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Aqueous processing of natural graphite particulates for
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Abstract

Aqueous-based natural graphite particulates for fabrication of lithium-ion battery anodes are investigated with emphasis on chemical control
of suspension component interactions among graphite particulates, sodium carboxymethyl cellulose (CMC), and emulsified styrene butadiene
rubber (SBR). The chemical stability and dispersion properties of the natural graphite particles are characterized using electroacoustic, flow
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ehaviour and green microstructural observations, as well as by measurement of pore size. Correlation is made between th
haracteristics and the electrochemical performance of the particles. The dispersion stability of the graphite suspension is improve
evelopment when both SBR and CMC are incorporated into the graphite suspension, compared with an unstable graphite suspens
ith CMC alone. A method to improve the dispersion and homogeneity of the suspension component based on the use of SBR a
roposed. Electrochemical experiments using a Li–organic electrolyte–as-cast natural graphite half-cell and 750-mAh lithium-ion
n initial discharge capacity above 340 mAh g−1, improved charge–discharge efficiency, and excellent rate capability.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Tape casting is widely used in the fabrication of lithium-
on batteries[1]. Production of electrode tapes with a high
acking density and a homogeneous green microstructure is
ependent on the stability and chemistry of the particulate
uspension. To obtain a suspension suitable for tape casting,
rganic solvents have traditionally been used as the suspend-

ng medium. Since, organic solvents are typically flammable
nd environmentally unfriendly, careful handling is required.
his gives rise to both cost and safety concerns[2]. Recently,
n attempt has been made to switch from a non-aqueous to
n aqueous based system.

The transition from a non-aqueous to an aqueous tape-
asting process may involve unexpected difficulties in pre-
erving the electrical properties for battery applications.

∗ Corresponding author. Tel.: +82 2 2290 0502; fax: +82 2 2281 0502.
E-mail address:upaik@hanyang.ac.kr (U. Paik).

These problems mainly originate from the distinct phy
ochemical properties between organic additives at
solid–liquid interface. In addition, slurry formulations th
are compliant with the suspended medium, including
binder and other functional additives, have to be newly
termined. Therefore, this study focuses, on a graphite a
cast on a copper foil and investigates both colloidal stab
in an aqueous medium and the electrochemical perform

Among the various carbonaceous materials, such as
ural and artificial graphite[3,4], pitches, cokes and mes
carbon microspheres, that can be considered for use as
materials, natural graphite is very promising due to its ad
tages of high capacity at a low and flat potential and low
[5]. Casting of an aqueous graphite slurry does, however
rise to the need to find a suitable binder that is compatible
an aqueous-based system. In addition to being chem
and electrochemically stable in a given electrode–electr
system, the binder has to accommodate the large dimen
changes that occur during operation of the electrodes[6].
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Previous research has reported that polyvinylidene diflu-
oride (PVDF) has been used as a binder for graphite anodes
because of its good electrochemical stability and its ability
to adhere to electrode material and copper current-collectors
[1,7]. In the present investigation, a water-soluble cellulose
derivative, sodium carboxymethyl cellulose (CMC), is used
as the binder. CMC is a linear polymeric derivative of cel-
lulose and consist of�-linked glucopyranose residues with
varying levels of carboxymethyl (–CH2COO−) substitution
[8]. The presence of the carboxymethyl groups is responsi-
ble for the aqueous solubility of CMC relative to insoluble
cellulose. CMC is a weak polyacid that dissociates to form
carboxylate anion functional groups. The degree of substitu-
tion (DS) is most commonly in the range of 0.6–0.95 deriva-
tives per monomer unit, but derivatization is not evenly dis-
tributed along the chain, and regions of high and low substi-
tution are known to exist. The other predominant functional
group on CMC is the hydroxyl, which is replaced by the
carboxymethyl group during derivatization[9–11]. Cellulose
derivatives have been applied in the fabrication of separa-
tors in various types of batteries, such as lead–acid[12,13].
CMC and emulsified styrene butadiene rubber (SBR) have
been widely used as organic additives in the fabrication of
positive and negative electrodes for aqueous or non-aqueous
nickel–metal-hydride, nickel–cadmium, and lithium-ion bat-
teries[14–16].

R on
t phite
p elec-
t s by
c and
m dies,
t -ion
b ated
f ,
i

2

er-
c any,
J
d m
C lec-
u n of
D pan)
w anic
a

ere
u tita-
n fore
e troki-
n MC,
b tion
o f an

electroacoustic technique (Model ESA-9800, Matec Applied
Sciences, Hopkinton, MA).

Suspensions containing a solids weight fraction of 35%
were also ultrasonically dispersed for 3 min using a sub-
mersible titanium horn, and then allowed to equilibrate for
12 h before carrying out rheological measurements. The rhe-
ological behaviour of graphite suspensions containing CMC,
with and without SBR, were measured at a temperature of
20± 0.1◦C using a controlled stress rheometer (MCR 300,
Paar Physica, Stuttgart, Germany) to assess the stability of
the suspensions. A concentric cylinder (CC 27) geometry
bob (bob radius = 13 mm, cup radius = 14 mm) was utilized
and measured stresses in the range of 0–1000 Pa. Two types
of viscosities, viz., the apparent and the relative viscosity,
were measured and calculated. The apparent viscosity was
determined as a function of CMC concentration. To calculate
the relative viscosity, the viscosity of the suspending liquid
medium was measured after the suspensions had been cen-
trifuged. Each measurement of the polymer solutions was
performed using a fresh aliquot of suspension. The sedimen-
tation time was calculated according to Stokes’ equation,
when the graphite particles had settled to a depth of 1 cm. The
gel samples were dried to a constant weight and immersed
in distilled water for 12 h at room temperature and then the
weights of the swollen gel samples were determined. The pH
of the solution was monitored.
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The present work examines the effect of CMC and SB
he dispersion and tape-casting properties of natural gra
articulate in an aqueous medium by investigating the

rokinetic, rheological and swelling behaviour, as well a
onducting scanning electron microscope observations
ercury porosimetry measurements. Following these stu

he electrochemical performance of a 750-mAh lithium
attery, which employs a natural graphite anode fabric

rom the aqueous slurry formulation and a LiCoO2 cathode
s evaluated.

. Experimental

Natural graphite powder was obtained from comm
ial sources (90%, SL-20, Superior Graphite Comp
apan) and had a mean particle diameter of 5–20�m. The
ensity as stated by the manufacturer was 2.245 g c−3.
MC (Daicel Co. Ltd., Japan) with an average mo
lar mass of 330,000, and a degree of substitutio
S = 1.28, and SBR (SB131, Zeon Corporation, Ja
ith a solids loading of 40 wt.% were used as the org
dditives.

Suspensions containing a 5% solids weight fraction w
ltrasonically dispersed for 3 min using a submersible
ium horn, and then allowed to equilibrate for 12 h be
lectrokinetic measurements were performed. The elec
etic behaviour of the graphite suspensions containing C
oth with and without SBR, was characterized as a func
f the concentration of the organic additives by means o
The suspensions were cast on to copper substrates
laboratory-scale doctor blade machine. A gap heig
230�m was used, and the casting speed was held con
t 5 m per minute. The tapes were dried in stagnant a
period of 24 h, cut into rectangular samples (2.5 cm2), and

emoved from the carrier film. The fracture regions of r
esentative as-dried films, both with and without SBR, w
xamined using a scanning electron microscope (SEM,
900LV, Jeol, Tokyo, Japan). A small portion from each d
lm was mechanically removed and transferred into a s
le holder. It was then fast-frozen with liquid nitrogen a

ractured to yield an observable sample. The samples
old-coated and examined in the SEM, which operated
ccelerating voltage of 20 kV. In addition, the pore size
istribution of the as-dried sheets were measured with a
ury porosimeter (Autoscan-25, 60, Quantachrome C
upsset, NY, USA).
Charge–discharge experiments were conducted at

emperature using a three-electrode electrochemical cell
ypes of electrode sample made from natural graphite an
ificial graphite served as the working electrodes. One
rode was an SBR-bonded graphite electrode compose
atural graphite powder, and the other electrode was a P
onded graphite electrode composed of artificial grap
owder. Pure lithium metal foil (Cyprus-Foote Mineral C
ings Mountain, NC, USA) was employed as the refere
nd counter electrodes. The electrolyte was 1.1 M LiPF6 in a
:6:1 vol mixture of ethylene carbonate (EC), ethyl–me
arbonate (EMC), and di-methyl carbonate (DMC). Lith
harge–discharge curves were measured using a com
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ized multi-channel battery charger (HRC 6064A, Toyo Sys-
tem Co., Ltd., Fukushima, Japan). The galvanostatic charge
and discharge currents corresponded to a unit change ofx in
LixC6 in 10 h.

Finally, the rate capability of a 750-mAh lithium-ion cell
employing a natural graphite anode and an LiCoO2 cathode
was evaluated from discharge characteristics at various cur-
rent densities.

3. Results and discussion

The pH-dependent electrokinetic behaviour of graphite
suspensions in an aqueous medium prepared with CMC is
presented inFig. 1. SBR has not been added to these sus-
pensions. To obtain an understanding of the effect of CMC
on the stability of graphite particles in an aqueous medium,
the surface potentials of native graphite suspensions (i.e., in
the absence of organic additives) as well as that of CMC-
containing graphite suspensions has been evaluated. It is not
possible, however, to obtain reliable electrokinetic sonic am-
plitude (ESA) measurements on aqueous suspensions of na-
tive graphite due to the small ESA signals. Even in the pres-
ence of moderate stirring, graphite particles in an aqueous
medium settle out within a few minutes, as graphite parti-
cles have a hydrophobic nature. Furthermore, graphite has
a
w tive
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a
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a cture.
T ation
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i

F ared
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Cellulose is a non-toxic and biodegradable polymer, and
has been recently used as an additive in electrodes for ad-
vanced batteries and in papermaking[19,20]. In particular,
CMC is attracting interest as a potential binding material for
graphitic anodes in lithium-ion batteries[8,9,14–16], since
CMCs are used for film formation capacity, which is related
to the improvement of strength and flexibility of green sheet.
In addition, the adsorption behaviour can be easily adjusted
by changing the electrostatic environment, such as the elec-
trolyte concentration or the hydrogen ion concentration[11].
Electrokinetic curves (seeFig. 1) indicate that the graphite
particles in the presence of CMC exhibit a negative potential
across the normal pH range. This is attributed to the pres-
ence of the carboxylate functional groups within the adsorbed
layer of CMC, which contribute to an effective surface layer
charge on graphite. It is well known that the carboxylic acid
unit of CMC can be dissociated into a carboxyl group and a
hydrogen ion in water as a function of pH[21]. The ionized
CMC present on the solids contributes to the development
of a surface potential within the suspension. In addition, the
adsorption of CMC on to graphite can be driven through a
hydrophobic interaction, because the graphite particles have
a hydrophobic surface property[18,22].

The electrophoretic mobility of graphite was found to
be independent of the CMC concentration, as shown in
Fig. 1. A small divergence in the mobility value is within
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relatively high Hamaker constant of 47× 10−20 J [17,18],
hich is directly proportional to the van der Waals attrac

nteraction energy. Therefore, aqueous suspensions of
raphite (i.e., in the absence of organic additives) are
letely unstable, and rarely develop a surface potentia
dsorbing potential-determining ions, H3O+ or OH− [18].
his incompatibility of native graphite with water should
esolved in order to employ graphite in place of lithium a
node material in an aqueous process for cell manufa
herefore, CMC has been used in the present investig

n order to improve the stability of native graphite partic
n an aqueous medium.

ig. 1. Electrokinetic behaviour of graphite suspensions with CMC prep
ith a mass fraction of 5 wt.% solids content. The CMC content o
uspensions is varied for mass fractions 0.3–1.5 %, based on solids c
he experimental error for this measurement, estimate
0.05�m cm V−1 s−1 [22,23]. The independence with r

pect to CMC concentration can be explained in term
he electrokinetic shear-plane. Only the near-surface fra
f carboxylate sites will contribute to the shear plane po

ial that is responsible for the ESA response. By contra
as not possible to measure electrokinetic curves for gra
uspensions prepared with SBR in the absence of CMC.
xists as a soluble latex particle with a negative surface c
ue to fatty acid[24], and is therefore not likely to intera
ith the hydrophobic graphite particles. Thus, suspens
repared with SBR are unstable and only the graphite ph
ettled out during the measurements.

Logarithmic plots of the apparent viscosity (A) and l
lots of the relative viscosity (B) are shown inFig. 2 for
raphite suspensions prepared with CMC as a function o
MC concentration at pH 7.5± 0.3. All the suspensions we
repared at a 35 wt.% fraction of solids, along with CMC
n aqueous medium. FromFig. 2A, the suspensions exhib
linear dependence of the viscosity on the shear rate
‘shear thinning’ behaviour at all CMC concentration.

hear thinning of the concentrated suspensions appea
ause of the break-down of agglomerates by the applied
orce, which eventually reduces the viscosity[25]. And the
pparent viscosity of the suspension increases with inc

ng polymer concentration. It is reported that CMC by vir
f its network structure plays the role of a thickener (nam
occulating agent) as well as a surface modifier[6,26]. The
ubstitution of a viscous binder solution for a simple
id thickens the system, and thereby, increases the app
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Fig. 2. Logarithm plot of viscosity versus shear rate for graphite suspension
with mass fraction of 35% solids content prepared with CMC alone: (A)
apparent viscosity and (B) relative viscosity.

viscosity. This is because celluloses in water form highly
adhesive structures in suspension. On the other hand, log-
plots of relative viscosities (Fig. 2B), which differentiate the
particle–particle interactions from the collective contribution
of all the components in solution, display Newtonian-like
fluid behaviour regardless of the additive concentration. As
more CMC is added to the suspensions, the relative viscos-
ity slightly decreases, which results from a decrease in the
particle–particle interactions.

The pH-dependent electrokinetic curves for graphite sus-
pensions in the presence of CMC with SBR are presented
in Fig. 3 as a function of additive concentration. It is re-
markable that the dynamic mobility of these suspensions in-
creases when CMC and SBR added together in increasing
amounts to graphite suspensions. This observation is quite
different from the electrokinetic behaviour of suspensions
prepared with either CMC or SBR in a separate formulation.
These remarkable phenomena can be explained in terms of
the re-orientation of carboxymethyl units and the electroki-
netic shear-plane. The carboxymethyl units in the CMC and
the carboxylic groups in the SBR can dissociate in water and
thereby form charges at the tails of dissociated units. The
repulsive force between the COO− side-group in CMC and

Fig. 3. Electrokinetic behaviour of graphite suspension prepared with mass
fraction of 5 wt.% solids content with various additives: (A) CMC and (B)
CMC (at fixed mass fraction of 1.5%) and SBR at mass fraction based on
solids content.

the surface COO− on SBR latex forces them away from each
other so as to increase their configurational entropy. The re-
pulsive force between like-charged units was reported for
a polymerized crystalline colloidal array (PCCA) that has
a crown ether-cation[27]. The freedom of the COO− side-
group in CMC is restricted, however, because CMC is ad-
sorbed on the graphite surface via hydrophobic–hydrophobic
interaction between the backbone of the CMC and the hy-
drophobic graphite surface. Therefore, partial rotation of the
CH2OCH2COOH side-group in CMC around the C–C bond
linking the group to the backbone of CMC is expected so
as to increase the configurational entropy. Eventually, partial
rotation of the carboxymethyl units in CMC will contribute
to increasing the near-surface fraction of carboxylate sites in
CMC, which is responsible for the increase in surface poten-
tial.

The swelling percentages of the CMC solutions as a func-
tion of the suspension pH is given inFig. 4. CMC has a cross-
linked structure and allows water molecules to penetrate the
macromolecular structure starting from strong acid solutions.
The swelling is enhanced because the dissociation of CMC is
dependent on the pH and reaches a maximum percentage in
the neutral region of pH = 6–8, which is consistent with the
results of Bajpai et al.[28]. Beyond this region, the swelling
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Fig. 4. Swelling ratios of carboxymethyl cellulose solutions as function of
hydrogen ion concentration.

percentage decreases with increasing pH. The reduction in
swelling in the basic region can be explained by the effect of
the increasing number of counter ions in solution. CMC is
fabricated by the substitution of a sodium carboxylic group
for a hydrogen atom. The sodium ions from the carboxylic
group dissolve in water, with the number of ions increasing
with pH. The dissociated sodium ions are sufficiently abun-
dant to compress the CMC structure in the basic pH region
[28,29].

From the above results, it can be deduced that CMC solu-
tions should be prepared in the neutral pH region of 6–8 to
enhance their stability. The increase in swelling ratio relates
to an increase in both the cross-linking density and the homo-
geneity of the network structure[30]. Therefore, a maximum
swelling ratio is achieved at pH = 6–8 and the cross linking
density and homogeneity of network structure for CMC can
be maximum, which enables solid particles to be distributed
homogeneously at a higher packing density.

A calculation was made of the time at which the graphite
particles suspended in an aqueous medium settle to a depth
of 1 cm due to gravity. In order to determine the sedimenta-
tion time, the viscosity values were measured using a constant
shear rate of 11.9 s−1 and are listed inTable 1. The incorpora-
tion of both additives into the graphite suspensions retards the
sedimentation rate of the graphite particles. This implies that
stable graphite suspensions are obtained, even in the aqueou
m reen
b
s MC
a sus-

T
C when
g

S
A
B
C

using
a

pensions containing CMC and those with CMC and SBR,
the latter suspensions take 40 min longer to settle out. This
means that CMC coupled with SBR improves the stability of
graphite suspensions, which is in good agreement with the
electrokinetic results (cf.Fig. 1 with Fig. 3). Recalling the
data shown inTable 1, the native graphite suspensions settle
out rapidly, which is indicative of suspension instability.

Green graphite anode sheets were coated on to copper sub-
strates. From the above results, the optimum slurry formula-
tion is 35 wt.% graphite with 1.5 wt.% CMC and 1.5 wt.%
SBR suspended in water at a suspension pH of 7.5± 0.3 in
this investigation. Scanning electron micrographs of the as-
dried sheets were examined, and the images are shown in
Fig. 5. The microstructures of the green sheets containing
CMC (Fig. 5A) and both CMC and SBR (Fig. 5B) are shown
for direct comparison. The microstructural observations re-
veal that the graphite sheets with CMC and SBR (Fig. 5B)
showed a more homogeneous and less porous microstructure
than graphite sheets with CMC alone (Fig. 5A). This is quan-
titatively confirmed by mercury porosimetry measurements.
As can be seen inFig. 6, it appears that the graphite sheets
have smaller-sized pores with a relatively wide distribution
when prepared with CMC and SBR, compared with sheets
prepared with CMC alone. The latter sheets have pores with a
mean diameter of 1.064�m, which is twice as large as that of
the CMC and SBR sheets that have a mean pore diameter of

Fig. 5. Scanning electron micrographs of fracture surfaces of graphite anode
sheets tape-cast from suspensions with: (A) CMC and (B) CMC plus SBR.
edium. In order to produce uniform dense ceramic g
odies, a stable suspension should be prepared[31–33]. This
tability arises by virtue of the combined effect of the C
nd SBR. When comparing the sedimentation times of

able 1
alculation of sedimentation time according to Stokes’ equation,
raphite particles have settled to a depth of 1 cm

ample Formulation Timea (min)
Graphite 35 wt.% 9.8
Graphite 35 wt.% + CMC 1.5 wt.% 752.4
Graphite 35 wt.% + CMC
1.5 wt.% + SBR 1.5 wt.%

795.7

a To calculate the sedimentation time, viscosity values are measured
shear rate of 11.9 s−1.
s
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Fig. 6. Pore-size distribution of graphite sheets prepared at fraction of
35 wt.%, where CMC and SBR are added at mass fractions of 1.5% each,
based on solids content. The solid and dotted lines indicate samples prepared
with CMC and CMC plus SBR, respectively.

0.636�m. It is concluded that the co-existence of CMC and
SBR results in the formation of a denser microstructure with
reduced pores by consolidating the particles, and that this
leads to a more homogeneous microstructure. As mentioned
previously, a homogeneous and dense green microstructure
results from an improvement in the stability of graphite parti-
cles. These results are confirmed by the earlier experimental
findings on the electrokinetic behaviour and the sedimen-
tation time of the graphite suspensions. Thus, highly sta-
ble graphite suspensions can be successfully fabricated, even
in water-based systems, which may facilitate homogeneous
packing. It should be emphasized that the successful aqueous
fabrication of a highly-packed, homogeneous graphite sheet
can be achieved by an improvement in the dispersion stabil-
ity of the graphite suspension due to the electrostatic surface
potential of the particles that is induced by the repulsive in-
teraction between the CMC and the SBR.

The initial charge–discharge capacity of natural graphite
electrodes was measured to evaluate the half-cell charac-
teristics. For comparison, an artificial graphite electrode
was prepared using a conventional method that consisted
of non-aqueous processing of graphite particulates with a
PVDF binder. The initial voltage–capacity curves obtained
from the half-cells with natural and artificial graphite elec-
trodes are presented inFig. 7. During the first charging (in-
tercalation) stage, the potential drops rapidly after a sub-
t n
a low
0 The
c ered
i The
n ity’,
w arge
c ubse
q sibil-
i

Fig. 7. First charge–discharge curves of natural and artificial graphite an-
odes prepared using aqueous method and conventional non-aqueous method,
respectively, in a 1.1 M LiPF6 EC/EMC/DMC (30/60/10 vol.%) solution.

According to previous work[34], anodes containing
carbonaceous material obtained by powdering giant crys-
tals, such as natural graphite that is highly graphitized,
decomposes the non-aqueous electrolyte, with the result
that it decreases the capacity and the charge–discharge ef-
ficiency of the battery. By contrast, the natural graphite
electrode examined here displays a first discharge capacity
of >340 mAh g−1 and a coulombic efficiency >92% in the
first charge–discharge cycle, which is higher than the val-
ues for artificial graphite electrodes prepared by the con-
ventional non-aqueous method. The higher reversibility of
the natural electrode prepared using an aqueous process
can be accounted for in terms of the enhanced effect of
the ionic conducting polymer film on the surface of the
graphite particles, as this can block the co-intercalation of
solvated Li+ ions. This introduces an elastic component to
the solid electrolyte interface (SEI) films formed on the
graphite.

The rate behaviour of natural graphite electrodes prepared
via an aqueous method is illustrated inFig. 8. The 750-mAh
lithium-ion batteries were charged to the fully charged state
(4.2 V) using a constant current (CC)–constant voltage (CV)

F . The
c cess.
le retardation at about. 0.8 VLi/Li
+. The main intercalatio

nd de-intercalation of lithium occurred at potentials be
.2 VLi/Li

+, accompanied by three potential plateaux.
harge consumed upon the first charging is not fully recov
n the following discharge stage for both the electrodes.
on-recovered capacity is called the ‘irreversible capac
hich is more or less observed in the first charge–disch
ycle of any carbonaceous material. In the second and s
uent cycles, both graphite electrodes exhibit good rever

ty, with a coulombic efficiency of about 100%.
-

ig. 8. Discharge curves of 750-mAh lithium-ion cell at various C rates
ell employs the natural graphite anode prepared by the aqueous pro
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protocol. These were then discharged to a voltage of 2.75 V
at different rates. For discharge rates of 1.0 and 2.0 C, >90%
of the discharge capacity at a low discharge rate of 0.2 C
could be recovered. From our electrochemical experiments,
natural graphite-based cells fabricated by an aqueous process
are very attractive for innovative rechargeable lithium battery
systems. The safety and cycle-life times at the cell level, the
most critical design criteria for all consumer batteries, are
being investigated and the results will be published at a future
date.

4. Conclusions

The effect of organic additives on the aqueous processing
of natural graphite particulates for lithium-ion battery anodes
has been investigated. The stability of the graphite particles
is found to be dependent on the electrostatic surface poten-
tial of the particles, which is developed by an increase in
the near-surface fraction of carboxylate sites. It is caused by
repulsive-induced partial rotation of the carboxymethyl side-
groups in CMC due to the mutual repulsion between CMC
and SBR. An aqueous natural graphite anode for a lithium-ion
battery can be successfully fabricated with a homogeneous
and dense microstructure, which is confirmed by the green
microstructural observation and mercury porosimetry mea-
s -ion
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