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ABSTRACT: The main goal of this study is to assess the
resistance of ceria against hydrogen penetration into its bulk, in
the context of its application as a protective surface coating
against hydrogen embrittlement in metals. We evaluate the
reaction mechanisms between the H2S and H2O molecules and
the CeO2(111) surface and their kinetic descriptors, using ﬁrst
principles based calculations in the density functional theory
framework. Our approach is validated by performing an extensive comparison with the available experimental data. We
predict that hydrogen penetration into CeO2(111) is a surfaceabsorption-limited process with a high-energy barrier (1.67 eV) and endothermicity (1.50 eV), followed by a signiﬁcantly lower bulk
dissolution energy and diﬀusion barrier (0.67 and 0.52 eV, respectively). We ﬁnd that the presence of surface vacancies and higher
coverages aﬀects signiﬁcantly the energetics of H2S/H2O adsorption, dissociation, and hydrogen subsurface absorption, facilitating
most of these processes and degrading the protectiveness of ceria against hydrogen penetration. The reasons behind these eﬀects are
discussed. Overall we expect ceria to hinder the hydrogen incorporation signiﬁcantly due to the eﬀectively large energy barrier
against subsurface absorption, provided vacancy formation is suppressed.

’ INTRODUCTION
CeO2, cerium dioxide or ceria, is a technologically important
material which has found applications in catalysis,1 Solid Oxide
Fuel Cells (SOFCs),2,3 and thermochemical water splitting.4
Ceria plays an important role in catalysis thanks to its oxygen
storage capability due to the ready oxidation state change from
Ce4+ to Ce3+ upon reduction and the reverse upon oxidation.1
These properties are made use of in Three-Way Catalysts
(TWC),1 where the stored oxygen aids in the oxidation of CO
to CO2 under reducing conditions. Under fuel-lean conditions,
the reduction of NO to N2 is assisted by the uptake of oxygen by
ceria.5 Doping ceria with aliovalent cations, such as Gd, Y, or Sm,
leads to high ionic conductivity in the intermediate temperature
range (500800 °C), thus raising the prospects of ceria-based
electrolytes for application in SOFCs.3,6,7 Recently this material
was also suggested as a high-temperature sulfur sorbent, which
can be used to protect nickel-based anode materials in SOFCs
from sulfur poisoning.8
Another potential application for this material is its use as a
protective oxide coating on metals in corrosive environments to
prevent them from hydrogen embrittlement (HE). Hydrogen
embrittlement is a process that is triggered with the adsorption
and dissociation of H-containing species, such as H2, H2O, and
H2S, on the surface of a metal.911 The dissociated protons or
hydrogen atoms subsequently get absorbed into the subsurface and penetrate into the bulk of the material. Once in the
bulk, through various mechanisms, most prominently via
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hydrogen-induced decohesion or hydrogen-enhanced localized
plasticity,12 the presence of hydrogen severely degrades the
ductility and fracture toughness of the metals. While impacting
a wide spectrum of infrastructures, HE is of particular importance
in oil production and exploration ﬁelds since H2S and H2O are
present in the drilling ﬂuids, and H2S, in particular, is thought to
be very aggressive to steels and Ni alloys.13,14 Drilling environments contain up to several thousand parts per million of H2S,
and their temperatures and pressure are usually 50200 °C and
up to 200 MPa, respectively.15,16 Coating a thin oxide ﬁlm onto
the alloys could hinder some of the above-mentioned processes
and therefore protect materials from HE. A limited amount of
work17,18 has been done so far to study the performance of oxide
coatings for this purpose. Since undoped ceria was found to be a
poor proton conductor,19 provided its grains are micrometersized, it is selected here as a model system to investigate the
hydrogen release and hydrogen absorption characteristics of its
near-surface region. This paper can also be seen as a ﬁrst
computational assessment of the protectiveness of this material
against HE.
Clearly, in all the above-mentioned applications, CeO2 comes
in contact with either H2O or H2S or mixtures of these two.
It is therefore of great importance to obtain an atomic-scale
Received: June 14, 2011
Revised:
December 5, 2011
Published: December 06, 2011
2411

dx.doi.org/10.1021/jp205573v | J. Phys. Chem. C 2012, 116, 2411–2424

The Journal of Physical Chemistry C
understanding of the interactions between these two species and
a ceria surface. Such an understanding could provide insights into
how to improve the microchemical and microstructural aspects
of ceria used in various applications. For this reason, in this paper,
we use ﬁrst principles-based calculations using the Density
Functional Theory (DFT) framework to assess the key reactions
and parameters that govern the H2S/H2O surface reaction
mechanisms and kinetics on CeO2.
Ceria has been the subject of several experimental1830 and
theoretical3148 studies. Its surface atomic structure, for instance,
has been studied by Esch et al. by a combination of highresolution Scanning Tunneling Microscopy (STM) and DFT+U
calculations.24 In this study, Esch et al. found that vacancies
cluster (both in linear arrays and in trimers) on the CeO2 surface
and that these clusters exclusively expose the reduced cerium
ions, Ce3+, and include subsurface vacancies. Subsequent
studies26 have focused on these subsurface vacancies and found
evidence to their local ordering, which suggests the existence of a
delicate balance between subtle interactions among adjacent
subsurface oxygen vacancy structures. In another study, Gritschneder
et al. succeeded to visualize the atomic structure of CeO2(111),
its defects, and the adsorption of water and oxygen molecules.25
They showed that water readily adsorbs on the surface and forms
hydroxide if oxygen vacancies are present, while both the stoichiometric and defective surfaces are rather inert against exposure to
molecular oxygen.
To date, however, the interaction of ceria surfaces with H2S
has been less studied compared to H2O. Mullins et al.27 are, to
the authors’ knowledge, the only ones to have systematically
characterized the interaction between H2S and the CeO2(111)
surface. In their work they grow in situ CeO2(111) thin ﬁlms on a
Ru(0001) substrate and characterize these by means of X-ray
Photoemission Spectroscopy (XPS) and Temperature-Programmed
Desorption (TPD). They ﬁnd that H2S weakly chemisorbs on
fully oxidized ceria, desorbing near 155 K. As ceria is reduced,
the desorption temperature for the chemisorbed H2S decreases.
This was explained in terms of the higher degree of dissociative adsorption on reduced ceria. When more strongly bound
species, such as HS, OH, and S2, are produced, these crowd
the surface and weaken the CeH2S bond. It was also suggested
that hydrogen from H2S reacts with the surface oxygens and produces small quantities of water which is observed to desorb
between 200 and 450 K, though the authors discuss the possibility
that this is an experimental artifact. Water desorption is enhanced
when ceria is reduced and a strong desorption peak is observed
near 580 K. When ceria is reduced up to 70% in its near-surface
region, corresponding to a CeO1.65 stoichiometry, water formation is suppressed, and H2 desorbs near 580 K. We note, however,
that when ceria is so highly reduced it is not expected to be in the
ﬂuorite structure anymore.7 Indeed, Mullins et al.49 observe that
the surface structure of reduced ﬁlms is consistent with the
bixbyite crystal structure. For all the stoichiometries studied
and throughout the whole temperature range of Mullins and
co-workers’ experiments, no SOx species was observed to desorb
from the surface.27
From a computational point of view, ceria has been studied
extensively within the framework of Density Functional
Theory.3243,4547 Unfortunately these studies used diﬀerent
technical details (DFT versus DFT+U), system sizes (from 24
atoms to 240), and various coverages. It is therefore not surprising that some existing results are at odds with each other. The
case of water interactions with a CeO2(111) surface serves as a
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good example of the set of contradictory results. Indeed, this
problem has been studied by several groups,4042,45 and their
adsorption and dissociation energies and adsorption geometries,
on both stoichiometric and reduced surfaces, are diﬀerent from
each other in each reported study. The ﬁrst study in this ﬁeld
was performed by Kumar et al.40 who used DFT calculations
(without a U correction) to study the adsorption of water on
stoichiometric and reduced CeO2(111) surfaces, with coverages
of 0.5 and 1.0 ML. They found that water adsorbs on top of a
Ce cation in stoichiometric ceria, with an adsorption energy
Ead = 0.58 eV. For reduced ceria, they ﬁnd that the most stable
adsorption geometry (Ead = 0.72 eV) is when the water
molecule adsorbs on top of a Ce cation, with a vacancy in the
third layer from the surface, right below the Ce cation. Their
calculations were performed on a very small slab (24 atoms), so it
was suggested that these results were aﬀected by size eﬀects,
especially when studying reduced ceria.41 On the other hand,
Watkins
√ et al. performed both DFT and DFT+U calculations on
(2  2) stoichiometric and reduced ceria surface41 and found
that water adsorbs on the former with an energy Ead = 0.35 eV
and on the latter with an energy Ead = 0.8 eV. Contrary to the
results of Kumar et al., they ﬁnd that water adsorbs on top of a
surface vacancy. The coverage is not speciﬁed in their work, but it
seems that they consider a single molecule on the simulation cell
surface, which, assuming Ce atop to be the only possible
adsorption sites, should correspond to a coverage of 0.25 ML.
They also studied the dissociation of water on a reduced surface
(by performing short ab initio molecular dynamics simulations)
and found this process to be very rapid (<50 ps). Fronzi et al.42
examined the atomic structure and energetics of various conﬁgurations of water adsorption and dissociation (for a coverage of
0.25 ML) on a reduced and stoichiometric (2  2) ceria surface.
They chose not to use a DFT+U approach and obtained an
adsorption energy Ead = 0.49 eV for stoichiometric ceria and
Ead = 1.28 eV for reduced ceria. They ﬁnd water dissociation on
reduced ceria to have an energy barrier of 2.35 eV, in strong
disagreement with the previous results from Watkins et al.41
Finally, a recent DFT+U study by Yang et al. obtained results
similar to Watkin’s et al.,41 although their adsorption energy for a
water molecule on reduced ceria was smaller, Ead = 0.54 eV. In
conclusion, the current literature on water interactions with ceria
is rather contradictory. While the main objective of this paper is
to compare the behavior of H2O and H2S on CeO2, in this work
we also try to provide an explanation and conciliation to some of
the above-mentioned contradictions.
As in the experimental case, H2S on a ceria surface has been
less studied computationally than the H2O on ceria. Chen et al.
have characterized the potential energy proﬁles for the interaction between a single H2S molecule and the CeO2(111) surface
along the three channels producing H2, H2O, and SO2.38 They
found that H2S adsorption on CeO2(111) is weak (Ead = 0.15 eV)
and is followed by dehydrogenation processes, forming surface
S2 and OH species with an exothermicity of 29.9 kcal/mol
(1.30 eV). Their calculations show that the SO2-forming
pathway is energetically most favorable, with an exothermicity
of 9.1 kcal/mol (0.40 eV). This is in strong contradiction
with the experimental evidence from Mullins et al. who do not
observe any formation of SOx species.27 To date, to the knowledge of the authors, no results from DFT calculations assessing
the H2S interactions with a reduced CeO2 surface or proton/
hydrogen absorption processes have been reported.
2412
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Figure 1. Summary of the studied reactions between a H2S molecule and a CeO2(111) surface.

From the above discussion, it is clear that further work is
required to better understand the interaction of H2S and H2O
molecules on a CeO2 surface. While some interaction steps have
been studied individually, a comparison between H2S and H2O is
missing. Some of the previous calculations are in disagreement
either with each other or with the experimental evidence.
Importantly, none of the computational work thus far has
evaluated the proton transfer into, and the proton transport in,
ceria. While this process is important to consider for the
protectiveness of ceria against HE, recently this topic has also
attracted great attention in the proton-conducting oxides
ﬁeld.29,30 Finally, it is not always clear how these interactions
are aﬀected by factors such as oxygen vacancy concentration
and/or by the H2S/H2O coverage. In this paper we present a
computational study of the H2S and H2O interactions with the
CeO2(111) surface, compare the behavior of these two molecules on the surface, assess the subsequent hydrogen absorption
and transport in ceria, and identify the eﬀects that oxygen
vacancies and diﬀerent coverages have on these processes in a
systematic way. The rest of the paper ﬁrst reports the computational methodology, followed by our results. Next a discussion of
our ﬁndings, including comparisons to available experimental
results, is provided. Lastly, the key conclusions of our work are
summarized.

’ COMPUTATIONAL METHODOLOGY
We used density functional theory calculations of the equilibrium conﬁgurations and static energetics to assess the interactions of H2S and H2O with the CeO2(111) surface. All the calculations presented in this paper were performed with the
Vienna Ab-initio Simulation Package (VASP)50,51 with the
Projector Augmented Wave (PAW) method. We used the
Generalized Gradient Approximation (GGA) with the Perdew
Wang 91 (PW91) exchange-correlation functional and an energy
cutoﬀ of 400 eV. Since DFT cannot describe properly the
localized nature of the 4f electrons and therefore predicts
a metallic ground state for reduced ceria, a Hubbard term, with
U = 5 eV,34,35,37 was added. This ensures that an insulating

ground state is obtained for reduced ceria, and the DFT+U
method has become the state-of-the-art approach for simulating
this material.3235,37 All the calculations were carried out using
the Brillouin zone sampled with a (2  2  1) Monkhorst-Pack
mesh k-points grid. These settings are in line with those
previously used in the literature for CeO2(111),34,35,38 and
convergence tests were performed to make sure that the results
are well converged with respect to these parameters.
To study the interactions of the molecules with a surface, the
slab method52 was used. In this method a ﬁnite number of crystal
layers in a three-dimensional periodic cell is used to generate two
surfaces via the introduction of a vacuum gap perpendicular to
the surface. We
√ created a slab exposing the (111) CeO2 surface,
with a p(2  3) lateral cell. The slab’s surface was 7.6 Å  6.6 Å
≈ 50 Å2, and it was 16 Å deep, i.e., 15 atomic layers. The vacuum
gap was 14 Å. These dimensions ensured that the energies were
well converged. Unless otherwise stated, we placed one molecule
on our surface. When we quantify the coverage with respect to
the exposed cerium atoms on the surface as adsorption sites, this
corresponds to a coverage of 0.25 ML. Adsorption energies,
Ead, were calculated as
Ead ¼ E½CeO2 þ adsorbate  E½CeO2   E½adsorbate
where E[CeO2 + adsorbate] is the total energy of a ceria surface
with an adsorbed molecule; E[CeO2] is the energy of the surface
only; and E[adsorbate] is the energy of a free molecule. The
latter was obtained by calculating the energy of the adsorbate
molecule in a 15 Å per side box. The dissociation and absorption
energies were calculated from the diﬀerence between the energy
of the optimized structures of the initial and ﬁnal states of the
reactions. Minimum Energy Paths (MEPs) and the corresponding energy barriers for each reaction studied here (see Figure 1)
were obtained by using the climbing image Nudge Elastic Band
(NEB) method,53 implemented in VASP. At least three images,
though often more, were used for these calculations. The resulting saddle points were conﬁrmed by performing numerical frequency analysis to verify that there exists one and only one
imaginary frequency.
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Table 1. Elastic Constants (C11, C12, C44), Bulk Modulus (B),
and Lattice Parameter (a) for Bulk CeO2, Together with the
Experimental Values
property

DFT+U

experiments

C11 (GPa)

410

38645055,56

C12 (GPa)

122

10512455,56

C44 (GPa)

80

607355,56

B (GPa)

218

20423655,56

a (Å)

5.493

5.41157

Table 2. Unrelaxed and Relaxed Surface Energies for the
Three Low Index Surfacesa

a

surface type

unrelaxed energy

relaxed energy

(111)

0.68

0.64

(110)

1.63

1.39

(100)

2.39

1.65

All values are in units of J/cm2.

Validation. DFT+U has been used extensively for the study of
both stoichiometric and reduced CeO2, and its validity has been
assessed thoroughly.3239,42,43,4547 For this reason, in this work
we only tested those properties which are of close interest to the
current study. The lattice constant, elastic constants, and bulk
modulus for bulk ceria are reported in Table 1, together with the
experimental values. Our results are in good agreement with the
experimental values and with those obtained in previous DFT
studies.34,35 The surface energies for the (100), (110), and (111)
surfaces were then calculated. These are reported in Table 2. The
(111) surface is found to be the most stable, in agreement with
both the experimental evidence54 and previous calculations.31,34
A further comparison with experimental data is reported in the
Discussion section.

’ RESULTS
Figure 1 shows all the studied reactions between an H2S
molecule and a CeO2(111) surface, as a possible subset of
interaction mechanisms between the two. Starting from the
left-hand side of the ﬁgure, an H2S molecule ﬁrst adsorbs on
the surface and then dissociates, losing ﬁrst one hydrogen
atom (ﬁrst dehydrogenation) and then a second one (second
dehydrogenation). After this, a series of diﬀerent processes follow.
The sulfur left on the surface reacts with two oxygens and
produces a SO2 molecule on the surface, which is then released
from the surface. Alternatively, the hydrogen atoms released onto
the surface form a H2 molecule or react with an oxygen to
produce a H2O molecule. Both molecules are then released into
the atmosphere. Finally, the hydrogen atoms or protons are
absorbed into the oxide ﬁlm and diﬀuse into its bulk. This latter
process is the one that compromises the underlying metal for HE.
We expect that a thorough characterization of all the possible
processes which lead to hydrogen absorption, as demonstrated
here, leads to an assessment of the eﬀectiveness of this material as
a protective oxide coating on metals against HE.
In this section, we assess all the processes reported in Figure 1
and how these (in particular those involving H2S) are aﬀected by
the presence of oxygen vacancies and diﬀerent adsorbate (H2S)
coverages. These two factors were found to aﬀect signiﬁcantly the
adsorption and dissociation of H2O on ceria4042 and on other

Figure 2. Most favorable adsorption geometry for H2S on a stoichiometric CeO2(111) surface: top view (a) and side view (b). The color
code is red, silver, yellow, and gray for the oxygen, cerium, sulfur, and
hydrogen atoms, respectively. Selected bond distances are reported.
Most favorable adsorption geometry for H2S on a reduced CeO2(111)
surface: top view (c) and side view (d). The vacancy is represented by
the black square.

oxide materials.58 For the case of adsorption and dissociation, we
also consider water molecules and focus on the similarities and
diﬀerences in the ways H2S and H2O interact with ceria. A
summary of the energy barriers and endothermicities for all the
studied processes is reported in Table 5 at the end of the Results
section.
Adsorption. Stoichiometric CeO2(111) Surface. The most
stable adsorption geometry for one H2S molecule on the CeO2(111) surface is shown in Figure 2a and b. The sulfur atom sits on
top of an undercoordinated Ce cation, with a bond distance of
3.31 Å, while the two hydrogen atoms form a hydrogen bond
with the two neighboring oxygen ions. This configuration is in
agreement with the DFT calculations by Chen et al.38 and has an
adsorption energy of Ead = 0.18 eV.59 Such a weak adsorption is
in good agreement with the low desorption temperature (155 K)
observed by Mullins et al. for H2S on stoichiometric CeO2.27
Other adsorption configurations (for example, a H2S on top of an
oxygen atom or on bridging positions) were found to have
smaller adsorption energies. H2O adsorbs on CeO2(111) in a
similar fashion (see Supporting Information), with the only
difference being a greater adsorption energy (Ead = 0.51 eV).
This value is in good agreement with experiments60 and previous
DFT+U studies.40,42,45 From these results, should a stoichiometric CeO2(111) surface be exposed to a mixture of H2S and
H2O, as is the case in some oil-field environments, it mostly
would favor water adsorption.
Reduced CeO2(111) Surface. The creation of a surface vacancy
significantly affects the adsorption characteristics of CeO2. The
most stable adsorption geometry for a surface with an oxygen
vacancy is shown in Figure 2c and d. In this case, the sulfur ion
adsorps on top of the oxygen vacancy, as indicated by the black
square. The distance between the vacancy (the vacancy position
was taken as the position of the surface oxygen, which was
removed to create the vacancy) and the sulfur (indicative
of the distance between the surface and the adsorbate) is only
1.86 Å—smaller compared to the CeS bond distance of 3.31 Å
2414
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Table 3. Adsorption Energies for an H2S Molecule for
Diﬀerent Coveragesa
coverage (ML)

Ead (eV)

EN  EN1

0.25

0.18

0.50
0.75

0.23
0.15

0.28
0.01

1.0

0.13

0.07

The last column reports the diﬀerence, EN  EN1, between the energy
gain for a system of N adsorbed molecules (with respect to the case when
these molecules are in the gas phase) relative to the energy gain for a
system with N  1 adsorbed molecules.
a

found on the stoichiometric ceria. This means that the sulfur
atom is strongly attracted to the vacant site and minimizes its
distance from it. The two hydrogen atoms orient themselves
toward the nearest oxygen atoms. The adsorption energy for this
configuration is Ead = 0.55 eV, more than three times the
adsorption energy for the stoichiometric surface, consistent with
the shorter adsorbatesurface distance, as defined above.
A behavior similar to the one shown above for H2S is found for
H2O (see Supporting Information). The oxygen ion is attracted
to the vacant site and minimizes its distance from the surface.
Due to the smaller size of oxygen compared to sulfur, the
vacancyoxygen distance is 1.07 Å. The adsorption energy for
this conﬁguration is Ead = 0.8 eV, in good agreement with the
results from Watkins et al.,41 but smaller than the one calculated
by Fronzi et al.42 Some of the previous calculations,4042 including those by Fronzi et al., were done without a +U correction. For
comparison purposes, the adsorption energy that we calculated
for this conﬁguration, without the U term, is Ead = 0.66 eV.
This proves that, while the adsorption energies are aﬀected by the
Hubbard term signiﬁcantly, this, however, cannot explain the
high adsorption energy value obtained by Fronzi et al.42 When
performing the structural relaxation to optimize this conﬁguration, sometimes a dissociated H2O molecule (two OH radicals
on the surface) is favored as the ﬁnal state. This indicates that the
dissociation of an H2O molecule on a reduced CeO2(111)
surface is facile, and this will be further discussed in the next
section.
Finally, it is worth noting that the adsorption energies for H2S
and H2O are closer to each other on the reduced ceria than they
are for a stoichiometric ceria surface. This means that the
reduction state of the ceria surface changes the balance between
the adsorbed H2O and H2S concentrations, and the diﬀerence
between equilibrium adsorption tendencies between the two
molecules is less marked on reduced ceria. (See Discussion for
our interpretation of this result.)
Coverage Effects on the Stoichiometric CeO2(111) Surface.
We assessed the effects of coverage on the adsorption characteristics for a H2S molecule for four different coverages, ranging
from one to four H2S molecules adsorbed on the stoichiometric
CeO2(111) slab, which correspond to 0.251.0 ML. These are
reported in Table 3, which shows that adsorption energies are
significantly affected by the coverage. While the adsorption
energy increases for the two molecules on the surface compared
to the case of a single molecule, the addition of a third and fourth
molecule lowers the average adsorption energy. The last column
in Table 3 reports the difference between the energy gain for a
system of N adsorbed molecules (with respect to the case when
these molecules are in the gas phase) relative to the energy gain

Figure 3. Minimum energy path for H2S dissociation on stoichiometric
CeO2(111) (a), reduced CeO2(111) (b), and stoichiometric CeO2(111) with 1.0 ML coverage (c). The three snapshots correspond to the
initial state (left), saddle point (center), and ﬁnal state (right). The
dotted circle in (c) highlights the H2S molecule that dissociates. Some
selected bond distances are reported. Color code as in Figure 2.

for a system with N  1 adsorbed molecules. This quantity gives
an indication of whether it is energetically favorable to adsorb
another molecule on the surface (a negative value meaning it is
favorable, while a positive one indicates the contrary). Our
calculations predict that four H2S molecules can be stably
adsorbed on our slab. This is in good agreement with Mullins
2415
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Table 4. Charges Associated with H, OH, and SH in
Figure 3aa
radical


charge/e

OH

0.74

SH
H+ (in OH)

0.30
0.68

H+ (in SH)

0.67

a

These were calculated using the LORBIT=5 keyword in VASP and the
following values for the WignerSeitz radii, 1.50, 1.50, 0.450, and 1.95 Å
for oxygen, cerium, hydrogen, and sulfur, respectively.

et al.’s finding27 that stoichiometric ceria at low temperatures
(100 K) has a sulfur coverage of approximately 10 nm2, which
is close to that of our simulation cell with four H2S molecules
(4 S/(0.78  0.66 nm) = 7.8 nm2).
In the case for H2O adsorption, coverage does not aﬀect the
adsorption energies for the studied coverage range here. The
adsorption energy obtained for a 1.0 ML coverage (corresponding
to four molecules on the surface) is Ead = 0.55 eV, which is very
close to the value obtained for a single adsorbed molecule. This is in
agreement with previous calculations.40,42 A reason for this could be
related to the smaller size of the H2O molecule compared to the
H2S, which render the intermolecule interactions much weaker for
the H2O adsorption and therefore do not sterically hinder the
adsorption with increasing coverage.
Dissociation. Stoichiometric CeO2(111) Surface. The starting
configuration for the dissociation reaction was the one described
above for the adsorption—a H2S molecule adsorbed on top of a
Ce cation (see Figure 2a). The molecule was then dissociated
into HS and H, by stretching one of the HS bonds until the
hydrogen binds to a neighboring oxygen and leaves behind a HS
bound to the cerium cation in the final state. The dissociation
process is shown in Figure 3a (see also the Supporting Information) where we report the Minimum Energy Path for the
dissociation of H2S, calculated by means of the climbing image
NEB method. At the saddle point, the SH bond distance is
stretched by 10%, while the SCe one is contracted by 7%. The
overall dissociation process is exothermic (0.15 eV/molecule)
and virtually is barrierless, with an energy barrier of Ea = 0.05 eV.
This means that H2S features dissociative adsorption on a
stoichiometric CeO2(111) surface. These values are in good
agreement with the previous calculations by Chen et al.38 A
charge analysis of the H, SH, and OH in the final configuration in
Figure 3a (see Table 4) shows that the hydrogen released onto
the oxygen atom has a positive charge, and the HS/OH has a
negative charge. Therefore, from this point on, we refer to them
as a proton, H+, and as adsorbed radicals, HS and OH,
respectively.
The results obtained for water dissociation, on the other
hand, do not indicate a barrierless dissociation. The MEP
for this process is reported in the Supporting Information.
Although the reaction pathway is quite similar, with a hydrogen
bound to a neighboring oxygen atom and leaving an OH
radical behind, the energetics is diﬀerent. The complete process
is endothermic (0.14 eV/molecule) and presents an energy
barrier of approximately 0.2 eV, in contrast with the exothermic
and barrierless H2S dissociation. This contrast is likely due to
water’s stronger HO bonds which makes the dissociation of
H2O inherently unfavorable on a stoichiometric CeO2(111)
surface.

Figure 4. Minimum energy path for HS dissociation on CeO2(111).
The three snapshots correspond to the initial state (left), saddle point
(center), and ﬁnal state (right). Some selected bond distances are
reported. Color code as in Figure 2.

The ﬁnal step in this reaction is the second dehydrogenation
via the dissociation of the remaining HS radical into S2 and
H+, shown in Figure 4. The initial conﬁguration is the one with
the HS radical bound to a Ce cation and the dissociated
hydrogen forming a bond with the nearest oxygen. At the saddle
point, the HS bond is stretched to 1.52 Å which suggests it is
broken. The neighboring Ce and O ions show considerable
structural relaxations, with some of the CeO bonds being
stretched by 6%. In the ﬁnal conﬁguration, both hydrogen atoms
are on top of an oxygen atom, forming two OH radicals with a
bond distance of 0.97 Å. The sulfur atom moves toward one of
the neighboring oxygens to form a bond with it, with a bond
distance of 1.72 Å typical of a covalent bond. This conﬁguration,
which was ﬁrst identiﬁed by Chen et al.,38 is energetically favored
by almost 1.20 eV over the conﬁguration in which the sulfur atom
remains on top of the Ce cation. Overall, this second dehydrogenation process is strongly exothermic, by 0.84 eV, and has an
energy barrier of 0.69 eV. This means that, at suﬃciently high
temperatures, the H2S molecule can dissociate on a CeO2(111)
surface by releasing both of its hydrogen atoms onto the surface.
In contrast, the second dehydrogenation process for H2O
(MEP available in the Supporting Information) is strongly
endothermic, by 0.81 eV, and with an energy barrier Ea = 0.81 eV.
In the ﬁnal state, the two protons bind to the two neighboring
oxygen atoms, thus forming two OH radicals, while the O from
the water molecule stays on top of the Ce cation. A conﬁguration
similar to the one found for HS, where the sulfur forms a
covalent bond with a neighboring oxygen (in this case with the
remaining O approaching a neighboring surface oxygen), was
found to be energetically unfavored.
In conclusion, the dissociation reaction characteristics of H2S
and H2O on a stoichiometric CeO2(111) are considerably
diﬀerent. While H2S prefers to release both hydrogen atoms
and the ﬁrst one in a barrierless fashion, H2O does not dissociate
as easily on this surface. The potential reasons and the consequences of this ﬁnding to hydrogen embrittlement are discussed in the Discussion section of this paper.
Reduced CeO2(111) Surface. As in the case of adsorption, the
presence of vacancies on the ceria surface favorably affects the
dissociation process. The minimum energy path for the first
dehydrogenation of an adsorbed H2S is shown in Figure 3b. The
starting configuration has a H2S molecule bound to the surface
vacancy, as shown in Figure 2c. In the final configuration, the H2S
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molecule is dissociated into a HS and a OH radical. The saddle
point corresponds to a configuration in which the whole H2S is
shifted toward the neighboring oxygen before releasing a hydrogen onto it. The energetics of this reaction is different from the
one observed for a stoichiometric surface. The entire process is
more strongly exothermic, with a final energy gain of 1.35 eV
and again virtually no migration barrier (<0.05 eV), meaning
that H2S dissociates right away, upon adsorbing onto a reduced
CeO2(111) surface.
The MEP for the H2O dissociation on the surface with a
vacancy is reported in the Supporting Information. This process
is also strongly exothermic, by 1.40 eV, and virtually barrierless.
This explains our observation (see previous section on H2O
adsorption on a reduced CeO2(111) surface) that the water
molecule dissociates even during some of the structural relaxations performed to ﬁnd the most stable adsorption geometry.
Our ﬁnding is also in agreement with the results obtained by
Watkins et al.41 but at odds with those from Fronzi et al.,42 who
ﬁnd an energy barrier of 2.34 eV for this process. In the
Supporting Information, we show how this contradiction with
Fronzi et al.’s results might arise from some technical issues with
their NEB calculations.
Coverage Effects on the Stoichiometric CeO2(111) Surface.
Different coverage effects on the dissociation of H2S were
assessed by comparing the case for one adsorbed H2S to the
case with four adsorbed H2S molecules on the stoichiometric
CeO2(111) surface, corresponding to a coverage of 0.25 and
1.0 ML, respectively. This is reported in Figure 3c. Starting from
a configuration in which the four molecules are adsorbed atop the
Ce cations on the surface, one molecule was dehydrogenated by
placing the hydrogen atom on top of a neighboring oxygen. The
saddle point corresponds to a configuration in which the SH
bond is stretched by 8% and the entire H2S molecule is shifted
toward the oxygen atom. The energetics of this process is similar
to the case when only one H2S molecule was present on the
surface. This process is also virtually barrierless, Ea = 0.03 eV, and
has an exothermicity of 0.26 eV/molecule. It is worth noting
that the exothermicity for this high coverage case is almost twice
that for the one H2S molecule case, suggesting that the presence
of other H2S molecules on the surface favors dissociation. A
similar effect of coverage on dissociation energies has been
observed for TiO2.61 This can be understood from the extent
of steric repulsion between the sulfur atoms on the surface before
and after dissociation of a H2S. The average distance between the
S2 highlighted by the black circle in Figure 3c and the other S2
atoms is 3.83 Å before dissociation and 3.97 Å after dissociation.
It is clear that dissociating one H2S molecule increases the average
S2S2 distance and therefore reduces their steric interactions,
thus leading to a greater exothermicity for this reaction.
Hydrogen Absorption. Stoichiometric CeO2(111) Surface.
The most important process leading to hydrogen embrittlement
is the absorption/incorporation of the released hydrogen (which
is present as a proton) into a subsurface position,11 that is, an interstitial site in the case of stoichiometric ceria. The MEP for hydrogen
absorption is shown in Figure 5a. The starting configuration is the
one with a HS radical bound to a Ce cation and a OH radical on
the surface. The hydrogen of the OH radical penetrates into the
subsurface, by simply rotating by approximately 180°, as indicated by
the arrow in Figure 5a. The saddle point for this process corresponds
to a configuration in which the hydrogen has just crossed the oxygen
plane on the surface. In the final configuration, the proton has
completed this rotation and resides below the oxygen plane. This
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Figure 5. Minimum energy path for H+ absorption in stoichiometric
CeO2(111) (a), reduced CeO2(111) (b), and for 1.0 ML H2S coverage
(c). The three snapshots correspond to the initial state (left), saddle
point (middle), and ﬁnal state (right). Dashed circles are a guide to the
eye for the hydrogen positions. Selected distances are reported. Selected
bond distances are reported. Color code as in Figure 2.

process is highly endothermic (1.50 eV) and has an energy barrier of
1.67 eV, showing that hydrogen absorption into the subsurface is
very unfavorable in stoichiometric ceria.
Subsequent to the subsurface absorption is the dissolution of a
proton into the bulk of ceria. Here we deﬁne the dissolution
energy as the energy diﬀerence between a conﬁguration in which
the proton is in the subsurface (the ﬁnal point of Figure 5a) and
another one in which the proton is in the bulk of the ﬁlm.62 Here
this energy is 0.67 eV—that is, even more energy beyond the
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1.50 eV absorption endothermicity has to be supplied to move
the proton into the bulk of the ceria. On the other hand, once in
the bulk, the migration of proton is rather facile, with a calculated
migration energy of 0.52 eV. This suggests that proton absorption into ceria is a surface-limited process, not a bulk diﬀusion
limited process, and that ceria might be a good protective coating
to prohibit hydrogen embrittlement of the coated metals thanks
to its surface serving as a barrier to hydrogen absorption.
Reduced CeO2(111) Surface. In Figure 5b we report the MEP
for hydrogen absorption in the case of defective ceria. The
starting configuration is the one with a HS radical bound onto
the oxygen vacancy and a OH radical on the surface (see final
state in Figure 3b). The hydrogen from the HS radical migrates
toward a subsurface oxygen and eventually binds to it. The
energetics of this process differs significantly from the stoichiometric case. Its endothermicity is only 0.72 eV, and the migration
barrier is reduced to 0.86 eV, thus favoring hydrogen absorption
significantly more than the case without the presence of surface
vacancies. The consequences of this finding will be discussed in
the next section.
Since there is experimental evidence for the presence of not
only surface vacancies but also subsurface vacancies in ceria,24,25
we decided to study the eﬀects of the latter on the hydrogen
absorption process. In the Supporting Information, we show the
MEP for this process. The starting conﬁguration is the one with a
HS radical bound onto a Ce cation and a OH radical on the
surface. The hydrogen of the adsorbed OH radical then
penetrates into the subsurface and binds to the oxygen vacancy.
This process is strongly endothermic, by 1.66 eV, and has an
energy barrier of 2.81 eV. It is clear that this pathway is
energetically unfavored, compared to the previous one.
Coverage Effects on the Stoichiometric CeO2(111) Surface.
Similarly to the dissociation process, the effects of coverage on
the hydrogen absorption process were assessed by comparing the
case of one H2S molecule (0.25 ML) to the case of four H2S
molecules (1.0 ML) adsorbed on the surface. This is reported in
Figure 5c. In the starting configuration, one of the H2S molecules
is dissociated into SH and H+. This hydrogen then penetrates
into the subsurface. The saddle point corresponds to the hydrogen having just crossed the oxygen plane. In the final configuration, the hydrogen has completed its rotation and is now below
the oxygen plane. This pathway resembles very closely the one
for a 0.25 ML cover, the only difference being that more
molecules are present on the surface. The energetics of this
process differs little from the case of a single H2S molecule
considered above. The energy barrier is Ea = 1.55 eV, a slightly
smaller value than that of the single H2S molecule case, suggesting a weak influence of the surface coverage on the ease of
hydrogen absorption. The process is still strongly endothermic
by 1.38 eV. In conclusion, coverage seems to affect hydrogen
absorption only weakly, whereas surface vacancies have a considerable effect on the energetics of this process.
Reaction Mechanisms Leading to SO2, H2O, and H2 Formation. Upon the dissociation of a H2S molecule on the ceria
surface, a series of reactions are possible, leading to the release of
a H2, H2O, or SO2 molecule (see Figure 1), as indicated by Chen
et al. and Mullins et al.27,38 Understanding these reactions is of
paramount importance because some of them lead to the
creation of vacancies on the oxide surface. As we have already
shown in this paper, vacancies strongly degrade the protective
traits of ceria against H2S dissociation and hydrogen absorption.
In their study, Chen et al. found that the SO2-forming pathway
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is the most energetically favorable, with an exothermicity
of 0.40 eV.38 As it was commented in the Introduction, this fact
is at odds with the results from Mullins et al., who found no
evidence of SOx formation.27 To understand the reason for this
contradiction, we re-evaluated the reaction pathways leading to
the formation of these molecules for both a stoichiometric and
reduced CeO2(111) surface.
Stoichiometric CeO2(111) Surface. The energy landscape for
these processes on stoichiometric ceria and the snapshots of
intermediate states are shown in Figure 6. The first three
processes in Figure 6b are the ones which were described above,
i.e., H2S adsorption (M1), first dehydrogenation (M2), and
second dehydrogenation (M3), and are common to all three
reactions. Following these processes, three different reactions
can take place, leading to the formation and evolution of H2,
H2O, or SO2 molecules. The black line in Figure 6a shows the
water-forming pathway. Once both hydrogen atoms are released
on the surface (M3), one hydrogen breaks its bond from the
surface oxygen and binds to the neighboring OH radical, as
shown by the black arrow in (M4), thus forming a H2O molecule
which is bound to the surface. This process, governed by the
migration of the hydrogen from one OH to the other, presents a
very high energy barrier (3.20 eV) and is only slightly exothermic
(0.28 eV). The final step is the release of the water molecule,
which costs another 1.1 eV. The water-formation process leaves a
vacancy on the CeO2(111) surface and presents an endothermicity of 0.83 eV, compared to the starting configuration, and an
energy barrier of 3.20 eV. If the sulfur atom left on the surface is
placed on the vacancy, this configuration becomes slightly
exothermic (0.31 eV). However, this process is also kinetically
unfavorable since its energy barrier is 3.2 eV. The SO2 forming
pathway is indicated by the red curve in Figure 6a. Starting from
M3, the sulfur atom, which has already formed one covalent bond
with a neighboring oxygen, forms another covalent bond with
the other neighboring oxygen atom and pulls these two closer
(shown by the blue arrow in M3). In the final configuration, M5,
a SO2 molecule is formed on the ceria surface. This formation process is moderately endothermic (less than 0.1 eV) and
presents a relatively small energy barrier of 0.83 eV. The release
of the SO2 molecule, however, costs an additional 1.96 eV and is
endothermic, compared to the starting configuration, by 0.92 eV.
This process creates two vacancies on the ceria surface, a rather
high vacancy concentration in this unit cell, and leads to strong
rearrangements of the other atoms (see also the Discussion
section). Finally, the last reaction is the one leading to H2
formation. Starting from M3, both hydrogen atoms break their
bonds from the oxygens and move toward each other to form a
H2 molecule, weakly bound to the surface Ce cation (see red
arrows in M3). This process has a very large energy barrier of
4.10 eV and is endothermic by 1.00 eV. The final step is the
release of the H2 molecule which only costs 0.20 eV since the
molecule is weakly bound to the surface.
In conclusion, we ﬁnd that none of the studied reaction
mechanisms is energetically favorable since they all present
energy barriers greater than 1.90 eV and endothermicities of
about 1.0 eV (with the exception of H2O formation, which
becomes slightly exothermic when the sulfur atom is placed in
the vacancy). This ﬁnding diﬀers signiﬁcantly from what Chen
et al. observed computationally and might seem in contradiction
with the experimental ﬁndings from Mullins et al., where water
formation is observed. In the next sections, we will show how
these reaction pathways are inﬂuenced by the presence of surface
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Figure 6. Energy landscape for the reaction pathways leading to H2O, SO2 and H2 formation (a). Intermediate conﬁgurations (b) for the reaction
pathways shown in (a). These correspond to the adsorption of H2S (M1), ﬁrst dehydrogenation (M2), second dehydrogenation (M3), water formation
(M4), SO2 formation (M5) and H2 formation (M6). The dashed circles are a guide to the eye to locate the H2O, SO2 and H2 molecules formed on the
CeO2(111) surface. The black, blue and red arrows in (M4), (M5) and (M6) clarify the hydrogen/oxygen pathway for that speciﬁc reaction. Color code
as in Figure 2.

vacancies, and in the Discussion section we will demonstrate that
our calculations can actually explain the experimental evidence
more accurately than the computational results reported by
Chen et al.38
Reduced CeO2(111) Surface. In this section, we focus on the
effect that a surface vacancy has on the H2O and H2 creation and
evolution pathways. SO2 formation is not reported here because
this process would remove three out of the four oxygens present
on the surface, and thus, we expect it to be extremely energetically unfavorable. The energy landscape for the H2O and H2
formation reactions, now with a surface vacancy, and the snapshots of the intermediate states are reported in Figure 7. The

energetics differ significantly from the stoichiometric case. The
first two processes are the H2S adsorption (M1) and first
dehydrogenation (M2), which were described above and are
common to both pathways. The black lines shows the waterformation pathway. Starting from M2, the hydrogen of HS
breaks its bond from sulfur and moves to the neighboring OH
radical, thus forming an adsorbed water molecule on the surface.
This process costs 0.82 eV and is barrierless. The final step of the
water formation process is the release of this molecule into the
vacuum (F1), costing another 0.97 eV. Here the water formation
pathway is slightly exothermic (0.15 eV/molecule), compared
with the initial configuration, in contrast with stoichiometric
2419
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Figure 7. Energy landscape for the reaction pathways leading to H2O, SO2 and H2 formation (a) on a reduced ceria surface. These correspond to, (b),
the adsorption of H2S on a surface vacancy (M1), ﬁrst dehydrogenation (M2), second dehydrogenation (M3), water formation (M4) and H2 formation
(M5). The dashed circles indicate the H2O and H2 molecules formed on the reduced CeO2(111) surface. Color code as in Figure 2.

ceria, on which it was endothermic by 0.83 eV. The highest
energy barrier associated with this process is 1.79 eV (since the
M2 f M3 process is barrierless, we estimate the highest energy
barrier as the energy difference between M2 and F1). We believe
that the reason for the smaller barrier and exothermicity is the
breaking of a relatively weaker HS bond compared to the OH
bond on stoichiometric ceria prior to water formation (see also
Discussion).
The H2 formation process starts from M2 in Figure 7a, with a
OH and a SH radical on the surface. Both hydrogen atoms
break their bond with the S and O (as indicated by the red
arrows) and move toward the center to create a H2 molecule
(M4), which is weakly bound onto the Ce cation. The energy

barrier associated with this process is rather high, Ea = 3.12 eV,
and following this, the H2 molecule desorbs, without any energy
cost, from the surface (F2). The overall H2 formation pathway is
exothermic by 0.5 eV, compared to the initial state, and presents
an energy barrier, Ea = 3.12 eV.
Our calculations reported here demonstrate that the presence of a surface vacancy strongly aﬀects the energetics of
these reaction pathways, making both of them more favored. In
light of our results, water formation on the reduced CeO2(111)
surface is possible. H2 formation was also found to be exothermic, but the energy barrier is too high to observe this reaction
with discernible kinetics at room temperature. These ﬁndings are discussed further in the next section. In Table 5 we
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Table 5. Summary of the Energy Diﬀerences and Energy
Barriers between the Initial and Final Conﬁgurations for Each
Studied Reactiona
ΔE (eV)

Ea (eV)

H2S adsorption

0.18

0.00

H2O adsorption

0.52

0.00

H2S adsorption (vacancy)

0.55

0.00

H2O adsorption (vacancy)

0.80

0.00

H2S adsorption (full coverage)
H2S ﬁrst dehydrogenation

0.13
0.16

0.00
0.19

0.14

0.20

reaction

H2O ﬁrst dehydrogenation
H2S second dehydrogenation

1.20

0.69

H2O second dehydrogenation

0.81

0.81

H2S ﬁrst dehydrogenation (vacancy)

1.35

0.05

H2O ﬁrst dehydrogenation (vacancy)

1.40

0.05

H2S ﬁrst dehydrogenation (full coverage)

0.26

0.03

1.50
0.72

1.67
0.86

hydrogen absorption (full coverage)

1.38

1.55

hydrogen dissolution

0.67

-

hydrogen diﬀusion

0.00

0.52
3.20

hydrogen absorption
hydrogen absorption (vacancy)

H2O formation

0.83

H2 formation

1.20

4.10

SO2 formation

0.92

1.90

0.15
0.92

1.79
3.12

H2O formation (vacancy)
H2 formation (vacancy)
a

A negative energy diﬀerence is for exothermic, and a positive one is for
endothermic reactions. Energy barriers for reactions with barrierless
steps are taken as the energy diﬀerence between the lowest and highest
energy step (for instance, in the case of H2O formation on reduced ceria,
the energy barrier is the energy diﬀerence between M2 and F1; see above
and Figure 7a).

report a summary of the energetics for all the reactions studied
in this work.

’ DISCUSSION
Protection against Hydrogen Embrittlement. One main
aim of this paper was to assess the protectiveness of ceria against
hydrogen penetration, upon being subjected to H2S and H2O.
For this material to be protective against hydrogen embrittlement, at least one of the processes leading to hydrogen penetration into the underlying metal (adsorption, dissociation, and
hydrogen absorption and diffusion) must be significantly hindered. From our results it is clear that stoichiometric ceria
presents the best protective properties. Indeed, stoichiometric
ceria presents a high energy barrier (1.67 eV for 0.25 ML
coverage) for proton absorption on its subsurface, which renders
the entire hydrogen penetration process surface-absorption limited.
Such a high energy barrier would not permit significant hydrogen
absorption to take place at 50200 °C, which is the temperature
of interest for oil production and exploration field applications.
Furthermore, in a mixed H2S/H2O environment (as is the case in
the deep drilling fluids of an oil field), the adsorption on
CeO2(111) is dominated by H2O, and this is the species that
is more difficult to dissociate and release hydrogen compared to
the H2S. In a recent paper, Johnson and Carter11 characterized
the ability of two surface alloys, FeAl and Fe3Si, to prevent

hydrogen absorption into steel. They found Fe3Si to be the most
effective at inhibiting hydrogen absorption, with a barrier of 1.91 eV
for proton absorption on the (1 1 0) surface and a 0.79 eV
endothermicity to bulk dissolution, compared to the pure Fe(110)
surface with a 1.02 eV barrier and 0.20 eV dissolution energy.
A comparison to CeO2(111), with an energy barrier of 1.67 eV
(here we use the value we obtained for stoichiometric ceria
with one molecule on the surface (0.25 ML) since this is the same
as the coverage used in their work11) for proton absorption on
its surface and endothermicity to bulk dissolution of 2.17 eV63
shows that such an oxide layer could provide a better protection
against hydrogen embrittlement of the underlying alloy, mainly
because of the higher endothermicity of the dissolution process.
The drawback of such oxide coatings compared to the integrated
surface alloys, as Fe3Si, would be their adhesion and durability
issues.
In this work, vacancies were found to strongly degrade the
protective properties of this material. Indeed, the increase in the
adsorption energies of both molecules, observed in the presence
of vacancies, favors the adsorption of more of H2S and H2O on
the surface. Once on the surface, these dissociate more easily
(since vacancies strongly favor dissociation) and therefore release more protons onto the surface. The released protons are
then able to diﬀuse into the subsurface since the absorption
barrier for this process is signiﬁcantly lower. From these considerations, it is clear that reducing ceria has a negative eﬀect on
its protective properties against hydrogen penetration and that
vacancies must be avoided. This can be achieved by tailoring the
synthesis conditions with high oxygen pressures to minimize the
presence of vacancies, although the conditions in which it could
serve as a coating (as such in oil drilling and exploration) are not
as controllable. It is worth noting, however, that, regardless of the
presence of vacancies, hydrogen penetration in CeO2(111) is
always a surface-limited process.
One of the main ﬁndings of this work is that H2S and H2O
behave diﬀerently on a stoichiometric CeO2 (111) surface.
Water, for instance, adsorbs more strongly than H 2S (its
adsorption energy is three times larger). On the other hand,
water does not spontaneously dissociate on ceria, while H2S
does. Interestingly, a similar diﬀerence between H2S and H2O
has been observed on rutile TiO2(110), where the adsoprtion of
H2O is stronger than that of H2S by 0.320.58 eV61,64 and the
dissociation is more endothermic by 0.050.29 eV.6165 This
has important consequences for HE. We believe this trend with
the easier dissociation of H2S compared to H2O is related to the
diﬀerent strengths of the HO and HS bonds of the molecular
species. To rationalize this, we computed and compared the
energy required to dissociate these molecules when they are in
the gas phase. Energies of 4.16 and 5.61 eV are required to split a
H2S and a H2O molecule into HS + H+ and HO + H+,
respectively. This shows that the HS bond in H2S is weaker
than the OH in water, and this, in turn, explains the diﬀerent
dissociative properties of these molecules. From this, we conclude that the easier dissociation of the H2S is governed, mainly,
by the intrinsic diﬀerence between the HS and HO bond
strengths and not by speciﬁc features of the oxide surface, as
testiﬁed by the fact that the same behavior is observed on rutile
TiO2(110) as well as on CeO2(111). This ﬁnding provides a
qualitative explanation for why hydrogen embrittlement in steel
and related alloys is more severe when H2S is present in the ﬂuid
environment.13,14 Steels and alloys form a native protective oxide
layer (unless the environment is strongly reducing). Assuming
2421

dx.doi.org/10.1021/jp205573v |J. Phys. Chem. C 2012, 116, 2411–2424

The Journal of Physical Chemistry C
that these native oxide surfaces behave in a qualitatively similar
way to ceria and titania, we expect that H2S dissociation will be
more favorable than that of H2O, thus making H2S the main
culprit for hydrogen release onto the surfaces.
Effects of Vacancies and Coverage. Our calculations have
shown that vacancies have a strong influence on several of the
interactions between H2O/H2S and CeO2(111), described in
Figure 1. Coverage, on the other hand, has only a weak effect on
these processes. An interesting finding is that the difference in the
behavior observed for H2O/H2S decreases significantly in the
presence of a surface vacancy. When a vacancy is present on the
CeO2(111) surface, the adsorption energies for H2O and H2S
differ by only 45% (as opposed to a 300% difference in the
stoichiometric case), and dissociation is strongly exothermic (by
approximately 1.40 eV) for both molecules. Here we provide
a possible explanation for the effects that vacancies have on
these processes, primarily on the basis of the predominance of
Coulombic interactions. Using a simple ionic model, the interactions between these ions can be seen as a combination of a
Coulombic ((q1q2)/(r)) and a steric (Aear) interaction.48
Because of their different ionic radii, 1.4 and 1.84 Å for oxygen
and sulfur, respectively,66 the intensity and range of the steric
repulsion (as described by the A and a parameters) is different for
these two species, while the radial dependence of the Coulombic
interaction is the same since both species carry a formal charge
of 2. Therefore, on stoichiometric CeO2(111), the difference
between the adsorption energies of these two molecules is a
consequence of the different steric repulsion of these two species.
The larger radius of S2 results in a longer bond distance with
Ce4+, compared to O2, and thus a lower adsorption energy.
When a vacancy is present on the surface, this causes a local
accumulation of positive charge in its vicinity, which, in turn,
results in an increased Coulombic attraction between this
positive charge and the S2(O2) species of H2S (H2O). This
increased electrostatic attraction well explains the higher values
obtained for the adsorption energy in the presence of a vacancy, a
phenomenon which is generally observed in several oxide
materials.67 The fact that the adsorption energies for H2O and
H2S are much closer to each other in the presence of a vacancy
can also be explained in terms of an ionic model. Indeed, because
of the presence of a vacancy, the Coulombic interaction, which is
the same for both molecules, becomes predominant over the
steric repulsion, thus minimizing the differences between these
two molecules.
Our results show that H2S surface coverage aﬀects rather
weakly the interaction between H2S and CeO2(111). Perhaps
the most signiﬁcant eﬀect is that H2S dissociation becomes more
exothermic for a 1.0 ML coverage than for the 0.25 ML, a consequence of the strong steric interaction between the molecules
on the surface. A similar tendency was observed, by Harris et al.,
for the case of water dissociation on a rutile TiO2(110) surface.
Also, increased coverage slightly lowers the energy barrier and
endothermicity (see Table 5) for hydrogen absorption into the
subsurface. The eﬀects of coverage have been usually neglected in
similar studies,11,68 probably because when smaller molecules are
studied, such as H2O and H2, their steric interaction is weaker
and coverage eﬀects are negligible because of their smaller
size.40,42 In view of our results, we conclude, however, that coverage eﬀects might have to be taken into account when considering
large molecules, such as H2S, or very high coverage values,
>1.0 ML.
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Figure 8. Side view of the CeO2(111) slab before (a) and after (b) SO2
release. These conﬁgurations correspond to M5 and F2 in Figure 6a. The
dotted circle in (b) indicates the position of the oxygen atoms before the
SO2 removal. The black square indicates the surface oxygen vacancies
formed after SO2 release. Selected bond distances are reported. Color
code as in Figure 2.

Reaction Pathways and Comparison with the Experimental Data. As explained in Figure 1, when an H2S molecule is

dissociated on the ceria surface, three different reactions might
occur which lead to the production of H2O, SO2, and H2. While
H2 formation and release from the surface to the environment is
desirable, the formation of H2O and SO2 is not desirable as they
reduce the surface. Chen et al. predicted that the SO2-forming
pathway is energetically most favorable. 38 In contrast, the
experimental data by Mullins et al. show that, on stoichiometric
ceria, some water is produced on the surface and released
between 200 and 450 K. In Mullins’ experiments, when ceria is
reduced, more water is produced, and a clear desorption peak
appears at 580 K. Finally, when ceria near the surface region is
largely reduced up to ca. 70%, i.e., CeO1.65, water formation is
suppressed, and H2 desorbs near 580 K. No evidence of SOx
release was observed throughout the temperature (100800 K)
and composition (2 e x e 1.55) intervals studied for CeOx.27
Our results on these three pathways for stoichiometric ceria show
that none of them is energetically favorable. These reactions have
very high energy barriers (>1.9 eV) and are strongly endothermic
(>0.8 eV). This suggests that a fully stoichiometric CeO2(111)
surface exposed to H2S does not produce either H2O, SO2, or H2.
We have to note that our results differ strongly from those of
Chen et al.,38 especially for the SO2 forming reaction. We find the
SO2 release to be strongly endothermic, in contrast with their
results. In Figure 8 we show a side view of the ceria surface before,
(a), and after, (b), the SO2 molecule has been released. Since the
SO2 release forms two vacancies on the surface, the neighboring
ions undergo significant relaxations. Figure 8b shows that the
subsurface oxygen atoms below the surface vacancies shift
upward by 1.32 Å, thus getting closer to these vacancies. This
shift, in turn, strongly affects the CeCe and CeO bond
distances, with significant bond length contractions/extensions
of up to 7%. Such strong relaxations upon SO2 formation explain
well the high energy cost that this process has.
Our results are largely consistent with the experimental data
from Mullins et al.27 Indeed, they observe that, on stoichiometric
ceria, no H2 and SO2 are formed, in agreement with our
calculations. The little amount of water desorption observed by
these authors is probably caused by the presence of a few surface
vacancies and/or by the presence of water contaminants in the
experimental analysis setup, as discussed by the authors themselves.27 On the other hand, for reduced CeO2(111), Mullins
et al. observe a stronger water desorption with a well-deﬁned
peak at 580 K. Our results show that the highest energy barrier
associated with this process is 1.79 eV. Using transition state
theory formalism,69 we can estimate the rate of this reaction of
the form of an attempt frequency multiplied by a Boltzmann
2422
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factor, i.e.
ν ¼ ν0 expðEa =kB TÞ
where kB is the Boltzmann constant and ν0 is an attempt
frequency. We take ν0 = 1013 Hz, an appropriate value for most
oxides.7072 From this formula we ﬁnd the range of temperatures
at which the water formation should occur within a minimum
range of frequencies 0.110 Hz, i.e., that this process happens on
the second time scale corresponding to the experimental time
scale. The temperature range we obtain is 640750 K, not far
from the experimentally measured 580 K for water desorption
peak.
We believe that the transition from H2O formation to H2
formation in Mullins’ experiments when ceria is largely reduced
(by more than 70%) is related to the diﬃculty of removal of
oxygen from the increasingly reduced surface. To conﬁrm this,
we compared the formation energies of a single vacancy and a
second vacancy after the ﬁrst one on the CeO2(111) surface.
These energies are 2.78 and 3.56 eV, respectively—the creation
of a second vacancy costs an extra 0.78 eV, thus suggesting that,
on largely reduced ceria, water production (which creates extra
vacancies on the surface) is less favorable. The energy barrier for
H2 formation predicted by our calculations for this process is
greater than 3.0 eV. This value is too high to justify the
experimental data. However, as mentioned in the Introduction,
when ceria is signiﬁcantly reduced, it is not expected to be in the
ﬂuorite crystal structure,7 and there are indications that its surface
is consistent with the bixbyite structure.49 This structure presents
strong relaxations of the oxygen ions and an ordering of the
vacancies, both of which are expected to play a signiﬁcant role on
the energetics of H2 formation. Also, our calculations consider a
system with only one single vacancy, corresponding to a surface
vacancy concentration of 25% and an overall stoichiometry of
CeO1.95. On the other hand, it is known experimentally that
vacancies tend to form ordered clusters on the surface.24 We
expect that, if a larger system with more realistic vacancy
concentrations and structures were considered, the energy
barrier for this process could be lower. Such large computational
cells are beyond the range of feasibility of DFT calculations and
could be studied instead by using suitable interionic potentials,48,73
warranting future work on this topic.

’ CONCLUSIONS
In this paper, we studied the reaction mechanisms between the
CeO2(111) surface and the H2S and H2O molecules and the
thermodynamic and kinetic energetics of these reactions, by
using DFT+U calculations. The results were validated through
a comprehensive comparison with the experimental data of Mullins
et al.27 We predict that the penetration of hydrogen into ceria
upon H2S/H2O dissociation is limited by hydrogen absorption
into the subsurface, with a very high energy barrier, Ea = 1.67 eV,
and endothermicity, ΔE = 1.50 eV. The subsequent hydrogen
diﬀusion in ceria is rather facile, with a migration barrier of
0.52 eV. This result suggests that stoichiometric ceria can provide
a high protection against hydrogen embrittlement of the underlying alloy, by blocking hydrogen absorption on its surface.
We identiﬁed that, compared to H2O, H2S is the main culprit
for hydrogen release onto the surface, and the reason for this
behavior was explained on the basis of the intrinsic strength of the
HS and the HO bonds of these molecules.
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The presence of surface vacancies and, to a smaller extent,
increasing H2S coverage was found to favor most of the considered elementary reactions and, thus, to lessen the protectiveness of this material against hydrogen embrittlement. The
reasons for the eﬀects of vacancy and coverage on these reactions
were discussed and interpreted in terms of the competition
between the colombic and steric interactions and local structural
relaxations. Overall, we suggest that vacancies are avoided in ceria
for the purpose of coating against hydrogen penetration, for
example by tailoring the synthesis conditions with high oxygen
pressures.
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