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Hierarchical TiO2 nanotube (HTNT) arrays assembled by anatase single crystal nanoparticles (NPs)

were synthesized via in situ chemical etching of anodic TiO2 nanotube (TNT) arrays. The process

starts with the fabrication of smooth and crack-free anodic TNT arrays by employing an improved

anodization method, which is used both as the starting material and a template for the synthesis of

HTNT. The as-fabricated HTNT retains the tubular array structure as in the original anodic TNT,

and the walls of HTNT possess a porous structure, consisting of anatase TiO2 single crystal NPs. The

formation mechanism of the HTNT was thoroughly investigated, proposing that a dissolution–

recrystallization procedure of the anodic TNT under in situ chemical etching of hydrofluoric acid

leads to the transformation from TNT arrays to HTNT arrays. Such HTNT structure has higher

specific surface area and better crystallinity than the original anodic TNT, and possess one-

dimensional passageways resulting in prominent advantages for the exchange and transportation of

charge or mass, and could be an ideal candidate for many practical applications.

Introduction

Hierarchical structured micro and mesoporous materials

assembled by specific morphology building components have

attracted much attention in various fields, such as optoelec-

tronics,1 energy storage/conversion,2 chemical sensors,3 photo-

catalysis,4 biochemistry,5,6 etc. In many investigations the

hierarchical structured materials have demonstrated improved

performances, owing to the specific surface area resulting from

the porous structures and specific morphology of building units.

To date, various strategies have been developed to assemble

highly organized architectures with building blocks based on

different driving mechanisms, including CVD,7 hydrothermal,8

sacrificial template methods,9,10 etc. Most of the works focused

on the synthesis of spheres,11 cages12 or branched blocks.7 Few

reports referred to hierarchical porous nanotube arrays which

might be more desirable for practical application. Herein, we

employ a simple and reliable method to manipulate the primary

building units and assemble them into ordered hierarchical

nanotube arrays.

Titanium dioxide, as a well-known semiconductor material,

has been extensively investigated in recent years. Among the

three natural crystalline forms of TiO2 (anatase, rutile and

brookite), the anatase phase has superior optoelectronic and

photochemical properties compared to rutile and brookite for

applications in photocatalysis,13–15 chemical sensors,6,16 dye-

sensitized solar cells,17–19 water splitting,20–22 etc. So far, anatase

TiO2 with various morphologies, including particles,23,24 belts,25

tubes,4,26 wires,18,27–29 spheres9,11,30–32 etc., have been synthe-

sized and widely studied. Especially in the last few years, hollow

hierarchical TiO2 nanostructures, such as the anodic TiO2

nanotube33–35 and the alkali hydrothermal titanate nano-

tube,36–39 have captured greater attention in view of their large

specific surface area and their tubular structures. However, the

anodic TiO2 nanotubes are amorphous with poor properties,

thus requiring calcination in air at about 500 uC for conversion

into polycrystalline anatase. The alkali hydrothermal titanate

nanotubes also need acid treatment for crystalization, but the

products after treatment have poor crystallinity.28 High crystal-

linity might be a beneficial factor for improving the properties of

these materials. Generally speaking, single crystal is the optimal

crystalline structure and has regular geometrical morphology

with exposed active facets – single crystal anatase TiO2

(octahedral structure),40 for instance. Currently, the simple

single crystal anatase TiO2 nanostructures have been able to be

fabricated by hydrothermal40,41 or sol–gel methods,42–44 but the

synthesis of a specifically structured single crystal, like hollow

hierarchical structures, is still difficult to achieve. Therefore, it is

still a great challenge to develop a new approach to form hollow

hierarchical TiO2 nanostructures with anatase crystal nature.

Here we reported a simple hydrothermal approach to the

synthesis of HTNT arrays assembled by single crystal anatase

TiO2 NPs, via in situ chemical etching of anodic TNT arrays in

the presence of hydrogen fluoride. The as-fabricated HTNT
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arrays retain the tubular structure as in the original anodic TNT

arrays, and the walls of HTNT arrays possess a porous structure,

consisting of anatase TiO2 single crystal NPs. Such HTNT arrays

have high specific surface area and good crystallinity, and

possess one-dimensional interconnectivity properties, which

would be more desirable for many practical applications, e.g.,

photodegradation of organic pollutants. Further detailed analy-

sis of the structure and formation mechanism gave vital clues to

understand the nanostructure growth mechanism, which would

provide useful guidelines for future synthesis of special

nanostructured materials.

Experimental

The synthesis of HTNT arrays involves two procedures: the

fabrication of the high quality anodic TNT arrays with clean and

smooth top surface, and the transformation of the HTNT arrays

from the anodic TNT arrays.

The TNT arrays were fabricated by an improved two-step

anodization of pure Ti foil in ethylene glycol containing

hydrofluoric acid electrolyte at constant voltage. The first

anodization step was carried out at 30 V for 3 h, producing

the array of TNTs with small diameters; subsequently the

applied voltage was increased to 100 V, and kept for 1 h to grow

arrays of TNT with large diameters at the bottom of the slender

TNT arrays. Finally, the as-fabricated samples with two-layer

TNT arrays were treated by ultrasonic oscillation, removing the

slender TNT arrays from samples, and leaving the array of TNTs

with large diameters which remain a highly ordered TNT array

with a clean top surface.

HTNT arrays were fabricated via in situ chemical etching of

anodic TNT arrays by hydrothermal treatment in the presence of

hydrofluoric acid. The TNT arrays with Ti substrate were put

into sealed Teflon autoclaves containing 0.2–2 mL hydrofluoric

acid with concentration of 4%.Then the autoclaves were placed

into an oven and kept at 180 uC for 5 h. Finally the autoclaves

were taken out of the oven and cooled down to room

temperature. The obtained samples were washed with deionized

water and dried at 100 uC in air to remove the residual F2 ions.

The morphologies of as-fabricated anodic TNT arrays and

HTNT arrays were examined by field-emission scanning electron

microscopy (FESEM; Sirion 200 FEG) and high resolution field-

emission transmission electron microscopy (HRTEM; JEOL-

2010, 200 kV). The crystal structure of HTNT arrays are

investigated by selected area of electron diffraction (SAED) and

determined by Raman spectroscopy with an Ar+ laser excitation

(514.5 nm) at room temperature. The specific surface area and

pore size distributions of the as-fabricated TNT and HTNT

samples were measured respectively by using a Micromeritics

ASAP 2020 nitrogen adsorption/desorption apparatus at

2195.85 uC. The adsorption isotherms were recorded as volume

of gas adsorbed (cm3 g21 at STP) versus relative pressure near

unity. The surface area of the samples was determined on the

basis of the Brunauer–Emmett–Teller (BET) model and the pore

size distribution was analyzed by using the Barrett–Joyner–

Halenda (BJH) method.

The photocatalytic activities of the as-fabricated samples were

examined by photodegrading a 20 mg L21 methylene blue (MB)

dye aqueous solution under the irradiation of 365 nm UV light (a

25 W low-pressure mercury UV lamp was used as the light

source). Before the photodegradation experiment, all the samples

were stirring in MB solution for 2 h in the dark to achieve the

absorbance equilibrium of MB dye. The concentration of MB

solution was monitored by the visible light absorbance at 664 nm

using a Varian Cary-5E UV-vis spectrophotometer.

Results and discussion

Anodization of Ti foils in the electrolyte containing F2 ions

could produce amorphous TNT arrays supported on the Ti

substrate. However, the conventional anodization process would

result in the bundling of disordered TNTs on the top surface due

to the etching of the electrolyte to as-grown TNT arrays (see ESI,

Fig. S1a{). Such disordered TNTs would have a negative effect

on the practical applications of TNT arrays.45 The previous

approaches for the removal of the disordered TNTs mainly

involve ultrasonic oscillations46 and super-critical CO2 clean-

ing.45 The former may achieve the aim of removing the

unordered TNTs; however, this results in meshes of micro-

cracks in the TNT arrays or even the peeling off from the Ti

substrate (see ESI, Fig. S1b and S1c{). The latter appears

expensive and potentially dangerous, and not easy to control. In

order to obtain highly ordered and crack-free TNT arrays with a

smooth surface, here we used a two-step anodic method and an

improved ultrasonic treatment towards this aim. The TNT

arrays fabricated by a two-step anodic method (details can be

found in experimental section) have a two-layered structure

consisting of small-diameter TNTs on the top and the large-

diameter TNTs on the bottom (see ESI, Fig. S2{). The joint of

the two TNTs layer is mechanically weak because of the sudden

change of tube diameter. When the two-layered TNT arrays are

placed into the ultrasonic chamber, the power of the ultrasonic

waves would be focused on the interface, resulting in the

detachment of the two layers of the TNT arrays from one

another and leaving the large-diameter TNT arrays on the

bottom, supported on the Ti substrate (see ESI, Fig. S2b{). The

remaining large-diameter (y170 nm) TNT arrays have a super-

smooth top surface and no cracks on a large scale, as shown in

Fig. 1 and ESI (Fig. S3–5).{
Subsequently, the as-fabricated TNT arrays with Ti substrate

were put into the autoclave containing dilute hydrofluoric acid

solution with concentration of 4% for hydrothermal treatment.

During this process, TNTs would be etched in situ by

Fig. 1 SEM images of the anodic TNT arrays obtained by the improved

two-step anodization method. The top view (a), and the cross-section (b).

The partial enlarged views are shown in the insets, respectively.
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hydrofluoric acid, forming HTNTs. Fig. 2a and 2b show the

typical SEM images of HTNT arrays. The as-obtained HTNT

arrays are open at the top end, and retain tubular array

structures as in the original anodic TNTs. The walls of the tubes

consist of many NPs, forming the porous structures (see Fig. 2a,

2b). With the help of sonication oscillation, dispersed NPs would

be obtained from the collapse of HTNTs, which could be used as

the TEM samples to deeply investigate their morphologies and

structures. Fig. 2c displays the TEM image of the dispersed NPs,

revealing that the NPs have relatively regular geometrical

structures with an average size of around 50 nm. The inset of

Fig. 2 is the SAED image from the region labeled by the red

circle in Fig. 2c; the spot electron diffraction pattern indicates

that the NP has a single-crystalline nature. The corresponding

lattice fringes image also proves the high crystallinity of the NPs.

Consistent with the SAED pattern, the distance between the

adjacent lattice fringes are 0.35 nm, which can be assigned to the

interplanar distance of anatase TiO2 (101). As a further

confirmation, the five sharp peaks at 145, 200, 397, 518 and

639 cm21 in the Raman shift spectra of the sample (see Fig. 3)

clearly indicate the anatase TiO2 crystallographic phase Raman

active modes with Eg, Eg, B1g and Eg symmetry, respectively. All

the above results prove that the HTNT arrays consist of anatase

TiO2 single crystal NPs, and inherit the tubular morphology of

the TNT arrays after the hydrothermal treatment. Such

hierarchically structural TNT arrays have both high specific

surface area and the ideal crystallinity. Additionally, the ordered

arrays might be also preferable in practical applications such as

photocatalysis, water pollutant removal, dye-sensitized solar

cells, etc.

As to the formation mechanism of the HTNT arrays, we

proposed a feasible evolution process from amorphous TNT

arrays to HTNT arrays via in situ chemical etching of

hydrofluoric acid to the as-fabricated anodic TNT arrays. The

evolution process could be ascribed to the dissolution–recrys-

tallization procedure of amorphous TNT arrays, which is clearly

described by the schematic diagram shown in Fig. 4. During the

hydrothermal treatment process, the cavities inside TiO2 tubes

and the crevices among the neighboring TNTs were filled with

the solution containing hydrogen fluoride due to the capillary

effect. Under the condition of high temperature and pressure, the

walls of TNT arrays would be gradually etched by hydrogen

fluoride. The chemical reactions can be disclosed by the

following equations:

TiO2 + 6HF A [TiF6]22 + 2H+ + 2H2O (1)

Fig. 2 SEM images of HTNT arrays in the top view (a), and the cross-

section (b). (c) TEM image of dispersed TiO2 NPs obtained after

ultrasonic treatment of HTNT arrays. The inset is the related SAED

image from HTNT (red circle in panel c). (d) Related HRTEM image of

HTNT (red circle in panel c) and the lattice fringe.

Fig. 3 The Raman spectrum of the as-prepared HTNT arrays sample.

Fig. 4 A schematic diagram of evolution process from anodic TNT

arrays to HTNT arrays.
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[TiF6]22 + nH2O O [TiF6-n(OH)n]22 + nHF (2)

[Ti(OH)6]22 + 2H+ A TiO2 + 4H2O (3)

Firstly, the internal and external wall surface of TNT arrays

began to be dissolved by hydrogen fluoride (according to eqn

(1)); forming [TiF6]22 around the wall surfaces of TNT arrays

(Fig. 4). As the dissolution process of the TNT wall continues,

the concentration of hydrogen fluoride inside the nanotube

lowered more quickly than that outside the nanotube, because

the hydrogen fluoride inside the nanotube is difficult to rapidly

exchange with that outside the nanotubes. When the concentra-

tion of hydrogen fluoride inside the nanotube lowers to a certain

value, the [TiF6]22 undergoes hydrolytic reaction to transform

into TiO2 NPs (according to eqn (2) and (3)), and dispersedly

adsorbs on the surface of the non-dissociated TNT wall to grow

(Fig. 4). Meanwhile, under the drive of gradient of hydrogen

fluoride concentration between the inside of TNT arrays and

solutions outside of TNT arrays, the hydrogen fluoride inside the

TNT is regenerated by exchanging with the high concentration

of hydrogen fluoride outside the TNT, resulting in the non-

dissociated TNT walls to be further dissolved. It should be noted

that the single crystal structure has higher acid endurance than

the amorphous structure. Thus the hydrogen fluoride would first

dissolve the remnant non-dissociated TNT wall, and then form

more and more new TiO2 nuclei near the initial TiO2 nucleus.

The accumulated TiO2 nucleus gradually grew up and the small

nucleus merged into large NPs under the non-equilibrium state

of high temperature and pressure. Such dissolution–recrystalli-

zation are repeated, the HTNT would form when the TNT wall

is completely dissolved (Fig. 4). Due to the chemical etching

being accomplished in situ, the HTNT arrays inherits the

organized tubular morphology of the anodic TNT arrays.

Therefore, the anodic TNT arrays here served as not only the

precursor but also the template for the formation of HTNT

arrays.

During the formation of the HTNTs, the hydrogen fluoride

played a key role for the formation of anatase TiO2 NPs, and

also mainly determines the morphologies of the HTNT. Fig. 5

shows the characteristics (including SEM images, TEM images

and SAED spectrum) of typical samples fabricated by applying

different concentration of hydrofluoric acid in hydrothermal

treatments. When the volume of added hydrofluoric acid is

0.2 mL, the obtained HTNTs are built by hollow cubic-like NPs

with an average size of 180 nm and exhibit an approximately

square hollow profile (Fig. 5a–c). The SAED image of the cubic-

like hollow TiO2 shows that the NP is single crystal in nature

corresponding to the anatase TiO2 crystal phase, and the (100)

crystal facet with relatively high surface energy is exposed (see

inset of Fig. 5). When increasing the amount of hydrofluoric

acid, the HTNT still keeps tubular array structures like the

original anodic TNT arrays, but the size of TiO2 NPs decreased.

In the case of 1.0 mL hydrofluoric acid, the average size of TiO2

NPs is down to about 50 nm (Fig. 2c). If the volume of

hydrofluoric acid reaches 1.4 mL, the average size of TiO2 is less

than 30 nm (see Fig. 5d–f) and the TiO2 NPs present a solid

structure, and combine with each other closely to form the wall

of the HTNT (Fig. 2a, 2b, and 5d–f). As shown in Fig. 5d–f, the

HTNT arrays are composed by a large number of tiny TiO2 NPs,

which are closely gathered into a tubular structure, difficult to

be scattered. Even though after a long ultrasonic oscillation

treatment time, single NPs are hard to find in the TEM sample

and the assembled hierarchical tube still exists (see Fig. 5f). For

these agglomerated NPs, the SAED pattern (Fig. 5f) displays a

polycrystalline ring-like pattern, which can be indexed to anatase

(101), (004), (200) and (105) crystal faces. Further, the variation

of the NPs size with the hydrogen fluoride concentration was

investigated in detail by conducting a series of experiments with

different volumes of hydrofluoric acid from 0.2 to 2 mL. The

results show that the size of TiO2 NPs decreases from average

about 190 nm to less than 30 nm with the increase of the

hydrogen fluoride from 0.2 to 2 mL, as shown in Fig. 6. In the

case of less than or equal to 0.2 mL hydrofluoric acid, the NPs

have a hollow cubic-like structure. Once the concentration of

hydrofluoric acid exceeds 0.4 mL, the NPs begin to show a

regular solid cubic-like morphology. If more than 1.4 mL

hydrofluoric acid was applied, the morphology of NPs becomes

irregular and generally remains with the sizes less than 30 nm.

To sum up these results, we suggest that the size of TiO2 NPs

can be tailored by manipulating the concentration of hydro-

fluoric acid added, thus achieving the control of the HTNT

Fig. 5 SEM images in the top view (a), the side view (b); and the TEM

image (c) of HTNT arrays fabricated by 0.2 mL hydrofluoric acid. The

inset is electron diffraction pattern of single hollow cubic-like TiO2 NP.

SEM images in the top view (d), the side view (e); and the TEM image (f)

of HTNT arrays fabricated by 1.4 mL hydrofluoric acid. The inset is the

SAED image corresponding to the red circle area.

Fig. 6 Dependence of HTNT NPs size on volume of hydrofluoric acid

in hydrothermal treatment.
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morphology. Moreover, such manipulation of the TiO2 NPs

making up the HTNT can result in the tuning of the specific

surface area of HTNT arrays. In order to monitor the variation

of the specific surface area with TiO2 NP size, the specific surface

areas of three representative samples fabricated under 0.2, 1 and

1.4 mL hydrofluoric acid were measured respectively to compare

with the initial amorphous TNT arrays and polycrystalline TNT

arrays after annealing, as shown in Table 1 and Fig. S6 and S7.{
It is obvious that the BET specific surface area of all the HTNT

arrays is higher than the anodic TNT arrays due to the porous

tubular structure assembled by the TiO2 NPs and for the HTNT

the BET specific surface area increases with the decreasing of the

TiO2 NPs size. The BET specific surface area of the annealed

TNT is higher than the anodic TNT, and slightly higher than

that of HTNT arrays fabricated by 0.2 mL hydrofluoric acid due

to their relatively larger size and regular geometry shape of single

crystal NPs in the 0.2 mL hydrofluoric acid HTNT arrays.

Generally, the high specific surface area has advantage to

improve some properties of the materials in practical applica-

tions. Here we evaluated the photocatalytic activities of these

HTNT and TNT arrays based upon the removal of methylene

blue (MB) dye in aqueous solution as an example for confirming

the improvement of properties originating from the high specific

surface area and the unique structure. Fig. 7 displays the

degradation curves of MB with the irradiation time, indicating

that the photocatalytic activities of these samples are improved

with the increase of the corresponding specific surface area.

However, the photocatalytic activities are not absolutely

determined by the specific surface area in our samples. For

example, the specific surface area of HTNT arrays fabricated by

0.2 mL hydrofluoric acid is lower than the annealed TNT, but its

photocatalytic activity is superior. We attributed this abnormal

phenomena to the better crystallinity and exposed active crystal

facets of the single crystal TiO2 NPs building the HTNT arrays,

which have been confirmed in our previous work.32

Conclusions

In conclusion, HTNT arrays assembled by anatase single crystal

NPs were synthesized via in situ chemical etching of anodic TiO2

nanotube arrays. The walls of the as-fabricated HTNT are built

by single crystal anatase TiO2 NPs, forming a porous structure

with high surface area. A dissolution–recrystallization evolution

mechanism was proposed to interpret the formation mechanism

of the HTNT arrays in detail, revealing that the HTNT arrays

transform from the anodic TNT arrays via in situ chemical

etching, inheriting the tubular structure of the anodic TNT. The

concentration-dependent experiments confirmed that the shapes

and sizes of the NPs comprising the HTNT arrays could be

tailored by adjusting the hydrogen fluoride concentration in the

hydrothermal treatment, meanwhile achieving manipulation of

the specific surface area. The synthetic route could provide a

rational strategy for other nanomaterial synthesis and structure

design. Moreover, the unique structures of HTNT arrays are

expected to be prominent candidates for applications in

photocatalysis, energy conversion, water splitting and optoelec-

tronics etc.
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