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a b s t r a c t

We prepare granule Li4Ti5O12/carbon nanotube composite (LTO/CNT) using intermediate Li2TiO3 and
then used as an anode of hybrid supercapacitors. The hybrid supercapacitors fabricated with LTO/CNT
anode with 3wt% CNT and activated carbon (AC) cathode deliver superior electrochemical performances.
It is mainly ascribed to the reduced charge-transfer resistance and improved ionic and electronic con-
ductivity, resulting from smooth and rapid lithium ion kinetics and electron diffusion by suppression of
particle growth and aggregation. Moreover, elastic properties of CNT can alleviate the volume change of
LTO during charge-discharge process, resulting in excellent cycle performance. The performance
improvement such as discharge capacitance, rate capability, and cyclability as well as energy and power
density demonstrate that 3wt% CNT addition in LTO anode appeal for high performance hybrid
supercapacitors.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Recently, the dramatically growing smart device and electric
vehicle market require alternative of existing energy storage de-
vice. Because they need higher energy and power densities than
traditional systems such as lithium ion batteries (LIBs) and super-
capacitors to achieve high performances [1]. So far, LIBs have been
widely used as energy storage devices (ESDs). Although it has a
high energy density (~200Wh kg�1), it has limitations as future
ESDs due to low power density (50e200Wkg�1) and short cycle
life (~thousands of cycles). To complement the drawback of the
LIBs, the supercapacitors, having high power density (~3 kWkg�1)
and semi-permanent life time, have been used independently or
coupled with LIBs. However, there is a fatal drawback of low energy
density (20e50 Wh kg�1) due to low specific capacitance of carbon
based materials [2,3].
Lee), hjahn@seoultech.ac.kr
To solve these issues, hybrid supercapacitors have been
designed to combine the advantages and to overcome the disad-
vantages of the two ESDs. The hybrid supercapacitors, generally
composed of metal oxide anode derived from LIBs and AC cathode
derived from supercapacitors can deliver superior energy density
with excellent power density and stable cycle performances [4,5]. A
study for improving the performance of a hybrid super capacitor is
as follows: (i) improvement in life span and power density for
battery-type anode; (ii) suppression in gas generation for high
reliability; and (iii) improvement in energy density for
supercapacitor-type cathode [6e9].

Among many metal oxides, spinel LTO can be regarded as a
promising anode for use in ESDs because it is known as a “zero
strain characteristics” due to the minute structural changes during
charge-discharge process with safe operating voltage of 1.55 V (vs.
Li/Liþ). These imply that LTO enables the super long cycle life. Also,
it can deliver high energy and power density compared to AC due to
its 3D lithium ion diffusion in the LTO and higher theoretical ca-
pacity of 175mAh g�1 [5,10], which are the three most important
parameters required in ESDs. In addition, LTO is non-toxic, cheap
and easy to synthesize [5].

However, among the two electrodes, as an insulator, the LTO
anode causes deterioration in performance of hybrid
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supercapacitors due to the inferior ionic and electronic conduc-
tivity. For ionic conductivity, it is possible to move lithium ions
quickly through granules with porous microstructure. For elec-
tronic conductivity, it is the one of the effective way to form com-
posite with conducting materials for high electronic conductivity.
In this composite, the randomly distributed conducting materials
within the whole composite enables remarkably rapid electron
transport. The CNT has been widely used in the field of ESDs due to
its superior electronic conductivity, good mechanical strength, and
large-scale availability [11]. Therefore, CNT can help the LTO anode
deliver excellent electrochemical performances, benefiting from
the smooth and rapid electron transport by highly conductive CNT
network [12]. Moreover, CNT restrain the grain growth of LTO and
prevent the LTO aggregation, resulting in high electrochemical
performance especially under high current density. It can be
explained by superior reactivity and shorter Li ion diffusion path
during charge-discharge process [13]. In addition, it was reported
that production of the two-step process of synthesizing interme-
diate material Li2TiO3 is an effective method to obtain final mate-
rials LTO with small grain size, key factor to affect the
electrochemical performances of hybrid supercapacitors [14].

Here, we fabricated hybrid supercapacitors using LTO/CNT
anode and AC cathode and investigated the effect of the CNTs
contents on the electrochemical performances of hybrid
supercapacitors.

2. Experimental

The LTO/CNT were prepared in two stage process, as shown in
Fig. 1. The first stage is to prepare the granule Li2TiO3. The inter-
mediate Li2TiO3 was prepared by a conventional solid-state reac-
tion using Li2CO3 and anatase TiO2 with molar ratio of Li2CO3:
TiO2¼ 2:5 as staring materials. For the Li2TiO3, the Li2CO3 and TiO2
were mixed in ethyl alcohol for 24 h in a ball mill [15]. The slurry
was spray-dried at the temperature of 200 �C using a two-fluid
nozzle with a pressure of 3.5 kg/cm2. Afterward, the granule
Li2CO3/TiO2 was calcined at 500 �C. The second stage is to prepare
the LTO/CNT. The as-prepared Li2TiO3 was mixed with different
amounts of CNT (1, 3 and 5wt%) and ultrasocicated for 1 h to
disperse CNT in granule Li2TiO3. Finally, the granule Li4Ti5O12/CNT
was prepared by calcining granule Li2TiO3/CNT at a temperature of
750 �C in nitrogen atmosphere to avoid the oxidation of CNT.

The hybrid supercapacitors were fabricatedwith LTO/CNTanode
with different CNT contents and activated carbon (AC) cathode. An
AC cathode was fabricated by mixing AC (MSP-20, 90wt%) with
Fig. 1. Schematic illustration for the preparation procedure of the (
conductive carbon (5wt%) and polytetrafluoroethylene (PTFE, 5wt
%). In order to prepare the anode, LTO/CNT powder, conductive
carbon black binder (Super P), and polyvinylidene fluoride (PVDF)
were mixed in an 83:7:10wt ratio. N-Methyl pyrrolidinine (NMP)
solvent was added to produce the slurry. This was casted on
aluminum foil to a thickness of 125 mm and then dried at 100 �C to
remove the NMP solvent. The aluminum foil was pressed to a
thickness of 70e80 mm. The hybrid supercapacitors were assem-
bled with LTO/CNT as an anode and AC as a cathode in argon-gas-
filled glove box. The width of the cathode, separator, and anode
were 28 cm, 40 cm, and 30 cm, respectively and the heights of the
cathode and anode were both 3 cm. Before being impregnated with
a 1.5M solution of LiPF6 solution in 1:1 ethylene carbonate (EC):
dimethyl carbonate (DMC) as the electrolyte, in order to remove the
moisture in the cell, the fabricated cell was dried in a vacuum oven
for 48 h.

The thermogravimetry and differential thermal analysis (TG-
DTA) were conducted by a STA-449-F3 thermal analyzer
(NETZSCH). The structure properties of powders were analyzed
using X-ray diffraction (XRD) and scanning electron microscopy
(SEM). The electrochemical impedance spectroscopy (EIS) was
conducted using a CHI660D electrochemical workstation in the
frequency range of 10�1 to 103 Hz. The initial charge-discharge
capacitances, rate capabilitiesand cycle performances of the fabri-
cated hybrid supercapacitors were carried out using an Arbin BT
2042 battery test system with a cut-off voltage of 1.5e2.8 V.

3. Results and discussion

TG-DTA provides detailed information about mechanism of the
solid state reaction between Li2CO3 and TiO2. As shown in Fig. 2,
there is a little weight loss until 270 �C due to evaporation absorbed
water. It can be clearly seen that there is a first exothermic peak
appears at 270 �C extends up to 520 �C. It can be explained by the
decomposition of Li2CO3 and the formation of monoclinic Li2TiO3
by reaction of Li2O and TiO2, which was synthesized by solid state
reaction according to the following reaction [16]:

Li2CO3/ Li2O þ CO2(g) (1)

Li2O þ TiO2/ Li2TiO3 (2)

TGA curves is stationary with increasing temperature above
520 �C, indicating Li2TiO3 is obtained above 520 �C. The second
exothermic peak appears at 560 �C in DTA curve reveals the
a) Li2TiO3 intermediate phase and (b)LTO/CNTanode materials.



Fig. 2. TG-DTA curves of the Li2CO3and TiO2 powders.

Fig. 3. (a) XRD patterns of the Li2TiO3 (b) SEM images of the Li2TiO3with different CNT
contents.
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transformation from Li2TiO3 to Li4Ti5O12 without any weight loss,
which can be expressed by following reaction [10]:

2Li2TiO3 þ 3TiO2 / Li4Ti5O12 (3)

The formation of Li4Ti5O12 can be also achieved by the following
additional reaction [17]:

2Li2O þ 5TiO2/ Li4Ti5O12 (4)

Fig. 3(a) shows the XRD pattern of stoichiometric starting
mixtures of precursors (Li2TiO3 and TiO2) after annealing at 520 �C.
The diffraction peak indicates that the synthesized Li2TiO3 and
unreacted TiO2 coexisted [18,19]. Also, it can be confirmed that
different amount (1, 3 and 5wt%) of CNT were well dispersed ho-
mogeneously in Li2TiO3 (Fig. 3(b)) by ultrasonic treatment,
inducing positive effect on the anode for hybrid supercapacitors.

Fig. 4(a) shows the XRD patterns of the LTO after heated at
750 �C using Li2TiO3 with different CNT contents (1, 3 and 5wt%).
All samples were successfully synthesized into LTO regardless of
CNT contents. To investigate the effect of CNT on LTO microstruc-
ture, we measured the SEM images of Li4Ti5O12 with different CNT
contents, as shown in Fig. 4(b). All samples show the similar mor-
phologies but different sizes due to CNT contents. The grain size of
LTO/CNT decrease with increasing CNT content. The average par-
ticle size of 1wt%, 3 wt% and 5wt% shows about 330, 275 and
220 nm, respectively. The CNT is located at the grain boundaries,
which inhibits the grain growth through different grain-growth
retardation mechanism [18,19]. Therefore, we can conclude that
CNT not only improve the conductivity of LTO but also control the
particle size. This difference in particle size will affect the electro-
chemical performances of hybrid supercapacitors.

Fig. S1 show the cyclic voltammetry (CV) curves to investigate
the electrochemical activity of hybrid supercapacitors. Fig. S1
shows the typical CV curves of hybrid supercapacitors [2]. Below
1.5 V, AC is the only electrode for charging in hybrid supercapacitors
since LTO has a working voltage of more than 1.5 V. The small
amount of charges occurred in this process. The charging of hybrid
supercapacitors is activated at 1.5 V. Therefore, all hybrid super-
capacitors have a pair of broad oxidation and reduction peaks in the
range from 2.3 V to 2.5 V. The area surrounded by CV curves for the
3wt% CNT is the largest, thus it can be inferred that the 3wt% CNT
has the better electrochemical activity. It also affects the initial
charge-discharge capacitance.

Fig. 5 shows the initial discharge curve of hybrid supercapacitors
using LTO anode with various amounts of CNT contents in the
voltage range of 1.5 Ve2.8 V (vs Li/Liþ) due to its cut-off voltage of
1.5 V [20]. When a hybrid supercapacitor operates outside of a cut-
off voltage, decomposition of the electrolyte results in a rapid
decrease in performance [21]. The two different charge storage
mechanisms at the anode and cathode can be expressed by the
following reactions [22]:

AC þ PF6� 4 ACþ ∙ PF6� þ e� [Cathode] (5)

Li4Ti5O12 þ 3Liþ þ 3e� 4 Li7Ti5O12 [Anode]

It can be confirmed that the LTO/CNT shows a higher discharge
capacitance than that of pristine LTO, indicating superior lithium
ion storage capacity. The higher capacitance can be explained by
significant synergy effect of effective electron transport of CNT and
rapid lithium ion intercalation of LTO. However, upon increasing
the CNT content to above 3wt%, the LTO/CNT can lead to



Fig. 4. (a) XRD patterns and (b) SEM images of the LTO with different CNT contents.

Fig. 5. Initial discharge curves of hybrid supercapacitors using LTO with different CNT
contents at a current density of 1 A.
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degradation of discharge capacitance by difficult dispersing and
easy aggregation [23,24]. The discharge capacitance of the hybrid
supercapacitors using LTO anode with various amounts of CNT
contents can be calculated by following equations [25]:

C ¼ q
DV �m

¼

Z
iDt

DV �m
(6)

where 'C0 is the capacitance (Fg�1), 'DV0 is the voltage change, 'm' is
the mass of the active materials in both electrodes, 'q' is the total
charge, 'i' is the current, and 't' is time. The discharge capacitances
of LTO/CNT (0, 1, 3 and 5wt% CNT) are 45.5, 50.1, 56.1 and 34.1 F g�1,
respectively. The 3wt% shows the highest discharge capacitance
among other samples, which is also higher value than those of
previously reported LTO hybrid supercapacitors [23,25,26]. The
excessive CNT gradually decreased the capacitances of hybrid
supercapacitors. The CNT are unable to provide high discharge
capacitance due to their lack of intercalation capability with lithium
but it increases mass of active materials [10].
More importantly, there is a voltage drop in the discharge curves

of hybrid supercapacitors, derived from different capacitive
mechanisms, at the beginning of the discharge process. The voltage
drop is generally attributed to slow lithium ion storage mechanism
of anode [26]. The voltage drop can be obtained using the following
relationship [27]:

R ¼ Vcharge � Vdischarge

2l
(7)

'Vcharge' is the voltage of the cell at the end charge, 'Vdischarge' is the
voltage of the cell at the starting discharge, and 'I0 is the absolute
value of charge and discharge current. Among others, the voltage
drop of 3wt% CNT is the smallest value of 0.025U, demonstrating
excellent electrical conductivity and intrinsic reversibility [28,29].
The porous structure of LTO is favorable for lithium ion accessibility
to the anode and appropriate amount of CNT also provides addi-
tional electron transport pathways in addition to carbon black [30].
These structural advantages are expected to be noticeable in rate
capability and long-term cycle performance due to the decrease in
polarization of the hybrid supercapacitors.

Fig. 6 shows the rate capability of hybrid supercapacitors using
LTO anode with various amounts of CNT contents. All retention of
LTO/CNT are comparable to that of LTO at low current density of
0.5 A g�1. However, we observed that the difference in retention of
all samples increase in proportion to the current density. Compared
to LTO/CNT (1 and 3wt%), the LTO delivers inferior rate capability
under all measured current densities. The LTO shows only 69%
retention especially under high current density of 6 A g�1 of the
value achieved at 0.5 A g�1, whereas 3wt% CNT still maintained
retention of 73% under same condition, indicating better electro-
chemical activity and reversibility. It can be explained by enlarged
electrode/electrolyte contact surface area, resulting from small
grain size, which shorten the length of lithium ions and electrons,
as mentioned above. The CNT effectively prevents the grain size of
LTO by strong entangled network, resulting from decrease in
atomic diffusion coefficient. This is caused by the presence of CNTat
the grain boundaries [18,30]. However, 5 wt% CNT shows the worst
rate performance due to randomly stacked CNT.

The cyclability of hybrid supercapacitors using LTO anode with



Fig. 6. Rate capabilities of hybrid supercapacitors using LTO with different CNT.
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various amounts of CNT contents were conducted, as shown in
Fig. 7. We can confirm that appropriate CNT addition facilitates
improvement cyclability of LTO, indicating that CNT is advanta-
geous to the stable and reversible lithium ion insertion-extraction
by chemical and mechanical robustness. The 3wt% CNT shows
the capacitance retention of 92% after 6000 cycles at the current
density of 1 A g�1. Fig. S2 shows the XRD pattern of 3wt% CNT after
6000 cycles. It can be confirmed that the positions of each peak for
3wt% CNT show almost no change, indicating excellent reversibility
and stability of LTO during cycling [25,31]. On the other hand, cycle
efficiency of pristine LTO is only 84% after 6000 cycles. This is due to
the following roles of the CNT in 3D network structure: i) CNT has
high electronic conductivity and electrochemical stability, ii) it can
reduce the irreversible losses of the LTO anode and improve the
utilization rate and iii) it can also store lithium ions below 1 V,
which is mutually beneficial since LTO stores lithium above 1.5 V
[32e34]. More importantly, elastic properties of CNTcan relieve the
internal stress, resulting from LTO volume change of electrode
during charge-discharge process, resulting in outstanding electrode
stability [24,35]. The remarkable cycle performance of 3wt% CNT is
Fig. 7. Cycle performances of hybrid supercapacitors using LTO with different CNT.
very promising to meet the super long-life requirement for hybrid
supercapacitors.

To better understand the excellent electrochemical performance
of hybrid supercapacitors, EIS measurements were conducted.
Fig. 8 shows the typical Nyquist plots of hybrid supercapacitors
using LTO anode with various amounts of CNT contents. All hybrid
supercapacitors show two regions, related to the electrochemical
mechanism: The arc at high frequencies originated from electrolyte
resistance (Rs) and interfacial charge-transfer resistance (Rct),
which is a key factor, determining the performance of hybrid
supercapacitors. The straight line with a constant slope at low
frequencies, referred to as a Warburg element. It represents the
diffusion of lithium ion into the bulk electrode [36e38]. The
semicircle indicates the charge transfer resistance (Rct) and elec-
trolyte resistance (Rs) at high frequency. As expected, the 3wt% CNT
exhibits the lowest Rct of 0.016U compared to others, indicating
smaller electrochemical polarization during charge-discharge
process. The low Rct is attributed to the presence of appropriate
CNT such as electrical percolation network and small grain size of
LTO, which renders the lower Rct [35]. The porous LTO enables to be
well wetted by the electrolyte, thus facilitating the smooth and
rapid lithium ions. Moreover, CNT not only forms continuous paths
for rapid and stable electron transport but also acts as a conductive
bridge in the anode, enabling the efficient insertion-extraction of
lithium ions [39]. However, the excessive CNT content above 3wt%
in LTO anode leads to high Rct by poor dispersion and serious ag-
gregation of CNT [24]. It can be inferred that the combination
proper amount of CNT and LTO together can significantly enhance
the conductivity of CNT/LTO anode, otherwise negative effect can
influence on hybrid supercapacitors.

Fig. 9 shows the Ragone plot of hybrid supercapcitors using LTO
with 3wt% CNT anode and AC cathode. The energy and power
densities can be calculated by the following equations [4]:

P ¼ DE � I
m

(8)

E ¼ P � t (9)
Fig. 8. EIS curves of hybrid supercapacitors using LTO with different CNT.



Fig. 9. Ragone plots of hybrid supercapacitors using LTO with 3wt% CNT.
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DE ¼ Emax þ Emin

2
(10)

where 0Emax
0 is the potential at the starting discharge, 0Emin

0 is the
potential at the end discharge, ‘I’ is the charge and discharge cur-
rents, ‘m’ is the mass of active materials including the anode and
cathode electrodes, and ‘t’ is the discharge time in the hybrid
supercapacitor. The energy and power densities of LTO with 3wt%
CNT anode and AC cathode hybrid supercapacitors ranged from
22.4 to 84.2Wh kg�1 and from 195.4 to 12652.5Wkg�1, respec-
tively. These remarkable values also meet the requirement of
hybrid electric vehicle (HEV) application. The hybrid super-
capacitors using LTO with 3wt% CNT anode show superior energy
and power densities compared to other hybrid supercapacitors
such as TiO2-(reduced graphene oxide)/AC [40], TiO2-(B) nanowire
(TNW)/carbon nanotubes (CNTs) [41], C-Li4Ti5O12 (LTO)/AC [42], C-
LiTi2(PO4)3 (LTP)/AC [43], V2O5-CNT/AC [44], Nb2O5-CNT/AC [45],
H2Ti12O25-AC [2], LiCrTi4/AC [46], and urchin-like TiO2/AC [47].
Therefore, we can infer that LTOwith 3wt% CNTanode is a practical
way to improve the energy and power density for hybrid
supercapacitors.

4. Conclusion

We fabricated hybrid supercapacitors using LTO/CNTanodewith
different contents of CNT and AC cathode. By adding appropriate
CNT contents to LTO anode, the outstanding electrochemical per-
formances of hybrid supercapacitors can be achieved, indicating
the practical applicability of the LTO/CNT anode. The 3wt% CNT
delivered not only a high discharge capacitance of 56.1 F g�1, but
also an excellent rate capability (73% even at a high current density
of 6 A g�1) and ultra-long cycle life (92% after 6000 cycles). More-
over, the energy density of 22.4 and 84.2Wh kg�1 are attained at
power density of 12652.5 and 195.4Wkg�1, respectively. It can be
elucidated by the synergy effect of CNT on the grain growth inhi-
bition, high electronic and ionic conductivity, enabling superior
electrochemical performances. We therefore reach the conclusion
that the addition of 3wt% CNT in the LTO anode is very promising
anode for high performance hybrid supercapacitors.
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