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a b s t r a c t

CeO2-based catalysts incorporated with cooperative dopants show excellent potential for promoting H2

production via the water-splitting reaction (WSR) in solid oxide electrolysis cells (SOECs). Here, we report
that CeO2 co-doped with Gd + Sb, Pr + Sb, and Bi + Sb trivalent cations have superior performance for WSR
with the reaction rate 2–5 orders of magnitude larger than that of individual trivalent dopants including
Ga, Sb, Lu, Gd, Sm, Pr, Bi, and La, owing to improved stability of hydridic H-species and accordingly
decreased barrier for their decompositions into H2 by co-doping. The energy of hydridic H-species and
the turn-over frequency (TOF) toward H2 production is shown to correlate well with the average ionic
radius of trivalent cations, where the TOF increases with decreasing ionic radius and Gd + Sb, Pr + Sb,
and Bi + Sb with smaller ionic radius show better WSR activity than other dopants. Our studies suggest
incorporating ceria with proper co-dopants with an average radius close to Gd + Sb, Pr + Sb, or Bi + Sb
pairs as an effective strategy for enhancing WSR performance on CeO2 in SOECs.
� 2023 The Authors. Published by Elsevier Inc. This is an open access article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

The storage of renewable energy in the form of H2 fuel via the
WSR in SOECs is a sustainable way for energy storage and conver-
sion [1–5]. The deployment of SOECs has been limited because of
mechanical instability of cathodes and correspondingly decreased
reactivity, owing to degradation at narrow gas/electrode/elec-
trolyte reaction boundaries at a high operating temperature
around 1200 K [1,2,4]. It is critical to developing both mechanically
stable and kinetically active catalysts in cathodes of SOECs. Ceria-
based materials have excellent ionic and electronic conductivity
because ceria exposes a large ceria-gas reaction interface and is
accessible for gas, electrons, and ions, which allows the stable
operation at intermediate temperature (below 1200 K) and thus
has been applied as cathodes for the WSR in SOECs [1–3,6,7].

For WSR in an SOEC, oxygen ions diffuse from the cathode to the
anode to form oxygen gas, corresponding to the diffusion of oxygen
vacancies from the deep layer to the top surface of the cathode
[2,3]. Therefore, WSR on CeO2 creates one oxygen vacancy in the
subsurface, followed by the oxygen vacancy diffusion to the sur-
face. Then, water adsorbs near the oxygen vacancy and dissociates
into hydroxyls or hydridic H-species at the cathode [6,8]. Investiga-
tions on water dissociation over ceria for H2 production have
demonstrated that the fundamental reaction step of WSR on
CeO2 is the formation of hydroxyls or hydridic H-species (if hydro-
gen coverage is beyond one monolayer), followed by hydroxyl
decomposition into H2 [3,6,8–12]. There have been direct experi-
mental observations of the formation of hydroxyls (O–H) or hydri-
dic H-species (Ce-H) on CeO2 during the reactions associated with
water and hydrogen [13–15]. Our previous studies have identified
an efficient reaction pathway for the WSR via the formation of
hydridic H-species (Ce-H or dopant-H) on CeO2 [6,8,10,12], where
the total free energy barrier for H2 production at 800 K via the for-
mation of Ce-H on clean CeO2 (111) surface is 2.91 eV. At the same
time, it decreases to 2.66 eV by Gd doping because of the more
favorable formation of Gd-H than Ce-H. Therefore, a key for further
improving WSR on CeO2 is to stabilize the formation of hydridic H-
species, especially to promote the formation of dopant-H on CeO2

by incorporating CeO2 with proper dopants.
To facilitate the formation of hydridic H-species and improve

the reaction kinetics of WSR on CeO2 at intermediate temperature,
incorporating dopants in CeO2 holds excellent potential due to
their positive effect on electronic structure, oxygen vacancy forma-
tion, ionic conductivity, and intermediate-temperature stability of
ceria that have widely reported in SOECs [16–21]. Till now, many
detailed investigations have been conducted on how individual
dopants such as Gd, Sm, La, and Pr engineer the reactivity of ceria
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[6,22–27]. In contrast, a few studies have explored co-doping
strategies for promoting the H2 production via WSR on ceria, and
how co-dopants affect the formation of hydridic H-species (Ce-H
or dopant-H) remains unclear. Our previous computational studies
on the Pr and Bi (Pr + Bi) cooperative pair have given inspiration for
using co-doping as an effective strategy for improving the WSR
over CeO2 because Bi and Pr co-dopants can effectively stabilize
hydridic H-species and lower the barrier to produce H2, leading
to the significantly enhanced WSR activity compared to individual
Pr, Bi or Gd dopant [28]. It has been reported that Pr + Bi co-doped
ceria has lower activation energy than Gd-doped samples under
wet 4% H2 atmosphere, although good WSR performance was not
always found because of the complicated impact of steam, hydro-
gen and oxygen pressure [29]. Therefore, incorporating co-dopants
in CeO2 could be a strategy for engineering WSR performance in
SOECs.

Here, we perform computational studies on WSR on more can-
didate dopants, including Gd + Sb, Pr + Sb, Bi + Sb, Gd + Bi, and
La + Bi trivalent pairs in CeO2, as well as individual trivalent
dopants such as Ga-, Sb-, Lu-, Gd-, Sm-, Pr-, Bi- and La-doped
CeO2, based on density-functional theory (DFT) [30]. This work will
give more understanding of how cooperative dopants in ceria
adjust the formation of reaction intermediates (especially the
effect on the relative stability between dopant-H and Ce-H) and
how they affect reaction kinetics of the WSR. We also investigated
the effect of co-doping on oxygen diffusion and the effect of the rel-
ative position of trivalent pairs on the WSR activity. Our DFT works
will give suggestions on how to choose a proper co-doped pair in
ceria with good stability and excellent WSR activity.

2. Simulation models and methods

DFT studies are performed mainly on the WSR into H2 via the
hydridic H-species on the doped CeO2(111) surface as illustrated
in Fig. 1. As we have done in our previous studies on Gd doped
CeO2(111) [6], the computational model of individually doped
and co-doped CeO2(111) is built as a 2� 3 surface unit cell con-
sisting of three O-Ce-O atomic layers, with the O-Ce-O layer at
the bottom fixed during all DFT studies. A vacuum gap with a
thickness of 15 Å is applied in the unit cell to block the interaction
between periodic cells. For creating doped CeO2, two cerium atoms
are substituted with two dopants (M1 and M2), as shown in Fig. 1,
corresponding to doping concentration of 11%. When M1 = M2, we
created individually doped CeO2, including Ga-, Sb-, Lu-, Gd-, Sm-,
Pr-, Bi-, and La-doped CeO2. When M1 is different from M2, coop-
erative dopants in CeO2 are created, such as Gd + Sb, Pr + Sb, Bi + Sb,
Gd + Bi, and La + Bi co-doped CeO2. As noted in Fig. 1, the studied
M1 and M2 sit as nearest neighbors in the top layer of CeO2(111),
owing to the relatively higher stability compared to other relative
positions (Figure S1) of M1 and M2, as shown in Tables S1 and S2
in the supporting information. Our previous studies also found the
favorable formation of trivalent dopants sitting as neighbors in the
top layer of the ceria [28]. In addition to the good stability of triva-
Fig. 1. The illustrated WSR into H2 on the doped CeO2(111) surface, where H2O easily di
oxygen vacancy, while M1 and M2 are two trivalent dopants. The atoms in the deep lay

2

lent pairs as neighbors in the top layer of the ceria surface, they
also show excellent WSR performance. A more detailed discussion
on the effect of the relative position of dopants on WSR is included
in the section ‘Results and discussions’.

To learn the structural properties of individually doped and co-
doped ceria and their WSR performance, we conduct spin-
polarized DFT calculations with the Perdew-Burke-Ernzerhof
(PBE) [31] functional by using the Vienna ab initio simulation pack-
age (VASP, version 5.4.4) [32], where a HubbardU term (Ueff = 4.5 eV
[33–36]) is applied to the PBE functional to describe electron local-
ization on the 4f shells of Ce, and Pr. No U corrections are applied to
4f shells of Gd, Sm, La, or Lu because we did not find any partial
electron delocalization on themwithout a U correction. In addition,
our previous studies have identified that the relative stability
between dopant-H and Ce-H is not affected by the exact Ueff value
[28]. Ueff = 4.5 eV is reasonable for investigating electrocatalysis on
clean and doped CeO2 [6,28]. The wave functions are expanded in
plane waves with an energy cutoff of 550 eV [6,10] and a U-
centered 3 � 2 � 1 k-point mesh is used for sampling the Brillouin
zone. The La(5d16s2), Bi(4f145d106s26p3), Lu(4f145d16s2), Sb
(4d105s25p3), Ga(3d104s24p1), Gd(4f75d16s2), Sm(4f66s2), Pr
(4f36s2), and Ce(4f15d16s2) electrons were treated as valence
states. The doped ceria surface is fully relaxed until reaching a
force tolerance of 0.03 eV/Å. For La, Bi, Lu, Sb, and Ga, their spins
have no initial setting because the magnetization is always zero
when the valence equals + 3. For Gd, Sm and Ce, the initial setting
of their spins did not affect identifying the final stable magnetiza-
tion, as shown in Tables S3-S5, where the energy difference among
different spin settings is smaller than 0.032 eV. However, among
the studied cations, we found the final magnetization of Pr in
Pr + Sb co-doped ceria is sensitive to the initial setting, as shown
in Table S6, where the best initial guess of the spin of Pr3+ is 2,
agreeing well with the previous studies [28]. The activation barri-
ers of hydroxyl decomposition into H2 in the individually doped
and co-doped ceria are identified by the climbing image nudged-
elastic band method [37] as implemented in VASP.

3. Results and discussions

As demonstrated in our previous studies, H2 production on par-
tially hydroxylated ceria needs to overcome a high barrier of 3.0–
3.5 eV [6,12]. Instead, it is usually more favorable to form more
hydroxyls on ceria by creating more oxygen vacancies and further
via water dissociation, finally leading to the WSR proceeding read-
ily on an overly hydroxylated ceria surface through a barrier below
3.0 eV (2.2 eV for Gd doped ceria [6], and 1.7 eV for Pr + Bi co-
doped ceria [28]). On the studied ceria surface, 6H bind with lattice
oxygen to form the fully hydroxylated ceria. There are two stable
configurations for the formation of an overly hydroxylated surface
(7H). One possibility is that the seventh H binds with one lattice
oxygen in the subsurface. The other possibility is that the seventh
H binds with trivalent metal to form hydridic H (dopant-H or Ce-
H), as shown in Figure S2. Herein, WSR pathways via the formation
ssociates into Ce-H, M1-H, M2-H hydridic H moieties on the doped surface. VO is an
ers are displayed as lines.
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of 6H, dopant-H (M1-H or M2-H), and Ce-H are systematically
investigated on differently doped ceria. The corresponding reaction
steps are illustrated in Figure S2, where the net reaction is
H2O ? H2 + 1/2O2, and reactions along different reaction pathways
are described below Figure S2. The identified stable dopant-H and
Ce-H configurations are presented in Figures S3-S5. The top and
side views of M�H (Ce-H or dopant-H) in Gd + Sb co-doped ceria
labeled with M�H bond lengths are presented in Figure S5.
M�H bond lengths of other doped ceria are listed in Table S7,
where the bond length of Ce-H in doped ceria is around 2.3 Å
and the bond length of Sb-H in Gd + Sb, Bi + Sb, and Pr + Sb co-
doped ceria is as low as 1.7 Å, indicating the stable formation of
hydridic H-species in co-doped ceria. For the reaction on the clean
ceria, 2Ce3+ are oxidized to 2Ce4+ due to the formation of Ce-H
(Ce4+H-) on clean ceria via the reaction 7H++7Ce3+?6H++5Ce3++-
Ce4++Ce4+H-, where the formal oxidation states are induced from
the atomic spin states. The oxidation of 2Ce3+ to 2Ce4+ is also found
in the doped ceria because of the formation of dopant-H (M1-H or
M2-H) via the reaction of 7H++5Ce3++M13++M23+?6H++3Ce3++2-
Ce4++M13++M23+H-, with the exception of the formation of Sb-H
on Sb, Gd + Sb, Pr + Sb, and Bi + Sb doped ceria, where Sb5+H- forms
via the reaction of 7H++5Ce3++Sb3++M3+?6H++5Ce3++M3++Sb5+H-

(M = Sb, Gd, Pr, or Bi). Thus, for the formation of hydridic H-
species including dopant-H and Ce-H, it is Ce4+H- for Ce-H,
Sb5+H- for Sb-H, while for other trivalent dopants it is M3+H-.

Fig. 2 and S6-S15 show the free energy diagrams of WSR on
individually doped or co-doped CeO2(111) via the formation of
6H, dopant-H, and Ce-H at 800 K (an intermediate operation tem-
perature of SOECs [2]). The free energy diagrams of the WSR on
Gd-, Pr-, and Bi-doped ceria have been shown in our previous
works [6,28], and thus are not presented in the supporting infor-
mation. The free energy of reaction intermediates is calculated rel-
ative to the clean ceria surface by assuming the ceria-gas interface
equilibrium with water steam and H2 at 1 bar pressure and 800 K,
referring to our previous DFT studies for more calculation details
[6,10]. For producing one H2 molecule, the breaking of the first
O–H bond is difficult, and the highest transition states (TS) are
associated with this bond breaking, as shown in Fig. 2 and S6-
S15. Fig. 2 is a simplified reaction diagram and shows reactions
via 5H + VO, 6H, Ce-H and Sb-H. A full reaction pathway of WSR
on Gd-Sb co-doped ceria is shown in Figure S6, where the barrier
for producing one H2 is 3.9, 3.5, 3.2, and 3.3 via 2H, 4H, 5H + VO,
and 6H, respectively. However, H2 is produced easily via the forma-
tion of an hydridic-H intermediate, through a 1.7 eV barrier via the
Ce-H. For the H2 production via 7H? Sb-H? H2, a 1.5 eV barrier is
firstly required for the formation of Sb-H. Then the decomposition
of Sb-H involves the reaction between Sb-H and one O–H nearest
to Sb, as presented in Fig. 2, leading to a 1.1 eV barrier for releasing
one H2 molecule. Both reaction barriers occurring before and after
Sb-H are lower compared to the WSR via other paths, making the
most efficient reaction pathway proceeding via the Sb-H on
Gd + Sb co-doped ceria. In addition, a full reaction path in Figure S6
shows lower free energy of high H coverage like 5H, 6H, and 7H
compared to the formation of 2H, indicating the facile formation
of high H coverage at 800 K. It is found that for the WSR on Lu-,
Sm-individually doped CeO2(111), the most efficient reaction
pathway is that theWSR proceeds via the formation of Ce-H, where
the free energy of Ce-H is lower than dopant-H, as shown in Fig-
ures S7-S10. When it forms Gd + Sb, Pr + Sb, Bi + Sb pairs in
CeO2(111), the favorable reaction pathway shifts to that via the
formation of dopant-H, where dopant-H becomes 1.0 eV more
stable than Ce-H in Gd + Sb, as shown in Figure 2, and 1.3 eV more
stable than Ce-H in Bi + Sb or Pr + Sb co-doped ceria, as noted in
Figures S14 and S15. Our DFT calculations found that the
improved stability of dopant-H by co-doping leads to more facile
H2 production via the formation of dopant-H than that via Ce-H.
3

To evaluate oxygen diffusion in doped ceria, the nearest-
neighbor oxygen vacancy to dopants is investigated as illustrated
in Figure S16 because creating one oxygen vacancy near the
dopants is reported more stable than other positions [6,28].
Table S8 shows the formation energy of one oxygen vacancy in
the subsurface and that in the top surface of doped CeO2(111),
and its diffusion barrier from the subsurface to the top surface (dif-
fusion paths are presented in Figure S17), where the data of Gd-
doped ceria and pure ceria is taken from our previous work [6].
The formation energy of one oxygen vacancy in the studied doped
CeO2(111) is within 1.50 eV. However, it increases to 2.18 eV in
the pure CeO2(111), as shown in Table S8, suggesting a muchmore
favorable formation of oxygen vacancy in doped ceria than pure
ceria. The identified diffusion barriers of one oxygen vacancy in
individually doped ceria are comparable to the previously reported
data [38–40]. As noted in Table S8, a smaller diffusion barrier
(ranging from 0.09 to 0.66 eV) is found in co-doped ceria compared
to the individually doped ceria (ranging from 0.17 to 0.80 eV).
When the surface is covered by 5H, the diffusion barrier in
Gd + Sb co-doped ceria remains lower than that in Gd-doped ceria,
as shown in Figure S18. Therefore, our studies suggest an
improved oxygen diffusion in ceria-based SOECs by co-doping.

Then, the WSR performance of differently doped ceria is evalu-
ated by comparing the turn-over frequency (TOF) toward H2 pro-
duction, which is calculated using the energetic span (dE) [41,42]
between TOF determining intermediate and TOF determining tran-
sition state. In Fig. 2, the TS for producing one H2 via Sb-H is the
TOF determining transition state (TDTS), and 5H + Vsur

O with the
lowest free energy is the TOF determining intermediate (TDI).
TOF is calculated by the equation.

TOF ¼ kBT
h

exp
�dE
kBT

� �

It has been found that the TDTS is always associated with pro-
ducing one H2 via hydridic H-species (Ce-H or dopant-H), as noted
in Fig. 2 and S7-S15, where 6H or 5H + VO before the formation of
hydridic H-species is identified as the TDI. It indicates that TDI and
TDTS occur before and after the hydridic H-species, respectively,
making hydridic H-species the key intermediates during WSR on
doped ceria.

In addition to the WSR performance, the stability of incorporat-
ing ceria with dopants is evaluated by the doping energy (Ef),
which is the energy required to substitute one cerium oxide
(CeO2) with trivalent metal oxide (M12O3 or M22O3) and is defined
as.

2Ef = E[M1M2Cex�2O2x�1]-E[CexO2x]-0.5 � E[M12O3]
�0.5 � E[M22O3] + 2 � E[CeO2].

Fig. 3 (a) presents the calculated doping energy, and the calcu-
lated TOF toward H2 production on differently doped ceria at 800 K
is shown in Fig. 3 (b). The studied TOF in Fig. 3 is in the form of Log
(TOF), suggesting a linear relationship between Log (TOF) and the
energetic span (dE) according to the formula of

TOF ¼ kBT
h exp �dE

kBT

� �
. TOF is found to correlate well with the average

radius of the studied trivalent cations, where TOF decreases with
an increasing average radius of trivalent cations and Gd + Sb,
Pr + Sb, and Bi + Sb trivalent pairs show superior performance with
TOF 2–4 orders of magnitude larger than individually doped ceria
such as Ga-, Sb-, Lu-, Gd-, Sm-, Pr-, Bi- and La-doped CeO2. It is
noted from Fig. 3 (b) that the trivalent dopants with small radius
like Ga3+, Sb3+, and Lu3+ are not included in the correlation because
of larger doping energy than other dopants, as shown in Fig. 3 (a).
Larger doping energy in Ga-, Sb- and Lu-doped ceria suggests insta-
bility of ceria incorporated with individual Ga, Sb, or Lu. Therefore,



Fig. 2. Reaction pathways of the WSR on Gd + Sb co-doped CeO2(111) via the formation of 6H, 5H + VO, Sb-H, and Ce-H at 800 K, where Sb-H is 1.0 eV more stable than Ce-H.
Transition states (TS) are presented at the bottom.
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Ga-, Sb-, and Lu-doped ceria are not included in the following dis-
cussions. The TOF of the WSR on individual dopants like Pr, and Bi
that have an ionic radius close to Ce, is comparable to clean ceria.
However, the WSR activity is enhanced significantly through the
cooperative Pr + Sb, and Bi + Sb co-doping, suggesting a synergistic
effect of co-doping in CeO2 for promoting WSR. In addition to the
excellent WSR performance on co-doped ceria, Fig. 3 (a) shows
good stability of co-dopants in ceria due to low doping energy.
Therefore, our DFT studies suggest that incorporating ceria with
co-dopants, like Gd + Sb, Pr + Sb, and Bi + Sb, is an effective strategy
for promoting WSR on ceria-based cathodes in SOECs.

We have investigated the effect of potential on the free energy
at each step of WSR on Gd + Sb co-doped ceria, as shown in Fig-
ure S19 and found the TS for producing one H2 via Sb-H remains
the TDTS under the potential of �0.2 V. At the same time,
5H + VO with the lowest free energy remains the TDI. The free
energy change for the formation of the TDI from the 5H surface
at �0.2 V is 0.4 eV lower compared to that at zero potential
because introducing the oxygen vacancy becomes more facile at
more reducing potentials. This leaves the energetic span for the
WSR unaffected by the applied potential, whereas the energetic
span for the reverse hydrogen oxidation reaction increases by
0.4 eV. For the WSR on doped ceria at �0.2 V, the TDTS is always
associated with producing one H2 via hydridic H-species (Ce-H or
4

dopant-H), while 6H or 5H + VO before the formation of hydridic
H-species is identified as the TDI, as noted in Figures S7-S15 and
S19, in line with the findings at zero potential. Figure S20 shows
a correlation between TOF and ionic radius at �0.2 V, where
Gd + Sb, Pr + Sb, and Bi + Sb with smaller ionic radius hold higher
WSR activity than other dopants, in line with the findings at zero
potential, as shown in Fig. 3. Therefore, the improvement in WSR
activity by co-doping is not affected by applying a potential of
�0.2 V.

We also investigated the effect of the relative position of triva-
lent co-dopants on the WSR activity. For the individually doped
and co-doped CeO2, two dopants sitting as nearest neighbors in
the top layer is found to be more stable than other relative posi-
tion, as noted in Tables S1 and S2, except Gd-, Sb-, Gd + Sb doped
ceria. The energy of two dopant neighbors, with one located in the
subsurface, is comparable to that two dopants sit on the top sur-
face in Gd-doped ceria. At the same time, it becomes 0.454 eVmore
stable when two dopants sit on the top surface in Sb-doped ceria,
as shown in Table S2. In Gd-doped ceria, WSR on the surface that
2Gd are neighbors with one Gd located in the subsurface is inves-
tigated because of the more favorable formation of hydroxyls than
other relative positions of 2Gd, which has been detailedly dis-
cussed in our previous work [6]. In Sb-doped ceria, the WSR on
the surface with 2Sb neighbors and one located in the subsurface



Fig. 3. (a) Comparison of the doping energy of individually doped and co-doped CeO2. (b) The correlation between the turn-over frequency (TOF) of producing H2 at 800 K and
the average radius of the studied trivalent dopants.
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is not further addressed because the doping energy is 1.28 eV
higher than that 2Sb sitting on the top surface.

However, for Gd + Sb pairs, we found similar energy (within
0.02 eV) when Gd and Sb are nearest neighbors with Gd in the sub-
layer and when they are next-nearest neighbors with Gd in the
sublayer. Then, more DFT calculations are conducted to investigate
the effect of the relative position of Gd + Sb pairs on the WSR. The
calculated reaction pathways are shown in Figure S21, where the
formation of the surface that Sb sitting in the sublayer is found
to be 0.8–1.1 eV unstable, and the formation of dopant-H is unfa-
vorable compared to other relative positions, agreeing well with
our previous findings that more favorable formation of reaction
intermediates on a stable surface [28]. Although the free energy
5

of Sb-H is comparable on the surfaces that Sb sits on the top sur-
face, we found much more stable 6H, 7H, and 5H + H2 on the
Gd + Sb pair when Gd and Sb are exposed as nearest neighbors
in the top surface and also much lower reaction barrier for H2 pro-
duction compared to the other relative positions (1.1 eV barrier for
the Gd + Sb pair sitting as neighbors in the top layer, while 1.6 eV
barrier for the pair that is not neighbored, as shown in Figure S21).
Therefore, our DFT studies show that trivalent pairs sitting as
neighbors in the studied ceria surface have better WSR perfor-
mance than other relative positions.

The above superior WSR performance on Gd + Sb, Pr + Sb, and
Bi + Sb trivalent pairs compared to other doped ceria is attributed
to the much more favorable formation of dopant-H over Ce-H as
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presented in Fig. 4 (a) and Table S9, where the formation energy of
dopant-H is 2.5–3.0 times lower than Ce-H on Gd + Sb, Pr + Sb, and
Bi + Sb co-doped ceria. At the same time, it is comparable to Ce-H
on other doped ceria. Lower energy in Fig. 4 suggests a more stable
formation in DFT studies. In Fig. 4, Ga-, Sb-, and Lu-doped ceria
are marked in grey and are not included in the discussion because
of low stability, as found in Fig. 3 (a). The more favorable forma-
tion of Sb-H over Ce-H in Gd + Sb, Pr + Sb, and Bi + Sb co-doped
ceria introduces two more electrons that localize on the 4f orbi-
tals of Ce, finally leading to the formation of 5Ce3+ for Sb-H bind-
ing, while only 3Ce3+ form for Ce-H binding, as noted in Figures
S4 and S5. Therefore, the strong Sb-H binding in doped ceria
shows donor-type conducting behavior, corresponding to the shift
of Ef close to the conductive band for Sb-H binding compared to
Ce-H binding, as shown in Figures S22-S24. The donor-type con-
ducting behavior for Sb doped ceria has also been observed
experimentally [27]. However, we did not identify a significant
difference between the shift of Ef in other doped ceria
(Figure S25-S35).

In addition, we find a linear correlation between the ionic radius
of the studied dopants and the formation energy of the most stable
hydridic H moiety on each doped-ceria surface, as shown in Fig. 4
(b), suggesting that incorporating ceria with small trivalent pairs
that have an average radius close to Gd + Sb, Pr + Sb or Bi + Sb
can significantly improve the formation of the dopant-H. The more
favorable formation of dopant-H over Ce-H leads to facile H2 pro-
Fig. 4. (a) The formation energy of the Ce-H and dopant-H on doped ceria surfaces. (b) Th
the most stable hydridic H intermediate, E(Metal-H).
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duction via dopant-H, further enhancing the WSR performance
on ceria, as shown in Figures 3, S14 and S15. At the same time,
La + Bi and Gd + Bi co-dopants in ceria do not improve the WSR
activity as significantly as Gd + Sb, Pr + Sb or Bi + Sb co-dopants,
which is explained by the comparable formation energy of the
hydridic H moiety on La-, Bi-, Gd- individually doped and co-
doped ceria as noted in Fig. 4 (b).

The ionic radius of dopants has often been used to evaluate lat-
tice parameters of the doped CeO2 [43], the stability of creating
oxygen vacancies [44], reduction energy [45], binding energies of
oxygen vacancies and dopants [46], kinetic barriers of oxygen dif-
fusion in doped CeO2 [44,47] and catalysis on doped ceria [48]. We
have found a correlation between the energetic span (dE) and ionic
radius and a correlation between the energetic span (dE) and E
(Metal-H), as shown in Figure S36, which means the calculated
energetic span (dE) for WSR via hydridic H-species (Ce-H or
dopant-H) is dependent on the energy of hydridic H-species. Log
(TOF) is also well described by the oxygen diffusion barrier, as
shown in Figure S37, where oxygen diffusion barriers correlate
with the radius of dopants, as shown in Figure S38. A decreased
barrier in ceria incorporated with small dopants is understood
because the small dopants enable more space for oxygen diffusion,
indicating faster ionic conductivity in SOECs and facile formation of
more oxygen vacancies in ceria surfaces (high reducibility of ceria)
that further enables the formation of hydridic H-species via water
dissociation.
e linear correlation between the average dopant radius and the formation energy of
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In addition to the improved relative stability of dopant-H over
Ce-H by Gd + Sb, Pr + Sb or Bi + Sb co-doping, surface local strain
induced by co-doping could also contribute to the enhanced WSR
activity on Gd + Sb, Pr + Sb or Bi + Sb co-doped ceria. Our previous
work has shown that applying tensile strain can stabilize the for-
mation of hydridic H-species on pure CeO2(111) [10]. Therefore,
incorporating ceria with small co-dopants such as Gd + Sb,
Pr + Sb or Bi + Sb with 13% radius mismatch to pure ceria can
achieve a large tensile strain, which could facilitate the formation
of hydridic H-species, in line with a small E(Metal-H) for Gd + Sb,
Pr + Sb, and Bi + Sb co-doped ceria, as noted in Fig. 4(a).

SOECs usually operate at a temperature around 1200 K [1,2,4].
We further compare the WSR activity at operating temperatures
ranging from 400 to 1200 K, as presented in Fig. 5. The correspond-
ing energetic span for H2 production at different temperature is
listed in Table S10. For individually doped ceria, Gd- and Sm-
doped ceria holds better WSR performance than Pr-, Bi-, and La-
doped ceria, as noted in Fig. 5. Adding Gd or La into Bi-doped ceria
that leads to the formation of Gd + Bi, La + Bi co-doped pairs can
improve the TOF toward H2 production as high as that on Gd-
and Sm-doped ceria. The reported operation temperature on Gd-
doped ceria can be extended to 773–1073 K [49,50]. To reach the
same TOF on Gd-doped ceria at 773–1073 K, the operating temper-
ature can be extended to 600–1000 K (as shown in Fig. 5) by incor-
porating ceria with the Gd + Sb pair and extended to 700–1000 K in
Pr + Sb, Bi + Sb co-doped ceria, indicating that Gd + Sb, Bi + Sb, and
Pr + Sb co-doping in ceria allows WSR at an intermediate temper-
ature below 1000 K. TOF of the WSR on Gd + Sb is 10 times higher
than Gd-doped ceria at 1000 K, 102 times higher than Gd-doped
ceria at 800 K, and is up to 105 times higher than Gd-doped ceria
at 600 K, showing excellent WSR performance on co-doped ceria
at an intermediate temperature below 1000 K.
4. Conclusions

By performing DFT studies of H2 production via the WSR on
individually Ga-, Sb-, Lu-, Gd-, Sm-, Pr-, Bi- and La-doped CeO2,
as well as Gd + Sb, Pr + Sb, Bi + Sb, Gd + Bi, and La + Bi co-doped
CeO2, we find the stability of the key intermediates, hydridic H-
species (dopant-H or Ce-H), is substantially improved by incorpo-
rating ceria with Gd + Sb, Pr + Sb, and Bi + Sb pairs, where
dopant-H becomes much more stable than Ce-H, leading to WSR
proceeding more readily via dopant-H than Ce-H. The energy of
hydridic H-species and the turn-over frequency toward H2 produc-
tion are found to correlate well with the average radius of paired
trivalent cations. A correlation between TOF and ionic radius at
Fig. 5. The TOF of producing H2 over the (a) co-doped and (b) in
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�0.2 V is also found. In addition, the effect of the relative position
of dopants on WSR was investigated, showing that trivalent pairs
sitting as neighbors in the studied ceria surface have better WSR
performance than the pairs far away from each other. DFT calcula-
tions also observe an improved oxygen diffusion in ceria-based
SOECs by co-doping. TOF is also well described by the oxygen dif-
fusion barrier. We further found that Gd + Sb, Pr + Sb, and Bi + Sb
co-doped ceria allow WSR at an intermediate temperature below
1000 K and hold superior WSR performance with TOF 2–5 orders
of magnitude larger than individual trivalent dopants. Therefore,
our DFT studies propose cooperative trivalent pairs as an effective
strategy for improving the WSR on CeO2 in SOECs and suggest
proper candidates such as Gd + Sb, Pr + Sb, Bi + Sb, or the pairs with
an average radius close to these.
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