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A new sodium titanate, NaTi,O,, is black in color, has a needle shape, and crystallizes in the
orthorhombic calcium ferrite-type structure, space group Pnam with a = 9.2615(10) A, b = 10.7357(7)
A c= 2.9556(3) A, and Z = 4. The structure was determined from a single-crystal X-ray study and
refined to the conventional values R = 0.029 and R,, = 0.034 for 1856 observed reflections. The
framework structure is built up from ‘“‘double rutile’’ chains, and two types of Ti sites are randomly

occupied by Ti** and Ti** ions.

Introduction

Recently, a number of physical and
chemical properties on sodium titanate
bronze Na,TiO, (0.20 = x = 0.25) have
been reported (1-3). The framework struc-
ture of this compound, determined by An-
dersson and Wadsley (4), is slightly differ-
ent from those of other Na,O-TiO,
compounds. Reid and Sienko (§) reported
that Na,TiO, gave an electronic spectral
absorption supporting delocalization of 4
electrons of Ti**. On the other hand, in Na
TiO,, originally described by Hagenmuller
et al. (6), all titanium ions are expected to
be in trivalent state. However, a single-
crystal study of this compound has not
been made yet. No sodium titanate contain-
ing Ti** is known except for the above-
mentioned two compounds.

We examined the system Na,O-Ti,Os—
TiO, and prepared single crystals of a new
type of sodium titanate compound, Na
Ti,04. In this paper, the synthesis and crys-
tal structure of NaTi,0, are reported.
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Experimental
Sample Preparation

A mixture of TiO and Ti,O; was prepared
by a solid-state reaction of Ti metal powder
(99.9%) and TiO; (rutile + anatase, 99.9%)
powder at 1773-1873 K in a vacuum. The
mixture was blended with excess amor-
phous Na,O (reagent, 98%) and placed in a
sealed iron vessel. The vessel was heated in
a resistance furnace at 1473 K in argon gas
flow for several hours and then slowly
cooled to room temperature. In many
cases, the samples were partially oxidized
on heating runs because of the reaction

Na,O + Ti,0; — 2Na | + 2TiO,.

In fact, leakage of excess Na gas from the
vessel was observed. Black needle-type
single crystals (maximum length 5 mm with
0.5 mm maximum diameter) together with
colorless crystals were grown. The latter
crystals were identified to be NagTisOy4
(JCPDS 28-1155) by the X-ray powder dif-
fraction method.
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Electron microprobe analyses showed
that the black crystals were sodium titanate
and were free from iron contamination from
the vessel. A molar ratio of Na/Ti was ap-
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TABLE I

X-Ray POWDER DIFFRACTION DATA
FOR NaTi204

hkl dcalc dobs I/Io
020 5377 5.39 16
120 4650

200 4.631} 4.65 100
220 3.509 3.51 7
310 2967 2.971 2
011 2.850 2.840 1
040  2.688

320 2.677} 2.689 9
201 2.494

121 2.491} 2.495 4
211 2.427 2.431 4
330 2339 2.344 1
031 2.280 2.284 5
410 2264 2.263 5
131 2214 2214 17
420 2127 2.128 10
150  2.095

311 2.094} 2.094 19
231 2.046 2.044 3
321 1.984 1.982 2
430 1.945

141 1.944} 1.945 9
241 1.827

510 1.825} 1.825 36
401 1.823

411 1.797 1.798 6
060  1.792 1.790 9
160 1.760 1760 6
440 1754

520 1.751} 1.752 7
421 1.726 1.726 1
341 1.672 1.673 12
431 1.625 1.625 2
360  1.550 1.550 13
600  1.544 1.544 16
441 1.509

521 1.507} 1.508 36
002 1.478 1.478 6
261 1.455 1.455 7
640 1340 1.340 6
180 1.330 1330 4
621 1326 1.327 3

proximately 1.0/2.1; however, the analyti-
cal values of 12 points varied widely from
point to point. Table I shows the X-ray
powder diffraction data of this compound
obtained on a powder diffractometer at a
scan rate of 1°min in 26 using graphite-
monochromatized CuKea. radiation (A =
1.5405 A) and Si internal standard. Preces-
sion photographs indicate that the crystals
belong to the orthorhombic system, space
group Pnam or Pna2,. The lattice parame-
ters are very similar to those of NaScTiO,
(7), which has the calcium ferrite CaFe,O,-
type structure. These data lead us to the
chemical formula NaTi,O4. The lattice pa-
rameters, determined by a least-squares re-
finement using the 20 values of 25 strong
reflections in the range 49-66° on an auto-
mated Rigaku AFC-5 four-ciicle diffrac-
tometer, are a = 9.2615(10) A, b =
10.7537(7) A, ¢ = 2.95563) A, V =
294.36(5) A3.

Structure Determination

A small block crystal, 0.124 X 0.122 X
0.090 mm in size, was used for the structure
analysis. The intensity data were collected
by the 268 — w scan method with a scan rate
of 1°/min at room temperature on the four-
circle diffractometer (operating conditions:
40 kV, 30 mA) using graphite-monochoma-
tized MoKa radiation (A = 0.71069 A). The
fluctuation of the intensities, monitored by
examining a set of three standard reflec-
tions ((080), (600), (002)) taken after every
100 observations, was within 1.4%. A total
of 2101 independent reflections were ob-
tained within the limit of 20 = 110°, of
which 1856 reflections have a criteria of | F,|
> 30 (|F,|), and were used for the subse-
quent crystal structure determination. The
intensity data were corrected for Lorentz
and polarization effects. No absorption and
extinction corrections were made.

The Patterson maps showed that the ar-
rangement of the atoms in NaTi,0, is very
similar to that in NaScTiO, (7). Therefore,
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the space group Pnam, confirmed by suc-
cessful refinement, was adopted. The crys-
tal structure factor F. was calculated by
GSFFR program (8) using the atomic coor-
dinates of NaScTiO4. The R value was
0.155, showing that the model was reason-
able. Then, the atomic parameters and
scale and temperature factors were refined
by the full-matrix least-squares method us-
ing the program RFINE2 (9).

Site occupancy refinement was also ap-
plied for sodium at the final stage, however,
which did not produce any improvement in
the R value. Therefore, we proceeded in
the structural refinement using the fixed oc-
cupancy (100%) for sodium site.

The least-squares refinements with the
anisotropic temperature factors yielded the
final R = 0.029 and weighted Ry, = 0.034 [w
= 1/o%(F,)] for 1856 reflections. The maxi-
mum shift of the atomic parameters in the
last cycles was less than 0.01 times the cor-
responding standard deviation. A differ-
ence Fourier synthesis using the final
atomic parameters showed no significant

TABLE II
CRYSTALLOGRAPHIC AND EXPERIMENTAL DATA

Space group Pnam
Crystal size (mm) 0.124 x 0.122 x 0.090
a(A) 9.2615(10)
b (A) 10.7537(7)
c(A) 2.9556(3)
vV (AY) 294.36(5)
Chemical formula NaTi,0,
Z 4
Density (calc.) (g/cm?) 4.126
Maximum 26 (°) 110
Absorption coefficient for 53.4
MoKa (cm™1)
Scan width of 26 (°) 1.0 + 0.5tan 6
Scan speed (*/min) 1
Number of independent 2101
reflections
Number of used reflections 1856 (>30)
R 0.029
Ry 0.034

residual peak. The scattering factors for the
neutral Na, Ti, and O atoms tabulated by
Cromer and Mann (J/0) were used in the
calculations. The anomalous dispersion
correction factors were taken from the *‘In-
ternational Tables for X-Ray Crystallogra-
phy”” (11). The experimental conditions
and crystallographic data are summarized
in Table II. The final atomic coordinates
and temperature factors are given in Table
II1.! The computations were performed on
FACOM M-380R at ISSP.

Description of the Structure
and Discussion

The crystal structure of NaTi,O, pro-
jected down the c-axis direction is shown in
Fig. 1. The basic unit of the structure is the
‘‘double rutile’’ chain (12), in which a pair
of or double edge-shared TiOg octahedra
pile up along the c-axis with sharing edges
(Fig. 2a). Four chains are linked by sharing
vertices to form a three-dimensional frame-
work structure and produce a single tunnel
elongated to the c-axis. The sodium atoms
are located in the tunnels, bonded weakly
to four chains by the electrostatic force.
The selected interatomic distances and
bond angles calculated using UMBADTEA
(13) are listed in Table IV.

Both Til and Ti2 atoms are octahedrally
coordinated by six oxygen atoms. The co-
ordination environments of oxygen atoms
around the Til and Ti2 atoms are very simi-
lar. The Ti—O distance varies in the short
range of 1.932-2.051 A, which gives an av-
erage value 2.014 A. However, the O3-
Til-04’ and O1-Ti2-02' angles, the val-

! For a table of observed and calculated structure
factors, see NAPS Document No. 04659 for 14 pages
of supplementary materials from ASIS/NAPS, Micro-
fiche Publications, P.O. Box 3513, Grand Central Sta-
tion, New York, NY 10163. Remit in advance $4.00 for
microfiche copy or for photocopy, $7.75 up to 20 pages
plus $3.00 for each additional page. All orders must be
prepaid.
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TABLE IIi
ATOMIC POSITIONAL PARAMETERS? AND ANISOTROPIC TEMPERATURE FACTORS (X 10°)"

Atom x y Bn Bxn B B Beq (AYF
Na 0.24363(12) 0.34683(11) 198(10) 181(8) 226(11) —4(7) 0.77
Til 0.06624(4) 0.10964(4) 102(3) 76(2) 141(3) -13(2) 0.40
Ti2 0.08209(4) 0.60455(4) 113(3) 67(2) 117(3) -2(2) 0.37
01 0.2884(2) 0.6512(2) 108(12) 144(10) 159(14) -14(9) 0.53
02 0.3875(2) 0.9803(2) 107(12) 79(9) 131(13) 3(8) 0.40
03 0.4795(2) 0.2177(2) 173(13) 64(8) 142(13) -30(9) 0.46
04 0.0801(2) 0.9304(2) 165(13) 81(9) 132(13) 21(9) 0.47

= All atoms in point position 4¢c, =(x, v, }), =¢ — x, + + y, I.

B =Bn=0
¢ B, is defined as 4(B11a® + Bnb® + BuicH.

ues of which are 160.40° and 167.83°,
respectively, are considerably smaller than
180° as in a regular octahedron (Table IV).
Therefore, both Til-O and Ti2-0O octahe-
dra are apparently distorted. A similar dis-
tortion of metal-oxygen octahedra is ob-
served in CaFe,O4type compounds and Ca
Ti,04 (14), in which double-rutile chains are

Fi1G. 1. Crystal structure of NaTi,O, viewed along
[001]. TiO4 coordination octahedra are illustrated as
octahedra shaded with double lines. Na atoms are
shown as open circles.

connected by sharing vertices in another
way.

The sodium atom is surrounded by eight
oxygen atoms in a bicapped trigonal prism
at an average of 2.481 A. This coordination
type is normal for sodium atoms. The ninth
oxygen (Na-O1’ in Table IV; distance,
3.299 A) in the same tunnel is too far away
to be bonded.

The Ti**/Ti** ratio in NaTi,O4 is required
to be 1: 1 by the charge compensation. We
note that the average Ti**-Q distance in

(b)

F1G. 2. (@) Ti(1)Q¢ octahedral representation of
““‘double rutile’” chain in NaTi,Q,. Repeat distance
along the c-axis is 2.9556 A. (b) Idealized TiOs4 octahe-
dral representation of ‘‘zigzag ribbon’’ in Na,Ti;0,
(20). Repeat distance along the b-axis is 3.804 A.
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TABLE IV

SELECTED INTERATOMIC DISTANCES (A) AND BOND
ANGLES (°) WITH ESTIMATED STANDARD
DEVIATIONS IN PARENTHESES

Na-O1 2.5838(2) x2 O1-Ti1-01 92.93(7)
-02  2.392(2) x2 O1-Ti1-03 93.50(6)
-03  2.588(2) O1-Til-04 87.72(5)
=03’ 2.543(2) O1-Til-04' 100.02(6)
-04 2.378(2) X2 03-Til-04 85.99(6)
-01" 3.299(2) 03-Til-04’ 160.40(7)

04-Til-04 92.22(7)
Til-O1  2.049(1) x2 04-Til-04’  80.47(6)
-03  2.023(2)
-04 2.05K1) x2
-04" 1.932(2) 01-Ti2-02 91.91(6)
Mean 2.026 O1-Ti2-02" 167.83(7)
02-Ti2-03 96.98(6)

Ti2-01  1.975(2) 02-Ti2-02 94.55(7)
-02  2.012(1) x2 02-Ti2-02"  79.90(6)
-02"  2.020(2) 02-Ti2-03 84.31(5)
-03  L997(1) X2 03-Ti2-02"  91.18(6)

Mean 2.002 03-Ti2-03 95.44(7)

Ti,Os (15) and CaTi,0, (I14) is 2.05 A, while
Ti**-0O distances in rutile (/6), ilmenite
(17), perovskite (18), titanite (/9), and so-
dium titanates (20-22) center around 1.97
1§. The average of these two (2.05 and 1.97
A) is 2.01 A, which is identical with the
average Ti-O distance in NaTi,O4 (2.014
A). In addition, the difference of the aver-
age Til-O distance (2.026 A) from the aver-
age Ti2-O distance (2.002 A) is 0.024 A,
which is remarkably smaller than the differ-
ence of the effective ionic radii, 0.06 A, be-
tween Ti>* (0.67 A) and Ti** (0.61 A) (23).
These facts suggest that both types of Ti
sites in NaTi,0, are randomly occupied by
Ti3* and Ti** ions.

In the crystal structures of most sodium
titanates elucidated, the length of the b-axis
is about 3.8 A (e.g., 3.804 A in Na,Ti;0,
(20), 3.784 A in Na,Ti,O (24), and 3.745 A
in Na,TigO3 (21)), which corresponds to
the diagonal length of the Ti—O octahedra
(Fig. 2b). The basic frameworks of the
above sodium titanates are built up from
three or four Ti-O octahedra with sharing
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edges at the same height which combine
similar units above and below into zigzag
ribbons of the octahedra toward the b-axis.
The ribbons are connected to similar units
by sharing vertices to form staggered sheets
between which sodium atoms are situated.

On the contrary, the length of the c-axis
in NaTi,O,4 is about 3.0 A, which corre-
sponds to the length of the Ti—O octahedral
edge, that is, the oxygen—oxygen contact
length as shown in Fig. 2a. Similar chains of
Ti—0O octahedra are also observed in rutile
(¢ = 2.959 A) and ““double rutile”-type Ca
TiO4 (¢ = 3.136 A).
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