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Abstract: A novel TiO2 three-dimensional (3D) anode with aligned TiO2 

nanotube/nanoparticle heterostructure (TiO2 NT/NP) was developed by simply 

immersing as-anodized TiO2 NTs into water, and further crystallized by 

post-annealing. The heterostructure, with the core in a tubular morphology and both 

the outer and inner surfaces consisting of nanoparticles, was confirmed by FESEM 
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and TEM. A reversible areal capacity of 0.126 mAh·cm-2 was retained after 50 cycles 

for the TiO2 NT/NP heterostructure electrode, which was higher than that of the TiO2 

NT electrode (0.102 mAh·cm-2 after 50 cycles). At the current densities of 0.02, 0.04, 

0.06, 0.08, 0.10, and 0.20 mA·cm-2, the areal capacities were 0.142, 0.127, 0.117, 

0.110, 0.104, and 0.089 mAh·cm-2, respectively, for the TiO2 NT/NP heterostructure 

electrode. The corresponding areal capacities were 0.123, 0.112, 0.105, 0.101, 0.094, 

and 0.083 mAh·cm-2, respectively, for the the TiO2 NT electrode. The enhenced 

electrochemical performance was attributed to the unique microstructure of the TiO2 

NT/NP heterostructure electrode with the TiO2 NT cores being straight pathways for 

electronic transport and TiO2 NPs offering enhanced surface areas for lithium-ion 

insertion/extraction. The results described here inspire a facile approach to the 

fabrication of a 3D anode with enhanced electrochemical performance for lithium-ion 

microbattery applications.  
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Highlights: 

1. A 3D TiO2 NT/NP heterostructure electrode is developed by a facile method. 

2. Both the areal capacity and the rate capability of the electrode are enhanced.  

3. The heterostructure plays a key role to the improved electrochemical performance. 

 



 

1. Introduction 

Lithium-ion batteries (LIBs) are used in a wide range of applications, from micro- 

or nano-electromechanical systems (MEMSs/NEMSs) to portable electronic devices, 

and even to the hybrid vehicles and renewable energy systems[1, 2]. Very recently, in 

order to meet the ever increasing demand on both high energy and high power 

densities of LIBs, three-dimensional (3D) nanoarchitectured electrode has received a 

great deal of attention in academia and industry[3, 4]. To date, 3D nanoarchitectured 

electrodes with large surface areas and short paths for Li+ diffusion and electron 

transport are widely fabricated by anodization, lithography, template-synthesis and 

3D printing methods, respectively[5-11]. Among these methods, anodization is 

proven to be a simple, reliable, highly controllable, and low-cost method that can be 

scaled up for the preparation of sophisticated 3D nanoarchitectured electrodes directly 

on conductive metal substrates for lithium-ion microbattery (LIMB) 

applications[12-14].  

A series of anodic metal oxide or hydroxide, such as TiO2, Fe2O3, Ni(OH)2, V2O5 

and Co3O4[15-19], has been explored as 3D nanoarchitectured electrodes, and have 

displayed enhanced performance for electrochemical energy storage. Among them, 

anodic TiO2 nanotube (TiO2 NT) array has been considered as one of the most 

promising 3D anode materials for LIMBs, due to its high Li+ intercalation voltage 

plateau, which is helpful to avoid the decomposition of organic electrolyte, the 

formation of solid electrolyte interface (SEI) film and the occurrence of lithium 

dendrites on the electrode under high charge-discharge rate, as well as structural 



 

stability during lithium-ion insertion/extraction for long-cycle stability[20-22]. 

Though the unique spatial-structure of highly ordered TiO2 NTs offers intrinsic high 

surface area, wich facilitates the transport of lithium-ions between the TiO2 and 

electrolyte interface, as well as the smooth and straight superhighways to electron 

transport, the rate capability of TiO2 NTs is still hindered by the semiconducting 

nature of TiO2, leading to slow transportation of electrons, and low kinetic properties 

at the electrode/electrolyte interface[23-25]. The reported specific capacities of TiO2 

electrodes generally lie within 77-322 mAh·g-1, and are strongly influenced by the 

morphology and crystal structure of the materials[26-28].  

As a consequence, great efforts have been carried out to further enhance the 

electrochemical performances of 3D nanoarchitectured TiO2 NT electrodes recently. 

The most common strategy to achieve the high charge-discharge rate of 3D TiO2 NT 

electrodes is to improve their electronic conductivity by: (1) coating conductive 

components, such as Ag[29]; (2) doping with metal or non-metal, such as Sn[20], 

H[23] or N[30]; (3) introducing Ti3+ species with oxygen vacancies[23, 31, 32]. 

While taking the modest areal capacity of TiO2 NT electrodes into account, active 

electrode materials with large specific capacity, such as MoO3[33], Fe2O3[34], 

SnO2[35], Cu6Sn5[36] and Sn[37], are uauslly deposited onto the TiO2 NT electrodes 

to obtain high areal capacity of these 3D nanoarchitectured TiO2 NT composite 

electrodes. To construct these composite electrodes, various methods, including 

radio-frequency magnetron sputtering[37], electrodepositon[38], sol-gel[39], and 

solvethermal method[35], have to be used to deposit active electrode materials onto 



 

the TiO2 NTs. Nevertheless, to a certain degree, these fabrication processes are not so 

convenient for practical applicaitons. Hence, a facile and economic route to enhance 

both the rate capability and areal capacity of 3D TiO2 NT based electrode is highly 

desired.  

Herein, we report a facile synthesis of a novel TiO2 3D anode with aligned TiO2 

nanotube/nanoparticle heterostructure (TiO2 NT/NP) for LIMB applications. The 

aligned TiO2 NT/NP heterostructure is developed by simply immersing as-anodized 

TiO2 NTs into water, and further crystallized by annealing at 400 °C. Compared to its 

TiO2 NT counterpart, such a hierarchical architecture exhibits superior 

electrochemical performance, with the TiO2 NT core providing a straight pathway for 

fast electron transport and the surface TiO2 NPs offering enhanced surface area for 

lithium-ion insertion/extraction. As a result, the TiO2 NT/NP heterostructure 

electrodes are expected to show high energy and high power densities. Meanwhile, 

the facile and economic synthesis route is also promising for large-scale production 

and offers new opportunities for exploring 3D electrodes with enhanced 

electrochemical performance.  

 

2. Experimental 

2.1 Materials 

  Titanium foils (99.7%) were purchased from Strem Chemical (USA). Ethylene 

glycol (EG, 99.5%), ammonium fluoride (96%), acetone, and ethanol were obtained 

from International Laboratory (USA). Deionized (DI) water (18.2 MΩ·cm) was 



 

produced by Direct-Q 3 Water Purification Systems (Millipore).  

2.2 Fabrication of TiO2 NT/NP composite electrodes  

Prior to anodization, Ti foils were first degreased by ultrasonication in cold 

acetone, ethanol and DI water, respectively, and followed by drying in pure N2 

stream. The TiO2 NT arrays were then fabricated by a potentiostatic anodization 

(working area: 1.0×1.0 cm2) for 10 min at room temperature using an electrolyte 

consisting of 0.5 wt% ammonium fluoride in an aqueous EG solution (3 vol% DI 

water in EG). The anodization was carried out in a two-electrode electrochemical cell 

with platinum foil as the cathode and the Ti foil as the anode under a constant DC 

voltage of 60 V using a computer controlled source meter (Model 2400, Keithley, 

USA). Only one side of the Ti foil surface was exposed to the electrolyte and the 

other one was covered by an electroplater's tape. After anodization, the TiO2 NTs 

were taken out and immersed in water. Finally, the water-treated TiO2 NT/NP 

heterostructure was annealed in a tube furnace (TZF, Carbolite) in air at 400 °C for 2 

h to crystallize the TiO2 NTs/NPs. In this study, TiO2 NTs (without water treatement) 

of the same thickness as that of TiO2 NTs/NPs, were also prepared and annealed for 

comparison. 

2.3 Characterizations 

The morphology of the samples was examined by field-emission scanning electron 

microscope (FESEM, JEOL JSM-6335F) at an accelerating voltage of 5.0 kV. X-ray 

diffraction (XRD) was conducted by a Bruker D8 advance diffractometer (Philips) 

with Cu Kα radiation (λ=1.54 Å) operating at 40.0 kV and 40.0 mA. Transmission 



 

electron microscopy (TEM) images were captured on a JEM-2010 (JEOL) 

microscope at an accelerating voltage of 200 kV. Samples for TEM observation were 

prepared by dispersing the nanotube array in ethanol under ultrasonication, followed 

by drying on a Cu grid.  

2.4 Electrochemical measurements 

  To evaluate the electrochemical behaviour of these composite electrodes, 2032-coin 

type cells with the TiO2 NT/NP heterostructure electrodes or TiO2 NT electrodes as 

the working electrode (area=1 cm2), lithium foil as the counter and reference 

electrodes, and Celgard 2400 as the separator were assembled in a glove box filled 

with Ar gas. The electrolyte consisting of a solution of 1.0 M LiPF6 in ethylene 

carbonate (EC)/dimethyl carbonate (DMC) (1:1 in volume) was obtained from 

Shenzhen Kejing Instrument Co. Ltd. 

  The cycle performance was evaluated on Land CT2001A tester in a voltage range 

of 1.0 to 2.8 V (vs. Li+/Li) at a constant current density of 0.02 mA·cm-2. The rate 

capacity was tested at 0.02, 0.04, 0.06, 0.08, 0.10, and 0.20 mA·cm-2, respectively. 

Cyclic voltammetry (CV) was measured with a scan rate of 0.1 mV·s−1 in a voltage 

range of 1.0 to 2.8 V by using an electrochemical workstation (CHI 660C, CH 

Instruments, Inc. USA) for these cells. Electrochemical impedance spectroscopy (EIS) 

was measured in the frequency range of 100 kHz to 0.01 Hz with an ac perturbation 

voltage of 5 mV. 

 

3. Results and discussion 



 

 

 

Fig. 1. (a), (c) FESEM top view and cross-sectional images of as-anodized TiO2 NTs, 

respectively; (b), (d) FESEM top view and cross-sectional images of TiO2 NTs/NPs, 

respectively. 

 

Fig. 1a and 1c show the microstructure of the TiO2 NTs obtained by potentiostatic 

anodization in the EG-based electrolyte containing of 0.5 wt% NH4F and 3 vol% DI 

water. It can be seen that, after anodization, highly ordered and well separated TiO2 

NT array with smooth tube walls was grown directly on metallic Ti foil substrate. 

Each nanotube with an average outer diameter of ~130 nm and wall thickness of ~20 

nm can be clearly seen. While after water immersion for 3 days, the tube morphology 

and microstructure changed greatly. The top mouths of as-anodized TiO2 NTs were 



 

smooth (Fig. 1a). However, they became rough with small nanoparticles accumulated 

on the top surface after water immersion (Fig.1b). Furthermore, due to the 

accumulated nanoparticles, which were emerged from both the inner and outer sides 

of the TiO2 NTs, the separated top mouths of TiO2 NTs were merged together, and the 

inner diameter of TiO2 NTs was decreased. In addition, these small nanoparticles 

were also anchored on the sidewalls of the TiO2 NTs, as shown in Fig. 1d. 

 

 

Fig. 2. TEM images of (a) as-anodized TiO2 NT and (b) TiO2 NT/NP. 

 

Transmission electron microscopy (TEM) images of as-anodized TiO2 NT and 

TiO2 NT/NP further clarify the detailed morphology and microstructure conversion 

before and after water treatment. As can been seen in Fig.2a and 2b, the sidewall of 

TiO2 NT became thinner after water immersion for 3 days, and both outer and inner 

sides of the tube wall were anchored with nanoparticles. The gradually thinning of 

tube sidewalls indicated that the TiO2 NT/NP heterostructure was formed by 

consuming the tube walls and converting them to nanoparticles[40]. The possible 

reason for this phenomenon is that a dissolution-precipitation process assisted by 



 

water may take place at the tube wall surface of the as-anodized TiO2 NTs, where 

some fluorides may still be remained after anodization[41, 42]. Therefore, the TiO2 

NT/NP heterostructure was developed via the water treatment of the as-anodized TiO2 

NTs.  

 

Fig. 3. XRD patterns of TiO2 NTs with different post-treatment processes. As: 

as-anozied TiO2 NTs without water treatment; H2O: as-anozied TiO2 NTs with water 

treatment; As+Annealed: as-anozied TiO2 NTs after annealing at 400 °C for 2 h; 

H2O+Annealed: water-treated TiO2 NTs after annealing at 400 °C for 2 h; A: anatase; 

Ti: titanium. The Ti peaks originated from the underlying substrate. 

 

As shown in Fig. 3, the phase transformation of the TiO2 NT-based electrodes 

during the fabrication process was examined by X-ray diffraction (XRD). The XRD 

patterns show that the as-anodized TiO2 NTs were amorphous in nature and were 



 

partially crystallized into anatase for TiO2 NT/NP heterostructure after immersion in 

water for 3 days, according to the emerged broad anatase (101) and (200) peaks. 

When the two samples were annealed in air, anatase became the dominant phase. 

Clearly, the broader anatase (101) diffraction peak for the water-treated sample after 

post-annealing indicated the smaller average crystalline size, compared to the 

annealed TiO2 NTs without water treatment. As a consequence, the surface area of 

TiO2 NT/NP heterostructure has increased to about twice that of TiO2 NTs, according 

to our previous results[40]. In this case, an enhanced surface area for lithium-ion 

insertion/extraction of the TiO2 NT/NP heterostructure electrode have been formed. 

 

Fig. 4. CV curves of annealed (a) TiO2 NTs and (b) TiO2 NT/NP heterostructure as 

anode at a scan rate of 0.1mV s-1 for the first five cycles within a potential range of 

1.0 to 2.8 V (vs. Li/Li+). 

 

Fig. 4a and 4b show the CV curves of the annealed TiO2 NTs and TiO2 NT/NP 

heterostructure electrode at a scan rate of 0.1 mV·s−1, respectively. A pair of 

pronounced cathodic and anodic peaks around 1.7 and 2.1 V (vs. Li+/Li) is observed, 



 

due to the electrochemical insertion/extraction of Li+ from the crystalline anatase 

TiO2, respectively. The overall reaction of TiO2 with Li+ can be written as : 

TiO2 + xLi+ + xe- ↔ LixTiO2                        (1)  

where the x is known to be ca. 0.5 for anatase TiO2[24, 43]. It should be noted that, 

besides the first cycle, the CV curves of the two electrodes in four subsequent cycles 

almost completely overlap, indicating a good reversibility and stability of these 

TiO2-based electrodes, consistent with previous reports[20-22].  

 

 

Fig. 5. (a) Areal capacities and Coulombic efficiency as a function of cycle number 

for TiO2 NTs and TiO2 NT/NP heterostructure electrodes at a current density of 0.02 

mA⋅cm-2; (b) rate capability plots for TiO2 NTs and TiO2 NT/NP heterostructure 

electrodes at different current densities of 0.02, 0.04, 0.06, 0.08, 0.10, and 0.20 

mA·cm-2. 

 

The electrochemical behaviour of lithium insertion/extraction in TiO2 NT/NP 

heterostructure was evaluated by galvanostatic cycling tests and compared to that of 

TiO2 NTs as shown in Fig. 5a. It is seen that, for the TiO2 NT/NP heterostructure 



 

electrode, the first discharge areal capacity was 0.158 mAh·cm-2 and the Coulombic 

efficiency was about 89.0%, while they were 0.154 mAh·cm-2 and 86.4%, 

respectively, for the TiO2 NT electrode at a current density of 0.02 mA⋅cm-2. 

Furthermore, after the areal capacity gradually decreased in the first 5 cycles, a 

reversible capacity of 0.126 mAh·cm-2 was retained after 50 cycles for the TiO2 

NT/NP heterostructure electrode, which is slightly higher than that of the TiO2 NTs 

electrode (0.102 mAh·cm-2 after 50 cycles). The enhanced areal capacity of TiO2 

NT/NP heterostructure electrode may be attributed to the improved surface 

pseudocapacitive Li+ storage[44], which was derived from the increased surface area 

of TiO2 NTs with water treatment. In addition, both the TiO2 NT/NP heterostructure 

and TiO2 NT electrodes exhibit stable cyclic performance with a Coulombic 

efficiency above 98% after the first 10 cycles. 

Fig. 5b shows the areal capacities of the TiO2 NT/NP heterostructure and TiO2 NT 

electrodes at various current rates. With the incremental increase in the current rates 

of 0.02, 0.04, 0.06, 0.08, 0.10, and 0.20 mA·cm-2, the measured areal capacities were 

0.142, 0.127, 0.117, 0.110, 0.104, and 0.089 mAh·cm-2 (according to the 5th, 10th, 15th, 

20th, 25th, and 30th discharge areal capacity in Fig. 5b), respectively, for the TiO2 

NT/NP heterostructure electrode, compared to areal capacities of 0.123, 0.112, 0.105, 

0.101, 0.094, and 0.083 mAh·cm-2, respectively, for the the TiO2 NT electrode at the 

same current rates. The rate capability measurements of the two electrodes clearly 

demonstrate that the TiO2 NT/NP heterostructure electrode exhibits a better rate 

performance than its counterpart.  



 

 

Fig. 6. Charge/discharge profiles of annealed (a) TiO2 NT and (b) TiO2 NT/NP 

heterostructure electrodes at different current densities. The black, red, green, blue, 

cyan, and magenta line represent the 5th, 10th, 15th, 20th, 25th, and 30th 

charge/discharge curves in Fig. 5b, respectively. 

 

Fig. 6a and 6b show the charge/discharge profiles at different rates for the TiO2 

NT/NP heterostructure and the TiO2 NT electrodes, respectively. Very flat 

charge/discharge plateaus at about 1.75 V and 1.9 V were observed in the 

charge/discharge curves of both the TiO2 NT/NP heterostructure and the TiO2 NT 

electrodes, which are related to the phase transition between the tetragonal and 

orthorhombic phases upon Li intercalation/deintercalation into/from anatase TiO2, 

respectively[23, 24]. Moreover, because of the polarization of the electrodes, the 

discharge voltage plateaus of both the TiO2 NT/NP heterostructure and the TiO2 NT 

electrodes were shifted to lower voltages, while the charge voltage plateaus were 

shifted to higher voltages with increasing current densities. It is worthy noting that, at 

an high current density of 0.20 mA·cm-2, the voltage difference of the TiO2 NT/NP 

heterostructure electrode between the charge and discharge voltage plateaus is smaller 



 

than that of the TiO2 NT electrode, indicating a smaller polarization and better rate 

capability of the TiO2 NT/NP heterostructure electrode.   

 

 

Fig. 7. Nyquist plot of the TiO2 NT and the TiO2 NT/NP heterostructure electrodes. 

Inset is the equivalent circuit used to fit the experimental impedance spectra.  

 

In order to clarify the possible reason for the enhanced rate performance of the 

TiO2 NT/NP heterostructure electrode, EIS, which is a powerful tool to provide 

information on electrode resistance, charge-transfer resistance and bulk resistance[5, 

15], was used to evaluate the electrochemical characteristics of the two kinds of 

electrodes. The EIS spectra are showed in the form of Nyquist plots comprising a 

semicircle at high-to-medium frequence region, due to the charge-trasfer reaction at 

the electrolyte/electrode interface, and a straight line at low frequence region due to 

the diffusion of the Li+ in the bulk of the electrode materials (Fig. 7)[39]. Meanwhile, 

the impedance data were also fitted with an equivalent circuit, including elements like 



 

the electrode resistance (Rs), charge-transfer resistance (Rct), constant phase elements 

(CPE), and Warburg diffusion element (Zw), as shown in the inset of Fig. 7[33]. In 

this circuit, Rs stands for the ohmic resistance from the electrolyte, separator and 

electrodes, Rct denotes the charge-transfer resistance between the active materials and 

the electrolyte, CPE represents the double layer capacitance, and Zw is related to the 

diffusion of Li+ into the electrode[23, 39]. From the semicircle diameter in the 

Nyquist plots, it can be observed that  the Rct of the TiO2 NT/NP heterostructure 

electrode (55 Ω) is smaller than that of the TiO2 NT electrode (65.8 Ω). This reveals a 

higher transfer rate of Li+ in the TiO2 NT/NP heterostructure electrode/electrolyte 

interface than in the TiO2 NT electrode/electrolyte interface. The decreasing of Rct of 

the TiO2 NT/NP heterostructure electrode also results a reduction in the cell 

polarization, especially at high current density, which is in accordance with the results 

of charge/discharge tests.  

Overall, the enhanced electrochemical performance of the TiO2 NT/NP 

heterostructure electrode is thought to be related to the special heterostructure. Owing 

to the structural advantages of the TiO2 NTs/NPs, with the TiO2 NT cores providing 

straight pathways for electronic transport and TiO2 NPs offering enhanced surface 

areas for lithium-ion insertion/extraction, the hierarchical architecture exhibits 

superior electrochemical performance, compared to its TiO2 NT counterpart (Fig. 8).  

 



 

 

Fig. 8. Schematic illustration of electrochemical reaction mechanism of the TiO2 NT 

(left) and the TiO2 NT/NP heterostructure (right) electrodes.  

 

4. Conclusions 

A novel TiO2 3D anode with aligned TiO2 NT/NP heterostructure was developed 

by simply immersing as-anodized TiO2 NTs into water, followed by further 

crystallization at 400 °C for 2h. The TiO2 NT/NP heterostructure electrode displays 

higher areal capacity, better rate capability than its TiO2 NT counterpart. The special 

microstructure of the TiO2 NT/NP heterostructure electrode is the key to the enhanced 

electrochemical performance: the TiO2 NT cores provide straight pathways for 

electronic transport, while the TiO2 NPs offer enhanced surface areas for lithium-ion 

insertion/extraction. The newly developed TiO2 NT/NP heterostructure electrode with 

enhanced areal capacity, rate capability as well as good cycle stability may have a 

great potential for lithium-ion microbattery applications.  
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