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Five new oxides, K;Ti;MO,,, Rb;TisM O, (M = Ta, Nb), and T1;TisNbO,,, have been synthesized.
The structure of these oxides consists of octahedral layers similar to those observed for Na,Ti;O, and
held together by monovalent ions; the sheets consist of blocks of 2 x 3 edge-sharing octahedra, which
are then joined to each other by the corners of the octahedra. The relative disposition of the layers is
similar to that observed for T1,Ti,O,. These oxides can be considered as the member » = 3 of a series
of closely related structures with formula A,B,,0,,+,, Where n indicates the number of octahedra
which determines the width of the blocks of 2 X n octahedra.

Introduction

Among the titanates with a layer struc-
ture (/-5) the titanate Na,Ti;O, behaves
differently.

The structure of this oxide, which was
established by Andersson and Wadsley (1),
consists of Ti;O; layers built up from blocks
of six edge-sharing octahedra (Fig. 1a), and
held together by sodium ions. These au-
thors showed that this structure differed
from that of the other titanates, in that each
alternate sheet Ti;O, was displaced by a
distance b/2. They proposed the existence
of a dimorph, the hypothetical structure of
which (Fig. 1b) was obtained by such a
translation of the layers.

Several attempts were made to prepare
this dimorph, but they remained unsuccess-
ful for reasons which were not obvious.
This failure cannot be due only to the
nature of the monovalent ion A, since no
titanate A,Ti;O, with such a structure has,
to our knowledge, been synthesized. An
explanation for the destabilization of the
structure could be the very short A-A dis-
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tances resulting from the large number of A
ions at the same level between the octahe-
dral sheets (Fig. 1b).

We have thus considered the possibility
of the existence of oxides A,_,M,0,. The
present paper deals with titanoniobates and
titanotantalates A,TisMO,,.

Experimental Procedure

The titanoniobates and titanotantalates
A;TisM O, (M = Ta, Nb) were synthesized
from the mixtures of carbonates 4,CO; (A
= K, Rb, Tl) and Nb,O; or Ta,O5 and TiO,
oxides.

The alkali metal oxides were heated at
temperatures of 800, 900, 1000, and 1100°C
for about 12 hr at each temperature. It
should be noted that these compounds can
be obtained similarly at lower temperatures
but the heating time is correspondingly
longer (greater than 1 week).

For the thallium I oxides, three tempera-
tures were used: 600°C, 5 hr; 750°C, 4 hr;
850°C, 1 hr.

For each oxide the change in weight was
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LAYER STRUCTURE A,Ti;MO,,

determined and the product remixed and
examined by X-ray diffraction after each
heating at each temperature.

The resulting compounds were studied
by X-ray powder diffractometry using the
CuKa radiation, and their density was mea-
sured by picnometry in CCl,. This study
was completed by electron diffraction ob-
servation using a EM 200 Philips micro-
scope.

Results

Using the experimental method previ-
ously described, five new oxides were

synthesized: K;TisNbQO,,, K;Ti;TaO,,,
Rb3Ti5Nb014, RbgTi5TaOM, and T13Ti5
NbO 4.

The X-ray patterns of these compounds

a > 2aya,tison b = bya,rison

a4 = d71,Ti409s b = bri,1i.00

An electron diffraction study (Fig. 2) was
used to confirm the systematically absent
reflections: A, k, | with A + k # 2n, giving
three possible space groups: C2, Cm, and
C2/m.

The observed densities (Table I) agree
with 2 units A;TisMO,, per cell.

In order to confirm the proposed model,
a structure determination was carried out,
from X-ray powder patterns for three com-
pounds: K;Ti;MO,, (M = Ta, Nb) and
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Fi1G. 1. (a) Na,Ti;O;: projection of the structure on
to the (0 1 0) plane. (b) Hypothetical possible structure
proposed by S. Andersson and A. D. Wadsley.

showed some similarity to those of
Na,Ti;0; (/) and Ti,Ti;Og (2). They were
indexed (Table I) in a monoclinic cell corre-
sponding to that of the hypothetical struc-
ture (Fig. 1b) and whose parameters were
related to those of Na,Ti;O; and T1,Ti,Oy in
the following way:

B = BNazTiaOv;
B = BriTioe-

€ = CNazTis0r

C F CriyTii005

Rb;Ti;NbO,4. The thallium oxide could not
be studied due to orientation phenomena.

The calculations wére made in the most
symmetric group C2/m, for the first 60
measured reflexions, i.e., 150 4 k [.

The atoms were initially placed in posi-
tions close to those of the hypothetical
structure: K* or Rb* on 2(q) and 4(),
respectively; titanium and niobium or tan-
talum atoms, statistically distributed on
three sorts of 4(i) sites; and oxygen atoms

TABLE 1
Ay(TisM)O,,: (M = Ta, Nb) CRYSTALLOGRAPHIC DATA

a b c
Compounds (A (A) (A) B s Ao (Z=2)
K;(Ti;Nb)O,, 18.371 (6) 3.794 (1) 9.199 (3) 101°21 (4) 3.54 3.55
Ki(Ti;Ta)O,, 18.363 (2) 3.791 (1) 9.174 (1) 101°28 (1) 3.95 4.03
Rby(TisNb)O 4 19.073 (7) 3.814 (1) 9.223 (4) 100°93 (4) 4.07 4.10
Rb;(Ti;Ta)O,, 19.11 (1) 3.810 (2) 9.232 (4) 101°04 (4) 4.53 4,54
TIATisNb)O,, 19.074 (7) 3.797 (1) 9.214 (4) 102°00 (4) 6.07 5.95
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Fic. 2. K4(TisNb)O,,: electron diffraction patterns of (a) (h k& 0), (b) (0 k& !) planes showing

systematical reflections.

on 7 X 4(i). The discrepancy factors ob-
tained after successive refinements of the
free parameters (R; > 0.14) as well as the B
factors of the titanium and niobium (or
tantalum) atoms remained relatively high.
An ordered distribution of the transition
elements over the three types of 4(i) sites,
similar to that observed for KM,0; com-
pounds (7) was then considered. A value of
0.07 for the discrepancy factor R; was
reached for both potassium compounds.
However, the value of R, remained rela-
tively high for the rubidium oxide (0.14).
Moreover the thermal parameter of Rb*
fixed at a rather high value (B = 8.6 A?) and
the K-O distances for the potassium lo-
cated in 2(a) appeared too small (2.60 A). A
statiscal distribution of K+ or Rb* over 4(i)
sites resulting from the splitting of the 2(a)
sites thus seemed more probable. This dis-
tribution did not change the discrepancy
factor for the potassium compounds due to
the small scattering factor of K*, but in the
case of the rubidium oxide R; decreased
drastically, to the value 0.06, as did the By,
value, which fixed at 1.7 A2, For the three
compounds the K-~-O and Rb-O distances
obtained after refinement were more rea-
sonable. Calculations in other space groups
were not carried out due to the larger

number of free parameters which would
have had to be introduced, bearing in mind
the limited number of observed reflections.
The final atomic parameters are listed in
Table II. From Table I1I it can be seen that
no discrepancy could be observed between
the calculated and measured intensities.

Discussion

From the projection of the structure onto
the (010) plane (Fig. 3) it can be seen that
the geometry of the ribbons built up from 2
x 3 edge-sharing octahedra is very similar
to that of Na,Ti;O,. The important distor-
tions of the octahedra with O—O distances
ranging from 2.48 to 3.27 A (Fig. 4) are
close to those observed for Na,Ti;O; (/).

The interatomic distances (Table IV)
show an appreciable displacement of the
transition metal inside its octahedron, to-
wards the oxygen atoms which are located
on the outer wall of the ribbon, decreasing
the electrostatic repulsion between metal
atoms. It results in metal-oxygen distances
close to 1.75 A, somewhat smaller than the
sum of the ionic radii (6). This phenomenon
agrees with the results obtained for the
other layer titanates and titanoniobates or
tantalates (I, 2, 7) which are characterized
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Fic. 3. Ky(TisNb)O,,: projection of the structure

Almost all the niobium or tantalum atoms
are located in the type I octahedra (Fig. 4)

by similar ribbons built up from blocks of
X 2 edge-sharing octahedra (n = 2, 3, 4).

share one corner between two

blocks. This phenomenon, similar to that

plained in the same way: the three edge-

observed for A, _.M,0; (7), can be ex-
sharing octahedra of type I cause a less

atoms than the type II and type III octahe-

electrostatic repulsion between metallic
dra (Fig. 4) which share six and five edges,

Two different types of coordination are
found for the potassium and rubidium ions.

One potassium, K, (or rubidium Rby,)), is
located in nearly cubic positions, as are the

thallium ions in T1,Ti,O,. A coordination of
10 is obtained for K, or Rb,,, with four

FiG. 4. K4(TizNb)O,,: the distorded octahedra types

1, II, III, and interatomic distances O-O.
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TABLE III

OBSERVED AND CALCULATED INTENSITIES FOR K3(TisTa)0,,*

hkl 1, I hkl I, I, hikl 1, 1
200 801 1002

{001 100 98.2 204 45 468 805

201 11.2 14.1 313 ) 622 32 29.5
201 52 50.8 712 423

400 114 5 3.5 912

{002 16.5 16 711 {621 1" 10.2
{202 ; 73 803 3.5 3.3 \ 223 '
401 : 604 1201

401 020 1111

[202 37.5 38.2 114 41 44.2 914 9.4 9.6
110 713 1202

402 4 5.4 802 406

111 1 1.1 {404 6.8 6.2 1112

111 2 3.4 220 315 21.8 18.2
310 67 671.3 021 4.5 5.2 1110

311 27 22.8 513 006

601 514 715

203 1001 623 1.0 1.1
500 64.6 65.1 203 12.5 10.2 {606 , o
003 221 224 )
311 712 2 2.3 804

{1 12 66 66.2 221 {11 13 6.2 5.8
402 403 8 9.7 820

{602 911 714

403 69 70.5 804 206

313 {910 2.5 2.5 833 13.4 13.1
601 314 424

{203 2 28.3 913 14 158 913

{510 5 7 420 ’ ) 1005 10 9.5
511 022 316 ’
312 13.6 15.8 205 116

511 603 821

{512 3.9 2.3 222 14.8 17.1 {224 15 159
113 714 515

{603 7 10.4 911 {915 7 7.8
313 3.5 3.7 422 0.8 0.8 {823 { L7
{soi | 1 803 624 )
204 604 1114 2 1.5
113 1 1.1 115 13.3 134 {623 . 6.8
{soo 25 2.4 315 1112 :
004 ’ ) 621 0.5 0.5 8§22

802 36.5 3.8 023 {424 6.5 5.6
404 514 -8 24.8 716

711 7.0 10.2 115 ’ 1021 2.8 1.9
513 515

{710 3.0 1.2 713 0.8 0.6

512

@ Space group C2/m; K, on 2 (a).
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TABLE IV

INTERATOMIC DISTANCES (A) METAL-OXYGEN FOR
Ax(TisNb)0,,% (A = K, Rb) AND Ky(TisTa)O,,°

Distances  Ky(TisNb)O,, Ku(TisTa)O,, Rby(TisNb)O,,
AarOu (X4) 2.70(3) 2.74 (3) 2.85 ()
Al (X2) 2.76 (3) 2.74 (3) 2.98(2)
A~ (X2) 3.54 (4) 3.65 (5) 3.81 (3)

=0 3.52(4) 3.53 (4) 3.75 (4)
Ai-Ou 3.46 (4) 3.56 (4) 3.70 (3)
Apy-Oq, (X2) 3.35(4) 3.54 (4) 3.43 (4)
Aer-Oq) (X2) 2.83 (3) 2.90 (3) 3.08 (4)
AgrOuqr (X2) 2.95(7) 2.74 (3) 2.83 (3)
Aa—Oa (X2) 2.86 (4) 2,67 (3) 2.88 (2)
A@r-Ou) (X2) 2.77 (6) 2.93(2) 3.06 (2)
Tia-Ou) 1.72 (4) 2.00 (4) 1.90 (4)
Tiq~O 2.20 (3) 1.96 () 2.06 (4)
Tiar-Ouw 1.93 (3) 1.96 (3) 1.96 (3)
Ti~O, 2.02 (2) 2.34 (2) 2.27 (2)
Tigy-Oury (X2) 1.95 (1) 1.96 (1) 1.94 ()
Tie~Oc) 1.74 (3) 1.76 (3) 1.81(3)
Tia—Om 1.83 (3) 1.98 (5) 1.81 (4)
Ti@~Ocs) 2.28(2) 2.20(3) 2.38(3)
Ti2)-O 2.19(3) 2.22(3) 2.16 (4)
Tig~O) (X2) 1.96 (1) 1.96 (1) 1.9 (1)
Ti~Ow 1.83 (3) 1.79 (6) 1.85(3)
Ti3-Oce 1.73 (3) 1.81 (4) 1.67 (3)
TiarO (X2) 2.06 (1) 1.97 (1) 1.97 (1)
Tig~Ow 2.45 (3) 2.47 (4) 2.24(4)
Tis-Om 2.9 (3) 2.30 (4) 237 (D)

" Space group C2/m.

short M-O distances (K,-O = 2.74 A; Rb—
O = 2.92 A) and six much larger distances
(3.30-3.60 A for K;,~O and 3.40-3.80 A for
Rb,;-0). This geometry can likewise be
compared to that of T1,T1,0,, for which one
T1* ion is displaced towards one face of the
distorted cube where it is located, giving
four short T1-O distances (2.70-2.91 A) and
four long distances (3.08-3.42 A). How-
ever, for A;TisMO,,, the distortion of the
octahedra involves for the K¢, and Rb{,
two additional oxygen neighbors on the
same level as alcalin.

The similarity of the structures
AgTigM 0,4 and T1,Ti,O4 should be empha-
sized: they both consist of octahedral
sheets which are themselves built up of
blocks of edge-sharing octahedra, charac-
terized by a width of n octahedra. What is
noteworthy is the relative disposition of the
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sheets which determines the number of A
cations between the layers. These octahe-
dra, surrounding one layer of A cations, are
all located at the same level, contrary to
Na,Ti;0;. In this respect, these structures
are related to the oxides A.(M,Ti,_,)O,
(4, 5) which are formed of parallel layers
of edge-sharing octahedra (M,0,), the
width of the octahedral block correspond-
ing in this case to n = o, It can be seen that
a single shear of these octahedral layers
along the (101) direction (indicated by the
arrows on  Fig. 5) leads to the
Rb (M, Ti,_,)O, structure (4). It can be
considered that these oxides belong to a
large family of closely related structures
with the formula A,B,,0.,.., where n indi-
cates the number of octahedra, which de-
termine the width of the unit blocks of 2 X n
octahedra. A;Ti;MO,, and T1,Ti,O, are thus
the numbers n = 3 and n = 4 of the series,
respectively, while Rb(Ti,_,M_)O, corre-
sponds to n = =<, Greater values of n have
not yet been investigated. The term n = 2
does not exist: it corresponds to the oxides
ATiIMO; (8), which are likewise character-
ized by similar layers built up from 2 x 2
edge-sharing octahedra, but in which the
alternate sheets are oriented in a different
manner. This particular behavior of the 2 x
2 edge-sharing octahedra has already been
observed in titanoniobates and titanates
with a tunnel structure, A,TisO,; (9), and
the intergrowths  (A;M¢O.3), - AM O,
(10, 11) show analogous ribbons of 2 x 3
and 2 x 2 edge-sharing octahedra, with the

;}VQVL_}_V_A:_V_A;'A

FiG. 5. ATi;M)0O,, (a): single shear (see arrows)
leading to the Rb (M ,Ti,_,)O, structure (b).
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same disposition as that described there.
The only difference is that the ‘‘sheets’ so
formed are connected by the corners of
their octahedra. However, the limiting
compound AM,0O,, does not have the hypo-
thetical structure which could be foreseen
from this series but can in fact be consid-
ered as a chemical twin of the hypothetical
structure (7-11). The possibility of inter-
growths in these layer structures, corre-
sponding to noninteger values of n, will
likewise be considered.

References

1. S. ANDERSSON AND A. D. WADSLEY, Acta Cry-
stallogr. 14, 1245 (1961).

HERVIEU ET AL.

2. A. VERBAERE AND M. Tournoux, Bull. Soc.
Chim. Fr. 4, 1232 (1973).

3. M. DionN, Y. PIFFARD, AND M. TOURNOUX, J.
Inorg. Nucl. Chem. 40, 918 (1978).

4. A.F. REiD, W. G. MUMME, AND A. D. WADSLEY,
Acta Crystallogr. B 24, 1228 (1968).

5. D. GrouLTt, C. MERCEY, AND B. Raveau, J.
Solid. State Chem. 32, 289 (1980).

6. R. D. SHANNON aND C. T. PREWITT, Acta Cry-
stallogr. B 25, 925 (1969).

7. H. REBBAH, G. DESGARDIN, AND R. RAVEAU, J.
Solid. State Chem. 31, 321 (1980).

8. A.D. WADSLEY, Acta Crystallogr. 17, 623 (1964).

9. S. ANDERSSON AND A. D. WADSLEY, Acta Cry-
stallogr. 15, 194 (1962).

10. M. HERVIEU, G. DESGARDIN, AND B. RAVEAU, J.
Solid. State Chem. 30, 375 (1979).

11. M. HERVIEU, G. DESGARDIN, AND B. RAVEAU,
Ann. Chim. Fr. 4, 339 (1979).



