ-centred 2x2x1 with the third vector perpendicular to the surface plane

was used and deemed converged.

Surface Energies and Thermodynamic Framework

Using the slab method, the surface energy (γbare) can be calculated from the energy of the

systems containing the slab (Eslab−bare) the energy of ceria stoichiometric bulk (Ebulk−CeO2)

and the surface area (S), according to eq 1.

γbare =
Eslab−bare − Ebulk−CeO2

2S
(1)

The calculated surface energy for the {111}, {110} and {100} was 0.67, 1.05 and 1.41 Jm-2

respectively. This is in agreement with previous computational work.41,47,48 The surface

energy for the reduced surface was calculated according to

γslab−reduced =
Eslab−bare − Ebulk−CeO2 + Ebulk−Ce2O3

2S
(2)

where γslab−reduced is the energy of the reduced slab and Ebulk−Ce2O3 is the energy bulk bixbyite

Ce2O3.

Equations 1 and 2 provide the surface energy at 0 K and these are not representative of the

operating conditions of various catalytic process, and the synthesis and sintering conditions.

Surface energies for the carbonated surfaces at specific temperature and pressures (γCO2,T,p)

were calculated with the addition of temperature as follows41,42,49

γCO2,T,p = γBare + (C(Eads,T −RTln(
pCO2

po
))) (3)
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where C is the coverage of carbon dioxide,

Eads,T = Eslab,CO2 − (Eslab,bare + nCO2ECO2,(T ))/nCO2 (4)

where Eslab,CO2 is the energy of the slab with the adsorbed species, nCO2 is the number of

adsorbed CO2 molecules,

ECO2,(T ) = ECO2,(0K,g) − TS(T ) (5)

where S(T ) is the experimental entropy of gaseous carbon dioxide in the standard state.

Crystal morphologies were generated based on the surface energies calculated with equation

3 and constructed with a Wulff construction. The surface area of each surface as a function

of temperature and pressure was calculated from the Wulff construction and these values

were combined to give the surface area ratio between all surfaces under certain temperature

and pressure.

Analysis was conducted using the surfinpy code.50 Wulff constructions were generated using

the pymatgen code51 and all figures were drawn using VESTA.52

3. Results and Discussion

3.1 Adsorption Geometry

At the lowest concentration of CO2, tridentate adsorption is favoured on all surfaces, however

there are slight differences between the {100} and the {110}/{111} surfaces. On the {100}

surface the carbonate ion lies flat, with each of the three oxygen bridging between two or

three surface cerium atoms. This arrangement is in agreement with Albrecht et al. who

studied carbonate at the {100} surface and found that CO3
2- exists as a flat lying, tridentate
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species.37 The surface oxygen rearranges slightly to accommodate the carbonate (Figure

2a). The rearrangement of the {100} oxygen sub-lattice has been reported in other studies

of polyanion adsorption, e.g. phosphates.47 In contrast on the {110} and {111} surfaces a

carbonate sits more upright (Figure 2b/c). The adsorption geometry on the {111} surface

is in agreement with Hahn et al30

Figure 2: Adsorption geometry for a single carbonate molecule on the stoichiometric {100},
{110} and {111} (a, b, c) and reduced {100}, {110} and {111} (d, e, f) surfaces. The {100}
surface is shown from above the surface plane and the {110} and {111} surfaces are shown
from the side. For clarity, cerium, oxygen, surface oxygen and carbon atoms are displayed
in cream, red, green and orange. Oxygen from the CO2 molecule are shown in blue and the
surface oxygen bonded to the CO2 molecule is shown in purple.

Tridentate adsorption geometry is favoured at the two lowest CO2 concentrations (Figure 2)

whereas a mixture of adsorption geometries becomes favoured at higher CO2 concentrations

as steric effects between molecules become important. This sheds light on the proposition

that carbonates exist either as a mixture of flat lying and upright, slightly tilted, or that

the entire carbonate population is lying flat.37 Our results indicate that at high concentra-
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tions the carbonates will exist as a mixture of tilted and flat lying carbonates, but at low

concentrations the entire population is flat lying.

On the {110} and {100} surfaces all carbonates remain as CO3
2- species whereas on the

{111} surface at the highest concentration (0.51 CO2/nm2) there is a mixture of molecularly

adsorbed CO2 and carbonate species (CO3
2-). This is in agreement with Hahn et al., who

predicted that at higher concentrations of CO2 there are chains of physisorbed CO2 molecules

as opposed to chemisorbed CO3
2-.30

On the reduced surfaces the most stable configurations are those that maximize the surface

coordination of the cerium atoms. It was found that some monodentate configurations

switched geometry during the minimization to bidentate or tridentate, further indicating

that the surface species will adsorb by promoting those configurations with higher surface

coordination.

The average bond length between the carbonate oxygen and surface cerium atoms is smallest

for monodentate adsorption configurations (2.17 Å ) and longest for tridentate configurations

(2.5 Å ). This shows that the surface is capable of recovering its oxygen coordination by

increasing the numbers of slightly weaker, longer bonds.

3.2 Adsorption Energy

The adsorption energy for CO2 on the stoichiometric and reduced surfaces as a function

of CO2 concentration is shown in figure 3. The strength of the adsorption energy of CO2

follows the order {100} > {110} > {111} at all concentrations for both the stoichiometric

and reduced surfaces. The strength of the adsorption and order of stability of the adsorption

energies can be explained by the coordination of surface cerium atoms. Cerium at the {111}

is 7 fold coordinated, whereas 6 fold coordinated on the {100} and {110}. The stronger

adsorption energies for the {110} and {100} surfaces is due to the surface cerium regaining

coordination from 6 7/8 depending on the concentration of CO2. The Ce atoms at the {111}
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surface are already 7 fold coordinated with respect to oxygen, and thus there is a smaller

energetic gain in recovering the 8 fold coordination.

At the lowest coverage, the adsorption energy on the {111} is -0.53 eV, which is in good

agreement (energetically and structurally) with that calculated by Hahn et al.30 Cheng et

al. calculated the adsorption energy of CO2 on the {110} surface and concluded that it

was physisorbed as molecularly adsorbed CO2 and did not form a carbonate.31 This is in

contrast to our results which find that CO2 will always spontaneously (i.e. the process is

barrier-less) form a carbonate on the {110} surface.31 The much stronger interaction between

the {100} and CO2 is supported by Albrecht et al.37 who calculated an adsorption energy

for flat lying CO3
2- of -1.93 eV, which is in good agreement with our calculated adsorption

energy of -1.87 eV.

The adsorption energy is more favourable for the reduced surfaces compared to the stoi-

chiometric surfaces, this is because the reduction of CeO2 involves the removal of surface

oxygen; this lowers the Ce coordination. CO3
2- species introduce two oxygen atoms to the

surface, which increase the surface coordination of the cerium atoms and thus there is a

strong bind.
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Figure 3: Adsorption energies for CO2 adsorbing as a carbonate molecule on the stoichio-
metric (dashed lines) and reduced (solid lines) low index CeO2 surfaces. The {111}, {110}
and {100} surfaces are shown in blue, orange and green.

3.3 Surface Phase Diagrams

To define ceria surface stability in the presence of adsorbed CO2, we have generated phase

diagrams pressure of CO2 as a function of temperature for the {100}, {110} and {111}

surfaces of ceria according to Eq 3. This is a successful procedure used in other work,49,53,54

as well as on CeO2
41 (Later verified experimentally34). Figure 4 shows the P vs T phase

diagrams for each surface, where the different region of the diagrams represent the most

stable surface composition (i.e. those with the lowest surface energy Eq 3 at those particular

conditions of pressure and temperature.

On the stoichiometric surfaces, CO2 will desorb from the {111} first, followed by the {110}

and then the {100} at any given pressure (Figure 4 A,B,C). The introduction of oxygen

vacancies greatly increases the temperature range that adsorbed carbonate is stable on the
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surfaces. This is due to the surface healing effect where CO3
2- species at the surface allow

the surface cerium to regain their partial coordination (Figure 2 d, e, f). As seen in section

3.1, the adsorption energies for 3 and 4 carbonate species are quite weak compared to 1

and 2 carbonate species, as a result the 3 and 4 carbonate phases do not appear in the

phase diagram (with the exception of the reduced {110} surfaces). At low T (blue region)

the surfaces are partially covered with carbonate molecules, whereas at high T (red region)

carbonate molecules are not stable at the surface and thus are not present.
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Figure 4: Pressure vs Temperature phase diagrams for the stoichiometric {100} (A), {110}
(B), {111} (C) and the reduced {100} (D), {110} (E) and {111} (F) surfaces. The CO2

coverage (CO2/nm2) of each phase is added to the phase diagram.

3.4 Desorption Temperature

Based upon the pressure vs temperature phase diagrams, we have calculated the temperature

of desorption for carbonate species at the {111}, {110} and {100} surfaces as a function of

CO2 pressure (Figure 5). The desorption temperatures represent the transition between a

bare surface and a surface with CO2 adsorbed as a carbonate. These can be compared to

the experimental values measured via Temperature Programmed Desorption experiments for

the low index surfaces of ceria. On all surfaces, we find that the carbonate is more stable
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on the reduced surface compared to the stoichiometric surface and we attribute this to the

oxygen vacancy healing effect discussed in section 3.3.

Senanayake and Mullins reported weakly bound CO2 on the {111}, which start desorbing

at 150 K with only a small amount of carbonate at 200 K.33 Temperature Programmed

Desorption experiments are typically run under UHV (10-12 bar) and within our model we

predict the removal of CO2 at 127 K on the {111} under these conditions. Removal of CO2 at

low temperatures on the {111} is also reported by Staudt et al who could not detect any CO2

on the {111} surface at 300 K.55 Also, Senanayake et al determined that carbonates were

removed from the {111} surface of CeOx/Au on heating to 300 K.36 These observations are

consistent with our findings as only at high CO2 pressures we detect carbonates persisting

beyond 300 K.

Carbonate is bound much more strongly on the {100} and thus the desorption temperatures

are much higher (Figure 5). Albrecht et al. found that carbonate species on the {100} are

stable up to 600 K for stoichiometric ceria and 700 K for partially reduced ceria (CeO1.9)

under ultra-high vacuum conditions.37 We predict under these conditions that CO2 will

desorb by 450 K on stoichiometric ceria and 550 K on reduced ceria. It is worth noting

that our reduced ceria model is CeO1.916 which not as oxygen deficient as the experimental

samples. Furthermore, we have only considered CO3
2- species at the surface and in reality,

depending on the pH, a wide range of carbonate species can exist and the distinction is not

made in the experiments.

Our calculations suggest that oxidation of the surface removes / hinders the adsorption of

carbonates from/to the surface, as the reduced surfaces have considerably higher desorption

temperatures compared to stoichiometric surfaces (up to 200 K - Figure 5). Oxygen vacan-

cies are reactive sites and are often desirable in catalytic reactions, however carbon dioxide

interacts so strongly with the vacancies that the catalyst may lose its efficiency. It is clear

that efficiency may be restored as the temperature increases (and CO2 desorbs). However,
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this comes at a higher cost as more energy is required to remove CO2 from reduced com-

pared to stoichiometric surface. In the Water Gas Shift Reaction (WGSR) Feng et al., have

shown that, for ceria, the redox reactions proceeds via a stable carbonate intermediate; the

coverage of this intermediate is dependent on the surface Ce3+ concentration.56 We show

that reduced surfaces have a considerably stronger interaction with carbonates compared

to the stoichiometric surfaces (Figure 4/5) and given that Ce3+ concentration is dependent

on the concentration of oxygen vacancies, we can infer that the experimental observations

of Feng et al., is to be attributed to the strong interaction between CO2 and the oxygen

vacancies.

Ceria based catalysts are also employed in the low temperature WGSR (500 600 K). This

reaction is dependent on the formation of formates or carbonates at the surface which de-

compose into CO2 and H2.
18,23 Platinum/CeO2 catalysts have been shown to suffer from

deactivation as a result of fuel cell/fuel processor shutdowns and this has been linked to

the formation of carbonates. The authors also showed a relationship between carbonate

formation and removal of hydroxyl groups.20 Since hydroxyl groups are thought to be a

key component of the reaction, and water dissociation is considerably stronger at oxygen

vacancy sites,41 this a possible explanation for the deactivation: carbonate groups form a

strong complex at the oxygen vacancy sites, blocking the reactive sites for water splitting to

occur.
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Figure 5: Temperature of desorption for the stoichiometric (A) and reduced (B) surfaces. The
{111}, {110} and the {100} surfaces are shown in blue, orange and green. The temperature
of desorption at pressures ranging from -12 log10(PCO2) (bar) to 5 log10(PCO2) (bar) in
increments of 1 are marked at the corresponding locations on the plots.

3.5 Predicted Particle Morphology

The performance of nanoceria catalysts in the form of nanoparticles is influenced by the

surface morphology, composition and stoichiometry of the exposed facets.18,57 Depending of

the formation conditions a variety of structures can be formed with specific surfaces: cubes

{100}, octahedra {111} and rods (variously described as defected surfaces or a mixture of
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{110} and {100}).58 This has been shown in recent times, where research has focused on

the effect of the different exposed facets on different catalytic processes.59–62 As individual

catalytic application is optimized by a specific morphology, then it is important to reach

the nanoparticle optimal design before implementing the material in the catalytic process.

We have combined simple yet effective thermodynamic computational strategies that use

the information on surface stability to generate nanoparticle morphologies as a function of

experimentally tuneable conditions such as those of pressure and temperature.

Based upon the surface energies calculated in section 3.3, we have constructed Wulff plots

as a function of temperature and pressure of CO2 for the stoichiometric and reduced surface

systems in order to provide insight into whether CO2 can, from a thermodynamic point of

view, alter the particle morphology (Figure 6). For clarity, figure 6 shows the thermody-

namic driving force under certain conditions towards a certain morphology. The desorption

temperature curves for each surface has been overlaid on to each plot. These illustrate the

regions of the morphology phase diagram where each surface is being stabilized by carbonate

species. For example, on stoichiometric surface the {111} surface has very low desorption

temperatures whereas the {100} surface has comparatively high desorption temperatures,

the region of the phase diagrams between these lines is the region where the surface energy

of the {100} is being lowered by carbonate species while the {111} is not (this means that

in this region the particle morphology the {100} is covered in carbonates whereas the {111}

is not). This lowering of one surface energy relative to another is why adsorbed species

are able to affect the morphology significantly. It is noted that higher temperatures may

complicate the morphology phase diagrams: in CO2 the reduced surfaces may be oxidized

and in vacuum oxygen can be extracted to reduce the surface. These additional complexities

are not captured in these diagrams.
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(a) (b) (c) (d) (e) (f)

Figure 6: Particle morphology phase diagram for the stoichiometric and reduced surfaces.
Wulff constructions are shown for the stoichiometric and reduced surfaces. These correspond
to a {100}:{110}:{111} ratio of 35:12:63 (a), 15:0:85 (b) and 0:0:100 (c) for the stoichiometric
surface and 90:0:10 (d), 45:12:43 (e) and 0:0:100 (f) for the reduced surface. For clarify the
{111}, {110} and {100} facets are shown in red, light blue and dark blue respectively. The
desorption temperatures for the {111} (orange), {110} (blue) and {100} (green) are shown on
each phase diagram to illustrate the regions where carbonates are stable and thus influencing
the morphology.

Using ultra high vacuum conditions as a reference point (i.e. below 10-10 log10(PCO2)), for

stoichiometric ceria, there is a clear preference for octahedral nanoparticles at temperatures

above 210 K. However with increasing pressure, the nanoparticle area is increasingly made

up of {100} and {110} surfaces. Using ultra high vacuum conditions as a reference point, for

reduced surfaces octahedral nanoparticles are formed above 310 K. High pressures of CO2,

low temperatures and reduced ceria are a conceivable combination to generate highly reactive

nanocubes. It is relatively nice to see that corners of nanocubes (Figure 6d) are truncated

by {111} surfaces; this seems to be in line with the findings that there is a minimum size of

associated with this truncation.57
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4. Conclusions

The effect of adsorbants on the surface chemistry of materials is important to fully understand

the properties of many materials. In this study, we have studied the adsorption of CO2

molecules as surface carbonate (CO3
2-) species using density functional theory. The results

reveal the following key features:

1. CO2 adsorbed as carbonate (CO3
2-) species are more stable on surfaces containing

oxygen vacancies (reduced surfaces) than on stoichiometric surfaces due to a strong

interaction with surface oxygen vacancies.

2. There is a morphology dependent adsorption with the adsorption strength following

the order {100} > {110} > {111}.

3. The {111} surface, in line with experimental evidence, desorbs surface carbonates at

lower temperatures, whereas the {100} surface retains adsorbed carbonates across a

wider temperature range.

4. The high stability of carbonate species on the {100} relative to the {111} surface has a

striking effect on the predicted morphology. Surfaces of {100} are promoted over {111}

at lower temperatures and higher CO2 pressures, and {111} surfaces are promoted over

{100} surfaces at higher temperatures and lower CO2 pressures.

The atomic-scale insights presented here provide insight on the interaction between carbon

dioxide and surfaces of cerium oxide and generally applicable to a range of materials. En-

hancing our fundamental understanding of surface chemistry in the presence of adsorbed

molecules and their influence on catalytic processes is crucial for the future optimization of

these processes.
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