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Size-controlled single-crystalline TiO2 nanowires (TNW-3, TNW-6, TNW-9, TNW-12, and TNW-24) 

have been successfully synthesized by hydrothermal process without any surfactant and template as a 

fucntion of reaction time such as 3, 6, 9, 12, and 24 h, respectively. The single-crystalline TNWs are 

dominantly exposed to the (110) plane and grown to the one-dimensional structure along the [001] axis 

exhibiting the single-crystalline nature. The average lengths of the TNW-3, TNW-6, TNW-9, TNW-

12, and TNW-24 are ~11.0, ~16.5, ~37.6, ~80.7, and ~129.8 nm, respectively, with almost the same 

diameter of ~9.0 nm. The 1
st
 capacities of the TNW-3, TNW-6, TNW-9, TNW-12, and TNW-24 are 

138.7, 147.2, 163.2, 181.7, and 185.7 mAh g
-1

, respectively, representing that the capacity of TNWs 

increases with increasing reation time. At high current rates such as 5, 10, and 20 C, the TNWs can 

display an excellent high-rate performance. The improved lithium-ion intercalation properties of the 

TNWs at high current rates may be attributed to relatively improved charge transport in the optimized 

1-D nanostructure. 
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1. INTRODUCTION 

Rechargeable Li-ion batteries (LIBs) can provide high energy density with long life-cycle for 

application in portable electronic devices and electric vehicles [1,2]. In LIBs, the electrodes store and 

release electrical energy by insertion and extraction of Li-ions and electrons in open host structures of 

the materials. In particular, nanomaterials show improved electrochemical properties in LIBs 

compared to their bulk counterparts [3-6]. Due to their small size and high surface area, nanostructured 

electrodes can decrease the path length for Li-ion and electron transport, reduce specific surface 
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current rate, and increase interfacial contact area with electrolyte [7,8]. Transition-metal oxides such as 

TiO2 have been extensively studied as electrode materials for Li-ion batteries because of their high 

theoretical capacity, safety, low cost, and environmental friendliness [9-11].  

One-dimensional (1-D) TiO2 nanomaterials such as nanorods, nanowires, and nanotubes have 

been investigated in order to achieve LIBs with high energy density, high rate capacity, and long 

cyclability, because of fast electronic-ionic transport and relaxation of the strain of the electrodes 

during Li intercalation process [12,13]. Recently, considerable efforts for the synthesis of 1-D 

nanostructure TiO2 have been made using synthetic methods ranging from vapor-phase techniques to 

solution-growth processes [14-17]. In particular, in the case of nanobelts or nanotubes, it is well known 

that various types of TiO2 nanostructures can be synthesized through strong acid treatment under 

hydrothermal or non-hydrothermal conditions [18-20]. Among the 1-D nanostructures, the nanowire 

electrode shows particular properties such as rapid electron collection of carriers and charge transport 

assisted by its one-dimensional structure [21-25]. Although numerous efforts have been made to 

further increase the surface area of anodic TiO2 nanowires, which is favorable for surface reactions and 

related applications, few reports of growth mechanism of the TiO2 nanowires have been reported until 

now. 

Herein, we synthesized size-controlled single-crystalline rutile TiO2-NWs (TNWs) for LIBs via 

hydrothermal process as a function of reaction time. The structural characterization of the TNWs was 

carried out using high-resolution transmission electron microscopy (HR-TEM) and X-ray diffraction 

(XRD) analysis. To evaluate the performance for lithium intercalation properties in LIBs, charge-

discharge, rate cycling curves, and electrochemical impednace spectroscopy (EIS) of the electrodes 

were measured using a lithium coin cell. 

 

 

 

2. EXPERIMENTAL PART 

2.1. Synthesis of TiO2 nanowires 

For size-controlled TNWs, 8 mL of titanium(IV) isopropoxide (TTIP (97 wt%), Aldrich) was 

dropped in 40 mL of 5 M hydrochloric acid (HCl (36 wt%), Aldrich) with constant stirring at 25 
o
C for 

1 h and then kept at 120 
o
C for different reaction time such as 3, 6, 9, 12, and 24 h. After the 

hydrothermal process, the resulting precipitates were cooled to 25 
o
C and washed several times with 

ethanol and distilled water. The TNW powders were obtained after drying in a 60 
o
C oven. 

 

2.2 Structural analysis 

The morphology and size distribution of the samples were characterized by FE-TEM (a Tecnai 

G2 F30 system) operating at 300 kV. The TEM samples were prepared by placing drops of powder 

suspension dispersed in ethanol on a carbon-coated copper grid. XRD analysis was carried out using a 

Rigaku diffractometer with Cu Kα (λ = 0.15418 nm) source with a Ni filter. The source was operated at 
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40 kV and 100 mA. The 2θ angular scan from 20˚ to 60˚ was explored at a scan rate of 5˚ min
-1

. The 

resolution in the scans was kept at 0.02°. 

 

2.3. Preparation of the electrodes 

The electrodes were prepared by mixing 70 wt% TNWs as an active material, 20 wt% 

acetylene black as a conducting agent, and 10 wt% polyvinylidene fluoride (PVDF) as a binder. In 

order to obtain the slurry, several drops of N-methylpymolidinone were added into the mixture of 

nanowires with acetylene black and PVDF. The prepared slurry was homogenized by stirring and then 

coated on 11 µm thick copper foil substrates. The electrode with an area of 1.32 cm
2
 was dried at 70 

o
C 

vacuum oven. The TNW electrodes were evaluated with respect to a lithium foil (FMC Corporation) as 

a counter electrode. The coin cells were assembled inside an Ar-filled glove box (< 5 ppm, H2O and 

O2). The positive and negative electrodes of the cells were separated from one another by a porous 

polypropylene membrane (Wellcos, Co.) and an electrolyte solution consisting of 1.1 M LiPF6 in 

ethylene carbonate: diethylcarbonate (1:1) solvent mixture. 

 

2.4 Electrochemical measurement 

The electrochemical properties of the assembled cells were recorded with charge/discharge 

curves in a voltage window between 3.0 and 1.0 V. The charge-discharge tests were galvanostatically 

cycled between 3.0 and 1.0 V for 50 cycles at a current rate of 1 C. These charge-discharge curves 

were also obtained at various current rates from 0.5 to 20 C in order to confirm the rate capability. For 

EIS measurements, the excitation potential applied to the cells was 5 mV and the frequency ranged 

from 100 kHz to 10 mHz. All the electrochemical measurements were carried out at 25 
o
C. 

 

 

 

3. RESULTS AND DISCUSSION 

Fig. 1 shows FE-TEM images and size distribution of the TNWs prepared by hydrothermal 

process as a function of reaction time. As indicated in TEM images (Fig. 1(a)-(e)), the TNWs (TNW-3, 

TNW-6, TNW-9, TNW-12, and TNW-24) are found to be grown in length with increasing reaction 

time such as 3, 6, 9, 12, and 24 h. As shown in Fig. 1(f)-(j) of high-resolution TEM images of the 

TNWs, the single-crystalline nanowires are exposed to (110) plane of d = 2.5 Å and were grown to the 

one-dimensional structure along [001] axis. The average lengths of the TNW-3, TNW-6, TNW-9, 

TNW-12, and TNW-24 are ~11.0, ~16.5, ~37.6, ~80.7, and ~129.8 nm, respectively, with almost the 

same diameter of ~9.0 nm (Fig. 1(k)-(o)). The direction of the crystal face with the corner of the 

coordination polyhedron occurring at the interface can be favourable for fast growth rate. Furthermore, 

the direction of the crystal face with the edge of the coordination polyhedron occurs at the interface the 

second fastest and the direction of the crystal face with the face of coordination polyhedron occurs at 

the interface the slowest. The order of growth rate of rutile TiO2 structure is V<110> < V<100> < V<101> < 
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V<001> < V<111>. Accordingly, {001} and {111} faces disappear while {110}, {100} and {101} faces 

are easily exposed during growth process [26], which are well consistent with the TEM image in the 

Fig. 1. 

 

 
 

Figure 1. TEM image, HR-TEM image, and size-distribution of the TNW-3((a), (f), and (k)), TNW-

6((b), (g), and (l)), TNW-9((c), (h), and (m)), TNW-12((d), (i), and (n)), and TNW-24((e), (j), 

and (o)). 

 

Powder XRD patterns of the TNWs represent the rutile phase with tetragonal crystal structure 

(a=b=0.452 nm, c=0.294 nm) as indicated in Fig. 2. The unit cell parameters for the TNWs are in 

agreement with those of the bulk TiO2 rutile phase with space group of P42/mnm (JCPDS No. 88-

1175). The two main peaks of the rutile phase appear (110) at 2θ = 27.4° and (101) at 2θ = 36.0°. The 

intensity ratio of (110) to (101) in the XRD patterns is 1.09, 1.12, 1.19, 1.27, and 1.71 with increasing 

reaction time of 3, 6, 9, 12, and 24 h, respectively (Fig. 3). In particular, the crystalline face of the 
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TNWs is related to growth rate. This suggests that as the reaction time increases, the (110) of the 

TNWs becomes dominant surface structure compared to the (101). 

 

 
 

Figure 2. XRD patterns of (a) TNW-3, (b) TNW-6, (c) TNW-9, (d) TNW-12, and (e) TNW-24. 

 

 
 

Figure 3. Intensity ratio of (110) to (101) plane measured by XRD patterns Fig. 2. 

 

 
 

Figure 4. Charge-discharge curves of the TNWs as an anode at a current rate of 1 C. 
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Li et al. reported that since octahedral structures of Ti
4+

 center could increase the probability of 

edge-shared bonding between two octahedrons, the face of rutile TiO2 was predominantly formed with 

tetragonal structure according to the order of corner, the edge and the face [27]. Accordingly, it is 

concluded that the single-crystalline TNWs are dominantly exposed to the (110) plane and grown to 

the one-dimensional structure along the [001] axis. 

The 1st discharge-charge curves of the TNWs at a current density of 1 C are indicated in Fig. 4. 

The 1st capacities of the TNW-3, TNW-6, TNW-9, TNW-12, and TNW-24 are 138.7, 147.2, 163.2, 

181.7, and 185.7 mAh g
-1

, respectively, representing that the capacity of TNWs increases with 

increasing reation time. Fig. 5 shows cycling performance of the TNWs at a current rate of 1 C. In 

particular, the TNW-12 and TNW-24 exhibit much improved performance up to 50 cycles with a 

reversible capacity of 165.6 and 166.2 mAh g
-1

, respectively, resulting from relavitely well-defined 1-

D electrode structure favorable to lithium-ion intercalation as previously confirmed by TEM and XRD 

analysis. Fig. 6 shows Nyquist plots of the TNWs in the frequency range between 100 kHz and 10 

mHz, consisting of a semicircle in the high frequency region and a straight line in the low frequency 

region.  

 
 

Figure 5. Comparison of cycling performance of the TNWs at a current rate of 1 C for 50 cycles. 

 

 
 

Figure 6. Nyquist plots of the TNWs in the frequency range between 100 kHz and 10 mHz. 
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Figure 7. Rate and cycling performance of the TNWs at different current rates between 0.5 and 20 C. 

 

The intercept impedance on the real axis corresponding to the solution resistance is almost the 

same as the samples. The value of the diameter of the semicircle on the Z axis is related to the charge 

transfer resistance (Rct). The values of Rct of the TNW-3, TNW-9, and TNW-24 are 127.4, 86.8, and 

33.1 , respectively, representing much improved charge transport in the TNWs prepared with 

increasing reation time. 

To investigate rate and cycling performance of the TNWs, the discharge-charge rates were 

increased from 0.5 to 20 C. As indicated in Fig. 7, the specific charge capacities of the TNW-3, TNW-

9, and TNW-24 are 158.6, 171.4, and 219.3 mAh g
-1

 at 0.5 C; 88.7, 118.6, 128.2, 10 C; 48.5, 65.7, and 

84.3 mAh g
-1 

at 20 C. This represents that even at high current rates such as 5, 10, and 20 C, the TNWs 

can display an excellent high C-rate performance. When the current rate is returned to 0.5 C after 60 

cycles at different current rates, the TNW-24 exhibits still large capacity (219.3 mAh g
-1

). The 

improved lithium-ion intercalation properties of the TNWs at high current rates may be attributed to 

relatively improved charge transport in the optimized 1-D nanostructure. 

 

 

 

4. CONCLUSIONS 

In summary, we have prepared size-controlled TNWs with enhanced lithium intercalation 

properties using hydrothermal process as a fucntion of reaction time. It is observed that the single-

crystalline TNWs are dominantly exposed to the (110) plane and grown to the one-dimensional 

structure along the [001] axis exhibiting the single-crystalline nature. The relatively well-defined 

TNWs prepared for long reaction time show higher capacity and improved high C-rate performance as 

compared to the TNWs synthesized for short reaction time, resulting from improved lithium ion 

motion in the electrodes during intercalation process. 
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