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Abstract In this work, we report on the synthesis of in situ
and ex situ carbon-modified Li4TisO;,-C (LTO-C) nano-
composite and its application in a hybrid supercapacitor con-
structed using activated carbon (AC) and LTO-C nano-
composite as positive and negative electrodes, respectively.
The hybrid capacitors are characterized by galvanostatic
charge—discharge, cycle life testing, and electrochemical im-
pedance spectroscopy. The results reveal that the AC/LTO-C
hybrid capacitors exhibit high rate capability and long cycle
life. In the potential range of 1.5-3.0 V, the AC/LTO-C hybrid
system can deliver a specific capacitance of 83 Fg ' based on
the total mass of AC and LTO-C electrodes at a current density
of 60 mA g ' (2 C rate). At a higher discharge rate of
980 mA g ' (32 C), the capacity is 68 Fg ', about 82% of
that at 2 C rate. After 9,000 deep cycles at 32 C, the hybrid
capacitor still maintains 84% of its initial capacitance. The
specific energy of such hybrid system is 20 Wh kg !, which is
at least twice that of an AC/AC system. Combining the high
energy density with power capability, the AC/LTO-C hybrid
supercapacitor has demonstrated high performance for appli-
cations needing high power output.

Keywords Lithium titanate - Activated carbon - Hybrid
supercapacitor - Electrochemical performance

Introduction

Electrochemical double-layer capacitor as a power energy
storage device, with both electrodes composed activated
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carbon (AC) material, has characteristics of long cycle life
(over 10,000 cycles) and high power density (above
1 kW kg ") [1]; however, its energy density in comparison
with a battery is limited, typically in the range of 5—
7 Wh kg' [2, 3]. Asymmetric hybrid supercapacitors, in-
volving an AC and a battery-type electrode material, have
been investigated intensively with an aim of improving
energy density while maintaining power robustness and
cycle performance [4, 5]. Recently, Li-ion intercalated
Li4TisO;, (LTO) has demonstrated favorable characteristics
as a promising negative electrode material for power Li-ion
batteries [6, 7]. The electrode potential of LTO is 1.55 V vs.
Li"/Li, at which the LTO experiences no SEI film formation
on electrode surface in Li" ion electrolytes. When combin-
ing the LTO-negative with an AC-positive electrode, the
LTO/AC constitutes an internal capacitor and battery hybrid
system [8, 9]. Its electrode reaction mechanism can be
described in the following equations:

AC + PF; sACT PF, +¢” (1)

LisTisOy, 4+ 3LitT + 3¢~ =Li;TisOs. (2)

However, pristine LiyTisO;, powder is low in electrical
conductivity (ca. 107 S em™") [9], which limits its power
capability—the key characteristic for supercapacitors. To
enhance its conductivity, a great deal of effort has been
made by reducing particle size [10, 11], improving the
crystallinity [12], doping with heterogeneous atom [13,
14], or modifying particles with carbonaceous materials
[15-21]. As a conductivity additive, carbon is considered
efficient and cost-effective in enhancing the property of
electrode materials [16]. Naoi et al. reported the composite
structure material consisting of nano-sized LTO anchored
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onto carbon nano-fibers (CNFs); the electrode can be dis-
charged at a rate as high as 300 C [20, 21]. Such work is a
major advance for LTO-based hybrid capacitors; however,
CNFs could be expensive and the synthesis process could be
complex for practical application. In this work, we designed
an LTO-C nano-composite modified by both in situ and ex
situ carbon. Via a simple sol-gel route, we obtained well-
crystallized carbon-coated LTO nanoparticles embedded in
a conductive carbon matrix. The in situ carbon from car-
bonization of organic precursors forms an intimate film on
LTO particles to improve the mobility of electrons, while the
added ex situ carbon enhances the capacitive behavior of
LTO-C by increasing the surface area. The hybrid super-
capacitors consisting of AC and LTO-C were fabricated and
subjected to various electrochemical measurements. The
results show that such an LTO-C/AC hybrid system dem-
onstrates promising electrochemical property in terms of
energy density, rate capability, and cycle performance.

Experimental
Synthesis of LTO-C nano-composite

Well-crystallized, both in situ- and ex situ-modified, LTO
was prepared via a facile sol-gel route by carefully control-
ling the synthetic process. Typically, tetrabutyl titanate was
first mixed with ethanol with a mole ratio of 1:5 (A solu-
tion). Lithium acetate was dissolved into a mixture solution
of ethanol/deionized water/acetic acid (B solution). While
stirring, B solution was gradually dropped into A solution,
resulting in a mixture with total mole ratio of tetrabutyl
titanate/lithium acetate/ethanol/acetic acid/deionized water
of 1:0.84:10:1.8:4. After stirring for 0.5 h, a certain quality
of conductive carbon black (Super-P-Li from Timcal, 35—
45 nm in diameter, surface area ~62 m*> g~ ') was added into
the clear solution, and after stirring for another 6 h, a black
gel was formed. The resulting gelation was dried at 80 °C
for 10 h and then annealed at 850 °C for 3 h in N, atmo-
sphere. The final LTO-C product contains about 15 wt%
carbon as determined by thermal analysis. During the heat-
ing process, in situ carbon degraded from organic precursors
forms an intimate coating film on LTO particles, while
added ex situ carbon acts as both conductive and capacitive
additives.

Characterization

The LTO-C electrode was fabricated by laminating LTO-C
composite (85 wt%), CMC (2 wt%), SBR (3 wt%), and
Super-P-Li-conductive carbon (10 wt%) slurry on an alumi-
num foil (20 um). The electrode sheet was dried at 80 °C for
1 h and roll pressed to a thickness of 100 um. Disks with
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diameter of 12 mm were pouched out of the laminate to
make negative electrodes. An activated carbon (Kuraray
YP-50F, Japan) with a surface area of 1,700 m? g ' was
used as a positive electrode. The AC electrode was prepared
by the same process as the LTO electrode. Both positive and
negative electrodes were dried in a vacuum oven at 100 °C
for 24 h before being transferred to the glove box.

For Li half cell tests, the LTO-C working electrode was
coupled with Li foil as counter and Li wire as reference
electrodes in a 1-M LiPF¢ in EC/DMC (1:3 in volume)
electrolyte and Celgard 2320 as the separator. For the
LTO-C/AC hybrid capacitor, the electrolyte was 1 M
LiClO, in propylene carbonate (PC), and the separator was
a cellulose paper (TF4035, NKK). All cells were assembled
in an argon-filled glove box (MBraun, German). The
charge—discharge tests were performed on a LAND battery
test system (Jinnuo, China) controlled by a computer at
room temperature. Electrochemical impedance spectroscopy
(EIS) was performed on an IM6ex impedance facility
(ZAHNER, Germany) with an AC perturbation of 5 mV.

Crystallographic structure of the LTO-C composite was
identified by X-ray diffraction (XRD) on a D/Max-IIIA dif-
fractometer (Rigaku, Japan) using Cu ko (A=1.54056 A) as
radiation source. The morphology of the samples was ob-
served using scanning electron microscopy (SEM, FEI Quanta
200F, Netherlands) and high-resolution transmission electron
microscopy (HR-TEM, FEI Tecnai G2 T20, Netherlands). X-
ray photoelectron spectroscopy (XPS) was carried out on Axis
Ultra spectrometer (Kratos, UK) with Al Kr monochromatized
X-ray source running at 250 W. The core level binding ener-
gies were corrected using the C 1 s binding energy of
284.8 eV. The surface area of the LTO-C material was mea-
sured on a STO8 Analyzer (Beifen Instrument, China) using
the Brunauer-Emmett-Teller method.

Results and discussion
Physicochemical characterization

X-ray diffraction pattern of the LTO-C composites is shown
in Fig. la. The XRD result matches well with that of the
cubic spinel structure LiyTisO, (Fd-3m, PDF no. 49-0207)
and no impurity phase peaks are identified. Diffraction
peaks attributed to carbon are invisible in the XRD pattern,
possibly due to the amorphous state of conductive carbon.
Structural analysis with a Rietveld refinement was con-
ducted on the XRD data, and the result is presented in
Fig. 1b. It is seen that the calculated patterns fit well with
the observed result, suggesting that the refinement is reli-
able. The refinement reveals lattice parameter of a=8.356
(2)A, and corresponding to a unit cell of 583.36 A, consis-
tent with the standard result (PDF no. 49-0207).
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Fig. 1 a XRD pattern and b Rietveld refinement result of the prepared
LTO-C nano-composite

Figure 2a shows the SEM of the LTO-C composite. It can
be observed that fine LTO particles with size of 50-150 nm
are dispersed in carbon network without obvious agglomer-
ation. The addition of carbon black and in situ-formed
carbon effectively prevented the growth of LTO particles
during the annealing process. HR-TEM images of the LTO-
C composite are presented in Fig. 2b, ¢, in which LTO nano-

crystallites with size of around 20-30 nm embedded in
amorphous carbon are clearly observed. A thin amorphous
film that may derive from the organic precursor is formed
uniformly on the surface of LTO crystallites (Fig. 2¢), which
is possibly the in situ carbon and thus beneficial for a high
electrical conductivity. The LTO crystallites show a lamellar
structure with a d-spacing of ~0.48 nm, consistent with the
(111) peak of XRD pattern of LTO. The result indicates that
the added ex situ carbon black involved in the annealing
process seems to be not incorporated into the LisTisOq,
lattice, but coherently coated surrounding the crystallites.
The N, absorption measurement shows that the surface area
of LTO-C is 32 m* g ', including contribution from both
nano-sized LTO and carbon.

LTO-C/Li cell evaluation

The LTO-C electrode was first investigated by using LTO-
C/Li half cells. Figure 3 shows the charge—discharge behav-
iors of the LTO-C/Li half cell at various rates. The discharge
potential at around 1.5 V (against Li"/Li) is very flat and the
gap between charge and discharge plateau is rather narrow,
indicating a high Li extraction—insertion kinetics. At a rate
of 1 C, the reversible capacity was 168 mAh g~ ', very close
to the theoretical value of 175 mAh g™ according to reac-
tion (2). Note that the capacity calculation is based on the
pure LTO mass only. Even at a charge and discharge rate of
40 C, the reversible capacity can still reach 105 mAh g .
The rate capability is superior to most previous reports
[10—17], which may be attributed to the nano-sized particles
and double modification by in situ and ex situ carbon.
When the LTO-C was prepared at 850 °C in the presence
of reduction reagents (carbon and organic precursors), par-
tial Ti*" in the surface being reduced to Ti** is inevitable
[22]. Previous research shows intercalation reaction that
reaction (2) proceeds in a two-phase manner with narrow
solid solution region nearby both end members, while the
generation of Ti** would expand the solid solution domain.
The Li diffusivity in solid solution is at least one order of
magnitude higher than in two-phase region because Li

R

d= f.';.4B nm

Fig. 2 a SEM and b, ¢ HR-TEM images of the LTO-C nano-composite
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Fig. 3 Charge/discharge behaviors of LTO-C/Li half cell at various
rates between 1.0 and 2.0 V

diffusion in the latter is retarded by phase boundary move-
ment [17, 23]. Therefore, the kinetics of electrochemical
reaction towards Li may be enhanced. Due to relatively
low content in the LTO-C sample, the presence of Ti’*-
related phase cannot be identified by XRD, but can be
detected by XPS. Figure 4 compares the XPS spectra of
commercial TiO, powder and as-prepared LTO-C. The peak
centered at 459 eV can be attributed to Ti 2p, which shift
slightly towards low-binding energy side in the pattern of
LTO-C. The shift confirms the presence of Ti*" species in
the LTO-C sample.

AC/LTO-C hybrid capacitor evaluation

A hybrid capacitor was constructed by using AC-positive
and LTO-C negative electrodes in 1 M LiClO4+PC electro-
lyte. The mass of the electrodes was balanced to fully take
profit of the performance of both materials in their optimal
working potential range with the principle of Oac=0rr0-
Figure 5 shows the relationship between mass ratio of pos-
itive to negative materials and the specific capacitance at a
selected current rate of 60 mA g '. It is obvious that the
specific capacitance increases with the increase in mass ratio
of positive/negative materials until mac/myto=3:1, where a
maximum value is reached. This value departs from the 4:1

Intensity (a.u.)

450 455 460 465 470
Binding energy (eV)

Fig. 4 XPS spectra of TiO, powder and the LTO-C nano-composite
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Fig. 5 Specific capacitance as a function of mass ratio of positive
against negative materials. The current density is 60 mA g ' and the
voltage range is 1.5-3.0 V

ratio based on the theoretical-specific capacity of LTO and
AC,; it is possibly due to the added ex situ carbon in LTO
electrode. The rate capability of such a mass-balanced LTO-
C/AC hybrid cell was examined at various discharge rates as
shown in Fig. 6. With the increase of current rate, the
discharge time reduces while the profile almost remains.
At a rate of 980 mA g ' (about 32 C), the discharge time
is 1 min in the voltage range of 3.0—1.5. For comparison,
the charge—discharge profile at 60 mA g ' (2 C) is presented
in the inset of Fig. 6. The voltage profile declines with time
as a capacitor should be; however, the slope is not strictly
linear. The results indicate that the hybrid capacitor
exhibited discharge characteristics of the combination of a
capacitor and a battery [24].

Table 1 summarizes the specific capacitance of such AC/
LTO-C hybrid capacitor at various currents. The discharge
specific capacity C,,, was calculated by the following formula:

ixX At
m="——"x 3
mx AV (3)
where 7 (in amperes) stands for the discharge current, AV (in

volts) the discharge voltage change (exclude the iR drop), and
At (in seconds) the discharge time consumed in the voltage
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Fig. 6 Rate discharge behaviors of the LTO-C/AC hybrid capacitor
between 1.5 and 3.0 V. Inset shows charge—discharge profile at current
density of 60 mA g~' for clarification
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Table 1 Specific capacitance based on different electrode material 150 120
weights of the AC/LTO-C hybrid capacitor at various discharge ;\?
currents =~ 120 100 Q
c
Qo c
Current density (mA g ") 60 320 610 980 = 80 9
S 3
2 9 (=3
LTO-C electrode (F g ") 337 334 323 271 o 60 ©
AC electrode (F g ™) 111 108 105 90 8 60 i %
[ " o o
Both electrode (F g ') 8 82 79 68 8 g 120 &
AC/LTO-C hybrid capacitor (F g ') 22 21 20 18 8 § g
S 30fc= 1o <
© g <
O ) 2000 Cy:]neo:‘ umb:on 8000 \0_\/
O 1 1 1 1 0
0 2000 4000 6000 8000

change range of AV, The mass used in calculation involves
that of LTO-C single electrode, AC single electrode, active
material of both electrodes, and the entire hybrid capacitor
(including both electrode materials, current collectors, elec-
trolyte, and separator). With the increase of discharge current
from 60 to 980 mA g, the specific capacitance of the LTO-C
electrode decreases slowly from 83 to 68 Fg™', while that of
the hybrid capacitor (based on the entire mass of the capaci-
tor), it drops from 22 to 18 Fg ™', only fading 18%. The rate
test results suggest that the hybrid capacitor possesses an
excellent rate capability. Since the AC material is known to
be high rate capable based on its principle of ion diffusion in
double layer, the rate performance of the hybrid is dominated
by the Li" diffusion rate in the lattice of intercalation LTO
compound. Since LTO is a zero-strain material, when its
particle size is made small (100—150 nm in this case) and its
electron and ion mobility is improved by adding conductive
carbon and by generation of Ti>" species, high rate perfor-
mance of the LTO-C/AC hybrid cell has been realized. It is
worth pointing out that the embedded carbon also plays an
importance role in enhancing the capacitive behavior of the
LTO-C anode.

The specific energy was calculated from E=1/2 Cp(V>*—
Vlz), where V,=3.0 V—iR and V;=1.5 V. The specific
power was obtain from P=FE/t, where ¢ is the time duration
for the capacitor to discharge from V, to V. It should be
noted that this specific power is an average performance
value which differs from that of the maximum power of
“matched resistance,” Ppa=V?*/4R. Such a data is more
reliable since it is a power performance of the hybrid capac-
itor device measured through the full discharge duration.
The result demonstrates that the specific energy is
20 Wh kg ! at a power density of 37 Wkg '; when the
power output reaches 440 Wkg ', the specific energy
retains at 16 Wh kg ' for the entire AC/LTO-C hybrid
capacitor system. The energy density is at least twice that
of a conventional AC/AC system [1], and comparable with
results of other hybrid capacitors [9, 25]. Therefore, it may
find application in many fields needing high power.

The cycle life results of the AC/LTO-C hybrid capacitor
at charge—discharge current of 980 mA g~' are shown in
Fig. 7. The hybrid cell displayed a sustained stability over a

Cycle number

Fig. 7 Capacity retention and coulombic efficiency of the LTO-C/AC
hybrid capacitor at a current density of 980 mA g '. Inset shows the
profile of specific capacitance vs. cycle number

fairly long cycle time at such a high cycle rate. After 9,000
cycles, the specific capacitance retains 84 % of the initial
value, and the coulombic efficiency is close to 100%.

To understand the excellent cycling property of the LTO-
C/AC hybrid capacitor, EIS experiments were carried out at
different stages, i.e., before cycling, and after 3,000 and
9,000 cycles. As shown in Fig. 8, the Nyquist plots of the
impedance spectra consist of two components: a semi-circle
in high frequency and a straight line in low frequency. In the
high frequency region, the diameter of the semi-circle rep-
resents the resistance (R) related to the charge transfer
across the electrode interface, whereas the low frequency
straight line represents the Li diffusion in the electrodes. The
straight line deviates from vertical shape, indicating that ion
diffusion in the electrode is not a pure capacitive behavior
[26]. The high frequency intercept of the semi-circle on the
real axis yields the internal resistance (R). An increase of Ry
and R, can be observed after the cell being cycled. The
former is presumably caused by the increasing electrode/
electrolyte contact resistance, while the latter is due to the
decrease in the area of electrodes induced by repeated

8
—=— Before cycle 0.05 Hz
—e— After 3000 cycles /N
6l —a— After 9000 cycles
o
£
o
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~ 4F
g
l\lj_ 100k Hz
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0 2 4 6 8 10 12

Z /acm®
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Fig. 8 Electrochemical impedance spectra of the AC/LTO-C hybrid
capacitor at different stages
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expansion and contraction during the cycles. It is seen that
the increase of both R, and R, is not severe throughout the
cycling process, which explains the stable capacity delivery
capability of the LTO-C/AC hybrid upon cycling [27].

Conclusion

In summary, the in situ and ex situ carbon-modified LTO-C
nano-composite was directly synthesized via a sol—gel
method. The LTO-C nano-composite was used as a negative
electrode coupled with AC-positive electrode to construct
the AC/LTO-C hybrid capacitor. Electrochemical measure-
ment results reveal that the AC/LTO-C hybrid capacitors
exhibit high rate performance and long cycle life. In the
voltage range of 1.5-3.0 V, the hybrid cell can deliver a
specific energy of 20 Wh kg™ ' at the specific power of
37 Wkg !, which is a significant improvement in energy
density over that of an AC/AC system. When discharged at
440 Wkg ' power, the specific energy remains at
16 Wh kg Cycle performance test on the hybrid cell shows
the capacity can hold 84% of its initial value after 9,000 deep
cycles at a 980 mA g ' (a 32 C rate). It is believed that the
double-carbon modification enhances the conductivity,
reduces the particle size, assists in the formation of Ti*"
species, and increases the capacitance of the LTO-C material,
which enables the high rate and stable cycle performance of
the LTO-C/AC hybrid capacitor.
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