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ABSTRACT

The potential use of multi-walled carbon nanotubes (MWCNTs) produced by Chemical Vapor Deposition
(CVD) as conductive agent for electrodes in Li-ion batteries has been investigated. LiNig 33C00.33Mng 3302
(NCM) has been chosen as the active material for positive electrodes, and a nano-sized TiO,-rutile for
the negative electrodes. Also the MWCNTSs ability of reversibly inserting Li has been characterized.
The electrochemical performances of the electrodes are studied by galvanostatic techniques and cyclic
voltammetry. In particular the influence of the nanotubes on the rate capability is evaluated. The addition
of MWCNTs significantly enhances the rate performances of NCM-based cathodes at all investigated C-
rates. The 1 wt.% MWCNTs in TiO; rutile-based anodes accounts for an increase in the rate capability when
the electrodes are cycled in the potential range 1.0-3.0 V. The range extension to more negative potentials
(i.e. 0.1-3.0V), however, causes a capacity fading especially at higher current rates. The obtained results
demonstrate that the addition of MWCNTs to the electrode composition, even in low amounts, enables

Rate capability

an increase in both energy and power densities of a Li-ion battery.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Since their discovery, the interest around carbon nanotubes
(CNTs) has grown continuously. Particularly in the last decade, both
their electrical and mechanical properties have become an area of
interest for Li-ion battery applications.

Carbon nanotubes can be considered as one-dimensional struc-
tures and schematically viewed as cylinders comprised of rolled-up
graphene layers. They are commonly classified depending on the
number of layers that constitute their walls. Only one graphene
layer defines the so-called single-walled carbon nanotubes (SWC-
NTs), while multi-walled carbon nanotubes (MWCNTSs) are made
by several sheets. SWCNTs have been extensively studied both
theoretically and experimentally. They can be entirely described
(except for their length) by a single vector (i.e. chiral vector) which
defines the way in which the layers are rolled-up, thus determin-
ing their properties. Among these, the electronic conductivity is
one of the most affected by the structure of the nanotubes. SWC-
NTs show either metallic or semiconductive behavior, depending
on the band structure, and the energy gap of the semiconducting
ones is related to the chirality [1]. Regarding MWCNTSs, an accu-
rate description of the relation between structure and properties is
anything but a trivial matter. In fact, by increasing the number of
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concentric tubes, the complexity of the problem increases too. In
spite of that, there are different models describing MWCNTSs, which
are in a good agreement with the experimental results [1].

There are mainly two features that make CNTs interesting for
Li-ion battery applications. The high electronic conductivity com-
pared to carbon blacks makes them suitable as conductive agent for
electrodes. On the other hand, their ability to insert Li ions might
allow them to be used as anode active material [2].

Many works have investigated the addition of CNTs as a con-
ductive agent for positive electrodes, using several active materials
such as LiCo0O; [3-5], LiNig7Cog 305 [6], MnO, [7], LiMn,04 [8,9],
LiFePO4 [10-13], and LiMnPO4 [13]. According to these studies,
CNTs can not only provide higher conductivity and thus better
capability at high C-rates, but they could also improve the capacity
retention upon cycling by avoiding contact loss between the active
particles.

Regarding the negative side in lithium-ion batteries, CNTs are
considered interesting active materials because they can insert Li
ions in a way similar to graphite. Due to their big aspect ratio they
canreach a capacity higher than 372 mAh g~!, which is the theoret-
ical capacity of graphite. Depending on the structure and shape of
the CNTs, Li can not only be inserted in the inner space of the tube
but also on the outer surface as well as on the edges of the rolled-up
graphene layers [14]. However, the high irreversible capacity at the
first cycle and the poor cycling stability hinder a real application as
active material for anodes.

For these kinds of applications, the cost plays a key role and is
presently the main factor hindering an extensive use in commercial
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Fig. 1. TEM image of MWCNTs produced by CVD from FutureCarbon GmbH.

devices. SWCNTs have the biggest gap to fill as their price is 50-100
times higher than that of MWCNTs.

In this work we evaluated MWCNTs as conductive agent
for both cathode and anode electrodes in Li-ion batteries, with
the aim of partially replacing the classical carbon black and/or
graphite and thus enhancing the electrochemical performances.
LiNig33C09 33Mng 330, (NCM) has been chosen as active material
for the positive electrodes, and a nano-sized TiO,-rutile for the neg-
ative electrodes. Especially the influence of MWCNTSs on the rate
capability has been evaluated. Also the ability of the MWCNTSs to
reversibly insert Li has been investigated.

2. Experimental
2.1. Electrode preparation and characterization

The CNTs used in this work were multi-walled (MWCNTSs, from
FutureCarbon GmbH), produced via Chemical Vapor Deposition
(CVD) on a metal catalyst (Fe). They had an average outer diameter
ofabout 8-17 nmand consisted of 5-9 walls (see Fig. 1); their length
is in the range of several micrometers (1-10 wm). The iron catalyst
residue was removed using an acid purification, and the obtained
nanotubes were dispersed in anhydrous N-methyl-2-pyrrolidone
(NMP) by successive high energy and high shearing force steps.

MWCNTs tend to agglomerate during production and to re-
agglomerate in dispersions. Thus high shearing forces are helpful
for breaking up the agglomerations. Low energy methods are usu-
ally not successful while “brute force” methods like ball milling
might pulverize the nanotubes.

The positive electrodes were fabricated from
LiNig33C0933Mng 330, (hereinafter called NCM) with the fol-

Table 1
Overview of the electrode formulations characterized in this work.
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Fig. 2. SEM micrograph of a MWCNTs-based electrode.

lowing standard composition: 84 wt.% NCM, 6 wt.% carbon black
(SuperP, Timcal), 2wt.% graphite (SFG6, Timcal), and 8 wt.% poly
(vinylidene fluoride) (PVDF) binder (Solvay). The active material for
the negative electrodes was a nano-sized TiO, rutile (synthesized
at the Institute of Inorganic Chemistry I of the University of Ulm,
from the group of Prof. Hiising), with the electrodes containing
76 wt.% TiO, rutile, 12wt.% carbon black (SuperP), and 12 wt.%
PVDF binder (Solvay). Starting with these formulations, 1 wt.% of
MWCNTs was added to the electrodes’ composition to replace
4 wt.% of carbon black in the NCM-based electrodes and 1wt.% in
the TiO, rutile-based one, respectively. Electrodes with MWCNTSs
as active material contained 85wt.% MWCNTs, 10wt.% carbon
black (SuperP), and 5 wt.% PVDF binder (Solvay). Table 1 gives an
overview of the electrode formulations which were characterized.
The slurries were coated by using the “doctor-blade” technique
on Al (positive electrodes) or Cu (negative electrodes) foils. The
obtained electrodes were very homogeneous. The loadings of the
NCM-based electrodes were slightly different for the MWCNTSs-
containing electrodes compared to the standard composition. A
reason for this could be the different electrode formulations in
the two cases. However, the densities had similar values of about
1.9-2.0 gcm3. In the case of the TiO, rutile-based electrodes both
those with and those without MWCNTSs had similar loadings and
densities (0.6 gcm—3). Figs. 2 and 3 show the SEM micrographs
(collected on a LEO 1530 VP) of the MWCNTs-containing electrodes
studied in this work.

2.2. Electrochemical characterization

The electrochemical characterization has been carried out in
Swagelok three-electrode cells with Li as the counter and ref-
erence electrode. Before cell assembly in an Ar-filled glove box
(MBraun), the electrodes were dried at 130°C overnight in order
to remove traces of water and solvent. Glass microfiber (What-
man, GF/A) was used as a separator. The electrolyte consisted of 1 M
LiPFg in ethylene carbonate and dimethyl carbonate (EC:DMC 1:1

Active material (wt.%) Conductive agent

Binder (wt.%)

Carbon black (wt.%)

Graphite (wt.%) MW(CNTSs (wt.%)

NCM 84 6
NCM +CNTs 87 2
TiO,, rutile 76 12
TiO, rutile + CNTs 76 11

MWCNTs 85 10

|
o= =
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Fig. 3. SEM micrographs of electrodes containing MWCNTs as conductive agent: (a)
NCM (positive) and (b) TiO; rutile (negative).

by w/w) from Ube, Japan. Another electrolyte composed of 0.7 M
LiBOB in a mixture of EC and ethyl methyl carbonate (EC:EMC 1:1
by w/w) was used for investigating the SEI film formation on the
electrodes with MWCNTs as active material. All the measurements
were performed at room temperature with a VMP multi-channel
potentiostat/galvanostat (Bio-logic Science Instrument), equipped
with an EC-Lab® software. Galvanostatic cycling with potential
limitation and cyclic voltammetry were the electrochemical tech-
niques used in this work. The positive electrodes were tested
in the potential window 3.0-4.3V, while the negative ones both
between 1.0-3.0V and 0.1-3.0V vs. Li/Li* (TiO, rutile-based), or
0-3.0V vs. Li/Li* (MWCNTs-based). Charge always refers to de-
lithiation, while discharge refers to lithiation. The applied current
rates were calculated taking into account the following theoretical
capacities: NCM=278 mAhg~'; TiO, rutile=335mAhg-1; MWC-
NTs=372mAhg-!. Specific capacity values (mAh g~1) are obtained
considering only the active material mass of the electrodes. All
potentials are reported vs. Li/Li*.

3. Results and discussion
3.1. MWCNTs as active material for Li insertion
Electrodes with MWCNTSs as active material were characterized

with two aims: (i) to determine their potential for reversible Li
insertion and (ii) to observe their electrochemical behavior in the
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Fig.4. Voltage profile of the (a)firstand (b) second and third discharge/charge cycles
at a C/10 rate of MWCNTs-based electrodes in 1 M LiPFg in EC-DMC.

potential range 0-2.0 Vin which anodes are usually active, and thus
to find out if they are suitable as conductive agent for negative
electrodes in Li-ion batteries.

The electrochemical behavior of CNTs upon galvanostatic
cycling has been extensively investigated and is known to be
dependent on the kind and shape of the tubes [15]. Previous works
in the literature have demonstrated through several techniques
(XRD, 7Li NMR, micro-Raman) that Li insertion starts in CNTs below
0.1 V.Ifit starts at more positive potentials, it proceeds without any
electronic transfer [16-18]. The complete lithiation is reached only
at potentials very close to 0V [17].

Atypical feature of CNTs is a significant irreversible capacity loss
in the first cycle, which is usually greater in the case of opened CNTs
in comparison to the closed ones. This was attributed to the SEI film
formation occurring below 1V vs. Li/Li* (usually 0.7-0.9 V) in LiPFg
or LiClO4-based electrolytes [19,20]. Fig. 4 presents the first three
discharge/charge galvanostatic cycles in the potential range 0-3.0 V
at a rate of C/10 (calculated considering the theoretical capacity of
graphite, 372mAhg-1).

After a first steep decay (usually called high voltage region
(HVR)), the potential reaches a large pseudo-plateau at about 0.9V
which can be related to electrolyte decomposition and SEI forma-
tion. This plateau can be observed only in the first cycle (see Fig. 4a).

The assumption that this corresponds to SEI film formation
could be confirmed by cyclic voltammetric experiments carried out
on MWCNTs electrodes in a LiBOB-based electrolyte (Fig. 5). LIBOB
is known for its ability to form a stable film on the graphite surface
[21-24]. In comparison to LiPFg, film formation in LiBOB starts at
more positive potentials - i.e. about 1.8V (see the peak in Fig. 5,
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Fig. 5. Cyclic current-potential curves for MWCNTs electrodes, recorded at
0.05mV s~ The first cycles in LiPFs/EC-DMC (1:1) (dashed line), and LiBOB/EC-EMC
(1:1) (solid line) are compared.

solid line). In the LiPFg-based electrolyte a clear defined peak can
be observed at 0.75V (see the dashed line in Fig. 5).

Liinsertionin MWCNTs occurs only in the lower potential region
(LVR) and it clearly differs from the case of graphite. While the
typical discharge curve of the latter usually shows a staging phe-
nomenon characterized by several potential plateaus, in the former
case such behavior is not observed. Though much work has been
done to understand the lithium storage mechanisms in CNTs, there
are still no conclusive studies on this topic. In general, because
of the morphological complexity of the CNTs, the identification
of the Li storage sites remains the main hindrance for elucidat-
ing the mechanism of Li insertion. Indeed, different from graphite,
Li storage in CNTs is much more affected by the presence of so
called “3D defects”, such as cavities and pores of several shapes
and dimensions [25].

The irreversible capacity observed in the first cycle is about
2200mAhg-! and considerably larger than the results reported
in the literature for MWCNTs [19,26]. A possible explanation for
such kind of behavior is the high ratio of open-ended MWCNTs. As
described in Section 2, the MWCNTs used in this work underwent
an acid treatment in order to remove the metal catalyst residues.
Besides removing Fe particles, the acid attacks the defects as well
(most of them usually being located at the ends of the nanotubes)
and most likely causes an opening of the tubes. Phenomena asso-
ciated to SEI film formation (e.g. electrolyte reduction) can cause a
high irreversible capacity loss in the first discharge. The higher the
surface area, the more significant the film formation can be. Open
MWCNTs can provide a greater available surface in comparison to
closed MWCNTSs (or SWCNTSs) and thus exhibit higher irreversible
capacity [19,20]. Another possibility is that, as Frackowiak et al.
suggested in Ref. [27], Li could be adsorbed (and trapped) at the
edges of pseudo-graphitic aromatic layers present at the opened
ends of the tubes or at micro-textural irregularities. Furthermore,
CNTs have the tendency to form bundles, thus conferring a higher
porosity to the electrode (see also Fig. 2). Hence, the electrolyte can
better access the active surface and decompose to form the passive
SEI layer [28].

3.2. MWCNTs as conductive agent for NCM-based cathodes

The feasible application of Li-ion batteries as power sources
for electrical engines in the automotive field necessarily requires
them to have high power performances. In order to achieve this,
the electrodes should possess a high electronic conductivity. Elec-
trode formulations always contain conductive additives in different
amounts (usually 2-10 wt.%) since most of the electrode materials
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Fig. 6. Rate capability of NCM-based electrodes in a LiPFs electrolyte at different
charge/discharge rates ranging between C/5 and 5C - comparison between elec-
trodes without MWCNTs and with 1 wt.% MWCNTs.

(especially for cathodes) have a poor electronic conductivity. In the
case of cathodes, these additives (e.g. carbon black, graphite) do not
contribute to the capacity since they are electrochemically inactive
for Li insertion at the typical working potentials of a positive elec-
trode. A high amount of conductive agents would mean a lower
amount of active material, thus penalizing the energy density. Due
to their excellent electronic conductivity, 0.5-1 wt.% CNTs can theo-
retically completely replace the commonly used conductive agents.
More conductive electrodes would also mean better rate capability
and thus higher power. Hence, using CNTs could improve both the
power and energy densities of Li-ion batteries.

LiCoO, is still one of the most used cathode materials in com-
mercial batteries for portable applications, mostly due to its good
electrochemical properties and high energy density. It suffers, how-
ever, from a relative low thermal stability, which can cause safety
problems. Among the layered metal oxides, NCM seems to be a very
promising cathode material because of better thermal safety char-
acteristics with respect to LiCoO,, good capacity in a wide potential
range and small volume changes upon cycling [29-31].

The effect of MWCNTs addition on the electrochemical per-
formances of NCM-based cathodes has been investigated by
galvanostatic tests at different C-rates between C/5 and 5C.

As shown in Fig. 6, the specific discharge capacities delivered by
the cathodes containing MWCNTSs are at all investigated C-rates
higher than those of the electrodes containing only the classi-
cal conductive agents. The difference becomes more significant at
rates higher than 2C. The addition of MWCNTs to the electrode
considerably improves the capacity especially at 5C: 87 mAhg!
in comparison to only 58 mAhg~! with the commonly used con-
ductive agents. Also after cycling at relatively high currents, and
returning to C/5, the capacity values are almost the same as the ini-
tial ones. Misleading values of discharge capacity can be obtained
when charging with a very low current. Indeed, it is worth to notice
that, in this work all the galvanostatic measurements have been
performed applying the same current rates both for charge and
discharge.

Fig. 7 depicts the voltage curves for NCM electrodes recorded
at C/5 and 5C rates. The slope-like voltage profile is typical for Li
insertion/extraction from a layered oxide [29,30], and at the higher
C-rate the lower polarization clearly reflects improved electrode
kinetics.

Several studies relate the better rate capability to an improved
electronic conductivity of the electrodes due to the CNTs
[3-8,10-12]. This might be the case when replacing the classical
conductive agents with the same amount of CNTs. However, in
the present work the total amount of conductive agents has been
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reduced, while the amount of active material has been increased.
Therefore electronic conductivity measurements using the van der
Pauw technique (results not reported) did not show a significant
improvement. The authors believe that the presence of MWCNTs
also influences the electrode structure, in particular the porosity.
A better pore distribution can improve the electrolyte access and
thus the Li ions diffusion into the active material particles.

3.3. MWCNTs as conductive agent for TiO, rutile-based anodes

Many studies in the literature concerning Li-ion batteries dealt
with the use of CNTs as Li host at the negative side [15-18,32].
Recently, they have also been investigated for application as a kind
of buffer against electrode expansion/contraction occurring dur-
ing the alloying/de-alloying reactions of Li-alloy materials such as
Li,Siy [33,34].

Carbonaceous materials (such as graphite and hard carbons) are
the most commonly used anode materials for commercial Li-ion
batteries. However, they can suffer from poor rate performances
and low thermal stability. The demand for high power batteries
with improved safety in the last years has led the research to faster
materials with higher thermal stability and thus safety. In these
terms, a promising anode material is TiO, rutile [35] because of its
excellent rate capability, high stability and last but not least non-
toxicity [36,37].

The main advantage of both TiO, anatase and rutile is that the Li
insertion occurs in the potential stability window of the standard
electrolytes (above 1V vs. Li/Li*). On the other hand, such a high
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Fig. 8. Rate capability of TiO, rutile-based negative electrodes in a LiPFs electrolyte
in two different voltage windows: (a) 1.0-3.0V and (b) 0.1-3.0V - comparison
between electrodes without (empty dots) and with MWCNTs (filled dots).

anode potential strongly penalizes the overall energy of the battery.
Extending the potential window to more negative values allows a
gain in terms of capacity but also affects the rate capability [36].
Even though the MWCNTSs are known to be active toward the for-
mation of an SEI film at potential below 1V, a small amount of them
could theoretically improve the rate capability without affecting
the other electrochemical properties too much.

For the present study, a new nano-sized TiO, rutile has been
used as active material. In the case of carbonaceous materials, the
electrode conductivity has never been a greatissue. On the contrary,
TiO, rutile needs a certain amount of conductive agents since the
material itself is a semiconductor.

The MWCNTs were added to the slurry formulations to partly
replace SuperP and the resulting electrodes were electrochemically
characterized. In particular the influence of the cut-off potential
on the performances was investigated. Fig. 8 shows the rate capa-
bility of TiO, rutile-based composite electrodes with SuperP as
unique conductive agent and with the SuperP + MWCNTs combi-
nation. Different C-rates between C/5 and 30C were employed for
discharge/charge the electrodes.

At all investigated C-rates the addition of MWCNTSs leads to
an increase in the specific capacity when cycling in the potential
range 1.0-3.0V. Extending the potential window to 0.1V, a cer-
tain capacity fading can be observed for current rates higher than
5C (see Fig. 8b). In Fig. 9 the voltage profiles during the first dis-
charge/charge in both investigated potential windows are reported.

If we compare the profiles in the two cases, it is quite clear that
a deeper discharge of the composite electrode (up to 0.1V) signifi-
cantly increases the first cycle irreversible capacity loss, regardless
if the electrodes contain nanotubes or not (see Table 2 for the exact
values).

In a previous work, Pfanzelt et al. [36] investigated the electro-
chemical properties of TiO, rutile with the same electrolyte. They
suggested that the film formation (at potentials lower than 0.8 V)
could be a possible explanation for the first cycle higher irreversible
capacity in the broader potential window.
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Table 2
First cycle irreversible capacities of TiO, rutile-based electrodes.

CUT-OFF (V vs. Li/Li*) TiO, rutile TiO; rutile + CNTs
(mAhg™) (mAhg™)
1-3V 116 133
0.1-3V 310 416

As expected, the presence of MWCNTs in the TiO, rutile-based
electrodes brings an additional contribution to irreversible capac-
ity in both potential windows. When cycling in the potential
range 0.1-3.0V the irreversible capacity associated with the CNTs
increases substantially from 17 mAhg~! to 106 mAhg-1.

This behavior might partially be attributed to Li ions irreversibly
trapped by the tubes. However, according to literature, no Li inser-
tion should occur in the nanotubes at potential more positive than
0.1V, or at least only in a negligible part. It is more likely that this
difference arises from the SEI formation in the case of the MWCNTs-
containing electrodes. In principle, a less conductive SEI might also
affect the rate capability at high C-rates causing the fading shown
in Fig. 8b. Further investigations are required in order to support
this hypothesis.

4. Conclusions

The addition of a small amount of MWCNTSs as conductive agent
has been evaluated with both positive and negative electrode mate-
rials for Li-ion batteries. Also, the ability of MWCNTSs to reversibly
insert Li has been investigated.

The addition of 1 wt.% MWCNTSs enhanced the rate capability of
NCM-based cathodes at all investigated C-rates. The effect is more
significant at high current rates - i.e. about 50% higher specific
capacity at 5C.

The replacement of only 1 wt.% of SuperP with the same amount
of MWCNTs in TiO5 rutile-based anodes results in an increase in the
rate capability if the electrodes are cycled in the potential range
1.0-3.0V. When extending the range to more negative potentials
(0.1-3.0V) a pronounced capacity fading is observed, especially
at higher C-rates. Also, the irreversible capacity loss in the first
cycle becomes more significant. A tentative explanation of this phe-
nomenon can be the formation of a thicker/less conductive SEI film
on the electrodes containing MWCNTSs.

The very significant irreversible capacity loss in the first cycle
(2200mAhg-1), together with their poor reversibility, make the
investigated MWCNTSs not suitable for Li insertion.

CNTs are a fascinating tool for enhancing the power density of
Li-ion batteries by improving rate capability of both positive and
negative electrodes. Their ability to insert Li and the formation of
a SEI film on their surface must be considered when choosing the
right working potential window. This is very important especially
when using CNTs as conductive agents for negative electrodes, oth-
erwise the electrode performances can suffer.
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