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sccepted:20iMarchi2019 Proton-conducting ceramics (PCCs) are of considerable interest for use in energy

conversion and storage applications, electrochemical sensors, and separation

© The Author(s) 2019 membranes. PCCs that combine performance, efficiency, stability, and an ability
to operate at low temperatures are particularly attractive. This review summa-
rizes the recent progress made in the development of low-temperature proton-
conducting ceramics (LT-PCCs), which are defined as operating in the tem-
perature range of 25-400 °C. The structure of these ceramic materials, the
characteristics of proton transport mechanisms, and the potential applications
for LT-PCCs will be summarized with an emphasis on protonic conduction
occurring at interfaces. Three temperature zones are defined in the LT-PCC
operating regime based on the predominant proton transfer mechanism
occurring in each zone. The variation in material properties, such as crystal
structure, conductivity, microstructure, fabrication methods required to achieve
the requisite grain size distribution, along with typical strategies pursued to
enhance the proton conduction, is addressed. Finally, a perspective regarding
applications of these materials to low-temperature solid oxide fuel cells,
hydrogen separation membranes, and emerging areas in the nuclear industry
including off-gas capture and isotopic separations is presented.

Introduction compared to other conducting ionic species such as
oxygen ions (O*7) [1]. Due to the combination of
Protonic species (H') require a lower activation  performance, efficiency, and stability in the lower

energy to transport through solid-state crystal struc- temperature range, proton-conducting ceramics
tures and associated interfaces due to the small ionic (PCCs) have attracted significant interest for appli-
radius and the absence of an electron cloud as cations in energy conversion [2-8], energy storage [9],
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electrochemical sensors [10], and advanced gas sep-
arations [11-15]. In addition, there has been recent
interest in PCCs as enabling technologies in the
nuclear industry, including their use as PCCs for
tritium sequestration, electrolysis, and separations
[16].

Conventional materials used for solid oxide fuel
cells (SOFCs) electrolytes are typically oxygen-ion-
conducting ceramics operated in a high temperature
range (HT, 700-1000 °C). Degradation occurring at
these temperatures and difficulties in high-tempera-
ture sealing of ceramic, glass, and metal components
are the main causes for the limited solid oxide fuel
cell (SOFC) commercialization at the present time.
The high operating temperatures require the use of
expensive interconnect materials, large energy input,
and long start-up times [17]. This has driven the need
for materials that produce a reasonable power output
at intermediate temperatures (IT, 400-700 °C) [1]. The
lower activation energy of PCC materials has made
them attractive candidates for electrolyte materials
operating in the IT range (400-700 °C). Numerous
research works and several review papers on PCCs
have recently focused on this IT range [1, 18, 19].
Zhang et al. [20] reviewed recent advances in SOFC
materials and key components operating around
500 °C, with a focus on the materials, structures, and
technique development for IT-SOFCs. A recent book
on proton-conducting ceramics was published in
2016 [21], which covered the fundamentals of proton
hydration, transport properties, and some typical
applications in the temperature range higher than
350 °C. Kochetova et al. [22] thoroughly reviewed the
PCC materials and applications at temperatures
higher than 400 °C. However, the further reduction
in operating temperature (e.g., < 400 °C) can further
reduce system costs due to the wider range of
material candidates for interconnects as well as the
reduced balance of plant (BOP) costs. In addition, the
long-term durability can also be improved by oper-
ating at decreased temperatures. In principle, the
theoretical fuel cell efficiency can also be increased by
reducing operating temperature [23].

In the past decade, some promising proton-con-
ducting properties have been reported at tempera-
tures lower than 400 °C, with some of these studies
even reporting room-temperature (RT) proton con-
duction. A common theme in the reports of low-
temperature proton conduction was the presence of
nanometer-size grains resulting in enhanced grain

@ Springer

boundary interfacial area. Furthermore, the electrical
nature of these grain boundaries in nanostructured
ionic conductors at low temperature has attracted
considerable attention [24-26]. Park et al. [27] pre-
pared nanostructured yttrium-doped barium zir-
conate (BaZr(¢Y(103) and investigated its grain and
grain boundary protonic conductivity from RT to
400 °C. Unexpectedly, high proton conduction was
observed at low temperatures (< 100 °C) in the
nanostructure. At the same time, interfacial proton
conductivity in LT range has also been observed in
simple oxide systems such as yttria-stabilized zirco-
nia (YSZ) [28-31], ceria [25, 32-36], titania [37] which
do not exhibit bulk proton conduction in the IT range.
Miyoshi et al. [28] reported that the interfacial pro-
tonic conduction in nanostructured YSZ became
noticeably high when the grain size was smaller than
100 nm and increased dramatically with decreasing
grain size. The origin of the proton conductivity in
these systems has been attributed to absorbed water
at the grain boundary interfaces. The mechanisms of
interfacial conduction have been used to describe LT
conduction behavior and are schematically shown in
Fig. 1. It is emphasized that the proton transport
property is particular to its nanostructure that con-
sists of nanograins connected with the interfacial
hydrated layer, which serves as the pathway for
interfacial protonic conduction rather than transport
though bulk which occurs in the IT to HT regime.

In addition, several new classes of ceramic mate-
rials have been discovered to behave as proton con-
ductors in the LT range: (1) Gui et al. [38] utilized the
layered structure of phosphates to construct channels
facilitating proton conduction below 300 °C, (2) new
S5iO,-based composites have been found to exhibit
proton conduction at room temperature [39], (3) Liu
et al. [40] converted a lithium conductor to a proton
conductor by ion exchange at low temperatures, and
(4) Zhou et al. [41] devised a new doping strategy
(electron doping) to develop high-performance
SmNiO; (SNO) perovskite proton conductors for LT
solid oxide fuel cells.

Due to the growing number of researchers report-
ing details of interfacial proton conduction in LT-
PCCs, a systematic review would be useful given the
large number of published works and recent scien-
tific developments. This work fills the gap by pro-
viding review on proton-conducting ceramics in low
temperature (LT, 25-400 °C). Based on a review of
the literature, three temperature zones are defined in
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Figure 1 Schematic
illustrations of hydrogen
permeation a through a bulk
material and b assisted by a
hydrated, intergranular layer
(interfacial conduction) that
acts as a rapid transport
pathway.

the LT-PCC operating regime based on the predom-
inant proton transfer mechanism occurring in each
zone. The variation in material properties such as
crystal structure, conductivity, microstructure, fabri-
cation methods required to achieve the requisite
grain size distribution, along with typical strategies
pursued to enhance the proton conduction is
addressed. Finally, a perspective regarding applica-
tions of these materials to low-temperature (LT) solid
oxide fuel cells, hydrogen separation membranes,
and emerging areas in the nuclear industry including
off-gas capture and isotopic separations is presented.

Proton conduction at low temperature

There are four possible proton transport pathways in
PCCs: (1) transport in the bulk, (2) transport along the
grain boundaries (GBs), (3) transport on the open
pores surfaces in the absorbed water layer, and (4)
transport in a proton-enriched layer directly below
the pore/oxide interface (see Fig.2) [32]. Due to
limited water adsorption on the grain boundary
when the temperature is higher than 500 °C, proton
conduction occurs mainly through bulk diffusion
which has a smaller resistance than grain boundary
diffusion. When the temperature is lower than
100 °C, the residual open porosity is the key factor for
the proton conductivity due to the enhanced
physisorption reaction of water which occurs in this
temperature range.

The amount of water adsorbed on an oxide surface
is described by Langmuir and BET theory which
depends on the thermodynamics of the water
adsorption reaction [42, 43]. Norby et al. [44] inves-
tigated the structure of an absorbed water layer on
surfaces of yttria-stabilized zirconia (YSZ) as a func-
tion of temperature and humidity. At 30% relative

humidity (RH), the water layer consisted of three
monolayers; two chemisorbed water layers and one
physiosorbed water that in combination displayed an
“ice-like” structure [45]. The chemisorbed water layer
consisted of molecular adsorbed water hydroxyls
which were stable up to temperatures near 600 °C
and a hydrogen-bonded layer which was stable to
temperature near 200 °C. From 30 to 60% RH, there
occurred a transition between “ice-like” structure and
“water-like” structures for the second chemisorbed
layer. Above 60% RH, the water molecules were
similar to free liquid water. The proton conductivity
in LTs depends on the nanostructure (e.g., grain size,
porosity), humidity, and temperature (Table 1, 2).

Hopping mechanism

The proton conductivity behaviors in wet environ-
ments as a function of temperature for several model
ceramic materials consisting of simple oxides, fluo-
rite-type oxides, and perovskite-type oxides are
shown in Fig. 3. For comparison, the typical depen-
dence of the electrical conductivity on temperature in
dry air for a micrometric polycrystalline zirconia is
also included in this figure as a solid line. Three
distinct regimes of conductivity or zones can be evi-
denced which correspond to the predominant proton
conduction mechanism operating in these tempera-
ture regimes. These three different regimes physically
correspond to differences in chemically and physi-
cally adsorbed water molecules bound to the surface
of the oxide grains: Zone 1 (T < 50 °C) occurs where
physical adsorption of water dominates; zone 2
(50 °C < T < 150 °C) occurs where hydrogen bond
network structure competes with physically adsor-
bed water; and zone 3 (150 °C < T < 400 °C) occurs
where chemical adsorption prevails [29]. In zone 1
and zone 2, and apparent negative activation energy
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Figure 2 a Schematic 2D
representation of the
microstructure of the porous
nanocrystalline films. Four
proton transport pathways are
considered: 1 transport in the
bulk, 2 along the GBs, 3 on the
open pores surfaces in the
absorbed water layer, and 4 in
a proton-enriched layer right
below the pore/oxide interface.
b Detail of pathway 3. ¢ Detail
of pathway 4. Reprinted with
permission from Gregori et al.
[32].
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Table 1 Conductivity of doped perovskite-type proton conductors reported in the literature

Materials Temp Conductivity® (S/cm) Measurement Activation References
(°O) conditions Energy (eV)

BaZrg »5Ing 7505 _5 300  Total: 9.2 x 107° Hydrated Bulk: 0.4 Total: 0.63 [92]
BaZry9Y .10 300  Gb: 8.7 x 107* Bulk: 1.4 x 107> Wet (10%)-Ar-O, GB:0.7-0.8 Bulk: 0.63 [99]
BaZry9Y(.103 300 Gb:3 x 107* Wet (2.3%)-air GB:0.76 Bulk: 0.36 [100]
BaZrg 35Y0.15053 350  Total:1.8 x 1073 Wet (2.3%)-N, 0.43 [138]
Nano-BaZrygY(,03 300 GB: 1.7 x 1073 Wet (2.5%)-Ar 0.79 [101]
Bag.97Z19.77Y 9.19Z1n0 0403 300  Total: 4.8 x 107 Wet-5%-Ar N/A [102]
BaCe 9Gdg 105 300  Bulk:3.1 x 107*GB: 1.1 x 107® Wet-Ar Bulk: 0.53 GB: 0.75 [103]
BaCe 3Z1.1Gdo 103 300  Bulk: 1.7 x 107* GB: 8.7 x 1077  Wet-Ar Bulk: 0.57 GB: 0.77  [103]
BaCeqy5Zr0.455¢.103 325  Total: 2.5 x 107° Wet (5%)-H,-Ar  0.67 [104]
SrCeg.95Ybg 0503 300 Total: 2.7 x 107° Wet-Ar Bulk: 0.6 GB: 0.81 [105]
Sr;CaZrg sTa; 50375 300  Total: 5.5 x 107° Wet 4% H,-Ar Bulk: 0.66 GB: 0.85 [91]
BaCe 657210 0Y0.1503.5 300 Total: 4.4 x 107* Wet 5% H,-Ar Bulk: 0.6 GB: 0.92 [96]
Bag 5Sr 5Ceg 6219 ,Gdg 1Yo 1055 300 Total: 9.5 x 107* Wet air 0.73 [90]

*Bulk conductivity refers to conduction through the grain interior portions of the sample only, where total refers to conduction through

both the grain interiors and the grain boundaries

Table 2 Example of proton-conducting oxides with nanometric grain size

Materials Sintering method Grain size Density Pressure Temperature References
(nm) (%) (MPa) (°0)

6 mol % Sm-doped ceria HMTA/UV laser irradiation 2-3 N/A 50 [33]
YSZ RT high-pressure compaction < 100 86 4000 RT [28]
Cep.0Gdy 10,5 SPS ~ 120 nm > 97 50 1000 [35]
YSZ SPS 50 > 97 14-141 800-1000 [129]
TiO, HP-FAST 24-56 92-95 800 MPa 550 [111]
TiO, Hot pressing 30 90 450 490 [131]
TiO, Two-stage sintering 100 N/A 0.1 750 [130]
BaTiO; SPS 30 96 100 800 [134]
BaTiO; High-pressure-assisted sintering 96.2 200 1000 [135]

The detailed microstructures are shown in Fig. 11

is observed because the strong dependence of water
adsorption on temperature. The transition of the
conduction mechanism around 50 °C should be
related to the condensation of water at lower
temperature.

In zone 3, the conduction of protons can be gen-
erally described by the hopping (Grotthuss) mecha-
nism, in which the protons strongly interact with the
electron density of nearby electronegative oxygen
ions. Proton transport is a thermally activated hop-
ping process requiring the breaking and reforming of
the O-H bond. Proton conduction by a hopping
mechanism shows an important isotope effect which
stems from a large difference in the mass of H" and

D™ [46-48]. Nowick and Vaysleyb [49] described the
theories concerning the isotope effect and resulting
impact on proton conduction. The mass difference
between hydrogen and deuterium affects their
vibrational frequencies in the infrared regime of the
compounds [50]. The classical model predicts that the
rate of a proton hopping in an oxide is proportional
to the attempt frequency or O-H/O-D vibration
frequency. Therefore, the mobility of a proton should
be larger than that of a deuteron by factor in the
range 1.374-1.414, while the activation energies of the
two species should be identical. Miyoshi et al.
reported the extent of isotope effect (¢(H,O)/a(D,0))
is around 2 to approximate the theoretical value of
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Figure 3 a Overview of (a)

proton transport in r
nanocrystalline oxide 1E-3
materials: conductivity data for 3
TiO,, BaZry Y105 [27], and -
YSZ [28] selected as 164 r
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1.4, indicating hopping-type mechanism of proton
conduction.

Schematically shown in Fig. 3c is the proposed
hopping mechanism of protons, which requires two
steps: (1) fast rotation of the protons located on the
oxygen ion and (2) proton transfer via hopping
toward a neighboring oxygen ion. Proton rotation is
associated with a very low activation barrier below
0.1 eV [51], while proton transfer is slower and more
difficult. According to the Grotthuss mechanism, the
activation energy for proton migration is usually
above 0.5 eV, indicating that proton jumps between
the two adjacent oxygen ions which is the rate-de-
termining step. In zone 3, perovskite-type oxides
have the highest conductivity due to the fact that they
can simultaneously possess protonic (H") and
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oxygen ionic (O*7) conductivity. Moreover, their total
conductivities strongly depend on the factors such as
temperature, microstructure, oxygen and water
vapor partial pressure, and bulk/grain boundary
transport. In this temperature range, grain boundary
conduction remains a highly resistive mechanism
even in nanostructured materials as demonstrated by
Park et al. [27] for nanostructured Y-doped BaZrOs.
Protons can be incorporated into the bulk of the
perovskite structure as hydroxyl defects (OHy) in the
presence of hydrogen and/or water vapor-containing
gases. If surrounding the proton conductor with a
dry hydrogen atmosphere, the formation of hydroxyl
defects occurs through the following reaction:



H, + 203 — 20H, + 2¢/, (1)
whereas the most important reaction leading to the
formation of hydroxide defects is considered to be the
dissociative adsorption of water in humidified
atmosphere [52-58]. Proton defects are formed by the
dissociative absorption of water at the surface, which
requires the presence of oxygen vacancies. Water
molecules dissociate into hydroxyl groups (OH™) and
protons (H™), with hydroxyl groups incorporated
into oxygen vacancies, while the protons form a
covalent bond with a lattice oxygen. The reaction can
be written in Kroger—Vink notation:

HyO,) + Vi + O5 — 20H, (2)

The energy of water incorporation into perovskite
oxides has been found to be exothermic, and incor-
poration of water in doped systems is more
exothermic than in undoped systems [59]. This is in
good agreement with the observation that proton
uptake in perovskite material increases with
decreasing temperature in the low temperature range
[60].

Protonic conductivity abruptly increased at lower
(50 °C < T < 150 °C, zone 2). The hopping mecha-
nism was predominant in this zone. The temperature
dependence of the conductivity in this temperature
range shows a strong negative activation energy,
which can be ascribed to the strong dependence of
the amount of absorbed water on temperature [44].

Interfacial conduction mechanism

Enormous efforts have been devoted to developing a
protonic conductor with high proton conductivity. In
recent years, nanostructured materials have been
employed as a way to enhance the low-temperature
proton conductivity [29, 61]. Guo et al. [62] first
investigated the water effect on conduction by fabri-
cating a nanocrystalline YSZ film. Anselmi-Tam-
burini et al. [63] measured the proton conductivity of
nanostructured YSZ (15 nm) which was fabricated
using spark plasma sintering at low temperature. A
recent study suggested that the protonic transport
mechanism in YSZ changes from Grotthuss-type
diffusion at high temperatures and low water content
to vehicle-type diffusion (H;O") at lower tempera-
ture and higher water content [28]. In the low tem-
perature range (zone 1), the differences between the
conductivity in simple oxides and the complex

materials become negligible. The nanocrystalline
materials show a strong hydration (water uptake)
behavior in zone 1, and absorbed water layers on the
surface and grain boundary are considered to be the
possible path for such a low-temperature proton
transport [27]. The transition of the conduction
mechanism around 50 °C should be related to the
capillary condensation of water at lower temperature.

Surface termination and structural features are also
important in addition to increased overall interfacial
area. Taking YSZ as an example, we emphasize that
in zone 1, zirconium and oxygen atoms act as Lewis
acid and base sites, respectively [64]. The water
adsorption calculations show that the (111) surface of
YSZ is favorable for the dissociative adsorption of
water [65]. Adsorbed water dissociated on the bare
surface of the ZrO,-based oxides to form hydroxyl
groups on the surface, and the pKa of those hydroxyl
groups was found to range between 10 and 13,
reported by Tret’yakov et al. [66]. In addition, the
enthalpy of the hydroxylation reaction was reported
to be rather high, suggesting the instability of the
bare surface [67]. These chemical surface features of
hydroxyl and H,O molecules on the ZrO,-based
oxide surface would be expected to facilitate the
proton conduction. In contrast to micrometer grains,
nanograins tend to involve disordered surface and
dangling bonds, which leads to an increased insta-
bility of the bare surface and finally gives rise to
room-temperature proton conduction of nanograined
materials which occurs due to enhanced water
absorption and dissociation.

Microstructural effects

Malavasi et al. pointed out that nanoscale materials
exhibit significant size effects due to short diffusion
lengths and a high density of interfaces resulting in
effective properties of the material dominated by the
grain boundary interfaces [59, 68]. It is generally
recognized that proton incorporation into proton
conductors (for instance, perovskite oxides) occurs by
a two-step process [57, 69-71], and both bulk and
grain boundary contribute to the total conductivity.
Therefore, the materials microstructure has a signifi-
cant effect on the electrical properties of these mate-
rials. Ionic transport in PCC materials is controlled by
the grain boundary phase, which generally acts as a
“blocking” layer against ionic transport in polycrys-
talline materials sintered with micron-size grains.
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However, recent research suggests that the size and
structure of the grain boundary can be tailored to
affect the behavior of proton transport at interfaces,
especially in the low-temperature (LT) regime.

Several authors have called attention to nanoscale
materials as a means to design PCCs dominated by
grain boundary interfaces. The size effect of nan-
odomains in these materials can be effectively con-
trolled to fabricate materials with a high density of
interfaces but short diffusion lengths, resulting in
favorable conduction properties [59, 68]. Indeed,
nanostructured materials have been employed as a
way to enhance low-temperature proton conductivity
[29, 61]. Anselmi-Tamburini et al. [63] measured the
proton conductivity of nanostructured YSZ (15 nm)
fabricated using spark plasma sintering (SPS) at low
temperature. Guo et al. [62] first investigated the
water effect on conduction by making a nanocrys-
talline YSZ film. More recently, Miyoshi et al. have
reported notable interfacial protonic conduction in
nanostructured YSZ with grain sizes less than
100 nm, which increases dramatically with decreas-
ing grain size. For example, the conductivity
increased by three orders of magnitude when
reducing the grain size from 100 to 13 nm at RT. This
group suggested a vehicle-type proton transport
mechanism in LTs which is proved by disappearance
of isotope effect [28].

Haile et al. [72] investigated the influence of grain
boundary conductivity and microstructure on the
electrical properties of BaCe(gsGdo 15035, and the
grain size was controlled by sintering at various
temperatures (Fig. 4). In this study, ‘brick layer
model” was used to calculate the grain interior and
grain boundary conductivities [73, 74]. Their results
indicated that the grain boundaries 22-03-2019
10:10:00 in barium cerate are significantly more
resistive than the bulk, and the specific grain
boundary conductivity is independent of grain size.
Similar result was found by Braun et al. [75]: The
activation energy for proton transport in the bulk and
grain boundary of BaZr¢Y(105_s was 0.46 eV and
1.21 eV, respectively. The origin of the large resis-
tance in grain boundary layer is manifested in the
space charge depletion layers near the positively
charged grain boundary core [76], where charge
transport across the grain boundaries is blocked by
depletion of the major charge carriers (H", I, V) in
the space charge zones.

@ Springer

The space charge effect, which is primarily gov-
erned by the electrochemical potential of the defect
through the grain boundary and grain interior [77], is
an inherent material property and shows a strong
positive correlation with temperature. Thus, we
consider the space charge effect can only have sig-
nificant effect on the proton conductivity of grain
boundaries in zone 3. A space charge effect on grain
boundary conduction behavior based on the brick
layer model has been suggested and experimentally
examined [78]. As a result of this effect, the ionic
charge carrier depletes and accumulates in the
vicinity (space charge zone) of the grain boundary
core. Such a depletion/accumulation of charge car-
riers is attributed to the existence of excess charge of
the grain boundary core, which is inevitably formed
due to thermodynamic difference between the grain
boundary core and bulk [79, 80].

Kim et al. [30] investigated the resistivity of nano-
YSZ with different grain sizes (13-100 nm) under
water-saturated air. At temperature range higher
than 200 °C (O region), the proton transport was
found to be negligible in comparison with oxygen-ion
transport, whereas the nano-YSZ becomes a proton
conductor below ~ 120 °C (H region) in water-sat-
urated air (see Fig. 4). More importantly, the total
resistance decreases dramatically with decreasing
grain size, indicating the leading role of the interface
for the determination of proton conduction in nano-
YSZ at low temperatures. The grain boundaries in
YSZ are recognized to conduct ions selectively, which
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Figure 4 Total conductivity of nano-YSZ with different grain
sizes measured under water-saturated air as a function of
temperature. Reprinted with permission from Kim et al. [30].



may provide conductive paths for proton transport
while hindering oxygen-ion transport [81-83]. The
same selective nature of grain boundaries was also
found in nanocrystalline mixed conducting ceria
[84, 85].

LT-PCC materials
Perovskite type

BaCeOj; was the first perovskite-type oxide found to
exhibit proton conduction. Iwahara et al. [69]
demonstrated this cubic structured material to be a
potential electrolyte material in SOFCs. After more
than 20 years of research, the perovskite-type cerates
and zirconates have become well-established proton-
conducting systems [71, 86-88]. The ideally packed
perovskite structure is considered simple cubic
structure. It has a space group PM-3 m, and the sites
corresponding to the A cation are located at the
vertices of the unit cell, B site cation in the center, and
oxygen ions at the faces. The A site is occupied by
alkaline earth elements, such as Sr, Ba, Ca, while the
B site is occupied by tetravalent elements, e.g., Ce and
Zr. Since oxygen vacancy plays an important role in
the formation of mobile protons, it is paramount to
dope the B site with suitable trivalent elements, such
as Y, Yb, Sm, Nd, In, Gd.

Figure 5 shows a schematic illustration of a possi-
ble proton conduction mechanism in perovskite-type
materials which takes place in zone 3. Firstly, protons
migrate from oxygen ion I to oxygen ion II (form
position 1 to position 2). Then, fast rotational motion
of the protons occurs on the oxygen ion II (from 2 to
3). Shown in Fig. 6 are the total conductivities in
perovskite-type proton conductors under wet atmo-
sphere as a function of temperature. In zone 3, the
proton conduction mechanism occurs by proton
hopping between adjacent oxygen ions which was
proved by isotope-effect measurements. It is reported
that structural distortion and chemical perturbations
induced by cation doping can influence the proton
conduction [89]. In general, deviation from the ideal
cubic perovskite structure mainly leads to a large
activation energy.

Pure, undoped BaCeOj;, SrCeO;, and SrZrO; have
limited oxygen vacancy concentrations which leads
to low proton incorporation. BaCeOs;-based materials
exhibit good proton conductivity under a humidified

hydrogen-containing atmosphere, but rather poor
chemical stability in CO, atmosphere. Replacement of
Zr*t/Ce** with trivalent cations (e.g., Y°) was
demonstrated to be a feasible method to increase
oxygen vacancy concentration. Singh et al. [90]
investigated the chemical stability of BagsSrgs
Ce;_ry22r,Gd, Y03 5 (0 <x <05 y=0,0.1, 0.15;
z=0.1, 0.2) system. Among these materials, Bags
Sro5Ce0.6Z1r02Gdp1Y0103-s (BSCZGY3) had the
highest conductivity 9.5 x 107*S/em at 300 °C
under wet air (3% H,0O) atmosphere with an activa-
tion energy of 0.73 eV. Shuai Wang et al. [18] inves-
tigated the electrical properties of
Baceo.gYo,Z,dexO3,5 (x = 0, 005, 010, 015), which
exhibits ~ the  highest  conductivity =~ when
x = 0.05(BCYND5). The SEM observation indicates that
the densification and grain size of the sintered pellets
were significantly enhanced with an increase in Nd
doping concentration. Electrochemical impedance
spectra (EIS) demonstrated that both bulk and grain
boundary resistances decrease due to the synergistic
effect of Nd and Y doping at 350 °C.

Conventional perovskite materials only exhibit
appreciable levels of proton conduction at high tem-
perature of 500 °C or above. Recently, newer gener-
ation of perovskite compositions has demonstrated
impressive conductivity in the LT range. Irvine et al.

C
©

Figure 5 Schematic illustration of possible proton transfer

mechanism in perovskite-type materials. Red atoms: oxygen,
blue: transition metal, green: protons.
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[91] reported a triple-perovskite Sr;CaZrysTa; 50575
as a proton-conducting oxide. The bulk and grain
boundary conductivities of Sr;CaZrgsTa; 50575 were
found to be 4.64 x 107* and 7.04 x 107> S/cm,
respectively, at 300 °C with activation energy of
Ebulk = 0.66 eV and Egb = 0.85 eV.

B-site substitution has been commonly used to
modify physicochemical properties of proton-con-
ducting perovskite-type oxides. A-site doping of + 3
cations has been studied to a lesser degree because it
is expected to introduce a positive charge, leading to
a decreased oxygen vacancy concentration. Swier-
czek et al. [97] investigated the proton transport
property of BaSngslngsO.7s, BagglLag15ng5lng 50,75
and Bag¢Gd1Sngslng50;,75. La- and Gd-containing
compounds show smaller unit cell parameters com-
pared to BaSngsIngs0.75 due to the smaller ionic
diameter as compared to Ba®'-substituted com-
pounds. BaSngslngs0,75 was expected to have
highest proton conductivity since the proton con-
ductivity is typically higher for the compounds hav-
ing larger unit cell parameters [98]. Also, it was found
by Norby et al. that the difference in the electroneg-
ativities between B- and A-site cations, Ayg.n, was
found to be proportional to the enthalpy of hydration
[98]. Thus, smaller Ayg o should give rise to a higher
equilibrium proton content. A review of the literature
reveals several features that are characteristics of
proton transport in perovskite-type oxides.

1. Proton conductivity is enhanced in wet atmo-
spheres and occurs over a broad temperature
range from room temperature to 700 °C encom-
passing the LT, IT, and HT regimes.
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2. At the upper temperature region of the LT regime

(zone 3), extending to the IT and HT regimes, the
conductivity has additional contributions from
oxygen ions due to the decreased water uptake
with increasing temperature.

3. Grain boundary conductivity through various

mechanisms outlined above dominates the
behavior in LT (zones 1, 2, and 3), whereas bulk
conductivity is  predominant at higher
temperatures.

Fluorite-type and simple oxides

Selected metal oxide hydrates like ZrO,-nH,0O, Sb,
O5-nH,O and WO;-2H,0O have shown considerably
high proton conductivity in the 50-150 °C region
[106, 107]. The possibility of proton conduction in
simple oxides (ZrO,, TiO,, CeO,) at low temperature
has been previously investigated. Conventional
ceramic ionic conductors rely on bulk ionic transport,
whereas a significant increase in the conductivity can
be obtained when the grain size of the materials is in
the nanometric range [108, 109]. Munir et al. [63]
found the ionic conductivity at low temperatures
(200 °C) in structurally un-hydrated YSZ only when
the grain size of the material is in the nanoscale. Until
recently, nanostructured YSZ was used as a low-
temperature protonic conductor. The nanostructured
YSZ made use of interfaces such as grain boundaries
and surfaces resulting in appreciable proton con-
ductivity at the interfacial hydrated layers [110],
while bulk proton conduction in the solid lattice was
negligible.



Figure 7 displays the proton conductivity of fluo-
rite and simple oxides as a function of temperature in
wet atmospheres. For fluorite-type YSZ, it was
demonstrated that proton conductivity was signifi-
cantly increased with a decrease in the grain size
(from 100 nm to 10 nm) in the LT range (zone 1).
Undoped ZrO, shows a similar behavior in the LT
regime. Interestingly, Y,O3; concentration does not
seem to have a significant impact on the protonic
conductivity. However, doping of Y,0O3 is known to
have an effect on the concentration of oxygen
vacancies, crystal structure, and particle morphology
which helps determine water absorption and LT
proton conduction. Shirpour et al. [25] compared the
proton conductivity of microcrystalline (400 nm) and
nanocrystalline (40 nm) ceria below 200 °C. Their
result confirmed the existence of proton conductivity
in nanocrystalline ceria at temperatures lower than
200 °C. Nanocrystalline samples exhibit more than
eight orders of magnitude enhancement of total
conductivity in wet atmosphere, which suggested
unique properties of grain boundaries in such
nanostructured materials.

Sun et al. [112] developed La,Ce,O; (LDC) with
cubic fluorite crystal structure as a promising proton
conductor. As shown in Fig. 7, the total conductivity
of LDC is 4.5 x 107> at 250 °C in 3% H,O-humidified
air. Sun’s work clearly showed that the environ-
mental humidity could significantly affect the total
conductivity of LDC, which could increase dramati-
cally with increasing humidity. In addition, a proton
transport number defined as the ratio of proton ionic
conductivity to the total measured conductivity was
measured to be approximately 0.89 at 250 °C in 3%
H,O-humidified air, indicating the proton transfer
process played the dominant role under high water
vapor pressure and low temperature [113]. Since
protons are the main charge carriers at temperatures
below 450 °C as demonstrated by Norby et al
[114, 115], LDC would be a promising proton con-
ductor in the applications outlined in this review.

Brownmillerite type

Brownmillerite is a rare oxide mineral with chemical
formula Cay(AlLFe),0s. BayIn,Os is a well-known
oxide ion and proton-conductive material. Hui et al.
reported the electrical conductivity of ceria-doped
BayIn,Os was significantly affected by the presence of
hydrogen in the temperature range of 100-300 °C. As

shown in Fig. 8, the electrical conductivity was as
high as 7 x 107> S/cm at 300 °C in an atmosphere of
50% hydrogen [116]. When BIS was applied as elec-
trolyte materials with hydrogen as fuel, an open cir-
cuit voltage of 0.87V was attained and was
stable during an operation period of 60 h at 280 °C.
The proton transfer numbers were measured to be
around 0.86 at 100 °C, indicating BIC is a mixed
electronic and ionic conductor. Due to the mixed
electronic nature of conduction, these materials are
promising candidates for use as electrodes in SOFCs.

Phosphate type

Low-temperature conduction in phosphate materials
requires the presence of substantial amount of water
enabling a vehicle transport mechanism. At high
temperature, water should be removed from the
structure and proton conduction can be attributed to
a Grotthuss-type mechanism where proton hopping
along P-O-H bonds occurs [117, 118]. Haile et al.
demonstrated phosphate-type materials based on
CsHSO, as fuel cell electrolytes with excellent per-
formance [119-124]. Chen et al. [125] reported a
proton and oxide co-ion conductor, Sngglng1P>05.
The maximum protonic conductivities of Sngolng,
P,O; achieved are 0.019 S/cm around 200 °C in 40%
H,O. The electrochemical properties of proton-con-
ductive CsH,PO,/SiP,O; composite were synthe-
sized and investigated in the temperature range of
110-287 °C, and the maximum conductivity reached
44 mS/cm at 266 °C [124]. Figure 9 shows the con-
ductivity of a SnP,O~5nO, composite. The conduc-
tivity increases with temperature and in wet
atmosphere is higher than the level exhibited in dry
atmospheres. An H/D isotope effect was observed
for SnP,O; which suggested that proton conduction
in this material was based on a proton-hopping
mechanism.

Other types

Although research into proton-conducting ceramics
began more recently than oxide-ion conductors, sev-
eral proton conductors described above have been
identified that exhibit sufficient proton conductivity
for us as electrolytes of PCFCs. In this section, we
describe some new material systems that have been
studied in the search for low-temperature proton
conduction.
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Figure 8 Proton conductivity of brownmillerite-type oxides
ceria-doped Ba,In,Os as a function of temperature in wet
atmosphere. Reprinted with permission from Hui et al. [116].

Aoki et al. [127] reported the proton conductivity of
amorphous AlSi;_,O, thin film which has the
heterogeneous nanoscale microstructure comprised
of the ion-conducting, condensed glass microdomain
and a poorly conductive, uncondensed glass micro-
domain. The proton conductivity reached
1.1 x 107> S/cm when the thickness was less than
5nm at 250 °C. Dion-Jacobson (D-])-type layered
perovskite (ACa,Nb3Oqp) oxides were developed by
Sakthivel et al. as hydrogen gas sensors at a working
temperature of 45 °C. The proton conductivity of
KCa,Nbs;O;p (6.3 x 107°S/cm  at 45 °C) was
observed to be higher than analogs with Rb or Cs
substituted on the A site. Kojo et al. [128] investigated
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the influence of the La/W ratio on the electronic
conductivity of lanthanum tungstate. When La/
W = 6.5, the conductivity was 9.0 x 107> S/cm at
300 °C under wet Ar. Details of the temperature
dependence over that LT regime defined in this
review have not yet been reported.

Processing of nanocrystalline proton
conductors

On the basis of the results described above, proton
conduction occurs in polycrystalline samples with
predominately nanometric-sized grains. One of the
approaches to develop new low-temperature ionic
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Figure 9 Temperature dependence of the conductivity of the
SnP,0,-Sn0O, composite ceramic in various atmospheres [120],
CeP,05 [126].



conductors would be to increase the number of
available interfaces such as grain boundaries and
select surfaces that are favorable for hydration. Here,
we will review several techniques which are available
to process proton-conducting ceramics with the req-
uisite grain sizes below 50 nm.

RT high-pressure compaction

Several nonconventional sintering approaches have
been developed to fabricate nanostructured protonic
ceramics. Miyoshi et al. fabricated nanograined YSZ
through a combination of low-temperature nano-
power synthesis and room-temperature high-pres-
sure (4 GPa) compaction [24, 64]. The as-obtained
samples after high-pressure compaction have grain
size being typically smaller than 100 nm and have
relatively good mechanical strength for handling and
cutting. The relative density can reach 86% with
limited nanopores. Those nanograined specimens
essentially include interfacial hydrated layers
between grains (Fig. 10), which were regarded to
facilitate incorporation of H,O molecules.

Hexamethylenetetramine (HMTA)
or ultraviolet (UV) laser irradiation method

Takamura et al. successfully prepared single nano-
sized 6 mol % Sm-doped ceria with a grain size of
approximately 2 to 3 nm by using hexamethylenete-
tramine (HMTA) or ultraviolet (UV) laser irradiation
method, with water adsorption of 3 mass% and
0.12 mass%, respectively [33]. As a result, the proton
conductivity of as-obtained dense nanocrystalline
ceria was about 1077 to 107® S/cm at around 50 °C
under humidified atmosphere (Fig. 11).

Hot pressing

A hot pressing method was applied by Weibel et al.
[131] to prepare nanocrystalline TiO, ceramics. A
density higher than 90% of the theoretical limit with a
mean grain size of 30 nm was obtained at tempera-
tures as low as 490 °C under 0.45 GPa for 2 h.
Mazaheri et al. [130] adopted two-stage sintering to
obtain titania nanograins assisted by the anatase-to-
rutile phase transformation. At the end of the first
sintering step, the minimum grain size was around
250 nm with a nearly complete anatase-to-rutile
transformation (98% rutile). However, at the end of

the second step, the anatase-to-rutile transformation
facilitated a reduction in grain size to ~ 100 nm.
Even though the grain size was slightly larger than
other sintering approaches, the two-step sintering
features densification at a lower temperature without
the application of external pressure.

Spark plasma sintering (SPS)

The SPS technique is similar to traditional hot
pressing, but in SPS the sample is heated by a high-
intensity and low-voltage pulsed DC current flowing
through the sample and graphite die resulting in
rapid heating [132]. The heating rate of SPS may be as
fast as 100 °C/min, enabling rapid densification at
very low temperatures with very short sintering
times. Pérez-Coll et al. prepared dense nanocrys-
talline Cep9Gdg10,_5 (CGO) with a grain size of ~
120 nm by spark plasma sintering (SPS) of nanoscale
powders [35]. Their result found that the large vol-
ume of grain boundaries in the nanometric materials
are highly blocking oxygen ions but can promote
proton transport through surface effects. The room-
temperature proton conductivity of nanostructured
CepoGdp10,-s5 is 4-5 times greater than that of
micrometric samples. This group also prepared dense
nanocrystalline YSZ with a grain size of ~ 50 nm
and a density > 97% of the theoretical value by SPS
[129]. Although samples prepared at relatively low
pressures require high sintering temperature
(800-1000 °C), SPS has been a proven method to
successfully fabricate samples with nanoscale grain
features. Hinterberg et al. [133] reported a spark-

Powder

Compacted

4GPa

Interfacial
Hydrated layer

-
ﬁﬁ%

Figure 10 Schematic of the protonic species on nano grain
surface (upper) and ultra-high-pressure compaction of nano grain
(lower). Reprinted with permission from Miyoshi et al. [24].
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Figure 11 SEM micrographs
of the fractured surface of

8 mol% Y,05-ZrO, (YSZ) by
spark plasma sintering (a).
1YSZ specimen by room-
temperature high-pressure

(4 GPa) compaction (b). TiO,
sample by two-step sintering
process (c). On behalf of Acta
Materialia Inc. anatase sample
sintered at 550 °C by high-
pressure field-assisted
sintering (d). Phase-pure
anatase by hot pressing (e)
Reprinted with permission
from Tandé¢ et al. [129] (a),
Miyoshi et al. [24] (b),
Mazaheri et al. [130] (c),
Maglia et al. [111] (d), Weibel
et al. [131] (e).

plasma-sintered nanograined YSZ with a grain size
(ca. 30 nm) and a relative density of 95.8% and
higher. Spark-plasma-sintered YSZ with a grain size
of 16 nm and relative density above 98% was repor-
ted by Chiodelli et al. [29] The high density of proton-
conducting ceramics prepared by the SPS technique
enables materials to be used as gas separation
membranes and electrolyte materials at low
temperature.

High-pressure field-assisted sintering
method (HP-FAST)

Maglia et al. [111] prepared the high-density bulk
anatase samples with a grain size ranging between 24
and 56 nm by high-pressure field-assisted sintering
method (HP-FAST) which is operated at 550 °C
under a pressure of 800 MPa. The sintered sample
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appears to be free of residual inter-agglomerate
porosity or cracks and has a good homogeneity of the
grain-size distribution with limited presences of
approximately 6 vol% nanopores.

LT-PCCs Applications
Proton exchange membranes

Recent research conducted by Sgabanikia et al. [136]
showed that the introduction of nanosized a La,Ce,
Oy into polybenzimidazole (PBI) membrane could
increase the hydrophilicity of the polymer and
modify the hydrophilic/hydrophobic properties of
PLC, (PBI/LayCe;O; nanocomposite membranes).
LayCeyO; can enhance the proton conductivity and
the ion exchange capacity in the LT regime due to the



introduction of the LDC which provides additional
hopping paths for proton transport.

Proton-conducting fuel cells

Kim et al. [31] showed the feasibility of power gen-
eration at room temperature using water concentra-
tion cells with nanoscale fluorite-structured oxides as
electrolytes. They prepared dense, bulk nanostruc-
tured YSZ (8 mol% yttria) and SDC (20 mol%
samaria) with a grain size of ~ 15 nm by field-acti-
vated sintering method. As shown in Fig. 12, a water
concentration cell was constructed using the nanos-
tructured YSZ and SDC as electrolytes. When one
side of the cell was immersed into pure water and the
other side was exposed to wet air, the emf reached
about + 110 mV and about + 220 mV for the YSZ
and SDC cells, respectively. In short circuit condition,
a steady-state current of 6 nA was detected for SDC
cell. Interestingly, the currents were three orders of
magnitude lower for the microstructured YSZ and
SDC electrolytes, indicating the essential role of
interfacial proton transport.

Sensors

Sakthivel et al. [137] proposed a D-J-type proton
conductor KCa,Nb;O49 as hydrogen sensor. Deposi-
tion of Pt electrode on the top of the proton conductor
was performed using the multistep impregnation—
reduction method. A linear response current was
observed at a hydrogen concentration of up to 5%
and the same in the low ppm range (50-1000 ppm). A
response time between 3 and 18 s was observed for
H, concentration change in the range 1-7% at the
temperature of 45 °C. This result indicates the pos-
sibility of development of a stable solid electrolyte-
based sensor with excellent sensitivity and fast
response time.

Perspective

Low-temperature proton conduction (LT-PCCs),
defined as operating in the temperature range of
25400 °C was shown to depend on the material
structure, temperature-dependent proton-conducting
mechanisms, and microstructure indicating that
interfacial protonic conduction dominates in the LT
regime. Three temperature zones each possessed

interfacial conduction through different mechanisms.
Zone 1, the lowest temperature region, was domi-
nated by water absorption, dissociation, and a vehicle
transport mechanism. Zone 2 extending from 50 to
150 °C was characterized by a transition from free
water to bound water in the form of hydroxyl OH
groups that experienced hopping mechanism at the
interface. Zone 3 extending from 150 to above 400 °C
was characterized by bulk incorporation and diffu-
sion through hopping mechanism (Grotthuss) struc-
tures. From a materials perspective, essentially all the
known materials exhibit the same qualitative trends
in conductivity in zone 1 and zone 2 since water is
known to absorb to a wide range of ceramic surfaces
with an increased driving force with large surface
areas inherent to nanostructured materials. However,
zone 3 exhibits distinctly different behavior as a
function of materials class since proton conduction is
determined by incorporation and mobility of pro-
tonic species in the crystalline lattice. Perovskites
incorporate protonic defects in wet atmospheres
through oxygen vacancy sites, as compared to simple
oxides such as TiO, which do not exhibit the capacity
for bulk proton incorporation. Conductivities in zone
3 for simple oxides are related to electronic contri-
butions to conductivity and contributions from oxy-
gen ions as the temperature increases.

This review points to the importance of tailoring
the surface chemical property and the potential
doping strategies with alkaline earth metal ions to
enhance the water absorption and proton mobility.
Additional data are required for a wide range of
materials in the LT regime, especially in zone 1 and
zone 2 where water absorption and dissociation on
surfaces are dominant. Computational studies
focused on surface-dependent dissociative adsorp-
tion of water, and subsequent temperature-depen-
dent transport would aid in materials discovery.

Finally, in addition to the role of hydrogen isotopes
in evaluating the transport mechanism based on mass
effects outlined earlier, hydrogen isotope transport in
the LT regime may play an important role in cap-
turing and processing of hydrogen isotopes. The low-
temperature water adsorption properties of nanos-
cale structured ceramics outlined in this review could
provide a low-cost and transformative avenue to
address tritium management challenges. Enhanced
understanding of LT proton transport materials and
mechanisms would equivalently benefit energy con-
version and storage applications based on solid oxide
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Figure 12 Photograph and a
schematic diagram of a water
concentration cell operation at
room temperature. Reprinted
with permission from Kim

et al. [31].

fuel cells, separation membranes, and associated
Sensors.
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