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Non-stoichiometric titanate CsxTi2.x,404 is a layer structured compound with the lepidocroc- 
ite (FeO(0H)) related structure. Cs' in the interlayer space of C s ~ , ~ 8 T i 1 , 8 ~ 0 4  (x = 0.68 in  
C~,Ti2.,,~0~) is quantitatively ion exchanged with hydrated H', Li' and Na' using aqueous 
solutions of HCI, LiCl and NaCI. The compositions and the lattice constants of the resulting 
products were revealed by chemical analysis, TG-DTA and XRD measurements. Ionic con- 
ductivity was measured by ac impedance technique in the temperature range of -30 to 30 "C. 
The conductivities at 0 "C are 5.2 x lo-', 6.4 x lo-' and 9.8 x lo-(' Scm-l with the activation 
energies of 10.3, 18.0 and 16.8 kcal mol-'for the H', Li' and Na+ exchange products, respec- 
tively. These conductivities are comparable to those of the layered clay minerals of vermicu- 
lite and montmorillonite in  which mobile cations are hydrated. 

Keywords: layered titanate; ion exchange: hydrated ion: ionic conductivity 

INTRODUCTION 

Non-stoichometric tiranate C~,Ti2-~/404 is a layer structured compound with 

the lepidocrocite (FeO(0H)) related structure.['-31 Each stacking layer consists 
of titanium-oxygen octahedra, including disordered titanium vacancy of x/4. 
Charge valance is maintained by interlayer Cs ions. An ion conduction can be 
expected for this type of the layer structure. Little work, however, has been 
done on the ionic conductivity of the layered titanates. In a previous 
we showed that lithium is intercalated into the titanate CS0.6gTi1.g304 (x = 0.68 
in CsxTi2-,/404) chemically and electrochemically. It was also found that the 
titanate exhibited electrochmmism on the intedationdeintercalation of 
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lithium. In this study, Cs ions in the interlayer space were quantitatively ion 
exchanged with hydrated H+, Li + and Na+. Ionic conductivity of the resulting 
products was measured. 

EXPERIMENTAL 

The titanate Cs0.68Ti1.8304 was prepared by the reaction of anatase type Ti02 
with Cs2Cq in the desired ratio at 7 W C  according to the previous report.[41 
The orthorhombic lattice constants were a = 0.3814(1), b = 1.738( 1) and c = 
0.2%4(2) nm, in good agreement with the reported Acid(H+), Li+ 
and Na+ ion exchanges were Carried out using HCI, LiCl and NaCl solutions at 
ambient temperature. The concentration of HCI was 0.50 M; that of LiCl and 
NaCl was 4.0 M. Alkali contents of the products were determined by atomic 
absorption method after dissolving the products in a mixed acid solution of 
H2SO4 and HF. Dehydration process was studied by TG-DTA. The ionic 
conductivity was measured over a frequency range from 50 Hz to 5 MHz by ac 
impedance analyzer. The temperature dependence of the conductivity was 
measured in the temperature range of -30 to 30 'C. 

RESULTS AND DISCUSSION 

Hvdra ted H+ Exc- e 
A preliminary experiment showed that 4.0 M HCI solution dissolved about 40 
8 of Cs0.68Ti1.8304 in 2 hours. 0.5 M HCI solution was used to avoid the 
dissolution. Cs analysis indicated that the ion exchange is rapid; more than 90 

8 of the interlayer Cs+ was removed in 3 minutes. After one hour, the HCI 
solution was replaced to fresh one. More than 99 9% exchange took place in 
one hour after the replacement. The XRD pattern of the product is shown in 
Fig. 1 with that of Cs0.68Ti1.8304. The pattern was indexed as a single phase 
with orthorhombic lattice constants of a = 0.3798(1), b = 1.849(1) and c = 
0.2959( 1) nm. These constants show that the host layer of Cso.68Ti1.8304 is 
maintained through the ion exchange and the interlayer spacing (420)  increases 
from 0.87 to 0.92nm. Cs0,68Ti1,8304 has a body-centered lattice (Immm)[21 
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which was transformed into a A baseantered lattice on the ion exchange. 
Ths suggests lateral displacements of the adjacent host layers although the 
interlayer structure is not clear. TGA showed overlapping two steps of weight 
loss: 30-150 and 150-500 'C. The former corresponds to dehydration of 
interlayer H20 molecules and the latter corresponds to the dehydration 
attributed to the exchanged H+. The composition was determined to be 
H0,6gTi1.83O4-1.3Hz0 from the weight loss of 16.9 % at 800 'C. The ion 
exchange undergoes as follows: 

Cso.~Til.s04+ H+(aq) + 1.3 H20 -+ H0,68Ti1,8304-1.3H20 + Cs+(aq) 

Sasalu et aU5.61 prepared the acid exchange form with the composition of 
H0.70Ti1.g2504*H~O using 1.0 M HCI solution after three cycles of acid 
leaching for 24 hours. The body-centered symmetry was not changed in their 
study. The reason for the dfference from our result is not clear at present. 

Rvdrated Li+ E- 
The ion exchange is also rapid; more than 90 % of the interlayer Cs+ was 

FIGURE 1 XRD patterns of (a) CQ6gTil,8304 and the hydrated ion 
exchanged products of (b) H+, (c) Li+, (d) Li+ (heated at 40 "C) and (e) 
Na+. 
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removed in 3 minutes. More than 99 % exchange was observed in the same 
manner as found in the hydrated H+ exchange. Fig. l(c) shows the XRD 
pattern of the product. The two lowest peaks in 26 indicate that the product 
consists of two phases with the interlayer spacing of 0.929 and 1.27 nm. 
Heating the product at 40 'C for 8 hours resulted in the formation of a single 
phase product as shown in Fig.l(d) where the 1.27 nm phase disappeared. 
T h s  XRD pattern was indexed as a single phase; the parameters of a primitive 
orthorhombic lattice are a = 0.3776( l), b = 0.929( 1) and c = 0.2975(2) nm. 
The composition was determined to be Li0.68Ti1.830q1.4H20 from Li 
analysis and the weight loss of 13.9 % at 400 "C. Sasaki et al.[5*61 prepared 
hydmted Li+ exchanged product through &.70Ti1,82504'H20. However, 
they did not p r e p  the quantitatively Li+ exchanged product as a single phase. 

- !  
The ion exchange was not so rapid compared to the hydrated H+ and Li+ 
exchanges. More than 90 % exchange took 12 hours. After 36 hours, the 
NaCl solution was replaced to fresh one. More than 99 % exchange took place 
in 48 hours after the replacement. The XRD pattern of the product is shown in 
Fig. l(e). The pattern was indexed as a single phase with orthorhombic lattice 
constants of a = 0.3777(1), b = 1.794(1) and c = 0.2976(1) nm. The body- 
centered lattice was not changed on the exchange. The interlayer spacing 
increased from 0.87 to 0.90 nm. The composition was determined to be 
Na068Ti1.8304.1.3H20 from Na analysis and the weight loss of 12.3% at 400 

"C. Sasaki et al.[5aal also prepared hydrated Na+ exchanged product through 
H O . ~ O T ~ ~ . ~ ~ S O ~ . H ~ O .  They obtained up to 70 % conversion as a single phase. 

Ionic Conductivite 
The single phase products of three kinds were obtained. They were quantita- 
tively ion exchanged with hydrated H+, Li+ and Na+. Fig.2 shows the 
temperature dependence of the conductivities measured by ac impedance 
technique in the temperature range of -30 to 30 "C. The conductivities at 0 "C 
were 5.2 x lO-7,6.4 x 10-6 and 9.8 x 10-6 S cm-1 with the activation energy of 
10.3, 18.0 and 16.8 kcal mol-1 for the hydrated H+, Li+ and Na+ exchanged 
products, respectively. In the previous study,[4J we measured the temperature 
dependance of the electronic conductivity of C~068Ti1.8304 in the range of 
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FIGURE 2 Temperature dependence of the ionic conductivity of (a) 
H 0 . 6 ~ T i ~ , 8 3 0 ~ . 1 . 3 H ~ O ,  (b)Lio. 68Ti1.8304.1.4H20 and(c) 
N&~.68TI~.~304*~.3H20.  

TABLE I 
activation energies of the products. 

Compositions, lattice constants, ionic conductivities and 

lattice conatsots 

Compositions 00.c Ea 
a I nm b I nm c I nm (Scrn.') (kcal rnol") 

~~ ~ ~ 

c%.68Ti1.p104 0.3814(1) 1.738(1) 0.2964(2) s lo-'* 17 

Ho.aeTi1.~04-13H~O 0.3798(1) 1.849(1) 0.2959(1) 5.2 x 107 10.3 

L~o.sT~~.BO~.~.~H~O 0.3776(1) 0.929(1) 0.2975(2) 6.4 x 10.6 18.0 

N00.~Til.plO4*1.3Hfl 0.3777(1) 1.794(1) 0.2976(1) 9.8 x 10-6 16.8 
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225 to 400 "C. The conductivity at 225 'C was 1.3 x los7 S cm-1 with the 
activation energy of 17 kcal mol-1. The conductivity at around mom 
temperature was estimated to be -10-12 S cm-1 on the basis of the temperature 
dependence of the conductivity. Increases of the conductivities on the 
hydrated ion exchanges are estimated at a factor of lo5 - lo6. It seems that 
the electronic conductivity is unchanged on the exchange. Thus ionic 
conduction of hydrated ions in the interlayer space must be dominant. These 
results are summarized in Table I with the compositions and the lattice 
constants. Steep depressions of conductivity were observed beyond 30 "C. 
This seems to be because of dehydrations of the interlayer water molecules. 
Wittingham et al. [7~81 reported the ionic conductivities of the hydrated H+, Li+ 
and Na+ exchanged vermiculite at 25 "C which were 6 x 106, 3.2 x 10-5 and 
3.0 x l P 4  S cm-1 with the activation energies of 5.3, 11.6 and 11.7 kcal mol-1, 
respectively. Slade et al.191 also reported the ionic conductivities of the 
hydrated Li+ and Na+ exchanged montmorillonite at 20°C which were 2 x 10-5 
- 1 x and 1 x 10-5 - 3 x 10-4 S cm-1 with the activation energies of 7.1 - 
7.2 and 6.3 - 7.5 kcal mol-1. The conductivities observed in this study are 
comparable to those of the layered clay minerals in which the mobile cations 
are hydrated in the interlayer spaces. It seems that intralayer structure is not 
dominant factor for the ionic conductivities of the hydrated ions in interlayer 
spaces. 

Acknowledgments 
This stud was artly defra ed by Grant-in-Aid for Scientific Research (B) and 
(C) fromqhe dnistry of Ehcation. Science, Sports and Culture. 

References 

111 M. Hervieu and B. Ravenu, Rn: Chinr. MirirK, 18, h42( 1981). 

[21 I. E. Grey, 1. C. Madsen, J. A. Watts, L. A. Bursill, and J .  Kwiatkowska, J .  Solid Sfure 
Chf~tll., 58, 350( 1985). 

[3] 1. E. Grey, C. Li, I. C .  Madsen, and J .  A. Watts, J .  Solid Stufr Chern., 66, 7( 1987). 
141 M. Ohashi, Mol. Crysf. Liq. Cryat.. 311, 459( 1998). 

151 T. Saaaki, M. Watanahc, Y. Fujiki, and S.  Takenouchi, Maferida Scimcr Forum. 152- 
153,251(1994). 

161 T. Sasaki, M. Wat;inahc, Y. Michiue, Y. Kotnatsu, F. Izumi, and S. Takenouchi, Chrrri. 
Mrrter., 7, 1001(1995). 

171 H. Maraqah, J .  Li, and M. S.  Whittingham, J .  E/~~r/rochrriz. SOC .. 138, L61(1991). 
[ X I  H. Maraqah, J.  Li. and M. S. Whitringham, Mrit. Rrs. Soc. S w p .  P m c . ,  210, 

35 I (1991 ). 
[91 R. C. T. Slade, J .  Barker, P. Hirst, T. K. Halstead, and P. 1. Reid, So/ir/ Sttr/u lonics, 24, 

28Y( 1987). 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 0
9:

03
 1

6 
A

ug
us

t 2
01

2 




