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Abstract

Lithium manganese oxide, LiMn,0, and vanadium oxide, V,0,;, have long been regarded as viable cathodes for rechargeable lithium
batteries. The high operating voltage of LiMn,O,, 4 V versus Li, combined with the 2.3 V (versus Li/Li*) average voltage of the V,O,;
system gives the possibility of a rocking-chair battery with a 1.5 V average operating voltage and good cycling capabilities. In this work, the
feasibility of suck a rocking chair is demonstrated. Electrochemical investigations were undertaken on cells incorporating a reference electrode.
The corresponding rocking-charr cells exhibit good capacity retention and long-cycle life.  © 1997 Elsevier Science S.A.
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1. Introduction

Among the transition metal oxides that are currently being
evaluated as cathode materials for lithium batteries. V,O,,
and LiMn,O, have received considerable attention [1-4].
This is primarily due to their high theoretical energy densities
combined with excellent rechargeability and relative ease of
preparation. The spinel phase LiMn,O, is of particular inter-
est because it can be used in conjunction with suitable carbon
anode materials to produce the so-called ‘rocking-chair’ or
‘lithium-ion technology’ [5] batteries. These systems nor-
mally (but notexclusively) incorporate intercalation carbons
(e.g. graphite or petroleum coke). The use of non-metallic
lithtum is expected to impart a significant safety advantage
for these batteries. Alternative lithium-ion systems have also
been suggested which exclude the use of carbon, and which
use two different transition metal oxides as both lithium sink
and source. For example, Plitcha and Behl [6,19] have
described in detail the Li, TiS,/Li,CoQ, system. Although,
highly lithiated vanadium oxide, Li, V0,5, and LiMn,O, are
poor electronic conductors and addition of a conductive car-
bon is necessary to allow full utilization of the material, they
can individually deliver sufficient energy for most
applications.

Improvements in the reversible capacity of the LiMn,O,
and V¢O,; have been demonstrated by several workers
through a clearer understanding of the parameters controlling
their electrochemical behavior. The conditions of synthesis
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and control of the material structure have, in particular,
received significant attention. Ohzuku et al. [7], and Taras-
con et al. [8] have reported extensively on the electrochem-
ical performance of LiMn,O, and its dependency on the
precise preparative conditions. On the other hand, Spurdens
et al. among other workers [9-11] report on the synthesis of
VeO3and V0,5, , (0<x <0.5) and show that slightly oxy-
gen rich vanadium oxide exhibited substantial lithium capac-
ity and a good rechargeability. Specific capacities around 120
and 300 mAh/g for LiMn,O, and V,O,; were reported for
materials cycled in cells with a lithium metal counter elec-
trode [12,13].

2. Experimental

Vanadium oxide was prepared by thermal decomposition
of ammonium metavanadate, NH,VO,, under a flow of nitro-
gen. The metavanadate was heated at a rate of 0.5 °C/min to
440 °C and held there for 2 h, then cooled at the same rate to
room temperature. Li, . ,Mn,O, was prepared by firing appro-
priate amounts of EMD (electrolytic manganese dioxide)
and Li,CO; (Aldrich, 99.9%) to 800 °C for 48 h in open air.
The lithium concentration in the lithium manganese oxide
material was analyzed by atomic absorption spectroscopy
using an Instrumentation Laboratory 357 spectrophotometer
and thermogravimetric analysis. The phase purity of the mate-
rials was investigated using a Siemens D3000 powder dif-
fractometer with the Cu Ke radiation. The lattice constants
were obtained from an iterative least-square fitting method
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compiled from the observed d-spacings and the material’s
respective space-groups using ‘Pirum’ refinement program
[14]. No other crystalline phases were detected. The cubic
unit-cell parameter obtained from the diffraction pattern for
LiMn,O, having a spinel structure with the space group Fd3m
was 8.227(2) A. The values of the cell parameters for VO, ;
with a monoclinic cell with the space group C2/m were
a=11.92(3) A, b=3.68(3) A, ¢=10.099(3) A and
B=101.01°. These parameters are in good agreement with
literature data [11.15].

The cells consisted of LiMn,O,-based cathodes against
V0, electrodes. To determine the LiMn,0,/ VO, cell bal-
ance, both electrodes were cycled individually under electro-
chemical voltage spectroscopy (EVS) conditions ((i.e.
voltage step £ 10 mV, critical current density, /;,,, <50 pA/
cm?) versus a lithium metal anode between preset limits of
3.0t0 4.3 V for the Li/LiMn,0, system and 3.0 to 1.8 V for
the Li/ V0,5 system. Then, the active materials loading were
adjusted so that their elcetrode capacities would be approxi-
mately matched. The electrolyte consisted of a solution of
ethylene carbonate—dimethyl carbonate (EC-DMC) and |
M LiPF, with an EC:DMC ratio of 66:34. The electrode area
was 24 cm”. The entire cell assembly was placed in a flexible
encapsulation which was heat-sealed under vacuum. To
deconvolute the individual electrode responses of both elec-
trodes, cells incorporating a lithium reference electrode were
made. Voltage traces were recorded using EVS. This tech-
nique yields information regarding structural phase changes
and order/disorder phenomena [4.16.17]. The electrochem-
ical measurements were conducted under thermostatic con-
ditions at 23 °C, using either an Advantest R6142 precision
voltage sink/source coupled to a HP Model HP3 144 A digital
multimeter, or alternatively a Schlumberger Instruments
Model 1286 electrochemical interface.

3. Results and discussion
3.1. The Li/LiMn,O, system

The EVS voltage profile and associated differential capac-
ity data for the parent Li,Mn,O, material are shown in
Fig. 1(a) and (b), respectively. The voltage data should be
looked upon as pseudo open-circuit data since the EVS exper-
imental parameters essentially remove all cell voltage correc-
tions associated with the cell /R drop or diffusion
overvoltages within the electrochemical cell. The voltage
profile shows the normal features normally associated with
the parent Li Mn,O,, i.e. the two distinctive voltage plateaus
centered around 3.95 and 4.15 V versus Li/Li ", respectively.
As previously reported these voltage plateaus are associated
with the two intercalation steps for the inserted lithium ions
into the host lattice [4.7]. The small level of hysteresis pres-
ent between the oxidative-reductive waves shown in this
figure is indicative of the low overvoltage associated with the
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Fig 1. ta) EVS voltage profile of an Li/LiMn,0, cell: (b) corresponding
EVS differential capacity plot.

insertion/de-insertion processes within the particular voltage
range.

The differential capacity profiles give information relating
not only to the particular energetics for the intercalation reac-
tions but also data pertaining to the order/disorder phenom-
enon in these materials. Fig. 1(b) shows that the parent spinel
material generates two sharp differential capacity peaks with
small overlap between the anodic (above the axis) and
cathodic waves. This behavior is typical for the spinel
intercalation.

3.2. The Li/V,0,; system

Forthe Li/ V0, ; system, essentially three voltage plateaus
are present centered around 2.75,2.55 and 2.10 V versus Li/
Li* in Fig. 2(a) and (b). These plateaus represent the
sequential filling of non-equivalent sites that are present
within the structure. The sharp peak centered at ~2.10 V
(versus Li/Li™ ) istypical of a two-phase regionin Fig. 2(b).
The corresponding feature in the voltage profile shows an
e.m.f. which is capacity independent. The shape of the other
sets of peaks represent complex phase transitions that vana-
dium oxide undergoes upon lithium uptake. The discharge
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Fig 2 (a) EVS voltage profile of an L1/ VO, cell; (b) corresponding EVS
differential capacity plot.

capacity for this cell corresponds to an active material utili-
zation of 310 and 110 mAh/g for V,O,; and LiMn,O,.
respectively, demonstrating the high utilization of the mate-
rial in accordance with previously reported data from this
group and elsewhere [ 11,18].

3.3. The LiMn,0,/V,0,; svstem

Fig. 3 shows the voltage profile of an LiMn,0,/ V0, cell
cycled at a 0.25 mA/cm” rate between 0.5 and 2.5 V. The
individual voltage profiles for each electrode versus the lith-
ium reference electrode are indicated by arrows. It is seen
that the features associated with the cell’s voltage profile are
dominated by those of the vanadium oxide electrode. The
latter features three plateaus between 3 and 1.8 V (versus Li/
Li"). The characteristic features of the LiMn,O, electrode
are preserved. From the voltage profile, an average discharge
voltage of 1.5 V may be estimated. Fig. 4(a) and (b) shows
the EVS voltage profile and associated differential capacity
data for a two-electrode configuration cell. The small level
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Fig 3. Voltage profile of an LiMn,0,/V,0O,, cell. The individual responses
from both electrodes are indicated by arrows.
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Fig 4. (a) EVS voltage trace of an LiMn,Q,/V, 0. cell: (b) corresponding
EVS differential capacity plot.
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Fig. 5. Evolution of the voltage profile during cell discharge at different
stages of the cycle life.

of hysteresis is indicative of the low overvoltage associated
with the insertion/de-insertion processes within the particular
voltage range. The differential capacity plot emphasizes the
subtle features 1n the voltage profile and shows at least five
reversible peaks. The complexity of the trace is dominated
by the combination of the various phase transitions that V,0
and LiMn,0O, undergo upon lithium intercalation.

Cells based on LiMn,0, and V,0,; were cycled under
constant-current conditions between voltage limits of 0.5 and
2.5 V and at current densities of 0.25 mA/cm? for both dis-
charge and charge. Fig. 5 shows the discharge voltage trace
at different stages of the cycle life. After 500 cycles, 70% of
the initial capacity is still retained. The extended cycle life,
see Fig. 6, highlights the excellent reversibility of lithium
insertion and extraction in both the vanadium and manganese
oxide systems with initial specific capacities of 310 and 122
mAh/g for V 0,5 and LiMn,O,. respectively, corresponding
to a reversible faradaic yield of 5.7 Li per V0O, and 0.82 Li
per Mn,O,.
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Fig 6 Discharge capacity of two LiMn,O,/V,0,; cells as a function of
cycle number, /,=1 =025 mA/cm”

4. Conclusions

The concept of rocking-chair cells based on V. O ; and
LiMn,0O, has been demonstrated. Both materials are easy to
prepare and individually show excellent reversibility towards
lithium insertion and extraction. This system exhibits a good
capacity retention with cycle life. Such a rocking-chair sys-
tem. with a 1.5 V average voltage may be an attractive alter-
native in applications where a moderate energy density
combined with an outstanding cycling capability are at a
premium. Initial calculations have shown that a gravimetric
and volumetric energy densities of 70 Wh/kg and 170 Wh/
I could be achieved.
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