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Improved catalysts are critical for more environmentally friendly, and long-term oxygen electrochemical
reactions. Computational catalysis can provide atomic level information that is critical for optimizing the
next generation of electrocatalysts. It has been demonstrated that by varying the exposed planes, the
catalytic performance of metallic oxides can be tuned. Herein, we investigate the role of CeO, surface
orientations (100), (110), (111), (221), and (331) in enhancing catalytic activity toward various oxygen
electrochemical reactions ranging from 4- and 2-electron oxygen reduction reactions (ORR) to 4-, 2- and
1-electron water oxidation reactions (WOR) using density functional theory (DFT) calculations in
conjunction with the computational hydrogen electrode. Our results indicate that the CeO,(100) facet is
the most promising for 4-electron ORR, with a theoretical limiting potential of 0.52 V. We also show that
the presence of oxygen vacancies can enhance the 4-electron ORR activity of the CeO,(110) and
CeO,(111) surfaces. Besides, CeO,(100) is selective for the 4-electron WOR while CeO,(110) and CeO,(111)
are selective for the 2-electron and 1-electron WOR, respectively. Oxygen vacancies shift all the above
three facets towards the 4-electron WOR. This work sheds light on the role of different ceria facets in
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Introduction

The ever-increasing worldwide energy demand along with the
depletion of fossil fuels, a significant part of the current
energetic matrix, has brought attention to the urgent need for
novel technologies and more sustainable energy generation
alternatives.’™ In this regard, fuel cells and electrolyzers have
emerged as versatile and efficient devices for energy
conversion and chemical production.* Fuel cells have shown
promise in powering vehicles, household appliances,
electronics, and even medical and military equipment.®™ The
4-electron oxygen reduction reaction (4e-ORR) is known to
limit the efficiency of fuel cells due to sluggish kinetics.'® For
large-scale applications, new materials must be created
because the majority of the currently available commercial
fuel cell catalysts are based on noble metals."*

The ORR is also gaining interest from the scientific
community as an attractive reaction for water treatment when
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various oxygen electrochemical reactions which is critical for developing better catalysts.

the reaction follows a 2-electron pathway.'”**™® In this case,

the final product is hydrogen peroxide, which can be converted
to hydroxyl radicals and they break organic pollutants.’® The
reverse reaction to ORR is the water oxidation reaction (WOR)
which is a key process for green production of hydrogen. Using
an electrolyzer the WOR, can follow a 4-electron pathway
evolving oxygen (4e-WOR), a 2-electron pathway, producing
hydrogen peroxide (2e-WOR), or a 1-electron pathway,
producing hydroxyl radicals (1e-WOR)."” Understanding the
role of various different ceria facets is critical for determining
catalytic activity and selectivity towards each of these oxygen
electrochemical reaction routes."®

A very promising direction for the electrocatalyst
development is the utilization of metal oxides, due to their
low cost compared to noble metals, high versatility, stability
under harsh conditions, controllable shapes, and exposed
surfaces through a wide range of nanostructures, and
catalytic performance.'®*> Among oxides, ceria (CeO,) has
stood out with remarkable catalytic properties for various
reactions.>*>® CeQ, is an abundant oxide,*® has high oxygen
mobility***” and shows an easy conversion between Ce*" and
Ce*" species, and its nanostructures can be experimentally
shaped by controlled synthesis.*®>°

Density functional theory (DFT) calculations provide a
powerful tool for gaining atomic scale understanding of catalytic
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behavior’®®* and guiding the design of improved catalyst
materials with the desired properties.>*>® Theoretical studies
on CeO, have provided valuable information on activity
descriptors,”® nanoparticle stable geometries,®” magnetic
properties,®® and oxygen vacancy formation.>® However, the
effect of different ceria crystal planes on catalytic activity
towards the ORR and WOR is still unknown. Recent studies
have emphasized the important role of different exposed facets
in oxides in the catalytic activity.'”*® Herein, we used DFT
calculations to investigate the activity of different ceria crystal
planes towards both the oxygen reduction and water oxidation
reactions. We show that (100) is the most active CeO, crystal
plane for the 4e-ORR, with the lowest theoretical overpotential
value, and that oxygen vacancies can boost the catalytic activity
of surfaces that would otherwise be inactive, such as (100) and
(110). (111). Furthermore, CeO, low-index planes are active and
exhibit different selectivities for the WOR, with (100), (110), and
(111) favoring the 4e-WOR, 2e-WOR, and 1e-WOR, respectively.
We show that the presence of oxygen vacancies changes the
selectivity to the 4e-WOR on all low-index surfaces.

Experimental

Density functional theory (DFT) calculations were performed
with the plane-wave basis sets available on the Quantum
ESPRESSO package.”' The core electrons were treated as
frozen and described with standard solid-state efficiency

pseudopotentials (SSSPs), which allow minimum wave
function cutoff values to be employed and optimize
computational time.*>** The valence electrons were

described with plane-wave basis functions with a 50 Ry
kinetic energy cutoff. To describe the exchange-correlation
energy, generalized gradient approximation functionals as
parametrized by Perdew, Burke, and Ernzerhof (GGA-PBE)**
were used.*>** To describe the adsorbate-surface interaction,
slab models from Matz and Calatayud*® were constructed
with a bulk lattice parameter of 5.50 A. Their original work
presents a careful and detailed convergence in terms of
atomic layers and superficial energy for each Miller index
surface. The (100) Ce terminated, (110), (111), (221), and
(331) Ce-O mixed terminated CeO, surfaces were built for
this study. According to this study, the calculated superficial
energies, indicative of surface thermal stability, follow the
order: (111) < (221) < (331) < (110) < (100)-Ce.*® A vacuum
layer of 15 A along the surface perpendicular direction was
used to avoid any interaction between periodic images and to
correctly describe the species adsorption.””>® A k-point grid
of 2 x 2 x 1 was used for all the slab calculations. CeO, is a
strongly correlated system, and it is established in the
literature that standard DFT approaches cannot accurately
describe its electronic properties.”™** Thus, a Hubbard-like
parameter of Ue = 5 eV (ref. 53) was applied to account for
the on-site Coulomb interaction and describe Ce-4f localized
states, chosen based on previous studies.** > This value has
also been reported to well describe partial reduction/
reoxidation of Ce atoms, which makes it suitable for
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investigating the ORR/WOR over CeO, surfaces.”’™® The
slabs were initially optimized until a convergence threshold
on the forces acting on each atom of 10~ a.u. and of 107" a.
u. on total energy, with half of the bottom layers kept fixed.
The surface atoms together with adsorbates were allowed to
relax. The optimized structures were then used for the
adsorption calculations, via the following equation:*’

AEADS = Eslab+adsorbate - (Eslab + Eadsorbate) (1)

where Egapradsorbate 1S the total energy of the surface and
adsorbates, and Eg,, and E.gsorbate refer to the isolated
surface slab adsorbed species, respectively.

The associative mechanism was considered for
investigating the 4e-ORR activity on ceria surfaces. In this
mechanism, the oxygen molecule is reduced at the surface
and forms *OOH without O-O bond scission. The following
reduction steps shown in (2)-(5) will form the other
intermediates O* and OH* along with two water molecules:

0, +*+H +e — *OOH (2)
*OOH + H' +e — *O + H,0 (3)
*0+H' +e — *OH (4)
*OH +H  +e — *+ H,0 (5)

The computational hydrogen electrode (CHE) framework
developed by Nerskov et al.'®** was adapted, which exploits
the free energy of an electron-proton pair equivalent to the
free energy of H, in the gas phase (pH = 0). The free energies
of the ORR intermediate steps were calculated via the
following equations:

AE(*OOH) = E(*OOH) - E(¥) + 3/2Ey, - 2By 0 (6)
AE(*OH) = E(*OH) - E(*) + 1/2Ey, - 2Eu o (7)
AB(*0) = E(*O) - E(*) + Fys, - B0 (8)

The Gibbs free energy of each reaction intermediate was
calculated using the following equation:

AG = AEgjec. + AZPE — TAS — nelU (9)

where AE. is the energy obtained from DFT calculations,
AZPE and AS refer to zero-point energy and entropy
contributions, U is an applied electrode potential vs. reversible
hydrogen electrode (RHE) and 7 is the number of electrons that
are transferred. U = 0 V indicates an open-cell circuit and no
applied potential on the electrode, whereas U = 1.23 V is the
reaction equilibrium potential for the 4-electron pathway, which
is the maximum thermodynamically allowed value.'®** The
solvation correction was neglected because it has been shown
that the double-layer effect on the predicted potential is usually

This journal is © The Royal Society of Chemistry 2023
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small.** The free energy diagram is constructed at U =0.0 V and
at equilibrium potential E® = 1.23 V, for the 4e-ORR. If the
reaction follows the 2e-ORR pathway, the equilibrium potential
is E° = 0.70 V. For the associative mechanism, the free energy of
each reaction step is calculated as follows:

AG, = AG(*OOH) - 4.92 €V (10)
AG, = AG(*0) - AG(*OOH) (11)
AG; = AG(*OH) - AG(*0) (12)
AG, = -AG(*OH) (13)

The overpotential is given by the largest difference
between the reaction steps at the equilibrium potential,
according to the following equation:

7 = max [AG;,AG,, AGs, AG,]/e (14)

For the WOR, the reaction intermediates are the same and
the free energy diagram is similar to eqn (10)-(13), in the
opposite direction. The mechanism, in this case, can be
calculated according to the different equilibrium potentials:
1-electron pathway (E° = 2.5 V), 2-electron pathway (E° = 1.76
V), and 4-electron pathway (E® = 1.23 V). Previous studies
showed that binding energies of OH* and O* can be used as
a selectivity parameter for different products of the WOR."”*®
If AG (*OH) > 2.73 eV, the 1e-WOR is dominant and ‘OH is
the major product. If 1.65 < AG (*OH) < 2.73 eV and AG (*O)
> 3.52 eV, the catalyst is selective towards the 2e-WOR and
H,0, is the major product. Finally, if AG (*OH) < 1.76 eV,
the 4e-WOR is dominant with O, as the product.

Results and discussion

It has been shown that the trends in ORR catalytic activity
can be rationalized based on the adsorption energies of the
oxygen intermediates.'® The majority of transition metals
and oxides follows linear scaling relationships for the
oxygenated species since all three intermediates bind to the
surface through the same atom.'® The calculated adsorption
free energies for all three ORR reaction intermediates can be
found in Table S1.f Fig. 1 displays the scaling relation
between *OOH and *OH adsorption energies on different
ceria surfaces considered in this study. It can be seen that all
low-index ceria surfaces, (100), (110), and (111), follow linear
scaling. That is also the case for the stepped surface (221)
and its non-equivalent surface sites, although with a small
deviation. The (331) surface, on the other hand, does not
follow the same linear scaling relationship, which is due to
the strong adsorption free energies of *O and *OH
intermediates on this surface. The “ideal catalyst” should
have a free energy difference of 1.23 eV for each subsequent
reaction step, so these values were expected to lie around
2.46 eV and 1.23 eV, respectively. Deviation from this

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Scaling relation between AG*OOH and AG*OH for various
CeO, facets examined in this study.

accounts for the observed overpotential.>® For the (331)-Ce2
sites, these values are 0.86 eV and 0.78 eV, respectively, which
have around 0.4 eV difference from 1.23 eV. The distinct
catalytic profiles among ceria surfaces, with a considerable
activity difference between different planes, are somewhat
similar to what has been observed by Matz and Calatayud*®
for hydrogen activation. The calculated AG(*OH) for the (100)
Ce-terminated surface is 0.96 eV which is closer to 1.23 eV
and higher than the predicted value (0.65 eV) for AG(*OH) on
Pt(111) by Norskov et al.'® This indicates that the (100) Ce-
terminated surface should have less overpotential than
Pt(111). This is also the case on the (331) facet with Ce2 as
the active sites. The (110) (111) and (221) facets of ceria bind
both (*OOH) and (*OH) too weakly, indicating a poor
catalytic activity for the ORR. These results show how
important it is to investigate different surface orientations,
which is in line with the finding in the recent report by
Gunasooriya and Nerskov."” To achieve the limit of zero
overpotential which results in higher activity, breaking the
linear scaling relations is required, as suggested in the
literature.®

Fig. 2 shows the free energy diagrams following the
associative mechanism for the low index ceria surfaces (100),
(110), and (111). The data for each plot are listed in Table
S2.t The reaction is thermodynamically favorable on the (100)
surface, with the lowest overpotential value. With an applied
U = 1.23 V, it can be seen that the reaction is still feasible,
and the limiting step is the O-O bond breaking, *OOH — *O
(i.e. the higher positive AG value). This results in a theoretical
overpotential of 0.71 V (defined by the largest AG difference
between reaction steps). This value is similar to the one for
Pt, the commercial reference material for this application,
therefore making the (100) surface a really promising surface.
As can be seen in Fig. 2a, the *OH formation is energetically
favorable, and the O-O bond breaking would be the limiting
step indicated by the higher positive AG. As for the (110)

React. Chem. Eng., 2023, 8,1285-1293 | 1287
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Fig. 2 Free energy diagrams for the associative mechanism of the
oxygen reduction reaction on low-index CeO, surfaces: the a) (100)
facet, b) (110) facet and c) (111) facet. The insets display the
corresponding structures for each case.

surface, shown in Fig. 2b, the *OOH formation is higher in
free energy (0.13 eV), and at U = 1.23 V it becomes
considerably unfavourable, which means low catalytic
activity. On the other hand, there are prohibitive AG values,
especially at the equilibrium potential (AG = 1.81 V, positive
and higher than 1.23 V, the thermodynamic limit for this
reaction).

The same tendency is observed for the (111) surface,
indicated in Fig. 2¢, which can be seen by similar theoretical
overpotential values (1.79 V) to (110), both being unfavorable
for this reaction. Thus, among the stoichiometric low-index
surfaces considered in this work, only (100) is viable for the
4-electron ORR. Gunasooriya and Nerskov'® also observed
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more favorable (100) surfaces in comparison with (110), for
example, in oxides such as Ti(WO,), and Ni(SbOs),. As for
(221) and (331), it was observed that these might not
contribute to the overall catalytic activity of the material, with
considerably high overpotential values. The free energy
diagrams for stepped surfaces are shown in Fig. S1. It is
interesting to see that non-equivalent sites also have different
catalytic properties. On (331), for example, AG(*O) is
considerably lower on Ce2 sites than on Cel ones. On (221),
the oxygen binds so strongly on Ce3 sites that the following
hydrogenation step becomes unlikely to occur. Nonetheless,
the reaction is unfavorable on both surfaces, as can be seen
in the positive AG values even for U = 0 V. The difference
between (331)-Cel and (331)-Ce2 activities might arise from
the different superficial Ce-O bond lengths, which is 2.33 A
for the (331)-Ce2 site, whereas for (331)-Cel, the neighboring
atoms of the relaxed surface have slightly asymmetric
distances of 2.31 A and 2.44 A. From a structural point of
view, the most promising ceria sites for the ORR are the ones
where the Ce atom is more exposed, whereas nearby O atoms
are below the surface level.

The results obtained in this work are in agreement with
what has been observed experimentally, where XRD patterns
of experimentally synthesized CeO, nanostructures®””®
indicate that the (100) planes, which are predominant in
nanorods, are the most active facets for the 4e-ORR. The
relationship between ceria structures and catalytic activity for
hydroxyl radical generation has also been investigated
experimentally by Fisher, T. J et al,”® where the authors
observed that nanorods with a combination of (100) and
(111) facets yielded the best results. Another theoretical and
experimental study indicated that (100) surfaces have higher
oxygen mobility than (110) and (111)** while acting as
supports, which is a desirable characteristic and might also
play a role in their great catalytic activity.

Given that the reaction is highly unlikely to occur on any
other stoichiometric surface than (100), we further
investigated the role of oxygen vacancies as a means of
improving the catalytic activity of other crystallographic
planes. This is mainly motivated by experimental reports in
the literature, where ceria catalytic activity has been
correlated to the presence of oxygen vacancies on the
synthesized materials.”®**®° For that investigation, we
selected the (110) and (111) planes due to their great stability
and facile synthesis.>®*>®® To create vacancies, the two
uppermost surface layers were considered and labelled V1
and V2, respectively, as indicated in Fig. S3.f The vacancy
formation energies were calculated taking the oxygen
chemical potential (¢o,) as the reference and according to the
following equation:

AEyg = Eslab+vacancy - (Eslab - 1/2ﬂ02) (15)
The oxygen vacancy formation is slightly more favourable

on (110) in comparison to (111) (Table S3t), which agrees with
what has previously been reported in the literature.®* The 4e-

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Calculated overpotentials for the a) 4-electron and b)
2-electron ORRs on low-index CeO, planes and the effect of oxygen
vacancies.

ORR was then calculated on Ce sites adjacent to the removed
oxygen sites. The presence of oxygen vacancies on the surfaces
can considerably lower the oxygen intermediate species
adsorption free energies in both cases, as shown in Fig. 3. The
dashed lines indicate the thermodynamic limit after which the
overpotentials are high enough so that the reaction would not
occur, and the surfaces would not have good catalytic activity.
The oxygen vacancies significantly reduce the overpotentials
from what would be prohibitive values for the reaction to
occur to reasonable ones, as indicated by the red bars - from
1.81 V to 1.12 V on (110) and 1.79 V to 0.66 V on (111), for the
4e-ORR; from 1.28 V to 0.57 V on (110) and 1.26 V to 0.13 V on
(111), for the 2e-ORR. Considering the low overpotential
observed on (111) with oxygen vacancies, as well as the
AG(*OH) value of 3.50 eV (Table S3f1), close to the H,O,
reference (3.52 eV), this surface with subsurface oxygen
vacancies could favor the 2e-ORR pathway. We noted that on
both (110) and (111), a sub-surface oxygen vacancy results in
the lowest overpotential value, in agreement with what has
been reported for other reactions in the literature.®® Zhang
et al.®® also observed that oxygen vacancies improve the
catalytic activity of the (110) surface for the water oxidation
reaction, thus corroborating the obtained results in this work.
The theoretical overpotential values on the (110) and (111)
surfaces with oxygen vacancies are very close to what was
obtained for (100) as shown in Fig. 3, which summarizes these
results, indicating that oxygen vacancies can significantly
improve the catalytic activity of the (110) and (111) surfaces
towards the oxygen reduction reaction.

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Selectivity diagram for the WOR on CeO, surfaces, showing
that the (111) facet predominantly produces OH radicals while (110) is
selective towards H,O,.

For the WOR, on the other hand, the relationship between
the reaction intermediate free energies AG(*OH) and AG(*O)
can be used to identify the selectivity towards each of the
possible reaction products, as proposed by Siahrostami
et al.'” Fig. 4 shows the selectivity diagram obtained in this
case. Interestingly, it can be seen that each low-index ceria
surface favors a different pathway. The (100) surface lies in
the O, evolution region, even though its proximity to the
H,0, evolution limit might indicate a competing route, while
the (110) surface lies in the H,0, evolution region and the
(111) in 'OH generation. This map indicates that both
stepped surfaces (221) and (331) would favor the O,
evolution; however, the high overpotential observed for (331)
in this case excludes it as a viable surface for the 4-electron
pathway to occur. The free energy diagrams of the stepped
surfaces can be found in Fig. S2,f and the discussion below
will focus on the most relevant low-index cases, identifying
the factors that play a role in each surface's different
selectivities for the WOR.

The Gibbs free energy diagrams shown in Fig. 5 can help
to rationalize the activity trends among different low-index
surfaces, and the selectivity of each facet towards different
WOR products is shown in Fig. 4. It can be seen in Fig. 5a
that for the (100) surface, AG(*O) is lower in energy than
H,0,, so the reaction can follow the 4e-WOR. This finding
is consistent with a recent report by Feng et al,** on
synthesized ceria nanorods with a dominant (100) exposed
facet, which found that pure ceria nanorods did not exhibit
significant O, evolution and that they were improved with
different surface functionalization approaches. This makes
(100) ceria surfaces very promising for energy applications,
based on green hydrogen production, which is currently still
limited by the lack of suitable catalysts for the oxygen
evolution reaction.®* The (110) surface, as shown in Fig. 5b,
promotes the 2e-WOR and H,0, formation with a low
overpotential of 0.18 V, and it can be seen that this happens
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insets in the free energy diagrams display the side view of the corresponding structures. d) Calculated theoretical overpotentials for the 1e-WOR,

2e-WOR, and 4e-WOR on low-index CeO, surfaces.

because the H,0, energy level is lower than AG(*O), and
therefore the 2e-WOR will be the preferred route in this
case. This is in agreement with the recent experimental
results in the literature.®® Finally, the (111) surface (Fig. 5¢c)
is selective for hydroxyl radical formation as previously
shown in Fig. 4, because both AG(*OH) and 'OH are very
close. The Gibbs free energy profile of the (111) facet is
similar to the free energy diagram reported on TiO,, an
oxide where theoretical and experimental studies show that
the 'OH generation is favorable."”” H,0, generation, as
promoted by the (110) surface, or '‘OH generation, as
promoted by the (111) surface, are undesirable reactions for
green energy generation, but interesting from an
environmental perspective, since both could be employed
in advanced electrooxidative processes for  water
treatment.'® Fig. 5d shows the calculated overpotentials for
each reaction mechanism on these surfaces. The (100)
surface, despite its position on the 4e-WOR region of the
selectivity diagram from Fig. 4, has a lower overpotential
for the 2e-WOR, which might provide some theoretical
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insight into the work of Feng et al. ® since the O,
generation might be hampered by a competing route. The
overpotentials for the 2e-WOR lie below 1.76 V for all
surfaces, which suggests that either this will be a
competing route on all low-index stoichiometric ceria
surfaces or some structural factor might account for tuning
the selectivity towards one or another mechanism. It is
noteworthy that the introduction of an oxygen vacancy
shifts the selectivity of both (110) and (111) surfaces
towards the O, evolution, lowering the 4e-WOR
overpotential, but the 2e-WOR will still have low values
such as this and remains a competing route. This is in
agreement with a study from Mansingh et al,*® where it
was observed that the selectivity of the (111) ceria surface
towards either O, evolution or 'OH generation could be
tuned by controlling the concentration of oxygen vacancies.
In summary, our results show that ceria is a very promising
material and that oxygen vacancies can play an important
role in tuning the catalytic properties of ceria surfaces
towards the desirable applications.
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Conclusions

Using DFT+U calculations and the computational hydrogen
electrode model, various CeO, planes were investigated to
determine the most promising crystalline orientations toward
the oxygen reduction and water oxidation reactions. Among
the selected surfaces, (100) has the closest to the ideal
adsorption G(*OOH) versus G(*OH) relation, and the reaction
has the lowest theoretical overpotential for the 4e-ORR. It is
worth noting that (331) exhibits distinct non-linear behavior
between intermediate species, but stepped surfaces (221) and
(331) do not appear to contribute significantly to 4e-ORR
catalytic activity. Despite their stability, (110) and (111)
stoichiometric  surfaces appear unsuitable for this
application. However, in the presence of oxygen vacancies,
the catalytic activity of the (110) and (111) surfaces can be
significantly =~ enhanced, with  overpotential
approaching those observed for (100) surfaces. CeO, is a very
promising material for WOR applications, and surface
orientation is very important. Among the crystallographic
planes considered, (100), (110), and (111) promote O,, H,O,,
and 'OH evolution, respectively. Our results also show that
the presence of oxygen vacancies shifts the selectivity of (110)
and (111) towards O, evolution. This research provides a
comprehensive picture of CeO,'s ability to catalyze various
oxygen electrochemistry reactions ranging from the ORR to
the WOR. Other parameters, such as different proportions of
oxygen vacancies and doping with other metals, are expected
to improve the catalytic properties of CeO, further.
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