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ABSTRACT: The surface structure and composition of functional materials are well-known to be critically important factors controlling 

the surface reactivity. However, when doped the surface composition will change, and the challenge is to identify its impact on important 

surface processes and nanoparticle morphologies. We have begun to address this by using a combination of density functional theory and 

potential-based methods to investigate the effect of surface dopants on water adsorption and morphology of the technologically important 

material, CeO2, which finds application as electrolyte in SOFCs, catalyst in soot combustion, and enzyme mimetic agents in biomedicine. We 

show that by mapping CeO2 surface phase diagrams we can predict nanoparticle morphologies as a function of dopant, temperature, and 

water partial pressure. Our results show that low-temperature, undoped CeO2 nanocubes with active {100} surface sites are 

thermodynamically stable, but at the typical high temperature, operating conditions favor polyhedra where {100} surfaces are replaced by less 

active {111} surfaces by surface ion migration. However, doping with trivalent cations, such as Gd3+, will increase binding of water on the {100} 

surfaces and hence act to preserve the cuboidal architecture by capping the active surfaces. As surfaces tend to be decorated by impurities and 

dopants it is clear that their role should receive more attention and the approach we describe can be routinely applied to nanomaterials, 

morphologies, and associated active/inactive surfaces. 

 
 

Introduction 

The control of nanoparticle growth and evolution is an 

important topic that is tackled experimentally using SEM and 

TEM in the presence of biological macromolecules,1 organic 

molecules,2 and polymers.3 This is not limited to the presence of 

molecules in the surrounding environment but also to 

nanoparticles’ response to external variables such as the high 

energy electron beam of a TEM.4 There has been recent work on 

defining rules to determine the evolution of nanoparticle 

shape;5 however, the challenge is also to correlate the shape of 

nanoparticles to external variables such as pressure and 

temperature. We present a comprehensive way to predict 

nanoparticle shape as a function of water partial pressure and 

temperature in both stoichiometric and doped nanoparticles. 

We demonstrate this methodology by applying it to CeO2 as it is 

an important catalyst, prevalent in a wide range of processes, and 

because the relationship between shape and the surrounding 

environment remains largely unexplored. 

Cerium oxide, CeO2 (Ceria), and doped derivatives are 

important technological materials. Thanks to the easily 

accessible redox conversion between Ce3+ and Ce4+ and the 

oxygen vacancy tolerance of the fluorite structure, ceria enjoys a 

wide spectrum of applications like electrochemical sensors,6,7 solid 

oxide fuel cells (SOFCs),8−11 catalytic exhaust treatment,12 

hydrogen fuel generation,13 and biomedicine.14,15 For each of its 

many applications, the redox capability is essential to the 

performance of the materials.  

 

As the redox reactions take place at the materials surfaces, 

the understanding of surface morphology and chemistry is 

key to the design and engineering of ceria-based materials. 

Despite its presence in many chemical reactions as either a 

solvent, spectator, or reagent, water and its effect on the 

morphology of ceria nanoparticles is often overlooked. Most 

investigations focus on the oxygen reduction and incorporation 

at the electrolyte−cathode−gas triple-phase boundary in 

SOFCs and neglect the contribution from water vapor in the 

gaseous atmosphere being fed at the cathode of the SOFC. 

Experiments have shown that water does have a significant 

impact on the oxygen-transport properties of both pure and 

doped ceria at relevant operating temperatures.16,17 However, 

the details behind these changes are largely unclear.18 Thus, it 

is important to know at what temperature water will still be 

present at the surfaces of doped ceria. While surface water is 

undesirable in soot oxidation and SOFCs, other catalytic 

processes depend on water dissociation at the surface, e.g., the 

water gas shift reaction. Another important question 

considered is the role that particle morphology has on 

catalytic performance; what is less well-known is how the 

morphology of the material affects and is affected by the 

interaction with water, especially if the material is in use 

over a long period of time, i.e., over many catalytic cycles.  

Significant theoretical effort has been made to predict how 

water adsorbs at both stoichiometric and reduced ceria 

surfaces.19−22 However, in technological applications ceria is 

doped, and the interplay between water and doped ceria 

surfaces has not yet been fully explored. Clearly, given the 

technological importance and the wide range of uses of doped 

ceria, the effect of water adsorption warrants further study.  
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In this work, we describe our study of the interaction of water 

with the most important low index surfaces of CeO2 ({111}, 

{110}, and {100}) when doped with Y3+, Sm3+ and Gd3+ 

cations. The latter is particularly important in SOFC 

applications. Thus, we aim to evaluate whether these trivalent 

cations strongly segregate to these surfaces and predict their 

effect on the equilibrium morphology and water adsorption. 

Thus, we demonstrate the extent to which morphology is linked 

to surface composition and hence comment on the relationship 

between catalytic activity and nanoparticle shape evolution. 

 

Methodology  
Calculation Details. Density functional theory (DFT) 

calculations were performed using the Vienna Ab-initio 

Simulation Package (VASP) code,23,24 within which projector 

augmented-wave pseudopotentials and a plane wave cutoff of 

500 eV were used. A Γ-centered K-point grid of 2 × 2 × 1 with the 

third vector perpendicular to the surface plane was used. Both 

the cutoff and K-points were tested for convergence. 

Calculations were carried out using the generalized gradient 

approximation (GGA) exchange-correlation functional of 

Perdew  (PBE),  with  the  +  U  correction  of  Dudarev25 to 

account for on-site Coulombic interactions. A U value of 5 eV is 

applied to Ce f states.14,19 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 has been shown to produce 

no difference in the energetics of CeO2 systems.26,27 Dispersion 

corrected methods were tested but did not provide significant 

improvements to the accuracy of the results and have thus not 

been employed further. Isolated O2 and H2O molecules were 

simulated using a 10 Å3 cubic cell. The K point density and the 

same convergence criteria as the surface calculations were 

also used for these molecules.  

Surface Energies and Thermodynamic Framework. The 

physical quantity defining stable surface compositions is the 

surface energy γ (J m−2). Using the slab method, which uses a 

simulation cell with two symmetric surfaces, the surface energy 

of a stoichiometric slab (γstoic) can be calculated from the energy 

of the systems containing the slab (Estoich,bare), the energy of ceria 

stoichiometric bulk (Ebulk,CeO2), and the surface area (S) 

 

 
 

The surface energy of the doped surfaces (γdoped) was 

calculated according to 

 

 
 

where Esab,M2O3   
is the energy of the doped slab and Ebulk,M2O3   

is 

the energy of the bulk dopant. 

 

The heat of reduction was calculated for the three low index 

surfaces of ceria by creating an oxygen vacancy through the 

removal of a surface oxygen atom. Two electrons are left 

behind and localize on the cerium ions neighboring the 

vacancy. 

Literature studies have suggested oxygen vacancies are stable in 

the surface layer,28−30 but there is debate with others 

suggesting that vacancies prefer to exist in the subsurface.31−33 

We have assumed that the water will interact most strongly 

when the oxygen vacancies are located at the surface and that 

the vacancy and adsorbent are near the Ce(III) and dopants. 

We do recognize that different distributions of 3+ and Vo are 

accessible34,35 and that the dissociation of water at the surface 

is aided by surface vacancies,36,37 which may cause small 

differences in energies. For example, Aparicio-Angles̀et al. have 

shown that Vo “can be placed fairly randomly in the surface” of 

CeO2 {111} as there are very similar energetics between the 

different configurations; however, the Vo is more stable if 

situated in the second oxygen layer.35 However, we have 

shown previously, that at operating conditions, oxygen 

vacancies will be mobile and hence consider that the sites 

we have chosen are representative, easily reproducible and 

consistent with earlier studies.38 Furthermore, to demonstrate 

the presence of surface oxygen vacancies within the context of 

our models we have carried out large scale molecular dynamics 

simulations of cerium oxide surfaces containing oxygen 

vacancies and observed that vacancies occupy both the surface 

and subsurface layers. Full details are included in the 

Supporting Information. 

The heat of reduction is calculated according to 

 

 
 

Ereduction is the reduction energy, Eslab,reduced is the DFT energy 

of  the  surface  containing  an  oxygen  vacancy,  and  EO2    
is  the 

DFT energy of oxygen. Equations 1 and 2 provide surface 
energies neglecting temperature and hence are not 
representative for the operating conditions of various 
catalytic processes and the synthesis and sintering 
conditions. For the hydrated surfaces, the effect of 

temperature is introduced as follows19,39,40 

 

 
 

where C is the coverage of water, γbare is the surface energy 

of the base surface, and γstoich could be calculated according 

to eq 1 for the stoichiometric surfaces or γdoped from eq 2 

for the reduced and doped surfaces. The average adsorption 

energy of all water (Eads,T) in each configuration was 

calculated according to 
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Figure 1. Schematic representation of dissociative (A) and molecular (molecular) (B) adsorption of water on the {100} surface. Side view of the 
{111} (C), {110} (D), and {100} (E) surfaces. Cerium ions are shown in cream, surface oxygen ions in red, water oxygen ions are shown in blue 
and hydrogen ions are shown in white. 

Eads,T = EHyd − (Eslab,bare + nH2OEH2O,(T))/nH2O 

 
(5) 

 

We have considered water adsorption on the stoichiometric 
surface of ceria, referred to as Ce(IV) surfaces, reduced 

where EHyd is the energy of the slab with the adsorbed species, 

Ebare is the energy of the bare surface, and nH2O  is the number 

of adsorbed H2O molecules. The temperature-corrected water 

energy was calculated according to 

surfaces, where an oxygen vacancy has been introduced to the 
surface, referred to as Ce(III) and doped surfaces, referred to 
as M3+, where M is Sm, Gd, and Y. 

In this work, the amount of water in each calculation is 
expressed in terms of coverage, which is the number of water 

EH2O,(T) = EH2O,(0K,g) − TS(T) (6) molecules per square nanometer. We have investigated 
different water coverages on each surface up to a monolayer 

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

On the basis of the surface energies calculated according to 
eq 4, the surface area of each surface was calculated using the 

Wulff construction.41−43 These areas were then combined to 
give the ratio between each surface under varying pressure and 
temperature. 

Surface Models. The structure of stoichiometric bulk 
CeO2 retains the fluorite crystal structure (space group Fm3 ̅ 
m) despite a small expansion of the unit cell. This is a well- 
documented effect for the DFT methodology employed in this 
study.26 The simulated lattice parameter (a = 0.545 nm) 
compares well with the experimental lattice parameter of (a = 
0.541 nm). Model structures were generated using the 
METADISE code.42 3D boundary conditions were used 
throughout, and hence, the surfaces were modeled using the 
slab method44 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. All 
slab calculations use symmetric introduction of, adsorbates, 
oxygen vacancies and dopants to both sides of the slab, thus 
ensuring that the surfaces were identical and the cell had no 
net dipole moment. 

The {100} and {110} slabs with a p(2 × 2) expansion of the 
surface unit cell included 13 and 7 atomic layers (24 and 28 
CeO2 units, respectively), while the {111} slab with a p(2 × 3) 
expansion included 12 atomic layers (24 CeO2 units). 

coverage on each surface, which corresponds to one water 
molecule per surface CeO2 unit. As the number of 
configurations for adsorbed water on surfaces of ceria is 
extremely large, we have limited the choice to structures that 
have previously been suggested and that maximize the 
coordination between the adsorbate and the surface.19,45 
Several configurations for the lowest water coverage were 
then computed, but only the most stable one is reported. M3+ 
atoms were distributed according to the defect ordering of the 
system. For all systems, only the most stable water 
configuration has been reported. 

Phase diagrams were generated. and analysis was conducted 
using the surfinpy code.46 Wulff constructions were generated 
using pymatgen,47 and all figures were drawn using VESTA.48 

Molecular Dynamics. To simulate the kinetics of the 
cube-to-polyhedron morphological change a model nanocube, 

generated previously was used.49 The model comprises 6921 
CeO2 repeat units and exposes six {100} surfaces. Molecular 
dynamics (MD) simulations, using the DLPOLY code,50 were 
then performed at 5100 K for 200 ns using an NVT ensemble. 
This enabled any energy associated with, for example a cube- 
to-polyhedron shape change, to be extracted via a thermostat. 
If it were not extracted, the heat energy would melt the 
nanoparticle. This methodology has been used successfully in 
previous studies in order to study nanoparticle transformations 

at a reasonable computational cost.51−55 
The Born model of the ionic solid was used to represent the 

interactions  between  the  Ce  and  O  ions  comprising  the 
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nanoparticle using potential parameters derived by Minervini 
et al.56 A rigid ion model representation was used to reduce 
computational cost. Molecular graphics, using the VMD 
code,57 were used extensively to track the change in 
morphology with time and elucidate the atom-transport 
mechanism (Figure 1). 

Results 

Surface Energy. The calculated surface energies obtained 
from eq 1 are 1.44, 1.06, and 0.71 J/m2 for the {100}, {110}, 
and {111} surfaces, respectively, which agrees with previously 
calculated surface energies (1.4, 1.0, and 0.7 J/m2,26 1.41, 1.04, 
and 0.69 J/m2,58). The heat of reduction associated with the 
three surfaces, which corresponds to the ease to remove 
surface oxygen ions, follows the order {111} > {100} > {110} 
with values of 1.96, 1.54, and 1.20 eV, respectively, which agree 

with those reported in the literature.28−30 
We have calculated the surface energy of the M2O3-doped 

surfaces according to eq 1. The results in Figure 2 show that on 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Surface energies for the Gd3+ doped, Sm3+ doped, and Y3+ 

doped {111}, {110}, and {100} surfaces (green, red, and purple) in 
comparison to the stoichiometric (Ce(IV)) and reduced (Ce(III)) 
surfaces (blue and orange). 

 
 

 
reduction there is a decrease in surface energy on reduction of 
the {110}/{100} surfaces and an increase on the {111}. All 
surfaces see an increase in surface energy on addition of M2O3 
(M = Gd, Sm and Y) dopants when compared to the reduced 
system. While there is an order of stability that follows Ce(III) 
< Gd < Sm < Y, there is only a difference of 0.02 J/m2 between 
the lowest (Gd) and highest (Y) on each surface. 

We have calculated the surface energy, namely the energy to 
cleave the M2O3 doped surfaces according to eq 2 at constant 
oxygen stoichiometry. The results in Figure 2 show that there 
is a decrease in surface energy when Ce(III) and oxygen 
vacancies are present compared to the stoichiometric surface. 
On replacing Ce(III) with other 3+ dopants we see an increase 
in surface energy. However, while the order of stability follows 
the size of dopant, Ce(III) < Gd < Sm < Y, there is only a 
small difference of 0.02 J/m2 between the lowest (Gd) and 
highest (Y) on each surface. When considering the surface 
terminations in the fully oxidized form, i.e. no Ce(III) present, 
there is a more complex pattern, with the {111} surface energy 
increasing on doping, {110} reducing and the {100} virtually 
unchanged, which may have implications for adsorption. 

Water Adsorption at the Lowest Coverage. The water 
adsorption energy is shown in Figure 3A. The adsorption 
energy at low water coverage is found by evaluating the energy 
of an isolated single water molecule at the surfaces. As 

 

expected, the water adsorption energies on stoichiometric 
surfaces follow the surface energy; i.e., the least stable have a 
larger adsorption energy. 

All M3+-doped and reduced (CeIII) surfaces have a stronger 
affinity for water than the corresponding stoichiometric 
surfaces.19 This is due to the presence of a vacancy, which 
binds 3+ cations at the surface, as shown in previous 
experimental and theoretical studies.59 Hydroxyl groups can 
fill the vacant oxygen lattice site and heal the surface enabling 
the surface cations to recover coordination. Associatively 
adsorbed water cannot adequately enable this healing and thus 
surface oxygen vacancies promote dissociation of water 
molecules. We find spontaneous dissociation of water 
molecules in the presence of surface oxygen vacancy, implying 
a barrier-less process. 

Dissociative adsorption is favored on the {111} surface, but 
water can still be adsorbed as a molecular species, in line with 
previous experimental60 and computational19,22,61 literature. 
Experimental observation of dissociation of water is also found 
for Gd3+ doped CeO2 surfaces by Perez-Coll et al.62 and 
Kossoy et al.63 

Comparison between M3+ and Ce(III) shows that dopants 

decrease the affinity of the {111} and {110} surfaces for water 

but enhance the affinity for water on the {100} surface (Figure 

3A). On all surfaces there is a clear order of stability between 

the dopants, and this follows the order Sm3+ > Gd3+ > Y3+. The 

difference in adsorption energy is likely to arise from surface 

strain due to the impurity. The order of ionic radii follows 

Ce(III) > Sm3+ > Gd3+ > Y3+ with Sm3+ being the closest in 

size to Ce3+. The average Sm3+−O bond length (2.36 Å) is the 

longest and closest to the Ce−O bond distance (2.34 Å), 

whereas the average Y3+−O is slightly shorter (2.30 Å). 
Water Coverage dependence. The water adsorption 

energy as a function of water coverage is shown in Figure 3B− 
D. The three surfaces show remarkably different behavior 
when the water coverage increases. The most energetically 
favorable adsorption at the lowest coverage is on the {100} 
surface followed by the {111} and finally the {110}; however, 
at higher coverage the order {100} > {110} > {111} is 
followed. 

Another difference is the change of the adsorption energy 
with coverage for these surfaces. Adsorption on the {111} and 
{100} surfaces is less energetically favorable with increasing 
water coverage up to the monolayer adsorption (i.e., a water 
molecule per surface Ce). However, on the {110} surface there 
is an initial stabilization at 25% and 50% coverage followed by 
a destabilization of the adsorption when monolayer coverage is 
reached. This is likely due to the surface area available per 
surface Ce atom on the {110}, 0.21 nm2 against the 0.19 and 
0.15 nm2 on the {111} and {100}, which can accommodate a 
greater coverage of water before steric effects start destabilizing 
further adsorption of water. It is clear that the hydrogen 
bonding network on the {111} and {100} surfaces can easily 
form as the coverage of water increases; this is not the case for 
the {110}, where the water molecules are adsorbed and 
isolated by direct interaction with surface Ce. 

All surfaces stabilize dissociative adsorption at low coverage 
but a mixture of associatively and dissociatively adsorbed water 
adsorption occurs at the monolayer, again to maximize 
hydrogen bonding at the surface. Sm3+ shows the greatest 
strength of adsorption compared to Y3+ and Gd3+ at the lowest 

coverage (Figure 3), although at the monolayer coverage this 

relationship  is  lost.  This  suggests  that  the   M3+−water 
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Figure 3. (A) Adsorption energies for water on the low index surfaces of ceria for a coverage of 1.66 H2O/nm2 for dissociative water on the {111}, 

associative water on the {111}, 1.17 H2O/nm2 for dissociative water on the {110}, and 1.30 H2O/nm2 for dissociative water on the {100}. Ce(IV), 
Ce(III), Sm3+, Gd3+, and Y3+ are denoted by red, purple, blue, orange, and green bars, respectively. As both dissociatively and associatively adsorbed 
water can be stabilized on the {111} these are denoted by {111}D and {111}A respectively. (B−D)Adsorption energy (eV) per water as a function 
of coverage for (B) {111}, (C) {110}, (D) {100}; for Gd3+ doped (blue squares), Sm3+ doped (orange circles), Y3+ doped (green triangles), 
Ce(III) (red stars), and Ce(IV) (purple crosses) ceria. The shaded area corresponds to the coverage range where dissociative adsorption is favored, 
and the unshaded region corresponds to a coverage range where a mixture of molecular and dissociative water occurs. 

interaction dominates, but at higher water coverage this is lost 

as the hydrogen bonding network becomes the discriminating 

factor defining surface stabilization. 
Our data indicates that dopants have very little impact on 

the water adsorption on the {111} surface at all coverages. The 
largest difference in water adsorption energies is at the lowest 
coverage of 1.30 H2O/nm2 (0.4 eV); at higher coverages there 
is only a minimal difference between the impurity covered and 
reduced surfaces. On the {100} surface, there is a modest 
difference (up to 0.1 eV) in adsorption energy at all coverages. 
The greatest impact is found for the {110} surface, with the 
exception of 3.5 H2O/nm2, which marks the change in water 
behavior (from dissociative to a mixture of dissociative/ 
associative) where there is virtually no difference between the 
strength of adsorption of water depending on the nature of the 
dopant, all other coverages see a marked influence: Ce(III) is 
always the cation that stabilized the adsorption the most and 
Y3+ the least. 

Our data supports the findings of Mullins et al., who 

performed XRD analysis on stoichiometric {111} and {100} 

surfaces and concluded that both associatively and dissocia- 

tively adsorbed water is present at the surface.60 They also 

conclude that dissociatively adsorbed water is considerably 

more stable on the {100} than the {111}. There are no data 

available on the {110}; however, our data suggest that this is 

also the case for the {110} (Figure 3D). 

Phase Diagrams. We evaluated the relative stability of the 
three low index surfaces as a function of temperature and 
partial pressure of water (eq 4). This has been successfully 
implemented in other work39,40,45 as well as on CeO 19 (later 
verified experimentally60) and more recently on fluorite- 
structured UO2.45 Parts A and B of Figure 4 show the 
pressures as a function of desorption temperatures for the 
stoichiometric and reduced/doped surfaces calculated accord- 
ing to eq 4. Full temperature vs pressure surface phase 
diagrams for each data set can be found in the Supporting 
Information. 

Generally, the dopants moderate the interaction with water 
depending on the surface. In the case of the {111} and {110} 
surfaces, dopants reduce the surface stability of water at the 
surface, and thus, the surface will lose water at lower 
temperatures. In contrast, on the {100} surface, the dopants 
stabilize adsorbed water. The introduction of oxygen vacancies 
(alongside the dopants Ce(III), Sm3+, Gd3+, Y3+) greatly 
increases the temperature range that water is adsorbed on the 
surface. This is due to a “healing” effect that occurs whereby 
water, in the form of hydroxyl groups, persists at the surface, at 
the vacant oxygen sites. This is illustrated in Figure 4C,D, 
where at low temperatures (blue region) the surfaces are fully 

covered by a monolayer of water, whereas at higher 
temperatures (white region) the bare stoichiometric surface 
is more stable. When M2O3 doping occurs, at intermediate 
temperatures, the healed region (green) is the pressures and 
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Figure 4. Phase boundary between dry (stoichiometric) and wet (surfaces with at least one water molecule) surfaces as a function of water partial 
pressure and temperature. Phase diagrams for water on the stoichiometric {100} (A) {110} (B), {111} (C) surfaces and reduced {100} (D) {110} 
(E), {111} (F) surfaces. The water coverage within each region has been labeled for clarity. (G) Water desorption temperatures at different partial 
pressures of water on stoichiometric {111} (blue), {110} (orange), and {100} (green) surfaces (CeIV), (H) desorption temperatures for water on 
the reduced (Ce(III)), Gd3+, Sm3+, and Y3+ surfaces (blue, orange, green, and red lines) surfaces. 

Table 1. Water Desorption Temperature of Stoichiometric, Reduced, and Doped Surfaces of CeO2 at Different Water Partial 
Pressures from Typical Ultrahigh Vacuum Conditions to 100% Humidity 

 

 s desorption temperature K   

 pressure = 10−12 bar    pressure = 10−10 bar    pressure = 0.025 bar  

{111} {110} {100}  {111} {110} {100}  {111} {110} {100} 

Ce(IV) 154 275 382  172 304 420  270 462 613 

Ce(III) 521 349 610  571 384 667  837 575 975 

Gd3+ 460 332 643  505 367 702  744 549 1025 

Sm3+ 486 338 651  533 372 711  783 557 1038 

Y 3+ 441 328 636  485 362 694  715 542 1014 

 

temperatures where the dissociative water heals and stabilizes 
the surface. This observation is supported by Chen et al., who 
proposed that the first layer of water on the {111} reduced 
surface adsorbs dissociatively and fills the oxygen vacancies,64 
and Kossoy who proposed that oxygen vacancy sites are the 
first to be occupied on Gd-doped ceria {111} surfaces.63 

Desorption Temperature. The temperature of desorption 
can be evaluated from the pressure−temperature phase 
diagrams.  Our  calculated  desorption  temperatures  are  in 

good agreement with those calculated by Molinari et al. for 

the stoichiometric surfaces and show reasonable agreement 

with the reduced surfaces, although it should be noted that we 

examined a range of coverages whereas only a single coverage 

was considered previously.19 Our work is also in agreement 

with other experimental work.22,60 Desorption  temperatures 

have not been previously calculated for M2O3-doped ceria 

surfaces. Desorption temperatures for each surface across a 

range of temperatures are shown in Table 1. 

The difference between the desorption temperature of the 
M3+ doped and stoichiometric surfaces is shown in Figure 5A, 
and the difference between the desorption temperature on the 
reduced surfaces and doped surfaces is shown in Figure 5B. 
These were calculated as TM

3+
,slab  − Tstoich,slab and Tdoped,slab − 

Treduced,slab, respectively. 
Introducing dopants and reduction of the surface (control- 

ling oxygen partial pressure) are two ways of modifying the 

oxygen stoichiometry of the surface. In our models, the 

reduced and doped surface have an equal concentration of 

oxygen vacancies, thus the variable at the surface is the cation, 

e.g., Gd3+ vs Ce3+. We find when comparing with the 
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Figure 5. (A) Difference in desorption temperatures for doped 
surfaces compared to stoichiometric surfaces, calculated as TM3+

,slab  − 
Tstoich,slab. The reduced (Ce(III)), Gd3+-doped, Sm3+-doped, and Y3+- 
doped surfaces are shown in blue, orange, green, and red, respectively. 
(B) Difference in desorption temperature between doped surfaces and 
reduced surfaces, calculated as Tdoped,slab − Treduced,slab. Gd3+, Sm3+, and 
Y3+ are  denoted  by  the blue,  orange, and  green  lines. The blue, 
orange, and green shaded areas correspond to the {111}, {110}, and 
{100} data sets. 

 
 

stoichiometric surfaces (Figure 5A) that doping or reducing 
increases the temperature where water is stable, although for 
the {110} surface this is less marked. In contrast, when 
comparing the doped surfaces with the reduced surfaces we 
predict that dopants on the {111} and {110} surfaces reduce 
the temperature of desorption for water while only the {100} 
surface shows a further increase (Figure 5B). This indicates 
that catalysts designed for applications where water is 
unfavorable could employ such a combination of dopants 
and morphology to prevent water adsorption at the surface. 
For example, at a pressure of 1 bar pH O, Y3+ doping reduces 

the desorption temperature of water by 134 K on the {111} 
and 35 K on the {110}. This effect increases with increasing 
pressure for the {111} surface but remains relatively constant 
for the {110} (Figure 5B). However, as dopants on the {100} 
surface increase the temperature of desorption compared with 
reduced surface, catalysts designed for applications where 
water is required could employ doped nanocube morphologies, 
i.e., those where the {100} dominates. For example, at a 
pressure of 1 bar, Sm3+ dopants increase the desorption 
temperature by 72 K on the {100}. This effect increases with 
increasing pressure (Figure 5B). 

Predicted Particle Morphology. The desorption temper- 
ature corresponds to the temperature at a given partial pressure 
when the surface free energy of a dry surface is the same as the 
wet surface. We can also use these surface free energies to 

predict an equilibrium morphology and, hence, infer how 
temperature and water partial pressure will provide a driving 
force for particle morphology. Using the surface energies 
calculated from eq 4, we can predict the relative surface area of 
each surface at equilibrium as a function of temperature and 
pressure via a Wulff construction.41 Thus, the effect of water 
exposure on the particle morphology can be evaluated. There 
are numerous ways to control the shape of CeO2 nanoparticles 
and a wide variety of shapes are available, e.g., nanocubes 
(expressing the {100} surface) and octahedral (expressing the 
{111} surface and nanorods (expressing the {110} sur- 
face).65−73 Over time, however, this morphology may change, 
causing other surfaces to be expressed. Our results predict that 
the equilibrium particle shape as a function of temperature and 
pressure and, hence, suggest that there could be a 
thermodynamic driving force for the reconstruction of 
nanoparticles under conditions different from the synthesis 
conditions, such as those in a catalytic cycle. Our methodology 
provides a straightforward approach to evaluate the thermody- 
namic shape of nanoparticles under selected conditions and 
thus the final shape of the nanoparticles after being through 
many catalytic cycles at those conditions. 

As the surface free energies depend on the number of 
adsorbed species, if there are more molecules on one surface 
simulation, at sufficiently high pressures the system with more 
molecules may dominate. This will only be important at high 
pressures but can be overcome by considering the energies of 
equal numbers of molecules and potentially going beyond the 
monolayer coverage. Figure 6 shows the result when the 
maximum number of water molecules on each surface is the 
same. Figure 6 shows the ratio between the {100}/{110} and 
{111} surfaces on the stoichiometric system and {100} and 
{111} surfaces for the reduced system in terms of area, as a 
function of temperature and pressure. It should be noted that 
on reduced and doped surfaces within this temperature and 
pressure range, the {110} surface is not expressed. Figure 6a 
shows the morphology phase diagram for the stoichiometric 
surface. In Figure 6a, the red region corresponds to cerium 
oxide octahedral nanoparticles (top left and bottom right  
corners). The blue region in the left side of the diagram 
corresponds to a truncated octahedral nanoparticle with {110} 
edges. On the reduced and doped surfaces there is a transition 
from octahedral nanoparticles at high temperature/low 
pressure, to truncated octahedra displaying the {100} surface 
at low temperature/high pressure. This effect is more 
pronounced on the reduced and Sm3+-doped surfaces. This 
observation can be explained by examining the desorption 
temperatures for each surface. There is a large range of 
temperatures and pressures where the {111} surface is dry and 
the {100} surface is wet; thus, there is a large region where the 
surface energy of the {100} is being lowered by water, while 
the surface energy of the {111} is unchanged. We also note 
that at the high partial pressures and low temperatures 
considered there is also a prediction of increased stability of 
the {111} surface, although we note at these conditions that 
liquid water will be present and dynamics are likely to plays an 
increasing role, which may modify the stability. It is certainly 
worthy of further investigation. 

There are two key features from the results. First, due to the 
increased stability of water on the doped {100} surfaces, these 
surfaces will begin to be expressed (forming truncated 
octahedral) under more extreme conditions than for undoped 
reduced surface containing Ce3+. For example, our results 
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Figure 6. (A) Ratio between the {100}, {110}, and {111} surface areas as a function of temperature and pressure for the stoichiometric system. For 

visual clarity, nanoparticles corresponding to these ratios are shown. (B) Ratio between the {100} and {111} reduced Gd3+-, Sm3+-, and Y3+-doped 
systems as a function of temperature and pressure. It should be noted that the {110} surface does not appear under these conditions for the doped 
systems and has thus not been included. Predicted particle morphologies across a range of surface area rations are shown for visualization of these 
ratios. 

suggest that doped octahedral nanoparticles, used at ultrahigh 
vacuum (−10 log10 P) at 200 K, will truncate to express {100} 
surfaces, whereas undoped reduced (Ce3+ containing) surfaces 

will not. In contrast, nanocubes used at high temperatures will 

be driven toward {111} bearing octahedral nanoparticles. The 

change in relative stability between the {111} and {100} 

surfaces has been reported previously.74 

Nanoparticle Transformation. Thus far, we have 

considered the thermodynamics of nanoceria: from a nano- 

cube, exposing catalytically active {100} surfaces to a 

nanopolyhedron with reduced exposure of active facets. 

However, catalysts are typically operated at high temperatures, 

where the less active (polyhedral) morphology is thermody- 

namically more stable. It is therefore important to begin to 

understand the mechanism associated with the cube-to- 

polyhedron transformation and whether the kinetics can be 

controlled to preserve the material in its most active but 

metastable form.75,76 

Accordingly, we simulated the (kinetic) transformation by 

heating a model ceria nanocube, comprising 6921 CeO2 repeat 

units and six {100} surfaces, using molecular dynamics. 

Snapshots of the structure of a stoichiometric and a Gd3+ 

doped nanocube are shown in Figure 7A and reveal that both 

nanocubes transform to a nanopolyheda. 
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Figure 7. (A) Surface-rendered model of pure (left) and Gd3+ doped (right) ceria nanocubes heated to 4600 K. Start (cuboidal morphology), after 

1 ns and after 13 ns (polyhedral morphology). Gd3+ atoms are shown as blue rendering to reveal more clearly their distribution in the nanoparticle. 
(B) Atoms on a {111} surface of a ceria nanoparticle move to occupy positions on {100} or {110} surfaces. Water molecules block the {100} 
surfaces hindering the kinetic transformation from cube to polyhedron. Water molecules are shown as schematic. Cerium is colored white, and 
oxygen is red. (C) Temperature of desorption of water plotted as a function of the partial pressure of water. Only the {111} and {100} surfaces of 
Ce3+-reduced and Gd3+-doped surfaces are presented. For example, at 1 bar, the temperature required to desorb water from a Gd3+-doped {100} 
surface (1130 K) is over 300 K higher than from a Gd3+-doped {111} surface (815 K). 

Analysis of the nanoceria structure as it evolves over time 
(MD trajectories) reveals that the cube-to-polyhedron trans- 
formation is driven by the mass transport of surface ions from 
{111} surfaces to {100} surfaces, Figure 7B; the {111} surfaces 
grow at the expense of {100} surfaces. Blocking this mass 
transport would enable the nanoceria to exist longer in its most 
catalytically activate active (cuboidal) morphology. 

Typically, capping of ceria {100} surfaces, using, for 
example, oleic acid, can protect {100} surfaces. Indeed, 
different capping agents can be used to selectively control 
the morphology of nanoceria.77 Accordingly, we hypothesize 
that the presence of water, adsorbed on the {100} surfaces, will 
play a similar role to capping agents in blocking mass transport 
to {100} surfaces and preserving the (desirable) cuboidal 
morphology, Figure 7B. 

Our DFT data shows that water is preferentially stabilized 
on the doped {100} surfaces relative to {111} surfaces (Figure 
5 and Figure 7C). Accordingly, we predict that doping by Gd3+ 
can protect metastable (cuboidal) morphologies. In addition, 
experimental control over the water (partial) pressure can be 
used to increase the desorption energy of water on {100} 
surfaces, Figure 4; the temperature required to desorb water 
from the {100} increases from ∼650 to 1025 K if the partial 
pressure of water is increased from 10−5 to 0.025 bar, Figure 4, 
i.e., going from vacuum to humid conditions. Accordingly, high 
partial pressures enable the blocking of {100} surfaces by water 
at higher (operating) temperatures. 

Figure 7C shows the desorption temperature for water on 
the {111} and {100} reduced and Gd3+-doped surfaces. The 
shaded region shows the p, T conditions on the reduced 
surfaces where the {100} surface (orange line) is being 
stabilized by water while the {111} (blue line) is not stabilized. 
As dopants destabilize water on the {111} surface and stabilize 

water on the {100} surface, dopants increase the size of this 
shaded region (green line/red line). Therefore, when seeking 
to stabilize cuboidal shaped nanoparticles there is a require- 
ment to be aware of the relative thermodynamic stabilization of 
the {111} and {100} surfaces. Doping is clearly a way of 
changing the relative hydrophilicity of surfaces (i.e., this is seen 
as the red and green lines in Figure 7C are further apart for 
Gd3+ compared to the reduced surfaces). Water (partial) 
pressure could be controlled by experiment to increase water 
affinity for {100} and preserve activity by retaining the 
structure in the cube form; i.e., mass transport would be 
interrupted by having water adsorbed to {100} surfaces. 

Discussion 

The  performance  of  nanoceria  catalysts  in  the  form  of 
nanoparticles is strongly affected by the type and nature of 
exposed surfaces. Recent advances in the preparation of ceria 
nanoparticles have enabled the study of the effect of different 
facets on different catalytic process.67−73 Here, we have shown 
that the particle morphology strongly affects the interaction 
with water, which in turn may impact upon catalytic reactions. 

Ceria is used in diesel engines for the oxidation of soot,78 
which is a major air pollutant. The presence of water vapor 
within the exhaust mixture has been shown to negatively affect 
the catalyst behavior.79 Dissociatively adsorbed water at the 
surfaces interferes with the NO2-assisted soot combustion 
mechanism (which exploits the high temperature induced 
oxidation of NO to NO2). Surface OH groups act as 
adsorption sites for NO and thus hinder the catalytic oxidation 
of NO to NO2. Sm- and Y-doped ceria has been shown to have 
enhanced activity than its undoped counterpart for soot 
oxidation.80 Soot oxidation catalysts operate between 500−900 
K.

78  
According to our results, water is stable on the reduced 
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{111}, {110}, and {100} surfaces up to a temperature of 837, 
575, and 975 K at 0.025 bar, respectively; thus, on the {111} 
and {100} surfaces, in particular, water is present across a 
significant portion of the operating temperatures. Gd doping 
decreases the temperature range where water is stable on the 
{111} surface by 93 K, thus increasing the operating 
temperature range where water will not be present to harm 
the reaction. Furthermore, Y doping decreases the temperature 
range by a more significant margin (122 K). 

The dissociation of water is an important component in the 
water gas shift reaction (WGSR), which is used for the 
oxidation of CO to CO2 and reduction of H2O to H2.81,82 
Surface selectivity toward water dissociation has been 
investigated and nanocubes expressing the {100} surface 
have been found to promote the process compared to 
octahedral nanoparticles expressing the {111} surface and 
nanorods expressing the {110} surface.69,83 Our results show 
that on reduced surfaces the dissociation of water is 
energetically favorable and sometimes barrierless, with this 
being the most favorable on the {100}. This provides an 
explanation for nanocubes having the highest activity for the 
WGSR, given that water dissociation is strongest on the {100} 
surface. Based upon our results, we predict that Sm doping 
would further improve the activity of nanocubes for the WGSR 
for two reasons, first, the interaction between water and the Sm 
doped {100} surfaces is stronger, and second, water is stable at 
the surface at much higher temperatures. This is not limited to 
the WGSR, however, and any process that requires surface 
water dissociation would benefit from these observations. For 
example, water dissociation is a key step in water splitting 
catalysts and in steam reforming of hydrocarbons. 

Conclusions 

We have shown that we can apply DFT modeling to aid in the 
interpretation of a number of experimental observables, via 
surface phase diagram evaluation, which in turn allows the 
prediction of nanoparticle morphology and nanoparticle 
evolution. 

We show that by calculating reliable adsorption energies for 
water on different surfaces of stoichiometric and doped CeO2, 
we can help in the development of a thermodynamic strategy 
to evaluate the nanoparticle morphology of the materials as a 
function of temperature and water partial pressure, two 
observables that can be controlled experimentally. We found 
that there is a driving force toward cuboidal and octahedral 
morphologies at low and high temperatures respectively, due 
to dopants reducing the affinity of water on {111} and {110} 
surfaces while increasing it on {100} surfaces. 

Coupled with mechanistic studies using potential based MD, 
we predict that Gd3+ doping and increasing water partial 
pressures increase the longevity of catalytically active ceria 
nanopcubes. The atomic-scale insights presented here quantify 
the interaction between the doped surfaces of CeO2 and water, 
and we can begin to infer their influence on the catalytic 
activity. Finally, the approach outlined here can be routinely 
applied to any mineral surface and hence identify the 
temperature range where water is present and its role in 
defining the nanoparticle morphology. 
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