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Abstract: Carbon black(CB), multi-walled carbon nanotubes(CNTs) and graphene nanosheets(GNs) were employed as carbon conduc-
tive additives for LiCoO,(LCO). X-ray diffraction, transmission electron microscopy and scanning electron microscopy were used to char-
acterize the crystal structure and morphology of samples. And the specific surface area and porosity structure of the three kinds of carbon
conductive additives were measured by N, adsorption-desorption. To investigate the effect on the electrochemical reaction activity, gal-
vanostatic discharge-charge experiments showed that the composite of LCO-GNs exhibited the highest specific capacity of 167mAh/g at
0.1C and 123 mAh/g at 1 C rate. The flexible wrapping of GNs and bridging nearby LCO particles together were found to enhance electri-

cal conductivity most effectively.
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1. INTRODUCTION

Electrochemical energy storage has become an increasingly
important research area in recent years [1]. Lithium-ion batteries
(LIBs) have been considered as potential power sources for porta-
ble electronic devices, hybrid electric vehicles and grid energy
storage with high energy density, high safety, low cost and envi-
ronmental benign [2-4]. LiCoO,, LiNiO, and LiMn,O,have served
as very effective cathode active materials in lithium ion batteries
[5-7].Among them, layer structured LiCoO, is still considered the
most important commercial cathode material for LIBs owing to its
high voltage, high reversible capacity and long cycle stabil-
ity[8].Moreover, charging of the layered Li,CoO, material from
LiCo0, to LigpsCoO; s resulted in large anisotropic volume change
of the host lattice in the c-axis direction as large as 7%[9].Such
volume change caused serious polarization and poor utilization of
active materials.

In order to make full use of the active materials and increase the
capacity, conductive additives were used to provide conductive
path from the current collector to the active material through the
electrode [10]. Carbonaceous materials, such as carbon black,
graphite and carbon nanotubes, were widely used as conductive
additives due to their high electrical conductivity [11-16]. Cheon
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et al[17] reported that the LiCoO, cathode with a binary conduc-
tive at an appropriate weight ratio (LCO) Lonza KS6 to Super-P
had a better cycle life than that with a single conductive additives.
Park et al. [18] also found that LiCoO, mixing with 8 wt% CNTs
exhibited a high discharge capacity of 136 mAh/g at 5 C rate and a
capacity retention of 97% for 50 cycles at 1 C rate. Graphene, a
two-dimensional aromatic monolayer of carbon atom, is an alter-
native of conductive carbon with superior electrical conductivity, a
high specific surface area, and structural flexibility[19-20]. How-
ever, less effort was put on graphene nanosheets(GNs) as conduc-
tive additives in LCO according to previous reports.

In this work, three kinds of carbon additives in different dimen-
sions (CB,CNTs and GNs) are added in LiCoO, cathode materials
to construct different networks. The illustration of LCO-CB, LCO-
CNTs and LCO-GNs composite was presented in Fig .1. We also
discuss the effect of three kinds of carbon additives on improve-
ment in conductivity and electrochemical performance of LiCoO,.

2. EXPERIMENTAL

2.1. Materials Preparation

All reagents were of analytical grade. The LiCoO, particles
(Dsp=6.55um, JIANGMEN KANHOO INDUSTRY CO. LTD)
were used as the cathode active material. Carbon black (
OD=50nm) were purchased from JingRui Battery Co. Ltd.
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GNs

Figure 1. Schematic illustration of the LCO-CB, LCO-CNTs and
LCO-GNs.

(Guangzhou, China). Carbon nanotubes (CNTs, OD=30-50nm,
Length=10-20pum) were purchased from Timesnano, (Chengdu
Organic Chemicals Co. Ltd., Chinese Academy of Sciences).
Graphite oxides (GO) were prepared from natural flake graphite
(10 mesh, Alfa Aesar) by a modified Hummers’ method. Briefly,
graphite (3.0 g) was added to concentrated sulfuric acid (100 mL)
with vigorous stirring in an ice bath. Then, 3g NaNO; and 15 g
KMnO, were slowly added to the above mixture in the continuous
stirring for another 4 h. Then, the suspension was transferred to a
35-40°C water bath for about 12 h. After that, 400 mL of deionized
water and 5 mL of H,O, (30 wt %) were added to the mixture. The
product was obtained after filtration. The solid residue was washed
with dilute HC1 aqueous solution and distilled water until the filtra-

tion was neutral. Then the GO were obtained after drying at 60°C

for 12h. Finally, rapid heating at 2000°C/min for 10s to split the
GO into individual sheets, then GNs were obtained.

2.2. Microstructure characterization

The crystal structure was characterized by X-ray diffraction
(XRD, DMAX-2500PC, Cu Ko radiation, A=1.5406 A). The mor-
phology of samples were observed using scanning electron micro-
scope (SEM, FEI Nova 400, Zeiss Auriga FIB) and high-resolution
transmission electron microscope (HRTEM, LIBRA 200 FE at 200
kV). The Brunauer-Emmett-Teller (BET) surface area and pore
structure were analyzed by N, adsorption-desorption using Micro-
metrics ASAP 2020.

2.3. Electrochemical measurement

The working electrodes were prepared of 80 wt.% LiCoO,, 10
wt.% conductive additives (CB, CNTs, GNs, respectively), and 10
wt.% of polyvinylidene difluoride in N-methyl-2-pyrrolidone to
form a slurry. Then the slurry was uniformly pasted on Al foil sub-
strates. The foils were dried at 80°C for 4h, then we prepared
@®16mm foils under 15 MPa gas-pressure. The working electrode
was dried in vacuum oven at 120 °C for 24 h before assembling
cells. Electrochemical tests was performed by assembling a two-
electrode configuration by CR2430 coin cells in an argon-filled
glove box, in which a lithium-metal foil was used as the corre-
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Figure 2. XRD patterns of (a) carbon conductive additives and (b)
LiCoO;.

sponding electrode and porous polyethylene separator (Celgard
2400) as the membrane. 1 M LiPFg in the volume ratio of 1:1 ethyl
methyl carbon (EMC)-dimethyl carbonate (DMC) as the electro-
lyte. Electrochemical impedance spectroscopy (EIS) and cyclic
voltammetry(CV) were carried out using Solartron (1260 + 1287).
CV was tested in the potential window of 3.00 V-4.25V at a scan-
ning rate of 0.05mV/s And galvanostatic discharge-charge cycles
were conducted on a battery test system (Arbin BT 2000) at differ-
ent current densities between 3.00V and 4.25V.

3. RESULTS AND DISCUSSION

XRD patterns of CB, CNTs and GNs are presented in
Fig.2(a).Compared with CNTs, GNs and CB exhibit broader peak
and lower intensity at the peak of (002) plane. Moreover, the inter-
layer spacing d (002) of GNs(0.356nm) is larger than graphite,
which is attributed to the expansion of graphite oxides between
graphene layers during the heat treatment at 2000°C. The sharpest
(002) peak and the most distinct (004) peak in the XRD pattern of
CNTs proved that the CNTs show the highest degree of graphitiza-
tion among the three conductive additives. Fig. 2(b) shows the
XRD pattern of LiCoO,, all the diffraction peaks are in good agree-
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Figure 3. Nitrogen adsorption/desorption isotherms and pore size
distribution (inset) of CB (a), CNTs (b) and GNs (c)

ment with the standard profiles of LiCoO, (JCPDS No. 50-0653),
and no peaks of impurity are found.
Nitrogen adsorption/desorption isotherms and pore size distribu-
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Figure 4. FESEM images of (a)CB, (b)LCO-CB, (c)CNTs,
(d)LCO-CNTs, (e)GNs, ()LCO-GNs. HRTEM images of GNs(g)
and (h).

tion of CB, CNTs and GNs are compared in Fig. 3. CB, CNTs and
GNs exhibit the Type IV adsorption isotherms with the Type H3
hysteresis loop, indicating the cylinder-shaped pores on the surface.
The BET specific surface area of GNs (341.9m%/g) is higher than
that of CB (59.4 m?*/g) and CNTs (75.2 m%/g). The large surface of
GNs can absorb more electrolytes solution and then provide suffi-
cient lithium ions to buffer for quick electrochemical reactions.

Fig. 4 shows the SEM images of LiCoO, mixing with three dif-
ferent carbon conductive additives. As shown in Fig. 4(b), LiCoO,
were surrounded by CB nanoparticles randomly. CB nanoparticles
easily accumulate in the interspace among LiCoO,, and it is very
difficult for CB particles to link up with each other to form a con-
tinuous network on the surface of LiCoO,. Fig. 4(d) shows the
SEM image of LiCoO,with CNTs. Obviously, CNTs can form a
continuous network, however, they tend to agglomerate so serious-
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Figure 5. CV curves for the first 2 cycles of (a) LCO-CB, (b) LCO-CNTs, (¢) LCO-GN:s, the first charge-discharge curves at 0.1C(d) and

1C(e), (f) rate performance of LCO-CB,LCO-CNTs and LCO-GNs.

ly that they cannot contact with LiCoO, particles intimately. GNs
can be easily identified as the thin and flexible sheets that ‘‘wrap”’
LiCoO, particles closely and also cover nearby particles together as
shown in Fig. 4(f), which can remarkably increase the contacted
area between LiCoO, and GNs. HRTEM images of GNs are
showed in Fig. 4(g) and (h) to further verify the microstructure of
the GNs. The GNs are composed of 9 graphene layers.

Fig. 5(a), (b) and (c) show the cyclic voltammograms for LiCoO,
mixing with CB, CNTs and GNs respectively. The symbols H and
M represent hexagonal and monoclinic phases, respectively [21].
All redox peaks in the cyclic voltammograms are mainly due to
phase transitions during the topotactic reactions. And the order-to-
disorder transition of lithium ions in the CoO, framework leads to
the Li" intercalations [22, 23]. For LCO-GNs, the oxidation and
reduction peaks in the second cycle appear at around 4.00V and
3.83V. The potential interval (0.17V) between two redox peaks of
LCO-GNs is smaller than that of LCO-CB (0.22 V) and LCO-
CNTs (0.20V), which is attributed to the improved reaction activity
of LCO-GNs. The first charge-discharge curves at 0.1 C are pre-
sented in Fig. 5(d). It can be clearly observed that all the three elec-
trodes had irreversible capacity loss in the first cycle. LCO-GNs is
able to deliver the highest charge capacities (167mAh/g) among
LCO-CB,LCO-CNTs and LCO-GNs. Flexible GNs wrap the
LiCoO; particles closely to form a continuous conductive network
and enhance the electronic conductivity most effectively among the
three carbon conductive additives. Moreover, the porous GNs also
facilitate more Li" insertion/desertion. The first discharge and
charge capacities of LCO-CNTs are the lowest, which is due to the
agglomeration of CNTs that cannot form continuous conductive
path well. The galvanostatic discharging voltage profiles at 1C rate
is shown in Fig. 5(e).The difference between the charge capacity
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Figure 6. Cycling performances of LCO-CB, LCO-CNTs and
LCO-GNs at 1 C.

and discharge capacity of LCO-GNs is the smallest, in other words,
LCO-GNs possess the highest coulombic efficiency, which is due
to the most contacted area enhance the electrochemical reaction
activity.

Fig. 5(f) shows the rate capability of LCO-CB, LCO-CNTs and
LCO-GNs. LCO-GNs exhibits the highest specific capacity of
167mAh/g at 0.1C and 123 mAh/g at 1 C, which can be ascribed to
the best electrochemical reaction activity. Besides, the porous
structure of GNs also facilitates Li* insertion/desertion. However,
the specific capacity of LCO-CB is 158 mAh/g at 0.1 C and 97
mAh/g at 1 C, and LCO-CNTs delivers a lower capacity of
125mAh/g and 59 mAh/g at the same rate.
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Figure 7. EIS Nyquist plots of LCO-CB, LCO-CNTs, LCO-GNs in
the frequency ranges from 100 kHz to 0.1 Hz.

The cycling performance of LCO-CB, LCO-CNTs and LCO-
GNss at 1C is illustrated in Fig. 6. Obviously, LCO-CB, LCO-CNTs
and LCO-GNs exhibit excellent performance at 1C. The coulombic
efficiency of LCO-GNs rapidly change from 81.5% to 93.2% in the
first three cycles and then maintain about 99% in the following
cycles. Moreover, after 50 cycles at 1 C, it still remains a high re-
versible capacity of 117 mAh /g with a capacity retention of 67%.

Electrochemical impedance measurement was carried out to
investigate the electrochemical property of the three kinds of nano-
composites. The high-frequency arc is referred to the solid electro-
lyte interphase resistance (Ry), The semicircle in the high and mid-
dle frequency range represented the charge-transfer resistance (R.)
on electrode—electrolyte interface, and the inclined line at lower
frequency represents the Warburg impedance (Zy) associated with
the lithium-diffusion in the in the solid phase of LiCoO, and carbon
materials [5]. LCO-GNs showed the lowest charge transfer re-
sistance, proving the highest electron conductivity, which can be
attributed to the intimate and large contact between LiCoO, and
GNs. Meanwhile, there are more pore volume with the pore width
less than 50 nm in the case of LCO-GNs (as showed in Fig. 3(c)),
which can facilitate the penetration of electrolytes and transport of
solvented Li[24].

4. CONCLUSIONS

Compared to CB and CNTs, flexible and porous GNs wrap the
LiCoO, particles closely to form a continuous conductive network
and facilitate electron removal. Discontinuous network, inhomoge-
neous distribution and loose contact of CB or CNTs will decrease
the electrochemical performance of cathode active materials. GNs
are found to be the most effective carbon conductive additives in
improving the electrochemical reaction activity of the cathode ac-
tive materials for lithium batteries.
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