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The La(Ga—xTixO74+x201-x2)O2 (X = 0—2) cuspidine series has been prepared as single phases in the
full compositional range. The evolution of the cell parameters is smooth along the series although the
symmetry changes from monoclinR2;/c for Lay(Ga0;0;)O, to orthorhombidPnamfor Lay(Ti,Og)O;.

The crystal structure of L§GaTi;0;470,50, has been determined from a refinement of neutron and
laboratory X-ray powder diffraction data at room and high temperatures. This compound crystallizes in
the P2,/c space groupZ = 4, witha = 7.9629(2) Ab = 11.1000(2) Ac = 11.8294(4) A3 = 109.689-

(4)°, andV = 984.44(4) R. The neutron Rietveld disagreement factors at room temperatureRygre

= 3.10% andR- = 3.36%. The G&/Ti*" aliovalent substitution is accompanied by extra oxygen needed

for the charge compensation. This oxygen transforms the isolated ditetrahedral groug&iasQ#l;)-

O; into infinite trigonal bipyramid chains with interruptions due to the oxygen vacancies{iGbgr-

Ti1 00740050, and into infinite trigonal bipyramid chains in L@i.Og)O,. The electrochemical
characterization under different atmospheres (static air, dry Ar, wet Ar, dry 5%AH and wet 5%

H,—Ar) indicates that there is a significant proton contribution to the overall conductivity bel@s0

K for samples with intermediate compositions. Above that temperature, the conductivities are predominantly
due to ion oxide. The ion oxide transport numbers range between 0.99 and 0.93, depending upon the
temperature and oxygen partial pressure. Small p- and n-type electronic contributions have been observed
by thermal and electrochemical analysis under oxidizing and reducing conditions, respectively.

Introduction cells SOFCs which include principally fluorite-type oxides

Oxide ion conductors are an important group of materials SUCh as C&Gch:0. ¢* and doped perovskite-type compounds
which have been increasingly studied because of their SUCh @S L&sSi1GadMgo Oz e5° showing higher conductivi-
applications in many devices with high technological interest, i€S than YSZ at lower temperatures. -M»,0q-based
such as electrolytes in solid oxide fuel cells (SOFCs), oxygen Material§~® and oxy-apatit€’s*# also show high oxide ion
sensors, electrochemical oxygen pumps, oxygen-permeabl&O”dUCt'V'ty- Howeyer, they seem to present some drawbgcks
membrane catalysts, and so forth. SOFCs are devices thafUch as degradation under reducing conditions, residual
convert chemical energy directly into electricity and promise €l€ctronic conductivity, or high grain boundary resistances
important advantages in comparison to the current technolo-that must be studied in depth.
gies based on the combustion fossil fuels, because they In addition, a new type of ionic conductors based on the
provide electrical power with low emission of pollutants and cuspidine structure have been recently repottetf. Cus-
high energy conversion efficienéy? The commercial SOFC
systems use yttria-stabilized zirconia, YSZ, as the electrolyte, (4) Torrens, R. S.; Sammes, N. M.; Tompsett, G.Sblid State lonics

- . PO . 1998 111, 9.
which is a good ionic conductor at high temperature (s shihara, T.; Matsuda, H.; Takita, ¥. Am. Chem. Sod.994,116,
(typically 0.1 Scm™! at 1273 K). However, the high 3801. _ _
operation temperatures of YSZ (1078273 K) limit the (6) Lacorre, P.; Goutenoire, F.; Bohnke, O.; Retoux, R.; Laligant, Y.

. . . Nature 200Q 404 856.
choice of stable materials for SOFC components and increase (7) Marrero-Lgez, D.; Ruiz-Morales, J. C.; Nea, P.; Abrantes, J. C.

the production costs. Hence, there are extensive efforts to __ C.; Frade, J. RJ. Solid State Chen2004 177, 2378.

. . L. . . . (8) Collado, J. A.; Aranda, M. A. G.; Cabeza, A.; Olivera-Pastor, P.;
identify new oxide ion conductors, which may display higher Bruque, S.J. Solid State Chen2002 167, 80.

conductivities at lower temperatures. (9) Nakayama, S.; Kageyama, T.; Aono, H.; Sadaokal. ¥later. Chem.

; ; ; 1995 5, 1801.
Several types of oxide ion conductors are being deeply (10) Islam, M. S.; Tolchard, J. R.; Slater, P. &hem. Commun2003

investigated for intermediate-temperature solid oxide fuel 1486; Tolchard, J. R.; Islam, M. S.; Slater, P. R.Mater. Chem.
2003 13, 1956.
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Figure 1. Ball and stick crystal structure of L@Ga O7.dJ1.0/O2. The positions of the oxygen vacanci€s, are highlighted.

pidines form a family of compounds with the general formula
A4(SiO7)X, (A = divalent cation; X= OH, F, O). The
archetypal member of this family is ¢&i,07)(OH,F)*®
which crystallizes in the space grol2,/c. The cuspidine

oxygen vacancies which resulted in an enhancement of the
ionic conductivity with a maximum value for L&Ga +

Ge 607 470.7)O2 and with negligible electronic conductivity,
even under very reducing conditiols.The oxide ion

structure is well-known, and its framework can be described conductivity for the analogous N@Ga0:,)O, compound

as built up of chains of edge-sharing ABOg polyhedra
running parallel to thea axis with tetrahedral disilicate
groups, SiO;, interconnecting these ribbons through the
vertexes. The structural formula of cuspidine is better written
as Ca(Si0O;/0,)(OH,F), to directly show the vacant position

between the disilicate groups. Several oxy-cuspidine materi-

als are known, such as Al ,0,0;)0,,17 Y 4(Al ,O;;)0,,18:1°
Pry(Ga0-0,)0,,2° and La(Ga0,1;)0,.1 The crystal struc-
ture of La(Ga0;0,)0, is shown in Figure 1, and the

has also been studied and optimized by partial substitution
of Ga&* by G&'" and Tt .1315The Gé* substitution led to
higher oxide conductivities than that obtained by thé& Ti
substitution.

In this work, we have carried out a thorough study to
evaluate the influence of Ti substitution on the structure
and transport properties of L&a0-1;)O,. The oxygen-
variable La(Ga—xTixO7+x201-x2)O2 series has been prepared
as single phases in the full compositional range=(0—2).

positions of the oxygen vacancies have been highlighted. TheThese compounds have been investigated by neutron dif-

filling of that position converts the isolate pyrogroups into
infinite chains of distorted trigonal bipyramid3Ln,(Ti,Og)-
O, (Ln=La, Y, Nd, Eu)?"2* commonly formulated as Lh
TiOs, contains such infinite chains.

The oxide conductivity properties of k&a0-1;)O, have
been optimized by substitution of &aby Ge'. This
aliovalent doping induces a concomitant filling of some

(14) Martn-Sedén, M. C.; Losilla, E. R.; Léa-Reina, L.; Bruque, S.;
Marrero-Lez, D.; Niiez, P.; Aranda, M. A. GChem. Mater2004
16, 4960-4968.

(15) Chesnaud, A.; Joubert, O.; Caldes, M. T.; Gosh, S.; Piffard, Y.; Brohan,
L. Chem. Mater2004 16, 5372.

(16) Saburi, S.; Kawahara, A.; Henmi, C.; Kusachi, |.; KiharalMfneral.
J. 1977, 8, 286.

(17) Brandle, C. D.; Steinfink, Hinorg. Chem.1969 8, 1320.

(18) Christensen, A. N.; Hazell, R. Gcta Chem. Scand.991, 45, 226.

(19) Yamane, H.; Shimada, M.; Hunter, B. A. Solid State Cheni998
141, 466.

(20) Gesing, Th. M.; Uecker, R.; Buhl, J. @. Kristallogr. 1999 214,
431

(21) Bertaud, E. F.; Guillem, MBull. Soc. Fr. Ceram1966 72, 57.

(22) Mumme, W. G.; Wadsley, A. DActa Crystallogr.1968 24, 1327.

(23) Muler-Buschbaum, H.; Scheunemann,XInorg. Nucl. Chem1973
35, 1091.

(24) Mtuller-Buschbaum, H.; Werner, J. B. Alloys Compd1994 206,
L11.

fraction to describe the crystal structures, including the
oxygen sublattice. The electrochemical characterization
surprisingly shows that both oxide and proton conductivities
take place for intermediate compositions.

Experimental Section

Synthesis.The series L{Ga—xTixO7+x201-x2)O2 (x = 0.0, 0.3,
0.7, 1.0, 1.3, 1.7, and 2.0) was prepared by the ceramic method
using high purity oxides: L#; (Alfa, 99.999%), GgOs (Alfa,
99.99%), and activated TiOLanthanum oxide was preheated at
1273 K for 2 h toachieve decarbonation. Activated Li@as
prepared by slow hydrolysis of commercial Ti(OCH(§H with
a 1:4 water-to-propanol solution. The resulting white suspension
was centrifuged, washed with water, and heated at 573 K for 24 h.
Part of this sample was heated at 1273 K to determine the small
weight loss due to the residual water. This loss was taken into
account when preparing the reagent mixtures. The precursors, in
the stoichiometric amounts to prepab g of sample, were mixed
in an agate mortar for 10 min and heated at 1473 K for 12 h by the
following overall reaction:

2La,0, + [(2 — X)/2]Ga0; + XTiO, > La,(Ga, ,Ti,0,,,,)0,
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After cooling, the samples were milledrf8 h in aFritsch ball Electrical Measurements.Electrical characterization was carried
mill (model Pulverisette 7, 45 chagate vessel containing seven out on cylindrical pellets{10 mm diameter anet1 mm thickness)
agate balls with a diameter of 15 mm) at 100 rpm with reverse obtained by pressing0.3 g of sample with small average particle
rotation every 20 min, pelletized at 100 MPa, and heated at 1673 size [dso ~ 3 um] at 125 MPa, for 5 min. The pellets were sintered
K for 48 h in ZGS-Pt-10% Rh crucibles. The samples were slowly at 1723 K for 4 h at deating rate of 5 Kmin~1. Fine powders of
cooled to room temperature (RT) to obtain an oxygen content as each composition were obtained by grinding the initial powdered
close as possible to equilibrium. The samples are hereafter labeledsample in a vibratory ball mill (Retsch, two zircona balls with a
as Ti for the La(Ga—xTixOz+x201-x2)02 (x = 0.0 0.3, 0.7, 1.0, diameter of 12.25 mm and a vessel volume of &)cat 20 Hz for
1.3, 1.7, and 2.0) series. 12 min. The optimum milling time was selected measuring the

Powder Diffraction. All samples were characterized by labora- Particle/agglomerate size distribution after different grinding times
tory X-ray powder diffraction (LXRPD) at RT. The powder patterns N @ Coulter LS130 laser diffraction analyzer. Electrodes were made
were collected on a Siemens D5000 automated diffractometer, usingby coating opposite pellet faces with METALOR 6082 platinum
graphite-monochromated Cuo radiation. The samples were Paste and heating to 1223 K at a rate of 1@nkh~* for 15 min in
loaded in flat aluminum holders and scanned between 10 arfd 100 air to decompose the paste and to harden the Ptresidue. Successive
(26) in 0.03 steps, counting 16 s per step. Full structural treatments were made to achieve an electrical resistance of both
characterization was carried out for; Fiand Tio by a combined ~ Pellet faces lower than Q. _ o _
analysis of LXRPD and neutron powder diffraction (NPD) at RT. ~ Impedance spectroscopy data in static air and four different
Crystal structures at high temperature have been derived exclusivelyflowing atmospheres (dry Ar, wet Ar, dry 5%,HAr, and wet 5%

from the NPD data for Tio. All Rietveld® analyses were done H,—Ar) were collected using a Solartron 1260 frequency response
using the GSAS suite of prograrffs. analyzer over the frequency range from 0.1 Hz to 1 MHz. The

applied voltage was 200 mV in the temperature range of +273
673 K and 250 mV between 623 and 573 K. Electrical measure-
ments were taken on heating and cooling processes every 50 K
(accuracy oft1 K) at 5 K-min~™. A delay time of 20 min at each
temperature was selected to ensure thermal stabilization. Measure-
ments were electronically controlled by the Zplot program.
High-temperature conductivity measurements as a function of
oxygen partial pressurep(O,) from air to ~10°20 atm] were
performed in a closed tube furnace cell. Th®,) values were
monitored by using a YSZ oxygen sensor, placed next to the pellet
in the cell. The conductivity was continually recorded as a function
of p(O,). The process consists of flushing the system with a dry
5% H,—Ar gas mixture for 12 h at 1173 K to reach a minimum in
oxygen activity inside the furnace and to ensure complete reduction
of the sample. After that, the oxygen partial pressure was slowly
raised back to atmospheric pressure by free diffusion, because the
system is not airtight. Each isothermal cycle took over 48 h to

NPD data for Tip and Tk compositions were collected on a
HRPT diffractometer [SINQ neutron source at Paul Scherrer Institut,
Villigen, Switzerland] with the sample loaded in a vanadium can.
High-temperature neutron powder diffraction (HT-NPD) data for
Tiiowere collected at 1073 K under vacuum. The HRPT was used
in the “medium-resolution” mode with a wavelength-01.886 A
which was selected by the vertically focusing (511) Ge monochro-
mator. The overall measuring time was$ h per pattern to have
good statistics over thefangular range of 5165° [21—0.95 A]
with a 0.05 step size. Quick patterns were collected on heating
each 100 K to determine the thermal expansion coefficients for
Ti]_.o.

Finally, high-resolution LXRPD patterns were collected for two
samples in a Philips X'Pert Pro automated diffractometer, equipped
with a Ge(111) primary monochromator and a X'celerator detector.
The scans were performed in high-resolution modkrghge from
10 to 60, using strictly monochromatic Cu dg radiation. The complete.

Stu_diEd materials were as-prepare@[o'léinq vibratory milled Ti'_-0 The electronic conductivity was determined by a modified
This last sample was prepared as described below to obtain dens%Iectromotive force (emf) method, taking into account electrode

pellets for the electrical characterization. polarization?”-28 This modification of the classical emf technique
Microstructural Characterization. The sintered pellets mor-  gliminates possible errors in the determination of ion transference

phology was studied using a JEOL JSM-6300 scanning electron numbers, arising as a result of electrode polarization. These errors

microscope. The pellet surfaces were polished with diamond pasteare not negligible for electrolyte materials which have relatively

and thermally etched at 50 K below the sintering temperature for |ow electronic conductivity®22 The ionic transport numbetswere

15 min. Finally, the samples were metallized by gold sputtering measured under p(O,) gradient of pure @air and dry/wet 5%

for better image definition. H,—Ar/air, using a continuous flux of these gases in the temperature
Thermal Analysis. Thermogravimetric differential thermal range of 973-1173 K. A YSZ tube was used to measure the

analyses (TG-DTA) were performed for all compositions on a Pyris- theoretical emf under these conditiofis,. The emf observed in

Diamond Perkin-Elmer apparatus. The temperature was varied fromthe sampleE,ps was measured with an external variable resistance

RT up to 1073 K at a heating/cooling rate of 16nkn—! with a Ry, in parallel to the measuring cell, varying from 10 to 2Q.k

flux of air of 80 cn®-min~1, using a mass around 600 mg. The Experimental data were fitted with the equivalent circuit proposed
TG-DTA instrument was calibrated using standard samples, and by Gorelov?” In this case, the ionic resistan€g, the electronic
the baseline was corrected. resistanceR., and the polarization resistan&; are related to the

Different heating/cooling cycles were carried out to study the €mf values Ex andEqpg from the relation
thermal reversibility and reproducibility of the measurements.

Thermomechanical analysis was performed fap ®h a NETZSCH E —1=R,+ R;)[l + i]

Geraebau 402 EP apparatus. The temperature was varied from RT Eobs "IRs Ry

up to 1273 K at a heating rate of 5in~! with a silica support

on a 3 mmlong specimen with a residual porosity of 12%. The dependence oE(/Eqny — 1 versus IRy is a linear plot

with slopeR, + R,, and the interception over theR\/ axis is equal

(25) Rietveld, H. M.J. Appl. Crystallogr.1969 2, 65.
(26) Larson, A. C.; von Dreele, R. BESAS prograrnLos Alamos National (27) Gorelov, V. P Elektrokhimiyal988 24, 1380.
Lab. Rep. No. LA-UR-86748; Los Alamos National Laboratory: Los (28) Mazorau, |. P.; Marrero-lgez, D.; Azula, A. L.; Kharton, V. V;
Alamos, NM, 1994. Tsipis, E. V.; Niiiez, P.; Frade, Electrochim. Act2004 49, 3517.
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Table 1. Unit Cell Parameters and Disagreement Factors for the L{Gay xTixO7+x201-x2)O02 (x = 0, 0.3, 0.7, 1.0, 1.3, 1.7, and 2.0) Series from
Rietveld Refinements

space Rup®IRup R/REN

group a(h) b (A) c(A) Bla (deg) VIZ (A3) (%) (%)
Lau(Ga0;01) 05 [from ref 14] Pl2/cl  7.9768(1) 11.2036(2) 11.6257(2) 109.460(1)  245.04(1) 8.44/1.55  2.09/0.79
Lau(Gay 7Ti0.507.1470.69 02 P12/cl  7.9804(2) 11.1660(2) 11.7101(5) 109.916(6)  245.27(1) %92/  2.40~
Lau(Gay 3Tio 7073470 690" Pl2/cl  7.9748(2) 11.1369(4) 11.7683(9) 109.81(1)  245.83(1) 879/  3.28/
Lau(Gay oTi1 ¢O7.40.902 RTaC Pl2/cl  7.9629(2)  11.1000(2)  11.8294(4)  109.689(4)  246.11(1) 9.44/3.10  3.07/3.36
Lay(GaroTir 0760090, 1073 K¢ P12/cl  8.0047(3) 11.1123(5) 11.8456(8)  109.788(8)  247.87(2)-/3.28 ~/3.81
Lau(Gav 7Ti1.407 647039 O2° P2/nll  11.1056(3) 11.1571(3)  3.9814(1)  89.99(1)  246.66(1) 958/  3.21~
Lay(Gao Ti1 07,840,190 P2/n1l  11.0621(3) 11.2657(3)  3.9668(1)  89.99(1)  247.17(1) 13487/ 3.64-
Lau(Ti,0g) 022 Pnam 11.0092(2)  11.4063(2)  3.9433(1)  90.00 247.60(1) 11.22/4.16  2.77/2.26

a Joint LXRPD and NPD data refinemeftLXRPD data refinement The refinement irP2;/n11 converged t@=11.1007(3) Ab = 11.1384(3) Ac =
3.9818(1) A, = 89.986(6Y, V/IZ = 246.15(1) B, RypX = 9.91%,RwpN = 3.27%,R* = 2.98%, andR:N = 3.11%.9NPD data refinement.

Table 2. M—O (M = Ga, Ti) Bond Lengths (A) and Angles (deg) for

to —1/Re.. The total resistanc® was determined independently Lay(GauTi107 470505 at RT and 1073 K and Lau(Ti»Og)05 at RT

by impedance spectra data. lonic transport numbers were calculated

ast,= 1 — Ri/R. TiloRT2  Tilg1073 K TizoRT2
M(1)—0(2) 1.80(2) 1.71(5) 1.895(4)
. . M(1)—0(3) 1.88(2) 1.87(4) 2.031(1) 2
Results and Discussion M(1)—0(4) 1.84(2) 1.95(5) 1.883(4)
M(1)—0(5 2.07(3 2.37(5 1.760(4
Synthesis and Crystal Structures.The La(Ga—xTix- Mﬁli,o&)g)c 1.8323; 1_70273 @
O74x21-x2)02 (x= 0.0, 0.3,0.7, 1.0, 1.3, 1.7, and 2.0) series 3/%(21))—&% 11.283(2) 12.%25(5) 1.920
has beqn prepared as highly crystalhn.e compounds. AII M(2)-O(5F 18702 238(6)
compositions were single phases, showing that a full solid p(2)—o(s) 1.82(2) 1.73(5)
solution can be obtained with the cuspidine-type structure M(2)—0(7) 1.62(2) 1.53(5)

AL Al o : M(2)—O(10¥ 2.49(2) 1.96(8)
for the G&T/Ti*" aliovalent substitution. The unit cell M(2)—00 192 193

parameters derived from the Rietveld refinements for all o) -m1)-0(3) 102.0(10) 104.3(22) 85.8(X) 2

compositions are given in Table 1. The volume increases O(2)-M(1)-0(4) 135.8(10) 126.4(25) 137.1(2)
with x (see Table 1) as the substitution of &Gy Ti* is 8%:%;:8@» gﬁg((ﬁ))) ggggg)) 117.0(2)
accompanied by the introduction of extra oxygen in the o(3)-m(1)-0(3) ' ’ 152.7(2)
empty position to balance the charges. O(3)-M(1)~0(4) 121.1(1) 119.2(24) 84.1(R 2
At this point it is worth highlighting that the structure along 88}:%328@) glgggl(ié) ?513(31(%)7) 1037092
this series changes from monocli®@,/c, with a unit cell O(4)-M(1)—0(5) 81.9(11) 73.7(17) 105.9(2)
volume of 980.1 A (Z = 4), for La(Ga0;0,)0, to 88:”8;:888; 2250(71(3; 22-5222(5)7)
orthorhombicPnam with a unit cell volume of 495.2 &(z 0(1)-M(2)-0(5) 88.4(8) 72.6(16)
= 2), for Lay(Ti»0g)O,. The structural relationship between  0(1)-M(2)—0(6) 123.9(10) 115.2(25)
both structures has been recently pointed'®and the filling g(i):m(g):gqg) 55’82-75(;10) %3%12(55)
of the oxygen vacancy (see Figure 1) changes the symmetry 055;_,\,,%2;_0%6)) 94_'6((9; 76_'9((22;
from monoclinicP12,/c1 to monoclinic (pseudo-orthorhom- O(5-M(2)—0(7) 113.9(11) 86.7(24)
bic) P2y/n11 (with halfa axis anda. ~ 90.C°) and, finally, gggg:mg;:ggg) igg-g((i‘)l ) igg-(ig%)
to orthorhombicPnam 0(6)-M(2)-0(10)  72.1(8) 90.9(24)
The crystal structures of the end members of the series O(7)-M(2)—-0(10)  99.2(9) 129.1(30)
are already known. The structure of £{@a0;,)O, was mg;:gg%_)_'\",\f()z) ﬁiﬁ% }gggggg
recently derived from a joint Rietveld refinement of NPD  m(1)-0(3)-M(2) 152.3(2)
and LXRPD datd* The structure of LgTiO0g)O, was aJoint LXRPD and NPD refinement.NDP refinement¢ Partially

reported in 1966% and we have reanalyzed its structure to occupied site.

ensure the symmetry and to obtain accurate atomic param-

eters. To do so, the RT joint Rietveld refinement of NPD similar with Rye" and Rys* values of 4.17 and 11.43%,
and LXRPD data was carried out using the previous reportedrespectively, andx = 90.003(6]. Hence, this structural
structuré® (orthorhombicPnan) and also in the nonstandard  description does not improve the results, and it is not reported
monoclinicP2;/n11 symmetry. The final fit for the orthor-  here.

hombic description was very good, and the unit parameters  The crystal structure of LéGaTii0;4705)O; at RT has
and the Rietveld disagreement factors are given in Table 1.also been obtained from a joint refinement of the NPD and
The refined atomic parameters and the-abond distances | XRPD data using the structure of {&a /Geyd07.4703)-
are given in Supporting Information as Tables S1 and S3, O, (space grougP12/cl) as the starting model, replacing
respectively. The F+O bond distances and angles are given Ge#* by Ti4t and by changing the occupation factors to their
in Table 2. The final fit in the monoclinic symmetry is quite  nominal values which were refined later. The occupation
factors of O(5) and O(10), which join the trigonal bipyramid
(29) Kharton, V. V.; Viskup, A. P.; Figueiredo, F. M.; Naumovich, E.N.;  chains, were freely refined giving 0.79(3) and 0.75(3),
;g;‘gf”‘:he”"‘" A. A Marques, F. M. Electrochim. Actz2001, 46 respectively. The occupation factors of the two Ga/Ti sites

(30) Guillen, M.; Bertaut, E. FC. R. Acad. Scil966 262, 962. were also refined but constrained to full occupancy of each
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T T T T — I T T —T

) HT-NPD data were collected for the hisample at 1073
| La(Ga, (Ti, ,0,90, *

K. There is no evidence for any symmetry change. The
occupation factors for O(5) and O(10) were also refined
17 freely giving 0.80(5) and 0.66(5), respectively. So, the refined
occupation factors of the oxygen in the partially interrupted
T bipyramid chains do not change significantly on heating. The
atomic parameters are given in Table S2. The less strong
. La—0O bond distances increase on heating due to the thermal
expansion; see Table S3. However, the shorter G&Dri
q bond distances (see Table 2) change little on heating.

The volume thermal expansion coefficient for the gli
sample, derived from NPD data taken each 100 K, was
= 21.6(3)x 1078 K1 [ay is defined asnn for the V(T) =
n + mT(K) fit]. Under the isotropic thermal expansion
approximation, the linear expansion coefficigfii, can be
derived asBcac = /3 = 7.2 x 1078 K=% The result from
the dilatometric study for the same material gave a slightly
smaller average polycrystalline linear expansion coefficient
value,fmeas= 4.7 x 106 K~1, The difference between these
two values is likely due to the experimental errors of the
techniques.

I(a.u)
1 (a.ul.)

| | | | | | | |

20.0 40.0 60.0 80.0 100.0 120.0 140.0 160.0

26 (°)
Figure 2. Observed (crosses), calculated (solid line), and difference
(bottom) RT-NPD patterns for L&Ga Ti;O7 410.5)O2. The vertical bars are
the allowed Bragg reflections in tHe2;/c space group. The inset shows a
selected region (2075°/26) of the RT-LXRPD Rietveld plot for the same
composition.

site. The refined crystallographic stoichiometry was
L&(G&)_gg(z)-ri1.01(2p7'54(5902, which is in excellent agreement
with the nominal stoichiometry LGaTi;074705)0,. The

temperature factors of O(5) and O(10) were constrained to Electrical Characterization. The sintering conditions for
be the same to avoid correlations in the refinements. Thethe pellets led to very dense specimens with compactions

final Rietveld disagreement factors are given in Table 1. The "anging between 90 and 95% of the theoretical value (taking
refined atomic parameters and the+@ bond distances are ~ Nto account the pellet mass, volume, and the crystallographic
given in Supporting Information as Tables S2 and S3, density). No weight losses were detected during the sintering

respectively. The F+O bond distances and angles are given PrOC€SS.
in Table 2. The Rietveld fits of the neutron and X-ray data  Figure 3 shows a scanning electron microscopy (SEM)
are displayed in Figure 2. micrograph for the Tio sample; similar images were obtained
We have also carried out the joint Rietveld refinement of for all compositions. The microstructure is well-developed
the NPD and LXRPD data of the {ljsample in space group ~ With an average grain size close tq:6 and low porosity.
Pnam This fit is worse asRyN and RypX increase from No indications of liquid phase formation or phase segrega-
3.10 and 9.44% to 3.45 and 9.93%, respectively. The tions at the grain boundary were found in any of the studied
structural description ifP2,/n11 has also been tested. The Samples. Additionally, no contamination due to the ball-
unit cell parameters and the Rietveld disagreement factorsMilling process was detected in the sintered pellets.
are also given in Table 1. In this case, fRgp values are A representative impedance spectrum forolat 773 K
only slightly worse RypV = 3.27%, Ryp* = 9.91%) than is shown in Figure 4a; similar plots were obtained for all
those obtained in the monoclinic symmetry with the double compositions. A depressed broad arc is observed in the high-
unit cell axis along the Ti/GaO chains; see Table 1. frequency range which is likely due to the presence of both
However, the oxygen ordering pattern in the chains is very bulk and grain boundary contributions. The spike due to the
complex as previously demonstrated for similar materials by blocking electrode effect is clearly observed in the low-
high-resolution transmission electron microscépgo, the frequency range. Because it is inclined to Hhexis at~30°,
structural description reported here should be taken as anit is likely indicating a partial-blocking electrode response
average structure which likely contains short-range modula- that allows limited diffusion. At higher temperatures (above
tions in the oxygen distribution along the &&Ti*" chains. 823 K) the spike collapses to a semicircular arc, indicating
Finally, the LXRPD patterns for the T4 and Ti 7 samples that oxide ions are able to diffuse through the entire thickness
have been refined in the2,/n11 symmetry (see Table 1), of the electrolyte. In summary, the charge carriers seem to

but NPD data are needed to validate this point. be predominantly ion oxide, although complementary elec-
The insertion of oxygen into the vacant position, trochemical measurements as conductivity versus oxygen

0(10), and the partial emptying of O(5) in the partial pressure are needed to determine other contributions;
Lay(Ga—TixOrw201-x2)O2 series equalize the two different  see below.

distances initially present in the digallate groups and between A deeper insight into the electrical microstructure of the
them, respectively. So, the isolated tetrahedral digallate pellets can be obtained from the spectroscopic plots of the

groups present in L§Ga0-;)O, are converted to infinite
bipyramid chains in LiTi,0g)O,, with some interruptions
due to partial occupancy of both oxygens in4(Ga-

Ti;07d1050,. The Ga/Ti-O and Ti~O bond distance and

impedance imaginary parf'’, and the complex electric
modulus,M", versus lodf); see Figure 5. The maxima of
both curves are close-{l order of magnitude in frequency)
which seems to indicate that the impedance peak is associated

angle values, Table 2, are typical for these coordination with the same RC element responsible of the modulus peak;

environments.

however, the associated capacitances (5-2mF for M"
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Figure 3. SEM micrograph of the polished and thermally etched surface for a sintered pellei(&fa®i107 470.5)O, composition.
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Figure 4. (a) Complex impedance plane plot ford&a oTi1.007.9490.5)02
at 773 K in air. The full line is the data fit using the equivalent circuit
described in the text. The contribution of each element is also shown
separately as a dashed line. (b) Arrhenius plots obldor Las(Ga0701)-

O, (down triangle), La(Ga 7Tio 30719308902 (circle), La(Gay oTi1.0074705)-
O, (square), La(Gay 3Ti1.707.8970.15O02 (up triangle) in air, and logy,) for
Las(Gay oTi1.007.970.5)O2 (solid square) in air.
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and 8.9 pFcm™ for Z'') are somewhat larger than those
expected for a homogeneous bulk value3(pFcm is
expected assuming a typical high-frequency permittivity
of 10—20). Furthermore, the Mpeak shows a shoulder at
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Figure 5. Spectroscopic plots of-Z"' andM" versus logf) at 773 K for
Las(GaTi1O79dJ05)O2. The inset shows the real part of the complex
capacitance vs frequency at the same temperature.

blocking electrode effect can be observed, and at higher
frequencies, the curves show a clear relaxation frefh
pF-cm™! toward lower values in the pF range as frequency
increases. The relaxation8 pFcm™2, is attributed to a very
thick grain boundary or constriction resistance at the region
of grain—grain contacts. This component dominates Zhe
spectrum and represents the major part of the total pellet
resistance of the sampleRy].

The total pellet conductivity was obtained from the
intercept of the spike (high-frequency end) and/or the broad
arc (low-frequency end) on th& axis. These values of

high frequencies that corresponds to a more conductive conductivity were plotted in a traditional Arrhenius format

element. This relaxation is not well-defined at lower tem-

in Figure 4b. A plot of logo versus 10007 should give a

peratures. To further examine this point, we have plotted straight line of slope—EJ/k if the activation energ\E, is
the real part of the complex capacitance as a function of temperature-independent and only one conduction mecha-

frequency (inset of Figure 5). At low frequencies, the

nism takes place. The Arrhenius plots clearly show two
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Figure 6. Total conductivities at 873 K under air and wet 5%-tAr to _the bulk, gram bogndary, and .eIECtrOde rESponses'. where
(bottom) and at 1123 K under air (top) for all compositions. The dotted R iS the resistance in parallel with the pseudocapacitance,
lines are guide to the eyes. Q, which is related to the angular relaxation frequemgy

and capacitancg; as follows:w; = (RC) ™ = (RQ;)/m; 32
These parameters have been determined in the-6033

K temperature range where the bulk response is detectable.
The calculated spectrum at 773 K is shown (solid line) in

regions with different activation energies. Belovd50 K,
the Arrhenius plots for all studied compositions fall on a set

of approximately parallel lines with activation energies _. !
. Figure 4a as an example of the goodness of the fits. These
ranging between 0.70 and 0.72 eV. Abov@50 K, the calculations gave the bulk conductivities which are also

activation energies increase, ranging betw_een 1.60 and 1.62plotted in the Figure 4b (solid squares) for Fcomposition.
eV, except for the L‘iGaQOﬂl)Oz_ sample Wh'ch has alower  ag it can be seen, there is not a typical Arrhenius behavior,
value, ~1.01 eV. Some possible explanations for these \ynich is another indication of a mixed conduction mecha-

changes in the activation energy values are (i) a phasenjsm, |t is also observed that the bulk conductivity is much
transition, but this is ruled out by the HT-NPD study for pigher than the total one, indicating the negative effects of
Las(GaTii07d305)Oz; (ii) an enhancement of the grain the |arge grain boundary contribution on the total conductiv-
boundary conductivity at high temperature, although this is ity. To clarify the electrical behavior, the samples were
not expected because, in general, the grain boundaryfurther studied under different atmospheres.

resistance is small at high temperatures compared to that of (a) Mixed lonic (Oxide-Proton) Conductiity. Before

the bulk; and (jii) finally, a change in the dominant charge further characterization, the samples were heated at 1273 K,
carriers with the temperature. Moreover, it should be noted slowly cooled at 473 K, and held at this temperature for
that the values of activation energies at low temperaturesseveral hours under air. The IR spectra for theyBample

are somewhat lower than those expected for a pure ion oxideobtained after this treatment (not shown) present a weak
conductor (normally between 0.8 and 1.2 eV) which may absorption band at 3500 ctcharacteristic of the ©H

also suggest a change in the conduction mechanism. stretching vibration.

Four representative cuspidine samples were studied by
thermal analysis to characterize the possible incorporation
of water. The TG curves for the L@&a0/,)O, and La-
(Ti,0g)O, samples, taken under dry air flow, are shown in
Figure 7, and they do not show any weight loss on heating.
Conversely, very slight weight increasing (close to 0.2%) is
observed on heating, and this is likely due to very minor
oxidation of the samples with the concomitant oxygen uptake.
This change is reversible as the oxygen is released on
cooling; see Figure 7. These small mass changes are not due

The variation of total conductivity with Ti content (at 873
and 1123 K) under static air is given in Figure 6. These
values increase slightly with Ti content, reaching a maximum
for the Th 3 composition. However, higher titanium contents
produce a decrease in the total conductivity as the oxygen
vacant concentration is reduced in the structure. The total
conductivity values at 1123 K were 9.80 10°%, 2.06 x
1075 3.75x 1075 5.44x 10°° 6.50x 1075 5.14x 1075,
and 2.79x 1075 S-cm for the To.o Tio, Tio7, Tivg Tiva
Tii7 and Tho compositions, respectively.

To separate the bulk and grain boundary contributions, (31) Johnson, DZView Version 2.16; software program for IES analysis;

; ; Scribner Associates, Inc.: Southern Pines, NC, 2002.
complex impedance spectra were analyzed by a nonllnear(32) Marrero-Lgez, D.; Canales-Vazquez, J.; Ruiz Morales, J. C.; Irvine,

least-squares fitting method, using equivalent circuits with J. T. S.; Niez, P.Electrochim. Acta&2005 50, 4385.
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to an improper correction of the baseline. The overall mass 500.0
variation of the baseline measured with a standard was
0.03%. This study shows that the end members of the
reported series do not contain water.

The TG curves for two Tip, samples, recorded under dry , —
air flow, are also shown in Figure 7. The as-prepareg, Ti 0.0 500.0 1000.0
sample was used in the NPD study, and it was not vibratory Z'(ke-cm)
ball milled. The second sample, Fimilled, was vibratory 1200 900 T(K) 600

873K a)

dry 5% H,/Ar
'y _-wet Ar

-Z""(kQ-cm)

ball milled to obtain a dense pellet by decreasing the average o wet HUAr b)
particle size. The displayed curves show that superimposed 404 n drijAr
to a small weight increase on heating, also likely due to — 2 wetAr
oxygen uptake, there are large weight losses for both samples. e 50 v dryAr
The TG curve for as-prepared; hishows a weight loss that (j)’
takes place in two steps centered close to 600 and 950 K. ~ 6.0
The overall mass lost is close to 0.38%. This number has S
o 70

been obtained by taking into account the mass gain due to
the oxygen uptake. During the cooling process, the initial
i i oL—— . . . .
state is noj[ recovered. The welght loss can b_e _due to water 08 10 12 14 16 18
absorbed in the sample, which is characteristic of proton 1000/T (K™
conductors. The initial _state is not _reach_ed |n_the TG curve Figure 8. (2) Complex impedance plane plots fori(@aTi:Or <T0g)O0s
because the sample is fluxed with dried air. Under the at 873 K and under different atmospheres. (b) Arrhenius plots ob49g(
reasonable assumption that the full weight loss, 0.38%, is for the same sample and atmospheres.
due to water release, the overall water content of this samplevibratory milled Tio sample (overall chemical formula:

must be close t0 LfGaTi0r I1o5)00.17HO. | o (o5 Ti 0 1) )0,-0.37H0) werea = 7.9694(2) A.b
On the other hand, the TG curve for vibratory milled Ji ~ _ 1 1217(4) Ac = 11.8063(9) A8 = 109.73(1}, andV
shows a continuous weight loss up to 1000 K. T_he overall _ 984.99(7) R. :I'his study shows that the unit céll volume
Bnggﬁ/lo;sth_correctei\ld fromlthe _oxzj/gerl uptatke, 'T Closethtoexpands 0.09% when the water content increases from
OV IS overall mass 0SS IS dué 1o waler release, eO.l?I—bO to 0.37HO per chemical formula. Hence, we can

\_}Vla:)er contgng gf7thg ;ample trr]nust tbe th)slf tQ‘(anl . establish that part of the water is absorbed in the crystalline
1107.490.590,-0.37H0. Hence, the water uptake is intrinsic phase. However, from this study we cannot conclude that

of T|—do_ped cuspldln_es but the amount of water/protons that all uptaken water is retained into the structure and a fraction
can .be mcprporated Into thg ma_tenals depends on the averag?nay be adsorbed at the grain boundaries. Further charac-
particle size. Samples with higher surfaces uptake MOr€ tarization is planned to address this point. Finally, we have
water. . e ) ) ) attempted to locate the extra protons (which have negative
The main reactioft* for water uptake in oxides is scattering in neutron diffraction) by difference Fourier maps
« N of the RT NPD pattern for the as-prepared gisample. All
Ve + H,0— G, + 2H tests in theP12,/c1 andP2,/n11 space groups were fruitless.
So, taking into account that the estimated proton concentra-
where \4 is a vacant site and {Os an oxygen site in the  tion and that 0.17kD per chemical formula would give a
crystal lattice, using the Kger—Vink notation® very small but measurable contribution to the overall neutron
The maximum water uptake according to this would be scattering, we conclude that part of the protons are sorbed
one water molecule per oxygen vacancy in the cuspidine in a disordered way.
material. However, water can also be uptaken at the grain The water content in the T¢ samples and the anomalous
boundaries and defects. To investigate this point, we carriedelectrical behavior suggest a possible proton conductivity
out high-resolution powder diffraction study of these two mechanism contribution to the total conductivity which was
Tizo samples with different water contents. further studied. High-temperature proton conductivity has
The strictly monochromatic patterns, recorded as describedbeen reported many times. For example, complex oxides with
in the experimental section, were analyzed by the Rietveld perovskite structure, such as BaGdiased materiaté and
method to extract the unit cell parameters. All atomic SrzZrG;3" present proton conductivity in a humidified
parameters were kept fixed to the values obtained in the NPDatmosphere. Hence, an impedance spectroscopy study under
study. The refined unit cell parameters obtained for the as- different atmospheres was carried out. Figure 8a shows the

prepared Tio sample (overall chemical formula: k&a- impedance spectra at 873 K for the;disample under
Ti1074705)0,:0.17H0) were a = 7.9656(1) A, b = constant flow of dry Ar, wet Ar, dry 5% k+Ar, and wet
11.1137(2) Ac=11.8090(6) AB = 109.718(6), andV = 5% H,—Ar atmospheres. It is obvious from this figure that

984.13(4) R. The unit cell parameters obtained for the the sample has the highest conductivity under wet 5% H

(33) Bouwmeester, H. J. M.; Gelling P. The CRC Handbook of Solid (36) Ilwahara, H.; Uchida, H.; Ono, K.; Ogaki, K. Electrochem. Soc.
State ElectrochemistryCRC Press: Boca Ratp1997. 1988 135529.

(34) Norby, T.Solid State lonic4999 125 1. (37) Yamija, T.; Susuki, H.; Yogo, T.; lwahara, Bolid State lonic4992

(35) Kroger, F. A.; Vink, H. J.Solid State Physic£956 3, 307. 51, 101.
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Figure 9. (a) Overall conductivity at 1173 K as a function of oxygen partial pressure ffGlagli;07 §10.5)O2; (b) dependence of the ion oxide transference
number t,, for the same sample under oxidizing,(@r gradient) and reducing (dry and wet 5%-HAr/air gradient) atmospheres. The inset in part b shows
the thermal dependence of overall ionic resistariR, (olarization resistancef), and electronic resistanc&g under oxidizing conditions.

Ar and the lowest conductivity under dry Ar. The Arrhenius is observed which is predominantly due to oxide ion
plots of the total conductivity are shown in Figure 8b. Total conductivity.
conductivity increases under humidified atmospheres in the (b) Mixed lonic-Electronic Conductiity. The ionic
low-temperature range up to 950 K, and almost no conduc- conductivity for a pure ionic conductor is independent of
tivity enhancement is observed above this temperature wherethe oxygen partial pressure in a wide range(@.) values.
all data coalesce in the same line. However, the conductivity increases for a mixed ienic
The impedance results are in very good agreement with electronic conductor g%0O,) increases or decreases, depend-
the TG results, where there are no mass losses above 1006hg on the predominant electronic contribution (p- and n-type,
K. Hence, above~950 K, the proton conductivity is respectively). The conductivity data for;biat 1173 K as a
negligible (being mainly oxide conductivity, see below), but function of p(O,) are shown in Figure 9a. The conductivity
at lower temperatures its contribution to the overall conduc- increases slightly as th#O,) decreases. It indicates a small
tivity is significant and depends on the nature of the n-type contribution under reducing conditions and at high
atmosphere. At high temperature (i.e., abe¥@50 K), the temperature. This temperature was selected because the
activation energy is 1.65 eV which is typical of oxide proton conductivity contribution is negligible.
conductors. In the low-temperature region (i.e., bete®50 The dependence of oxide ion transport numhgrunder
K), the activation energy in dry Ar is 0.74 eV and decreases oxidizing (O./air gradient) and reducing (dry and wet 5%
to 0.68 eV in wet 5% kA, indicating that the contribution  H,—Ar/air gradient) conditions as a function of temperature
of the proton conductivity is higher in wet atmospheres, as is shown in Figure 9b. As it can be observed, the variations
expected. A small electronic contribution in this regime of t, in O/air gradient show a slight decreasing from 0.99
cannot be ruled out, and further electrochemical characteriza-at 973 K to 0.95 at 1173 K. This behavior can be ascribed
tion is needed to establish this point. to a small p-type contribution which is associated to oxygen
Therefore, the curvatures in the Arrhenius plots, Figure absorption from the air by the sample, according to the
4b, are explained as a consequence of the change in théollowing electrochemical reaction:
conduction mechanism from mixed ionic (proton and oxide)
below ~950 K toa predomlnantly 0>.<|de aboye that tem- 102+ V< O+ 2H
perature. Following this study for the kisample, impedance 2
data were also collected at 873 K in a wet 5%/Ad
atmosphere for all compositions; see Figure 6. The total where \4 is a vacant site, Dis an oxygen site in the lattice,
conductivity values increase with Ti content in the same way and H is a hole, in the Krger—Vink notation3 The p-type
under air. However, the end compositions; dind Th,, do contribution in these samples is in agreement with the TG
not present significant conductivity enhancement under a wetresults, although the study of electronic conductivity as a
atmosphere. This is in agreement with the TG results where functionp(O.) under oxidizing conditions, for example, using
mass losses, associated to adsorbed water, were not observed.faradic efficiency technique, is necessary to confirm this
Hence, proton conductivity takes place only for mixed-Ga  point.
Ti samples with a maximum of proton conductivity for Furthermore, in dry 5% kt+Ar, thet, values also decrease
Lay(Gay 7Ti1.507.6470.359 0. Furthermore, the non-Arrhenius-  with increasing temperature. This behavior is related to a
type behavior of the bulk conductivities at low temperatures small n-type contribution, previously observed in {{©.)
shown in Figure 4b can now be justified. As the temperature measurements, and likely due to a minot*Tieduction. In
increases above 750 K, water starts to be released and théact, the sample after this treatment became pale pinkish.
contribution of proton conductivity, to the overall electrical On the other hand, thig values decrease sharply below
response, diminishes. Above 900 K, the role of the proton 950 K under wet 5% bkAr/air gradient. This feature is
conductivity is negligible and an Arrhenius-type behavior ascribed to the appearance of a proton contribution to the
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overall conductivity at low temperature, as previously mum for La(Ga 7Ti1.507.6470.3502. Above 1000 K, the oxide
demonstrated. An example of the thermal dependenBg, of ion transport numbers range between 0.99 and 0.93. The
R,, andRe is given in the inset of Figure 9b in the@ir electrochemical analysis shows small p- and n-type electronic
gradient. The polarization resistance has the same order oftontributions which have been measured.

magnitude as the electronic one in the studied temperature
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Conclusions

Lasy(Ga—xTixO74+x201-x2)02 compounds with cuspidine Supporting Information Available: Positional parameters for
structure are oxide conductors at high temperature asl@u(Ti20s)O; and La(GaTiiO74005)O, under various conditions

previously reported for related materiafs!® However, (PDF) as well as crystallographic data (CIF). This material is
below ~950 K, in addition to the oxide conductivity, the available free of charge via the Internet at http://pubs.acs.org.

contribution of proton conductivity is significant and maxi- CM051117V



