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Effect of a Ti layer on the growth of binder-free
carbon nanotubes on Cu foil and their
performance as lithium ion battery anodes

Ganesh Sainadh Gudavalli,?® Mahesh Nepal,?® Joshua Young,“® Manuel Smeu (2 <
and Tara P. Dhakal () 2"

We report a unique approach to fabricate lithium ion battery anodes based on multiwalled carbon
nanotubes (MWCNTs) grown directly on copper foils via chemical vapor deposition. This process
eliminates the use of binders for lithium ion battery anodes. The intermediate conductive Ti and alumina
blocking layers have been optimized to seamlessly connect the CNTs with the Cu substrate, providing
robust structural integrity that facilitates charge transfer. This anode material showed a high capacity of
448 mA h g~ at 50 mA g~ superior rate capability and no capacity degradation up to 70 cycles at
different current densities (100 mA g~ to 500 mA g~%). Within a small voltage window of 0.8 V vs. Li/Li",
this anode offers the usable capacity of 300 mA h g~. The observed electrochemical performance of
this anode can be attributed to the high theoretical capacity of carbon nanotubes, faster Li-ion insertion
into the walls of CNTs and better conductivity at the point of contact between the substrate and the
CNTs enhanced by the inclusion of Ti at the substrate—CNT interface.

Introduction

Decades of usage of fossil fuels have created problematic
situations such as an increase in CO, emissions leading to
global warming. To satisfy the urgent environmental demands,
lithium ion batteries (LIBs) are among the most promising
electrochemical cells and are expected to replace traditional
fossil fuels in transportation as well as being employed to
buffer the intermittent and fluctuating green energy supplies,
such as solar and wind power."* Although LIBs have achieved
the dominant position in cell markets compared to lead-acid
and nickel metal hydride (Ni-MH) batteries, there is still a need
for improvement to be used in a larger distribution of the
energy supply, such as powering electric and hybrid vehicles
and large scale grid storage. In particular, electric vehicles
require next-generation Li-ion batteries with high power den-
sity, high energy density, high charging rate, long cycle life and
improved safety. The most dominant area of LIBs is in portable
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electronic devices, particularly cell phones and laptop
computers.® As the performance of these devices depends on
the performance of energy storage media, ie., the battery,
significant efforts have been made towards developing new
and high-performance materials for fabricating the battery
components.

Several strategies have been employed over the years to
improve the performance of Li-ion batteries. For example,
(1) there is an effort towards the utilization of high-voltage
cathode materials; the main hindrance with achieving this is
the electrolyte decomposition voltage (~4.2 V vs. Li/Li* for
organic solid electrolytes).” Hence, a lot of research is being
focused on engineering the electrolyte to be stable at higher
voltages. (2) Utilization of high-energy and high-power density
anodes is another way of improving the overall performance of
a battery. (3) Nanostructures have various advantages over their
bulk counterparts, which could be exploited, especially in the
case of anodes for Li-ion batteries. Nanostructures exhibit
improved damage tolerance, thereby accommodating volu-
metric changes by preserving the cycling capacity. The high
surface area of nanostructures, e.g. nanoparticles, helps rapid
lithiation and delithiation due to reduced lithium ion diffusion
distance, thereby improving the power density.” In this paper,
we focused on a strategy to improve the anode of LIBs.

The graphite used in conventional Li-ion battery anodes has
both advantages and disadvantages. The advantages are low
working potential vs. Li/Li’, low cost, good cycling life and
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lower material expansion during cycling. The disadvantages
include low theoretical capacity (372 mA h g*), and lower
diffusion rate of Li (10 °~10"7 cm® S ") leading to low power
density.®® Additionally, the conventional methods of fabrica-
ting carbonaceous anodes use polymer binders mixed with
active material that are then cast onto conductive substrates
such as copper, nickel, etc. The contact resistance between the
active material particles and polymer binder might inhibit the
performance of the anode. Therefore, a major challenge in
fabricating an advanced LIB is the selection of suitable anodes
which can provide high capacity, good cycling stability and ease
of Li ion diffusion. Several studies have been done in investi-
gating both carbon and non-carbon based materials. Carbonac-
eous materials include carbon nanotubes (1100 mA h g™ *),°
carbon nanofibers (450 mA h g~ *),'® graphene (960 mAh g *),"!
and porous carbon (800-1100 mA h g~ %).?> Non-carbon materials
include silicon oxide (2400 mA h ¢~ ")," silicon (3587 mA h g~ "),"*
germanium (1600 mA h g™ *)," tin (994 mA h g~ ") and transition
metal oxides (500-1000 mA h g~ *)."”*° The values in the parenth-
eses are the theoretical capacities. Even though the non-
carbonaceous materials have higher capacity, they suffer from
high volume expansion, poor electron conductivity, capacity fading
after a few cycles, etc.

Carbon nanotubes (CNTs) have been studied as promising
anode materials to replace graphite in LIBs.*® Their superior
properties include (1) high theoretical specific capacity
(1116 mA h g~ ") for SWCNTs,”" and (2) shorter diffusion length
of Li ions due to controlled nanostructure. Simulation results of
Li diffusion in CNTs have shown that the Li" ion could enter the
tube via topographical defects during intercalation.?*??
In addition, they have faster electron transport due to their
high electron conductivity of 10° S m™* at 300 K for SWCNTs
and >10°> S m~' for MWCNTs.>**® CNTs also help with the
reduction in volumetric expansion while preserving the structure
of the electrode after cycling (intercalation/de-intercalation) due to
their porous structures.”® Recent experiments have shown a
higher Li intercalation capacity of CNTs over the well-known
LiC, of graphite; this higher capacity of Li implies a lower weight
in battery applications.>”®

Commercial LIBs use polymeric binders such as poly-
(vinylidene fluoride) (PVDF), polyacrylonitrile (PAN), etc., during
the electrode fabrication process along with the active material
for better adhesion to the current collector. The usage of these
binders poses several disadvantages. (1) At elevated temperatures
binders such as PVDF react with lithiated graphite to form
undesirable stable LiF.>® (2) PVDF reacts with metal lithium
leading to exothermic reactions ~7180 J g~ ' of PVDF.>**° These
two might be the cause of thermal runaway in batteries.* Binders
are also known to add unnecessary weight leading to reduced
capacity. In this work we report the growth of CNTs directly on
copper substrates, thus eliminating the use of polymeric binders
completely. Various blocking and buffer layers such as Ti, Al,O3,
TiN, Cr, and Au are employed to optimize the growth in different
studies using similar CNT growth techniques.’*™* In this study,
alumina is used as the blocking layer to protect the copper
substrate and prevent the diffusion of the catalyst into the copper

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic of the step-by-step fabrication process for CNT growth
in a CVD reactor.
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substrate. A Ti layer is used as a buffer layer to increase the
conductivity and reduce the contact resistance between the CNTs
and the substrate. Sputtered iron (Fe) is used as the catalyst for
CNT growth.*®

Experimental
Materials and chemicals

9 um thick polished pure copper foils (99.99%) were purchased
from MTI corporation to be used as both the current collectors
and substrates for growing CNTs. For the growth of alumina
(Al,03), trimethyl aluminium and water are used as precursors
for the atomic layer deposition (ALD) system. 99.995% pure
Ti pellets purchased from Kurt J. Lesker were evaporated
following the alumina buffer layer, as shown in Fig. 1.

Electrode synthesis

Copper substrates were first ultrasonically cleaned in acetone
and then ethanol for 15 minutes each. Then they were annealed
to make sure that the surface was free of contamination and to
ensure flattening of the surface. The blocking layer alumina
was deposited on the cleaned substrates using atomic layer
deposition (ALD) at a deposition rate of 1 A per cycle at a
temperature of 200 °C.%® A thin film of Fe as a catalyst layer was
deposited on the alumina coated copper using magnetron
sputtering at a deposition rate of approximately 0.5 A s~*. It has
been shown that the thickness of the Fe layer has a significant
effect on the morphology of the CNTs; hence, 5 nm was
chosen.*”” Then, the substrates were transferred into a chemical
vapor deposition (CVD) chamber for CNT growth. Vertically
aligned carbon nanotubes were grown via ambient pressure
CVD using ethylene as the carbon source and a 5% hydrogen/
95% argon mixture as the carrier gas. The detailed procedure and
experimental setup are described elsewhere.®® The carbon-
containing gasses, at their specific decomposition temperature,
decompose at the catalyst sites to form CNTs. To deposit the Ti
buffer layer, the substrate is transferred into an evaporation
chamber where Ti is evaporated at 1 A s™. The schematic of
the process flow is shown in Fig. 1.

Electrochemical measurements and material characterization
tools

The microstructure and morphology of the samples were
examined by a Zeiss field-emission scanning electron microscopy
(FE-SEM) Supra-55 VP equipped with X-ray Energy-Dispersive
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Spectroscopy (EDS) capability for compositional measurement.
Raman spectra were taken from a DXR Raman imaging micro-
scope (532 nm laser) from Thermo Scientific. The electrochemical
properties of half cells were measured using a VMP2 multichannel
potentiostat (Biologic) for cycling and galvanostatic charge-
discharge (GCD) tests. The tests were conducted at a fixed voltage
window between 0 V to 3 V (vs. Li/Li").

Fabrication and testing of lithium battery coin cells

The half cells were assembled in 2325-type coin cells under
helium gas ambient in the glove box with moisture and oxygen
levels below 1 ppm. Copper foils with CNTs and pure lithium
metal were used as the anode and counter electrode, respec-
tively. WHA1822021 glass fiber was used as a separator and 1 M
LiPF¢ in ethylene carbonate (EC) and dimethyl carbonate
(DMC) (1:1 mass ratio) solution as an electrolyte. The coin
cells were fabricated with CNT electrodes, where the configura-
tions of the electrode with order of layers deposited are
“Cu/50 nm Alumina/25 nm Ti/5 nm Fe/30 min CNT growth
by CVD” (left to right).

Density functional theory calculations

Density functional theory calculations were performed using
the Vienna Ab initio Simulation Package (VASP).>**° We utilized
projector augmented wave (PAW) potentials and the PBE
exchange-correlation functional.”! We generated 100 atom
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amorphous M,Al,0; simulation cells (M = Ti or Fe; x = 0, 1,
4) using the PACKMOL software to randomly distribute the M,
Al, and O atoms. We then performed a series of ab initio
molecular dynamics (AIMD) trajectories to equilibrate the cells
and extract formation energies; this approach, proposed by
Jung et al., is called “computational quenching”.** All runs
utilized a Nosé thermostat, a 1 fs time step, a 450 eV planewave
cutoff, and the I' k-point, and all heating and cooling proce-
dures were done at a rate of 1 K s~'. We first heated each
simulation cell from 300 to 3000 K, followed by a 5 ps trajectory
at 3000 K. We then cooled each system back from 3000 to 300 K
and performed another 5 ps trajectory at 300 K. We then
randomly selected 5 structures from this last trajectory and
performed full DFT relaxations of the lattice parameters and
atomic positions to determine the volume of the simulation cell
at each M concentration. We then fixed each cell to the
new volume and performed a final 5 ps trajectory at 300 K.
Finally, we selected 10 structures from this trajectory and self-
consistently computed their total energy. The density of states
was computed using an increased 4 x 4 x 4 k-point mesh and
tetrahedral smearing.

Results and discussion

The growth time of the CVD process dictates the thickness of
the as-grown CNTs. Fig. 2(a) shows the vertically aligned CNTs

Fig. 2 SEM images representing (a) 7-8 um thick vertically aligned CNTs on Cu after 30 min CVD growth. (b) Zoomed out picture of panel (a) showing
uniformity in thickness of the CNTs. (c) Poor adhesion of CNTSs to the substrate after prolonged growth time and (d) tilted image showing forest-like

growth.
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on Ti@Al,O;@Cu with 7-8 um thickness and 30-40 nm diameter
for the 30 min CVD growth time. The CNTs show a forest-like
structure with very high surface area potentially contribu-
ting towards more lithiation. As the growth time is increased,
the thickness of the CNTs increases up to a certain time and
then remains the same from then on, which could be due to the
fact that the amount of catalyst available tends to decrease or
due to deactivation of the catalyst when too much carbon
accumulates on them.**** For electrodes with prolonged CVD
time, the adhesion of CNTs to the substrate was poor beyond
2-hour growth time as shown in Fig. 2(c); hence, the optimum
growth time was fixed at 30 minutes. Fig. 2(b) is the cross-sectional
zoomed out picture of the CNTs showing uniformity in thickness
and Fig. 2(d) shows the SEM image of the tilted sample. It has
been shown that at higher temperatures the iron catalysts convert
into iron nanoparticles and assemble on clouds of alumina, which
act as starting points for carbon supersaturation, leading to
tubular CNT growth.** The Ti buffer layer has been used earlier
for many reasons such as formation of TiC helping to bind the
CNTs with the substrate and thereby preventing breakage.*® The
introduction of a Ti buffer layer over alumina has been found to
have many advantages. (i) During the CVD process, the intermedi-
ate Ti forms highly conductive TiC, which helps with lowering the
contact resistance at the Cu-CNT interface.*® (ii) The presence of
Ti over alumina helps with protecting the copper substrate from
oxidation and electrochemical degradation. (iii) It helps with
strong bonding between the substrate and CNTs.*® The use of
the catalyst, precursor, and growth temperature in our experiment
favoured the formation of multi-walled carbon nanotubes
(MWCNTs), as demonstrated by our previous research group.*’
They took high-resolution transmission electron microscopy
(HR-TEM) images, which confirmed the presence of multi-walled
(~11 walls per tube) carbon nanotubes.

In order to confirm the presence of TiC at the interface
between the CNTs and the substrate, a CVD experiment was run
with the same parameters as discussed in the electrode syn-
thesis section but excluding the Fe catalyst. This absence of
catalyst layer prevented the growth of CNTs during CVD but
served the purpose of TiC growth. Raman spectroscopy has
been performed on the as-grown TiC. Raman spectra shown by
the red curve in Fig. 3 show two characteristic D and G bands at
1345 cm ™' and 1574 cm™ ', associated to A, and Eyg vibrational
modes of the graphitic structure in TiC.*®*® The inset shows
the high resolution peaks of TiC at 242 cm™ ", 450 cm™ ", and
613 cm™ " corresponding to the acoustic mode and optical
mode spectral characteristics of titanium compounds, which
are comparable to those reported by Iqcin et al.>*>*' The black
curve in Fig. 3 shows the Raman spectra over the electrode with
CNTs grown. The 2D band at 2683 cm™ " mainly originates due
to the defects on the MWCNTSs.?>*® This peak also appeared in
TiC, which can be attributed to defects in the graphitic layer as
a CNT is a sheet of graphene rolled into a cylinder.

The electrochemical characteristics of CNTs on Cu are
shown in Fig. 4. The first three charge-discharge curves at a
current density of 50 mA g~ are shown in Fig. 4(a). The very
first discharge cycle reached a capacity of 849 mA h ¢~ " and is

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Raman spectra collected from two samples at a laser excitation
wavelength of 532 nm: (black) standard CNT/Fe/Al,O3/Cu sample where
CNTs were grown by CVD and (red) the sample without the Fe catalyst
resulting in no CNT growth but verifying the presence of the TiC interface.
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characterized by a voltage plateau between voltages 1.2-1.5 V
(vs. Li/Li"). This large irreversible capacity in the first discharge
process is attributed to the formation of the solid electrolyte
interphase (SEI) layer.>*™” The SEI layer is a passivation layer
that forms on the anode surface of LIB batteries comprising
both inorganic and organic components during early charge
cycles because of electrolyte decomposition. The components
on the SEI layer are the products of irreversible reactions and
can vary depending on the kind of salts, solvents, and electro-
des used. Based on previous studies, EC: DMC + LiPF, electro-
Iyte with a carbon-based anode tends to form products such
as LiF, (CH,OCO,Li),, Li,CO;3, etc. Some of the irreversible
reactions are given below.”®

EC: 2(CH,0),CO + 2¢~ + 2Li" — (CH,0CO,Li), + 2CHy(y
(i)

(CH,0),CO + 2™ + 2Li" — Li,CO; + CHyy  (ii)

(iii)
(iv)

DMC: CH;0CO,CH; + 2e~ + 2Li" — Li,CO;3 + CyHg(y

LiPFg: LiPFs + Li,CO; — 3LiF + POF; + COy

The 2nd and 3rd cycles have reached a nearly identical
capacity of 458 mA h g~ ', which is higher than previously
reported for carbon-based anodes.’* ®" This high capacity could
be because of defective CNTs, which are known to have better
conductivity and lithiation capability than graphite.5*%
Fig. 4(b) shows the charge-discharge profiles at various current
densities of 50 mA g™, 100 mA g~ ', 250 mA ¢~ and 500 mA g~ .
It is observed that as the current density increases, the capacity
decreases which is the standard behaviour of an LIB. At 50 mA g~

Energy Adv, 2023, 2,1182-1189 | 1185
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Illustration of a practical capacity of the CNT anode by forming a full cell: (a) charge and discharge profile of our Li/CNT half-cell and Li/LiFePO4

cell from the published literature,®® respectively. 1 gram of CNTs and 3.5 gram of LiFePO,4 have been taken to balance the capacity in each electrode.
(b) A full cell CNT || LiFePO, is modelled by merging the charge—-discharge profile of the Li/CNT and Li/LiFePO4 cells. As the discharge curve of the full cell
has a broad voltage profile, capacity only within a small voltage fluctuation (~0.8 V) is useful, which is around 300 mA h g~ for the CNT anode.

the capacity is 458 mA h ¢~ and even at 500 mA g~ * (10 times the
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discharge capacity of the LIB, which is subjected to increasing
current densities in step 1 (50-500 mA g~ ") followed by decreasing
current densities in reverse order (500-50 mA g~ ") in step 2 with
10 cycles for each current density. This is done in order to observe
the reversible capabilities and stability after long-term cycling
when combined with different current densities. The charging
and discharging capacity at a particular current density almost
overlap indicating good coulombic efficiency and the stability of
the device structure.

Interestingly, an enhancement in the capacity with an increase
in the cycle number is observed at low charge/discharge current,
ie., 50 mA g~ ". Similar behaviour was observed by Kant et al.®* in
2016 in free-standing carbon nanotubes as an anode for a flexible
lithium-ion battery. Masarapu et al.®® in 2009 claimed to be the
first to observe this anomalous behaviour with MWCNTs synthe-
sized on a stainless-steel substrate. They argued that enhanced
capacity came from the gradual structural damage in MWCNTs,
which led to the increase in the intercalation ability of the
nanotubes. This argument only applies partially to our case
because the capacity enhancement only occurred during the slow
charge/discharge, and the substrate is copper which cannot
intercalate Li ions, unlike stainless-steel as mentioned by Masar-
apu et al.*® Here we argue that when MWCNT anodes are charged
slowly, Li" ions get enough time to get intercalated first into some
outer layers of the nanotubes (which are basically graphene
sheets) through surface defects. Diffusion of more and more Li"
ions puts a lot of stress on the graphene layers, thereby expanding
the inter-graphene space and easing ion diffusion. As cycling
progresses, these ions create more defects in the nanotubes,
which helped the Li* ions go deeper into the layers increasing
the energy density. However, when cycling is performed faster, the
ions would not get enough time to go deeper, and the capacity
remains almost constant until the electrode starts to degrade.
Fig. 4(d) illustrates the coulombic efficiency and discharge capa-
city of the CNT electrode as a function of cycle number at the
current density of 200 mA g~ '. The Coulombic efficiency is
observed to remain at 99.4% after 70 cycles, indicating the
stability of the SEI layer and the integrity of the electrode.
However, it is important to note that the Coulombic efficiency
obtained in the half-cell may not be reflected in the actual
device (full cell) due to the limited inventory of lithium ions in
the anode.

To illustrate the capacity of our CNT electrode in a full cell
(Fig. 5(b)), we have combined our CNT anode capacity (Fig. 5(a))
with the published discharge cycle capacity of a LiFePO,
cathode paired against a Li anode (Fig. 5(a)).°” In order to
balance the capacity in the anode and cathode, the capacity for
1 g of CNTs and 3.5 g of LiFePO, is taken. The plot in Fig. 5(b)
was created by subtracting the voltage of Li/CNT (Fig. 5(a)) by
the voltage of the Li/LiFePO, because Li is the counter electrode
to both devices. This way, the value shown in the y-axis of
Fig. 5(b) shows the voltage achievable in a full cell for our CNT
electrode. From Fig. 5(b), it is thus clear that a practical capacity
of ~300 mA h g~ " at a rated voltage of 2.5 V is possible with our
CNTs if employed in a full cell configuration. As a lithium ion
capacitor, the full capacity of 458 mA h g~ can be utilized.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Calculation of density of states

In order to confirm the advantage of the Ti buffer layer, which
increases the conductivity at the alumina/CNT interface,
density of states calculations were carried out on alumina with
various amounts of Ti to investigate changes in the electronic
structure. Pure alumina with two concentrations of Ti (0.2 and
0.5 per Al,O; formula unit) were used for the calculations. The
density of states for the compounds Al,0;, Ti,Al,O03, and
TipsAl,0; are shown in Fig. 6(a). At both concentrations,
it was found that it is favourable for the Ti to diffuse into
amorphous alumina due to the negative formation energy Egorn.
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Fig. 6 Density of states (states per eV) vs. energy (eV) at (a) 0, 0.2 and
0.5 Ti per Al,Oz formula unit showing the appearance of states across the
Fermi level (set at 0 eV) and (b) at 0, 0.05 Ti and 0.05 Fe per Al,O3 formula
unit showing the lower E¢,,m of Ti compared to Fe to intercalate into AlLO3
to increase the electronic conductivity at the interface.
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Therefore, the introduction of Ti causes states to appear at the
Fermi level (set to 0 eV here), resulting in metallic behaviour.
Fig. 6(b) shows the density of states with small amounts of Ti
and Fe atoms in alumina. First, both Ti and Fe intercalation
cause the system to turn metallic. As the concentration of both
increase, more states appear at the Fermi level. Second, at low
concentration, it is found that it is energetically unfavorable for
Ti or Fe to intercalate into Al,0;. However, it is 50% more
unfavorable for Fe to intercalate (true across the concentra-
tions). Comparing the results of the density of states with the
experimental results, the following is derived. (1) In the case of
Fe alone, it is unfavorable for Fe to diffuse into the Al,O; layer,
which then remains insulating. This is important because the
Fe nanoparticles act as a catalyst for CNT growth, and
any diffusion into alumina would not result in CNT growth.
(2) In the case of Ti, it is more favorable for small amounts to
get into the Al,O; layer and make it metallic, leading to
enhanced conductivity.

Conclusions

The viability of high surface area carbon nanotubes (CNTs) as
an anode for LIBs, grown on copper foils using chemical vapor
deposition has been studied. CNTs with their high theoretical
capacity and superior material properties could be used as a
replacement for graphite. The effect of the Ti buffer layer in the
growth on CNTs via CVD technique has also been studied by
making an electrode with structure Cu/Al,O;/Ti/Fe/CNT. Coin
cells were made from this electrode with Li metal as the counter
electrode and 1 M LiPF¢ in ethylene carbonate (EC) and
dimethyl carbonate (DMC) (1:1 mass ratio) solution as an
electrolyte. A high capacity of 300 mA h g~* (0.8 V vs. Li/Li")
and 458 mA h g~' (3 V vs. Li/Li*) at 50 mA g~' has been
achieved. Raman spectroscopy confirmed the formation of TiC
at the interface between the CNTs and the substrate. The high
rate capacity on the LIB could be attributed to the conductive
TiC, which helped with better contact between the substrate
and CNTs, thereby reducing the interface contact resistance
and the high surface area CNTs contributing towards higher
lithiation capability. The capacity of this CNT anode can be
enhanced by the incorporation of active anode material such as
Si, which can help achieve the target of energy density required
for electric vehicles.
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