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Abstract

The respective rapid charge capabilities for graphite and coke for use in lithium-ion electrochemical cells were investigated.
Lithium-ion cells with graphite anodes showed a poor ability to be rapidly charged due to the nature of the lithium intercalation process
associated with graphite. By contrast, lithium-ion cells with coke anodes showed a much better quick-charge capability compared to that
of graphite cells. In this paper, a series of experiments was carried out in order to characterize the difference in quick-charge capability
between graphite and coke anode cells. Lithium manganese oxide was used as the cathode material. A mathematical simulation model

w Ž . xdeveloped by Newman and Doyle J. Newman and M. Doyle, J. Electrochem. Soc. 143 1996 1890. was also used in order to explore
the change of lithium distribution in the anode as the cells were charged and discharged. The simulation results supported the
experimental observation that coke has a superior ability to quickly distribute the lithium into the anode during high-rate charging. q 1998
Elsevier Science S.A. All rights reserved.
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1. Introduction

Research into higher energy and power densities in
rechargeable batteries has intensified worldwide due to the
continued increase in the demand for greater portable
power, especially due to portable electronics and the ad-

Ž .vent of electric vehicles EV . Existing battery technolo-
gies cannot satisfy the requirements of many advanced and
emerging technologies, both in energy and power densi-
ties. Lithium-ion batteries, which utilize two different
lithium intercalation compounds as their cathode and an-
ode materials to store lithium during the charge and dis-
charge cycles, have impacted the entire rechargeable bat-
tery industry significantly. Since the introduction of com-
mercially available lithium-ion batteries by Sony in 1990
w x1 , the potential performance of this technology has quickly
attracted worldwide battery research interest. Today,
lithium-ion batteries are considered the most likely system
to meet both energy and power densities for present and
emerging technology applications.

Ž .Carbons amorphous coke and crystalline graphite and
Žlithiated metal oxides e.g., LiMn O , LiCoO and LiNiO ,2 4 2 2

.etc. are the most commonly used anode and cathode
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materials, respectively, in commercially available lithium-
ion cells. Although historically amorphous carbons were

w xfirst used in commercial lithium-ion batteries 1 , graphites
have eclipsed the use of amorphous carbons as anode

w xactive materials in most commercial production 2 .
Graphite is favored primarily due to its high lithium

Ž .intercalation capacity up to 372 mA hrg and its low, flat
lithium intercalation voltage curve. The low and flat lithium

Ž .intercalation potential of graphite ;100 mV vs. Li is a
desirable factor for the maintenance of a flat cell voltage
output, and to maximize the cell’s energy density. In
contrast, the reversible capacities of a typical commercial

Žcoke material about 160–220 mA hrg, depending upon
.the specific coke material are significantly lower than that

for graphite. Furthermore, amorphous carbon materials
usually have a sloping lithium insertion voltage between 0
and 1 V. However, coke-type materials do have advan-
tages over crystalline graphites in some aspects. One ex-
ample is the flexibility of selecting compatible organic

Ž .electrolytes for the coke anode. Propylene carbonate PC
exhibits many attractive properties as an electrolyte solvent
for lithium-ion batteries when compared to ethylene car-

Ž . Ž .bonate EC or dimethyl carbonate DMC solvents, such
as a higher salt solubility, lower melting temperature, high
boiling point, and lower toxicity. Some PC-based elec-
trolytes have a proven stability and excellent performance
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at both high and low temperatures, which is one of the
most desired characteristics for battery applications. Unfor-
tunately, most graphite anodes have a compatibility prob-
lem with PC-based electrolytes, due to strong electrochem-
ical reaction between the graphite surface and the PC
solvent. Such a reaction causes the solvent molecules to
co-intercalate into graphite and normally results in an

w xunacceptably high first-cycle loss 3 . On the other hand,
coke 1 works well with most PC-based electrolytes be-
cause of its different surface morphology and structure. In
the past decade, considerable work has been performed to
understand the different mechanisms of lithium insertion

w xas they occur in various carbon materials 4 . Although
some properties of lithium insertion in carbons are still
poorly understood, it is clear that both graphite and coke
have advantages and disadvantages for use as anodes. The
specific product application is the key in determining
whether graphite or coke should be used in a given battery
system.

Ž .In certain applications, such as electric vehicles EV ,
Ž .quick-charge capability say, 2–3 C rate is a requirement

for the battery system. Fundamentally, the quick-charge
capability of a lithium-ion cell is governed by the anode
material, graphite or coke. During the charge cycle of a
lithium-ion cell, lithium ions are dissociated from the
cathode material dissolved into the electrolyte, and then
inserted into the carbon anode. For most lithium intercala-
tion compounds, the electrochemical lithium deinsertion
process is more rapid than that of electrochemical lithium
insertion. This can be understood from the general thermo-
dynamic rule of order–disorder transitions. The lithium
deinsertion process is equivalent to an order-to-disorder
phase transition process, i.e., the ordered lithium ions
undergo a change from an ordered phase in the cathode or

Ž .anode in graphite’s case, an ordered staging phase to a
disordered phase in the electrolyte. The opposite process,
lithium intercalation, is a disorder-to-order phase transi-
tion, i.e., the lithium ions undergo a change from a disor-
dered phase in the electrolyte into an ordered phase in the
cathode or anode. From thermodynamics, the order-to-dis-

Žorder transition is a favored process an increase in en-
. Žtropy , compared to the disorder-to-order transition a de-

.crease in entropy . Therefore, the selection of an appropri-
ate carbon is critical in order to improve the charge rate
capability of lithium-ion batteries.

The differences between graphite and coke can be
characterized by several methods. Structurally, graphite is
a crystalline material and coke is an amorphous material.

Ž .Fig. 1 compares the X-ray diffraction XRD patterns of
typical graphite and coke materials. The sharp peaks in the
graphite X-ray profile and the broad peaks in the coke
XRD profile indicate the crystalline structure of graphite

1 The word coke will be used interchangeably in the rest of the text to
mean all amorphous carbon and cokes.

Fig. 1. XRD patterns for graphite and coke material used in this work.
The coke pattern was shifted by an arbitrary unit for clarity. The broad
peaks in the coke’s pattern indicate its amorphous structure. The peaks
identified with the small arrows are contributed from two-dimensional
carbon layers in the coke or graphite material. The broader the peaks, the
smaller the carbon layers in the material. The figure shows that coke has
much smaller carbon layers than graphite.

and the amorphous structure of coke. Furthermore, accord-
w xing to the Scherrer equation 5,7

L s1.84lrBcosu , 1Ž .a

where L is the dimension of the carbon layer, B is thea

angular width of the 2D diffraction peak at half-maximum
intensity and u is the Bragg angle. The equation shows
that the broader the 2D peak, the smaller the carbon layers.

ŽThe 2D peak sharpness of coke and graphite shown in
.Fig. 1 with an arrow indicates that the size of the carbon

layer in the coke is much smaller than that of the graphite.
˚Ž .The average size of the carbon layers L is 10–20 A fora

˚coke and 500–1000 A for graphite. The inherently smaller
carbon layers of coke can significantly accelerate the solid
ionic diffusion process and, therefore, results in a faster
lithium insertion reaction than that for graphite. Electro-
chemically, graphite and coke also behave quite differ-
ently. Fig. 2 shows the voltage curves of the first discharge

Ž .and charge vs. lithium for both graphite and coke. The
data were collected using the electrochemical voltage spec-

Ž . w xtroscopy EVS method 6 , at about a 50-h rate. The
lithium insertion voltage in the coke material is much
higher and more sloped than that for the graphite. This
high potential gradient and high average voltage vs. LirLiq

couple in coke will result in a much stronger driving force
for lithium migration during the lithium insertion reaction
when compared to the flattened and low insertion potential
in the graphite material, and also prevents the coke anode
from being plated by lithium during high-rate charging.
The sloping coke voltage is, therefore, more favorable for
quick lithium insertion and deinsertion during high-rate

w xcell operation 8 . Considering the factors discussed above,
one should expect the coke anode to outperform a graphite
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Fig. 2. Lithium insertion voltage profiles of graphite and coke material
used in this work. Data were collected using a carbonrlithium foil half

Ž .cell with EC:DMC 2:1 wrw and LiPF lithium salt. The electrochemi-6
Ž .cal measurement was done by slow rate scan EVS . A typical low and

flat voltage profile for graphite and a sloping voltage profile for coke are
shown.

anode under quick-charge conditions. In this paper, a
series of comparative studies of rapid lithium insertion into
coke and graphite anodes is performed and discussed.

2. Experimental

In all test cells used for this study, commercially avail-
able graphite and coke materials were used as anode active

Ž .materials and a lithiated manganese oxide LMO , also
obtained from a commercial source, was used as the
cathode active material. Test cells were of the Bellcore-type

Ž . w xpolymer lithium-ion cell PLiONe 9 . All cells have the
usual lithium-ion configuration:

< <anode graphite, coke separator cathode LMO .Ž . Ž .
The fabrication methods for this type of cell have been

w xpublished and can be found in Ref. 9 . Both electrodes
and the separatorrelectrolyte are based on the same plasti-
cized fluoropolymer binder, a copolymer of vinylidene

Ž Ž ..fluoride and hexafluoropropylene P VDF–HFP . Each
porous electrode consists of a homogeneous mixture of the

Žactive insertion materials lithiated manganese oxide for
.cathode and graphitercoke for anode , the polymer matrix,

Ž Ž .a non-aqueous liquid electrolyte EC:DMC 2:1 wrw
.with LiPF , and a conductive filler additive. The ex-6

Žpanded metal current collectors were either aluminum for
. Žthe positive electrode or copper for the negative elec-

. 2trode . The test cell had a geometric surface area of 24 cm
for both the anode and the cathode.

The specific capacities for the graphite and coke used in
this work, measured using electrochemical voltage spec-

Ž . w xtroscopy EVS 6 , were 340 mA hrg and 215 mA hrg,
respectively. In practical cells, the utilization of graphite

and coke in anodes was less than these values, and depen-
dent on the cathoderanode ratio, as well as on the current
density. In order to determine the influence of carbon
utilization on rate capability, test cells with different levels
of anode utilization were constructed by carefully control-

Ž .ling the cathoderanode ratio R ,

RsMass of LMO in cathoderMass of Carbon in anode.
2Ž .

Ž .The cathoderanode ratio R controls the actual carbon
utilization in the anode because of the cathode’s limiting
characteristics on the cell. The higher the R value in a cell,
the higher the carbon utilization of the anode. In this work,
three cell groups with different R values for graphite and
two cell groups with different R values for coke were built
in order to study the relation between cell-rate capability
and carbon utilization. Table 1 summarizes the different
groups of cells, their corresponding R values and typical

Ž .carbon utilizations based on an approximate Cr4 rate .
The cells with the highest R value assembled in this work

Ž .were graphite cells in the G3 group Rs3.0 and coke
Ž .cells in the C2 group Rs2.5 , respectively. Under these

ratios, the anode was almost fully utilized. For lower
Ž .anode utilization, the graphite cells in group G2 Rs2.5

Ž .and coke cells in group C1 Rs2.0 were used through-
out this study as the baseline values for comparative

Ž .investigation. The graphite cells in group G1 Rs2.0 and
Ž .coke cells in group C2 Rs2.5 utilized similar specific

capacities from their carbon anode. These two cell groups
were also compared for their rate capability independent of
the cell’s capacity utilization.

The rate capabilities of cells were tested by charge–dis-
charge cycling between 3.0 V and 4.2 V. A constant-volt-
age float was used immediately after the cell reached the
upper voltage limit of 4.2 V. The cut-off criteria for the
constant voltage float was when the float current dropped
to 10% of the original value. At normally used charge
rates, the voltage float was required to fully charge the cell
due to the sluggish lithium insertion kinetics of the carbon

Table 1
Ž .Summary of cathoderanode ratios R and carbon utilization in anodes

for three groups of graphite cells and two groups of coke cells studied in
Ž .this work Cr4 rate

Test cells Cell Ratio of Anode
I.D. cathoder utilization

Ž .anode mA hrg

GraphiterLMO G1 2.0 206
( )EVS: 340 mA hr g

G2 2.5 260
G3 3.0 312

CokerLMO C1 2.0 170
( )EVS: 215 mA hr g

C2 2.5 205

Ž .The low rate EVS specific capacities for the graphite and coke used in
this work are also indicated.
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anode. There was also a 10-min post-charge rest and a
30-min post-discharge rest in each cycle. Fig. 3 shows the
voltage and current profiles for the second charge and
discharge cycle at a Cr2 rate for a graphite cell in group

Ž .G2 Rs2.5 . The charge capacity contributed by the
voltage floating was not a negligible portion when com-
pared to that from constant current charging. The voltage
float, however, also increases the total charge time due to
the decreasing charge current during the float. To quantify
the cell’s quick-charge capability, the ratio of the charge

Ž . Ž . Ž .time T to the discharge time T Fig. 3 was used inc d

this work.

PsT rT 3Ž .c d

The larger the P value, the worse the quick-charge
capability of a cell. The data shown in Fig. 3 have a P
value equal to 1.29. In the ideal case, a cell will have an
unlimited charge capability, thus, no float current would be
needed to charge the cell. The charge time would therefore

Ž .be equal to the discharge time Ps1 . For actual cells, P
is always larger than unity and is strongly dependent on
charge rate and method of cell construction. The higher the
charge rate, the longer a voltage float is needed, and
consequently, the larger the P value for the cell. The cell
construction and the cell chemistry also have a strong
influence on the P value. Fig. 4 shows that, for the same
charge rate as that used in Fig. 3, the coke anode cell
Ž .Rs2.0 required a much shorter charge float time. The
P value was 1.16, much less than that for Fig. 3. In other
words, the coke anode exhibited a better rate capability
than that of the graphite anode. In this paper, one examines
the factors which most significantly influence the quick-
charge capability of carbon anode-based lithium-ion cells.
The dependence of the P value on various factors such as
carbon material, charge rate, cycle life, environment tem-
perature are presented. In order to better understand the
differences between lithium insertion behaviors in graphite

ŽFig. 3. Typical voltage and current profiles of a graphite anode cell in
.group G2 collected in the second cycle by charging and discharging the

cell between 3.0 V and 4.2 V at an approximate Cr2 rate. The voltage
float is clearly shown in the decreasing current tail. The charge time Tc

and discharge time T are also indicated.d

ŽFig. 4. Typical voltage and current profiles of a coke anode cell in group
.C1 collected in the second cycle by charging and discharging the cell

between 2.5 V and 4.15 V at an approximate Cr2 rate. The constant
voltage float can be seen in the current profile.

and coke anodes, a mathematical simulation model devel-
oped by Newman and Doyle for lithium-ion cells has also
been applied in the exploration of the lithium distribution
patterns in the cell’s anode during charging and discharg-

w xing 10 . The simulation results are consistent with the
experimental data which shows that coke is an intrinsically
better material for lithium-ion batteries in terms of quick-
charge capability.

3. Results and discussions

Fig. 5 shows a series of the second-cycle voltage and
current profiles for the four graphite anode cells in group
G2 at various charge rates from 0.23 C up to 1.12 C. The
charge rates were calculated based on the second discharge
capacity of the cells. It can be seen that as rates gradually

Fig. 5. Four voltage and current profiles collected at the second cycle
from four graphite cells in group G2. Each cell was discharged and
charged at a different current rate ranging from 0.23 C up to 1.12 C. As
charge rate increased, the charge time becomes longer, and therefore, the
P values for each rate increased dramatically from 1.19 to 2.81.



( )H. ShirJournal of Power Sources 75 1998 64–7268

Fig. 6. Three voltage and current profiles collected on the second cycle
for one graphite cell selected from each of the three graphite groups G1,
G2 and G3. Each cell has a different cathoderanode ratio and was
discharged and charged at the same current rate, approximately 0.7 C. It
can be seen that as the cathoderanode ratio increases from 2.0 to 3.0, the
current float time during charge correspondingly increases.

increased, the charge float times for charge current pro-
files, shown in Fig. 5, also increased. The P value in-
creased dramatically from 1.19 for 0.23 C to 2.81 for 1.12
C. The R value also had a significant effect on the P
value. Fig. 6 shows the voltage and current profiles for
three graphite cells with different cathoderanode ratios,
Rs2.0, 2.5 and 3.0. All cells were charged at an approxi-
mate 0.7 C rate. The voltage and current profiles both
show that the lower the carbon utilization in the anode
Ž .low R value , the better the quick-charge capability
Ž .shorter float time on charge . In this case, the P value

Ž . Ž .increased from 1.44 for Rs2.0 , to 2.09 for Rs3.0 .
Comparing the coke and graphite anodes, Figs. 7 and 8
show the corresponding coke anode version for Figs. 5 and
6. The current profiles in these figures were much smoother
than those for graphite. The increase in P values with

Fig. 7. Three voltage and current profiles collected on the second cycle
from three coke cells in group C1. Each cell was discharged and charged
at a different current rate ranging from Cr4 to C. As charge rates
increased, the current float times increased, but not as dramatically as in
the graphite cells.

Fig. 8. Two voltage and current profiles collected on the second cycle of
two coke cells selected from group cells C1 and C2. Each cell has a

Ž .different cathoderanode ratio R and was discharged and charged at the
same current rate, approximately 0.6 C. For the cell with the higher
cathoderanode ratio, the increase in the current float time was much less
dramatic than that for the graphite cells.

respect to charge rates and R values was not as significant
Ž .in the coke cells as that in the graphite cells Fig. 10 . For

a better visualization of the difference between coke and
graphite anodes, Fig. 9 plots the voltage and current
profiles at three different charge rates, Cr4, Cr2 and C

Ž . Ž .for both graphite Rs2.5 and coke Rs2.0 anode
cells. The voltage profiles for the graphite cells in this
figure were shifted up by 1.5 V for clarity. It can be
observed from this figure that the coke anode has a better
quick-charge capability than that of the graphite anode.
Fig. 10 quantifies the influence of cathoderanode ratios
and charge rates on the P value for both coke and graphite
anode cells. The P values in all cases increased as charge
rates and cathoderanode ratios increased. Compared to
graphite-anode cells, the P values in the coke-anode cells
increased much less dramatically than those in the graphite

Fig. 9. Comparison of voltage and current profiles from three graphite
Ž . Ž .cells group G2 and three coke cells group C1 . All cells were charged

and discharged at Cr4 rate and data were collected on the second cycle.
It can be seen that coke cells required less voltage float when compared
to the graphite cell at the same charge rate.
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Fig. 10. Quantitative summary for the relation between cathoderanode
Ž .ratios R , charge rate and P values for graphite and coke cells. At the

same lithium specific capacity for the graphite anode and the coke anode
for cell groups G1 and C2, the coke anode cell outperformed the graphite
cells.

cells. This was true even when the graphite-anode cells
utilized the same specific capacity as the coke-anode cells.

Ž .The P value for the graphite cells in group G1 Rs2.0
Ž .and the coke cells in group C2 Rs2.5 is shown in Fig.

10 as a function of charge rate. These two cell groups
Žutilized very similar specific carbon capacities 205 mA

.hrg . Even in this extreme case, coke cells still outper-
formed graphite cells with respect to the fast-charge capa-
bility. The superior quick-charge capability of coke cells
likely benefited from both the coke’s small carbon layers,
for quick lithium access to active sites, and the coke’s
sloping and high lithium insertion voltage vs. lithium,
producing a strong driving force for lithium insertion.

The difference between coke and graphite during rapid
lithium insertion could be made clear if one would have a
snapshot of lithium distribution in the anode during charg-
ing. Fortunately, a mathematical simulation model based
on the concept of the Bellcore-type polymer lithium-ion

w xcell has been developed by Newman and Doyle 10 . This
model simulation has made it possible to evaluate lithium
concentration distributions in the carbon anode during cell
charge and discharge. The cell simulation model and its

w xprincipals of operation have been detailed in Ref. 10 . The
Žmodel parameters include the cell variables porosity, an-

ode and cathode composition, electrode and separator
thickness, initial lithium content in LMO and graphite,

.anode and cathode film resistances, etc. and material
Žproperties densities, theoretical specific capacities for

graphite and LMO, diffusion coefficients of carbon and
.LMO, etc. . The same adjustable input parameters, such as

diffusion coefficients for graphite and LMO, film resis-
tance, etc., need to be finely tuned to fit the discharge and
charge voltage curves for final simulation calculations.
Figs. 11 and 12 show the simulated lithium concentration
distributions over the graphite anode and LMO cathode
during cell discharge at an approximate Cr4 rate. The

Fig. 11. Simulation for the lithium distribution over the anode and LMO
cathode during cell discharge at 1 mArcm2. The lithium distribution
remained relatively evenly distributed in the cell.

simulation was based upon a set of practical cell parame-
ters and the matching of the cell discharge and charge

Ž .voltage curves not included in this paper . It was clear
that during the entire cell discharge, the lithium was evenly
distributed in both the graphite anode and the LMO cath-
ode. However, during charging, the lithium distribution in
the graphite anode became extremely uneven and exces-
sive near the interface between anode and separator at the
end of charge, although the lithium remained more evenly
distributed in the LMO cathode. It is the slow insertion
process in the graphite anode that makes the constant-volt-
age float during cell charging a necessity for relaxation of
the lithium distribution in the anode returning the cell back
to its full capacity. A similar simulation performed on the

Ž .coke anode cell Fig. 13 indicated that the lithium distri-
bution over the entire coke anode and LMO cathode
during cell charge was fairly smooth even at twice the
normal charge rate. The lithium distribution in the coke
anode during charge was, therefore, much smoother, up to
Cr2 when compared to graphite, as shown in Figs. 11 and

Fig. 12. Simulation for the lithium distribution over the graphite anode
and LMO cathode during cell charge at 1 mArcm2. The lithium distribu-
tion is uneven in the anode during cell charge.
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Fig. 13. Simulation for the lithium distribution over the coke anode and
LMO cathode during cell charge at 1 mArcm2. The lithium distribution
is evenly distributed in the coke anode during cell charge.

12. This result indicated that the lithium insertion process
in the coke anode material was much faster than that
occurring in the graphite anode. The simulation results
were, therefore, consistent with the results from the inspec-
tion of cell voltage float char-acteristics.

Besides the cell charge rates and cathoderanode ratios
Ž .R , there are many other factors that could also influence
the lithium insertion rate in the anode. Fig. 14 shows two

Ž .charge current profiles for a graphite cell G2 group for
the second and the 240th cycle, respectively, at an approxi-
mate Cr4 rate. It can be seen that cell aging during
life-cycling has a dramatic influence on the lithium inser-
tion rate for the graphite anode. The P value for this case
increased from 1.5 at the second cycle to 2.3 at the 240th

Ž .cycle an increase of 53% . The aging effect also occurred
in the coke anode, but coke demonstrated a better resis-
tance against aging during life-cycling when compared to

Fig. 14. Aging effect on the rate of lithium insertion in the graphite
anode. The graphite cell from group G2 was cycled at a Cr4 rate. The
current profiles were collected on the second cycle and the 240th cycle.

Ž .The P value increased considerably by 53% from 1.5 2nd cycle to 2.3
Ž .240th cycle .

Fig. 15. Aging effect on the rate of lithium insertion in the coke anode.
The coke cell from group G2 was cycled at a Cr2 rate. The current
profiles were collected on the second cycle, 240th cycle and 450th cycle.

Ž .The P value increased by 9.6% from the 2nd cycle P s1.25 to the
Ž .240th cycle P s1.37 , significantly less than that for graphite.

graphite. Fig. 15 shows the case for a coke anode cell
during life-cycling at an approximately C rate. Three cur-
rent profiles for various cycles, 2nd, 240th and 450th, are
also shown in the figure. The P value increased from 1.25
Ž . Ž . Ž2nd cycle , to 1.37 240th cycle and then to 1.93 450th

.cycle . From the second cycle to the 240th cycle, the P
value increased by 9.6%. This is significantly less than the
increase in the graphite anode cell over the same number

Ž .of cycles 53% . Due to the disordered nature and smaller
carbon layers of the coke material, lithium insertion caused
much less volume expansion when compared to that for

Fig. 16. Temperature effect on the rate of lithium insertion in carbon
Ž .anodes. Two current profiles 2nd cycle collected at two different

Ž . Ž .temperatures 238C and 458C are shown for the coke cell group C1 and
Ž .graphite cell group G2 , respectively. The coke and graphite cells were

Žcycled at slightly different rates 0.75 C for the coke cell and 0.5 C for
.the graphite cell . It is clear that at the elevated temperature of 458C, the

rate of the lithium insertion in the anodes was much faster than that at
Ž . Ž .238C. The P value decreased from 1.59 238C to 1.35 458C for the

Ž . Ž .graphite anode cell and from 1.28 238C to 1.12 458C for the coke
anode cell.
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Ž .Fig. 17. Life cycle comparison between the coke cell group C2 and the
Ž .graphite cell group G1 . Both cells utilized the same specific capacity

Ž .from either the coke or graphite material 205 mA hrg . Cells were
cycled with and without voltage float during the charge for both cells.
This figure shows the first 30 cycles of two graphite and two coke cells
cycled with and without a charge voltage float. The graphite cell was
cycled at 0.65 C and the coke cells at 1 C. The coke anode was much less
affected after the removal of the voltage float than the graphite cell.

Ž .graphite on order of 10% . This superior aging effect of
the coke anode cell is most likely attributed to this reduced
volume expansion in the coke anode during cell cycling.
Another factor significantly influencing the lithium inser-
tion rate is the temperature at which the cell is cycled. An
example is given in Fig. 16. Second-cycle charge current

Ž .profiles at two different temperatures 238C and 458C are
shown for the coke and graphite cells, respectively. The
coke and graphite cells were cycled at slightly different
rates, approximately 0.75 C and 0.5 C, respectively. The

Ž .cells cycled at the elevated temperature 458C clearly
showed higher rates of lithium insertion in the anode,
which is indicated by the shorter float times. The P value
was reduced from 1.59 at 238C to 1.35 at 458C for the

Ž .graphite-anode cell an 18% decrease , and from 1.28 at
Ž238C to 1.12 at 458C for the coke-anode cell a 15%

.decrease .
It has been demonstrated that there are several factors

which influence the rate of lithium insertion in coke and
graphite anodes. Due to the slow lithium insertion process
during quick-cell charge, it is normally necessary to use a
current float in order to fully charge the cell. The increase
in charge time from using a current float depends consider-
ably on the cell construction and carbon anode selection. It
would be ideal to eliminate the current float altogether in
order to save charge time without influencing the charge
capacity. Normally, for graphite anode cells, removing the
current float will reduce the charge capacity to as little as
50–75% of the discharge capacity depending on the cell
construction and charge rate. For the coke anode cells,
however, the current float has a much lower impact on
charge capacity when compared to that for graphite. To

compare the effect of the removal of current float on
charge capacity between coke and graphite anodes, two
graphite cells from group G1 and two coke cells from
group C2 were cycled with and without current float at
room temperature, respectively. As previously stated, the
cathoderanode ratios for these two cell groups were se-
lected so that the two groups had almost identical carbon

Ž .utilizations 205 mA hrg in the anode, and therefore, the
comparison can be shifted to the nature of carbons. Fig. 17
shows the first 30 cycles for these four cells. The graphite
cell was cycled at approximately 0.65 C and the coke cells
at the 1 C rate. Clearly, the coke anode was much less
affected by the removal of the voltage float when com-
pared to the graphite cell with the same carbon anode
utilization.

4. Conclusions

The graphite material showed a higher reversible lithium
capacity and flatter lithium insertion voltage profile when

Žcompared to coke material. Both the crystallinity large
.carbon layers and low flat lithium insertion voltage for

graphite create a slow rate material for lithium insertion.
The lithium-ion cells using a graphite anode had a poor
performance during quick-charge due to the slow lithium
intercalation process occurring in the graphite anode. In
contrast, the coke material had much smaller carbon layers
and a sloping lithium insertion voltage profile. These
properties significantly improve the rate of lithium inser-
tion, and therefore, the cells using a coke anode showed a
much better rate capability. It is believed that the coke
material is structurally and electrochemically superior to
graphite when used in high-rate applications. Both the
experimental data and the computer simulation results are
consistent with each other and support this conclusion.
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