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The variations of the structural detail of layered perovskite-type oxides, Na;Ln,TizO1 (Ln=La, Nd, Sm, Gd), have
been refined by Rietveld analyses of their powder X-ray diffraction data. Although the c-axis strongly decreases from
Ln=La to Nd, Sm, or Gd, the length of Na-O bond along the c-axis that is regarded as the sodium layer spacing
is not dependent on the unit cell parameter. Such a behavior is explained by the fact that Na-O bond is in competition
with Ti-O one of the perovskite slab. Increased covalency of this Ti-O bond by the lattice contraction leads to weakening
of the attaching strength of Na ion. This picture is consistent with the experimental observation that Na ion conductivity
of NaLn,TizOy increases from Ln=La to Nd, Sm, or Gd despite strong contraction of the unit cell volume.

Introduction

A number of layered perovskite type oxides A’;[A,_iB,
03,+1], which are one of Ruddlesden-Popper family, are
" known.!"® They consist of perovskite slabs with multiple
stacked BOs octahedra which are separated by double layer
of A’ ions occupying the sodium position of rock-salt type.
High ionic conductivity of the similar layered compounds
with particularly Ti and/or Nb result in alkali ion exchange
reactions in molten salts including proton exchange in
aqueous acid, the intercalation reactions, and the interlayer
chemistry between . perovskite slabs.*™’

A series of layered perovskite with general formular A,
[Ln;Tiz0]J(A=Na, K, Rb; Ln=La, Nd, Sm, Gd, Dy) has
been synthesized by many authors® During our work, the
crystal structure of Na;La,;Tis0q0 and Na,Nd,Ti;0; have been
determined.'** Low ionic conductivity of Na,La,Ti;0: compa-
red with those of niobium analogues, NaLaNb,O; and NaCa,-
NaNb,013,> was discussed on the basis of the difference of
coordination around sodium ion. Comparing K;La;Tis01 and
Na;La,Ti30,9, the former allows spontaneous water intercala-
tion between the perovskite slabs while the latter is not rea-
ctive with water. Variable Bronsted acidities of proton ex-
changed similar layered perovskites are explained and cont-
rolled by the attaching strength of proton along the direction
perpendicular to the layer between the perovskite slabs.’®

If we consider three-dimensional perovskite type oxides
with vacant sites available for the mobile ions, their ionic
conductivities are strongly influenced by the size of unit cell
volume. The conductivity generally decreases with increasing
lattice contraction. Since their conduction channel is three-
dimensionally linked, the lattice contraction resulting from
the replacement of the larger ion by the smaller one leads
to a decrease of the bottleneck size. Similarly, the application
of external hydrostatic pressure also gives same effect. In
such a criterion, it is agreeablé:that lithium ion conductivities
in LnggLipsTiO; are lowered with decreasing the radii of lan-
thanide ions (from Ln=La to Pr, Nd, and Sm).* On the
other hand, the increase of sodium content in [(LagsLips)i—.
(LaosNays), ] TiO; lowers the ionic conductivity in spite of the
lattice expansion. This indicates that sodium ion does not
contribute to the ionic conductivity but decreases the availa-

ble space for the migration of the lithium ion.®

If sodium ions do not migrate through the perovskite lat-
tice as in LaysNagsTiOs sodium ion conductivity observed
in NapLa,Ti;0y containing central LaTiO; slab would be in-
duced by the migration of sodium ion only through the so-
dium layer. The ionic conductivity will not be influenced
by the contraction of perovskite slab giving rise to the dec-
rease of unit cell volume. However, we observed considera-
ble change of sodium ion conductivity when La is replaced
by Nd, Sm, or Gd in Na,Ln,Ti304. In this work, the crystal
structures of Na,Ln,TisO(Ln=La, Nd, Sm, and Gd) series
have been refined by Rietveld analysis of their powder X-
ray diffraction data to compare the lengths of Na-O and Ti-
O bond perpendicular to the ¢-axis. On the basis of structural
details, the variation of sodium ion conductivity are correla-
ted to that of the covalency of Na-O bond.

Experimental

At first, the preparations of title compounds were tried
by the ion-exchange of K.;Ln,Ti30:((Ln=La, Nd, Sm, and Gd)
in molten NaNO; according to the literature® Since the pro-
ducts were not well crystallized and contained considerable
amounts of unidentifiable impurity phases, however, Nag;Ln;
TisOw(Ln=La, Nd, Sm, and Gd) discussed in this report
were prepared by conventional solid state reactions. The
stoichiometric amounts of Ln;O; and TiO, (anatase) and 20%
excess of Na,CO; were mixed, slowly heated up to 800 T
(1 C/min.), and kept constant for 12 hours in air. Ln,0; was
preheated at 900 C for 12 hours, cooled to room tempera-
ture, and directly weighed. The resulting powder was ground
after the addition of 20% excess of Na;COs, heated at 1050
T for 2 days with two intermittent grindings, and cooled
in the furnace. 20% excess of Na,CO; was added on every
grinding to compensate the loss of volatile sodium compo-
nent. After the reaction, the products were washed with dis-
tilled water and dried at 110 C. For the specimens to mea-
sure ionic conductivity, the well dried products were pressed
into the pellets and heated at 1100 C for 5 hours.

The sodium contents in the final products were determi-
ned by inductively coupled plasma (ICP) method using
BAIRD ICP 2070 instrument. The obtained molar ratios of
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Table 1. Sedium contents in Na,Ln,Ti;0y determined by
ICcp

compounds molar ratio of sodium per formular
NazLazTi301o 1.99(1)
NaszzTi3010 1.98(1)
NaZszTisOm 199(2)
NazGdzTiaolo 199(1)

sodium per formular unit have confirmed the stoichiometric
formation of Na;Ln,Ti;0s within experimental errors (Table
1).

The thermogravimetric analysis (TGA) and differential
thermal analysis (DTA) were carried out from room tempe-
rature to 1500 K (5 K/min heating rate) under the air using
TG/DTA 320 Seico Instruments Inc.

Powder X-ray diffraction data for Rietveld refinements
were recorded on a rotating anode installed M18XHF MAC
Science diffractometer using Cu Ka radiation monochromati-
zed by the curved graphite. The data were collected with
a step-scan procedure in the range 20=20° to 120° with
counts for a second at 0.02° intervals. The fitting of reflection
positions and intensities were carried out using Rietveld
analysis program RIETAN (Macintosh version).’

Sodium ion conductivities of Na,Ln,Ti;05 were measured
on a Au pasted pellet by a complex impedance technique
between 5 Hz and 13 MHz using a HP4192A impedance
analyser in the temperature range of 300-1000 K.

Rerults and Discussion

Structure. The crystal structure of Na,Ln,TizO:(Ln=
La, Nd, Sm, and Gd) were refined using initial atomic posi-
tions (space group I4/mmm) proposed by Ruddlesden and
Popper.! Such refinements with the correction of the prefer-
red orientation factor' gave relatively good fit with agreeable
reliability factors as shown in Table 2. The observed, calcula-
ted, and difference profiles for one (NayLa,TizOy) of title
compounds are plotted in Figure 1 and the refined structure
parameters are listed in Table 3. In this table, very large
isotropic thermal parameters for oxygen atoms are observed.
As indicated by others,*" the formation of NaLnTiO, or Nay;
LnysTiOs as impurity phases would result in highly scattered
isotropic thermal parameters. Indeed we have observed small
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Figure 1. Calculated (solid line), experimental (dots), and  diffe-

. rence (solid line on the bottom) X-ray powder diffraction pattern

of NazLazTi3010.

impurity NaLnTiO, phases in corresponding X-ray diffraction
patterns, whose content strongly increased on heating at 950
T for long time during preparation. The intensity data of
these impurity peaks were excluded on refinements.

The selected bond lengths and bond angles are listed in
Table 4 and the idealized. perspective view of the unit cell
is shown in Figure 2. The crystal lattice consists of slabs
containing triple perovskite-like layers stacked along [001]
direction which are separated by the rock-salt (NaO) type
sodium bilayers. The Ti atoms are displaced out of TiO,
plane toward the NaO double layers, leading to a considera-
ble distortion of TiO, layers. There are large differences (~
06 &) in length between Ti(2)-O(1)' and Ti(2)-O(°3) bonds
along the c-axis. The Ti(2)-O(3) distances (1.63 A-1.72 A)
in strongly distorted Ti(2)Os octahedron are quite short com-
pared with those in common perovskite type oxides. Very
short Ti-O bond with double bond character was observed
in some molecular compounds such as TiOCl, and TiOCl,+2
POCI5(18) and Bi,Tis01.."® But such a short distance in pero-
vskite-type oxide may be exceptional. High ionic character
of competing Na-O(3) bond would be consequently expected.
Moreover, a decreasing trend of Ti(2)-O(3) bond length from
Ln=La to Nd, Sm, and Gd plays important role on the ionic
conductivity as we will discuss in the next section. The st-
rong distortion of the Ti(2)Os octahedron is accompanied by
the " decrease of O(1)-Ln-O(1) bond angle but the Ti(1)Os
units belonging to the central layer of the perovskite slab

Table 2. Crystallographic data for Na,Ln;TisOi(Ln=La, Nd, Sm, and Gd)

NayLa,;Tiz04 Na,Nd,Ti;0,0 Na,Sm, T30 Na,Gd;Ti;0;

Space group I4/mmm I4/mmm I4/mmm I4/mmm

a @ 3.83608(5) 3.8168(1) 3.8031(1) 3.7872(1)
c & 28.5383(4) 28.2816(8) 28.2337(9) 28.2784(9)
V (cm®) 419.96 412.02 408.35 405.60

p- (g/cm?) 4.96 5.14 5.29 544
Bragg (R, %) 3.93 4.70 6.60 4.07
Weighted profile (Ryp, %) 10.52 1343 15.86 11.85
Profile (Rp, %) 7.92 9.79 10.66 8.96
Expected (Rg, %) 453 4.65 5.02 4.86




170 Bull. Korean Chem. Soc. 1996, Vol. 17, No. 2

Table 3. Positional parameters for Na,Ln;Ti;Oi(Ln=La, Nd,
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Table 4. Selected bond lengths () and bond angles (°) for

Sm, and Gd) Na,Ln,Ti304
Na;La;Ti:01 NaNd:Ti;01 NaSmeTizO1 NayGdsTisOr Ln=La Nd Sm Gd
Ln La Nd Sm Gd bond lengths
x 0.0 0.0 0.0 0.0 Ti)-0(1) X 2) 1904  191(8) 2000  1.88(8)
y 0.0 0.0 0.0 0.0 Ti(1)-0@2) X 4) 19180(1) 1.9084(1) 19015(1) 1.8936(1)
z 04245(1)  04246(3)  0.4244(4)  0.4245(3) Ti2-0) X 1) 235@) 22709 21609 2319
B & 0.7(1) 0.9(2) 14(2) 2.2(2) Ti2-0Q) X'1) 172(4) 168(6) 1638 1677
Na Ti2-0(4) (X 4 1955(6) 197(1)  196(1)  195(1)
X 0.0 0.0 0.0 0.0 Na-O@3) X 1) 2316) 233(8)  24209)  2.35(@8)
y 0.0 0.0 0.0 0.0 X 4)  27126(3) 2701(3) 2692(3)  2.679(2)
z 02901(8)  0.290(1) 0.291(2) 0.290(1) Ln-O1) (X 4)  2724(4) 2708(7) 2.693(5)  2.690(8)
B &% 03@) 0.2(8) 0.9(9) 1.009) bond angles
Ti(1) 0@)-Ti2)-04)  158.1() 152.1(6) 152.7(6) 152.7(5)
x 0.0 0.0 0.0 0.0 0(3)-Na-0(3) 1789(2) 1764(4) 1752(5) 176.4(4)
y 0.0 0.0 0.0 0.0 0(1)-Ln-0O(1) 169.8(3) 17L1() 174.5(6) 169.8(6)
z 0.0 0.0 0.0 0.0
B (&) 06(3) 0.8(6) 0.9(8) 1.4(6)
Ti2)
X 0.0 0.0 0.0 0.0
y 0.0 0.0 0.0 0.0
z 0.14903)  0.1478(5)  0.1474(4)  0.1483(4)
B &) 06 0.8 0.9 14
0(1)
X 0.0 0.0 0.0 0.0
y 0.0 0.0 0.0 0.0
z 0.067(1) 0.068(3) 0.071(4) 0.067(3)
B (&) 1108) 5(2) 5(2) 42)
02)
X 0.0 0.0 0.0 0.0
y 05 05 05 05
z 0.0 0.0 0.0 0.0
B &) 62 5(2) 4(3) 5(3)
0(3)
x 0.0 0.0 0.0 0.0
y 0.0 0.0 0.0 0.0
z 0.209(1) 0.207(2) 0.205(3) 0.207(3)
B & 08(@8) 22) 3(2) 5(2)
0)
X 0.0 0.0 0.0 0.0
y 05 05 05 05
z 0.136(1) 0.131(2) 0.131(2) 0.132(2)
B &%) 08(0) 0.8(8) 1.3(9) 3.2(9)

have nearly pure octahedral symmetry.

Ionic conductivity. As illustrated in Figure 3, the com- .

plex impedance plane plots of imaginary part Z” against the
real part Z' show a semi-circles and a spike. The ionic con-
ductivity was obtained using the resistance values determi-
ned from the intersection of the semi-circle with the Z’ axis.
The logarithms of. ionic conductivities of NasLn;Ti;O(Ln=
La, Nd, Sm, and Gd) as a function of reciprocal temperature
are plotted in Figure 4. Although Toda et al. have observed
a sharp drop of ionic conductivity for Na,La,Ti;0;, at around
575 C,'° we could not observe such a behavior after even
two cycles of heating and cooling between 300-726 C. In

Figure 2. Perspective view of the structure for Na,Ln,Ti30s.
Only Ti-O bonds are described by lines. (Ln=shaded large sphe-
res, Na=black large spheres, Ti=black small spheres, and O
=white spheres).



Structure and Na Conductivity of NasLn;Ti;0x

800

600

400

Z"kQ cm)

200

0 200 400

600 800
Z'(kQ cm)

Figure 3. Complex impedance plane plots at 475 and 575 K
for NaZszTi3010.
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Figure 4. Plots of log ¢ »s 1/T for Na;Ln,TisO(Ln=La, Nd,
Sm, and Gd). The activation energies calculated from correspon-
ding slopes are indicated in parentheses.

fact, the thermogravimetric and differential thermal analyses
for Na;Ln,Ti;0y did not show any evidence of decomposition
up to 950 . They were slowly decomposed into probably
Lay;sTiO; defective perovskite or Ln,Ti;0; (Ln=Nd, Sm, and
Gd) pyrochlores at higher temperature.® Variation of the unit
cell parameters is shown in Figure 5, where the a-parameter
decreases linearly with decreasing the size of lanthanide ion
and there is even strong decrease in the c-parameter. From
this figure, it is intuitively expected that the higher lattice
contraction for Ln=Nd, Sm, or Gd phases than La one would
result in the lower ionic conductivity. It is interesting, howe-
ver, that the ionic conductivity considerably increases from
-Ln=La to Nd, Sm, Gd phase with smaller unit cell volume.
'Na,Sm; T3040 and NayGd;Tis0y0 show the conductivities com-
_parable with the niobium compounds, NaLaNb;O; and Na,Ca,
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Figure 6. Variations of the Na-O(3) and Ti(2)-O(3) bond lengths
in Na,Ln,Ti;01(Ln=La, Nd, Sm, and Gd) as a function of the
radii of lanthanide ions.

NaNb,0y3.” In addition, an increase of the ionic conductivity
is accompanied by a decrease of the activation energy. To
understand such a trend, it may be helpful to compare the
variation of the unit cell parameters with that of sodium
layer spacing. Figure 6 shows the changes of Na-O(3) able
to be regarded as sodium layer spacing and Ti(2)-O(3) dista-

" nces in La,Ln,Ti3049. The strong decrease of the c-parameter

is observed when La ion is replaced by smaller Nd, Sm,
or Gd as shown in Figure 5 whereas Na-O(3) distance shows
reversely increasing trend. This behavior indicates that the
decrease of the c¢-parameter results from the contraction of
the perovskite slabs only, the variation of the sodium layer
spacing not being explained in terms of that of the c-parame-
ter. In this respect, it is necessary to consider the characteri-
stic feature of layered perovskite structure. As shown in Fi-
gure 2, the Na-O(3) bond is in competition with the Ti
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- (2)-0(3) one whose covalency is strongly influenced by the
contraction or expansion of perovskite slab. If the perovskite
slabs are contracted by the decreases of the unit cell para-
meters, the increased covalency of Ti(2)-O(3) bond would
give rise to a decrease of the covalency of competing Na-
0(3) bond. Figure 6 clearly shows this competing bond effect,
where the shortening of Ti(2)-O(3) bond is always accompa-
nied by the lengthening of competing Na-O(3) one. Thus,
the increase of the sodium ion conductivity from Ln=La
to Nd, Sm, Gd should not be explained on the basis of the
lattice contraction but correlated to the variation of the cova-
lency of actual Na-O bond. Such a consideration is consistent
with the Bronsted acidity of HCas—,LaNb; ,Ti,Op series.
HCaLaNb,TiO,, in which the protons may be attached to
the NbOs octahedra is more acidic than HLaNbTi,Oyp in
which the protons are probably attached to the TiOs octahe-
dra. Since the covalency of the Nb**-O bond would be higher
than that of the Ti**-O one, the protons competing with the
Nb**-O bond are expected to be more acidic than the pro-
tons competing with the Ti**-O one. Similar behavior is ob-
served in many similar compounds. For instance, the proto-
nated niobium-titanium oxides are less acidic than the proto-
nated niobium ones but more acidic than titanium analogues.
620~22 Hence, in order to enhance the interlayer ionic mobi-
lity, the high covalency in the perovskite slab should be in-
duced. A trial to increase the ionic conductivity by a substi-
~ tution of the niobium for the titanium is in progress.

Conclusion

As far as the layered perovskite type structure is concer-
ned, it must be noted that the layer spacing is not proportio-
nal to the unit cell c-parameter. On replacing the larger con-
stituting ion by the smaller one, the decrease of the unit
cell parameters is mainly induced by the contraction of the
perovskite slab, the layer spacing being not related to such
a decrease. On the contrary, the ionic character of the bond
competing to the perovskite slab must be considered in te-
rms of the covalency of the bond of the perovskite slab.
This conclusion is consistent with the increasing tendancy
of ionic conductivity for Na,Ln,Ti;0: from Ln=La to Nd,
Sm, and Gd. The development of fast ionic conductor adop-
ting the layered perovskite structure in future, therefore,
should be focused on the induction of the perovskite slab
with high covalency.
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