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a b s t r a c t

This work investigates the change of the morphology and the structural characteristics of the anodic
TiO2 nanotubes under complex conditions (the temperature and the applied potential difference). Opti-
mal growth for small tubes with specific sizes has been realized during this investigation, for example,
high quality uniform ultrasmall (outer diameter D ∼ 10 nm, wall thickness d ∼ 3 nm) tubes can be grown
without sacrifice of the growth rate (0.3–0.4 �m h−1). A mechanistic description to the nonmonotonous
morphology change under low temperatures has been approached with reaction–diffusion method con-
sidering the local reaction, diffusion and field drift processes of the main reaction species. We have also
investigated the details of the partial crystallization in the as-prepared TiO2 tubes and discovered its
strong relationship with the temperature. Due to its similarity to the thermo annealing up to several
hundred centigrade but much smaller length scale, this phenomenon is named as “micro-annealing”
effect.

© 2011 Published by Elsevier Ltd.

1. Introduction23

TiO2 nanotubes fabricated by anodic oxidation have received24

tremendous attention for their excellent optical and electronic25

characteristics and photocatalytic ability, making them a suit-26

able material for wide spread range of applications such as27

dye-sensitized solar cells (DSSCs) [1,2], photocatalysis [3,4], elec-28

trochromic display devices [5], and biomedical uses [6]. It has been29

found that the morphological and structural characteristics of the30

TiO2 tube arrays can significantly modify their optical or electronic31

properties and thus influence their performance in devices. For32

example, the band gap of TiO2 may shift several 10−1 eVs with the33

existence of small crystal grains inside, while when grains are small34

enough, certain quantum size effect may also be induced as a result35

[7–10]. Furthermore, in real applications, the conversion efficiency36

can be significantly increased with smaller TiO2 nanotubes in DSSCs37

[11,12].38

Such findings on the characteristic modification of the nanos-39

tructured TiO2 materials indicate the importance to study the40

controlling method and detailed mechanism during the fabricat-41

∗ Corresponding author. Fax: +86 21 54747552.
E-mail address: wzshen@sjtu.edu.cn (W.Z. Shen).

ing process, and for such purpose many results have been obtained 42

[13–18]. As a preliminary helpful basis, the application of vis- 43

cous organic electrolyte and slow initial potential ramping has 44

greatly improved the quality of the TiO2 nanotube arrays with 45

ultrahigh aspect ratio [19–22]. The size (in- and outer diameter, 46

wall thickness, pore distances, etc.) controlling has been studied 47

from different ways, such as the electrolyte type [23,24], the water 48

effect [22,25–27] and the applied potential difference [28–30]. 49

Some new morphological and structural behaviors have also been 50

found under different conditions, such as the “bamboo type” struc- 51

ture between the tubes and the “nanolace” structure [31,32]. More 52

recently, it has been reported that nanocrystal grains were formed 53

during the anodization under certain condition [33,34,46] without 54

the conventional thermo annealing of TiO2 up to several hundred 55

centigrade for anatase phased crystal structure [33,35]. 56

However, in the realistic self-organized systems, the struc- 57

ture formation is always cooperation of different factors under 58

quite complicate boundary conditions on the substrate. Therefore 59

adjustment with combined different factors will be needed for 60

the optimized growth of tubes with specific size (in- and outer 61

diameter, wall thickness) and adequate quality. Furthermore, more 62

details in the mechanistic description on the TiO2 tube growth 63

remain still unclear, such as the morphological behavior of the tube 64

formation under realistic conditions (temperature, applied poten- 65

tial, boundary condition of the substrate, etc.). Consequently, it is 66
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necessary to probe the system in some different way. Fortunately,67

the reaction–diffusion method has been proved a good tool to68

investigate the self-organized systems with complicate boundary69

conditions and employed in electrochemistry and heterogeneous70

catalysis [36–39]. Dynamical studies have also shown that beside71

the anodic potential and the electrolyte, the temperature is also72

an important factor that significantly influences the diffusivity and73

reaction rate in the system [36,40–42], thus might also conse-74

quently influence the tube formation.75

In this work, the anodic growth of TiO2 nanotubes in ethylene76

glycol (E.G., containing 1.0 vol.% H2O) has shown nonmonotonous77

morphological changes when varying the temperature and the78

applied potential difference in a wide range. Small tubes can also be79

formed at high applied potential difference under low temperature,80

with much faster growth rate than the normal low voltage growth81

at room temperature where the tube size is approximately lin-82

early proportional to the applied potential difference [20,43]. Thus83

the optimized conditions to grow small TiO2 tubes with specific84

sizes are determined through tuning of the temperature and the85

applied potential. A mechanistic explanation of the general behav-86

ior is approached by applying the reaction–diffusion method with87

consideration of the reaction, diffusion, and field drift processes of88

three key species: F−, O2− and TiO2.89

Structural characterization has also been carried out to inves-90

tigate the as-prepared TiO2 tubes under such conditions. The91

partial crystallization discovered in the as-prepared TiO2 tubes92

shows strong relationship with the total heat effect from the93

reaction and the current flow and the temperature gradient94

from the anode cell to the electrolyte. Due to its similarity to95

the annealing to several hundred centigrade but much smaller96

length scale, this phenomenon is named “micro-annealing”, which97

might be useful in general nanostructure fabrication. Consid-98

ering those phenomena, it is expectable to fabricate uniform99

small TiO2 tubes with high growth rate and as-grown structural100

ordering in some degree by properly controlling some simple con-101

ditions.102

2. Experimental103

The titanium foils we used in this study are 0.25 mm thick104

and 99.7% purity (Sigma–Aldrich and Alfa-Aesar). Before the105

anodization, they were cleaned with ultrasonic bath in acetone,106

isopropanol, methanol, and ethanol, respectively, followed by sub-107

sequent rinsing in de-ionized water and drying with air. The anodic108

oxidation was performed in a two-electrode configuration using a109

direct current power supply (Agilent 5720), in which a copper plate110

was used as the cathode and a Keithley 2400 sourcemeter to mea-111

sure the resulted current. Anodizing was undertaken in quiescent112

solution of 0.09 M NH4F in de-ionized water and E.G. To obtain high113

aspect ratio and tube quality, the water concentration in the solu-114

tion was 1.0 vol.% and the applied potential difference was ranged115

from 0 to 330 V. All electrolytes were prepared from reagent grade116

chemicals. The anodization includes an initial potential ramping117

and afterwards a constant applied potential for 1 h, with constant118

stirring rate at 400 rpm. Finally, the accurate temperature control119

was conducted by a thermostatic bath.120

The as-prepared TiO2 nanotube arrays were rinsed with de-121

ionized water and dried in air spontaneously after the experiments.122

Their morphology and structure were characterized by a field-123

emission scanning electron microscope (FE-SEM; Philips XL30FEG)124

with an accelerating voltage of 5 kV. The detailed microstructures125

of the tubes were studied by a transmission electron microscopy126

(TEM, JEOL JEM2100), with 200 kV accelerating voltage. The crys-127

talline information is also studied by Raman spectroscopy in a Jobin128

Yvon LabRAM HR 800UV micro-Raman system. The Raman spec-129

tra were recorded in backscattering configuration using an exciting 130

wavelength of 514.5 nm from an Ar+ laser. 131

3. Results and discussion 132

3.1. Morphological study of the TiO2 nanotube formation under 133

complex conditions 134

In order to approach more realistic TiO2 electrochemical growth, 135

we have carried out a new systematic morphological investigation 136

under complex conditions (the temperature and the total applied 137

potential difference �V) below room temperature (defined as 138

20 ◦C). The first significant phenomenon is the shift of the boundary 139

conditions for the tube formation. With decreasing temperature, 140

the upper limit of �V at which tubes can be formed significantly 141

shifted to higher voltage side, which is interesting compared to the 142

TiO2 experiments normally carried out near or above room temper- 143

ature [14–18,27,29,31,33]. The upper limit of the applied potential 144

difference is indicated as the edge of the valleys in upper right side 145

in Fig. 1(a)–(c), which have shown the �V–T diagrams of tube outer 146

diameter (D), wall thickness (d), and tube length (L) (grown in 1 h), 147

respectively. As an example, at 15 ◦C, the upper limit of �V was 148

210 V, while at 5 ◦C, it became 330 V. 149

Secondly, the morphology of the tubes has some sophisticated 150

change under the complex conditions in a wide range. At con- 151

stant temperature, the tube outer diameter D and wall thickness 152

d did not change monotonously with the applied potential differ- 153

ence, as shown in the diagrams in Fig. 1(a). When the temperature 154

became lower, this behavior became more significant. For exam- 155

ple, at 5 ◦C, the tube outer diameter first increased with �V, 156

reached maximum (∼320 nm) at 210 V, and then again decreased 157

with the increasing �V, as also shown by SEM images in Fig. 158

1(d)–(i). This is different compared to the monotonous behavior of 159

diameter D versus the applied potential difference at room tem- 160

perature, which has been described by D = 2fgrowth�V, with the 161

growth factor fgrowth = tfilm/�U′ (tfilm is the compact oxide thick- 162

ness in Ti at a certain voltage drop �U′) [11,20,43]. Beside the outer 163

diameter, the tube wall thickness and tube length also changed 164

nonmonotonously with the applied potential difference at low tem- 165

peratures, also different from the result at room temperature for the 166

system with the same electrolyte concentration. 167

Moreover, the morphological change of the system becomes 168

more complicate at fixed applied potential difference �V, but the 169

general tendency can still be extracted out. The tube diameter and 170

wall thickness were generally less at lower temperature, as shown 171

in Fig. 1(a) and (b). At low enough �V (∼10 V) and temperature 172

(∼0 ◦C), the tube size reached minimum (D ∼ 10 nm and d ∼ 3 nm). 173

In the meanwhile, the nanotube still grew quite fast under tempera- 174

tures around 0 ◦C, as shown in Fig. 1(c). And under some conditions 175

the growth rate can even be higher than that at room tempera- 176

ture, for example, under 5 ◦C at 210 V, the tube length can reach 177

∼113 nm, longer than the length obtained under room tempera- 178

ture at the same applied potential. Considering the negative effect 179

of low temperature on reaction rate and diffusivities of species, 180

it will be interesting to study the mechanism of the anodization 181

process under low temperature. 182

The above facts have suggested a way to grow ultrasmall tubes 183

(D ∼ 10 nm, d ∼ 3 nm) with fast growth rate (0.3–0.4 �m h−1) by 184

controlling the temperature and the applied potential difference 185

�V together properly. With controlled complex conditions, small 186

tubes (50–90 nm) can be also grown with fast growth rate at high 187

�V due to the nonmonotonous size evolution versus �V under 188

fixed low temperature. For example, tubes with D ∼ 80 nm and 189

d ∼ 30 nm are normally obtained at 30 V under room temperature 190

and at 40 V under 5 ◦C with the growth rate less than 2.5 �m h−1, 191
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Fig. 1. Behavior of the TiO2 tube formation at low temperature region versus the applied potential difference �V in ethylene glycol, 0.09 M NH4F, 1.0 vol.% H2O, and 1 h
anodization time. (a)–(c) Phase diagrams versus temperature and the applied potential difference: (a) outer diameter D, (b) wall thickness d, and (c) tube length L. (d)–(i)
Nonmonotonous size evolution with increasing applied potential difference, shown by SEM images of TiO2 tubes formed at 5 ◦C: (d) 20 V, (e) 150 V, (f) 210 V, (g) 240 V, (h)
280 V, and (i) 280 V, showing the total length.

while the same tubes can also be fabricated with thinner wall192

(∼15 nm) at growth rate ∼6 �m h−1 by 280 V at 5 ◦C, as exhibited by193

the SEM images in Fig. 1(h) and (i). It can also be noticed that those194

behaviors have shown quite intricate nature of the TiO2 anodic195

system, whose mechanism might therefore need consideration of196

more detailed factors, such as, the temperature influence on activa-197

tion energy of reaction and diffusion, the diffusion of ion species in198

the tubes, and the field drift of the species by the anodic potential.199

3.2. Micro-annealing effect of the TiO2 tubes with temperature200

controlling201

According to the experiments mentioned in Section 3.1, the202

TiO2 anodic oxidation system has shown interesting morpholog-203

ical behavior in a wide condition range. It is therefore necessary204

to investigate if there is possible structural change. As normally205

known, the as-prepared TiO2 nanotubes are normally formed as206

amorphous TiO2 at room temperature [19,33,35]. However, as207

being recently reported, some nanocrystal grains can be formed in208

the as-prepared anodic TiO2 tubes [33,34], but the detailed behav-209

ior and decisive factors are still not very clear.210

In our experiments, it was confirmed that this phenomenon is 211

reproducible, and is very likely to be related to the temperature. It 212

was found that when temperature was getting down, more small 213

TiO2 grains with ordered microstructure were formed inside the 214

tube wall. As shown in Fig. 2(a), tubes under 15 ◦C were still mostly 215

amorphous, while in some places marked by red arrows, atoms 216

tended to become organized. However, at lower temperatures, for 217

example, 5 ◦C as shown in Fig. 2(b), many small grains with the 218

size normally of 2–10 nm almost occupied the tube wall with the 219

atomic distance 0.35–0.38 nm, which is close to the lattice constant 220

of anatase (a: 0.378 nm, c: 0.951 nm) [44]. When temperature was 221

further lowered, even more grains would be formed that can almost 222

occupy the tube walls. 223

Since the detection area of TEM is somehow limited to a 224

small scale, it is necessary to use technique like Raman spec- 225

troscopy to detect information of larger scales. Fig. 2(c) represents 226

the Raman spectra for the TiO2 tubes under different temper- 227

atures. They clearly shows that at higher temperature (15 ◦C), 228

the TiO2 is mostly amorphous like, while at lower temperature, 229

the characteristic Raman peaks become significantly stronger, 230

which are mostly related to nanocrystal TiO2 grains [45]. The 231
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Fig. 2. “Micro-annealing” and ordering effect under low temperatures. High resolution TEM images of TiO2 tubes under (a) 15 ◦C and (b) 5 ◦C at 210 V, showing formation of
small grains with decreasing temperature, the inset is the whole view. (c) Raman spectra of TiO2 tubes obtained at different temperatures of −5 ◦C, 5 ◦C, 10 ◦C, and 15 ◦C at
210 V. (d)–(h) SEM images showing ordering and smoothness change with different temperatures of (d) 15 ◦C, (e) 10 ◦C, (f) 5 ◦C, (g) 0 ◦C, and (h) −5 ◦C at 70 V.

structures at 155, 492, and 624 cm−1 under 10 ◦C, 155, 495, and232

624 cm−1 under 5 ◦C and 154, 502, and 622 cm−1 under −5 ◦C233

are due to the anatase phased grains, and those of 409 cm−1
234

under 10 ◦C, 414 cm−1 under 5 ◦C and 412 cm−1 under −5 ◦C235

from the rutile phased ones The significant enhancement of the236

Raman intensity from 10 to −5 ◦C clearly indicates the increase237

of the nanocrystal grains versus the amorphous contents inside 238

those tubes, accompanied by the slight shift of the peak posi- 239

tions. In addition, beside the changes in the microstructure in 240

the tube walls, the quality of tubes in the array is also improved 241

with decreasing temperature. The tubes are normally better 242

organized under lower temperatures, as shown in Fig. 2(d)–(h), 243
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Fig. 3. Schematic illustration of “micro-annealing” effect in as-prepared TiO2 tubes
under low temperature: (a) overview of the anode structure: 1 – opening window,
2 – Ti plate, 3 – copper electrode, 4 – copper plate, 5 – outer shell, 6 – rubber O-ring.
(b) The “micro-annealing” process. V is the potential applied on the anode, b1 and
b2 indicate the boundaries between the formed grains, Q is the heat produced by
the reaction and current flow that activate the crystallization, Q′ is the heat released
when local crystallization is finished, the color bar to the right side shows the tem-
perature (T) gradient, and (i)–(iii) represent the key steps. (For interpretation of theQ2
references to color in this figure legend, the reader is referred to the web version of
this article.)

which will be helpful in the realistic application in optoelectronic244

devices.245

The experimental results indicate that the temperature has246

played an important role in the formation of ordered structures247

in the TiO2 tube walls. Hence we will interpret the process with248

consideration of the heat effect and structure of the anode. First of249

all, the anodic growth of TiO2 nanotube is a non-equilibrium sys-250

tem, so the heat will be continuously generated until the growth is251

stopped. Secondly, according to the structure of the anode shown252

in Fig. 3(a), one side of the Ti plate is in contact with the Cu elec-253

trode surrounded by plastic chamber wall with relatively lower254

heat conductance than Ti and Cu metal and another side of the Ti255

plate is open to the electrolyte kept at constant low temperature.256

Therefore the temperature distribution over the oxide layer and Ti257

substrate will not be homogeneous even across such a small length258

scale (∼0.25 mm). From the electrolyte side to the electrode side,259

the temperature gradient will be positive.260

The joule heat during the whole process may come from two261

origins: the reaction and the current flow I, so the total heat can262

be described by Q =
∑

�Hi + �Va I, where
∑

�Hi is the sum of the263

enthalpies from the chemical reactions and �Va is the potential264

drop over the near-anode region [46]. The direct calculation of the265

total joule heat is difficult because of two reasons: first, the detailed266

elementary steps of all the reactions are still unclear; second, the267

ohmic resistance of the path that the current flow through is chang-268

ing during the tube growth. However, the overall heat effect can be269

detected during the experiments. During the reaction, there was a 270

significant temperature rise (∼60 ◦C at 160 V) in the anode, while 271

the side of Ti plate exposed to the electrolyte was kept at low tem- 272

perature by constant stirring. This is just the heat effect that has 273

been transferred out to the surface of the plastic anode chamber. 274

It means at the sample layer with very thin thickness (�0.25 mm), 275

there can be more energy distributed to the as-formed amorphous 276

TiO2 per mole, which is enough for the activation energy for crys- 277

tallization. 278

As shown in Fig. 3b, the process may consist of several main 279

steps (i)–(iii). Firstly, the titanium atoms are initially oxidized to 280

interstitial Ti4+ cations by the anodic electric field [29], which are 281

excited from their original position in the Ti lattice, as shown in step 282

(i) of Fig. 3(b). In the step (ii), the Ti4+ cations are combined with the 283

O2− anions that diffuse through the oxide layer, thus amorphous Ti 284

oxide is formed and certain heat is generated by the reaction. In 285

the mean time, the current flow through the sample also produces 286

heat. During a short time period, the total heat Q will be distributed 287

to the local as-formed amorphous Ti oxide. The amorphous oxide 288

is excited to overcome the activation energy for annealing, then 289

it releases certain heat (Q′) and become crystallized due to the 290

relatively lower temperature at the electrolyte/TiO2 interface, as 291

indicated in Fig. 3(b) by step (iii). At lower electrolyte tempera- 292

ture, the crystallization will be enhanced. And since the TiO2 grains 293

were soon surrounded by the low temperature electrolyte and the 294

heat conductance of TiO2 is low, the size of the grains is therefore 295

limited. 296

Overall, the temperature plays an important role in two fac- 297

tors: (1) the local temperature rise by heat released from reaction 298

and current, which gives energy to the as-formed amorphous Ti 299

Oxide to overcome the activation energy for the crystallization; (2) 300

the gradually decreasing temperature from the inside of the anode 301

to the electrolyte, which induces the crystallization and limit the 302

size of the crystal grains. Due to the existence of the F− ions that 303

dissolve part of the formed TiO2 and form tubular structure, the 304

formation and partial crystallization of TiO2 will continue until all 305

Ti is consumed or the growth is manually stopped. It is the rea- 306

son to induce a macroscopic effect that small grains can fill the 307

whole tube array despite that the crystallization itself is localized. 308

Consequently, we name this effect “micro-annealing” effect due to 309

the important role of temperature and the small length scale com- 310

pared to the thermo annealing up to several hundred centigrade. 311

It indicates a way to improve the ordering in the microstructure 312

of nanostructure material by electrochemical method in the early 313

steps during the fabrication. 314

3.3. Mechanistic description of the anodic growth of TiO2 315

nanotubes with reaction–diffusion method 316

In the experimental studies of this work, the TiO2 anodic system 317

has shown quite sophisticated morphological behaviors, especially 318

the nonmonotonous change in size (in- and outer diameter, wall 319

thickness) and growth rate with varied applied potential difference 320

and temperature (below room temperature). For the mechanism 321

explanation, more detailed steps are possibly necessary to be con- 322

sidered. As well known, during the growth of TiO2 nanotubes by 323

anodization, there are two main general reactions: 324

Ti + 2H2O → TiO2 + 4H+ + 4e− (1) 325

TiO2 + 4H+ + 6F− → TiF6
2− + 2H2O (2) 326

For a more detailed description of the process, we considered 327

the reaction–diffusion model which has been applied for systems 328

of heterogeneous catalysis and electrolysis [36–39], in which the 329

concentration of the species at a certain position in real space is 330

determined by local chemical reaction, diffusion of the species and 331
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Fig. 4. Schematic diagram of TiO2 tube formation at different temperatures and applied potential differences (�V): (a) room temperature and low �V, where O is the center
of coordination, r is the coordinate vector, r0 the inner radius, P is the point to investigate, and z is the depth of P through the oxide layer. Two dashed curves indicate the
change of the TiO2 inner and outer surface with a rise in �V; (b) room temperature and high �V. The irregular dashed curves in the wall indicate the side etching on the
tube wall that forms porous structures; (c) low temperature and low �V; and (d) low temperature and high �V. Inner and outer dashed curves indicate the change of the
TiO2 inner and outer surface with a rise in �V. Big and small purple arrows denote the flow of F− ions, with their color gradient denotes the concentration intensity. Dashed
curved arrows indicate the distributed electric field in the oxide layer and substrate. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

the field-assisted drift. Thus the following reaction–diffusion equa-332

tions are built:333

∂[F−]
∂t

= −k1R1([TiO2], [F−]) + DF−∇2[F−] + �F− [F−]∇E (3)334

∂[O2−]
∂t

= −k2R2([Ti4+], [O2−]) + DO2−∇2[O2−] + �O2− [O2−]∇E (4)335

∂[TiO2]
∂t

= 1
2

k2R2([Ti4+], [O2−]) − 1
6

k1R1([TiO2], [F−]) (5)336

Here the water effect has not been considered since the system337

in the present work only contains small H2O content (1.0 vol.% H2O)338

[22,25–27]. The process is schematically illustrated in Fig. 4(a)–(d).339

The bottom of the tube is the mostly important part in the discus-340

sion of the tube morphological behavior. In this model, we apply a341

special 1D coordination system due to the symmetric shape of the342

tube bottom. The origin of coordination is the center of curvature of343

the inner surface of the tube bottom (point O in Fig. 4 (a)). Since the344

tube bottom is approximately round shaped, the center of curva-345

ture of the bottom is unique at a certain time. The coordinate vector346

r starts from the center to the point under investigation (point P),347

as shown by the red arrow in Fig. 4(a). Then the whole bottom of348

the tube can be described by a series of 1D system with different349

pointing angles with the reference frame moving along with the350

growth of the tube.351

Eqs. (3)–(5) denote the concentration change of the species F−, 352

O2−, and TiO2 at a certain position in the oxide layer, respectively, 353

and for simplification, TiO2 is treated as single particle. The first 354

terms in Eqs. (3) and (4) represent the reaction rates of the TiO2 355

dissolution and Ti oxidation process with rate coefficient k1 and 356

k2, respectively. R1([TiO2], [F−]) and R2([Ti4+], [O2−]) are two func- 357

tions of reactant concentrations whose actual forms depend on the 358

elementary steps of the Ti anodic oxidation and TiO2 dissolution 359

processes, which are still not clear according to current researches. 360

The second terms in Eqs. (3) and (4) stand for the diffusion terms 361

of the ions through the oxide with DF− and DO2− the diffusion coef- 362

ficients. The third terms in Eqs. (3) and (4) represent the ion drift 363

by electric forces, with �F− and �O2− the ionic mobility in the elec- 364

trolyte or in the oxide. In the 1D coordination system applied here, 365

vectors have only two directions: toward or away from the center 366

of coordination O. Therefore the gradient of the potential �E can be 367

scalarized with their sign representing the direction of the field drift 368

effect on the ions. Eq. (5) indicates the change of the local TiO2 con- 369

centration determined by the oxidation (first term) and dissolution 370

(second term) processes, with TiO2 treated as one whole particle. 371

Eqs. (3)–(5) can normally only be numerically simulated due to the 372

normally nonlinear reaction terms inside. Due to the lack of actual 373

forms of the reaction terms by current knowledge, it is still dif- 374

ficult to make simulations with mathematical tools. However, we 375

can consider an already stable tube growth and study the change of 376

parameters induced by the key experimental factors, thus a mech- 377
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anistic description of some general phenomena is possible to be378

sketched out.379

For the rate coefficient k1, there is normally a relationship380

k1 ∼ exp(−Ea/kBT), where Ea is the activation energy of the dissolu-381

tion process. And for the oxidation process, there is a relationship382

k2 ∼ exp(−Ea
′/kBT)exp(ˇzF�Vs/kBT) according to previous works383

from Bessler [36], where Ea
′ is the activation energy for the oxi-384

dation, ˇ is the symmetry factor, z is the number of transferred385

electrons per oxidized Ti atom, F is the Faraday’s constant and �Vs386

the overpotential on the sample. It indicates that compared to the387

dissolution process, the oxidation process is more sensitive to the388

change of the applied potential difference. Consider the diffusion389

term, as well known, the diffusion coefficient normally has the form390

D0exp(−Ead/kBT) [42], with Ead the activation energy for diffusion.391

Furthermore, the viscosity of ethylene glycol changes quite sensi-392

tively with decreasing temperature. For example, the viscosity of393

pure ethylene glycol at 20 and 0 ◦C are 0.021 and 0.063 kg m−1 s−1,394

respectively, as calculated from scientific resource [47]. As a result,395

the ionic mobility �F− and �O2− are strongly influenced by the tem-396

perature change [48].397

Assume that a stable growth has already been established, then398

tubes grow with a certain inner and outer diameter, thus also a399

stable thickness d. In the moving frame coordination, the relative400

position of the inner and outer surface of TiO2 with the coordination401

center is fixed, thus the intersection point of coordinate vector r402

with those surfaces is fixed. Define z as the distance of the point to403

be investigated (point P in Fig. 4(a)) from the intersection point of404

the coordinate vector r with the tube inner surface, then the inner405

and outer surface can be represented by z = 0 and z = d, respectively.406

Suppose the inner radius at the certain stable growth is r0, then407

z = r − r0 (in the 1D frame r is scalarized), as shown in Fig. 4(a). The408

derivatives in Eqs. (3)–(5) remain unchanged with z due to its linear409

relationship with r. At the inner surface where z = 0, the generation410

of TiO2 is normally zero, therefore:411 (
∂[TiO2]

∂t

)
z=0

= −1
6

k1R1([TiO2], [F−]) (6)412

At the outer surface of TiO2 where z = d, the dissolution normally413

takes place above the bottom area, and in is weak near the bottom414

area. Hence in the outer surface, the change of TiO2 amount can be415

approximately described by:416 (
∂[TiO2]

∂t

)
z=d

= 1
2

k2R2([Ti4+], [O2−]) (7)417

When the tube growth is stable, both (∂[TiO2]/∂t)z=0 and418

(∂[TiO2]/∂t)z=d will be constant. The changes of the TiO2 layer by419

alternated conditions will be then represented by the changes of420

these two terms. Under room temperature, there are two situ-421

ations in different voltage regimes. When the applied potential422

difference �V is lower than the upper limit (mentioned in Sec-423

tion 3.1), giving a small increase to �V, the values of k2, [F−] and424

[O2−] will increase according to their forms. As a result, the term425

(∂[TiO2]/∂t)z=d increases by the increase of k2 and [O2−] accord-426

ing to Eq. (7), while the absolute value of term (∂[TiO2]/∂t)z=0 also427

increases but more weakly only by the increase of [F−] according to428

Eq. (6), as shown in Fig. 4(a). Therefore the dissolution of the TiO2429

at the inner surface and generation of TiO2 are both enhanced by430

the increasing applied potential difference. And due to the weaker431

increase of the absolute value of (∂[TiO2]/∂t)z=0, the net growth432

of the TiO2 thickness �d is also positive. As a result, the tube size433

(outer diameter and wall thickness) and the growth rate increase434

monotonously at low applied potential difference, as indicated by435

the two dashed curves in Fig. 4(a). This is consistent with the rela-436

tionship D = 2fgrowth�V mentioned in Section 3.1. Secondly, when437

�V is increased to too high value where no tubes can be formed, as438

shown in Fig. 1(a)–(c), the side etching begin to appear due to the 439

enrichment of highly mobile F− ions (compared to low tempera- 440

tures) at the side of tubes. Before reaching the bottom, the F− ions 441

are accelerated by distorted electric field in the radial direction, as 442

shown in Fig. 4(b). As a result, destruction of tube array is induced 443

and irregular porous structure is formed. 444

Under lower temperature, there are also two situations accord- 445

ing to the applied potential difference. In the low voltage regime, 446

the morphological behavior is also monotonous versus increasing 447

applied potential, as shown in Fig. 4(c). But compared to the situa- 448

tion under room temperature at the same potential difference, k1 449

and k2 are both reduced, and the potential drop on the sample layer 450

is lower than that under room temperature due to higher resistance 451

of the electrolyte from lower ionization rate. Therefore the modu- 452

lus of both (∂[TiO2]/∂t)z=d and (∂[TiO2]/∂t)z=0 are reduced at two 453

interfaces, so the tube sizes are smaller with lower temperature at 454

fixed low �V. However, since the etching at the end of the tubes 455

is also reduced, the growth rate will not be significantly sacrificed 456

and can be compensated by slightly increasing applied potential 457

difference. 458

When the applied potential difference �V is increased to high 459

enough value, significant enrichment of F− anions begins to take 460

place near the outer surface of the tube bottom by field drift at high 461

potential difference according to Eq. (3), as shown in Fig. 4(d). In 462

the mean time, the motion of F− ions in the radial direction are lim- 463

ited by the electrolyte at lowed temperature according to Eq. (3), 464

which inhibits the side etching effect that could lead to destruction 465

of tube formation at room temperature. Due to the F− enrichment 466

outside of the tube bottom, the dissolution also takes place near the 467

bottom in the area between the tubes, thus the term (∂[TiO2]/∂t)z=d 468

is no longer in the form of Eq. (7), but Eq. (5). Hence (∂[TiO2]/∂t)z=d 469

is strongly reduced and tube walls shrink backward with higher 470

�V. As a result, the tube outer diameter decreases with increasing 471

�V, as indicated by the outer dashed curve in Fig. 4(d). In the mean 472

time, due to the redistribution of F− anions to the outside, the [F−] 473

near the inner surface of TiO2 will be reduced. Therefore the abso- 474

lute value of (∂[TiO2]/∂t)z=0 can decrease according to Eq. (6), and 475

the inner diameter will decrease with increasing applied potential 476

difference, as shown by the inner dashed curve in Fig. 4(d). The 477

wall thickness will decrease with increasing �V due to the general 478

enrichment of F− anions at the bottom position of the tube array. 479

Furthermore, the increased �V also enhances the process (3) at the 480

end of the tube through stronger drift, thus the net tube growth is 481

reduced due to stronger dissolution at the top and weaker oxidation 482

at the bottom. The inhibition of the side etching effect induces the 483

increase of the upper limit of �V to form tubular TiO2 structures, 484

as shown in Fig. 1(a)–(c). As the inhibition of side etching will be 485

stronger at lower temperature, the tubes can be formed at higher 486

applied potential difference. 487

According to the above discussion, the optimized condition to 488

form small tubes could be realized by simply tuning the applied 489

potential difference �V and the temperature T. Firstly, as �V 490

is lowered, influence from the electric field in the radial direc- 491

tion becomes relatively weaker than from the temperature which 492

decides the diffusion and mobility of the ions. If only �V is reduced, 493

as the vertical motion of ions toward the bottom weakened by 494

reduced vertical drift, the radical motion is still significant by dif- 495

fusion (second terms in Eqs. (3) and (4)), thus the size reduction in 496

radial direction is limited. If �V is further decreased, the tube bot- 497

tom becomes more and more flat, until finally grow simply compact 498

oxide layer. But secondly, if the temperature also declines while 499

decreasing �V, the oxide growth in radial direction will be further 500

reduced, then smaller tubes can be achieved. Nevertheless, when 501

the temperature is too low, the oxide dissolution is inhibited, thus 502

the tubes also cannot be formed. Therefore, the optimal condition 503

of the temperature and the applied potential difference to form 504
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Fig. 5. Approaching ultrasmall TiO2 tubes with varied temperature and applied potential difference, in ethylene glycol with 1.0 vol.% H2O, 0.09 M NH4F, shown by SEM
cross-sectional images, under temperatures: (a) 15 ◦C, (b) 10 ◦C, (c) 5 ◦C, (d) 0 ◦C, and (e) −5 ◦C. (f) TEM image of the ultrasmall TiO2 tube at 0 ◦C and 10 V, red arrow indicates
the area where atoms tend to be organized. (g) Raman spectrum of the as-prepared smallest TiO2 tube at 0 ◦C, 10 V. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

ultrasmall tubes will be certain medium values in the middle left505

region in the phase diagrams in Fig. 1(a)–(c).506

3.4. Optimal growth of ultrasmall TiO2 tube arrays507

As exhibited in previous sections, the TiO2 tube growth508

has shown some unconventional size evolution in a wide con-509

dition range, and in the mechanism discussion where the510

reaction–diffusion method has been applied, the optimal condition511

to form ultrasmall (∼10 nm) tube arrays has been discussed. It has512

also been found that temperature controlling could induce signif-513

icant “micro-annealing” effect in the as-prepared TiO2 tubes. Now514

we show in Fig. 5(a)–(e) more detailed experimental approach to515

realize the optimized growth of ultrasmall tube arrays with good516

quality and fast growth rate.517

On one hand, under constant temperature, the tube size518

decreases with decreasing applied potential difference �V until the519

lower limit is reached and only oxide layer is formed. For exam-520

ple, in E.G. (with 1.0 vol.% H2O and 0.09 M NH4F), the smallest521

tubes at 15 ◦C were obtained at 30 V with the size of outer diam-522

eter D = 90 nm, which indicated the reduction of the tube size is 523

limited if only the applied potential difference is reduced. On the 524

other hand, at constant �V, the tube diameter generally decreased 525

with the decreasing temperature from 15 to 0 ◦C. When the tem- 526

perature decreased from 0 to −5 ◦C, the tube size continued to 527

decrease when �V ≥ 10 V, but when �V < 10 V, no significant tube 528

arrays were detected except oxide films. Thus it can be concluded 529

that the optimal temperature regime is ∼0 ◦C to grow uniform 530

ultrasmall (D ∼ 10 nm) TiO2 tubes under low applied potential 531

difference, as shown in Fig. 5(d). Compared to the previously fab- 532

ricated tubes with similar sizes [21,31], these ultrasmall tubes are 533

better ordered, with thin wall thickness (∼3 nm) and high growth 534

rate (∼0.3–0.4 �m h−1). 535

Afterwards, detailed structural studies on these as-prepared 536

ultrasmall TiO2 tubes have been carried out by TEM and Raman 537

scattering spectroscopy. The nanometer-sized grains with well 538

ordered structure previously studied in larger tubes (shown in 539

Fig. 3(b)) were hard to be detected in these ultrasmall tubes, as 540

shown by the high resolution TEM image in Fig. 5(f). However, 541

atoms have begun to be organized in some area (indicated by red 542

dx.doi.org/10.1016/j.electacta.2011.02.029
Original text:
Inserted Text
-5

Original text:
Inserted Text
Optimal Self-organized Growth 

Original text:
Inserted Text
Figs. 1(a)-(c).3.4Optimal Growth 

Original text:
Inserted Text
reaction-diffusion 

Original text:
Inserted Text
Figs. 5(a)-(e) 

Original text:
Inserted Text
-5

Original text:
Inserted Text
ΔV ≥ 10

Original text:
Inserted Text
(D ∼ 10

Original text:
Inserted Text
∼ 0.3 - 0.4μm h



Please cite this article in press as: H. Liu, et al., Optimal self-organized growth of small anodic TiO2 nanotubes with “micro-annealing” effect
under complex conditions via reaction–diffusion approach, Electrochim. Acta (2011), doi:10.1016/j.electacta.2011.02.029

ARTICLE IN PRESSG Model

EA 16768 1–9

H. Liu et al. / Electrochimica Acta xxx (2011) xxx–xxx 9

arrow) as shown in Fig. 5(f), and the Raman spectrum in Fig. 5(g)543

has indicated existence of small grains in a larger scale, with peaks544

at 159 and 610 cm−1 which are related to the nanocrystal TiO2 with545

anatase and rutile phases, respectively [10,45]. Above results have546

shown that although the nanometer-sized grains are not easily547

found due to possible size limit by the very thin tube wall (∼3 nm),548

the as-prepared ultrasmall nanotubes are quite ordered in gen-549

eral and have some organized microstructures already. Generally550

combined adjustment of the temperature and the applied poten-551

tial is suitable to control the TiO2 tube sizes, and to reach optimal552

conditions (∼0 ◦C, ∼10 V) for ultrasmall tubes with more ordered553

microstructure by reducing the applied potential difference with-554

out changing other factors like the electrolyte concentration.
555

4. Conclusions556

To summarize this paper, we have systematically investigated557

the complex behavior (size, growth rate, and ordering) of the TiO2558

tube formation in the anodic oxidation system in highly viscous559

electrolyte (E.G., with 1.0 vol.% H2O and 0.09 M NH4F) with varied560

applied potential difference and temperature. The morphological561

properties of the system, such as the nonmonotonous change of562

size and growth rate versus the applied potential difference and the563

temperature have been carefully investigated in a very wide exper-564

imental range. Such behaviors have been in general qualitatively565

discussed with a reaction–diffusion model including the reaction,566

diffusion, and field drift processes of three main species (F−, O2−
567

and TiO2). Moreover, evidences have shown that the formation of568

small (∼2–10 nm) crystal grains with anatase or rutile structure can569

be enhanced in the as-prepared TiO2 tube wall under decreasing570

temperatures. Due to its relationship to the temperature and sim-571

ilarity to the annealing at higher temperatures of several hundred572

centigrade, we name this phenomenon “micro-annealing”, which573

might be useful in general electrochemical fabrication method of574

the TiO2 material [7–10].575

Finally, the optimized growth under complex conditions for576

small tubes with specific size has been realized, for example,577

the ultrasmall (outer diameter D ∼ 10 nm, wall thickness d ∼ 3 nm)578

and small (D ∼ 50–90 nm, d ∼ 15 nm) TiO2 tubes have been fabri-579

cated with high growth rate and structural quality. Introduction of580

the reaction–diffusion method to the nanotube formation process581

appeared to be helpful to understand more details in the nanos-582

tructure formation of TiO2. The experimental results will be helpful583

to develop devices based on TiO2 tubes with controllable sizes and584

nanocrystal structures for certain properties, for example, the tubes585

formed at low temperatures have shown interesting cathodolumi-586

nescence properties [49].
587
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