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Abstract: Lithium-ion batteries (LIBs) have been used in many fields, such as consumer electronics
and automotive and grid storage, and its applications continue to expand. Several studies have
attempted to improve the performance of LIBs. In particular, the use of high-capacity silicon and tin as
anodes has been widely studied. Although anodes composed of silicone and tin have high theoretical
capacities, poor electrical conductivity and considerable volume expansion of such anodes deteriorate
the LIB performance. Thus, Li4Ti5O12 (LTO), a zero-strain material, has attracted much attention
with high cycle stability and rate capability through improved electrical conductivity. However, LTO
has the disadvantages of a low electrical conductivity (10−8 to 10−13 S cm−1) and moderate Li+ ion
diffusion coefficient (10−9 to 10−16 cm2 s−1). In this study, the flexible and free-standing composite
films were fabricated using only LTO and multi-walled carbon nanotube(CNT) with high electrical
conductivity and ion diffusivity. The prepared LTO/CNT films showed a higher charge/discharge
capacity than the theoretical capacity of the LTO electrode.

Keywords: LTO; buckypaper; Li-ion battery; flexible; free-standing

1. Introduction

Lithium-ion batteries (LIBs) are widely used in various fields, such as portable elec-
tronics and electric vehicles, owing to their high energy density and long cycle life [1].
However, the capacity loss increases due to additional reactions, such as solid electrolyte
interphase (SEI) film formation and active material dissolution [2]. Much research is being con-
ducted to develop new electrodes with improved stability and long cycle life at high current
rates [3–8]. Li4Ti5O12 (LTO), an anode material with a theoretical capacity of 175 mAhg−1,
possesses fast charge–discharge characteristics. Because LTO is a zero-strain material that
does not change its structure during intercalation and deintercalation, a stable charge–
discharge can be achieved even at high C-rate values. Therefore, lithium (Li) secondary
batteries using LTOs as anodes have satisfactory and fast-charging properties. However,
LTOs have the disadvantages of a low electrical conductivity (10−8 to 10−13 S cm−1) and
moderate Li+ ion diffusion coefficient (10−9 to 10−16 cm2 s−1) [9,10]. Various methods, such
as using nano-sized LTO particles, doping with other metal ions, surface modification using
a metal or metal oxide, and coating with a conductive material, have been studied to
improve electrical conductivity and ion diffusivity by reducing the ion diffusion path of
Li+ [11–15]. Among these methods, the carbon coating of LTO can improve the electrochem-
ical performance of LTO by improving the surface electronic conductivity and electrical
contact with the electrolyte [16–18]. Multi-walled carbon nanotubes (MWCNTs) have high
electrical conductivity (approximately 103–105 S cm−1), excellent mechanical properties,
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and are lightweight [16,18]. It has been reported that there are the sol-gel method [19],
blade method [20], and water-based process [21] for manufacturing electrodes. The sol-gel
method can be synthesized at a low temperature close to room temperature and is inex-
pensive. However, it has the disadvantage of wrinkling or folding the edges, as it shrinks
during drying. The blade method has advantages such as short working time, large-area
production, and low-cost roll-to-roll production, but aggregate or crystallite formation at
high concentration often occurs. The water-based process has a simpler manufacturing
process compared to other electrode manufacturing methods and has the advantage of not
being toxic because distilled water is used as a solvent.

Recently, we fabricated a flexible free-standing anode using buckypaper made from
acid-treated MWCNT, and a silicon (Si) thin film was applied on the anode electrode [22].
It is known that buckypaper, instead of a copper (Cu) foil, can be used as a current collector
and that the MWCNT matrix can improve the performance of a Si thin film. In this study,
LTO was mixed with an acid-treated MWCNT with good electrical and ionic conductivity
to compensate for the low electrical conductivity and moderate Li-ion diffusion coefficient.

2. Experiment
2.1. Materials and MWCNT

MWCNT was purchased from Carbon Nano-Material Technology Co. (Pohang, Republic
of Korea) and LTO nanopowder from SAT Nano Technology Material Co. (Guangdong, China).
The mixed cellulose ester (MCE)-based membrane filter used the model MCE04547A from
Hyundai Micro Co. (Seoul, Republic of Korea). To convert the powder form of MWCNT
into a paper-like form, we used an acid treatment to generate carboxyl. For the acid treatment
method, MWCNT was added to a solution of HCl (35%) and distilled water in a ratio of 1:1
(vol.%) to a solution of HNO3 (65%) and distilled water in a ratio of 1:2 (vol.%), and to a
solution of HNO3 (65%) and H2SO4 (98%) in a ratio of 1:3 (vol.%). Each of these MWCNT
solutions was magnetically stirred at 60 ◦C for 3 h. In addition, the solution composed of
MWCNT, HNO3, and H2SO4 was sonicated at 60 ◦C for 3 h and cooled in ice water for 8 h.
Subsequently, each MWCNT was neutralized with distilled water using a membrane filter
and a vacuum pump until the pH became neutral. Further, each of them was dried in an
oven at 60 ◦C for 24 h.

2.2. Fabrication of Electrodes

To compare the cycle performance of LTO anodes based on different amounts of CNT,
three composite films with CNT:LTO in ratios of 60:40 wt.% (LC40), 50:50 wt.% (LC50),
and 40:60 wt.% (LC60) were fabricated. The oxidized MWCNTs and LTO powders were
dispersed in water, first by magnetic stirring for 1 h, followed by an ultrasonic bath for
3 h. The solution was filtered through a microporous membrane filter (pore size 0.45 µm)
using filtration units with a vacuum pump. The resulting product was dried in an oven
at 60 ◦C for 24 h. Finally, the LC films were peeled off from the filtration membrane. The
thickness of the fabricated LC40, LC50, and LC60 films were approximately 0.058, 0.059,
and 0.062 mm, respectively. To validate the electrochemical role of CNT and LTO in a
composite film, LTO was coated on a Cu foil to manufacture an electrode (LTO_Cu), while
oxidized CNT was used to manufacture a buckypaper (BP) electrode. Figure 1a–c are
digital photographs captured after bending the LC film electrodes; the images validate
that the electrodes are flexible and are not structurally damaged when bent. Regardless of
composition (CNT:LTO), the films exhibited flexible properties.
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Figure 1. Images of the (a) LC40, (b) LC50, and (c) LC60 films.

2.3. Characterization Analyses

The LTO/CNT films were analyzed using X-ray diffraction (XRD, Ultima IV, Rigaku,
Tokyo, Japan) with Cu Kα radiation to determine the effect of any additional reactions that
may occur in the process of mixing LTO and CNT on the structures. Morphological prop-
erties and particle size were observed using field emission scanning electron microscopy
(FE-SEM, Mira3 LM, TESCAN, Brono, Czech Republic) at 15 kV. In a glove box filled with
argon, Li foil and LTO_CNT were used as a counter electrode and working electrode,
respectively; a 1 M solution of LiPF6 was used in ethylene carbonate; diethyl carbonate
(1:1, vol.%) and microporous polypropylene membrane were used as an electrolyte and
a separator for a CR 2032-type coin cell, respectively. A galvanostatic charge–discharge
(CC) test was performed with a battery cycler (Won A-tech, WDCS3000s) at 1–3 V and
0.5 C in the sections in which CNT did not react and LTO did. Cyclic voltammetry (CV)
was performed with a Gamry Instrument over a voltage range of 1–3 V and a scan rate of
0.01 mVs−1. Electrochemical impedance spectroscopy (EIS, ZIVE SP2, ZIVE LAB, Seoul,
Korea) was performed at 3 V from 0.1 Hz to 10 MHz.

3. Results and Discussion

XRD elucidates the crystal structure of particles contained in a film. XRD was per-
formed to confirm that there were no chemical changes in the aqueous process of mixing
LTO and CNT used to fabricate LTO/CNT films. XRD patterns of the CNT, LTO, and
LC films are shown in Figure 2. In the XRD pattern of LTO, sharp diffraction peaks are
observed at 2θ = 18.5◦, 35.7◦, 43.4◦, 47.5◦, 57.3◦, 62.9◦, 66.2◦, 74.5◦, 75.5◦, 79.5◦, and 82.4◦,
corresponding to the (111), (311), (400), (331), (333), (440), (531), (533), (622), (444), and (551)
planes, respectively. All diffraction peaks of the LTO powder could be indexed as a cubic
spinel structure with the space group Fd

_
3m, which agreed well with those in the Joint

Committee on Powder Diffraction Standards (JCPDS) card No. 26-1198. No characteristic
peaks are observed for other impurities, such as rutile and anatase TiO2. In the XRD pattern
of CNT powder, broad diffraction peaks are observed at 2θ = 26◦, corresponding to the (002)
plane. Unlike the peaks observed in the XRD patterns of CNT, LTO, and LC films, those of
powders are the same, even after mixing, and no different peaks appeared. This confirms
that no chemical changes occur while mixing LTO and CNT during the preparation of
the LC films. Although the ratio of CNT in each mixture is different, there are no signifi-
cant differences. The results of the compositions did not change either, confirming that a
water-based process can be successfully used to manufacture a free-standing LTO_CNT
anode. Figure 3a,b show SEM images of the oxidized CNT and LTO powders, respectively.
MWCNT has a thread-type structure, while LTO exhibits a white grain-type structure. The
outer diameter of CNT is approximately 20 nm, and the size of LTO is less than 2 µm.
The surface image of LTO shows that the particles are angled, indicating that they are
crystalline. Figure 3c–e show SEM images of the LC40, LC50, and LC60 films, respectively.
The surface images of the LC films show that white particles of LTO are contained between
the CNT network. LTO and CNT are fabricated using a water-based process, confirming
that they are well-mixed. The LTO is wrapped in the CNT network, which exhibits good
electrical conductivity and Li+ diffusivity [21]. Therefore, the electrical conductivity and
Li+ diffusivity of the electrodes are expected to improve.
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Figure 3. Field emission scanning electron microscopy surface images of (a) oxidized CNT powder
and TEM image (inset), (b) LTO nanopowder, (c) LC40 film, (d) LC50 film, and (e) LC60 film.

To determine the response voltage of the LC film, we performed a periodic voltam-
mogram (CV) test. Figure 4a–c show the resulting CV graph of the LC40, LC50, and LC60
films at a scan rate of 0.1 mVs−1 and a voltage range of 1–3 V. All ratios of CNT:LTO in
the LC films have irreversible reaction capacities at 1.62 V in the discharge part of the first
cycle. This was the result of creating a solid electrolyte interface. Two pairs of reversible
redox peaks can be clearly seen for all ratios of CNT:LTO in the LC films. A pair of ca-
thodic/anodic peaks can be clearly seen at 1.33 V/1.73 V for all the LC films in the first
cycle; this can be attributed to the reduction of Li4Ti5O12 to Li7Ti5O12.

Li4Ti5O12 + 3Li+ + 3e− → Li7Ti5O12 (1)
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Figure 4. Cyclic voltammetry results for the (a) LC40 film, (b) LC50 film, (c) LC60 film (d) buckypaper,
and (e) LTO_Cu electrode in the first through fourth cycles at 0.1 mV/s in a voltage window of 1–3 V
(vs. Li+/Li).

Li+ paths were established and stabilized during the intercalation/deintercalation of
Li+. Therefore, the cathodic/anodic peaks for all the LC films move from 1.33 V to 1.47 V and
from 1.73 V to 1.70 V. The area of the LC films confirms that a higher amount of LTO leads
to the formation of larger areas of the LC films. Because LTO only responds to a voltage
range of 1–3 V vs. Li/Li+, the anode capacity increases with the amount of LTO. Figure 4d
shows the CV graph of the fabricated BP. No peaks are observed at 1–3 V, reflecting the fact
that CNT does not chemically react with Li+ at 1–3 V. However, a small area that indicates
the film capacity can be seen and may be the result of Li+ intercalation/deintercalation in
the porous structure. This verifies not only that the electrical conductivity and Li+ diffusion
coefficient improves, but also that the capacity of the LC films increases. Figure 4e shows the
CV graph of the LTO_Cu film. Cathodic/anodic peaks can be clearly seen at 1.4 V/1.73 V and
1.48 V in the first cycle. A cathodic/anodic peak of an LTO_Cu film moved from 1.4 V to
1.5 V and 1.73 V to 1.67 V during the cycle.

Figure 5a–e show charge/discharge graphs of the CC test with a current density of
1 C and a voltage range of 1–3 V vs. Li/Li+ to produce the LC40, LC50, and LC60 films,
BP, and LTO_Cu film, respectively. The LC films show flat areas at 1.62 V and 1.33 V
in the discharge section and 1.72 V in the charge section in the first cycle. As the cycles
progressed, the flat area of the discharge and charge sections change to 1.47 V and 1.70 V,
as shown in the CV test (Figure 4a–e). Comparing the capacity of the discharge and charge
sections shows that the LC films have a high irreversible capacity in the cycle. The CC
graphs representing BP (Figure 5d) and the LTO_Cu film (Figure 5e) indicate that the solid
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electrolyte interface film of LTO is generated at 1.62 V, and Li ions are intercalated into the
porous structure in the first cycle of BP and then could not deintercalate. Among these
CC test results, the irreversible capacity of BP accounts for a large percentage. Therefore,
a higher amount of CNT leads to a higher irreversible capacity of the material in the
first cycle. However, the porous structure of CNT allows for an additional Li+ storage
capacity. After the 100th cycle, the LC40, LC50, and LC60 films exhibit discharge capacities
of 205.6 mAhg−1, 192.0 mAhg−1, and 192.6 mAhg−1, respectively. These values are higher
than that of recently published free-standing LTO electrode [23]. This is thought to be due
to the porous structure. The porous structure of BP could be intercalated/deintercalated
with Li+, and it has an additional capacity. Figure 6 shows that the cycle performance and
coulombic efficiency (CE) as a percentage of the discharge capacity versus charge capacity
of the LC films, BP, and the LTO_Cu cells, with a current density of 1 C and a voltage
range of 1–3 V vs. Li/Li+. The capacities of all the LC films are higher than that of the
LTO_Cu film (Figure 6e) because the porous structure of the CNT network-stored Li+. The
cycle performance of BP (Figure 6d) exhibits a capacity of approximately 22 mAhg−1 at
1–3 V after 20th cycle when Li+ intercalation/deintercalation is stabilized. BPs exhibit
an irreversible capacity and poor CE (approximately 32–96%) from cycles 1 to 20. Li+ is
intercalated in BP and cannot deintercalate from the porous structure of BP. Therefore, a
higher wt.% of CNT leads to a lower CE value in the initial 20th cycle. All the LC films
maintain a high CE value of more than 99% after 10th cycle and exhibit a low capacity
reduction up to the 100th cycle. LC films could stabilize faster than BP because of the small
amount of CNT. On comparing the capacity retention rates from the 10th cycle to the 100th
cycle after cell stabilization, CE values of the LC40, LC50, and LC60 are verified as 98%, 96%,
and 94.7%, respectively. A higher amount of CNT leads to an increased capacity retention
rate, resulting in an improved electrode performance with good electrical conductivity
and Li+ diffusivity of CNT. To further understand the improved conductivity in terms of
carbon content, we performed EIS measurements before (Figure 7a) and after the 20th cycle
(Figure 7b) for the LC film and LTO_Cu electrodes. EIS measurements were conducted in
the frequency range of 0.1 Hz–1 MHz at 3 V. The intercept impedance on the real Z-axis
represents the solution resistance, while the semicircle in the high–mid frequency range
and the oblique line at low frequencies represent the charge-transfer process and the Li-ion
diffusion process, respectively. The first resistance at the high frequency corresponds to the
migration of Li ions across the passivation film (Rs), and the semicircle at the intermediate
frequency corresponds to the charge-transfer reaction (Rct). The Rs and Rct values before
and after the cycles of LC films and LTO_Cu are shown in Table 1. The Rs values of LC40
(4.81 Ω), LC50 (5.2 Ω), LC60 (4.64 Ω), and LTO_Cu (3.52 Ω) before the cycle demonstrate
that the LC films have similar Rs values, and the LTO_Cu film has a lower Rs value than
the LC films. After the cycle, the Rs values of LC40, LC50, LC60, and LTO_Cu are 5.91 Ω,
6.18 Ω, 5.82 Ω, and 3.42 Ω, respectively. The resistance value of the LC films increase by
a small amount, and that of the Cu film hardly changes. The Rct values of LC40, LC50,
LC60, and LTO_Cu are 90.55 Ω, 98.88 Ω, 107.78 Ω, and 169.7 Ω, respectively, before the
cycle. The Rct values of the LC films are lower than that of the LTO_Cu film. These values
demonstrate that a higher amount of CNT leads to a lower Rct value. After the cycle, the
Rs values of LC40, LC50, LC60, and LTO_Cu are 21.74 Ω, 35.34 Ω, 62.15 Ω, and 130.2 Ω,
respectively. All electrodes have lower Rct values after the cycle compared with those
before the cycle. The Rct values of LC40, LC50, LC60, and LTO_Cu decrease by 76%, 64.3%,
63.4%, and 23.3%, respectively. These results indicate that the process of mixing LTO with
CNT affects the Li+ diffusion process, reflecting the superior electrical conductivity that the
CNT/LTO composite film exhibits. As the cycle progresses, the connection between CNT
and LTO is stabilized and inhibits polarization. Therefore, a higher amount of CNT results
in improved cycle characteristics.
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Figure 7. Nyquist impedance plots of the LC40, LC50, LC60 films, and LTO_Cu electrodes after (a)
making cell and (b) 20th charge at 0.5 C, measured in the frequency range of 0.01 Hz–1 MHz (Z’: real
part of impedance; Z”: imaginary part of impedance).

Table 1. Physical properties and electrochemical impedance spectroscopy parameters of the LC films
and LTO_Cu electrodes.

LC40 LC50 LC60 LTO_Cu LC40
after

LC50
after

LC60
after

LTO_Cu
after

Rs (Ω) 4.81 5.2 4.64 3.52 5.91 6.18 5.82 3.42

Rct(Ω) 90.55 98.88 107.78 169.7 21.74 35.34 62.15 130.2

4. Conclusions

In this study, flexible, binder-free, and free-standing electrodes were fabricated using
acid-treated MWCNT. All three ratios of the films had flexible properties. Although they
were manufactured using the water-based method, no chemical changes occurred in the
materials, which were well-mixed. The CV test showed that LC films stabilized faster
than the LTO_Cu films. The CC test demonstrated that a higher amount of CNT led to
higher irreversible capacity in the first cycle; however, the cycle performance and additional
capacity were improved. The application of LTO to CNT networks increased the electrical
conductivity and ion diffusivity. The EIS test confirmed that the Rct value was lower at
higher CNT ratios, especially with a larger gap in the course of the cycle. The fabrication of
the composite film using CNT confirmed that the excellent electrical conductivity and ion
diffusivity of CNT improved the performance of the electrodes.
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