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I
ncrease in demand for a reliable, quickly
rechargeable power source has been
on a constant rise because of the grow-

ing portable electronics market and cater-

ing to the power needs of electric vehicle

development.1 The lithium ion battery is

one of the most promising power sources

that can satisfy this ever growing

demand.2,3 In recent years, utilizing nano-

structured materials as electrodes in lithium

ion batteries have shown enormous prom-

ise with respect to both energy density and

power density of the battery.4,5 The critical

parameters that have to be focused for im-

proving the energy density and the power

density of lithium ion battery are the ability

to insert and remove Li ions at high cur-

rents without compromising much on the

specific capacity of the chosen material. In-

tercalation anodes based on graphite are

presently used as anode materials;6 how-

ever, the main limitation of graphitic anode

is its specific capacity (372 mAh/g). Disor-

dered carbons with huge reversible and ir-

reversible capacities have been reported ex-

tensively.7 Alternative anodes such as metal

oxides8,9 are also under close scrutiny, how-

ever, the problems such as electronic con-

ductivity and volume expansion during Li

topotactic process forces such materials

away from being commercially exploited.

Carbon nanotubes (CNTs) are an inter-

esting class of materials that are finding ap-

plications in variety of fields ranging from

biology to space science because of their in-

teresting electrical, thermal, and mechani-

cal properties. Lithium insertion reactions

have been reported in both single-walled

carbon nanotubes (SWNTs) and multiwalled

carbon nanotubes (MWNTs).10�13 However,

no earlier reports have dealt in depth on the

current capability of such anode materials

in lithium ion battery which is crucial for

high performance lithium ion batteries. Al-

though ideal CNTs are considered as the

rolling of individual graphene sheets, it is

actually a mixture of graphite and disor-

dered carbon structures because of the ex-

istence of different defects in CNTs. A vari-

ety of pore structure, size, and geometry

exists depending on the number of CNT

bundles and their arrangements. Hence, the

expected specific capacity is comparatively

larger than pure graphite.

In this report, we present a novel and

simple sandwiched composite structures

based on SWNT macrofilm as an anode ma-

terial that showed both high energy and

power densities. We have succeeded in pre-

paring macrofilms of SWNTs in situ on vari-

ous substrates by applying a liquid-free pre-

cursor system.14 Advantages of considering

nanotube films for these applications are

their uniform dimensions, large specific sur-

face area, and smooth surface topology. In
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ABSTRACT Development of materials and structures leading to lithium ion batteries with high energy and

power density is a major requirement for catering to the power needs of present day electronic industry. Here,

we report an in situ formation of a sandwiched structure involving single-walled carbon nanotube film, copper

oxide, and copper during the direct synthesis of nanotube macrofilms over copper foils and their electrochemical

performance in lithium ion batteries. The sandwiched structure showed a remarkably high reversible capacity of

220 mAh/g at a high cycling current of 18.6 A/g (50 C), leading to a significantly improved electrochemical

performance which is extremely high compared to pure carbon nanotube and any other carbon based materials.

KEYWORDS: lithium ion battery · single-walled carbon nanotube · copper
oxide · composite · sandwiched structures · anode material
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this study, electrodes for a lithium ion battery were fab-

ricated by depositing SWNT macrofilms directly on cop-

per foils, followed by a simple postpunching process

(Figure 1). Both SEM and TEM characterizations suggest

that the SWNT macrofilms are composed of entangled

SWNT bundles and a certain amount of impurities, in-

cluding amorphous carbon and catalytic iron nanopar-

ticles of about �30% based on EDX results (not shown

in Figure 1). The SWNT macrofilm possesses a perfect

structural uniformity and good adhesion with the Cu-

foil substrate (Figure 1b,d) which is used as a current

collector in the lithium ion battery system. It is worth

noting that a thin layer of copper oxide, which has been

confirmed by XPS measurements (Supporting Informa-

tion, Figure S1), was formed at the SWNT�Cu interface

during the direct deposition process, leading to the for-

mation of a sandwiched structure involving metallic

copper, copper oxide, and SWNT film as schematized

in Figure 1c. A typical schematic of the Cu/CuxOy/SWNT

film sandwiched structure in a half cell con-
figuration across Li metal is shown in Fig-
ure 1f.

The as prepared Cu/CuxOy/SWNT sand-
wiched structures were studied for their
electrochemical performance by assem-
bling two electrode test cells with Li metal
as a reference and counter-electrode in a 1
M LiPF6 in EC:DEC electrolyte and the de-
tails are described elsewhere.15 For com-
parison, the electrodes were assembled in
four different configurations: SWNT macro-
films deposited directly on Cu foil inside
the CVD reactor, that is, in situ formation
of the Cu/CuxOy/SWNT sandwiched struc-
tures (case 1); SWNT macrofilms deposited
on unheated Cu foil outside the CVD reac-
tor, that is, Cu/SWNT structures without the
copper oxide layer (case 2); purified SWNT
macrofilms deposited outside on a heated
Cu foil, that is, Cu/CuxOy/SWNT sandwiched
structures without Fe catalysts (case 3);
and a heated Cu foil without SWNT macro-
film deposition, that is, only the Cu/CuxOy

formation (case 4). Details of case 3 and
case 4 can be found in the Supporting In-
formation.

The typical first and second galvano-
static charge�discharge cycle curves are
shown in Figure 2a,b for the SWNT film de-
posited inside (case 1) and outside (case 2)
the CVD reactor on Cu foil, respectively. In
case 1, the weight of the SWNT film includ-
ing the iron catalyst particles is considered
while calculating the specific capacity of
the battery (see Methods sections for esti-
mating the active electrode weight). It can
be seen from Figure 2a that during the

lithium insertion (discharge) in the first cycle, apart
from the typical irreversible film formation reaction at
0.8�0.9 V, which is limited to the first cycle lithium in-
sertion (discharge) and prevents further reaction be-
tween the electrode surface and the electrolyte and any
electron tunneling,16 the charge�discharge curves
have one interestingly new electrochemical behavior
which is not a fingerprint of any carbonaceous material.
The differential capacity plots shown as insets of Fig-
ure 2a clearly show the reversible peaks at �1.8 V. Cy-
clic voltammetry (CV) is an effective technique to moni-
tor the minute electrochemical reactions associated
with any system and the first two cycles for the case 1
are shown in Figure 2c,d. The CV results complement
the differential capacity plots of the charge�discharge
curves. The reversible peaks are not limited to the first
cycle and can be seen in the second cycle and following
cycles as well. Such a behavior could be attributed to
the resulted copper/copper oxide/SWNT sandwiched

Figure 1. Fabrication of sandwiched Cu/CuxOy/SWNT composites as anode materi-
als: (a) photograph of SWNT film deposited on Cu foil; (b) electrodes punched from
the deposited film on Cu substrate; (c) a schematic illustration of the Cu/CuxOy/
SWNT sandwiched structure; (d) low resolution SEM image, revealing the film integ-
rity and its isotropic morphology; (e) high resolution SEM and TEM (inset) of the
SWNTs. Most of SWNTs were observed as bundles with 20�100 nm thickness; (f)
schematics of a Cu/CuxOy/SWNT film sandwiched structure electrode in a lithium
half-cell configuration.
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structures which have electrochemically active copper

oxide species coexisting with the SWNT film at the in-

terface between the Cu foil and the SWNT macrofilm.

The charge�discharge curves of the case 2 were

akin to that of SWNT film deposited inside CVD reactor

(case 1) except for the absence of the reversible reac-

tion at �1.8 V as shown in Figure 2b. Hence, the elec-

trochemical redox process during the lithium topotac-

tic reactions must be because of the existence of an

electrochemically active copper oxide formed in situ

during the SWNT macrofilm deposition process. It has

to be noted that the catalyst iron nanoparticles present

in the SWNT macrofilm did not have any electrochemi-

cal activity. To verify this, purified SWNT macrofilm

where all iron nanoparticles were thoroughly removed

from the SWNT film by a chemical process,17 was depos-

ited on a heat-treated Cu foil (case 3) and its electro-

chemical behavior is shown in the Supporting Informa-

tion (Figure S2). The profiles of the charge�discharge

curves are similar to that of the case 1, confirming the

inactivity of the iron nanoparticles and the important

role of copper oxide in the overall electrochemical reac-

tions. To confirm the presence of copper oxide, a Cu

foil was heated under the same CVD conditions as the

SWNT growth but without any chemical flow and the

electrochemical performance was tested (case 4). The

surface of the heated Cu foil was confirmed to have a

layer of copper oxide as shown by XPS measurements

(see Supporting Information, Figure S1). The reversible

reaction at �1.8 V (Figure S3) is also consistent with lit-

erature reported on copper oxides.18�22

The cycling performance of the Cu/CuxOy/SWNT

sandwiched structure (case 1) and the simple Cu/SWNT

structure (case 2) across Li metal is shown in Figure 3.

The most important observation is the difference in

the specific capacity, cycling stability, and rate capabil-

ity in both cases. It is obvious that the Cu/CuxOy/SWNT

sandwiched structure that has the copper oxide layer at

the interface is showing both higher specific capacity

and cycling efficiency for all charge�discharge rates

Figure 2. Charge�discharge profiles and cyclic voltammograms: (a) SWNT film deposited on Cu foil inside the CVD reactor (case 1),
cycled at 0.2 C rate; (b) SWNT film deposited outside the CVD reactor (case 2), cycled at 0.2 C rate. The insets in panels a and b show
the differential capacity plots of the 1st and 2nd cycle. The box in panel a indicates the electrochemical reaction arising from CuxOy.
The cycling was performed in a two electrode cell with lithium metal as an anode in a 1 M LiPF6:EC:DEC electrolyte. (c,d) First and sec-
ond cyclic voltammetry profiles of the battery with the Cu/CuxOy/SWNT sandwiched structure electrode at 0.05 mV/s scan rate.
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studied from 0.2 to 50 C. There is more than a double

the capacity for the Cu/CuxOy/SWNT sandwiched sys-

tem when compared to that of the Cu/SWNT system as

shown in Figure 3. Also, the overall cycling efficiency

for the Cu/CuxOy/SWNT sandwiched system was 71%

while that for the Cu/SWNT film system is only 43%. In

fact, the cell performance was dropped to very low val-

ues for the Cu/SWNT film system when cycled at 50 C

rate. However, the Cu/CuxOy/SWNT sandwiched struc-

ture showed excellent capacity and stability even when

cycled at a very high rate of 50 C (current density of

18.6 A/g). The specific capacity was � 220 mAh/g at

50 C, which is the best reported value for any carbon-

aceous materials to the best of our knowledge. This is

a very important finding that can be considered as door

opening phenomena in lithium battery based elec-

trode materials. An earlier work involving CuO and CNTs

composite has reported a very fast fading in capacity

even at low cycling rate (20 mA/g) which has been at-

tributed to the exfoliation process23 happening in CNT

with an EC based electrolyte. Based on the above result

the existence of composite is not the only primary fac-

tor for the improved electrochemical performance, in-

stead, the presence of the composite in a sandwiched

structure involving metallic copper, copper oxide and

SWNT film is imperative for an enhanced energy and

power density of the lithium ion battery. The concept

of sandwich structured electrode presented here may

result in a series of composites in a sandwich configura-

tion involving other metal oxides and SWNT film on a

current collector. It is not necessary to have an in situ

formation of a metallic oxide, instead, formation of a

metal oxide thin film over metallic copper by sputter-

ing technique and subsequent deposition of SWNT

films is also expected to show enhanced
electrochemical performance.

There has been different point of views
on the electrochemical reactions of cop-
per oxide with lithium.18�22 The overall re-
action between copper oxide and Li is19,20

CuO + 2Li T Li2O + Cu.

The reaction observed in the cathodic
region of the first CV plot (Figure 2c,d) for
the SWNT macrofilm deposited inside the
CVD reactor shows three distinct peaks at
1.77, 1.22, and 0.76 V while in the anodic
region two peaks are observed at 1.88 and
2.35 V. The CV profile for the SWNT or any
carbonaceous material is completely dif-
ferent from what has been observed in the
present case except for the surface film
formation reaction at �0.76 V. The addi-
tional peaks observed in the CV curves in-
dicate a multistep electrochemical reac-

tion which is reversible in all the following cycles (for
instance see Figure 2d) and mainly due to the presence
of copper oxide at the Cu/SWNT macrofilm interface.
The heated Cu foil which was confirmed to have a layer
of copper oxide by XPS showed exactly same redox
peaks (Figure S3) as observed for the SWNT macrofilm
deposited inside the CVD reactor. From above observa-
tions it is explicit that the main improvement in the
electrochemical performance for the SWNT macrofilm
deposited inside the CVD reactor (case 1) when com-
pared to that deposited outside (case 2) is mainly due
to the existence of copper oxide at the interface.

To see the effect of copper oxide in the electro-
chemical reactions, the cycled electrodes were studied
using HRTEM and EELS. Here, we have chosen the puri-
fied SWNT electrode (case 3) in order to avoid any influ-
ence of the Fe nanoparticles which coexist in the unpu-
rified SWNT macrofilm (case 1). The HRTEM examination
was performed (1) after one complete discharge (full Li
insertion) and (2) after one complete cycle (full Li dein-
sertion). The typical HRTEM and the SAED patterns are
shown in Figure 4a,b. A significant percentage of pre-
dominantly Cu nanoparticles are found in the SWNT
film after the first discharge, as shown in Figure 4a. It is
clear from the SAED pattern that the Cu nanoparticles
are uniform crystalline in size from 3 to 10 nm and have
been indexed as fcc structure. Figure 4b confirms the
formation of Cu2O (a mixture of Pn3 and Pn3m) after
one complete cycle. EELS measurements (not shown
here) also showed the presence of Cu nanoparticles af-
ter one discharge and the copper oxide after one com-
plete cycle. These studies further confirm the role of
copper oxide in the improved electrochemical perfor-
mance of the Cu/CuxOy/SWNT sandwiched structure as
a lithium battery anode material.

Figure 3. Comparison of the charge�discharge performance of the batteries with the
Cu/CuxOy/SWNT sandwiched structure as electrode and the Cu/SWNT film electrode. The
battery with Cu/CuxOy/SWNT sandwiched structure as an electrode has better perfor-
mance compared to the battery with the Cu/SWNT film electrode, with a value of about
220 mAh/g even at a rate of 50 C.
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On the basis of the results of the
HRTEM and SAED, the enhanced diffu-
sion of Li ions in the Cu/CuxOy/SWNT
sandwiched composite system can be
explained with the schematics repre-
senting changes in the electrode at the
end of the first charge and discharge
cycle as shown in Figure 4c. The Li in-
sertion reaction into the copper oxide
layer resulted in the formation of Cu
nanoparticles which migrated into the
SWNT bundles with the flooding of the
electrolyte. This has resulted in the
presence of Cu nanoparticles at the in-
terface of the electrode and electro-
lyte which greatly improves the elec-
tronic property of the system. In other
words, the presence of copper oxide
has played a role as a catalyst in in-
creasing the Li ion transfer rate across
the electrode�electrolyte interface. An
increase in the Li ion transfer rate im-
plies a significant reduction in the acti-
vation energy required for the Li ion
migration across the
electrode�electrolyte interface as pro-
posed by Huang et al.,24 which is very
critical for the high rate capability of
the Cu/CuxOy/SWNT electrode system.
The process of copper oxide convert-
ing into copper repeats in every subse-
quent charge�discharge cycles thus
giving superior performance of the
battery with the Cu/CuxOy/SWNT elec-
trode compared to the one with the
Cu/SWNT electrode.

The copper oxide formed at the in-
terface of SWNT film and Cu foil exists
as a thin film and it is very difficult to
quantify the weight because of the in
situ formation during the deposition of
SWNT macrofilms. Hence, to give an
idea on the contribution of copper oxide to the overall
specific capacity of the system, the specific capacity was
simply calculated with respect to the area of the elec-
trode from the reversible 1.8 V plateau in the CV curves.
In case 1, the capacity associated with the copper ox-
ide in terms of the area is �7 �Ah/cm2, while for the en-
tire system it is �48 �Ah/cm2. In the case of the heated
Cu foil without SWNT macrofilm (case 4), the specific ca-
pacity was found to be �9 �Ah/cm2, agreeing well with
that calculated for the sandwiched composite. It ap-
pears that the contribution from the copper oxide is
only about 1/7 of the total capacity but may not be the
true scenario based on the fact that the specific capac-
ity is double or triple when the copper oxide is involved
(Figure 3). The main reason for the increase in the spe-

cific capacity of the system may not be limited to the

sole contribution from the redox reactions of copper

oxide.

The existing composite structure is a mixture of a

semiconducting and a highly electronic conducting sys-

tem having a fine interface exhibiting a sandwiched

structure. Li insertion capacity and the facile removal

mainly depend on the diffusion or mobility of the Li ions

in the host matrix. In the case of copper oxide, it has

been reported that the insertion of Li ions has resulted

in the decrease of the resistivity and the activation en-

ergy for the diffusion of ions drastically from 0.2 to 0.073

eV.25 This is a favorable phenomenon for the increase

in the amounts of Li ion insertion. As the Li ion inser-
tion proceeds further, there is a predominant decrease

Figure 4. HRTEM images of purified SWNT film on heated Cu foil: (a) after 1st discharge; (b)
after one complete cycle. The insets in panels a and b show the selected area electron diffrac-
tion (SAED) patterns recorded from the areas marked by the yellow circles. Cu nanoparticles
are observed in the SWNT bundles after the first discharge cycle. Cu2O nanoparticles are
present in the SWNT bundles after one complete cycle. (c) First two charge�discharge cycles
of the battery with the Cu/CuxOy/SWNT sandwiched structure electrode. Schematic repre-
sent the Cu/SWNT film and CuxOy/SWNT film composite formation in the battery at the end
of each discharge and charge cycle. The CuxOy present at the interface of the Cu and SWNT
film in the as-assembled battery converts into Cu nanograins and forms a Cu/SWNT compos-
ite at the end of first discharge cycle. During the charging process, the Cu nanograins convert
into Cu2O nanograins and forms a copper oxide/SWNT film composite at the end of the charge
cycle. This increases the conductivity of the Cu/CuxOy/SWNT leading to a superior electro-
chemical performance compared to the battery with Cu/SWNT film.

A
RTIC

LE

www.acsnano.org VOL. 3 ▪ NO. 8 ▪ 2177–2184 ▪ 2009 2181



in the resistivity and the activation energy required for
the Li ion diffusion which is mainly done by hopping
mechanism. This is very important for an effective elec-
tron exchange reaction. Also, having a highly elec-
tronic conducting SWNT macrofilm over the copper ox-
ide layer will enhance further the electron exchange
reactions. In addition to the above reaction, during the
electrochemical reaction of Li ions with CuO, the forma-
tion of metallic Cu nanoparticles (Figure 4a) has re-
sulted in the formation of Li2O and during the removal
of Li ions, there is a formation of Cu2O nanoparticles
(Figure 4b) by the decomposition of Li2O.19 During this
disproportion reaction, there is always oxygen evolu-
tion and the evolved oxygen is expected to be physiad-
sorbed by the SWNT macrofilm. It has been reported
that the adsorption of oxygen by SWNT increases the
electrical conductivity by at least 2 orders of magni-
tude.26 This is an advantageous factor for the enhanced
electrochemical performance of the system. This en-
hanced diffusion arising from the copper oxide and the
improved electronic properties during the electro-
chemical insertion of Li ions has led to the high rate per-
formance (50 C) of the sandwiched composite elec-
trode. The aforementioned advantages are absent with
respect to the Cu/SWNT film system where the capac-

ity is much lower than the Cu/CuxOy/
SWNT sandwiched structure. The im-
proved rate capability is also the virtue
of the sandwiched composite where the
diffusion of ions in the electrode is very
important when the system is cycled at a
high current.

The increase in the Li ion transfer rate
across the electrolyte and the copper
nanograins/SWNT composite system dur-
ing the discharge�charge process is also
evident from the electrochemical imped-
ance measurements. The electrochemical
impedance spectra measured from 100
kHz to 10 mHz on both the systems
Cu/SWNT and Cu/CuxOy/SWNT during the
first lithium insertion�deinsertion cycle,
and the typical Nyquist plots correspond-
ing to the as-assembled cell impedance
and the cells after a complete discharge
and charge are shown in Figure 5 along
with their corresponding RC equivalent cir-
cuit models based on the famous Randles
circuit.27 In the equivalent circuits, an inter-
cept at the Z= real axis in the high fre-
quency corresponds to the resistance of
the electrolytes Rs. The semicircle in the
middle frequency range indicates the
charge transfer resistance Rct, relating to
the charge transfer through the electrode/
electrolyte interface and the double layer
capacitance Cdl formed due to the electro-
static charge separation near the elec-

trode/electrolyte interface. Also, the inclined line in the
low frequency represents the Warburg impedance Wo,
which is related to solid-state diffusion of Li ions into the
electrode material. The Nyquist plot of the Cu/SWNT film
consisted of a high frequency semicircle and a low fre-
quency spike at all voltages similar to that of a free-
standing SWNT film.13,28 However, for the Cu/CuxOy/
SWNT sandwiched electrode there are two semicircles in
the high and middle frequency regions which can be ex-
plained by the additional circuit elements R1 and C1 in the
equivalent circuit model as shown in Figure 5. The occur-
rence of the two semicircles can be attributed to the lay-
ered structure of the electrode with two different types of
materials. The semicircle at the high frequency may be as-
cribed to the Li ion diffusion and charge separation at
the CuxOy/SWNT interface and the other semicircle in the
mid-frequency is related to the regular charge transfer
and double layer formation at the SWNT film/electrolyte
interface.

The Nyquist spectra in Figure 5 indicate that as the
intercalation level of Li ions increased, the electrical im-
pedance of the cell with the Cu/CuxOy/SWNT sand-
wiched electrode is much lower than that of the cell
with the Cu/SWNT electrode at the end of the discharge

Figure 5. Electrochemical impedance spectroscopy measurements performed on the cells
with the Cu/CuxOy/SWNT sandwiched electrode and Cu/SWNT film electrode and their cor-
responding equivalent circuit model plots. The Nyquist spectra are measured in the fre-
quency between 100 kHz to 10 mHz on the as-assembled cells at open circuit potential
and during the first Li insertion and extraction process. The layered electrode structure
with different type of materials gives two semicircles in the high and midfrequency region
in the case of the battery with Cu/CuxOy/SWNT electrode. The cell resistance of the bat-
tery with Cu/CuxOy/SWNT sandwiched electrode is much lower than the cell with the Cu/
SWNT film electrode, indicating a superior performance of the battery with the Cu/CuxOy/
SWNT sandwiched structures.
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cycle. This is due to the formation of the Cu nano-
grain/SWNT composite (Figure 4c) during the Li inser-
tion (discharge) process which reduced the charge
transfer resistance significantly in the cell with the Cu/
CuxOy/SWNT electrodes. Also, as mentioned earlier, the
possible evolution of the trace amount of oxygen due
to the disproportionate reaction of CuO converting to
Cu during the discharge and Cu converting into Cu2O
during the charging process is physisorbed by the
SWNT macrofilms. It increases the conductivity of the
SWNT macrofilm which leads to a much lower imped-
ance of the cell with Cu/CuxOy/SWNT electrode at the
end of the charge cycle compared to that of the cell
with Cu/SWNT electrode (Figure 5).

CONCLUSIONS
In summary, SWNT macrofilms were simply depos-

ited on copper foils in CVD and a thin layer of copper

oxide formed in situ at the current collector and the

SWNT macrofilm interface. The resulted sandwiched

structure consisting of nanotubes, metal, and metal ox-

ide showed excellent reversibility and capacity as an an-

ode material for Li ion battery applications. The sand-

wiched structure showed a remarkably high specific

capacity at both low and high cycling currents. The re-

versible specific capacity at a cycling rate of 50 C was

220 mAh/g, which is extremely high for any carbon-

based electrode material. The change in the electronic

properties both in copper oxide and SWNT macrofilm

during Li insertion�deinsertion was found to be re-

sponsible for such a high reversibility at high currents.

The improvement in electrochemical performance has

been addressed with a model involving a sandwiched

composite structure, which can be extended to other

metal oxides/CNT composites.

METHODS
Fabrication of the SWNT Macrofilms on Cu Foil. The macrofilms of car-

bon nanotubes were prepared in situ on copper foils by apply-
ing a liquid-free precursor system, where ferrocene/sulfur pow-
ders were mixed uniformly (atomic ratio Fe/S � 10:1) and as
feedstock in a modified CVD system.14 The growth was carried
out at 1150 °C with a gas flow of argon (1500 mL/min) and hy-
drogen (150 mL/min) mixture.

Purification of SWNT Films. The SWNT films obtained from CVD
were purified by first heating the films in air up to 450 °C for
1 h to remove amorphous carbon and then treated in 9 M HCl so-
lution for 0.5 h to remove the iron catalyst particles.17

Estimation of the Weight of Active Material. Several copper elec-
trodes from a bare copper foil were punched with a 0.5 in. diam-
eter arch punch. The weight of each bare electrode is almost
the same with less than 0.1 mg difference. After depositing the
SWNT film on the copper foil by CVD, the electrodes were
punched with the same 0.5 in. diameter arch punch and
weighed. The weight of the bare copper electrode was sub-
tracted from this weight to estimate the combined weight of
the SWNT film and the copper oxide. Similar procedure was fol-
lowed to estimate the weight of the purified SWNT films depos-
ited on the heated copper foils.

Electrochemical Measurements. Two electrode test cells (Pred Ma-
terials) were used to assemble the batteries in a half cell config-
uration. The electrochemical characteristics were studied using
galvanostatic charge�discharge cycling, electrochemical imped-
ance spectroscopy, and cyclic voltammetry (CV). The galvano-
static cycling was performed at different rates ranging from 0.2
to 50 C, where the C-rate is based on the theoretical capacity of
graphite (372 mAh/g) [Arbin Instruments, BT4, USA]. Cyclic volta-
mmetry experiments were performed between 3.0 and 0.005 V
at a scan rate, 0.05 mV/s. [Auto lab PGSTAT 30 (Echochemie, The
Netherlands)]. The electrochemical impedance spectra were
measured at frequencies in the range from 100 kHz to 10 mHz.
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