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A novel enhancement of ionic conductivity in the cation-deficient

apatite L39_33(Si04)602
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Al can be doped into the oxide ion conductor
Lag 33(Si04)602 according to the formula
La9_33+x,3(SiO4)6_x(AlO4)x02 where 0 <x<2; a COIldllCtiVity
enhancement of 1-2 orders of magnitude is observed for
intermediate x values and illustrates the important role
that La vacancies have in optimising the conductivity.

A wide variety of materials crystallise in the apatite structure
(mineral formula A;y(MO4)¢X5), for example, fluoro-, chloro-
and hydroxy-apatites1 (Ca;o(PO4)6X5, where X =F, Cl or OH),
oxyapatites” (CagLay(VO4)60,), ‘anion-deficient’ apatites®
(PbgK,_ \Na,(POy)s) and ‘cation-deficient’ apatites4
(Lag 33(S5i04)605). The apatite structure consists of isolated
MO, tetrahedra with the remaining anions, X, occupying
tunnels along the c-axis that allow easy diffusion of anionic
species, such as F~, CI”, OH™ and 0°". As a consequence,
many apatites are well-known one-dimensional anionic con-
ductors.>® The structure also contains tunnels through which
cations may form percolation pathways and diffuse along the
c-axis which can result in mixed cation/anion conduction.”
Rare-earth (RE)-based apatites have recently attracted con-
siderable attention because of their high oxide ion conducti-
vity.®° Various stoichiometries have been investigated, including

the stoichiometric composition, (REygAEq5)10(MO4)s0-,
‘cation-deficient’  compositions, REg33(MO4)s0,, and
‘oxygen-excess’ compositions, RE9(MOy4)s03 and

(REIO,XAE_\,)(MO4)603,>\-/2 where RE=La, Nd, Sm, Gd, Dy,
AE=Ca, Sr, Ba and M =Si, Ge. Stoichiometric and cation-
deficient compositions can be prepared as single-phase materials;
however, it has proved difficult to prepare phase-pure oxygen-
excess compounds, especially those based on REo(MOy)s05.51°
To date, the highest oxide ion conductivities reported are for
La-based oxygen-excess compositions such as La;o(GeOy)s03,
LagSr(Ge04)60x 5, La;o(Si04)s03 and (Lag 75510 25)(S104)602 895
despite uncertainties over their composition and phase purity.
They have conductivities comparable to or better than that of
yttria-stabilised zirconia, YSZ, at 600 °C, exhibit high oxygen
ion transference numbers (>0.9) over a wide oxygen partial
pressure range,” 1-1072" atm, and the low activation energy
(0.6-0.8 eV) associated with the oxide ion conduction makes
them potentially useful low/intermediate temperature solid
electrolytes.

At present, the structure—composition—property relation-
ships of RE-based apatites are poorly understood; in parti-
cular, the conduction mechanism is unknown which makes
it difficult to develop doping strategies to optimise their
conductivity. A recent neutron diffraction study on
Lag 33(Si04)¢05 by Sansom et al.'! has shown that a significant
concentration of oxygen ions (~ 14%) are displaced from the
ideal channel site into a new interstitial site, thus creating
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Frenkel-type defects. This ion displacement was not observed
for LagSr,(Si04)60,, which has much lower conductivity than
Lag 33(Si04)60», and led Sansom er al.!! to suggest that A-site
cation vacancies may cause local distortions which provide the
driving force for the displacement of some channel oxygen ions
into interstitial sites. High oxide ion conductivity in these
materials may therefore occur by an interstitial mechanism, as
opposed to an oxide ion vacancy mechanism in doped-fluorite
and perovskite-based oxide ion conductors such as YSZ and
doped-lanthanum gallates.

In this communication, we report a novel enhancement of
conductivity in Lag 33(Si04)sO, by Al-doping which results in
conductivities comparable to those of the oxygen-excess
composition La;¢(SiO4)s05. Possible origins of the conduct-
ivity enhancement are discussed.

Partial phase diagram studies on the La;03-SiO,~Al,03
system at 1700 °C showed that Si can be partially replaced by
Al in Lag 33(Si04)¢0, with charge compensation via incorpora-
tion of La according to the mechanism

Si*T = AP* +1/3La*"

and general formula Lag iz, ,/3(SiO4)s—(AlO4) O, where
0<x<2. The solid solution is more extensive than the range
0<x<1 at 1300°C reported by Mazza et al.,'? suggesting the
solid solution limit is temperature dependent. All samples were
prepared by the mixed oxide route from dried reagents of
La,O3 (Aldrich, 99.99%), SiO, (Alfa Aesar, 99.5%) and Al,O3
(Alpha Aesar, 99.9%). Appropriate quantities of the reagents
to give a batch weight of 5-10 g were milled in an agate
planetary ball mill in acetone, pelleted, calcined overnight at
1300 °C, ground in an agate mortar and pestle in acetone, ball-
milled, pelleted, and heated overnight at 1450°C. This
procedure was then repeated at 1700 °C. Phase-purity was
confirmed by a combination of X-ray Diffraction, Scanning
Electron Microscopy and Electron Probe Micro-Analysis.
Ceramics sintered at 1700 °C had ~95% of the theoretical
X-ray density; they were electroded with sputtered Au and the
conductivity measured using Impedance Spectroscopy (Hew-
lett Packard model HP4192A) over the frequency range 5 Hz to
13 MHz with an applied voltage of 100 mV.

All XRD patterns were fully indexed using the space group
P63/m and the variation in lattice parameters with La content is
shown in Fig. 1. Both a and ¢ increase with La content in
accordance with Vegard’s law and the small volume expansion
of the unit cell is consistent with the increasing La content.
Impedance complex plane, Z” vs. Z', plots consisted of at least
two overlapping arcs and a low frequency ‘spike’ with an
associated capacitance of a few pF. The spike is attributed to
ionic polarisation and diffusion-limited phenomena at the Au
electrode associated with the ionic conduction in these
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Fig. 1 Lattice parameters of Al-doped Lag 33(Si04)sO; as a function of
composition.

materials. Detailed analysis of impedance spectroscopy data
will be reported elsewhere; here we report bulk conductivities,
oy, only where o, = 1/Ry, [ Ry, 1s the bulk resistance (corrected for
sample geometry)]. R, was extracted from the intercept of the
high-frequency arc with the real, Z’, axis. The associated
capacitance of the high-frequency arc was calculated to be a
few pF using the relationship wRC=1 at Z",.x, (Where w is the
angular frequency and w=2=nf, where f is the applied
frequency) which is consistent with its assignment to the
bulk response.

Bulk conductivity data for all samples are shown in
Arrhenius format in Fig. 2 and reveal several features. First,
the conductivity and activation energy (~0.8eV) for
Lag 33(Si04)0, are similar to those reported by other
groups.® ! Second, there is a substantial increase in bulk
conductivity by 1-2 orders of magnitude for compositions of
intermediate x. Third, the highest conductivity, obtained for
Lag 3(Si04)4.5(A104), 50, (x=1.5), is comparable to that
reported for the oxygen-excess composition ‘La;o(SiO4)6O5’.
Fourth, all doped-samples show a change in slope at ~250°C
in their Arrhenius plot with activation energies of ~0.6 eV and
0.7 eV above and below this temperature respectively. Finally,
the end members, La9_33(SiO4)602 and Lalo(Si04)2(A104)202,
have similar conductivity but different activation energies. The
variation in bulk conductivity across the solid solution at
300 °C is shown in Fig. 3.

The Al-doping mechanism permits vacant La sites in
Lag33(Si04)6O, to be filled at a constant oxygen content
with the Al-rich end-member La;o(SiO4)4(Al04),0, having
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Fig. 2 Bulk conductivity data for Al-doped Lag 33(SiO4)60-.
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Fig. 3 Variation of bulk conductivity with La content at ~300 °C for
Al-doped L39‘33(Si04)502.

fully occupied La sites. Phase diagram studies showed no
evidence for the alternative plausible Al-doping mechanism,

Si*T +1/20°" =AP"

since any solid solutions formed by this mechanism would
occur in a different region of the phase diagram to that
observed. The novelty of our results is the conductivity
enhancement that occurs on Al-doping at a fixed oxygen
content. This suggests that either intermediate La-deficient
compositions are mixed cation/anion conductors with La*"
ions contributing significantly to the conductivity for La-
vacancy contents, V', (per unit cell) in the range 0 < V', <0.67,
or that the oxygen ion mobility is strongly influenced by the La-
vacancy content and is optimised at an intermediate value,
~0.17 V1, per unit cell for Al-doping (x=1.5). Detailed
structural and electrical characterisation is now in progress to
establish the origin of this conductivity enhancement; however,
this result is consistent with the suggestion that La vacancies
can cause channel oxygen ions to be displaced into interstitial
sites, create Frenkel-type defects and produce high oxide ion
conductivity.!! Our preliminary results illustrate that La-site
vacancies play a significant role in optimising the conductivity
of cation-deficient RE-based apatites and that partial replace-
ment of Si by Al with charge compensation by La is a novel
doping mechanism to vary the La content between 9.33 and 10.
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