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Summary 

The electrochemical performance of the lithium-sodium thiochromite 
solid polymer electrolyte cell was characterized in the 120 “C - 140 “C tem- 
perature range by using galvanostatic cycling and electrochemical impedance 
measurements. A similar cell with an Li(A1) negative electrode was also 
studied but no substantial differences between the systems were found. 

Cells utilizing pressed composite electrodes performed better than those 
with foil composite electrodes. More than 100 cycles were reached with 
Li/P(EO)s~LiC104/NaXV,CrS2 cells. At 140 “C, a coulombic capacity of 
80 - 120 mA h g-i Na,V,Cr& was achieved during cycling. 

The electrode kinetics were studied by potential step and a.c. im- 
pedance measurements. It is shown that the cell performance is limited by 
slow lithium diffusion in the grains of Na,V,CrS,. 

During cycling, the active material utilization decreases and the internal 
resistance of the cell is increased by a factor of five. 

The self-discharge losses were found to be about 2 - 3% per day. 

Introduction 

Some types of all-solid-state rechargeable electrochemical cells with 
solid polymer electrolytes are probably not far from being produced com- 
mercially [ 1 - 31. Such cells incorporate a lithium or lithium-based negative 
electrode and a composite positive electrode containing vanadium oxides 

VZ”S, v6°13v VZ04, titanium disulfide, TiSz, or other inorganic insertion 
compounds, as the electroactive material. Although some room temperature 
solid polymer electrolytes are under development [ 1, 4 - 121, current elec- 
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trolytes formed by a mixture of commercially available poly(ethylene oxide) 
(PEO) and a lithium salt (for example, LiC104 or LiCFsSO& need tempera- 
tures of 70 “C - 150 “C [ 1 - 31. 

The properties of the lithium-polymer electrolyte interface were 
studied recently [13 - 201. Generally, the cycling of lithium on Li or Al 
substrates is not a serious problem because a polarization of less than 
100 mV is typical for this type of interface [l, 181. At 110 “C, the inter- 
facial resistance between the lithium or Li(A1) electrode and PEO/LiC104 
electrolyte was found to be about 7 S2 (191. 

The highest ionic conductivity in the 70 “C - 150 “C temperature region 
was found for a PEO/LiC104 eutectic (8:l) mixture [21]. Above 100 “C, 
high conductivity values (10M4 - 10e3 S cm-l) are reached over the composi- 
tion range 8:l - 48:1, where the elastomeric phase alone exists. 

The redox stability domain of PEO-based solid electrolytes is believed 
to be suitable for practical electrochemical couples [22]. The polymer is 
stable against lithium metal but this is kinetic rather than thermodynamic, 
being associated with the formation of a passivating film [13, 221. Below 
140 “C, the voltage stability window is believed to be in excess of 3.3 V for 
PEO/LiCF$O, electrolytes [ 221. 

The most complicated constituent of the all-solid-state cell is the posi- 
tive composite electrode [23]. This is an agglomeration of small particles 
of an electrode-active material bound together with a soft, solid electrolyte. 
Electronic conduction is ensured by the addition of graphite or acetylene 
black to the composite electrode [l - 31 or by the use of an electronically 
conductive, organic, electrode-active material [24]. 

Both the insertion electrode-active material and the solid polymer 
electrolyte exist in many phases depending on their composition. Further, 
both the grain size and the method of manufacture influence electrode 
performance. Thus, the reproducibility of the electrochemical parameters 
of the composite electrodes is rather poor [ 31. 

Although the number of papers dealing with the polymer-electrolyte- 
based all-solid-state batteries is increasing, there is still a lack of fundamental 
information. The characterization of thick, composite electrodes is 
important for their practical use. Furthermore, data on composite electrodes 
based on compounds other than vanadium oxides or titanium disulfide are 
unknown. There is a group of insertion materials, sodium thiochromites, 
with excellent electrochemical properties, giving a coulombic capacity of 
about 200 mA h g-l when used in lithium cells with liquid electrolytes [ 251. 
We selected the best material of this group, Nao.lCr,.ssV,. ,sS2, and 
constructed a Li/solid polymer electrolyte/NaXV,CrS2 cell. The charac- 
teristics of this cell are presented here. 

Experimental 

All electrochemical measurements were performed using a two-elec- 
trode system with a lithium or Li(A1) negative counter-electrode. The 
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potentials of these have been shown to be nearly constant during measure- 
ments of composite electrodes with solid polymer electrolytes [l, 181. 
The two-electrode system was therefore considered to be sufficient in our 
work. The electrolyte consisted of a 100 pm-thick layer of poly(ethylene 
oxide) (PEO, Aldrich, mol. wt. 5 000000, used as-received) containing 
LiC104 in a ratio of 1 molecule of the salt to 8 monomeric units, i.e., 

P(EO)s* LiClO+ Bubble- and hole-free solid electrolyte foils were prepared 
by casting a 1 vol.% solution of the PEO containing the proper amount of 
the salt, in acetonitrile onto a PTFE foil. The solvent was allowed to 
evaporate slowly at 25 “C. The resulting films were vacuum dried for one 
day at 120 “C and then left at least one month in a dry (to less-than 20 ppm 
HzO) argon atmosphere at room temperature. The composition P(EO)s* 
LiC104 was chosen because it gave the highest ionic conductivity over the 
working temperature (120 “C - 140 “C) [21]. 

The positive electrode active material, N%. &!ro. ssVO. 1 sS2 (denoted in 
the text as NaXV,CrSZ), was synthesized as described in ref. 25. To prepare 
the composite electrodes the electrode active material, Na,V,CrSz, was first 
mixed in the dry state with the desired amount of acetylene black (P1042, 
Stickstoffwerke Piesteritz, GDR). The mixture was then wetted with 
acetonitrile using ultrasonic treatment (5 min), and the desired amount of 
a solution of 1 vol.% P(EO)s- LiC104 in acetonitrile was added. The resulting 
slurry was mixed with a magnetic stirrer for 8 h during which time it 
received several, 5 min, ultrasonic treatments. 

After casting the slurry onto a PTFE foil the acetonitrile was allowed 
to slowly evaporate at 25 “C. The resulting foils of electrode composite were 
vacuum dried for 3 h at 60 “C and then 8 h at 120 “C and stored under an 
argon atmosphere in the dry box. Just before use, the foils were pressed in 
the box at about 10 MPa between stainless steel pistons, and circular elec- 
trodes (geometric area 1.77 cm2, about 100 pm thick) were cut from the 
foil. These electrodes, denoted in this paper as “foil electrodes”, contained 
45 wt.% (about 7 mg) active electrode material, 5 wt.% acetylene black, and 
50 wt.% P(EO)s* LiC104. The described method of foil electrode preparation 
is similar to those commonly used in other laboratories [ 1 - 31 although the 
proportions differ. 

For thicker electrodes the acetonitrile was evaporated from the slurry 
of NaXV,CrS2, C, and P(EO)s* LiC104 at 25 “C. The resulting material was 
heated at 120 “C under vacuum for 3 h and homogenized. The dry mix was 
pressed at 600 MPa to form approximately 0.24 mm-thick discs of 1.77 cm2 
area, containing 40 wt.% NaXV,CrS2 (about 18 mg), 40 wt.% acetylene 
black, and 20 wt.% P(EO)s* LiClO+ The electrodes were vacuum dried at 
120 “C for 4 h and stored in an argon-filled dry box prior to use. They are 
referred to below as “pressed electrodes”. The theoretical coulombic 
capacity, Ct, was calculated from the NaXV,CrS2 content, assuming that at 
lOO%, Ct = 196 mA h g-l. 

The electrochemical cells were assembled in a glove box according to 
the button cell structure [ 261. Lithium metal, freshly scraped with a scalpel, 
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was pressed into a stainless steel die, the circular lithium surface was covered 
with one sheet of the solid electrolyte, and the composite positive electrode 
was placed on the top of the structure. The electrode assembly, spring 
loaded to about 2 kg cmp2 between stainless steel current collectors, was 
hermetically sealed with a PTFE foil ready for testing. Some experiments 
were performed with the Li(A1) negative electrode, prepared according to 
ref. 27, instead of pure Li. 

The electrochemical impedances were measured by the standard 
procedure in the potentiostatic mode using 1 mV a.c. perturbation. The 
internal resistance, Ri, of the cell was evaluated using currents between 
5 PA and 1 mA; the voltage was recorded 10 s after switching on the cur- 
rent. 

Comments on the preparation of solid electroiyte foils 
To prepare the solid polymer electrolyte we selected a 1 vol.% solution 

of P(EO)s* LiC104 in acetonitrile. This has a relatively high viscosity, but still 
allows the gas bubbles to escape to the surface after the solution is cast. 
The acetonitrile was evaporated at 25 “C because, at higher temperatures, 
bubble formation in the bulk of the solution was observed. The evaporation 
must proceed very slowly (1 - 2 days for 1 cm of solution) in order to 
obtain good quality homogeneous films. Good results were also obtained 
when lower molecular weight PEO (600 000) was used instead of 5 000 000. 

Drying the film must be started within a few days of evaporation of the 
solvent because films stored in air slowly deteriorate-the viscosity of 
the films decreased with time and they changed gradually to a brownish 
colour. 

Long-term cycling was found to be impossible with films dried at 
25 “C in the dry argon glove box for up to three months, due to internal 
shorts, probably caused by lithium dendrites formed during charging. It has 
been reported [28] that at 25 “C residual water forms a complex with 
LiC104 through hydrogen bonding. Furthermore, water may also form 
hydrogen bonds to oxygen atoms on the polymer backbone [28]. We 
believe, therefore, that this water and/or the rest of the acetonitrile were 
responsible for the assumed dendrite formation. As the temperature is raised 
above 100 “C the hydrogen bonds are broken 1281 and no water remains 
in the solid electrolyte under vacuum [29]. We therefore heated the foils 
(3 h at 60 “C! followed by 8 h at 120 “C) under vacuum and dendrite shorts 
were very seldom observed. 

Foils dried at elevated temperature are soft and sticky. After some 
weeks of storage at 25 “C under an argon atmosphere the films no longer 
stick and their mechanical properties are excellent for subsequent cell 
construction; we observed no difference between the electrochemical prop- 
erties of the cells prepared with the fresh films and those using aged, solid 
electrolyte films. 
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Results and discussion 

Cells with the Li(A1) electrode 
Secondary electrochemical cells with solid polymer electrolytes usually 

utilize pure Li or Na metal or Li(A1) ahoy as the negative electrode [l, 2, 
301. We performed some comparative studies on our positive electrode mate- 
rial using both lithium-based negative electrodes. From the results we 
concluded that there is no substantial difference in the electrochemical 
behaviour of either cell type (other than that due to the potential of the 
Li(A1) electrode being about 300 mV more positive than that of pure 
lithium, resulting in a lower cell voltage). Typical results, valid for systems 
with either negative electrode, are presented here for the case of the Li(Al)/ 
P(EO)s* LiC104/NaXV,CrS2 (pressed composite electrode) cell. 

Charge and discharge curves for cells cycled galvanostatically are shown 
in Fig: 1. The cycling profile of the solid polymer electrolyte cell is similar 
to that described for the corresponding liquid electrolyte cell [25]. The 
curves are smooth, without steps and plateau - an indication that there is 
probably only one electrochemical reaction. The cell is capable of relatively 
high current densities, up to 1.5 mA cm-2, with linear current-load charac- 
teristics (Fig. 2). The typical internal resistance of cells after a few cycles is 
about 120 a at 130 “C!. The Li(Al) cell can be cycled many times; its cycle 
performance is similar to that of cells with pure lithium, described below. 

11 I I I I 
0 2 -c/h 4 

Fig. 1. Typical cycling profiles of the pressed composite electrode in the Li(Al)/P(EO)s* 
LiC104/Na,V,CrS~ cell. Temperature 130 “C. - 2 h charge 0.8 mA (50% C,), 2 h 
discharge 0.8 mA, cycle number 24, - - - 2 h charge 0.4 mA (25% C,), 2 h discharge 
0.4 mA, cycle number 20. 

Comparison of foil and pressed electrodes 
For the majority of cycling tests we selected galvanostatic cycling 

between potential limits. Our preliminary experiments showed that the 
charging current density should be two to four times lower than the dis- 
charging current density and in order to achieve a long cycle life the higher 
potential limit should not exceed approximately 2.70 V (versus Li/Li+). 
The reason for this is unclear to us because we successfully cycled some 
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Fig. 2. Current-load characteristics of the pressed composite electrode in the Li(Al)/ 
P(EO)s*LiClOJNa,V,CrS~ cell. Temperature 130 ‘C!, electrode area 1.77 cm2. 

cells to a higher potential limit of up to 3.0 V but the majority failed at 
potentials above 2.75 V. “Failed cells”, if charged galvanostatically further, 
exhibited an almost constant, noisy voltage of about 2.8 V. Manual current 
reversal sometimes helped to restore the cell cycling properties but usually 
the next charging was again unsuccessful. 

A possible reason could be partial cell shorting due to dendrite forma- 
tion caused, for example, by the presence of residual water and/or 
acetonitrile in the solid electrolyte and/or the positive electrode. Residual 
solvents could fill some micropores in the PEO (if they exist) thus making 
liquid electrolyte connections between the electrodes. The ionic conduc- 
tivity of the liquid phase is higher than that of the solid electrolyte and, 
during charging, lithium dendrites could grow through such micropores. 
The cathode active material could also be a source of the problem since 
oxidation of the solid polymer electrolyte at the limiting potential is pos- 
sible, perhaps with the catalytic contribution of the Na,V,Cr& discharge 
products. Similar charging problems were observed with the Li/P(EO)s* 
LiClO&uO [31] and Li/P(EO)s. LiClO,/(CS,), cells [32] but never with 
the Li/P(EO)s* LiC104/polypyrrole [ 24, 26, 331 system. 

Figure 3 shows how the discharge capacity of the Na,V,Cr& pressed 
positive electrode varies with the cycle number. During the first discharge, 
80% - 90% of the theoretical capacity, Ct, is usually delivered by the cell at 
120 (23) “C. Hence, almost one mole of Li+ ions is inserted into one mole 
of the NaXV,C!rS2 crystal lattice. The subsequent charge, however, is only 
about 40% of Ct at the same temperature and never pulls all the Li+ ions out 
of the Na,V,Cr& structure, even at very low current densities. This result 
is surprising because in liquid electrolytes the charge and discharge cycles are 
usually equal [25]. In our case, with the solid polymer electrolyte, about 
one half of the inserted lithium is “lost” in the crystal lattice, where it is 
inaccessible for subsequent cycling. Slight differences between discharge 
and charge capacities are still observable during the following cycles, but 
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Fig. 3. Typical dependences of the discharge capacities of the Na,V,Cr& pressed and foil 
positive electrodes on the cycle number. Galvanostatic cycling between 1.20 and 2.70 V 
(us. Li/Li+). Temperature 120 “C; Li negative electrode. 0, -Ct/5; +Ct/20; pressed elec- 
trode; 0, -Ct/lO; +Ct/40; foil electrode. 

after about five cycles the performance of the cell is stabilized with a sig- 
nificantly lower electrode utilization than in the first cycle. 

The active material utilization decreases with cycle number from about 
40% Ct (5th cycle) to 20% Ct (at about the 20th cycle) at high discharge 
rates in the case of the pressed electrode (see Fig. 3). Similar behaviour 
was also observed with the foil composite electrodes, also shown in Fig. 3, 
but the cell performance was poorer, even at lower current densities. (The 
possible reasons for the observed differences are discussed in the next 
section.) Thus, for practical “coin” cells, thick, pressed composite electrodes 
are recommended because of both ease of manufacture and better cell 
performance. 

The coulombic efficiency, Qdisch/Qcharge, during cycling is usually 
80 - 100%. It sometimes exceeded 100% - an indication either that some 
lithium was “lost” in the bulk of the Na,V,Cr& structure or that there were 
side-reactions, e.g., reduction of HzO. A coulombic efficiency higher than 
100% was also observed with other insertion electrodes having solid polymer 
electrolytes, e.g., with TiSz [1] and V409 [34] based composites. This 
problem seems to be, therefore, a rather general one for insertion materials 
coupled with solid polymer electrolytes. 

Characteristics of pressed composite electrodes 
The dependence of the discharge capacity of an Na,V,Cr&based, 

pressed positive electrode on the cycle number for three, nominally identi- 
cal, cells is shown in Fig. 4. All curves show the same trend with good 
reproducibility. Comparing our data on pressed electrodes with those of 
Hooper and North obtained on foil V601&ased composite electrodes [3] 
indicated better reproducibility with the pressed electrodes. We also had 
problems with the reproducibility of our foil electrodes. We agree with the 
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Fig. 4. Dependence of the discharge capacity of the Na,V,Cr& pressed positive electrode 
on the cycle number. Three nominally identical cells cycled galvanostatically (-Ct/5, 
+Ct/20) between 1.40 and 2.70 V (vs. Li/Li+). Temperature 120 ‘C; Li negative electrode. 

conclusions of ref. 3 that the poor reproducibility is caused by non- 
equilibrium within the cathode during cycling and by changes in the distribu- 
tion of the components within the composite electrode with time (resulting 
in the formation of pockets of ionically or electronically insulated material). 
The intimate mixing, lower soft-solid-electrolyte-content in the composite, 
and higher pressure used in the electrode preparation, all lead to a lower 
probability of isolated particle formation. They will also improve the electro- 
chemical performance, and give the pressed composite electrodes a better 
reproducibility than the foil electrodes. 

Another cycling regime is shown in Fig. 5 where the results of galvano- 
static cycling (2 h discharge, 2 h charge) are presented. The voltage at the 

I 
I 
I 
I 

?: 0.4mA I 
I 2 0.8mA 

1 i I I , I I I 
0 5 10 15 20’ 25 30 
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Fig. 5. Dependence of the upper (0) and lower (0) voltage limit (reached at the ends of 
charging and discharging) on the cycle number, N. Li(AI)/P(EO)s~LiCIOJNaxV,CrSz 
(pressed electrode) cell. Cycling regime: 2 h discharge, 2 h charge, current kO.4 mA (cor- 
responding to 18.4% Ct); after cycle number 21 current +0.8 mA (36.8% C,). Tempera- 
ture 120 “C. 
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Fig. 6. Dependence of the discharge capacity of the NaxV,CrSz pressed positive electrode 
on the cycle number. Galvanostatic cycling -Ct/20, +CJ40 between: 0, 2.00 V and 
2.60 V (us. Li/Li+); 0, 1.80 and 2.80 V. Temperature 120 “C; Li negative electrode. 

end of charge increased by about 12% during cycling while the voltage at the 
end of discharge fell a similar amount. 

The cycle life of sodium thiochromite-based composite electrodes is 
promising, especially at lower current densities (see, for example, Fig. 6, 
where the results of 120 “C are presented). After ten cycles, the cell per- 
formance is stabilized and the active material utilization reaches about 30% 
Ct, i.e., about 60 mA h g-l Na,V,Cr&. This value slowly decreases during 
subsequent cycling but more than 100 cycles were reached before the utiliza- 
tion of the active material dropped to 40 mA h g-l (20% C,). We believe that 
the cycle life of the Na,V,CrS,-based composites can be extended to some 
hundreds of cycles by improving the sealing of our laboratory cells which 
usually failed after a few months of heating. 

The coulombic capacity of the cell increases significantly with tempera- 
ture. At 140 “C, 50 - 80% Ct (100 - 160 mA h g-’ Na,V,CrSz) electrode 
utilization was reached. At 1 mA cme2 the coulombic capacity at 138 “C was 
still 100 mA h g-l N&V,CrS2. At 0.25 mA cme2, the coulombic capacity 
was close to 160 mA h g-l. 

The internal resistance, Ri, of the cell rises significantly with cycle 
number. At 120 “C! it is about 120 fl during the first ten cycles but rises to 
600 J2 during the subsequent 30 cycles. To restore the active material utiliza- 
tion, it is necessary to lower both the charge and discharge current density. 

The best electrode utilization was obtained at 140 “C at a current 
density of 0.28 mA cmm2, namely 40% - 80% Ct for the first 40 cycles. This 
is very promising for further tests and scaling-up investigations. 

Electrode reaction kinetics 
The rate-limiting process in insertion-compound-based composite 

electrodes is the diffusion of lithium within the crystal lattice rather than 
charge transport in the polymer electrolyte [ 11. The rapid capacity decrease 
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Fig. 7. Galvanostatic (-C,/S) discharge curve for a fresh Li/P(EO)s.LiC104/Na,VYCrSz 
cell (pressed electrode) followed by voltage recovery after interruption at 1.2 V. Tem- 
perature 120 “C. 

during the first few cycles is therefore associated with slow diffusion and/or 
migration of the inserted Li+ within the large grains, from where most of it 
cannot be removed during charging [34]. These conclusions were confirmed 
during our experiments on sodium thiochromite. Figure 7 shows the voltage 
recovery after the current interruption at the end of the standard discharge 
half-cycle, highlighting the slow kinetics of the solid phase processes. The 
potential equilibration takes many hours - changes below 1 mV h-’ are 
usually reached only after two or three days of heating on open circuit. 
The diffusion coefficient of the anions in PEO-based solid electrolytes is 
typically higher than 10ea cm2 s-i [ 35). The observed very slow cell reac- 
tion kinetics cannot, therefore, be connected with concentration changes in 
the solid electrolyte, but rather with changes within the positive electrode. 
The diffusion coefficient of Li+ in the Na,V,CrS2 crystal lattice is not 
known, but for the similar compound, Na,. ,CrS,, values in the range lo-lo - 
lo-” cm2 s-i were found [36]. We expect that for the vanadium-doped 
material NaXV,CrS2, this value is of the same order of magnitude. Because 
of the very slow diffusion of Li’ in the electrode material only the surface 
layers of the sodium thiochromite grains are involved in the relatively high- 
rate cycling used in our experiments. 

To quantify the diffusion limitation, we made some potential step 
experiments. Typical results, in the form of Cottrell plots, are shown in 
Fig. 8 for both cathodic and anodic 10 mV steps. Theoretically, for a single, 
semi-infinite diffusion process, only one straight line passing through the 
origin should be observed. In our case, however, the dependence is more 
complicated, with two linear portions distinguishable from the curves in 
Fig. 8. 

The current recorded in Fig. 8 does not fall to zero when the duration 
of the experiment increases; a stable current of about 3 PA flows through 
the cell under potentiostatic conditions at 120 “C. This can be attributed to 
compensation of the self-discharge process. 
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Fig. 8. Typical Cottrell plots for the pressed electrode in the Li/P(EO)s.LiC104/ 
Na,V,Cr& cell. Temperature 120 “C, cell voltage 2.300 V, potential steps -10 mV and 
10 mV from OCV. 

Fig. 9. The OCV-time plot for two Li/P(EO)s* LiC101JNa,V,Cr& (pressed electrode) 
fresh cells. Temperature 120 “C. 

The fresh cell exhibits a rather high open circuit voltage (OCV) of 
about 3.4 V at 120 “C (probably due to the presence of impurities or other 
phases [3]) but it drops rapidly over a few days to 2.6 - 2.7 V (Fig. 9). 
This is probably the true equilibrium voltage of the undischarged cell. 
During further heating the OCV drops slowly at a rate of about 1 mV h-’ 
due to self-discharge. The observed current of 3 PA, compensating the 
self-discharge under potentiostatic conditions, corresponds to about 2 - 3% 
self-discharge per day, in accordance with the data derived from the OCV 
curves. This self-discharge rate is comparable with that found for Ni/Cd 
accumulators [37]. The rate of self-discharge of the Li/P(EO)s* LiC104/ 
Na,V,CrS, cell is thus acceptable, but much higher than that for ambient- 
temperature, liquid-electrolyte lithium cells [ 381. 

The reasons for the self-discharge in this and in other all-solid-state 
polymer-based cells are not fully understood. There is a hypothesis con- 
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Fig. 10. Typical complex impedance diagrams for: (a) the fresh Li/P(EO)s*LiClO$ 
Na,V&r& cell (pressed electrode) after 4 days on open circuit; (b) the same cell after 
first galvanostatic discharge (-CJ5) to 1.2 V; (c) the same cell after first galvanostatic 
charge (+&/20) to 2.7 V; (d) the same cell after second galvanostatic discharge (-CJ5) 
to 1.2 V; (e) the same cell after second galvanostatic charge (+&/20) to 2.7 V. Tempera- 
ture 120 “C. 

cerning a moving redox species transferring the charge between both elec- 
trodes [ 331, but further work on this subject is needed. 

Electrochemical impedance studies 
In order to understand the cycling behaviour of the cell we per- 

formed electrochemical impedance measurements on the Li/P(EO)s. LiC104/ 
Na,V,Cr& (pressed electrode) cells. The reproducibility of results taken 
from different cells was excellent. In Figs. 10 and 11 the impedance data 
for a typical cell are shown. 

From the intersection of the impedance curve with the real axis, the 
sum of ohmic resistances could be estimated. This value, for a fresh cell, is 
very low -- 10 a, but rises rapidly during the first few cycles (Fig. 10). 
There is no significant difference between the values measured at the 
beginning of cycling in charged and discharged states. After 32 cycles, how- 
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Fig. 11. Typical complex impedance diagrams for the same cell as in Fig. 10 but after 32 
galvanostatic cycles (-Q/5; +Ct/20), in the charged (a) and discharged (b) state. 

ever, the ohmic resistance found for the discharged cell was higher than that 
of the charged cell (Fig. 11). 

The impedance curves in Fig. 10 have a hyperbolic shape, where two 
Warburg linear portions can be considered as the asymptotes. The impedance 
curves for the Li/P(EO)s~LiClO,/Li system, Fig. 12, compared with those 
for an Li/P(EO)s-LiC104/NaXV,C!rS, cell (Figs. 10 and ll), show a quite 
different shape and much lower values of the imaginary part of the complex 
impedance, 2”. The impedance of the Li/P(EO),*LiC104/Li cell increases 
with age when left on open circuit as the passive layer at the lithium/solid 
electrolyte interface grows [ 211. When the Li/P(EO)s- LiC104/Na,V,CrSz 
cell is charged, lithium metal is deposited on the negative side, and thus the 
interface is renewed. Therefore, for this cell, the main contribution to the 
overall impedance comes from the positive electrode, which is thus 
responsible for the observed growth of the overall cell internal resistance, Ri. 



Fig. 12. Typical complex impedance diagram for the system Li/P(EO)s*LiC104/Li. 
Temperature 120 “C. 

Conclusions 

(i) There is no substantial difference between either of the possible 
types of all-solid-state cells utilizing the Na,V,CrSz-based composite positive 
electrode with Li and Li(Al) negative electrodes. 

(ii) The performance of the pressed composite electrodes is better than 
that of the foil composite electrodes. 

(iii) The cycle life of sodium thiochromite-based all-solid-state cells is 
promising - more than 100 cycles were reached. 

(iv) At 140 “C!, a stable, coulombic capacity of 80 - 120 mA h g-l 
Na,V,Cr& was reached during cycling. On the basis of the mean discharge 
potential, 2.5 V uersus Li/Li+, and without correction for the Li weight, the 
specific energy of 250 W h kg-’ Na,V,Cr& was calculated, which gives 
about 100 W h kg-l for a real cell (excluding the case). 

(v) The rate-determining step in the cell reaction is probably the slow 
lithium diffusion within the crystal lattice of NaXV,CrS2. 

(vi) The active material utilization decreases during cycling. The 
internal resistance at the end of the cycle life, estimated from the impedance 
diagrams, rises about five times as compared with the first cycles. 

(vii) The self-discharge rate of the sodium thiochromite-based cell is 
about 2 - 3% per day at 120 “C. 
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