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Abstract 

Thermodynamic, kinetic and impedance studies of the Li//Li,Mn,O, (spine1 phase) have been carried out using a polymer- 
based electrolyte system. There appear to be three voltage ranges for the reversible lithium intercalation reaction, centered 
around 4, 2.9 and 1.1 V versus L&i+. A ceil utilizing all three ranges shows good coulombic reversibility but also relatively 
high cell impedance at the lower cell voltage. The upper voltage range shows excellent reaction kinetics, good c&lombic 
reversibility and low cell impedance. A third and previously unidentified structural or electronic modification in the spine1 

phase has been found at about 3.9 V versus L&i’. The 2.9 V plateau is characterized by reasonable coulombic reversibility, 

slower reaction kinetics and higher cell impedance than the upper voltage region. The voltage region around 1.1 V versus 
Li/Li’ is considered too low for practical application. 
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1. Introduction 

High voltage cathode materials for use in lithium- 
based secondary battery systems have been of consid- 
erable interest in recent years [l-3]. In particular, these 
materials may find application in the so-called ‘rocking- 
chair’ or ‘lithium ion’ batteries incorporating carbon- 
based anodes [4]. To date, the candidate cathode ma- 
terials include Li,CoO, [5-71, Li,Mn,O, [8,9], Li,NiO, 
[lO,ll] and Li,Ni&o,,O, [12,13]. The Li,CoO, ma- 
terial has already found application in one successful 
commercial product [14-161. However, for many prac- 
tical applications this material is considered relatively 
expensive and considerable effort has also been made 
in optimizing the more cost-effective Li,Mn,O, material 
[17]. This material has a spine1 framework structure 
consisting of a cubic-closed packed oxide ion lattice 
[l&19]. It is reported that the framework structure has 
accessible sites for reversible electrochemical interca- 
lation such that the material can insert and liberate 
lithium over the composition range 0 <x<2 [S]. This 
is the basis for its use in secondary battery systems. 

* Part of the EVS data were presented at the IBA Fall Meeting, 
New Orleans, LA, USA, Oct. 1994. 

Li/&Mn,O, electrochemical cells using lithium metal 
anodes in a suitable plasticized polymer electrolyte 
system should allow the electrochemical characterization 
of the spine1 phase Li,Mn,O,. The polymer electrolyte 
system used in this work has several key advantages 
over conventional liquid-based electrolytes, some of 
which have been described in detail elsewhere [20,21]. 
In this paper detailed electrochemical measurements 
have been used to generate thermodynamic, structural, 
kinetic and interfacial information for the system. 

2. Electrochemical voltage spectroscopy 

Thermodynamic, kinetic and order/disorder infor- 
mation were recorded using the electrochemical voltage 
spectroscopy, EVS technique. EVS was originally de- 
vised by Thompson [22,23] to investigate lithium in- 
tercalation reactions in the layered chalcogenide TiS,. 
It has also been used fairly extensively to study ion- 
insertion reactions in conducting polymer systems [24]. 
EVS is a voltage-step technique which provides a high 
resolution approximation to the open-circuit voltage 
(OCV) discharge curves for the complete electrochem- 
ical cell under investigation. The technique initially 
involves the measurement of the cell current resulting 
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from the application of a small potential step, dV, to 
the cell. The current is continuously monitored until 
it decays to a pre-set minimum value, I,im. The cell 
potential is then stepped by dl/ again. The value of 
IIim is chosen such that the cell is close to thermodynamic 
equilibrium at the end of the current transient to ensure 
that voltage corrections due to the cell IR drop and 
diffusion overvoltages are insignificant. During each 
step the current is integrated to allow calculation of 
the differential capacity, &/dV, where x is the lithium 
ion concentration in, for example, Li,Mn,O,. The dif- 
ferential capacity data have demonstrated to allow 
effective characterization of order/disorder and struc- 
tural ordering phenomenon in intercalation systems 
[25,26]. 

EVS has recently been extended to yield kinetic data 
for the intercalation reactions [27]. The decay of the 
cell current following a voltage step is proportional to 
t-In for linear diffusion in a semi-infinite system [28]. 
The apparent chemical diffusion coefficient, D, for the 
composite electrode, can then be calculated at each 
voltage increment by application of the standard Cottrell 
equation [29]. The validity of these measured diffusion 
coefficients was confirmed by measurements on similar 
cells by application of a current-step/potential transient 
method, the so-called galvanostatic intermittent titration 
technique (GITT), described in detail in Ref. [30]. 

3. Experimental 

The electrochemical measurements were carried out 
under thermostatic conditions at 23 “C. All the cell 
cycling experiments requiring instrument control were 
performed using custom software written in HP In- 
strument Basic in conjunction with the standard HP- 
IB (IEEE-488) parallel interface bus. The EVS ex- 
periments were performed using either an Advantest 
R6142 precision voltage source/sink coupled to a HP 
Model HP3144A digital multimeter, or alternatively a 
Schlumberger Instruments Model 1286 electrochemical 
interface. The GITT experiments were conducted using 
the Model 1286 coupled to the Model HP3144A for 
voltage transient measurements. The constant-current 
cycling and current-interrupt experiments were carried 
out using the Model 1286. The constant-current cycling 
conditions were 0.25 mA cm-’ for both cell charge 
and discharge. 

The a.c. impedance measurements were performed 
using the Schlumberger Instruments Models 1286 elec- 
trochemical interface and 1255 frequency response ana- 
lyzer. Data analysis was carried out using the conven- 
tional Schreiber Associates Zplot software. The 
frequency limits were typically set between 65 kHz to 
0.1 Hz, and the a.c. oscillation was f 10 mV. 

The Li,Mn,O, was prepared by heating appropriate 
amounts of thoroughly mixed MnO, and L&CO, to 
800 “C for 48 h in open air. The phase purity of the 
compound was examined by powder X-ray diffraction 
(XRD) using a Siemens D5000 powder diffractometer 
and Cu Ka radiation. As seen in Fig. 1, a highly 
crystalline material was obtained and all XRD lines 
were identified as belonging to the LiMn,O, spine1 
phase. The LiMn,O, spine1 crystallizes in the cubic 
Fd3m space group (Z= 8). The refined unit cell is 
8.227(2) 8, and the unit cell volume is 556.83 A3, which 
compare well with literature data in Ref. [31]. 

A polymeric electrolyte, prepared by radiation po- 
lymerization as described elsewhere [20,21], was used 
as both the electrode separator and the binder in the 
composite electrodes. The room temperature conduc- 
tivity of the electrode exceeds 1 mS cm-’ and the salt 
diffusion coefficient was found to be in the range from 
lop6 to 10e5 cm2 SK’. Thus, the electrical properties 
of the electrolyte are comparable with those of commonly 
used liquid electrolytes [32]. The influence of the trans- 
port properties of the electrolyte on the transport 
properties of the test cells is considered to be insig- 
nificant . 

The cell construction has been described previously 
[20,21] and consists of a Li,Mn,O,-containing cathode, 
and a metallic lithium anode, separated by the polymeric 
electrolyte, placed in a flexible encapsulation which is 
heat-sealed under vacuum. 

Particle size determination was carried out with a 
Coulter Multisizer II, which was set up to measure in 
the 2-60 pm range and the results were confirmed with 
a Microtec UPA particle size analyzer which is used 
for measuring particle sized below 6 ,um. The mea- 
surements indicated an average particle size of around 
4 pm for the Li,Mn,O,. 

The atomic absorption measurements were conducted 
using an Instrumentation Laboratory AA/AE spectro- 
photometer Model 357 with a manganese specific West- 
inghouse Model WL22936 hollow cathode lamp used 
at 5 mA and 279.5 nm. 

4. Results and discussion 

The as-prepared spine1 phase was chemically analyzed 
by atomic absorption (AA) to give the approximate 
composition Li,.,,Mn,O,. Li//Li,Mn,O, cells made from 
this material showed an initial, stable OCV of around 
3.1 V versus Li/Li+. For cycling investigations using 
cells in the fully charged state, these cells were elec- 
trochemically oxidized to a stable OCV of approximately 
4.3 V versus L&i+ using the EVS technique. This 
ensured that the cells were close to thermodynamic 
equilibrium during the charge procedure which mini- 
mized the risk of electrochemical oxidation of the 
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Fig. 1. Indexed powder X-ray diffraction diagram of LiMnzO,,. 

electrolyte. This process electrochemically extracted 
lithium from the parent spinel. The charge passed 
during this stage suggested that the fully charged state 
corresponded to the approximate cathode composition 
Li,,,Mn,O, (i.e., the recently reported A-MnO, phase 

[331). 
Fig. 2 shows the constant-current cycling (cycles 1 

and 5) voltage profiles, starting from a fully charged 
Li//Li,Mn,O, cell, shown as a function of the lithium 
intercalation concentration, X. Three distinct regions 
are observed corresponding to the reported structural 
phase changes occurring in the Li,Mn,O, during cell 

- Cycle 1 
Cycle 5 

-____ 

x In LlxMn,O, 

Fig. 2. Voltage profiles of the cycles 1 and 5 from cell constant 

current cycling (0.25 mA cm-’ charge and discharge) for the Li// 

Li,Mn,O, system in the voltage range from 1.0 to 4.3 V. 

discharge [34] i.e., cubic to tetragonal to trigonal [35]. 
It is noteworthy that the insertion reaction appears to 
be coulombically reversible over the entire concentration 
range 0 <x < 4, although some small changes are seen. 
For instance, the voltage curves seem to smoothen upon 
cycling and a minor fraction of the reversible capacity 
is lost. A significant hysteresis due to pronounced cell 
overvoltage is also observed, notably on the two lower 
voltage plateaus. The increased overvoltage and the 
smoothening of the voltage curves, observed during 
cycle 5, are presumably associated with some minor 
modification in the structural integrity of the Li,Mn,O, 
which occurs during the lithium intercalation/de-inter- 
calation reactions. 

The remaining part of this paper concentrates on 
the two upper voltage regions shown in Fig. 2. Thus 
it is only concerned with the cubic to tetragonal phase 
changes, i.e., within the insertion range 0 <x < 1.8, under 
the prevailing test conditions. This reaction is shown 
to be highly coulombically reversible, and the hysteresis 
on the upper voltage region is very low. 

Results from EVS cycle 1 measurements, for the 
4.3-3.0 V voltage range are depicted in Fig. 3. For all 
EVS figures the reduction (i.e., lithium intercalation) 
reaction is shown below the x-axis. The voltage profile 
indicates the excellent coulombic reversibility for the 
system and the small amount of hysteresis between the 
discharge/charge curves is indicative of the low over- 
voltage for the associated intercalation/de-intercalation 
reactions within this voltage range. The differential 
capacity plot shows, very clearly, the two-phase behavior 
of thisvoltage range as two reversible peaks are observed. 
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Fig. 3. Voltage profile, differential capacity and diffusion coefficient data from the EVS cycle 1 for the Li//LixMnZ04 system in the voltage 
range from 3.1 to 4.3 V. 

On each plateau, a minimum in the diffusion coefficient 
is observed, just below x= 0.2 and around x =0.5 for 
both charge and discharge. The presence of the kinetic 
minima corresponds, we suspect, to the Li-Li ionic 
coulombic repulsion effects within each structural site 
in the host lattice. Diffusion coefficients of the order 
of about lOwa cm2 s-l are observed, which is about 
an order of magnitude higher than previously disclosed 
by Guyomard and Tarascon [36] for the Li,Mn,O, 
system. The difference may be explained in terms of 
the varying electrode fabrication methods used in each 
study. The effects can distinctly affect the kinetic mea- 
surements on the active material. Furthermore, it should 
be noted that the diffusion coefficient calculations in 
this work are based on geometric electrode surface 
area whereas Guyomard and Tarascon [36] used an 
estimation of the total surface area of the cathode 
material. However, the variations of the intercalation 
kinetics with lithium ion concentration found during 
this study are still valid. Complementary measurements 
carried out on equivalent cells using the GITT method 
(not shown) confirm both the magnitudes of the diffusion 
coefficients as well as the variation with lithium ion 
concentration. 

Similar plots for EVS cycle 2, are shown in Fig. 4, 
and for cycle 5 in Fig. 5. The magnitude of the diffusion 
coefficient seems to be unaffected by the cycling of the 
cell, although the minima are displaced towards lower 
x values, consistent with the small loss in discharge 
capacity over this cycle range. However, the most in- 
teresting feature of the differential capacity plots, is 

the presence of an additional peak at around 3.9 V 
versus Li/Li’ (discharge) which indicates the appear- 
ance of a new structural or electronic modification. 
The lithium insertion reaction in this modification is 
reversible, although it is observed only as a shoulder 
on the charge curve. It is however clearly distinguishable 
during the EVS cycle 5 data. To our knowledge, no 
information regarding this new modification appears in 
the open literature. 

EVS data are given in Figs. 6 to 8 for the cubic/ 
tetragonal phase transformation, i.e., covering the cell 
voltage range 3.2 to 2.0 V versus Li/Li’. Data for cycles 
1, 2 and 5 are presented. The cycle 1 EVS voltage 
profile indicates a distinct cathodic displacement and 
a sharp peak at around 2.85 V versus Li/Li+. We believe 
this peak is consistent with an overvoltage associated 
with the cubic to tetragonal phase change. As can be 
seen by inspection of the cycle 2 EVS data, a small 
residual overvoltage is still present even after the cell 
has been cycled. During cycle 5, however, the overvoltage 
has been totally removed, and the system shows im- 
proved reversibility. 

The hysteresis of the voltage profiles indicates that 
this reaction is less reversible than the intercalation 
reactions associated with the higher voltage range. This 
is more clearly shown by the increased separation of 
the cathodic and anodic peaks in the differential capacity 
plots. The variation of the diffusion coefficients with 
degree of insertion shows a single, wide minima in this 
voltage range consistent with the filling/removal of one 
site within the host lattice. The magnitude of the 
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Fig. 4. Voltage profile, differential capacity and diffusion coefficient data from the EVS cycle 2 for the Li//Li,Mn,O, system in the voltage ^ ” 
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Fig. 5. Voltage profile, differential capacity and diffusion coefficient data from the EVS cycle 5 for the Li//Li,Mn,O, system in the voltage 
range from 3.1 to 4.3 V. 

diffusion coefficients are generally around one order Li,Mn,O,. As previously mentioned, the validity of the 
of magnitude lower than those measured on the higher diffusion coefficient measurements were confirmed by 
voltage range, i.e., around 10e9 cm2 s-l. Again, we separate measurements using the GITT method. During 
believe the presence of the minima in the kinetic data cycling, the cell overvoltage decreases slightly but un- 
is consistent with the coulombic repulsion effects ex- fortunately this is accompanied by a decrease in the 
petted during the filling/removal of the sites within the measured discharge capacity. 
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Fig. 6. Voltage profile, differential capacity and diffusion coefficient data from the EVS cycle 1 for the Li//Li,+,Mn,O, system in the voltage 
range from 2.0 to 3.1 V. 
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I+,Mn,O, system in the voltage 

The d.c. cell impedance, measured by the current- 
interrupt technique described in Section 3, for the 

but reversible transition in cell impedance between the 
two regions. We believe the magnitude of the cell 

voltage range 4.3 to 2.0 V is shown in Fig. 9. These impedance is dominated by the lithium-electrolyte in- 
measurements indicate two distinct regions; the cell 
impedance being much lower in the high voltage range 

terfacial impedance. This has been confirmed by pre- 
liminary studies of three electrode cells which allows 

than at the lower voltage region. There is an abrupt, de-convolution of the individual electrode impedances. 
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Fig. 9. Cell impedance measurement usmg the current-interrupt 

method for the Li//Li,Mn,O, system in the voltage range from 2.2 

to 4.3 v. 

The high impedance on the lower voltage region can 
explain, at least partly, the observation of increased 
hysteresis on this voltage region during constant current 
cycling experiments. 

A.c. impedance measurements (Fig. ~CI), show an 
initially high impedance caused by the pristine oxide 
layer present on the as-received lithium foil. Once 
current is passed through the cell, this layer is removed 
and a lower impedance is observed, reflecting the 
creation of a new interfacial layer on the lithium 
electrode. After the first measurement, the impedance 
is clearly dependent on the state-of-charge of the cell, 

15. ” ” ” ” 
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Fig. 10. A.c. impedance measurements for an uncycled cell, cycled 

cell, and charged celi for the Li//Li,Mn,O, system. 

and confirm the current-interrupt measurements, i.e., 
high cell impedance at the low voltage plateau and 
low cell impedance at the high voltage plateau. 

5. Conclusions 

The Li//Li,Mn,O, system has been characterized by 
electrochemical measurements that have generated de- 
tailed thermodynamic, kinetic and impedance results. 
There are three reversible voltage regions for the se- 
quential filling and removal of sites within the host 
material. These are centered around 4, 2.9 and 1.1 V 
versus Li/Li + . These regions correspond to literature 
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reported phase changes in the Li,Mn,O, host. A cell 
utilizing all three voltage regions showed good revers- 
ibility but coupled to poor cell overvoltage. This later 
point, together with the low voltage of the last plateau, 
would limit its potential use. 

The upper voltage region is characterized by good 
reaction kinetics, excellent coulombic reversibility, and 
a low cell impedance. These properties, coupled with 
a reasonable recharge capacity in this region, make 
this a viable material for a high cell voltage application. 
In particular, the material seems well suitable for 
incorporation in rocking-chair technology when used 
in conjunction with carbon-based anodes. The EVS 
studies indicate that there appears to be a third, pre- 
viously unidentified structural or electronic modification 

in the spine1 phase at about 3.9 V versus Li/Li+ 
(discharge). The insertion reaction in this modification 
appears to be reversible. The precise structural phase, 
however, has yet to be established for this modification. 

The 2.9 V voltage plateau is characterized by a two- 
phase region for the lithium insertion/de-insertion re- 
action. This corresponds to the reported cubic to te- 
tragonal phase change in the Li,Mn,O, material. This 
feature generates a single reversible peak in the dif- 
ferential capacity plot and a plateau in the voltage 
profile. The insertion reaction shows reasonable cou- 
lombic reversibility which improves with cycle number. 
An overvoltage is required for the structural phase 
change which causes a small, but distinguishable cath- 
odic displacement in the voltage curve and a sharp 
peak in the differential capacity plot at around 2.85 V 
versus Li/Li’. Overall, this voltage plateau shows slower 
reaction kinetics than the higher voltage range (shown 
by the comparative diffusion coefficient measurements) 
and also higher cell impedance. It is likely, however, 
that the main cause of higher cell impedance may be 
associated with changes at the lithium electrode rather 
than in Li,Mn,O,. 

The cell voltage plateau around 1.1 V versus Li/Li+ , 
associated with the tetragonal to trigonal phase change 
in the Li,Mn,O,, is probably too low for practical 
application. Cell cycling, which includes this voltage 
region, appears to cause significant structural modifi- 
cation in the cathode as evidenced by the increased 
hysteresis and smoothening of the voltage inflections 
in the voltage-composition profile. 
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