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Summary 

The role of the composition and of the morphology of composite 
cathode mixtures has been analyzed in view of the development of long-life, 
high-efficiency, rechargeable polymer electrolyte lithium batteries. 

Introduction 

Intercalation compounds are presently considered as being the most 
promising positive electrodes for rechargeable lithium, polymer electrolyte 
batteries. Indeed, batteries based on the Li/Ti& couple are currently under 
study by Gauthier and co-workers [l], those based on the Li/V601s couple 
by Hooper and co-workers [2], by Owens and co-workers [ 31, and by 
Lundsgaard and co-workers [4], while we [5 - lo], and other authors [ll], 
have demonstrated the feasibility of the Li/LiVsOs couple in polymer elec- 
trolyte batteries. 

Effectively, there are various advantages in using these electrode 
materials, such as a reversible and fast electrochemical process [6], high- 
projected energy density values [12], and a favourable comparative cost 
P31. 

There is a major problem associated with these cathodes when used 
in lithium, polymer electrolyte cells, however, i.e., a progressive capacity 
decline upon cycling. This effect, which has been observed by various 
authors for polymer electrolyte batteries using different cathode materials 
[ 3, 11, 141, is not easily explained since the intercalation of lithium into 
insertion compounds is basically a very reversible process [ 121. On the other 
hand, the observed decay in capacity upon cycling is a crucial aspect in the 
technology of polymer electrolyte batteries, and thus its solution is of 
primary importance. There is evidence [9] that the capacity decline may be 
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associated with a degradation of the positive electrode interface. Therefore the 
optimization in the composition and morphology of the cathode may be 
relevant to improvements in the battery cyclability. This approach is 
discussed in this paper with regard to LiV,O,-based cathodic mixtures. 

Experimental 

We have chosen the complex formed between poly(ethylene oxide), 
PEO, and lithium perchlorate, LiC104, in the preferred composition O/Li 
equal to 8, as typical polymer electrolyte. The electrolyte was prepared by 
the standard casting procedure, which included the dissolution of the com- 
ponents in the desired ratio in purified acetonitrile, the mixing of the 
solutions, and the slow evaporation of the solvent in a Teflon container. The 
casting and drying procedures were performed in a controlled atmosphere 
dry-box to avoid moisture contamination. Highly conducting (of the order 
of 10M3 - 10e4 S cm-’ at 100 “C) polymer films (of average thickness 50 - 
100 pm) were obtained and stored in a dry-box. The preparation procedure 
of standard [ 151, as well as low particle-size [16] vanadium bronze, LiV30s, 
had been described in detail by Pistoia and co-workers. 

Two configurations were considered for the preparation of the com- 
posite cathode. In the first, the vanadium bronze LiV30s intercalation 
compound was intimately mixed with PEO and acetylene black (in the 
weight percent. proportion of 40:40:20) and pressed into a composite 
pellet. In the second configuration, small-particle-size LiV30s, acetylene 
black, and the (PE0)sLiC104 complex (50:15:35 wt.%) were dissolved in 
acetonitrile, and the composite cathode was cast to obtain a film having a 
plastic nature and thickness similar to those of the polymer electrolyte films. 

A three-electrode cell, described in detail in a previous paper [17], 
was used for the investigation of the electrode kinetics. This cell was based 
on lithium both as the reference and as the counter electrode. A two- 
electrode cell of the spring-loaded, button-type was used for the cycling 
test. This cell was assembled by contacting a lithium disk (about 1 mm 
thick), one or two disks of polymer electrolyte (total thickness about 100 
pm), and the positive electrode film (about 100 pm thick) between two 
nickel current collectors. Figure 1 illustrates this cell in section. 

A similar two-electrode cell was used for the impedance measurements 
of the composite cathode. In this case the cell was realized by sandwiching 
a composite cathode film between two stainless-steel electrodes. All the 
cells were assembled and stored in a dry-box and kept at constant tem- 
perature (kO.5 “c) by housing them in a Buchi model TO-50 oven. 

The cy&ing voltammetry tests were run by an in-house-built assembly 
which included a potentiostat, a function generator, and a personal com- 
puter. The impedance measurements were carried out using a Solartron 
model 1250 frequency response analyser and a Solartron model 1286 
electrochemical interface. The cycling tests were performed with a 
galvanostat connected to an automatic voltage-controlled inverter. 
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Fig. 1. Schematic design of the two electrode, polymer electrolyte, lithium cell (surface: 
1.13 cm?). 

Results and discussion 

The capacity decline upon cycling seems to be a typical feature of 
lithium, polymer electrolyte batteries using intercalation cathodes. This 
effect may be associated with a degradation of the cathodic material and/or 
with a degradation of the positive electrode interface [9]. Impedance spec- 
troscopy is a useful tool to investigate electrode kinetics and this technique 
has been used here to study the polymer electrolyte/intercalation electrode 
interface under various conditions. 

Figure 2 shows the impedance diagrams related to a freshly made (a), 
deeply discharged (b), and fully recharged (c) Li/LiVaOs cell at 100 “C. 
Here, the cathode configuration was a compressed pellet of a mixture of 
LiVsOs (the active intercalation compound), acetylene black (to enhance 
conductivity), and PEO, in the weight percent. proportion of 40:40:20. 

It may be clearly seen that only after a complete discharge-charge 
cycle does the impedance diagram show a welldefined response, with a 
semicircle at high frequency which can be related to the Li anode-polymer 
electrolyte interface (with which is associated a resistance, R,), followed by 
a second semicircle at intermediate frequency related to the cathode/ 
polymer electrolyte interface (with which is associated a resistance, R,), and 
a 45” Warburg line at low frequency (related to the diffusion of the inter- 
calated lithium into the LiVsOs vanadium bronze). The fact that the semi- 
circle related to the positive interface becomes well defined only after a 
discharge-recharge cycle is an indication that, under the configuration 
used, current flow is necessary to improve the initially poor electrode/ 
electrolyte contact conditions. 

More relevant are the responses obtained upon cycling. Figure 3, 
which reports the impedance diagram after the 1st and the 10th deep cycles, 
reveals a consistent expansion of the middle frequency semicircle: this, in 
turn, suggesting that the positive electrode interface deteriorates in a progres- 
sive fashion. Furthermore, Fig. 4, which illustrates the impedance diagrams 
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Fig. 2. Impedance response at 100 “C of an Li/LiVsOs cell after being assembled (a), 
after a deep discharge (b), and after a complete recharge (c). Cathode configuration: 
compressed pellet. Charge and discharge rate: 0.1 mA cme2. Frequency range: 0.001 Hz - 
65 kHz. 
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Fig. 3. Impedance response at 100 “C of an Li/LiVsOs cell after the 1st (a) and the 10th 
(b) cycle. Cathode configuration:compressed pellet. Charge rate: 0.1 mA cm-z; discharge 
rate: 0.2 mA cm-2. Frequency range: 0.001 Hz - 65 kHz. 

obtained at two progressive stages of the discharge cycle, indicates that the 
Warburg line tends to dominate and becomes prevalent as the discharge 
proceeds; this suggests that the kinetics of the intercalation process may 
ultimately become almost completely controlled by the diffusion of lithium 
in the vanadium bronze. 

These results seem to show that the capacity decline of lithium, 
polymer electrolyte batteries may be related to a number of combined 
effects, including deterioration of the positive interfacial contact, structure 
changes at the cathodic interface and, possibly, diffusion-controlled kinetics 
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Fig. 4. Impedance response at 100 “C of a partly discharged (a), and fully discharged (b), 
Li/LiVsOs cell. Cathode configuration: compressed pellet. Discharge rate: 0.2 mA cmm2. 
Frequency range: 0.01 Hz - 65 kHz. 

of the intercalation process. Consequently, improvements in the morphology 
of the cathodic mixture, with optimization of the component ratio and the 
particle size of the intercalation compound, should be beneficial in terms of 
cell behaviour. 

To this end, we have considered cathodes based on small particle size 
LiVsOs and having an overall laminated structure. To achieve this, lithium 
vanadium bronze with particle size reduced to less than 1 pm [16] was 
intimately mixed with acetylene black, PEO, and LiC104, and then cast using 
a procedure similar to that employed in the preparation of the polymer 
electrolyte. In this way, plastic-like cathodic films were obtained. 

The addition of the PEO and the LiC104, besides producing a character 
of plasticity also provides the cathodic film with a certain amount of ionic 
conductivity, while acetylene black provides the electronic transport. There- 
fore, the film has a mixed ionic-electronic conductivity, this generally 
being a desirable condition for an electrode material. 

Attention was initially focussed on the definition of the transport 
characteristics of the cathodic film. The electrical conductivity was measured 
by impedance spectroscopy using a cell formed from the cathodic film com- 
pressed by two stainless-steel electrodes. Figure 5, consisting of the semi- 
circles of different amplitudes, shows the response of the cell at various 
temperatures. On the basis of the equivalent circuit (also reported in Fig. 5), 
one may associate the low-frequency intercept with the real axis to the 
electronic resistance, REL (mainly induced by, the addition to the cathodic 
film of acetylene black), and the high frequency intercept to the ratio 
(RELX RION)I(REL+RION), where RION is the ionic resistance induced by 
the addition to the cathodic film of the PEO-LiC104 electrolyte complex. 
Table 1 reports the values of R EL and RIoN obtained at various temperatures 
by the impedance analysis. It may be noticed that, at least in the configura- 
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Fig. 5. Impedance plots at various temperatures of an LiVsOs-C-(PEO)sLiClO4 cathodic 
film. Stainless steel electrodes. Frequency range: 6.5 Hz - 65 kHz. The proposed 
equivalent circuit is shown in the inset. 

TABLE 1 

Ionic (RION) and electronic (REL) resistance of the LiVsOs, C, (PEO)&C104 film at 
various temperatures 
Film surface: 1 .13 cm2 ; film thickness 50 /.Irn. 

&ON REL 

(Q2) (W 

25 276 69 
40 110 53 
60 43 42 
80 13 22 

100 13 11 
120 3 1 

tion here examined, the composite cathodic film reaches homogeneity and 
offers acceptably low ionic and electronic resistances only at 120 “C. There- 
fore, batteries using this mixture should preferably operate around this 
temperature. 

The plasticity of the cathodic film and its high ionic-electronic con- 
ductivity should, in turn, assure a good interfacial contact with the elec- 
trolyte and low IR drops, as well as fast electrode kinetics. The interfacial 
conditions have been controlled by impedance analysis. Figure 6 shows the 
responses of the lithium cell immediately after being assembled (a), after a 
deep discharge (b), and after a complete recharge (c). It may be noticed that 
the low frequency semicircle, which is associated with the cathodic interface, 
does not appreciably change upon cycling, thus confirming that the plastic 
configuration assures better interfacial conditions than the simple pellet 
(cf. Fig. 2). 

In conclusion, the results discussed above indicate that the physical and 
mechanical characteristics of the cathode do indeed play a key role in the 
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Fig. 6. Impedance response at 120 “C of an Li/LiVsOs cell after being assembled (a), after 
deep discharge (b), and after complete recharge (c). Cathode configuration: cast film. 
Charge and discharge rate: 0.1 mA cm --?. Frequency range: 0.001 Hz - 65 kHz. 
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Fig. 7. Charge-discharge cycles at 120 “C of an Li/LiVsOs battery under various rates. 
Cathodic configuration: cast film. 

performance of the polymer electrolyte battery. Figure 7 illustrates the 
cycling profiles of a battery using the cathodic film described here. Well- 
defined charge and discharge profiles, with good coulombic efficiencies, are 
obtained for several cycles, this finally proving the consistent enhancement 
in cell behaviour resulting from the use of the improved cathode configura- 
tion. This conclusion is further supported by considering that cycling tests 
performed in our laboratory on similar batteries made with compressed 
pellets, under similar conditions of charge and discharge rate and voltage 
limits, gave much poorer cycling response. This is clearly shown by Fig. 8 
which compares the initial cycling behaviour of cells using the two types of 
cathode morphology. 
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Fig. 8. Initial cycling behaviour at 120 “C of Li/LiVaOs batteries using cast film and com- 
pressed pellet as the cathode configuration. Charge rate: C/10; discharge rate: C/5. 
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