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A novel TiO,(B) nanowires/carbon nanotubes (TNWSs/CNTSs) nanocomposite was designed and
obtained via a simple hydrothermal reaction. The nanocomposites exhibit unique feature of TiOy(B)
nanowires twined with CNTs. The addition of CNTs can increase the electrolyte/electrode contact area
and improve the electrical conductivity. Comparing with pure TNWs, the TNWSs/CNTSs
nanocomposites have greatly improved rate capability, it demonstrate high capacity of 355.9, 291.4,
263.8, 235.7 and 191.3 mAh.g %, at current rate of 0.2, 0.5, 1, 2 and 5 C, respectively, and the capacity
retention ratio is up to 90%. The results suggest the unique nanostructure and highly conductive carbon
nanotubes induce excellent electrochemical performance of TNWs/CNTSs nanocoposites, and make it a
promising anode candidate for lithium-ion batteries (LIBS).
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1. INTRODUCTION

Current concern about ever-growing energy consumption, coupled with the voice to decrease
greenhouse gas emissions, has intensified research on renewable energies [1]. Lithium ion batteries
(LIBs) have attracted much attention as power sources for portable electronic devices with many
outstanding features including high energy density, capacity retention, long cycle life, low maintenance
and environmental benignity [2-6]. However, LIBs still exist many limitations, such as capacity
degradation and security issues during prolonged cycling [7]. It is still a challenge to solve these
problems.

Recently, metal oxides have attracted intensive research interests because of their distinct
lithium storage mechanisms and characteristics. Among the transition-metal oxides, nanostructured
TiO, has been recognized as an alternative anode material for LIBs due to its high rate performance,
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stable capacity retention, low cost, abundance and non-toxicity [8-13]. Anatase [8,12] and rutile [4,14]
TiO, nanomaterials have been studied extensively. However, TiO, confronts the problem of poor
electrical conductivity and low Li-ion diffusivity, which affect its LIBs performance. Therefore, it is
highly desirable to develop reliable strategies to advance electrical conductivity and Li* diffusivity in
TiO, [15,16]. Normally, nanostructured TiO; [7,8] can provide a higher electrode/electrolyte contact
area, resulting in the significant improvement of insertion/extraction, the mesoporous TiO; [10-12]
have also been synthesized to improve the electrical conductivity and Li* diffusivity in TiO,. On the
other hand, various carbon-modified TiO, nanocomposites including carbon nanotube-TiO,
nanoparticles [17], TiO.@carbon nanofibers [18], TiO,/C nanospheres [19] and TiO,—graphene-carbon
nanotube nanocomposites [20] have been exploited in order to improve the electrical conductivity of
TiO; nanostructures.

TiO2(B) as a minor crystal phase of TiO, (monoclinic), is different from anatase, rutile and
brookite. Its nanostructures have been successfully synthesized and applied in photocatalytic hydrogen
evolution [21], visible-light photoactivity[22], medical application [23]. Recently, the TiO(B)
nanomaterials including flower-like nanostructures [24], nanotubes coated with carbon [25],
nanoribbons [26] and mesoporous microspheres [27] have been used as anode of LIBs and
demonstrated improved performance. However, the TiO,(B) also confront the problems of poor
electrical conductivity and low Li-ion diffusivity. In this paper, we designed and synthesized a novel
TiO,(B) nanowires/CNTs nanocomposites. To our knowledge, this nanocomposites have not been
reported yet. The addition of CNTs can increase the electrolyte/electrode contact area and improve the
electrical conductivity. As well as combining the advantages of TiO,(B) nanowires and CNTSs, this
structure facilitates the transportation of the electrolyte ion and electron into the inner region of the
electrode, which is beneficial for lithium-ion insertion/extraction and improve LIBs performance of the
material.

2. EXPERIMENTAL SECTION

2.1. Materials and Synthesis

All chemical reagents including tetrabutyl titanate (TBT), deionized water (H,0), sodium
hydroxide (NaOH), acetic acid (HAc), ethylene glycol (CH,OH),, ethanol (C,HsOH), hydrochloric
acid (HCI), nitric acid (HNO3) and sulfuric acid (H,SO,4) (Chengdu Kelong Chemical Reagent Co.,
Ltd.) were of analytical grade and used without further purification.

CNTs (Chengdu Organic Chemical Co., Ltd.) were treated in the mixture of nitric acid and
sulfuric acid (V: V = 1:3) for 24 h at room temperature before use. The TNWs/CNTs nanocomposites
were synthesized by a hydrothermal method as follows: At first, 20 ml of (CH,OH), and 3 ml of HAc
were well mixed, and then a certain amount of CNTs and 6 ml of TBT were added; after being well
mixed, 30 ml of NaOH (15 mol/L) were added, after being further stirred for 10 min, the mixture was
transferred into a teflon-lined autoclave with a volume capacity of 100 mL. The autoclave was sealed
and maintained at 180 °C for 24 h, and then cooled naturally to room temperature. The precipitate was
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carefully collected by centrifugation and washed several times with distilled water and ethanol
respectively, and then the precipitate was rinsed with HCI (0.1 mol/L) and dried in a vacuum oven at
80 °C for 12 h. Finally, the powder was placed in a muffle furnace and maintained at 350 °C for 2.5 h
to obtain a black product for following characterization and measurement. As a comparison, the pure
TiO,(B) nanowires were synthesized by the same process in the absence of CNTSs.

2.2. Characterization

The morphological features of the samples were characterized by a scanning electron
microscope (SEM, S-3400N), and transmission electron microscope (TEM) imaging was carried on a
Tecnai G2F20 S-TWIN scanning TEM with selected area electron diffraction (SAED). All the X-ray
diffraction (XRD) patterns were conducted on a X'Pert Pro MPD /max-B diffractometer using Cu K,
radiation at a scanning rate of 5°/min in the range of 10-80°. Raman spectra were recorded at ambient
temperature with a LabRAM HR Raman spectrometer.

2.3. Electrochemical Measurements

The electrochemical performance of synthesized samples were evaluated using CR2032 type
coin cells. To fabricate the electrodes, the prepared samples were mixed with polyvinylidene fluoride
(PVDF) binder and acetylene black (AB) at a weight ratio of 8:1:1 using N-methylpyrrolidone (NMP)
as solvent. Then the resulting slurry was evenly cast onto a copper foil with thickness of 14 um. After
drying in air overnight, the electrodes were punched into wafers with diameters of 14 mm. The coin
cells were assembled in an argon-filled glove box using the active material as the working electrode, a
Li foil as the reference and counter electrode, a Celgard 2400 film as the separator, and a mixture of 1
mol/L LiPFg in ethylene carbonate and dimethyl carbonate (with a volume ratio of 1:1) as electrolyte.
The galvanostatic charge/discharge tests were carried out at constant cut-off voltages of 1-3V at
different current densities using a neware BTS-5V/50mA system (ShenZhen, China), charge/discharge
tests were carried out at room temperature (20 °C). All the capacities and C-rate currents were
calculated based on the total weight of TNWs/CNTs composite in the electrodes.

3. RESULTS AND DISCUSSION

As shown in Fig. 1, the morphology and microstructure of the product were investigated using
SEM, TEM and SAED. Fig. 1a shows the SEM image of TNWs/CNTS nanocomposites, it can be seen
that CNTs are dispersive and twine around the TNWs, this microtructure facilitate to improve the
conductivity of the nanocomposites. As a comparison, Fig. 1b shows the SEM image of pure TNWSs
that synthesized in the absence of carbon nanotube. To further examine the architecture of the
nanocomposites, the samples were investigated by TEM. Fig. 1c presents a typical TEM image of the
TNWSs/CNTs nanocomposites, in which flexible CNTs twine around rigid TNWs with an average
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diameter of 30 nm. The measured interplanar spacing from HRTEM image (Fig. 1d) is about 2.04 A,
which matches well with (60-1) crystal face of TiO,(B), indicating the rigid nanowires are TiO,(B).
The inset in Fig. 1d is the SAED pattern of TNWs, the diffraction rings states clearly the
polycrystalline characteristics of the nanowires, and the several diffraction rings can be attributed to
(200), (110) and (60-1) crystal face of TiOy(B), respectively. The amorphous CNTs can also be
observed in the Fig. 1d, it confirms that products are TNWs/CNTs nanocomposites.

Figure 1. SEM, TEM, HRTEM images of samples. (a) SEM image of TNWs/CNTSs, (b) SEM image
of pure TNWs, (c) TEM of TNWSs/CNTs and (d) HRTEM images of TNWSs/CNTSs. Inset in (d),
SAED pattern of TNWs/CNTSs.

In order to identify the composition of the products, the samples were characterized by XRD.
Fig. 2a shows the XRD patterns of TNWs/CNTs and pure TNWSs. For pure TNWs, the diffraction
peaks match the TiO,(B) (JCPDS card No. 46-1237) well, after the addition of CNTs, no new peak
appears in the XRD pattern, it indicates that the CNTs are amorphous.

The phase compositions of the as-obtained samples are further studied by raman. As shown in
Fig. 2b, for both pure TNWs and TNWs/CNTs samples, the observed peaks at 123, 144.3, 197, 249.6,
409, 433.6, 469.8 and 634.2 cm™, correspond to the characteristic peaks of TiOx(B) [25,26,]. After
adding CNTs, two new peaks at 1349.1 and 1595.7 cm™ appear, which could be attributed to the
typical disordered band (D band) and the graphene band (G band) of carbon, respectively [28-30]. The
result of raman spectra indicates that the existence of CNTs, which is agree with above results.
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Figure 2. XRD patterns (a) and Raman spectra (b) of TNWs/CNTSs and pure TNWs.
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The present TNWSs/CNTs feature a favorable microstructure and composition, which are
attractive for addressing the existing issues for TiO; as anodes of LIBs. We systematically investigated
the electrochemical performance of synthesized TNWSs/CNTs nanocomposites. The galvanostatic
charge/discharge techniques were applies to study and compare the electrochemical properties of
lithium insertion/extraction in half-cells based on TNWs and TNWSs/CNTSs respectively. Fig. 3a,b show
the first discharge voltage profiles of samples at different current rates; and Fig. 3c,d show the cycling
performance of samples at different current rates.
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Figure 3. The first discharge voltage profiles of samples at different current rates: (a) pure TNWs; (b)
TNWSs/CNTSs and cycling performance of samples at different current rates: (c) pure TNWs; (d)
TNWSs/CNTSs.

Fig. 3a shows the first voltage profiles of pure TiO,(B) nanowires at different current rates
respectively, there is no good flat discharge plateau. After adding CNTs, the nanocomposites
demonstrate a better plateau, and the first discharge capacity reach to 314, 254.7, 226, 196.7 and 153.2
mAh.g* at 0.2, 0.5, 1, 2, 5C respectively (Fig. 3b), the cycling performance measurement shown in
Fig. 3c,d also indicate that the TNWs/CNTs nanocoposites have higher specific capacity and better
cycling stability than the pure TNWs. CNTs twining round TNBs surface play the role of ‘bridge’,
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which will improve the Li ion and electron conductivity, on the other hand, the twining CNTs can
improve the dispersion of nanocomposites, which will increase the electrolyte/electrode contact area
and facilitate transportation of the electrolyte ion/electron into the inner region of the electrode. So the
addition of CNTs can enhance both the specific capacity and the cycle performance of TiO,(B)
nanowires.

Fig.4 displays the cycling performance of pure TiOy(B) nanowires and TNWS/CNTSs
nanocomposites with 0.4 g CNTs addition at 0.2 C. The specific capacities of TNWs and TNWs/CNTs
are 234.8 and 343.92 mAh.g *in the first cycle, respectively. After 200 charge/discharge cycles, they
remained at 218.58 mAh.g ! (93% of initial discharge capacity) and 330.18 mAh.g ' (96% of initial
discharge capacity), respectively. The TNWs/CNTs composites demonstrate a much higher specific
capacity than pure TNWSs and some other TiO2(B) nanostructures [24,26,27]. Especially, TNWs/CNTs
demonstrate a good stability, which can be attributed to the enhanced electronic conductivity and
improved dispersion gained from CNTSs.
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Figure 4. Cycling performance of pure TNWs and TNWs/CNTs at 0.2C rate

In order to investigate the effects of the CNTs on the TiO(B) nanowires, we also compared the
microstructures and performance of TNWs/CNTs nanocomposite with different CNTs addition. Fig. 5
shows the SEM images of TNWs/CNTs nanocomposites synthesized in the presence of 0.2, 0.3, 0.4
and 0.5 g CNTs respectively. Obviously, with the increasing carbon addition, more CNTs twine
around the surface of TiO,(B) nanowires.

Fig. 6 displays the first discharge voltage profiles of TNWs/CNTs nanocomposites with
different carbon content. When 0.2 g CNTs were added (Fig. 6a), the discharge capacities are 281.3,
225.7,195.3, 175.1 and 136.9 mAh.g * at 0.2, 0.5, 1, 2 and 5 C respectively. When CNTSs content was
0.3 g, the discharge capacities increase to 314, 254.7, 226, 196.7 and 153.2 mAh.g ™%, respectively (Fig.
6b). As the CNTs content was increased to 0.4 g, the TNWSs/CNTs nanocomposites demonstrate a
capacity of 355.9, 291.4, 263.8, 235.7 and 191.3 mAh.g * at 0.2, 0.5, 1, 2 and 5 C respectively. The
first discharge voltage profiles of TNWs/CNTs nanocomposites with 0.5 g CNTs addition is shown in
Fig. 6d, its capacity continue increase to 393.9 at 0.2 C, but at higher current rate, the capacity become
worse than that of 0.4 g CNTs sample, and it decreases to 269.5, 235.7, 195.5 and 148.9 mAh.g * at
0.5, 1, 2 and 5 C rate respective. It indicates that carbon nanotubes can improve the performance of
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lithium-ion battery, but there is a certain limit, when the carbon content is more than a certain range, it
may actually reduce the performance.
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Figure 5. The SEM images of samples with different CNTs addition (a) 0.2g; (b) 0.3g; (c) 0.4g; (d)
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Figure 6. The first discharge voltage profiles of samples with different carbon content: (a)0.2g;
(b)0.39; (c)0.4g; (d)0.59

Fig. 7 compares the cycling performance at different rate among samples with different CNTs
content. There is a capacity degradation phenomenon for all the samples companying increasing rates.
When discharged at 0.2 C, the TNWs/CNTs-0.2 (with 0.2 g CNTs addition) demonstrates capacities of
281.3 mAh/g for the first cycle, 274.8 mAh.g * for the second cycle and the irreversible capacity is 6.5
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mAh.g *; and the TNWs/CNTS-0.3, TNWs/CNTS-0.4 and TNWs/CNTS-0.5 electrode demonstrate the
irreversible capacity of 12, 19.3 and 42.7 mAh.g *, respectively. With the increase of carbon content,
the irreversible capacity between the first and second discharge increased. The capacity loss could be
attributed to the solid electrolyte interface (SEI) film. The SEI film are easy to form in carbon
materials due to the reaction between electrolyte and carbon [31-33], the high surface area of CNTs
affects the extent of solvent decomposition leading to the SEI formation [34,35], more CNTs induce
more capacity loss, and then bigger irreversible capacity. Leaving out the first cycle, when discharged
at 0.2 C for 19 cycles, TNWs/CNTs-0.2, TNWs/CNTs-0.3, TNWs/CNTs-0.4 and TNWs/CNTs-0.5
electrode possess capacities of 264.6, 286.6, 318.1 and 318 mAh/g respectivly, and their capacity
retention ratios are 96.3%, 94.9%, 94.5% and 90.5% respectively. This indicates that in a certain CNTs
range (<0.4g), the capacity will increases significantly, and the cycling stability of the nanocomposite
will become worse slightly. The TNWs/CNTs nanocomposites with 0.4 g CNTs addition have the
highest specific capacity and excellent cycling performance. More CNTs (>0.4g) will induce lower
specific capacity, and worse cycling stability. When discharged at higher rate, this degradation
phenomenon of specific capacity become more serious, at 5 C, the specific capacity are 143.8, 153.2,
191.3 and 148.7 mAh/g for TNWs/CNTs nanocomposites with 0.2, 0.3, 0.4 and 0.5 g CNTs addition
respectively.
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Figure 7. Cycling performance of samples at different current rates

4. CONCLUSIONS

We have developed a facile route to synthesize TNWs/CNTs nanocomposites, which can be
used as an advanced anode material for LIBs. The CNTs are twining around TiO,(B) nanowires, which
serve as the ideal host for fast and efficient lithium storage. The addition of CNTs increased the
specific surface area of the nanocomposites, and the contact area between the electrode material and
the electrolyte, such structure is beneficial to lithium-ion insertion/extraction. Its specific capacity can
reach to 355.9 mAh/g at 0.2C and 191.3 mAh/g at 5C, the capacity retention ratio is up to 90%.
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