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bstract

The advantages of lowering the operation temperature of SOFCs have attracted great interest worldwide. One of the major barriers to decreasing
he operation temperature is the ohmic loss of the electrolyte. Maximizing the electrolyte ionic conductivity is of significant importance, especially
n the absence of new electrolyte materials. The ionic conductivity of electrolytes can be influenced by many parameters. There has been an

normous effort in the literature for the improvement of the electrolyte ionic conductivity. From a practical point of view, this paper reviews
arious approaches to enhancing the ionic conductivity of polycrystalline zirconia- and ceria-based oxide electrolytes in the light of composition,
icrostructure, and processing. Suggestions are given for future work.
rown Copyright © 2007 Published by Elsevier B.V. All rights reserved.
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. Introduction

For reasons related to long-term stability and cost, decreasing
he operation temperature of solid oxide fuel cells (SOFCs) down

◦

tures, maximizing electrolyte ionic conductivity is of significant
importance, as is the reduction of electrolyte thickness. Under-
standing the various factors that influence ionic conductivity can
help to optimise conditions for further improvement of elec-
trolyte properties.
o 500–700 C has attracted worldwide interest [1]. Decreased

peration temperature, however, requires increased electrolyte
onic conductivity and enhanced electrode reaction activity. In
he absence of available electrolyte materials at low tempera-
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Enormous amounts of effort can be found in the literature
n ionic conductivity improvements for the oxide electrolyte
aterials, including zirconia-based oxides, ceria-based oxides,
anthanum gallate-based oxides, and bismuth-based oxides
2–6]. Zirconia-based electrolytes, such as yttria-stabilised-
rO2 (YSZ), are the most popular materials employed as the
lectrolyte in SOFCs because of its attractive ionic conductiv-
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ig. 1. The major sources of ionic carriers in oxides and their respective mobil-
ties compiled from literatures.

ty, stability in both oxidising and reducing environments, and
ompatibility with the electrode materials [5,6]. However, at
ower temperatures, the ionic conductivity of YSZ is much lower
han that of ceria-based electrolytes such as gadolinia-doped
eria (GDC) or lanthanum gallate-based electrolytes such as
a0.8Sr0.2Ga0.8Mg0.2O3−� (LSGM). Alternatively, ceria-based
lectrolytes have been considered for low-temperature applica-
ions, similar to the LSGM in terms of cost, processing, and
tability. However, further enhancement of ionic conductivity
nd stability in reduction conditions is still required for ceria-
ased electrolytes.

The electrical conductivity (σ) can be expressed as σ = nqμ,
here n is the charge carrier concentration (cm−3), q is the

harge (in coulombs), and μ is the mobility of the charge carrier
cm2 s−1 V−1). Thermodynamically and kinetically, the electri-
al conductivity in an oxide can be related to the temperature,
xygen partial pressure in the surrounding gas atmosphere, the
ype and concentration of dopants, and the microstructure [7,8].
he major sources of ionic carriers in oxides and their respective
obilities are summarized in Fig. 1, in which the broken arrows

ndicate where large numbers of carriers generated via deviation
rom stoichiometry or doping may alter the carrier mobilities
7,8]. For oxygen ion transport in zirconia- and ceria-based elec-
rolytes the charge carriers are oxygen vacancies. The following
quation is usually applied to oxygen ionic conductors:

T = A exp

(−Ea

kT

)
(1)

here σ is the ionic conductivity, T the absolute temperature,
pre-exponential constant, and Ea is the activation energy. The

ctivation energy normally includes energy terms for formation
nd migration of oxygen vacancies. In the extrinsic regime, the
ctivation energy is dominated by the migration energy. In this
ase, the activation energy can be represented by the migration
nergy for the doped oxide ionic conductors in the extrinsic
egime. The point defects without association were considered
n the discussion above. If oxygen vacancies form defect asso-
iation within the oxide, the dissociation energy to break this
omplex at high temperature also has to be considered in the

ctivation energy.

The effects of various factors, such as grain boundary,
ocal structure, microdomain, grain size, composition, dopants,
mpurity, and processing on ionic conductivity in zirconia-

l
s
i
e

ig. 2. The correlation of composition, microstructure, processing, and elec-
rical conductivity in polycrystalline materials under given temperature and
urrounding atmosphere.

nd ceria-based electrolytes have been discussed elsewhere
5,6,9–11]. In this work, the effects in terms of composition,
icrostructure, and processing on the electrical conductiv-

ty for polycrystalline zirconia- and ceria-based electrolytes
re reviewed. As shown in the following discussion, these
arameters are correlated to each other. Composition, dopant
oncentration, and processing conditions can change the prop-
rties of grains and grain boundaries. This, in turn, affects the
ffectiveness of the dopants. Grain boundary properties can also
ary by grain size. Composition, microstructure, and process-
ng are fully related to each other in electrical properties. These
elations with electrical conductivity are illustrated in Fig. 2.

. Enhancement from composition

The isothermal conductivity of rare earth-doped ceria and
irconia has been particularly well studied in the literature. The
onic conductivity of electrolytes can be maximized through
omposition modification by selecting an appropriate aliovalent
opant and its optimal concentration [5,6,9–11]. The doping can
e either homogeneous to form a solid solution or heterogeneous
o form a composite. For homogeneous doping, adding aliova-
ent cations to the zirconia or ceria produces oxygen vacancies,
hich provide the pathway for the conducting oxygen ions. The

xistence and the contribution of microdomains to the ionic con-
uctivity may suggest that the oxygen vacancies are not simple
andom distributions. A solid solution region where the par-
nt cubic fluorite structures of zirconia and ceria is preserved
enerally defines the composition range.

In the case of zirconia-based systems, Sc3+ is the most effec-
ive dopant among Ca2+, Y3+, Sm3+, etc., whereas Mg2+ is the
east efficient in providing an open pathway for conduction [12].
owever, the initial high conductivity in ScSZ is followed by

t first a rapid and then a gradual drop in conductivity. This
ehaviour of the conductivity degradation has been attributed
o the existence of a metastable t′-phase, as discussed in the
ollowing section on the effect of grain boundaries. Regarding
oped ceria, highest conductivities have been reported for either
m- or Gd-doped ceria. It is generally recognized that the most
ffective aliovalent addition appears to be defined by the rela-
ionship between the ionic radii of the additive and the parent

attice [9,13,14]. However, there is still discrepancy in under-
tanding the relationship between the dopant properties and the
onic conductivity. Kilner has suggested that a better means of
valuating the relative ion mismatch of dopant and host would
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rd the average ionic radius of the dopant, and rh is the ionic radius
of the host element (Ce4+). The relationship between effective
index and conductivity for ceria with different dopants is shown
in Fig. 3. They found that the electrolyte materials have not only

Fig. 3. Relationship between effective index and conductivity at 800 ◦C:
S. Hui et al. / Journal of Pow

e to compare the cubic lattice parameter of the host oxide and
he pseudocubic lattice parameter of the corresponding dopant
xide. In this way, it is explained why Gd and Sc are excellent
opants in ceria and zirconia, respectively [15]. Kim proposed
he concept of a critical ionic radius for the dopant, which is
n ideal dopant cation radius that would give the same lattice
onstant as that of the undoped electrolyte [16]. The critical
onic radius for a trivalent dopant in ceria is 1.038 Å. However,
lthough Gd- or Sm-doped ceria have higher ionic conductivity
han Y-doped ceria, the best match for either the ionic radius
f Ce4+ (0.97 Å) [17] or the critical ionic radius in ceria is Y3+

1.019 Å) rather than Gd3+ (1.053 Å) or Sm3+ (1.079 Å). Kilner
t al. and Catlow explained that a smaller ionic size mismatch
etween the host and a dopant was preferable for obtaining a
igh conductivity [18,19].

In addition to the single doping in zirconia and ceria, multiple
oping appears to improve the electrolyte ionic conductivity fur-
her. Several ternary systems involving yttria-stabilised zirconia
ave been studied from the viewpoint of structure and electri-
al properties with the third component being calcia, scandia,
are-earth oxide, or magnesia [20–31]. Depending on chemi-
al and phase composition, these generally have improved ionic
onductivities, although in some cases deterioration of the ionic
onductivity has been observed. Mucko has studied the electri-
al conductivity for a series of YSZ systems with the addition
f calcia at 350 ◦C [20]. They found that the ionic conductivity
f YSZ with a small amount of calcia added could be enhanced
bout three times higher compared to that of YSZ without cal-
ia. This effect on the ionic conductivity was attributed to local
icrostructure [20]. Gong et al. also observed an ionic con-

uctivity improvement for zirconia doped with 6 mol% calcia
nd 4 mol% yttria at temperatures above 830 ◦C [21]. They con-
luded that such improvement might be due to the increase
n the concentration of oxygen vacancies linked to the low
ctivation energy. Kaneko et al. examined the electrical conduc-
ivity of zirconia co-stabilised with 8 mol% scandia and yttria
y impedance measurements [22]. The electrical conductivity
ncreased at temperatures above 370 ◦C and decreased below
his temperature when scandia-doping levels were increased.
ouza and Chinelatto have studied the effect of rare earth addi-

ions on the electrical conductivity of impure zirconia doped with
2 wt.% yttria [23]. The additions of rare earth led to an electrical
onductivity close or higher than that of electrolytes prepared
rom high-purity zirconia. SEM examination of the grain bound-
ries indicated enhanced impurity segregation [23]. Souza and
hinelatto suggested that the conductivity improvement was
ost likely due to the increased segregation of impurities on

rain boundaries rather than the effect of dopant properties [23].
owever, elastic driving forces in YSZ can be significant for seg-

egation phenomena when a large size mismatch exists between
opant and host cations, as reported by Kilner [24]. The elastic
eld generated by the size mismatch of dopants with the YSZ
atrix might further enhance the segregation of the small radius
mpurity ions. The segregation enthalpy can be explained by an
nterface contribution, a contribution due to solute–solvent inter-
ction, an elastic strain energy contribution, and an electrostatic
erm [25]. Lee and his colleagues studied the electrical conduc-
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ivity and phase stability of ZrO2 co-doped with Sc2O3 and CeO2
26]. They claimed that such electrolyte systems showed much
igher electrical conductivity than YSZ in the temperature range
f 300–1100 ◦C and better long-term stability than any other
c–ZrO2-based electrolyte. In addition, the phase of the Sc2O3
nd CeO2 co-doped ZrO2 was stable (as a cubic phase) up to
550 ◦C. Shiratori et al. added magnesia to YSZ in order to bet-
er match the coefficient of thermal expansion (CTE) with other
omponents without significant degradation in ionic conductiv-
ty [27]. It was found that when the molar fraction of magnesia
as less than 0.6, the conductivities of the composites were in

he same range as the conductivity of pure 3YSZ at temperatures
f 700–900 ◦C.

The effects of multiple doping on the conductivity of ceria-
ased electrolytes have also been reported. Ralph et al. have
tudied the effect of oxide additions on the total and grain
oundary conductivity for Gd-doped ceria with compositions
f Ce1−x−yGdxMyO2 (M = Ca, Fe, Pr; x = 0.09, 0.10, 0.18, 0.19,
.20; y = 0.01, 0.02) [28,29]. Small amounts of oxide additions
ave significantly enhanced the grain boundary conductivity
ompared to that of Gd-doped ceria without additions. Maricle
t al. have studied similar electrolyte systems with the composi-
ion of Ce0.8Gd0.19M0.01O2 (M = Pr, Sm) [30] and demonstrated
hat these oxide additions also extended the lower oxygen partial
ressure limit of the electrolyte domain boundary by two orders
f magnitude. However, Ralph et al. did not confirm the effect
f second phase additives on the width of electrolyte domain for
he same electrolyte composition.

Mori et al. have proposed a concept of an effective index
rom the crystallographic point of view to maximize the ionic
onductivity in ceria-based systems [31,32]. The effective index
s defined as (avg.rc/eff.ro) × (rd/rh), where avg.rc is the average
onic radius of the cations, eff.ro the effective oxygen ion radius,
1) CSO20, (2) CSO21, (3) CSO25, (4) CSO50, (5) C(SCa50)O20, (6)
(SCa50)O22.5, (7) C(SCa50)O25, (8) C(SSr20Ba5)O17.5, (9) CLO12.5,

10) CLO15, (11) CLO17.5, (12) C(LSr10)O17.5, (13) C(LSr20)O17.5, (14)
(LSr20Ba3)O17.5, (15) C(LSr20Ba5)O17.5, where C is for Ce, S for Sm,
nd L for La from Mori et al. [31].
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mproved the ionic conductivity but also the increased resistance
f ceria reduction from Ce4+ to Ce3+ in reducing atmospheres.
nalysis of HRTEM revealed that an electrolyte with single
oping had large microdomains (over 10 nm), while one with
ultiple doping could reduce the microdomain to be around

–3 nm, suggesting that small microdomains could benefit the
xygen ion transportation through the lattice. However, the sta-
ility of the small microdomain against the annealing of the
lectrolyte was not reported [31,32].

An alternative route to enhancing the ionic conductivity by
omposition is to employ heterogeneous dopants that are insol-
ble or soluble with low limit in the zirconia or ceria bulk
tructure. Alumina has been most commonly used for such pur-
ose in YSZ due to its limited solubility. Depending on the
lumina concentration and electrolyte materials, the additions
ere either beneficial or detrimental to the electrical conduc-

ivity. TEM and microanalytical characterization revealed that
he addition of alumina to zirconia, at levels beyond the solu-
ility limit, results in an improvement due to grain boundary
nteractions between second-phase alumina particles and the
ilicate films [33]. EDX microanalysis using a finely focused
lectron probe showed that the small inclusions of dark con-
rast within the alumina were rich in silicon. The silicate phases
xist as impurities in the electrolyte and can cause a signif-
cant blocking to grain boundary conductance, as discussed
n the next section. Drennan et al. observed that there was a
trong interaction between the boundaries and the alumina that
ook the form of boundary pinning, i.e. glassy pocket forma-
ions at the interface [34]. Butler et al. suggested that the grain
oundary conductivity improvement only occurs at alumina lev-
ls sufficient to establish local grain boundary thermodynamic
quilibrium and eliminate silica-rich liquid phases in favour
f mullite or mullite in local equilibrium with the free alu-
ina [35,36]. Steele and Butler reported that there is a smaller

mprovement in overall conductivity when additions of alumina
re made in YSZ of higher purity [37]. AC impedance mea-
urements demonstrated that the effect was essentially related
o improvements in the bulk conductivity due to Al3+ doping,
nd the improvement depended on the silicate level in the YSZ.
owever, Guo et al. reported that the addition of alumina in the

mounts of 0.4 mol% increased both grain and grain boundary
esistivities [38]. The grain resistivity was increased by only
%, whereas the grain boundary resistivity was increased by
00%. Miyayama et al. reported an alumina solubility limit of
.6 mol% in YSZ [39]. They found grain and grain boundary
onductivities decreased and grain growth was promoted below
he solubility limit. However, the grain boundary conductivity
ncreased and grain growth was inhibited above the solubil-
ty limit of alumina. Feighery and Irvine [40] also investigated
he effect of alumina additions on the electrical conductivity of
mol% YSZ. They reported that approximately 1 wt.% alumina
issolves into the structure of YSZ when sintered at 1500 ◦C for
4 h. The high-temperature conductivity increases for 1 wt.%

lumina and then decreases to approximately the same conduc-
ivity as the undoped 8YSZ. The conductivity remained constant
ntil 10 wt.% alumina and subsequently decreased rapidly with
urther addition of alumina. Badwal and Drennan found that

e
w
b
s

urces 172 (2007) 493–502

candia-stabilised zirconia (ScSZ) could also benefit from the
ddition of alumina [41].

The addition of alumina to ceria-based electrolytes has also
een studied. Zhang et al. examined the effect of alumina addi-
ion to 20% Gd doped ceria and found in the 0–10% alumina
ange the overall conductivity was lower [42]. This was due
o a slight increase in grain interior conductivity and a rapid
ecrease in grain boundary conductivity that can be observed
ith increasing alumina content. This is in contrast to previous
ndings that alumina doping in YSZ leads to a slight decrease

n grain interior conductivity, but a remarkable improvement
n grain boundary conductivity. Increased grain interior con-
uctivity for alumina-doped 20% GDC was postulated to be
argely attributed to the solid state reaction between alumina and
adolinia, which results in a decrease in the amount of gadolinia
issolved in ceria.

There has also been an effort to make ceria-zirconia compos-
te electrolytes to either improve the ionic conductivity or take
dvantage of both components in terms of stability and con-
uctivity. The ceria-zirconia composite electrolytes were either
oped ceria particles embedded in a continuous YSZ matrix
43] or YSZ/doped ceria multi-layers [44,45]. In both cases, the
ighly conductive-doped ceria reduced the effective thickness of
he relatively low-conductivity YSZ layer while the continuous
SZ layer served as a barrier to electronic conduction through

he doped ceria. Luo et al. have prepared GDC–YSZ composites
rom powders and sintered them over a temperature range from
400 to 1600 ◦C [46]. They found that the ionic conductivity of
he electrolyte decreased with the 10–50 wt.% addition of GDC
o YSZ. XRD examination of the composites revealed the for-

ation of a solid solution that led to the reduced conductivity.
orita et al. examined films using a thin layer of YSZ sand-
iched between two layers of GDC and found poor electrical

onductivity, compared with theoretical values, due to the for-
ation of a solid solution phase [47]. The solid solution phase

ikely reduced the ionic conductivity of the GDC–YSZ–GDC
omposite and raised the activation energy for ionic conduc-
ion. In addition, pores have been formed at the interface of the
DC–YSZ layers and this could have contributed to reduction
f conductivity. The conductivities of composite electrolytes of
SZ–CGO0.5YSZ0.5–CGO were an order of magnitude lower

han either YSZ or CGO [48]. Again, pores were found between
he layers. The effect of SDC particle size (diameter 1–840 �m)
n the stability of YSZ–SDC composite electrolyte and the influ-
nce of YSZ–SDC solid solution on SOFC performance have
oth been studied. Mishima et al. found that the temperature
or YSZ–SDC reaction decreased with decreasing SDC particle
ize. Zhou et al. also studied the interaction between GDC and
SZ through XRD analysis [49]. The change of phase for GDC

nd YSZ powders sintered at different temperatures indicated
hat the interaction started around 1200 ◦C. Most recently, Price
t al. reported that the formation of YSZ–SDC solid solution in
he nanocrystalline system was as low as 900 ◦C [50]. Mishima

t al. found that the OCV of the cell significantly decreased
ith the formation of YSZ–SDC solid solution [43]. It was
elieved that the poor ionic conductivity of the zirconia–ceria
olid solution attributed the deterioration of the cell perfor-
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ig. 4. The dependence of the ion conductivity on the number of layers with a
onstant total film thickness [53].

ance. Kimpton et al. revealed that electrical conductivities of
oth Zr0.75Ce0.08Sm0.17O1.915 and Zr0.75Ce0.08Y0.17O1.915 were
ignificantly lower than that of the YSZ at 800 ◦C. Excessive
istortion of the oxygen ion conduction path by large size ionic
opants was found to be responsible for the decline in conductiv-
ty [51]. Studies from Zhou et al. [49] and Zhu [52] on the solid
olution revealed that it was a mixed electronic and ionic conduc-
or. An n-type electronic conducting behaviour was observed in
he oxygen partial pressure of 1–10−18 atm at 800 ◦C. The solid
olution had a lower conductivity and larger expansion during
eduction than that of GDC or YSZ as well [49]. However, when
he thickness of the ZrO2–CeO2 film was down to the nanome-
er level, the electrical behaviour may change correspondingly.
zad et al. have systematically investigated the nanosize effect
n oxygen ionic conductivity of gadolinia-doped multi-layer
rO2–CeO2 films [53]. It was observed that oxygen ionic con-
uctivity increased as a function of the number of film layers
hile keeping the total thickness constant. The increases were
igher than either single crystal YSZ thin films or polycrystalline
SZ and Gd2O3 doped CeO2, as shown in Fig. 4.

. Enhancement from microstructure

.1. Effects of grain boundaries

The electrical conductivities of polycrystalline materials are
reatly influenced by their microstructures, i.e. the properties
f grain and grain boundary. Grain boundaries are the crys-
allographic mismatch zones whose properties are determined
y mismatch of the lattices, impurities (or second phase seg-
egation), space charge, microcracks, or a combination of all
f these. In many polycrystalline materials grain boundaries
rovide a region of relatively rapid mass transport compared
o the bulk properties of the crystallites. However, in zirconia-
r ceria-based electrolytes the grain boundaries have a lower

ffective charge carrier concentration and thus result in a highly
esistive grain boundary phase. AC impedance spectroscopy is
idely employed to obtain information related to the electri-

al behaviour of both the bulk (grain interiors) and the grain

o
a
m
m

ig. 5. Illustration of a typical impedance plot for a polycrystalline sample with
quivalent circuits.

oundaries. A typical impedance plot for a polycrystalline sam-
le with equivalent circuit is illustrated in Fig. 5. For a sample
ith a length of L and cross-section area of A, the bulk conduc-

ivity, σb, σ, and the total grain boundary conductivity, σgb, can
e expressed as σb = L/ARb and σgb = L/ARgb, where Rb and Rgb
re the bulk and grain boundary resistance, respectively. Then,
he total electrical conductivity, σT, can be calculated from equa-
ion 1/σT = 1/σb + 1/σgb [54]. Assuming that all the grains are
ubic with equal size of dg, the grain size is much smaller than
rain boundary thickness, δgb, and that the contribution to the
onductivity parallel to the grain boundaries is negligible, the
pecific grain boundary conductivity can be estimated by the
ollowing equation [55].

sp
gb = σT

gbδgb

dg
(1)

Assuming reasonable values for the grain boundary thick-
ess, order of magnitude estimates of specific grain boundary
onductivity have been reported [56]. Impedance studies on
oth microstructured and nanostructured YSZ showed that the
lectrical conductivity in grain boundaries is 2–3 orders of mag-
itude smaller than in the crystallite volume. Correspondingly,
he activation energy of the electrical conduction at interfaces
ith values in the range of 1.0–1.2 eV is significantly higher than

he values of 0.84–0.93 eV observed for the bulk conductivity
56,57]. A brick-layer model has been employed to correlate the
icrostructure with the grain and grain boundary conductivity

nd to explain the variation of ionic and electronic conductivity
n electrolytes as a function of grain size [58–60]. In this model,
t is assumed that the ceramic samples consist of grains with
high conductivity, separated by relatively thin, uniform grain
oundaries. For a positive space–charge potential, positive car-
iers, such as oxygen vacancies and electron holes, are depleted
nd negative carriers, such as electrons, are enhanced in grain
oundaries. The relative depletion of oxygen vacancies is equal
o the square of the relative enhancement of electrons, leading to
ncreased n-type conductivity. Positive space-charge potentials

f 0.3 and 0.25 V have been obtained for polycrystalline ceria
nd YSZ, respectively [61,62]. Guo and Maier reported that the
agnitude of ∼0.3 V for ceria is sufficient to cause enhance-
ent of the n-type conductivity of an order of magnitude. As
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m
on the ionic conductivity as well. For instance, enhanced ionic
conductivity in ScSZ has been attributed to the existence of a
metastable tetragonal phase known as the t′-phase [78,79]. The
formation of the t′-phase in yttria-stabilised zirconia requires
98 S. Hui et al. / Journal of Pow

consequence, a transition from predominantly ionic to elec-
ronic conductivity could occur at a grain size of about 60 nm in
eria [62].

It has been widely reported that impurities such as silica
reatly decrease the grain-boundary conductivity in zirconia
nd ceria [57,61,63–66]. Badwal and Rajendran found that the
ddition of only 0.2 wt.% silica was sufficient to decrease the
rain-boundary conductivity of YSZ by a factor greater than
5 [65]. Therefore, eliminating the effect of impurities on the
rain boundary can benefit the ionic conductivity of the elec-
rolyte. A number of strategies have been suggested to control the
ilica-rich grain boundary, including specialized heat treatments,
he application of pressure, and various additives [57,61,63–66].
arying grain size at concentrations low enough that a discrete
iliceous film does not form can systematically vary the bound-
ry coverage of silicon. Experimental studies on fully dense,
ighly pure specimens of nano and microcrystalline calcia-
oped or yttria-doped zirconia showed a significant increase of
he conductivity at interfaces with decreasing crystallite size
own to nanometer size [57,67]. Ralph et al. reported that ionic
onductivity could be enhanced by trapping impurities by form-
ng low-temperature compounds with small amount of second
hase additives [68]. Some oxides can form eutectic compounds
ith impurities in grain boundary. These compounds may have

utectic temperatures below the electrolyte sintering tempera-
ures, which can be trapped to certain areas in the grain boundary
pon cooling.

However, the grain boundary conductivity remains lower than
he bulk value, even for highly pure electrolyte materials where
he grain boundary has no significant amount of silica cover-
ng [56]. Therefore, the grain boundary blocking in YSZ is
lso ascribed to an intrinsic property due to the formation of
lectric space charge layers at grain boundaries, which was sup-
orted by the segregation behaviour of dopant cations [69,70].
he strain and electrostatic energies of the electrolyte could be

educed through segregation of charged species, such as impuri-
ies and/or defects in the grain boundaries, leading to a positive
r negative potential. Guo et al. have revealed the existence of
ositive space charge potentials in polycrystalline yttria-doped
irconia and ceria [61,62]. Therefore, positively charged ionic
efects will be depleted while those with opposite charge will
e accumulated in the space charge region in zirconia- or ceria-
ased electrolytes. Electrochemical and theoretical studies by
uo and Maier [61] on microcrystalline zirconia doped with
–8 mol% yttria indicated the presence of an ∼5-nm wide, poor
onduction layer at interfaces. Both analytic studies by means
f high-resolution transmission electron microscopy (HRTEM),
lectron energy loss spectroscopy (EELS), and atomistic mod-
ling showed a significant segregation of Y3+ depleted zones, a
egative space charge, and a very low concentration of oxygen
acancies prevail on the length scale corresponding to the Debye
ength of a few nanometers [61,67,71,72].

The blocking grain boundary effects can also be signifi-

antly affected by either temperature or dopant level or type
73–75]. When the temperature is high enough, the grain bound-
ry resistance appears to become negligible in comparison to
he grain resistance. This temperature varies with dopant types

F
e

urces 172 (2007) 493–502

nd concentrations in zirconia or ceria. Nowick et al. observed
hat the grain boundary effect becomes negligible above a
opant concentration of 15 mol% regardless of the dopant type
n ceria [73,74]. Therefore, the impact of grain boundary on
he ionic conductivity of electrolyte is especially important for
ower-temperature applications. Hon et al. also found that the
rain boundary contribution to the resistivity in ceria gener-
lly decrease with increasing dopant levels. They found that the
emperature above which the grain boundary effect appears to
ecome negligible for ceria doped with 9 mol% Gd2O3, Sm2O3,
r La2O3 are 725, 775, and 650 ◦C, respectively [75]. The block-
ng and unblocking grain boundary effects also depend on the
omogeneous or heterogeneous materials. The formation of
acancies and excess electrons are easier in homogeneous media
uch as ceria [63,76]. Most recently, Kosacki et al. have inves-
igated the effect of film thickness on the ionic conductivity
or YSZ films [77]. They discovered that the ionic conductivity
ncreases with decreasing thickness of YSZ film, as shown in
ig. 6. Similar results were reported for the ZrO2–CeO2 com-
osite thin film [53]. These studies on the super-lattice and
uper-thin thin films (below 60 nm) at Oak Ridge National Lab-
ratory and Pacific Northwest National Laboratory show that
onductivity can be increased by an increase in the volume
f unblocking interfacial/surface areas. As an example of the
mportant role of unblocking grain boundary effects, the engi-
eering of the unblocking grain boundaries can be a key to
ncreasing the ionic conductivity in the future.

Many researchers have demonstrated the effect of different
icrodomains, or local lattice structures from different dopants,
ig. 6. Temperature dependence of the electrical conductivity determined for
pitaxial YSZ thin films with different thicknesses [77].
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ery fast quenching from the melt, while the t′-phase can be
asily formed in ScSZ in the cubic phase field and quenched by
imply removing the sample from the furnace. This phase has a
haracteristic microstructure described as banding. These bands
ccur as the phase changes from cubic to tetragonal and the
esulting strain is accommodated by the formation of twin bands.
his banding rapidly disappears if the sample is annealed and the
sual mottled grain structure develops, resulting in degradation
f ionic conductivity [80]. The t′-phase contains high-dopant
oncentration, but is obviously in a metastable state at the nor-
al operating temperature for SOFC applications. Yoshida et al.

ave investigated the local structures of doped ceria by extending
-ray absorption fine structure (EXAFS) measurements, show-

ng that the ionic conductivity is remarkably affected by the local
tructures of dopant and Ce4+ ions [14]. The high ionic con-
uctivity of LSGM has also been attributed to microstructural
eatures such as internal interface structures [81,82]. O’Hayre
t al. claimed that the ion conductivity in yttria stabilised zir-
onia and doped ceria could be enhanced by creating additional
islocation through conventional irradiation techniques [83]. Ion
nd/or electron irradiation causes the growth of vacancy clusters
ithin the thin film and collapsing into Frank dislocation loops

hat exhibit high ion conductivity. Maximum ion conductivity
s accomplished by spatially reorienting the Frank dislocation
oops during a following heat-treatment of the membrane. Thus,
he dislocation loops form surface-to-surface continuous dislo-
ations allow ions to propagate between membrane surfaces with
inimal activation energies. Further understanding of the forma-

ion and properties of microdomain with respect to conductivity
ay provide valuable insight into the design or improvement

f oxygen ion conductors. Most recently, Guo and Waser have
ublished a comprehensive review article for the electrical prop-
rties of the grain boundaries of oxygen ion conductors [84].
arious factors influencing the grain boundary electrical prop-
rties were reported from experimental and theoretical points of
iew.

The ionic conductivity in the zirconia- or ceria-based elec-
rolytes can be further improved by introducing a liquid phase
ither in the grain boundaries or by forming composite elec-
rolytes. Most recently, Fu et al. have examined the electrical
onductivity of ceria chloride composite electrolytes contain-
ng GDC–LiCl–SrCl2 [85]. The hot pressed composite showed
uperionic conductivity 2–10 times higher than GDC itself in
he temperature range of 400–600 ◦C with reduced electronic
onduction.

.2. Effects of grain size

In recent years, there has been growing interest in explor-
ng whether reducing the grain size down to the nanoscale
n electrolytes can further enhance the ionic conductivity
56,76,86,87]. Nanocrystallinity introduces such a high density

n the interfaces that the conduction properties may become
nterface-controlled. Many researchers have investigated the
rain size dependence of conductivity in polycrystalline solid
lectrolytes and agreed that grain size effects could be observed

t
d
g
s

urces 172 (2007) 493–502 499

hen the grain size is below 100 nm. For nanocrystalline
irconia-based materials, Tien reported an increased electrical
onductivity with decreased grain size for Zr0.84Ca0.16O1.84 at
emperatures below 800 ◦C [88]. The specimen of smaller grain
ize exhibited higher activation energy for grain boundary con-
uction. This value was found to be about 0.96 eV, whereas
he activation energy for the specimen with large grain size
ies in the range of 1.24–1.30 eV. Anderson’s group has stud-
ed a series of nanostructured thin film materials spin-coated
n an alumina substrate, including YSZ and ceria-based elec-
rolytes [49,89]. The studies of Kosacki et al. on thin films of
6 mol% YSZ reported a remarkably enhanced conductivity and
lower activation enthalpy in nanocrystalline films (with aver-

ge grain size of 20 nm) than in coarse-grained polycrystals [89].
anocrystalline YSZ exhibits an increase of about 2–3 orders of
agnitude in electrical conductivity as compared to microcrys-

alline specimen. Activation energy is 1.23 and 0.93 eV for micro
nd nanocrystalline specimens, respectively, which is close to
alcia-doped zirconia investigated by Tien [88].

For the nanocrystalline ceria-based electrolytes, Tschope and
irringer have compiled the experimental results on the electri-
al conductivity and their activation energy as a function of grain
ize [90]. The results showed that nanocrystalline ceria possesses
n increased electrical conductivity and decreased activation
nergy when decreasing grain size. The quoted authors by
schope and Birringer also concluded that nanocrystalline
erium oxide was found to be electronically conductive while
icrocrystalline cerium oxides exhibited predominantly ionic

onductivity under the same temperature, oxygen partial pres-
ure, and doping level [89]. Chiang et al. at MIT have ascribed the
nhancement of electronic conductivity in nanocrystalline ceria
o the decrease of defect formation energy at grain boundaries
91]. Maric et al. also studied nanostructured ceria and doped
eria with grain size ranging from 150 to 500 nm [92]. The pow-
ers of ceria and doped ceria were synthesized with an average
article size below 20 nm from a flame combustion method.
pecimens with 99% theoretical density could be obtained by
intering pressed nanopowders at temperature as low as 1150 ◦C.
n addition, the total electrical conductivities were also higher
han that reported in the literature—a factor of four times higher
t 500 ◦C.

However, the effect of grain size on the electrical conduc-
ivity in zirconia-based or ceria-based electrolytes may be not
roportional monotonously in the whole range of grain size.
offe et al. have prepared 5.7 mol% YSZ specimens by hot-
ressing at 1200 ◦C and investigated the effect of grain size
etween∼0.2 and∼18 �m on the conductivity of YSZ polycrys-
alline materials [93]. Dijk and Burggraaf investigated the effect
f grain size between 0.4 and 20 �m on the ionic conductivity
f GdxZr(1−x)O(2−0.5x) [58]. Verkerk et al. explored the effect of
rain size on grain boundary conductivity of YSZ [94]. Badwal
t al. and Chen et al. also investigated the variation of electrical
onductivity of YSZ as a function of grain size [95,96]. All of

he authors above have observed a decrease in conductivity with
ecrease grain size in the range of 0.2–20 �m. Under this cate-
ory, impedance measurements generally revealed a constant or
lightly increased bulk conductivity and a decreased total grain
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oundary conductivity associated with the decrease in grain size
55,89].

The variations in the electrical properties can be the results
f many factors such as band structure modification due to spa-
ial modulation of the lattice, quantum confinement of charge
arriers, and dominant contributions from largely defective and
trained grain boundaries in nanostructured materials [97,98].

ore direct measurements of electronic and ionic conductivity
or nanocrystalline electrolytes are required for further under-
tanding the grain size effects.

. Enhancement from processing

Processing conditions are another area that can greatly influ-
nce the electrical conductivity of electrolytes. These include
ifferent sintering processes in order to prepare ceramics with a
ontrolled microstructure (grain size, density, purity). So, conse-
uently the electrolyte composition and microstructure are fully
elated to sintering conditions. The influence of processing on
he ionic conductivity of the electrolyte can help optimize the
intering conditions and further improve the electrical proper-
ies of the electrolyte. Different sintering conditions will result
n diverse characteristics in the microstructures of the electrolyte
uch as grain size, grain boundary phases, and phase segrega-
ion on the boundaries, agglomeration, and relative density. The
onic conductivity varies strongly with the sintering conditions
f the electrolyte [92,99]. Kleitz et al. [100] and Dessemond et
l. [101] observed the high values of grain boundary resistance
t sintering temperatures below 1300 ◦C due to the low rela-
ive density of the electrolyte. Gibson also observed the linear
orrelation between grain boundary conductivity and porosity
102]. A microstructure with full density is therefore an essential
rerequisite for a high-performance ionic conductor.

The processing methods also have an effect on conductivity
hrough the grain boundary. Shelmilt et al. have prepared dry-
ressed and compression-molded pellets of Samaria-doped ceria
SDC) with identical powder [103]. The grain boundary activa-
ion energy was higher for compression-molded samples than for
ry-pressed samples with 98% theoretical density. The different
evels of impurities from two different routes might have led to
he observed results. Therefore, the optimized processing should
ave less additives and steps to avoid the possible introduction
f impurities into the electrolyte grain boundary. Aoki et al.
eported that quenched calcia-doped zirconia exhibited higher
oundary conductivity than the same sample after slow cooling
55], most likely due to the microdomain effect as mentioned in
he previous section. Hirano et al. investigated the conductivity
f 3–7 mol% ScSZ sintered at 1300 ◦C followed by a hot iso-
tatic pressing [104]. They found a significant improvement in
oth the fracture strength and the electrical conductivity. Most
ecently, Mori et al. reported the influence of particle morphol-
gy from starting materials on the formation of microdomain
nd electrical conductivity in SDC [105]. They found that the

lectrical conductivity of sintered SDC prepared with different
tarting morphologies was different. The conductivity of mate-
ials prepared from spherical particles was much higher than
hat with elongated particles. The studies of HRTEM revealed
ig. 7. The ratios of grain boundary/total resistivity as a function of temperature
or 8YSZ [106].

hat the size of microdomain was smaller for the samples made
rom round shape particles. Yamahara et al. have reported simi-
ar results for the YSZ prepared from different routes, as shown
n Fig. 7 [106]. The total conductivity could be increased by as

uch as 50% when increasing sintering temperature or reducing
owder particle size of polycrystalline 8YSZ.

. Conclusions

Optimising the electrolyte composition, microstructure, and
rocessing conditions can achieve maximum ionic conductivity.
he following methods have been reported and reviewed for

he enhancement of electrical conductivity. In the absence of
vailable electrolyte materials at low temperatures, modification
f grain boundary conditions and engineering of the electrolyte
hickness in the nanoscale seem a most effective way to enhance
he ionic conductivity of electrolytes.

(a) Doping of an alivalent cation into zirconia or ceria is an
effective approach to improving the ionic conductivity.

b) Multiple doping has been demonstrated to further enhance
the ionic conductivity and chemical stability.

(c) Introducing a second phase to form a composite electrolyte
may change the grain boundary condition and therefore vary
the electrical conductivity of the electrolytes.

d) Properties of grain boundaries in the electrolyte such as
impurity segregation and space charge play an important
role in the ionic conductivity, especially at low temperatures.
Certain additives can be used to scavenge the grain bound-
aries to enhance the ionic conductivity. The high resistivities
of high-purity grain boundaries have been explained on the
basis of space charges and depletion of oxygen vacancies

in the vicinity of grain boundaries. The space charge layer
in the electrolyte is an intrinsic property and no effective
routes to overcome this barrier and improve the electrical
conductivity have been demonstrated.
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(e) The existence of microdomains has been demonstrated to
have a great influence on the ionic conductivity. Engineer-
ing of microdomains would provide a new approach for
achieving enhancement in the ionic conductivity of solid
electrolytes.

(f) Many researchers have revealed the dependence of electri-
cal conductivity on grain size, particularly, the increase of
specific grain boundary conductivity. However, this increase
seems to be the increase of electronic conductivity instead
of ionic conductivity. The brick-layer model has predicted
a decrease in ionic conductivity and increase in electronic
conductivity when decreasing grain size. There also exists
a discrepancy regarding the data on grain size on the elec-
trical conductivity. More direct measurements of the ionic
conductivity are required to better understand the grain size
influence on the ionic conductivity.

g) Processing conditions also influence the final ionic con-
ductivity depending on the specimen density, the level
of impurities, thermal history, and the formation of
microdomain.

h) Further improvement of the ionic conductivity in the
zirconia- or ceria-based electrolytes may be realised by
introducing a liquid phase either in the grain boundaries
or by forming composite electrolytes.
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