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ABSTRACT

This paper aims to disclose how the size of TiO2 Nanotubes affects the performance of Li-ion battery with TiO2 nanotubes as anode material.
Firstly, TiO2 nanotubes of two different sizes were synthetized by hydrothermal method, namely, L-TiO2 nanotubes and S-TiO2 hanotubes. Next,
the morphology, structure, cycle performance, rate performance, and electrochemical performance of the button batteries respectively
assembled with L-TiO2 nanotubes and S-TiO2 nanotubes as anode materials (L-battery and S-battery) were tested with a scanning electron
microscope (SEM), a transmission electron microscope (TEM), an X-ray diffractometer (XRD), a battery test system, and an electrochemical
workstation. The results show that S-battery has better specific discharge capacity (SDC), cycle stability and rate performance than L-battery.
The initial DSC of S-battery was as high as 262.6mAh/g; after 100 cycles, the DSC of that battery was still 250.5mAh/g, down by only 0.046%.
Even if the rate increased to 2C, the DSC of the battery was maintained at 151.8mAh/g.

Keywords: TiO2 nanotube, size, Li-ion battery, anode material

Received: May-10-2020, Accepted: September-17-2020, https://doi.org/10.14447/jnmes.v23i4.a10

1. INTRODUCTION

Featuring high energy density and a long cycle life,
rechargeable Li-ion battery are widely used in automobiles,
electric vehicles, and energy storage [1, 2]. However, the
capacity and cycle performance of Li-ion battery can no longer
fulfil the surging demand from emerging industries [3].
Traditionally, the electrodes of Li-ion battery are made of
graphite, a material with poor cycle performance. Li dendrites
will form on the surface of the battery at low voltage or
overcharge/discharge. The ensuing short circuit or even
explosion of the battery gives rise to serious safety risks [4, 5].
Hence, it is an urgent task to develop a new material with high
lithium insertion capacity and excellent cycle performance to
replace graphite as electrodes [6].

TiO; is an abundant and environmental-friendly oxide with
high capacity, stable structure, and good safety performance.
It is a potential anode material for new-generation Li-ion
battery [7, 8]. If adopted as the anode of Li-ion battery, TiO,
will exhibit good electrochemical activity, and offer a high
charge and discharge platform (1.7V). In this case, no Li
dentrite will form at low voltage. Neither will a solid
electrolyte interface (SEI) appear on the electrode surface.
Suffice it to say that TiO; is promising candidate material for
safe low-voltage anode [9, 10]. The electrode performance
depends heavily on the morphology and size of its material.
With a large specific surface area (SSA), TiO, nanotube is an
ideal anode material for miniature Li-ion battery, making it
possible to control the packaging size within a limited space
[11,12].

This paper synthetizes TiO> nanotubes of two different sizes
by hydrothermal method. After that, the surface morphology
and composition of the samples were analyzed with a scanning
electron microscope (SEM) and a transmission electron
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microscope (TEM). In addition, the crystal structure of the
samples was measured by an X-ray diffractometer (XRD).
Finally, the electrochemical impedance and electrode
performance of sample Li-ion batteries were investigated,
using a battery test system and an electrochemical workstation.

2. EXPERIMENTS
2.1 Material preparation

Firstly, 30mL 10mol/L NaOH solution was prepared. Then,
0.2g P25 TiO, (Evonik Industries Group) was added to the
NaOH solution, followed by 5-10 min stirring. Once the
solution was evenly mixed, 20mL of the solution was
measured, and relocated into a 100mL stainless steel autoclave.
After added with a magnetic rotor, the autoclave was put into
a constant temperature heat-gathering magnetic stirrer, and
heated at a constant temperature of 130-180°C.

After 24h reaction at 3001/min, the sample in the autoclave
was cooled to room temperature, and then washed with
deionized water to the pH of 9. Then, the sample was
centrifuged and washed three times with 0.lmol/L HNOj.
Next, the sample was centrifuged and washed again with
deionized water to the pH of 7.

The white flocculent precipitation was dried completely in
a vacuum oven at 70°C, and then annealed for 2h at 450°C in
a tube furnace under argon atmosphere. After that, the
temperature was increased at 5°C/min, creating the black
powdery product. The TiO, tubes prepared at 180°C were
relatively large, denoted as L-TiO, nanotubes, while those
prepared at 130°C were relatively small, denoted as S-TiO;
nanotubes.
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2.2 Material characterization

The surface morphology of each sample was observed and
analyzed with an SEM (LEO 1530VP) and a TEM (Tecnai G2
20 S-TWIN). The crystal structure of each sample was
examined under an XRD (Bruker D9 ADVANCE). The target
source is Cu-Ka, the power is 40kVx50mA, the wavelength is
2=0.15405 nm, the scanning speed is 10°/min, the step length
is 0.02°, and the scanning range is 26=20-80°.

2.3 Battery preparation and performance test

Each TiO; nanotube, conductive agent (acetylene black),
and binder (polyvinylidene fluoride-PVDF) were mixed into a
uniform slurry of moderate consistency at the mass ratio of
8:1:1. Then, the slurry was applied on the washed copper foil.
After drying for 12h at 70°C in the vacuum oven, the copper
foil was cut into a pole piece with a diameter of 14mm.

Then, the pole piece was assembled into a 2032 button
battery under argon atmosphere (O,<1ppm; H,O<lppm) in a
glovebox (Innovative Technology), where the membrane is
Celgard 2400, the electrolyte is 1mol/L LiPF6 solution in
DMC/EC/DEC=1:1:1 (v/v/v).

The cycle performance and rate performance of the battery
were tested on a battery test system (Neware CT-3008; 5V,
10mA), with the voltage range of 0-3V. The cyclic
voltammetry (CV) and electrochemical impedance
spectrometry (EIS) of the battery were tested on an
electrochemical workstation (Shanghai Chenhua CHI760E).
During the CV test, the voltage was set to 0-3V, and the
scanning speed to 0.1mV/s. During the EIS test, the voltage
was set to 3V, and the scanning frequency to 102-10°Hz.

3. RESULTS AND DISCUSSION

With P25 as the Ti source, TiO2 nanotubes of two different
diameters were prepared by controlling the temperature of
hydrothermal reaction. The microscopic morphology of these
nanotubes is displayed in Figure 1.
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(a) SEM image of L-TiO; nanotubes; b) SEM image of S-TiO; nanotubes;

Figures la and 1b are the SEM images of L-TiO, nanotubes
and S-TiO, nanotubes, respectively. It can be seen that the L-
TiO, nanotubes were distributed unevenly, and entangled
irregularly, while S-TiO» nanotubes were slender and arranged
orderly, instead of entangled irregularly [13].

Figures 1c and 1d are the TEM images of L-TiO, nanotubes
and S-TiO; nanotubes, respectively. It can be seen that L-TiO,
nanotubes were short and thick, and seriously fragmented.
Meanwhile, the morphology of S-TiO, nanotubes was well
preserved; almost every nanotube had a large aspect ratio. It is
also learned that the diameter of L-TiO, nanotubes was about
80-100nm, and that of S-Ti0; nanotubes was about 30-50mm.

Figure 2 presents the XRD images of L-TiO» nanotubes and
S-TiO; nanotubes. Both types of nanotubes were found to have
strong diffraction peaks near 25.3°, 17.8°, 48.0°, 55.1°, and
62.7°. These peaks respectively belong to the crystal planes
(101), (004), (200), (211) and (204) of TiO, (JCPDS No. 89-
2810) [14, 15]. Moreover, the diffraction peaks of the two
types of nanotubes had basically the same intensity. This
means the two kinds of samples have basically the same
composition, and mainly differ in morphology.

To disclose the effects of size on material performance,
button batteries were assembled with L-TiO» nanotubes and S-
TiO; nanotubes as anode material, respectively, and subjected
to tests on cycle performance, rate performance, CV and EIS.
For convenience, the button batteries assembled from L-TiO;
nanotubes and S-TiO; nanotubes are denoted as L-battery and
S-battery, respectively.

Figure 3a presents the cycle performance and coulombic
efficiency of L-battery and S-battery. It can be seen that the
initial discharge specific capacities (DSCs) of L-battery and S-
battery were basically unchanged, respectively, 224.3mAh/g
and 250.5mAh/g. After 100 cycles, the specific discharge
capacities (SDCs) of L-battery and S-battery were
224.3mAh/g and 250.5mAh/g, respectively. Obviously, the
capacity of S-battery decayed slower than L-battery after 100
cycles.
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(c) TEM image of L-TiO; nanotubes; (d) TEM image of S-TiO, nanotubes

Figure 1. SEM and TEM images of L-TiO, nanotubes and S-TiO» nanotubes
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Figure 2. XRD images of L-TiO; nanotubes and S-TiO,
nanotubes

It can be calculated that the capacity retention rates of L-
battery and S-battery were 85.8% and 95.4%, respectively. On
average, the capacity attenuation was 0.140% and 0.046% per
cycle for L-battery and S-battery, respectively. Hence, both
batteries have relatively high SDCs, but S-battery boasts better
capacity retention rate and slower capacity decay. The results
are evidenced by the coulombic efficiency (hollow dots in
Figure 3a). The coulombic efficiency of S-battery was close to
100%, slightly higher than that of L-battery.

Figures 3b and 3c provide the charging and discharging
curves of L-battery and S-battery in the 1st, 10th, and 100th
cycles, respectively. It can be seen that, for S-battery, the
charging and discharging curves in the Ist cycle almost
overlapped with those in the 10th cycle, with a very small
decrement; the curves attenuated slightly when it came to the
100%™ cycle. Meanwhile, the charging and discharging curves
of the L-battery show that the battery capacity reduced
significantly with the growing cycle number. From the 1, 10%
to 100" cycle, both curves shifted greatly to the left, indicating
a marked decline of capacity.

Further observation of the charging and discharging curves
shows that, during charging, S-battery had an obvious, long
and flat charging platform near 1.9V, while L-battery had a
much shorter charging platform with a slightly higher voltage;
during discharging, S-battery had an obvious and long
discharging platform near 1.75V, while L-battery had a much
shorter discharging platform with a lower voltage. As a result,
when the current density is the same, S-battery has a much
smaller polarization voltage than L-battery, during charging
and discharging. This means long and ordered S-TiO,
nanotubes are better at transmitting Li ions and electrons than
short and disordered L-TiO nanotubes. This is probably the
result of the relatively large SSA of S-TiO, nanotubes: the

large contact with electrolyte makes it easy to transport Li ions
and electrons [16].

Figure 4 shows the rate performance of L-battery and S-
battery observed through cyclic charging and discharging tests
as the rate changed from 0.1C, 0.2C, 0.5C, 1C, 2C, t0 0.1C. At
0.1C, both L-battery and S-battery had relatively high DSCs.
After 5 cycles, the DSC of S-battery did not decrease
significantly, while that of L-battery attenuated to a certain
extent. With the growth of charging and discharging rate, the
DSC of L-battery dropped far greater than that of S-battery,
indicating that S-battery has the better rate performance.

As the current density grew (i.e. the change and discharge
rate rose from 0.1C to 2C), the DSC of each material plunged
deep. For S-battery, the DSC was 262.6mAh/g, 230.0mAh/g,
187.4mAh/g, 169.3mAh/g and 151.8mAh/g under 0.1C, 0.2C,
0.5C, 1C, and 2C, respectively, down by 110.8mAh/g as the
rate increased form 0.1C to 2C. For L-battery, the DSC
dropped from 261.3mAh/g to 103.9mAh/g, as the change and
discharge rate rose from 0.1C to 2C. The capacity decline
(157.4mAh/g) of L-battery was much greater than that of S-
battery.

After 5 cycles at the large rate of 2C, the charge and
discharge rate returned to 0.1C. Then, the DSC of S-battery
resumed to 250mAh/g, close to the capacity before the large
rate charge and discharge. By contrast, the DSC of L-battery
was merely 190mAh/g, far smaller than that (261.3mAh/g)
before the large rate charge and discharge. Therefore, the
structure of S-TiO, nanotubes is more stable than that of L-
TiO, nanotubes, and capable of withstanding large current
during charging and discharging. On the contrary, L-TiO,
nanotubes are damaged under large current, resulting in a large
loss of capacity [17].

Next, L-battery and S-battery were subjected to
electrochemical tests, aiming to reveal the causes of the
performance difference between the TiO, nanotubes of two
different sizes. The CV test mainly explores the reversibility
of the redox reaction in the battery, which is negatively
correlated with the difference between the reduction peak of
the discharging process and the oxidation peak of the charging
process. The higher the reversibility, the smaller the
polarization voltage of the battery [18].

Figure 5 displays the CV curves of L-battery and S-battery.
For L-battery, the oxidation peak and reduction peak
corresponded to 1.530V and 1.995V, respectively, with a
difference of 0.465V. For S-battery, the oxidation peak and
reduction peak corresponded to 1.622V and 1.947V,
respectively; the difference (0.325V) is far smaller than that of
L-battery. This means the redox reaction in S-battery is more
reversible than that in L-battery.
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Figure 3. Cycle performance and charging and discharging curves of L-battery and S-battery
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The above result echoes with that of cycle performance
(Figure 3a): S-battery boasts better cycle stability, slower
capacity decay, and higher coulombic efficiency. In addition,
the voltage difference between reduction and oxidation peaks
is positively correlated with the polarization voltage of the
battery: the smaller the difference, the lower the polarization
voltage. CV test shows that S-battery has the lower
polarization voltage, which is consistent with the results in
Figures 3b and 3c.

Figure 6 presents the EIS curves of L-battery and S-battery.
Each curve consists of two parts, namely, the semicircle in the
high-frequency area and the oblique line in the low-frequency
area. Note that Re and Rct (related to the semicircle in the high-
frequency area) are the resistance and charge transfer
impedance of the electrolyte, respectively; W (related to the
oblique line in the low-frequency area) is the Warburg
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resistance of the material; Cy is the double-layer capacitance
used to fit constant phase angular element [19].

The EIS fitting results are given in Table 1. The Re and Rct
of S-battery were 4.0 Q and 25.7 Q, respectively, both of
which were much smaller than the Re (4.7 Q) and Rct (34.7 Q),
of L-battery. Hence, S-TiO, nanotubes are superior than L-
TiO, nanotubes in transmitting electrons and Li ions.
Moreover, a lower internal resistance usually means a lower
polarization voltage [20], which is consistent with the previous
results (Figures 3b, 3¢ and 5).

Table 1. EIS fitting results of L-battery and S-battery

Material Re () Rct ()
L-TiO2 nanotubes 4.7 34.7
S-TiO2 nanotubes 4.0 25.7

4. CONCLUSIONS

(1) This paper TiO, nanotubes of two different sizes by
hydrothermal method: S-TiO, nanotubes and L-TiO,
nanotubes. Compared with L-TiO, nanotubes, S-TiO,
nanotubes has a small diameter (30-50nm), complete and
orderly structure, and large aspect ratio.

(2) S-battery has better SDC, cycle stability and rate
performance than L-battery. The initial DSC of S-battery was
as high as 262.6mAh/g; after 100 cycles, the DSC of that
battery was still 250.5mAh/g, down by only 0.046%. Even if
the rate increased to 2C, the DSC of the battery was maintained
at 151.8mAbh/g.

(3) It is easier for electrons and Li ions to diffuse and
migrate in S-battery than in L-battery, for the former has better
reversibility in redox reaction and lower internal resistance.
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