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Abstract—The effects of the nominal composition and synthesis conditions on the lithium nonstoichiometry
Of Laz/3 _ XLi3XD4/3 _ ZXNb206 (I) and Laz/3 _ XLi3XD4/3 _ ZXTazo(, (I I) SO| | d %I Ut' onsare ﬁudl ed The I‘eSU|tS dan'
onstrate that lithium losses can be reduced from 26-30 to 14-15 mol % in system | and from 15to 4 mol % in
system 1. It is shown that the disturbance of electroneutrality caused by Li nonstoichiometry in the solid solu-
tionsis eliminated viathe formation of oxygen vacanciesin positions O(1) (1f: 1/2 1/20) and O(2) (1h: 1/2 1/2
1/2) of the cation-deficient perovskite structure. The optimal lithium ion conductivity is offered by solid solu-

tionswith 0O/3x = 2.6 and x = 0.136-0.143.

INTRODUCTION

Partial  replacement of La* by 3Li* in
La,;0,,5TiOs, first proposed in [1], has recently
received considerable attention, motivated by the
search for new cation conductors [2-8]. Of particular
interest are La,;_,Lis045_ M0 (M = Nb, Ta)
A-site deficient perovskites [4—7], whaose structure is
shown schematically in Fig. 1. The presence of vacan-
cies and tetragonal channels in the structure of
La,; _,Lisdss_2M,06 (M = Nb, Ta) [9] is favorable
for ionic transport. According to Emery et al. [2], sin-
tering of (Lay;_,Lis05_20TiO; may cause lithium
losses up to 30%. Mirumoto and Hayashi [4] reported
that sintering of La,; _,Li3Ta,04 Samples embedded in
powder of nominal composition was accompanied by
lithium losses of 8%. At the same time, in most studies
of these solid-solution systems the results were inter-
preted with no alowancefor lithium losses. A literature
search revealed no works aimed at identifying the fac-
torsinfluencing the Li loss during the synthesis of lith-
ium ion conducting cation-deficient perovskites and the
process steps in which the largest lithium losses occur.
Clearly, thelack of such datais aseriousimpediment to
controlled synthesis of the materials in question.

The objective of thiswork wasto investigate the effect
of synthesis conditions on the lithium nonstoichiometry
and transport properties of La,;_,Lisy5_20NbyOg (1)
and La,; _,Lis, 043 _2cTa,06 (11) perovskite solid solu-
tions and to find ways of reducing lithium losses.

EXPERIMENTAL

La,;_yLisOy3 - 2xM,04 Samples with x = 0.17-0.42
were prepared by solid-state reactions (SRs), as
described previously [10-12], using LO-1 La,05 and
extrapure-grade Nb,Og, Ta,Og, and Li,CO; as starting
chemicals. La, sLi,sM,0¢ (X = 0.17) samples were also
prepared via hydroxide coprecipitation (HC) and by
topotactic reactions (TRs), using presynthesized
LiNbO;, LiNb;Og, and LaNbO, [13]. Lanthanum and
niobium (tantalum) hydroxides were coprecipitated by
adding a 25% aqueous sol ution of NH,OH to amixture
of ethanolic solutions of La(NO;); and MCl; at pH 9.
The reaction was left standing for 24 h. Next, the pre-
cipitate was washed and, after adding an appropriate
amount of aqueous LiOH, the solution was boiled down
on a sand bath. The subsequent steps were similar to
thosein SRs[10-12].

Prior to the synthesis of samples | with x = 0.17 by
TRs, we prepared LiNbO;, LiNb;Og, and LaNbO, by
firing stoichiometric oxide—carbonate mixtures at 1220
(2 h), 1220 (2 h), and 1420 K (1 h), respectively.
LaNbO, + LiNbO; + Nb,Os and LaNbO, + LiNb;Og
mixtures were reacted at 1320 K for 1.5 h, and the
resultant powders were pressed and then sintered at
1480 K.

X-ray diffraction (XRD) measurements were made
on a DRON-4-07 powder diffractometer (CuK, radia-
tion, 26 = 10°-150°, step-scan mode with a step size of
A26 =0.02° and a counting time per data point of 10 s).
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Fig. 1. Structure of the cation-deficient perovskites
La2/3EI4/3M206 (M = Nb, Ta) La(lal 00 0), Nb (2t 1/21/2
2), O(1) (1f: 1/2 1/20), O(2) (1h: 1/2 1/2 1/2), O(3) (2s: 1/2
02),0(4) (2r: 0 1/2 2), vacancies (1¢: 0 0 1/2).

e O

As external standards, we used SiO, and Al,O5; (NIST
SRM 1976 standard [14]). Structural parameters were
refined by the Rietveld profile analysismethod. Electrica
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Fig. 2. Lithium distribution (molar percent relative to the
nominal composition Lag sLigsNb,Og) in the height direc-

tion of asintered sample.

conductivity was measured as described elsawhere [12]
with an accuracy of £15-20%. The lithium content of
the samples was determined by atomic absorption on a
Pye Unicam SP9 spectrophotometer, using an air—acet-
ylene flame. The detection limit was 0.02 mg/l. Poly-
crystalline samples for atomic absorption analyses
were dissolved as described in [15].

RESULTS AND DISCUSSION

According to earlier studies[10-12], the solid-solu-
tion rangesin systems| and Il are x = 0-0.25. Table 1
summarizes the atomic absorption data for systems |

Table 1. Atomic absorption data La,; _ Liz [y3 MO samples prepared by SRs (Li content as a function of nominal

composition)
§ | Nomna composiion
(% 3x X O 3X Li losses, mol % 3Xx Li losses, mol %
1| 032 | 0.106 112 0.21 (0.22-0.20) 37 (38-36) - -
2| 038 | 0126 1.08 - - 0.30(0.31-0.29) 21 (19-23)
3| 050 | 0.166 1.00 0.37 (0.40-0.34) 26 (20-32) 0.42 (0.44-0.40) 15 (12-18)
4 Powder*
0.50 ‘ 0.166 1.00 0.40 (0.42-0.38) 20 (15-25)
5 Compact*
050 | 0.166 1.00 0.39 (0.42-0.36) 21 (15-27)
6| 0.62 | 0.206 0.92 - - 0.56 (0.57-0.55) 12 (11-13)
7| 074 | 0.246 0.84 0.56 (0.57-0.55) 24 (23-25) 0.68 (0.69-0.67) 11 (9-13)

Note: Figuresin parentheses indicate the scatter in 3x.
* Li content was determined after firing at 1320 K.

INORGANIC MATERIALS Vol. 40 No. 8 2004



EFFECT OF SYNTHESIS CONDITIONS ON THE LITHIUM NONSTOICHIOMETRY 869

S

A

10 15 20

20, deg

Fig. 3. XRD patterns from Lag sLig sNb,Og samples annealed at 1320 K for 2 h: (1) powder, (2) compact; A = cation-deficient per-

OVSkite, B= LleOg, C= LiNb308, D= LaNbO4, E= Nb205.
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Fig. 4. Portions of the XRD patterns from LaggLigsNbo,Og calcined at 1420 K for (1) 5, (2) 15, (3) 30, (4) 60, (5) 240, and
(6) 300 min; A = perovskite, B = LiNbO3, C = LiNb3Og, D = LaNbO,.

and II: Li content as afunction of nominal composition
within the solid-solution range. In systems | and |1, the
lithium losses decrease with increasing nominal lithium
content (3x), presumably because the Li* mobility
decreases with decreasing vacancy concentration. Fig-

INORGANIC MATERIALS Vol. 40 No. 8 2004

ure 2 illustrates the Li distribution in the height direc-
tion for a sintered pellet. The lithium lossis 18 mol %
in the center part of the pellet and 2526 mol % in the
surface layers. According to earlier results [13, 16],
heat treatment of La,0O; + Li,CO; + M,O5 mixtures
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Table 2. Effect of synthesis conditions on the lithium content of Lays _4Lig, (045 _ 5yMOg ceramics with x = 0.17

. % Synthesis conditions 0, aflt_eir(;?;lttgrri]tng Li losses,
9 |5 g/cm? mol %
g (% Precursor mixture Tam K T h| T K [Tgne D 3x
SR 1]0.25La,05-0.25Li,CO;—Nb,O5 1320 2 1490 1 5.07 | 0.37 (0.40-0.34) 26
2 0.25L.8,05-0.25Li,CO5~Ta,05 1320 2 1770 | 1 | 7.35 |042(0.44-041)| 15
3| 0.25L 8,05-0.29Li,CO5-Nb,05 1320 2 1480 | 1 | 527 |0.33(0.36-0.30) | 42, 34*
410.25L8,05-0.33Li,COz—Nb,O5 1320 2 1460 1 5.14 | 0.37(0.40-0.34) | 44, 26*
5| 0.25L8,05-0.36Li,CO5+Nb,Os 1320 2 1450 | 1 | 5.07 |0.39(0.42-0.36) | 46, 22*
6 |0.25L8,05-0.25Li,COs-Nb,Os  |970+1320{4+ 1.5 1490 | 1 | 521 |0.42(046-0.38)| 15
TR 7| 0.5LaNbO,—0.5LiNbO5;—0.5Nb,O5 1320 15 |1480-1490| 1 4.98 | 0.44 (0.46-0.42) 11
8|0.5LaNbO,—0.5LiNb;Oq 1320 15 (1480-1490, 1 5.19 | 0.43(0.44-0.42) 14
HC | 9]|0.5La(OH);-0.5LiOH-2Nb(OH)s 1320 15 1450 1 4.97 | 0.37 (0.38-0.36) 26
10 | 0.5La(OH)5—0.5LiOH-2Ta(OH)s | 1320 15| 1670 | 1 | 7.43 | 0.48(0.49-0.47) 4

Note: Tann, Tanns Tsint: @Nd Tt are the annealing and sintering temperatures and durations; figuresin parentheses indicate the scatter in 3x.

* Losses relative to the nominal composition.

may give rise to hydrolytic decomposition of carbon-
ates owing to alternating cycles of high-temperature
hydrolysis and the thermal dehydration of the resulting
hydroxides. Clearly, the presence of H,O vapor and
CO, during Li,CO; thermolysiswill favor Li,O volatil-
ization, most likely, in the form of LiOH [17]. Thelith-
ium losses from the x = 0.17 sample of system | after
annealing (in both powder and compact forms) con-
stitute 75-80% of the total lithium loss (Table 1, sam-
ples 3-5). The choice of the annealing temperature and
duration (1320 K, 2 h) was dictated by the conditions
under which the fraction of the perovskite phase was at
least 60—70%. Figure 3 shows the XRD patterns of
samples| (x=0.17) after annealing in the form of pow-
der (scan 1) and a compact (scan 2). The yield of the
perovskite phase evaluated from the XRD datais =65
and 80%, respectively, and thelithium losses are 20 and
21% (Table 1). Figure 4 displays the XRD patterns of
sample | (x = 0.17) calcined at 1420 K for various
lengths of time, and Fig. 5 shows the time and compo-
sition dependences of the perovskite cell volume. Inthe
range 560 min (Fig. 5a), the unit-cell volume
decreases since the lithium content of the forming per-
ovskite phaserises. In contrast, at T = 240-300 min the
unit-cell volume grows because of the lithium losses
(Fig. 5a). At asufficiently long heat-treatment time, the
lithium losses from the single-phase sample (Fig. 4,

scan 5) lead to the formation of LiNbO; (scan 6).
According to Carrutherset al. [ 18], even long-term heat
treatment of LiNbO; causes neither weight loss not
changes in Curie temperature (which is known to be
rather sensitiveto Li stoichiometry [19]), whichimplies
that there are no lithium losses. The present results lead
us to conclude that lithium losses may result not only
from Li,CO; thermolysis but also—and, possibly, to a
greater extent—from compositional changesin the per-
ovskite phase. Clearly, the lithium loss during Li,CO;
thermolysis can be reduced by ensuring milder condi-
tions for the formation of the intermediate Li-contain-
ing phases LiMO; and LiM3;O4 [13, 16], which loose
less Li [18] in comparison with Li,O, subliming in the
presence of H,O and CO, [17]. Such conditions can be
achieved using the following precursors:

(1) LiOH and coprecipitated La(OH); and M(OH)s;

(2) presynthesized LaMQ,, LiMO;3, and/or LiM ;04
(M =Nb, Ta);

(3 LaOLi,CO;-M,05 (two-step annealing
ensuring the formation of LiMO; and LiM;Og at alow
temperature (=970 K) [13, 16] and the formation of the
perovskite phase (at |east 60%) at 1320 K).

The lithium loss from the Li-containing perovskite

can be partially compensated for by adding an excess of
Li into the starting mixture or by sintering samples

INORGANIC MATERIALS Vol. 40 No. 8 2004
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Fig. 5. Unit-cell volume of the cation-deficient perovskite
phase as a function of (a) heat-treatment time and (b) lith-

ium content for a sample

of nominal composition

LagsLigsNb,Og; (1) preset excess of Li, (2) different pre-

cursors (see Table 2).
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packed with fired powder of the same composition [4].
The latter approach, however, requires increased
amounts of expensive raw materials and does not fully
prevents lithium losses [4].

Table 2 illustrates the effect of synthesis conditions
on the lithium content of ceramics | and Il with the
nominal composition x = 0.17. The actual Li content of
the ceramics correlates well with the composition
dependence of the perovskite cell volume for a number
of samples containing excess lithium (Fig. 5b, curve 1;
Table 2, samples 3-5; Li excesses of 15, 33, and 45%,
respectively) and prepared from different precursors
(Fig. 5b, curve 2; Table 2, samples 6-8). It followsfrom
the data in Table 2 that the presence of excess Li does
not reduce Li losses as compared to conventional SRs.
The HC process reduces lithium losses (by a factor
of 4) only in system Il (Table 2, samples 1, 2, 9, 10).
TRs (0.5LaNbO,~0.5LiNbO;-0.5Nb,O5 precursor)
reduce Li lossesto 11 mol %, but the resulting ceramics
are brittle and have alow density (sample 7). The lith-
ium |l osses can be reduced to 14—15 mol %, while main-
taining a high density of the ceramic (5.2 g/cm?® against
px = 5.25 g/cmd), using two-step SRs (0.25La,04—
0.25Li,CO4-Nb,Os) or TRs (0.5LaNbO,—0.5LiNb;Og
precursor) (Table 2, samples 6, 8).

ThelLi lossdatafor systems| and Il (x=0.17) dem-
onstrate that, in system 11, the Li losses from the sam-
ples prepared by SRs and HC are lower by a factor of
1.7-2 and 6, respectively, than those from the corre-
sponding samples in system | (Table 1, samples 3, 7;
Table 2, samples 9, 10). Since the Ty, in system Il is
250-300 K higher than that in system | [12], one might

-0.75

-1.75

=2.75%

Fig. 6. Temperature dependences of conductivity for samples of nominal composition Lag sLigsNb,Og synthesized by different
procedures (different lithium contents of the samples); the numbers at the curves identify the samples as referenced in Table 2.
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Fig. 7. Composition dependence of the activation energy for

ionic conduction in samples of nominal composition
LagsLigsNb,Og synthesized by different procedures (see

Fig. 6 and Table 2).
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expect the opposite relationship. The likely reason for
this behavior is that solid solutionsin systems | and |1
are formed by different mechanisms[13, 16].

Table 3. Structural parameters of LagsgLig 3,Nb,Og in three
models

Model A B com g)(z)
L attice parameters
a A 3.906(1) 3.905(3) 3.9048(1)
b, A 3.906(1) 3.907(3) 3.9082(1)
c, A 7.8783(2) 7.8786(2) 7.8791(2)
v, A3 120.21(6) 120.22(9) 120.239(6)
Positional parameter z
Nb 0.2598(2) 0.2596(2) 0.2599(2)
O(3) or 0.233(1) 0.233(1) 0.232(1)
0(4)
Site occupancy
La 0.56 0.602 0.580(4)
Li 0.320 0.193 0.193
Nb 2.000 2.000 2.000
0(1) 1.000 1.000 0.93(6)
0(2) 1.000 1.000 0.91(6)
03 2.000 2.000 2.000
0O(4) 2.000 2.000 2.000
Reliability factor
Ry, % 8.99 8.02 7.72
R, % 6.68 6.11 6.12

BELOUS et al.

The preparation of solid solutions in systems | and
Il by SRs involves the formation of the intermediate
phases LaNbO,, LiNbO;, and LiNb;Og [13],

LaNbO, + LiNb;Og 2225 21 aysLiosND,Og,

and La;TaO,, LaTaO,, LaTa;0,, LaTasO,,, LiTaO;,
and LiTa;04 [16]

LaTa0q + LiTaO 21K 21 a0 Lis, T3,0;,

respectively. During synthesisin system Il, the Li-free
perovskite-related phase LaTa;Oq is formed first and
then reactswith LiTaO; (in contrast to synthesesin sys-
tem |, where a Li-containing perovskite is formed in
one step), which seems to reduce Li volatilization
(Table 1, samples 3, 7). Using the HC processin sys-
tem |, we obtained, in addition to the above intermedi-
ate phases, La;NbO, and an X phase. The large number
of intermediate phases impedes the formation of the
perovskite phase, increasing the overall reaction time,
despite the high reactivity of the coprecipitated hydrox-
ides (Table 2, sample 9). In system |1, the mechanisms
underlying the formation of solid solutionsvia SRsand
HC are very similar. The high reactivity of the copre-
cipitated hydroxides substantially reducesthe onset and
endpoint temperatures of perovskite formation (by 250
and 100 K, respectively, compared to SRs) and lithium
losses (by afactor of 4) (Table 2, samples 5, 10).

Li nonstoichiometry disturbs electroneutrality in
La,;_Lisy3 -2 M,04. The excess negative charge is
neutralized via the formation of oxygen vacancies, as
confirmed by structure refinement using the Rietveld
profile analysis method for the sample with a nominal
composition of La, 5cLi, 3,Nb,0O¢ and an actual lithium
content 3x = 0.193 (Table 3). Astheinitial approxima-
tion, we used model A (nominal site occupancies). The
Li site occupancy in model B wasinferred from chem-
ical analysis data, and the La site occupancy was taken
to suit the electroneutrality condition. In the next step,
werefined the Laand O site occupancies (model C). In
the perovskite-related structure in question, oxygen sits
in four positions: O(1) (1f: 1/2 1/20), O(2) (1h: 1/2 1/2
1/2), O3) (2s: 1/2 0 2), and O(4) (2r: 0 1/2 2) (Fig. 1).
In connection with this, we tested several combinations
of site occupancies. The smallest R-factor was achieved
in model C, with oxygen vacancies in positions O(1)
and O(2). Thus, the oxygen vacancies sit in the same
layers as the cation vacancies and Li ions (Fig. 1, posi-
tions 1a, 1c).

Figure 6 showsthe temperature dependences of con-
ductivity for ceramics with a nominal composition of
LaysLiosNb,Og and different actual Li contents. These
datawere used to assessthe activation energy E, of con-
duction. The plot of E, versus 3x (Fig. 7) shows amin-
imum corresponding to 0O/3x = 2.6 and O/N = 1.2
(where N is the total number of A-site cations per for-
mula unit). Clearly, the optimal lithium ion conductiv-
ity is offered by La,; _,Lisy5 2 Nb,Og sOlid solutions

INORGANIC MATERIALS Vol. 40 No. 8 2004
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with 3x = 0.41-0.43 (£0.01 given the accuracy of
atomic absorption analysis), or x = 0.136-0.143, pre-
pared by two-step SRs (4 hat 970K + 1.5 hat 1320 K)
or TRswith the use of LaNbO, and LiNb;Og as precur-
sors (Table 2, samples 6, 8). These procedures appears
attractive for controlled synthesis of Li-containing lan-
thanum metaniobate.

CONCLUSIONS

We studied the effects of thenominal composition and
synthesis conditions on the lithium nonstoichiometry of
Lay; _,Lis s _2,Nb,Og (1) and Lay; -, Lis s _2xTa:0g
(I1) solid solutions. Our results demonstrate that, with
increasing Li content, the Li losses relative to the nom-
inal composition decrease. In solid-state synthesis, Li
volatilizes mainly during Li,CO; thermolysis in the
starting mixture and the formation of a Li-containing
cation-deficient perovskite phase. By optimizing the
process conditions, lithium losses can be reduced from
26-30 (SRs) to 14-15 mol % (TRs) in system | (x =
0.17) and from 15 (SRs) to 4 mol % (HC) in system I1.
TheLi losses from samples prepared by SRsand HC in
system |1 are lower by afactor of 1.7-2 and 6, respec-
tively, than those from the corresponding samples in
system |, which suggests that solid solutions in these
systems are formed by different mechanisms. Li nons-
toichiometry disturbselectroneutrality in the solid solu-
tions. The excess charge is neutralized via the forma-
tion of oxygen vacancies in positions O(1) (1f: 1/2 1/2
0) and O(2) (1h: 1/2 1/2 1/2). The optimal lithium ion
conductivity is offered by solid solutions with 0/3x =
2.6 and x = 0.136-0.143.
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