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ABSTRACT We present a novel binder-free multiwall carbon nanotube (MWCNT) structure as an anode in Li

ion batteries. The interface-controlled MWCNT structure, synthesized through a two-step process of catalyst

deposition and chemical vapor deposition (CVD) and directly grown on a copper current collector, showed very

high specific capacity, almost three times as that of graphite, excellent rate capability even at a

charging/discharging rate of 3 C, and no capacity degradation up to 50 cycles. Significantly enhanced properties

of this anode could be related to high Li ion intercalation on the carbon nanotube walls, strong bonding with the

substrate, and excellent conductivity.
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specific

igh demand for rechargeable bat-
H teries in hybrid vehicles and por-

table electronic and medical de-
vices have sparked research efforts in the
development of lithium ion batteries with
higher capacity and better stability in long-
cycle operation." Commercial Li ion batter-
ies mostly use graphite as the anode ma-
terial because of its excellent stability.
However, because the theoretical specific
capacity of graphite is low (372 mAh g™"),2
ample opportunity exists for the develop-
ment of new anode materials with higher
capacities. The introduction of nanomateri-
als as electrodes in the cells, in place of con-
ventional electrodes, was intended to pro-
vide higher lithiation capability and an
overall better performance simply because
of the nanomaterials’ extremely high sur-
face area as compared to their bulk counter-
parts. Hence, much research effort was con-
centrated on selecting good (or the best)
nanomaterials suitable for this application.
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Out of the many nanomaterials available,
carbon nanotubes (CNTs) attracted much
attention, mainly because of their excellent
conductivity properties.® The application of
CNTs in Li ion batteries dates back to 2001.
However, all those initial efforts*° could
only obtain a maximum capacity of 280
mAh g~', much below the theoretical ca-
pacity of graphite. Though a few recent ef-
forts have shown higher attainable revers-
ible capacities using single-walled
nanotubes (SWNTs), the processing tech-
niques involve defect creation by etching
or ball milling, use additives in electrolyte,
and apply CNT paste (with organic binder)
as anode.”® However, like graphite, CNTs
showed good stability in the long run.’ Re-
searchers also used other allotropes of car-
bon, graphene and fullerene and compos-
ites of them, as anodic replacement of
graphite in Li ion cells.”® The best capacity
obtained from these materials is 784 mAh
g~ " at a low current rate of 0.13 C (for
graphene—fullerene composite), but with
a capacity fading with cycles. Among other
materials, Si and SnO, attracted much atten-
tion because of their very high theoretical
specific capacities, 4200 and 782 mAh g~ ',
respectively,’’'? but both these materials
suffer from the limitation that during Li ion
intercalation and deintercalation, they ex-
perience huge (300—400%) expansion and
contraction, resulting in pulverization and
capacity loss in a high number of cycles.
Though it was shown that an efficient de-
sign of their nanostructures can generate
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very high capacity while minimizing the pulverization
problem,"*'* capacity degradation still occurred in
long-cycle operation, though at a lower rate. In a differ-
ent approach, nanocomposites of Si, SnO,, other ox-
ides (like CeO,, CuO, etc.) and CNT/graphene were also
used as the anode.'> 22 In spite of all such novel ap-
proaches, there exists ample opportunity for develop-
ment of new anode structures for Li ion battery.

Commercial batteries and most of the research ef-
forts have used polymeric binders in the anodes, add-
ing a redundant weight, ultimately reducing the spe-
cific capacity of the electrode. Moreover, the most
widely used binder, poly(vinylidene fluoride) (PVdF), is
known to react with graphitic materials and metallic
lithium to form stable compounds.®*~2” Such reactions
are highly exothermic; for example, the reaction with
metallic Li produces 7.2 kJ of energy per gram of
PVdF.?* Thus, the presence of a binder could lead to
thermal runaway, necessitating incorporation of addi-
tional safety features in the battery. Advanced Li ion
batteries, hence, need a binder-free electrode, to avoid
such a type of capacity loss and which will include ad-
ditional safety features. To address all these issues, we
propose here direct synthesis of interface-controlled
multiwall carbon nanotubes (MWCNTSs) on copper cur-
rent collectors and their application as the anode in Li
ion cells. This kind of structure is expected to have many
advantages over the conventional anodes. First of all,
unlike all the past studies involving CNTs, which used
raw CNTs and polymeric binders,* © the present struc-
ture has directly grown CNTs on the current collector,
thus avoiding the polymeric binders completely. In this
way, it reduces harmful effect of the polymeric
binder, reduces weight of the active material, in-
creases specific capacity, and shows potential to be
used for high temperature application. Second, CNTs
do not have any kind of expansion/contraction and
pulverization problem (like Si and SnO,), so they can
sustain their capacity for long cycles. Third, due to
growth, each CNT is well bonded to the current col-
lector, thus all of them contribute to the capacity.
Fourth, the high specific surface area of CNTs allows
more Li ion intercalation. Fifth, higher conductivity
of the active anode material is important for achiev-
ing higher capacity.®® In that respect, MWCNTs,
known to be excellent charge carriers, are an alter-
native option and aid in achieving higher capacity.
Moreover, by the interface-control, proposed in this
study, an ohmic contact and strong bonding be-
tween the CNTs and substrate are ensured, which
further helps in efficient charge transport. Further,
the anode structure, consisting of MWCNTs grown
on Cu foil, can be very easily fabricated using the
thermal chemical vapor deposition (CVD) process
(see Materials and Methods section).?®
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RESULTS AND DISCUSSION

The novel anode structure was prepared by deposit-
ing catalysts by sputtering onto Cu foils, followed by
MWCNT growth by CVD. Electrochemical studies were
performed on half cells prepared by CR2032 press. Elec-
trochemical characteristics of the MWCNT-on-Cu elec-
trode are presented in Figure 1. First two
charge—discharge curves, at a current rate of 0.1 C (38
mAg~', assuming theoretical specific capacity same as
that of graphite, i.e,, 372 mAh g~ '), are shown in Figure
1a. The first discharge cycle is characterized by very
high capacity (>2500 mAh g~') and a plateau in the
voltage region 0.9—0.5 V. Such plateau is typical of all
CNT-based electrodes and is related to decomposition
of the electrolyte and formation of solid electrolyte in-
terphase (SEI) on the CNT surface.>° The plateau was
not observed from the next cycle onward, indicating
that SEI formation was complete in the first discharge
cycle itself. The first charge cycle showed a capacity of
1455 mAh g~ " and hence, an irreversible capacity loss of
42%. However, the second discharge and charge cycles
almost maintained the reversible capacity from the
first cycle. A good portion of capacity was found to be
at a voltage range greater than 0.5 V, which is a com-
mon feature for any kind of nanostructured carbon an-
ode materials and even for C—Si core—shell
nanowires.'®'>3"32 Though this type of behavior is dif-
ferent from that shown by graphite electrodes,®? it
does not affect the full-cell characteristics much, as
was shown in the case of the C—Si core—shell nano-
wire structure.??

The rate capability of the electrode is shown in Fig-
ure 1b. The reversible capacity of the electrode was
found to be very high and quite stable (especially, af-
ter few initial cycles). Even at a very high charging/dis-
charging rate of 3.0 C (1.116 Ag ™), the electrode
showed a reversible capacity of 767 mAh g™, repre-
senting 106% increment in capacity as compared to the
theoretical capacity of graphite anodes. To specifically
understand the stability of the capacity, the electrode
was subjected to 50 charge/discharge cycles at 1.0 C
rate (372 mAg ), after two initial cycles each at 0.1 C
and 0.5 C (186 mA g™ ) rates (Figure 1c). The figure
shows a very high capacity of the electrode (~900 mAh
g™, 140% enhancement as compared to theoretical ca-
pacity of graphite) at this rate and excellent stability of
the capacity over 50 cycles. In fact, there was no capac-
ity degradation during these 50 cycles (except for the
initial two cycles). The Coulombic efficiency of the elec-
trode was also very high, more than 99%, after two ini-
tial cycles at 1.0 C rate (Figure 1d). Such high capacity
and nil capacity degradation over 50 cycles make this
electrode a suitable alternative to the graphite anodes
conventionally used in Li ion batteries. Apart from its
high-cycle stability, the interface-controlled MWCNT-
on-Cu anode has shown higher capacity than any other
anode fabricated by carbon nano/meso-structure and
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Figure 1. Electrochemical characteristics of the proposed CNT-based electrode structure. (a) First two charge—discharge cycles
of the MWNT-on-Cu anode, at 0.1 C rate. The first discharge cycle (lithiation) has shown a very high capacity of 2547 mAh g7,
while the following delithiation cycle showed a specific capacity of 1455 mAh g~". (b) Reversible capacity of the MWNT-on-Cu
anode, at different C-rates. Very high specific capacity could be observed at all C-rates. Even at the 3 C rate, a reversible capac-
ity of 767 mAh g~ was observed, which is almost 2 times the theoretical capacity of graphite. (c) Exceptional stability of the re-
versible capacity (~900 mAh g~') of the MWNT-on-Cu anode in long-run, at 1 C rate. Except for the first two cycles, virtually
no capacity degradation was observed for this anode structure, in 50 cycles. (d) Coulombic efficiency of the MWNT-on-Cu an-
ode, showing very high efficiency, except for the first cycle. After the initial five cycles, the efficiency remained more than 99%.

its composites, at all the current rates (see Supporting
Information, Figure 1).

It is well understood that the unique structure of
the proposed anode is responsible for its excellent per-
formance. To better understand the structure and
lithiation—delithiation mechanism, a thorough struc-
tural characterization, using SEM, high resolution trans-
mission electron microscope (HRTEM), X-ray diffrac-
tion, and Raman spectroscopic analysis has been
performed (see Figure 2 and Supporting Information).
X-ray diffraction (see Supporting Information, Figure 2)
and Raman spectroscopy analysis (Figure 2d) show an
increase in defect density in the CNTs in the lithiated
state, as compared to the as-grown state, followed by
a lesser defect density in the delithiated condition. Fig-
ure 2a (and its inset) shows an SEM micrograph of the
as-grown CNTs on the Cu current collector, while Figure
2b (and its inset) shows TEM micrographs of the same
structure. The CNTs (outer diameter =~ 100 nm), which
form a forest-like structure of ~30 wm height on the Cu
current collector, allow formation of a porous structure
that opens up a huge surface area of CNTs, thus increas-
ing the lithiation capability of the electrode. The as-
grown CNTs also show some amount of defects in the
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structure (inset of Figure 2b), which can probably lead
to enhanced Li ion intercalation. Some of the CNTs are
found to be twisted (Figure 2¢). The twisting increases
the specific surface area of CNTs, which is probably one
of the reasons for high Li insertion in these CNTs. No no-
ticeable volume expansion of the CNTs was observed
after lithiation. Figure 2b,e and f shows representative
SEM micrograpghs of CNTs in as-grown, lithiated, and
delithiated states respectively, indicating that the diam-
eter of CNTs remained almost constant (~100 nm).
This observation is unique and distinctly different from
the observations made by Maurin et al., who has re-
ported swelling and shrinkage of CNTs, during the lithi-
ation and delithiation.>*

A quick comparison of the structure of the CNTs, in
the lithiated and the delithiated states can be per-
formed from the TEM images in Figure 2, panels e—h.
The lithiated CNT structures clearly show formation of
a thick layer of a second phase (the lithiated phase) on
their walls, while such a second phase structure could
not be observed in the delithiated condition. To mini-
mize exposure of the sample to air, the sample prepara-
tion was carried out in Ar glovebox. In a separate study
(see Supporting Information, Figure 4), the effect of
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Figure 2. Structure of the electrode in as-grown, lithiated, and delithiated states. (a) SEM and (b) TEM images of the as-grown
MWNT-on-Cu structure (insets are at higher magnification), showing a forest-like structure of randomly oriented CNTs (indi-
vidual MWNTs are around 100 nm thick) on the Cu current collector, allowing formation of a porous structure and opening
up a huge surface area of CNTs, thus increasing the lithiation capability of the electrode. The as-grown CNTs also show some
amount of defects in the structure (inset of Figure 2b), which can probably lead to enhanced Li ion intercalation. Panel c
shows the presence of twisting in the as-grown sample, which also increases surface area of CNTs. (d) Comparison of Ra-
man spectroscopic response from the CNTs in different conditions. I/l ratio in Raman spectra, which indicates purity or crys-
tallinity of CNTs, increases from 0.95 for the pristine sample to 1.21 in the lithiated condition and decreases to 0.94 in the
delithiated condition. So, the crystallinity of the CNTs is lost in the lithiated state and recovers in the delithiation stage. (e,
g) TEM images of the CNTs in the lithiated condition, showing formation of Li—C phase at the walls (FFT image at inset) and
loss of crystallinity at those positions. (f, h) TEM images of the CNTs in the delithiated condition, showing the absence of
the second phase and partial recovery of the crystallinity at the walls.
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long-time air exposure on the structure has been shown
to form Li,0, a visibly different structure. Hence, the
thick layer on the lithiated CNTs is expected to be an
amorphous lithiated carbon phase only. The formation
of such structures was found throughout the whole
lithiated sample. This amorphous lithiated phase is ex-
pected to have a stoichiometry of LiC,, (x = 2—6), as re-
ported previously for C-based anodes of Li ion batter-
ies.>® Though the specific stoichiometry of the lithiated
compound is not known, the very high defect density
of CNTs and high reversible capacity (>900 mAh g™),
which is comparable to the theoretical capacity (1116
mAh g~") of SWCNTSs (forming LiC,),%>° indicate that the
composition is likely to be LiC, (x = 2—3). However,
the composition needs to be confirmed by the Li NMR
technique. These results clearly indicate that during
lithiation CNTs partly lose their crystallinity along the
outer surface, probably due to their interaction with the
Li* ions. However, the same samples in the delithiated
state do not show the presence of the thick amorphous
phase on the walls of the CNTs (see Figure 2f,h). It is
not very clear if the loss of crystallinity is fully recov-
ered during the delithiation process, but the HRTEM im-
ages of the delithiated sample exhibit better crystallin-
ity, demonstrating at least a partial recovery of the loss
of crystallinity.

Structural characterization of the samples, in differ-
ent stages of lithiation, sheds light on the mechanism
of lithium insertion and extraction into the anode and
highlights the advantages of the anode structure. An
initial higher defect density of the pristine CNTs, as evi-
dent from the Raman spectroscopic analysis, XRD, and
HRTEM, might have helped the anode structure to show
very high capacity, as a defective CNT structure is
known to have a higher conductivity than graphitic
CNTs?¢ and better lithiation capability.?’ Moreover,
twisted CNTs offer higher specific surface area and
hence probably more Li ion intercalation. During lithia-
tion, Li* ions reach individual CNTs, passing easily
through the CNT forest structure, and attach with their
sidewalls. A very high surface area of the CNTs pro-
motes a huge amount of Li* ion intercalation. On the
other hand, during delithiation, most of the ions return
back to the opposite electrode. The highly porous na-
ture of the CNT forest structure allows easy transport of
the intercalating ions from one electrode to the other.
A schematic of the lithiation—delithiation mechanism is
given in Figure 3c.

It is very important for the Li ion battery to have an
efficient electron transport from the current collectors
to the CNTs to show good cycling behavior. Our
interface-controlled MWCNT structure, grown directly
on the Cu current collector, ensures minimum resis-
tance. Through our choice of diffusion barrier layer and
catalyst layer (Ti and Ni, respectively), we have mini-
mized the presence of high-resistivity material in the
electron path. Total resistance of the electrode struc-
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Figure 3. Structural analysis of the proposed anode. (a) HR-
TEM image of substrate—CNT interface, showing a well-
bonded interface and the presence of an interfacial phase.
The selective area diffraction pattern (b) shows formation of
TiC at the interface, which also helped in making the bond-
ing strong and conductive. (c) A schematic (not to scale) of
the proposed lithiation—delithiation mechanism, showing a
huge amount of Li* ion intercalated to the walls of the CNTs
during lithiation and deintercalation of most of the ions in
delithiation. (d) A schematic (not to scale) of the proposed
anode structure, showing its advantageous features.

ture (Cu to CNT tip), as measured by a two-probe
method, is found to be 3.3 (), which is considered to
be very low. It may be mentioned here that such con-
tact resistance measurements between the substrate
and CNT tip resulted in a lowest value of ~135 Q,*”
which is almost 40 times higher than the values found
in the present study. One of the reasons for achieving
such low contact resistance is the presence of Ti, which
is known to show very low (an order of magnitude
lower than that of Pd, Pt, Cu, and Au) contact resis-
tance with CNTs.*® Moreover, it is necessary to have
good bonding between the substrate and the CNTs in
order to avoid pulverization and to achieve good stabil-
ity at a high-cycle. To investigate more into the
Cu—CNT interface, HRTEM images, taken from the inter-
face region of the pristine sample, were studied
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(Figure 3a,b). The HRTEM image shows very good bond-
ing between the substrate and the CNT layer, through
formation of an interface layer. A selective area diffrac-
tion pattern (SADP) taken from this interface region
shows the presence of TiC. Formation of TiC, in the in-
terface, helps in two ways: first, TiC, being highly con-
ductive, provides low-resistance paths for electron
movement from the Cu current collector to the CNTs,
and, second, it ensures a strong bond formation be-
tween the substrate and the CNT.>°

The benefits of using an interface-controlled
MWCNT structure, directly grown on a Cu current col-
lector, as the anode material in Li ion batteries can be
understood from the schematic presented in Figure 3d.
As shown in the drawing, this proposed structure of-
fers many advantages: (i) CNT structure does not show
any expansion/contraction problem during lithiation/
delithiation and hence pose no threat of pulverization;
(ii) a very high surface area of CNTs is available for lithi-
ation and easy ion transport through the highly po-
rous CNT forest structure; (iii) formation of TiC allows a
strong bonding of the CNTs with the substrate, thus
minimizing breakage and improving the long-cycle be-
havior, and (iv) from CNT tip to copper current collector,

MATERIALS AND METHODS

Preparation of the Electrode Structure. A 50 pm thick pure copper
foil (Fischer Scientific, 99.9% purity) was punched to 14 mm di-
ameter and used as substrates for depositing thin films of Ti and
Ni (thickness 20—25 nm) through a RF magnetron sputtering
system (AJA International). These coated samples were then in-
serted into a thermal chemical vapor deposition (CVD) system for
direct CNT growth. During the initial stage of CVD, the sample
was heated very fast, under an Ar gas envelope, to the growth
temperature range of 973—1173 K, and the CNT growth started
with introduction of a H, + C;H4 gas mixture (1:2 ratio) in the
chamber as the precursor. At the end of the growth period,
samples were slowly cooled to room temperature within the fur-
nace, under an inert (Ar) gas envelope. Samples were weighed
before and after CVD growth to calculate the weight of CNTs.

Structural Characterization. The morphology of the electrode
structure was analyzed in a field emission SEM (JEOL, JSM7000F)
and Raman spectrometer (Ar* laser with A = 514 nm, 15 mW
power). The electrode structures were also characterized by
X-ray diffraction (Rigaku, Rint-2000), using Cu K« radiation, in
the range of 10—120° (26), with a step size of 0.03°. The CNT
structure and the interface between the Cu substrate and CNTs
were characterized using FEI TECHNAI F20 field emission TEM,
operating at 200 kV. A site specific sample was prepared for the
HRTEM study, using FEI Nova 200 NanoLab dual-beam FIB. De-
tails about HRTEM sample preparation is available in ref 42.

Electrochemical Characterization. Electrochemical behavior of the
structure, as a proposed anodic material in Li ion batteries, has
been studied in a typical coin cell (half-cell). The coin cells were
prepared in a CR2032 press (Hohsen Corp., Japan). The complete
cell preparation steps were performed in an argon glovebox
(Unilab Mbrann), maintaining the oxygen and humidity level
(both individually <0.1 ppm) within the chamber. A pure Li (pu-
rity, 99.9%) metal foil (150 wm thick) was used as the reference
electrode and counter-electrode, while the MWCNT-on-Cu was
used as the working electrode. All the coin cells used 1.0 M LiPF,
in EC-DEC (1:1 in volume) (ethylene carbonate—diethyl carbon-
ate) as the electrolyte, and a typical
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the structure presents an ultralow resistance path (CNTs
having the highest current carrying capacity, ~10°
A/cm? and substrate material also being highly conduc-
tive), which aids in faster charge transport. All these
beneficial factors of the interface-controlled MWCNT
structure on the copper current collector aid in en-
hancement of the capacity of the electrode and pro-
vide excellent stability. The stability offered by our
MWCNT-based electrode shows comparable perfor-
mance with Si nanostructure-based electrodes*®*' and
an even better capacity of 900 mAh g~ at a current rate
of 1 Cas compared to that of a C—Si core—shell nano-
wire (Figure 3d of ref 32).

In the present study, we have developed a novel
MWCNT-based binder-free anode structure, through a
simple two-step process, which shows good specific ca-
pacity, even at high current rate of 3 C and excellent sta-
bility (nil capacity degradation) over 50 cycles. While
better safety is expected from the binder-free nature
of the electrodes, interface-controlled growth of CNTs
on Cu current collectors ensures good bonding and ex-
cellent conductivity. Our MWCNT-based anode is antici-
pated to be one of the best suitable materials for fu-
ture Li ion battery anodes.

polypropylene—polyethylene material (Celgard 3401) as the
separator.

The charge—discharge behavior of the coin cells were char-
acterized in TOSCAT 3100U multichannel battery testing unit, at
a constant temperature of 30 °C, in galvanostatic mode. The in-
strument was programmed to read in each 10 mV step. The cells
were cycled in the voltage range 2.0—0.01 V, at a very slow rate
(0.1 Q), during the initial formation process and at different rates
in the following cycles.
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