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Black TiO2-x nanotube arrays, which are synthesized by an 

electrochemical method and subsequent thermal conversion 

in a hydrogen atmosphere, are employed as a binder-free, 

free-standing electrode for high rate Li-ion microbatteries. 

Excellent cyclability and superior rate capability are achieved 

by an oxygen-deficient structure of TiO2 with increased 

electronic conductivity and the formation of metallic titanium 

hydride phases on the substrate. 

The micro energy storage system has emerged as a focal point 

of future energy devices in line with the miniaturization of high 

performance electronic devices 1-3. The development of 

ultrathin electrodes of submicron scale is essentially required 

for the realization of micro-sized batteries 4. Building up 

tailored electrode architectures arranged at nanoscale order has 

recently been considered to maximize the performance of 

microbatteries owing to the limited loading space for active 

materials on the thin electrode substrate 5-8. As a function of 

their numerable reaction sites, electrodes with high surface area 

can ensure superb kinetic properties and improved capacity for 

operation, consequently affording high power and energy 

density 9-12. Titanium oxide (TiO2) nanotubes have attracted 

much attention as a prospective electrode system for 

microbatteries due to their advantageous material properties 

and facile fabrication process 13-15. Compared to other types of 

anode materials such as carbonaceous materials and Li-M 

alloys (M=Si, Sn), TiO2 offers beneficial aspects originating 

from enhanced safety, good cycling and non-toxicity 16-18. TiO2 

nanotubes have been grown directly on Ti substrate via 

electrochemical methodology as a binder-free electrode, and 

their unique features with vertically aligned nanopores can 

improve rate performance resulting from the extensive 

electrochemical surfaces and short diffusion length for Li+ 

through the nanotube walls 19, 20. In previous studies, 

subsequent heat treatment of as-prepared TiO2 nanotubes was 

conducted to reinforce the adhesion strength between the TiO2 

nanotubes and Ti substrate. However, the crystalline anatase 

phases of the TiO2 nanotubes obtained by post-thermal 

treatment at approximately 400 °C often suffer from (i) slow 

electron transfer originating from a huge band gap (~ 3.3 eV 

value) 21 and (ii) the local structural distortion caused by a 

phase transition that occurs during the insertion and extraction 

of Li+ 13. Moreover, a passive oxidation layer on the Ti 

substrate accompanying heat treatment under air atmosphere 

hinders the fast electron transfer from the substrate to the TiO2 

anode and deteriorates the kinetic performance at high current 

rates.  

Recently, it was reported that a highly conductive TiO2 

nanostructure called ‘black TiO2’ is more attractive for 

photovoltaics and photocatalysis owing to its narrower bandgap 

of approximately 2.2 eV and consequent high electrical 

conductivity 21-25. Black TiO2 is simply prepared via thermal 

treatment in a hydrogen atmosphere, and the oxidation number 

of Ti ions in TiO2 phase is partially reduced. The donor density 

of reduced TiO2 nanostructures proportional to electrical 

conductivity is significantly improved by the formation of 

oxygen vacancy/Ti3+ sites 26, and hydroxyl groups tend to form 

on the oxygen-deficient, disordered surface of TiO2-x 

nanostructures during hydrogenation, which could modify the 

electronic properties and electrochemical activity of the TiO2 

nanostructures 25, 27, 28. Moreover, the electrical conductivity of 

the Ti substrate could be effectively preserved without 

unwanted oxidation of the substrate by calcination under a 

reducing atmosphere. The functional conversion treatment of 

the TiO2 nanoarray phase should be adapted to effectively yield 

a high-power-capable thin-film battery cell suitable for micro-

device applications. 

In this communication, we introduce highly conductive 

black TiO2-x nanotube arrays (NTs) as binder-free ultrathin 

electrodes  
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Fig. 1 (a) Schematic illustration of the synthetic strategy for a black TiO2-x NT electrode; (b) surface and (c) cross-sectional morphology of the as-

prepared TiO2 NTs; surface morphology of the (d) anatase TiO2 NTs and (e) black TiO2-x NTs; (f) X-ray diffraction patterns of as-prepared TiO2 NTs, 

anatase TiO2 NTs, and black TiO2-x NTs (JCPDS No. 21-1272 for TiO2, JCPDS No. 65-3362 for Ti, JCPDS No. 78-2216 for TiH1.5); X-ray photoelectron 

spectra obtained from black TiO2-x NTs collected in the (g) Ti 2p and (h) O 1s regions. The inset figure is the O 1s peak of the black TiO2-x NTs 

deconvoluted into two peaks centered at ~530.4 and ~531.9 eV. 

for high rate Li-ion microbatteries. The black TiO2-x NTs were 

easily prepared by simple electrochemical methodology and 

subsequent thermal conversion under hydrogen atmosphere 

(Fig. 1a). The modified TiO2-x nanostructure with a high 

concentration of oxygen vacancies can offer improved electron 

conductivity and facile Li+ ion diffusion in the structure. The 

morphological features and crystalline phase of the black TiO2-x 

NT electrodes were investigated. The electrochemical 

properties of the black TiO2-x NT electrodes were examined to 

evaluate any advantages from the modified phase structure 

compared with anatase TiO2 NT (white TiO2 NT) electrodes 

prepared by thermal treatment in air. We also report the 

formation of metallic titanium hydride on Ti substrate, 
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preserving electron transport without unwanted passivation 

layer formation on the substrate. 

Smooth and well-ordered TiO2 NTs were successfully 

grown on a Ti disk by simple electrochemical oxidation in a 

non-aqueous solution containing fluoride ions as reported in our 

previous work and as shown in Fig. 1b and 1c 13. The diameter 

of the as-prepared TiO2 NTs was approximately 30~50 nm 

(Fig. 1b) with a wall thickness of approximately 5~10 nm and 

an average tube length of ~ 8 µm (Fig. 1c). To obtain black 

TiO2 NTs and anatase TiO2 NTs, the as-prepared TiO2 

nanotubes were annealed at 450 °C for 2 h in a hydrogen 

atmosphere or in air, respectively. Figs. 1d and 1e present the 

surface morphology of the anatase TiO2 nanotubes and the 

black TiO2 nanotubes. Crystalline particle growth at the pores 

and walls of both TiO2 nanotube samples was observed slightly 

after annealing at 450 °C, and the surface morphology of both 

TiO2 nanotube samples was crumbled partially after annealing. 

It has been previously reported that a structural transformation 

and subsequent crystal growth of TiO2 occur during thermal 

treatment above 400 °C 29, 30. The crystalline phase information 

of the TiO2 NTs was examined by obtaining XRD patterns of 

the samples (Fig. 1f). For the as-prepared TiO2 NTs, typical Ti 

peaks were observed, indicating that the as-prepared TiO2 NTs 

obtained by the electrochemical oxidation method form an 

amorphous structure. After the subsequent thermal treatment, 

calcination of the TiO2 NTs in either of the different 

atmospheres led to the crystallization of the anatase phase. 

Although the peak position of the anatase phase in both samples 

corresponded well, the peak width of the black TiO2 NTs was 

wider than that of the anatase TiO2 NTs for all peaks. This 

result demonstrates that the crystallization of the black TiO2 

NTs to uniform anatase phase was prevented by the hydrogen 

atmosphere. Ti4+ ions in the TiO2 phase were reduced by 

heating under the hydrogen environment, and the TiO2 structure 

tended to form an oxygen-deficient TiO2-x phase (black TiO2 

phase) with low crystallinity. Moreover, titanium hydride 

(TiH1.5) peaks for the black TiO2-x NT samples appeared, 

indicating that the Ti substrate was transformed to TiH1.5. It has 

been previously reported that Ti is known to absorb large 

quantities of hydrogen, and this hydrogenation transforms the 

Ti from metal (hcp A3, α-phase) to hydride (TiH2-x (x < 0.5), 

fcc C1, δ-phase) 31-33. Thus, TiH1.5 can exist as an α+δ biphasic 

material. Ito et al. reported that the electrical conductivity of 

TiH1.53 (1.32 × 106 Ω-1 m-1) at 323K approaches that of Ti metal 

(1.59 × 106 Ω-1 m-1) 32. The Ti substrate surface is easily 

oxidized after calcination of as-prepared TiO2 NT samples in 

air, and consequently the passive oxidation layer on the surface 

often impedes the electron movement transferring from/to 

external wires and the power supply. On the other hand, the 

formation of TiH1.5 phases on Ti substrate enables it to provide 

a fast electron pathway to black TiO2-x anodes without a 

passivation barrier. 

The surface characterization of the TiO2 NTs obtained in 

different atmospheres was carried out to further examine the 

effect of hydrogenation on their chemical composition and 

oxidation state (Fig. 1g and 1h). The Ti 2p core level XPS 

spectra of the anatase and black TiO2-x NTs had two broad 

peaks corresponding to the characteristic Ti 2p3/2 and Ti 2p1/2 

peaks, as presented in Fig. 1g. In the case of the anatase TiO2 

NTs, Ti 2p3/2 and Ti 2p1/2 peaks centered at ~459.2 and ~465.0 

eV were observed, and these two peaks correspond to the Ti 

2p3/2 and Ti 2p1/2 peaks of Ti4+ in TiO2 
24, 34. On the other hand, 

a negative shift of these two peaks for the black TiO2-x NTs was 

found in the binding energy, demonstrating different bonding 

environments. These two peaks centered at ~458.6 and ~464.3 

eV, corresponding to the Ti 2p3/2 and Ti 2p1/2 peaks of Ti3+, 

confirmed the creation of room-temperature stable isolated Ti3+ 

defect-structure in the anatase 24, 27. This result suggests that 

oxygen vacancies were created in the bulk TiO2-x NTs by 

annealing in a hydrogen atmosphere. The high oxygen 

deficiencies in TiO2-x would be formed either by removal of 

oxygen from the anion sublattice leaving oxygen vacancies, or 

by formation of Ti interstitials, but oxygen vacancies are most 

likely more predominant defects than Ti interstitials in the 

generality of cases 35-37. The formation of oxygen vacancies 

contributes to an increase in density of carriers, which are 

known to be the electron donors for TiO2 nanostructures. The 

higher donor density in the TiO2-x structure led to an increase in 

the electrical conductivity and a decrease in the bandgap 

energy, consequently affording excellent kinetic properties to 

Li-ion cells employing the black TiO2-x NT electrodes. No Ti2+ 

peak related to titanium hydride phases (TiH2-x, x ≤ 0.5) was 

observed in the Ti 2p XPS spectra, verifying that the TiH1.5 

phase was only formed at the Ti substrate 34, 38. The O 1s core 

level XPS spectra of the anatase TiO2 NTs and black TiO2-x 

NTs are shown in Fig. 1h. Both samples exhibited a peak of 

~530.5 eV corresponding to the characteristic peak of Ti-O-Ti 
22, 36, 37. In the O 1s peak of the black TiO2-x NTs, not only a 

broader peak centered at ~530.5 eV but also an additional 

shoulder at higher binding energy was observed compared with 

the anatase TiO2 NTs. This broad peak could be deconvoluted 

into two peaks centered at ~530.4 and ~531.9 eV (inset of Fig. 

1h). The peak of ~531.9 eV is attributed to Ti-OH bonding 

located at the binding energy of ~1.5~1.8 eV 39. Defective 

oxygen sites on the surface of the black TiO2-x NTs, caused by 

the reducing environment during thermal treatment, could tend 

to bind with hydrogens and then locally form hydroxyl surface 

groups.  

The charge-discharge profiles of the black TiO2-x NTs and 

anatase TiO2 NTs were compared to investigate the reaction 

mechanism for Li insertion/extraction. Fig. 2 presents the 

charge-discharge curves in the 1st, 2nd, and 3rd cycles for the 

anatase TiO2 NTs and black TiO2-x NTs between 1.0 and 3.0 V 

at a current density of 0.1 mA cm-2. Voltage plateaus at ~1.7 

and ~2.0 V were observed in the charge-discharge curves of 

both anatase TiO2 NTs and black TiO2-x NTs, which can be 

attributed to the insertion and extraction of Li+ through 

tetrahedral and octahedral sites of the crystalline anatase phase, 

respectively15. The anatase TiO2 phase starts to react with Li+ 

ions at the surface facing the electrolyte, and then the TiO2 

phase is transformed into a Li0.5TiO2 phase. The interface 

between the outer Li0.5TiO2/inner TiO2 migrates (two-phase  
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Fig. 2 Initial charge-discharge profiles in the 1st, 2nd, and 3rd cycles for 

the (a) anatase TiO2 NT electrode and (b) black TiO2-x NT electrode. The 

electrochemical experiments were performed over a voltage window 

between 1.0 and 3.0 V at a current density of 0.1 mA cm
-2

. 

reaction) along the inner direction and consequently Li0.5TiO2 

exists in the structure. Whereas the Li-insertion/extraction 

reaction of anatase TiO2 NTs occurred only via a two-phase 

reaction, the charge-discharge curve of the black TiO2-x NTs 

becomes similar to a mixture of the shapes of the anatase TiO2 

and amorphous TiO2 NT curves. We previously reported a 

sloping curve characteristic of amorphous TiO2 NTs (as-

prepared TiO2 NTs) without a plateau. The insertion and 

extraction of Li+ in the amorphous TiO2 nanotubes occurs 

homogeneously without a two-phase reaction between LixTiO2 

and TiO2 (xLi+ + xe− + TiO2 ↔ LixTiO2, 0.5 < x < 1) 13, 40. 

Therefore, the charge-discharge curve characteristics of black 

TiO2-x NTs support the idea that the amorphous phase remains 

without transforming into the anatase phase after thermal 

conversion treatment in a hydrogen atmosphere. The initial 

charge and discharge capacities of the black TiO2-x NTs (0.165 

and 0.117 mAh cm-2) were higher than those of the anatase 

TiO2 NTs (0.143 and 0.110 mAh cm-2), indicating that the 

black TiO2-x NTs would be available to accommodate more Li+ 

per TiO2 compared with the anatase TiO2 NTs due to the co-

existence of an amorphous TiO2 phase. A slightly higher 

irreversible capacity was also found for the black TiO2-x NTs 

(29 % of 1st charge capacity) compared to the A-TiO2 NTs (23 

% of 1st charge capacity) because there were structural and 

chemical defects acting as Li+ traps in the amorphous phase of 

the black TiO2-x NTs.13 

To confirm the superb kinetic properties of black TiO2-x 

NTs, a rate capability test was conducted between 1.0 and 3.0 V 

at various current densities (Fig. 3a). To fully activate the 

nanotube electrode during the initial cycles, the rate capability 

tests were performed after the 10th cycle at a current density of 

0.1 mA cm-2. The discharge capacities of the anatase TiO2 NTs 

and black TiO2-x NTs at low current density (0.1 mA cm-2) were 

similar to each other. However, as the current density increased, 

the discharge capacity of the black TiO2-x NTs was obviously 

higher than that of the anatase TiO2 NTs. At the high current 

density of 10 mA cm-2, the discharge capacities of the anatase 

TiO2 NTs and black TiO2-x NTs maintained nearly 44 and 72 % 

of their discharge capacity at the current density of 0.1 mA cm-

2, respectively. This result suggests that the rate performance of 

the cell was significantly improved by the introduction of black 

TiO2-x NTs due to the improved electrical conductivity of the 

TiO2 structure and the facile reaction with Li+ ions via the 

amorphous phase. The improved kinetic properties of the black 

TiO2-x NTs were assessed by EIS measurements and compared 

with those of the anatase TiO2 NTs (Fig. 3b). Two separated 

semicircles in the high and intermediate frequency range of 

100~0.01 kHz and a sloping line in the low frequency range of 

10~0.01 Hz were observed in the Nyquist plots of EIS for the 

anatase TiO2 NTs and black TiO2-x NTs at fully charged state 

after the 10th cycle at a current density of 0.1 mA cm-2. In the 

equivalent circuit, Rb is the bulk resistance of the electrolyte, 

separator, and Li anode at high frequency with resistance loss 

from the first semicircle; CPE1 and RSEI are the capacitance and 

the resistance, respectively, of the solid-state interface layer 

formed as a passivation layer after full charge of the electrode, 

related to the first semicircle at high frequency; CPE2 and 

Rct are the double layer capacitance and the charge transfer 

resistance, respectively, related to the second semicircle at 

intermediate frequency; and W is the Warburg impedance, 

which corresponds to a sloping line at the low frequency 

indicating Li ion diffusion in the electrode 41, 42. Almost 

identical shape and resistance values were observed for the first 

semicircle (Rb, CPE1, and RSEI) between the two electrodes, 

verifying the uniformity of the cell tests. The charge transfer 

resistance (Rc) of the black TiO2-x NTs (47 Ω) at the 

intermediate frequency was much smaller than that of the 

anatase TiO2 NTs (72 Ω). The black TiO2-x NTs can offer 

relatively high electron conductivity due to high donor density 

originating from oxygen vacancy in the TiO2-x structure. 

Improved cycling properties of the black TiO2-x NTs under 

different current rates were also demonstrated compared with 

those of the anatase TiO2 NTs (Figs. 3c and 3d). Herein, the 

current density of 1 mA cm-2 corresponds to that of ~10 C-rate 

because the discharge capacity of both samples is 

approximately 0.1 mAh cm-2 at low current density (Fig. 2). At 

low current density of 0.1 mA cm-2, the anatase TiO2 NTs and  
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Fig. 3 (a) Rate capabilities during cycling of the anatase TiO2 NT and black TiO2-x NT electrodes at various current densities. The samples were 

cycled at a current density of 0.1 mA cm
-2

 for 10 cycles and then were cycled 5 times at each current density. (b) Electrochemical impedance 

spectroscopy (EIS) spectra of the anatase TiO2 NT and black TiO2-x NT electrodes. The inset figure presents the corresponding equivalent circuit, in 

which Rb, RSEI, CPE1, Rct, CPE2, and Zw represent the bulk resistance; resistance and capacitance of the solid-state interface layer; double layer 

capacitance and charge transfer resistance of the electrodes; and Warburg impedance, respectively. Cycling performance (expressed by 

normalized capacities) of the A-TiO2 NTs and H-TiO2 NTs at a current density of (c) 0.1 mA cm
-2

 for 100 cycles, and (d) at 1 mA cm
-2

 for 300 cycles. 

The cycle data were collected after 10 cycles. All electrochemical cycling experiments were performed over a voltage window between 1.0 and 

3.0 V.

black TiO2-x NTs showed very stable and similar cycling with 

capacity retention of ~99 % after 100 cycles (Fig. 3c). On the 

other hand, at the 100-fold higher current density of 1 mA cm-2, 

the black TiO2-x NTs (89 %) exhibited much higher capacity 

retention than the anatase TiO2 NTs (70 %) compared with their 

initial discharge capacity after 300 cycles (Fig. 3d). This result 

indicates that the ultrafast insertion and extraction of Li+ 

through the black TiO2-x NTs has been successfully achieved. 

The black TiO2-x NTs hint at the development of high rate TiO2 

thin-film electrodes for the realization of high performance 

microbatteries. 

 Conclusions 

In summary, we synthesized black TiO2-x NTs through thermal 

conversion treatment of amorphous TiO2 NTs under hydrogen 

atmosphere and succeeded in obtaining excellent 

electrochemical performance and kinetic properties from black 

TiO2-x NT electrodes for high rate Li-ion microbatteries. After 

the thermal conversion under hydrogen, the black TiO2-x NT 

electrodes generated reduced Ti3+ ions with oxygen vacancies 

in the structure, which improve the electronic conductivity of 

TiO2 structure by increasing its carrier density. Moreover, the 

partial Ti substrate turned into a metallic TiH1.5 phase instead of 

forming an anatase TiO2 passive layer on the substrate, which is 

easily formed after heat treatment in air. The charge-discharge 

curves of the black TiO2-x NT electrode show different reaction 

characteristics mixed between amorphous (1-phase reaction) 

and anatase (2-phase reaction) phase, whereas those of the 

anatase TiO2 NT electrode only show a 2-phase reaction. The 

black TiO2-x NT electrode delivered stable cycling performance 

for 300 cycles at a high current rate of 1 mA cm-2 (~10 C) and 

showed excellent rate capability even at 10 mA cm-2 (~100 C) 

compared to an anatase TiO2 NT electrode owing to its 

improved electronic features and kinetic properties. Our 

synthetic strategy for the creation of a black TiO2-x NT 
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electrode can be extended to other possible TiO2 anodes in an 

effort to improve the performance of microbatteries. 
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