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ABSTRACT: CeO2 (ceria) is an attractive material for heterogeneous catalysis
applications involving hydrogen due to its favorable redox activity combined with its
relative impermeability to hydrogen ions and molecules. However, to date, many bulk
ceria/hydrogen properties remain unresolved in part due to a scarcity of experimental
data combined with quantum calculation results that vary according to the approach
used. In this regard, we have conducted a series of density functional theory (DFT)
calculations utilizing generalized gradient (GGA), metaGGA, and hybrid functionals as
well as several corrections for electronic correlations, applied to a number of properties
regarding hydrogen in bulk stoichiometric CeO2. Our calculations place reasonable
bounds on the lattice constants, band gaps, hydrogen absorption energies, and O−H
bond vibrational frequencies that can be determined by DFT. In addition, our results indicate that the activation energy barriers for
hydrogen bulk diffusion are uniformly low (<0.15 eV) for the calculation parameters probed here and that, in general, the effect of
hydrogen tunneling is small at ambient temperatures. Our study provides a recipe to determine fundamental physical chemical
properties of Ce−O−H interactions while also determining realistic ranges for diffusion kinetics. This can facilitate the
determination of future coarse-grained models that will be able to guide and elucidate experimental efforts in this area.

1. INTRODUCTION
In the last several decades, ceria (CeO2) has been the subject
of numerous experimental and theoretical studies because of its
potential in an array of applications predominantly in
heterogeneous catalysis, including water−gas shift reactions,1,2

water splitting,3 and semihydrogenation of alkynes.4 However,
the mechanism for hydrogen absorption and transport in ceria
remains an open question. Chemisorption of hydrogen ions
resulting from H2 dissociation or H2O splitting is exothermic
and forms hydroxyl species on the surface, which could act as a
first step in the formation of cerium hydrides.5−8 In contrast,
hydrogen can require relatively high temperatures and
pressures to diffuse into the bulk of substoichiometric surfaces,
where it can form hydroxyl groups and hydride ions near
oxygen vacancies.5,9 Such studies would benefit from atomistic
calculations that could help determine initial hydriding
reaction steps as well as the ensuing chemical rate parameters,
which would help elucidate the importance of competing
chemical mechanisms.
In this regard, quantum calculations with Kohn−Sham

density functional theory (DFT) remains a popular choice for
determining the breaking and forming of bonds in f-electron
systems (e.g., refs 10−12). DFT calculations regarding ceria
surface chemistry, though, largely remain quantitatively
inconsistent. There has been reported a wide range of
energetic barriers for diffusion into the bulk from CeO2(111)
surfaces, with values between 1.15 and 1.67 eV (refs 13 and 14,
respectively). In addition, there exist similar discrepancies in
DFT data regarding hydrogen bulk diffusion in stoichiometric

CeO2, with results ranging from 0.18 eV in ref 13 to 0.52 eV in
ref 14. This is in sharp contrast to one set of experimental
results9 utilizing nuclear reaction analysis (NRA) on
substoichiometric CeO1.69 films exposed to H2 to estimate a
diffusion activation barrier of 1.69 eV. As the authors of ref 9
have suggested, this dependency could be due to H-trapping
defects in their reduced, polycrystalline films that were not
considered in the theoretical bulk diffusion calculations. In
addition, both theoretical results focused on CeO2(111)
surface to subsurface hydrogen diffusion using either H2 (ref
13) or H2S (ref 14) as the hydrogen source.
The range of DFT results, as well as the seeming

disagreement with experimental diffusion barriers, is likely in
part due to the sensitivity of H−Ce−O interactions to different
levels of theory, including the choice of exchange−correlation
functional and the use of specific Hubbard parameters (e.g.,
DFT + U) to better account for electron correlations. For
example, while the Hubbard U correction is generally only
applied to the Ce 4f orbitals, some data on a number of metal
oxides (including ceria) indicate advantages to including
additional Hubbard corrections to the O 2p orbitals to

Received: December 20, 2024
Revised: February 20, 2025
Accepted: February 27, 2025
Published: March 20, 2025

Articlehttp://pubs.acs.org/journal/acsodf

© 2025 The Authors. Published by
American Chemical Society

12385
https://doi.org/10.1021/acsomega.4c11470

ACS Omega 2025, 10, 12385−12392

This article is licensed under CC-BY-NC-ND 4.0

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jared+C.+Stimac"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nir+Goldman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.4c11470&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c11470?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c11470?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c11470?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c11470?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c11470?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/10/12?ref=pdf
https://pubs.acs.org/toc/acsodf/10/12?ref=pdf
https://pubs.acs.org/toc/acsodf/10/12?ref=pdf
https://pubs.acs.org/toc/acsodf/10/12?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.4c11470?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


improve the description of defect states.15−19 Thus, to the best
of our knowledge, there does not exist a systematic
determination of how hydrogen properties within CeO2
depend on the various options available here, and how
different choices might affect the interpretation of results and
possible comparison to experiments.
In this work, we address these issues by employing a range of

DFT calculations at various levels of theory to better elucidate
CeO2/H interactions. We report on calculations with the
generalized gradient (GGA), metaGGA, and screened hybrid
functionals, using a Hubbard U correction on Ce 4f orbitals as
well as a wide range of values for the additional correction to O
2p. We then report on bulk stoichiometric CeO2 properties,
interstitial hydrogen formation energies, and diffusion
activation energy barriers. We include Arrhenius prefactor
values and O−H bond vibrational frequencies, where
applicable. Finally, we use the characteristic crossover
temperatures to estimate the significance of quantum nuclear
tunneling effects vs classical, overthe-barrier hopping mecha-
nisms. We believe our results place accurate bounds on
hydrogen diffusion within bulk CeO2 that can help elucidate
experimental results while also providing guidance for future
DFT studies on similar systems.

2. METHODS
All DFT calculations were performed using the Vienna ab
initio Simulation Package (VASP)20−22 with projector
augmented wave (PAW) pseudopotentials.23,24 For our studies
we have used the following exchange correlation functionals:
the Perdew−Burke−Ernzerhof (PBE)25 and the revised PBE
for solids (PBEsol)26 generalized gradient (GGA) functionals,
the strongly constrained and appropriately normed (SCAN)27

metaGGA functional, and the Heyd−Scuseria−Ernzerhof
(HSE06)28 and HSEsol29 hybrid functionals. The D3
dispersion correction30 was used in all calculations except for
those with HSEsol, for which we were unable to find a D3
parametrization.
In order to account for the self-interaction in nonhybrid

functionals, we use the rotationally invariant DFT + U

formalism by Dudarev et al.,31 where Ueff = U − J. We denote
particular combinations of Ueff values discussed by listing the
Ce 4f U( )eff

Ce4f and O 2p U( )eff
O2p values in curly brackets in units

of eV next to the functional name. For example, a calculation
using PBE with Ueff values of 6 eV on the Ce 4f interactions
and 0 eV on the O 2p interactions is written as PBE{6, 0}. In
general, for nonhybrid functional calculations the Ueff values on
the Ce f orbitals is set to 6 eV. Curly brackets were omitted for
results from the hybrid functionals HSE06 and HSEsol since
these already take the electronic self-interaction into account
and no Hubbard U value is necessary.
Previous studies have reported a nonmagnetic ground state

of perfect crystal CeO2, which we have confirmed with for all
functional/Ueff combinations in this work. However, due the
potential for defect-induced magnetization,18,32,33 we have
conducted spin-polarization on interstitial hydrogen in bulk
CeO2 which retain a nonmagnetic state. Hence, all calculations
reported here were performed without spin-polarization.
Lattice optimizations were carried out via the conjugate

gradient algorithm with a maximum-force convergence
criterion of 0.01 eV/Å using the four formula unit (CeO2)
cubic supercell, a Monkhorst−Pack34 6 × 6 × 6 k-point mesh,
and a 500 eV plane-wave cutoff. Calculations including
interstitial hydrogen were performed with a 32 formula unit
cubic super cell (97 atoms total), Monkhorst−Pack34 k-point
mesh of 2 × 2 × 2, and a 500 eV plane-wave cutoff. Gaussian
smearing of the electrons with a value of 0.20 eV was used
throughout. Additional results related to numerical conver-
gence are given in the Supporting Information Section SIII.

3. RESULTS AND DISCUSSION
3.1. Bulk CeO2 Properties. We now assess the computed

bulk properties of perfect crystals CeO2 for the array of
functionals and values ofUeff

O2p in our study, with comparison to
the lattice parameter, bulk modulus, and electronic band gaps
(Table 1). Here, we make comparison to the zero temperature
experimental lattice parameter (a0) determined by extrap-
olation from room temperature using the thermal expansion

Table 1. Lattice Parameter a0, Band Gaps, and the Bulk Modulus K from Various Functionals and Values of Ueff
a44

aThe color shading surrounding entries corresponds to the absolute error normalized by the maximum error for each property such that darker
shaded values have smaller absolute error. Errors for the lattice parameter and band gaps were evaluated using values reported by Castleton et al.35

All values of K within the experimental range of 204−236 GPa are shaded to the same degree.
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coefficient.35 While thermal effects on a0 are small (<1%),
these remain pertinent given the relatively small differences
between DFT results. Experimental results at both room
temperature and 0 K are shown in Table 1 for the sake of
completeness.
We observe that the most accurate value of a0 comes from

PBEsol{6, 12} (5.389 Å), which differs from the experimental
value (5.391 Å) by ∼0.04%. HSE06 (5.382 Å) yields an error
of ∼0.2%, and HSEsol (5.357 Å) yields an error of ∼0.6%. The
largest deviations were observed from PBE{6, 0} (5.482 Å)
with an error of ∼1.6%. The use of Ueff

O2p yields a small but
systematic shift in a0, where PBE, PBEsol, and SCAN all yields
values that improve to agreement with experiment of ∼0.04 Å
upon increasing its value from zero to 12.
Next, we consider results for the two commonly measured

band gaps of CeO2. The O 2p to Ce 4f band gap is
underestimated by all of our DFT results excluding those from
HSE06 and SCAN{6, 12}, both of which yield a value of 3.0
eV, which agrees with the experimental value from ref 35.
However, we note that results from HSEsol, PBEsol{6, 12},
and all of our SCAN calculations are within the experimental
confidence interval of ±0.25 eV from ref 35. In contrast, we
find that the results for the O 2p to Ce 5d band gap from
HSE06 is too large, with a value of 6.8 eV, compared to the
experimental values of 5.75 eV (ref 35) and 6.0 eV (ref 36).37

Nonzero values of Ueff
O2p improve the agreement with

experiment, overall. Results from PBE{6, 12} and SCAN{6,
12} give the best agreement, with values of 5.8 and 5.9 eV,
respectively. In addition, the results from PBE{6, 6}, PBE{6,
12}, PBEsol{6, 12}, SCAN{6, 6}, and SCAN{6, 12} are all
within the experimental confidence interval. Otherwise, the
remaining results from PBE and SCAN, and all of the results
from PBEsol all underestimate the O 2p to Ce 5d band gap by
∼0.45 eV.
Finally, we compare results for the CeO2 bulk modulus (K)

to the range of available experimental results.38−41 The bulk
modulus was computed by fitting energy−volume data at eight
uniformly sampled values about the equilibrium lattice
parameter a0 ± 7%, using the optimized four formula unit
cell. The data was then fit to the Birch−Murnaghan42 equation
of state as implemented in the Atomic Simulation Environ-
ment (ASE)43 python package. HSE functionals were not used
in this part of our study due to their computational expense.
We observe that all values from PBEsol and SCAN in our
study fall within the range of experimental values of 204−236
GPa. On the other hand, results from PBE were consistently
too low, with PBE{6, 12} yielding the closest agreement with a
value of 195.9 GPa. In all cases, inclusion of a nonzero value of
Ueff

O2p increases the value of K, as expected, though the degree of

increase is relatively small. For example, increasing Ueff
O2p from

zero to 12 for PBEsol and SCAN results in an increase in K by
<10 GPa, or ∼5%.
Overall, we find that for bulk, defect-free CeO2, use of

=U 12eff
O2p generally improved the accuracy of our calculations.

In particular, PBEsol{6, 12} and SCAN{6, 12} were the most
consistently accurate calculation sets employed in our study,
even in comparison to HSE06 and HSEsol. However, results
from PBE overestimate the lattice constant and underestimated
the electronic band gaps and bulk modulus. Hence, nonzero
values of Ueff

O2p appear to have some utility, based on this initial

part of our study. The improvement of our results from the
additional O 2p Hubbard repulsions can be explained in part
by examining both the total electronic and projected densities
of states (Figure S2). We observe that the nonzero Ueff

O2p value
has the effect of causing the energy difference between
occupied and unoccupied O 2p bands to increase slightly.
Furthermore, the additional repulsions likely stiffen the CeO2
lattice slightly, which improves upon the lattice constant and
vibrational frequencies that tended to be too soft otherwise.

3.2. Interstitial Hydrogen Formation Energies. Next,
we consider the hydrogen interstitial formation energies in
bulk CeO2. We have identified three energetic minima, which
are displayed in Figure 1. The “interstitial” site (labeled int)

consists of a hydroxyl (OH) species, with the hydrogen atom
bonded to a single oxygen with a bond length of ∼1.0 Å. The
octahedral site (labeled oct) corresponds to a hydrogen ion at
the center of one of the octahedra resulting from the Ce face-
centered cubic sublattice, involving six equidistant neighboring
Ce atoms. We note that prior studies45,46 indicate that the oct
site was unstable and would relax to the int site upon energy
minimization of the atomic positions, though these efforts used
GGA functionals without any Hubbard U correction.
An additional absorption minima was found by rotating the

int site O−H bond to be approximately in line with another
neighboring oxygen so that the hydrogen bisects the O−O axis.
We refer to this new site as the lin (e.g., linear) site. Upon
rotation toward a neighboring oxygen site, the O−H bond
stretches slightly (∼0.05 Å) due to the formation of a
hydrogen-bond to the neighboring oxygen (i.e., O−H···O),
with a O···H bond length of ∼1.5 Å and an O−H···O angle
(∠OHO) of ∼179°. Hydrogen-bonding within the substrate has
been observed in other CeO2/H DFT studies,45 as well as
other metal oxides.47−50

The formation energies for all interstitial configurations were
determined using the equation:

=E E N E E(CeO /H) (CeO )
1
2

(H )Form 2 CeO 2 22 (1)

where E(CeO2/H) is the total energy of the CeO2/H system,
E(CeO2) is the energy per CeO2 formula unit, NCeOd2

is the
number of formula units in the system in question, and E(H2)
is the molecular hydrogen energy. Once again, the formation
energies from HSE06 and HSEsol were estimated by single
point energy calculations using the optimized geometry from
SCAN{6, 12} scaled to their respective lattice dimensions.
We observe that PBE, PBEsol, and SCAN all underpredict

the int site formation energy relative to the HSE06 and
HSESol estimated values of 1.43 and 1.36 eV, respectively, by
up to several tenths of an eV (Table 2). In addition, use ofUeff

O2p

caused the formation energy to become smaller. PBE yielded
the lowest results with a value of 1.09 eV for PBE{6, 0} which

Figure 1. Three energy minima configurations: (a) int, (b) oct, and
(c) lin.
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monotonically decreases to 0.94 eV for PBE{6, 12}. We
computed a value of 1.20 eV from PBEsol{6, 0}, which
decreased to 1.12 eV for PBEsol{6, 6} and further to 1.06 eV
for PBEsol{6, 12}. The SCAN set was closest overall to the
HSE functionals, with a highest value of 1.37 eV for SCAN{6,
0} and lowest value of 1.26 eV for SCAN{6, 12}. We compute
the lin site formation energy to be nearly iso-energetic with the
int site and with similar a trend, where results from all

functionals and Ueff
O2p values were up to 0.07 eV lower (less

positive) than the int result. In all cases, nonzero Ueff
O2p values

caused the formation energy to decrease.
Results for the oct formation energy show a larger spread

relative to results from HSE06 (3.31 eV) and HSESol (3.19

eV), and with an opposite trend for Ueff
O2p. PBE{6, 0} yields a

value 2.49 eV (0.82 eV lower than HSE06) and PBEsol{6, 0} a
value of 2.38 eV (0.92 eV lower) and SCAN{6, 0} a value of
2.76 eV (0.55 eV lower). By comparison, the energy increases
by to 2.65 eV for PBE{6, 12} (net increase of 0.16 eV), 2.51
eV for PBEsol{6, 12} (net increase of 0.13 eV), and 2.97 eV
for SCAN{6, 12} (net increase of 0.23 eV), which brings the
SCAN result to within 0.34 eV of HSE06.

3.3. O−H Bond Vibrational Frequency. We now
benchmark our DFT calculations for the predicted O−H
vibrational frequency (ν(OH)) at the int site (Table 3), which
is taken to be the highest frequency from dynamical matrix
calculations. Here, the normal mode harmonic frequencies for
all interstitial hydrogen minima were obtained with displace-
ment magnitude of 10−3 Å. Once again, dynamical matrix
calculations were not performed with either hybrid functionals
due to their extreme computationally expense. We observe the
largest error, relative to one experimental value51 of 3510 cm−1,
from SCAN{6, 6}, with a difference of 127 cm−1, or a scale
factor of ∼1.036. PBE{6, 6} yields the closest result with an
error of only 11 cm−1, or a scale factor of ∼0.997. We note that
corrective frequency scaling factors are generally 0.90−0.99,
depending on functional and basis set.52 We thus find that all
predicted bond vibrations are within the range of uncertainty
typical of ab initio computed results. Overall, the O−H
vibrational frequency predicted by PBE{6, 6} is closest to the
experiment with a value of 3499 cm−1, and the effect of Ueff

O2p is
mostly insignificant, causing changes on the order of 10−20
cm−1.

3.4. Kinetic Pathways of H Bulk Diffusion. We have
computed classical diffusion kinetic parameters (activation

Table 2. Hydrogen Interstitial Formation Energiesa

aThe color shading surrounding entries corresponds to the absolute error (HSE06 as the ground truth) normalized by the maximum error for each
energy such that darker shaded values have smaller absolute error. bEstimated with fixed geometry obtained from SCAN{6, 12} relaxation. cNo D3
correction.

Table 3. O−H Bond Frequency as Determined from Highest Frequency Calculated at the int Sitea

aThe color shading surrounding entries corresponds to the absolute error normalized by the maximum error (such that darker shaded values have
smaller absolute error).
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energies and vibrational prefactors) for diffusion hops between
hydrogen interstitial sites using a hybrid search approach.
Here, candidate transition state configurations were identified
using climbing-image nudged elastic band (CI-NEB) calcu-
lations53 with a maximum-force criterion of 0.05 eV/Å. Further
refinement of our transition state search was performed using
the dimer method54 and a 0.01 eV/Å maximum-force criterion.
Similar to our previous analysis, the normal mode harmonic
frequencies for all transition state saddle points were obtained
using dynamical matrix calculations with a displacement
magnitude of 10−3 Å. HSEsol and HSE06 transition energies
were estimated from single point calculations from the
SCAN{6, 12} result. Transitions involving the int and lin
sites are likely more relevant than those with oct sites since
absorption in the latter is significantly less energetically
favorable. Hence, we initially focus on int−lin diffusion hops
in our work.
We have determined that transitions between neighboring

int sites involves a three-step reaction, involving a rotation
from an int site into the nearest lin site (int−lin), diffusion
along the O−O axis to the adjacent lin site where the hydrogen
ion is now bonded to the nearest-neighbor oxygen site (lin−
lin), and finally a second rotation to the neighboring int site
(lin−int; Figure 2e). In the lin−lin transition state, H is at the

center of the two neighboring O, with the O−H distances ∼1.2
Å and ∠OHO of 180°. We find that the entire set of our DFT
calculations yields reaction barriers on the order of 0.1 eV or
less for all steps in this reaction pathway (Figure 2 and Table
4). All results for the int−lin activation energy from PBE,
PBEsol, and SCAN range from values of 0.03−0.06 eV, with

little to no dependence on Ueff
O2p. HSE06 and HSEsol yielded

estimated barriers of 0.02 and 0.01 eV, respectively.
Separately, our computed values for the lin−lin transition

exhibited a slightly broader range of results. The largest
barriers resulted from setting =U 12eff

O2p , though this effect was
small. For example, PBEsol{6, 0} yielded an activation energy
of 0.05 eV, whereas PBEsol{6, 12} yielded a value of 0.07 eV.
Results from the PBEsol set were slightly lower, where
PBEsol{6, 0} yielded a barrier of 0.02 eV and PBEsol{6, 12} a
value of 0.04 eV. Results from the SCAN set were slightly
higher, where SCAN{6, 0} yielded a value of 0.10 eV and
SCAN{6, 12} a value of 0.14 eV. For comparison, we estimate
values of 0.06 and 0.04 eV from HSE06 and HSEsol,
respectively. For our calculations, all of the diffusion hop
barriers discussed thus far have high likelihood for activation at
ambient temperatures (∼0.03 eV).
Our computed kinetic prefactors vary strongly according to

reaction type, functional, and choice of Hubbard U parameters
(see Supporting Information), in part due to the difficulty in
numerically resolving these values. We note that hydrogen can
diffuse through the CeO2 lattice via int and lin sites, only,
which implies that hydrogen absorbed in CeO2 is potentially
highly diffusive under many experimental conditions. Our
range of results are comparable to the bulk diffusion energy
barrier reported by ref 13 (0.18 eV). Here, we compare to
results from ref 13, since that approach is somewhat consistent
with our study. The differences in energetic barriers from our
results are moderate, despite their use of a less accurate
functional (PW91), smaller basis set (400 eV), and overall
smaller system size in the lateral supercell dimensions in their
slab configuration. Results from ref 14 report a diffusion barrier
of 0.52 eV, though those surface slabs calculations include
adsorbed S atoms and use the PW91 functional and 400 eV
basis set. In addition, the diffusion hopping path in ref 14 is not
clearly defined.
To estimate the significance of quantum mechanical

tunneling, we now evaluate the characteristic crossover
temperatures (i.e., the temperature at which the probability
for thermally driven, overbarrier hopping equals that of
tunneling) using the following equation:55

= | *|
T

h
k2c

B (2)

Figure 2. Minimum energy path for H diffusing between two
neighboring int sites. Subfigures (a−d) show the reaction coordinates
separated by functional class. The energies are relative to the int site
energy. Subfigure (e) depicts each of the corresponding atomic
configurations.

Table 4. Transition Energy Barriers ΔE and Crossover
Temperatures Tc for Barriers between Neighboring int Sites

Ueff [eV] int−lin lin−lin

EXC Ce 4f O 2p ΔE [eV] Tc [K] ΔE [eV] Tc [K]

PBE 6 0 0.03 52 0.04 138
6 6 0.03 52 0.06 187
6 12 0.04 56 0.07 208

PBEsol 6 0 0.03 57 0.02 80
6 6 0.03 54 0.02 113
6 12 0.02 56 0.04 151

SCAN 6 0 0.04 54 0.10 284
6 6 0.05 50 0.11 313
6 12 0.06 58 0.14 348

HSE06a 0 0 0.02 0.06
HSEsola,b 0 0 0.01 0.04

aEstimated with fixed geometry obtained from SCAN{6, 12}
relaxation. bNo D3 correction.
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Here, ν* is the imaginary frequency at the transition state, h is
Planck’s constant, kB is Boltzmann’s constant, and Tc is the
crossover temperature for a parabolic barrier. Tc values for all
barriers and nonHSE functionals are included in Table 4. The
values for the int−lin transitions are ∼55 K with little variation,
suggesting that those transitions are primarily driven by
overbarrier diffusion at ambient conditions. The Tc values for
the lin−lin transition range from 80 to 348 K, where only
SCAN{6, 6} and SCAN{6, 12} exhibit above ambient values
(298 K), with crossover temperatures of 313 and 348 K,
respectively. This result is expected considering that SCAN
yields the largest lin−lin energy barriers as well as the stiffest
ν(OH) values. Our results suggest that the SCAN calculations
yield an upper-bound on the hydrogen diffusion activation
energy, which is likely effectively decreased at low temper-
atures due to tunneling effects.
The energetic barriers and rate prefactors for the oct−int

transition are included for the sake of completeness, despite
the large oct site absorption energy (Table S2). All three sets
of calculations with PBE, PBEsol, and SCAN indicate an
inverse correlation with Ueff

O2p, where =U 0eff
O2p yields the

highest barriers, with values of 0.03, 0.04, and 0.06 eV,
respectively. However, the =U 12eff

O2p results are only margin-
ally smaller, with values of 0.01, 0.02, and 0.02 eV, for PBE,
PBEsol, and SCAN, respectively. The activation energy for the
reverse transition (int−oct) is ∼1 eV higher, given that the
formation energies for oct site absorption is approximately that
much greater than that of the int site. We estimate barrierless
transitions (negative energy barriers) for HSE06 and HSEsol,
though this is likely due to poor accuracy of the single-point,
fixed-atomic-geometry estimates used for those calculations.

4. CONCLUSIONS
In this work, we have utilized an array of DFT calculations with
different functionals and options to correct for self-interaction
in order to place reasonable bounds on hydrogen diffusion in
the bulk of stoichiometric CeO2. Our survey includes results
from the PBE and PBEsol GGA functionals, the SCAN
metaGGA functional, as well as the HSE and HSEsol hybrid
functionals. For nonhybrid functionals, we applied a Hubbard
Ueff value of 6 eV to the Ce 4f states and tested Ueff for the O
2p states over a range of values from 0 to 12 eV. We have
evaluated each set of DFT parameters by computing the CeO2
lattice constant, band gaps, bulk modulus, hydrogen absorption
energies, O−H bond vibration frequency, and kinetic
parameters of several interstitial hydrogen diffusion pathways.
For bulk, defect-free CeO2 properties, we find that nonzero

values of Ueff
O2p gave modest improvements to the accuracy of

lattice constants and generally improved the O 2p−Ce 4f and
the O 2p−Ce 5d band gaps, though the effect on the O 2p−Ce
5d gap was somewhat smaller. We observe that the predicted
bulk modulus generally increased monotonically with increas-
ing values of Ueff

O2p. However, all values excluding those from
PBE are within the experimental range of results. We find a
stronger functional dependence for these properties, with the
SCAN and PBEsol calculations achieving results most
consistent with experimental values for both the band gaps
and bulk modulus.
We find the effect of Ueff

O2p on hydrogen absorbed within the
CeO2 lattice to be less significant, where the variability in O−

H bond frequencies, H absorption energies, and kinetic
parameters for the different tested values was generally
minor. In contrast, these properties showed a stronger
dependence on the choice of functional. We determined an
O−H bond vibrational frequency of ∼3490 cm−1 from PBE at
the low end of our survey, compared to a value of ∼3630 cm−1

from SCAN at the high end and the experimentally observed
frequency at 3510 cm−1.51 Across the DFT approaches used
here, the “linear” (lin) interstitial site most often yielded the
lowest formation energy, with the results ranging from values
of ∼0.9 eV from PBE to ∼1.4 eV from the HSE functionals.
Generally, the “interstitial” (int) site was only a few hundredths
of an electronvolt greater. Finally, the octahedral (oct) site was
consistently less energetically favorable for all functionals, with
absorption energies ranging from ∼2.5 eV from PBE to ∼3.3
eV from HSE06.
Overall, we find that H diffusion in the bulk of

stoichiometric CeO2 is likely activated at ambient temper-
atures, with an upper bound on the activation energy barrier of
0.14 eV from SCAN. The relative consistency of our results
over widely varied functionals and Ueff

O2p values could indicate
that the higher experimental diffusion barrier is due to the
presence of hydrogen-trapping defects in that study.9 This
diffusion rate from SCAN could be enhanced at ambient
temperature by hydrogen quantum tunneling, though in
general we find that are computed diffusion hop barriers are
low enough that quantum vibrational effects are likely minimal.
Our comprehensive study could help future DFT Ce−O−H

studies by narrowing down the DFT parameter space to
investigate. Furthermore, the kinetic results of this work can
act as a reasonable basis for parametrizing coarse-grained
models that could help elucidate future experiments.

■ ASSOCIATED CONTENT
Data Availability Statement
The data that supports the findings of this work are included
throughout the manuscript and the Supporting Information.
To aid any potential efforts reproducing this work, we provide
example VASP input files in this repository: https://github.
com/JaredStimac/CeO2-H-VASP-Example-Input. Additional
materials can be made available upon reasonable request
from the corresponding author.
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.4c11470.

The Supporting Information for this work contains the
equation used to calculate transition rate prefactors;
tabulated results of rate prefactors for transitions
between neighboring int sites; tabulated results for the
oct-to-int energy barriers, rate prefactors, and crossover
temperatures; testing results regarding numerical con-
vergence of transition energy barriers and rate
prefactors; and an example of the Ueff

O2p effect on the
electronic density of states (PDF)

■ AUTHOR INFORMATION
Corresponding Author

Jared C. Stimac − Lawrence Livermore National Laboratory,
Livermore, California 94550, United States; orcid.org/
0000-0002-4154-3648; Email: stimac1@llnl.gov

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c11470
ACS Omega 2025, 10, 12385−12392

12390

https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c11470/suppl_file/ao4c11470_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c11470/suppl_file/ao4c11470_si_001.pdf
https://github.com/JaredStimac/CeO2-H-VASP-Example-Input
https://github.com/JaredStimac/CeO2-H-VASP-Example-Input
https://pubs.acs.org/doi/10.1021/acsomega.4c11470?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c11470/suppl_file/ao4c11470_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jared+C.+Stimac"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4154-3648
https://orcid.org/0000-0002-4154-3648
mailto:stimac1@llnl.gov
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c11470?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Author
Nir Goldman − Lawrence Livermore National Laboratory,
Livermore, California 94550, United States; Department of
Chemical Engineering, University of California, Davis,
California 95616, United States; orcid.org/0000-0003-
3052-2128

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.4c11470

Author Contributions
Jared Stimac: Formal analysis (lead); Writing/Review &
Editing (equal). Nir Goldman: Conceptualization (lead);
Writing/Review & Editing (equal); Formal analysis (support-
ing).
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We would like to acknowledge informative discussions with
Mark Burton, Matthew Kroonblawd, Nathan Keilbart, and
Sebastien Hamel. This work was performed under the auspices
of the U.S. Department of Energy by Lawrence Livermore
National Laboratory under contract DE-AC52-07NA27344.

■ REFERENCES
(1) Shido, T.; Iwasawa, Y. Regulation of reaction intermediate by
reactant in the water-gas shift reaction on CeO2, in relation to
reactant-promoted mechanism. J. Catal. 1992, 136, 493.
(2) Panagiotopoulou, P.; Papavasiliou, J.; Avgouropoulos, G.;
Ioannides, T.; Kondarides, D. Water−gas shift activity of doped Pt/
CeO2 catalysts. Chem. Eng. J. 2007, 134, 16.
(3) Sun, H.; Tian, C.; Fan, G.; Qi, J.; Liu, Z.; Yan, Z.; Cheng, F.;
Chen, J.; Li, C.-P.; Du, M. Boosting activity on Co4N porous
nanosheet by coupling CeO2 for efficient electrochemical overall
water splitting at high current densities. Adv. Funct. Mater. 2020, 30,
1910596.
(4) García-Melchor, M.; Bellarosa, L.; Lopez, N. Unique reaction
path in heterogeneous catalysis: the concerted semi-hydrogenation of
propyne to propene on CeO2. ACS Catal. 2014, 4, 4015.
(5) Li, Z.; Werner, K.; Chen, L.; Jia, A.; Qian, K.; Zhong, J.-Q.; You,
R.; Wu, L.; Zhang, L.; Pan, H.; et al. Interaction of hydrogen with
ceria: hydroxylation, reduction, and hydride formation on the surface
and in the bulk. Chem.�Eur. J. 2021, 27, 5268−5276.
(6) Werner, K.; Weng, X.; Calaza, F.; Sterrer, M.; Kropp, T.; Paier,
J.; Sauer, J.; Wilde, M.; Fukutani, K.; Shaikhutdinov, S.; et al. Toward
an understanding of selective alkyne hydrogenation on ceria: on the
impact of O vacancies on H2 interaction with CeO2 (111). J. Am.
Chem. Soc. 2017, 139, 17608.
(7) Schweke, D.; Rubin, A.; Rabinovitch, L.; Kraynis, O.; Livneh, T.
Cerium metal oxidation studied by ir reflection-absorption and raman
scattering spectroscopies. J. Phys.: Condens. Matter 2022, 34, 324002.
(8) Schweke, D.; Rafailov, G.; Zalkind, S.; Azulai, O.; Rabinovitch,
L.; Hayun, S. Elucidating the role of hydrogen species originating
from water vapor in the oxidation mechanism of cerium. Corros. Sci.
2022, 196, 110030.
(9) Mao, W.; Gong, W.; Gu, Z.; Wilde, M.; Chen, J.; Fukutani, K.;
Matsuzaki, H.; Fugetsu, B.; Sakata, I.; Terai, T. Hydrogen diffusion in
cerium oxide thin films fabricated by pulsed laser deposition. Int. J.
Hydrogen Energy 2024, 50, 969.
(10) Goldman, N.; Morales, M. A. A first-principles study of
hydrogen diffusivity and dissociation on δ-pu (100) and (111)
surfaces. J. Phys. Chem. C 2017, 121, 17950.
(11) Soshnikov, A.; Kulkarni, A.; Goldman, N. Elucidating the initial
steps in α-uranium hydriding using first-principles calculations.
Langmuir 2022, 38, 9335.

(12) Goldman, N.; Zepeda-Ruiz, L.; Mullen, R. G.; Lindsey, R. K.;
Pham, C. H.; Fried, L. E.; Belof, J. L. Estimates of quantum tunneling
effects for hydrogen diffusion in puo2. Appl. Sci. 2022, 12, 11005.
(13) Wu, X.-P.; Gong, X.-Q.; Lu, G. Role of oxygen vacancies in the
surface evolution of H at CeO2 (111): a charge modification effect.
Phys. Chem. Chem. Phys. 2015, 17, 3544.
(14) Marrocchelli, D.; Yildiz, B. First-principles assessment of H2S
and H2O reaction mechanisms and the subsequent hydrogen
absorption on the CeO2 (111) surface. J. Phys. Chem. C 2012, 116,
2411.
(15) Nolan, M.; Watson, G. W. The electronic structure of alkali
doped alkaline earth metal oxides: Li doping of MgO studied with
DFT − GGA and GGA + U. Surf. Sci. 2005, 586, 25.
(16) Nolan, M.; Watson, G. W. Hole localization in al doped silica:
A DFT + U description. J. Chem. Phys. 2006, 125, 144701.
(17) May, K. J.; Kolpak, A. M. Improved description of perovskite
oxide crystal structure and electronic properties using self-consistent
hubbard U corrections from ACBN0. Phys. Rev. B 2020, 101, 165117.
(18) Keating, P. R.; Scanlon, D. O.; Morgan, B. J.; Galea, N. M.;
Watson, G. W. Analysis of intrinsic defects in CeO2 using a
koopmans-like GGA + U approach. J. Phys. Chem. C 2012, 116, 2443.
(19) Plata, J. J.; Márquez, A. M.; Sanz, J. F. Communication:
Improving the density functional theory+ U description of CeO2 by
including the contribution of the O 2p electrons. J. Chem. Phys. 2012,
136, 041101.
(20) Kresse, G.; Furthmüller, J. Vasp the guide (universitaẗ wien,
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