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' TECHNICAL PAPERS 

ELECTROCHEMICAL SCIENCE AND TECHNOLOGY 

Li Metal-Free Rechargeable LiMn204/Carbon Cells: Their 
Understanding and Optimization 

D. Guyomard and J. M. Tarascon 

Bellcore, Red Bank,  New Jersey 07701 

ABSTRACT 

So-called "rocking-chair" rechargeable batteries that use lithium intercalation compounds for the positive and nega- 
tive electrodes should be safer than batteries that contain free-lithium metal. Such a cell, using the spinel LilVln204 as the 
positive electrode and carbon as the negative electrode, was optimized as a function of various operating parameters. 
These cells reversibly insert 0.32 Li atoms per Mn at an average output voltage of 3.7 V, yielding an effective specific 
energy of 250 mWh/g of electrode materials (3 times that of Ni-Cd). They can sustain high current rates similar to Ni-Cd 
batteries, and can be discharged to 0 V without any degradation of their operating conditions. By systematically studying 
the stability of several electrolyte systems, we were able to minimize electrolyte decomposition (by controlling drastically 
the charge cut-off voltage) so that these cells show a promising cycle life even at 55°C while maintaining 75% of their initial 
capacity. 

It is now recognized that ambient  temperature non- 
aqueous secondary l i thium cells using l i thium metal ex- 
hibit problems which make it difficult for their wide usage 
in the consumer market. These problems are: the short 
cycle life for deeply discharged cells, the high cost of the 
technology and, above all, the unsafe operating character- 
istics due to the high reactivity of l i thium metal (1). To alle- 
viate this problem, a "rocking-chair" battery that uses an- 
other intercalation compound as the anode has been 
proposed (2-8). Among the alternative materials that could 
replace l i thium metal as the negative electrode, carbon 
provides the best compromise between large specific ca- 
pacity and reversible cycling behavior (9-11). However, a 
price is paid in terms of average output  voltage and energy 
density as compared to a l i thium metal cell, and this is the 
reason why a strongly oxidizing intercalation compound 
must  be used as the positive electrode. The layered com- 
pounds LiNiO2 and LiCoO2 and the three-dimensional 
compound LiMm.O4 with the spinel structure, are the only 
phases presently known to intercalate Li reversibly at volt- 
age larger than 3.5 V vs. Li. 

Recently, two battery companies, Moll Energy Ltd. and 
Sony Energytec Inc. have announced the future commer- 
cialization of Li ÷ ion rechargeable batteries using a carbon 
intercalation compound as the negative electrode, and 
LiNiO2 and LiCoO2 or LiNi0.2Co0.802 materials as the posi- 
tive electrodes, respectively (12-14). We also have recently 
demonstrated the feasibility of such rocking-cliair cells 
using the spinel LiMn204 and its lithiated parent com- 
pound Li2Mn204 as the positive electrode at 25°C (15). 

These rocking-chair batteries do not require a stringent 
manufacturing envi ronment  because the starting elec- 
trode materials (i.e. the lithiated manganese oxide and the 
carbon) are stable in ambient  atmosphere. The cell is as- 
sembled in its discharged state, where the output voltage 
is close to 0 V, and, consequently, can be handled before 
use without any fear of irreversible degradation due to a 
short circuit. The battery is activated during the first 
charge. This is similar to the well-known and widely used 
Ni-Cd batteries that need to be charged prior to their first 
use. 

The use of the spinel manganese oxide material offers 
the following advantages: LilVIn204 is easy to prepare, com- 
pared to the several steps required for the synthesis of 
LiNiO2, and Mn is more abundant  and cheaper than Co, so 

that the overall electrode cost would be minimized if 
Li.g-rl204 is used; The theoretical energy density of LiNiO2 
and LiCoO2 is twice as high as that of LiMn204, but  in prac- 
tice only half of the Li content  can be removed, thus lead- 
ing to the same order of usable energy density for the three 
materials. Moreover, the energy density of spinel-based 
manganese oxide cells can be increased if Li2Mn204 is used 
(15). The ability to synthesize LiMn204 at temperatures as 
low as 400°C (lower than the temperature required to ob- 
tain LiNiO~ and LiCoO2) also makes this oxide an attrac- 
tive material for microbatteries compatible with semicon- 
ductor technologies (e.g., self-powered electronics). 
Finally, most of the battery communi ty  is already familiar 
with manganese-based oxides since most of the commer- 
cial primary batteries (MnO=/Li or MnO2/Zn) use a manga- 
nese-based oxide as the positive electrode so that toxicity 
(if any) or recycling problems are already well known. 

The use of a strongly oxidizing compound such as 
LiMn204 as the positive electrode is worrisome since the 
delithiation of this compound occurs at a very high voltage 
(about 4.1 V vs. Li/Li ÷) where the electrolyte oxidation can 
occur (16). Moreover, such an electrochemical reaction 
would be accelerated upon increasing the temperature. We 
have systematically studied the electrolyte oxidation as a 
function of temperature and the liquid electrolyte used. 
We succeeded in minimizing the electrolyte decom- 
position and we show that the LiMn204/carbon recharge- 
able cells can operate at 55°C with good reversibility and 
without measurable electrolyte oxidation. 

This paper details the electrochemical and cycling be- 
havior of the LiMn204 spinel manganese oxide/carbon 
rocking-chair cells as a function of various parameters: 
The ratio of positive and negative electrode masses; The 
electrode thicknesses; The charge and discharge cut-off 
voltages; The current and; The operating temperature. We 
also report the figure-of-merit of these cells as compared to 
the widely used Ni-Cd battery and to the recently an- 
nounced Li ÷ ion rechargeable battery (13). The electro- 
chemical behavior of each individual LiMn204 and carbon 
electrode vs. Li in two different electrolytes will be pre- 
sented first and separately, with emphasis on the influence 
of the operating temperature and the voltage limits for cy- 
cling. Along with this study, we also have determined the 
chemical diffusion of Li ÷ in the spinel LiMn204 and in pe- 
troleum coke. 
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Fig. 1. The drawing of 2 and 3 electrodes Swagelock cells are shown 
in (a) and (b), respectively. 

Experimental 
The battery cycling studies presented herein have been 

made using standard and three electrode Swagelock cells 
shown in Fig. 1. The plungers were made out of a special 
stainless steel (Carpenter, Ref. 20Cb-3), that allows oxida- 
tive voltages as large as 4.7 V vs. Li without any leakage 
current due to the electrolyte oxidation. In  such cells, the 
positive electrode (LiMn204) is in direct contact with the 
plunger, while the negative electrode (Li or carbon) is in 
contact with a half-inch diameter nickel disk. Both elec- 
trodes are separated by a 0.3 mm thick porous glass paper 
soaked in the electrolyte selected for the study. To ensure 
physical contacts between the cell components, a stainless 
steel spring that allows pressures of about 1 kg/cm ~ is 
placed between the nickel disk and the second plunger. In  
the three electrode design, the reference electrode, a Li foil 
plated onto a nickel wire sandwiched between two glass 
paper disks is placed between the positive and negative 
electrode pellets. These three electrode cells allow the si- 
multaneous in  s i tu  determination of the three characteris- 
tics, Vposi~ve vs. Li, Vnega~w vs. Li, and Vpo~w v s .  Y n e g a t i v e  , pro- 
viding us the information necessary to fully understand, 
and optimize, the behavior of these secondary cells. For 
the cyclovoltammetry measurements,  a three electrode 
glass cell, consisting of a working electrode, a reference 
electrode (piece of l i thium foil plated onto a nickel wire), 
and a counterelectrode (made the same way as the refer- 
ence electrode) was used. The working electrode was ei- 
ther a glassy carbon electrode (to study the oxidation limit 
of some electrolytes) or a pellet of tested material com- 
pacted onto a pla t inum gauze (for the electrochemical 
characterization of this material). Both the Swagelock cells 
and the three electrode glass cell were always assembled 
in a helium atmosphere. Then, the air-tight Swagelock 
cells were removed from the dry box to be tested. No loss 
of electrolyte was detected for these cells even after a 
series of tests at 55~ during 1 month. 

LiMn204 materials were prepared by reacting in air stoi- 
chiometric amounts  of Li2CO3 and MnO2 placed into an 
alumina crucible. In  accordance with our previous work 
(17), because of their larger capacity, LiMn204 powders 
(1 to 2 i~m particle size) prepared by three consecutive an- 
neals at 800~ (24 h each) were used as the positive elec- 
trodes. Petroleum coke (Conoco, -200/400 mesh; i.e. parti- 
cle size between 38 and 75 ixm) was used instead of 
graphite as the negative electrode, because of a lower loss 
of capacity compared to graphite at the first cycle, al- 
though its capacity is twice as small (its maximum Li com- 
position has been reported to be Li0.sC6 instead of LiC6 
(18, 19)). Composite electrode materials containing the ac- 
tive material, carbon black, and EPDM (ethylene propyl- 
ene diene monomer) rubber  were made by mixing the 
powders in a solution of EPDM in cyclohexane, evaporat- 
ing the solvent, sieving the resulting powders to 100 i~m 
and pressing them at a pressure of 10 tons/cm 2 into pellets. 
The resulting composite material will be denoted by three 
numbers  [a, b, c] where a, b, and c will refer to the weight 
ratio of the active material, carbon black, and EPDM, re- 

spectively, (for exam~)le a composite electrode containing 
90% LiMn204, 8% carbon black, and 2% EPDM will be de- 
noted as [90, 8, 2]. A survey of several compositions was 
done for both composite electrodes in order to optimize 
the cyclability performance of the composite electrodes 
with respect to Li. The results of such a survey show that 
the compositions [89, 10, 1] and [94, 5, 1] give the best re- 
versibility vs. Li for the positive and negative electrodes, 
respectively, as well as the lowest polarization (minimum 
difference in voltage between charge and discharge 
curves). These compositions were used in all the results re- 
ported here. Although thermogravimetric analysis meas- 
urements (TGA) of the composite electrodes did not reveal 
any trace of water, all the electrodes were heated at 150~ 
during 1 h, prior to being used as electrodes in rocking- 
chair batteries to eliminate any possibility of water con- 
tamination. For all the cells using LiMn204 as the positive 
electrode, we took the Li content  x = 1 as the initial stoi- 
chiometry, and then the composition was automatically 
determined from the current, the mass of the active cath- 
ode material used, and the elapsed time. From the values 
of x, the equivalent capacity in mAh/g reported in several 
figures is simply obtained by multiplying the theoretical 
capacity 148.2 mAh/g by Ax. 

Propylene carbonate (PC), with its low vapor pressure 
and high flash point, was used for the solvent. To increase 
the ionic conductivity of an electrolyte without changing 
the nature and content of the salt, mixtures of solvents are 
generally used. For instance, high dielectric constant sol- 
vents like ethylene carbonate (EC) or PC are mixed with 
low dielectric constant and low viscosity solvents (like 2- 
methyl-tetrahydrofuran (2Me-THF) or dimethoxyethane 
(DME)) (20). In  this study, diethoxyethane (DEE) was se- 
lected instead of the commonly used 2Me-THF or DME, 
because its boiling point is higher (121~ compared to 
80~ thereby limiting safety hazards (e.g., explosions) and 
the solvent mixture consisting of EC and DEE, 50-50 by 
weight, was tried. The solvents (Aldrich) were dried using 
standard methods. For EC and PC, the solvents were de- 
gassed by 3 pump/refill cycles using Ar as the inert gas. EC 
was warmed to above the melting point. The solvents were 
dried over 4 A molecular sieves for 48 h and then were dis- 
tilled under  reduced pressure(15 Torr). DEE was degassed 
by 3 freeze-pump-thaw cycles, and was distilled under  Ar 
from K benzophenone ketyl. 

Different electrolytes have been made by adding various 
widely used Li salts (heat-vacuum dried prior to their use), 
such as LiAsF6, LiCF~SO3, LiBF4, LiPF6, LiN(CF3SO~)2, 
and LiC104 to PC or EC + DEE (50:50). After the drying 
process, the x-ray powder diffractograms were controlled 
to exclude any possibility of degradation. The best Li-salt, 
defined in this study as the one allowing the largest elec- 
troactivity range at high voltage, was selected as follows. 
First, the oxidation limit of the electroactivity range of 
these electrolytes has been determined by cyclic voltam- 
metry on a glassy carbon electrode. The oxidation current 
of the electrolytes is located in the range 4.6 to 5.0 V vs. Li, 
showing that all these salts could be used up to a voltage of 
4.5 V vs. Li in any battery. This measurement,  however, is 
not fully indicative since it does not reflect the true operat- 
ing conditions because, the catalytic activity of any posi- 
tive electrode material could be different from that of the 
glassy carbon, and the standard scan rate used for metal 
electrodes (0.1 V/s) is much higher than that used for cy- 
cling an intercalation electrode material (10 _4 to 10 -5 V/s). 
Thus, these different electrolytes have been tested under  
real operating conditions in LiMn204/electrolyte/Li cells 
up to 4.5 V and the salt allowing for largest charge cut-off 
voltage on the LiMn204 material, over a large number  of 
cycles without any oxidation of the electrolyte, is LiC104. 
Other salts can also be used with LLMn204, but  they allow a 
smaller electroactivity range. Consequently, from this 
study, the two electrolytes PC + 1M LiC104 and EC + DEE 
(50:50) + 1M LiC104 were selected and Fig. 2 shows their 
oxidation limit measured by cyclic voltammetry at the two 
temperatures used in this work. The PC-based electrolyte 
allows higher voltage values, but  for both electrolytes the 
oxidation limit is lowered by 0.2 V when the operating 
temperature is increased to 55~ 
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Fig. 2. Cyclic voltammograms at glassy carbon electrode of EC + 
DEE (50:50) + 1M LiCIO4 and PC + 1M LiCIO4 electrolytes at 25 and 
55~ Scan rate = 0.1 V/s. 

E 

The ionic conductivity and the water content for the se- 
lected electrolytes used for our experiments were deter- 
mined using a high frequency impedance analyzer and a 
Karl-Fisher coulometer,  respectively. Ionic conductivity 
values of 10.4 and 5.62 mS/cm at room temperature (25~ 
and water contents of 45 and 40 ppm were obtained, for the 
two electrolytes EC + DEE (50:50) + 1M LiC104, and PC + 
1M LiC104, respectively. 

The chemical diffusion coefficients of Li § ions in both 
LiMn204 and carbon electrodes were measured using the 
potentiostatic intermittent  titration technique (PITT) 
(21, 22) by means of a special mult ichannel galvanostatic/ 
potentiostatic system "Mac-Pile." In this system the po- 
tentiostatic mode acts as a coulometer so that the experi- 
mental  parameter is the charge increment  vs. t ime and not 
the current vs. t ime as usually measured. Thus, in our ex- 
periment,  the potential of the material/Li cell is monitored 
by steps, and the decay of the charge increment (the inte- 
gral of the current) during each step is measured as a func- 
tion of time. The resolution of Fick's second law for times 
t <<  F/D and t >>  laiD leads to the Eq. [1] and [2], respec- 
tively, for the variation of the charge increment as a func- 
tion of t ime 

2FSDt/2AC 
q(t) - ~ / t  [1] 

,iT 1/2 

8FSIhC ( ~r2Dt~ 
q(t) - ~ exp - - - ~ - ]  [2] 

where t is the elapsed t ime from the beginning of the step, 
F is the Faraday constant, S is the total surface area of the 
grains of the active material, AC is the variation of Li con- 
centration into the material during the voltage step, D is 
the chemical  diffusion coefficient of Li § into the material, 
and I is the size of the material grains. The chemical diffu- 
sion coefficient D of Li + can then be determined by the 
slope of the linear plot of q vs. ~v~ in the short t ime approxi- 
mation, and by the slope of the linear plot of log q vs. t in 
the long t ime approximation. The accuracy of this tech- 
nique directly depends on the evaluation of the total sur- 
face area. In this work, we have estimated this surface area 
by assuming that the grains are spherical with a diameter 
equal to the average particle size. 

Results and Discussion 
Behavior  of  LiMn204 vs. Li.--Figure 3a shows the room 

temperature cycling behavior of a LiMn204/Li cell under 
constant current in the two electrolytes, EC + DEE 
(50:50) + 1M LiC104 and PC + 1M LiC104. The cell is first 
charged from its rest voltage (close to 3.3 V vs. Li) to 4.5 V 
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Fig. 3. Typical cycling behavior at 25 (a) and 55~ (b) of LiMn204/Li 
cells using EC + DEE (50:50) + 1M LiCIO4 and PC + 1M LiCIO4 elec- 
trodes. In (a) the cells contain 30 mg (of active material) and were cy- 
cled between 3.5 and 4.5 V at a current of 0.4 mA/cm ~ (hx = 1 in 
22 h). In (b) the cells contain 10 mg (of active material) and were cy- 
cled between 3.5 and 4.3 V at a current of 0.2 mA/cm 2 (&x = 1 in 
15 h). 

vs. Li. The removal of one Li § from the structure (leading 
to X-MnO2) occurs in two steps close to 4.1 V vs. Li as 
shown in previous work (17, 23-26). On discharge, X-MnO2 
converts back reversibly to LiMn204 in two steps. Inde- 
pendently of the electrolyte used, the material shows the 
same reversible capacity after the first charge-discharge 
cycle, h x  ~ 0.8, corresponding to 119 mAh/g of active ma- 
terial. The loss in capacity during the first cycle (hx ~ 0.2) 
may arise from particles that become electrically discon- 
nected and also results from the fact that the battery is cy- 
cled under  constant current without any relaxation so as to 
allow the system to reach equil ibrium upon Li + interca- 
lation. For composite LiMn204 electrodes of the same 
thickness, the polarization (Vch~ge -- Vdisch~ge) is about three 
times lower in the EC- than in the PC-based electrolyte 
(Fig. 3a), consistent with the higher ionic conductivity 
measured for the EC- than the PC-based electrolyte. 

In order to determine the maximum voltage to which re- 
chargeable Li cells based on LiMn204 as the positive elec- 
trode can operate safely, we have tried several cut-off volt- 
ages on charge. Figure 4 shows what happens if the charge 
cut-off voltage of a LiMn2OjLi cell is increased after a few 
cycles. A plateau is obtained at 4.59 V vs. Li, correspond- 
ing to an irreversible electrochemical reaction. As a result, 
the next  discharge curve is shifted to lower values of x, 
with a value corresponding to the capacity length of this 
plateau. This reaction could be the oxidative degradation 
of the X-MnO2 framework or the oxidation of the electro- 
lyte at the surface of the material. The x-ray diffraction pat- 
tern of the sample after this t reatment shows no difference 
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Fig. 4. Cycling behavior at 25~ of a LiMn204/Li cell in EC + DEE 
(50:50) + 1M LiCIO4 when the charge cut-off voltage is increased 
above 4.5 V. The pellet was 30 mg (active material) end a current rate 
of 0.4 mA/cm 2 was used (~x = 1 in 22 h). The charge cut-off voltage 
was 4.5 V for the 2 first charges, then 4.6 V for the third charge, and 
then 4.4 V for the following charges. The discharge cut-off voltage was 
always 3.5 V. 

with the one for X-MnO2, excluding the first possibility. In 
an at tempt to avoid further oxidation of the electrolyte, the 
following charges were limited to 4.4 V v s .  Li. However, at 
each successive cycle, even if the voltage is kept lower 
than 4.4 V v s .  Li, the voltage-composition curves show 
lower capacity and larger polarization than a cell that has 
not been charged above 4.5 V v s .  Li. In addition, these 
curves are shifted to larger capacity values, due to some ir- 
reversible behavior coming from the oxidation of the elec* 
trolyte. After a few cycles, the high voltage cannot be 
reached and the delithiation of  the spinel no longer occurs 
( e . g .  the cell cannot be used any longer). These results indi- 
cate that once the oxidation of the electrolyte has been ini- 
tiated by an increase in cut-off voltage, its decomposition 
voltage is lowered into the cycling window so that it can- 
not be stopped even by lowering the cut-off voltage on 
subsequent  cycles. This emphasizes the importance of 
carefully controlling the overvoltage in charging these 
cells: 4.45 V v s .  Li is a safe limit at room temperature that 
allows one to use the whole capacity without  risk of elec- 
trolyte decomposition. 

The behavior of the LiMn204 material at high voltage has 
been studied further by cyclic vol tammetry at room tem- 
perature. The three electrode technique allows one to 
study only the contribution of the LiMn204/electrolyte in- 
terface and consequently avoid any phenomenon occur- 
ring at the Li electrode or any secondary reaction suscep- 
tible to occur at the metal  current collector in Swagelock 
test cells. The vol tammograms of Fig. 5 show two peaks in 
oxidation and two peaks in reduction, when the electrode 
material is cycled between 3.3 and 4.45 V v s .  Li, which are 
the signature of the two-step reversible transformation be- 
tween LiMn204 and ~-MnO2 (17, 21-23). If the higher volt- 
age limit is increased above 4.5 V v s .  Li, an oxidation cur- 
rent appears on the anodic scan direction. On the 
following cathodic scan, above 4.5 V v s .  Li, this current is 
always oxidative, so it leads to irreversible capacity. This 
current is intrinsic to the material, due to oxidation of the 
electrolyte on the electrode material surface, because the 
oxidation of the electrolyte on the Pt  holder remains slow 
in the saree voltage range (dot-dashed line in Fig. 5). On 
the subsequent  cycles, the current peaks become larger 
and badly defined, in contrast to that observed if the volt- 
age is always kept  below the limit 4.5 V v s .  Li. This degra- 
dation of the behavior of the manganese oxide could be 
due to the deposition of an insulating layer, composed of 
the products of the electrolyte oxidation, at the surface of 
the grains. Comparing the curves obtained in both electro- 
lytes, we see that the voltage separation between the peaks 
in the oxidation scan direction and in the reduction scan 
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Fig. 5. Cyclic voltammograms at LiMn204 in EC + DEE (50:50) + 
1M LiCIO4 and PC + 1M LiCIO4 electrolytes at 25~ (a) and at 55~ 
(b). For all the voltammograms the starting voltage is close to 3.2 V 
and the scan rate is of 0.1 mV/s. The solid line, dashed line and dot line 
refer to the 1st, 2nd, and 4th cycle, respectively, while the dot-dashed 
line is obtained as a blank on the Pt grid holder alone until very high 
voltage is used. For the voltammogroms (a) the voltage is first scanned 
to 4.45 V and back to 3.3 V (solid line) and then to 4.75 (for EC-bosed 
electrolyte) or 4.95 V (for PC-based electrolyte) for following sweeps 
in the positive direction. For the voltammogroms (b) the voltage is first 
scanned to 4.42 (for EC-based electrolyte) or 4.37 V (for PC-based 
electrolyte) and back to 3.2 V (solid line) and then to 4.7 (for EC-) or 
4.85 V (for PC-) for following sweeps in the positive direction. 

direction ( e . g . ,  the polarization) is lower in EC- than in PC- 
based electrolyte, because the ionic conductivities of the 
two media are different. Moreover, the oxidation of the 
electrolyte on the material surface occurs at a lower volt- 
age and the degradation of the shape of the voltammo- 
grams occurs faster in the EC-based electrolyte. From this 
study, we conclude that the degradation of the reversible 
cycling behavior of the LiMn~O, material after an over- 
charge exceeding 4.5V v s .  Li is intrinsic to the 
LiMn~O4/electrolyte interface and arises from the electro- 
lyte oxidative decomposit ion at the surface of the material 
grains. 

Another  important  question to be addressed is what 
happens at higher operating temperature where a battery 
operates in practice. Figure 3b shows the cycling behavior 
of LiMn204/Li cells at 55~ under constant current in the 
two electrolytes we selected. Note that a lower charge cut- 
off voltage than the one used at room temperature (4.3 V 
v s .  Li instead of 4.5 V v s .  Li) was sufficient to obtain the 
complete capacity. Again, the polarization is greater in PC- 
than in EC-based electrolytes but  less than that observed 
at room temperature,  as expected, because of an increase 
in the ionic diffusion rate with increasing temperature. 
The loss of capacity during the first few cycles is slightly 
larger than at room temperature, and is slightly larger in 
PC- than in EC-based electrolytes. 

The same cyclic vol tammetry study as was done at room 
temperature shows that at 55~ the electrolyte oxidation 
limit is effectively lowered by about 0.2 V in EC and 0.25 V 
in PC (Fig. 5b). As observed at room temperature the elec- 
trolyte oxidation still occurs at a higher voltage in PC than 
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Fig. 6. Typical cycling behavior 
at 25~ (a) and at 55% (b) of car- 
bon (petroleum coke)/Li cells 
using the electrolytes EC + DEE 
(50:50) + 1M LiCI04 and PC + 
1M LiCI04. All the cells contain 
30 mg (of active material) and are 
cycled between 0.02 V and 1.8 V 
at a current of 0.5mMcm 2 
(&x = 0.5 in LixC6 was obtained in 
22 h). 

EC, and the polarization is always higher in PC than in EC. 
Compared to what happened at room temperature, the 
degradation of the cycling behavior of the cell occurred 
faster. Note that at 55~ using a scan rate of 0.1 mV/s, cor- 
responding to a charge-discharge cycle of the manganese 
oxide of less than 2 h instead of 18 h under  galvanostatic 
control (Fig. 3) the current trace in EC (Fig. 5b) does not 
reach a low value at 4.5 V v s .  Li suggesting that the oxida- 
tion of the electrolyte begins before the end of the delithi- 
ation of the spinel. However, at such high scan rates the 
width of the peaks are larger and, equivalently, the electro- 
chemical reactions occur in a larger voltage range. The use 
of an adequate charge cut-off voltage (4.3 V v s .  Li in the 
present conditions), will avoid the electrolyte oxidation 
and yet still allow an acceptable capacity for the deinterca- 
lation reaction. 

From this study and the study of the cycling behavior of 
LiMn20~Li cells under  constant current, we conclude that 
the degradation of the electrolyte begins at a voltage far 
enough from the delithiation voltage of the spinel, so that 
LLMn204 can be used as a positive electrode, even for cells 
operating at 55~ 

B e h a v i o r  o f  c a r b o n  v s .  Li.--Figure 6a shows the cycling 
behavior at room temperature of a carbon (petroleum 
coke)/Li cell under  constant current in the two electrolytes 
EC + DEE (50:50) + 1M LiC104, and PC + 1M LiC104. The 
cell is first discharged from its rest voltage (usually in the 
range 3.0 to 3.3 V v s .  Li) to 0.02 V v s .  Li. The intercalation 
of Li § ions in the structure occurs without the formation of 
any staged-phase because of the lack of crystalline order of 
the material, as was shown in previous work (11, 18). The 
charge is much shorter than the first discharge, but  the fol- 
lowing cycles show excellent reversibility over h x  = 0.5 in 
Li=C6, corresponding to 186 mAh/g of active material. The 
large irreversible capacity loss after the first cycle has been 
attributed to the formation of a passivating film at the 
grain surfaces, often called Solid electrolyte interface 
(SEI), arising from the reduction of the solvent at a voltage 
lower than 1.2 V v s .  Li (18). On the following cycles, this 
passivating layer protects the carbon from any direct con- 
tact with the electrolyte, preventing its further reduction 
and allowing only for the Li intercalation-deintercalation 
reaction. This loss in capacity during the first cycle is al- 
most the same in EC (23%) and in PC (21%), but  the polar- 
ization is twice as high in PC than in EC. 

The voltage composition traces for a carbon/Li cell oper- 
ating at 55~ is shown in Fig. 6b. This behavior is very sim- 

ilar to that at room temperature. However, the irreversibil- 
ity at the first discharge is slightly higher than at room 
temperature (27% instead of 23% in EC + DEE (50:50) and 
25% instead of 21% in PC) while the capacity loss during 
the 5 first cycles is slightly higher than at room tempera- 
ture. The reversible capacity in EC + DEE (50:50) + 1M 
LiC104 at 55~ is found to be h x  = 0.55 in Li=Cs, about 10% 
higher than what is observed at room temperature. 

The voltage limits, in which the carbon electrode can 
work properly, have been studied carefully. The Li § ions 
are completely removed from the carbon electrode at a 
voltage higher than 1.5 V v s .  Li, but  the charge can be in- 
creased until  3.9 V v s .  Li with negligible excess capacity 
and without affecting the reversible behavior upon cy- 
cling, because 1.5 to 3.9 V is an electrochemically inactive 
voltage range for carbon. Figure 7a shows the first cycle 
down to very low voltage of a carbon]Li cell obtained using 
periodic times of constant current and relaxation under  
open circuit. The cell has been discharged to -0.045 V v s .  

Li under  current, with a relaxation open-circuit voltage al- 
ways positive v s .  Li. No change in the slope of the voltage- 
composition curve is observed, indicating that over this 
range of potential the intercalation of Li + ions into the car- 
bon structure is the only electrochemical process occur- 
ring. A negative voltage v s .  Li is meaningless. In fact, the 
intrinsic voltage is always positive, as expected, but  the I R  
term (R being the internal resistance of the cell and I the 
current flow) always adds to the intrinsic voltage and gives 
a negative measured value. The negative voltage limit used 
here depends strongly then on the experimental condi- 
tions through the term I R  (e .g . ,  R increases with the thick- 
ness of the pellet). The structural changes in the carbon 
during this deep discharge were followed using an i n  s i t u  
x-ray cell over the range of 2e corresponding to the [002] 
Bragg peak whose changes in position directly reflect 
changes in the spacing between two consecutive graphite 
layers. The width at half maximum of this diffraction peak 
was found to remain constant  during the cell discharge in 
contrast to its position. Figure 8 shows that the interlayer 
distance d(002) varies continuously as a function of x in the 
range 0 < x < 0.7, confirming that Li intercalation is the 
only phenomenon occurring in this voltage range. When 
the cell is recharged the [002] Bragg peak converts back to 
its original position indicating further that the interca: 
lation process is reversible over this range of composition 
and voltage. These results show that 0.7 Li can be interca- 
lated reversibly in Li=C6, resulting in an increase of the 
mean interlayer distance from 3.47 to 3.77 A. To our knowl- 
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Fig. 7. The first and second cycles obtained at room temperature 
when discharging a carbon (petroleum-coke)/IM LiCIO4 in EC + DEE 
(50:50)/Li cell to - 0 . 0 4 5  V vs. Li are shown in (a) and (b), respec- 
tively. The data were obtained by applying to the cell charging or dis- 
charging currents pulses of 0.5 mA/cm 2 for 2 h with a relaxation time of 
1 h between two consecutive pulses. The thickness of the carbon pel- 
lets are 0.45 mm and they contain 30 mg of active material. As a help 
tothe reader the low voltage part of the V(x) curves are enlarged (see 
inserts). 

edge, this is the max imum range of reversible li thium in- 
tercalation reported for petroleum-coke. I f  carbon is dis- 
charged to -0.05 V vs. Li, then a plateau appears in the 
voltage-composition curve and the relaxation open-circuit 
voltage is very close to 0 V; this plateau corresponds to Li 
plating, as indicated by the interlayer distance that re- 
mains constant. When a carbon/Li cell is discharged- 
charged several t imes to -0.05 V, we note during the sec- 
ond discharge and each subsequent  discharge the pres- 
ence of an anomaly located at 0.02 V in the discharge curve 
(Fig. 7b). Although not present during the charge of the 
cell, this anomaly (seen after the second cycle in all the car- 
bon]Li cens discharged below 0.02 V vs. Li) does not 
appear to affect the reversibility of these cells. We pres- 
ently have no qualitative explanation to account for such 
an anomaly. Li plating cannot explain it since we previ- 
ously demonstrated that the voltage plateau for li thium 
plating occurs at quite lower voltages (below -0.04 V). 
Similarly, an underpotential  deposition of Li metal on the 
current collectors can be ruled out because such a process 
should lead to a kind of  pseudo-plateau in the voltage- 
composit ion curve, instead of a drop as experimentally ob- 
served. 

To fully capitalize with the range of reversibility of the 
negative carbon electrode one needs to operate at voltages 
close to Li plating, which is undesirable for safety reasons. 
For this reason, in this work we chose to limit the dis- 
charge of carbon to the composit ion Li0.sC6 (that corre- 
sponds to a voltage limit of 0.02 V vs. Li under the present 
experimental  conditions) to allow a safe voltage range be- 
fore the deposition of free Li metal. In addition, in this 
composit ion range, the voltage-composition curves for a 
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Fig. 8. The variation of the interlayer spacing between the graphite 
layers for petroleum-coke upon Li intercalation is shown together with 
the results previously published by Dahn oral. (11). The data were 
taken during the second discharge at a current rate of 20 ~A/cm 2 of a 
cell containing 4.5 mg (active weight) of carbon. 

carborgLi cell are not affected by the anomaly previously 
described. The advantage of using fully lithiated petro- 
leum-coke (Li0.TC6) in terms of increasing the energy den- 
sity of rocking-chair cells will be briefly mentioned. 

D e t e r m i n a t i o n  o f  the chemica l  d i f f u s i o n  coeff icients o f  
L i  § ions  in  LiMn204 a n d  c a r b o n . - - T h e  cycling behavior of 
both electrodes vs. Li has shown a low polarization be- 
tween charge and discharge, even at relatively high cur- 
rent, suggesting that the kinetics of  the li thium interca- 
lation process in both LiMn204 and C is not slow. To 
further address this point, the chemical diffusion coeffi- 
cients of Li § in both electrodes at room temperature were 
determined by PIT]? experiments.  For each electrode ma- 
terial the measurements  were collected during the second 
cycle to avoid the influence of any irreversible phenome- 
non occurring during the first cycle. Diffusion coefficients 
have been determined for k-MnO2 and the Li=Mn204 single 
phase region (0.5 -< x -< t) (25). Our data show that the vari- 
ation of q as a function of V~ is perfectly linear in the short 
t ime range. 

The D values, calculated from the slope of the lines, are 
presented in Fig. 9a. It is important to note that the diffu- 
sion coefficients of Li § ions in the positive electrode mate- 
rial Li=Mn20, are independent  of the composit ion x at least 
until x = 1, with a value in the order of 10 -9 cm2/s. Simi- 
larly, the diffusion coefficients o fLi  § ions have been deter- 
mined for the whole range of composit ion in petroleum 
coke. We observed a faster diffusion coefficient for Li + ions 
(Fig. 9b) with D values that decrease almost linearly from 
10 -8 cm2/s to 10 -9 cm2/s during the intercalation. 

These results confirm a reasonable mobility of Li § ions 
in both LiMn~O4 and carbon, leading to the expectation 
that rocking-chair batteries using both materials as elec- 
trodes could sustain high current as will be demonstrated. 

B e h a v i o r  o f  the LiMneO4/carbon ce l l . - -A  rocking-chair 
cell contains an intercalation compound for both the posi- 
t ive and negative electrodes. To optimize its electrochemi- 
cal performance, i.e., determine the eventual cause of fail- 
ure in these cells and optimize their capacity, one must  
know the chemical potential of Li § ion in each electrode 
material during the cycling of the cell, which is given by 
the voltage profile of each electrode vs. Li. A three elec- 
trode Swagelock cell (Fig. 1), with Li as the third electrode 
was used for the in  s i tu  determination of the three charac- 
teristics Vpositive VS. Li, Vnegauve vs. Li, and Vposit ive V S .  Vnegat iv e. 
The two first curves allow one to understand what  hap- 
pens in each electrode while the rocking-chair cell is cy- 
cled, and the third one is the output voltage of the battery. 
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Fig. 9. The room temperature variation of the chemical diffusion 
coefficient of Li + as function of composition (x) in the spinel LixMn204 
and in petroleum coke Li,C6 is shown in curves (a) and (b), respectively. 
Far curve (a) steps of either 10 mV every 10 h or 5 mV every hour were 
used for the first discharge and second charge/discharge cycle. For 
curve (b) steps of 10 mV every 2 h were used. 

O p t i m i z a t i o n  o f  t h e  e l e c t r o d e  m a s s  r a t i o . - - W h e n  a rocking- 
chair cell made with LiMn204 and carbon intercalation 
compounds is charged, the Li § ions deintercalate from the 
Li-bearing positive electrode and intercalate into the nega- 
tive electrode. Thus, the amount  of  electrode materials are 
directly correlated. As a first estimate of the best ratio 
r = m + / m _  of positive and negative electrode masses, we 
take the value that gives equal capacities for the first dis- 
charge of Li=C6 v s .  Li to 0.02 V (Fig. 6a) and the first charge 
of LiMn204 v s .  Li to 4.5 V (Fig. 3a). This opt imum value of r 
is supposed to correspond to a cell where the LiMn204 
electrode is fully deintercalated when the negative carbon 
electrode reaches the safe voltage limit of 0.02 V v s .  Li 
metal. This est imate gives r-values of 1.95 and 1.87 for EC- 
and PC-based electrolytes, respectively, at room tempera- 
ture. But  these values are based on two-electrode cells, 
with no correction for polarization at the Li electrode. 

We made a three-electrode cell with r = 1.9, and found 
that the masses were not optimally balanced at the end of 
the first charge; the LiMn204 is completely deintercalated, 
but  the voltage of the carbon electrode is well above 0.02 V 
v s .  Li. To refine the value of r further, we made a series of 
three-electrode cells with different values of r, with the re- 
sults shown in Fig. 10 and Fig. 11. When r increases 
(Fig. 10), the curves are shifted toward higher voltages 
with slightly increased capacity. As a matter of fact, when 
r increases, for a given mass of positive electrode the mass 
of negative electrode decreases, leading to lower carbon 
voltages v s .  Li and, consequently, larger output voltage of 
the battery. Using a large r ratio is attractive because it im- 
proves the battery performance, but  if too large, one runs 
into the risk of  Li plating on the carbon electrode, as illus- 
trated in Fig. 11. In general, for values of r greater than 2.2 
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Fig. 10. The first cycle (charge and discharge) at 25~ of 
LiMn~O4/carbon (petroleum coke) cells made with different ratios 
r = m,lm_ of electrodes masses. The electrolyte is EC + DEE 
(50:50) + 1M LiCIO4. The carbon mass is always 30 mg and the cur- 
rent 0.5 mA/cm ~ (~x = 0.5 in LixC6 was obtained in 22 h). The voltage 
limits were 2.3 and 4.35 V (for all the r but 1.7) or 4.3 V (far r = 1.7). 

the carbon electrode reaches a voltage below 0.02 V v s .  Li 
and a composit ion in Li greater than 0.5 per formula unit 
(Li0.~C6). More specifically, if 2.2 < r -< 2.6, only Li interca- 
lation into carbon occurs without Li plating (r = 2.6 allows 
reaching the composit ion Li0.TC6 when the LiMn204 is fully 
delithiated). While if r > 2.6, then the carbon voltage-com- 
position curve reaches a plateau with negative voltage, 
corresponding to Li plating, before the end of the delithi- 
ation of  the manganese oxide. On the contrary, at r values 
smaller than 2 (Fig. 11), the rocking-chair cell appears to 
have an excess of carbon material because the interca- 
lation of Li § into the carbon is not completed (V > 0.2 V v s .  
Li) at the end of the delithiation of the manganese oxide. 

The optimized r value is about 2.1 at room temperature 
(Fig. 11), because at the end of the first charge (V = 4.35 V), 
the positive electrode is completely delithiated with a 
composit ion corresponding to X-MnO~ at a voltage far 
enough from the electrolyte oxidation (V = 4.37 V v s .  Li) 
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Fig. i 1. Voltage profiles vs. Li of LiMn204 and carbon (petroleum 
coke) electrodes at the end of the first charge and the beginning of the 
first discharge when different ratios r = m+/m_ of electrodes masses 
are used but always with the same mass of carbon (30 rag) and the 
same current (0.4 mA/cm2). The letters a, b, c, and d in the figure refers 
to r values of 3.1, 2.6, 2.1, and 1.7, respectively. They were measured 
in site in a three electrode Swagelock cell where the current is imposed 
between the two electrode materials. The electrolyte is EC + DEE 
(50:50) + 1M LiCIO4. 
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Fig. 12. The first cycles at a current of 0.4mAdcm 2 of 
LiMnzOJcarbon (petroleum coke) cells in EC + DEE (50:50) + 1M 
LiCIO4 electrolyte, cycled at 25~ between 4.35 and 2.3 V and at 
55~ between 4.1 and 2.3 V are shown in (a) and (b), respectively. The 
curves denoted by 1 represent the output voltage of the cells while the 
dashed curves denoted by 2 and 3 represent the voltage of the LiMnzO4 
and carbon electrode, respectively, vs. lithium used as the third refer- 
ence electrode. They were measured in situ in a three electrode Swage- 
lock cell where the current is imposed between the two electrode mate- 
rials. 

and the negative electrode is completely lithiated with the 
composit ion Li0.sC6 at a voltage close to 0.02 V vs. Li. 

Cyc l ing  b e h a v i o r . - - F i g u r e  12 shows the first cycles at 
room temperature of a LiMnzO4/carbon battery operating 
at room temperature and the voltage profiles vs. Li of each 
electrode separately as obtained with the three electrode 
Swagelock cell. The open-circuit voltage before the first 
charge is very close to 0 V (generally between -0.1 and 
+0.2 V), and the cell can be short-circuited without any ca- 
pacity change before the first use, which is an advantage 
for this type of cell. At the first charge, under  constant cur- 
rent, the cell voltage reaches about 2 V immediately with 
negligible capacity. This corresponds to the carbon volt- 
age drop from its open-circuit voltage (close to 3.3 V vs. Li) 
to the voltage where the reduction reaction begins (close to 
1.2 V vs. Li), as seen previously. The first charge takes 
longer than the first discharge; this means that all the ca- 
pacity is not recovered. This irreversible loss at first half 
cycle was observed during the cycling behavior on both 
electrodes vs. Li (Fig. 3 and Fig. 6). After the first charge, 
on subsequent  cycles, the system is reversible, as shown 
by the equivalent  t ime of the charge and discharge; the Li § 
ions are then rocked reversibly back and forth between the 
two intercalation compounds.  The end of the first dis- 
charge to 2.4 V occurs when all the Li § ions have been re- 
moved from the carbon, while the LiMn204 is not fully li- 
thiated back, as seen by the respective voltages of both 
electrode vs. Li (Fig. 12a). This observation simply results 
from the intrinsic electrochemical behavior of each elec- 
trode material vs. lithium, and, more precisely, from the 
largest relative capacity loss of  the carbon than the 
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Fig. 13. Cycling behavior at a current rate of 0.5 mA/cm z of 
LiMn204/carbon rocking-chair cells at 25~ between 2.3 and 4.35 V in 
EC + DEE (50:50) + 1M LiCIO4 and PC + 1M LiCIO4 electrolytes. 
r = 2.1. m+ = 63 mg and m_ = 30 mg. Thicknesses: e§ = 0.51 mm 
and e_ = 0.45 mm. 

LiMn204 electrode during the first cycle. Consequently, 
from these three electrode measurements,  we learn that 
the mass ratio (r = 2.1) is well chosen to get fully deinterca- 
lated LiMn204 and fully intercalated carbon (with the com- 
position Li0.~C6 at 0.02 V vs. Li) at the end of the first charge 
of the rocking-chair cell, and that the capacity of this cell is 
limited by carbon at the end of the first discharge and at 
the end of subsequent  discharges. 

The typical voltage-composition curves at room tem- 
perature of LiMn204/carbon optimized cell (r = 2.1) are 
shown on Fig. 13 for the few first cycles. The polarization is 
quite low, for instance, 0.13 V in EC-based electrolyte and 
remains almost constant over all the capacity range and 
over subsequent  cycles. The variation of the specific ca- 
pacity as a function of the discharge number  is shown on 
Fig. 14. Note the high reversibility of the cell. A 5% loss ap- 
pears during the 5 first charge/discharges and then during 
the next  15 charge/discharges, afterwards the cell main- 
tains 90% of its original capacity. 

The first cycles of the rocking-chair cell (with r = 2.1) 
and the voltage profiles of the two electrodes vs. Li at 55~ 
are shown on Fig. 12b. The charge voltage was limited to 
4.1 V, a lower value than that used at room temperature. 
Figure 15 shows that the rocking-chair cells cycle well at 
55~ with, however, a capacity loss after the first charge 
which is higher than at room temperature. The capacity as 
a function of the cycle number  at 55~ is shown in Fig. 14 
when the charge cut-off voltage was limited to 4.1 V. The 
curve follows the one obtained at room temperature in a 
parallel manner, but  with a lower capacity. The use of  a 
charge cut-off voltage lower than at room temperature is 
paid in terms of the available capacity and the data show 
that only 75% of the capacity is used at 55~ compared to 
room temperature if  long cycle life is needed. 

In f luence  o f  the c u r r e n t . - - A  rocking-chair battery is made 
with two intercalation compounds and intercalation reac- 
tion rates are usually low. So an important question is to 
know the current limit of these cells. A typical cell (r = 2.1, 
total active mass of electrodes = 93 rag) is cycled with con- 
stant charge current  and increasing discharge current at 
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and the discharge cut-off voltage is 2.3 V. Note that at 55~ the 
charge cut-off voltage has been lowered to preserve the reversibility of 
the cell (see text). 
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Fig. 16. Cycling behaVior at 25~ of a LiMn204/carbon rocking-chair 
cells between 2.2 and 4.35 V in EC + DEE (S0:S0) + 1M LiCIO4 as a 
function of electrode thicknesses using constant charging current but 
various discharge current. In (a) r = 2 . 1 ,  m+ = 6 3 m g ,  and 
m_ = 30 mg. Thicknesses: e+ = 0.51 mm and e_ = 0.45 mm. The 
charging current is 0.25 mA/cm 2 and successive increasing discharge 
currents of 1 mAJcm z, 1.5 mA/cm 2, 2 mA/cm 2, 3 mA/cm 2, 4 mAdcm z, 
5 mA/cm2,and then again 1 mAdcm 2 have been used; In (b), r = 2.1, 
m + = 2 1  mg, and m _ =  10mg. Thicknesses: e §  and 
e_ = 0.15 mm. The charging current is 0.08 mA/cm z end increasing 
successive discharge currents of 0.16 mA/cm 2, 0.3 mAdcm z, 
0.6 mA/cm 2, 1.5 mA/cm 2, 3 mA/cm 2, 5 mA/cm 2, 7 mA/cm z, 10 mA/cm z, 
and then again 0.16 mA/cm 2 have been used. 

each cycle unti l  the discharge capacity decreases by about 
a factor of three, and then is cycled with the initial dis- 
charge current. The result is shown on Fig. 16a. When the 
discharge current  increases from 1 mA/cm 2 to 5 mA/cm 2, 
the capacity at first stays almost constant and then de- 
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Fig. 15. Cycling behavior at e current of 0.5mA/cm 2 of 
LiMn204/carben rocking-chair cells at SS~ between 2.3 and 4.1 V in 
EC + DEE (50:50) + 1M LiCIO4 and PC + 1M LiCIO4 electrolytes; 
r = 2.1. m+ = 21 mg, and m_ = 10 mg. Thicknesses: e+ = 0.17 mm 
and e_ = 0.1 S ram. 

creases dramatically above 2 mA/cm 2, with increasing po- 
larization. The normal capacity and polarization for a sev- 
enth cycle are then recovered when the initial low current 
rate is put  back. This shows that the high current rate de- 
mand did not affect the reversibility of the cell. The same 
study has been made with thinner  pellets, everything else 
being the same, and one can observe, as expected, that the 
current limit increases with decreasing pellet thickness. 
For instance, a cell made with pellets three times thinner  
can handle a current of 5 mA/cm 2 with negligible loss in 
capacity (Fig. 16b), and at a current as high as 10 mA/cm 2 
the output  capacity remains 27 mAh/g, i.e. barely less than 
1/3 of the initial capacity. Again, the normal capacity is re- 
covered when a low current is used. The ability of these 
cells to sustain high currents is a function of the electrodes 
thickness as shown in Fig. 17. This quite usual observation 
results from a shortening in the Li § transport path through 
the pores of the pellets (i.e., a shorter t ime transfer for the 
Li § ions) as the thickness of the pellet decreases. These re- 
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Fig. 17. Capacity vs. current for LiMn204/carbon (petroleum coke) 
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cells in EC + DEE (50:50) + 1M LiCI4 electrolyte cycled at 25~ be- 
tween 4.35 and 2.3 V and using electrodes of similar surface but differ- 
ent thicknesses. 
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sults show that this rechargeable rocking-chair battery 
system can handle high currents at room temperature if 
thin electrode technology is used. 

In f luence  o f  a n  overcharge  or a n  o v e r d i s c h a r g e . - - W e  previ- 
ously showed that the LiMn204/carbon cells are carbon 
limited at the end of the first discharge to 2.4 V. This pre- 
sents the advantage that, when the cell is discharged to 
0 V, the voltage of the negative electrode (C vs. Li) in- 
creases reversibly to 3.9 V, but  with negligible capacity 
(Fig. 6), so that the voltage of the positive electrode 
(LiMn204 vs. Li) remains almost constant. Thus, these 
rocking-chair batteries can be discharged safely to 0 V. 

At the end of any charge, the positive electrode is 
X-MnO2 with a high voltage of about 4.3 to 4.4 V vs. Li and 
the negative electrode has the composition of Li0.sC6 with a 
low voltage close to 0.02 V vs. Li. If the cell is overcharged 
(applied voltage > 4.4 V), then the manganese oxide volt- 
age vs. Li increases and the carbon voltage vs. Li de- 
creases, so that either electrolyte oxidation decom- 
position, or Li plating (or both) are likely to occur. 

Rocking-chair cells were made with electrode mass ratios 
different from 2.1, to study separately each situation. A 
ratio of 1.7 (i.e., a cell with an excess of carbon) was se- 
lected to study what happens when the electrolyte oxida- 
t ion occurs on the positive electrode under  normal operat- 
ing conditions (V - 0.02 V vs. Li) of the negative electrode. 
At the end of the first charge the cell voltage reached a 
pseudo-plateau related to the electrolyte oxidation 
(Fig. 18), and on subsequent  cycles the degradation of the 
cell occurs rapidly, a situation similar to that previously 
observed and discussed for LiMn204/Li cells when over- 
charged above 4.5 V vs. Li. This kind of behavior has also 
been observed in LiCoO2/carbon cells when no caution is 
taken for the charge cut-off voltage (27). 

Conversely, a cell with an excess of LiMn204 (r = 3.5) al- 
lowed for a study of the consequence of Li plating on the 
carbon without any decomposition of the electrolyte on 
the other electrode. Such a cell cycles well, with higher 
average output  voltage than what is obtained with r = 2.1, 
but  is not Li metal-free within our experimental condi- 
tions. 

S torage  p r o p e r t i e s . - - W e  studied the self-discharge of a 
rocking-chair cell, with the oPtimized electrode mass ratio 
of 2.1 and using EC + DEE (50:50) + 1M LiC104 electrolyte, 
let under  open circuit at 4.05 V aider 2 charge-discharge cy- 
cles (Fig. 19). The measurement  was done by monitoring 
the variation of the open-circuit voltage of the cell as a 
function of time and the capacity loss was deduced from 
the known open-circuit voltage vs. capacity variation of 

Specific Capacity (mAh/g) 

100 50 
5 . 0 - -  t I I 

LixMn204/COKE CELL AT 25~ 
IN EC + DEE + LiCIO 4 

~ "':~=-'~': " "  

>o = 3.8 ~ ~ ' ~ - t - - .  - ' ~  

.... "k:; 
-5 3.2 ,~, : ,  > 

r =  1.7 ~"~:~1. i ~  "., \ 
2.6 0.5 mA/cm 2 

4 3 2  1 

2.0 I [ I I 
0.0 0.2 0.4 0.6 0.8 t .0 

x in LixMn204 

Fig. 18. Cycling behavior at a current of 0.SmA/cm 2 of a 
LiMn204/carbon rocking-chair cell made with an electrode mass ratio of 
1.7, at 25~ in EC + DEE (50:50) + 1M LiCIO4 electrolyte. The cell 
was cycled till 4.5 V at the first charge and then only to 4.35 V. The 
discharge limit was 2.5 V. m+ = 51 mg and m _  = 3 0  mg. 
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Fig. 19. Open-circuit voltage and calculated capacity of a 
LiMn~O4/carbon rocking-choir cell (161 mg of active material) using 
EC + DEE (50:50)+  1M LiCIO4 as the electrolyte under self- 
discharge at room temperature. The self-discharge was measured after 
the cell had been cycled once in the whole voltage range (2.4 to 
4.35 V) and then charged up to 4.1 V at a current rate of 0.35 mA/cm 2. 

this cell. The capacity loss (Fig. 19) first drops quickly and 
is not a linear function of time while after a few days the 
decrease in capacity becomes small and changes linearly 
with time. From the slope of the linear part of the curve 
one can deduce a loss rate. Thus, by extrapolation, one can 
estimate that the cell will loose about 40% of its initial ca- 
pacity after six months, compared to the 30% capacity loss 
of the recently reported D-size Sony's rocking-chair cells 
(13) or the 60% loss of commercialized D-size Ni-Cd cells. 
After 2 months, an identical cell was cycled between 4.35 
and 2.3 V and its behavior was similar to that of a freshly 
made cell, indicating that the capacity loss in open circuit 
can be recovered by recharging the cell. We are now inves- 
tigating the self-discharge of these batteries after a charge 
to different voltage limits. 

P o w e r  p e r f o r m a n c e s . - - A t  room temperature and when cy- 
cled at low current rates the LiMn204/EC + DEE (50:50) + 
1M LiC104/carbon cells with r = 2.1 deliver at first dis- 
charge a calculated specific capacity of 67 mAh/g of active 
electrode materials, an average output voltage of 3.7 V and 
a calculated specific energy of 250 Wb_/kg of active elec- 
trode materials (Fig. 12). These values are reduced to 
60 mAh/g, 140 mAh/cm 3, 230 mWh/g, and 490 mWh/cm ~, re- 
spectively, if the carbon black and the binder, which are 
mixed with the active materials, are taken into account. 
For comparison, a rocking-chair cell with r = 2.6 in which 
the carbon is intercalated to its composition limit Li0.TC6 
has an output voltage of 3.75 V and deliver 65 mAh/g and 
244 mWh/g of composite electrode materials. In practical 
hardware, because of packaging, one usually assumes a 
33% realization of the experimental  specific values based 
on active materials (28). The specific capacities of both 
LiMn204/carbon and LiNiOJcarbon (19), estimated this 
way, are compared in Fig. 20 with those for commercially 
available Ni-Cd batteries and Sony's prototype Li § ion re- 
chargeable batteries (13). Note that, under  this assump- 
tion, LiMn~O4/carbon cells have almost the same specific 
capacity as Ni-Cd. Furthermore, because of their larger 
output  voltage (3.7 V compared to 1.2 V for Ni-Cd), their 
specific energy is about three times higher (85 mWh]g com- 
pared to 30 mWh/g for Ni-Cd). 

In order to evaluate the power rate of LiMn204/carbon 
cells and compare it with that of lead-acid and Ni-Cd bat- 
teries, the so-called Ragone plot, is shown in Fig. 21. Again 
a 33% realization factor has been assumed on the experi- 
mental  specific values (both energy and power) based on 
active materials. The interesting feature is that the curve 
for the LiMn204/carbon cells, using the lower electrode 
thickness, is parallel to that of Ni-Cd indicating that this 
cell can deliver high output power similar to Ni-Cd bat- 
teries, with a specific energy remaining three times higher. 
When using thicker electrode pellets, the output power is 
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tion factor of 33% (see text), as compared to the discharge behavior of 
commercialized D-size nickel-cadmium batteries (13) and of the D-size 
Li ion rechargeable batteries LiCoO2/carbon announced by Sony Ener- 
gytec (13). 

limited by an important  factor, due to the importance of 
Li § transport  phenomena  (as discussed previously). If thin 
or thick film technology is used, for instance, to build spi- 
ral cells (e.g. of AA, C, or D size), higher current rates, and 
thereby higher specific powers, could be achieved. 
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Fig. 21. Ragone plots of LiMnzO4/carbon (petroleum) cells of three 
different thicknesses of the composite electrodes, in EC + DEE 
(50:50) + 1M LiCI04 electrolyte, extrapolated to practice hardware 
with a hypothetical realization factor of 33%, as compared to presently 
commercialized secondary lead acid (portable sealed battery of 
61.7 cm 3) and D-size (55 cm ~) nickel-cadmium cells (13). The pellet 
thicknesses used for the LiMnzO4/carbon cells are the following. !: 
e + = 0 . 0 8 5 m m  and e _ = 0 . 0 8 m m .  2: e + = 0 . 1 7 m m  and 
e_ = 0.15 mm, 3: e+ = 0.51 mm and e_ = 0.45 ram. 

Conclusions 
In this study we optimized the behavior of rechargeable 

rocking-chair secondary cells based on LiMn204 positive 
electrodes and carbon negative electrodes, and we showed 
that they operate safely at room temperature and at 55~ 
(when the charge cut-off voltage is drastically controlled), 
exhibit good cycling behavior, can be discharged down to 
0 V and, in addition, can sustain high currents if thin elec- 
trodes are used. The two electrolytes PC + 1M LiC104 and 
EC + DEE (50:50) + 1M LiC104 have been shown to be 
compatible with the two electrode materials. We found 
that PC + 1M LiC104 allows a larger operating electro- 
chemical window than EC + DEE (50:50) + 1M LiC104 for 
LiMn204 at high voltage. However, we have shown that 
EC + DEE (50:50) + 1M LiC104 can be used safely in the 
rocking-chair cells, even at high operating temperature 
(55~ This solvent mixture enhances the electrolyte con- 
ductivity, thereby reducing the polarization of the rocking- 
chair cells and allowing a larger output voltage. 

Preliminary measurements have indicated that the 
self-discharge of LiMn204/carbon cells is relatively large. 
Lower self-discharges have been reported for other carbon 
rocking-chair systems in D size and coin cells using 
LiCoO2 or LiNiO2 as the positive electrode, respectively, 
instead of LiMn204. Since the range of operating potential 
for cells using LiCoO2/carbon is similar to the 
LiMn204/carbon cells, it is possible that the larger self- 
discharge measured in our system could be due to differ- 
ent cell design and/or different constructive hardware 
used for our measurements.  However, coin cells have been 
made using stainless steel 1225 coin cell hardware (12 mm 
diam and 2.5 mm thickness) obtained from Rayovac Corp. 
These cells use pellets of 109 mg (of active material) 
LiMn204 and 52 mg (active material) carbon, correspond- 
ing to a specific capacity and a specific energy of 10.8 mAh 
and 40 mWh, respectively. The experiments done so far in- 
dicate that all the cycling results obtained with these coin 
cells are nearly identical to those obtained using Swage- 
lock cells. We are presently investigating the self- 
discharge (a relevant parameter) of these coin cells to test 
the assumption about cell design and hardware. 

Finally, to fully use the total capacity of both electrodes 
in order to maximize the specific capacity and specific 
energy of these rocking-chair cells, we are now studying 
the behavior of carbon rocking-chair cells using 
Lil+=Mn204 as the starting material (i.e., using the excess x 
of Li content  as a Li reservoir to compensate for the large 
irreversible loss at the carbon electrode at first cycle) and 
the results of such a study will be described in a forthcom- 
ing paper (29). The use of a LiC104-based electrolyte is not 
the most attractive choice for the commercial use of these 
batteries. The search for substitute candidates is being ad- 
dressed. 
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The Electrochemical Reduction of 2-Ethyl Anthraquinone 
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ABSTRACT 

The electrochemical  reduct ion of 2-ethyl anthraquinone (EAQ), an alternate step in the product ion of hydrogen perox- 
ide, is shown to be feasible in a two-phase system consist ing of a mixture  of  ethyl benzene and t r ibutyl  phosphate,  and 
aqueous sodium hydroxide.  The initial reduct ion product  on the most effective cathode material, lead, is the sodium salt 
of the hydroquinone  (Na2EAHQ). In this system the reactant, EAQ, has very low solubil i ty in the aqueous phase whereas 
the product ,  Na2EAHQ, is similarly insoluble in the organic phase. The results of this investigation may be of interest  to 
the s tudy of other  systems with these solubil i ty characteristics. Electrolysis was carried out under  well-defined condit ions 
of vigorous turbulence in a cell in which a rotating cylindrical  cathode was separated from the cylindrical  anode by  a coax- 
ial Nation membrane.  At  a rotational rate of 2000 rpm, about equal volumes of the organic and aqueous phases could be 
suspended in the  cell while keeping the aqueous phase continuous. Current-voltage behavior  was mass-transfer l imited 
and hence was a function of  rate  of rotation, organic/aqueous phase ratio: and EAQ concentrat ion in the organic phase.  
The m ax imum cathodic l imit ing current  densi ty  achieved was 30 mA/cm ~. Current efficiencies approached 100% for the  
reduction of EAQ when operat ing at 50% of the limiting current. The electrochemical reaction was shown to take 
place at the three-phase boundary:  organic/aqueous/lead. A flow-through porous-electrode cell, using lead-plated, reticu- 
lated vitreous carbon for the  cathode, was constructed to promote more int imate contact  between the reactant  and the 
electrode. The max imum current  densi ty  for EAQ reduction achieved in this cell was 177 mA/cm 2 based on the projected 
cathode area. 

2-Ethyl anthraquinone (EAQ) is used in the large-scale 
manufacture of hydrogen peroxide  (1). In  this process 
EAQ, dissolved in a solvent (or mixture  of solvents), is first 
reduced to 2-ethyl anthrahydroquinone (EAHQ) 

o OH ~ O2H~ + ~ 02H5 
H 2 > [11 

I 

�9 OH 

2-ethyl anthraquinone (EAQ) 2-ehtyl enthrahydroquinone (EAHQ) 

The hydroquinone  solution is then contacted with oxygen. 
A spontaneous react ion forms product  hydrogen peroxide 
and the quinone, which is recycled 

EAHQ(org) + O2 ~ H202(aq) + EAQ(org) [2] 

* Electrochemical Society Active Member. 
** Electrochemical Society Fellow. 

Lynn  and Paalman (2) developed an EAQ-based process 
for making hydrogen peroxide  using sodium amalgam as 
the reducing agent. This process involves product ion of an 
intermediate,  the d isodium salt of 2-ethyl anthrahydro- 
quinone (Na~EAHQ), with subsequent  acidification to 
yield the autoxidizable  hydroquinone.  

The initial step to give the disodium salt is the reaction 
of amalgamated sodium with 2-ethyl anthraquinone 

2 Na(Hg) + EAQ(org) ---> Na2EAHQ(aq) [3] 

This step involves the int imate contact  of three separate 
l iquid phases: mercuric,  organic, and aqueous. The metal- 
lic sodium is soluble only in the mercury,  the EAQ is solu- 
ble only in the organic solvent, and the intermediate  diso- 
dium salt of the hydroquinone is soluble only in basic 
aqueous solution. I f  the aqueous phase were not present,  
the  salt  would precipi tate  on the mercury  and cause the re- 
action to slow and, ra ther  quickly, to terminate.  

The final step in this process,  the formation of EAHQ, is 
the neutralization of the d isodium salt with an acid 

Samsung Ex. 1015, Page 13 of 13 
Samsung Electronics Co., Ltd. v. RJ Technology, LLC 

IPR2023-01183




