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ABSTRACT

A novel doping strategy based on paired charge compensating dopants is proposed to improve the solar
thermochemical H,0 and CO; splitting performance of ceria. Density functional theory based ab initio
calculations show that by co-doping trivalent and pentavalent cations into ceria the behavior of the
trivalent dopant resembles that of tetravalent dopants. In this study, which investigated combinations of
group IIIA and VA elements, it was found that the trivalent dopant identity has the largest effect on the
reduction energy, while the pentavalent dopant only slightly modifies it. The trivalent dopant in these
materials suppresses the reduction energy due to decreased ionic attraction of the trivalent cation and
0%~ as compared to Ce** and 0?~. We predict relative reducing capabilities in the following decreasing
order: Hf-CeO; > ScX-CeO; > Zr-CeO; > YX-CeO; > LaX-CeO; > undoped CeO, (where X =V, Nb or Ta).
Experimental thermogravimetric analysis confirms the computational predictions.
© 2017 Acta Materialia Inc. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-
ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

oxide while generating H, or CO, respectively. Of the many metal
oxides [3,5—8] that have been investigated for this redox cycle,

The solar splitting of H,O and CO; via a thermochemical redox
cycle has the potential of reaching high solar-to-fuel energy effi-
ciencies because it utilizes the entire spectrum of concentrated
solar energy to produce H, and CO, separately or simultaneously,
and in any desired ratio [1—4]. This 2-step cycle is represented by
the coupled redox reactions:

b
MOy —MOy_; + 50, M
MO,_;s + 0H,0 — MOy + 0H, (2a)
MO, 5 + 6CO, — MOy + 6CO (2b)

In the first solar-driven endothermic step (Eq. (1)), a metal oxide
MOy is thermally reduced to MOx-3 and O3 evolves. In the second
exothermic step (Eq. (2)), H>O or CO, re-oxidized the reduced metal
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CeO; has emerged as the state-of-the-art material because of its
rapid redox kinetics and high crystallographic stability [7,9,10].
During cycling, the CeO, bulk reduces and oxidizes via the forma-
tion and annihilation of O-vacancy rather than complete material
decomposition [9], which explains its stability over multiple cycles.
However, bulk CeO,, which is the relevant state for thermochemical
cycling, exhibits low O-exchange capacities unless the reduction
reaction is carried out at very high temperatures and low O, partial
pressures, for example a non-stoichiometry of only 0.06 is achieved
at 1773 K and an O partial pressure 10~ atm [11].

In an attempt to increase the production capacity of ceria, a wide
array of dopants have been introduced into its lattice [3,7,12—16]. Of
these, only Zr, Hf, and Sn have been shown to significantly improve
the redox performance [12—14,17—19], although other cations in-
crease kinetics or decrease grain growth, or are radioactive [15,16].
In order to facilitate the redox cycle, the dopants need to decrease
the O-vacancy formation energy slightly while still being endo-
thermic enough to favor the splitting of H,O and CO, i.e. the
reduction enthalpy AHeg must be at least 242 kJ/mol and 284 kJ/
mol to split H,0 and CO,, respectively [20]. The presence of Zr or Hf
cations suppresses the O-vacancy formation energy enough to
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improve reduction while still enabling re-oxidation [21,22]. We
recently showed that Zr and Hf doped ceria (Zr-CeO; and Hf-CeO,)
decrease the O-vacancy formation energy by storing strain energy
in elongated O-Zr or O-Hf bonds which is released upon reduction
and thereby compensates for O removal [23].

Conversely, the reduction of divalent and trivalent doped ceria is
exothermic while pentavalent dopants and Ti are so small that they
inherently break bond. The effects of divalent and trivalent dopant
have been well studied, and cause the reduction reaction to be
exothermic because of the under reduction of the O anions.
Therefore, the removal of some O anions enables the reduction of
the remaining O anions to their desired —2 oxidation state which is
energetically favorable [24,25]. In these cases the reduction energy
is below that required to split HO and CO;, 242 kJ/mol and 284 kJ/
mol respectively.

The presence of Sn changes the active mechanism, where CeO,
and SnO; react to form a new pyrochlore (Ce;Sn;07) phase upon
reduction that re-oxidizes to separate CeO, and SnO; phases during
reduction. This phase change also occurs for Zr doped Ceria at very
high temperatures and low oxygen partial pressure [26], however,
the conditions necessary for these transitions are beyond those
likely to be achievable during solar thermochemical water and
carbon dioxide splitting [11,21,22]. Therefore, we restrict ourselves
to O-vacancy mechanisms to avoid the sintering and slow kinetics
problems often associated with phase change based processes.

In order to promote the two-step solar thermochemical redox
cycle, the dopants must be tetravalent or have a higher oxidation
state, be large enough to not inherently break bonds, and be less
redox active than the Ce cations in the material. If new materials are
to be developed that improve upon Zr- and Hf-CeO,, elements from
outside of group IVA need to be considered. While such elements
exist which are tetravalent or higher, they are either too small or are
redox active and thus have low reduction energies or initiate phase
changes upon reduction [17,27]. Therefore a new doping paradigm
is needed to make non-tetravalent dopants behave like tetravalent
dopants while still meeting the other afore mentioned criteria.
Additionally, it is desirable for the doped material to have a
reduction energy between that of pure ceria and Zr-CeO, and Hf-
Ce0,, as this will enable reduction at lower temperatures than CeO,
and higher re-oxidation conversion extents than Zr- or Hf-CeO,
[22].

In this work, we propose a novel modification strategy based on
paired charge compensating doped (PCCD) ceria, where trivalent
and pentavalent elements are co-doped into the host ceria lattice.
By co-doping, the pentavalent cations cause the trivalent cations to
behave like tetravalent cations. We use density functional theory
based quantum simulations to show that the formation of O-va-
cancies at sites neighboring the trivalent dopant are sufficiently
endothermic to drive water and carbon dioxide splitting and that
the reduction energy is tunable via the selection of the trivalent
species. Additionally, the reduction energies of PCCD-CeO, is be-
tween that of Zr-CeO; and undoped CeO3, as is desired for improved
redox performance. Thermogravimetric analysis of fabricated
PCCD-CeO, materials verifies that they have the same relative
reduction extents as the computational predictions, thus validating
the computational results and analysis. This work opens up a new
class of ceria materials which could be useful in many ceria based
applications beyond just solar thermochemical fuels.

2. Methods
2.1. Computational methods

Period boundary condition density functional theory as imple-
mented in the Quantum Espresso software package [28] was used

to investigate trivalent/pentavalent PCCD-CeO,. The Perdew-
Burke-Ernzerhof (PBE) [29] formulation of the generalized
gradient approximation (GGA) was used to calculate the electronic
exchange and correlation energies. The PBE functional was chosen
as it gives similar results to the much more expensive HSEO6 hybrid
functional [30]. Ultra-soft pseudo-potentials [31] were used,
enabling the exclusion of core electrons from the calculations. For
the O ions, the 2s and 2p electrons were explicitly calculated. For all
metallic elements, semi-core pseudopotential formulations were
employed that included the highest energy s and p electrons of the
core electrons in addition to the valence electrons. For example, the
Ce ions included the 5s, and 5p, 6s, 5d, and 4f electrons. The
wavefunction was composed of a summation of plane-waves with
energies up to 530.6 eV (39 Ry). A cut-off energy study showed that
there was only a 0.002 eV difference in the O-vacancy formation
energy in undoped CeO, between a simulation with a 530.6 eV cut-
off energy a 680.3 eV cut-off energy. The Brillion zone was sampled
at the gamma point. Density of states (DOS) and partial densities of
states (PDOS) were calculated on a 2 x 2 x 2 Monkhorst-Pack k-
point mesh or finer.

In order to correct for the delocalization of Ce 4f bands, a
3.125 eV Hubbard [32] correction (DFT + U) was applied to Ce-f
orbitals. This value represents a good compromise between elec-
tronic accuracy (i.e. two localized Ce 4f states in reduced CeO;) and
minimizing the depression of the calculated reduction energy for
the pseudopotentials used [30]. No Hubbard correction was applied
to the dopants as they do not, or only minimally, contribute to the f-
band of the systems, and therefore their correction does not
significantly affect reduction behavior [23].

A supercell composed of a 3 x 3 x 3 repetition of the primitive
ceria fluorite cell was used to represent the material. This cell
contains 27 cerium and 54 oxygen ions, and was chosen to repre-
sent likely reduction extents, and doping concentrations. Only bulk
phase behavior was investigated, in other words there are no sur-
faces in the cell. Because of its large size (lattice vectors of ~11.5 A)
periodic image interactions are minimized. The formation of an
oxygen vacancy in the supercell is equivalent to a reduction extent
of 3 = 0.037 or a 1.85% O-vacancy concentration. For calculations of
doped ceria, two cerium ions were replaced by dopant atoms — e.g.
two Hf ions or one La and one Nb ion, which enabled the com-
parison of O-vacancy formation energies at equal dopant concen-
trations. The replacement of two cerium ions results in a dopant
concentration of 7.4%.

O-vacancy formation energies were calculated using:

1
Eovac = Emo, ; +5E0, — Emo, (3)

where Egyac is the O-vacancy formation energy (reduction energy),
Emoz-3 is the energy of the supercell with an O-vacancy, Eyo> is the
energy of the supercell without a vacancy, and Eq; is the energy of a
gas phase O, molecule. Images showing the ionic configurations
were generated using VESTA [33]. Charge analysis of the ions was
conducted using the Bader method as implemented by the Hen-
kelman group [34,35]. Like all charge assignment methods Bader
analysis is a guide rather than a definitive determination of
oxidation states.

The analysis performed here only considers the reduction en-
ergy and neglects entropic effects. This is because entropic effects
are notoriously difficult to calculate accurately, which is exacer-
bated here due to the many possible configurations, and the asso-
ciated configurational entropy and vibration entropy contributions
at all possible geometric configurations. We therefore assume that
the introduction of the dopants has only minor changes on the
entropy of reduction, which enables us to compare reduction
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behavior under identical conditions between similar materials.
Previous work has suggested that this assumption is good when the
materials are similar [20].

2.2. Experimental methods

2.2.1. Synthesis and sample characterization

Powders of CeO.gLaolosNbo_osoz (LaNbS—CeOz), C60.9Y0_05Nb0.0502
(YNb5-C602), Ceo,QSCQ.osNbo.osoz (SCNbS-Ce()z) and CeO'QHfO']O2
(Hf10-CeO,) were produced according to a modified Pechini
method as described by Meng et al. [ 18] Note that slightly different
notation is used to ease differentiation between computational and
experimental results. Citric acid (Sigma-Aldrich, 99%) in a molar
ratio of 3:2 citric acid to metal cation was dissolved in 50 ml of
anhydrous ethylene glycol (Sigma-Aldrich, 99.8%). In the case of
Hf10-CeO,, it was dissolved in 50 ml of deionized water. The
respective metal cation nitrates and chlorides, namely cerium(III)
nitrate hexahydrate (Sigma-Aldrich, 99%), Lathanum(Ill) nitrate
hexahydrate (Alfa Aesar, 99.9%), Yttrium(Ill) nitrate hexahydrate
(Strem, 99.5%), Scandium(III) nitrate pentahydrate (Strem, 99.5%),
Niobium(V) chloride (Strem, 99%) and Hafnium(IV) chloride (Alfa
Aesar, 98%) were successively added to the ethylene glycol. The
mixture was stirred for 2 h at 363 K on a magnetic hotplate. Then,
the temperature was gradually increased until the ethylene glycol
auto ignited and a powder was formed. The powders were calcined
at 1273 K for 1 h. After cooling, the powder was uniaxially cold-
pressed under 5 tons into dense cylindrical pellets with a diam-
eter of 8 mm and masses ranging between 220 and 373 mg. Sub-
sequently, the pellets were sintered at 1773 K for 5 h using a heating
rate of 5 K/min.

2.2.2. Thermogravimetric analysis

Relative reduction extents of the various materials were
measured based on their relative mass losses in a thermogravi-
metric analyzer (TGA, Setaram Setsys Evolution) at elevated tem-
peratures and reduced O, partial pressures. The samples were
suspended from the balance with a custom-made platinum hook to
minimize mass transfer limitations between the sample and the
surrounding gas atmosphere. The gas atmosphere in the TGA was
controlled by varying the gas flow rates of Ar (Messer, 4.6) and O,/

2.59

Ar (0.5 mol% O in Ar, Messer, 5.0). Gas flows were adjusted using
electronic mass flow controllers (Brooks, Model 5850TR, accu-
racy + 1). A blank run (Al,O3 pellet) conducted under the same
conditions was subtracted from the sample measurements to ac-
count for buoyancy effects. TGA experiments were conducted at
T = 1623 K with a heating rate of 10 K/min and an oxygen partial
pressure range of poz = 2.5 x 1074 — 4.75 x 10~3 atm. The material
was initially heated to 1073 K at poz = 4.75 x 103 atm and allowed
to equilibrate. Subsequently, the sample was heated to 1623 K
followed by isothermal reduction and oxidation by rapidly chang-
ing the poy and then allowing the system to reach equilibrium.
The relative mass loss of a sample is calculated according to:

Am
mass loss =

*100% (4)
msample

where Am is the weight loss at equilibrium measured by the TGA,
and Mgample is the sample mass.

3. Results and discussion

Here we will report on the O-vacancy formation energy of
trivalent/pentavalent paired charge compensating dopants. The O-
vacancy formation energy is used as the descriptor for redox ac-
tivity, where O-vacancy formation energies higher than ceria are
expected to perform poorly due to an inability to reduce at
reasonable (<1773 K) temperatures, and low O-vacancy formation
energies correspond to poor performance due to an inability to
drive the water splitting reaction [20,23]. We first describe YNb-
CeO, and compare its behavior to undoped ceria. We then describe
the remaining PCCD combinations. We also compare the results to
singly doped ceria to show that the PCCD effect is synergistic rather
than an averaging of the reduction energies. Because this is the first
report - to the best of our knowledge - of this ceria doping strategy,
we confine the PCCD combinations to group IIIA and VA elements.
Additionally, we restrict the discussion to the thermodynamics of
reduction, leaving surface reactions and diffusion effects to future
work. All calculations were conducted in bulk ceria, and the super
cell remained neutrally charged for all configurations. Lastly, we
present experimental relative reduction extents of select materials

dysop = 1.92
2.38
535 Oyp,=2.33
dy.op = 2.58

Fig. 1. Geometric representations of the a) 3NN and b) 1NN, configuration of YNb-CeO,. The black lines of the top figures indicate the bounds of the supercell. The lower
configurations illustrate the coordination of the Y and Nb dopant cations. Large gray, large blue, medium green and small red spheres represent Ce, Y, Nb and O ions respectively.
Numbers indicate interatomic distances in Angstroms (A). In b), a and b are used to differentiate the shared O anions for labeling the distances. (For interpretation of the references

to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Partial density of states plots of oxidized a) 3NN.. YNb-CeO,, b)INN.. YNb-CeO,, ¢) undoped CeO,, d) Hf-CeO, e)Y-CeO, f) Nb-CeO,. The PDOS plots are truncated to
emphasize the details near the edges of the Valance and f-bands. The PDOS's of dopant cations have been increased to ease comparisons.

which agree with the computational predictions. In depth materials
characterization is left to a separate work.

3.1. Oxidized YNb doped CeO;

Ceria adopts the fluorite structure where the Ce cations are
eightfold (cubically) coordinated, and the O anions are tetrahe-
drally coordinated. Introducing two dopants into the ceria lattice
breaks the cationic and anionic symmetry, generating many unique
sites. Therefore, we investigated two cationic configurations, and
three O-vacancy sites. The cations were either third nearest cationic
neighbors (~6.7 A apart) which we call 3NN, or were first nearest
cationic neighbors (~3.8 A apart) which we call 1NN¢. These

configurations are exemplified by YNb-CeO, in Fig. 1. There is
almost no thermodynamic preference for one cationic configura-
tion of YNb-CeO, over the other (<0.006 eV preference for the
3NN configuration which is well within the accuracy of the
methods). Because there is no preference for pairing, the dopants
are likely to be randomly distributed across cationic sites, sug-
gesting that the number of 1NN, sites only depends on the doping
concentrations and chance.

The electronic structure of PCCD-Ce0Q, is generally similar to
that of undoped ceria and tetravalent Hf-CeO,. The partial density
of states (PDOS) of fully oxidized YNb-CeO, shows a fully occupied
valence band, i.e. no empty O 2p states, and empty Ce-f and con-
duction bands, where the Fermi level is within the band gap just
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Fig. 3. Visualization of the reduced YNb-CeO, super cell showing a) 3NNg_s, b) 3NNO.
34, and ¢) INNc.o.c configurations. The left panel shows the entire super cell while the
right panel details the coordination of the dopant cations neighboring the O-vacancy.
Large gray, large blue, medium green and small red spheres represent Ce, Y, Nb and O
ions respectively. The black dashed square shows the location of the vacancy. Numbers
indicate interatomic distances in Angstroms (A). The dopant-O distances for all
attempted configurations are shown in SI Table S1-18. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version of this
article.)

like undoped CeO; and Hf-CeO,, as shown in Fig. 2. This is in
contrast to doping with only trivalent or pentavalent dopants,
where the Fermi energy moves into the valence band, or new filled
states appear, respectively, as shown in Fig. 2e and f. As in the case
of Hf-CeO,, some states associated with Y and Nb appear in the f-
band; however, these comprise a small minority of the total. Nb
states appear as a narrow band ~3.8 eV above the valence band
maximum between the Ce f-band and the conduction band, which
is composed primarily of Ce d-states, as shown in the supporting
information (SI) Fig. S1. The PDOS's of all of the PCCD-CeO, mate-
rials are shown in SI Figs. S2—9. The “extra” electron of the
pentavalent Nb cation, as compared to Ce, compensates for the
“missing” electron of the trivalent Y cation, and thus all O anions
are fully reduced. This behavior is different than either Y-CeO; or
Nb-CeO,, where the Fermi energy lies within the valance band or
above a new state high in the valance band - f-band gap, respec-
tively [23]. The PDOS analysis confirms the hypothesis that PCCDs
behave like tetravalent dopants from an electronic perspective, and
that reduction will require the promotion of two electrons to the
conduction band.

There is one caveat to the tetravalent like behavior of the PCCDs,
namely the charge on the dopant cations. In both cationic config-
urations, the Y dopant is less positively charged than the Ce cations
or Hf cations in Hf-CeO,, having Bader predicted charges
of +2.14, +2.23, and +2.73 respectively, while the Nb dopants is
more positively charged than Ce, with a +2.71 and + 2.68 charge in

the 3NN, and 1NN configurations, respectively. The relative
charges of Y and Nb as compared to Ce are unsurprising given that
they are trivalent and pentavalent dopants.

The presence of Y and Nb dopants induces geometric changes in
the ceria lattice. In both configurations the lattice vectors contract,
from being symmetric and 11.67 A long in pure ceria to being
symmetric and 11.63 A long in the 3NN configuration and
asymmetric with a = b = 11.63 A and ¢ = 11.64 A in the 1NN
configuration. In addition to the contraction of the lattice, the local
geometries also change. As in the case of Nb-CeO; and Y-CeO; [23],
the Nb cation induces significant structural reconfiguration of its
coordinating O anions in YNb-CeO,while Y does not. After relaxa-
tion in both 3NN and 1NN, configurations, the Nb is tetrahedrally
coordinated to four O anions with an average Nb-O bond length of
1.94 A, while the remaining O anions have expanded to an average
length of 2.57 A. The 2.57 A bond lengths suggest that four Nb-O
bonds have been mostly severed, although ionic forces are still
present, and that the O-anions are under-coordinated. The coor-
dination of Y, conversely, remains mostly unchanged. In the 3NN,
configuration, there is a slight distortion of the cubic configuration
where four Y-O bonds have shrunk to 2.35 A, three remain 2.38 A
long, and the O atom point towards the Nb cation is 2.45 A away
from the Y cation. In the 1NN, configuration, the bond lengths are
more distorted, where Y-O bonds are 2.32—2.41 A long, with the
exception of one of the O anions shared with Nb, whose bond
length has elongated to 2.58 A. The configurations and bond
lengths are detailed in Fig. 3. The long Y-O bond is associated with
the O anion that is tetrahedral coordinated to the Nb atom, and
therefore we attribute the long bond length to the effect of the Nb
dopant rather than the Y. The presence of broken O-cation bonds
neighboring the Nb dopants suggests that these sites will have
substantially lowered O-vacancy formation energies compared to
CeO0». O anions that only neighbor the Y dopant, however, are ex-
pected to have only somewhat lowered reduction energies
compared to CeO,, due to decreased ionic interaction.

3.2. Reduction of YNb-CeO,

We consider O-vacancy formation at three possible sites. When
the cations are in the 3NN configuration, O-vacancies were
considered to occupy sites neighboring either the trivalent cation
(3NNp-3,) or the pentavalent cation (3NNo.s,), as it has been
shown that O-vacancies preferentially neighbor dopant cations
[23]. In the 1NN configuration the O-vacancy occupied sites
neighboring both cations (1NNco-c). The relaxed geometries of
these sites are shown in Fig. 3. O-vacancy formation is endothermic
by 1.97 eV, 2.51 eV and 1.69 eV for the 3NNg_5, 3NNg_3, and 1NN
o-c Sites respectively. At all three sites the O-vacancy formation
energy is substantially reduced form the 2.85 eV found in undoped
ceria. The 3NNg.5, and 3NNg.3, sites, where the O-vacancies
neighbor only one dopant are expected to be redox active because
they store sufficient energy to split H,O or COy; conversely, INNc.o-c
sights where the O-vacancy neighbors both Y and Nb do not store
sufficient energy to abstract the O from H,0 or CO; and therefore
are not expected to be redox active.

Upon reduction of YNb-CeO,, two electrons worth of electron
density are promoted into Ce f-states. This can be seen in Fig. 4a—c.
These electrons form a new, narrow band that is slightly lower in
energy and separate from the main Ce-f band and is composed of Ce
4f character. This indicates that Ce atoms are reducing rather than
either of the dopants. This is logical as the Ce 4f states are lower in
energy than the Nb or Y states. In the case of 3NNg_5,, two new
states appear in the bad gap, one that is filled and is associated with
the promoted electrons and a second unfilled state. The high en-
ergy promotion of the two electrons from the valence band to Ce 4f
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truncated to emphasize the details near the edges of the valance and f-bands. The PDOS's of dopant cations have been increased to ease comparisons.

states causes the reduction to be highly endothermic, similarly to
what is seen for undoped ceria (Fig. 4d).

We attribute the decrease of the reduction energy of YNb-CeO,
to broken O-Nb bonds, and decreased ionic bond strength of Y. The
presence of Nb causes four O bonds to break, leaving four O anions
under-coordinated. Therefore, generating an O-vacancy at the
3NNp.s5. site necessitates the breaking of only three O-cation bonds
rather than the four of undoped ceria and thus the reduction energy
is suppressed. At the 3NNg_3.. site no O-bonds are pre-broken, and
thus O removal requires the severing of four O-cation bonds. This
explains the higher O-vacancy formation energy at the 3NNg_3., site
as compared to 3NNg_s5, sites but does not explain the suppressed
O-vacancy formation energy compared to undoped ceria. Because Y
no longer behaves like a trivalent dopant, in the sense of causing an
under-reduction of O anions, one might assume that Y cations
decrease the O-vacancy formation energy by storing strain energy
in the Y-O bonds which is released upon reduction, as is seen for Zr
or Hf dopants [23]. However, this is not the case because the Y-O
bond lengths before and after O removal (2.38 and 2.32 A respec-
tively, not including the extra elongated or contracted bond) closely
match the Ce-O bond lengths in undoped ceria (2.38 and 2.33 A
respectively), as shown in Fig. 3. Therefore, any strain release would
be minimal and be unable to account for the 0.34 eV decrease in
reduction energy. We attribute the decreased O-vacancy formation
energy to the relative strengths of the ionic interactions of Ce*+ and
Y3+ with 0%~. The Y cation is less oxidized than the Ce cations as
shown by their Bader charges of +2.14 + 2.23, respectively;
therefore, the ionic attraction of 0%~ to Y>* is weaker than to Cet4
making O abstraction less endothermic.

The largest suppression of the O-vacancy formation energy is
seen at the 1NN o sites, and arises from the combined effects of
both dopants. In fact, the summation of the decrease in reduction
energies as compared to pure ceria at the 3NNg_3, and 3NNo.5,

sites (0.34 eV and 0.88 eV respectively for a 1.22 eV total effect) is
roughly the same as the decrease in reduction energy found at the
TNNc.oc site (1.16 eV). Overall, this shows that the PCCD-CeO; of-
fers a reduction energy that is expected to facilitate redox cycling
and that co-doping results in a synergistic effect where the trivalent
dopant acts more similarly to a tetravalent dopant than ceria doped
with only trivalent dopants.

3.2.1. Effect of trivalent and pentavalent cation identity on the
results

Eight other PCCD combinations were examined for their
preferred cationic configurations and reduction behavior. For the
remaining PCCD materials there is little to no driving force for the
cations to pair (<0.1 eV). However, different combinations of
trivalent and pentavalent dopants alter the reduction energies of
ceria to varying extents as shown in Fig. 5a—c and Table 1. As in the
case of YNb-CeO,, the O-vacancy formation energy is site depen-
dent with relative energies of 1NN¢-c < 3NN.5.0 < 3NN, 3.0 The
identity of the trivalent dopant has the largest effect on the O-va-
cancy formation energy, except when the O-vacancy only neigh-
bors the pentavalent dopant where all nine investigated
combinations have roughly the same energy (within 0.18 eV of each
other).

The trivalent dopant decreases the O-vacancy formation energy
depending on their identity where PCCD materials have relative
reduction energies of ScX-CeO, < YX-CeO; < LaX-CeO, (where X is
V, Nb, or Ta) regardless of the pentavalent dopant. This arises due to
their relative extents of oxidation. As described for YNb-CeO», the
trivalent dopant suppresses the reduction energy by decreasing the
ionic attraction between 02~ anions and the cations; therefore, less
positive cations are expected to have lower O-vacancy formation
energies than more positively charged cations. The effect of this is
illustrated in Fig. 5d, where the O-vacancy formation energy is
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plotted against the Bader charge. The good linear correlation be-
tween the Bader charge of the trivalent cation and O-vacancy for-
mation energy suggests that the ionic attraction explanation is
reasonable because ionic interactions scale linearly with charge.
While this correlation is best when comparisons are made between
PCCD's with the same pentavalent dopant (R? = 0.83, >0.99, >0.99
for V, Nb and Ta respectively when including Ce in undoped ceria as
a data point in the fit), the correlation is still good when all com-
binations are considered (R?> = 0.81). The fact that undoped ceria
was included in the fitting that resulted in a good correlation
further bolsters the attraction explanation because this suggests
that secondary effects like strain or different bonding mechanisms
are not the main effect (see SI Fig. S10 for a comparison of Bader
charge and reduction energy for ceria doped singly with tetravalent
and pentavalent dopants).

When there is an O-vacancy in the 3NNg_s5, configuration, there
is a maximum difference in reduction energies of 0.17 eV, which is
significantly smaller than the 0.75 eV range at a 3NNg.5,. The
pentavalent dopants have a smaller effect because they are more
similar to each other than the trivalent dopants. The pentavalent
dopants all induce massive structural re-arrangement due to their
smaller ionic radii (V-0.68 A, Nb-0.78 A, and Ta-0.78 A) than Ce
(1.01 A) which results in broken O bonds. Because the presence of
broken O-bonds is the main cause of O-vacancy formation energy
reduction for pentavalent dopants and all three pentavalent ele-
ments break bonds, it is unsurprising that they behave similarly.
Density of states plots and super-cell geometric information for all
PCCD-CeO, are contained in SI Figures S2-S9 and SI Tables S1—S9.

3.3. Single element doped ceria

The reduction energies and configurational preference energies
were calculated for ceria doped with only a single element in the
same configurations described for the PCCD materials. The results
are summarized in Table 1. Here we just point out major trends. For
more detailed analysis of the effects of singly doped ceria see
Muhich and Steinfeld [23]. The dopants decrease the reduction
energy of ceria with relative energies of trivalent (single
vacancy) < 0 < pentavalent < tetravalent undoped, as shown in
Fig. 5. The reduction of trivalent doped ceria is exothermic, while
tetra- and pentavalent dopants are endothermic. When a second O-
vacancy is introduced into the trivalent cation doped ceria, the O-
vacancy formation energy becomes endothermic and roughly equal
to that of undoped ceria because two electrons must once again be
promoted to the high energy Ce-f band [25]. This is because the
trivalent dopants cause the under reduction of the O anions and,
therefore, the reduction does not require the promotion of elec-
trons into the Ce-f band, the pentavalent dopants break O bonds,
and the tetravalent dopants only strain the O bonds. For all of the
dopants investigated, the O-vacancy formation energy is lowest
when the vacancy occupies a site neighboring two dopants,
because the effects are cumulative, but the effect is largest for Zr-
and Hf-CeO,. The relative energies of the single element doped
materials are all lower than the PCCD-CeO,, except Sc based PCCD
materials which have reduction energies between Zr- and Hf-CeO,.

The relative energies of the two cation configurations depend on
the identity of the dopant. The pentavalent, and Ti and Sc dopants
attract each other, while the remaining tetra- and trivalent dopants
do not. This suggests that while Y, La, Zr and Hf will be randomly
distributed through the lattice, the other dopants form pairs.

3.4. Expected structures and reduction behavior of doped ceria

In order to predict the redox behavior of PCCD-CeO, materials it
is necessary to understand both the available structures and their
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Table 1
Summary of computational energetic and Bader charge results.

1NNcc preference (eV)* 3NN, Bader charge

1NNcc Bader charge Reduction energy (eV)

+5 +3 +5 +3 3NNo-5+ 3NNo-3+ 1NNc-o-c
Ce0, nja 2.23° 2.85"
ScX Scv 0.00 211 2.06 2.10 2.07 1.97 2.01 1.40
Sc Nb —0.04 2.71 2.00 2.70 2.06 2.02 2.14 1.42
Scta —0.03 2.88 2.00 2.86 2.03 1.98 227 1.35
YX Yv 0.00 2.07 213 2.07 2.10 1.86 2.52 1.68
Y Nb 0.01 2.71 214 2.71 2.15 1.97 251 1.69
Y Ta 0.00 2.87 215 2.83 217 1.86 2.65 1.68
LaX LaV -0.08 2.07 218 2.07 2.18 1.84 2.64 1.67
La Nb —0.06 2.70 221 2.68 221 1.98 2.74 1.89
LaTa —0.07 2.86 223 2.83 221 1.85 2.76 1.92
+3 Sc —0.44 2.02 2.06 —142 ~-1.52
Y —0.06 2.02 2.06 -1.24 -1.37
La —0.03 224 225 -1.07 -1.03
+4 Ti -0.73 2.12° 2.09° 1.61° 1.49
Zr 0.01 2.39° 2.48° 2.17° 1.52
Hf 0.03 2.74° 2.64° 2.07° 134
+5 \% -1.23 2.08/2.11¢ 2.08/2.11¢ 1.72 1.79
Nb ~0.63 2.58 2.59 1.50 1.46
Ta -0.48 2.85 2.83 1.45 1.15

2 The energy difference between the 1NN, and 3NN, configurations, a negative energy indicates that the 1NN, configuration is preferred.
b The formally tetravalent cations are grouped with the pentavalent cations for space reasons.
€ The V cations do not have equal charge and therefore the charge of each cation is shown.

Fig. 6. Visualization of the high concentration YNb-Ce-O, super cell showing a) the oxidized state, singly reduced with a vacancy at the b) INNs, 0.5, and c) 3NNg_3. sites, and d)
the doubly reduced cell with vacancies in both 1NN, _o_5,and 3NNg_3 sites. Large gray, Large blue, medium green and small red spheres represent Ce, Y, Nb and O ions respectively.
The black dashed square shows the location of the vacancy. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)

relative O-vacancy formation energy and thereby their reduction
behavior. Therefore, we first discuss the structures that are avail-
able, the relative reducibility of the structure and finally the pre-
dicted impact of PCCD on the redox behavior of ceria.

3.4.1. Structures of PCCD ceria

O-vacancy formation at the three dopant neighboring sites
(1NNc.o-c, 3NN, 5.0, 3NN, 3.0) differs based on the identity of the
coordinating cations; however, which O coordination structures are
available is a more complex matter. As mentioned in the results
section, the PCCD and trivalent dopants (except Sc) are expected to
be randomly distributed throughout the material due to the low or

unfavorable pairing energy (<0.1 eV), while the pentavalent dop-
ants have a strong driving force for pairing (>0.46 eV). Therefore,
we predict that the pentavalent dopants in PCCD ceria will form
pairs, leaving the trivalent dopants randomly distributed on the
lattice. This leaves O sites that neighbor two pentavalent dopants,
and sites that neighbor trivalent dopants. Additionally, there will be
some O sites which neighbor multiple trivalent dopants as the
dopants are randomly distributed. However, we assume low con-
centrations of dopants and therefore consider the trivalent dopants
to be unpaired.

Based on the energies of the configurations considered in Sec-
tion 3.3 and 3.4 and the analysis given above, i.e. the doped material
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contains isolated trivalent dopants and paired pentavalent dopants,
we do not expect O sites in all of these configurations to be redox
active. Rather we first expect low energy O-vacancies to form at the
1NNs. o5, sites which are not HO or CO, splitting redox active;
subsequently, we expect high energy O-vacancies to form at
3NN, 3¢ sites which are redox active. To test this, we constructed a
super cell containing two separated Y>* cations and two neigh-
boring Nb>* cations, and removed two O anions, as shown in Fig. 6.
We calculate that an O-vacancy forms at the 1NNs. .5, site with a
reduction energy of 1.75 eV, which is lower than when the O-va-
cancy neighbors a Y>* dopant (2.42 eV). These sites are shown in
Fig. 6. The ordering of the vacancy site preferences is consistent
with the energies calculated in super cells containing only two
dopants (or no dopants) with similar configurations, and the en-
ergy are only slightly altered, where the 1NN, 3¢ site is slightly
stabilized and the 1NNs, .5, site is slightly destabilized. We
attribute these changes to the increased dopant concentration.
Once again we suggest that the 1NNs, o5, site does not store
sufficient energy to abstract an O from H,0 or CO; and therefore
this site is not gas splitting redox active. Because of the strong site
preference for the first vacancy, we consider that an O-vacancy
occupies the 1NNs, .5, site when the second vacancy forms. We
calculate that the second vacancy has a formation energy of 2.33 eV
when it occupies a 3NN, 3 ¢ site. The reduction energy of the active
3NN, 3¢ site in the high dopant concentration super cell (2.42 eV
and 2.33 eV for the first and second O-vacancy) is similar to that of
the lower concentration YNb-CeO; super cell (2.51 eV). Addition-
ally, these reduction energies have not changed sufficiently to alter
the relative ordering of the reduction energies of the PCCD mate-
rials. This suggests that the lower dopant concentration super cell
without an O-vacancy neighboring the pentavalent dopant is a
good representative model for the more complicated system tested
here. Therefore, we consider only the configurations with one set of
PCCD for the rest of our analysis.

Because of its low O-vacancy formation energy, O vacancies are
likely to form at the O-sites neighboring two pentavalent dopants
even at moderate temperatures and slightly reduced O, partial
pressures. However, because the reduction energy at these sites is
so low that insufficient energy is stored in the vacancy to abstract
an O atom from water or carbon dioxide, and therefore these sites
are considered to be inactive for solar thermochemical water or
carbon dioxide splitting. The isolated trivalent sites, however, have
reduction energies that are substantially higher, although lower
than undoped ceria. We predict that the 3NNg.3, sites are the H,O
and CO; splitting active sites, and thus that the O-vacancy forma-
tion energy for these sites should be used for predicting redox
behavior.

3.4.2. Predicted reducibility of PCCD-CeO,

Based on the O-vacancy formation energies detailed in Table 1
and Fig. 5, we can predict the relative reduction extents, and
therefore mass losses, of doped ceria at intermediate to high tem-
peratures. With the understanding that we expect the pentavalent
dopants to pair, leaving isolated trivalent dopants, we use the
3NNg.3; O-vacancy formation energies for the predictions. The
relative reduction extents for Nb based PCCDs are predicted to be
ScNb-Ce0; > YNb-CeO, > LaNb-CeO, at a given O, partial pressure
and temperature. We only list the Nb based PCCDs because the
identity of the pentavalent dopant is predicted to have a minimal
effect and does not alter the ordering above. Additionally, YNb and
LaNb PCCD materials are expected to have reduction energies be-
tween that of Zr doped ceria and pure ceria while ScNb behavior is
expected to lie between Zr and Hf doped ceria giving a predicted
relative reducibility of Hf-CeO, > ScNb-CeO, > Zr-CeO, > YNb-
CeO, > LaNb-CeO, > pure ceria.

3.5. Experimental relative reduction extents of PCCD materials

The relative reduction extents of Nb based PCCD-CeO», Hf doped
ceria and pure ceria were determined by their mass losses at high
temperatures and low O, partial pressures as measured via ther-
mogravimetric analysis. The samples were reduced at 1623 K under
several low O, partial pressures. The resulting mass losses are
displayed in Fig. 7. The mass loss is attributed to reduction and O,
generation because it is reversible upon exposure to higher O,
partial pressures. Upon heating, the materials began to reduce and
at the final temperature the materials exhibited relative mass losses
of Hf > ScNb > YNb > LaNb > pure ceria. The order remained the
same regardless of the oxygen partial pressure, although at lower
oxygen partial pressures the mass losses were higher. Further and
more in depth experimental analysis and materials characteriza-
tion can be found in Hoes et al. [36]. These experimentally deter-
mined relative reduction extents match the computationally
predicted behavior. This suggests that the computational results
and the associated analysis is likely correct, and that PCCD-CeO,
materials seem to be a way to extending the range of available ceria
redox energies.

4. Conclusions

We have developed a novel dopant strategy based on paired
charge compensating dopants to improve the redox performance of
ceria. By co-doping tri- and pentavalent dopants, the material be-
haves as if it were doped with a tetravalent dopant but with an
increased range of O-vacancy formation energies, which depends
on the chosen trivalent dopant. Specifically, we investigated all
possible trivalent and pentavalent combinations from the IIIA and
VA groups and found that the trivalent dopant has a larger impact
on the O-vacancy formation energy where less oxidized cations
result in lower O-vacancy formation energies. Based on the
computed reduction energies we predicted and experimentally
verified that the PCCD materials reduce less than Hf doped ceria but
more than undoped ceria, and that they have relative reduction
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Fig. 7. Thermogravimetric analysis of PCCD-CeO, at 1623 K; both undoped ceria and
Hf-CeO, are included for reference. The top, middle, and bottom plots displays,
respectively, the O,partial pressure and temperature of the system, and resulting mass
changes of the sample.
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extents of: Hf > ScNb > YNb > LaNb > undoped ceria. Additionally,
because the PCCD materials have larger reduction energies than Hf-
and Zr-CeO,, they are predicted to achieve higher re-oxidation
conversion extents under identical solar thermochemical gas
splitting oxidation conditions while still reducing more than pure
ceria under identical reduction conditions.

While this work only investigated the IIIA/VA group dopants for
PCCD-CeO, materials, there are many more combinations available
owing to the large number of elements which adopt a 3 + oxidation
state. Therefore, ample opportunities exist to develop more dopant
combinations with a wider range of O-vacancy formation energies.
In this work, the O-vacancy formation energies have been assessed
in terms of the solar thermochemical splitting of H»O and CO»,
where energies between Hf-doped and undoped ceria are of in-
terest. However, the paired charge compensating doping strategy
could be extended to other applications where ceria is used, such as
catalytic converters and fuel cells/electrolyzes, where the O-va-
cancy energy needs to be tuned to provide optimal performance.
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