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Abstract

The effects of ball-milling on Li insertion into multi-walled carbon nanotubes (MWNTs) are presented. The MWNTs are synthesized on
supported catalysts by thermal chemical vapour deposition, purified, and mechanically ball-milled by the high energy ball-milling. The purified
MWNTs and the ball-milled MWNTs were electrochemically inserted with Li. Structural and chemical modifications in the ball-milled MWNTs
change the insertion—extraction properties of Li ions into/from the ball-milled MWNTSs. The reversible capacity (C,.) increases with increasing
ball-milling time, namely, from 351 mAhg~' (LigoC¢) for the purified MWNTSs to 641 mAhg~" (Li;7C¢) for the ball-milled MWNTs. The
undesirable irreversible capacity (Ci) decreases continuously with increase in the ball-milling time, namely, from 1012 mAh g~ (Li,,Cs) for the
purified MWNTSs to 518 mAh g~! (Li, 4Cg) for the ball-milled MWNTSs. The decrease in Cj;, of the ball-milled samples results in an increase in the
coulombic efficiency from 25% for the purified samples to 50% for the ball-milled samples. In addition, the ball-milled samples maintain a more
stable capacity than the purified samples during charge—discharge cycling.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Carbon nanotubes (CNTs), multi-walled carbon nanotubes
(MWNTs) and single-walled carbon nanotubes (SWNTs) have
received much attention as Li insertion host materials for
high-energy Li-ion rechargeable batteries. MWNTSs prepared
by various synthesis conditions [1-3] and thermal oxida-
tion treatments [4-6] have exhibited reversible capacities of
80-640 mAh g~ ! (Lig»Cg ~ Li; 7Cs). Lithium reversible capac-
ities of raw SWNTs and purified SWNTs have been reported
to be 450-600 mAh g’1 (Lij 2Ce~Li16Cs) [7,8], and to
increase to 790 and 1000 mAh g’1 (Liz.1C¢ and Liy 7Cg) on
either mechanical ball-milling [9] or chemical etching [10,11].
Although the Li reversible capacity of CNTs is higher than that
of graphite, viz., 372mAh g~! (LiCy), the irreversible capacity
is still very high. Therefore, anodes using CNTs that have been
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reported previously present a very low coulombic efficiency of
30%.

High-energy ball-milling techniques have long been
employed for the production of composite metallic powders
with fine, controlled microstructures [12]. Recently, this tech-
nique was used to study the effect of mechanical ball-milling on
Li insertion into sugar carbons that have a microporous struc-
ture [13]. The authors found that the graphene layers initially
become more stacked, the nanoscopic or microscopic pores are
rapidly eliminated, and the number of macropores or mesopores
increases. Further, the Li reversible capacity of the ball-milled
sugar carbon increased more than the irreversible capacity, and
thus gave a greater coulombic efficiency. Therefore, it is con-
cluded that the Li reversible capacity and the coulombic effi-
ciency of MWNTSs can also be increased by the high energy
ball-milling.

In this study, MWNTSs have been subjected to high-energy
ball-milling. The structural characteristics and the surface func-
tional groups of the processed MWNTs have been investigated
together their effect on Li insertion.
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Fig. 1. Transmission electron micrographs of purified MWNTSs by an acidic
treatment followed by a gas-phase oxidation process.

2. Experimental
2.1. Mechanical ball-milling of MWNTs

The MWNTs were synthesized on supported catalysts by
thermal chemical vapour deposition (CVD) and then purified by
an acidic treatment followed by a gas-phase oxidation process
[14,15]. The final purified products consisted of 95% MWNTs
with a length of over 10 wm and a diameter of about 10-20 nm,
as shown in Fig. 1.

The purified MWNTs (50 mg samples) were ball-milled in a
stainless-steel vial by the impact mode of a stainless-steel ball
in air. All the ball-milled samples were dried at 150 °C for 5h
in a5 x 107 Torr vacuum before using.

2.2. Electrochemical test of LiIMWNTs cells

Charge—discharge tests of Li/MWNTs cells was performed
under a galvanostatic mode using a WBCS 3000 (WonATech®)
system. The cells were discharged (insertion) and charged
(extraction) at a constant current of 50 mA g_1 between 0
and 3V. Cyclic voltammetry of Li/MWNTs cells was per-
formed at a constant scan rate of 0.ImVs~! between 0
and 3V.

The cell for charge—discharge and the cyclic voltammetry
tests used Li foil as the anode and a MWNTs film as the cath-
ode. The MWNTs electrodes were prepared by coating slurries
consisting of MWNTs (85 wt.%) with acetylene carbon black
(5 wt.%) and poly(vinylidene fluoride) (PVdF) (10 wt.%) as a
binder dissolved in 1-methyle-2-pyrrolidinone (NMP) solution
on a stainless-steel substrate. All the MWNTs electrodes were
dried for Shat 150°C ina 5 x 107 Torr vacuum. After drying,
the weight of each sample was about 2—4 mg. The Li/MWNTs
cells were assembled as coin types in an argon-filled glove box.
A polypropylene filter soaked with a liquid electrolyte (Merck®)
of 1M LiPFg dissolved in a 1:1 volume ratio of ethylene car-
bonate (EC) and diethyl carbonate (DEC) was placed between
the anode and the cathode.

3. Results and discussion
3.1. Structure of ball-milled MWNTs

Scanning electron micrographs of the purified MWNTs and
the ball-milled MWNTs are shown in Fig. 2. It is seen that the
purified MWNTs have a uniform and porous ‘spaghetti’-type
structure in which the individual MWNTs are clearly visible. By
contrast, ball-milled MWNTs have a densely-packed structure
in which the individual MWNTs are fractured and flattened with
increase in the ball-milling time.

X-ray diffraction patterns of the purified MWNTs and the
MWNTs ball-milled for 60 min are shown in Fig. 3. The inten-
sity of the (0 02) and (1 0 1) diffraction peaks for the ball-milled
MWNTs are smaller and broader than those for the purified
MWNTs. The d(002) spacing, or the distance between the
graphene layers, and the d(1 0 1) spacing, or the distance between
the carbon atoms on basal plane of the purified MWNTs, is
calculated to be 3.44 and 2.12 /3;, respectively. For MWNTs ball-
milled for 60 min, the (002) and (10 1) diffraction peaks shift
slightly to a higher angle, and hence the d(002) and d(101)
spacing decreases to 3.43 and 2.09 A, which indicates that the
structure of the MWNTs is disordered and the graphene layers
of MWNTs are flattened slightly by high-energy ball-milling.

Transmission electron micrographs of the ball-milled
MWNTs are given in Fig. 4. These demonstrate that the average
length of the MWNTs is reduced to about 0.2 wm after ball-
milling for 60 min. The ball-milled MWNTSs have a structure
with opened ends due to fracture of the individual MWNTs by
the ball-milling, as shown in Fig. 4(b).

Raman spectra for the purified MWNTSs and the ball-milled
MWNTs are presented in Fig. 5. Raman-active vibrational
modes associated with MWNTs and disordered carbon are
observed in all the samples. The ratio of the total integrated
intensity of the disordered carbon mode (around 1350 cm Y to
that of the MWNTs mode (around 1600 cm™!) is increased by
ball-milling. This indicates that ball-milling results in a signifi-
cant increase in the intensity of the disordered carbon mode with
broadening of the MWNTSs peak, and suggests that MWNTs are
being converted into disordered/amorphous carbon.

3.2. Charge—discharge characteristics of ball-milled
MWNTs

The charge—discharge characteristics for insertion and extrac-
tion of Li ions into/from purified MWNTs and ball-milled
MWNTs are displayed in Fig. 6. The reversible capacity (Crey) is
defined as the first charge capacity, while the irreversible capac-
ity (Cjrr) is defined as the difference between the first discharge
and charge capacities. The change in Crey and Ci, as well as
the coulombic efficiency of the ball-milled MWNTs, are given
in Fig. 7 as a function of the ball-milling time. For the puri-
fied MWNTs, the Crey is 351 mAh g_1 (Lip9Cg), whereas the
Cirr 1s 1012 mAh g’] (Lip7Cg) compared with the Crey. The
Crey Of the ball-milled MWNTs increases with increase in the
ball-milling time, i.e., from 351 mAh g_l (Lig.9Cg) for the puri-
fied MWNTSs to 641 mAhg~! (Li; 7Cg) after ball-milling for
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Fig. 2. Scanning electron micrographs of (a) purified MWNTSs and ball-milled MWNTs for (b) 10; (c) 60; and (d) 120 min.

60 min. After further ball-milling for 120 min, however, the Crey
decreases slightly to 560 mAhg~! (Li; 5Cs). The Cyy of the
ball-milled MWNTs decreases continuously with increase in
ball-milling time from 1012mAhg~! (Liy7Cg) for the puri-
fied MWNTs to 518 mAh g_1 (Li; 4Cp) after ball-milling for
120 min. Therefore, the coulombic efficiency of the ball-milled
MWNTs increases continuously with increase in ball-milling

(002)

Intensity (a.u.)

Fig. 3. X-rays diffraction patterns of (a) purified MWNTSs and (b) MWNTs ball-
milled for 60 min. All samples were contained in a glass capillary tube and then
measured using Cu Ko of 1.54 A at 40KV in the transmission mode.

time from 26% for the purified MWNTSs to 52% after ball-milling
for 120 min, as shown in Fig. 7(b). The charge—discharge char-
acteristics for several samples taken from different batches were
measured under the same conditions. There is a small deviation
in capacity of about 30 mAhg~!.

The voltage plateau at 0.8 V that appears on the first discharge
curves shown in Fig. 6 has been attributed to the decomposition
of electrolyte and the formation of a solid electrolyte interface
(SEI) on the surface of the MWNTs [16—18] that result in a large
Ciy for the MWNTs [2,4,5]. The duration of the voltage plateau
at 0.8 V is proportional to the surface area of the MWNTSs on
which the SEI is formed. Therefore, the large surface area of
the MWNTs is responsible for the observed large Cj. The volt-
age plateau at 0.8 V in the first discharge curve for the purified
MWNTs is longer than that for the ball-milled MWNTs. This
indicates indicating that the Cj;; of the purified MWNTs is larger
than that of the ball-milled MWNTs.

The Brunauer—Emmett-Teller (BET) specific surface area
and the pore volume and diameter of the purified MWNTs and
the ball-milled MWNTs are shown in Fig. 8 as a function of
the ball-milling time. The BET specific surface area in Fig. 8(a)
increases with ball-milling time due to the increase in the opened
ends and also to the shortened length by fracture of the ball-
milled MWNTSs. By contrast, the pore volume and diameter of
the ball-milled MWNTs abruptly decreases with ball-milling, as
shown in Fig. 8(b). This suggests that the ball-milled MWNTs
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Fig. 4. Transmission electron micrographs of (a) MWNTs ball-milled for 60 min

and (b) open (fractured) end of ball-milled MWNTs.
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Fig. 5. Raman spectra of purified MWNTs and MWNTs ball-milled for 120 min.
Data collected using Ar ion laser of 514.5 nm and micro-Raman spectrometer

with CCD detector at room temperature.
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Fig. 6. Charge—discharge curves of Li insertion/extraction into/from purified
MWNTs and MWNTs ball-milled for 60 min. The Li/MWNTs cells were dis-
charged (insertion) and charged (extraction) under a galvanostatic mode at a
constant current of 50mA g~ ! between 0 and 3 V.

have a densel packed structure due to fracture and elattening
of the individual MWNTs with ball-milling. The increase in a
packing density of the ball-milled MWNTs is believed to be
the reason for the reduction in Cj,+ observed in the ball-milled
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Fig. 7. (a) Change in reversible capacity (Crey) and irreversible capacity (Cir);
and (b) coulombic efficiency of ball-milled MWNTs as function of ball-milling
time.
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Fig. 8. (a) BET specific surface area and (b) pore volume and diameter of purified
MWNTs and ball-milled MWNTs as function of ball-milling time measured
using nitrogen.

samples, although the surface area of the ball-milled MWNTSs
increases with ball-milling time.

Following the voltage plateau at 0.8 V, the voltage declines
with a sloping profile, and the majority of Li ions are inserted into
MWNTs below 0.25 V. No voltage plateau is observed below
0.25 V in the charge—discharge curves and indicates the absence
of a well-defined insertion staging phenomena in both the puri-
fied MWNTSs and the ball-milled MWNTs. A sloping profile of
the voltage below 0.25V is also observed in amorphous car-
bonaceous materials [17,18].

It has been reported that for MWNTs of perfect structure with
closed ends Li ions cannot be inserted between the graphene
layers and also into the inner core (the cavities in centers of
MWNTs) through the carbon pentagons and hexagons. For
MWNTs with opened ends and lateral defects, however, Li ions
can be inserted between the graphene layers through the lat-
eral defects [1] and the opened ends, and also inserted into the
inner core through the open ends [5]. In addition, Li ions are
doped on to the surface of MWNTs and also at the edge of the
graphene layers [17,18]. The insertion and extraction of Li ions
between the graphene layers occur reversibly, and proceed with
a low voltage profile in the charge—discharge curves [16-18].
To examine the insertion of Li ions between the graphene lay-
ers of the purified MWNTs and the ball-milled MWNTSs, XRD
experiments were performed on the purified MWNTSs and the
ball-milled MWNTs at different voltage stages during the first
discharge process. The results are presented in Fig. 9. From the
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Fig. 9. X-rays diffraction peaks at different voltages stages during first discharge
(insertion) of (a) purified MWNTs and (b) MWNTs ball-milled for 60 min (other
peaks are unknown). All samples were contained in a glass capillary tube in an
argon filled glove box and then measured using Cu Ko of 1.54 A at 40kV in the
transmission mode.

(002) diffraction peaks at the open-circuit voltage (OCV) for
the purified MWNTs as well as the ball-milled MWNTs, the
d(002) spacing or the distance between the graphene layers is
calculated to be 3.44 and 3.43 A, respectively. As Li ions are
inserted into the purified MWNTs and the ball-milled MWNTs,
the (00 2) diffraction peaks shifted slightly to lower angles, i.e.,
the d(002) spacing of MWNTs discharged to 0V increased to
3.46 A for the purified MWNTs and 3.47 A for the ball-milled
MWNTs. The increase in the d(0 0 2) spacing for the ball-milled
MWNTs with Li insertion is larger than that for the purified
MWNTs. This suggests that more Li ions are inserted easily
between the graphene layers in the ball-milled MWNTs due to
increase in the open ends formed by fracture of the individual
MWNTs during ball-milling.

It is evident from the large voltage hysteresis in the
charge—discharge curve shown in Fig. 6 that most of the Li
ions are inserted below 0.25 V in the discharge process, but are
extracted almost uniformly between 0 and 3 V. This means that
the extraction of Li ions from ball-milled MWNTs is greatly
hindered. Such a large hysteresis was previously observed for
MWNTs [1-6] and SWNTs [7-11], and for ball-milled sugar
carbons [13] and soft carbons containing a substantial amount
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Fig. 10. FT-IR spectra in absorbance mode of (a) purified MWNTs and MWNTs
ball-milled for (b) 30; (c) 60 and (d) 120 min.

of hydrogen [19]. This feature is generally attributed to bonding
changes in the host, or activated process such as the formation of
C—H-Li [19,20] or C—O—Li [21] species [2,4,8]. Surface func-
tional groups containing C—O and C—H bonds for the purified
MWNTs and the ball-milled MWNTs are indicated by the FT-
IR spectra shown in Fig. 10. These C=0 and C—H bonds were
found to be carbonyl (C=0) and carboxyl (—COOH) groups
[6,16,22-26]. The surface functional groups were chemically
bonded to the carbons at the edges of fractured graphene lay-
ers by the ball-milling. It is evident from the change in the
peak intensity associated with each bond in Figs. 5 and 10
that the amount of the surface functional groups formed on
MWNTs increases with ball-milling time. Since the contents
of hydrogen and oxygen in the surface functional groups
increase with the increase in ball-milling time, as shown in
Table 1, a large voltage hysteresis is observed in the ball-milled
MWNTs.

The exact mechanism for the enhanced Ce, in the ball-
milled MWNTs compared with that in the purified MWNTs
is not yet clear. Several models have been reported to account
for the excess Crey Observed in other carbonaceous materials.
These include the formation of Li multi-layers and Li; covalent
molecules on graphene layers, the formation of C—H-Li bonds
in soft carbons. The filling of micro-cavities and the adsorption
of Li ions on both sides of isolated graphene layers [16-18].
In the ball-milled MWNTSs, the edges of graphene layers are
formed by fracture of the individual MWNTs during the ball-
milling, and increase with the ball-milling time. Also, the surface
functional groups are chemically bonded to the carbons at the
edges of fractured graphene layers of the ball-milled MWNTs.

Table 1

Contents of hydrogen and oxygen in surface functional groups of purified
MWNTs and ball-milled MWNTs as function of ball-milling time (measured
by elemental analysis)

Hydrogen (at.%) Oxygen (at.%)
Purified 49185 0.6937
Ball-milled for 30 min 5.2610 5.4175
Ball-milled for 60 min 5.6594 6.0647
Ball-milled for 120 min 6.5993 8.0720
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Fig. 11. (a) Cyclic voltammograms for purified MWNTs and MWNTs ball-
milled for 60min; (b) first charge cyclic voltammograms. Li/MWNTs cells
scanned at a constant rate of 0.1 mV s~! between 0 and 3 V.

Therefore, these features of the ball-milled MWNTSs facilitate
the insertion of Li ions and enhance the Cye,. From the change
in Crey and Cy of ball-milled MWNTs (Fig. 7), it is evident
that the enhanced Cey is due to a continuous decrease in the
Cirr because the MWNTSs develop a densely-packed structure
on ball-milling. The reduction of Cye, with further ball-milling
is attributed to a increase in the disordered/amorphous carbon at
the expense of the ball-milled MWNTs.

3.3. Cyclic voltammetry behaviour of ball-milled MWNTs

Cyclic voltammograms for purified MWNTs and MWNTs
ball-milled 60 min are given in Fig. 11. The curves for all the
samples clearly show peaks that correspond to the insertion and
extraction of Li ions. Peaks at 0.8 V appear in the first discharge
(Fig. 11(a)) and correspond to the voltage plateau at 0.8 V in the
discharge curve shown in Fig. 6. These are presumably due to an
irreversible reaction in the Li insertion into MWNTs [5,24]. The
integrated peak area around 0.8 V for the ball-milled MWNTSs
is smaller than that for the purified MWNTSs, which indicates
that the amount of Li ions for the formation of the SEI in the
ball-milled MWNTs is smaller than that in the purified MWNTSs
due to the densely-packed structure of the ball-milled MWNTs
by fracture and flattening of the individual MWNTSs with ball-
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milling. Therefore, the Cj;; of the ball-milled MWNTs is found
to be less than that of the purified MWNTs.

In the first discharge cyclic voltammograms (Fig. 11(a)), the
peak at 0.8 V for the purified MWNTs is shifted to 0.9V for
the ball-milled MWNTs. This suggests that Li ions are inserted
into the inner core of the ball-milled MWNTs through the open
ends. On the other hand, the extraction of Li ions from the inner
core is greatly hindered due to the strong tendency of MWNTSs
to accumulate Li ions [5]. It appears that the insertion of Li ions
into the inner core of the ball-milled MWNTs is facilitated more
than that of the purified MWNTs due to the shortened length of
the ball-milled MWNTs and this results in an enhanced Cyey for
the ball-milled MWNTs.

In the first charge cyclic voltammograms (Fig. 11(b)), peaks
around 0.2, 1.25 and 2.25V are observed for both purified
MWNTs and ball-milled MWNTSs. The peaks around 0.2 and
1.25V are attributed to the extraction of Li ions between the
graphene layers and from the inner core of the purified MWNTs
and the ball-milled MWNTs, respectively. The extraction of Li
ions between the graphene layers and from the inner core of
the ball-milled MWNTSs appears to be easier than in the case
of purified MWNTs due to the shortened length of the ball-
milled MWNTs. Also, the peaks around 2.25V are attributed
to the extraction of Li ions bonded to the surface functional
groups in the purified MWNTs and the ball-milled MWNTs,
but the amount of extracted Li ions from the surface functional
groups in the ball-milled MWNTs is larger than that in the puri-
fied MWNTs due to increase in the contents of hydrogen and
oxygen in the surface functional groups by the ball-milling, as
shown in Table 1. It appears that the excess Crey of the ball-
milled MWNTs is due to the excess extraction of Li ions from
the inner core (around 1.25V peak) and the surface functional
groups (around 2.25 V peak) of the ball-milled MWNTs.

3.4. Cycle-life behaviour of ball-milled MWNTs

The reversible capacity (Crey) and coulombic efficiency of
purified MWNTs and MWNTs ball-milled for 60 min as a
function of cycle number are shown in Fig. 12. The puri-
fied MWNTs and the ball-milled MWNTSs present almost uni-
form cycle capacity, e.g., the purified MWNTs maintain 89%
(311 mAh g~ 1) of their initial capacity (351 mAhg~!) and the
ball-milled MWNTSs maintain 96% (616 mAh g’l) of their ini-
tial capacity (641 mAh g~!) after 50 cycles, see Fig. 12(a).

The coulombic efficiency of the ball-milled MWNTs is
higher than that of the purified MWNTs (Fig. 12(b)). This
suggests that most of the SEI in the ball-milled MWNTs is
formed simultaneously on all the surfaces during the initial
charge—discharge cycling, whereas in purified MWNTSs only
a small amount of the SEI is formed continuously. There-
fore, the insertion and extraction of Li ions into/from the
densely-packed structure of the ball-milled MWNTSs is more
reversible than that into/from the porous structure of the puri-
fied MWNTs. Nevertheless, the coulombic efficiency of the
purified MWNTs is almost 100% after completion of the for-
mation of the SEI on the surface during charge—discharge
cycling.
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Fig. 12. (a) Reversible capacity and (b) coulombic efficiency of purified
MWNTs and MWNTs ball-milled for 60 min as a function of cycle number.

4. Conclusions

1. The Ciey of ball-milled MWNTSs increases with increas-
ing ball-milling time to 60 min., namely, from 351 mAhg~!
(Lip 9Cg) for the purified MWNTSs to 641 mAh g_1 (Li; 7Ce)
for the ball-milled MWNTSs. For the ball-milled MWNTSs,
the edges of graphene layers formed by fracturing and the
surface functional groups chemically bonded to the edges of
fractured graphene layers facilitate the insertion of Li ions
into the MWNTs, and hence enhanced the Cyey.

2. The extraction of Li ions from the ball-milled MWNTs
appears to be easier than that from the purified MWNTs due
to the shortened length of the former. The undesirable Ci,
decreases continuously with increase in ball-milling time,
i.e., from 1012 mAh g_1 (Lip 7Cg) for purified MWNTS to
518 mAh g’1 (Li; 4Ce) for MWNTS ball-milled for 2 h. It is
considered that the reduction in Cj for ball-milled MWNTs
is due to an increase in the densely-packed structure of
MWNTs by the ball-milling.

3. The increase in Cyey and the decrease in Cj, of the ball-
milled samples results in an increase in the coulombic effi-
ciency from 25% for the purified sample to 50% for the
ball-milled sample. In addition, ball-milled samples exhibit
more stable cycle capacities than purified samples during the
charge—discharge cycling.
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