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Abstract

The intercalation rate of Liþ-ions in flake natural graphite with particle size that ranged from 2 to 40 mm was investigated. The amount of

Liþ-ions that intercalate at different rates was determined from measurement of the reversible capacity during deintercalation in 1 M

LiClO4/1:1 (volume ratio) ethylene carbonate–dimethyl carbonate. The key issues in this study are the role of particle size and fraction of

edge sites on the rate of intercalation and deintercalation of Liþ-ions. At low specific current (15.5 mA/g carbon), the composition of

lithiated graphite approaches the theoretical value, x ¼ 1 in LixC6, except for the natural graphite with the largest particle size. However, x

decreases with an increase in specific current for all particle sizes. This trend suggests that slow solid-state diffusion of Liþ-ions limits the

intercalation capacity in graphite. The flake natural graphite with a particle size of 12 mm may provide the optimum combination of

reversible capacity and irreversible capacity loss in the electrolyte and discharge rates used in this study. # 2001 Elsevier Science B.V. All

rights reserved.
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1. Introduction

Lithium-ion batteries are now widely used in consumer

electronic devices, such as cellular telephones, camcorders

and portable computers. There is now a strong interest in

utilizing Li-ion batteries for transportation applications. The

United States Advanced Battery Consortium (USABC) was

formed in the early 1990s to develop large-scale recharge-

able lithium batteries for consumer electric vehicles. This

effort was followed by the formation of the Partnership for

the New Generation Vehicle (PNGV), which has a goal of

developing a passenger automobile that can achieve the

equivalent of 80 mpg. Both the USABC and PNGV Pro-

grams supported the development of Li-ion batteries. One

requirement of these Li-ion batteries is the capability to

sustain high charge–discharge rates [1]. This requirement is

particularly critical in hybrid electric vehicles for the PNGV

Program. Because carbon is the usual host for storing Liþ-

ions in the negative electrodes of Li-ion batteries, its ability

to rapidly transport Liþ-ions is crucial for high-rate charge–

discharge of these electrodes. With this in mind, we are

investigating the charge–discharge characteristics of a series

of flake-like natural graphite of different particle sizes. An

analysis of the irreversible capacity loss [2] and thermal

oxidation properties [3] of these natural graphite samples

was presented earlier.

Theoretical analyses of intercalation electrodes have been

conducted by a number of researchers [4–9]. These studies

show that the particle size, particle surface area, solid-state

and liquid-phase diffusion rates of intercalant ions, electrode

thickness and electrode porosity can have a significant

influence on the charge–discharge rates and utilization of

intercalation electrodes. For example, Verbrugge and Koch

[4] analyzed the charge-transfer reaction and diffusion of

intercalants in porous electrodes. Their results are useful for

analyzing the charge–discharge behavior of graphite elec-

trodes for Li-ion batteries. They defined a parameter, z,

which is a reflection of the relative importance of solid-state

transport resistance to that of the liquid phase

z ¼ Dsalt

D0
I

� �
rs

L

h i2

(1)

where Dsalt is the salt diffusion coefficient, D0
I the intercalant

diffusion coefficient at infinite dilution, rs the characteristic

dimension of the particle, and L the thickness of the porous

electrode. When z is large, solution-phase diffusion resis-

tance does not need to be considered. With typical values

quoted by Verbrugge and Koch [4] (Dsalt ¼ 5:5 � 10�6 cm2/s,

D0
I ¼1 � 10�10 cm2/s, rs ¼ 0:3 mm, L¼20 mm), z ¼ 12:375,
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which suggests that only solid-state diffusion should be

considered. Fuller et al. [6] also analyzed transport in solution

and intercalation electrodes and defined a dimensionless

parameter Ss that is a ratio of the diffusion time in the electrode

to the discharge time. They concluded that diffusion limita-

tions may exist in carbon in their analysis.

Studies of the charge–discharge rate capabilities of carbon

particles considered for Li-ion batteries were reported in

several publications. Tran et al. [10] observed that the

lithium intercalation process is inherently slower than the

deintercalation process. This characteristic property appears

to affect the capacity of graphite electrodes at various

charge–discharge rates, especially when the discharge rate

is not sufficiently slow to ensure complete intercalation.

Electrode capacities are independent of charge (deintercala-

tion) rate when the electrode is fully intercalated. Fujimoto

et al. [11] investigated the rate capabilities of natural gra-

phite in a variety of mixed cyclic carbonate electrolytes:

ethylene carbonate (EC), propylene carbonate (PC), buty-

lene carbonate (BC), vinylene carbonate (VC), diethylcar-

bonate (DEC) and chloroethylene carbonate (CEC). The

high-rate capability of natural graphite in VC/DEC was

superior to that in other electrolytes, which was attributed

to the higher conductivity of VC/DEC. Ogumi and co-

workers [12] investigated the intercalation of Liþ-ions in

natural graphite of different particle sizes by electrochemi-

cal impedance spectroscopy. They concluded that the

charge-transfer reaction takes place on the whole surface

of the graphite particles, but Liþ-ions intercalated only from

the edge plane. Zhang [13] developed an expression for the

rate capability and reversible capacity of carbon from cyclic

voltammetry measurements. According to Zhang, intercala-

tion of Liþ-ions is more difficult than deintercalation in

carbon electrodes, in agreement with the observation by

Tran et al. [10]. Furthermore, the rate of intercalation tended

to be slower in more highly crystalline carbons (i.e.

graphite < soft carbon < hard carbon). These studies [10–

13] provide some insight into the role of particle size on the

charge–discharge rate of Liþ-ions in carbon particles. Liu

et al. [14] reported that the particle size and particle size

distribution of graphite have a great influence on their

electrochemical performance in 1 M LiClO4/EC–dimethyl

carbonate (DMC). The intent of the present paper is to

extend these studies by providing a systematic analysis of

a series of natural graphite flakes with similar morphology

but different average particle size.

2. Experimental

Six samples of flake natural graphite powders with

average basal plane dimension of 2, 7, 12, 20, 30 and

40 mm were obtained from a commercial source. The edge

thickness of these samples ranged from 0.21 to 2.85 mm, as

determined from measurements using scanning electron

microscopy. The d0 0 2 spacing, which was determined by

X-ray diffraction analysis, is 3.36 Å and essentially the same

for all of the samples. The basal length of the particles is

taken to be the same dimension as the average particle size.

The physical properties of these samples were summarized

elsewhere [2].

The working electrode was fabricated from a mixture of

natural graphite and poly(vinylidene fluoride) (PVDF) dis-

solved in 1-methyl-2-pyrrolidinone (NMP). The slurry was

spread onto a copper grid (Exmet Corp., Naugatuck, CT) and

dried under vacuum at 958C for 24 h. A typical electrode

thickness is about 200 mm, and the electrode area is 12 cm2

(6 cm2 per side). The working electrodes were evaluated in a

three-electrode cell that contained metallic Li as both the

counter and reference electrodes. The cells were built in a

glove box under an Ar atmosphere containing less than

5 ppm humidity. Electrochemical measurements of the

charge–discharge of graphite were conducted in an electro-

lyte containing 1 M LiClO4 in 1:1 (volume ratio) EC–DMC

(Tomiyama Pure Chemical Industries Ltd.). The cells were

cycled between 2.5 and 0 V versus Li/Liþ with a MacPile II

(Bio Logic, France).

The electrochemical experiments involved the following

procedure. The electrode is discharged (Liþ-ion intercala-

tion) at C/24 to form a stable solid electrolyte interface (SEI)

layer. A constant current is applied until the electrode

potential reaches 0 mV, then the electrode is charged (Liþ

deintercalation) at the C/24 rate. Following the formation

cycle, the electrode is cycled to higher discharge rates

corresponding to C/8, C/6, C/4 and C/2. Between each of

the intercalation steps, the electrode is deintercalated at the

C/12 rate to 2.5 V prior to discharging to determine the

reversible capacity. In these experiments, the reversible

capacity of the natural graphite is determined as a function

of discharge rate and particle size.

3. Discussion of results

3.1. Data analysis

Eq. (1), which was reported by Verbrugge and Koch [4],

was used to determine the relative importance of transport

resistance in the solid-state (graphite) to that of the liquid-

phase (electrolyte). Using the values quoted by Verbrugge

and Koch (Dsalt ¼ 5:5 � 10�6, D0
I ¼ 1 � 10�10 cm2/s), we

can determine z for the dimension of the natural graphite

particles and electrode thickness used in our study. We take

rs to be in the range from 1 to 20 mm and L equal to 100 mm

(one-half of typical electrode thickness because both sides

are accessible to the electrolyte), which yields z of 5.5 and

2200, respectively, for the two extreme values of rs. There-

fore, we concluded that solution-phase diffusion resistance

is negligible, and the charge–discharge behavior is a func-

tion of solid-state transport of the intercalant, Liþ-ions.

Verbrugge and Koch [4] reached another conclusion regard-

ing the Ohmic resistance in the porous electrode. Their

K. Zaghib et al. / Journal of Power Sources 103 (2001) 140–146 141



analysis showed that the Ohmic resistance in the electrolyte

and solid phases in the electrode were insignificant com-

pared to the intercalant diffusion resistance in their study. A

similar situation is expected in our experiments.

The key issues we considered in this study are the role of

particle size and fraction of edge sites on the rate of

intercalation and deintercalation of Liþ-ions. The edge sites,

and not the basal plane sites, are the graphite/electrolyte

interfacial sites where insertion of Liþ-ions takes place to

form the lithiated graphite. Lattice defects may be present on

the basal plane that could also serve as insertion sites for

Liþ-ions. The contribution of these sites for intercalation is

considered to be negligible compared to that from the edge

sites. The total area of edge sites (Se) is a function of the

surface area of graphite (S) and the fraction of edge sites (fe)

Se ¼ feS (2)

The surface area is measured experimentally, and fe is

computed from an equation derived by analysis of a model

prismatic structure of graphite particle. Previously, a com-

plex derivation of fe was presented [4]. For the present

discussion, a simplified approach is taken in which the edge

surface area is estimated from the geometry of the particle

morphology. The flux of intercalant ions occurs normal to the

surface of the edge planes, thus it is assumed that the edge

surface area can be estimated from the thickness and width

of the edge planes. The flake graphite is assumed to have a

prismatic shape [i.e. length ðBÞ � width (B)] with thickness

of the edge planes T, and basal plane dimension or particle

size B. For this geometry, the edge area (EA) is given by

EA ¼ 4BT (3)

and the basal plane area (BA) is

BA ¼ 2B2 (4)

The fraction of edge sites is obtained from Eqs. (3) and (4)

fe ¼
EA

EA þ BA
(5)

The results of this analysis using Eq. (5) are summarized in

Table 1. The fraction of edge sites varies from 0.17 for the

smallest particles to 0.12 for the largest particles. The

calculation for NG12 yields f e ¼ 0:08, which is consider-

able lower than the other values. This discrepancy arises

from the low value of T.

The reversible capacity of graphite is equal to 372 mAh/g

(equivalent to the composition LiC6)

Ittt ¼ 372 (6)

where It is the specific current (mA/g carbon) and tt the time

for charge–discharge (i.e. equivalent to the C-rate). Atlung

et al. [8] proposed a constant, Q, that is a measure of how fast

solid-state transport is compared to the discharge rate of an

intercalation electrode

Q ¼ ts

ðr2=DÞ (7)

where ts is the stoichiometric discharge time, r the radius of

the particle and D the chemical diffusion coefficient. Their

analysis was developed for cathode materials, but we have

adapted it here for Liþ-ion intercalation in graphite anodes.

Substituting Eq. (6) in Eq. (7) yields

Q ¼ 1488D

ItB2
(8)

where ts is assumed to be equal to tt, and the particle radius is

taken to be equal to one-half of the basal length of the flake-

like natural graphite (i.e. B/2).

3.2. Experimental data

The intercalation of Liþ-ions, and the reversible capacity,

was determined at different C-rates following the definition

by the battery community, i.e. computed using Eq. (6). For

instance, the C/24-rate corresponds to 15.5 mA/g and C/4-

rate is equivalent to 93 mA/g. The amount of Liþ-ions that

intercalate (reversible capacity) at these rates is determined

from measurement of the coulombic charge corresponding

to deintercalation of Liþ-ions.

Fig. 1 shows representative charge–discharge profiles for

NG2 and NG30 at a discharge rate of 46.5 mA/g (C/8 rate)

and a charge rate of 31 mA/g (C/12 rate). The profiles show

that NG2 discharged for 8 h before the potential reached 0 V,

and the corresponding time for NG30 was 6 h. The time for

charge of NG2 was equal to the rate (C/12), whereas the time

for NG30 was less (8 h) because the Liþ-ion content in the

intercalated graphite was less. At the higher discharge rates,

the potential of the samples reached 0 V much sooner than

the time indicated by the C-rate. Because of the slow

transport rate of Liþ-ions in the graphene layer planes,

Table 1

Analysis of fraction of edge sites on prismatic structure

Graphite

sample

Particle size

(B) (mm)

Edge thickness

(T) (mm)

BET surface

area (m2/g)

Fraction of

edge sites

Edge surface

area (m2/g)

NG2 2 0.21 12.0 0.17 2.1

NG7 7 0.59 5.1 0.14 0.7

NG12 12 0.49 4.3 0.08 0.3

NG20 20 1.54 3.2 0.13 0.4

NG30 30 2.03 2.6 0.12 0.3

NG40 40 2.85 2.3 0.12 0.3
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the time is too short for the ions to completely intercalate the

larger graphite particles to the theoretical limit. Slow solid-

state diffusion of Liþ-ions produces concentration polariza-

tion in graphite that drives the potential towards 0 V, and this

cut-off potential is reached before intercalation is complete.

The composition of intercalated graphite, x in LixC6, that

is obtained with natural graphite of different particle size is

presented in Fig. 2 as a function of discharge rate. At low

specific currents, the composition of lithiated graphite

approaches the theoretical value, x ¼ 1, except for natural

graphite with the largest particle size. However, x decreases

with an increase in specific current for all particle sizes. This

trend suggests that solid-state diffusion of Liþ-ions is limit-

ing the intercalation capacity in graphite. At this time, we

have no good explanation for the higher reversible capacity

of NG12 compared to NG7. The theoretical analysis by

Dalard et al. [9] illustrated that the particle size distribution

of the particles in an electrode has an influence on the

electrode capacity at a given intercalation rate. The presence

of a small fraction of large particles in a composite electrode

with a majority of monodisperse small particles lowered the

overall intercalation capacity. The particle size distribution

of the natural graphite was not considered in the present

study, but this factor could play a role in the scatter observed

in the data.

The data from Fig. 2 were analyzed as a function of

particle size at three discharge rates, and the results are

presented in Fig. 3. A software program was used to plot the

lines in the figure, which shows the trend of the data. At low

discharge rate (15.5 mA/g), x shows very little dependence

on particle size. However, at the highest discharge rate

(94 mA/g), x decreases rapidly with an increase in particle

size. Fick’s second law of diffusion, R2 ¼ Dt, where D is the

diffusion coefficient and t the time, provides an estimate of

Fig. 1. Charge–discharge profiles for NG2 and NG30 at a discharge rate of 46.5 mA/g (C/8 rate) and a charge rate of 31 mA/g (C/12 rate).

Fig. 2. Composition of intercalated graphite, x in LixC6 vs. discharge rate of natural graphite. Parameter is particle size.
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the particle size (R) that permits 100% intercalation capa-

city. Using D ¼ 10�10 cm2/s and t ¼ 4 h (C/4-rate), the

calculated value of R is 12 mm. In other words, if R is

greater than 12 mm, less that 100% intercalation capacity

would be attained. A rough agreement with this analysis is

observed in Figs. 2 and 3 for NG12 (average particle size of

12 mm), but NG7 is clearly in disagreement.

Graphite is a layered compound in which the Liþ-ions

reside between the graphene layer planes in lithiated gra-

phite. Intercalation of Liþ-ions occurs at the edge of the

graphene layer planes, with the rate of intercalation strongly

affected by the particle size and orientation of the edge sites

to the electrode/electrolyte interface [12,14]. With these

observations in mind, the reversible intercalation capacity,

x, was examined with the discharge rate normalized to the

edge area (see Fig. 4) calculated from Eq. (2). In the main,

the data appear to fall in a band, with the exception of some

results for NG2 and NG12. The trend of the data is that x

decreases with an increase in the normalized edge current.

This trend, and the lack of dependence on particle size,

suggests that the flux of Liþ-ions to the edge sites does not

limit the intercalation capacity. Furthermore, the lack of

dependence on particle size indicates that the edge sites are

equally accessible. Liu et al. [14] concluded that their

electrode fabrication process resulted in a preferred align-

ment of the graphite flakes. The larger particles tended to

orient more readily so that the edge sites were less accessible

to Liþ-ions (i.e. graphene layer planes were parallel to

electrode surface). The decrease in x with an increase in

the normalized edge current occurs because of the low rate

of solid-state diffusion of Liþ-ions in the graphene structure.

At high currents, Liþ-ions have less time to diffuse to the

interior or the particle before the electrode potential reaches

the cut-off potential of 0 V.

Atlung et al. [8] defined a parameter Q (see Eq. (8)),

which was applied to analyze the rate dependence of Liþ-ion

intercalation in flake natural graphite. A solid-state diffusion

coefficient of 10�10 cm2/s was used in Eq. (4), which is

Fig. 3. Composition of intercalated graphite, x in LixC6 vs. particle size. Parameter is discharge rate. Lines indicate trend of the data.

Fig. 4. Composition of intercalated graphite, x in LixC6 vs. the discharge rate normalized to the edge area of natural graphite of different particle size. Lines

indicate trend of the data.
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consistent with the values reported by Yu et al. [7] for Liþ-

ion diffusion in graphite (i.e. 1:12 � 10�10 to 6:51�
10�11 cm2/s for 0 and 30% state of charge at 258C, respec-

tively). These results are presented in Fig. 5 for Q as a

function of particle size and at three discharge currents. The

value of Q decreases with an increase in the particle size, and

it is lower at higher discharge rate. The utilization and

coulombic efficiency of the discharged electrode can be

correlated to Q. As the particle size increases, Q decreases

and the coulombic efficiency decreases. Thus, the coulom-

bic efficiency for graphite of a given particle size is lower at

higher discharge rates. If a diffusion coefficient of 10�8 cm2/

s is used in the analysis instead of 10�10 cm2/s, the net effect

would be to increase Q by a factor of 100.

Fig. 6 shows plots of x as a function of Q. Lines that

illustrate s-shaped curves are drawn to follow the trend for

coulombic efficiency versus log Q presented by Atlung et al.

[8]. When x ¼ 1, the maximum capacity for intercalation of

Liþ-ions in graphite is obtained, and the coulombic effi-

ciency is 100%. The intercalation capacity decreases with a

decrease in Q and an increase in discharge rate. The low

coulombic efficiency is most notable for Q < 10, particu-

larly at a discharge rate of 93 mA/g. Referring to Fig. 5, it is

evident that Q < 10 corresponds to particle sizes larger than

10 mm where limitations in solid-state diffusion have a

strong influence on the intercalation capacity.

4. Concluding remarks

The intercalation of Liþ-ions in graphite electrodes in

non-aqueous electrolyte involves transport of the ions in the

liquid phase to the edge plane sites, followed by solid-state

diffusion between the layer planes. Analysis of these pro-

cesses indicates that solid-state diffusion limits the capacity

of graphite to intercalate Liþ-ions at high intercalation rates.

Fig. 5. Q as a function of particle size. Parameter is discharge rate.

Fig. 6. Composition of intercalated graphite, x in LixC6, vs. Q. Parameter is discharge rate. Lines indicate trend of the data following the analysis of Atlung

et al. [8].
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The particle size also plays a role in the reversible inter-

calation capacity of graphite. At low specific current

(15.5 mA/g carbon), the composition of lithiated graphite

approaches the theoretical value, x ¼ 1 in LixC6, except for

the natural graphite with the largest particle size. However, x

decreases with an increase in specific current for all particle

sizes, suggesting that solid-state diffusion of Liþ-ions limits

the intercalation capacity in graphite. Analysis of the area of

edge sites and the intercalation current showed no depen-

dence on particle size. This finding indicates that the trans-

port of Liþ-ions in the electrolyte does not limit the

intercalation capacity.

The highest reversible capacity of Liþ-ions is achieved

with the smallest particles of flake natural graphite in our

study. However, the irreversible capacity loss (ICL), which

involves electrolyte decomposition and the formation of the

so-called SEI layer, increases with a decrease in particle size

(increase in surface area) of graphite [2,15–21]. Further-

more, the ICL is strongly affected by the relative amounts of

basal plane and edge sites, with the edge sites being the more

active (catalytic) sites for electrolyte decomposition [2].

Yazami [22] obtained a first-order approximation for the

relationship between the reversible capacity (372x, x in

LixC6) and ICL

372x ¼ 381 � 0:73 ICL (9)

From this relationship, the cycle efficiency (CE)

CE ¼ 372x

372x þ ICL
(10)

after substitution of Eq. (9) is given by

CE ¼ 372x

381 þ 0:27 ICL
(11)

It is apparent from Eq. (11) that an increase in ICL has an

adverse effect on the cycle efficiency of Li-ion cells during the

early cycles. Furthermore, if x is reduced by high discharge

rates, the net result is a lower specific energy. Mixtures of

carbons with different average particle size were not consid-

ered in our study, but they could provide improved intercala-

tion capacity in negative electrodes for Li-ion cells [23]. The

recent study by Claye et al. [24] demonstrated that high

reversible capacity (405 mAh/g) for Li intercalation is fea-

sible at high-rate (186 mA/g or C/2-rate) with single-wall

carbon nanotubes (SWNT). Unfortunately, the SWNT has a

high irreversible capacity loss (1200 mAh/g). The small

particle size (10–50 nm diameter and several microns in

length) of SWNT facilitates high Liþ-ion intercalation rates,

but the corresponding high surface area (350 m2/g) is not

compatible with low ICL. Clearly, a compromise in the

particle size and surface area, as well as particle morphol-

ogy/structure (e.g. Huang et al. [25] demonstrated the differ-

ence in rates with graphite and coke at low temperature), is

needed to obtain the optimum performance at high charge–

discharge rates of graphite. The flake natural graphite with a

particle size of 12 mm may provide the optimum combination

of reversible capacity (x > 0:8 at 93 mA/g) and ICL (35 mAh/

g) in the electrolyte and discharge rates used in this study.

Acknowledgements

The authors would like to acknowledge the support of
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