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A considerable amount of research has been carried out to devel-
op carbonaceous materials for the lithium-ion battery that have a
high reversible capacity and to investigate the structural changes that
take place during lithium intercalation into these carbonaceous
materials. However, relatively few studies have focused on kinetic
aspects, such as determination of the electrochemical exchange cur-
rent density and the lithium-ion diffusion coefficient, despite their
importance in battery charge/discharge characteristics.5-7 The ex-
change current density characterizes the electrocatalytic activity of
the electrode, which controls the kinetics of the charge-transfer reac-
tion occurring at the electrode/electrolyte interface. In contrast, the
lithium-ion diffusion coefficient determines the charge/discharge
performance, particularly at high charge/discharge rates, because the
diffusion of lithium-ions into and out of the carbon structure are the
rate-determining steps during charge and discharge, in most cases.8

Clearly, the determination of these kinetic parameters is essential for
predicting and optimizing the performance of new carbonaceous ma-
terials being developed for use in the lithium-ion battery.

Part I of this work9 reported on the development of a novel elec-
troless deposition procedure for making Ni composite graphite mate-
rials for use as the anode (negative electrode) in the lithium-ion bat-
tery. These materials significantly suppressed solvated lithium in-
tercalation into the graphite in propylene carbonate (PC)-based elec-
trolyte, decreased the irreversible capacity in the first cycle, and ex-
hibited 30,40 mAh/g higher discharge capacities (delithiation) com-
pared to bare graphite at the same rate. However, as mentioned above,
a superior anode material must also exhibit good kinetics. Therefore,
the objective of Part II of this work is to report on the kinetic effects
due to the presence of a Ni composite coating on graphite. To reveal
these effects, electrochemical charge-transfer resistances, exchange
current densities, surface film resistances, and lithium-ion diffusion
coefficients are determined for the 10 wt % Ni composite KS10
graphite developed in Part I and also for the bare KS10 graphite pre-
cusor. The self-discharge behavior of these two materials is also
investigated to determine the role of the Ni composite coating.

Experimental
The microencapsulation of the graphite KS10 (10 mm, Timcal)

with Ni composite was carried out between 85 and 908C in a plating

bath containing sodium hypophosphite as a reducing agent. The
nickel composite coating consisted of nanosized particles distributed
over the surface of the graphite particle.9 The thickness of the Ni
composite coating was calculated to be approximately 3.4 nm.9

Therefore, there was no marked change in the graphite structure or
the particle size of KS10 (10 mm) after microencapsulation. Howev-
er, the Brunauer-Emmett-Teller (BET) surface area of the 10 wt %
Ni composite KS10 decreased slightly from 14.5 m2/g (estimated for
bare KS10) to 12.3 m2/g. In this work, 10 wt % Ni composite KS10
and bare KS10 graphites were electrochemically characterized to
obtain various kinetic parameters.

The electrochemical characterizations of these materials were car-
ried out using a Swagelok three-electrode T-cell. A typical graphite
negative electrode was prepared by mixing graphite powder with 6 wt
% poly(vinylidene fluoride) (PVDF, Aldrich) powder and 1-methyl-
2-pyrrolidinone solvent. The resulting slurry was spread onto a stain-
less steel current collector and dried under vacuum at 1508C for 12 h.
The pellet was approximately 95 mm in thickness, 1.26 cm in diam-
eter, and contained about 9 mg of material. Because Markovsky
et al.10 showed that both the kinetics and impedance of the compos-
ite electrode were affected by the amount of binder, particle size and
orientation, and electrode thickness, the kinetic behavior of bare and
Ni composite KS10 was studied using electrode pellets prepared with
approximately the same thickness, weight, and amount of binder.
Taking into account that the properties of KS10 graphite particles are
similar to those of KS6 (6 mm), which was found to be highly ori-
ented,10 the above preparation procedure yields a horizontal orienta-
tion of the particles with their basal planes parallel to the current col-
lector. This horizontal orientation of the KS10 particles was ob-
served in scanning electron microscopy (SEM) images.9

The counter and reference electrodes were made from lithium
foil (99.9%, Aldrich), and a sheet of Whatman glass fiber membrane
(Baxter Diagnostics Co.) was used as a separator. The electrolyte
consisted of 1 M LiPF6 in a 1:1:3 mixture of propylene carbonate/
ethylene carbonate/dimethyl carbonate (PC, EC, DMC) with less
than 15 ppm H2O and 80 ppm HF from (EM Inc.). 

Electrochemical impedance spectroscopy (EIS) was carried out
at different states of charge at room temperature. Before the EIS
experiments were performed, each T-cell was initially charged and
discharged between 0.005 and 1.0 V vs. Li1/Li for three cycles using
a constant current density of 0.5 mA/cm2 to stabilize the system and
to avoid the influence of any irreversible phenomena occurring dur-
ing the first cycle. The electrochemical impedance data were gener-
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ated in the frequency range of 100 kHz to 0.005 Hz with a low ac
voltage amplitude of 5 mV to minimize perturbation of the system.
Self-discharge behavior was examined using the following proce-
dure. Each T-cell was first cycled three times, then charged at C/8
rate to 0.005 V vs. Li1/Li, held under open-circuit conditions for a
period of time, and finally discharged at the same rate (C/8) to 2 V
vs. Li1/Li. The discharge capacity after storage was measured, and
the percent retained was determined by the ratio of this discharge
capacity to the initial discharge capacity. All experiments were car-
ried out at 258C using an EG&G PAR potentiostat/galvanostat model
273A and SI 1255 frequency response analyzer driven by the Corr-
Ware software system from Scribner Associates, Inc. Also, the elec-
trical conductivities of the materials were measured by pressing
about 0.7 g of powder into a pellet 0.8 cm in diameter and 6 mm
thick at 65,000 psi and then measuring the electric resistance of the
pellet using a digital multimeter.

Results and Discussion
Figures 1a and b display the Nyquist plots obtained from the EIS

experiments for bare KS10 and 10 wt % Ni composite KS10 at var-
ious states of charge (SOC), respectively. All of the spectra for both
materials exhibit at least one semicircle and most exhibit two semi-
circles, which are associated with nondiffusive impedance. The im-
pedance is explained in Fig. 2 in terms of a generalized equivalent

circuit. The first semicircle occurring in the high-frequency region is
a combination of R//C circuits in series and represents the migration
of Li ions through the passivation films.10 The surface species are
precipitated in a gradual reduction process at the active reductive
electrode surface. Thus, the passivation films have a multilayer
structure due to the variation of composition of the surface passivat-
ing species with distance from the active electrode material.11 The
R//C circuits in series are used to characterize this phenomenon with
the total resistance Rsl and total capacitance Csl.

10,12 The second
semicircle in the medium-frequency region is attributed to an inter-
facial charge transfer of Li1/Li with a resistance Rct and double-
layer capacitance Cdl. The capacitive component, denoted as a con-
stant-phase element (CPE), is introduced into the circuit to describe
the depressed nature of the semicircle. In addition, Rs accounts for
the ionic resistance of the electrolyte in the generalized electric cir-
cuit. It is interesting that for both materials the sizes of the semicir-
cles decrease with an increase in the SOC. This behavior is indica-
tive of a decrease in the nondiffusive impedance as more lithium
intercalates into the graphite.

The low-frequency spectra beyond the semicircles are attributed
to Li1 diffusion impedance. The 458 slope in the initial parts of these
spectra corresponds to semi-infinite diffusion, which is denoted by
the Warburg impedance Zw and included in the equivalent circuit in
series with the charge transfer. Spectra at the very low frequencies,
with slopes steeper than 458 and in some cases even approaching 908
(vertical spectra), are associated with finite diffusion. The region
between the finite diffusion and semi-infinite diffusion regions, i.e.,
the transition region, has been used very effectively to obtain the dif-
fusion coefficient,11,12 as shown below.

The equivalent circuit depicted in Fig. 2 was regressed to the im-
pedance data using Solatron impedance software, Zview™ (Scribner
Associates, Inc.), to obtain the different resistances and capacitances
as a function of the SOC. The resulting surface film resistances Rsl at
various SOCs are presented in Fig. 3 for both bare KS10 and for
10 wt % Ni composite KS10. For both materials, Rsl decreases slight-
ly with increasing SOC. The values of Rsl for bare KS10 range from
0.08 to 0.3 V g, or from 11.2 to 42 V cm2. The evaluation of the resis-

Figure 1. Nyquist plots for (a) bare KS10 and (b) 10 wt % Ni composite
KS10 at various SOC.

Figure 2. Equivalent circuit based on the impedance spectra in Fig. 1.

Figure 3. Surface film resistance extracted from the data in Fig. 1 as a func-
tion of SOC for bare KS10 and 10 wt % Ni composite KS10.
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tance was based on the geometric surface area of 1.26 cm2 or on the
pellet weight of 9 mg. The observed surface film resistances are com-
parable to those reported in the literature for lithium metal (7 to 49 V
cm2).13 The Rsl values evaluated for Ni composite KS10 varied
between 0.02 and 0.05 V cm2. These values are consistently smaller
than those observed for bare KS10. These results indicate that the
presence of Ni composite particles on KS10 graphite reduces the sur-
face film resistance of bare KS10. The observed decrease in the sur-
face film resistance may arise from the enhanced ionic conductivity
of the surface film around grain boundaries due to the Ni composite
coating because nickel metal has a larger conductivity [1.44 3 105 (V
cm21)] than graphite [7.34 3 104 (V cm)21].14

In addition, the Ni composite coating on KS10 significantly sup-
presses solvated lithium intercalation and reduction.9 Thus, a small-
er amount of electrolyte is reduced on the Ni composite KS10 result-
ing in a thinner surface film when compared to the bare graphite; this
leads to a lower surface film resistance.

The dependence of the charge-transfer resistance Rct on SOC is
plotted in Fig. 4 for both bare KS10 and 10 wt % Ni composite
KS10. For both materials, Rct decreases slightly with increasing
SOC, i.e., as more lithium-ions intercalate into the graphite. Howev-
er, Rct for bare KS10 is consistently higher. For example, Rct for bare
KS10 ranged between 0.065 and 0.246 V g, or between 9.4 and
35.7 kV cm2 based on a specific surface area (BET) of 14.5 m2/g for
bare KS10.9 These values are larger than those reported in the liter-
ature at relatively high SOC for a natural graphite.7 Rct values for the
10 wt % Ni composite KS10 were between 0.056 and 0.173 V g, or
between 6.8 and 21.3 kV cm2 based on a BET surface area of
12.3 m2/g for 10 wt % Ni composite KS10.9

These results indicate that the presence of a 10 wt % Ni compos-
ite coating on KS10 graphite reduces the charge-transfer resistance
compared to bare KS10 at all SOCs. The charge-transfer resistances
in Fig. 4 are also used to determine the exchange current density io,
which characterizes the electrocatalytic activity of the negative
electrode.

According to a linearized version of the Butler-Volmer equation
at low overpotentials,15 io is determined from

[1]

where T is the absolute temperature (298 K), R is the universal gas
constant, and F is Faraday’s constant. The corresponding exchange
current densities for bare KS10 and 10 wt % Ni composite KS10 are
plotted as a function of the SOC in Fig. 5. Because of the inverse
relation between Rct and io, the decreasing charge-transfer resistance
noted in Fig. 5 produces an increasing exchange current density with
increasing SOC; similarly, because Rct is larger for bare KS10, io is

R
RT

Fict 5
0

smaller. For example, io ranges between 148 and 454 mA/g for 10 wt
% Ni composite KS10 and only between 104 and 391 mA/g for bare
KS10.

These consistently higher values of io for the 10 wt % Ni com-
posite KS10 are consistent with Rct depending strongly on the com-
position of the surface.16 These results also indicate that the electro-
catalytic activity of the KS10 graphite surface coated with Ni com-
posite is more favorable toward the Li1/Li charge-transfer reaction
than the bare KS10 graphite surface. The charge-transfer reaction
rate is also affected by and decreases with an increase in the electri-
cal resistance of the electrode material, which is about 14% higher
for bare KS10 (3.3 V) compared to 10 wt % Ni composite KS10
(2.9 V). This result illustrates that the electrical conductivity and
thus the charge-transfer reaction rate both increase by coating KS10
graphite with 10 wt % Ni composite. This improvement is most like-
ly due to the higher conductivity of Ni metal compared to graphite,
as shown above. Due to the higher charge-transfer reaction rate asso-
ciated with the higher conductivity, a higher reversible capacity is
also manifest in the 10 wt % Ni composite KS10 during long-time
cycling, as illustrated in Part I of this series.9

The lithium-ion diffusion in graphite is a very important transport
step among a series of processes that take place sequentially during
charging.17 For example, lithium-ions (i) must diffuse through the
electrolyte, (ii) migrate through the SEI film, (iii) electrochemically
react via charge transfer on the surface, and (iv) diffuse through and
intercalate between the graphene layers within the graphite structure.
Therefore, it is critical to determine the lithium-ion diffusion coeffi-
cient with some degree of accuracy. Different techniques have been
explored for obtaining the lithium-ion diffusion coefficient; the ad-
vantages and disadvantages of each have been presented in the pre-
vious paper.11 Based on some previous work by the authors,11,12 the
slopes of the impedance spectra in the transition regions of the Ny-
quist plots (Fig. 1a and b) were analyzed with the assistance of the
following equations

[2]

[3]

T3 5 (S4S5 2 S2S6); T4 5 (S4
2 1 S2

2); T5 5 (S4S6 1 S2S5) [4]
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Figure 4. Charge-transfer resistance extracted from the data in Fig. 1 as a
function of SOC for bare KS10 and 10 wt % Ni composite KS10.

Figure 5. Exchange current density calculated as a function of SOC for bare
KS10 and 10 wt % Ni composite KS10.
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S4 5 2c coth(c) cot(c) 2 S6; S5 5 coth(c) 2 cot(c) [6]

S6 5 coth(c) 1 cot(c); S7 5 2 2 S1; S8 5 cot(c)2 1 coth(c)2 [7]

[8]

where Z(v) is the complex electrochemical impedance that includes
∂hR/∂I as the nondiffusion impedance (i.e., the charge-transfer resis-
tance and the surface film resistance) and (1 2 j)s/!wv[coth(1 1 j)c 2
(1 2 j)c]1/2 as the diffusion impedance. s is the modified Warburg
prefactor, j is !w21, D is the lithium-ion diffusion coefficient in graph-
ite, v is the angular frequency, and Rp is the particle radius (5 mm for
KS10). The resulting diffusion coefficients for bare KS10 and 10 wt
% Ni composite KS10 are presented in Fig. 6 as a function of SOC.

The lithium-ion diffusion coefficients obtained for both bare
KS10 and 10 wt % Ni composite KS10 are comparable to each other
and vary similarly with SOC. In most cases, however, the lithium-
ion diffusion coefficient is slightly higher for the 10 wt % Ni com-
posite KS10 with values ranging from 1.3 3 1029 to 7.1 3
1029 cm2/s, the corresponding values for bare KS10 range from
1.1 3 1029 to 6.7 3 1029 cm2/s. These values are comparable to
those reported by Guyomard and Tarascon18 for petroleum coke
(1.0 3 1029 to 1.8 3 1028 cm2/s) using the potential intermittent
titration technique (PITT). These results show very clearly that the
10 wt % Ni composite coating on KS10 graphite does not hinder the
diffusion of lithium-ions into the graphite structure, and in most
cases it has a beneficial effect.

It is also interesting that for both materials the lithium-ion diffu-
sion coefficients exhibit minimum values at about 20% SOC. In
other words, at low SOCs the lithium-ion diffusion coefficient de-
creases with increasing SOC, which is in agreement with that report-
ed for other carbonaceous materials.18-20 However, at SOCs above
20%, the lithium-ion diffusion coefficient begins to increase with
SOC. An increase in the lithium-ion diffusion coefficient at higher
SOCs has been reported by Funabiki et al.7 for a natural graphite and
by Julien21 for fluorographite CF1.13. This phenomenon can be
attributed to the formation of different staged compounds, i.e., dif-
ferent graphite intercalation compounds (GICs), as the lithium-ion
insertion process continues.

The dependence of the lithium-ion diffusion coefficient on the
staged structure of graphite can be ascribed7 to differences in the in-
plane and out-of-plane Li-GICs, because stage 1 and stage 2 phases
(high SOC) are known to have an in-plane superstructure,22 where-
as stage 2, stage 3, and stage 4 phases (medium SOC) do not.7 As
expected, the transport of lithium ions in an in-plane structure is
much more rapid than in an out-of-plane structure. Moreover, it has

c
v

5
R

D
p

2

2

also been shown21 that local strains are greatly reduced by the co-
insertion of fluorine and lithium-ions into the host graphite structure,
which is beneficial to the enhanced in-plane diffusion coefficients.
In addition, the graphene layer undergoes a large expansion in the
c axis direction during the formation of the stage 1 compounds (high
SOC). In contrast, much less expansion occurs during the formation
of stage 3 compounds (medium SOC).8 This large expansion of the
graphene layer, corresponding to an enlarged layer spacing, most
likely gives rise to the increased lithium-ion diffusion coefficients at
high SOCs as the diffusion of lithium-ions takes place in the direc-
tion parallel to the graphene layer. These three features described
above most likely contribute to the increased lithium ion diffusion
coefficients observed for both bare KS10 and 10 wt % Ni composite
KS10 at higher SOCs. 

In addition, the abrupt variation of the diffusion coefficient ex-
hibited at about 20% SOC for both bare KS10 and 10 wt % Ni com-
posite KS10 was previously observed by Funabiki et al.7,26 This sharp
change in the diffusion coefficient occurs in the region of the co-
existence of stage 4 and dilute stage 1 biphase.7 The lithium kinetics
at the biphasic state are believed to be governed by the displacement
rate of the biphasic interface and not by the Fickian diffusion process.

Self-discharge processes normally take place during a highly
charged state of the electrode and are caused by the highly oxidizing
and reducing character of the electrode materials and the electrolyte,
respectively.18 Self-discharge is also mainly associated with the per-
formance of the negative electrode, although it can be associated
with the positive electrode, but to a much lesser extent.23 Therefore,
self-discharge of a Li-ion cell is largely attributed to the loss of
capacity in the graphite electrode, in which reversible delithiation
takes place in conjugation with irreversible solvent reduction.23,24 In
other words, the self-discharge process can be indicative of the sta-
bility of the electrolyte solution toward the graphite electrode. It is
generally observed that Li-ion cells comprised of a negative elec-
trode/electrolyte system that produces a poor solid electrolyte inter-
phase (SEI) film on the electrode surface, often gives rise to the
highest rate of self-discharge or largest capacity loss.23

To investigate the stability of the SEI film formed on the surfaces
of both bare KS10 and 10 wt % Ni composite KS10, the self-dis-
charge behavior of these materials was tested by determining the dis-
charge capacity retained after different storage times. Figure 7 shows
the percentage of the discharge capacity retained for both materials
after storing them for 1, 3, and 10 days. After 1 day of storage, 2 to
3% of the capacity was lost, after 3 days of storage 5 to 6% of the
capacity was lost, and after 10 days of storage 8 to 10% of the capac-
ity was lost. However, in all cases, the higher lost capacity percent-
ages are associated with the bare KS10 graphite. In other words, the
capacity losses due to self-discharge are reduced by coating KS10

Figure 7. Self-discharge behavior of bare KS10 and 10 wt % Ni composite
KS10.

Figure 6. Lithium-ion diffusion coefficients extracted from the data in Fig. 1
as a function of SOC for bare KS10 and 10 wt % Ni composite KS10.
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graphite with 10 wt % Ni composite. This slightly lower self-dis-
charge rate associated with the 10 wt % Ni composite KS10 may be
attributed to the formation of a more stable, but not more resistant,
SEI film (see Fig. 5).

Conclusions

Part I of this series reported on the development of a novel elec-
troless deposition technique for making Ni composite KS10
graphite. When investigated as the negative electrode in a Li-ion cell
with PC based electrolyte, a 10 wt % Ni composite KS10 graphite
exhibited a marked improvement in the charge-discharge perfor-
mance, coulombic efficiency and cycling behavior compared to the
bare precursor graphites. In the present study, i.e., Part II of this
series, electrochemical impedance and self-discharge studies were
carried out to investigate kinetic effects associated with coating
KS10 graphite with 10 wt % Ni composite. Charge-transfer resis-
tances, exchange current densities, surface film resistances, and
lithium-ion diffusion coefficients as functions of the SOC were ex-
tracted from impedance spectra obtained for bare KS10 and 10 wt %
Ni composite KS10. The charge-transfer resistances obtained for the
10 wt % Ni composite KS10 were always lower than those obtained
for the bare KS10, and gave rise to between 26 and 27% larger
exchange current densities for the 10 wt % Ni composite KS10,
which increased from 137 to 614 mA/g as the SOC increased. This
result indicated that a 10 wt % Ni composite coating is favorable for
the lithium-ion charge-transfer reaction. The surface film resistances
for Ni composite KS10 were between 0.02 and 0.05 V g, slightly
smaller than those of 0.03 to 0.08 V g for bare KS10, and both sur-
face film resistances decreased with increasing SOC. This result sug-
gested that that the 10 wt % Ni composite coating on KS10 graphite
possibly enhanced the lithium-ion conduction in the surface film.
The lithium-ion diffusion coefficients extracted from the transition
diffusion region in the Nyquist plots were always slightly larger for
the 10 wt % Ni composite KS10 compared to the bare KS10, rang-
ing between 1.1 3 1029 and 6.7 3 1029 cm2/s, and 1.28 3 1029 and
7.1 3 1029 cm2/s, respectively. These results show very clearly that
the 10 wt % Ni composite coating on KS10 graphite did not hinder
the diffusion of lithium ions into the graphite structure, and in most
cases it had a beneficial effect. Both materials also exhibited an
increase in the lithium-ion diffusion coefficient at higher SOCs; this
behavior was explained in terms of the formation of a graphite-inter-
calation compound Li-GIC in-plane superstructure, lower local
strains between the graphene layers, and larger expansion of the
graphene layers, as more lithium-ions intercalated into the graphite.
Results from a self-discharge study also favored the 10 wt % Ni
composite KS10, which exhibited less capacity loss over a 10 day
period compared to bare KS10. This result was attributed to the for-
mation of a more stable, but not more resistant, SEI film on the sur-
face of the KS10 coated with 10 wt % Ni composite.

Acknowledgments

Financial support provided in part by the DOE Division of
Chemical Sciences, Office of Basic Energy Sciences, G. M. De-
FG02-96ER 146598, in part by the Office of Research and Develop-
ment, C/O no. 93-F148100-100 and in part by the Army Research
Office, grant no. DAAH04-96-1-0421 are gratefully acknowledged.

The University of South Carolina assisted in meeting the publication
costs of this article.

List of Symbols
Cdl double-layer capacitance, mF
Csl surface film capacitance, mF
D lithium ion diffusion coefficient in graphite, cm2/s
F Faraday’s constant, 96,487 C/equiv
I current, A
j imaginary number, !w21
R gas constant, 8.314 J/mol K
Rp radius of spherical particle, cm
Rct charge-transfer resistance, V g
Rs electrolyte ionic resistance, V g
Rsl surface film resistance, V g
x LixC6 stoichiometric parameter, mole
ZIm imaginary impedance, V g
ZRe real impedance, V g
Zw Warburg impedance, V g
v angular frequency s21

s modified Warburg prefactor, V/s1/2

hR particle surface overpotential (r 5 R), V
c defined by Eq. 8
∂hR/∂I nondiffusion impedance, V
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