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Abstract

Ž .The effects of processing on the structure and morphology of single-walled carbon nanotubes SWNT and their
electrochemical intercalation with lithium were investigated. Purified SWNTs were processed by impact ball-milling and
were electrochemically intercalated with lithium. The reversible saturation Li composition increased from Li C in purified1.7 6

SWNTs to Li C after 10 min of milling. The irreversible capacity decreased from Li C to Li C . Electron2.7 6 3.2 6 1.3 6

microscopy, Raman and X-ray diffraction measurements indicated that ball-milling induced disorder within the bundles and
fractured the nanotubes. q 2000 Published by Elsevier Science B.V.

Intercalation compounds of carbon materials are
of considerable interest and have been investigated
in detail. Intercalation of C fullerene with alkali60

metals led to the discovery of superconductivity in
metal fullerides with transition temperatures sur-

w xpassed only by the high-T oxides 1 . Lithium inter-c

calated graphite and carbonaceous materials are
w xcommercially used in Li-ion batteries 2 where the

specific energy capacity is partially limited by the
thermodynamic equilibrium saturation composition

Ž . w xof LiC 372 mAhrg 3 . Because of their structure6

and chemical bonding, carbon nanotubes are interest-
Ž .ing one-dimensional 1D intercalation hosts. Com-

pared to graphite and C , nanotubes can potentially60
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have a higher saturation composition by accommo-
dating guest species in the interstitial sites inside the
nanotubes, between the graphene shells and between
the nanotubes. They have been suggested as candi-
date high energy density anode materials for
rechargeable Li-ion batteries.

Two types of carbon nanotubes can now be syn-
thesized. The multi-walled carbon nanotubes
Ž .MWNT are composed of concentric and closed

w xgraphene tubules 4 . Alkali metals can be interca-
lated into the inter-shell van der Waals spaces within
the same MWNTs through defect sites to a saturation

Ž . w xcomposition of MC MsK, Rb, Cs 5,6 . The8
Ž .second type, the single-walled nanotubes SWNT ,

forms bundles held together by van der Waals forces
w x7 . Vapor-phase transport reactions between alkali
metals and as-grown SWNT mats yield a saturation

Ž . w xcomposition of MC MsK, Rb, Cs 8,9 . Raman8

experiments indicated that the alkali metals donated
w xelectrons to the SWNTs 10 . Due to disorder within
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w xthe bundle upon intercalation 11,12 , the exact loca-
tion of the alkali metals in the intercalated SWNTs is
unknown.

Reversible electrochemical intercalation of SWNT
bundles with Li has recently been demonstrated
w x12,13 . Purified SWNTs show a reversible satura-

w xtion composition of Li C 13 , considerably higher1.7 6

than the LiC ideal value for graphite and that6
w xreported for MWNTs 14 . In this Letter, we show

that the reversible saturation Li composition of the
ŽSWNTs can be increased to as high as Li C 10002.7 6

.mAhrg after ball-milling. The process induces dis-
order within the SWNT bundles and fractures the
individual nanotubes.

The SWNT bundles used in this study were syn-
w xthesized by the laser ablation method 7 . As-grown

materials were purified by filtering the impurity
phases through a micro-pore membrane while keep-
ing the nanotubes in suspension for several hours

w xusing a high-power ultrasonic horn 15 . Transmis-
Ž . Ž .sion TEM and scanning SEM electron mi-

croscopy examinations indicated that the purified
materials contain over 80% of SWNT bundles, 10–40
nm in bundle diameter and 1.3–1.6 nm in individual
nanotube diameter. After vacuum annealing at 1508C,
the materials were found to contain ;2 at.% hydro-
gen and 1–2 at.% oxygen by proton nuclear mag-

Ž .netic resonance NMR and energy dispersive X-ray
Ž .analysis EDX . The purified SWNTs from the same

batch were divided into several groups and were
processed by impact ball-milling in air for up to 20
min.

The processed nanotube materials were cast on
flat 1 cm diameter stainless steel metal plates and
were heated at 1508C under 10y6 Torr dynamic
vacuum for a few hours after deposition. A

w xSwagelok-type cell 16 was used with Li foil and
the nanotube film as the two working electrodes. A

Žpolypropylene filter soaked with liquid electrolyte 1
M solution of LiClO in 1:1 volume ratio of ethylene4

.carbonate and dimethyl carbonate was placed be-
tween the anode and cathode. The cell was dis-

Ž . Ž .charged intercalation and charged de-intercalation
Žunder galvanostatic mode at 50 mArg current un-

.less otherwise stated between 0–3 V. The specific
ŽLi capacities amount of Li intercalated per unit of

.carbon were calculated from the time and the cur-
rent used.

The charge-discharge data of purified SWNTs
before processing are shown in Fig. 1. As reported

w xpreviously 13 , a composition of Li C was ob-5.4 6
Ž .tained after the first discharge intercalation . The

amount of Li that can be removed from the nanotube
electrode in the first charge, the reversible capacity
C , is Li C . The undesirably large irreversiblerev 1.6 6

Ž .capacity C Li C is attributed to the large surfaceirr 4 6
Žarea of the SWNT electrode estimated to be ;300

2 .m rg by a N BET measurement . Several samples2

were measured under the same conditions and showed
Žreversible capacities in the range of Li C xs1.5–x 6

.1.7 . A large voltage hysteresis between discharge
and charge cycle was observed in all the samples
measured.

Ball-milled samples showed enhanced perfor-
mance. C increased with increasing processingrev

time, from Li C for as-purified materials to Li C1.6 6 2 6

Fig. 1. Potential versus specific Li capacity data obtained from the
Ž . Ž . Ž .purified top , 1-min middle and 10-min bottom ball-milled

SWNT samples. The data were collected at a constant current
Ž .50 mArg . The purified and 10-min ball-milled SWNTs were
deposited on Cu disks. The sample ball-milled for 1 min was
deposited on stainless steel plate.
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and Li C after 1 and 10 min of processing, respec-2.7 6
Ž .tively Fig. 1 . Further processing led to a downturn

of C , to under Li C in samples processed for 20rev 1.9 6

min. C decreased from Li C to ;Li C afterirr 3.2 6 1.4 6

1 min of ball-milling, and then stayed essentially
constant. Li C is the highest reversible composi-2.7 6

tion which, to our best knowledge, is the highest

Žvalue reported for carbon materials Metastable Li-
rich graphite compound LiC has been synthesized2

w xunder pressure 17 , but it decomposes rapidly at
.ambient conditions . The charge-discharge behavior

of the sample milled for 10 min was also investi-
gated under higher rates. C decreased from Li Crev 2.7 6

at 50 mArg current to Li C at 500 mArg. Very1.6 6

Ž . Ž . Ž .Fig. 2. SEM images of electrodes made of SWNTs before A and after B ball-milling. The lines in A are SWNT bundles. The images
Ž .were taken using a JEOL 6300 microscope at 15 kV. TEM images of as-grown SWNTs C and SWNTs after 10 min of ball-milling are

Ž . Ž .shown in D – F . In contrast to the raw materials, densely packed particles were observed at low resolution. Isolated SWNTs and small
SWNT bundles were found to protrude from the edges of these particles. These protruding nanotubes often show irregular structures at the
ends. The TEM images were collected using a Phillips CM12 microscope operating at 100 kV.
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Ž .little capacity decay -1% was observed after five
charge–discharge cycles at 500 mArg.

Fig. 2A,B show the SEM micrographs of elec-
trodes made of purified SWNTs before and after
ball-milling. A uniform and porous ‘spaghetti’-type
structure was observed before processing where the

Ž .individual bundles the lines in the SEM micrograph
were clearly resolved. Ball-milled SWNTs showed a
different morphology. The surface is covered with

Ž .1–10 mm densely-packed particles Fig. 2B . The
increase in materials packing density is believed to
be the reason for the reduction in C observed inirr

the ball-milled samples. The irreversible capacity is
known to be associated with electrolyte decomposi-
tion and the formation of solid-electrolyte-interface
Ž . w x.SEI 18 . Fig. 2C–F show TEM micrographs of
as-grown SWNTs and those taken from materials
ball-milled for 10 min. In contrast to the as-grown
materials where entangled SWNT bundles are re-

Ž .solved Fig. 2C , only densely-packed particles were
observed in the ball-milled materials at low resolu-
tion. Close examination along the edges of these
particles showed individual nanotubes and small

Ž .SWNT bundles Fig. 2D,E . Observation of many
nanotube ends suggests that the SWNTs were frac-

Žtured and shortened by ball-milling the ends are
rarely observed in the as-grown and purified materi-

.als . Although irregular structures were often seen at
the nanotube ends, the current TEM data can not
resolve whether the ends remain opened. Further
experiment showed the densely-packed particles were
composed of mostly SWNTs that can be separated

Ž .by sonication in dimethyl formamide DMF , as
illustrated by the TEM micrograph shown in Fig. 2F.

Raman spectra of the SWNTs before and after
ball-milling were collected at room temperature us-
ing 514 nm laser light. Raman-active vibration modes
associated with SWNTs and disordered carbon were
observed in all the samples. The percentage of the
SWNTs, estimated by the ratio between the total
integrated intensities of the SWNT A , E , and E1g 1g 2g

modes around 1600 cmy1 and the mode associated
with disordered carbon at ;1340 cmy1, decreased
only slightly with increasing ball-milling time up to

Ž .10 min Fig. 3 . This indicates that the majority
phase in the sample ball-milled for 10 min is still the
SWNTs. Further processing resulted in a significant
increase in the intensity of the disordered carbon

Ž . Ž .Fig. 3. Raman spectra of purified a and 10-min b and 20-min
Ž .c ball-milled SWNT materials. The data were collected using
514 nm laser light and a micro-Raman spectrometer with a CCD
detector at room temperature.

mode and broadening of the SWNT peaks, suggest-
ing that SWNTs were converted to disorderedr
amorphous carbon. The Raman results support the
electrochemical data where the highest C ofrev

Li C was obtained in samples processed for 102.7 6

min. The reduction of C with further processing isrev

attributed to the increase of the amorphousrdis-
ordered carbon content at the expense of the SWNTs.

Powder X-ray diffraction measurements indicate
that ball-milling introduces disorder within the
SWNT bundles. The diffraction patterns of the
SWNTs before and after ball-milling are shown in
Fig. 4. Significant changes in the relative intensities
of the Bragg peaks originated from the SWNT bun-
dles were observed. The diffraction patterns were
simulated based on a 2D triangular lattice of SWNTs
w x 27,1 . The simulated patterns are plotted in Fig. 4B.

2 When the SWNT bundle is composed of a mixture of differ-
ent diameter nanotubes randomly occupying the lattice points, the
unit cell structure factor can be approximated as:

n m
hS Q s P F QR exp y iQPr 1Ž . Ž .Ž . Ž .Ý Ý h SWNT h j

js1 hs1

F h s N h f J QR 2Ž .Ž .SW NT c c o h

Ž .where R is the radius of the hth nanotube, J QR the zero-orderh o h

cylindrical Bessel function, N h the total number of carbon atomsc

per hth tube per cell, f the atomic form factor of carbon, r thec j

position of the jth lattice point, and P the occupancy of a SWNTh
Ž m .with the radius R at the r position Ý P s1h j hs1 h
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Ž .Fig. 4. A : Powder X-ray diffraction patterns of raw and ball-milled SWNT samples after background subtraction. The data were collected
using Cu K radiation and a 2D imaging plate detector. The exposure time was 2 h per spectrum. The spectrum from 1-, 3-, and 10-mina

ball-milled sample was multiplied by a factor of 2, 4 and 4, respectively. Arrows mark where diffraction intensities from C impurities are60
Ž .expected. B : Simulated X-ray patterns. Simulation was carried out using a 2D triangular lattice with 50:50 mixture of two types of SWNTs

˚with respective radius of 6.8 and 6.1 A. A zero-order cylindrical Bessel function was used to approximate the scattering form factor of the
nanotubes. The bundle size and the lattice parameters were varied until a reasonable agreement with the experimental spectrum was
obtained.

The spectrum of the raw SWNTs can be simulated
by a 50:50 random mixture of SWNTs with the

˚respective radius of 6.8 and 6.1 A, a lattice constant
˚Ž .a of 16.2 A and a Gaussian full-width-at-half-max-

˚ y1Ž .imum FWHM of 0.06 A . The spectra of the
ball-milled materials were simulated using the same
structure model by adjusting the bundle diameter and
the spacing between the individual SWNTs till a
reasonable match with the experimental spectrum
was obtained. A Lorentzian rather than a Gaussian
function was needed to describe the Bragg peak line
profile. For the sample that was ball-milled for 10
min, the X-ray diffraction pattern can be reasonably

˚reproduced using as18 A and a Lorentzian FWHM
˚ y1of 0.12 A . Due to modulation of the diffraction

intensities by the scattering form factor of the nan-
Ž Ž .. w x Ž .otubes J QR 7,1 , the apparent 10 peak posi-o

˚tion did not change much despite the 1.8 A increase
in the lattice constant. The increase of inter-SWNT

˚Ž .spacing Das1.8 A and reduction in the bundle
radial coherence length both indicate disorder within
the bundle, consistent with the TEM results. Fig. 5

shows the changes of the lattice parameters and the
Ž . ŽFWHM of the SWNT 10 peak obtained from the

.simulation versus the ball-milling time. A corre-
sponding broadening of the graphiternanoparticle-
Ž .002 peak width was also observed. The inter-
layerrinter-shell spacing of the graphitic impurities

˚increased from 3.37 to 3.44 A after 10 min of
processing, similar to the trend observed in ball-

w xmilled graphite 19 .
The exact mechanism for the enhanced Li capac-

ity in ball-milled SWNTs is not clear. Several mod-
els have been proposed to account for the excess Li

Ž .capacity beyond LiC observed in carbonaceous6

materials, including formation of lithium multi-layers
w x w xon graphene sheets 20 , Li covalent molecules 21 ,2

w xLi–C–H bonds 22–24 in soft carbons, filling of
w xmicro-cavities 25 and adsorption of Li on both

w xsides of isolated graphene layers 23 . Disma et al.
w x19 showed that prolonged ball-milling induces dis-
order along the graphite c-axis and fractures the
graphene layers. C up to Li C was observedrev 1.9 6

after 80 h of milling. The large reversible capacity
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Ž .Fig. 5. The lattice parameters and Lorentzian FWHM of the 10 Bragg peak of the SWNT 2D triangular lattice obtained from simulation
are plotted versus the ball-milling time.

was attributed to adsorption of Li ions on both sides
w xof isolated graphene layers 19 . Xing et al. reported

that ball-milling increases C of ‘sugar-carbon’rev
w xfrom Li C to as high as Li C 26 . It was pro-1.5 6 2 6

posed that in ball-milled sugar-carbons, the excess
reversible capacity rises from lithium reaction with
carbon radicals at the edges of the fractured graphene
sheets and with H- and O-containing surface func-

w xtional groups 26 . Similar to the data for the ball-
milled SWNTs obtained in this experiment, both the
ball-milled graphite and sugar-carbon show a large
voltage hysteresis between charge and discharge.

Single-walled nanotubes are relatively defect free
w x Ž .7 compared to disordered carbon and MWNTs
and are unlikely to have meaningful amounts of
functional groups on the side-walls without process-
ing. After ball-milling, it is possible that the frac-
tured nanotubes are terminated chemically. Consider-
ing the aspect ratio of the nanotubes, the contribution
of the ends should be small. Proton nuclear magnetic
resonance measurements showed that the raw and
ball-milled SWNTs used in this study contain ;2
at.% proton after annealing at 1508C in vacuum.
Similarly, the oxygen concentration remained at ;2
at.% level after ball-milling, indicating that H- and
O-containing functional groups do not play impor-

tant roles in Li storage in SWNTs. The changes in
the structure and morphology observed in the ball-
milled SWNTs suggest the enhanced capacity is
related to the degree of disorder within the bundle,
and lithium diffusion into the inner cores of the
fractured nanotubes. The large voltage hysteresis
between charge and discharge is at least partially
related to the kinetics of lithium diffusion into the
inner cores of the SWNTs. Preliminary experiments
have shown that the hysteresis can be reduced by
cutting the nanotubes to shorter segments.
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