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Abstract Carbon nanotubes (CNTs), including multi-walled
CNTs (MWCNTs) and single-walled CNTs (SWCNTs), are
employed as conductive additives in lithium ion batteries. The
effects of MWCNTSs’ carbon precursors, diameter, and weight
fraction on the electrochemical behavior of MWCNTs/
LiCoO, composite cathode are investigated. Meanwhile, a
comparison is made between SWCNTs /LiCoO, and
MWCNTs/LiCoO,. Among the three kinds of carbon
precursors: CHy, natural gas, and C,H,, MWCNTs prepared
from CHy are very fit for acting as conductive additives due
to their better crystallinity and lower electrical resistance.
MWCNTs with smaller diameter favor improving the
electrochemical behavior of MWCNTs/LiCoO, composite
cathode at higher charge/discharge rate owing to their
advantage in primary particle number in unit mass. To make
full use of LiCoO, at higher rate, it is necessary to add at
least 5 wt.% of MWCNTs with a diameter 10~30 nm.
However, SWCNTs are not expected to be added into
LiCoO, composite cathode since they tend to form bundles.
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Introduction

Lithium ions intercalation/deintercalation reaction rates
depend on electronic conducting because the process of
lithium ion insertion/deinsertion is simultaneously accom-
panied by electron removal [1, 2]. In lithium ion batteries,
the layered compounds LiCoO,, LiNiO, and spinel com-
pound LiMn,0O,4 have served as very effective cathode
active materials. Their high electrical resistance easily
results in a serious polarization and poor utilization of
active materials. Therefore, carbon materials [1-11], owing
to their high electrical conductivity and chemical inertness,
are often employed as conductive additives for improving
the utilization of active materials of the cathode. As one of
carbon materials, carbon nanotubes’ (CNTs’) high electrical
conductivity and one-dimensional structure make them very
qualified for acting as conductive additives. Some studies
[12—17] have demonstrated that carbon nanotubes are more
effective for decreasing the internal resistance and improv-
ing electrochemical behavior of the composite cathode
when compared with acetylene black and chemical vapor
deposit carbon fibers.

It is well-known that CNTs’ properties vary with their
carbon precursors, their diameter, etc. At present, carbon
precursors, used in chemical vapor deposition in our
laboratory, involve CHy, natural gas (NG) and C,H,, and
CNTs’ average diameter specification ranges from 10~30,
30~50, 80~100 to 100~200 nm. So far, we cannot obtain
any information about the effect of these parameters on the
electrochemical performance of LiCoO, cathode from
relevant literature. This work will focus how the CNTs’
carbon precursors, diameter, and weight fraction etc.
influence the electrochemical behavior of CNTs/LiCoO,
composite cathode.
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Fig. 1 TEM images of MWCNTs prepared from various carbon precursors: a CHy, b NG, ¢ C,H,

Experimental

The working electrode consists of 94 wt.% of active
material LiCoO,, 3 wt.% of conductive additives, and
3 wt.% of binder LA132 (whose chemical composition is
polyacrylonitrile). The conductive additives used in the
experiments involve multi-walled CNTs (MWCNTs) and
single-walled CNTs (SWCNTs).

All of the CNTs were provided by Chengdu Institute of
Organic Chemistry, Chinese Academy of Sciences. MWCNTSs
with different diameter were prepared through chemical vapor
catalytic decomposition of carbon over Ni/La,O; with a
various mol ratio 0.3, 0.5, 0.7, and 0.9 at 973.15 K for
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Fig. 2 The XRD patterns of MWCNTs prepared from various carbon
precursors: @ CHy, b NG, ¢ C,H,
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30 min in a fixed-bed reactor, and SWCNTs were prepared
over Co/MgO with a mol ratio 0.3. To remove the metal
particles attaching to CNTs, these CNTs samples were
additionally treated in dilute nitric acid at 60 °C for 3 h.
LiCoO, with a theoretical capacity 156 mAhg ' was
provided by BTR Energy Materials Limited Co., Ltd,
Shenzhen, China, and the binder LA132 was obtained from
Chengdu Institute of Organic Chemistry, Chinese Academy
of Sciences.

The powder XRD patterns of CNTs were obtained with a
Philips PW 1730 diffractometer using CuKo« radiation.
TEM images and SEM images were obtained from JEOL
JEM-100CX and JEOL JSM-35, respectively. The electrical
resistance of the additives and corresponding composite
cathodes was measured by the four-point probe [18]
equipment D41-11C/ZM621.21C made by Beijing Seven-
star Electronics Co., Ltd, Beijing, China.

The LiCoO, composite electrode was fabricated as
follows: First, a pre-dispersed suspension of CNTs

Raman Intensity (arb. unit)
f

400 800 1200 1600
Raman shift (cm™")

Fig. 3 The Raman spectra of MWCNTSs prepared from various carbon

precursors: @ CHy, b NG, ¢ C,H,
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Table 1 Electrical resistivities of MWCNTs prepared from various carbon precursors and the corresponding MWCNTs/LiCoO, composite

cathodes (1072 Qcm)

MWCNTs MWCNTs/LiCoO, composite cathode
CNT1 CNT2 CNT3 CNT1/LiCoO, CNT2/LiCoO, CNT3/LiCoO,
Resistivity 1.8 3.5 5.9 191 375 712

CNTI1, CNT2, and CNT3 are prepared from the corresponding carbon precursor CHy, NG, and C,H,, respectively

(MWCNTs or SWCNTs) was prepared by ultrasonicating in
ethanol with polyvinylpyrrolidone as dispersing agent, and
then the active material LiCoO, was homogeneously mixed
with the pre-dispersed CNTs suspension and the binder
LA132 in an agate mortar. After that, the mixed slurry was
spread onto a 10-pum-thick Al foil to form an electrode.
Next, the electrode was dried under vacuum at 100 °C for
24 h and finally was pressed with a roll to enhance the
contact of the particles. The electrode thickness was about
60 um. The coin cells were assembled in a glove box under
an Ar atmosphere with the humidity less than 5 ppm. A
porous polypropylene separator (Celgard #2400) was
packed into the cells.

The working electrodes were evaluated in a two-
electrode cell in which metal Li sheet acted as the counter
electrode. Electrochemical measurements of the charge—
discharge of LiCoO2 composite electrode were conducted
in an electrolyte solvent EC/DEC (1:1 in volume, EC and
DEC mean ethylene carbonate and diethyl carbonate,
respectively) containing 1 M LiClO4 (Mitsubishi Chemical
Corporation) at room temperature. The cells were cycled
between 4.3 and 3.0 V versus Li/Li". The rate capacity was
measured after five cycles at 0.2 C. The current density
corresponding to 1.0 C is 0.56 mAcm >
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Fig. 4 The initial discharge capacities vs. discharge rate when
MWCNTSs’ carbon precursors are different

Results and discussion
Effect of carbon precursors of MWCNTSs
SEM, XRD, and electrical resistance

Figure 1 displays the TEM images of MWCNTSs prepared
from the decomposition of various carbon precursors.
Every kind of MWCNTs has an almost uniform diameter
30~50 nm. From the appearance, we can see the MWCNTs
prepared from CH4 almost do not show any defects. After
treated in dilute nitric acid, the MWCNTs from the three
kinds of carbon precursors are very clear, and no metal
particles and amorphous carbon are observed to attach to
the surface of MWCNTs.

Figure 2 shows the XRD patterns of MWCNTSs prepared
from various carbon precursors. The lattice spacing d (002)
can be used to characterize the degree of graphitization. For
the MWCNTs prepared from CH,, NG, and C,H,, the
corresponding 4 (002) values are 0.3402, 0.3422, and
0.3458 nm, respectively. Apparently, the d (002) value of
MWCNTs prepared from CH, is the closest to that of
graphite (0.3354 nm). This fact suggests MWCNTs
prepared from CH, have higher crystallinity than those
from the other two precursors. Meanwhile, Raman spectra
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Fig. 5 Initial discharge voltage profiles at the discharge rate 3.0 C
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Fig. 6 The initial discharge capacities vs. discharge rate when
MWCNTs’ diameter changes

in Fig. 3 offer similar evidence for this. Obviously, the
spectrum of MWCNTs prepared from CH,; exhibits the
smallest D-band and a distinct G-band. Its peak intensity
ratio of the D-band and the G-band equals 0.214, smaller
than the values of MWCNTs prepared from NG and C,H,,
0.252, and 0.348. Combining Figs. 2 and 3 with Table 1,
we naturally draw a conclusion that electrical resistances of
MWCNTs and the corresponding composite cathodes
depend on the MWCNTSs’ crystallinity. In other words, the
higher the crystallinity of MWCNTs is, the lower the
electrical resistance is.

Effect of carbon precursors on electrochemical behavior
of MWCNTs/LiCoO, composite cathodes

As shown in Fig. 4, at lower current rate, the three kinds of
MWCNTs/LiCoO, composite cathodes have approximately
equivalent capacity. However, with the increase of the
current rate, their difference in discharge capacity tends to
increase. Particularly, the difference of specific capacity

D

Fig. 7 The simplifying model of MWCNTs
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Fig. 8 The initial discharge capacities vs. discharge rate as
MWCNTs’ weight fraction alters

between CH4/LiCoO, and C,H,/LiCoO, reaches up to
about 15 mAhg " at the current rate 3.0 C. Among the three
kinds of MWCNTs/LiCoO, composite cathodes, the cath-
ode, in which MWCNTs are prepared from CHy, exhibits
the best electrochemical performance. This phenomenon is
attributed to the internal resistance of the composite
cathode. The lower internal resistance results in the lower
polarization potential and then the higher discharge poten-
tial. Therefore, as shown in Fig. 5, the velocity of ending
discharge slows down, and the higher discharge specific
capacity is obtained.

Effect of MWCNTs’ diameter on electrochemical behavior
of MWCNT5s/LiCoO, composite cathode

Owing to the best electrochemical performance of the
composite cathode in which MWCNTs are prepared from
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Fig. 9 Comparison between SWCNTs/LiCoO, and MWCNTs/
LiCoO, (MWCNTS’ outer diameter is 30~50 nm)
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Fig. 10 SEM and TEM image
of SWNTs: a SEM, b TEM

CH,, this kind of MWCNTs is used in the following
experiments. MWCNTs’ weight fraction still remains at
3 wt.% in the cathode.

The electrochemical behaviors of MWCNTSs/LiCoO,
cathodes containing MWCNTs with different diameter are
compared in Fig. 6. At lower current rate, MWCNTs/
LiCoO, cathodes containing MWCNTs with different
diameter almost show the same discharge capacity. How-
ever, when it comes to higher current rate, the situation is
completely different. The cathode containing MWCNTs
with relatively smaller diameter begins to exhibit their
advantages. For instance, when the composite cathodes are
charged/discharged at the rate 3.0 C, the specific capacity
of the composite cathode containing MWCNTs with outer
diameter 10~30 nm is about 30 mAhg ' larger than that of
the cathode containing MWCNTs with outer diameter
100~200 nm. The trend in Fig. 6 suggests us that MWCNTs
with smaller diameter favor improving electrochemical
behavior of the MWCNTs/LiCoO, composite cathode at
higher charge/discharge rate. A simplifying model helps us
to explain the phenomenon.

As we all know, MWCNTs contain from three or four to
20 or more cylindrical layers with concentric caps formed
on the ends. In order to conveniently estimate the relative
number of MWCNTs, MWCNTs are firstly simplified as
following: (1) MWCNTs are considered to be composed of
regular cylinders by neglecting the caps on the two ends
(see Fig. 7); (2) MWCNTSs’ other physical parameters, such
as their length, density, etc., are looked as the same except
their diameter. Based on the above assumptions, for two
kinds of MWCNTs with outer diameter D; and D,,
respectively, when they have the same mass M, we have
the following expression.

D} — d7)

>
M= n]an. ( 1 (DZ dZ)

= mpLrw y) (1)
where d; and d, represent the inner diameter of MWCNTSs
whose corresponding outer diameter is D; and D,
respectively. Similarly, n; and n, refer to the primary

PSWNT

particle number of corresponding MWCNTs. p means
MWCNTs’ density, and L is MWCNTSs’ length. According
to the above expression, MWCNTs with smaller outer
diameter possess a larger number of primary particles in
unit mass than those with larger outer diameter. For
example, the primary particle number of MWCNTs with
Dy 20 nm and d; 5 nm is 26.4 times as large as those with
D, 100 nm and d, 10 nm. Thus, in the presence of
MWCNTs with smaller outer diameter, more continuous
conductive networks form in the electrode and more
electron channels are provided to lessen the internal
resistance and polarization loss. The result is that more
active materials are effectively utilized, especially at higher
current rate.

Effect of MWCNTs’ weight fraction on electrochemical
behavior of LiCoO, composite cathodes

On the basis of the above experiments, all the MWCNTs
utilized in this part are prepared from CH,, and their
diameter is about 10~30 nm. The amount of binder LA132
is fixed at 3 wt.%. As shown in Fig. 8, the specific capacity
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Fig. 11 Initial discharge voltage profiles vs. discharge capacity at the
discharge rate 3.0 C
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of LiCoO, composite cathode increases with the increase of
the content of MWCNTs when MWCNTS’ content ranges
from 1 to 5 wt.%. But if we continue to increase the
MWCNTSs’ content from 5 to 7 wt.%, the difference in
the specific capacity is neglectful no matter what rate at
which the cathodes are discharged. It is worthy to point
out that when the content of MWCNTs in the cathode is
1 wt.%, the capacity of LiCoO, composite cathode
dramatically decreases with the increase of charge/dis-
charge rate. Apparently, this is because the electron
channels provided by only 1 wt.% of MWCNTs cannot
meet the need of the electron transportation in the cathode
and guarantee an effective utilization of active material
LiCoO,. In order to take full advantage of LiCoO, at
higher rate, it is necessary to add at least 5 wt.% of
MWCNTs.

Comparison between SWCNTs/LiCoO, composite cathode
and MWCNTs/LiCoO, composite cathode

The idea substituting SWCNTs for MWCNTs comes from
the fact that MWCNTs with smaller outer diameter favor
improving electrochemical behavior of the MWCNTSs/
LiCoO, at higher charge/discharge rate. If we take the
primary particle number of CNTs in unit mass into account,
SWCNTs should be much better for improving electro-
chemical behavior of the LiCoO, cathode than MWCNTSs
because SWCNTs’ outer diameter equals about 1.70 nm.
What is more, SWCNTs display some smaller electrical
resistivity (0.01 Qcm) than MWCNTs.

However, the results about the electrochemical behavior
of SWCNTs/LiCoO, composite cathode do not support our
idea. In Fig. 9, at every rate, SWCNTs/LiCoO, cathode
cannot be regarded as in the same category with MWCNTSs/
LiCoO, cathode (MWCNTSs’ outer diameter is 30~50 nm)
in specific capacity, let alone compare with the composite
cathode in which MWCNTSs’ diameter is 10~30 nm. This
phenomenon is attributed to SWCNTSs’ property. According
to Fig. 10, SWCNTs mainly exist in the form of bundles,
whose diameter ranges from tens to hundreds of nano-
meters. Moreover, bundles may emerge in the shape of
rings. Hence, in practice, in comparison with MWCNTs,
the effective primary particle number of SWCNTs in the
cathode significantly decreases, and the isolated LiCoO,
particles increase. As the result, many LiCoO, particles do
not participate in the electrochemical reaction at all, and the
discharge curve of SWCNTs/LiCoO, composite cathode
drops fast as in Fig. 11.

@ Springer

Conclusion

Carbon precursors affect the degree of CNTs’ graphitization and
then the electrochemical performance of MWCNTs/LiCoO,
composite electrode. Among the three carbon precursors: CHy,
NG, and C,H,, MWCNTs prepared from CH, are the best one
for acting as conductive additives due to their better
crystallinity and lower electrical resistance. MWCNTs with
smaller diameter display the advantage in primary particle
number in unit mass and then go for improving electrochem-
ical behavior of the MWCNTs/LiCoO, composite cathode at
higher charge/discharge rate. As for the weight fraction of
MWCNTs with an outer diameter 10~30 nm, to make full use
of LiCoO, material at any rate, it is necessary to add at least
5 wt.% of MWCNTs.

Since SWCNTs tend to form bundles, they are not
expected to be added into LiCoO, composite cathode when
compared with MWCNTs.
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