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Abstract 

Nanostructured TiO2 nanotubes (TNTs) have great application potential in 

optoelectronic devices due to large effective light harvesting surface area and wide band 

gap. Anodization of Ti is a simple way to prepare well-ordered nanostructured TiO2 in 

the form of vertically oriented TNTs. Compared with dense nanoparticles, TNTs 

facilitate charge transport along the tube direction while maintaining a high effective 

surface area, and thus suitable for a variety of applications such as sensors, water 

splitting, photovoltaic devices, CO2 conversion, supercapacitors etc.  

In order to form a well-ordered tubular structure with controlled morphology, a balance 

between oxidation and field-assisted dissolution has to be maintained by adjusting 

electrolyte concentration, temperature, anodic duration, ramp rate and the applied 

potential. However, the nature of TNTs attached to an opaque Ti foil and with a closed 

bottom limits their feasibility for use in extensive applications. Therefore, built upon 

suitable fabrication approaches that enable free-standing TNT membranes as well as the 

investigation of their photoconductive properties so that create environmental friendly 

alternative energy sources are the motivations of this work.  

This Ph.D. work focuses on the challenging issues: i) improve the tune quality of highly 

ordered TNTs by reproducible manner. ii) Investigate pioneered technologies to prepare 

the free-standing TNT membrane as well as mechanism behind the detachment process. 

iii) Explore the photoconductive property of the TNTs. Following progresses have been 

made towards the target.  

Article I provided an overview of all technologies to prepare free-standing TNT 

membranes. The developments of structural optimization techniques of the detached 

membrane are described from electrochemistry point of view. The application status for 

solar cells, water splitting, hydrogen sensors, supercapacitors, CO2 reduction and 

photocatalysis are highlighted. 

Article II developed a simple process to fabricate flat and mechanically robust free-

standing amorphous TNT membranes. Rinsing the as-prepared TNT membranes by pure 

ethanol and reducing the rate of ethanol evaporation are key steps to prepare a large 

scale, flat surface membranes. Article III performed a voltage-dependent investigation 

for the detachment process of free-standing crystalline TNT membrane. The membrane 
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detached at low voltage preserves its nanotube morphology and the bottom of tubes are 

closed, while through-hole membrane with fast detachment can be observed at a high 

detachment voltage. 

Article IV reported controllable fabrication of free-standing crystallized TNT 

membranes and study their photoconductive properties by optoelectronic technique. The 

membrane exhibits a sensitive spectral response to the UV light. These photoresponse 

origins from internal gain induced by desorption of oxygen molecules from the 

nanotube surfaces and reduction of the barrier at neighboring tubes under UV 

illumination.  

Article V compared the UV light sensitivity between the small diameter nanotubes ~ 

20nm and the conventional 140nm diameter TNTs. The small diameter nanotube device 

enhances the UV photoresponsivity and leads to a larger increase of photocurrent. We 

attribute this improvement to the modulation of hole carrier density as a result of field 

effects from the diameter-dependent population of the surface-trapped electrons. 

Article VI investigated the effects of applied potential, anodized duration and post-

treatment on the growth and morphology of the anodic TNTs. Article VII carried out a 

series of electrochemical anodization experiments to understand the formation 

mechanism and to increase control over the morphology of free-standing TNT 

membranes. 

Article VIII aims to review current knowledge of photocatalytic conversion of CO2 

towards solar fuels over TiO2. The basic principle of photocatalytic synthesis is 

described, and then engineering design of the TiO2 photocatalysts are emphasized with 

respect to reaction parameters. The links between photocatalytic properties of 

nanostructured TiO2 and CO2 conversion by using solar energy are addressed. In 

addition, rationally orienting the nanostructured TiO2 in chemical reactors for the CO2 

conversion and prospects are highlighted for further development. 

Key words: Anodization, TiO2 nanotubes, Free-standing membranes, Photoconductivity, 

Solar fuels. 
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1 Introduction 

1.1 Background 

TiO2 is a wide band gap semiconductor, which has been broadly studied in water 

splitting [1, 2], dye sensitized solar cells (DSSCs) [3, 4], photocatalysis [5, 6] and 

sensors [7, 8] on the basis of its chemical stability and unique functional properties. 

Compared with dense nanoparticles, TiO2 nanotubes (TNTs) are suggested to be 

superior in chemical and optoelectronic performance due to its one-dimensional channel 

for carrier transportation, in which the recombination of e-/h+ is expected to be reduced 

[4, 9]. Of a variety of TiO2 synthesis strategies, particular interest has been given to the 

anodic oxidized growth of TNT layers on Ti foil, as it leads to an array of closely 

packed vertically aligned tubes [9, 10]. Growth of highly ordered TNTs with a length of 

a few hundred nanometres has been first reported using electrochemical anodization of 

Ti foil in aqueous hydrofluoric acid solution [11]. Very high aspect-ratio TNTs grown up 

to hundreds of micrometres in length were also obtained through anodization of Ti in 

organic electrolytes [12]. However, the nature of TNT arrays attached to an opaque Ti 

substrate and with a closed bottom has restricted their feasibility for use in extensive 

applications [10, 13]. Recent studies imply that free-standing TNT membranes have 

more interesting performance than that of the TNT layer on Ti foils [13]. Key features 

of free-standing TNT membranes lie on their absence of barrier layer at the tube bottom, 

direct electrons transferring, stability to mechanical vibrations and they can be 

integrated or transferred on any foreign substrates, which making them ideal structures 

for a spectrum of applications in energy and environmental areas. 

1.2 Application status  

 Integration of TNT membranes on the transparent and conductive substrate is an 

efficient strategy. The best photovoltaic performance of DSSCs based on TNT 

membranes reached 8.80%, which is higher than that of a TiO2 nanoparticle 
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electrode (7.58%) because of the reduced electron combination and efficient light-

harvesting efficiency [14, 15].  

 The free-standing TNT membrane with open-ends shows an increased efficiency in 

water splitting. A maximum conversion efficiency of 0.70% was obtained with the 

open-ended TNT membrane/FTO, which was much higher than the 0.22% 

efficiency obtained by the closed-ended TNT membrane/FTO or 0.36% by the TiO2 

particle/FTO electrode [16].  

 The TNT-membrane sensor is more sensitive than that of the membrane adhered on 

Ti substrates. The variation of the resistance of a 25 µm thick free-standing TNT 

membrane reaches 25 times when it is exposed to 1000 ppm hydrogen for 1800s, in 

contrast to 11 times for the films on Ti substrate. The blocking layer that formed 

between the TNT and the Ti substrate after annealing should be the main reason 

account for the difference in sensitivity. Besides, the response of the free-standing 

membrane is much quicker than that with Ti substrate due to which provides flow-

through channels that accelerate the diffusion of H2 into the nanotubes [17]. 

 A cocatalyst loaded TNT membrane for high rate photocatalytic conversion of CO2 

and water vapor into hydrocarbon fuels is demonstrated. With this assembly coupled 

with an outdoor global AM 1.5 sunlight, hydrocarbon production rate of 111 ppm 

cm-2 h-1 was obtained when the nanotube arrays are loaded with both Cu and Pt 

nanoparticles. This rate of CO2 to hydrocarbon production is at least 20 times higher 

than previous published reports. The high CO2 adsorption capacity was ascribed to 

the synergetic effect of the high surface area tubular morphology and the mixed-

valence nanoparticles [18, 19]. 

 A free-standing and flow-through TNT membrane has been designed for a novel 

reactor. Via bleaching methylene blue solution under UV irradiation, the membrane 

exhibits higher photocatalytic activity than the one with closed-ended. The 

decomposition rate was determined by the diffusion rate, complete pollutant 

removal was observed by one flow-through cycle through the membrane [12, 20].  

 A novel type of artificial K+-gated ion channels based on titania nanotube membrane 

loaded with Au nanoparticles and G-rich DNA composite structure was developed. 

This fabricated permselective membrane using K+ as a trigger may set light to the 

field of biosensing, drug-release, ion exchange membrane and so on [21]. 
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1.3 Aims and Tasks 

From the literature survey, we concluded that TNT membranes demonstrate remarkable 

behaviors that warrant further study, underlying the large number of researchers 

working in this field. The exciton dissociation and carrier transportation are the two key 

taches restricting the performance of optoelectronics. To obtain better performance, 

increasing the active area of materials in devices and restricting the transport direction 

of carriers to make sure of their directional transportation are straightforward strategies. 

In this thesis, we follow the point of tailoring materials at nanoscale toward the 

challenges, focus on synthesizing free-standing crystalline TNT membranes from Ti 

foils for developing cost-effective and high performance optoelectronics. Apart from 

meeting both requirements perfectly, an added value of this work is that it provides 

physical insight into the photoconductivity of TNT network and presents an important 

advance toward the integration of nanomaterials for optoelectronic applications. 

1.4 Outline of thesis 

The thesis is organized based on the published and submitted articles. The first chapter 

“Introduction” presents the motivations fueled me to conduct the investigations and the 

dissertation outline. In Chapter 2 “Summary of the articles”, five articles are collected. 

All the articles are briefly introduced and discussed. Each article represents a stage of 

my work. These articles are textured in a systematic way to show the progress of the 

research step by step. The full-length articles are enclosed at the end of thesis. In 

Chapter 3 “Conclusions”, contribution of this work to science is summarized. 
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2 Summary of the articles 

In this section, five articles are selected to highlight the research content during Ph.D. 

studies. The research consists of three packages: (1) an overview of all technologies to 

prepare TNT membranes in Article I; (2) Experimental fabrication of TNT membranes 

in Article II and Article III; (3) Photoconductive study of TNTs in Article IV and Article 

V; The collected articles are organized in terms of the research stage, rather than the 

publication date. The full-length articles are enclosed at the end of thesis. 

2.1 Literature review (Article I) 

The as-prepared TNT membrane adhered on opaque titanium foil restricts their 

feasibility for many applications, such as tube filling, molecular separations and 

catalysis, where flow-through of the nanotubes arrays is required [13, 20, 22]. The 

physical properties and morphology of an open-end membrane depends on the specified 

process parameters [23-25]. Normally, large residual stresses are introduced by specific 

processes. Highly stressed membranes accumulate large amounts of strain energy. When 

the strain energy release rate exceeds the interfacial toughness of the membrane, 

delamination ensues and peels off from the surface [26]. Residual stress in thin 

membranes comprises two main components: (i) thermal stress due to mismatching of 

coefficients of thermal expansion of film and substrate materials and (ii) intrinsic stress 

due to all other factors, like chemical reactions, ion diffusion, lattice mismatch or 

different material properties etc. If the membrane is prepared at temperature of T, and To 

is room temperature, Em is Young’s modulus, vm is Poisson’s ratio of the membrane 

material, then assuming E and v to be temperature independent, this stress is written as 

[26] 
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                                     
(1 ) o

T
m

th m substrateT
m

E
dT  


 

   
                                       (1) 

where m and substrate are the coefficients of thermal expansion of the membrane and 

substrate, respectively. Values of elastic constants and thermal expansion coefficients of 

Ti / TiO2 are Ti = (9.41～10.03)×10-6/ OC, TiO2 = 8.7×10-6/ OC, vTiO2 = 0.28, ETiO2 = 

282.76 GPa. But the real mechanism behind the detachment process is complicated and 

not well understood as yet. Herein, typical methods to detach the TiO2 nanotube 

membrane and make it capable of flow-through are discussed in this section.  The 

related techniques and mechanism are sketched as in Fig.1.  

2.1.1 Mechanical delamination (Fig.1A: Solvent evaporation / Ultrasonic 
vibration / Peeling-off by tape) 

Solvent evaporation induced delamination 

Methanol [12, 27, 28] and DI water [29] are commonly used rinsing liquids and 

solvents. A possible detachment mechanism of solvent evaporation induced free-

standing membrane is understood as multilayer delamination (Fig.1, method A). 

Although the nanotube membrane surface is rinsed and kept in an organic bath after 

electrochemical anodization, a small amount of H+ and F- still remain in the regions 

between adjacent nanotubes. A slow etching caused by the remaining H+ and F- ions led 

to structural defects. Moreover, rinsing the sample with liquid methanol (surface tension 

~22.1dynes/cm at room temperature), the liquid diffused into the interpore regions and 

wet the defect surface [28]. Subsequently, slow evaporation in the defect areas induces 

the delamination of the barrier layer driven by the surface tension.  

After rinsing the prepared sample with solvents, a mild ultrasonic in methanol is often 

adopted to get rid of nanofibrous debris on the surface. The cleaned membrane is then 

left to dry in air with the anodized surface facing up. A brownish colored membrane is 

then separated from the Ti foil during the evaporation of the methanol. A gentle 

mechanical bending of anodized Ti foil facilitates complete detachment of the 

membrane [28]. The membrane dimension is flat in wet conditions, dramatically 

cracking, fracturing, and curling into many small pieces during drying in atmosphere. It 

is believed that a combination of both surface tension forces and strain gradients 

account for this curling. To overcome the curling, super critical point drying was 

proposed to prepare flat, mechanically robust membranes [12]. 
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Method Schematic Mechanism Example Comments 

A 
 
Mechanical 
delamination Mechanical splitting

 

A facile and safe 
method, need further 
step to open end 

B 
 
Physicalparameter 
regulation 

Electrochemical 
extraction 

 

A simple and green 
method, open end 
directly 

C 
 
Chemical separation 
 

Chemical 
dissolution or 
assisted separation 

 

Robust method to 
prepare free-standing 
membranes 

D 
 
Selective dissolution 
or ICP etching 

Selective dissolution
or physical etching 

 

Reliable method to 
prepare flexible 
nanotubular flow-
through membranes 

Fig.  1.  Detachment  and  open  bottom methods  for  the membrane  (A) Mechanical 
delamination, the example from [14], (B) Physical parameter regulation, the example 
from [23], (C) Chemical separation, the example from [37], (D) Selective dissolution or 
ICP etching, and the example from [46]. 

Ultrasonic vibration induced delamination  

Ultrasonic vibration induced detachment is based on nonlinear effects developed in a 

liquid, which causes cavitation, erodes surface, and create microjets from pulsating 

cavities. During the ultrasonic vibration, collapsing cavities or cumulative microjets 

produce high pressure pulses, which induce stress on the solid surface [17]. The primary 

stress between the interface of barrier and bottom of amorphous TiO2 nanotubes is due 

to the mismatch of crystalline structures. The responses of the barrier and bottom layer 

to the oscillation in ultrasonic bath are different, which result in secondary stress at the 

interface. Besides, the additives of H2O increase the solution acidity and accelerate the 

dissolution of TiO2 at the interface of metal/oxide, causing the formation of defect zone. 

Increasing the defect zone region reduces the threshold for the interface to be split off.   

Several parameters have been discussed on the stress occurrence during ultrasonication, 

such as frequency, temperature, static pressure, vapor pressure, and surface tension. The 

surface tension and vapor pressure are two major factors, which are defined by the ratio 

of water to organic solvent (i.e. ethanol) in ultrasonic bath. The surface tension of water 
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and ethanol is 72.75×10−3 and 22.32×10−3 N/m, while the vapor pressure is 17.5 and 

44.6 mm Hg at 293 K respectively [17]. Thus, adding a certain amount of water in 

ethanol increases the solution acidity as well as enhances the surface tension. Applying 

ultrasonic vibration in a solution of water and ethanol with 1:4 volume ratios and 

followed by drying in atmosphere, a large-area and non-collapsing free-standing thin 

TiO2 nanotube membrane was detached from Ti substrate [17].  In even lower water 

concentration, ultrasonic agitation in 95% ethanol solution for several minutes, a thicker 

TiO2 nanotube membrane was detached due to the low acidity, and the bottom ends of 

the membrane were opened in a 5 wt% NH4F-1M H2SO4 solution for 15 min [30, 31].  

Direct peeling-off by tape  

Peeling-off by Scotch tape is a straightforward method to separate inorganic TiO2 

membrane from Ti foils by mechanical force [32]. However, the detached membrane are 

easily curled or broken since the flexibility of the tape. Another better solution for 

fabricating self-supporting membranes is to detach the oxide films with an adhesive 

polymer, followed by soaking it in organic solvent to remove the polymer.  Alternatively, 

the transfer printing technique developed by Rogers and co-workers was applied to 

detach the nanotube membrane [33].  

2.1.2 Physical parameter regulation (Fig. 1B: Voltage, Temperature, Electrolyte 
composition) 

Voltage control 

Decreasing and increasing voltage at the end of the anodization reduce adhesion of TiO2 

nanotube layer on Ti substrate, and simultaneously open up the bottom ends [23, 25, 34-

36]. This method is attributed to local acidification and gas evolution produced by 

voltage transition. Through the voltage transition at the end of anodization, the bottom 

end morphology was tailored by tuning the magnitude and duration of the anodized 

voltage and the barrier layer at the bottom becomes fragile. Thus, both the breaking 

away of the TiO2 nanotubes from the Ti foil and the opening of their bottoms can be 

easily achieved. This method is simple and offers a number of advantages in 

comparison to chemical etching by HF. 

As an example of this technique, a constant voltage of 100 V for 2-3 h in NH4F/ethylene 

glycol electrolyte was carried out by using computer controlled power supply. At the 

end of the process, the voltage was decreased by software or manually adjusted 
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potential to 10 V, over 0.5-1 minute. Following the fabricated TiO2 nanotube layer was 

detached by sonication in a methanol bath, and membranes with through-hole 

morphology were observed [23]. In our recent experiment, the immobilized membranes 

with ordered TiO2 nanotube arrays are prepared in ethylene glycol electrolyte under 

60V/24 h first, then after annealing at 500 OC for 2 h, followed by another anodized at 

20, 60, 100 V for 60, 30, 10 minutes, respectively. All of the membranes were 

successfully detached from the substrate by taking advantage of the different 

mechanical stress of the two anodic layers [25]. On the contrary of decreasing the final 

step voltage, free-standing and flow-through TiO2 nanotube layers were also observed 

by raising the voltage from 60 V to 80-180 V at the end of process [34-36].   

Temperature control  

A thermal treatment has been applied for as-prepared TNT membrane on titanium foils 

to assist membrane detachment [22, 25, 37]. The process is described as three steps [37]. 

First, the Ti substrate is electrochemically pre-anodized. Then the pre-anodized TiO2 

layer is peeled off by intense sonication in deionized water to expose the 

electrochemically patterned Ti substrate. The patterned substrate Ti is then anodized 

once more, and the new oxide layer is heat-treated at a temperature range of 200-700 OC. 

The initial two electrochemical anodization steps were carried out at 10 °C in electrolyte 

while the third one at an elevated temperature 30-50 OC. The free-standing membranes 

are completely detached by the third step.  

This method utilized the different mechanical stability and etching selectivity between 

upper and lower tube layers [22, 38]. After thermal treatment, anatase crystals formed 

on the upper layer show high resistance to chemical etching. While the bottom tube 

layer formed by third-step anodization has an amorphous structure. Therefore, the 

crystallized TiO2 layers can easily be mechanically peeled off by taking the advantage 

of the different material properties between the anodic layers. The elevated bath 

temperature is crucial for the membranes separating. The high temperature at the third 

step gives rise to low viscosity and high current density for the electrolyte, which leads 

to enhanced chemical etching ability. Local chemical dissolution is expected to be fast 

for newly formed TiO2 nanotubes, which has less dense walls at the interface and weak 

interconnection. 
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Electrolyte composition control 

By regulating the composition and concentration of electrolytes, detached TiO2 

nanotube array membranes were achieved directly due to etching contrast between the 

oxide layers and the substrate [39, 40]. As sodium molybdate (0.1M) was added in 

ethylene glycol solution containing 2% water and 0.5% ammonium fluoride, free-

standing transparent TNT membranes were synthesized. The membrane was amorphous 

TiO2 with thickness equal to 10 µm. After a hydrothermal treatment at 120 OC, 

amorphous TiO2 nanotubes were transformed to anatase structure while the integrity 

structure of the membranes was maintained [40]. 

2.1.3 Chemical separation (Fig. 1C: Chemical dissolution/Chemical assisted 
separation) 

Chemical dissolution 

A dense and free-standing membrane consisting of both-side-open TiO2 nanotubes was 

detached from metallic Ti substrate by chemical dissolution process [20]. In this process, 

a high aspect ratio TiO2 nanotubular layer was first prepared on Ti substrate. Then the 

specimen was immersed into a mixture of Br2 and dry methanol for 12h in N2 

atmosphere. This created a free-standing nanotube membrane floating in the etching 

solution. After being rinsed with methanol and DI water, the layers were placed (closed 

tube side down) above an open bottle containing HF 48% for preferential etching of the 

tube ends. Finally, the sample is rinsed with DI water again. The final membrane allows 

direct, size-selective, flow-through photocatalytic reactions with high efficiency. 

However, this fabrication method takes long process time and used a toxic bromine-

containing methanol solution. 

Chemical assisted separation 

The solutions H2O2, HCl, HF and HgCl2 have been employed for chemical assisted 

separation of TiO2 nanotubes membrane from Ti substrates [16, 37, 41-45]. The as-

prepared nanotube array membranes and Ti substrate were immersed in 33 wt% H2O2 

solution for tens of second, following which the entire TiO2 nanotube membrane was 

lifted off from the Ti substrate with a closed ends [16, 41]. Then, oxalic acid was used to 

remove the tube ends. During this wet-chemical etching, a thin layer of hot-melt 

adhesive was used as a protective layer to cover on the opened top of the nanotube 

arrays for retaining its tubular structure first. The free-standing array membrane was 
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then immersed in 0.5% oxalic acid solution at 40 OC for a certain time. Titanium oxide 

located at the interface of the tube and the bottom ends was etched by oxalic acid to 

form a yellow titanium oxalate complex. After the bottom ends fell off and the open 

pores appear, the thin protective layer was separated by soaking the adhesive in acetone 

solution [16]. 

An alternative method is that amorphous TiO2 nanotube layer is crystallized by high-

temperature annealing at 330-500 OC in oxygen ambient. Then a thin underlayer of 

amorphous nanotube layer is grown underneath the annealed TiO2 nanotube layer by a 

secondary anodization step. Next, the amorphous lower-layer is selectively dissolved by 

a treatment in 5% H2O2 solution for 12 hours. The crystallized titania nanotube 

membrane present an excellent anticorrosion ability in the solution and was separated 

from the Ti substrate without any cracking [37]. 

Etching bottom layer in 0.1 M aqueous HCl solution for 1 hour is another option to 

prepare free-standing membranes [43, 44]. The free-standing membrane was 

manipulated with tweezers and transferred onto fluorine doped tin oxide (FTO) glass 

substrate. Besides, free-standing TiO2 nanotube membrane was peeled off by soaking 

the films in a saturated HgCl2 solution for several hours, leaving self-supporting 

membrane and the titanium substrate [45]. 

2.1.4 Selective dissolution or ICP etching (Fig. 1D: Selective dissolution/ ICP 
etching) 

Selective dissolution 

This technique consists of anodizing a pre-formed metallic double layer Ti/Al and 

followed by a wet etching technique. The electrochemical parameters are adjusted to 

allow for nanotube formation in metallic Ti layer. Once the thin Ti layer is fully 

anodized, it continues to etch into the underlying aluminum layer.  The anodized double 

layer (Ti/Al) membranes are then immersed in ethanol and dried in air. Last, the 

aluminum and formed alumina pores are selectively removed in an acidic etchant. Albu 

et al. have demonstrate the fabrication of a large-scale, flexible and well electrically 

connected nanotubular flow-through TiO2 nanotube membranes by taking this technique 

[46]. This strategy allowed large-scale membranes to be reliably fabricated for the first 

time. A prior photolithographic definition of pore-array squares shows much advantage 

to provide rupture-free structures, mechanical flexibility, and high conductivity via the 
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remaining Ti metallic frameworks. An alternative approach to prepare TiO2 nanotube 

arrays with through-hole morphology by anodizing a thermally evaporated Ti/Au 

bilayer film also have been demonstrated [47]. 

ICP etching 

Inductively coupled plasma etching uses reactive plasma to micro machine 

semiconductor materials. High-energy ions from the plasma attack the materials and the 

plasma-assisted reaction produce volatile compounds which are pumped out from the 

ICP system. Thus, the barrier layer at the bottom of the titania nanotube arrays could be 

removed by ICP etching to get flow-through titania nanotube arrays [21, 48]. For 

instance, the flow rate of plasma etching parameters were He 20 sccm, Cl2 10 sccm, 

BCl3 40 sccm with a base pressure equal to 0.8-0.9 Pa. After plasma etching for 10 min, 

the bottom ends of the titania nanotube arrays were completely opened [21]. Compared 

to previous attempts, these approaches are scaled up to large areas and eliminate the 

critical bottom opening steps, and compatible with standard MEMS technology.  

2.1.5 Advance in photoconductive studies of TNTs 

The characteristics of photocarrier dynamics in semiconductors are the basis of the 

operation of photodetectors, photodiodes, and solar cells, and they typically include 

photogeneration of electron-hole pairs, their efficient transport, and collection as the 

output signal. The photoconductivity in a semiconductor can be defined as photo e n    , 

where e is the electronic charge, μ is the carrier mobility and Δn is the carrier 

concentration [49-51]. Nanostructured materials are attractive for photon detection 

because of their large active surface area and potential integration with conventional 

electronics [49, 50]. In a semiconductor nanowire/ nanotube, the electron-irradiation-

carrier dynamics just like the photo-carrier dynamics could be strongly affected by 

carrier trapping and/or scattering at the surface localized energy states over the bulk 

energy states, particularly due to the large surface-to-volume ratio. Earlier examples of 

semiconductor nanowire (Ge, ZnO) photodetectors indicate that the response process is 

strongly influenced by temporal and spatial charge separation and carrier multiplication 

within one dimensional confinement [51, 52]. The photoconductivity is size-dependent 

and inversely proportional to the nanowire diameter, as shown in Fig. 2. 
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Fig.  2.  Diameter‐dependent  photoconduction  (a)  illustration  of  the  photocarrier 
generation  by  the  low  photon  flux  and  subsequent  electron  surface  trap  and  hole 
accumulation at the nanowire  (NW) cross sections with different diameters, which  is 
similar  to a cylindrical capacitance.  (b, c) Two‐dimensional simulation of  the  induced 
hole concentrations  (filled colors)  for 50 and 300 nm thick Ge NW cross sections.  (b) 
The  induced hole  concentrations  at  lower photon  flux  as  in  the  case of  (a).  (c)  The 
induced hole concentrations  in  the case of  full saturation of surface states upon  the 
higher  photon  flux.  Contours  in  each  NW  cross‐section  image  represent  the 
equipotential  line  (gray).  (d)  Diameter  dependence  of  the  photoconductivity.  (e) 
Diameter dependence of the photocarrier concentration when the gain is maximal [51].  

TiO2 nanostructures such as nanotubes, nanowires/rods are one of the main groups for 

the fundamental research and development of real-world nanoelectronics [4, 8-10]. The 

distinctive UV absorption ability makes TiO2 suitable for UV detection against the 

background of infrared and visible light [8]. The anisotropic geometry of the one-

dimensional structure facilitates rapid transport of carrier, which is crucial for 

optimizing the carrier collection efficiency [53, 54]. Various aspects of TiO2 

photodetectors have been addressed by downsizing from bulk to nanometer in literature. 

Earlier studies are devoted to understand the dynamics of the transport, trapping and 

recombination of charge carriers generated in TiO2 nanoparticle films [55, 56]. However, 

it is a challenge to extract the intrinsic transport properties from the size effects in dense 

a b

c

d e
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nanoparticle films. Subsequent in situ observations of photoconduction properties over 

the 1D TiO2 nanostructures provide a means of exploring the surface and size effects on 

the electrical transport phenomena [53, 57-59]. Nevertheless, their manufacturing is 

complicated and not suitable for large-scale applications. Recent studies are focused on 

device performances by using TiO2 rods/tubes as building block that leads to a 

filling/decoration of nanostructures [8, 54, 60, 61]. For such composites, it is difficult to 

extract details on rod/tube-induced transport properties as that represents a mixture of 

material behavior. Despite the progress, fundamental questions about the internal 

electronic structure, the effect of the large surface or small size in comparison to its bulk, 

and size dependent transport phenomena in TiO2 nanotubes remain scarcely answered 

up to now. 

2.2 Fabrication of TiO2 nanotube membranes 

2.2.1 Amorphous free-standing TNT membranes (Article II)  

In this work, we developed a facile procedure for fabricating free of disorder 

nanostructuress, large-area, flat and mechanically robust TNT membranes. The major 

highlights of this approach are (i) straightforwardly detaching a large scale TNT 

membrane from Ti substrate after a single anodization step. (ii) Rinsing the as-anodized 

film with ethanol effectively avoids the architectural disorder on the membrane surface. 

(iii) Reducing evaporation rate of the rinsing solvent assures the detachment of a large 

area, flat surface and free-standing membrane. 

Experiment 

Prior to anodization, Ti foils were cut into required size (~15mm×35mm×0.3mm, 99.8% 

purity), and degreased by sonicating in acetone, isopropyl alcohol and methanol each 

for 10 min. Then the Ti sheets were rinsed with DI water and dried in air. The 

anodization was carried out in a two-electrode system with a platinum foil as a counter 

electrode and Ti sheet as a working electrode. The distance between cathode and anode 

was fixed to 3.5cm. Anodization was conducted at a constant voltage of 80V for 24 h at 

room temperature. Ethylene glycol (99.8 wt%, Sigma-Aldrich) containing 0.5 wt% 

ammonium fluoride and 0.3 wt% DI water was used as the electrolyte. 

The fabrication processes are schematically shown in Fig. 3. A Ti foil (Fig.3a) is 

anodized to form TNT arrays (Fig. 3b). The as-prepared arrays are rinsed by ethanol and 
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then covered by a piece of heavy duty cleanroom paper (TX5729) to assure a slow 

evaporation (Fig.3c). Last these TNT arrays are self-detached from the substrate during 

evaporation process and result in a flat free-standing TNT membrane (Fig. 3d). As a 

comparison, another as-anodized sample was rinsed with DI water and drying in the air. 

Furthermore, the membranes were annealed to obtain the crystalline phases.  

                         
 

 

                       

Fig. 3. Schematic illustration of the fabrication process 

The morphology and the structural quality of membranes were investigated by scanning 

electron microscope (SEM, Philip EX-30) and transmission electron microscope (TEM, 

JEM-2010HR). The TNTs were scratched from the sample and dispersed in ethanol, and 

one drop of the suspension was dropped onto a carbon-coated copper grid for HRTEM 

and SAED measurements. The crystal structure of membranes was identified by X-ray 

diffraction (XRD, Bruker AXS D8 Discover) using Cu Kradiation. 

Discussion 

Fig. 4 (1) and (2) show photographs of the obtained free-standing TNT membranes. The 

membrane (Fig. 4 (1)) was rinsed by DI water and dried in atmosphere [34], the free-

standing TNT layer was detached from Ti substrates during the water evaporation. The 

surface of the membranes was flat in wet status while they dramatically cracked and 

curled into small pieces after drying. From the top-view SEM image in Fig. 4(a), it can 

be seen that both clusters of TNT bundles and microcracks exist in the membrane 

structure. The disorder nanowires (inset in Fig. 4(a)) were caused by the nanotube 

lateral deflection resulting from the action of capillary forces between adjacent 

Ti foils Oriented TNT layer 

Large-scale, flat free-standing 
TNT membranes

(c) 

Anodization 

Rinsed with 
ethanol

(d) 

A TX5729 paper  

Evaporation at room 
temperature  

(b) (a) 
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nanotubes during evaporative drying. The extents of bundling and crack are supposed to 

increase with increasing the membrane thickness [62, 63]. Fig. 4b displays the cross-

section SEM image of the membrane. The TNT length is about 300m. The tube tips 

are sparse while the bottom parts are closely connected, a combination of both surface 

tension forces and strain gradients account for the curling [34]. 

The anodized TNT membrane rinsed with ethanol, and then covered by a piece of heavy 

duty cleanroom paper to slow down the evaporation rate. After drying and removing the 

paper, a free of disorder nanostructures, large scale, free-standing and mechanically 

robust TNT membrane was observed, as shown in Fig. 4(2). The large area detachment 

of the TNT membrane can be understood through the low drying rate, which induces the 

tension force between the membrane and metallic substrates to be released uniformly. 

Although a free-standing TiO2 nanotube membrane was developed based on methanol 

wetting and subsequent N2 blow-dry technique [64], the N2 air turbulences along the 

blowing streams might obsess the fragile membranes to reach a large scale.  Moreover, 

ultrasonically cleaning the surface induced unevenly strain and tension forces over the 

whole membrane and easily crumbled the membrane into small pieces [28]. In contrast, 

ethanol has a relatively low surface tension and evaporation rate; herein the whole 

membrane remains an intact and flat surface after drying. It can be seen from the top-

view SEM image (Fig. 4c) that the amount of morphological disorder was significantly 

reduced. The magnified image (inset of Fig. 4c) shows that the TNT arrays remain 

compact, stand vertically and no destructive changes are observed after peeling from the 

Ti substrate. The constituted TNTs are of an average diameter of 150 nm and wall 

thickness of ~15 nm. Fig. 4d shows cross-section SEM image of the membrane, where 

the TNT length is about 300m. The estimated aspect ratio (length/diameter) of the 

membrane is ~ 2000, which is an important parameter for photoelectrochemical 

application [10, 28]. 
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Fig. 4. Digital photographs of free‐standing TNT membranes rising with (1) DI water or 
(2) pure ethanol. SEM  images of the membranes cleaned with water (a) top‐view, (b) 
cross‐section, cleaned with ethanol (c) top‐view, (d) cross‐section.  

Fig.5 presents an angle-view photograph and detailed SEM images (insert) of a large 

scale, flat, free-standing TNT membrane and the corresponding Ti substrate. The 

membrane is mechanically robust and can be easily manipulated with tweezers, standing 

perpendicularly without any bending. The surface SEM image (insert Fig.5a) shows an 

ordered and compact nanotube array rather than disordered nanowire structure. The 

cross-section image (Fig. 5b) illustrates that these pores are consisted of densely packed 

nanotubes. This vertically oriented, close-packed morphology of nanotube arrays go 

(2) (1) 
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straightly from the top to bottom of the membrane and provide a direct pathway for 

electron transport at the nanotube walls. The bottom image of the membrane and the 

remained footprint on the substrate are presented in Fig. 5c, d, respectively. It can be 

seen that the membrane bottom consisted of close-packed TNTs with a closed end. The 

diameter of the end is ~200 nm and a barrier layer existed between the TNTs and the Ti 

substrate.  

Specifically in the barrier layer, the ions migrated through the oxide film and upon 

arrival at the oxide-metal interface forms a sacrificial soluble oxyfluoride layer. This 

thin layer consists of various anions (F-, O2-, OH-) and metal cations Tin+ combined in 

many different ways. Prior study indicated that the relatively fast migration of fluoride 

ions as compared to other ions (such as O2-) account for the poor adhesion between the 

oxide membrane and the underlying substrate [32]. Therefore, the applied voltage is the 

dominant factor to the growth and the self-detached process of TNT arrays. Generally, 

low voltage (0-40 V) results in an immobilized TNTs with thin thickness, high voltage 

(>80 V) and long duration cause over-etching on the surface, leading to disorder 

nanostructures left on the surface [65-67]. Thus, the membrane fabrications were all 

conducted in the potential range of 40-80 V [34-42, 68], but few researcher emphasized 

this critical step. In this study, anodization at 80 V for 24 hours was proved to be 

balance the material contrast and the growth rate of the TNT tube. As a result, it not 

only produced the membrane with enough mechanical strength but also led to a facile 

detachment.  
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Fig. 5. Self‐standing TNT membranes (a) top view (b) cross‐section (c) bottom view (d) 
corresponding foot print left on the substrate 

The phase of TNT arrays is amorphous after electrochemical anodization. High 

resolution transmission electron microscope (HRTEM) image (Fig. 6a and c) shows a 

disorder amorphous characteristic. A large number of localized states in the amorphous 

structure can act as traps and recombination centers [69-71], which reduce the TNT 

performance (e.g. photo-catalytic/electronic). To crystallize the titanium dioxide, the 

TNTs were annealed in air with the temperature ramping at a rate of 2 °C/min and then 

kept at 500 °C for 2 h.  Crystallized and ordered structure of the TNT is immediately 

apparent after annealing, as shown in Fig. 6b and d. XRD characterization (Fig. 6e) 

further confirmed that the as-prepared TNT is amorphous and no obvious peaks can be 

found. On the contrary, the crystallized counterpart shows three strong diffraction peaks. 

All reflections are indexed (marked by black bar in Fig. 6e-JCPDS file 84-1286), the 

diffraction peaks at 2θ= 25.5°, 38.1°, 48.3° can be identified to the (101), (004), (200) 

crystal faces, respectively. The grain diameter estimated from TEM analysis is 80 nm 

while Scherrer analysis of the X-ray patterns give a value of 82 nm from the (101) 

diffraction peak. 
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Fig.  6.  TEM  images  of  the  amorphous  (a)  and  anatase  TNT  (b),  (c)  and  (d)  are  the 
selected area electron diffraction (SAED) patterns, (e) XRD patterns of the TNTs 

2.2.2 Free-standing crystalline TNT membranes (Article III) 

In this paper, a handy experimental procedure was proposed to fabricate free-standing 

crystalline TNT membranes. The concept is outlined in Fig. 7 (1)-(4). The ordered TNT 

arrays are firstly fabricated under optimized parameters, after an annealing and followed 

by a second (detachment) anodization step, free-standing crystalline TNT membranes 

are detached from the substrate without any cracks. Low detachment voltage (20V) 

c d

e 

a b
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results in closed end membranes, while through-hole membranes are obtained at a high 

detachment voltage (100V). This method is a reliable technique for fabricating free-

standing TNT membranes without the needs for any complicated processes or 

dangerous chemicals. At the same time, different from previous studies, we have 

systematically investigated the effects of voltage on the detachment process of free-

standing crystalline TNT membranes. 

Experiment 

Ti foils were cut into required size (~15mm×35mm×0.3mm, 99.8% purity, obtained 

from Baoji Titanium Industry Co., Ltd, China), degreased and cleaned by sonication in 

acetone, isopropanol and deionized water for 10 min during each step. After drying, the 

backside of Ti foil was covered by a Scotch tape, rinsed by water and exposed to UV 

radiation about 10min for cleaning. Then it was put into a polyflon cell with an area of 4 

cm2 exposed to the electrolyte. Ethylene glycol with 0.5 wt% ammonium fluoride 

(NH4F) and 3 vol% water was used as electrolyte. The first anodization was started with 

growth of ordered TNT arrays on Ti foil under 60V for 24 h, followed by sonic cleaned 

in ethanol to remove the electrolytes and annealed at 500 OC for 3 h to crystallize the 

TNT arrays. Then, the annealed samples were anodized again in the same stock 

electrolyte with another voltage (e.g. 20, 60, 100 V). After detecting the detachment 

occurs over time to each case, the samples were picked out and rinsed by ethanol to 

remove the electrolytes, finally dried in air. The morphology of the TNT membranes 

was characterized by a Philip EX-30 scanning electron microscope (SEM). X-ray 

diffraction analysis (Bruker AXS D8 Discover with a normal θ-2θ scan, Cu-Kα 

radiation) was performed for phase identification. 

Results and discussion 

Fig.7 (a-c) shows the photographs of free-standing crystalline TNT membranes and 

their substrates with various detachment voltages (second anodization). The membrane 

geometry was defined by the first anodization (60V/24 h) [45, 72], but the applied 

voltages in second anodization step were 20, 60 and 100 V respectively, corresponding 

to the sample a, b and c. It can be seen that the membranes formed with white color, free 

of cracks and only slightly bending upon air drying. This bending effect may be 

ascribed to the absence of barrier layer at tube bottom, where compressive stress is 

exerted.  
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Fig. 7. Schematic illustration of the fabrication process for free‐standing crystalline TNT 
membranes  (1)~(4)  and  (a~c)  the  three  resulting  samples  are  firstly  anodized  at 
60V/24h, then annealing at 500 OC/3 h, followed by another anodization at 20V/60 min, 
60V/30 min and 100V/10 min, respectively. 

Fig. 8 shows the top view, cross section and bottom view SEM images of the above 

three membranes. From the top view and cross section images in Fig. 8a-c, it can be 

observed that all membranes (the inserts of Fig. 8 a-c) display a thickness of 18 m and 

the average inner diameter of 140 nm, which are not influenced by the second 

anodization step. This phenomenon indicates that crystallized layer shows high 

resistance to chemical etching from the electrolyte. Fig.8 d-f shows the surface of Ti 

substrates after detachment and bottom morphology of the membranes. It can be seen in 

Fig.8d and its insert that the membrane detached at low voltage (under 20 V for 60 

minutes) preserves their tube morphology and the bottom of tubes are closed, and a non-

ordered compact oxide layer is present on the bottom of membrane. As shown in Fig. 8e, 

the nanotube bottom ends are opened partly in 30 minutes with the detachment voltage 
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equals to 60 V. On the other hand, all bottom ends of the nanotube are homogenously 

opened at the high detachment voltage (100 V), and the through-hole diameter is about 

50 nm as present in the inset of Fig. 8f. Besides, the detachment process at high voltage 

is faster than that of the low voltage, and it only needs about 10min. 

To clarify the detachment mechanism of the free-standing TNT membranes, top-view 

SEM images of the membranes (Fig. 9a-c) and the images of underlying TNT layer 

remaining on substrate (Fig. 9d-f) were further analysed. We can see that the tip wall 

thickness of the TNT on membrane is about 15nm. However, the wall thickness and 

inner diameters of the underlying tube on substrate are 10, 25, 45nm and 30, 60, 80 nm 

corresponding to the 20, 60 and 100 detachment voltage, respectively. The interface 

structures of membranes before detachment might be presumed as the schematic 

diagrams in Fig. 9. The possible detachment mechanism of the TNT arrays from the 

substrate can be explained as follow: a TNT layer prepared under a set of parameters 

leads to a specific geometry, the underneath layer may be initiated at the bottom of a 

tube [34, 73-76], or in the spaces between the tubes [73]. The crystallized/amorphous 

oxide interface forms from various anions (F-, O2-, OH-) and metal cations Tin+ 

combined in different ways. The relatively fast migration of fluoride ions as compared 

to other ions (such as O2-) induced a poor adhesion between the layers [32].  
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Fig.  8.  (a‐c)  Top  view,  cross‐section  (inert)  and  (d‐f)  bottom  view  images  for  the 
membrane a~c in Fig.7. 

Furthermore, different from previous studies, the local acidification and gas evolution 

produced by transition voltage [34] and mechanical contrast account for the detachment 

of present study. Therefore, all methods can effectively detach the TNT membrane. But 

the membrane detachment more likely occurs below the interface (as marked by blue 

dash-line) at low voltage and above the interface at high voltage due to sharp contrast of 

material properties and the resulting structure. To the middle voltage (60V), the 

detachment is random distributed over the interface.  
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Fig.  9.  The  presumed  structure  before  detachment,  (a~c)  top  view  images  of  the 
membrane and (d~f) the left layer on corresponding substrates.  

X-ray diffraction (XRD) patterns were further used to characterize the crystal structure 

of the membranes. Standard patterns of Ti (JCPDS file 44-1294) and anatase TiO2 

(JCPDS file 84-1286) were plotted in Fig. 10 for comparison [71]. It shows that the 

preferential crystallographic orientation of the metallic Ti substrates is (103), the grain 

size of the underlying titanium substrate evaluated by Scherrer equation is about 194.8 

nm. The as-prepared TNT film is amorphous and only diffraction peaks of Ti can be 

found in Fig. 10a.  In general, as the annealing temperature increases from room 

temperature to 800 OC, the phase of titanium oxide changes as amorphous→anatase→

rutile. To form anatase TiO2, annealing at 330-500 OC for 1-3h in an oxygen ambient is a 

common procedure in literatures [71, 77, 78]. After calcination at 500 OC for 3 h, more 

X-ray diffraction patterns are clearly observed in Fig.10b, which can be referred to 

anatase phase. 
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Fig. 10. XRD patterns of (a) as‐prepared and (b) annealed TNT arrays on Ti substrates 
and (c) free‐standing crystalline TNT membranes. 

In contrast, for the crystallized free-standing TNT membrane, the diffraction peaks of Ti 

substrate disappear and all of the peaks can be attributed to the anatase TiO2 phase (Fig. 

10c), the strong diffraction peaks at 2θ = 25.5O, 38.1O, 48.3O can be identified, 

respectively, to the (101), (004), (200) crystal faces. The grain size of the anatase TiO2 

is about 81.6 nm, which was supposed no relevance to the grain size of the Ti foil but 

depended on the annealing temperature [69]. 

2.3 Photoconductive study of TiO2 nanotubes 

2.3.1 Photoconductive, free-standing crystallized TNT membranes (Article IV) 

In this paper, we demonstrate that high photoconductive gain is achievable through a 

large-scale, free-standing crystallized TNT membrane. Schematic illustration of the 
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membrane fabrication via a two-step anodization and packaged device for the 

photoconductive characterization is shown in Fig.11. The first anodization grows 

ordered TNTs on a Ti foil, followed by annealing to crystallize the TNTs. Then, the 

annealed sample is anodized again to create an amorphous TNT layer below the 

crystallized layer, which is self-detached from the substrate to form a free-standing 

membrane. Next, the membrane is transferred to a silicon substrate patterned with gold 

interdigitated electrodes, and assembled with a quartz-glass cover to form a 

photoconductive device. The contribution of this work are (i) evidenced the controllable 

growth of free-standing TNT membranes, (ii) revealed the surface effects on the 

electrical transport in TNT membranes, (iii) extracted intrinsic properties of the TNTs 

from the effect of metal substrate and/or supporting electrolyte. 

                              
     

                                            

Fig. 11. Fabrication procedure (1) First anodization grows a layer of amorphous TNT. (2) 
Annealing the TNT layer. (3) Second anodization to grow a beneath layer of amorphous 
TNT and meanwhile detach  the  first  layer.  (4) Transfer  the membrane to a substrate 
with gold electrodes. (5) A complete TNT‐membrane device. 

Experimental Details 

1. Synthesis of TNT membrane  

Ti foils were cut into an appropriate size (~12mm×35mm× 0.3mm, 99.8% purity), 

degreased and cleaned by sonication in acetone, isopropanol, and deionized water for 10 

min during each step. After drying, the backside of Ti foil was covered by a Scotch tape, 

rinsed by water, and exposed to UV radiation about 10 min for cleaning. Then it was put 

into a polyflon cell with an area of 3.5 cm2 exposed to the electrolyte. Ethylene glycol 

with 0.5 wt% ammonium fluoride (NH4F) and 3.0 vol% water was used as electrolyte. 

Annealing Self-detached 

Transfer 

Assembly  

UV  

Glass 

Au Silicon substrate 

Ti foils 

(5) (4)

Au 

(1) (2) (3) 
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The first-step anodization was started with growth of ordered TNTs on Ti foil with 

various voltages as 20, 40, 60 and 80 V for 24 h, followed by sonic cleaning in ethanol 

to remove the electrolytes and annealing at 500 OC for 3 h to crystallize the TNTs. Then, 

the annealed samples were anodized again in the same stock electrolyte with another 

bias voltage of 100 V. When the detachment was observed (~10 min), the samples were 

picked out and rinsed by ethanol. The cleaned sample was then dried in air with the 

anodic surface facing up.  

2. Photoconductive device fabrication 

For photoconductive characterization, standard optical-lithography followed by Ti/Au 

(10/150 nm) deposition and liftoff were used to define the gold interdigitated electrodes 

on silicon substrate. The interdigital fingers are 0.8 mm wide, 11.5 mm long and 

interspaced by 2.0 mm. Then the TNT membrane was directly transferred onto the 

substrate, and covered by a piece of quartz glass with thickness ~ 0.5mm. Last, 

additional drops of glue on the partial boundary packaged the sandwich device. The 

membrane was physical interconnected/sandwiched between the Au-patterned substrate 

and the glass without using any adhesives. This is different from dye-sensitized solar 

cell structure, in which liquid electrolytes are required as electron carriers for solar to 

electrical conversion [79-81]. 

3. Characterization  

The morphology and structural quality of membranes were investigated by scanning 

electron microscope (SEM, Philip EX-30) and transmission electron microscope (TEM, 

JEM-2010HR). The TNTs were scratched from the sample and dispersed in ethanol, and 

one drop of the suspension was dropped onto a carbon-coated copper grid for TEM 

measurements. The crystal structure was further identified by X-ray diffraction (XRD, 

Bruker AXS D8 Discover, Cu Kradiation). Transmission spectra were recorded with a 

DUV-vis spectrometer (Shimadzu SolidSpe-3700). Current-voltage (I-V) characteristics 

and the time responses of device to light irradiation were recorded with a Keithley 6430 

source measure unit. A UV lamp (Tiede-50W switchable) with tunable intensity was 

selected as light source. The light intensity was measured with an OAI-306 power meter. 

All measurements were performed at room temperature in ambient conditions. 
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Results and Discussion  

1. Morphology and crystal structure of TNT membranes  

The as-prepared TNT membrane (~12 mm×30 mm) is mechanically robust and can be 

manipulated with a tweezers. The membrane appears white in color, free of cracks and 

with a small curvature after drying in air. This curvature is attributed to the absence of 

barrier layer at the bottom, where a compressive stress is existed [25]. Fig. 12 presents 

the dependence of diameter and thickness of the TNT membrane on applied voltage 

after 24 hours anodization. The pore diameter increases from 30 to 200 nm and the 

membrane thickness increases from 5 to 32 µm when the potential changes from 20 to 

80 V. Low voltages (≤ 20V) result in an uncompleted surface oxidation process (Fig. 

12a), while high applied voltage (≥80V) induces over-etching and produces disordered 

nanowires on the membrane surface (Fig. 12d). The optimal anodization voltage of the 

robust, free-standing membrane in the electrolyte is between 40~65V with a proper 

process period (~24 hours). 

 

 

Fig. 12. Diameter and  thickness of  the membranes defined by  the applied voltage  in 
first  anodization  (a‐d  is  20,  40,  60,  80  V  for  24  h  anodization  correspondingly,  and 
detached at 20 V/1 h in the second anodization). 

During the two-step anodization, applied voltage at the second anodization plays a 

critical role to define bottom morphology of the membrane. Membranes detached at low 

voltage (20V) retain nanotube morphology and the TNT bottom ends are closed. 

Through-hole membranes are obtained at a high detachment voltage (100 V) [13, 25, 

34].  Fig. 13a-c present SEM images of the membrane fabricated at 60 V/24 hours and 

detached at 100 V/10 minutes. The top-view image shows an ordered and compact 

nanotube array rather than disordered structure (Fig. 13a). Average diameter of the 

constituted TNTs is 160 nm and the wall thickness on their mouth is ~12 nm. Dual-wall 

TNTs are observed at the bottom with uniform openings (Fig. 13b) and the pore 

diameter is ~50 nm. The thickness of the membrane is ~16m (Fig. 13c) with an 

20m  20m 20m  20m

(a) (b) (c) (d) 

1m 1m 1m 1m
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estimated aspect ratio of 100 (length/diameter). This vertically oriented, close-packed 

TNTs go straightly from the top to bottom which is important to supply a direct pathway 

for electron transportation in the nanostructure. 
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Fig. 13. SEM  images of  the TNT membrane  (a) Top view.  (b) Bottom view.  (c) Cross‐
sectional view. TEM  images of  (d) single amorphous TNT and  (e) crystalline TNTs.  (f) 
TEM  image shows crystalline order.  (g) and  (h) are selected area electron diffraction 
(SAED)  pattern  for  the  amorphous  and  the  crystalline  TNT.  i)  XRD  patterns  of  the 
membrane.  

Inspection of the as-prepared amorphous TNTs by using high resolution TEM (Fig. 13d 

and g) shows a disordered lattice characteristic. A large number of localized states in the 

amorphous structure act as traps and recombination centers, which degrades the TNT 

photo-catalytic/electronic performance [56, 78, 82, 83]. Crystallized and ordered 

structure is instantly apparent after annealing (Fig. 13e and f).  The crystal lattice fringe 

spacing is 0.35nm corresponding to the spacing of (101) lattice plane of the anatase 

TiO2 [71]. Selected area electron diffraction (SAED) pattern taken from a randomly 

chosen nanotube displays diffused rings (Fig. 13h). These rings indicate that the TNT 

membrane is polycrystalline. Meanwhile, XRD pattern (Fig. 13i) shows three strong 

diffraction peaks corresponding to the three isolated rings. All diffraction fringes are 

(a) 

16m

(b) (c)

20m 500nm 500nm 

(e) (f)(d) 

(g) (h) (i)
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indexed as the anatase TiO2 phase (JCPDS file 84-1286), the diffraction peaks at 

2θ=25.5°, 38.1°, 48.3° are identified to be (101), (004), (200) crystal faces, respectively. 

The grain diameter estimated from TEM analysis is 80 nm while Scherrer analysis of 

the X-ray patterns gives a value of 82 nm from the (101) diffraction peak. The as-

prepared amorphous TNTs crystallize initially as small grains, and then coalesce to form 

larger crystallites as the increasing of temperature [71]. However, the grain is not 

uniformly crystallized in TNTs, while the large size grains are formed on the location of 

thick wall with high local temperature [71, 83]. 

2. Photoelectrical measurement 

 Fig. 14a is a photograph of the packaged photoelectrical device for photoconductive 

characterization of the membranes, where Au electrodes on the silicon substrates are 

observed through the semi-transparency membrane (the sample in Fig. 13). 

Transmission spectrum of the free-standing TNT membrane was recorded between light 

wavelength 200-800 nm before assembly (Fig. 14b). It can be seen that the light is 

completely absorbed by the TNT membrane in the UV region below 330 nm 

(transmittance ~ 0%). In contrast, the transmittance reaches a value over 40% at 

wavelengths greater than 550 nm. It indicates that the membrane ensures selective 

absorption of UV light (< 330 nm) [3, 84].  

Fig. 14c shows I-V characteristics of the TNT membrane device in dark and under UV 

illumination by a 320 nm light source at various intensities (5 minutes measurement for 

each case). The packaged photoelectrical device exhibits a nonlinear I-V curve due to 

the metal-semiconductor-metal structure [85, 86]. The near symmetric I-V curves 

indicate that there are two back-to-back contacts on the TNT membrane. At a fixed bias 

of 3.0 V, the photocurrents are about 11, 20 and 49 times larger than the dark current 

(1.8 A) value when the system is illuminated by the UV light with intensity of 2.8 

(20.5 A), 12.5 (38.2 A) and 42.0 (91.5 A) mW/cm2 respectively. The dependence of 

photocurrent on light intensity is plotted in the inset of Fig. 14c. The increases of photon 

induced current with increasing light intensity is arisen from the electron-hole pairs 

excited by the incident light which has an energy larger than the band gap [8, 86, 87]. It 

is consistent with the fact that the charge carrier photogeneration efficiency is 

proportional to the absorbed photon flux. The light power dependence is further fitted to 

a power law, Ip~θ, where θ determines the response of the photocurrent to light  
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Fig. 14. (a) A photo of the device. (b) Transmission spectra. (c) I‐V characteristics of the 
device  and  the  photocurrent  as  a  function  of  intensity  (inset).  (d)  The  responsivity 
versus bias voltage. (e) Time‐resolved photocurrent rise and decay obtained by sudden 

application  (at 3 minutes) and removal  (at 13 minutes) of  light  illumination = 24.0 
mW/cm2. (f) The growth and decay at 3.0 V bias. 
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intensity. The fitting gives a nearly linear behavior with θ = 0.65 at bias 3.0 V. This non-

unity (0.5<θ<1) exponent suggests a complex process of electron-hole generation, 

recombination, and trapping within the membrane [88]. Fig. 14d displays the 

responsivity Rλ=ΔI/(S) versus applied-voltage under =12.5 mW/cm2. ΔI is the 

difference between the current under illumination and the dark current, S is the area of 

membrane, λ is the wavelength of irradiated light [89]. The spectral response at 320 nm 

is ~30 A/W under 5.0V bias, corresponding to external quantum efficiency (QE=hcRλ/eλ) 

~10695%.  In comparing with monolayer or nanosheets [87, 90], dense nanoparticulates 

/crystals devices [91-93] whose photocurrents are normally below 10 A, our device 

provides a higher photocurrent ~200 A at bias voltage of 5.0 V.   

Fig. 14e shows photocurrent response during a 10-minute illumination pulse under 

biases of 1.0, 3.0 and 5.0 V. It is evident that applied bias voltage influences on/off ratio 

of the devices [94, 95]. At each bias, the initial current rises within 2 s under 

illumination as shown in Fig. 14f. The photocurrent rise is then followed by a slower 

component [96], in which the photocurrent increases in about 10 minutes before 

saturating. We observed plural time constants of the responsivity since the photocurrent 

response process generates a number of different classes of trap-states with different 

lifetimes [93]. The photocurrent decay starts with a fast component, during which the 

photocurrent is reduced in the first 2-10 s after turning off the excitation (inset of Fig. 

14f). This fast decay process follows a first-order exponential relaxation function [96]. 

A further slow decay process lasts about tens of minutes before returning back to its 

initial dark-state. 
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Fig. 15. Time‐dependent photoresponse under pulse  illumination (a) at 24.0 mW/cm2 
with  5  minnutes  duration,  (b)  at  different  light  intensities  (5.0,  6.0,  7.0,  8.0,  9.0 
mW/cm2) with 5 minutes duration, (c) at 4.0 mW/cm2 with various durations (1, 3, 5, 7, 
9 minutes). 

Fig. 15 shows reproducibility and stability of the TNT membranes under the bias of 3.0 

V during repetitive switching of light illumination. The photocurrent increases to a 

value of 53 μA and then decreases to its initial level (Fig. 15a). After a given number of 

cycles, the photocurrent remains consistent, stable and reproducible. The origins of the 

observed current fluctuations are surface species absorption/desorption or appearance of 

defects [85]. The membrane response during tiny changes of light intensity and duration 

are depicted in Fig. 15b and c. The photocurrent increases with increasing intensity 

from 5.0 to 9.0 mW/cm2 as well as extending duration from 1 to 9 minutes at 4.0 

mW/cm2. This increase is consistent with an increase of electron lifetime due to a 

reduction in the oxygen readsorption rate. It can be understood that the photocurrent 

gain depends on both the UV light intensity and duration, and the gain is accompanied 

by a slow decay [97].  



G. Liu: Synthesis and Applications of Free-standing TiO2 Nanotube Membranes 

35 

 

3. Inherent physical mechanism  

The optoelectronic measurements provide insight of charge transport in TNT 

membranes, including charge injection from gold contacts to the membrane and charge 

transport in the three dimensional TNT arrays [91, 97]. It is generally accepted that 

oxygen molecules are adsorbed onto the TNT surfaces by capturing free electrons from 

the semiconductor [O2(g)+e-→O2-(ad)] (Fig. 16a), which creates a low-conductivity 

depletion layer near the surface [8, 84, 91, 98]. Upon UV excitation, electron-hole pairs 

are generated. The holes migrated to the surface along the potential gradient produced 

by band-bending either discharge the negatively charged adsorbed oxygen ions [h++O2-

→O2(g)] to photodesorb oxygen from the surfaces or get trapped at the TNT surfaces. 

This leads to an enhancement of carrier injection and transport, producing a persistent 

photocurrent [8, 95].  We note that the photocurrent response in our devices is larger   

 

Fig.  16.  Schematic  illustration  of  (a) Oxygen  adsorption  in  the  dark  and  desorption 
under  UV  illumination.  (b)  The  NT‐NT  junction  barrier  for  electron  transfer  in  the 
matrix, showing a decrease in NT‐NT junction barrier height from the light‐off state to 
light‐on state. 

 (three orders) than the individual nanostructure-based devices whose photocurrent is in 

the range of several pA to nA [8, 86, 99]. As comparing with the immobilized 

membrane on Ti substrates, the absence of blocking layer on the membrane ensuring 
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perfect crystallinity and the large surface-to-volume ratio of the TNT increase the 

number of surface trap states, and facilitate oxygen adsorption / desorption at the 

surface. Compared to nanogranular films, oriented polycrystalline TNTs offer the 

advantage of directed electron transport, and are expected to have higher electron 

mobility. However, our data is inconsistent with this result. We assume that the slow 

photoresponse rise-drop speeds are caused by a single sharp resonance arising from 

exciton-like trap states [100]. Long spacing between electrodes in the devices extends 

the transport path of electrons and increases intercrystalline contacts, which also reduces 

the electron mobility [89, 101, 102]. Nevertheless, the device shows a high sensitivity to 

the UV light due to the existence of a percolated matrix. The electron conduction in the 

matrix is dominated by a combination of the grain-boundary barriers inside single 

nanotube and the junction barriers between neighboring tubes (NT-NT junction barriers) 

[86, 98]. Upon illumination, the carrier density in TNTs would narrow the barrier width 

or lower the effective barrier height (Fig. 16b), which facilitates an increase in electron 

transportation and results in an increase in conductivity of the TNT network [91, 98]. 

Since the light-induced barrier height modulation is much faster than the oxygen-

diffusion, therefore the time response speed of the device is much fast in the first few 

seconds [71, 78, 96].  

2.3.2 Small diameter TiO2 nanotubes with enhanced photoresponsivity (Article 
V) 

We report ultraviolet (UV) light detection of thin wall TiO2 nanotubes (TNTs) with open 

diameter ~20 nm obtained by a two anodization procedure. This small diameter 

nanotubular geometry shows significant enhancement of the photoresponsivity and 

results in a large increase of photocurrent. The photocurrent is one order higher than that 

of classical nanotubes with diameter of 140 nm at -1.0 V bias. We attribute this 

improvement to the modulation of hole carrier density as a result of field effects from 

the diameter-dependent population of the surface-trapped electrons. This finding 

demonstrates inherent size effects of internal gain in semiconductor nanotubes. 

Experimental details 

The anodization was carried out in a two-electrode system. The setup details are 

described in reference [25]. For the growth of small diameter TNTs, a facile process was 

introduced (Fig. 17). First anodization was started with growth of TNTs on Ti foil ~60 

V/24 h (Fig. 17 (1)), followed by annealing to crystallize the TNTs (Fig. 17 (2)). Then, 
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the annealed samples were anodized again with another small voltage (20V). When the 

detachment of the first layer TNTs was completed over time ~1 h (Fig. 17 (3)), the 

substrate was picked out and rinsed by ethanol. Last, the substrate was annealing again 

to crystallize the small diameter TNTs (Fig.17 (4)). To grow a conventional large 

diameter TNTs ~140 nm for reference, one-step anodization was performed at 60 V for 

1 h. 

(1) 1st anodization 

(2) Annealing  

(3) 2nd anodization 

(4) Annealing          

Fig. 17. The fabrication procedure (A) large diameter and (B) small diameter nanotubes. 

The morphology and structural quality of the TNTs were investigated by SEM (Philip 

EX-30) and TEM (JEM-2010HR). The nanotubes were scratched from the Ti metal 

substrate, dispersed in ethanol and then transferred to copper grids for TEM tests. X-ray 

diffraction analysis (Bruker AXS D8 Discover with a normal θ-2θ scan, Cu-Kα 

radiation) was performed for phase identification. To characterize photoresponsivity of 

the crystallized TNTs, FTO glass was integrated on the surface of TNT films to form 

photoconductive devices. Current-voltage (I-V) curves and time responses of the 

devices to light irradiation were recorded with a Keithley 6430 source measure unit. A 

UV lamp (Tiede-50W, λ=320nm switchable) with tunable light intensity was selected as 

light source. The light intensity was measured with an OAI-306 power meter.  
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Results and discussion 

Fig. 17-A shows a top-view SEM image of the large diameter TNTs grown at 60 V for 

1h. It is evident that the ordered nanotube array consists of well-aligned nanotubes with 

an average inner diameter of 140 nm and wall thickness ~15 nm. The image of small 

diameter TNTs fabricated by the two anodization step, as shown Fig. 17-B, indicates 

that the TNTs remain compact and no destructive changes after detaching the first 

crystalline layer. The constituted TNTs are of an average diameter of 20 nm with a thin 

wall ~ 5 nm. During second anodic step, the first crystalline TNT layer serves as a 

buffer for reducing the strength of electrical field and to protect the new formed 

nanotubes from chemical dissolution. Thus, uniform and small diameter nanotubes are 

realized after the second anodization at 20 V for 1 hour [103]. These close-packed, 

small diameter nanotube arrays provide a direct pathway for electron transport at the 

nanotube walls. Minor bottom parts of the first tube layer left on the small diameter 

tubes, which serves as the electron transporter for effective charge separation and rapid 

transport of the photogenerated electrons [104]. 

As the annealing temperature increases from room temperature to 800 OC, the phase of 

as-prepared TNTs is changed as amorphous→ anatase → rutile. The TNT morphology 

is collapsed at temperature above 600 OC. To form anatase TNT with preferred 

morphology and higher photoelectric activity, annealing at 350~500 OC for 2-3 h in 

oxygen ambient is a reasonable temperature process [8, 25, 78, 105]. The TEM image 

and selected-area electron diffraction (SAED) pattern of the TNTs are shown in Fig. 18. 

The high resolution TEM image shows a disordered characteristic for as-prepared 

amorphous TNTs (Fig. 18(a)). Crystallized and ordered structures of the nanotubes are 

observed after annealing at 500 OC for 3 h (Fig. 18(b)). The image reveals distinctive 

lattice fringes spaced by 0.35 nm and exhibits anatase-type polycrystalline Debye-

Scherrer rings in the upper-right inset. XRD pattern (Fig. 18(c)) further confirms that 

the as-prepared TNT is amorphous and only diffraction peaks of Ti substrate are 

detected (JCPDS file 44-1294). On the contrary, the crystallized counterpart shows three 

strong diffraction peaks corresponding to the three isolated rings. All reflections are 

indexed (JCPDS file 84-1286), and the diffraction peaks at 2θ=25.5°, 38.1°, 48.3° are 

identified to be the (101), (004), (200) crystal faces respectively. There is no significant 

change in the pore diameter or wall thickness after annealing. 
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Fig. 18. TEM characterizations of (a) amorphous and (b) anatase TNTs (c) XRD patterns.  

To extract the size-dependent photoelectrical properties of the crystallized TNTs, a 

FTO/TNT/Ti photoconductive device is then assembled, as schematically shown in the inset 

of Fig. 19(a). Two sets of linear sweep voltammograms are recorded in Fig. 19(a) under 

both dark and UV illumination of 5 mW/cm2. I-V curves present linear dependence with the 

applied bias at forward region while it exhibits a nonlinear behavior with the reverse bias.  

In particular, with the reverse bias, the FTO/TNT/Ti heterojunction gives a better 

photoresponsivity with large ratios (Iphoto/Idark) approximately 735 (Sample B) and 27 

(Sample A) at -1.0 V. We assume that the photoresponse is likely to be dominated by the 

Ti/TiO2 heterojunction area. Both samples show small dark current on the order of ~ 10 A. 

The sample A keeps a larger dark current with the reverse bias, indicating the background 

current of devices is relevance to the sign and intensity of the external electric field. The 

device of the small diameter nanotubes not only shows pronounced photoresponse under 

light illumination, but also exhibits even higher photocurrent. The maximum photocurrent is 

7.5A at 0.2 V, which is about 6 times larger than that ~1.2A for sample A. Similar 

enhancement of photoresponsivity is observed with a small reverse bias -0.1 V (Fig. 19(b)). 

This confirms a better interfacial charge transfer occurred in small diameter TNTs. Fig. 19(c) 
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represents the photoresponse of the both samples at bias of 0.2 V, where the photocurrent is 

plotted as a function of time with light intensities from 5.0 to 3.8 mW/cm2. The light source 

is repetitively switched on/off with a reducing-step of 0.2mW/cm2 to witness the 

reproducibility of the data versus time.  
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Fig. 19. (a) I‐V curves in dark and illumination, (b) photoresponses with different biases, 
(c) time dependent photoresponses 

It can be seen that the device behaves well under continuous cycling. The photocurrent 

decreases even with tiny fluctuation of light intensity, which the photocurrent gain is largely 

dependent on the light intensity. 
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The irradiation induced conductivity Δσ (photoconductivity) occur either due to a 

change in the carrier concentration Δn (carrier photogeneration) or to a change in the 

carrier mobility Δμ [51, 52, 106, 107]. Δn >> Δμ and the time dependence of the 

mobility is negligible. The photocurrent reduces to the usual form

( )photo photo effI EA e n d EA     , where e is the electronic charge, d is the nanotube 

diameter, E is the applied electric field and A is the area.  The field effect from the 

trapped holes at the TNT surfaces is diameter-dependent. The effective carrier density 

modulation can be expressed as ( ) ( )eff accn d n n d    [51, 52, 100]. The number of the 

electron-hole pairs created at a tube cross section per unit length is proportional to 
2 2( ) / 4o id d  , the number of surface trapped holes per unit length is proportional to 

( )o id d  , where do and di is outer and inner wall diameter of TNT respectively. 

Provided that the induced electron concentration is directly proportional to the number 

of surface-trapped holes by an electrostatic interaction, the accumulated hole 

concentration is expressed by
2 2

4 ( ) 1 1

( )
o i

acc
o i o i

d d
n

d d d d


 


   

 
, is the wall thickness 

[51, 52]. It means that the accumulated hole concentration is inversely proportional to 

the wall thickness. So we should obtain ~ 3 times difference in Δnacc between the two 

nanotubes, which is qualitatively consistent with the variation of the observed 

photocurrent (see Fig.19 (b)-(c)). In this experiment, the thickness of large and small 

diameter tubes (evaluated from the growth rate at 60 and 20V) is ~ 680 and 200 nm, 

respectively. Long tube length extends the transport path of electrons and increases 

intercrystalline contacts, which decreases the electron mobility [4, 108]. The decrease in 

diameter and wall thickness of nanotubes enhances the specific surface area, so that the 

dissociation efficiency of excitons and the accumulated electron concentration increases 

[51, 54, 109]. Therefore, the large specific surface area and a fast transport path for 

carriers are the main advantages of small diameter nanotubes as compared to large ones. 

The field effect from the diameter-dependent population facilitates an increase in 

electron transportation and results in a significant increase of photoresponsivity in the 

small diameter TNTs. 
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3 Conclusions 

This thesis aims to develop cutting-edge technology for reliable fabrication of TNT 

membranes. Materials formation mechanisms and their photoconductive properties have 

been investigated systematically. The main conclusions are drawn in the following 

aspects: 

 A simple process was developed for fabricating amorphous TNT membranes. The 

anodization voltage is critical for the detachment through regulating the migration 

of fluoride ions on the barrier. Rinsing the as-prepared TNT membranes by pure 

ethanol prevents morphological disorder induced by capillary stress and results in a 

clean surface with ordered nanostructure. Reducing the rate of ethanol evaporation 

by covering an additional cleanroom paper on the as-anodized substrates is a key 

step to prepare a large scale and flat surface TNT membranes. 

 A voltage-dependent investigation was performed for the detachment process of 

free-standing crystalline TNT membranes. Crystallized TNT membranes with high 

ordered nanotubes were effectively detached from the substrate by taking 

advantage of different mechanical stability between the layers. The membrane 

detached at low voltage preserves its nanotube morphology and the bottom of tubes 

are closed, while through-hole membrane with fast detachment can be obtained at a 

high detachment voltage.  

 TNT membranes were synthesized by a two-step anodic procedure, in which 

dependence of the TNT morphology on the applied voltage is experimentally 

present. Due to the large surface area-to-volume ratio and high quality crystal 

structure, the membrane exhibits a sensitive spectral response to the ultra violet 

(UV) light. The photoresponse origins from internal gain induced by desorption of 

oxygen molecules from the nanotube surfaces and reduction of the barrier at 

neighboring tubes under UV illumination.  
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 We compare the UV light sensitivity between the small diameter ~20 nm and the 

conventional diameter TNTs. The small diameter nanotube device enhances the UV 

photoresponsivity and leads to a larger increase of photocurrent. The photocurrent 

value increases ~3 orders of magnitude when the light switches from off to on 

status. These observations is associated with the modulation of hole carrier density, 

which comes from field effects of the diameter-dependent population of the 

electrons.  

This work provides powerful approach to tailor the properties of self-organized TNTs, 

which may have far-reaching implications in the design of future nanoscale systems. 

The progress together with emerging methods for deterministic assembly, leads to 

compelling opportunities for research from basic studies of two-dimensional physics to 

the development of applications such as optoelectronic or photovoltaic devices, 

photocatalysis, nano-template and sensors etc.  
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