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A graphene/CNTs binary conductive additive was synthesized by in situ reducing the graphite
oxide/CNTs mixture in Ar atmosphere. The binary conductive additive consists of graphene
nanosheets and CNTs, which could more efficiently improve the electronic conductivity of the spinel
Li4Ti5O12 than that using single graphene or CNTs as conductive additive. The Li4Ti5O12 using the
graphene/CNTs as conductive additive exhibits excellent rate capability. At 0.2 C, its initial discharge
specific capacity is 172 mAh/g, which is close to the theoretical value of the spinel Li4Ti5O12 (175
mAh/g). And even \at the high rate of 5.0 C, 10.0 C and 20.0 C, it can still remain at 147 mAh/g, 136
mAh/g and 110 mAh/g, respectively.
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1. INTRODUCTION
Lithium ion batteries (LIBs) have gained commercial success and conquered the portable
market for some of their outstanding properties, such as high energy density and friendliness to the
environment. Recently, LIBs are also expected to be a promising power source for automobiles, such
as electric vehicles (EV), hybrid vehicles (HEV) and plug-in hybrid vehicles (PHEV) [1, 2]. In order to
meet the demand for the application of LIBs as the power source for automobiles, the electrode active
materials of LIBs should have high capacity, excellent cycling performance and good rate capability
[3, 4].
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Spinel lithium titanate (Li4Ti5O12) has been demonstrated as a potential candidate for the anode
electrode material in lithium ion batteries because it has some unique characteristics such as good
thermal stability, high safety and unlimited cycle life [5-8]. However, as Li4Ti5O12 is an insulator, the
low electrical conductivity (ca. 10−13 S cm−1) makes it suffer from the problem of poor rate capability
[9], which is unfavorable to power density of the LIBs that using Li 4Ti5O12 as anode material. In order
to overcome the low electrical conductivity and further improve the rate capability of Li 4Ti5O12,
several methods have been developed. These include synthesizing nanosized Li4Ti5O12 particles [10],
doping Li4Ti5O12 with aliovalent metal ions [11] and forming a composite of Li4Ti5O12 and a
conductive second phase such as metal, C and polyacene [12-14].
In addition to the above mentioned methods, using different conductive additives to improve
the electronic conductivity of the Li4Ti5O12 is also an effective approach [15]. Carbon black and
graphite powders have been widely used as conductive additives owing to their high electrical
conductivity and chemical inertness [16]. Moreover, graphene and carbon nano-tubes (CNTs) are also
recognized as ideal conductive additives for their extraordinary electronic transport property, ﬂexible
structure, high mechanical strength and high surface area. Recently, researchers reported that binary
conductive additives such as mesoporous carbon/carbon black and CNTs/carbon black have shown
some superiority over single conductive additives [17, 18]. However, few works focused on the
conductive additives of the graphene and the CNTs, especially for the graphene/CNTs binary
conductive additive. In the present work, we synthesized a graphene/CNTs binary conductive additive
by in situ reducing the graphite oxide/CNTs mixture under Ar atmosphere, and studied on the
improvement of rate capability of spinel Li4Ti5O12 with the binary conductive additive. For
comparison, the graphene and CNTs as single conductive additive to improve the rate capability of the
Li4Ti5O12 were also studied, respectively. The novelty of this paper is listed as following: (1) we
synthesized a graphene/CNTs composite via in situ reducing the graphite oxide/CNTs mixture under
Ar atmosphere; (2) the graphene/CNTs composite was used as binary conductive additive to improve
the rate capability of the Li4Ti5O12, and the binary conductive additive could more efficiently improve
the rate capability of Li4Ti5O12 than that of the single graphene or CNTs conductive additive.

2. EXPERIMENTAL
2.1. Material synthesis
The graphene/CNTs binary conductive additive was obtained via reducing the graphite
oxide/CNTs mixture at 1100℃ in Ar atmosphere. The graphite oxide was prepared by the oxidation of
natural crystalline flake graphite using the Hummers method [19]. Then, the above obtained graphite
oxide slurry was mixed with CNTs using Polyvinylpyrrolidone (PVP) as dispersant to form a uniform
mixture. Finally, the mixture was dried at 80℃ and reduced at 1100℃ in Ar atmosphere to obtain the
graphene/CNTs binary conductive additive. The mass ratio of the graphene and CNTs in the binary
conductive additive was given as 3:1. The graphene used in the present work was also prepared via
reducing the graphite oxide mentioned above at 1100℃ in Ar atmosphere. The CNTs are multiwall,
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with a diameter and length of about 20–30 nm and 2–3 μm respectively, which were purchased from
Chengdu Organic Chemicals Co., Ltd. The Li4Ti5O12 used in the present study is commercial, which
was donated by Chengdu Xingneng New Materials Co., LTD.

2.2. Materials characterization
The microstructural morphologies of the graphene/CNTs binary conductive additive, the
graphene and the CNTs were observed by scanning electronic microscopy (SEM FEI INSPECT-F).

2.3. Electrochemical measurements
The rate capability of the Li4Ti5O12 that using graphene/CNTs, graphene and CNTs as
conductive additives were measured by means of two-electrode coin-type half cells (CR2032). The
working electrodes consist of 90 wt.% Li4Ti5O12 active material, 5 wt.% conductive additive and 5
wt.% LA-132 binder, the counter electrode was lithium foil. The separator was Celgard 2400, and the
electrolyte was 1 M LiPF6/EC:DEC:DMC (1:1:1 in volume). The cells were assembled in a glove box
ﬁlled with high purity argon gas. Galvanostatic discharge–charge measurements were carried out under
different current densities at constant cut-off voltages of 1–3 V at room temperature (NEWARE
Electronic Co. Ltd, China). The AC impedance spectrum was measured by using a Solatron 1260
Impedance Analyzer in the frequency range 10−2–106 Hz with a potential perturbation at 10 mV.

3. RESULTS AND DISCUSSION
Fig.1 (a) shows the SEM image of the graphene/CNTs binary conductive additive, and the
close-up SEM image of the binary conductive additive is shown in Fig.1(b). From Fig.1(a), it can be
observed that the graphene and the CNTs were evenly mixed, moreover, the CNTs acting like bridges,
which connect the graphene nanosheets and give a effective conductive net. Furthermore, Fig.1(b) also
shows that the CNTs could insert into the layers of the graphene nanosheets, and the graphene and the
CNTs all exhibit less agglomeration. The above results indicate that the graphene/CNTs binary
conductive additive could be easily dispersed into the electrode [20], and it could more effectively
improve the electronic conductivity of the Li4Ti5O12. Fig.1 (c) shows the SEM image of the graphene
prepared in this study, from which it could be observed that the as prepared graphene looks transparent,
which suggests that it has excellent electronic conductivity [21, 22]. Moreover, the diameter of the
graphene is more than 5 μm, and the microstructure characteristics of the graphene nanosheets are thin
and few layers. Fig.1 (d) is the SEM image of the CNTs used in this study. There, it can be observed
that the diameter and length of the CNTs are about 20–30 nm and 2–3 μm, respectively.
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Figure 1. SEM images of the graphene/CNTs binary conductive additive (a), (b), graphene (c) and
CNTs (d).
Fig.2 shows the AC impedance spectra of the Li4Ti5O12 electrodes with graphene/CNTs,
graphene and CNTs as conductive additive. The Li4Ti5O12 electrodes with different conductive
additives were measured at the stable voltage of 1.55 V. The AC impedance spectra of the electrodes
were simulated by Z-view software using the same equivalent circuit. It can be observed from Fig.2
that the experimental and simulated AC impedance spectra are almost coincident, which indicates that
the AC impedance spectra of the electrodes all ﬁt the equivalent circuit. According to the equivalent
circuit, the depressed semicircle at high-middle frequency range represent the particle/electrolyte
interface charge transfer resistance (Rct), the slope line at low frequency corresponds to the Warburg
impedance (ZW), the Rs is the resistance of the electrolyte, the constant phase element (CPE) is placed
to represent the double-layer capacitance and the CL is the insertion capacitance at the applied potential
[23, 24]. The parameters of the recorded equivalent circuit are shown in Table 1, from which it can be
observed that the Rct of the Li4Ti5O12 electrode with graphene as conductive additive is smaller than
that of the electrode with CNTs as conductive additive, and the Li4Ti5O12 electrode with
graphene/CNTs as conductive additive has the smallest Rct among the electrodes. Moreover, the
parameters of the exchange current densities (i0 = RT/nFRct) [25] also show that the Li4Ti5O12
electrode with graphene/CNTs as conductive additive has the biggest i0 value. These results indicate
that the graphene/CNTs binary conductive additive could more efficiently improve the charge/transfer
kinetics of the Li4Ti5O12 than that of the single graphene or CNTs conductive additive, which should
be ascribed to that the Li4Ti5O12 electrode that using graphene/CNTs as conductive additive could
form more effectively conductive nets for CNTs in the electrode acting like bridges which could
connect the isolated Li4Ti5O12 particles and the graphene nanosheets. Furthermore, the fact of the
Li4Ti5O12 electrode that using graphene as conductive additive has better charge/transfer kinetics than
that of using CNTs as conductive additive should be attributed to that the graphene conductive additive
has bigger BET surface area than that of the CNTs, which could give more effective contact with the
Li4Ti5O12 particles.
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Figure 2. AC impedance spectra with the equivalent circuit of the Li4Ti5O12 electrodes using
graphene/CNTs, graphene and CNTs as conductive additive.

Table 1. Impedance parameters calculated from equivalent circuits.
Conductive
Additive
Graphene/CNTs
graphene
CNTs

Rs(Ω)

Rct(Ω)

io (mA/cm2)

2.221
2.348
2.535

85.2
98.5
116.4

0.303
0.262
0.221

Fig.3 shows the cyclic performances of the Li4Ti5O12 electrodes using graphene/CNTs,
graphene and CNTs as conductive additive at different rates from 0.2 C, 0.5 C, 1.0 C, 3.0 C, 5.0 C,
10.0 C and 20.0 C between 1 V and 3 V. The charge-discharge processes of the samples are carried out
for 3 cycles at 0.2 C and for 10 cycles at other different rates mentioned above, respectively. From
Fig.3, it can be observed that the Li4Ti5O12 electrode using graphene/CNTs as conductive additive
exhibits the highest discharge specific capacity especial at high rates as compared with the Li 4Ti5O12
electrode using graphene or CNTs as conductive additives. At 0.2 C, its initial discharge specific
capacity is 172 mAh/g, which is close to the theoretical value of the spinel Li4Ti5O12 (175 mAh/g). At
5.0 C and 10.0 C, it is 147 mAh/g and 136 mAh/g; and even at 20.0 C, it can still remain at 110
mAh/g. Furthermore, as shown in Fig.3, it could be observed that the Li4Ti5O12 electrode using
graphene as conductive additive exhibits higher discharge specific capacity at different rates than that
of the Li4Ti5O12 electrode using CNTs as conductive additives. At 0.2 C, its initial discharge specific
capacity is 168 mAh/g; at 5.0 C and 10.0 C, it is 139 mAh/g and 118 mAh/g; and even at 20.0 C, it can
still remain at 88 mAh/g. Howerer, for the Li4Ti5O12 electrode using CNTs as conductive additives, at
0.2 C, its initial discharge specific capacity is 163 mAh/g; at 5.0 C and 10.0 C, it quickly decay to 67
mAh/g and 44 mAh/g; and while at 20.0 C, it can only remain at 22 mAh/g. These results indicate that
the graphene/CNTs binary conductive additive could more efficiently improve the rate capability of
the Li4Ti5O12 than that of single graphene or CNTs conductive additive, which should be ascribed to
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that the graphene/CNTs binary conductive additive could form more effectively conductive nets and
make the electrode have highest charge/transfer kinetics.

Figure 3. Discharge speciﬁc capacity of the Li4Ti5O12 electrodes using graphene/CNTs, graphene and
CNTs as conductive additive at different rates.

Figure 4. Discharge and charge curves of the Li4Ti5O12 electrodes using graphene/CNTs, graphene
and CNTs as conductive additive at 0.5 C.
Furthermore, as shown in Fig.4 and Fig.5, the margins between the charge and discharge
plateau potentials of the Li4Ti5O12 electrode that using graphene/CNTs as conductive additive are
obviously smaller than those using single graphene or CNTs as conductive additives at 0.5 C and 5.0
C, which suggests that the Li4Ti5O12 electrode using graphene/CNTs as conductive additive has the
smallest electrode polarization. These results also indicate that the graphene/CNTs binary conductive
additive could more efficiently improve the electronic conductivity of the spinel Li4Ti5O12 than those
using single graphene or CNTs as conductive additive.
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Figure 5. Discharge and charge curves of the Li4Ti5O12 electrodes using graphene/CNTs, graphene
and CNTs as conductive additive at 5.0 C.

4. CONCLUSIONS
We synthesized a graphene/CNTs binary conductive additive by in situ reducing the graphite
oxide/CNTs mixture under Ar atmosphere, and studied on the improvement of rate capability of spinel
Li4Ti5O12 with the binary conductive additive. For comparison, the graphene and CNTs as single
conductive additive to improve the rate capability of the Li4Ti5O12 were also studied, respectively. The
results indicate that the graphene/CNTs binary conductive additive could more efficiently improve the
electronic conductivity of the spinel Li4Ti5O12 than those using single graphene or CNTs as conductive
additive. The Li4Ti5O12 electrode using graphene/CNTs as conductive additive exhibits the best rate
capability. We believed that should be ascribed to that the graphene/CNTs binary conductive additive
could give more effectively conductive nets in the Li4Ti5O12 electrode than that of single graphene or
CNTs conductive additive.
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