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Abstract:

Doped CeO: is a very promising electrolyte for intermediate temperature solid
oxide fuel cells (IT-SOFCs). To further improve the performance of the CeO,-based
electrolyte, co-doping two different elements into CeO: is a feasible method, however
the co-doping effect on the ionic conductivity is not well understood and whether it is
synergistic or average is even controversial. In order to gain a fundamental

understanding of the co-doping effect, the microscopic properties of co-doped CeO; are
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calculated using the DFT+U method. Density of states, band structures, oxygen vacancy
formation energies, defect association energies, and oxygen vacancy migration energies
are systematically calculated for In®*, Sm®" single-doped and co-doped CeO,. Based on
our calculations, we find that the coexistence of the two doped ions in the local
structures of the doped CeO: can suppress the reduction of Ce*" to Ce*', which is
beneficial for the decrease of the internal short circuit current of the CeO,-based
electrolyte. For In® and Sm®" co-doped CeO, when the distance between the two
doped ions is the first nearest neighbor, the co-doping effect is average. However, when
the distance between the two doped ions extends to the second nearest neighbor, the
availability of the free oxygen vacancies is synergistically enhanced. Therefore whether
the co-doping effect on the ionic conductivity is average or synergistic is highly
dependent on the local structures of the co-doped CeO, which are difficult to control in
experiments, offering a reasonable explanation for controversial experimental results.
Our work provides a new atomistic level insight into the co-doping effect in CeO:

which would be helpful for high performance electrolyte development.
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1.

Introduction

Intermediate temperature solid oxide fuel cells (IT-SOFCs) are promising power
sources due to their high energy conversion efficiency and low pollution emissions [1-6].
The key to develop efficient and durable IT-SOFC is to develop stable electrolytes with
high ionic conductivity. Recently, CeO,-based electrolytes has received increasing
attention due to their higher ionic conductivity than that of the conventional

yttria-stabilized zirconia (YSZ) electrolyte [7-9].

Actually, CeO> can be doped with one or more than one elements. In the past few
years, many studies have been conducted on CeO, doped with one element [10-24].
Nakayama and Martin [25] conducted first principle calculations on Sc, Y, La, Nd, Sm,
Gd, Dy and Lu single-doped CeO using density functional theory (DFT) without taking
localized 4f states into consideration. For simplify, they assumed that only doped ions
on the nearest neighboring positions affect the oxide ion hopping and concluded that the
radius of the doped ions could influence the defect association energy and oxygen
vacancy migration energy to some degree. Shi et al. [17, 18] did DFT calculations using
PBE+U method on Mn, Pr, Sn and Zr single-doped CeO.. It is found that the decrease
of the oxygen vacancy formation energy is mostly caused by the electronic modification
as well as the structural distortion. Yahiro et al. [22] experimentally verified that among
lanthanide series, Sm and Gd single-doped CeO. (commonly referred to as SDC and
GDC) have the highest ionic conductivity, therefore SDC and GDC have been widely
used in IT-SOFCs recently. Ou et al. [26] used electron energy loss spectroscopy
together with area electron diffraction method to study Sm, Gd, Dy and Yb single-doped
CeO:q. It is found that the oxygen-vacancy local ordering would decrease the mobility of

oxygen vacancies and lead to a lower ionic conductivity. Thus, controlling dopants



segregation and doping more than one elements into CeO, are suggested as two
promising ways to control the oxygen vacancy local ordering for improving the ionic

conductivity of CeO.-based electrolytes.

Recently, several co-doped CeO. materials has demonstrated high ionic
conductivity. Kashyapa et al. [27] reported that Sr>* and Gd** co-doped CeO; could
increase the ionic conductivity to 6.3x103 S cm™ while that of the Gd** single-doped
CeO: is only 1.1x102 S cmtat 600°C. Jaiswal et al. [28] synthesized Sr?* and Sm3*
co-doped CeO». It is found that the ionic conductivity of Ceog2SmMo.165r0.0201.9
(2.67x102 S cm?) is about two times higher than that of CeosSmg2019 (1.33%x102% S
cm?) at 600°C. Yamamura et al. [29] performed experimental research on Ca?*/Sr?* and
La®** co-doped CeO, They concluded that the suppression of the local ordering of
oxygen vacancies maybe the main reason for the ionic conductivity improvement of the
co-doped CeO,. Tao et al. [30] reported that In®* and Sm3* co-doped CeO- could not
only significantly improve the ionic conductivity but also suppress the electronic

conductivity, which in turn decreases the ohmic loss and leakage current.

The above-mentioned experimental studies observed a synergistic effect of
co-doping on ionic conductivity of CeOz-based materials, which means the ionic
conductivity of co-doped CeO:z is higher than either of the respective single-doped CeO:..
However, different results are also observed. For example, Kasse and Nino [31] found
that the ionic conductivity of Sm3* and Nd** co-doped CeO, was between those of Sm3*
doped CeO; and Nd** doped CeO.. Similar results were also reported by Yoshida et al.
[23] on La%** and Y3* co-doped CeO.. Thus the co-doping effect on the ionic

conductivity of CeO»-based materials is still controversial in experimental researches.



Compared with many experimental researches, very few theoretical calculations
are available on the co-doping effect of CeO;and no consensus has been reached yet.
Without considering long-range cation ordering, grain boundaries, impurity segregation,
etc., Burbano et al. [32] investigated the ionic conductivity of Nd, Sm and Sc, La
co-doped CeOz by molecular dynamics (MD) method. Their results showed that the
ionic conductivity of co-doped CeO. was an average of the conductivity of the
respective single-doped CeO,. Alaydrus et al. [33] calculated the co-doping effect on
ionic conductivity of Sm, Gd co-doped CeO,. They found that the dopant vacancy
association between the oxygen vacancy and the two different co-doped ions is beyond
the simple logic of superposition. Andersson et al. [34] studied Nd, Sm and Pr, Gd
co-doped CeO: by first principles calculations and predicted synergistic co-doping
effect of such combinations on ionic conductivity. However, the subsequent experiment
on Nd, Sm co-doping structures [31] showed a contrary result. The contradictory results
in the literature indicates the need of systematic study on the co-doping effect in

Ce0O»-based materials.

To gain a fundamental understanding of the co-doping effect, we performed
DFT+U method on In3, Sm3* single-doped and co-doped CeO: to calculate a series of
microscopic properties, including density of states, band structures, oxygen vacancy
formation energies, defect association energies, and oxygen vacancy migration energies.
Based on experimental results [30] and our calculations, we proposed a new explanation
for the co-doping effect in CeO2, which can provide an atomistic level understanding of
co-doping effect in CeO, and help further development of co-doped electrolyte

materials for IT-SOFCs.



2. Computational methods

All calculations in this paper were carried out using spin-polarized DFT+U method
and implemented in the Vienna Ab initio Simulation Package (VASP) [35, 36]. The
projector augmented wave (PAW) method [37] was used, and the exchange-correlation
effects were described by the generalized gradient approximation (GGA) using the
Perdew-Burke-Ernzerhof (PBE) functional [38]. The cut off energy of the plane wave
basis set was 400 eV and the energy convergence criterion was 10 eV. Structural
optimization was carried out until the Hellmann-Feynman force on each atom was
smaller than 0.02V/A. The Gaussian smearing was set to be 0.05 eV. A 2 x 2 x 2
k-points of Monkhorst-Pack meshes [39] centered at the I' point was applied for
Brillouin zone integration. To account for strong on-site Coulomb repulsion among the
4f electrons of Ce and Sm, DFT+U method was adopted. The U values of 5.0 eV for Ce
[40] and 7.35eV for Sm [41] were adopted respectively. The climbing-image nudged
elastic band (CI-NEB) method was adopted to calculate the oxygen vacancy migration

barriers, and the force tolerance for the transition state (TS) calculations was 0.02 eV/A.

3. Results and discussion
3.1 Crystal structures

Pure bulk CeO; has a fluorite structure with the cations (Ce**) residing at the
face-centered-cubic (fcc) arrangement and the anions (O2?°) occupying the tetrahedral
holes. The calculated lattice constant of pure CeO; is 5.442A, which is very close to the
experimental value of 5.412A [42]. A 2x2x2 supercell with 96 atoms including 32 Ce

and 64 O was adopted to model pure CeO,. To construct In®*, Sm3* co-doped CeO;, two



Ce atoms in the supercell were replaced by Sm and In atoms, and then one oxygen atom
was removed. As shown in Fig.1 and Fig.2, nine different co-doping configurations
were calculated in this paper, named M1, M2, M3, M4, M2-2, M3-2, M4-2, M2-3 and
M4-3. In Fig.2 and the rest of this paper, we used N, NN, and NNN to represent the first
nearest neighbor, the second nearest neighbor, and the third nearest neighbor

respectively.

Total energy calculations were performed on these nine configurations. Comparing
energies in different columns of M2, M3, M4 and M2-2, M3-2, M4-2 (as shown in
Fig.2), we conclude that if we keep the distance between the doped ions and the oxygen
vacancy unchanged, the energies of the corresponding configurations will decrease first
and then increase with increasing distance between the doped ions. The configuration of
M3 and M3-2 is found to possess the lowest energy in the corresponding column, in
which the distance between Sm3* and In3* are both NN. Similarly, when comparing the
energies in each row in Fig.2, no matter how far the two doped ions are from each other,
the lowest energy can be found in the configuration with the distance between Sm3* and
oxygen vacancy being NN and In3* and oxygen vacancy being N. This phenomenon
may be attributed to the competition interactions of the two different doped ions on the

oxygen vacancy. More detailed discussions are provided in section 3.4 of this paper.

Furthermore, it can be seen from Fig.2 that the most energetically stable
configurations are M1 and M3-2, both with the energy of -772.24eV. Therefore, our

subsequent calculations will be performed on these two configurations.



3.2 Density of states and band structures

A comparative analysis of density of states (DOS) was performed on different
structures, including perfect structure CeO> (Fig. 3(a)), reduced CeO- (Fig. 3(b)), In%* or
Sm3* single doped CeO: of different concentrations (Fig. 3(c), 3(d), 3(e), 3(f)), and
Sm3* |, In3* co-doped CeO- with different configurations of M1 or M3-2 (Fig. 3(g), 3(h)).
For these different structures, the corresponding band structures were also calculated.
The band gaps between the valence band top and the conduction band bottom are listed

in Table 1.

From Fig. 3(a) and Table 1, we can conclude that the CeO> with perfect structure is
a pronounced wide gap insulator with a band gap of 2.372eV, which is very close to the
earlier DFT calculations of 2.377eV [14] and a little lower than the experimental result
of 3eV [43], indicating that our DFT+U calculations are reliable. It's worth noting that

the underestimation of the energy gap is a common feature of the DFT+U calculations.

Different from the unreduced CeO,, the reduced CeO; (Fig. 3(b)) possesses a small
Ce 4f state just below the Fermi level, which can be attributed to the local reduction
from Ce** to Ce3* around the oxygen vacancy [44]. Meanwhile, the corresponding band
gap of the reduced CeO: is narrowed to be 0.796eV (Table 1). Thus, we can derive that
the reduced CeO, may possess a little electronic conductivity, which is in good

agreement with the experimental results [45, 46].

From Fig. 3(c), Fig. 3(d), Fig. 3(e), and Fig. 3(f), we can conclude that for Sm3* or
In3* single-doped CeO2, whether the gap state of Ce 4f appears or not depends on the
doping concentration or the local structure of the doped CeO2. When there are only one

doped trivalent ions surrounding the oxygen vacancy, one Ce** around the oxygen



vacancy will be reduced to Ce3* for the charge compensation mechanism of the oxygen
vacancy. As shown in Fig. 3(c) and Fig. 3(e), the Ce 4f state will appear near the Fermi
level, which means in such condition, In® or Sm3* single-doped CeO, will possess a
small amount of electronic conductivity. Meanwhile, when the oxygen vacancy is
surrounded by two doped trivalent ions (Fig. 3(d) Cezoln2Oes, Fig. 3(f) Ce30Sm20s3), NO
Ce** is reduced to Ce®*, as the trivalent ions are enough to compensate for the charge of
the oxygen vacancy. Therefore, the Ce 4f gap state near the Fermi level will not exist.
From Table 1, we can see that the corresponding band gap is 2.119 eV for Cezoln2Os3
and 2.316eV for Ce3pSm20s3, Which means in such conditions, In® or Sm3*

single-doped CeO- is non-conductive.

As the local concentrations or local structures of the doped CeO: is difficult to
control in experiment, these two conductive conditions could coexist in the actual
material. Therefore the conductive behavior of the single doped CeO> is complicated.
This finding also well explains the small electronic conductivity of SDC in experiment

[9, 47].

For Sm3*, In3* co-doped CeO. with different configurations of M1 and M3-2, we
can conclude from Fig. 3(g), Fig. 3(h) and Table 1 that they are both non-conductive
and the bandgaps of 2.249 eV for M1 and 2.258 eV for M3-2 are just between the
bandgaps of 2.316 eV for Ce3Sm.0e; and 2.119 eV for Cezoln20s3, reflecting an

average effect of In3*, Sm3* co-doping on the bandgaps.



3.3 Oxygen vacancy formation energy

Oxygen vacancy formation energy E;fac is an important factor determining the

formation of oxygen vacancies [34], which can be defined as
EI{ac = EM+vac - EM + 1/2 Ho,

where M represents the doping ions such as Sm3*or In®*, Ej..qc iS the total energy of
the supercell containing the dopant-vacancy complex, E,, is the total energy of the

supercell with doped ions, and o, is the chemical potential of O.. A negative value of

Ef

vac

means that the formation of the oxygen vacancy is an exothermic reaction, thus

the oxygen vacancy can form spontaneously. While a positive value of Eifac means the

opposite.

For comparative analysis, E{ac was calculated for a series of CeOz-based

materials, including pure CeO;, Sm3* or In3" single-doped CeO; and Sm3*, In3*
co-doped CeO». For simplicity, we used different expressions to represent the different
structures and configurations. For example, in the expression of CeszInSmOs3
(NN)-NN,N, CeslnSmOQss3 represents the structure of In3*, Sm3* co-doped CeOz, NN in
the bracket means that the distance between the two doped ions is the second nearest
neighbor, NN,N behind the dash represents the distances between the oxygen vacancy
and the two doped ions, where the NN in front of the comma means the distance
between the oxygen vacancy and the Sm3* is the second nearest neighbor and the N

after the comma means the distance between the oxygen vacancy and the In3* is the first
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nearest neighbor. The rest of the expressions in Table 2 follow the same naming
principle.
As shown in Table 2, the E{ac for pure cerium oxide (Ce320e3) is calculated to be

3.332eV, which is very close to 3.10eV calculated by Tang at al [17] (with the U value

to be 4.5eV) and 3.61eV by Andersson at al [48] (with the U value to be 6.0eV). Such

positively large E;fa value indicates the difficulty to form oxygen vacancy in the pure

C
cerium oxide, which is consistent with the experimental results [46, 49].

For In®* or Sm3* single doped CeO- as shown in Fig.2, it can be seen that the local

structure of the doped CeO: is an important factor influencing the E;fac to a large

degree. When there is only one doped ion in the supercell, the values of EI{ac for either

In®* doped CeO, or Sm®* doped CeO; are all positive, indicating the difficulty to form

oxygen vacancies under such condition. Moreover, it is found that the difference of
EJ  between Ce3s1SmOes-N and CesSmOss-NN is 0.069eV, which is smaller than that

vac

for In3* single doped CeO to be 0.497eV (between Ces1InOs3-N and Ces11nOs3-NN).

When there are two doped ions in the supercell, all E;fac values become negative,
indicating that in such situation the oxygen vacancies can form spontaneously. The
difference of E/ _ between CesoSm20s3(N)-N,N and CeszpSmz0e3(N)-NN,N is as low
as 0.003eV, indicating that there are almost the same formation probabilities of the

oxygen vacancies on these two sites. The E;fac difference between Cezoln2Og3(N)-N,N
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and Cesoln2063(N)-NN,N is 0.607eV, which is obviously lager than that in Sm3* doped
CeO- and indicates that compared with the NN,N site, oxygen vacancy tends to form at
the N,N site. Thus, we can conclude that In®* has a stronger trapping effect on the

oxygen vacancies than Sm3* (More details will be discussed in section 3.4 and 3.5).

It's worth noting that when the distance between the two doped ions is enlarged to
NN, the Ei{ac value for Sm3* single doped CeO: (Ce30Sm20s3(NN)-NN,N) increases
0.31eV compared with the configuration of Ce3Sm2Oe3(N)-NN,N. However, such
increase of E{ac for In®* single doped CeO; is only 0.011eV, which is much smaller

than that of Sm3* single doped CeO.. Therefore, the distance between the two doped
ions has a greater impact on Sm3* single-doped CeO- than the In®* single doped CeOs..

And the In®* single doped CeO> is more sensitive to the distance between the oxygen
vacancy and the doped ions. Such difference may be helpful for the E{ac reduction of

the co-doped CeO..

For In®*, Sm®* co-doped CeO;, the E;fac were calculated for the most stable
configurations of M1 (CeszlnSmOs3(N)-N,N) and M3-2 (CezlnSmOe3(NN)-NN,N) as
discussed in section 3.1. The E/ _ for M1 is -0.533eV, the value of which is between
-0.421eV for Ce3Sm20s3(N)-N,N and 0.889eV for Cesoln2063(N)-N,N, reflecting the
average co-doping effect on the oxygen vacancy formation of M1. While the £/  for

vac

M3-2 is -2.160 eV, which is lower than -0.108eV for Ce3Sm20s3(NN)-NN,N and

-0.293eV for Cezln2063(NN)-NN,N, reflecting the synergistic co-doping effect on the

12



oxygen vacancy formation in M3-2. Moreover, M3-2 also possesses the lowest E/

vac

among all the structures calculated in Table 2, which is beyond our simple logic of
superposition. It is worth noting that we also calculated the Ei{ac of Ces3InSmOs3

(NN)-N,NN (M3), the result of which also reflects the synergistic co-doping effect on

the oxygen vacancy formation.

So we can conclude that in In3*, Sm3" co-doped CeO, whether the co-doping
effect on the oxygen vacancy formation is average or synergistic depends on the
distance between the two doped ions. The NN distance of the two doped ions is more

beneficial for the oxygen vacancy formation.

3.4 Dopant-vacancy association energy

Dopant-vacancy association energy Eass is defined as the interaction between the

doped ions and the oxygen vacancy, which can reflect the ability of hindering the

oxygen vacancies from being mobile [10, 34]. Thus the Eass combined with E/  can

vac

determine the availability of the free oxygen vacancies for ionic conductivity.

Easscan be evaluated by calculating the energy difference between a supercell with
a vacancy nearby the doped ions and a supercell in which the doped ions and the
vacancy are sufficiently far away from each other. As shown in Table 3, Eass can be
divided into two parts, one is electronic interactions (symbolized as Eee) mediated by
redistribution of the electronic structures, the other is elastic interactions (symbolized as

Eela) caused by lattice deformations. Eele can be calculated as the same energy difference
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as Eass inunrelaxed supercells. Eeia can be extracted by subtracting Eeie from Eass [34].

For comparison, Eass, Ecie and Eeia are calculated for In3*, Sm3* single-doped and
co-doped CeO: in different configurations of M1, M3-2 and M3. As shown in Table 3,
all the calculated Eass which is balanced between the repulsive elastic part (Eeia>0) and
the attractive electronic part (Eee<0) are negative, indicating that it is the total attractive
interactions between the doped ions and the oxygen vacancies for M1, M3-2 and M3 in

either In3*, Sm3* single doped or co-doped CeOx.

Table 3 shows that for both M1 and M3-2 (the configurations of M3 and M3-2 for
single doped CeO; are equivalent), the Eass values for In®* single doped CeO; are lower
than that for Sm3* single doped CeO,, reflecting that the In®* ions have a stronger
trapping effect on the oxygen vacancies than the Sm3*ions. This may be attributed to
the smaller ionic radius of the In3* ions (0.92A) than that of the Sm3* ions (1.079A)

under the same effective charges.

For In®*, Sm3* co-doped CeO- with the configuration of M1, an intermediate Eass
value is obtained between the corresponding single doped structures, reflecting an
average co-doping effect. However, for M3-2, the Eass value of the co-doped CeO: is
higher than both of the In3* or Sm3* single doped structures, reflecting neither average
effect nor synergistic enhancement effect, which is beyond our expectations. For further
comparison, we have also calculated the Eass of M3, of which the Eass value is lower
than the corresponding single doped structures. It's worth noting that the only difference
between M3 and M3-2 is the relative position of the oxygen vacancy (as shown in

Fig.2).

The difference of the co-doping effect on the Eass between the configuration of M3

14



and M3-2 can be attributed to the competition interactions on the oxygen vacancy
between In®** and Sm3*. As the In3* ion has a stronger trapping effect than the Sm** ions,

the configuration with the oxygen vacancy N to the In®*, and NN to the Sm3* (M3-2) is
more energetically stable (section 3.1) and possesses lower E;fac (section 3.3) than M3,

from which we can infer that it is much harder for the oxygen vacancies to move in

M3-2. This well explains the Eass calculation results.

Moreover, for the co-doped configuration of M3 or M3-2, the Eeie value is either
lower or higher than that of the corresponding single doped structures, which has the
same trend with the corresponding Eass value. While the Eela Value shows the opposite
trend with the corresponding Eass value. So we can conclude that compared with elastic

interactions Eela, electronic interactions Eeie plays a dominant role in the Eass.

Therefore, the local structure in doped CeO; plays an important role in Eass. The
Eass for the co-doped structure of M1 can be described as an average effect of co-doping.
While the Eass for the co-doped structure of M3 or M3-2 is beyond the simple logic of
superposition and can be described as a synergistic enhancement or decrement effect of

co-doping.

For M3-2, the Eass is 0.44eV or 0.091eV higher than that of the corresponding

Sm3* or In3* single doped CeO;, which is a hinder for the ionic conductivity. For
comparison, the Eass increase value is much smaller than the E;fac decrease value of

2.052eV or 1.867eV as discussed in section 3.3. Therefore, for M3-2 the co-doping

effect on the availability of the free oxygen vacancies is synergistically enhanced.
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3.5 Oxygen vacancy migration energy

Actually there are many different migration paths in In3*, Sm3* single-doped and
co-doped CeO», for the sake of efficiency and due to our limited computational
resources, we choose only four migration paths for M1 or M3-2 to calculate. As shown
in Fig.4, we use “V” to represent the initial position of the oxygen vacancy and “O1”,
“02”, “O3” and “O4” to represent the final position of the oxygen vacancy. The

corresponding results of the migration energy barriers are summarized in Table 4.

From Table 4, we can conclude that there are three important factors influencing
the migration energy barriers of the doped CeO:: (1) Dopant-vacancy association energy
Eass; (2) the energy difference between the initial state and the final state of the oxygen

vacancy migration; (3) edge atoms besides the migration paths of the oxygen vacancy.

For the path of V—0O1 (N,N—N,NN), we can see that the forward barriers of In3*
single doped CeO; and In3*, Sm3* co-doped CeO; are both lager than the Sm3* single
doped CeO2. Thiscan be attributed to the stronger trapping effect of In3* on the oxygen
vacancy than Sm3* as concluded in section 3.3 and 3.4. Moreover, the energy
differences of the In®* single doped or co-doped CeO: are all lager than the Sm** single

doped CeO2 which may also be an additional reason.

It's worth noting that although In3* single doped CeO; has smaller edge atoms (In3*,
Ce*") than that of the Sm3* single doped CeO2 (Sm?3*, Ce**), it still has a larger forward
energy barrier than the Sm** single doped CeO,. Thus, we can conclude that compared
with edge atoms, Eass plays a more important role in the migration energy barrier of the

0Xygen vacancies.

For the path V—02 (N,N—NN,N), the migration energy barriers for In® or Sm3*

16



single doped CeO; are the same with that of M1 (V—O1), for their migration paths are
equivalent. The forward migration energy barrier for co-doped CeO> is much lower than
that of M1 (V—O1), which can be attributed to two reasons: (1) the edge atoms of In3*
and Ce** for M1(V—02) are smaller than the Sm3* and Ce** for M1(V—O01); (2) the
smaller energy differences between the initial configuration and the final configuration

of the migration paths.

For the path V—03 (N,N—N,N), the migration energy barrier can be arranged in
the decreasing order as: Ce3oSmyOgsz ( SM3*, Sm3*) > CezlnSmOs3 ( Sm3*, In3*) >
Cesoln2063 ( I3, In3*). The difference, which can be can be interpreted as: for the initial
configuration and the final configuration of this migration path are equivalent, the
radius of the edge atoms ( In3* (0.92A) < Ce** (0.97A) < Sm3* (1.079A) ) can dominate

the migration energy barriers as shown in Table 4.

For the path V—04 (N,N—NN,NN), it is worth noting that when we perform the
geometry relaxation on the final configuration of In3* single dope CeQg, it will convert
to the initial configuration of this path, which means that the final configuration of this
path for In3* single dope CeO, does not exist. So we can infer that the forward
migration energy barrier of this path for In® single doped CeO- is zero and the
backward migration energy barrier is infinity. Regarding the Sm3* single doped CeO>
and the In3*, Sm3* co-doped CeO2, we can see that the co-doped CeO, possesses higher
forward migration energy than the Sm3* single doped CeO,. For the stronger trapping
effect of In®* on the oxygen vacancy than Sm3*, the energy difference between the initial
configuration and the final configuration of this path for the co-doped CeO. is larger
than that of the Sm3* single doped CeO2, which will cause the lager energy barrier for

the co-doped CeO; than the Sm3* single doped ones.
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For the migration energy barriers of M3-2, the influencing factors as concluded
above are the same with those of M1, so for simplicity, no repeated analysis will be

presented in the paper.

We have also calculated the average migration energy barriers for the limited paths
in M1 and M3-2. From table 4, we can see that the average forward barrier for the
co-doped CeO has demonstrated an intermediate value between the corresponding
single doped CeO: either for M1 or for M3-2, reflecting an average co-doping effect on

the migration energy barriers of both M1 and M3-2.

To verify the accuracy of our calculations, we further compared our calculated data
with the experimental results. At low or intermediate temperatures, the ionic
conductivity ¢ of the dilute concentration doped CeO> can be expressed in the Arrhenius

equation [34, 50]:

oc=o0,/T- exp(—ﬁ

where oo is a temperature-independent prefactor, T is the temperature, ks is the
Boltzman constant and E. is the activation energy for oxygen vacancy diffusion
corresponding to the sum of dopant-vacancy association energy Eass and average oxygen

vacancy migration energy Em.

However, as reported [33-34] and discussed in section 3.4, Eass depends on the
concentration and distribution of the doped ions, the latter of which (or in other words
the local structure) is difficult to control in experiments. That’s why even for the same
composition, the Ea values reported by different experiments are always slightly

different [50-54]. As Andersson et al. [34] concluded, the highest Eass can be reached
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when the configuration is the most stable (corresponding to our configuration of M1 and
M3-2 as discussed in section 3.4) and when the temperature is sufficiently high, most

vacancies will be dissociated, then the Eass can be considered to be zero.

Based on these two limits, the activation energy for our calculated 6.25% Sm
doped CeO: can be estimated to be 0.61~1.16eV (0.73~1.16eV for M1 and 0.61~0.94eV
for M3-2), which is in good accordance with the similar composition experimental
results of 0.8eV for 9% Sm doped CeO: [54] and 0.71eV for 10% Sm doped CeO> [55].
In addition, since we have fully considered the existence of the extreme cases, for the
common 20% Sm doped CeO,, the experimental E, value of 0.69~1eV [50-54] is also
within our estimated range. Therefore, our calculation results are reliable and

meaningful for the further development of the CeO»-based electrolyte.

4, Summary

To figure out the co-doping effect on electrolyte performance of CeO»-based
materials, a series of microscopic properties including density of states, band structures,
oxygen vacancy formation energies, defect association energies, and oxygen vacancy
migration energies for In®, Sm3* single doped and co-doped CeO; are performed using
DFT+U method. The results show that the most energetically stable configurations for
In3*, Sm3*" co-doped CeO, are M1 and M3-2, which are both non-conductive and

possess an average co-doping effect on bandgaps.

For both E;fac and Eass, whether the co-doping effect is average or synergistic has

a strong relationship to the distance of the two doped ions. When the distance between
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two doped ions is the first nearest neighbor (M1), the co-doping effects are average.
However, when the distance between the two doped ions extends to the second nearest
neighbor (M3-2, M3), the availability of the free oxygen vacancies is synergistically

enhanced.

From CINEB calculation, we can conclude that the migration energy barrier is
related to three influencing factors, including: (1) Dopant-vacancy association energy
Eass; (2) the energy difference between the initial state and the final state of the oxygen
vacancy migration; (3) edge atoms besides the migration paths of the oxygen vacancy.
Although the co-doping effect on the oxygen vacancy migration may be complicated,
our calculated average migration energy barriers based on the limited migration paths

for M1 and M3-2 reflect the average co-doping effect on the oxygen vacancy migration.

Therefore based on our calculation results, a new explanation for the controversial
co-doping effect can be proposed. That is in In3*, Sm3* co-doped CeO, whether the
co-doping effect on the ionic conductivity is average or synergistic has a strong
relationship with the local structures of the co-doped ions which is difficult to control in
experiments. The results from this paper provide insights in explaining the controversial

experimental results for CeO»-based materials with complex configurations.
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Figure captions

Fig.1 Location overview of the doped ions and oxygen vacancies in the co-doped CeO>

supercell.

Fig.2 Local structures and the corresponding energies of the co-doped configurations.

Fig.3 Density of states: (a) Ce320e4, (b) Ce32063, (C) Ces1InOes, (d) Cezoln2Oes3, (€)

Ce31SmOss3, (F) Ce30Sm20s3, (g) CezlnSMOs3 (M1) (h) CezolnSmOez (M3-2).

Fig.4 Oxygen vacancy migration paths of the configuration of (a) M1 and (b) M3-2.
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Table 1 Bandgap list of the pure and doped CeO..

Structure Bandgap/eV
Ce320e64 2.372
Ce32063 0.796

Cez0ln2063 2.119

Ce30Sm20e3 2.316
Ces0InSmOg3 (M1) 2.249
Ces0InSmOe3 (M3-2) 2.258
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Table 2 Vacancy formation energy for un-doped and doped CeO. materials.

Structure E/eV

Ce32063 3.332
Ces11nO¢3-N 1.231
Ces11nO63-NN 1.728
Ces0ln2063(N)-N,N -0.889
Ces0ln2063(N)-NN,N -0.282
Ces0ln2063(NN)-NN,N -0.293
Ce31SmOe3-N 1.887
Ce31SmOs3-NN 1.956
Ce30Sm2063(N)-N,N -0.421
Ce30Sm2063(N)-NN,N -0.418
Ces0Sm20s3(NN)-NN,N -0.108
Ces0IlnSmOg3 (N)-N,N (M1) -0.533
Cez0lnSmOs3 (NN)-NN,N (M3-2) -2.160
Cez0lnSmOsz (NN)-N,NN (M3) -1.680
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Table 3  Eass, Eele and Eeia for doped CeO; with different structures.

Structures Eass/eV Eele/eV Eela/eV
Ce30ln20e3 -1.314 -2.130 0.816
M1 Ce30Sm20e3 -0.434 -1.946 1512
Ce30InSmOe3 -0.736 -2.045 1.309
Ce30In2063 -0.654 -1.256 0.603
M3-2 Ce30Sm20e3 -0.305 -1.063 0.758
Ce3lnSMOe3 -0.745 -1.269 0.524
M3 Ce30InSmOe3 -0.235 -1.017 0.782
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Table 4 Migration energy barriers of the oxygen vacancies in In**, Sm** single doped

and co-doped CeOo.

CesolnzOg3 Ce30Sm20e3 CexnlInSmOg;
Migration path
Edge AE Forward Backward Edge AE Forward Backward Edge AE Forward Backward
atom atom atom
v—01 5 3 3
NN— I 0.568 0.930 0.362 Sm™ 0.078 0.717 0.639 Sm 0.665 0.938 0.273
N NN Ce Ce' Ce
V—-02 Ine Sme+ Ine
N.N— Cove 0568 0.930 0.362 L. 0078 0717 0.639 e 0072 0.425 0.353
NNN € Ce' Ce
M1
V—-03 34 3+ 3+
N,NoN, :“3, 0 0.667 0.667 Sm* 0 1.127 1.127 Sm* 0.006 0.747 0.741
N n Sm In
V—04 4+ 4+ 4+
N,N—> geM 0 - geu 0174 0512 0.338 Ce™ g8 0.727 0.069
NN.NN € e Ce'
Average barrier 0.632 - 0.768 0.686 0.709 0.359
v—01
NN,N— In3* Smé* In*
NNNN, ot 0 0.491 0.491 oot 0.001 0.706 0.704 Cote 0.001 0.401 0.400
N
vo02 S+ et
NN,N— - 0 0.234 0.234 e 0 0.449 0.449 . 0521 0.668 0.148
N.NN Ce Ce' Ce
M3-2
V—-03 In3+ Sme3* In3*+
NNN— w0001 0.493 0.493 e 0 0.761 0.761 w0001 0.449 0.448
NN.N Ce Ce' Ce
V—04
NN,N— Ce** Ce** Ce**
NNNN Cowr 0519 0.706 0.188 Corr 0156 0.615 0.459 o 0.694 0.817 0.123
N
Average barrier 0.481 0.351 0.633 0.593 0.584 0.280
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