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Mesoporous titania and titania nanotubes, with high surface-to-volume ratios, have recently been 

reported to demonstrate improved properties compared to colloids, films and other forms of titania 

in applications such as photocatalysts,[1, 2] gas sensors,[3] photovoltaic cells[4-6] and rechargeable 

lithium batteries.[7-10]  Therefore, particular attention has been paid to the preparation of titania 
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nanotubes, or arrays of tubes, and many methods have been developed including the hydrothermal 

treatment of TiO2 nanoparticles with alkali solution,[11-13] anodization of titanium foil,[14, 15] 

deposition of sol-gels within templates [16-18], hydrolysis of TiF4 under acidic conditions,[19] 

sonication of titania particles in aqueous NaOH solution,[20] and surfactant-assisted templating 

methods.[21, 22]  Materials with mesoporous structures possess an extraordinarily high surface area.  

The synthesis of titania nanotubes, with mesoporous walls and hence high surface areas, will be 

invaluable for all applications employing the wide band gap semiconductor.  Therefore, there is a 

requirement for the development of a facile and reproducible way to prepare titania nanotubes with 

well-defined mesoporous wall structures.  We have previously shown that one-dimensional 

mesoporous silica nanotubes and nanowires can be fabricated inside the pores of anodic aluminum 

oxide (AAO) membranes.[23]  Recently, Chae et al. reported the preparation of titania nanofibres 

with wormhole-like mesoporous structure using AAO as a ‘hard template’.[24]  Even though 

mesoporous SiO2 nanotubes and titania nanofibres have been prepared, the fabrications of TiO2 

nanotubes with well ordered mesopores are still a challenge because of the complexity of sol-gel 

chemistry.  Herein, we report the preparation of titania nanotubes with mesoporous walls within 

AAO membranes and their application in a high rate rechargeable lithium battery.  Well-aligned 

titania nanotube arrays were fabricated via a drying process utilizing supercritical CO2 after the 

dissolution of the membranes.  These mesoporous titania nanotubes, with a 3-dimensional (3 D) 

network structure, were investigated as the electrode material of a rechargeable lithium battery.  

The structure of the mesoporous nanotubes was specifically designed to allow efficient transport of 

both lithium ions and electrons, which are necessary for a high rate rechargeable battery.  The 

experimental results obtained proved that the mesoporous nanotube structure plays an important 

role in the efficiency of the high rate performance of the battery. 
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Figure 1 Scanning electron microscope images of titania nanotubes produced within (a) 0.2 and (b) 0.1 μm AAO 

membranes after annealed at 150 ºC, and (c) top and (d) side view of nanotube arrays prepared by a supercritical 

CO2 drying process following the dissolving of AAO. 

 

Scanning electron microscope (SEM) images of the titania nanotubes annealed at 150 ºC are shown 

in Figure 1.  Well-defined nanotubes are observed occupying most of the pores of the AAO.  The 

size and uniformity of the nanotubes fabricated by this templating method are closely related to the 

pore size and quality of the alumina membranes employed.[17]  Nanotubes prepared within a 0.2 

μm Whatman AAO membrane have an outer diameter of approximately 200 nm and wall thickness 

of approximately 30 nm, which are uniform over the entire surface of the membrane as shown in 
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Figure 1a.  By choosing alumina membranes with relatively small pores, titania nanotubes with 

diameters with mean diameters of less than 100 nm can be fabricated.  Figure 1b shows the titania 

nanotubes with outer diameters of approximately 100 nm embedded inside a 0.1 μm Whatman AAO 

membrane.  In our experiments, the AAO membranes were totally submerged into the precursor 

sol.  The viscosity of the sol was relatively low, about 0.008 cP after dilution by ethanol, allowing 

the sol to penetrate through the alumina membranes by capillary forces and as a result the pore 

channels of the membranes were completely occupied by the precursor sol.  The densification and 

gelation of the precursor sol occurs with the evaporation of ethanol during the various aging periods.  

Due to an affinity between the formed gel and the hydrophilic alumina walls, further shrinkage of 

the gel occurs in a direction perpendicular to AAO pore channels,[23, 25] which finally results in the 

formation of titania nanotubes during further aging and calcination.  Moreover, by increasing the 

viscosity of the sol to values over 0.025 cP, instead of nanotubes mesoporous titania nanorods can 

be prepared by this in-sol aging method (see the supporting information). 

 

The nanotubes embedded in the pores of the AAO membranes are highly ordered and vertically 

aligned arrays.  However, after removal of the AAO template, by dissolving in a NaOH solution, 

the well-aligned nanotubes aggregate together into an entangled mass due to surface tension forces 

acting on the nanotubes during the drying process (see the supporting information).  To avoid the 

entanglement of the nanotubes a supercritical fluid drying process, employing supercritical carbon 

dioxide (sc-CO2), which has successfully been used to prepare free-standing CdS nanowire 

arrays[26], was used.  As shown in the SEM images in Figure 1c and d, large area, well-ordered 

nanotube arrays are formed after the sc-CO2 drying process.  These nanotube arrays do not 

entangle and retain their vertical alignment, which will greatly benefit their incorporation into 
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device structures. 

 

Figure 2. Transmission electron microscopy images of 150 ºC calcined TiO2 nanotubes or tube bundle with outer 

diameter of approximately (a) 200, (b) 100, and (c) 50 nm prepared using 0.2, 0.1 and home-made 0.05 μm AAO 

membranes as hard templates, respectively, and (d, e and f) side view of 450 ºC calcined nanotubes showing the 

hexagonal-ordered mesoprous structure. 

 

Transmission electron microscopy (TEM) images of the TiO2 nanotubes after removal of the 
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alumina matrix are presented in Figure 2.  Figure 2a-c shows a representative low-magnification 

TEM images of the 150 °C calcined titania nanotubes, which were prepared using AAO membranes 

with different pore diameters as templates.  The diameter and length of the titania nanotubes 

prepared mainly depends on the porous nature of the alumina membranes.  Thus, the dimensions 

of the nanotubes prepared by this sol-gel method can be manipulated by simply choosing AAO 

membranes with different pore size.  Our results are consistent with the structural nature of the 

commercial Whatman anodic membranes and the fact that the pore enlargement of AAO in the 

acidic sol is inevitable during the aging process.  Employing a 50 nm home-made AAO as a 

template, titania nanotubes with dimension less than 50 nm are successfully produced as shown in 

Figure 2c.  The mesoporous nature of these nanotubes, when calcined at 450 ºC for more than 3 

hours, is confirmed by TEM as shown in Figure 2d-e.  The mesopores in the tube walls are 

hexagonal-packed and predominately perpendicular to the longitudinal axis of the tube, which is 

also observed for the meso-structured silica in AAO membranes, as previously reported by Yang et 

al..[27]  The coexistence of macroporous tube channels and the mesoporous wall suggests that the 

synthesized mesoporous titania nanotubes have a 3D network structure.  The mean mesopore 

diameter is approximately 7.5 nm, which is in the same range as the pore diameter of mesoporous 

nanofibres and nanorods prepared using the same copolymer surfactant templates. [28]  The 

preservation of the ordered mesopores after calcination at a temperature of 450 ºC suggests that 

these mesoporous tube structures are thermally stable.  After annealing at 150 ºC, the mesoporous 

walls of the titania nanotubes are still amorphous with surfactant molecules inside the mesopores.  

Calcination at a temperature of 450 °C leads to the decomposition of surfactant molecules and the 

crystallization of the amorphous walls. The high-angle PXRD pattern of a mesoporous titania 

nanotube sample, calcined 450 °C, shows six well-resolved broad diffraction peaks located at 25.4, 
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38.0, 48.1, 54.0, 54.9 and 62.7° (2θ), which can be readily assigned to (101), (004), (200), (105), 

(211) and (204) diffraction planes respectively of the anatase phase (JCPDS No. 84-1286) (see the 

supporting information).  PXRD studies suggest that the inorganic framework of these nanotubes 

is predominantly composed of nanosized anatase crystallines. 

 

The mesoporous nature of the titania nanotubes was further confirmed by Brunauer-Emmet-Teller 

(BET) measurements conducted at 77 K.  As a piece of AAO membrane can only produce a very 

small quantity of titania nanotubes, it is quite difficult to prepare a large quantity of nanotubes or 

nanofibres required by BET analysis.  In order to satisfy the quantity requirement by BET 

measurement, more than 100 pieces of 0.2 μm AAO membranes were used in the preparation of 

titania nanotubes in this work.  Pure titania nanotubes were obtained by dissolving the AAO 

membranes in a 2.0 M NaOH solution after the samples were calcined at a temperature of 450 ºC 

for more than 3 hours.  N2 adsorption-desorption isotherms, as shown in Figure 3 for the pure 

titania nanotubes, reveals the presence of the multi-modal porosity mesopores together with 

macropores.  The isotherms at a relative pressure of 0.45~0.6 can be classified as type IV, typical 

of mesoporous materials.  The adsorption and desorption activity at high relative pressure, 

implying the presence of macropores, [29] derives from the large pore channels of the titania 

nanotubes.  The narrow hysteresis loop at a low relative pressure indicates that the porous structure 

is quite open and there is no significantly delay in the capillary evaporation with respect to the 

capillary condensation of nitrogen.[30]  BET surface area and total pore volume are 400 m2g-1 and 

0.94 cm3g-1, respectively.  The BJH pore diameter distribution plot has a broader distribution 

compared to the mesoporous titania powders.  The average pore diameter of the mesopores is 

approximately 7.6 nm, which is good agreement with the TEM observation.  The increase in pore 



 8 

volume with pore diameter over 10 nm can be related to the macroporous channels of the nanotubes.  

This phenomenon was reported previously in the preparation of multi-scale porous transition-metal 

oxide spheres. [29] 
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Figure 3 (a) Nitrogen adsorption-desorption isotherm plots and (b) pore size distribution curve for 450 ºC 

calcined mesoporous TiO2 nanotubes prepared by using 0.2 μm AAO membranes as templates. 

 

Recently, nanostructure materials, especially periodic mesoporous active electrode materials, have 

shown remarkable promise for improving the specific capacities, cycle stability and performance 

rate of the rechargeable lithium battery.[7, 19, 31]  In particular, the thin walls of mesoporous 

materials allow lithium ions to diffuse along the pores and through the pore walls, i.e. in two 

directions, significantly shortening the diffusion path for the ion.  However, it is still a challenge to 

decrease an electron’s diffusion length in an active material.  In this work, the mesoporous 

nanotubes were designed to provide efficient lithium ion and electron transport paths.  The wall 

thickness of the nanotubes investigated was approximately 30 nm, which allowed electrons from the 

ketylene black carbon (KB), adsorbed onto the outer surface of the mesoporous TiO2 nanotubes, to 

be quickly transported into TiO2 framework and undergo a charge-discharge reaction. 
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Figure 4  (a) The second cycle charge-discharge profiles of the mesoporous titania nanotube in the potential 

range from 1.2 to 3.0 V (versus Li+/Li) with the current densities of 1, 10, and 40 Ag-1 based on active TiO2.  (b) 

The performance cycle of charge and discharge capacities of mesoporous titania nanotube at the current densities 

of 1, 10 and 40 Ag-1. 
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Figure 4a shows the second cycle charge-discharge profiles of mesoporous titania nanotubes in the 

potential range from 1.2 to 3.0 V (Li+/Li) with current densities of 1, 10 and 40 Ag-1.  Specific 

capacities of 303, 160 and 150 mAhg-1 were obtained at current densities of 1, 10 and 40 Ag-1, 

respectively.  In the electrochemical measurements, KB powder was used as the conductive 

assistant material.  Thus, the specific capacity of pure KB was also measured under the same 

conditions.  The pure KB powder showed capacities of approximately 14 and 2.5 mAhg-1 for 

current densities of 1 and 10 Ag-1, respectively (see Supporting Information).  The capacity of KB 

at a current density of 40 Ag-1 was too small to be detected.  Hence for our samples, the actual 

capacities of the mesoporous titania nanotubes were ca. 289, 157.5, and 150 mAhg-1, corresponding 

to x = 0.86, 0.47 and 0.45 for LixTiO2, respectively.  The x = 0.86 for LixTiO2 is much larger than 

0.5 reported in ordinary anatase.[32]   This large specific capacity resulted from the high surface 

area of nanostructure materials and has been previously observed in mesoporous TiO2 and TiO2 

nanoparticles.[7-10, 33]  For the mesoporous nanotubes, a remarkable specific capacity of 150 

mAhg-1 was obtained even at a current density of 40 Ag-1 (about 240 C).  The high rate of 

charge-discharge is attributed to the 3 D network structure of the mesoporous nanotubes. 

 

It can be seen from the Figure 4b that mesoporous titania nanotubes give a good performance up to 

100 cycles, with capacities of 162, 120 and 105 mAhg-1 for current densities of 1, 10 and 40 Ag-1 at 

the 100th discharge, respectively. 
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Scheme 1  Transport path of lithium ions and electrons in mesoporous titania nanotube. 

 

 

The electrode material made of mesoporous titania nanotubes shows a high rate of charge-discharge, 

which is probably due to the 3 D network structure of mesoporous titania nanotubes.  Scheme 1 

shows the structure of mesoporous nanotubes and transport path both of lithium ions and electrons.  

The lithium ions and electrolyte are readily transported in the uniform channels of the mesopores 

and electrons transport rapidly through the network structure. 

 

In summary, titania nanotubes with mesoporous wall structures, and thus greatly enhanced specific 

surface areas, have been fabricated within the pores of alumina membranes.  The well-defined 

mesopores in the titania tube walls are packed in a hexagonal manner.  This sol-gel templating 

method is capable of providing precise control of the nanotube dimensions by simply tuning the 

pore diameter of the alumina membranes and varying the viscosity of the starting sol.  After 

dissolving the alumina membranes, well-ordered uniform nanotubes arrays are obtained via a 

supercritical drying process.  The titania nanotubes with well-ordered mesoporous structures were 

used as electrode materials in the rechargeable lithium battery which displayed a high rate of 
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performance.  This can be contributed to 3 D network structure of mesoporous titania nanotubes.  

Such nanostructure provides both electron pathway and lithium ion pathway which are essential for 

a high rate rechargeable lithium battery.  This concept also may also be extended to other positive 

and negative electrode active materials as an application in energy storage devices. 

 

 

Experimental 

Titania Nanotube Preparation: Titanium tetraisoproxide (TTIP) was used as the titania source and the triblock 

copolymer, EO20PO70EO20 (BASF, Pluronic P123) as the structured directing agent.  0.2 and 0.1 μm anodised 

aluminium oxide (AAO) membranes were purchased from Whatman (Whatman, Anodisc 13).  50 nm AAO 

templates were made in our lab using a well known two-step anodization procedure previously reported.[34]  A 

clear sol with a molar composition of 1.0 TTIP: 0.02 P123: 2.4 HCl: 17.5 EtOH was obtained by stirring at room 

temperature for between 15 min and 3 hrs.  Detailed procedure for the preparation of titania sol can be found in 

our previous work.[35, 36]  The sol was further diluted by absolute ethanol (3:1 v/v of ethanol to the initial sol), 

which decrease the viscosity of the sol from approximate 0.029 to 0.008 cP.  AAO membranes were sub-merged 

into 0.3 ml of the above sol in a small beaker with an inner diameter of about 2.0 cm and aged at room 

temperature and 60 ºC for one day each.  Evaporation-induced self-assembly took place during the ageing 

process.  Most of the volatile species were removed after subsequent annealing at 150 ºC.  In order to remove 

the structural directing agent and crystallize the mesoporous walls, the membranes were subjected to calcination at 

a temperature of 450 ºC for 3 hrs. 

 

Nanotube Arrays Fabrication in Supercritical Fluids: After the alumina membrane was completely dissolved in 

2.0 M NaOH solution, the sample was washed several times with distilled water and ethanol, respectively.  The 
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sample was quickly transferred to a 10 mL high-pressure cell filled with ethanol.  The cell was attached via a 

three-way valve, to a stainless steel reservoir (60 mL).  A high-pressure pump (ISCO Instruments, PA) was used 

to pump CO2 through the reservoir in to the reaction cell.  The cell was pressurized to about 13.8 MPa at room 

temperature.  Ethanol was released from the cell slowly and at last the cell was filled with pressurized CO2.  

The cell was heated to about 50 °C and the pressure inside it was maintained at 13.8 MPa for about one hour. 

Finally, the pressure was decreased to atmosphere pressure very slowly at 50 °C, inducing the transformation of 

CO2 from supercritical phase to gas phase. 

 

Titania Nanotubes Characterization: X-ray diffraction (XRD) patterns were recorded in a θ-2θ mode on Philips 

X’pert PW3710 diffractometer. Nitrogen adsorption-desorption isotherms were collected at 77 K for films 

scratched from the substrate using Micromeritics Gemini 2375 volumetric analyzer. Barrett, Joyner, and Halenda 

(BJH) method were used to estimate the pore size and pore-size distribution.  Scanning electron microscopy 

(SEM) was performed on a JEOL JSM-5510 scanning microscope operating at 10 kV.  Transmission electron 

microscopy (TEM) images were collected using JEOL 2000EX microscope operated at 200 

kV. 

 

Electrochemical Measurement:  For electrochemical measurements, the samples fabricated by using 0.2 μm 

AAO membranes as hard templates were mixed and ground with 5 wt% Teflon (poly(tetrafluoroethylene)) powder 

as a binder and 45wt% KB powder as the conductive assistant materials.  The mixture was spread and pressed on 

a 0.25 cm2 nickel mesh (100 mesh) as the working electrode (WE).  The reference (RE) and counter electrode 

(CE) were prepared by spreading and pressing lithium metals on such a nickel mesh.  The electrolyte was 1 M 

LiClO4 in EC+DMC (EC/DMC=1/1 v/v). Cell assembly was carried out in a glove box under an argon 

atmosphere. 
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Galvanostatic discharge-charge was performed in a potential range of 1.0 to 3.0 V (Li+/Li) under a high rate 

constant current of 1, 10 and 40 Ag-1. The weight was based on the active materials (TiO2, excluding KB and 

Teflon). 

 

Keywords:   Titania, mesoporous materials, nanotubes, lithium battery, supercritical fluids 
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Supplementary information 
 
 
SI figure 1 The sol viscosity gives an important influence on the final nanostructure within AAO as 
shown in the following SEM image of titania nanorods within AAO.  These nanorods were 
prepared from sols with viscosity of approximately 0.025 cP. 
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SI Figure 2  Scanning electron microscopy images of titania nanotubes dried up in air after the 

dissolving of the alumina membranes. Without supercritical CO2 treatment, all of the nanotubes are 

entangled together to form nanotubes bundles due to the surface tension force subjected to the tubes 

during the drying up process.  

 
                     (a) 

 

             
        (b)  
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SI Figure 3 High-angle PXRD pattern of TiO2 nanotubes calcined at 450 ºC showing the 

diffraction of nanosized anatase. 
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SI figure 4 The first cycle charge-discharge profiles of KB in the potential range from 1.2 to 3 V 

(versus Li+/Li) with the current density of 1 and 10 A g-1 based on active KB. 
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