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Electrolyses of alkali titanate and titanate-vanadate melts at temperatures up to 105OOC have produced single 
crystals of a number of phases of general composition ASB02 where A is an alkali-metal ion and B represents a 
mixture of Ti3+ and Ti4+ or of V3+ and Ti 4+ These phases included hexagonal Na,.,V, .3Ti0.704, with lattice . 
parameters a = 2.92, c = 11.20 A, the hollandite-types KXTi408 (a = 10.20, c = 2.99 A) and Cs,Ti408 (a = 10.32, 
c = 2.92 &, a potassium layer compound K0.8V0.8Ti1.204 (a = 3.73, b = 15.90, c = 2.98 A) and a cesium layer 
compound Cs,Ti,O, isomorphous with Rb,Mn,Ti,-,O,, with a = 3.84, b = 18.02, c = 3.01 A. 

We have also found a monoclinic sodium titanium oxide of composition near to NaTiO,, with a = 23.4, 
6 = 3.08, c = 11.06 A, /3 = 75.25”, and an octatitanate KaTi,O,,, with a = 15.68, b = 3.809, c = 12.06 A and 
/3 = 95.0”. Electrolyses of cesium vanadate and molybdate melts have also produced new phases, including a 
tetragonal cesium vanadium bronze CS~.~~VZO~+~, x - - 0.3, with a = 7.72, c = 11.73 A, and a monoclinic cesium 
molybdenum bronze CS~.~MOO~. 

The structures of a number of the phases produced have been determined or identified. Most are poor conductors 
of electricity, but Cs,Ti,O, shows highly anisotropic semiconductivity. 

Introduction 
The electrolysis of molten oxides has been used 

by a number of workers to prepare compounds in 
single crystal form. Such compounds have included 
the tungsten and molybdenum bronzes (I), (2), and 
(3), MoOz (4) and (5) Mnz-,Fe,Os (6), CaTiz04 (7) 
arid(8), CaV,O,(9), Co1 +,V,,04(IO), and theborate 
compounds of typical composition Mg4B2V201 0 
(11). When the crystals are deposited at the cathode, 
as is usual in electrolytic preparations, they contain 
at least one of the constituent metals in an oxidation 
state lower than that normally exhibited. 

Our recent work (22), (13), and (24) on ternary 
alkali titanate systems AzO-Mz03-Ti02 in which 
M is any of a number of metal ions with a normal 
valency of +3 has led us to expect a variety of such 
compounds in which ikf is Ti3+ or V3+. Several 
compounds with M = Ti’+ have previously been 
prepared by solid state reactions (15) and (16) or by 
hydrogen reduction (17) and (18). In the present 
work, we have by the electrolysis of molten alkali 
titanate or titanate-vanadate compositions at 
temperatures up to 105O”C, produced in single 
crystal form compounds with M = Ti3+ or V3+. 

An unexpected discovery was the stabilization of 

particular structures by the addition of small 
quantities of other oxides to titanate melts. For 
several systems we have also found, as was demon- 
strated by Wold in his work on molybdenum bronze 
(3), that the compound formed depends on both the 
composition and the temperature of the melt. In 
addition to the titanate systems, we have electrolysed 
cesium molybdate and vanadate melts, and in the 
present paper we wish to report on our experimental 
procedures, the synthesis in single crystal form of 
new compounds of known structure, and the syn- 
thesis of several new compounds whose structures 
will be reported subsequently. 

Experimental 
Preparation of Starting Materials and Melts 

Where possible the melting points of desired 
compositions were obtained from published phase 
diagrams. The end member compounds of the com- 
position ranges to be studied were then synthesised 
in powder form by solid state reaction 30-50” below 
their melting points or incongruent decomposition 
temperatures. Compounds thus prepared included 
Na2Ti03, K2TiZOS, CsZTiZOs, CsV03 and Cs,Mo04 
Starting materials included Na&O,,, K2C03, 
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FIG. 1. Electolysis crucible assembly. 

CsN03, NH4VOr, and the oxides TiOz (anatase 
form) and Moos. 

To obtain a melt of given composition, appropri- 
ate quantities of the end member and the component 
oxide were finely mixed, packed into the electrolysis 
crucible and melted into place. As it was usually 
necessary to add more than one charge of powdered 
material, the premelting procedure was carried out 
in a muffle furnace. 

Electrolysis Procedure 
The cell consisted of two standard platinum 

crucibles mounted concentrically, the outer being 
supported in an alumina crucible, and the inner by 
means of three arms of heavy platinum wire welded 
to its rim and bent back over the edge of the alumina 
crucible (Fig. 1). The inner crucible was penetrated 
by six holes, 2 mm in diameter, drilled at the bottom 
edge of its wall. These holes provided a suitable 
conduction path from the outer crucible, which 
acted as the anode, to a 1 -mmplatinum wire (cathode) 
suspended in the melt in the inner crucible. The wire 
was held on the end of an g-in. stainless steel rod 
which could be raised or lowered through a sliding 
seal on the head of the vessel (Fig. 2). The cell 
arrangement, which had the considerable advantage 
of being constructed from standard crucibles, was 
easy to repair or replace. 

FIG. 2. Inconel electrolysis vessel. Ceramic is stippled, 
Teflon is crosshatched. A--Seal for positive electrical 
connection (Conax Co.). A similar seal, not shown, carries a 
thermocouple. B-Sliding seal for &in. stainless steel rod 
connecting to negative electrode. C-Argon inlet. Outlet, 
not shown, has no extension into the vessel. D-Stainless-steel 
flanges. Bolts not shown. E-Water connection. F-Cooling 
fins. G-Thin-walled section, 0.050~in. H-Heavy wall 
uniform temperature section. Z-Radiation shields. Support 
rods, of g-in. stainless steel, are not shown. 

The crucible assembly was held in a welded vessel 
whose body and base were constructed of Inconel, 
and which was fitted with stainless steel flanges sealed 
with a Viton O-ring, Fig. 2. Overheating of the seal 
was prevented by passage of cooling water through 
an annular space just below the flange. The gap 
between the vessel and the tube furnace was, in its 
upper 1 or 2 in., tightly packed with mullite wool 
(Morganite Co.). This severed both as insulation 
and as a diffusion barrier to contain a protective 
atmosphere of argon around the vessel. 

Radiation shields and the support plate for the 



TA
BL

E 
I 

SI
N

G
LE

 C
R

YS
TA

L P
R

O
D

U
C

TS
FR

O
M

 M
O

LT
EN

 O
XI

D
EE

LE
C

TR
O

LY
SI

S 

M
el

t 
co

m
po

si
tio

n 
R

un
 

(m
ol

e 
%

) 
no

. 

N
az

TI
O

l 
(7

6)
, T

lO
, 

(1
8)

, A
&O

3 
(6

) 
1 

N
aZ

Ti
O

l 
(7

6)
, T

iO
l 

(1
8)

, A
lz

O
l 

(6
) 

2 
N

at
Ti

O
o 

(6
7.

5)
, T

i0
2 

(3
2.

5)
 

3 
N

a2
Ti

03
 (

73
), 

N
aV

O
, 

(2
7)

 
4 

K
2T

iZ
O

r 
(1

00
) 

5 

&
‘W

A
 

(9
%

 A
hO

3 
(7

) 
6 

K2
Ti

20
5 

(9
8.

5)
, N

b2
0s

 (
1.

5)
 

7 

K3
Ti

20
5 

(9
8.

5)
, N

b2
0J

 (
1.

5)
 

8 
K2

Ti
20

5 
(7

3)
, K

VO
s 

(2
7)

 
9 

C
s2

Ti
20

5 
(8

2)
, T

iO
z 

(1
8)

 
10

 

C
sZ

Ti
ZO

S (
82

), 
Ti

O
l 

(1
8)

 
11

 

C
s1

0 
(4

3)
, 

Ti
02

 (
57

) 
12

 

C
s,

M
oO

, 
(5

0)
, 

M
oO

l 
(5

0)
 

13
 

C
S

~M
O

O
, (

30
1,

 M
O

O
S 

(7
0)

 
14

 

C
sz

O
 (

4%
 

VA
 

(5
6)

 
15

 

C
sB

(3
7)

. 
V&

s 
(6

3)
 

16
 

-I-
 

Ia
 

Ti
m

e 
“C

 
m

A 
ho

ur
s 

P
ro

du
ct

 
(c

ry
st

al
 s

iz
es

 in
 m

m
 a

nd
 in

fe
rre

d 
co

m
po

si
tio

ns
 

in
 p

ar
en

th
es

es
) 

10
30

 
60

 
3.

5 

10
30

 
60

 
20

 
10

20
 

80
 

16
 

98
5 

10
0 

16
 

10
20

 
10

0 
16

 

10
50

 
10

0 
16

 
10

10
 

10
0 

16
 

98
0 

60
 

16
 

99
0 

10
0 

16
 

92
5 

10
0 

16
 

90
5 

10
0 

16
 

88
5 

20
0 

16
 

52
5 

10
0 

20
 

53
0 

15
0 

22
 

58
5 

80
 

16
 

54
0 

80
 

20
 

Bl
ue

-b
la

ck
 

ne
ed

le
s 

2 
x 

1 
x 

1,
 a

pp
ro

x.
 

N
aT

iO
?,

,, 
0 

i 
x 

i 
0.

5,
 p

lu
s 

1 
w

t%
 A

l2
03

 
Bl

ue
-b

la
ck

 
pr

is
m

s 
10

 x
 2

 x
 2

 
Sm

al
l 

bl
ac

k 
cr

ys
ta

ls
 

D
ar

k 
br

ow
n 

pl
at

es
 5

 x
 5

 x
 1

, a
pp

ro
x.

 
N

al
.3

V1
.3

Ti
o.

70
4 

M
as

s 
of

 b
lu

e-
bl

ac
k 

pr
is

m
s 

8 
x 

1 
x 

1,
 

(K
xT

i4
08

, 
x 

4 
1)

 
Sa

m
e 

as
 R

un
 6

 
Sm

al
l 

ne
ed

le
-li

ke
 c

ry
st

al
s 

(K
3T

iS
01

,) 

La
rg

e 
bl

ac
k 

pr
is

m
s 

D
ar

k 
br

ow
n 

pl
at

es
 2

 x
 3

 x
 0

.2
, a

pp
ro

x.
 

K
0.

7V
0.

7T
i1

.3
04

 
D

ar
k 

br
on

ze
 l

us
tro

us
 p

ris
m

s 
4 

x 
1 

x 
1,

 
(C

s,
Ti

,0
8 

=G
 1)

 
Bl

ac
k 

pl
at

es
 1

 x
 1

 x
 0

.1
, (

C
s0

.,T
i2

04
) 

Bl
ac

k 
he

xa
go

na
l 

pl
at

es
 2

 x
 2

 x
 0

.5
, 

(C
so

.~
TN

J 
La

rg
e 

bl
ac

k 
cr

ys
ta

ls
 o

f 
M

O
O

, 

Sm
al

l 
co

pp
er

 c
ol

ou
re

d 
cr

ys
ta

ls
, 

K
s,

M
oO

d 
Bl

ac
k 

pl
at

es
 3

 x
 3

 x
 0

.5
 

D
ar

k 
br

ow
n 

pr
is

m
s 

5 
x 

1 
x 

1,
 a

pp
ro

x.
 

cs
o.

94
v2

a.
3 

S
tru

ct
ur

e 
ty

pe
 

U
ni

t 
ce

ll 
di

m
en

si
on

s,
 8

, 

N
ew

 m
on

oc
lin

ic
 

ph
as

e 

As
 i

n 
R

un
 I

 
As

 in
 R

un
 1

 
N

a1
.3

3N
i0

.6
7T

i~
.3

&
4 

(2
2)

 

Po
ta

ss
iu

m
 h

ol
la

nd
ite

 
(2

9)
 

Po
ta

ss
iu

m
 h

ol
la

nd
ite

 
(2

9)
 

Po
ta

ss
iu

m
 o

ct
at

ita
na

te
 

(3
1)

 

Po
ta

ss
iu

m
 h

ol
la

nd
ite

 
(2

9)
 

Ko
.&

ko
.4

Th
.d

%
 

(1
4)

 

C
es

iu
m

 h
ol

la
nd

ite
 

(1
8)

 

R
ub

id
iu

m
 

m
an

ga
ne

se
 

tit
an

at
e 

(1
3)

 
R

ub
id

iu
m

 
m

an
ga

ne
se

 
tit

an
at

e 
(1

3)
 

M
oo

2 
(5

) 

N
ew

 m
on

oc
lin

ic
 

st
ru

ct
ur

e,
 

C
SI

,O
 M

oo
s 

V
-3

 
N

ew
 o

rth
or

ho
m

bi
c 

ph
as

e 

N
ew

 t
et

ra
go

na
l 

ph
as

e 

a 
= 

23
.4

, 
b 

= 
3.

08
, 

c 
= 

11
.0

6,
 /3

 = 
75

.2
5”

 
As

 in
 R

un
 1

 
As

 i
n 

R
un

 1
 

a 
= 

2.
94

 
c=

ll*
20

 
a 

= 
10

.2
0 

c=
 

2.
99

 
a 

= 
10

.1
5,

c 
= 

2.
99

 
a 

= 
15

.6
8,

 b
 =

 3
.8

09
 

c 
= 

12
.0

6,
 B

 =
 9

5.
0 

a 
= 

10
.2

0,
 c

 =
 2

.9
9 

a 
= 

3.
73

, 
b 

= 
15

.9
0,

 
c 

= 
2.

98
 

a=
 

10
.3

2 
c 

= 
2.

92
 

As
 i

n 
R

un
 1

2 

n 
= 

3.
84

, 
b 

= 
18

.0
2,

 
c 

= 
3.

01
 

a 
= 

5.
61

, b
 =

 4
.8

6,
 

c 
= 

5.
63

,/?
= 

12
1"

 
a 

= 
6.

4,
 

b 
= 

7.
7,

 
c 

= 
8.

14
, ,

5 =
 9

6”
 

a 
= 

6.
65

, 
b 

= 
7.

70
, 

c 
= 

9.
62

 
a 

= 
7.

72
 

c 
= 

11
.7

3 

--
 

g 
C

at
ho

de
 a

re
a 

ap
pr

ox
im

at
el

y 
0.

25
 c

m
*. 



ELECTROLYSIS OF MOLTEN TITANATES 313 

crucible assembly were suspended on three +-in. 
stainless steel rods threaded into the top flange, 
which also carried gas-tight glands for electrical 
connections and thermocouple leads, and an argon 
inlet tube. In a typical run the vessel was flushed with 
argon and brought up to operating temperature 
with the centre electrode raised. The electrode was 
then lowered 8-10 mm below the melt surface, and a 
controlled current of 60-200 mA passed for a period 
of 3-40 h. At the conclusion of electrolysis the cen- 
tral electrode and its attached crystals were lifted 
clear of the melt. The vessel was then allowed to cool 
to room temperature before removal of the top 
flange with the crucible assembly suspended from it. 

Recovery and Characterization of Products 
In most runs, the crystalline product was attached 

to the central wire and could be broken from it. If 
the products were stable to dilute acids any solidified 
melt could be dissolved away, and if not, crystals 
were hand picked from the lightly crushed mixtures. 
A Guinier camera was used to obtain X-ray powder 
patterns for lattice parameter determinations, except 
when the products exhibited strong preferred 
orientation, in which case a Debye-Scherrer 
camera was used. Single crystal rotation and 
Weissenberg photographs were used both as an aid 
to the indexing of powder patterns and for identifi- 
cation purposes. Several compounds were obtained 
in sufficient yield for quantitative analysis, Table I. 
These analyses were performed by the Analytical 
Group of the Division of Mineral Chemistry. 

Results 
The experimental conditions under which the most 

significant results were obtained are summarized in 
Table I. The nature of the products and the behaviour 
of the various systems are discussed in more detail 
in the following sections. 

Na,TiO1-Ti02 

Only a few compounds containing sodium and 
Ti3+ are so far known. These include NaTi (15), 
of formal composition NazO *Ti203 and Na,TiO,, 
0.20 < x < 0.25 (17) of formal limiting composition 
NazO*Tiz03 *6Ti02. NaTi and Na,TiOz are, 
respectively, isomorphous with a-NaFeOz (19) and 
NaFeTi30B (20), and the two sets of compounds are 
members of pseudobinary systems NaTi3+02-Ti01 
and NaFeO,-Ti02. In the latter system the com- 
pounds NaFeTi04 (12) and Na,Fe,TiZwx04, 0.75 < 
x < 0.90 (21), are also known, although their Ti3+ 
isotypes have not as yet been prepared. 

It was expected that the electrolysis of NazTi03- 
TiOz melts near the eutectic at 27 mole% TiO*, 
Fig. 3, would lead to one of the known Ti3+ com- 
pounds, or possibly to one of the other structures 
known in the Fe3+ system. Instead, metallic sodium 
was evaporated from the melts. The free energy of 
the reaction, 

NazO + T1203 + 2Na + 2Ti02, 

passes from slightly positive to slightly negative values 
as the temperature rises through 800-900°C (1.5), and 
liberation ofsodium metal has been observed to occur 
when either of the solids NaTiO, (1.5) or Nao.2sTiOz 
(16) is heated above 800°C. In melts containing high 
concentrations of sodium, it is therefore likely that 
sodium metal is liberated at the cathode in prefer- 
ence to Ti3+. However, electrolysis of a melt in 
inadvertent contact with an alumina crucible gave a 
mass of large blue-black crystals. These had a 
sodium-titanium ratio close to unity, but also 
contained 0.5-l % by weight of A1,03. They gave a 
strongly alkaline reaction when treated with water. 
The compound proved to have a new monoclinic 
structure characterized by a 3 A b axis (an octa- 
hedral edge length) and large a and c axes of 23.4 and 
11.06 A, respectively. A description of this structure 
will be given elsewhere. Addition of approximately 
6 mole % of A&O3 to a 0.81 Na,Ti03-0.19 TiOZ 
mixture gave a melt which on electrolysis yielded 
crystals of the new phase up to 10 x 2 x 2 mm in 
size, Runs 1 and 2, Table I. The structure is possibly 
stabilized by A13+ ions randomly substituted for 
Ti’+ but it is equally likely that the presence of 
alumina in the melt lowered the sodium activity and 
allowed Ti3+ to be produced. A moderate yield 
of the new phase was indeed obtained in the absence 
of alumina when the titania content of the melt was 
increased to 33 mole % (Run 3). 

Na,Ti03-NaV03 

The preparation of a new sodium titanium oxide 
in the presence of alumina suggested that other 
oxides could also act to allow such structures to 
form. In addition, the existence of a large number of 
Na20-A203-Ti02 phases made it appear likely 
that Na*O-V203-Ti02 compounds could be syn- 
thesized, and the electrolytic reduction of Vs’ to V3+ 
could well provide the necessary mechanism for the 
formation of such compounds in single crystal form. 

The system NazTi03-NaV03 was chosen as 
having a suitable eutectic near 20 mole% NaV03, 
Fig. 3, but electrolysis at this composition failed to 
give a reduced species. However, at 27 mole% 
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NaVOj (Run 4) large brown tabular crystals were 
formed which exhibited a pronounced mica-like 
cleavage. They did not react with dilute acid, and 
were easily separated from the bulk of the melt by 
dissolution of the latter in 2N HCl. Single crystal 
X-ray photographs showed them to be hexagonal 
with a = 2.94 A and c = 11.20 I%. Debye-Scherrer 
photographs confirmed these lattice parameters and 
showed the compound to have reflection intensities 
almost identical with those of Na1.)3Ni0.67Til.3304, 
a recently discovered (22) hexagonal layer compound 
with a = 3.05, c = 11.20 ?L 

Chemical analysis showed that it had a compo- 
sition very close to Na1.3V1.3Ti,,704, namely 
Na,,(A + Ti)*04, x M 0.7, the general formula 
characterizing the sodium nickel titanate and its 
cobalt isomorph (22). The structure is similar to that 
of cr-NaFeO,, but with the sodium layers only 
partially occupied. In addition the correspondence 
between the layers of metal-oxygen octahedra is 
altered, so that the structure is truly hexagonal 
rather than rhombohedral and contains only two 
such layers per unit cell instead of three. The c axis 
is thus 11 A (.+ of 16 A) rather than 16 A as in 
a-NaFeOz. A similar structure has been reported for 
KPb,,33Ti,,6702 by Fouassier and Hagenmuller 
(41). 

The valencies of vanadium and titanium in the 
new compound have not been determined by chemi- 
cal methods, but as the structure requires a mixture 
of 3+ and 4+ ions in the ratio 1.3-0.7, and since the 
reaction 

2V02 + T1203 3 VZOJ + 2Ti02 

is exothermic by -20 kcal per mole of T&O3 (23), it is 
expected that even if Ti3+ ions are formed in the 
initial electrode processes, the final structure will 
contain only V3’ and Ti4+. 

Systems Based on K2Ti205 
Hollandite (27) isotypes of limiting composition 

KA1Ti308 and KFeTi,Os have been synthesized 
(28) and Wadsley and Andersson (29) have reported 
that one of the products of hydrogen reduction of 
KZTi205 is an intensely blue-black compound with 
this same structure and thus of formal composition 
K Ti3+Ti4_f 0 x G 1. Electrolysis of KZTi205, 
w&c< m&i c&gruently at 942”C, could also be 
expected to give KxTi408 of hollandite form, and 
did indeed do so, Run 5. The compound was formed 
as large masses of black crystals up to 8 x 1 x 1 mm 
in size. It was inert to dilute acids, and was readily 
separated from the potassium titanate residue. 

FIG. 3. Systems Na2Ti03-TiOz (241, Runs 1, 2 and 3; 
Na2Ti03-NaV03 (2~9, Run 4; KITiOo-KV03 (25); 
Cs2TiZ05-T102 (26), Runs 10 and 11. 

The formation of new phases by electrolysis of 
sodium titanate melts containing A&O3 or VZOs 
suggested that similar effects might operate in the 
potassium titanate systems. In addition, Nb5+ is 
known to substitute randomly for Ti4+ in com- 
pounds such as KTiNbOS and KTi3NbOg (30), and 
it was considered that the presence of NbS+ might 
stabilize yet other structures. We consequently 
examined K2Ti20S melts to which A1203, Fe203, 
KV03 and NbZOS had been added. 

Approximately 7 mole % of A1203 was found to be 
soluble in KZTi205 melts at 1000°C. An electrolysis 
of such a melt at 1050°C (Run 6) gave a potassium 
hollandite phase with parameters much closer to 
those of KxTi408 than those of KA1Ti30s [for which 
a = 10.04 A, c = 2.94 A (28)], indicating that oniy 
small quantities of A13+ had entered the structure. 

K2Ti205-Fe203 

Electrolysis of a K2Ti20s melt containing 5 mole % 
of Fez03 led to the formation of metallic crystals 
of a highly reactive magnetic iron-platinum alloy. 
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Reduction conditions during electrolysis were 
evidently too severe for the Fe?+ or Fe3+ oxidation 
states to be retained. 
K2Ti205-Nb205 

Electrolysis at 1010°C of a melt containing 1.5 
mole’% of Nb205 (Run 7) gave a massive fibrous 
grey deposit containing black needle-like crystals. 
Single crystal photographs showed that this was a 
new phase, apparently related to the alkali-metal 
hexatitanates. Subsequent refinement of the struc- 
ture (31) showed it to be an octatitanate K3Ti80,, 
of formal composition K3+Ti3+Ti$+Ol,. The stabil- 
ization of this structure by niobium is most probably 
due to a small amount of Nb5+ substituting for Ti4+ 
as in the potassium niobates (30), with over-all 
charge compensation being obtained by the simul- 
taneous substitution of additional Ti3+ for Ti4+. 
For the pure oxides the stable pair is Ti203/Nb205 
rather than Ti02/Nb02, and this combination is 
likely to persist in a ternary or quaternary com- 
pound. We were unable to confirm chemically the 
presence of niobium in the phase, as it proved im- 
possible to dissolve the last traces of melt without 
destroying the crystals. A further run at 990°C gave 
the same octatitanate product, but at 980°C the 
major product was potassium hollandite, Run 8. 
K2Ti20S-KVO, 

The pseudobinary system K2Ti03-KVO, (25) 
contains a low melting region in the composition 
range O-25 mole % of KV03, and we found that the 
K2Ti205-KV03 system showed somewhat similar 
behaviour. No product was obtained by electrolysis 
at 1000°C of melts containing 11.5-20 mole % 
KV03, but at 27 mole % KV03 and 73 mole% 
K2Ti20S, relatively large dark brown “platey” 
crystals were formed at 88o”C, Run 9. These crystals 
gave Weissenberg patterns quite similar to those of 
RbXMn,Tiz-x04 (Z3), and indicative of considerable 
disorderin the crystal. However, careful examination 
of the films showed them to be characterized by the 
space group Pnma rather than Cmcm. 

The powder diffraction pattern obtained from 
ground up crystals corresponded to a unit cell with 
dimensions a = 3.73, b = 15.90, and c = 2.98 A, 
close to those for RbXMnXTiz-X04, but with the 
different reflections required by the differences in 
space group symmetries. Solid state synthesis of 
various nonreduced phases of appropriate stoi- 
chiometry showed that K0.7$&,75Ti1.2504 and 
Ko.8Mg0.4Ti1.604 for example were strictly iso- 
structural with the new vanadate phase, which 
thus has a composition near to K,.,V,,.sTi,.z04. A 

single crystal structure determination for 
K,.,Mg,.,Ti,.,O, showed that the structure consists 
of double layers of edge-shared metal oxygen 
octahedra separated by layers of potassium ions. 
The structure, which is fully described in a separate 
paper (Id)), resembles that of RbXMn,Ti2-,04, with a 
unit cell of similar size. However, the correspond- 
ence between the layers is altered, and the local 
coordination for the alkali ion is different. 

System Cs#--Ti02 
Addition of 22 mole % of Ti02 to the congruently 

melting compount Cs2Ti205 (26) produces a eutectic 
melting at 844°C Fig. 3 ; the composition Cs,O .Ti02 
melts at 698°C (32) but does not correspond to a 
compound. It was considered, by analogy with the 
RbMn02-Ti02 system (13) (which typifies a number 
of RbB02-Ti02 and CsB02-Ti02 systems in which 
B is a 3+ ion) that electrolysis of cesium titanate 
melts would yield one or more of the Ti3+ compounds 
CsTi02, Cs,Ti3+TiiiX04, x w 0.7, (isomorphous 
with Rb,Mn,Ti,-,O,) or cesium hollandite 
Cs,Ti3+Ti,4t,0s, x G 1, (18). The two compounds 
with higher titanium content were indeed found; 
high titania concentrations and higher temperatures 
(Run 10) favoured the formation of the hollandite, 
while lower temperatures (Run 11) and higher 
cesium contents (Run 12) allowed the formation of 
the CsXTi204 layer compound isomorphous with 
Rb,Mn,Ti,-,O,. 

At the composition Cs20.Ti02 the compound 
CsTi02 was not formed, instead, metallic cesium 
was evaporated from the melt. This behaviour is 
analogous to that observed in the Na20-Ti02 
system. However, addition of a modest amount of 
Ti02 to Cs,O *TiO, melts allowed the formation of 
quite large hexagonally shaped tablets of the 
orthorhombic layer compound Cs,Ti,O,, Run 12. 

Despite its higher Ti3+content the layer compound 
was effectively nonconducting, with p < 10-j Q-i cm 
However, the hollandite compound, CsXTi408, 
x G 1, which formed as large, dark, bronze-coloured 
crystals, showed strong anisotropic semiconductiv- 
ity, with p2,,c = 0.42 Q-i cm along the c axis. 

System Cs,O-MOO, 
Potassium molybdenum bronzes were prepared 

by Wold et al. (3) by electrolysis of K,Mo04-Moo3 
melts in liquidus regions adjacent in composition 
to and lower in temperature than the congruent 
melting points defined in the phase diagram. At 
temperatures above such congruent melting points 
MOO* was formed (3), (4) and (5). The C+O-Moo3 
system (33) is very similar to the K,O-MOO, 
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system (34), and it was considered that a comparable 
experimental approach could produce cesium 
molybdenum bronzes. 

Electrolysis at 525°C of a 1 :l CsMoO,-MOO, 
melt, a composition region adjacent to that of 
CQMO~O,~ which melts at 550°C produced only 
crystals of monoclinic MOO,, with lattice param- 
eters essentially the same as those reported by 
Brandt et al. (5), Run 13. However, electrolysis at 
530°C of a 30 mole% Cs2Mo0,-70 mole% Moo3 
melt (Run 14) gave small but well-developed copper 
coloured crystals of a monoclinic cesium molyb- 
denum bronze. These were insoluble in dilute acid, 
and easily separated from the melt by dissolution of 
the latter. The structure of this new phase is related 
to those of the potassium molybdenum bronzes, 
and corresponds to the limiting composition 
Csi,sMoO,. This structure will be described in 
detail elsewhere (42). 

Electrolysis at 538°C of a melt containing 
CszMo04 and MOO,, in the molar ratio 24: 76 gave 
a large deposit of bronze-coloured crystals which 
proved to be MoOz with a notably different appear- 
ance from that produced in Run 13, but with the 
same lattice parameters. 

System Cs20-V205 
The existence of the well-characterized lithium, 

sodium, and potassium vanadium bronzes, recently 
reviewed by Banks and Wold (2), suggested that 
cesium may also form bronzes with vanadium 
oxides, or possibly new phases containing vanadium 
entirely as V3+ or as V4+ ions. 

Following the procedure adopted for molyb- 
denum bronze syntheses, we electrolysed Cs,O-V,O, 
melts (35) at compositions adjacent to the liquidus 
boundaries of the congruently melting compounds 
CSVO~ and CsVJ08, Fig. 4. At 44 mole% CsaO 
and 56 mole% VZOs, electrolysis at 585°C gave 
black plate-like crystals of a new orthorhombic phase 
Run 15. Electrolysis of a melt containing 37 mole % 
CsZO and 63 mole% VZOs, Run 16, gave a large 
mass of dark coloured columnar crystals which 
proved to have tetragonal symmetry. Analysis for 
Cs, V5+ and total vanadium showed the Cs: V ratio 
to be close to 0.47:1 and that close to 80 % of the 
vanadium was present as V5+. When the compound 
was dissolved in dilute hydrochloric acid in the 
absence of air, a blue solution was formed which 
exhibited strong optical absorption at 5900 cm-i 
and 13,300 cm-‘, with a shoulder at 16,500 cm-i. 
These values are characteristic of V4+ (36) and not of 
V3+. Thus the composition can be expressed as being 
near to CS~.~~V~O~.~. However, the exact stoi- 
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FIG. 4. Systems Cs2Mo04-Moo3 (33), Runs 13 and 14; 
Cs,O-V,O, (39, Runs 15 and 16. 

chiometry, and particularly that of the structural 
framework if Cs sites are only partly occupied, must 
be determined from the crystal structure. A study of 
the structure is in progress, and will be reported in 
due course. 

Discussion 
The structures which we have identified for the 

alkali-metal compounds produced in the present 
work are all based on three-dimensional frameworks 
of metal-oxygen polyhedra which enclose sites for 
alkali-metal ions. In general, the extent to which 
these sites are occupied is fully charge compensated 
either by a reduction in valency of metal ions in the 
host framework, or by their replacement by other 
ions of lower valency. However, potassium octa- 
titanate, with a formal composition K3Ti3+Ti$+0,,, 
has only one third of the potassium ions charge 
compensated in this manner, and the tetragonal 
cesium vanadium oxide phase, Run 16, Table 1, 
contains considerably more Cs+ than V4+. 
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Except for &TisO,,, which is structurally related 
(31) to the binary titanate NaZTi60i3 (37) all of the 
alkali-metal titanate compounds lie on the pseudo- 
binary tie lines AMO*-Ti02 of the ternary systems 
A20-M203-Ti02, and can thus be described by the 
general formula A,BO*, 0.25 < x < I. For the pre- 
sent compounds M is Ti3+ or V3+, but each has a 
number of isotypes in which M is a variety 
of 3+ ions or equimolar mixtures of 2+ and 4+ 
ions. Thus, Na, .3Va.;Ti:.:0, is isostructural with 
NaI.33Ni,.,,TiI.3304, (2.3; K0.8Vd.Pi1.204 is iso- 
structural with K0.8Mg,,4Ti1.604 (14); Cs,Ti,O, 
is isostructural with Rb,Mn,Tiz-XO, (13); and 
the hollandites K,Ti,Os and Cs,Ti,Os are iso- 
structural with hollandites of typical compo- 
sition Cs0.7Fe,,7Ti3.308 (38). 

In the formation of these compounds, the princi- 
pal function of the electrolysis process is to provide 
ions of lower charge than normally exist in the oxide 
melts. However, reduction mechanisms do not 
necessarily involve liberation of individual reduced 
metal ions. It is quite probable that polyanions 
existing in the oxide melts have only one of their 
component metal ions reduced in valency, thus 
providing precursor fragments which can combine 
with alkali-metal ions to form crystalline solids. 
The second step need not be instantaneous, and the 
formation of crystals throughout the cathode region 
of titanate and other melts may well be due to 
diffusion of reduced polyanionic fragments away 
from the cathode. Such mechanisms are obviously 
difficult to determine, and so far little or nothing is 
known of the electrolysis processes leading to single 
crystal formation. 

Electrical conductivity and other properties of 
individual compounds are determined largely by 
the structure of the host framework and the metal 
ions which it contains. While we have not made 
extensive conductivity studies on the compounds 
reported, dc potential probe measurements showed 
that the compounds containing V3+ had conductivi- 
ties lower than lO-5 Q-i cm, as did Cs,TizO, and 
the tetragonal cesium vanadium phase, Run 16. 
The most interesting compound examined was the 
cesium titanium bronze Cs,Ti408. It showed high 
semiconductivity along the c axis, with p = 0.42 
52-l cm at 20°C and p = 0.098 D cm-i at 8O”C, with 
linear dependence of logp on l/T. Across the c axis 
however the conductivity was less than lop5 9-l cm. 
The direction of ready semiconductivity corresponds 
to the 2.94 A distance in which the structure repeats 
by the edge-sharing of metal-oxygen octahedra 
already joined in pairs by edge-sharing (27) and 
(38). The strings of edge-shared double blocks so 

formed, extending infinitely in the c axis direction, 
are “corner joined” in the a-b plane to form tunnels 
which accommodate the Cs+ ions. It is in this corner- 
joining direction that conductivity is extremely low. 

Conduction along the directions of continued 
edge-sharing is probably due to extended Ti(3d)- 
0(2p)-Ti(3d) orbital overlap. A comparison can be 
made with the nonconducting compound CaFezOh, 
which contains similar strings of edge-shared double 
blocks (Z2), corner joined to form tunnels for Ca2+. 
CaFezOdexhibitsverystrongferromagnetic,orabove 
180”K, antiferromagneticinteractions along the edge- 
sharing repeat direction while interactions between 
corner-joined blocks are very weak (38), (39) and 
(40). The super-exchange coupling (metal-oxygen- 
metal orbital overlap) which allows these inter- 
actions in CaFe,O, could well allow actual transfer 
of electrons in Cs,Ti,Os, although conductivity via 
direct 3d overlap is not necessarily precluded. A 
study of the electrical and magnetic properties of 
Cs,Ti40s should be most informative. 
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