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summary 

The diffusion coefficient of lithium in various types of TiOz has been 
investigated by a potential-step method. The TiOz electrodes were prepared 
by rf sputtering to simplify the diffusion behavior of lithium. It has been 
found that increase in the crystallinity of anatase Ti02 retards the diffusion 
of lithium in this material and that the diffusion in rutile TiOz is slower than 
that in anatase Ti02. 

Introduction 

Lithium non-aqueous cells have been investigated with a view to the 
production of high-energy-density batteries. Metal oxides and metal sulfides 
having channel or layer structures have been proposed as the cathode active 
material for lithium non-aqueous cells [ 1 - 31. The discharge reaction of such 
cells proceeds via the insertion of lithium into the cathode active material. 
This process involves the diffusion of lithium into the solid phase. Therefore, 
a study of the diffusion behaviour of lithium in the active material is most 
important for the further development of these lithium cells and batteries. 

In this study, TiOz, which has a channel structure, was chosen as the 
cathode active material [4]. Thin films of anatase and rutile TiOz were de- 
posited on a gold substrate by rf sputtering [ 51 in order to achieve a uniform 
thickness and to avoid complications, for example the effect of diffusion in 
the pores and the contribution of spherical diffusion, caused by using elec- 
trodes made from active-material powder. The diffusion behaviour of lithium 
in TiOz was studied, using a potential-step method. The effect of the crys- 
tallinity of the TiOz thin film on the rate of diffusion of lithium was also 
examined. 

Experimental 

Preparation of !l’iOz thin films 
An rf (13.56 MHz) sputtering system was used to deposit the films. 

The pressure in the sputtering chamber was reduced to 1.0 X lo-” Torr prior 
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to the deposition process. The substrate was a nickel plate onto which gold 
was deposited by d.c. sputtering. The sputtering gas was an 80/20 mixture 
of argon and oxygen, and the rf power was 60 W. The anatase TiOz thin 
film was deposited from a sintered TiOz target (dia.: 80 mm) at a pressure of 
1.0 X 10-r Torr for 15 h. The same target material was used for preparation 
of the r-utile TiO, thin film; the target diameter was 60 mm, the pressure 
5.0 X lo-* Tort-, and the reaction time 17 h. The temperature of the sub- 
strate was maintained at 400 “C during the deposition of the films. The 
thickness of each film was estimated from the difference in weight before 
and after deposition, and was also obtained from scanning electron micro- 
scopic (SEM) examination of the film cross-section. The anatase Ti02 film 
was heat-treated at 400 “C for 20 h in air in order to increase its crystallinity. 
The crystal structure of the thin film was determined using an X-ray dif- 
fractometer with Cu Ko radiation. 

Electrochemical measurement 
Titanium oxide thin films were used as the cathode material; the refer- 

ence and counter electrodes consisted of lithium. The electrolyte was 
propylene carbonate with 1.0 M LiBF4. The Ti02 electrode was potentio- 
statically discharged from the initial rest potential to a more negative value, 
and then held at open circuit until the change in the potential was less than 
1 mV h-r. The electrode was then further potentiostatically discharged to a 
more negative potential. The diffusion coefficient of lithium in Ti02 was 
obtained from the current-time transient during the potentiostatic dis- 
charge, assuming a one-dimensional finite diffusion of lithium in the Ti02 
film. 

Results and discussion 

Analysis of the thin films 
Figure l(a) shows the X-ray diffraction (XRD) pattern of the anatase 

Ti02 thin film; there are two peaks at 28 = 25.44” and 47.84”, corresponding 
to the (101) and (200) planes, respectively. After heat-treatment of the film 
at 400 “C for 20 h in air, these two peaks are much sharper (Fig. l(b)) and, 
therefore, such heat-treatment has increased the crystallinity of the film. 
The XRD pattern of the rutile TiO, thin film has the five peaks of rutile 
TiOz (Fig. l(c)). 

An electron micrograph of the cross-section of the anatase Ti02 thin 
film is shown in Fig. 2. Using this micrograph, the film thickness was esti- 
mated to be 1.55 pm, a value in close agreement with that, namely 1.58 pm, 
obtained from the difference in weight (assuming the density of anatase 
Ti02 to be 3.84 g cme3). On the other hand, a difference in the thickness of 
the rutile Ti02 film was found for these two methods of determination, i.e., 
1.22 pm (SEM) and 0.97 pm (weight difference). 
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(b) 

Fig. 1. XRD patterns of TiOz thin films; (a) non-heat-treated anatase TiOz; (b) heat- 
treated anatase PO*; (c) rutile Ti02. 

Fig. 2. Electron micrograph of cross-section of anatase TiOz thin fiim prepared by if 
sputtering. Film thickness: SEM, 1.55 pm; mass, 1.58 /.#n. 

Diffusion coefficient of lithium in TiOz 
It was assumed that the diffusion of lithium in TiOz thin film is a 

simple, one-dimensional, finite diffusion. This assumption was reasonable 
given the uniformity of the TiOz thin film. The theoretical current-time 
transient during potentiostatic discharge was obtained from Fick’s second 
law of diffusion: 
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where D is the diffusion coefficient of lithium in TiOz. Assuming that the 
film thickness of TiO, is 1, initial and boundary conditions are written as 
follows: 

C(x, t) = Co, t=o,o<x<z (2) 

C(x, t) = c*, t>1,x=1 (3) 

mx, t) o 

ax =) X" 0 (4) 

The theoretical current-time transient is given by: 

i(T) 1 - -=- i, ~ nFo(-l)n exp(-n2/T) + nso(-l)“+ l expk--(~ + 112/T1 I I (5) 

where i(T)/L represents a dimensionless current and r represents a dimen- 
sionless time, i, and r are given by: 

i, = nFAD(C* -&)/I (6) 

I- = Dt/12 (7) 

Figure 3(a) shows the current-time transient during the potentiostatic 
discharge of a non-heat-treated anatase Ti02 electrode from the initial rest 
potential (3.3 - 3.4 V) to 2.0 V. It can be seen that the experimental data 
deviate from the theoretical curve. On the other hand, there is good agree- 
ment for discharge between 2.8 V and 2.0 V, as shown in Fig. 3(b). 

For both the heat-treated and untreated anatase Ti02 electrodes the 
deviation between the experimental and theoretical curves was observed 
during discharge from the initial rest potential to 1.5 V, Fig. 4(a). However, 
the curves coincided during discharge from 2.65 V to 1.5 V in Fig. 4(b). 

The above deviation in the current-time transients may be due to the 
following reasons: First, the Ti02 thin film used in this study was poly- 
crystalline and therefore has some defects. Lithium diffuses into the grain 
boundaries as well as into the bulk of the Ti02. During the initial period, 
the discharge appears to proceed via the diffusion of lithium into the grain 
boundaries rather than into the bulk, namely, the channel, and therefore 
the observed transient behaviour differs from the theoretical expectation. 
Second, the deviation may be caused by a change in the electrical resistance 
of the thin film. In this treatment, it has been assumed that the movement 
of lithium in Ti02 is controlled by the diffusion alone. In other words, it 
is assumed that the transfer of lithium in TiO, is much slower than the elec- 
tron transfer. If the electrical resistance of the Ti02 thin film is large, then 
the electron transfer will be comparable with that of lithium diffusion. As a 
result, lithium not only transfers by diffusion but also by migration. Third, 
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Fig. 3. Current-time transients during potentiostatic discharge of non-heat-treated anatase 
TiOz. (a) From initial rest potential to 2.0 V; (b) from 2.8 V to 2.0 V (0, experimental; 
-, theoretical curve). 

the deviation may be caused by the elastic interaction of inserted lithium 
atoms. As the insertion of lithium atoms increases, an elastic attractive inter- 
action along the channel will occur [6]. The extent of this interaction 
changes more extensively during the initial potentiostatic discharge, and 
therefore the apparent diffusion coefficient of lithium in TiOz will decrease 
with increase in the concentration of lithium in TiOz during this period. 
These factors depend to same degree on the concentration of lithium in the 
TiOz. When this concentration is high, the electronic conductivity of the thin 
film will also be high because of the formation of Ti3+. Further, the effect 
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Fig. 4. Current-time transients during potentiostatic discharge of heat-treated anatsse 
TiOz. (a) From the initial rest potential to 1.5 V; (b) from 2.65 V to 1.5 V (0, experi- 
mental points; - , theoretical curve.) 

of Ti02 defects (e.g., crystal grains) on the diffusion will reduce, since most 
of the defects will be filled with lithium. The change in the extent of the 
interaction in TiOz after lithium has been inserted is negligibly small during 
the discharge because the change in the concentration of lithium in TiOz 
is also small. Thus, the apparent diffusion coefficient of lithium in anatase 
TiO, before potentiostatic discharge does not change, and the observed data 
almost fit the theoretical curve, as shown in Fig. 3(b) and Fig. 4(b). The 
diffusion coefficient of lithium in the non-heat-treated anatase TiO, was 
estimated to be 3.78 X 10-l’ cm 2 s -l. On the other hand, for the heat-treated 
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Fig. 5. Current-time transients during potentiostatic discharge of rutile TiOz. (a) From 
initial rest potential to 1.5 V; (b) from 2.61 V to 1.5 V (0, experimental points; -, 
theoretical curve). 

anatase TiOz, the diffusion coefficient of lithium was estimated to be 1.81 X 
lo-l3 cm* s-l. 

Figure 5(a) and (b) presents the current-time transients during the 
potentiostatic discharge of a rutile Ti02 electrode from the initial test poten- 
tial (3.1 - 3.2 V) to 1.5 V, and from 2.61 V to 1.5 V, respectively. The 
behaviour of rutile Ti02 is similar to that of the heat-treated anatase TiO,. 
However, unlike anatase Ti02, discharge of rutile TiO, from 2.61 V to 1.5 V 
(Fig. 5(b)) does not follow the theoretical curve. 



134 

The crystallinity of rutile TiO, is higher than that of anatase TiOz, and 
the electronic conductivity of r-utile TiOz is lower than that of anatase TiOz. 
When the concentration of lithium in rutile TiOz is high, the electronic con- 
ductivity will also be high and the effect of crystal grains on the diffusion 
will be negligibly small. Therefore, for discharge from 2.61 V to 1.5 V, the 
deviation between the observed and theoretical values can be attributed to 
the elastic interaction between inserted lithium atoms. The elastic interac- 
tion in rutile TiOz is expected to be larger than that in anatase TiOz because 
of the difference in crystal structure. From Fig. 5(b), the diffusion coef- 
ficient of lithium in rutile TiOz was estimated to be 1.42 X lo-l3 cm2 s-l. 

Conclusions 

The diffusion coefficient of lithium in heat-treated anatase TiO, is half 
that in non-heat-treated anatase Ti02. This suggests that an increase in 
crystallinity retards the diffusion of lithium in anatase Ti02. The diffusion 
coefficient of lithium in r-utile Ti02 is smaller than that in anatase Ti02. 
This is probably due to the fact that the channels of rutile Ti02 are narrower 
than those of anatase Ti02. These findings indicate that the diffusion be- 
haviour of lithium in TiO, is affected both by the crystallinity and by the 
crystal structure of Ti02. 
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