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bstract

eramics displaying protonic conduction have been the subject of intense research due to their potential applications in fuel cells, hydrogen
embranes, and water electrolysis equipment. As a result, a number of ceramics presenting high bulk protonic conductivity have been reported;

owever, overall protonic conductivities in these ceramics are markedly low due to low interfacial conductance. Thus, there has been recent attention

o the protonic characteristics in the interface. Interest has greatly increased for nanostructured and heterostructured ceramics using interfacial
onductance.

Herein, we summarize the interfacial protonic conductivity and the conduction mechanisms reported in ceramics, with a focus on solid oxides.
2009 Elsevier Ltd. All rights reserved.
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ontents

1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2429
2. General interfacial conduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2430

2.1. General . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2430
2.2. Structural effect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2430
2.3. Space charge effect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2430

3. Interfacial protonic conduction of perovskites and related structures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2431
3.1. Interfacial protonic conductivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2431

3.1.1. Interfacial protonic conductivity of perovskites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2431
3.1.2. Interfacial protonic conductivity of perovskite-related materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2432

3.2. Interfacial protonic conduction mechanism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2433
3.2.1. Structural effect of the protonic conduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2433
3.2.2. Space charge effect of the protonic conduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2433
3.2.3. Other effects of the protonic conduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2433
4. Interfacial protonic conduction of nanostructured materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2433
5. Interfacial conduction of heterostructured materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2434
6. Concluding remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

∗ Corresponding author. Tel.: +82 31 280 9397.
E-mail address: hj2007.park@samsung.com (H.J. Park).

955-2219/$ – see front matter © 2009 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jeurceramsoc.2009.02.010
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2435
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2435

1. Introduction

Ionics refers to the field that studies the ionic conduc-

tion behavior of materials, rather than electronic conduction
behavior. To date, relatively little research has focused on ion-
ics, while extensive efforts have been paid to the study of
electronics due to the increasing development of electronic
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Fig. 1. Schematic diagram of a polycrystalline based on the brick layer model:
(a) structural effect and (b) space charge effect on the grain boundary conduction.
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evices.1,2 In recent years, however, ionic conducting materi-
ls for fuel cells and batteries have begun to play an important
ole due to the increase in energy demand and the environmental
risis.3–7

Solid oxide fuel cells (SOFCs) are an environmentally benign
ower generation method of converting chemical energy into
lectrical energy. Among the ionic conduction materials, a solid
xide protonic conductor as a solid electrolyte (SE) for SOFCs is
key material to solving the aforementioned problems. Accord-

ngly, a number of materials have been studied extensively,
nd some protonic conductors such as barium zirconate and
arium cerate are prime candidates. For reasons linked to long-
erm stability and cost, the focus has shifted to the protonic
onductors for decreased temperature SOFCs. Decreased tem-
erature, however, requires a decrease of the resistance of ionic
ransport across the interface (or the grain boundary, gb) domi-
ating the overall resistance of SE. Thus, a fundamental study of
he interfacial conduction is crucial to manipulating the overall
esistance.8–13

Interfacial protonic conduction is even more significant in
anocrystalline materials.11–13 As the grain size reaches the
anoscale, the portion of gb drastically increases, such that the
verall ionic conduction of the nanocrystalline is controlled by
lectrical charge carrier concentrations and mobilities at the
nterface.

As described above, the protonic characteristics of the inter-
ace are now a very important consideration. However, a
ummary or review on this topic does not yet exist, while studies
n bulk protonic conduction have flourished.14–16 In this review,
e discuss recent studies on the interfacial protonic conduction

nd the modification of the interfaces of ceramics, primarily
olid oxides.

. General interfacial conduction

.1. General

Solid oxides are generally polycrystalline forms made up of
n assembly of grains (structurally periodicity) joined at the
nterface of individual grains, termed the gb (Fig. 1). The dis-
uption of the periodicity of the grains in the gb is carried out
y strained or missing bonds such that the structure of the gb
iffers from that of a single grain.

In this polycrystalline material, structural or space charge
ffects, or both, as an intrinsic conduction mechanism of the gb,
ave been suggested.8,12,13,17

.2. Structural effect

A crystal structure (e.g., symmetry) is regarded as the most
mportant parameter in ionic motion, which includes both mobil-
ty and concentration of ionic charge carriers.18,19 Accordingly,

he structural effects in the gb are readily considered, since
ncompensated bonds in the gb core (gbc, Fig. 1a) cause
he electrochemical potential of the ions to result in differ-
nt defects from the bulk (cj,gb � cj,bulk, here j is a charge

f
a
c
t

b: grain boundary; gbc: grain boundary core; scz: space charge zone.

pecies, and c, the concentration of j) and offer a more open
tructure (or excess volume) between the misaligned adja-
ent grains. Thus, in certain cases, the gb conduction of ionic
harge carriers can be greater than the bulk diffusion through
he grains.17,20,21 Wuensch and Tuller reported recently a high

obility of atoms along the gbc in ZnO and observed that struc-
ural disorder is accommodated within several atomic planes of
he gb.21–24 Tao and Irvine also reported a similar result in a
rotonic conductor, showing that the diffusion of the gb is quite
ast.25

.3. Space charge effect

A space charge effect on the gb conduction behavior based
n the brick layer model (cubic-shaped grains of identical size
aving homogeneous grains and gb) has been suggested and
heoretically and experimentally examined (Fig. 1b).12,13 For
xample, the electrical origin of ionic conduction at the gb of
xides such as zirconias, cerias, lanthanum gallates, and halides
as been intensively studied.12,13,26,27 As a result, it is proven
hat the ionic charge carrier depletes and accumulates in the
icinity (space charge zone, scz, Fig. 1b) of the gbc that struc-
urally differs from the bulk. In the space charge effect, such

depletion or accumulation of charge carriers is attributed to
he existence of excess charge in the gbc, which is inevitably

ormed due to thermodynamic differences between the gbc
nd bulk.28–30 Consequently, the concentration of the charge
arriers markedly modified at the scz affects the gb conduc-
ance.
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ig. 2. The grain boundary conductivities in well-known protonic conductors u
ulk estimated conductivity in BaZr0.8Y0.2O3−δ is also plotted.

. Interfacial protonic conduction of perovskites and
elated structures

.1. Interfacial protonic conductivity

After protonic conduction in a ceramic was first introduced
y Stotz and Wagner at high temperatures,31 research of ceram-
cs has intensified. Among those materials, perovskites (ABO3)
nd related materials have received great attention due to their
ery high protonic conductivity.8,32–34 In Fig. 2, the gb conduc-
ivities (σgb) reported in those materials are plotted as functions
f temperature (they are also summarized in Table 1).

.1.1. Interfacial protonic conductivity of perovskites
Among perovskites, barium zirconates are particularly

ppealing candidates for the protonic solid-electrolyte of fuel
ells because they have the highest protonic conductivity of
he bulk.8,35,36 As a reference, the protonic conductivity of
ulk (σbulk) BaZr0.8Y0.2O3−δ estimated from Kreuer’s data was
lotted.8 Its gb conductivities, however, are not as high as that
f the bulk, as seen in Fig. 2.

Iguch et al. made a high density sample of BaZr0.9Y0.1O3−δ

BZY, relative density, dr > 97%) to precisely examine the
b conduction.35 As a result, they observed that it is, in
act, lower than that of the bulk (σbulk ∼ 3 × 10−3 S/cm and
gb ∼ 4 × 10−4 S/cm at 300 ◦C), and the activation energy of

he gb (Egb ∼ 0.5 eV at 200–400 ◦C) is higher than that of the

ulk (Ebulk ∼ 0.4 eV in 100–400 ◦C), showing that the overall
onductivity of barium zirconates must be determined by the
b conductivity as temperature decreases.35–39 They also com-
uted the specific gb conductivity (a single gb conductivity,

t
e
e
a

wet atmosphere are compared as functions of temperature. As a reference, the

sp
gb = σbulk · (τbulk/τgb), here τ = RC, resistance and capaci-

ance) from the resistances and capacitances as a function of
-doping concentration. It is approximately three orders of
agnitude lower than that of the bulk. For instance, σ

sp
gb of

aZr0.95Y0.05O3−δ, BaZr0.90Y0.10O3−δ, and BaZr0.85Y0.15O3−δ

ere ∼3 × 10−8 S/cm, 4 × 10−7 S/cm, and 2 × 10−6 S/cm at
00 ◦C, respectively.

Tao and Irvine studied the gb conduction of BZY with ZnO.
y adding ZnO, the relative density of the sample increased by
8% (its drs are 68% and 96%, respectively, when sintered at
325 ◦C). The gb conductivity increased by one order of mag-
itude in the high density sample, as seen in Fig. 2.25

Zirconates having different atoms at the A-site of ABO3 (in
ZrO3, A = Sr, Ca) have also been studied intensively, but they
o not appear to be as potentially attractive as barium zirconates
ue to their low protonic conductivities.16,19,40 As an example,
he gb conductivity of SrZr0.9Y0.1O3−δ presented by Baik is
lotted in Fig. 2.40

Another important class is barium cerates due to their com-
arable protonic conductivities with barium zirconates. Kreuer
eported a semicircular impedance pattern corresponding to the
b in BaCe0.9Y0.1O3−δ (BCY), which is significantly smaller
han that of BZY at 100 ◦C under wet atmosphere. This indi-
ates that the Ce ion, rather than the Zr ion, at the B-site of the
erovskite may be preferable in view of the gb conduction.18

owever, it is questionable whether it comes from an intrinsic
ffect since the relative density of BZY is low (∼91%) compared

o that of BCY (∼98%).18,32,41 This point was clarified by Haile
t al. by preparing clean and high-density (>95%) samples. They
xamined the protonic conduction of BaCe0.9−xZrxGd0.1O3−δ

nd BaCe0.9−xZrxNd0.1O3−δ as a function of Zr-content (x = 0,
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Table 1
Comparisons of the grain boundary conductivities in the protonic conductors.

Materials Sintering temperature ( ◦C) dr (%) gb conductivity (S/cm) Temperature ( ◦C) Atmosphere

BaZr0.9Y0.1O3
9 1700 >95 ∼2 × 10−3 600 Wet (1.7%)-H2

BaZr0.9Y0.1O3
36 1715 97 ∼4 × 10−5 200 Wet (10%)-Ar-O2

BaZr0.9Y0.1O3
35 1800 – ∼3 × 10−4 300 Wet (2.3%)-air

BaZr0.85Y0.15O3
8 1700 90 ∼2 × 10−4 400 Wet (2.3%)-N2

BaZr0.8Y0.2O3
8 1700 92 ∼10−3 400 Wet (2.3%)-N2

BaZr0.8Y0.2O3
25 1325 68 ∼3 × 10−6 250 Wet-5% H2-Ar

Ba0.97Zr0.77Y0.19Zn0.04O3
25 1325 96 ∼3 × 10−5 250 Wet-5% H2-Ar

SrZr0.9Y0.1O3
40 1600 – ∼2 × 10−4 600 Wet-Ar

BaCe0.9Y0.1O3
84 1550 92 ∼2 × 10−3 275 Wet-H2-Ar

BaCe0.9Y0.1O3
18 >1700 >98 ∼2 × 10−6 100 Wet (2.3%)-N2

BaCe0.75Y0.25O3
83 1450 95 10−3 to 4 300 Wet-H2-Ar

BaCe0.9Gd0.1O3
42 1550 >95 ∼10−4 200 Wet-Ar

BaCe0.8Zr0.1Nd0.1O3
42 1650 >95 ∼10−3–4 250 Wet-Ar

BaCe0.8Zr0.1Gd0.1O3
42 1550 >95 ∼10−3–4 250 Wet-Ar

Ba(Y0.15Zr0.807Ce0.043)O3
8 – – ∼2 × 10−3 400 Wet (2.3%)-N2

BaCe0.45Zr0.45Sc0.1O3
45 1600 75 ∼10−5 400 Wet (3%)-H2-Ar

SrCe0.95Yb0.05O3
43 1500 92 ∼2 × 10−4 300 Wet-Ar

La0.6Ba0.4ScO3
84 1600 – ∼10−4 300 Wet (6.1%)-N2

Ba2YSnO5.5
46 1600–1700 85–95 ∼5 × 10−4 300 Wet (2.3%)-N2

Ba2In1.26Ce0.51O4.91
47 1250 93 10−3 to 4 200 Wet-N2

1/3(Ba3Ca1.17Nb1.83O9)18 >1700 >98 ∼2 × 10−6 100 Wet (2.3%)-N2

Ba3Ca1.18Nb1.82O9
49 1600 96–98 ∼7 × 10−6 170 Wet-Ar-O2

Sr3CaZr0.5Ta1.5O9
50 1430 90 ∼7 × 10−5 300 Wet-H2-Ar

nano-BaZr0.8Y0.2O3
8 – – ∼5 × 10−6 400 Wet (2.3%)-N2

nano-BaZr0.8Y0.2O3
10 800 90.3 ∼1 × 10−7 300 Wet (2.5%)-Ar

nano-BaZr0.8Y0.2O3
10 1250 98.1 ∼1 × 10−4 300 Wet (2.5%)-Ar
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ano-BaCe0.5Zr0.4Y0.1O3
63 1650 >95

ano: Nanostructure.

.1, and 0.2) and calculated the specific gb conductivities to
etermine the Zr-effect on the gb. As a result, the conductivities
ith x = 0, 0.1, and 0.2 were ∼3 × 10−6 S/cm, ∼7 × 10−7 S/cm,

nd ∼2 × 10−7 S/cm, respectively, at 300 ◦C.59 It clearly shows
hat the addition of Zr at the B-site of ABO3 decreases
he gb conductivity. They also studied the dependence of
d-content and displayed that the higher the Gd-doping

oncentration is, the higher the gb conductivity is. For
xample, σ

sp
gb of BaCe0.9Gd0.1O3−δ and BaCe0.85Gd0.15O3−δ

ere ∼3 × 10−6 S/cm and ∼2 × 10−5 S/cm, respectively, at
00 ◦C.42

Cerates, like zirconates, have been modified by changing the
a ion of the A-site to Sr or Ca. However, the results are not
s good as those of barium cerates.43,44 As an example, the gb
onductivity of SrCe0.95Yb0.05O3−δ is shown in Fig. 2.42

BaCe0.4Zr0.4Sc0.2O3−δ and BaCe0.45Zr0.45Sc0.1O3−δ doped
ith a 1:1 ratio of Ce and Zr at the B-site as rather complicated

orms were studied by Azad and Irvine.45 The gb conductivity
f the high-doping case (BaCe0.4Zr0.4Sc0.2O3−δ) is similar to
hat of BZY, but that of the low doping severely decreases, as
vident from Fig. 2.

.1.2. Interfacial protonic conductivity of

erovskite-related materials

Some of the perovskite materials are known to have high
rotonic conductivity, as seen above, but they are still not used
ommercially; thus, the search for materials with higher pro-

A
p
B

∼1 × 10−4 400 Dry-H2

onic conductivity continues. In recent years, researches into
erovskite-related materials have increased, since they can take
dvantage of perovskites showing high ionic mobility, as well as
ffer more ionic defects, implying the possibility for high con-
entrations of the protonic defects.46,47 One such structure is a
rownmillerite with double unit cell formed by the ordering of
-site cations. In the following, the gb protonic conductivities
f some brownmillerites are given.

Murugaraj et al. reported that Ba2YSnO5.5 shows high bulk
rotonic conductivity, while the gb shows low protonic con-
uctivity due to both extrinsic effects (amorphous phases)
nd intrinsic effects (structural instability).45 However, when
ompared to other materials of Fig. 2, its gb conductivity is
cceptable at the investigated temperature range. Zhang and
myth reported the gb conductivity of Ba2In2O5, another mate-
ial with the same structure. As seen in Fig. 2, it is very low.
s an example, σgb is about 10−6 S/cm at 300 ◦C (note that

t is about 10−3 S/cm in BZY).47 Hui et al. prepared Ce-doped
a2In2O5 (BIC) with hot press sintering (1250 ◦C/150 MPa) and

eported that its electrical property is very sensitive to the pres-
nce of hydrogen at 100–250 ◦C, that is, to the existence of the
roton conductivity.48 Its gb proton conductivity is the highest
mong the materials compared at low temperature (100–250 ◦C),
s seen in Fig. 2.
Complex perovskites of the form A(B′
1/3B′′

2/3)O3−δ or
3(B′B′′)O9−δ have also become of interest due to their com-
arable protonic conductivities with barium zirconates.18,49–51

ohn et al. reported that, in Ba3Ca1.18Nb1.82O9−δ (BCN18)
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repared by conventional ceramic processing, no gb protonic
onduction is observed, but for BCN18 prepared by sol–gel
rocessing, it is observed, implying that gb protonic conduc-
ion depends on the nature of the powder processing.49 The gb
onductivities of BCN18 are plotted in Fig. 2.

The gb conductivity of Sr3CaZr0.5Ta1.5O9−δ, a more
omplicated material, was also examined by Corcoran and
rvine and is shown in Fig. 2.50 Savanju and Irvine stud-
ed the gb conductivity of Sr3Ca0.95Zn0.05Zr0.5Ta1.5O9−δ and
r3Ca0.9Zn0.1Zr0.5Ta1.5O9−δ and determined that higher con-
uctivity results from high doping with Zn.51

Other protonic conductors having pyrochlore and fluorite
tructures have also been reported,52–54 but their gb conductions
ave not been fully elucidated.

.2. Interfacial protonic conduction mechanism

.2.1. Structural effect of the protonic conduction
The interfacial conduction mechanism of protons is difficult

o fully describe since the gb conduction depends on a num-
er of disparate factors, including relative density, glassy phase
CaO, SiO2, etc.), impurities, crystal structure, microstructure,
nd charge species.55,56 Accordingly, the gb conductivity can
iffer due to varying material processing even though the com-
osition of the material is similar. Nevertheless, the cause of the
b resistance (i.e., the structural distortion or space charge being
ble to affect the gb resistance) in highly pure and dense samples
as been of great interest, specifically as a blocking source for
rotonic transfer.

Kreuer et al. have reported low gb conductance in perovskites,
s seen in Fig. 2.8 They suggested that the gbc is responsible for
he low conductivity since they believe that structural distortions
n the gbc most likely lead to a decrease of protonic mobility and
depletion of protonic defects (see Fig. 1a).8,10 Their suggestion

or the protonic motion is that the proton strongly interacts with
he valence electron density of the nearest neighbor, making a
trong bonding interaction with the nearest oxygen (O H) and a
eak bonding interaction with the next-nearest oxygen (O· · ·H).
or example, in barium zirconate, the distance of the strong
onding interaction is <100 pm, while that of the weak bond-
ng interaction is 250–280 pm, forming O H· · ·O (hydrogen
onding). According to their suggestion, the energy of the hydro-
en bonding is compensated by the BO6-octahedral structural
nergy and this compensation leads to the strong fluctuations of
he hydrogen bonding length for proton conduction. They also
bserved that high mobility in SrTiO3 and CaTiO3 is related to
small lattice parameter as a structural effect.8,57,58

Shi et al. similarly highlighted the importance of the struc-
ure for proton transfer.19 They mentioned that In-doped CaZrO3
r SrZrO3, with an orthorhombic structure has a unique sta-
ilized proton site located between two adjacent octahedrals.
owever, In-doped BaZrO3, a cubic structure, bears a specific

egion of stable sites between them. That is, when the cubic struc-

ure changes to orthorhombic, ZrO6 octahedra rotate, causing
n increase in the activation energy of the protonic conduction.
onsequently, barium zirconate shows better gb conductivity

han calcium and strontium zirconates.
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.2.2. Space charge effect of the protonic conduction
From a totally different point of view have some researchers

uggested that the space charge effect may serve as a blocking
ource for the gb protonic conduction. That is, a protonic charge
arrier with a positive valence could deplete in the vicinity of the
bc due to the positive space charge potential. Iguchi et al. fab-
icated highly dense and clean barium zirconates using a solid
tate reaction method by sintering at 1800 ◦C for 20 h. Their goal
as to elucidate the space charge or structural effect on the con-
uction of the protonic charge carrier through the gb.35 They
ested the gb conductivity as a function of dopant concentra-
ion (5–15% Y) and observed that it increases by approximately
hree orders of magnitude as the Y-concentration increases.
hey suggested the space charge effect as a possible resistance
echanism, since the gb resistance could not be explained by
structural effect such as the differences between the aver-

ge grain diameters, gb character distributions, or secondary
hases.

Bohn et al. also proposed that the gb conduction in BCN18
ay be controlled by the depletion of positively charged defects

t the scz, pointing out that the electrical gb thickness composed
f the gbc and scz is ∼4 nm (note that the thickness of the gbc
s generally ∼1 nm).49

.2.3. Other effects of the protonic conduction
Ryu and Haile suggested another conduction mechanism of

he gb. They examined the gb conduction of barium cerate and
irconate solid solutions doped with Gd or Nd and showed that
he activation energy of the gb tends to increase with decreasing
he doping concentration as well as unit cell volume.42 By doing
o, they believed that the gb conduction is controlled not only by
he unit cell volume but also by the basicity of the metal oxide
omponent, the polarizability of the cation, and the association
f the dopant hydroxyl group.

. Interfacial protonic conduction of nanostructured
aterials

Great efforts have been devoted to search a protonic conduc-
or with high protonic conductivity. In recent years, as a way
o identify the protonic conductors having high protonic con-
uctivity, nanostructured materials have been employed. This
pproach has been carried out in other research areas deal-
ng with oxygen ionic conduction, and it was discovered that
he oxygen ionic conductivity is in certain cases enhanced
y nanostructures.59–62 To date, however, there has been no
eported enhancement among the protonic conductors.8,10,47 As
een in Fig. 3, Cerversa et al. have studied the protonic con-
uction of BaZr0.8Y0.2O3−δ which bears defined nanostructures
average grain sizes are ∼10 nm, ∼50 nm, and ∼200 nm), and
hey have reported a negative effect on the overall conduc-
ion (for comparison, the bulk conductivity of BaZr0.8Y0.2O3−δ

eported by Kreuer was inserted). Particularly, the overall con-

uctivity in the 10 nm sample drastically decreased.10 For
xample, σgb of the 10 nm sample is ∼10−6 S/cm, while σgb
f the 200 nm sample is ∼10−3 S/cm at 400 ◦C. Kreuer also
repared a thin film of BaZr0.8Y0.2O3−δ having a nanos-
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ig. 3. The protonic conductivities of nanostructured protonic conductors are
lotted as functions of temperature. As a reference, the bulk estimated conduc-
ivity in BaZr0.8Y0.2O3−δ is also plotted.8 gs is the grain size.

ructure (grain size ∼30 nm), which also showed very low
onductivity.8 Ma et al. fabricated nanostructured barium cerate-
ased film (BaCe0.5Zr0.4Y0.1O3−δ) from nano-grain feedstock
sing an air plasma spray.63 As seen in Fig. 3, its protonic
onductivity was nearly as low as those of other nanostruc-
ures.

In spite of this negative effect, nanostructures are still consid-
red to be potential sources for modified conductivity. As a good
xample, it was reported very recently that fluorite materials
nown to be oxygen ionic conductors show protonic conduc-
ion in nanostructures. Guo first attempted to determine whether
here was a water effect on conduction by making a nanos-
ructure with yttria stabilized zirconia (YSZ) film, a famous
xygen ionic conductor, and reported that protonic defects were
ound to form on the surface and diffuse along the gb into the
nterior of the specimen in boiling water.64 Anselmi-Tamburini
t al. also measured the protonic conduction in highly dense
anostructured YSZ with a grain size of ∼15 nm, made by
park plasma sintering (SPS) at low temperature.65 Park and
im confirmed this result by first making a water concentra-

ion cell operating at room temperature.66 They showed that an
quilibrium potential (or OCV) as high as ∼0.4 V in SDC (Sm-
oped CeO2) is produced by introducing wet air into the cell
hile the outside is immersed in water, verifying the protonic

onduction in nanostructured fluorites. They also demonstrated
hat a short circuit current is only produced in nanostructures.
hat is, no current was detected in microstructured fluorites.

n the view of conduction mechanism, this strongly suggests
hat the protonic charge carrier goes through the sample along
he gb, even though the exact mechanism is not discussed or
ostulated.

One possible mechanism of the protonic conduction along
he gb in nanostructured fluorites involves water passing into the

b which has a large open space (a free volume) by physisorp-
ion and chemisorption reactions (see Fig. 4). Similarly, Raz
t al. reported the protonic conduction in porous-YSZ with a
urface-conduction mechanism.67 They demonstrated that the

Z
g
s
e

ig. 4. Schematic diagram of (a) physisorption reaction and (b) chemisorption
eaction on zirconia surface.67.

hysisorption reaction dominantly takes place at low temper-
tures (<100 ◦C), and the chemisorption reaction dominantly
akes place at high temperatures (>100 ◦C), as shown in Fig. 4.
his behavior has been reported in many metal oxides, includ-

ng Al2O3, TiO2, SiO2, and �-Fe2O3, by forming single or
ulti-observed water layers.68–70 Anderson and Parks explained

n detail that the protonic conduction on silica surfaces is
ue to adsorption isotherms that are formed by freely vibrat-
ng hydroxyl groups offering the strongest surface adsorption
ites.70 Yamada et al. also suggested the surface conduction
echanism by adsorption of water in a one-dimensional nanos-

ructure (H2Ti3O7 nanotube).11

As another possible conduction mechanism, a layer con-
uction transfer between unit cells can be taken into account.
his behavior has often been shown in materials having a layer
tructure by containing water itself, such as WO3·n(H2O) and

oO3·2H2O.71,72

. Interfacial conduction of heterostructured materials

Many groups have studied heterogeneous nanomaterials
sing the surface conducting pathway in an attempt to mod-
fy ionic conductivity.26,73–76 As a result, some heterogeneous
anostructured materials showing an enhancement in conduc-
ivity have been discovered in several ionic conductors.

The first approach taken was an enhancement of Li-ionic
onductivity, achieved by adding nanosized alumina, an inert
article, into LiI.73 In this system, the conductivity increases
y orders of magnitude and is highly dependent on the interfa-
ial area between the host and inert particles. After this seminal
iscovery, many heterogeneous composites have followed, and
ome of them have shown a positive conductive effect.74–76 This
ehavior has even been demonstrated in bilayer thin films with-
ut adding inert oxide particles.77 Sata et al. made a bilayer
hin film system of BaF2/CaF2 having F-ionic conduction and
howed that the thinner each layer was, the higher the degree
f conductivity of the thin film. In some cases, the overall con-
uctivity increased by up to two orders of magnitude. Maier
uggested that this improvement was a result of the space charge
ffect enhancing the concentration of the charge carrier in the
icinity of the interface between the two different phases of the
cz.26 This behavior has also been reported for materials known
o be oxygen ionic conductors, including bilayer thin films of

rO2 and GDC (Gd-doped CeO2).78 However, the authors sug-
ested that the enhanced conductivity is not attributed to the
pace charge effect. They mentioned that it may result from
ither dopant solubility or an increase of the oxygen vacancy
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30. Guo, X. and Waser, R., Electrical properties of the grain boundaries of
ig. 5. The protonic conduction behavior depending on the concentration of
nert species in the heterostructure (matrix: CsHSO4, and inert species: TiO2

nd SiO2).79–82.

obility caused by strain enhancement at the interface of the
rO2 and GDC layers.

Similarly, in protonic conductors such as sulfate and phos-
hate systems, heterostructures have been studied. As shown
n Fig. 5, finely dispersed oxides (TiO2 and SiO2) in the host

atrix (sulfates) increase the protonic conductivity by orders of
agnitude.79–82 Ponomareva et al. believed that the enhanced

onductivity may be due to the space charge effect, showing
hat the conductivity depends on the dispersoid concentration
nd specific interface area between two phases.

As mentioned above, heterostructures show a positive effect
n ionic conduction, but the cause of the enhancement is still
ontroversial. It is, however, certain that heterostructures have a
igh potential for being able to manipulate the interfacial pro-
onic conduction and, furthermore, for maximizing the overall
rotonic conductivity.

. Concluding remarks

A number of ceramics showing high bulk protonic conduc-
ivities have been reported, but their gb protonic conductivities
re markedly low. This has spurred research into improved
b conduction. In addition, attention is also shifting toward
nterface-modified materials. In the current paper, we have
eviewed the interfacial protonic conduction in ceramics, mainly
olid oxides, including nanostructures and heterostructures. The
onduction mechanisms of the interface, as well as the structural
nd space charge effects, were highlighted.
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