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a b s t r a c t

As portable electronics become more advanced and alternative energy demands become more prevalent,
the development of advanced energy storage technologies is becoming ever more critical in today’s
society. In order to develop higher power and energy density batteries, innovative electrode materials
that provide increased storage capacity, greater rate capabilities, and good cyclability must be developed.
Nanostructured materials are gaining increased attention because of their potential to mitigate current
eywords:
arbon nanotube
anostructured electrode
ithium-ion
nergy storage
attery

electrode limitations. Here we report on the use of vertically aligned multi-walled carbon nanotubes
(VA-MWNTs) as the active electrode material in lithium-ion batteries. At low specific currents, these VA-
MWNTs have shown high reversible specific capacities (up to 782 mAh g−1 at 57 mA g−1). This value is
twice that of the theoretical maximum for graphite and ten times more than their non-aligned equivalent.
Interestingly, at very high discharge rates, the VA-MWNT electrodes retain a moderate specific capacity
due to their aligned nature (166 mAh g−1 at 26 A g−1). These results suggest that VA-MWNTs are good

n bat
candidates for lithium-io

. Introduction

Batteries are one of the most heavily utilized mobile energy
ources in today’s world. They are used in a wide variety of portable
lectronics such as cell phones and laptops, hybrid automobiles,
nd orbiting satellites. Although batteries are employed in a broad
ange of applications, they continue to experience limitations as
nergy and power requirements escalate with the evolution of
echnology. This has led to increased interest in the development
f electrode materials and processing capabilities necessary to
nable high-performance, next-generation battery systems that
an deliver large amounts of energy at high rates [1–4]. Nanos-
ructured materials offer a potential solution to this problem. Due
o their nanoscale dimensions and greatly increased surface area
ompared to conventional electrodes [3–6], increased energy stor-
ge capacities and rate capabilities are possible through much faster
nterfacial and solid-state diffusion kinetics.
A wide variety of nanostructured materials are currently being
xplored for both the negative and positive battery electrodes
7]. This includes, but is not limited to, cobalt oxide [8] and
hospho-olivine [9] nanoparticles, cobalt oxide [10] and silicon
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tery electrodes which require high rate capability and capacity.
Published by Elsevier B.V.

[11] nanowires, and iron oxide/copper [12] and tin/copper [13]
nanorods. Carbon nanotubes (CNTs) have also been examined
as negative electrodes [14–17]. Although CNTs and other nega-
tive electrode nanomaterials have been shown to exhibit similar
or greater capacities compared to the commercial lithium-ion
battery standard of graphite (maximum theoretical capacity of
372 mAh g−1), they do not improve on graphite’s moderate rate
capability [18]. Studies suggest that aligned CNTs could allow for
better contact with the current collector and increased ion diffu-
sivity to significantly improve bulk electron transport properties
thereby allowing for improved rate capabilities [19–22]. Recent
works by Chen et al. [23], Pushparaj et al. [24], and Masarapu
et al. [25] have incorporated aligned CNTs into lithium-ion bat-
tery electrodes. However, capacities of 265, 110, and 250 mAh g−1,
respectively, were obtained at low discharge rates possibly due to
poor electron transport resulting from of poor contact between the
CNTs and their current collectors.

In this study, we investigate the electrochemical properties of
vertically aligned multi-walled carbon nanotubes (VA-MWNTs) for
lithium-ion battery negative electrodes. The VA-MWNTs are sup-
ported at their base by a thin nickel metal film, which acts as a
support to the nanotubes, helping to maintain their alignment. The
nickel film also acts as an excellent current collector due to the inti-

mate contact with the MWNTs. The alignment of the MWNTs in the
direction of ion diffusion in a battery cell significantly increases the
accessibility of the electrode interior to the electrolyte. The lithium-
ion storage capacity and rate capability of the aligned nanotubes are

dx.doi.org/10.1016/j.jpowsour.2010.08.003
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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ig. 1. SEM images of a VA-MWNT (a and b) and a non-aligned MWNT (c and d) ele
he graphene nanotube edges (f) within the internal nanotube structure.

hown to be significantly improved compared to the non-aligned
ase.

. Experimental

Scanning electron microscopy (SEM) and energy dispersive
pectroscopy (EDS) were performed on a FEI Quanta environmen-
al scanning electron microscope. X-ray diffraction (XRD) patterns
ere recorded using Cu K� radiation on a Bruker AXS D8 Dis-

over spectrometer in transmission mode. Transmission electron

icroscopy (TEM) was performed on a Philips CM 200 LaB6 trans-
ission electron microscope. Raman spectroscopy was done on a

enishaw inVia Raman microscope. Electrochemical characteriza-
ion was carried out at room temperature in an argon filled glove
ox with a two-electrode cell. Lithium metal foil (Aldrich) was
e. TEM images of a VA-MWNT electrode showing the loose graphene layers (e) and

used as the counter electrode. The electrodes were separated by
a Celgard® 2400 battery membrane soaked in a liquid electrolyte
solution consisting of 1.0 M lithium tetrafluoroborate (LiBF4) in
ethylene carbonate (EC)/diethyl carbonate (DEC) (1:1, v/v ratio)
(Aldrich) solution. The VA-MWNT and non-aligned MWNT elec-
trochemical measurements were performed galvanostatically with
voltage limits of 0.02/3.6 V and 0.02/3.0 V vs. Li/Li+, respectively, at
various discharge specific currents using a Keithley 2410 Source
meter or a Maccor 4300 Battery testing system. All electrochemi-
cal measurements were carried out inside an argon gas filled glove

®
box (H2O and O2 limit <1 ppm) with a Swagelok test cell. A stan-
dard charge specific current of ∼50 mA g−1 was utilized to ensure
complete lithium-ion extraction unless a lower specific discharge
current was employed, in which case the lower value was used
for charging. The masses of the VA-MWNT and non-aligned MWNT
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lectrodes were obtained by subtracting the mass of the nickel film,
hich was calculated from SEM micrograph dimensions, from the

otal mass of the CNT and nickel film.

. Results and discussion

The VA-MWNTs were synthesized via the pyrolysis of iron(II)
hthalocyanine (FePc) on a quartz substrate under Ar(g)/H2(g) at
00–1100◦ C according to published procedures [26,27]. A thin

ayer (3.5 ± 0.3 �m) of nickel, a non-lithium alloying metal, was
puttered onto the top surface of the VA-MWNTs, followed by
reatment with a hydrofluoric acid (HF) solution (10–40%, w/w),
roducing a free standing film of open tipped VA-MWNTs on nickel.
ig. 1a and b shows SEM images of the nanotube electrodes. Fig. 1e
nd f shows TEM images of the internal structure of the nanotubes.
hey were 8.6 ± 0.3 �m in length with an average outer tube diam-
ter of 77 ± 23 nm and wall thicknesses of 10–15 nm. The bunching
f the VA-MWNTs, evident in Fig. 1a, results from drying the tubes
ollowing the HF treatment step in the transfer of the VA-MWNT
lm from quartz to a nickel substrate. XRD analysis revealed a well-
raphitized material with a graphene interlayer d-spacing of 3.35 Å.
dditionally, Raman spectroscopy showed prominent features at
354 cm−1, indicative of the disorder (D) peak usually assigned to
he K-point phonons of A1g symmetry typical in polycrystalline
raphite, and at 1584 cm−1 (G peak), which is common in single
raphite crystals and is attributed to the zone centered phonons
f E2g

2 symmetry. The non-aligned MWNTs, shown in Fig. 1c and
, were obtained using the same synthetic procedure as for the
A-MWNTs except that following nanotube growth, the film was

reated with HF to remove the quartz substrate. The nanotubes
ere then dispersed in ethanol by ultrasonication and filtered onto
1.2 �m PTFE filter. Nickel was then sputtered onto one side of the
on-aligned nanotube mat. The non-aligned MWNTs are compara-
le in tube length, diameter, and wall thickness to the VA-MWNTs.

Electrochemical half-cells were first assembled using lithium
etal and VA-MWNTs (without any polymeric binders or conduc-

ive carbon additives) as the electrodes. A porous polypropylene
lm infiltrated with a solution of DEC, EC, and LiBF4 was placed
etween the electrodes to act as both separator and electrolyte. Gal-
anostatic cycling measurements were then performed on these
ells at a range of different charge/discharge rates. The voltage
rofile of the VA-MWNT electrodes, shown in Fig. 2a, exhibited
stepwise behavior similar to graphite and other carbonaceous
aterials during the initial segment of the first discharge [28].

he presence of two declining voltage plateaus, at 1.41 V and
.77 V, account for the irreversible specific capacity loss (Qirr) and
re attributed entirely to the electrolytic degradation of DEC and
C, respectively, which result in the formation of a solid elec-
rolyte interphase (SEI) layer. The formation of this SEI layer is an
rreversible process and is critical in creating a stable electrolyte-
lectrode interface [29]. Similar plateaus are also observed in the
on-aligned MWNT electrode as shown in Fig. 3a. These plateaus
re clearly recognizable as large peaks in the differential capac-
ty plots of Figs. 2b and 3b (−dQ/dV = discharge, +dQ/dV = charge).
t should be noted that these peaks disappear after the first dis-
harge cycle and do not occur in subsequent cycles indicating the
omplete and stable formation of the SEI layer. The Qirr is fairly
igh due to the significantly increased surface area of the nanotube
lms as compared to standard graphite electrodes [4]. SEM images
f pristine and cycled VA-MWNT electrodes, as shown in Fig. 4,

eveal a conformal SEI coating of the nanotubes as well as SEI par-
icles of various sizes attached to the exposed end and sides of the
anotubes. Energy dispersive spectroscopy (EDS) was utilized to
nalyze the SEI on the cycled VA-MWNTs which showed the pres-
nce of oxygen and fluorine not originally present in the pristine
Fig. 2. VA-MWNT voltage profile for the 1st discharge/charge and 2nd discharge
cycles (a) and differential capacity plot of the 1st, 2nd and 30th discharge/charge
cycles (b).

(pre-cycled) and control VA-MWNT electrode. The control sam-
ple, which underwent no cycling, was prepared by evaporating the
electrolyte solution from the surface of a pristine VA-MWNT elec-
trode. The presence of oxygen and fluorine in the cycled VA-MWNT
electrode clearly indicated the formation of the SEI.

Following the SEI formation during the first discharge cycle,
Figs. 2a and 3a show a steady decline until a major plateau at 0.20 V,
after which the voltage continues to drop until the discharge volt-
age limit was reached. The presence of this plateau suggests that a
phase transition is occurring which, to the best of our knowledge,
is not typically observed in MWNT electrode systems [3,30–33].
Additionally, this behavior seems to disappear in the non-aligned
MWNT electrode following the first discharge cycle. This is presum-
ably related to the non-aligned nature of the nanotubes inhibiting
the ability of lithium ions to be inserted and extracted from the nan-
otube electrode. An additional effect of the nanotube alignment, as
seen in Figs. 2 and 3, is the electrochemical behavior that occurs at
>0.75 V and that is not apparent in the non-aligned MWNTs. From
the second through the thirtieth discharge cycles of the VA-MWNT
electrode, a peak at 0.96 V was observed along with the peak at
0.20 V (the peak at 0.96 V was presumably present during the first
discharge cycle but was masked by the SEI formation). However
for the non-aligned MWNT electrode, only the peak at 0.20 V was
observed. These peaks are also consistently observed in the charge
cycles, indicating that they are not associated with SEI formation,

but they occur at higher voltages and with rather significant voltage
hysteresis. The 0.96 V discharge peak corresponds to 2.16 V upon
charging and the 0.2 V peak corresponds to 1.40 V. There is very lit-
tle change in these voltages from the second to the thirtieth cycle
indicating that a stable and reversible electrochemical process is
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ig. 3. Non-aligned MWNT voltage profile for the 1st discharge/charge and 2nd
ischarge cycles (a) and differential capacity plot of the 1st, 2nd and 30th dis-
harge/charge cycles (b).

aking place. Although the exact nature of the electrochemical pro-
ess is yet uncertain we believe that it may result from the insertion
nd extraction of lithium ions into the VA-MWNT cores and into the
paces between the nanotube bundles. A previous study by Yang et
l. indicated that lithium ions inserted into the core of CNTs exhibit
igher voltage electrochemical behavior around 0.90 V [34]. This
ehavior is supported by the fact that the non-aligned MWNTs do
ot exhibit a higher voltage peak in Fig. 3b. The non-aligned nan-
tubes are not as conducive to ion insertion into the core as are the
ertically aligned nanotubes and so no peak is observed.

The cyclability of the vertically aligned nanotubes is significantly
nhanced compared to the non-aligned nanotubes as seen in Fig. 5.
he specific capacities of both the VA-MWNTs and the non-aligned
WNTs as a function of cycle number are shown in Fig. 5a, while

he voltage profiles for these cycles are shown in Fig. 5b and c. After
he irreversible capacity loss of the first cycle (Qirr), the reversible
apacity (Qrev) of the VA-MWNTs decreases from 980 mAh g−1 to
minimum near the tenth cycle, after which it increases slightly

nd stabilizes near 750 mAh g−1. Qrev for the non-aligned MWNTs,
n the other hand, continuously decreases from 158 mAh g−1 to
8 mAh g−1 by cycle number 34. The alignment of the nanotubes

n the direction of ion diffusion allows lithium ions to more readily
ccess the open nanotube ends and significantly increases the Qrev

f the VA-MWNTs compared to the non-aligned MWNTs. The TEM
mages in Fig. 1e and f shows that the internal core of the nanotubes

ontains irregular structural features such as loose graphene lay-
rs (red circles) and graphene nanotube edges (blue circle). These
tructural features significantly increase the effective surface area
f the nanotubes and provide more defect sites at which lithium
ons may be adsorbed to the surfaces of loosely bound graphene
Fig. 4. EDS spectra taken from a pristine, cycled, and control VA-MWNT electrode
showing the presence of an SEI layer (a). SEM images of a pristine (b) and a cycled
(c) VA-MWNT electrode illustrating a conformal SEI coating and particles on the
nanotubes.

layers or to hydrogen-containing edge carbon sites [35–37]. The
increased storage capacity may also be a result of the intimate
contact between each of the individual VA-MWNTs and the nickel

metal current collector. The intimate contact ensures that each
MWNT maintains electrical continuity to the current collector and
is able to participate in the cycling of the electrode. In the case of
the non-aligned MWNTs, each nanotube is likely not in contact with
the current collector but relies on contact between the nanotubes
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ig. 5. Specific capacity as a function of cycle for VA-MWNT and non-aligned MWNT
lectrodes at similar discharge rates (a). Voltage profile of cycles 2–34 for VA-MWNT
b) and non-aligned MWNT (c) electrodes.

esulting in a higher effective resistance and lower overall storage
apacity.

The rate capability of the aligned and non-aligned nanotubes is
hown in Fig. 6. The largest value of Qrev for the VA-MWNTs was
82 mAh g−1 at 57 mA g−1, which is more than twice the maximum
heoretical specific capacity of graphite. The capacity decreased as
he current was increased presumably due to the kinetic limita-
ions of ion diffusion that come into play at high current densities

38]. Nevertheless, high reversible specific capacities were main-
ained even at very high discharge rates. Qrev did not fall below
66 mAh g−1 until discharge rates exceeded 26 A g−1. It should be
oted that we believe the very high discharge rates are due to the
Fig. 6. Specific capacity as a function of specific current for VA-MWNT and non-
aligned MWNT electrodes.

small dimensions and weight of the nanotube electrodes. When
comparing the VA-MWNTs’ volumetric capacity, 395 mAh cm−3

(corresponds to 782 mAh g−1), to the theoretical maximum volu-
metric capacity of graphite (833 mAh cm−3), much higher material
densities would be required to realize practical electrodes with high
total capacities. Various approaches to increase the VA-MWNTs
material density are currently being explored. The non-aligned
MWNT electrodes exhibited rate capabilities that were consider-
ably lower than the VA-MWNT electrodes. The highest value of
Qrev was 169 mAh g−1 at 50 mA g−1 and this declined to 26 mAh g−1

at 1200 mA g−1. The higher rate capability of the VA-MWNT elec-
trodes is a direct result of the nanotube alignment and supports the
notion of lithium ions accessing the interior of the nanotube.

4. Conclusions

We have shown that vertically aligned MWNT electrodes can
lead to higher storage capacities and significantly higher rate capa-
bilities compared to graphite. The rate capability reported here is
substantially greater than any value previously reported for carbon
nanotube electrodes [14–17,23,24,30–33,35,37] and emphasizes
the role that structural order can play in electrode performance.
Alignment of the MWNTs in the direction of ion diffusion led to an
increase in both the storage capacity and the rate capability. These
results support the notion that lithium ions access the internal
core of the nanotubes which contain loosely bound graphene layers
and graphene nanotube edges. These structural features increased
the effective surface area of the electrode and presumably provide
defect sites with which the lithium ions interact. Additionally, the
intimate contact between each of the vertically aligned nanotubes
and the nickel metal current collector provides a low resistance
pathway allowing for effective connectivity throughout the elec-
trode. Furthermore, if the material density can be increased and
the irreversibly specific capacity decreased, the large reversible
specific capacity of the aligned carbon nanotubes and their abil-
ity to maintain moderate specific capacities at very high discharge
rates make this concept attractive for high power lithium-ion bat-
teries.
We acknowledge the funding for this research by the Air Force
Office of Scientific Research under contract numbers FA8650-
D-5807 and FA9550-09-1-0331, and we thank Dr. Lawrence
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