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Materials displaying high oxide-ion conductivity have attracted considerable interest due to

technological applications in solid oxide fuel cells (SOFCs), oxygen sensors and separation

membranes. This has driven research into the identification of new classes of oxide-ion

conductors, and in this review, work on the recently discovered apatite-type silicate/germanate

oxide-ion conductors is presented. In contrast to the traditional perovskite- and fluorite-based

oxide-ion conductors, in which conduction proceeds via oxygen vacancies, the research on these

apatite systems suggests that the conductivity involves interstitial oxide-ions. In addition, the

flexibility of the tetrahedral (Si/GeO4) framework also plays a crucial role in facilitating oxide-ion

migration. Detailed doping studies have shown that the apatite structure is able to accommodate

a large range of dopants (in terms of both size and charge state), and the influence of these

dopants on the conductivity is discussed.

1. Introduction

Oxide-ion conductors are an important class of materials that

form the basis of a range of environmentally-friendly applica-

tions such as solid oxide fuel cells (SOFCs), oxygen sensors

and oxygen separation membranes. In terms of clean energy

conversion to decrease the level of carbon emissions, there is

considerable interest in SOFC devices as their high efficiency

and ability to act as a bridging technology between hydro-

carbon and hydrogen fuel systems make them major candi-

dates for next generation power production.1,2

The conventional SOFC electrolyte material is yttria-

stabilised zirconia (YSZ), although very high temperatures of

about 1000 uC are required in order to achieve sufficient oxide-

ion conductivity. There is, therefore, considerable interest in

developing alternative electrolytes with lower operating

temperatures ideally in the range 600–700 uC. A variety of

materials are being investigated for so-called intermediate-

temperature SOFCs, with research dominated by fluorite-type

oxides (such as Gd doped CeO2 and rare-earth doped bismuth

oxides), and perovskite-type oxides (such as doped LaGaO3,

and Y-doped BaCeO3).2,3

Recently, however, a range of rare-earth apatite materials

have been proposed as alternative solid electrolyte materials

following the exciting discovery of fast oxide-ion conductivity

in the silicate-based systems.4–20 Isostructural with the well-

known apatite minerals and hydroxyapatite biomaterials,21

these materials have the general formula M10(XO4)6O2¡y,

where M is a metal such as a rare-earth or alkaline earth,

and X is a p-block element such as P, Si or Ge. Traditionally

their structure has been described as comprising of

isolated XO4 tetrahedra arranged so as to form distinct

oxide-ion and M channels running parallel to the c axis, the

oxide-ion channels being central to the oxide ion conductivity

(Fig. 1). An alternative description, proposed by Baikie et al.,

is as a ‘‘microporous’’ framework (M4(XO4)6) composed

of face sharing MO6 trigonal prismatic columns, that are

corner connected to the XO4 tetrahedra (Fig. 2).22 This

framework allows some flexibility to accommodate the

remaining M6O2¡y units.

A number of rare-earth apatite systems have been synthe-

sized, and it is the lanthanum silicate and germanate analogues

that have been found to demonstrate the highest conduc-

tivities.4,5 The carrier species is purely anionic for most

compositions, with high oxygen transference numbers

(tO . 0.9) across a wide range of oxygen partial pressures.4,13

The conductivities are comparable to other electrolytes

currently being investigated for SOFC applications, with

exceptionally high conductivities parallel to the c axis reported

for single crystals (Fig. 3).
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Fig. 1 The apatite structure, M10(XO4)6O2¡y, (tetrahedra = XO4,

purple spheres = M, red spheres = O).
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It is found that these materials are tolerant to an unusually

broad range of dopants, particularly on the rare-earth sites,

with the observed conductivity being very sensitive to the

doping regime and cation–anion non-stoichiometry.4–13 The

highest conductivities are, however, found for the oxygen-

excess samples, and it has thus been suggested that interstitial

oxide-ion conduction occurs along the oxide-ion channels.

This review focuses on the state of our present knowledge

and recent progress in the investigation of these fascinating

Si- and Ge-based apatite materials, Ln9.33+x(Si/GeO4)6O2+3x/2

(Ln = rare earth), which form a new family of oxide-ion

conductors. A variety of techniques, including high resolution

neutron diffraction, atomistic computer modelling and

Si-NMR, have assisted in providing fresh insight into these

complex oxides. The following sections provide a current

survey of synthesis, conductivity, modelling and doping studies

of Si- and Ge-based apatite systems. We highlight fundamental

work on probing their bulk and local structures, ion con-

duction mechanisms and cation doping effects that underpin

the greater understanding of their macroscopic behaviour and

the ability to optimise their transport parameters for potential

clean energy applications.

2. Si-Based systems: Ln9.33+x(SiO4)6O2+3x/2

2.1 Synthesis methods

Following the initial reports by Nakayama et al. of high oxide-

ion conductivity in Ln9.33+x(SiO4)6O2+3x/2,4 there have been a

Fig. 2 Alternative representation of the apatite structure: illustration

of the ‘‘microporous’’ M4(XO4)6 framework. The cavities are where

the remaining M6O2¡y units would occupy.

Fig. 3 Comparison of conductivity data for selected oxide-ion con-

ductors (LSGM = La0.9Sr0.1Ga0.8Mg0.2O2.85, YSZ = Y0.15Zr0.85O1.925,

CGO = Ce0.9Gd0.1O22x) with those from initial reports for apatite

conductivities.4,23 Data point for Pr9.33(SiO4)6O2 single crystal parallel

to c axis24 shown to emphasise exceptionally high c axis oxide-ion

conductivity in these apatite systems.
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number of reports on optimising the synthesis of these systems.

Single crystal samples have been prepared by the floating zone

method,25 while studies on polycrystalline samples initially

concentrated on the use of the standard solid state synthesis

route.4,7–10 Although successful in the preparation of high

quality samples, the solid state reaction route requires high

temperature treatments (typically .1300 uC) to achieve single

phase samples. Furthermore, in order to produce dense mem-

branes via this route for potential applications, e.g. as SOFC

electrolytes, even higher temperatures (typically .1600 uC) are

required. Consequently there is growing interest in the

optimisation of lower temperature synthesis methods, and in

this respect sol–gel routes have been attracting significant

attention.5,18,19 Such routes have typically involved the use of

alkoxide precursors, with synthesis temperatures as low as

800 uC being reported, along with a reduction in the sintering

temperature by up to 300 uC. More recently Rodriguez-Reyna

et al. have reported the synthesis of these systems by

mechanically milling the constituent oxides at room tempera-

ture.26 The formation of the apatite phase was shown to

proceed fastest with the use of amorphous SiO2.

2.2. Relationship between composition and conductivity

The initial work by Nakayama et al. on undoped

Ln9.33+x(SiO4)6O2+3x/2 showed that the highest oxide-ion

conductivities were observed for the larger rare earths, La,

Pr, and Nd.4,27 Moreover the conductivities were shown to be

enhanced in samples containing oxygen excess (x . 0), (e.g.

s (500 uC) = 1.1 6 1024 S cm21 for La9.33(SiO4)6O2, versus

1.3 6 1023 S cm21 for La9.67(SiO4)6O2.5).8 These initial results

suggested that interstitial oxide-ions were important in pro-

moting high oxide-ion conductivity in these apatite systems.

Typically non-stoichiometry ranges of 0 ¡ x ¡ 0.34 are

possible for the larger rare earths before impurities such as

Ln2SiO5 appear. For the smaller rare earths, e.g. Gd, lower

non-stoichiometry ranges are observed, which suggests less

space is available to accommodate the extra interstitial oxide-

ions as the unit cell size is reduced. In addition a general

decrease in conductivity and increase in activation energy is

observed as the size of the rare earth is reduced.

In order to identify strategies for the optimisation of the

conductivities, a wide range of doping studies have been

performed, with the majority of work focusing on the La

containing system, La9.33+x(SiO4)6O2+3x/2, due to the higher

conductivities of this system in comparison to samples

containing smaller rare earths.

This work has shown that there is a wide range of

successful doping possibilities, in addition to the possibility

of varying the rare earth, as listed below (along with the

dopant site).8–10,13,15,17,28,29

La site: Mg, Ca, Sr, Ba, Co, Ni, Cu, Mn, Bi.

Si site: B, Al, Ga, Zn, Mg, Ti, Ge, Fe, Co, Ni, Cu, Mn, P.

A number of dopants (Mg, Mn, Ni, Cu, Co) have been

found to be capable of substituting onto either the La or the Si

site. Due to the dual site possibilities of these dopants, we have

termed them ‘‘ambi-site’’ dopants. For the transition metal

cations, there is evidence that the charge on the dopant ion is

dictated by the host lattice site; for example XANES studies

have shown that Co will substitute onto the La site as Co2+,

but onto the Si site as Co3+.15 The results from these doping

studies are consistent with dopant incorporation trends

determined from modelling studies, which predict that larger

dopants favour the La site, while smaller dopants favour the Si

site, with the possibility for ambi-site substitution at inter-

mediate sizes.30 These results emphasise the flexibility of the

apatite structure, allowing the accommodation of dopants

covering a wide range of ionic radii (from Ba2+ to Mg2+ for the

La site, and from B3+ to Mg2+ on the Si site). This structural

flexibility can be readily seen by examining the local relaxation

around the dopant ion, with modelling studies showing that

local distortions and alteration of site sizes are readily

possible.30 In particular, small dopants (e.g. Mg2+) are

accommodated on the La site furthest from the oxide-ion

channels by a change in site coordination from 9 to 6, giving a

more ideal coordination for the dopant ion.17,30

The doping studies have provided further evidence of the

importance of interstitial oxide-ions in these systems. Initial

doping studies focused on alkaline earth substitutions and such

studies showed that, as the alkaline earth content increased

and hence the number of cation vacancies decreased, the

conductivity decreased, with the conductivity of the fully

stoichiometric materials, La8M2(SiO4)6O2 (M = Ca, Sr, Ba)

being very low (e.g. s (800 uC) = 5.6 6 1027 S cm21 for

La8Sr2(SiO4)6O2). In contrast, alkaline earth doped samples

containing oxygen excess, e.g. La9M(SiO4)6O2.5 (M = Ca,

Sr, Ba), all exhibited high oxide-ion conductivities.8 These

systems, which are cation stoichiometric but contain an

oxygen excess, showed very high (.1023 S cm21 at 500 uC)

conductivities with values comparable to that of equivalent

samples containing both cation vacancies and oxygen excess,

e.g. La9.67(SiO4)6O2.5.

Doping with aliovalent cations on the Si site has provided

some further interesting results, with a significantly different

effect on the conductivity versus the La site, for samples

stoichiometric in oxygen. For these samples, the results show

that substituting low levels of lower valent dopants on the Si

site tends to enhance the conductivity while a similar doping

strategy on the La site tends to result in a decrease in

conductivity.8–10,28,29 The magnitude of the observed change in

conductivity is strongly dependent on the size of the dopant

cation, with small dopants (e.g. Mg) on the La site being

particularly detrimental to the conductivity. This behaviour is

more clearly visualised by plotting conductivity data for

oxygen stoichiometric samples with the same level of cation

vacancies but with different dopants (Fig. 4); the difference is

particularly dramatic for Mg, which is an ambi-site dopant.

The origin of the decrease in conductivity on doping small

cations on the La site has been attributed to the effect of the

coordination environment being reduced from 9 (for La) to 6

(for small cations, e.g. Mg) coordination, and its consequent

influence on the oxide ion channels.17 The detrimental effect of

small cation dopants on the La site also extends to samples

containing oxygen excess, as can be seen from Fig. 5, which

shows conductivity data for selected samples with the same

excess oxygen content.

In terms of isovalent dopants, Ge (for Si) doping leads to

high conductivities,9 while Ti (for Si) and Bi (for La) doping

3106 | J. Mater. Chem., 2007, 17, 3104–3111 This journal is � The Royal Society of Chemistry 2007

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

B
at

h 
on

 3
1 

A
ug

us
t 2

01
2

Pu
bl

is
he

d 
on

 0
7 

Ju
ne

 2
00

7 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/B

70
44

26
G

View Online

http://dx.doi.org/10.1039/b704426g


have been shown to dramatically decrease the conductivity;

thus the conductivities of La9Ba(SiO4)4(TiO4)2O2.5 and

La7BaBi2(SiO4)6O2.5 are respectively 4 and 3 orders of

magnitude lower than that of La9Ba(SiO4)6O2.5 at 500 uC
(Fig. 5).9,13 In the case of Ti doping, it has been suggested that

this is due to trapping of the interstitial oxygens by Ti

increasing its coordination sphere.9 The origin of the reduction

in conductivity for the Bi doped samples requires further

study, but may be related to the influence of the Bi lone pair.

In this respect, Pb containing apatites (e.g. Pb8K2(PO4)6)

containing no channel anions have been reported in the

literature, and it has been proposed that the lone pair of Pb2+

occupies the vacant channel space.31 Therefore, if the lone pair

on the Bi similarly encroaches the oxide-ion channels, then a

partial blocking of the conduction pathway may be envisaged.

These detailed conductivity studies, identifying the very high

conductivities of samples containing oxygen excess, provide

clear support for the importance of interstitial oxide-ions. It

was initially unclear, however, why samples which were oxygen

stoichiometric, but contained cation vacancies, also showed

high conductivities. To account for this feature, neutron

powder diffraction structural studies and atomistic simulation

studies have been performed. This multi-technique approach

has suggested that the presence of cation vacancies increases

the oxide-ion interstitial concentration, through the promotion

of the formation of Frenkel defects.7,20

2.3 Modelling studies: interstitial site and conduction pathway

As detailed above, the experimental work indicated the

importance of interstitial oxide-ions. It was initially believed

that these were located down the centre of the oxide-ion

channels, a feature apparently supported by the high

anisotropic thermal displacement parameter (U33) for the

channel oxygen in this direction.7 However it must be

considered that this site lies upon a 6-fold rotation axis, with

the thermal displacement parameters consequently constrained

by symmetry. Consequently any disorder along c will be

accommodated by U33, not just disorder along the (0,0,z)

channel centre, meaning that displacements along x,y are

difficult to assess. An additional feature from the structural

studies was the similarly high thermal displacement parameters

for the silicate unit oxygen atoms. This implies significant local

structural distortions around these sites, and a possible

contributing factor in the conduction process for these sites.

In order to investigate the conduction mechanism in more

detail, atomistic modelling studies were performed on the two

systems, La9.33(SiO4)6O2 and La8Sr2(SiO4)6O2, the former

showing high conductivity while the latter is a poor oxide-

ion conductor.20 A principal result of this work was the

location of a new energetically favourable oxygen interstitial

site (Fig. 6). This interstitial oxygen, rather than being located

down the channel centre, as initially thought, was accommo-

dated at the channel periphery. The position is stabilised by

the displacement of the nearby silicate unit towards the La

channels, accounting for the high thermal displacement

parameters observed for the silicate oxygen atoms.

Subsequently the predicted location of this channel periphery

site was confirmed by further structural studies of oxygen

excess La9.33+x(Si/GeO4)6O2+3x/2.12 Additional support for this

interstitial oxide-ion site has come from 29Si NMR studies of a

range of alkaline earth doped apatite silicates.16 These studies

have shown a correlation between the 29Si NMR spectra and

the conductivity, with poorly conducting samples demonstrat-

ing a single NMR resonance, whereas in fast ion conducting

compositions, an extra peak was apparent, attributed to a

silicate group adjacent to an interstitial oxygen site. This can

be seen in Fig. 7, with the poorly conducting La8Ba2(SiO4)6O2

having a single NMR peak, consistent with a single Si

Fig. 4 Comparison of the conductivities (500 uC) of oxygen stoichio-

metric samples with the same level of cation vacancies, but with

differing dopants. Compositions = La9.67(SiO4)5(MO4)O2 (M = B, Ga),

La9.67(SiO4)5.5(MgO4)0.5O2, La8.67M(SiO4)6O2 (M = Mg, Ca, Sr, Ba).

Fig. 5 Comparison of the conductivities (500 uC) of samples with the

same level of oxygen excess, but with differing dopants. Compositions =

La7BaBi2(SiO4)6O2.5, La9.4Co0.4(SiO4)6O2.5, La9M(SiO4)6O2.5 (M =

Ca, Sr), La10(SiO4)5(MO4)O2.5 (M = B, Ga), La9Ba(SiO4)4(TiO4)2O2.5.

Fig. 6 The interstitial oxygen site (orange sphere) at the periphery of

the channels, and associated lattice relaxation (purple spheres = La,

blue spheres = Si).

This journal is � The Royal Society of Chemistry 2007 J. Mater. Chem., 2007, 17, 3104–3111 | 3107
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environment, while the highly conducting La9Ba(SiO4)6O2.5

has a second peak.

In addition to identifying the position of the most favour-

able interstitial site, the atomistic simulation studies were

also used to examine possible conduction models including

both vacancy and interstitial migration. These results sug-

gested that the conduction mechanism in La9.33(SiO4)6O2 is

via an interstitial mechanism, while that of La8Sr2(SiO4)6O2

involves a vacancy mechanism,20 with good correlation

between observed and calculated activation energies. The

predicted interstitial conduction pathway is a complex

sinusoidal process as shown in Fig. 8. An important feature

is that the conduction process is aided by cooperative

displacements of the silicate substructure, suggesting that

the flexibility of the silicate substructure is essential to the

observed high oxide-ion conductivities. This result ties in with

the high thermal displacement parameters for the silicate

oxygen atoms observed in diffraction studies noted earlier,

particularly for the oxygen atoms sharing a face with the

oxide-ion channel.

In order to gain further information regarding the conduc-

tion process, molecular dynamics (MD) simulation studies

are planned. In particular, there is a need to investigate the

possibility of interstitialcy (knock-on) mechanisms, which

are difficult to assess through static lattice simulations. In

addition, detailed conductivity studies of single crystals of

Ln9.33(SiO4)6O2 have thrown up some interesting features,

which have largely been overlooked. These studies have shown

that the conductivity is anisotropic, with the conductivity

parallel to c (the direction of the oxygen channels) significantly

higher than that perpendicular (e.g. Pr9.33(SiO4)6O2, sc = 1.3 6
1022 S cm21, sab = 1.2 6 1023 S cm21 at 500 uC).24 Although

this appears to support the assumption that the oxygen

channels are responsible for the high oxide-ion conductivity,

the enhancement along c (approximately one order of

magnitude) is not as high as might be expected considering

the anisotropy of the structure. In addition the activation

energies for conduction along c and along a,b are fairly similar

(Pr9.33(SiO4)6O2; low temperature Eact(c) = 0.68 eV, Eact(a,b) =

0.62 eV).24 These results suggest that although the main

conduction pathway is down the oxide-ion channels, there is

also significant conduction perpendicular to the channels (i.e.

inter-channel conduction).

One possible explanation for inter-channel conduction has

come from a close inspection of the local structural distortions

near an oxide-ion interstitial site from computer modelling

studies. This shows that the local relaxation around the

interstitial site leads to reduction in the distance to a

neighbouring SiO4 unit. This could effectively create a path-

way, whereby an interstitial oxide-ion is moved between

adjacent channels by a series of two cooperative ‘‘SN2’’-type

processes (SN2 = bimolecular nucleophilic substitution), with

accompanying rotation of the tetrahedra (Fig. 9).

Fig. 7 29Si NMR spectra for La8Ba2(SiO4)6O2 (dotted line) and

La9Ba(SiO4)6O2.5 (full line) showing the presence of a second peak for

the latter phase. Fig. 8 Interstitial oxide-ion migration pathway in La9.33(SiO4)6O2

from atomistic simulation studies; (a) view down the c axis; (b) view

perpendicular to the c axis.

Fig. 9 Proposed conduction pathway between adjacent oxide-ion channels via two ‘‘SN2’’-type processes, with accompanying rotation of the

silicate tetrahedra, obtained from computer simulation results of La9.33(SiO4)6O2. The incorporation of a periphery interstitial oxide-ion (yellow)

(a) forces a silicate oxygen (orange) in between the two SiO4 units forming an Si2O9 unit (b), the top silicate unit rotates to form an Si2O9 unit with a

neighbouring silicate unit (c), and an oxygen on the top silicate unit (green) is released as an interstitial in a different channel (d).

3108 | J. Mater. Chem., 2007, 17, 3104–3111 This journal is � The Royal Society of Chemistry 2007
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3. Ge-Based systems: Ln9.33+x(GeO4)6O2+3x/2

3.1 Synthesis methods

Following the reports of high oxide-ion conductivity in the

silicate apatites, similarly high conductivities were reported for

germanium-containing analogues, La9.33+x(GeO4)6O2+3x/2.23

The majority of the work on these systems has focused on

the standard solid state synthesis route, requiring synthesis

temperatures of 1100–1200 uC, and sintering temperatures

to achieve dense pellets for conductivity measurements of

.1400 uC. The elevated temperatures for the latter, in

particular, raises a key problem of Ge volatility.32–34 This Ge

loss leads to an increase in the La : Ge ratio, with La2GeO5

impurities being observed on extended high temperature

(1500 uC) heating.32 Therefore the composition of samples

will change on sintering at the typical temperatures required to

achieve dense membranes. Moreover, the composition will

vary across the membrane, with the surface expected to be

significantly Ge deficient. Consequently there is a crucial need

to lower these temperature requirements through alternative

synthesis routes and/or doping studies. In this respect,

Rodrı́guez-Reyna et al. have succeeded in synthesising

germanate apatites by mechanical milling of the precursor

powders.26 These studies have shown that the synthesis of

La9.33+x(GeO4)6O2+3x/2 can be achieved by room temperature

milling of the oxides La2O3 and GeO2 in as little as 6 hours.

More recently we have developed a Pechini-type sol–gel

process to synthesise these germanate apatites.35 In this

method citric acid and ethylene glycol are added to a solution

of lanthanum nitrate and GeO2, and the resulting mixture is

evaporated until gel formation. This route allows the synthesis

of pure La9.33+x(GeO4)6O2+3x/2 at 800 uC, with sintering to

produce dense pellets at temperatures of #1300 uC.

3.2. Relationship between composition, structure and

conductivity

An additional complexity of the germanate apatites is a change

in cell symmetry with increasing La content, with a number of

important studies in this area.11,12,22,34,36,37 Leon-Reina et al.

have reported that the La9.33+x(GeO4)6O2+3x/2 system can be

prepared for 0.19 ¡ x ¡ 0.42, with samples in the range

0.19 ¡ x ¡ 0.27 being shown to have hexagonal symmetry,

while samples with higher La content, 0.33 ¡ x ¡ 0.42, exhibit

a triclinic cell.11,12 Detailed neutron diffraction studies of

La9.33+x(GeO4)6O2+3x/2 have identified the presence of inter-

stitial oxide-ion sites at the periphery of the channels in similar

positions as for the Si-based systems.

Conductivity studies on La9.33+x(GeO4)6O2+3x/2 have shown

that higher activation energies are observed compared to the

analogous silicate systems. As such the low temperature

conductivities (,600 uC) tend to be lower than for silicate

systems, while the conductivities at higher temperatures are

enhanced (Fig. 3). Moreover, high temperature structural

studies of triclinic samples have shown that the triclinic cell

changes to a hexagonal cell,34,37 resulting in a corresponding

reduction in the activation energy for oxide-ion conduction at

elevated temperatures. In addition it has recently been shown

that these systems will also incorporate significant amounts of

water on annealing in wet atmospheres at temperatures below

500 uC, with evidence for an enhancement in conductivity at

low temperatures consistent with a protonic contribution.37

As for the silicate systems, it has been shown that it is

possible to introduce a wide range of dopants into these

germanate apatites. The results have shown that doping with

divalent cations (e.g. Ba, Sr, Ca, Mg, Cu, Ni, Mn, Co) on the

La site helps to stabilise the hexagonal lattice; in contrast,

doping on the Ge site (e.g. Co, Al, Ga) has a tendency to result

in triclinic cells.9,11,33 The exceptions are B and Ti, which have

been shown to substitute on the Ge site, but result in

hexagonal cells.9,33 The complexity of the X-ray diffraction

pattern for a triclinic apatite system makes it very difficult to

identify small impurity levels, and so further work is required

to confirm the solid solution ranges in such cases.

Baikie et al. have shown that the driving force for the

formation of a triclinic apatite cell rather than a hexagonal cell

is the strain introduced by the presence of large cations

(e.g. Ge, As, V) in the tetrahedral sites.22 This leads to

underbonding (reduced bond valence sum) at the La sites

surrounding the oxide-ion channel, which is relieved by the

tetrahedral GeO4 units tilting in the triclinic cell. This accounts

for why large dopants on the Ge site, such as Ga, Co have a

tendency to produce triclinic systems, as these dopants would

be expected to increase this strain.

In terms of the conductivities of these doped systems,

samples which are fully stoichiometric, e.g. La8M2(GeO4)6O2

(M = Ca, Sr, Ba), have been shown to have low conductivities,

as found for the related Si-based systems; this is consistent

with the absence of significant oxide-ion interstitial

defects, which has been confirmed by structural studies of

La8Ba2(GeO4)6O2.33 High conductivities are then observed for

samples containing cation vacancies and/or oxygen excess, also

in agreement with the results on the silicate systems. There is,

however, a significant difference between the silicate and

germanate systems in terms of doping effects: in the germanate

systems, the conductivities appear to be significantly less

influenced by the nature of the dopant or the dopant site.

Thus, while the partial substitution of Bi or small cations on

the La site, or Ti on the Si site in the silicate systems results

in significant decreases in conductivities even for samples

containing oxygen excess, such large reductions are not

observed for the germanate analogues. Therefore, for the

latter, high conductivities (.0.01 S cm21 at 800 uC) are

typically observed even for these dopants.

More recently we have shown that the partial substitution of Y

for La, e.g. La7.33+xY2(GeO4)6O2+3x/2, helps to stabilize the

hexagonal lattice even for high levels of x, with high conduc-

tivities maintained (e.g. x = 0.34, s (800 uC) = 0.035 S cm21; x =

0.5, s (800 uC) = 0.028 S cm21). It has also been shown to stabi-

lise the hexagonal lattice for doped samples, e.g. La8Y2(GeO4)5-

(CoO4)O2.5 (Fig. 10) (s (800 uC) = 0.027 S cm21), thus allowing

greater ease of identifying dopant incorporation limits. The

formation of a hexagonal lattice can be attributed to Y selectively

substituting into the La4(GeO4)6 framework (Fig. 2), reducing

the size of this framework and hence relieving the under-

bonding at the La sites surrounding the oxide ion channels.

In summary, the doping studies have shown that the

conductivities of the germanate systems are less sensitive than
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the silicates to the effect of dopants. This feature is somewhat

surprising, and may indicate a range of conduction pathways,

making the conductivity less sensitive to localized distortions.

4. Conclusions and outlook

This review has shown that apatite-type materials are a

fascinating new family of oxide-ion conductors with potential

use in solid oxide fuel cells (SOFCs) and oxygen-permeable

membranes.

For high oxide-ion conductivities in the Si- and Ge-based

apatites, Ln9.33+x(Si/GeO4)6O2+3x/2, non-stoichiometry in the

form of cation vacancies and/or oxygen excess is required, with

the latter giving materials with the highest conductivities.

Structural and atomistic modelling studies have indicated that

interstitial oxide-ions are the key defect facilitating ion

conduction, and that the Si/GeO4 tetrahedra flexibility also

plays a crucial role in the conduction process. This is in

contrast to fluorite- and perovskite-type oxides in which oxide-

ion conduction proceeds via vacancy defect mechanisms. An

unusually broad range of dopant ions (in terms of size and

charge state) can be incorporated, which is much wider than

that observed for doping on a single cation site in most other

oxide-ion conductors such as perovskite-type oxides.

Future research will encompass further work on lower

temperature synthesis routes, SOFC electrolyte/electrode

stability issues, molecular dynamics (MD) simulations of

conduction mechanisms and the general search for improved

oxide-ion conductors. Indeed, the breadth of possible doping

regimes in these apatite materials provides new opportunities

to design and optimise their properties for fuel cell electrolytes.

The exceptionally high conductivities parallel to the c axis

reported for Ln9.33(SiO4)6O2 single crystals also emphasizes

that further enhancements are possible especially if c axis

orientated membranes can be produced.
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