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Abstract 

A model lithium-ion system, based on the manganese oxide, Li,Mn204, has been used to study the reversibility of the lithium inseta;,on 
processes in both the approximate 3 V and 4 V versus Li/Li ÷ voltage ranges. For the 3 and 4 V ranges, symmetrical cells with the configuration: 
Lit + ,Mn,O4/electrolyte/Li2 _ ,Mn20~ were investigated, while asymmetrical cells, LixMn204/electrolyte/Li~ _ xMn204, were used to inves- 
tigate the electrochemical properties of the 4 V range only. The relatively large voltage hysteresis for the symmetrical cell was considered to 
be due to the concurrent cubic to tetragonal symmetry change occurring for the electrode cycling over the lower voltage range. Impedance 
measurements confirm that the Li~ +,Mn204 electrode appears to possess significantly inferior electrochemical properties to the electrode 
covering the higher voltage range. The 4 V range studied in the asymmetrical configuration showed excellent reversibility towards lithium 
insertion and extraction. 
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1. Introduction 

LixlVln204 is a potential material for use in rechargeable 
lithium batteries, particularly as the high voltage cathode 
material in lithium-ion cells using carbon-based anodes. The 
material offers r, relatively high specific capacity at a potential 
exceeding approximately 3.8 V versus Li/Li + [ ! -6] .  The 
cycling of 1 Li per Mn204 unit corresponds to a theoretical 
specific capacity of 148 mAh/g. Generally this figure is only 
approached at low cycling rates [ 3 ]. At another voltage range 
around 3 V versus Li/Li '~, Li~Vln204 is able to reversibly 
intercalate an amount of lithium similar to that at the high 
voltage range. It is therefore possible to utilize symmetrical 
cells incorporating two LiMn204 electrodes as a model sys- 
tem for the lithium-ion-type battery technology [7]. One of 
the key advantages to be gained from studying this kind of 
model lithium-ion system is the possibility of conducting 
detailed measurements on an electrochemical system without 
interference from an electrode which is significantly different 
from the electrode of interest. Both the Li~ _~Vln204 and 
Lit +~¢1n204 intercalation systems are fairly well character- 
izeO, and the electrochemical properties of the two voltage 
ranges have beta ~escribed previously [ !-10].  For this par- 
ticular symmetrical lithiuxn-ion cell, the cell is charged when 
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lithium ions are extracted from the electrode covering the 
4 V versus Li/Li ÷ voltage range, and inserted into the elec- 
trode covering the approximate 3 V versus Li/Li  + voltage 
range. The converse reactions occur during cell discharge. 
The cell is expected to produce an average cell voltage of 
around 1 V under normal operating conditions. 

Lithium-ion cells containing two identical electrodes have 
previously been used successfully, to characterize symmet- 
rical cells based on amorphous VzOs [ 11 ], V6Ota [ 12], 
LiTi204/LiNiO2 [13] as well as spinel-type compounds 
[7,14]. Here we will present data on two cell configurations, 
based on the LiMn204 spinel, used to investigate the electro- 
chemical behavior of lithium insertion and extraction in the 
3 and 4 V ranges. 

2. Experimental 

LiMn20~ was prepared by firing appropriate amounts of 
MnO2 and Li2CO3 to 800 °C for 48 h in open air. Powder X- 
ray diffraction (XRD) (Siemens I)5000, Cu K~ radiation) 
was used to ascertain the phase purity of the compounds. No 
other crystalline phases were detected. Values of 8.227(2) 
,~ for the unit cells parameters (Fd3m space group, Z= 8), 
compare well with the literature data [ ! ]. The average par- 
ticle size of the LiMn204 material was about 6 v.m as meas- 
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ured using a Coulter Multisizer II. Lithium and manganese 
contents were determined from atomic absorption using an 
Instrumentation Laboratory A A / A E  spectrophotometer 
model 357. For the asymmetrical cells: 

Li,Mn,O4/electrolyte/Lia- xMn204 ( 1 ) 

one of the electrodes consisted of LiMn204 and the other of 
LiMn204 that has previously been electrochemically de-lith- 
iated to Li~Vln204 at a very low current density (50 p,A/ 
cm2). The cell balance was adjusted so that one of the elec- 
trodes was limiting. The symmetrical cells were constructed 
from two identical LiMn204 electrodes. The preparation of 
the polymeric electrolyte by radiation polymerization, which 
was used as both the electrode separator and as the binder in 
the composite cathode has been described elsewhere [ ! 5,16]. 
The electrolyte was prepared by electron beam curing of 
acrylate monomers, and the ionic c~nductivity was enhanced 
by plasticizing the polymer matrix with a ! M LiPF6/PC 
solution (77% by weight). The room temperature conductiv- 
ity of the electrolyte exceeds I mS/cm, and the salt diffusion 
coefficient was measured to be in the range 10-6-10 -5 cm2/ 
s, i.e. the electrical properties are comparable with those of 
liquid organic electrolytes [ ! 7 ]. 

Three electrode cells using a lithium reference electrode 
were used for all measurements. The entire assembly was 
placed in a flexible encapsulation which was heat sealed under 
vacuum. The electrode geometric surface areas were typically 
12 cm 2. 

Voltage traces were recorded using the electrochemical 
voltage spectroscopy (EVS) technique originally devised by 
Thompson [ 18,19] to investigate lithium intercalation reac- 
tions in TiS2, and later used to study similar reactions in 
conducting polymers [20], Li~Mn204 [2,3] and LiCoO2 
[ 2 i ]. This technique yields information regarding structural 
phase changes and order/disorder phenomena [22,23]. ]'he 
electrochemical measurements were conducted under ther- 
mostatic conditions at 23 °C, using either an Advantest R6142 
precision voltage sink/source coupled to a HP Model 
HP3144A digital multimeter, or alternatively a Schlumberger 
Instruments model 1286 Electrochemical interface. Some of 
the more detailed ~-lectrochemical measurements were carrie~ 
out using a recent adaptation of the EVS method developed 
for investigation of intercalation systems in which the elec- 
trochemical cell under test incorporates a suitable reference 
electrode [ 24,25 ]. For successful implementation of the so- 
called three-electrode EVS (TEVS) experiments, two addi- 
tional high impedance followers are required. The technique 
allows determination of detailed information for both inser- 
tion electrodes simultaneously within a single experiment. It 
is thus well developed for investigation of lithium-ion-type 
battery systems [ 25 ]. 

Cells were also cycled galvanostaticaily at a current density 
of 0.2 mA/cm "~, in both charge and discharge, between pre- 
set voltage limits chosen to be symmetrical around 0 V and 
ranging from - 1 .0 /+  1.0 V to - 2 . 5 / + 2 . 5  V for the sym- 
metrical cells and - 0 . 8 / +  0.8 V tbr the asymmetrical cells. 

The a.c. impedance measurements were carried out on 
similar three-electrode cells to those described above using 
the Schlumberger Instruments model 1286 electrochemical 
interface coupled to a model 1255 frequency response ana- 
lyzer. The measurements were conducted in the frequency 
range from 65 kHz to 1 Hz at an amplitude of + 10 mV. 

3. Results and discussion 

3.1. Electrochemical voltage spectroscopy data 

The EVS and TEVS conditions chosen for cycling of the 
Lil _~Mn2Oa/Li~ ÷xMn204 symmetrical cells included volt- 
age limits between 0 and 1.6 V, voltage step sizes of 10 mV 
and critical current density l,m <50  p,A/cm 2, equivalent to 
a charge/discharge rate of approximately C1100. These par- 
ticular experimental conditions were chosen so as to maintain 
the system close to thermodynamic equilibrium throughout 
the discharge/charge cycle. As such, the voltage profile 
should provide a close approximation to the open-cell voltage 
(OCV)-charge capacity relationship for the cell. The EVS 
voltage profile for a typical cell is shown in Fig. ! (a), and 
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Fig. 1. (a) Total cell voltage of the second cycle of a representative 
Lil - ~Mn20.t/Lil. ,Mn20., cell obtained under EVS conditions. ( b ) Corre- 
sponding differential capacity plot. 
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the corresponding differential capacity in Fig. l (b) .  The 
shape of the voltage curves indicate whether a region is single 
or multi-phase. In the latter case the potential is expected to 
be essentially invariant with composition. However, the dis- 
tinction between single-phase behavior and multi-phase 
behavior is simplified when differential capacity curves are 
considered since composition independent behaviors appear 
as distinct differential capacity peaks. Furthermore, for highly 
reversible intercalation systems there should be insignificant 
displacement of the corresponding differential capacity fea- 
ture during cattlodic and anodic scans. 

The variation of the cell potential for the complete ceil, 
Fig. 1 (a), indicates the presence of two plateaus during the 
lithium insertion/ex;raction processes. The two electrodes in 
the cell were selected so that they possess approximately 
equivalent lithium capacities. It is expected that slight capac- 
ity differences would result in a deviation from the predicted 
behavior. The major part of the measured curve, shows a 
single, rather flat plateau above 1 V together with another 
less well-defined plateau at about 1.25 V. The measured dis- 
charge capacity for the symmetrical cell corresponds to a 
material utilization figure of around 101 mAh/g for each of 
the Li~,ln204 electrodes (i.e. x=0.68, assuming that the 
cycling ofx = I in Lil -xMn204 or Lil +~Mn204 corresponds 
to a specific capacity of 148 mAh/g). This is somewhat lower 
than the specific capacities measured during cycling of man- 
ganese oxide half-eeUs made from the same electrode stock 
and may indicate an imbalance in the two electrode specific 
capacities within the symmetrical cell. The observed hyster- 
esis between the charge and discharge curves is indicative of 
the extent of the total overvoitage in the system. 

Fig. l (b) gives the corresponding and complementary dif- 
ferential capacity plot for the ceil. It is demonstrated clearly 
that the cell voltage versus capacity pint is structured during 
the charge/discharge cycle shown in Fig. I(a) .  There are 
two well-defined voltage regions for the lithium insertion/ 
extraction reactions in the system as indicated by the distinct 
and reversible peaks shown in the figure. This behavior is 
consistent with the voltage data described in Fig. 1 (a). The 
charge/discharge behavior appears to be relatively reversible 
(both coulombically and energetically) as indicated by the 
symmetrical nature of the anodic and cathodic waves. There 
is a significant level of overvoltage in the system as indicated 
by the degree of voltage hysteresis between equivalent anodic 
and cathodic peaks. There is no evidence consistent with 
electrolyte degradation as would be suggested by the presence 
of irreversible peaks. 

The individual electrode potentials and the corresponding 
differential capacity curves are given for the 4 V and the 3 V 
voltage regions in Figs. 2 and 3, respectively, as determined 
by the TEVS technique. Fig. 2(a) shows the two distinct 
voltage plateaus observed in the 4 V region, as expected. The 
complementary differential capacity plot has two sharp peaks, 
with only minor overlap of the anodic and cathodic waves. 
This behavior is consistent with ordering of the inserted Li 
ions over the tetrahedral 8(a) sites that are occupied during 
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Fig. 2. (a) Approximate 4 V vs. L i /L i *  voltage range trace for the second 
cycle of a representative Li=-,Mn.~OJLil+,Mn204 cell ordained under 
TEVS conditions using an Li reference electrode. (b) Corresponding 
differential capacity plot. 

the 4 V range. A small fraction of the capacity is lost during 
each cycle, again presumably due to capacity differences 
between the two electrodes. However, the reaction is highly 
reversible as indicated by the low overvoitage between the 
charge and discharge waves and the high coulombic revers- 
ibility oftbe reaction. Similar features are observed at the 3 
V voltage range (Fig. 3), i.e. two plateaus, but the hysteresis 
between the charge and discharge curves is significantly more 
pronounced than at the 4 V vohage range. It is well known 
that at 3 V the lithium insertion in Li= +~n204  electrode 
proceeds as a two phase reaction, in the complete range ofx 
(1 < x < 2 )  [4], and should therefore yield a single plateau 
over this range. The presence of two plateaus is unclear but 
has been reported for lithium insertion in LiMn204 at 100 °C 
[26]. 

3.2. Impedance data 

Fig. 4 shows the Nyquist a.c. impedance spectra for the 
two electrodes coveting the approximate 3 V and 4 V versus 
Li/Li + voltage ranges. As denoted in the figure, the precise 
electrode potentials were 2.90 and 4.1 ! V versus Li/Li +, 
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respectively. Recall, these measurements were made on ini- 
tially compositionally identical electrodes (via the lithium 
metal reference electrode) each of which had a geometric 
surface area of 12 cm 2. The lower voltage electrode generates 
a relatively high overall electrode impedance (serial resis- 
tance, R~ = 0.51 f l  and charge-transfer resistance, Rot = 25 
12). The value of R~ is consistent with the expected high 
frequency impedance contributions from the electrolyte and 
the electrical contacts, etc. The charge-transfer impedance, 
however, is particularly large when compared to equivalent 
measurements on similarly formulated and comparably-sized 
composite intercalation electrodes [27]. This behavior is 
consistent with the characteristics of the EVS voltage traces 
shown in Fig. 3 (a) which show the presence of large voltage 
hysteresis (i.e. reaction overvohage) between the cathodic 
( intercalation ) and anodic (de-intercalation) waves. Thack- 
eray et ai. 128] have reported on the poor cycling of Li/ 
Li~,MnzO4 cells over the 3 V voltage range and attributed this 
to an asymmetric lattice expansion/contraction of the 
Li~Mn:O4 electrode. They contested that the lattice disruption 
resulted from a Jahn--Teller distortion that occurs around 
x = i.08 and which transforms the cubic symmetry of the 
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Fig. 4. (a) Nyquist a.c. impedance plot for the Lit + tMn204 electrode cov- 
eting the approximate 3 V vs. Li/Li + voltage range. (b) Nyquist a.c. impe- 
dance plot for the Li, - ,Mn20,t electrode covering the approximate 4 V vs. 
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spinel phase to a tetragonal symmetry. Several attempts to 
stabilize the Jahn-Teller distortion have been reported (see 
for example Ref. [29] ). We report our findings on the 
extended cycling properties of the Lij +xMn204 electrode in 
a future publication [30,31 ]. 

In direct contrast to the lower voltage electrode, the 
Lit _~Mn204 electrode shows reasonably good impedance 
properties (i.e. Rs=0.51 ~ and R,~,=0.6 It). These impe- 
dance properties are consistent with other well-formulated 
composite insertion-type electrodes such as the V6Ot~ system 
[27,32]. The calculated Rs is consistent with the expected 
high frequency contributions to the system. The overall elec- 
trode impedance measured from the a.c. method is entirely 
consistent with the low overvoltage present in the EVS volt- 
age traces described here (Fig. 4 (b) )  and also previously 
described by this group and others [2-61. The retention of 
the cubic symmetry for the Lit -xMn204 electrode over this 
voltage range apparently produces a low interfaciai charge- 
transfer intpedance for the system. Again, in contrast to the 
lower voltage electrode, this confirms that the electrode is 
well suited for use in intercalation-type applications, such as 
the lithium-ion technologies. The low overvoltage (shown 
from the EVS data), and the relatively facile solid state dif- 
fusion [2] within the electrode produces an electrode with 
desirable rate capability. Tae cycling performance for the 
Lil _~Mn204 electrode will be reported in a future publication 
[30]. Tarascon et al. [5,6,33,341 have previously demon- 
strated a reasonable cycle life coupled to a relatively low 
specific capacity fade for this material over a similar voltage 
range. 
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Fig. 5. Voltage traces of a representative Li~_,Mn2OJLi~ +,Mn20~ cell 
cycled between voltage limits of - 1.5 to + 1.5 V and -2.5 to + 2.5 V, 
respectively. 

3.3. Cycling of symmetrical cells 

Ideally, the voltage of an Lil _~Vln204/Lil +x]Vln204 cell 
falls in the range I - 1.5 V. Typical voltage traces for cell 
cycling between - 1.5 to + i.5 V and - 2 . 5  to +2.5 V (at 
0.2 mA/cm 2 in both charge and discharge) are compared in 
Fig. 5. The hi-polar nature of these cycling regimens means 
that each electrode will be cycling over both the 3 V and 4 V 
versus Li/Li  + voltage ranges, Extension oftbe voltage limits 
to - 2 . 5 / +  2.5 V, significantly increases the initial discharge 
capacity of the cell. However, as demonstrated by comparison 
of the cycling curves (Fig. 6), the discharge capacity decays 
more rapidly with c:/cle number in this case, Any additional 
discharge capacity for this increased voltage range is quickly 
lost from the system. After a few cycles the capacities of both 
cells are essentially identical. However, even when the volt- 
age limits are reduced to - 1 . 5 / +  1.5 V (and - 1 / +  I V, 
not shown), the discharge capacity steadily declines during 
cycling. Since both electrodes have identical loading, this 
supports the previously held assumption that the electrochem- 
ical properties of the lithium-insertion process into the 
Li~ +.~Mn204 electrode (i.e. at voltages below 3 V versus Li/  
Li + ) are inferior to those for the higher voltage range. 

3.4. Asymmelrical cell cycling data 

The configuration of the asymmetrical cells, denoted as 
Li~Vln204/Lil _xMn204, was such that roughly one lithium 
per Mn204 unit would be shuttled back and forth into the 
system therefore looking exclusively at the 4 V response in 
both electrodes via the lithium reference electrode. Fig. 7 
shows a typical voltage response for such a cell during the 
second cycle. The second cycle was chosen so as to minimize 
the small first cycle irreversible losses. The total cell voltage 
is shown in the lower half of the graph while the two upper 
curves represent the individual responses from the corre- 
sponding half-cells. As expected the responses are close mir- 
ror images of one another. While cathode '1' is being 
discharged, cathode '2 '  is being charged. At the cross point 

0.03,5 . . . . .  , . - -T -~  , • : " [  , , * ~ , , , ~ , ~ r~  

0.0301" ~ " " , t  

~ ,  0 . 025~  '",,..,, = • • ,  
0.020 ~- "",,. ".,,. ±1.5 v 

" -  0 . 015 I  ........................ " ' " " , , , , , , , ,  
~ 0,0101 :t:2..5 V .......................................... 

° : I  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
0 5 10 15 20  25  30  

Cycle Number 
Fig. 6. Cycling curves oftbe Lil _ ,Me204/Li~ + ,Mn204 cell cycled between 
voltage limits of - 1.5 to + 1.5 V and -2.5 to +2,5 V, respectively. 
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Fig. 7. Second cycle voltage trace of a three-electrode LixMn204/ 
Li~ _ ,Mn~O4 asymmetrical cell. 

between the two upper curves, the relative amounts of lithium 
in both electrodes should be the same. Therefore, the meas- 
ured voltage across the cell should be zero. The total cell 
response shows that this cross point occurs at a cell capacity 
of = 2.5 mAh corresponding to a material utilization of  68 
mAh/g  or x = 0.46 Li in both electrodes. This value is higher 
than that reported for LiMn204 when cycled against a lithium 
electrode (under the same cycling conditions). Therefore, 
one is looking at the intrinsic properties of  the spinel-based 
electrode without interferences from either a lithium or a 
carbon electrode. 

To gain a clearer insight into the electrochemical capabil- 
ities of the LiMn204 based electrode, asymmetricalcellswere 
cycled at a current density of  0.25 mA/cm 2 in both charge 
and discharge between voltage limits of  - 0 . 8  and +0.8 V. 
After 500 cycles, the cell was suspended at which point a 
differential capacity measurement carried under EVS condi- 
tions was performed. We specifically chose this technique as 
a tool to probe any changes the electrodes had undergone. 
Any structural or electrochemical irreversibility associated 
with electrode degradation should be seen clearly in the dif- 
ferential capacity curves, Fig. 8 shows a differential capacity 
trace for a fresh cell (only one half of the cell is shown) and 
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compared with the same cell that had undergone 500 cycles. 
Fig. 8(a) is a typical differential capacity plot for an opti- 
mized LiMn204 based electrode. The traces are similar, apart 
from a slight broadening of the relative peaks (corresponding 
to plateaus in the voltage-composition curve) and a lower 
capacity associated with the cycled cell which is to be 
expected. Overall, this finding highlights the high reversibil- 
ity of lithium insertion/extraction in this system. 

Extended cycling of a typical asymmetrical cell is pre- 
sented in Fig. 9. Similarly to the voltage profile trace (Fig. 
7), both the discharge and charge capacities variation with 
cycle number are presented. Over a 1000 cycles have been 
achieved with this type of cell configuration. The specific 
capacity of the Li~-,~Mn2Oa at this stage was still a very 
respectable 75 mAh/g. 

4. Conclusions 

The voltage hysteresis, i.e. the reaction overvoltage, 
between the cathodic and anodic waves present during 
cycling of the Lit _ xMn2Oa/Li~ +~,Mn204 cell was predicted 
from the half-cell responses and is expected to be mainly d,~e 
to intercalation properties of the electrode covering the 
approximate 3 V versus Li/Li ÷ voltage range. The relatively 
large overvoltage for this voltage range was considered to be 
due to the structural changes occurring within this electrode 
material during lithium insertion/extraction reactions. The 
lattice disruption results from a Jahn-Teller distortion that 
occurs around x = 1.08 and which transforms the cubic sym- 
metry of the spinel phase to a tetragonai symmetry [28]. 
Conversely, the Lit _ ~MnzO4 electrode (covering the approx- 
imate 4 V versus Li/Li + voltage range) showed extremely 
low overvoltage consistent with previously reported data 
from this group and elsewhere [ 2--6]. Over this voltage range 
the cubic symmetry of the spinel phase is retained during the 
insertion/extraction reactions. 

Low rate cycling (TEVS) of cells utilizing a lithium metal 
reference electrode indicated that the Lit-xMn204/ 
Lil +~Mn204 cell demonstrates a discharge capacity which 
corresponds to a material utilization figure of around 101 
mAh/g for each of the manganese oxide electrodes (i.e. 
x=0.68, assuming the cycling of x =  I in Lit-~k'ln204 or 
Li~ +xMn204 corresponds to a specific capacity of 148 mAh/ 
g). 

Representative Lit_~Mn_,Oa/Lit÷~IVln,Oa cells were 
cycled between pre-set voltage limits of - 1.5 to + 1.5 V and 
- 2.5 to + 2.5 V at a current density of 0.2 mA/cm-" in both 
charge and discharge. The bi-polar nature of these cycling 
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Fig. 9. Extended cycling characteristics of an asymmetrical cell depicting the charge and discharge capacities for both individual electrodes. 
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reg imens  mean s  that each electrode would be cycled over 
both the approximate  3 V and 4 V versus  L i /L i  ÷ voltage 
ranges dur ing the normal  d i scharge /charge  cycles  o f  these 
cells. After  a few cycles  the capacity o f  both cells were essen-  
tially identical. Over  extended cycl ing periods, the cells, 
regardless  o f  cycl ing voltage limits, exhibited declining dis- 
charge capacities.  W e  believe this phenomenon  is due to the 
poor cycl ing capability o f  the electrode over  the 3 V versus  
L i /L i  ' voltage range,  induced primarily by the afore-men- 
t ioned structural phase  transition, caused during the l i thium 
insertion / extraction reactions. 

The  a.c. impedance  measuremen t s  also indicated that the 

interfacial properties for the electrode covering the upper 
voltage range are far superior  to those for the lower voltage 
range. This  is consis tent  with the pronounced overvoltage 
present  on the TEVS measuremen t s  for the 3 V versus  L i /  
Li ÷ and again, is p resumably  directly related to the cubic to 

tetragonal sy mmet ry  change.  
The  asymmetr ica l  cells (Li~MnzOJelec t ro ly te /Li~_~-  

Mn2Oa) provided a good vehicle for the investigation o f  the 
electrochemical  properties in the 4 V range. Excellent revers- 
ibility was demonstra ted.  Under  the cycl ing condit ions used 
in this work, over  a 1000 cycles  have been achieved with 

only minor  degradat ion to the electrode. 
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