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Layered perovskite, RbCa;NaNb;O13, with four units
of perovskite layer was synthesized by solid state reac-
tion. A sodium ion-exchanged compound, NaCa;Na
Nb,013-1.7H;0, was also synthesized by ion-exchange
reaction of a rubidium compound with NaNO; melten
salt. The anhydrous sodium ion-exchanged compound
was stable in the temperature range from 350 to 600°C
in an ambient atmosphere. The erystal structures of
the three materials were determined using the Riet-
veld method by powder XRD data. The most reliable so-
lutions were obtained for the structural model assum-
ing that the site for a large cation within the perov-
skite layer, corresponding to the A site for an ideal
perovskite, is occupied by the mixed species with the
atomic ratio of Ca:Na=2/3:1/3. The structures of
these compounds are substantially the same as those of
MLaNb2O; (M=Rb, Na) except for the thickness of the
perovskite layer. A fairly high ion conductivity attribut-
ed to the interlayer cation was observed at high temper-
atures for the sodium compound.

Key-words : Layered peropskite, Ion-exchange reaction, Riet-
veld analysis

1. Introduction

Layered oxides derived from the perovskite struc-
ture have attracted much attention. A series of such
oxides reported by Dion et al.) are of the formula
M[Aﬂ_anO%_;.l] of which KLaNb207 2 and KCaz
Nb3O40 ¥ are typical examples for =2 and n=3,
respectively. The reasons for the interest in these
oxides series are that they readily exchange the inter-
layer alkali ions (Cs, Rb, K) with Na, Li and H. Espe-
cially, the corresponding protonated derivatives are
interesting because of showing solid Brgnsted acidic
characters which react with organic bases to form in-
tercalation compounds with large layer expan-
sion.29-5 Recently, Jacobson et al.® have prepared
higher member of M[Ca;Na,_3Nb,03,+1] (#=4-7)
by incorporating additional perovskite layer of NbOg
octahedra into the parent compound, MCa;Nb3Oyq,
and have reported the high interlayer reactivity.

In general, many of the compounds exhibiting an
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ion-exchange reactivity exhibit an ion conductivity
as well, such as f-alumina,” zeolite® and a-zirconi-
um phosphate.? In spite of these examples, there
has been few investigation on electrical conductive
properties for layered perovskite compounds so far,
except for our previous studies on MLaNb,O;
(M=K, Na, H) .10.11)

In this study we have reported the structural analy-
sis of MCay;NaNb,0;3 (M=Rb, Na) with four units
of perovskite layer because the structural refinement
of these compounds has not been done, and then
have investigated the electrical conductive behavior
to know how the ion conductivity depends on the lay-
er thickness.

2. Experimental

RbCa,NaNb,0O;; was prepared by the solid state
reaction between RbCayNbzOyy and NaNbO; pow-
ders as reference to the method reported by Jacob-
son et al.®) The starting materials for the preparation
of RbCayNbsOyp were Rb,CO3;, CaO and NbyOs.
Thoroughly ground mixture of appropriate amounts
of Rby,CO;3, Ca0 and Nb,O5 was pressed into pellets
under a pressure of 40 MPa. An excess of 50 mol%
of Rby,CO3; was added to compensate for the loss due
to volatilization of rubidium component. The pellet
was placed in an alumina crucible and then heated at
1250°C for 12h in air. After the reaction, the solid
product was washed with distilled water to remove
an excess of alkaline component and dried in air
oven at 100°C. NaNbQO; was prepared by heating the
mixture of stoichiometric amounts of Na,COs; and
Nb,O5 at 1100°C for 3h in air. Finally, using the mix-
ture of equimolar ratio of RbCayNb3Oy and NaNbO;
thus prepared, RbCa,NaNb,O;3 was prepared by
heating the mixture at 1200°C for 3h in air.

The ion-exchange reaction to obtain a sodium ion-
exchanged compound was done by adding the
ground RbCa,;NaNb,O3; powder into a molten salt of
NaNOj; at 400°C for 24h. The ion-exchanged product
was thoroughly washed with distilled water and then
dried at 100°C. The completion of the ion-exchange
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reaction was confirmed by X-ray diffraction (XRD)
and X-ray fluorescence analyses.

Thermogravimetric analysis (TGA) and differen-
tial thermal analysis (DTA) were carried out using a
Mac Science thermal analyzer system 001 at a heat-
ing rate of 5°C-min—! in air.

The powder XRD patterns for the Rietveld analy-
sis were recorded using a Rigaku RAD-rA diffrac-
tometer equipped with a high temperature furnace at-
tachment. The Cu Ka radiation used was monochro-
mated by a curved-crystal graphite. The data were
collected on thoroughly ground powders by a step-
scanning mode in a 26 range from 3 to 100° with a
step width of 0.04° and a step time of 4 s. The pow-
der patterns obtained were analyzed by the Rietveld
method, using a RIETAN profile refinement pro-
gram.12

The specimen of RbCa;NaNb,Oy3 for the conduc-
tivity measurement was a sintered disc prepared by
heating a compressed pellet (pressed under 400
MPa) at 1200°C for 3h. The specimen for NaCa,
NaNb,0;3 was prepared as follows; the powder of hy-
drous sodium ion-exchanged compound was first de-
hydrated by heating at 400°C and then was pelletized
by compressing the powder under 400 MPa. The
disc thus prepared was of typical dimensions of 10
mm in diameter and about 1.0 mm thick, and two op-
posite sides of the disc were coated with an evaporat-
ed gold film. The conductivity was determined by
the complex impedance diagrams obtained by using
ac currents in the range from 40 Hz to 100 kHz, us-
ing a Hioki 3520 Hi Tester.

3. Results and discussion

3.1 TGA and DTA

Since the sodium ion-exchanged compound has a
strong affinity to water molecules, the compound
was obtained always as a hydrous form even after
drying the ion-exchanged product at 100°C. The par-
ent material of RbCa,NaNb,01s, however, did not
take any hydrous forms even though the compound
was washed with distilled water. Fully hydrated sodi-
um ion-exchanged compound is very stable in a wet
air. Figure 1 shows the thermal stability of the sodi-
um ion-exchanged compound measured by TGA and
DTA. Two endothermic peaks are observed at rela-
tively low temperatures (103°C and 158°C) in the
DTA curve. These two peaks correspond to steep
weight loss steps in the TGA curve, respectively.
The XRD pattern obtained after heating the sample
at 300°C shows that diffraction peaks corresponding
to the d-spacings along the c-axis of the crystal shift
to the lower side of diffraction angle during exposing
it to the ambient atmosphere, e.g., the d-spacing for
(002) reflection expands from 18.55A to 20.92A.
This obviously indicates that the water molecules
removing in the heating step have a character of
water of crystallization. It was found from the
weight loss reached finally that the fully hydrated
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Fig. 1. Thermogravimetric and thermodifferential curves of
NaCa;NaNb,0,5-1.7H,0.

form has 1.7 water molecules per unit formula, i.e.,
NaCa;NaNb,;0;3-1.7H,0. The anhydrous and partial-
ly hydrous forms were easily rehydrated in the am-
bient atmosphere, reforming the fully hydrate. A
small endothermic peak is also observed at 590°C.
The XRD pattern of the sample heated over this tem-
perature shows the decomposition of the sample.

3.2 Structural analysis

The powder XRD data for the structural refine-
ment were collected at room temperature for RbCa,
NaNb,Oy3 and fully hydrated NaCa,NaNb,O;5-
1.7H50. Since the anhydrate, NaCa;NaNb,O13, was
strong hydroscopic under the ambient atmosphere,
the data for this form were collected at room temper-
ature in a high temperature attachment filled with a
stream of N gas after the sample was dehydrated by
heating at 300°C for 1h. The indexing of the powder
pattern obtained was examined with the aid of a com-
puter program CELL.1® All of the reflections ob-
tained for RbCa;NaNb,0;; could be assigned as a
tetragonal symmetry with the cell parameters ap-
proximately equal to =3.881A and ¢=18.906A. It
was found to be no reflection conditions for this in-
dexing, giving the P4/*** type space groups!® (P4,
P4, P4/m, PA22, PAmm, PA2m, PAm2 and P4/mmm).
The indexing for NaCay,NaNb,O5-1.7H,0 and
NaCa;NaNb,O;3 was also examined. The reflection
condition found for both compounds was
h+Fk+1=2n for hkl reflections with a tetragonal sym-
metry, giving the I*** type space groups!® (/4, I4-,
I4/m, 1422, IAmm, TAm2, TA2m and I4/mmm) . An ini-
tial structural model for RbCa;NaNb,O45 was embo-
died after some trials on the basis of the assumption
that the main perovskite layer constructs perovskite
layers with four units analogous to the CsCayNbsOyg
which has triple perovskite layers without displace-
ment of each layer. On the other hand, since both so-
dium ion-exchanged compounds have a body cen-
tered Bravais lattice, an initial structural model was
constructed by taking into account the displacement
of each perovskite layer along the c-axis. The Riet-
veld refinement was done for all space groups given
by the CELL results in the first refinement stage.
The minimization was done with a modified Mar-
quard algorithm for the refinement. The diffraction
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peaks observed at less than 2 §=10° for every com-
pound were eliminated from the calculation because
of the large asymmetric effect of peak shape. The
early refinement steps for RbCay;NaNb,O;; showed
that the site assignment for sodium and calcium
atoms in the perovskite layer, corresponding to the
A site for an ideal perovskite, gave the solution with
a large negative isotropic thermal parameter for one
of the two sites when assuming the individual assign-
ment for these atoms to respective (0 0 z) (Wyckoff
notation; 2 g) sites. The most meaningful assign-
ment for these atoms was found when adopting the
(Ca, Na) mixed species with the atomic ratio of Ca :
Na=2/3:1/3. Therefore, this species was also
adopted in the refinements for sodium ion-ex-
changed compounds. In the final refinement stage,
positional parameters, isotropic thermal parameters
for all atoms and a scale factor were refined. A
preferred orientation correction was made because
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Fig. 2. Powder XRD pattern fitting for RbCa;NaNb,043. The cal-
culated and observed patterns are shown on the top solid line and
dots. The vertical marks in the middle show positions calculated
for Bragg reflections. The trace on the bottom is a plot of the
difference between calculated and observed intensities.

Table 1. Positional parameters for MCa,NaNbO;; (M=Rb,
Na).

Sample Atom Site g X y z B(AY)
RbCa,NaNb,0,;) Rb d 10 05 05 05 2.8(4)
P4/mmm CN(1)» i 10 05 05 00 2.4(8)
a=3.8702(1)A CN(2) 21 10 05 05 02229(8) 0.5(4)
¢=18.8935(6)A Nb(1) 22 10 00 00 010553) 02(1)
Z=1 Nb(2) 2 10 00 00  03294(3) 0.3(2)
o(1) la 10 0.0 0.0 0.0 42)
o2) 4 10 00 05 0.103Q2) 6(1)
0(3) 26 10 00 00  02032) 6(2)
o(4) 4 10 00 05 03071 2.4(9)
o(5) 26 10 00 00 04191 1(1)
NaCa,NaNb,0,;1.7H,0% Na 4 05 00 00 0275 1(1)
14/mmm CN(1)9 4e 10 00 00 039894 0.2(3)
a=3.8740(DA CN(2)® 2% 10 00 00 05 02(3)
c=41.605(2)A Nb(1) de 10 00 00  0.0481(2) 0.1(1)
7=2 Nb(2) 4e 10 00 00  0.1490(1) 0.1(1)
o(1) 22 10 00 00 00 2.8(5)
0@2) 8 1.0 00 05  0.047i(9) 2.8(5)
0(3) 4 10 00 00 0089 2.8(5)
0(4) 8 10 00 05  0.13848) 2.8(5)
o(5) 4 10 00 00  0.I91(1) 2.8(5)
ow 8 0425 00 05  0272(1) 12)
NaCa,NaNb,0? Na 4d 05 00 05 025 42)
4/mmm CN(1) 4e 10 00 00 038577 1.6(7)
a=3.8716(2)A CN@2)» 2b 1.0 0.0 0.0 0.5 4(1)
¢=36.937(2)A Nb(1) 4e 1.0 00 00 00541(3) 1.8(4)
Z=2 Nb(2) 4 10 00 00  0.1680(2) 1.0(3)
o(1) 2a 1.0 0.0 0.0 0.0 5(4)
0@2) 8g 10 00 05  0.056(2) 14(3)
o(3) de 10 00 00  0.104(1) (1)
o(4) 8 10 00 05 0.15680) 1(1)
o) 4¢ 10 00 00  0218Q) 5(2)

1) R,;=12.42%, R =9.02%, R;=3.42%, Ry=2.35%.
2) R,,=15.61%, R,=11.59%, R;=6.06%, Ry=3.11%.
3)R,,=16.69%, R;=12.98%, R=4.31%, Rg=2.78%.

4) The site for (Ca,Na) species with the atomic ratio of Ca:Na=2/3:1/3.

these compounds showed a strong plate-like
preferred orientation along with the c-axis due to
their layered structure. The most reliable solutions
with  physically meaningful crystallographic
parameters was finally achieved when adopting P4/
mmm space group for RbCa,NaNb,O13 and 14/ mmm
space group for both sodium ion-exchanged com-
pounds. A typical result of the pattern fitting is
shown in Fig. 2 for RbCa;NaNb,Oq3. The crystallo-
graphic data and the positional parameters are listed
in Table 1. The selected interatomic distances and
angles are listed in Tables 2—-4. The R-factors ob-
tained for RbCa;NaNb,O,3 are achieved to reasona-
bly reduced values, while those for both sodium ion-

Table 2. Atomic distances and angles for RbCa;NaNb,Oys.

Distance (4)

Rb  -O(5) 3.12(1)x4
CN(1) -O(1) 2.736(1)x4
CN(I)V- 0(2) 2.75(2)x8
CN@)"-0(2) 2.96(2)x4
CN(2)P- O(3) 2.762(8)x4
CN(2)V-0(4) 2.51(1)x4
Nb(l) -O(1) 1.994(6)
Nb(l) -0(2) 1.935(1)x4
Nb(1) -O0(3) 1.84(5)
Nb(2) -0(3) 2.38(5)
Nb(2) -O(4) 1.978()x4
Nb(2) ~O(5) 1.70(3)
0@1) -0(2) 2.75(2)x8
0@2) -0(@2)" 2.736(1)x4
03) -0(2) 2.69(3)x4 Symmetry code:

O(3) -0(4) 2.76(4)x4 none X, b2 z
O(4) -0y 2.736(1)x4 i) v % oz
0(5) -0(4) 2.86(2)x4

Angle ()

0(2) = Nb(1)-O(3) 91(L)x4
0(2) - Nb(2)-0(2)" 89.9(2)x4
O(1) - 0@2) ~0(3) 89.4(8)x4
0O(4) - Nb(2)-0(5) 102.0(6)x4
O(4) - Nb(2)- O(4)" 87.5(2)x4
0(3) - 0(4) -0(5) 93.1(Nx4
0o(2) - O(3) -0(4) 89.7(6)x4

1) The site for (Ca,Na) species with the atomic ratio of Ca:Na=2/3:1/3.

Table 3. Atomic distances and angles for NaCa;NaNb,O;3-
tzO

Distance (&)

Na  -Ow_ 1939(4)x2
Na -Ow) 278(7)x2
Na - O(5) 3.06(4)x4
Na -0(5) 3.46(8)x4
CN(L)P-0(2) 2.96(3)x4
CN()P-0(3) 2.78(1)x4
CNQ)V- 0(4) 2.48(2)x4
CN(2)P-0(1) 2.739(1)x4
CNQ)V-0(2) 2.75(2)x8
Nb(1) -0O(1) 2.003(8)
Nb(1) -0(2) 1.937(1)x4
Nb(1) -0@) 1.70(5)
Nb(2) -O(3) 2.49(6)
Nb(2) -O(4) 1.987(7)x4
Nb(2) ~O() 1.77(5)
o(1) -0(2) 2.75(2)x8
0@2) -0@)"2.739(1)x4
0(3) -0@) 2.60(4)x4

Angle (%)

0(2) - Nb(1)-0@3)_ 91(1)x4
0O(2) - Nb(2)-O(2)" 89.9(1)x4
O(1) ~ O(@2) -0(3) 873(9)x4
O(4) ~ Nb(2)- O(5) 102.8(9)x4
0O(4) - Nb(2)- O(4)” 87.1(4)x4
0(3) - O(4) -0(5) 95.6(8)x4
0o(2) - O(3) -O(4) 88.6(6)xd

Symmetry code:

0(3) -0(4) 2.82(4)x4 none X, ¥ z
O(4) - O@4)® 2.739(1)x4 0) 112-x, 12-y, 12—z
o(5) -0(4; 2.94(4)x4 if) -y, x z
o(s) -Oowd 2.43(5) :

1) The site for (Ca,Na) species with the atomic ratio of Ca:Na=2/3:1/3.
Symmetry code:

Table 4. Atomic distances and angles for NaCa;NaNb,Oss.

Distance (4
Na -O(5) 2.26(3)x4
CN(L)Y-0(2) 2.89(6)x4
CN(L)V-0(3) 2.759(8)x4
CN(2)P- 0(4) 2.49(3)x4
CN(2)V-0(1) 2.737(1)x4
CN(2)"-0(2) 2.83(5)x8
Nb(1) -O(1) 1.99(1)
Nb(1) -O0(2) 1.937(2)x4
Nb(1) -0O(3) 1.87(5)
Nb(2) -0(3) 233(5)
Nb(2) -O(4) 1.979(7)x4
Nb(2) ~O(5) 1.84(5)
o) -0(2) 2.83(5)x8
0(2) -0y 2.737(1)x4
O(3) -0(2) 2.64(4)x4 Symmetry code;
0@3) -0(4) 2.72(4)x4 none X, Y,
o) -0 2.737(1) x4 IS A z
O(5) -0(4) 297(4)x4

Angle (°)

0@2) - Nb(1)-0(3) 878(2)x4
0(2) ~ Nb(2)~0(2)" 89.9(1)x4
0o(1) - 0@2) -0(3) 89.8(8)x4
0O(4) - Nb(2)-O(5) 102(L)x4
0(4) - Nb(2)-0(4)" 87.4(4)x4
0(3) - O(4) -0(5) 94.2(9)x4
0@) - O3) -0(4) 87(1)x4

N

1) The site for (Ca,Na) species with the atomic ratio of Ca:Na=2/3:1/3.
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exchanged compounds are fairly large. This is proba-
bly due to their relatively poorer crystallinity
brought about as a result of the ion-exchange reac-
tion with molten salt.

3.3 Description of structures

The crystal structures of the three compounds
refined are shown in Fig. 3. All of the structures can
be described as layered structure with four units of
perovskite, interleaved by alkaline ions. The coordi-
nation around rubidium atom is eight-fold coordinat-
ed by the oxygen atoms belonging to the perovskite
layer. The coordination around sodium atom in the
anhydrous sodium compound is an almost perfect
regular tetrahedron with 50% site occupancy. These
structural features of the above two compounds are
substantially the same as those of MLaNb,O;
(M=Rb, Na),!D.14 except for the difference in the
thickness of the perovskite layer. The situation of
the hydrous sodium compound is somewhat compli-
cated. When taking into account only the oxygen
atoms forming the perovskite lattice, the coordina-
tion around sodium atom is a tetragonal prismatic
coordination. The water molecules are statistically
distributed in the site forming a square-planar coordi-
nation around sodium atom with 509 occupancy. It
is difficult to distinguish the accurate positions of so-
dium atom from those of oxygen atom belonging to a
water molecule in the interlayer, owing to the fact
that these elements have a smaller contribution to
the structure factors obtained by XRD because of
their small and almost the same atomic scattering
factors. Therefore, it is evident that the structural
model proposed here is considered to be substantial-
ly correct, but that the accuracy of the atomic posi-
tions especially for the atoms located in the interlay-
er may be still uncertain.

The stacking manner of the layers along the c-axis
is different between rubidium compounds and sodi-
um compounds; the adjacent perovskite layers are

Fig. 3. Crystal structures of (a) RbCa,NaNb,Oss, (b) NaCa,
NaNb4013-1.7H20, and (C) NaCagNaNb4013.

stacked each other without displacement for RbCa,
NaNb,O43 but with displacement by translating by
1/2 along the diagonal direction of the two g-axes for
both sodium compounds, probably due to the ionic
size of the cation located in the interlayer. Figure 4
shows the environment of niobium atoms in RbCay
NaNb,O;;3. There are two types of niobium sites
which are crystallographically independent. The
NbOg octahedra located inside of the perovskite lay-
er are close to an ideal octahedron, while those locat-
ed outside of the layer are fairly distorted. The Nb-O
bonds in the latter octahedra are classified into three
types, i.e., a very shortened bond (1.710A) toward
the interlayer space, four normal bonds (1.978A)
linked within the layer and a long bond (2.390A)
toward inside of the layer. These bond characters
are more or less seen in the octahedra inside of the
layer but its distortion is remarkably depressed. The
distortion of the NbOg octahedra in the perovskite
layer is a quite common feature observed in layered
perovskites which exhibit ion-exchange pro-
perty.19.10 The occurrence of the very shortened
Nb-O bond can give less charge density to the inter-
layer space, giving a less interaction between the
alkali ion and the perovskite lattice responsible to
ion-exchange reaction. The situation in sodium ion-
exchanged compounds is something interesting. A
large distortion in NbQg octahedra is observed for
not only the octahedra located inside but also the oc-
tahedra located outside in the hydrate (Table 3),

Fig. 4. Environment around niobium atoms in the perovskite lay-
er of RbcazNaNb4013.
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while the distortion is fairly relaxed for both octa-
hedra in the anhydrate (Table 4). The origin of the
large distortion observed in the hydrate may be due
to the existence of the inserted water molecules
which may have an interaction with the oxygen
atoms of the perovskite lattice by forming some
kinds of hydrogen bonds, but the details is unknown
at present.

3.4 Conductivity

In the previous study'® for the analogous layered
perovskite, MLaNb,O; (M=K, Na, H), it has been
known that the proton conduction due to the water
molecules adsorbed on the sample occurs at room
temperature under a wet atmosphere. In order to
pay attention to the ionic conduction attributed to
the interlayer ions, the sample was heated once at
400°C for 30 min before conductivity measurement.
The conductivity at room temperature was very low
for rubidium and sodium compounds, beyond the
range of our measuring apparatus. At elevated tem-
peratures, a large polarization was observed when ap-
plying a direct current, implying that an ionic conduc-
tion is predominant at high temperatures although
the measurement of the ion transport number was
not done in this study. Figure 5 shows the tempera-
ture dependence of the conductivity obtained from
the Cole-Cole plot analysis for both compounds,
together with that for NaLaNby,O; as a reference. It
is interesting that the conductivity of NaCayNa
Nb4O;3 is much higher than that of RbCayNaNb,O;s,
in spite of the compressed sample used for the sodi-
um compound, while a sintered sample was used for
RbCa,NaNb,Oq5. This conductivity behavior for the
sodium compound is considered to come from the

T/
600 400 200 100
‘—3 T T T T
‘_‘x
4+ 3
~~ _5 r
i
g
2 —6F NaLaNb207
S
o0
2
7+
|l RbCayNaNb4O13
-8 NaCapNaNb4O13
| . L . | . ] J
1 1.5 2 2.5
1000/T /K™

Fig. 5. Temperature dependence of conductivity of MCayNa
Nb,O;; (M=Rb, Na) and NaLaNb,O;.

fact of not only its small ionic radius but also the
50% site occupancy of sodium site in this crystal.
Owing to its layered crystal structure, the ionic mo-
tion would be restricted within the interlayer plane
where the bottle neck for the ion conduction may be
on the edge of NaQ, tetrahedra. In addition, one can
also note that the magnitude of the conductivity and
the activation energy observed for NaCa,NaNb,O;4
are quite similar to those observed for NaLaNb,O,
respectively, even though there is a serious differ-
ence in the thickness of the perovskite layer between
the two compounds. Such behavior may be compara-
tive with the results of the previous study® on the
intercalation reactivity of HCayNa,_3Nb,Os,11
(3=n=7), where a clear correlation between the
reactivity and the layer thickness has not been ob-
served. Therefore, it can be concluded that the ion
conducting behavior in the layered perovskite com-
pounds is largely independent of the layer thickness
but is rather mostly dependent upon the environ-
ment around the conductive ions in the interlayer as
shown by the structural refinement.
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