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Abstract

Early electrochemical studies on lithium intercalated graphite, LiCg, which were conducted to establish the anodic properties of these
materials in rechargeable lithium cells are reported. Two types of electrochemical cells, a group of cells at high temperature and another
group at ambient temperature, were utilized in these studies. The electrode potential of LiCg against a pure lithium reference electrode
was in the range of 30-35 mV. The cell voltage of LiCs/Li"/NbSe; cells a ambient temperature was 2.770 V. The cycling
characteristics and reversibility of the LiC4 electrode were also excellent. These studies established that lithium intercalated graphite is
capable of performing well as an anode in rechargeable lithium cells replacing pure elemental lithium with a negligible loss of cell
voltage. Photoemission studies conducted earlier on LiCq indicated that lithium exists predominantly as lithium ions in this material
which helps to avoid the formation of highly reactive elemental lithium at the anode/ electrolyte interface during the recharging process.
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1. Introduction

The development and commerciaization of recharge-
able lithium batteries have received considerable attention
in the past two to three decades. A major reason for thisis
the proliferation of portable communication devices (e.g.,
cellular phones, cordless phones, persona digital assis-
tants, etc.), laptop computers, video cameras, and VCRs,
al of which have a critica dependence on the availability
of high energy density rechargeable power sources.

Ambient temperature rechargeabl e lithium batteries have
received most attention due to the low specific weight of
the metal. In these lithium cells, organic solvents with
dissolved lithium salts were quickly identified as the elec-
trolyte of choice. A large nhumber of cathode materials
such as NbSe;, V0,5, TiS,, MnO,, TaS,, FeS,, etc.,
were identified, developed, and patented in the last two or
three decades. These cathodes are capable of supporting a
large number of charge/discharge cycles at significant
current densities without serious degradation of structural
and electrochemical properties.

On the other hand, the lithium anode in these non-aque-
ous cells has provided a formidable technological chal-
lenge. In non-aqueous cells, the lithium anode suffers from
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side reactions with the organic electrolyte during cycling.
The high reactivity of lithium meta is presumably the
primary reason for the side reactions between the freshly
formed elemental lithium and the organic electrolyte at the
anode—electrolyte interface during cell recharging. These
side reactions lead to the formation of films on the anode
surface and a corresponding loss of lithium metal. Over a
large number of charge/discharge cycles, the cumulative
loss of metallic lithium can be significant. For a practical
device, the anode:cathode ratio has to be in the range of
5-10, instead of the ideal stoichiometric ratio of 1:1. The
excess lithium in such a device leads to a reduction in
energy density of the cell, sacrificing the primary advan-
tage of lithium cells.

Another problem associated with the lithium anode in a
practical battery system is the fire hazard represented by
elemental lithium. The relatively low melting point of the
metal carries the risk of generating a pool of molten
lithium due to accidental overheating.

The combination of these problems led the scientific
community to investigate alternate vehicles for lithium in
rechargeable lithium cells. Alloys of lithium, such as the
lithium—aluminum alloy, were explored as alternatives.
However, the electrode properties of the alloys at ambient
temperature were not encouraging.

Graphite Intercalation Compounds (GICs) are a group
of novel materials which originally were studied primarily
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by physicists for their interesting structural and physical
properties. It was the exceedingly high electrical conduc-
tivity and other semi-metallic properties exhibited by this
class of materials which attracted the attention of scien-
tists. Intercalation of both electron donors (eg., akali
metals) and acceptors (e.g., AsF;) between layers of car-
bon along the c-axis of the hexagona graphite lattice
results in remarkable changes in physical properties.
Lithium intercalated graphite, especially the stage | com-
pound, LiCg, was considered a model material among the
alkali metal GICs due to its simple electronic structure.
There were many theoretical predictions[1,2] regarding the
structure and electronic properties of lithium GICs. How-
ever, experimental work could not be carried out due to the
difficulties in synthesizing the materials in suitable size,
shape, and quantity. Synthesis of the lithium GIC in
Highly Oriented Pyrolytic Graphite (HOPG) was consid-
ered extremely important in the mid-seventies.

Synthesis of LiC, was first reported by Guérard and
Hérold [3] in 1975. The vapor phase synthesis technique
was cumbersome, and only polycrystalline material could
be prepared. The simplified liquid phase synthesis of LiCq
and LiC,g using HOPG developed by us was reported in
1978 [4]. The focus of attention on these materials at that
time was on their electrical conductivity, reflectivity, and
other physical properties. Results of our studies on the two
compounds, stage | LiCg, and stage Il LiC,g, were re-
ported [5-8].

High chemical reactivity of the intercalated lithium in
these compounds was observed during the preparation and
handling of these materials. The high chemical reactivity
(i.e, chemical potentia) of the intercalated lithium pro-
vided an early indication that these materials might be
suitable as anodes in rechargeable lithium cells with only a
minor loss of cell voltage. The rate of formation of LiCg

and LiC,g during liquid phase intercalation in a molten
lithium pool was a strong indication of high diffusivity of
lithium in these solid structures. Since chemical potential
and diffusivity are the two most important properties of
any practical electrode system, these two observations
provided early indications that lithium intercalated graphite
could be used as an anode in rechargeable lithium cells.

Electrochemical cells were setup to determine and eval-
uate the anodic properties of these materials in non-aque-
ous cells at high temperature as well as at ambient temper-
atures. These early studies demonstrated the feasibility of
using lithium intercalated graphite in practical battery sys-
tems and led to patents for both the high temperature [9]
and ambient temperature [10] systems. These experiments
demonstrated the anodic properties of these novel materi-
als which provided the technological foundation and basis
for the Lithium lon Batteries currently being manufactured
by various commercial vendors. This paper communicates
further results of some of these experiments.

2. Experimental
2.1. Material preparation

2.1.1. LiCq

Lithium intercal ated graphite was prepared by the liquid
phase intercaation process described earlier [4,5]. Poly-
crystalline graphite rods (99.5% pure) and Highly Oriented
Pyrolytic Graphite (HOPG, 99.8% purity), both from Union
Carbide, were inserted into molten pools of lithium at
350°C inside an argon atmosphere glove box. Intercalation
reactions took 3-8 h, depending on the cross-section, to
produce the bright shining golden color stage | LiCg4. After
the reactions were complete, the graphite rods and HOPG
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Fig. 1. Schematic diagram of high temperature Li /Li* /LiCq.
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pieces were removed from the molten lithium pools. The
samples were cleaned by cleaving and scraping excess
metal from the surfaces. For longer term storage, the LiCq
samples were vacuum-sealed in glass tubes.

2.1.2. Electrolyte

For the experiments at high temperature, a mixture
consisting of 58 mol% LiCl and 42 mol% KCI was used.
Both of these salts were 99.9% pure. The adsorbed mois-
ture was removed from the salts by vacuum baking at
150°C. For most of the experiments, the molten salt mix-
tures were pre-equilibrated with molten lithium at 380°C to
eliminate traces of moisture and/or OH™ ions.

The ambient temperature experiments were conducted
with organic solvents such as 2-methyltetrahydrofuran-
(2MeTHF), propylene carbonate, 1,3 dioxolane and te-
traglyme. Both pure solvents and binary mixtures were
used. Lithium hexafluoroarsenate, LiAsK;, was used as the
sat. The performance of LiAsk, was superior to other
lithium salts which was subsequently confirmed by others
[11,12].

2.1.3. Cathode

For the ambient temperature experiments, niobium trise-
lenide, NbSe;, was used as the cathode material. The
preparation and characterization of this materia was re-
ported earlier [13].

2.1.4. Reference electrode

For the high temperature experiments, the lithium refer-
ence electrode was prepared by inserting a rectangular
piece of nickel sponge in a pool of molten lithium metal
inside an argon atmosphere glove box. Excess lithium was
scraped from the nickel sponge after withdrawal from the
molten lithium pool. The reference electrodes were freshly
made just prior to the experiments.

For ambient temperature experiments, lithium rods (9.5
mm diameter) with freshly scraped surfaces were used.

2.2. Céll description

The high temperature cell is shown schematically in
Fig. 1. The LiClI-KCI €electrolyte mixture was contained in
a 38 mm diameter stainless steel (type 304) crucible. Two
3.2 mm diameter stainless steel rods were used as current
collectors. A stainless steel lid covered the cell at the top.
The current collectors passed through two holes in the lid.
Tight-fitting alumina tubes in the lid around the current
collectors were used as insulators. It was important to have
a tight fit between the crucible and the lid in order to
reduce temperature gradients within the electrolyte. A
thermocouple was placed next to the stainless steel cru-
cible to measure the cell temperature. The ends of the
current collectors were threaded and the lithium reference
electrode was screwed onto the current collector. The LiCy
electrode was pinned down to the current collector assem-
bly by threads as shown in Fig. 1. The entire cell assembly
was lowered down into the constant temperature zone of a
pot furnace operating inside the argon-filled glove box.
The temperature of the cell assembly was maintained at
375°C £ 5°C.

The ambient temperature cell is shown schematically in
Fig. 2. The cell casing was machined from a Haar (a
trademark of AlliedSignal) rod of 25.4 mm diameter. Two
12.7 mm diameter stainless steel (type 304) screws were
used as current collectors. A fiberglass filter paper separa-
tor soaked with organic electrolyte was positioned at the
center of the cell by applying pressure by tightening the
screws from both ends.

Polycrystalline anodes (LiC4) and cathodes (NbSe,)
were pressed into 9.5 mm diameter pellets of thickness
between 1.6—4.8 mm. HOPG anodes did not require press-
ing, and were cleaved to the appropriate thickness. In the
ambient temperature experiments, the temperature varied
between 23-27°C.

A few ambient temperature experiments for open circuit
voltage measurements were carried out in beakers using a
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Fig. 2. Schematic diagram of ambient temperature Li /Li* /NbSe; cell.
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set-up similar to Fig. 1. Pure lithium rods were used as
reference electrodes in these experiments.

3. Results and discussion
3.1. High temperature experiments

3.1.1. Cells without pre-equilibration
Initially, the following cell was set up at 375°C:

Li/Li* (in LiCI-KCl) /LiC4(in HOPG) ... (1)

The open circuit voltage of these cells usualy started
out at 0.035 V. However, after a few hours of stable
voltage, a definite trend of slow increase in cell voltage
was observed in all cases. Constant currents through these
cells in the range of 2-20 mA were alowed to pass to
strip and plate lithium into the LiC4 electrodes. At the end
of each discharge/charge cycle, the equilibrium cell volt-
ages in these cells showed a constant increase in value.
The lack of reproducible equilibrium cell voltage at the
end of each discharge/charge cycle strongly indicated
contamination of the cell components and/or presence of
side reactions in these cells. At the end of cycling, the
LiCg electrodes were withdrawn from these cells, cooled
to room temperature, and then the electrodes were cleaved.
The electrodes showed the steel blue color, typical [5] of
stage Il LiC,. This strongly indicated that the starting
material (i.e., LiCg) was not being regenerated at the end
of discharge/charge cycles in these experiments. The dis-

60—

Start deintercalation

| 2mA

40 @

~_Equilibrium
cell voltage

n
=] (<)
1 1

Dynamic Cell Voltage, mV —»
n
e

- 40—

- 60—

-80

solution of lithium either from the reference electrode
and/or from LiC4 was suspected in these experiments.

A known amount of the LiCI-KCl electrolyte from one
of these cells was dissolved in distilled water and titrated
with 0.1 normal hydrochloric acid. The solution was aka-
line, and the concentration of dissolved metallic lithium in
the electrolyte was estimated to be 3.3 x 10~ g per g of
electrolyte.

3.1.2. Pre-equilibrated cells

All subsequent experiments were carried out using
LiCI-KCl eectrolyte pre-equilibrated with molten lithium
at 380°C for 12 h before insertion of LiC, and reference
electrodes. A stable open circuit voltage of 0.035 V was
observed in these cells even after several discharge/charge
cycles. A high activity of lithium in LiC4 is demonstrated
by the low equilibrium cell voltage. The negligible loss of
only 0.035 V in the overal cell voltage is very attractive
from the standpoint of practical battery systems.

Fig. 3 shows the dynamic cell voltage of an HOPG
LiC, electrode at 375°C in a Li/Li"/LiCq4 cell. At the
beginning of the first deintercalation of lithium from the
electrode, the cell voltage typically increases to a higher
value (the hump in Fig. 3) before settling down to a lower
plateau. This phenomenon was observed in all the experi-
ments. The hump could be due to a number of factors,
such as surface contamination at the LiCg—€lectrolyte in-
terface, presence of impuritiesin the LiCy lattice hindering
diffusion of lithium in LiCg, etc. It is interesting to note
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Fig. 3. Initial cycling of Li/Li* /LiCg4 cellswith time.
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that the hump effect was not observed after the first cycle.
Fig. 4 shows the cycling characteristics of an LiC4 elec-
trode, after the initial effects represented by the first few
cycles are over.

In each discharge/charge cycle (i.e., deintercalation—
intercalation step), exactly same amount of charge was
allowed to flow in each direction, such that at the end of
each cycle, the starting composition of the lithium interca-
lated graphite was always regenerated. In Fig. 4, the
plateau region at the start of each deintercalation step
reflects the constant chemical potential of lithium in a two
phase mixture of stage | (LiCg) and stage Il (LiC,g)
compounds. It is clear that after the disappearance of the
voltage hump in the first cycle (Fig. 3), the voltage
plateaus in the subsequent cycles become flatter. The LiCq
electrode behaves more like an ‘ideal electrode’ after the
first few cycles as shown in Fig. 4. A constant charge of
54 C was passed through the cell in Fig. 4 to intercaate
and deintercalate lithium in graphite by passing a constant
current of 20 mA. The theoretical capacity of the LiCq
electrode in Fig. 4 based on its lithium content was 61.1 C.
The sharp spike in voltage at the ends of voltage plateaus
in deintercalation is indicative of depletion of the mixture
of stage | and stage Il compounds in the graphite lattice,
and the predominance of the single phase stage Il LiC,q
compound.

After the termination of the cell shown in Fig. 4, the
HOPG electrode was cleaved after cooling to room tem-
perature. The bright golden color of stage | LiC, was
observed, which indicated that the starting material was
regenerated at the end of cycling in the cell.

100

3.2. Ambient temperature experiments

3.2.1. Cells without pre-equilibration

Initialy, the following cells were set up a ambient
temperature inside a beaker in an arrangement similar to
Fig. 1:

Li/Li* (LiAsK; in organic solvents) /LiC4(in HOPG) ...
(2)

The equilibrium cell voltage was 0.030 4+ 0.002 V. The
LiCg electrode was observed to be extremely sensitive to
contaminants in the electrolyte. In the first few cells, the
bright golden color of the stage | lithium intercalated
graphite was observed to tarnish in a few hours after
insertion into the electrolyte and the cell voltage showed a
slow but constant increase over along period of time. The
increase in cell voltage was remarkably similar to that
observed in the high temperature experiments without
pre-equilibration. Hence, in subsequent cells, the elec-
trolyte was pre-equilibrated with LiC, for a few days at
ambient temperature, and then new cells were set up using
the pre-equilibrated electrolyte.

3.2.2. Pre-equilibrated cells

The bright golden color of LiCq did not change in these
cells, and the equilibrium cell voltage was stable over a
long period of time. The equilibrium cell voltage was
within the range of 0.028—0.032 V. This compares well
with the 0.035 V observed in the high temperature cells.
Comparison of the equilibrium cell potential data between
the high temperature and ambient temperature cells indi-
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Fig. 4. Cycling characteristics of Li/Li* /LiC4 cells after first few cycles.
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cates that the electrode potential of lithium intercalated
graphite does not have a strong temperature dependence;
which is a highly desirable property for any electrode
system. The electrode potentials of the ambient tempera-
ture cells were quite reproducible after stripping and plat-
ing of lithium from the LiC, electrode by passing constant
currents of 0.1-1.5 mA through the cells. Since these cells
were set up to determine the equilibrium cell voltage and
reversibility of the LiC, electrode, and not optimally de-
signed to reduce internal impedance, current levels higher
than 1.5 mA were not attempted.

Fig. 5 shows the change in dynamic cell voltage with
time in the first few deintercalation and intercalation steps
during cycling of a cell described by Eq. (2). The voltage
hump observed in the high temperature cells (see Fig. 3)
was also observed in these ambient temperature cells. As
mentioned earlier, during each discharge/charge (i.e,
deintercalation—intercalation steps) cycle, exactly same
amount of charge was passed through the cells to regener-
ate the initial composition of the LiC, electrode at the end
of each cycle.

A few cells using NbSe, cathodes (see Fig. 2) were set
up at ambient temperature:

LiCq/Li " (LiASFsin organic electrolyte) /NbSe;. ..
(33)

The equilibrium cell voltage was 2.770 V. Since the
electrode potential of LiC, electrode against the lithium
reference electrode is 0.030 V, this is in excellent agree-
ment with the voltage of 2.800 V in Li/Li*/NbSe, cells
reported earlier [13]. The cycling characteristics of this cell
at a discharge current of 1.0 mA and a charge current of
0.1 mA are shown in Fig. 6. The cell was terminated after
20 cycles, when an internal short circuit was suspected.
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The reversibility of the lithium intercalated graphite
electrode is indicated by the data in these experiments. It is
important to note that the cells in these experiments were
not designed to reduce internal cell impedance and maxi-
mize discharge/charge currents. With proper design of
cells, in a practical battery system, these parameters may
be optimized.

During the recharge cycle in a lithium cell, the follow-
ing reaction is expected to take place at the lithium—elec-
trolyte interface:

(30)

where Li* represents a lithium ion in the electrolyte and
Li® represents a freshly neutralized lithium atom on the
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Fig. 5. Dynamic cell voltagein Li/Li* /LiCq (HOPG) cells.
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surface of the anode. This highly reactive lithium is most
likely to react with the organic electrolyte producing a thin
film on the anode surface [14,15].

Photoemission studies reported earlier [6—8] by us on
lithium intercalated graphite, indicated that lithium pre-
dominantly exists as Li* ion in these materials. As a
result, most of the lithium ions arriving at the anode/elec-
trolyte interface during cell recharging will not have to go
through the stage of formation of highly reactive lithium
atoms depicted by Eq. (3b), which leads to the film
formation on the anode surface. Hence, this ionic nature of
intercalated lithium in LiCg provides the primary under-
pinning for the success of lithium intercalated graphite as
an anode in a lithium cell during the recharging of a
discharged cell.

An additional advantage provided by the LiC4 anode in
a practical battery system is that the fire hazard repre-
sented by elemental lithium metal in a battery is reduced
significantly by the use of a lithium intercalated graphite
anode.

3.2.3. Future direction

In the future, fundamental studies on this material will
be necessary to fully understand the performance of this
electrode in lithium cells. Measurements of diffusion coef-
ficient and the mechanism of diffusion of Li* in the LiCg
lattice are important areas of future work. The influence of
traces of other intercalants, the influence of morphology of
graphite [16] and its change, the source of graphitic mate-
rial, etc., are critical areas of research for the advancement
of this technology. In this regard, the US Government
sponsored initiative under the auspices of the Department
of Energy at Sandia National Laboratory to create a Coop-
erative Research and Development Agreement based on
US Patents 4,304,825 [9] and 4,423,125 [10] to explore and
advance this technology is quite commendable.

Although the fire hazard represented by elemental
lithium has been reduced by lithium intercalated graphite,
still fire safety will continue to be an important issue for
this technology. Advances in microprocessor and micro-
controller technologies offer interesting capabilities in con-
trolling currents through individual cells in practical bat-
tery systems these days. It is hoped that these semiconduc-

tor devices will be able to make lithium batteries safer than
they are today.

4. Summary

Early electrochemical studies on lithium intercalated
graphite established the anodic properties of the material in
rechargeable lithium cells at ambient temperature as well
as a elevated temperature (375°C). The reversibility of the
electrode was excellent, and the loss of cell voltage was
negligible (~ 30-35 mV). The performance of the elec-
trode is explained by the predominant existence of lithium
as lithium ions in the lattice, which was demonstrated by
the photoemission studies on these materials. The forma-
tion of highly reactive lithium atoms on the surface of the
anode is eiminated during recharging due to the ionic
existence of lithium in these materials.
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