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Abstract

The solubility of Ti** in the lattice of apatite-type Lag g3Sis_,Ti 02675 corresponds to approximately 28% of the Si-site density. The conductivity
of Layg3Sig_,Ti0275 (x=1-2) is predominantly oxygen-ionic and independent of the oxygen partial pressure in the p(O,) range from 10~2°
to 0.3 atm. The electron transference numbers determined by the modified faradaic efficiency technique are lower than 0.006 at 900-950°C
in air. The open-circuit voltage of oxygen concentration cells with Ti-doped silicate electrolytes is close to the theoretical Nernst value both
under oxygen/air and air/10%H,-90%N, gradients at 700-950 °C, suggesting the stabilization of Ti** in the apatite structure. Titanium addition
in Lag g3Sig_,Ti, 02675 (x=1-2) leads to decreasing ionic conductivity and increasing activation energies from 93 to 137 kJ/mol, and enhanced
degradation in reducing atmospheres due to SiO volatilization. At p(O,) = 1072 atm and 1223 K, the conductivity decrease after 100 h was about 5%
for x=1 and 17% for x=2. The solubility of Zr** in the Lag g3Si¢_,Zr,O26.75 system was found to be negligible, while the maximum concentration

of Ce** in Lag 4_,Ce,SisO,7_s is approximately 5% with respect to the number of lanthanum sites.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Oxygen ion-conducting solid electrolytes are key materi-
als for numerous high-temperature electrochemical devices,
including solid oxide fuel cells (SOFCs), oxygen pumps and
sensors./ ™ Developments of novel low-cost materials with
the required transport and thermal properties and stability are
of vital importance in this field. A relatively high level of
oxygen ion transport in combination with moderate thermal
expansion is observed for apatite-type silicates and germanates,
A10—x(51/Ge04)c03_s, where A are the rare-earth and alkaline-
earth metal cations.”~!8 Although Ge-based apatites have higher
conductivity when compared to the analogous silicates,”-'® the
cost of Ge raw materials is higher and Ge is prone to volatiliza-
tion at high temperatures.'*10

* Corresponding author. Tel.: +351 234 370263; fax: +351 234 425300.
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The apatite structure of silicates consists of isolated SiO4
tetrahedra and A-site cations, occupying cavities between SiO4
units; additional oxygen sites (O4) surrounded by La2 cations
(S.G. P63/m) form channels running through the c-axis of the
lattice (Fig. 1). The conductivity data on apatite systems and
the results of atomistic modelling, structural refinement and
Mossbauer spectroscopy (e.g. 312715 and references therein)
clearly show that interstitial migration of oxygen ions along
these channels is a key contribution to the overall ionic trans-
port. A-site vacancies are another important factor affecting the
ionic conductivity in the apatites particularly when in positions
enveloping oxygen channels. A-site deficiency influences the
SiOy4 tetrahedra relaxation and may cause displacement of the
anions from channel into new interstitial sites, thus creating
vacancies at fixed oxygen content.! 121517 The oxygen sto-
ichiometry may, thus, determine the level of ionic transport
in apatites; this suggests guidelines to enhance the transport
properties by suitable composition changes, namely by partial
substitutions with cations of higher valency. A wide range of sub-
stitution possibilities of Si, as well as of A-site cations, gives a
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Fig. 1. Crystal structure of Lag g3Sic—,TiyO26.75 apatite (S.G. P63/m).

huge potential for modifying and even, in some cases, improving
the ionic transport properties of apatite-type silicates. A range of
cations (Al, Ga, Fe, Mn, Co, Ti, Mg) already were successfully
incorporated into the tetrahedral site of the apatite lattice.!%-19-24

At the same time, the apatite-type silicate systems are also
characterized by moderate stability in reducing environments
at elevated temperatures.!”2° The long-term stability tests of
apatite-type Lajo—»Sig—yAlyO27_3x2-y/2 ceramics in reducing
atmospheres demonstrated a slow irreversible degradation of
these silicates at temperatures above 800 °C, associated with
reduction to SiO and its volatilization from the surface layers.'”
Decreasing operating temperature of electrochemical cells down
to approximately 500-750 °C is needed to avoid silicon oxide
volatilization.!”

Another effective way to try to circumvent volatilization is
doping on the Si-site. One may select different strategies, namely
interaction of the redox pair Si**/Si** with other redox pairs, and
also attempts to suppress the reducibility of SiO» in apatites by
lowering its content and chemical activity. In spite of a recent
investigation on Ti-doping by Sansom et al.,>* information on
the stability of the apatite lattice in reducing conditions as well
as on ionic and electronic contributions is scarce. Therefore,
a deeper understanding of the influence of Ti**/Ti** ions on
the transport properties of apatite silicates is required. To our
knowledge, there are no published data on Zr doping on the B-
site. Information on Ce-substituted apatites is also very limited.
It the latter case, if feasible, a range of compositions with con-

stant A-site deficiency and variable concentrations of oxygen
interstitials might be exploited. Lastly, this information might
also be desirable to assess the chemical compatibility of silicate
apatites with other ion-conducting materials based on zirconia
and ceria used as components of multiphase electrodes in several
electrochemical devices.?>

Considering the above mentioned comments, the aim of this
work was the assessment of the solubility of tetravalent cations
(Ti, Ce, Zr) in apatite-type silicates and to study the effects of
doping on properties relevant for practical applications.

2. Experimental

La9.g3 Si6_xMx02().75 (M = Ti, ZI‘; X= 1—2) and
Lag4—xCe,SigO27—s (x=1-3) were synthesized from high
purity LayO3, SiO», TiO;, ZrO; and Ce(NOs3)3 via a conven-
tional solid-state route. Before weighing, lanthanum oxide and
silica were annealed in air at 1200 °C and 600 °C, respectively.
The stoichiometric mixtures were ball-milled and reacted at
1000°C and 1200°C for 4h in air and repeatedly milled.
The powders were uniaxially pressed at 50-100 MPa into
disks of various thicknesses. Gas-tight ceramics were sintered
at 1600-1700°C for 10h in air. Experimental densities of
Ti-doped apatites were higher than 91% of their theoretical
density calculated from XRD data (Table 1). After sintering,
the ceramics were annealed in air at 1000 °C for 3 h and slowly
cooled (2-3 K/min) to obtain equilibrium oxygen content.

X-ray diffraction (XRD) patterns were collected at
room temperature using a Rigaku D/MAX-B diffractometer
(Bragg—Brentano geometry, Cu Ka radiation) in the 26 angle
range 5—-100° with a step of 0.02° and average time of 8 s per step.
For structural analysis, the FullProf program® was employed.
The crystal structures were refined using the full profile Rietveld
method including the refinement of lattice parameters, positional
and thermal parameters, occupancy parameters, scaling factor,
zero shift, background function and Bragg-peak profile param-
eters. A Hitachi S-4100 scanning electron microscope (SEM)
with a Rontec UHV detection system for energy dispersive spec-
troscopy (EDS) was used for microstructural studies. Thermal
expansion was studied in air using a Linseis L70 dilatometer
(heating rate of 5 K/min). The temperature dependencies of total
conductivity (o) in flowing air and 10%H>-90%N, mixture were
investigated by AC impedance spectroscopy (HP4284A preci-
sion LCR meter, 20 Hz—1 MHz): the oxygen partial pressure in
the measuring cell was determined using a yttria-stabilized zir-
conia (YSZ) oxygen sensor. The isothermal measurements of
total conductivity and Seebeck coefficients at 700-950 °C were

Table 1
Properties of Ti-containing apatite ceramics
Composition Phase impurities Pexp (g/cm3) Peale (g/cm3) Relative density (%) Average TECs

T (K) a x 100 (K1)
Lag g3SisTiO.75 - 5.57 5.766 96.6 100-1150 9.74 + 0.01
Lag g3SisTinO26.75 P’ (4%) 5.37 5.624 91.6 100-1150 10.26 £ 0.01

Notes: pexp and peqic are the experimental and calculated density of materials, respectively; P’ corresponds to the La; Ti;O7 pyrochlore phase (S.G. Pna2y).



Y.V. Pivak et al. / Journal of the European Ceramic Society 27 (2007) 2445-2454 2447

carried out in the oxygen partial pressure range 10720 to 0.3 atm
as described elsewhere.20

The oxygen ion transference numbers were determined
by modified electromotive force (EMF) and faradaic effi-
ciency (FE) methods, taking electrode polarization into account.
Detailed description of the experimental procedures can be
found elsewhere.>’2° The FE experiments were carried out
under zero oxygen chemical potential gradient in air at 900 °C
and 950 °C. The determination of the average oxygen ion trans-
ference number by the modified EMF technique was performed
at 700-950 °C under Oy/air and air/10%H;—-90%N, gradients,
with continuous monitoring of the oxygen partial pressure in the
gas mixtures by electrochemical oxygen sensors.

3. Results and discussion
3.1. Selected phase relationships

The XRD patterns of apatite-type Lags_Ce,SigO27_5
ceramics are shown in Fig. 2A—C. Doping with even a relatively
small amount of Ce (x=1) leads to the segregation of about
4 wt% of CeO;. This suggests that the maximum solubility of
Ce ions in the apatite lattice is close to 5.5% of the density of
lanthanum sites, i.e. about 0.5 atoms per formula unit. Notice
also that XRD patterns of Ce-doped apatites with x=1-2 dis-
played peak shifts to higher angles (Fig. 2A and B) due to a
decrease in the unit cell volume, confirming the incorporation
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Fig. 2. XRD patterns of Zr- and Ce-containing silicate systems. The insets and
arrows show phase impurity reflexes.

of Ce** cations with a smaller cation radius®’ in the lanthanum
sites; this effect cannot be ascribed to increasing A-site defi-
ciency or Si** substitution, which are expected to expand the
lattice. Increasing Ce concentration results in the appearance of
additional peaks of Lap;O3, SiO; and, at x=3, LapSi;O7. This
observation prevented the exploitation of significant doping lev-
els and justified the limited attention dedicated to the electrical
characterization of these materials.

XRD characterization of Lagg3Sig_,Zr,Oyg75 (x=1-2)
materials showed a negligible solubility of Zr*+ cations due to
LaZrO7 pyrochlore formation. Inspection of the XRD pat-
tern of Lag g3Si5ZrO,¢6.75 revealed also the presence of other
impurity phases, including ZrO,, SiO;, LayO3 and ZrSiO4,
probably metastable. Whatever the formation mechanism of
these impurities, the ratio of strongest reflections of the apatite
and LayZr,O7 phases was 1:0.7 and 0.35:1 for x=1 and 2,
respectively (Fig. 2D and E). Thus, additions of zirconia lead
to complete decomposition of apatite solid solutions due to the
formation of La;Zr,O7, which is the most thermodynamically
stable phase in the ZrO,—La; O3 binary system.>! As lanthanum
zirconate has insulating properties and blocks ionic transport,!
the use of zirconia-based components in electrodes applied onto
silicate-based ceramics should be avoided.

In contrast to Zr- and Ce-containing systems,
Lag g3Si5TiO2675 was found single-phase; in the case of
Lag 835141202675, minor extra peaks corresponding to the
pyrochlore La; TioO7 were observed (Fig. 3). The onset of phase
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Fig. 3. Rietveld refinement results of the Lag g3Sig—, TixO2675 ceramics. Exper-
imental and calculated patterns, difference profile and the position of diffraction
maxima are given. Inset shows the peaks of La,; Ti;O7 pyrochlore.
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impurities can be understood by taking into account that the
cation to anion size ratio (rri:ro =~ 0.46) is already slightly above
the typical values of MOy tetrahedra. Besides the positive iden-
tification of the phase impurities now provided, these results are
in good agreement with data reported by Sansom et al.> Note
that apatite-type germanates exhibit a higher solubility of Ti**
in the lattice when compared with the analogous Si-containing
systems, possibly due to closer proximity between ryj:ro ~ 0.46
and rge:ro A~ 0.36 compared to rs;:ro & 0.28. For instance, the
apatite-type Lag 33Ge4TinOo¢ is a single-phase material, while
attempts to increase the Ti content further up to 50% exceeded
the solubility limit.%3 Nonetheless, the solubility of Ti** cations
in Lag g3Sig—_yTixO26.75 system is high enough to assess the
effects of substitution on the apatite structure and electrical
properties.

3.2. Crystal structure of Ti-containing apatites

The refinement of XRD patterns of Lag g3Si¢—_yTixO26.75
was performed in the rhombohedral P-3 and hexagonal P63
and P63/m space groups; the final selection of space group was
based on the agreement factors. The best agreement between the
experimental and calculated profiles was found for the hexag-
onal space group P63/m. In the case of Lag §3Si4Ti»O2¢.75, the
La,TipO7 pyrochlore phase was also included in the refinement
procedure; the estimated weight fractions were 96 and 4%
for the apatite and pyrochlore phases, respectively (Table 1).
The final structural data are summarized in Tables 2 and 3;
graphical results of the Rietveld refinement are presented in
Fig. 3. The incorporation of Ti** with a larger ionic radius
if compared to Si**30 increases the unit cell parameters and
volume (Table 2), as observed for doping with AIP*, Fe*,
Ga®* and Ge*+.10:13:13.16 The refined composition of the apatite
solid solution in the two-phase Lag g3SisTi»O2675 ceramics
can be written as Lag5SisTij ¢70256; the solubility limit of
Ti** can therefore be estimated as 28% of the silicon site
density.

In the course of the refinement, site occupancy and atomic
displacement parameters (adp) were taken into account, while
only the isotropic displacement parameters were employed.
According to the results, cation vacancies are located in Lal
sites, in good agreement with our previous results;'? the La2
sites remain fully occupied (Table 2). One should mention
that La2 atoms form the oxygen channels (Fig. 1), responsible
for high oxygen-ionic conductivity in the apatite systems.!>~!3
The occupancy of the Si/Ti site was found close to the nom-
inal one, e.g. 0.83/0.17 for Lag g3Si5sTiOy675 and 0.72/0.28
for Lagg3SigTinOy675 ceramics. As the conventional X-ray
diffraction analysis is not sufficiently sensitive to lightweight
atoms, the calculated values of oxygen-site occupancies must
be considered equal to unity. In general, the refined cation com-
positions of the Ti-doped apatite ceramics are in reasonable
agreement with expectation within normal limits of calcula-
tion errors (Table 2). Another necessary comment is that the
displacement parameters of the channel oxygen O4 are quite
high, thus indicating a considerable level of disorder in these
channels. Though the unit cell volume increases with Ti con-

Table 2
Crystallographic data of Lag g3Sic—TixO26.75

Atom (sites) Parameters Lag g3Sig—_TixO26.75
x=1 x=2

alb (A) 9.7787(2) 9.8074(2)
c(A) 7.2380(2) 7.2553(2)
V(A% 599.39(12) 604.36(12)

Lal (40) (1/3,2/3,2)  z —0.0011(5) —0.0008(6)
Site occ. 0.95(4) 0.98(3)
Usso (x100) 1.31(5) 1.2(4)

La2 (6h) (x, y, 1/4) x 0.2308(3) 0.2303(2)
y —0.0114(6) —0.0097(5)
Site occ. 1.01(3) 1.00(4)
Uiso (x100)  0.92(5) 0.84(5)

Si/Ti (6h) (x, y, 1/4) x 0.4044(5) 0.4073(5)
y 0.3773(6) 0.3792(4)
Site occ. 0.84(5)/0.16(5)  0.69(5)/0.31(5)
Uiso (x100) 1.41(6) 1.16(4)

01 (6h) (x, y, 1/4) x 0.330(2) 0.331(3)
y 0.488(2) 0.499(2)
Site occ. 1.00(6) 1.0(4)
Uiso (x100) 0.89(5) 1.93(3)

02 (6h) (x, y, 1/4) x 0.593(2) 0.590(2)
y 0.463(2) 0.467(2)
Site occ. 1.06(5) 1.01(5)
Uiso (x100)  0.60(6) 271(5)

03 (12i) (x, y, 2) x 0.349(2) 0.347(2)
y 0.261(1) 0.260(1)
z 0.059(1) 0.075(1)
Site occ. 1.04(5) 1.04(4)
Uio (x100)  2.44(3) 1.37(5)

04 (2a) (0, 0, 1/4) Site occ. 1.01(5) 0.99(4)
Uiso (x100)  3.44(6) 2.68(5)
Rp 6.33% 7.16%
Rwp 8.65% 9.82%

tent in Lag g3Sig_,Ti 02675, probably due to the increasing
size of TiO4 tetrahedra, this results in narrower oxygen chan-
nels that might cause both a higher potential barrier for the
transport of interstitial oxygen and decreasing oxygen-ionic
conductivity.

Table 3
Selected bond distances of Ti-containing apatite phases

Bond Lag g3Si5TiO26.75, Lag g3Si4Ti2026.75,
distance (A) distance (A)
Lal—Ol1 [x3] 2.508(8) 2.443(9)
Lal—02 [x3] 2.508(9) 2.555(7)
Lal—03 [x3] 2.847(7) 2.897(8)
La2—01 2.830(7) 2.898(6)
La2—02 2.594(6) 2.577(8)
La2—03 [x2] 2.423(7) 2.536(7)
La2—03 [x2] 2.699(8) 2.628(9)
La2—04 2.3142) 2.308(3)
Si/Ti—01 1.580(5) 1.682(7)
Si/Ti—02 1.600(4) 1.556(5)
Si/Ti—03 [x2] 1.697(6) 1.623(6)
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Fig. 4. SEM micrographs of Lag g3SisTiO2675 (A) and Lag 83SisTizOy6.75 (B)
ceramics.

3.3. Microstructure, thermal expansion and total
conductivity of Ti-containing ceramics

SEM studies showed the high quality of Lag g3SisTiO2¢.75
ceramics, in particular a low porosity and the absence of com-
positional inhomogeneities along the grain boundaries. This
conclusion quite well agrees with the ratio between experimen-
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Fig. 5. Dilatometric curves of apatite ceramics in air.

tal and theoretical density for this material, 96.6% (Table 1). The
Lag 83514 Ti2 02675 ceramics have a similar grain size, while the
segregation of LayTi,O7 is clearly visible in the SEM micro-
graphs (Fig. 4). In the latter case, the density is 91.6% of
theoretical, calculated taking into account the cation compo-
sition and the pyrochlore impurity content obtained from the
XRD data.

Fig. 5 presents the dilatometric curves of Lagg3Sig—y
Ti,O6.75 in air; the dilatometric data on Lag g3Sis 5Alg5026.75
with similar oxygen content'® are given for comparison. The
average thermal expansion coefficients (TECs) at 150-1150 °C
are relatively low, (9.7-10.3) x 107°K~! (Table 1) and close
to those of commonly used solid electrolytes, such as yttria-
stabilized zirconia.?!

Fig. 6 shows two selected impedance spectra of
Lag g3Sig—,TiyO2675 ceramics, at 750°C. The spectra
consisting of two arcs were observed for both Ti-containing
materials in the temperature range 650—1000 °C. The specific
capacitance varied in the narrow range (3—4) x 10~° F/cm for
the high-frequency response and (3-5) x 10~*F/cm for the
low-frequency response. The low-frequency response can be

. . . T . . . ; 5000
1023 K
- L219‘83815"1"1026..',5 La, .Si,Ti,0,, . 4 4000
=
g‘-’ 13000
o 2004 C=1.3x10° Frem
N {2000
3.8x107 F/em
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11000
137 kHz 150.6 kHz
0 T T T T T T T 0
0 100 200 300 0 1000 2000 3000 4000 5000
Z',Ohm-cm

Fig. 6. Examples of impedance spectra of Lag g3Sig_,Ti 0675 ceramics with
capacitances (C) are given near the corresponding parts of the spectra.

porous Pt electrodes in air. Solid lines correspond to the fitting results. The specific
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Fig. 7. Example of the impedance spectra of Lag g3Si5TiO26 75 with porous Pt
electrodes in air, illustrating the separation of bulk, grain boundary and electrode
signals. Solid lines correspond to the fitting results.

clearly ascribed to the electrode process; the corresponding
intercept of this arc at intermediate frequencies defines the
total (bulk and grain boundary) resistance. Note that the values
of dielectric constant extracted from the capacitance at high
frequency are in the range 100-500, that is about one order of
magnitude higher that expected for solid electrolytes.

At lower temperatures, 300-500°C, the grain-boundary
resistivity can be separated from the bulk contribution as evi-
denced by the impedance spectra shown in Fig. 7. The tem-
perature dependencies of the bulk, grain boundary and total
conductivities are illustrated in Fig. 8; the corresponding acti-
vation energies (E,) were calculated by the standard Arrhenius
equation. As for other solid-electrolyte materials (e.g.>! and ref-
erences cited), the E, value for the ceramics bulk (91 kJ/mol) is
considerably lower than for grain boundaries (114 kJ/mol).

Fig. 9 compares the total conductivity of Lagg3Sig—y
TiyO26.75 and Lag g3Sis 5Alg 502675 in air (filled symbols) and

26.75
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Ea: 9142 kJ/mol

o)
A E,= 114+9 kJ/mol

log o (S/cm)
1

L5
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Fig. 8. Temperature dependences of bulk, grain boundary and total conductivi-
ties of Lag g3Si5TiOy6.75 in air.
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Fig.9. Temperature dependences of the total conductivity of the apatite ceramics
in air and dry 10%H,-90%N, flows. The data on Al-doped apatite ceramics'’
are shown for comparison.

in 10%0H2—90%N, gas mixture flow (open symbols). Doping
with titanium leads to drastic decrease of conductivity and an
increase in the activation energy (Table 4), as expected from
structural data. The total conductivity of Ti-substituted apatites
remains essentially p(O)-independent. This indicates a predom-
inant ionic conductivity, in agreement with the FE and EMF
data discussed below. The presence of La,;Ti;O7 as a secondary
phase may only have a minor effect on transport properties.
In fact, the total conductivity of La;TipO7 pyrochlore phase is
approximately 107> S/cm at 530 °C,3? considerably lower than
that observed for the corresponding apatite systems. On the other
hand, the activation energy of La; Ti; 07, 120.6 kJ/mol,3? is com-
parable with the E, value characteristic of Lag 3Si4Ti»O2¢.75
ceramics.

The long-term stability tests in reducing atmospheres showed
an irreversible degradation of these materials at 950 °C, as
for other apatite systems.lg’20 For Lag g3Si5TiO5¢ 75, the con-
ductivity drop in flowing Hy—Nj mixture is about 5.5% after
100 h; for Lag 83Si4Ti» 02675, this value is approximately three
times larger, 17.5% (Fig. 10). This suggests that degradation
under reducing conditions becomes worse with increasing titania
content. XRD inspection of the Lag g3SisTiO5675 after long-
term treatment in reducing environment revealed the presence
of small amounts of lanthanum and, possibly silicon oxides
(Table 5); due to the small intensity of the impurity peaks exact
identification is impossible.

Table 4
Activation energy for the total conductivity in different atmospheres
Composition E, (kJ/mol) Ref.

Air 10%H,-90%N,
La9,33$i5T1026‘75 92.7 £ 0.6 914 £ 0.6 This work
Lag»g3si4Ti2025'75 137 £ 2 138.6 + 0.6 This work
La9'335i5A5A10.5026A5 57+ 3 55 +3 20
LajoSis5Alo5026.75 56 + 4 62 £ 3 20
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Fig. 10. Time dependences of the total conductivity of apatite ceramics in
flowing 10%H;-90%N, mixture at 950°C. The oxygen partial pressure is
1.1 x 10720 atm.

In the case of Lag g3Si4Ti»O2¢.75, the XRD analysis detected
only an increase of the weight fraction of the pyrochlore phase
(P’) up to 6%. Most likely, a minor volatilization of silicon oxide
increases the lanthanum activity in the apatite solid solution and
promotes the formation of La;Ti;O7. This effect seems respon-
sible for the fast degradation of Lagg3SiaTi»O2675 ceramics
(Fig. 10). The SiO volatilization leads also to a lattice contraction
due to decreasing La-site deficiency, as shown in Table 5.

SEM inspection combined with chemical analysis of these
materials suggests that the conductivity drop is mainly related
to changes in the outside layers, near the exposed surface, where
significant morphological alterations are observed (Fig. 11). In
the bulk of dense apatite ceramics, where Si** depletion hardly
takes place microstructural changes were absent.

3.4. Oxygen-ionic transport

The oxygen pressure dependences of the total conduc-
tivity and Seebeck coefficient (o) of Lagg3Sig—,TixO26.75
(Figs. 12 and 13) are typical for solid oxide electrolytes. In
particular, under oxidizing conditions the slope of the « ver-
sus Inp(O,) dependencies is close to —R/4F, the theoretical
value for pure oxygen-ionic conductors.’> A similar behav-
ior was reported earlier for other apatite-type systems.!%13:22
Under reducing conditions, the behavior of Seebeck coefficient
becomes more complex. The deviation from linear o versus
In p(O,) dependencies at low oxygen chemical potentials may be

- —— —
H,- exposed surface‘w

—t

Fractured bulk

/

] = o5.0kv x3.00K 10.@kn

e

25.8kV X1.88K 38.8rm

Fig. 11. SEM micrographs of La9'33sisTi026.75 (A) and La9‘838i4Ti2026'75 (B)
ceramics after 100 h degradation tests in Hy-containing atmosphere.

associated either with silicon oxide volatilization from silicate
surface, or with a minor n-type contribution due to reduction
of Ti** to Ti**. Note that the deviations from linearity increase
with the Ti content (Fig. 13). However, this still corresponds
to minor conductivity contributions because total conductivity
is almost independent of the oxygen partial pressure down to
10~20 atm.

The EMF and FE measurements confirmed that the apatite-
type Lag g3Sig—TixO26.75 is a solid electrolyte with negligible
electronic contribution. The experimental EMF values of
the oxygen concentration cells (Eexp) are quite close to the
theoretical Nernst values (Eneoretical), both under O/air and
under air/10%H>—90%N, gradients (Figs. 14 and 15). The
modified FE technique showed that the electronic contribution
to the total conductivity in air is lower than 0.6% (Table 6).

;F(Z;l{)]l)e jata on Lag 83Si6—_TiyO26.75 ceramics (x = 1-2) after degradation in 10%H—90%N, mixture during 105 h

Nominal composition Phase impurities Lattice parameters V(A3
a(h) c(d)

Lag 83Si5TiO26.75 Lay03 or SiO; (<5%) 9.7776(3) 7.2331(3) 598.85(12)

Lag g3SisTizO26.75 P’ (6%) 9.8057(2) 7.2497(3) 603.68(12)




2452 Y.V. Pivak et al. / Journal of the European Ceramic Society 27 (2007) 2445-2454

18 F —SiSgiamEnEE &R
=SSSSSSSSSSSS Sy =4
20+
_~ T T W T W W WY
g
Q2 22 F
) | —CEEe00eeeeo—
o 24 -
= —aEEs————— S OCOCOCDCCOCO
26 F
R
28 e g 4
7/
900 s
La‘).SSSlﬁTIOZ(!.?j
600

300 - *@QS%@%: 333

4
z  or
= B 223K
300 o NBK
A A 123K
600 |- -RIMF & 073K
0 1023K
e s * 93K
1 " 1 1 1 " S 1 L 1 1 1
77
20 -8 -16 -14 4 3 2 a1 o0

log p(O,) (atm)
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Fig. 14. Ratio between experimental and theoretical EMF of the oxygen con-
centration cells with Lag g3Sig—,TiyO26 75 electrolytes, placed under the oxygen
partial pressure gradient of 1.0 atm/0.21 atm.
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Fig. 15. Ratio between experimental and theoretical EMF of the oxygen concen-
tration cells with Lag g3Si4TioO2¢ 75 electrolyte placed under ait/H,—H>O-Na
gradient, as function of temperature. The oxygen partial pressure in hydrogen-
containing mixtures (pp) is given near the experimental data points.

The decrease of ionic conductivity on Ti doping (Fig. 9) may
result from local lattice distortion near the relatively large Ti*+.3°
However, the actual mechanisms may differ from the inhibition
of ionic migration in different structural types, namely zirconia-
based fluorite (YSZ) and perovskite-type La(Sr)Ga03_s.34-36
Raman spectroscopy studies of Ti-doped YSZ demonstrated that
a decrease in ionic transport occurs due to trapping of oxygen
vacancies near Ti** by shifting the coordination from eightfold

Table 6
Oxygen-ion transference numbers of Lag g3Si5TiO26 .75 determined by the FE
measurements in air

T (K) U (mV) Oxygen-ion transport number
1223 959 0.9963
644 0.9963
1173 428 0.9942
1028 0.9966
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to sixfold.3 In the case of Lag.geSro14Gao.osTio04O03—s, a
decrease in ionic conductivity was attributed to a lower ion
mobility caused by strong coulombic attraction between Ti**
and neighboring O?~ anions.?® In the title materials, ionic con-
duction is probably affected by strong lattice distortion caused
by large TiOy4 tetrahedra, thus narrowing the migration channels.

4. Conclusions

The maximum solubility of Ce** in the lanthanum sublat-
tice of Lag 4_,Ce,SigB27_s is low, close to 5.5% of the La-site
concentration. Further additions of ceria lead to the segregation
of CeO,. While this result prevents a deeper study of this sys-
tem, it also suggests that apatite-type silicate electrolytes and
Ce-containing electrode materials are chemically compatible in
high-temperature electrochemical cells. On the contrary, zirco-
nia additions result in decomposition of the apatite phase and
formation of insulating La;Zr,O7, indicating that the use of
zirconia-containing electrodes in contact with Lajg_,SigO27-
based solid electrolytes should be avoided. The solubility of
Ti** cations in Lag §3Sig_, Ti,O26.75 system is substantially high,
up to 28% of the Si-site concentration. The conductivity of Ti-
substituted apatites is predominantly oxygen-ionic and indepen-
dent of the oxygen partial pressure in the range 10720 to 0.3 atm,
revealing a stabilization of Ti** oxidation state in the apatite lat-
tice. However, doping with titanium decreases the ionic transport
and promotes degradation in reducing atmospheres due to segre-
gation of La;TioO7 pyrochlore. This shows that silicate doping
strategies based on the use of lower-valence cations, such as
AP, still provide the best results.
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