
 REVIEW ARTICLE 
 Donglin Han  et al . 

 Fluorite-based proton conducting oxides: structures, 

materials and applications 

 Materials  
Advances
rsc.li/materials-advances

ISSN 2633-5409

Volume 5

Number 1

7 January 2024

Pages 1–380



12 |  Mater. Adv., 2024, 5, 12–29 © 2024 The Author(s). Published by the Royal Society of Chemistry

Cite this: Mater. Adv., 2024,

5, 12

Fluorite-based proton conducting oxides:
structures, materials and applications
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Donglin Han *abc

Proton conducting oxides have promising potential for application in solid-state electrochemical devices

and have seen significant progress in recent years. At present, perovskite-type proton conductors (e.g.,

Y-doped Ba(Zr, Ce)O3) attract much attention. However, in fact, those with a fluorite-based structure

constitute another interesting category, including doped zirconia and ceria with a fluorite structure, and

lanthanide zirconates, stannates, and titanates with a pyrochlore structure. In this work, we focus on the

volume transport of protons in fluorite and pyrochlore oxides, summarize the progress on the development

of materials and their applications, and discuss the present problems and challenges ahead.

1. Introduction

Proton conducting oxide ceramics are attracting increasing
attention due to their promising applications as electrolyte
materials in fuel cells,1 electrolysis cells,2 hydrogen sensors,3

hydrogen pumps,4 hydrogen permeation membranes,5 and
membrane reactors.6 The most successful proton conducting
oxide ceramics have an ABO3 perovskite structure, including
acceptor-doped BaZrO3, BaCeO3 and Ba(Zr, Ce)O3 solid solutions,7–9

which contain oxygen vacancies V��O
� �

favoring hydration reac-
tions to introduce protons:

H2OþO�O þ V��O ¼ 2OH�O (1)

Here, O�O is the Kröger–Vink notation for oxide ions, and OH�O
represents protons, which are associated with oxide ions.
Protons rotate around and hop between lattice oxide ions to
facilitate proton conduction, which is commonly known as the
Grotthuss mechanism.

Besides, some other oxides with crystal structures of fluorite
and pyrochlore, which can be regarded as an ordered fluorite
structure, are also known to demonstrate proton conduction.
As shown in Fig. 1(a), in the fluorite structure taking an AO2

formula, cations occupy the corners and face centers (Wyckoff
4a site) of the unit cell, and oxide ions occupy the center of
the tetrahedrons (8c site) composing four cations. All the
cations and oxide ions (also oxygen vacancies) are randomly
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distributed. The pyrochlore structure, which takes an A2B2O7

formula, is derived from the fluorite structure with both the
cations and oxide ions arranged in order. A unit cell of the
pyrochlore structure is composed of eight octants, one of which
is shown in Fig. 1(b) to facilitate the explanation. Large cations
occupy the A-site (16d), and small cations occupy the B-site
(16c). Besides the intrinsic oxygen vacancies (8a site), there are
two types of oxide ion sites; one is the 48f site in the center
of tetrahedrons composed of two A and two B cations – named
the O1 site hereafter – another is the 8b site in the center of

tetrahedrons containing four A cations – named the O2 site
hereafter.

The stability of the A2B2O7 pyrochlore structure depends on
the size of the A and B cations. A study from Minervini et al.
using energy-minimization-based atomistic simulation calcula-
tions revealed that the ordering of the pyrochlore structure was
enhanced with the increasing size of the A-site cations and
decreasing size of the B-site cations.10 Subramanian et al.
reported a relationship between the structural ordering and
the radius ratio of rA3+/rB4+,11 and suggested a stable range of
1.46 o rA3+/rB4+ o 1.8 for the pyrochlore structure.12 Blanchard
et al.13 and Yamamura et al.14 conducted a combined study
using X-ray absorption near edge structure (XANES) and X-ray
diffraction (XRD) techniques to study the structure of Ln2Zr2O7

(Ln = lanthanide elements), leading to the finding that when the
Ln3+ cation is larger than Gd3+, the samples take the pyrochlore
structure, and when Ln3+ is smaller than Gd3+, the fluorite
structure is stable.13 Moreover, a higher temperature appears
to favor the structural disordering. Moriga et al. observed that
Gd2Zr2O7 had a pyrochlore structure between 1400 and 1900 1C,
and a fluorite structure at higher temperature.15 Nd2Zr2O7 and
Sm2Zr2O7 undergo a phase transition from pyrochlore to fluorite
at 2000 and 1530 1C, respectively.16

This review mainly focuses on the fluorite and pyrochlore-
type proton conducting oxides attracting most of the interest,
including acceptor-doped ZrO2, CeO2, La2Ce2O7, and La2Zr2O7.
The progress of some other materials of lanthanide ziconates,
stannates and titanates, and La2(Nb1�xMx)2O7�d (M = Y, Yb) – a
recently discovered new proton conductor – was also summar-
ized. Although nanocrystalline or porous ZrO2 and CeO2 are
also known for their surface proton conduction at low tem-
perature, detailed information can be found in a recent review
paper,17 and only the volume transport is discussed in this
review paper.

2. Fluorite oxides
2.1 ZrO2

Zirconia (ZrO2) partly substituted by acceptor dopants is cur-
rently the most successful oxide ion-conducting electrolyte in

Fig. 1 (a) Fluorite and (b) pyrochlore crystal structures.
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high temperature solid-state electrochemical devices, such as
solid oxide fuel cells (SOFCs).18,19 Pure ZrO2 has a monoclinic
structure between room temperature and 1170 1C, and becomes
tetragonal between 1170 and 2370 1C. The cubic fluorite phase
ZrO2 exists between 2370 1C and the melting point (2830 1C).20

Besides, pure ZrO2 has no oxygen vacancy, asking for doping
with lower valence elements to form oxygen vacancies and
generate oxide ion conduction. Moreover, the temperature
range for the cubic fluorite phase can be lowered by using
appropriate doping strategies.21 By doping 8–17 mol% Sc2O3,
the temperature to form the cubic fluorite phase can be lowered
to 1000 1C.22 When Y (10–20 mol% Y2O3),23 Gd (14–20 mol%
Gd2O3)24 and Sm (9–19 mol% Sm2O3)25 are doped, the cubic
fluorite phase can be stable even at room temperature.

Y-doped ZrO2 – commonly known as yttria-stabilized zirco-
nia (YSZ) – is the most widely used composition of doped ZrO2,
due to its excellent chemical stability and high oxide ion
conductivity.26–28 Replacing tetravalent Zr cations with trivalent
Y cations results in the formation of oxygen vacancies following
eqn (2) to preserve the electroneutrality:

2Zr�Zr þY2O3 þO�O ¼ 2ZrO2 þ 2Y
0
Zr þ V��O (2)

YSZ has a cubic fluorite structure at a macroscopic level, but the
larger size and lower valence state of Y3+ (1.019 Å) compared
with those of Zr4+ (0.84 Å) induce local distortion resulting from
the elastic and electrostatic interactions within the unit cell.
Moreover, the oxygen vacancies activate not only the oxide ion
conduction, but also the hydration reaction (eqn (1)). The
presence of protons in YSZ was first reported by Stotz et al. in
1966.29 In 1968, Wagner et al. reported a study on measuring
the concentration and diffusivity of protons in YSZ at high
temperature, and found that the concentration of protons was
approximately 9.5 � 10�6 mol cm�3 at 1000 1C under pH2O =
1 atm.30 Secondary ion mass spectrometry (SIMS), which is highly
sensitive to hydrogen and its isotopes (e.g., deuterium), is a
powerful technique for measuring the proton concentration.31–34

Sakai et al. used SIMS technology to probe the hydrated single
crystal of 8 mol% Y2O3-doped ZrO2 (8YSZ-SC), whose proton
concentration was 6.8 � 10�8 mol cm�3 after annealing at
600 1C under pH2O = 0.02 atm.35 Bay et al. reported the proton
concentration of 1.7� 10�6 mol cm�3 for 8YSZ-SC after annealing
at 950 1C under pH2O = 0.066 atm.36 Yamaguchi et al. improved the
SIMS data analysis method, and tried to measure the proton
concentration of 8YSZ-SC annealed at 600 1C under pH2O = 0.017
atm.31 However, they found that the proton concentration was too
low, below the SIMS detection limit (B1.7 � 10�8 mol cm�3).
In 2018, Marinopoulos calculated the proton concentration in YSZ
based on the formation energy of proton defects, and reported the
value of 7.8 � 10�17 and 3.3 � 10�8 mol cm�3 at 227 and 927 1C,
respectively.37 They also simulated the migration paths of protons
with migration barriers varying within 1.00–1.25 eV, higher than
that in perovskite-type proton conductors like SrTiO3 and CaTiO3

(0.40–0.50 eV),38 and BaCeO3 and BaZrO3 (0.42–0.83 eV).39 Bay
et al. further tested the performance of one-chamber fuel cells at
960 1C by using gold and platinum as the cathode and anode,

respectively.36 The results indicated that the maximum power
density (Pmax) of the one-chamber fuel cells using 17 at% Pr-doped
8YSZ as the electrolyte was 2.5 mW cm�2, much higher than that
using an 8YSZ electrolyte (0.1 mW cm�2). The SIMS analysis
detected higher deuterium ion intensity in 17% Pr-doped 8YSZ
than that in 8YSZ, indicating that doping Pr improves the proton
solubility, resulting in potentially increasing proton conductivity
in the electrolyte. However, the enhanced performance may not
only be due to the higher proton concentration. The improved
cathodic effect of the electrolyte by doping Pr also improves the
performance of fuel cells.

In addition, the solubility of protons in the intra-grain (bulk)
and inter-grain (grain boundary) of YSZ appears to be different.
The proton concentration of 8YSZ (8YSZ-poly) is higher than
that of 8YSZ-SC under the same test conditions. After annealing
at 600 1C under pH2O = 0.017 atm and at 950 1C under pH2O =
0.066 atm, the proton concentrations of 8YSZ-poly are 9.1 �
10�7 and 2.3 � 10�6 mol cm�3, respectively, higher than those
of the grain boundary-free single crystal 8YSZ (8YSZ-SC), imply-
ing that the proton concentration at the grain boundary of YSZ
is higher than that in the bulk.

Dawson et al. investigated the crystal structure of YSZ and its
potential as a proton-conducting material using combined clas-
sical and quantum mechanical computational techniques.40,41

The redox stability of proton conductors is crucial as they must
remain stable under both the oxidizing and reducing conditions.
The reduction reaction involves the formation of oxygen vacan-
cies which are compensated by electrons:

O�O ! V��O þ
1

2
O2 þ 2e

0
(3)

In most cases, reaction (3) is accompanied by the reduction of
metal cations. The reduction energy of undoped ZrO2 is 5.47 eV,
and decreases by doping Y. For 11 mol% Y2O3 doped ZrO2,
the reduction energy is 4.70 eV near Y3+ and 4.95 eV far away
from Y3+. Similarly, the hydration energy (reaction (1)) of
undoped ZrO2 is 6.48 eV, whereas that of 11 mol% Y2O3-doped
ZrO2 is 5.95 eV near Y3+ and 6.21 eV far away from Y3+. Several
proton conductors, including the oxides with fluorite, perovs-
kite, or related structures, have reported hydration energies
ranging from �3 to 1.5 eV.42 However, the calculated hydration
energy for ZrO2 by Dawson et al. appears to be excessively high,
suggesting that the hydration reaction may not occur. Besides,
further investigation may also be necessary to evaluate the
accuracy of the calculation results. Additionally, it was observed
that the reduction energy and hydration energy decreased
further with an increase in doping concentration.41 These results
indicate that doping Y3+ improves the hydration ability. Moreover,
a trapping effect between the dopants and protons exists in the
acceptor-doped ZrO2, with the binding energy decreasing as the
radius of the dopant increases, as shown in Fig. 2.

As aforementioned, the proton concentration of doped ZrO2

is very low, in comparison with the concentration of oxygen
vacancies. For example, the concentration of oxygen vacancies in
8YSZ is about 1.03 � 10�4 mol cm�3, but its proton concentration
reported in the literature varies within 10�6–10�8 mol cm�3,30,31,35,36
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indicating that only a very limited amount of oxygen vacancies
participates in the hydration reaction. Empirically, oxides
with higher basicity favor the hydration reaction, facilitating
the introduction of protons. However, ZrO2 exhibits weak
basicity,43 resulting in only a small portion of oxygen vacancies
participating in the hydration reaction. Furthermore, Bjørheim
et al. discovered that among oxides with the same structure, the
material with lower ionization potential (the difference between
the valence band (VB) maximum and the vacuum level) exhibits
a more negative hydration enthalpy.42,44 In the case of ZrO2, its
ionization potential is approximately 6.86 eV,45 indicating that
the hydration reaction does not occur easily. This low proton
concentration thereby leads to low proton conductivity. In 2004,
Nigara et al. used the gas permeation method to measure the
proton conductivity of 10 mol% Y2O3-doped ZrO2 single crystal
at 777–1527 1C, which was 1.5 � 10�8–2.4 � 10�6 S cm�1, far
lower than the oxide ion conductivity.46 Based on the results of
both experimental investigations and theoretical calculations, it
is clear that the proton concentration in the ZrO2 system is low
and the activation energy of proton diffusion is high. As a result,
the bulk conductivity of protons is too low to give a significant
contribution to the performance of the electrochemical devices
using the ZrO2-based electrolytes.

2.2 CeO2

Ceria (CeO2) has high thermal stability, and only undergoes
phase transition to an orthorhombic a-PbCl2 type structure
(Pnma) under high pressure (e.g., 31 GPa).47,48 Doping low
valence elements makes CeO2 show high oxide ion conductivity,
leading to the application of doped CeO2 as an electrolyte for
intermediate temperature solid oxide fuel cells (IT-SOFC).22,49,50

Sm3+ was found to be one of the most effective dopants for
CeO2, and the conductivity of Ce0.8Sm0.2O2�d is as high as 1.0 �
10�2 S cm�1 at 500 1C.51,52 Besides, some other dopants also
impart CeO2 with considerably high oxide ion conductivity at
an intermediate temperature. For example, the conductivities
of Ce0.85Gd0.15O2�d and Ce0.95La0.05O2�d at 500 1C are 3.0 � 10�3

and 4.2 � 10�3 S cm�1, respectively.53,54 In 1999, Doshi et al.
fabricated a fuel cell with a 30 mm-thick Gd0.2Ce0.8O2�d

electrolyte using a multilayer belt casting technique, showing
Pmax of 140 mW cm�2 at 450 1C.55 Later, Ai et al. reported a fuel
cell with a 15 mm-thick Sm0.2Ce0.8O2�d electrolyte deposited by a
spin coating method, showing Pmax of 103 mW cm�2 at 450 1C.56

The ionic conductivity in CeO2 correlates with the oxygen
vacancies, which are introduced by doping low valence
elements. For example, the reaction of doping trivalent Sm is
given as:

2Ce�Ce þ Sm2O3 þO�O ¼ 2CeO2 þ 2Sm
0
Ce þ V��O (4)

The concentration of oxygen vacancies thereby increases with
the increasing doping level. However, the relationship between
the ionic conductivity of doped CeO2 and dopant concentration
is not simple. When the dopant concentration is low, the
conductivity increases as the dopant concentration increases.
However, when the dopant concentration is high, the conduc-
tivity decreases, due to the stronger local lattice distortion or
the trapping effect between negatively charged dopants and
positively charged oxygen vacancies. The solubility varies for
different dopants in the cubic CeO2 phase. For Sm and Y-doped
CeO2 prepared using the Pechini sol–gel method and heated
at 900 1C, the crystal structure is cubic fluorite when the
concentrations of Sm and Y are below 31.3 and 28 at%,
respectively.57,58 For Gd-doped CeO2 prepared with the solid-
state reaction method and annealed at 1400 1C, the cubic fluorite
phase can be obtained with a Gd concentration below 20 at%.59

When the doping level exceeds the limits for the cubic fluorite
phase, a C-type structure (Ia%3) phase forms.57,58,60,61 The C-type
structure can be described as a cubic fluorite superstructure
resulted from the ordering of vacancies in the anion sub-lattice,
and is commonly seen for rare earth oxides. This structure is also
known as a double fluorite structure, and the lattice constant is
twice as large as that of a simple fluorite one.8,16

CeO2 allows higher acceptor solubility, leading to the presence
of a significant number of oxygen vacancies. Nevertheless, the
high stability of these vacancies makes it challenging to hydrate
and introduce protons, resulting in a low concentration of
protons.44 In 1999, Sakai et al. utilized the SIMS method to
determine the proton concentration of pure polycrystalline CeO2

and that doped with rare earth elements (Ce0.8M0.2O2�d, M = Y,
La, Nd, Sm, Gd, Yb), which were annealed at 880 and 990 1C under
pH2O = 0.03 atm, as shown in Fig. 3.62 The proton concentration
of pure CeO2 is low (B1.7 � 10�6 mol cm�3) and increases by
10–100 times by doping the trivalent rare earth elements. From
Fig. 3, one can see that the proton concentration decreases with
increasing lattice constants of Ce0.8M0.2O2�d containing larger
dopants. By doping the smallest dopant Yb, the highest proton
concentration of 3.3 � 10�4 mol cm�3 was obtained at 990 1C,
while doping the largest La leads to the lowest proton concen-
tration of 1.2 � 10�5 mol cm�3.62 The reason is not clear, but
enhanced mismatch between the size of dopants and host
cations (Ce4+) may hamper the hydration reaction. It should
be noted that the proton concentration of all the aforemen-
tioned doped CeO2 is higher than that of the single crystal 8YSZ
(namely, 8YSZ-SC),36 and Ce0.8Yb0.2O2�d has a proton

Fig. 2 Binding energies between dopants with different ionic radii and
protons in the grain interior of ZrO2.40
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concentration two orders of magnitude higher than that of
8YSZ-SC, attributed possibly to the difference in thermody-
namic and chemical properties of the defects.63

In a reducing atmosphere, CeO2 exhibits electron conduc-
tion as Ce4+ is reduced to Ce3+,28,64 leading to the ability of CeO2

to permeate hydrogen when protons conduct simultaneously.
Nigara et al. studied the permeability of hydrogen in pure and
doped CeO2 at high temperatures, and confirmed the presence
of proton conductivity.65–68 Assuming that hydrogen atoms are
dissociated into protons and electrons, the proton conductivity
can be roughly calculated based on the gradient of chemical
potential of hydrogen. The proton conductivity of undoped
CeO2 is 8.5 � 10�6 S cm�1 at 1050 K, which increases to 1.6 �
10�4 S cm�1 at 1800 K.65 The proton conductivity of
Ce0.9Gd0.1O2�d is 1.2 � 10�6 S cm�1 at 1070 K, and increases to
1.4 � 10�4 S cm�1 at 1800 K.66 The proton conductivity of
Ce0.8Yb0.2O2�d is 1.0 � 10�6 S cm�1 at 1000 K, and increases to
1.0 � 10�4 S cm�1 at 1800 K.67 Among the compositions studied,
Ce0.85Ca0.15O2�d shows the highest proton conductivity, which is
1.4 � 10�6 and 5.0 � 10�5 S cm�1 at 1050 and 1800 K,
respectively.68 The permeability of hydrogen is not solely deter-
mined by proton conductivity, but is also influenced by electronic
conductivity. Therefore, the estimation of proton conductivity
using hydrogen permeability can only be a rough approximation.

Although proton incorporation and conduction were con-
firmed in both pure and doped CeO2 at high temperatures, the
proton conductivity is quite low, far lower than the required
level (B0.01 S cm�1) for application as a proton-conducting
electrolyte. Therefore, similar to the case of doped ZrO2, the
application of doped CeO2 as the electrolyte is mainly based on
its oxide ion conduction, and the contribution from volume
proton conduction is negligibly small.

2.3 La2Ce2O7

CeO2 doped with lanthanide elements exhibits a sharp decline in
oxide ion conductivity as doping levels rise over 10–20 mol%,69–71

but CeO2 heavily doped with some large lanthanides (e.g., La)
can be hydrated and exhibits proton conduction in wet
atmospheres.72 50 at% La-doped CeO2 – namely Ce0.5La0.5O2�d,
and is generally depicted in the literature as La2Ce2O7 – takes a
disordered fluorite structure and has high oxide ion conductivity
and moderate proton conductivity, depending on the tempera-
ture and atmosphere. Kalland et al. measured water uptake and
hydration enthalpy in La2Ce2O7 using combined thermogravi-
metry (TG) and differential scanning calorimetry (DSC)
techniques,73 and determined the change of standard hydration
enthalpy (DhydrH1) of �74 kJ mol�1, which was independent
on the water uptake. They also prepared the solid solution of
(La1�xNdx)2Zr2O7�d with La2Ce2O7 and Nd2Ce2O7 as the end
compositions and found that the water uptake increased with
the increasing La concentration. They thereby proposed a model
explaining that in La2Ce2O7, the oxide ions and oxygen vacancies
coordinated with four La3+ cations have the strongest hydration
ability, and those coordinated with less La3+ cations are less
prone to be hydrated.73 Ismail et al. recently reported that both
the proton concentration and conductivity increased by doping
divalent alkaline earth elements to replace La and trivalent earth
elements to replace Ce. Besides the increasing oxygen vacancies
by these doping strategies, which benefits the hydration reac-
tion, another reason is suggested to be the formation of new
coordination types, including the oxide ions and oxygen vacan-
cies coordinated with three La3+ and one A2+ (A = Ca, Sr and Ba)
cations,74 and three La3+ and one B3+ (B = Y, Ho, Er, Tm and Yb)
cations.75 Following the model proposed by Kalland et al., these
new coordination types containing lower valence dopants benefit
the hydration reaction, leading to higher proton concentration
and conductivity.73–75 It should be noted that increasing the
concentration of oxygen vacancies is the strategy commonly
taken to increase the proton conductivity, but the model
proposed by Kalland et al. in the La2Ce2O7 system emphasizes
the importance to pay attention on the coordination environ-
ment surrounding the oxide ions and oxygen vacancies.

La2Ce2O7 is, in most conditions, a mixed conductor with
protons and oxide ions as the ionic charge carriers, and also
shows partial electron conduction in a reducing atmosphere,
due to the reduction of a part of Ce4+ to Ce3+.69,74 Sun et al.
studied the effect of pH2O and temperature on the conduction
behavior of La2Ce2O7, and found that the total conductivity
increased significantly with increasing pH2O, due to the
enhancement in proton conduction, as shown in Fig. 4(a).76

For example, the proton conductivity (sH+) of La2Ce2O7

increases from 2.44 � 10�5 S cm�1 to 6.68 � 10�5 S cm�1 with
pH2O increasing from 0.0025 atm to 0.03 atm at 550 1C, and the
transport number of protons (tH+) – reflecting the contribution
of proton conduction to the total conduction – also increases.
Since higher temperature activates the oxide ion conduction
and promotes dehydration, tH+ decreases with the elevating
temperature. tH+ of La2Ce2O7 is 0.90 at 250 1C under pH2O =
0.03 atm, and decreases to 0.13 at 550 1C.76 Therefore, the
contribution of proton conduction in pristine La2Ce2O7 at the
intermediate temperature range (450–700 1C) is quite small.
Later on, Ismail et al. doped trivalent rare earth elements

Fig. 3 Proton concentration in undoped CeO2 and Ce0.8M0.2O2�d (M = Y,
La, Nd, Sm, Gd, Yb) after annealing at 880 and 990 1C in a wet atmosphere
(pH2O = 0.03 atm).62
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(Y, Ho, Er, Tm and Yb) to substitute Ce and studied the
conduction behavior in the atmosphere with pH2O varying
within 0.03–0.40 atm.75 Among the compositions studied, they
found that La2(Ce0.95Y0.05)2O7�d showed the highest sH+, which
was 8.0 � 10�5 S cm�1 at 600 1C under pH2O = 0.03 atm, four
times higher than that of pristine La2Ce2O7 (2.0� 10�5 S cm�1),
as shown in Fig. 4(b).75 Moreover, by increasing pH2O to
0.40 atm, sH+ of La2(Ce0.95Y0.05)2O7�d further increased by more
than four times to 3.3 � 10�4 S cm�1, and tH+ was kept at
a moderate value of 0.22.75 These results indicate that by
optimizing the composition and environmental atmosphere
(e.g., increasing pH2O), the proton conduction in La2Ce2O7 can
be enhanced efficiently. However, it should be noted that
the majority charge carriers in La2Ce2O7 in the intermediate
temperature range are oxide ions, and tH+ is much smaller
than tO

2�. Therefore, the fuel cells and electrolyzers using the
La2Ce2O7-based electrolytes should not be classified into the
category of protonic ceramic electrochemical devices.

3. Pyrochlore oxides
3.1 La2Zr2O7

As a pyrochlore-type proton conductor, lanthanum zirconate
(La2Zr2O7) attracts a lot of interest and has been studied
profoundly. Pristine La2Zr2O7 has low electrical conductivity
(e.g., 1.0 � 10�5 S cm�1 in a humidified H2 atmosphere at
900 1C),77 so it is commonly doped with acceptor dopants to
increase the concentration of oxygen vacancies, which is bene-
ficial for both the proton and oxide ion conduction. In this
section, a summarization of the information of the solubility of
dopants, electrical conduction behavior, and conduction mecha-
nism of protons in the crystal structure of La2Zr2O7 is provided.

3.1.1 Dopants. To improve the conduction behavior, low
valence dopants are introduced into the La or Zr-sites to
generate oxygen vacancies, which play a crucial role in the
conduction of both oxide ions and protons. Divalent alkaline
earth elements (e.g., Ca, Sr) are commonly used to substitute
La. Interestingly, the method for sample preparation affects the
solubility of the dopants in La2Zr2O7 significantly. Omata et al.
found that the doping limit of Sr was x = 0.01 in (La1�xSrx)2-
Zr2O7�d, which was prepared with a solid-state reaction method
and sintered at 1550 1C.78 Huo et al. found that the Sr doping
limit was x = 0.025 by using an oxalic acid co-precipitation
method and sintering at 1500 1C.79 Antonova et al. reported a
higher Sr doping limit of x = 0.035 when the sintering was
performed at 1600 1C on the samples prepared with a citrate–
nitrate method.80 These results clearly indicate that by using
the method to synthesize the materials with smaller grain size
and sintering at higher temperature, the solubility of Sr in
La2Zr2O7 is improved. This is reasonable, since the inter-
diffusion of elements between raw materials will be improved
by decreasing the diffusion distance (grain size) and thermally
activated. Furthermore, using wet processes for synthesis ben-
efits the homogeneous mixing of the raw materials. The doping
limits of Ca in La2Zr2O7 shows similar correlation with the
method for sample preparation. Omata et al. found the doping
limit of Ca to be x = 0.025 in (La1�xCax)2Zr2O7�d which was
sintered at 1550 1C using the solid-state reaction method.81

Islam et al. reported a higher doping limit of x = 0.035 using a
combustion synthesis technique by sintering at 1400 1C.82

Antonova et al. found an even higher doping limit of x = 0.05
when the sample was prepared by the citrate-nitrate method
and the sintering was conducted at 1600 1C.83

In addition, the Zr-site can also be used for doping trivalent
rare earth elements (e.g., Y, Nd, Sm, Gd) and divalent alkaline

Fig. 4 Proton conductivity and proton transport number of (a) La2Ce2O7 in wet air,76 and (b) La2(Ce0.95B0.05)2O7�d (B = Y, Ho, Er, Tm and Yb) at 600 1C in
wet oxygen plotted against pH2O.75
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earth elements (e.g., Ca) to introduce oxygen vacancies. Omata
et al. prepared La2(Zr1�yCay)2O7�d with the doping limit of Y to
be y = 0.0075.81 Han et al. found that the doping limit of Y in
La2(Zr1�yYy)2O7�d reached above y = 0.15 using the solid state
reaction method, but the doping limits of Nd, Sm and Gd
elements were only around y = 0.05.84

3.1.2 Hydration. Increasing the dopant concentration
leads to the generation of more oxygen vacancies, benefiting
the hydration reaction (eqn (1)) to increase the concentration of
protons. Omata et al. measured the proton concentration in
La2Zr2O7 doped with alkaline earth elements by counting the
amount of thermally desorbed water using a quadrupole mass
spectrometer.78,85 The samples were annealed in wet O2

(pH2O B 0.30 atm) at 800 1C for 12 h for hydration, leading to
the measured proton concentration of 7.1 � 10�7 mol cm�3 for
La2Zr2O7, which increases to 3.9 � 10�5 mol cm�3 and 7.9 �
10�5 mol cm�3 for (La0.975Ca0.025)2Zr2O7�d and (La0.96Ca0.04)2-
Zr2O7�d, respectively. Antonova et al. used TG analysis to
measure the proton concentration in (La0.975Ca0.025)2Zr2O7�d
and (La0.95Ca0.05)2Zr2O7�d which were hydrated by cooling from
950 1C to 300 1C at 60 1C h�1 in wet O2 (pH2O B 0.24 atm).83,86

The proton concentrations are 7.4 � 10�5 and 1.1 � 10�4 mol
cm�3 for (La0.975Ca0.025)2Zr2O7�d and (La0.95Ca0.05)2Zr2O7�d,
respectively. These results indicate that doping divalent Ca into
the La-site is effective in increasing the proton concentration in
La2Zr2O7. Other alkaline earth elements show similar effect on
improving the hydration ability of La2Zr2O7, but the proton
concentration in the Mg-doped samples is much lower than
those doped with Ca and Sr.78 The large difference in ionic
radius between Mg2+ (0.890 Å) and La3+ (1.160 Å) can result in
large lattice distortion, which is not favorable for hydration
reactions.

Furthermore, the difference in doping the same dopants
into the La and Zr-sites was compared. The proton concen-
tration in (La0.99Sr0.01)2Zr2O7�d annealed at 800 1C under
pH2O B 0.30 atm was reported to be 2.0 � 10�5 mol cm�3, higher
than that in La2(Zr0.99Sr0.01)2O7�d (1.5 � 10�5 mol cm�3).78

Omata et al. suggested that oxygen vacancies form in the 48f
and 8b sites, when doping into the La-site, and only form in the
48f site, when doping into the Zr-site.85 The authors speculated
that the oxygen vacancies in different sites resulted in the
differences in hydration ability to introduce protons with
different mobilities.85 However, theoretical calculations indi-
cate that oxygen vacancies mainly formed at the 48f site in
La2Zr2O7 by acceptor-doping and are energetically unfavorable
in the 8b site.87–91 The appropriateness of the aforementioned
viewpoint needs further verification. We suggest that the dis-
crepancy is due to the fact that the eight-coordinated radius of
Ca2+ (1.120 Å11) is closer to that of La3+ (1.160 Å11), but the six-
coordinated radius of Ca2+ (1.000 Å11) is obviously larger than that
of Zr4+ (0. 720 Å11). This mismatch in cation radii induces local
distortions, which is unfavorable for the hydration reaction.

Interestingly, it seems that not all the oxygen vacancies
generated by doping participate the hydration reaction. Björke-
tun et al. reported that only 59% of the oxygen vacancies in
(La0.975Ca0.025)2Zr2O7�d and (La0.955Ca0.045)2Zr2O7�d participated

into the hydration reaction.88 Omata et al. found that the ratio of
hydratable oxygen vacancies in (La0.975Ca0.025)2Zr2O7�d and
(La0.96Ca0.04)2Zr2O7�d were 30%78 and 38%,85 respectively. Anto-
nova et al. reported that 36%83 and 45%86 of the oxygen
vacancies in (La0.975Ca0.025)2Zr2O7�d and (La0.95Ca0.05)2Zr2O7�d,
respectively, were active for the hydration reaction. The reason is
still unclear, but a possible explanation is that the hydration
ability of the oxygen vacancies and oxide ions strongly depends
on their coordination environment. Analogous to the case in the
La2Ce2O7, the oxygen vacancies and oxide ions surrounded by
trivalent La and the dopants with lower valence might be prone
to participate into the hydration reaction, and those in the
vicinity of tetravalent cations (Ce4+, Zr4+) are difficult to be
hydrated, making the system unable to be fully hydrated.

3.1.3 Conduction behavior. The proton conductivity of (La1�x-
Cax)2Zr2O7�d increases with the increasing Ca concentration.81,92

The increasing proton concentration appears to be the main
reason, since there is a negligibly small difference in the
mobility of protons between (La2�xCax)Zr2O7�d with different
Ca concentrations.92 Generally speaking, the mobility of pro-
tons decreases with the increasing dopant concentration as
the negatively charged acceptor dopants interact with positively
charged protons, resulting in a trapping effect of protons by the
dopants. However, the mobilities of protons in (La1�xCax)2-
Zr2O7�d with different Ca concentrations are very close, reveal-
ing a trapping effect that is independent of Ca dopant
concentration.

Besides, the site for doping was also suggested to play an
effective role in influencing the proton concentration and
conductivity. Omata et al. found that (La0.96Ca0.04)2Zr2O7�d
has a proton concentration about three times higher than that
in La2(Zr0.98Ca0.02)2O7�d, although these two samples have the
same concentration of extrinsic oxygen vacancies (d = 0.04).85

They further separated the partial conductivities of protons and
oxide ions in (La0.975Ca0.025)2Zr2O7�d and La2(Zr0.9925Ca0.0075)2-
O7�d, and found that as shown in Fig. 5, the proton conductivity
of (La0.975Ca0.025)2Zr2O7�d (6.8 � 10�4 S cm�1) is nearly 7 times
higher than that of La2(Zr0.9925Ca0.0075)2O7�d (1.0� 10�4 S cm�1)
at 600 1C, although the concentration of oxygen vacancies in
(La0.975Ca0.025)2Zr2O7�d (d = 0.025) is less than twice as high as
that in La2(Zr0.9925Ca0.0075)2O7�d (d = 0.015).85 The proton con-
ductivity in (La0.985Ca0.015)2Zr2O7�d, which has the same concen-
tration of oxygen vacancies as La2(Zr0.9925Ca0.0075)2O7�d, is 3.9 �
10�4 S cm�1 at 600 1C.85

As shown in Fig. 5, when the temperature is not high enough
(typically o 600 1C), Ca-doped La2Zr2O7 is almost a pure proton
conductor in wet H2, since the partial conductivity of protons is
higher by more than one order of magnitude than that of oxide
ions. However, with the increasing temperature, the proton
conductivity decreases due to dehydration, and the contribu-
tion from oxide ions increases. In the case of (La0.975Ca0.025)2-
Zr2O7�d, when the temperature is around 835 1C, the partial
conductivities of protons and oxide ions are close. When the
temperature is elevated to 900 1C, the partial conductivity of oxide
ions is higher than that of protons by one order of magnitude,
making the material become nearly a pure oxide ion conductor.
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Besides doping alkaline earth elements, substituting Zr with
trivalent rare earth elements (e.g., Y) also effectively enhances
the proton conduction. Y3+ has the same valence state as La3+

and cannot be used as an acceptor dopant for the A-site.
However, doping at the tetravalent B-site can introduce oxygen
vacancies, which in turn increases the concentration and
partial conductivity of protons. Labrincha et al. reported that
La2Zr2O7 and La2(Zr0.84Y0.16)2O7�d exhibited proton conduction
at temperatures lower than 1000 1C,93 and the conductivities at
900 1C were 3.3 � 10�5 and 1.0 � 10�4 S cm�1 for La2Zr2O7 and
La2(Zr0.84Y0.16)2O7�d, respectively. Shimura et al. measured the
conduction behavior of La2(Zr0.9Y0.1)2O7�d, whose tH+ was 0.45
and 0.10 at 600 and 900 1C, respectively, corresponding to sH+

of 1.1 � 10�4 and 1.5 � 10�4 S cm�1, respectively.77 Han et al.
measured the conductivities of La2Zr2O7 doped with various
concentrations of Y, and found that the bulk conductivity
of La2(Zr0.9Y0.1)2O7�d was 3.68 � 10�4 S cm�1 at 600 1C in wet
H2, which was the highest among the compositions studied
in their work.84

3.1.4 Conduction mechanism of protons. Stable sites and
conduction route of protons in La2Zr2O7 have been studied by
theoretical calculation.88,90 Besides the viewpoint of anion-
centered tetrahedrons as shown in Fig. 1(b), the pyrochlore
structure can also be viewed as a connection of cation-centered
octahedrons. In the case of La2Zr2O7, six O1 anions coordinate
a Zr cation to form a ZrO6 octahedron, which links adjacent
ZrO6 octahedrons by sharing the apical O1 anions, as shown in
Fig. 6(a). However, the O2 anions are relatively isolated and do
not belong to any ZrO6 octahedrons. Toyoura et al. found that
there are two and four equivalent stable proton positions
around the O1 and O2 anions, respectively, but the energy of

the protons around the O2 anions are 1.2 eV higher than that
around the O1 anions.90 Three basic motions of protons – path
1, 2 and 3 in Fig. 6(b) – were further separated. Path 1 is a short-
range hopping path (0.95 Å) connecting three adjacent H1 sites
forming an equilateral triangle. Path 2 is a partial rotation
around the O1 ion with the migration distance of 2.28 Å.
However, paths 1 and 2 can only make protons migrating in
closed regions, and path 3 which connects the closed regions is
the key path promoting protons to migrate a long distance
(3.09 Å). The energy barriers of paths 1 (0.32 eV) and 3 (0.39 eV)
are lower than that of path 2 (0.54 eV), so the migration of
protons in the pyrochlore structure of La2Zr2O7 can be realized
by paths 1 and 3.90 Toyoura et al. further simulated the
influence of acceptor dopants on the proton conduction, and
found that diffusion coefficients decreased by doping divalent
cations of alkaline earth elements (Mg, Ca, Sr and Ba) to partly
replace La or Zr, or trivalent Y to replace Zr, due to the
association between protons and the negatively charged
dopants relative to the host cations of La(III) and Zr(IV). Inter-
estingly, if assuming that the extrinsic oxygen vacancies formed
by acceptor-doping contribute to the hydration reaction signifi-
cantly, high proton conductivity can be expected. For example,
assuming that 32.5% of the extrinsic oxygen vacancies in
La2(Zr0.9Y0.1)2O7�d (d = 0.1), the proton concentration will be
0.065 per La2(Zr0.9Y0.1)2O7�d formula unit, and the proton
conductivity is predicted to be around 0.01 S cm�1 at
600 1C.84 However, the experimentally measured value is only
3.68 � 10�4 S cm�1, far lower than the prediction.84 Low
hydration ability of the sample is the major reason, since only
3.5% of the extrinsic oxygen vacancies participate in the hydra-
tion reaction and the proton concentration is as low as 0.007
per formula unit.84 In order to increase the proton conductivity
of the La2Zr2O7-based material, the hydration ability needs to
be enhanced.

3.2 La2(Nb1�xMx)2O7�d

La2(Nb1�xMx)2O7�d (M = rare earth elements) is a new class of
fluorite/pyrochlore proton conductor. Although it contains
neither Zr nor Ce, the idea of this composition was inspired
from La2Zr2O7. The design strategy of La2(Nb1�xMx)2O7�d is to
use a mixture of pentavalent Nb and trivalent rare earth
elements (M) to occupy the tetravalent B-site. When the atomic
ratio between Nb and rare earth elements is 1 : 1, the average
positive charge of the B-site is four. Furthermore, interestingly,
if the ratio between Nb and rare earth elements is increased
over unity, oxygen vacancies form following

2Nb�B þM2O3 þ 2O�O ¼ 2M
0
B þNb2O5 þ 2V��O (5)

where Nb�B and M
0
B are the Nb and rare earth cations occupying

the B-site. Therefore, by simply changing the concentration of
the domestic cations in the B-site, oxygen vacancies can be
created, favoring the hydration reaction. Firstly, dopant candi-
dates of rare earth elements were screened, including Sc, Y, Nd,
Sm, Gd, Ho, Er, Tm and Yb, but only limited compositions
showed single phase: La2(Nb0.5Sc0.5)2O7�d, La2(Nb1�xYx)2O7�d

Fig. 5 Temperature dependence of partial conductivities of proton, oxide
ion in (La0.975Ca0.025)2Zr2O7�d (0.025 Ca–La) and (La0.95Ca0.05)2Zr2O7�d
(0.052 Ca–La) in wet H2 (pH2O B 0.028 atm),92 and (La0.975Ca0.025)2-
Zr2O7�d (0.025 Ca–La) and (b) La2(Zr0.9925Ca0.0075)2O7�d (0.0075 Ca–Zr) in
wet H2 (pH2O: 0.017–0.25 atm).81 The samples are polycrystalline, and the
conductivities comprise the contributions from both bulk (intra-grain) and
grain boundaries (inter-grain).
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(LNY, x = 0.60, 0.65, 0.70),94 and La2(Nb0.45Yb0.55)2O7�d
(LNYb55).95 Since there are no extrinsic oxygen vacancies in
La2(Nb0.5Sc0.5)2O7�d, the conductivity of this sample showed
no response to moisture, indicating that there is no proton
conduction. The crystal structure of La2(Nb1�xYx)2O7�d (LNY)
depends on the composition, and is pyrochlore and fluorite,

when x = 0.60 and 0.65 and x = 0.70, respectively.94 A clear H2O/
D2O isotope effect was confirmed for these compositions,
indicating that protons are the majority charge carriers.

Besides increasing the atomic ratio between the rare earth
elements and Nb in the B-site, oxygen vacancies can also be
introduced by acceptor-doping into the A-site, and divalent Ca,
Sr and Ba are common dopants to partially substitute trivalent
La. A comparison of the conductivities of the LNY system and
those of some state-of-the-art proton conductors are summar-
ized in Fig. 7. The conductivity of La2(Nb0.4Y0.6)2O7�d (LNY60) is
3.17 � 10�4 S cm�1 at 700 1C in wet hydrogen (pH2O = 0.05 atm),
and increases by nearly four times to 1.16 � 10�3 S cm�1 by
doping 2.54 at% Ca (La + Ca = 100 at%).96 Similarly, the
conductivity of La2(Nb0.35Y0.65)2O7�d (LNY65) increases from
2.88 � 10�4 S cm�1 to 1.16 � 10�3 S cm�1 by doping 0.98
at% Sr (La + Sr = 100 at%),95 and the conductivity of LNYb55
increases from 2.78 � 10�4 S cm�1 to 4.51 � 10�4 S cm�1 by
doping 3 at% Ca (La + Ca = 100 at%).94 Anyhow, the conductiv-
ity of this system is still too low to be directly used as the
electrolyte, but it may be potentially applicable as a buffer layer
between the electrode and electrolyte of acceptor-doped BaZrO3

and Ba(Zr, Ce)O3, based on the superior chemical stability of
LNY and LNYb55.

In addition, the generation of electron hole conduction in an
oxidizing atmosphere is a problem for the acceptor-doped
BaZrO3 and Ba(Zr, Ce)O3 electrolytes. For example, the state-
of-the art BaZr0.8Y0.2O3�d electrolyte has the transport number
of ionic conduction (tion) of 0.79 and 0.43 in wet oxygen (pH2O =
0.05 atm) at 600 and 700 1C, respectively. Remarkably, LNY and
LNYb55 have higher tion, which is 0.92 and 0.80 at 600 and
700 1C, respectively, for LNY65,96 and 0.95 and 0.90 at 600 and
700 1C, respectively, for (La0.99Ca0.01)2(Nb0.45Yb0.55)2O7�d.

95

Therefore, depositing the LNY/LNYb55 electrolyte onto the
Ba-based perovskite electrolytes will be a feasible strategy to
improve the chemical stability and transport properties of the
electrolyte.

The long-range and local crystal structures were also ana-
lyzed. Based on Rietveld refinement of powder XRD patterns of
pristine and alkaline earth element-doped LNYb55, it was
found that the 8b O2 site – in the center of the tetrahedrons
containing four La cations – was fully occupied by oxide ions.

Fig. 6 (a) Pyrochlore crystal structure of La2Zr2O7, where the green and red balls are La and O ions, and the grey octahedrons are ZrO6 units. (b)
Conduction route of protons in La2Zr2O7. Reprinted with permission,90 Copyright [2015] American Chemical Society.

Fig. 7 Total conductivities of BaZr0.8Y0.2O3�d (BZY20),94 BaCe0.8Y0.2O3�d
(BCY20),94 SrZr0.9Y0.1O3�d (SZY10),94 La2(Zr0.9Y0.1)2O7�d (Y-LZO),84 La2(Nb0.40-
Y0.60)2O7�d (LNY60),94 La2(Nb0.35Y0.65)2O7�d (LNY65),94 La2(Nb0.30Y0.70)2O7�d
(LNY70),94 (La0.95Ca0.05)2(Nb0.40Y0.60)2O7�d (Ca-LNY60),96 (La0.95Sr0.05)2(Nb0.35-
Y0.65)2O7�d (Sr-LNY65)96 in wet H2 (pH2O = 0.05 atm), (La0.975Ca0.025)2Zr2O7�d
(Ca-LZO) in wet H2 (pH2O B 0.02 atm),81 La2Ce2O7 in wet air (pH2O = 0.03 atm),76

La0.9Sr0.1ScO3�d (LSS) in wet Ar-1% H2 (pH2O = 0.02 atm),97 La27W5O54+d (LWO54)
in wet Ar-5% H2O (pH2O B 0.025 atm),98 and La0.99Ca0.01NbO4�d (LCN) in wet H2

(pH2O B 0.02 atm).99
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The oxygen vacancies which were introduced by elevating the
atomic ratio between Yb and Nb over unity and partially
substituting trivalent La with divalent Ca, Sr and Ba cations
located solely in the 48f O1 site, which is in the center of the
tetrahedrons composed of two La and two Nb/Yb cations.95

Furthermore, the results of extended X-ray absorption fine
structure (EXAFS) analysis indicated that the coordination
number of oxide ions in the vicinity of Y in the hydrated
La2(Nb1�xYx)2O7�d (x = 0.60, 0.65) samples is higher than those
of the dried samples,96 indicating that only the oxide ions/
oxygen vacancies close to Y are active for the hydration reaction,
and the oxygen vacancies formed by acceptor-doping prefer to
be located in the vicinity of Y than Nb. Thereby, it is reasonable
to conclude that even in the tetrahedrons composed of two La
and two Nb/Yb or Y cations, oxygen vacancies prefer to form in
the tetrahedrons containing La and Y or Yb, rather than those
with Nb, suggesting a potential strategy to further improve the
hydration ability and proton conduction by regulating the
coordination of the local tetrahedrons in this class of materials.

3.3 Other materials

3.3.1 Zirconates. Shlyakhtina et al. prepared
(Gd0.975Ca0.025)2Zr2O7�d with a mechanical activation method,
and the sample was finally heated at 1600 1C.100 After measur-
ing the impedance spectra in both dry and wet air, they found
that the total conductivity of (Gd0.975Ca0.025)2Zr2O7�d changed
little in the two different atmospheres, indicating that the
proton conduction is negligible in this material. It is note-
worthy the crystal structure of (Gd0.975Ca0.025)2Zr2O7�d is not
clear, but it shows the feature matching the fluorite structure
model. The authors also prepared Sm2Zr2O7 and (Sm0.975-
Ca0.025)2Zr2O7�d pyrochlore oxides. Although Sm2Zr2O7 shows
no proton conduction, by doping Ca into the Sm-site, the
sample shows lower conduction activation energy in wet air
at the temperature below 600 1C, compared with that in dry air.
Moreover, both the bulk and grain boundary conductivities
were higher in wet air, indicating the generation of proton
conduction. At 530 1C in wet air (pH2O = 0.023 atm), the proton
conductivity of (Sm0.975Ca0.025)2Zr2O7�d is 2.4 � 10�5 S cm�1.100

The authors further prepared Nd2Zr2O7 and (Nd0.975Ca0.025)2-
Zr2O7�d pyrochlore oxides. The conductivity of these oxides was
also higher in wet air, indicating the presence of proton
conductivity. At 500 1C, the proton conductivity of Nd2Zr2O7

was approximately 5.0 � 10�6 S cm�1, and increased to 1.0 �
10�5 S cm�1 at 600 1C. The proton conductivity of (Nd0.975-
Ca0.025)2Zr2O7�d was approximately 7.0 � 10�5 and 2.5 �
10�4 S cm�1 at 500 and 600 1C, respectively.101 As has been
mentioned, by using La to occupy the A-site, the resulting La2-
Zr2O7 system also exhibits proton conduction, and the highest
proton conductivity was reported for (La0.975Ca0.025)2Zr2O7�d to
be 6.8 � 10�4 S cm�1 at 600 1C.81 Interestingly, one may notice
that the proton conductivity increases in the sequence of
Gd2Zr2O7 o Sm2Zr2O7 o Nd2Zr2O7 o La2Zr2O7, in agreement
with the increasing eight-coordinated cation radius of Gd3+

(1.053 Å) o Sm3+ (1.079 Å) o Nd3+ (1.109 Å) o La3+ (1.160 Å).11

These results indicate that the size of the A-site cation has a

significant effect on the proton conduction of pyrochlore
zirconates.

3.3.2 Stannates. The proton conductivity of pyrochlore
stannates also exhibits a dependence on the cation radius at
the A-site. Eurenius et al. prepared Ca-doped A2Sn2O7 (A = La,
Sm, Yb) using the solid-state reaction method, and studied the
conduction behavior in dry and wet atmospheres.102 The
results showed that the conductivity of (A0.98Ca0.02)2Sn2O7�d
(Ln = La, Sm, Yb) at the temperature lower than 500 1C in wet Ar
(pH2O = 0.026 atm) was higher than that in dry Ar. Additionally,
a clear H2O/D2O isotope effect was observed, indicating the
presence of proton conduction. The conductivities in wet Ar
were subtracted by those in wet Ar to estimate the proton
conductivities, which were 5.8 � 10�9, 2.3 � 10�7 and 3.0 �
10�7 S cm�1 300 1C for (Yb0.98Ca0.02)2Sn2O7�d, (La0.98Ca0.02)2-
Sn2O7�d and (Sm0.98Ca0.02)2Sn2O7�d, respectively. It is clear that
by using larger La3+ (1.160 Å) and Sm (1.079 Å) to occupy the
A-site of the pyrochlore stannates, higher proton conductivity
can be obtained, compared with the case using smaller Yb3+

(0.98 Å). Eurenius et al. also prepared undoped Sm2Sn2O7,
(Sm0.96Ca0.04)2Sn2O7�d, and Sm2(Sn0.96Y0.04)2O7�d.

103 The pro-
ton conductivities at 300 1C in wet Ar (pH2O = 0.026 atm) were
found to be 2.5� 10�8 and 2.6� 10�6 S cm�1 for Sm2Sn2O7 and
(Sm0.96Ca0.04)2Sn2O7�d, respectively. By comparing with the
aforementioned results of (Sm0.98Ca0.02)2Sn2O7�d, one can see
that the conductivity increases with the increasing Ca concen-
tration, indicating that Ca is an effective dopant to enhance the
proton conduction in Sm2Sn2O7. Sm2(Sn0.96Y0.04)2O7�d shows
proton conductivity of 3.4 � 10�9 S cm�1 at 300 1C, even lower
than that of undoped Sm2Sn2O7.

3.3.3 Titanates. Although it has not been studied as deeply
as pyrochlore zirconates, some titanates have also been inves-
tigated for proton conductors. Fjeld et al. prepared Er1.96Ca0.04-
Ti2O7�d pyrochlore titanates using the citrate–nitrate method,
but found no presence of proton conduction in this material.104

Shimura et al. prepared Y2(Ti0.9B0.1)2O7�d (B = In, Mg) pyro-
chlore phase oxide with the solid-state reaction method, but
still observed no significant proton conduction.77 Later, Eurenius
et al. synthesized (Sm0.96Ca0.04)2Ti2O7�d and Sm2(Ti0.96Y0.04)2-
O7�d, and confirmed a significant increase in bulk conductivity
of these materials under wet conditions below 500 1C as com-
pared to that under dry conditions, indicating the presence of
proton conduction.105 The proton conductivities of (Sm0.96-
Ca0.04)2Ti2O7�d and Sm2(Ti0.96Y0.04)2O7�d are 1.2 � 10�5 and
3.3 � 10�6 S cm�1, respectively, at 300 1C in wet oxygen (pH2O =
0.026 atm). The authors further used an electromotive force (EMF)
method on gas concentration cells, and determined that
(Sm0.96Ca0.04)2Ti2O7�d has tH+ 4 0.9 at 400 1C under a wet oxygen
atmosphere. In summary, the pyrochlore titinates with small
A-site cations (Y3+ (1.019 Å), Er3+ (1.004 Å)) do not exhibit proton
conduction. When the A-site is occupied by larger cations like
Sm3+ (1.079 Å), proton conduction is generated.106

3.4 Dependence of hydration ability on cation radius

One interesting conclusion from the 3.3 section is that in the
system with the same B-site cation, the proton conductivity
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increases with the increasing size of the A-site cation. In
addition, a relationship can also be found between the B-site
cation and the proton conduction of the pyrochlore oxides.
Eurenius et al. found that the conductivities of pre-hydrated
(Sm0.96Ca0.04)2B2O7�d (B = Ti, Zr, Sn) decreased when the
samples were exposed to dry Ar due to the loss of protons
resulting from dehydration.107 By assuming the decrement in
conductivity caused by dehydration to the proton conductivity,
the proton conductivities of (Sm0.96Ca0.04)2Ti2O7�d, (Sm0.96-
Ca0.04)2Sn2O7�d and (Sm0.96Ca0.04)2Zr2O7�d at 300 1C can be esti-
mated to be 3.12 � 10�5, 1.68 � 10�6 and 9.39 � 10�8 S cm�1,
respectively, decreasing with the increasing radius of the B-site
cation (Ti4+(0.605 Å) o Sn4+(0.690 Å) o Zr4+ (0.72 Å)11). Therefore,
the proton conduction in pyrochlore oxides can be expected to be
dependent on the size of cations in the A and B-sites, which were
revealed to influence the hydration ability and thereby the proton
concentration significantly.

Eurenius et al. measured the proton concentration of
(A0.98Ca0.02)2Sn2O7�d (A = La, Sm, Yb) after annealing at
300 1C in wet nitrogen (pH2O = 0.37 atm), which was 2.85 � 10�5,
2.10 � 10�5 and 1.62 � 10�5 mol cm�3 for (La0.98Ca0.02)2Sn2O7�d,
(Sm0.98Ca0.02)2Sn2O7�d and (Yb0.98Ca0.02)2Sn2O7�d, respectively, and
decreased with the decreasing size of the A-site cations (La3+

(1.160 Å) 4 Sm3+ (1.079 Å) 4 Yb3+ (0.985 Å)11).102 This finding
is consistent with the results of Bjørheim et al. that the proton
concentration decreased in the sequence of La1.8Ca0.2Sn2O7�d 4
Sm1.8Ca0.2Sn2O7�d 4 Er1.8Ca0.2Sn2O7�d with Er3+ (1.004 Å11) to be
the smallest A-site cation in their study.108 Since the protons are
introduced through the hydration reaction (eqn (1)), the equili-
brium constant can be given as

Khydr ¼ exp
DhydrS

�

R

� �
exp �DhydrH

�

RT

� �
(6)

where DhydrS1 and DhydrH1 are the changes in standard hydration
entropy and hydration enthalpy, respectively, T is temperature, and
R is the gas constant. DhydrS1 seems to be affected little by the
composition, typically falling within �120 � 40 J mol�1 K�1.
DhydrH1 depends on the properties of the material, and an exother-
mic hydration reaction has negative value of DhydrH1.72 Bjørheim
et al. used first principles density functional theory (DFT) to
calculate DhydrH1 of A2B2O7 (A = La–Lu, B = Ti, Sn, Zr, Ce).108 As
shown in Fig. 8, when the B-site cations are the same, the absolute
value of DhydrH1 increases with the increasing radius of the A-site
cations.

DhydrH1 also correlates with the radii of the B-site cations. As
shown in Fig. 8, when the A-site is occupied by Lu, Er, Y and
Sm, a larger absolute value of DhydrH1 is obtained when the
B-site is occupied by a small cation (e.g., Ti4+) compared with a
large cation (e.g., Sn4+). However, when Gd and La occupy the
A-site, the absolute value of DhydrH1 is larger when the B-site is
occupied by Zr4+, which is larger than Sn4+. Eurenius et al. also
measured the proton concentration of (Sm0.96Ca0.04)2B2O7�d
(B = Ti, Sn, Zr) hydrated at 300 1C in wet nitrogen (pH2O =
0.37 atm), which were 4.76 � 10�4, 4.97 � 10�4 and 8.69 �
10�5 mol cm�3 for (Sm0.96Ca0.04)2Ti2O7�d, (Sm0.96Ca0.04)2-
Sn2O7�d, and Sm1.92Ca0.08Zr2O7�d, respectively.107 These results

indicate that although there are some exceptions, small cations
in the B-site in general favors the hydration reaction in the
pyrochlore oxides. The ordering and stability of the pyrochlore
structure seem to correlate with the ratio of cation radii
(rA3+/rB4+). As this ratio increases, the stability and ordering of
the pyrochlore increase.12 Consequently, when the size of A3+

ions increase and that of B4+ ions decrease, the degree of
ordering in the pyrochlore structure is likely to increase,
potentially leading to a more negative hydration enthalpy,
which in turn benefits proton incorporation.

4. Applications
4.1 Intermediate temperature fuel cells

La2Ce2O7-based materials have already been used as electro-
lytes in fuel cells,109–113 which were demonstrated as protonic
ceramic fuel cells (PCFCs, Fig. 9(a)) where the main charge
carriers in the electrolyte are protons. However, since the
La2Ce2O7-based materials exhibit mixing ionic conduction of
protons and oxides in the intermediate temperature range
(450–700 1C), and oxide ions are in fact the majority charge
carriers at relatively high temperature (e.g., 700 1C), it is not
appropriate to claim them as PCFCs. Anyway, we summarize
the performance of the reported fuel cells using the La2Ce2O7-
based electrolytes in Table 1 for information, from which one
can see that compared with pure La2Ce2O7, the fuel cells using
the doped La2Ce2O7 electrolyte show higher performance.
Besides, by regulating the compositions of the electrolyte, the
performance of the fuel cells can be optimized. For example, as
shown in Fig. 10, the fuel cell using a (La0.925Mg0.075)2Ce2O7�d
electrolyte exhibits the highest Pmax of 897 mW cm�2 at 700 1C,
due to the highest ionic conductivity of the electrolyte among
the compositions studied.110 This fuel cell also shows Pmax of
223 mW cm�2 at 550 1C, which is consistent with the trend of
conductivity.110 Similarly, the fuel cell utilizing a (Nd0.925-
Mg0.075)2Ce2O7�d electrolyte demonstrates Pmax of 483 mW
cm�2 and an open circuit voltage (OCV) of 0.890 V at 700 1C,
which are the highest value for the fuel cells using the (Nd,
Mg)2Ce2O7�d-based electrolytes.113 It deserves noting that these

Fig. 8 Calculated hydration enthalpies for pyrochlore structured A2B2O7

(B = Ti, Sn, Zr, Ce).108

Materials Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
Se

pt
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 3

/1
5/

20
26

 5
:1

9:
49

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ma00367a


© 2024 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2024, 5, 12–29 |  23

fluorite-based oxides exhibit excellent chemical stability in CO2

and H2O atmospheres, and a much longer lifetime is thereby
expected compared with the case using some Ba-based perovs-
kite electrolytes.9

4.2 Hydrogen separation membrane

Proton and electron mixed conducting ceramic membranes are
an ideal solution for separating H2 due to its excellent stability,
high hydrogen selectivity and low cost.118 As shown in Fig. 9(b),
H2 molecules are firstly adsorbed on the surface of the
membrane and dissociated into protons and electrons. Then,
protons move across the electrolyte to the other side of the
membrane, where they recombine with electrons to form H2

molecules. The current technologies for ceramic separation
membranes can be classified into two types. One is metal-
ceramic composite membranes, where the metal and ceramic

phases conduct electrons and protons, respectively. The other
is single-phase ceramics, which are mixed conductors of pro-
tons and electrons. Some state-of-the art proton conductors –
such as SrCeO3 and BaCeO3 – have been doped with multivalent
dopants to make them conduct electrons simultaneously. How-
ever, BaCeO3 and SrCeO3 are chemically unstable and easily
react with CO2 and H2O.119,120 On the other hand, fluorite-
based oxide membranes exhibit excellent stability in H2O and
CO2, making them a promising option for hydrogen separation,
and the progresses are summarized in Table 2. Fig. 11 shows the
hydrogen permeation flux across the membrane of La2Ce2O7

doped with various concentrations of Sm, and (La0.975Sm0.025)2-
Ce2O7�d is the optimical composition, showing the highest hydro-
gen permeation flux.121 Besides, the hydrogen permeation flux is
influenced not only by the conduction properties (e.g., electron
conductivity and proton conductivity) of the material, but
also by temperature, hydrogen gradient, and film thickness.

Fig. 9 Schematic diagrams of (a) fuel cells, (b) hydrogen separation membranes, and (c) ammonia synthesis based on proton-conducting electrolytes.

Table 1 Reported performance of fuel cells using La2Ce2O7-based electrolytes with wet hydrogen used as the fuel

Electrolyte Anode Cathode

Electrolyte
thickness/
mm

Operating
temperature/
1C

Pmax/
mW cm�2

OCV/
V Ref.

La2Ce2O7 Ni-BaZr0.1Ce0.7Y0.2O3�d La0.6Sr0.4Co0.2Fe0.8O3�d–Sm0.2Ce0.8O2�d 40 550 80 1.07 109
(La0.925Mg0.075)2Ce2O7�d Ni-La1.85Mg0.15Ce2O7�d Sm0.5Sr0.5CoO3�d–Ce0.8Sm0.2O2�d 15 550 223 0.95 110
(La0.925Na0.075)2Ce2O7�d Ni-La1.85Na0.15Ce2O7�d Ba0.5Sr0.5Co0.8Fe0.2O3�d–

La1.85Na0.15Ce2O7�d

53 600 154 0.95 111

(La0.975Ca0.025)2Ce2O7�d Ni-La1.95Ca0.05Ce2O7�d LaSr3Co1.5Fe1.5O10�d–La1.95Ca0.05Ce2O7�d 15 600 149 0.86 114
(La0.925Mo0.075)2Ce2O7�d Ni-La1.85Mo0.15Ce2O7�d Ba0.5Sr0.5Co0.8Fe0.2O3�d–

La1.85Mo0.15Ce2O7�d

52 600 290 0.90 115

(La0.95In0.05)2Ce2O7�d Ni-
BaCe0.5Zr0.3Dy0.2O3�d

Ba0.5Sr0.5Co0.8Fe0.2O3�d–La1.90In0.10Ce2O7�d 46 550 179 0.94 116

(La0.95In0.05)2Ce2O7�d Ni-La1.90In0.10Ce2O7�d Ba0.5Sr0.5Co0.8Fe0.2O3�d–La1.90In0.10Ce2O7�d 40 550 121 1.09 116
(La0.925Rb0.075)2Ce2O7�d Ni-La1.85Rb0.15Ce2O7�d Sm0.5Sr0.5Co3�d–Ce0.8Sm0.2O2�d 15 700 1065 0.88 117
(Nd0.925In0.075)2Ce2O7�d Ni–Nd1.85In0.15Ce2O7�d Ba0.5Sr0.5Co0.8Fe0.2O3�d–Nd1.85In0.15Ce2O7�d 46 550 165 0.93 112
Nd2Ce2O7 Ni–Nd2Ce2O7 Ba0.5Sr0.5Co0.8Fe0.2O3�d–Nd2Ce2O7 50 700 397 0.859 113
Nd1.85Mg0.15Ce2O7�d Ni–Nd2Ce2O7 Ba0.5Sr0.5Co0.8Fe0.2O3�d–Nd2Ce2O7 50 700 483 0.890 113
Nd1.85Ca0.15Ce2O7�d Ni–Nd2Ce2O7 Ba0.5Sr0.5Co0.8Fe0.2O3�d–Nd2Ce2O7 50 700 428 0.864 113
Nd1.85Sr0.15Ce2O7�d Ni–Nd2Ce2O7 Ba0.5Sr0.5Co0.8Fe0.2O3�d–Nd2Ce2O7 50 700 441 0.873 113
Nd1.85Ba0.15Ce2O7�d Ni–Nd2Ce2O7 Ba0.5Sr0.5Co0.8Fe0.2O3�d–Nd2Ce2O7 50 700 418 0.878 113
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The hydrogen permeation flux increases with the increasing
temperature, decreasing film thickness and increasing hydrogen
gradient.

Generally, for H2 separation at an industrial level, the
ceramic membrane must have partial conductivities of protons
and electrons both higher than 0.1 S cm�1, leading to the hydrogen
permeation flux exceeding 3.7 � 10�5 mol cm�2 s�1.122 Unfortu-
nately, at present, the conductivity of the fluorite-based oxide
membranes is still too low to satisfy the requirements. Nonetheless,
this technology is still considered to be a promising alternative for
H2 separation due to the excellent H2 selectivity, high energy
efficiency, low cost and excellent long-term stability, demanding
continuous effort for development in the future.

4.3 Ammonia synthesis

Ammonia (NH3) is an important raw material for the chemical
industry and a convenient medium for energy storage.128,129

The Haber–Bosch method is a conventional approach toward
NH3 synthesis, involving the reaction of gaseous hydrogen and
nitrogen on a catalyst at high temperature (450–500 1C) and
high pressure (15–30 MPa),130,131 following

N2 + 3H2 = 2NH3 (7)

Due to the high temperature and high pressure required for the
reaction, specialized equipment is necessary, and the conver-
sion efficiency is low (10–15%)131 and energy consumption is
high. A new method has thereby been proposed by using
proton-conducting ceramics to electrochemically synthesize
NH3, as shown in Fig. 9(c). Here, H2 molecules are dissociated
into protons and electrons at the anode:

3H2 - 6H+ + 6e� (8)

Protons move across the proton-conducting ceramic to the
cathode, where they react with N2 and electrons to form NH3:

N2 + 6H+ + 6e� - 2NH3 (9)

Electrochemical synthesis is a promising method overcoming
thermodynamic limitations of conventional catalytic reactors
and significantly improving the conversion efficiency (around
80%).129,130 It can be carried out under normal pressure, which
reduces equipment requirements and costs. Due to these
advantages, efforts have been dedicated continuously to the
development of the electrochemical synthesis of NH3 using
proton-conducting ceramics (Table 3), and the NH3 production

Fig. 10 Performance of fuel cells at 700 1C using (La1�xMgx)2Ce2O7�d as
the electrolyte. Reprinted with permission,110 Copyright [2019] Elsevier.

Table 2 Reported performance of hydrogen separation membranes using fluorite-based oxides

Material Feed gas/sweep gas Film thickness/mm
Operating
temperature/1C

Hydrogen permeation
flux/mol cm�2 s�1 Ref.

Ni-La2Ce2O7 wet 20% H2 in N2 (3% H2O)/Ar 600 900 1.6 � 10�8 123
Ni-(La0.975Ca0.025)2Ce2O7�d wet 20% H2 in N2 (3% H2O)/Ar 600 900 1.9 � 10�8 123
Ni-(La0.95Ca0.05)2Ce2O7�d wet 20% H2 in N2 (3% H2O)/Ar 600 900 1.4 � 10�8 123
Ni-La2Ce2O7 wet 20% H2 in N2 (3% H2O)/Ar 48 900 6.83 � 10�8 124
La2Ce2O7 wet 20% H2 in N2 (3% H2O)/Ar 30 900 2.6 � 10�8 125
Ni-Ce0.8Sm0.2O2�d 40% H2 in N2/Ar 35 900 1.5 � 10�9 126
Ni-Ce0.8Sm0.2O2�d 40% H2 in N2/Ar 21 900 3.0 � 10�9 126
Ni-(La0.975Sm0.025)2Ce2O7�d wet 20% H2 in N2 (3% H2O)/Ar 600 900 2.86 � 10�8 121
Ni-(La0.975Sm0.025)2Ce2O7�d wet 20% H2 in N2 (3% H2O)/Ar 600 900 2.30 � 10�8 121
CeO2 wet 7.9% H2 in N2 (2.5% H2O)/Ar 3930 777 9.44 � 10�11 65
Ce0.9Ca0.1O2�d wet 7.6% H2 in N2 (2.2% H2O)/Ar 3800 800 6.67 � 10�11 127
Ce0.85Ca0.15O2�d wet 7.6% H2 in N2 (2.3% H2O)/Ar 3500 777 9.76 � 10�12 68
Ce0.9Gd0.1O2�d wet 7.2% H2 in N2 (2.3% H2O)/Ar 3500 780 8.06 � 10�12 66
Ce0.8Yb0.2O2�d wet 7.9% H2 in N2 (2.6% H2O)/Ar 3920 777 9.26 � 10�12 67

Fig. 11 Hydrogen permeation flux through Ni-(La1�xSmx)2Ce2O7�d mem-
branes. Reprinted with permission,121 Copyright [2010] Elsevier.
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rate has been increased to 10�10–10�8 mol cm�2 s�1.128 The
device consists of a dense electrolyte and two porous electrodes
(anode and cathode). The electrolyte facilitates proton trans-
port and functions as a barrier for gas diffusion, effectively
separating the gases from the two electrodes. By combining the
proton conductor with the cathode and electrochemically sup-
plying protons to the catalyst, the synthesis rate of ammonia
can be enhanced. The fluorite-based proton conductors demon-
strate proton conductivity in hydrogen-containing atmospheres
with excellent chemical stability in both oxidizing and reducing
environments. Consequently, electrochemical processes that
utilize fluorite-based proton conductors as electrolytes offer
alternatives for ammonia synthesis. However, this production
rate is still far lower than the demands of practical application,
requiring great breakthrough in the future.

The electrochemical synthesis of NH3 is influenced signifi-
cantly by the operating environment, including current density,
temperature, materials for electrodes, electrolytes and catalysts.
These factors greatly affect the production rate, selectivity, and
energy utilization of NH3. While it is true that increasing the
current density can enhance the ammonia production rate, it
does not always lead to a consistent increase, since high current
density promotes the side reaction of hydrogen evolution at the
cathode following eqn (10), which reduces the selectivity of
ammonia.132

2H+ + 2e� - H2 (10)

Due to the slow kinetics of nitrogen reduction, the production
rate is low at room temperature, and can be accelerated at
elevated temperature (e.g., 500 1C). However, high temperature
promotes the decomposition of ammonia and reduces the selec-
tivity of ammonia.133 The electronic conductivity of the electrode
materials plays a crucial role in improving the rate of ammonia
generation. Additionally, the polarization of the electrodes signifi-
cantly impacts the rate of ammonia generation.134 The electrolytes
should have high proton conductivity and negligible electron
conductivity and should be dense enough to maintain airtight-
ness. The catalysts are essential for the electrochemical synthesis
of NH3 as they need to exhibit high selectivity towards ammonia
while suppressing the hydrogen evolution reaction.

The electrochemical synthesis of ammonia faces several
challenges, particularly in the development of materials that
are highly active, selective and durable. In order to improve the
selectivity of ammonia, it is vital to design the cathode which
can effectively suppress the hydrogen evolution reaction. A key

factor to increase the ammonia yield is to regulate and optimize
the chemical adsorption of nitrogen on the cathode and the
binding energy between nitrogen and catalyst. It is important to
find a balanced binding energy, as weaker binding energy makes
it difficult to reduce nitrogen and decreases ammonia yield, while
a stronger binding energy leads to higher desorption energy and
potential catalyst poisoning. It is reported that increasing the
concentration of oxygen vacancies on the electrode surface can
enhance the catalytic activity of nitrogen reduction and also
inhibit the hydrogen evolution reaction.135 Therefore, materials
with a high concentration of oxygen vacancies can potentially be
appropriate cathode candidates. Besides, the production rate and
selectivity of ammonia can be influenced by current density and
temperature, so it is also important to determine the optimal
operating conditions to achieve a high production rate and
selectivity. In addition, the proton conductivity of the electrolyte
plays a crucial role in facilitating the transport of protons to the
cathode for nitrogen reduction. Therefore, it is imperative to
enhance the proton conductivity of the electrolyte in order to
minimize ohmic loss. The electrolytes should also exhibit good
chemical stability, mechanical strength, and negligible electronic
conductivity. Additionally, reducing the thickness of the electro-
lyte further help in reducing ohmic loss.136 Since the hydrogen
evolution reaction is unavoidable, unreacted H2 can be recycled
back to the cathode to increase the utilization of hydrogen.137

Moreover, in order to consistently achieve the electrochemical
synthesis of NH3 with optimal efficiency, the reactor should
possess flexibility and be capable of operating across a wide range
of conditions.

5. Conclusion remarks

In this work, we reviewed the material systems with a fluorite or
pyrochlore crystal structure which show the volume conduction
of protons, and described their potential applications in inter-
mediate fuel cells, hydrogen separation membranes, and
ammonia synthesis. However, it should be admitted that the
fluorite structure-based proton conductors are presently not as
successful as those with the perovskite structure for their
application in the solid-state electrochemical devices, restricted
by their low proton conductivity. To improve the proton con-
duction, increasing the concentration of oxygen vacancies is a
common strategy taken in the system of perovskite oxides, but
it does not work well in the fluorite-based oxides. For example,
the proton conductivity of Zr0.82Y0.18O2�d (d = 0.09) is only

Table 3 Reported performance of electrochemical ammonia synthesis using fluorite-based oxides

Material
Flow rate at
cathode (dry N2)/m3 s�1

Flow rate at
anode (wet H2)/m3 s�1 Voltage/V

Operating
temperature/1C

NH3 production rate/
mol cm�2 s�1 Ref.

La1.9Ca0.1Zr2O7�d 3.0 � 10�4 1.0 � 10�4 0.6 520 1.756 � 10�9 138
La1.95Ca0.05Zr2O7�d 3.0 � 10�10 1.0 � 10�10 0.6 520 1.965 � 10�9 139
La1.95Ca0.05Ce2O7�d 3.0 � 10�10 1.0 � 10�10 0.6 520 1.300 � 10�9 139
Ce0.8La0.2O2�d 3.0 � 10�4 1.0 � 10�4 0.6 650 7.061 � 10�9 140
Ce0.8Y0.2O2�d 3.0 � 10�4 1.0 � 10�4 0.6 650 7.319 � 10�9 140
Ce0.8Gd0.2O2�d 3.0 � 10�4 1.0 � 10�4 0.6 650 7.552 � 10�9 140
Ce0.8Sm0.2O2�d 3.0 � 10�4 1.0 � 10�4 0.6 650 7.955 � 10�9 140
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1.5 � 10�8 S cm�1 at 777 1C,46 and that of Ce0.8Yb0.2O2�d (d =
0.1) is 1.0 � 10�6 S cm�1 at 727 1C.67 In comparison,
BaZr0.8Y0.2O3�d (d = 0.1) with a similar concentration of oxygen
vacancies (d) has a proton conductivity of 2.45 � 10�2 S cm�1 at
700 1C,141 more than four orders of magnitude higher than that
of the doped ZrO2 and CeO2. Therefore, simply increasing the
concentration of oxygen vacancies appears to have little chance
to increase the proton conductivity of the fluorite oxides
significantly. Based on the model suggested by Kalland et al.,
the coordination environment directly impacts the ability of the
oxide ions and oxygen vacancies to participate in the hydration
reaction.73 The oxide ions and oxygen vacancies surrounded by
four relatively low valent cations (La3+ in the case of La2Ce2O7)
are active for the hydration reaction, but those surrounded
by the cations with high oxidation state (Ce4+ in the case of
La2Ce2O7) appear to be resistive to the hydration reaction.
A similar conclusion was also drawn by an EXAFS study on
the local structure of La2(Nb1�xYx)2O7�d. The coordination
number of oxide ions surrounding Y3+ and La3+ increased
after hydration, but negligibly small change occurred in
that surrounding the Nb5+ cations. Therefore, adjusting the
coordination environment surrounding the oxide ions and
oxygen vacancies is likely to be a more effective strategy,
which can potentially improve the hydration ability and proton
conduction of the oxides with the fluorite-based crystal
structure.

Although the proton conductivity is still low, the chemical
stability of the proton conducting fluorite structure-based
oxides is excellent. Different from the state-of-the-art perovskite
oxides with high proton conductivity (e.g., Y-doped Ba(Zr,
Ce)O3), the proton conducting fluorite/pyrochlore oxides con-
tain no main components of alkaline earth elements (e.g., Ba).
Even Ca, Sr and Ba are doped to improve the proton conduc-
tion, their solubility is very low (o3 at% (cation ratio)).
Although at the present stage, it is difficult to directly apply
the proton conducting fluorite/pyrochlore oxides as the electro-
lyte in protonic ceramic cells (PCCs), they can be used as a
buffer layer – for example, between the Y-doped Ba(Zr, Ce)O3

electrolyte and the electrodes – to avoid the direct contact of the
electrolyte with the atmosphere containing water vapor and/or
carbon dioxide. Besides, some pyrochlore oxides (e.g.,
La2(Nb1�xBx)2O7�d (B = Y, Yb)) have a higher transport number
than Y-doped Ba(Zr, Ce)O3 in wet oxygen, so by inserting such a
buffer layer between the Y-doped Ba(Zr, Ce)O3 electrolyte and
the oxygen electrode, the transport number of ionic conduction
can be improved, leading to decreased leakage current and
improved cell efficiency. However, the conventional co-
sintering process results in interdiffusion between the buffer
layer and electrolyte layer, and some other techniques which
are free of high temperature heat-treatment (e.g., pulsed layer
deposition) are high in cost and not suitable for depositing
large-area thin films. Therefore, breakthrough on the techni-
ques to deposit high quality large-area thin films without high
temperature heat-treatment is important towards the practical
application of proton conducting ceramics in solid-state elec-
trochemical devices.
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