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Abstract We propose a mechanism for the growth of crys-
talline anodic titanium-oxide (ATO) nanochannel arrays
based on thermodynamic considerations and structural im-
perfections. Both amorphous and crystalline ATO films were
obtained from the anodization of a titanium foil. Amorphous
ATO nanotubes have a single-layer form, which makes
them inefficient for use in photo-catalytic and solar-cell ap-
plications. Annealed ATO nanotubes are considered non-
stoichiometric if the effect of oxygen partial pressure on the
composition is significant. The driving force behind growing
crystalline ATO nanotubes is the drawing of oxygen from
the atmosphere to the oxygen site, which consequently de-
creases the concentration of oxygen vacancies in the anatase
phase. The small ionization energies of titanium ions pro-
duce the stoichiometric defects. A diagram showing Gibbs
energy and Kroger–Vink notation to indicate the strong in-
fluence of the non-stoichiometric ATO structure is deduced.
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1 Introduction

Nanoporous films with large surface-to-volume ratios have
attracted much attention [1–3]. Ordered nanochannel films
with uniform nanopore sizes are formed on active metals
such as Al, Zr, Nb, Sn, W, Hf, and Ti on anodization [4–10].
Of anodic oxide nanochannel arrays of various types, thin
films of anodic titanium oxide (ATO) possess great ther-
mal and chemical stability, which makes them useful for
catalytic [11], gas-sensing [12], self-cleaning [13], and dye-
sensitized solar-cell [10, 14–16] applications.

A compact ATO film is readily obtained with a dilute so-
lution of sulfuric acid and an anti-corrosion film to maintain
an enduring exterior [17]. Zwilling [18] described the fabri-
cation of ATO nanotube arrays, and Grimes and co-workers
[19–21] presented greater details. According to their ap-
proach, the lengths of ATO nanotubes were controlled with
an electrolyte solution containing fluoride ions: the tube
length was ∼0.5 µm in a HF-based aqueous electrolyte and
∼7 µm in a NaF or KF aqueous electrolyte. Macak et al. [22]
made the first nanotubes with a large aspect ratio in organic
non-aqueous and fluoride-based electrolytes. The length of
the ATO nanotubes attained was 134 µm [23], 220 µm [16],
and 1000 µm [24].

The initial phase of ATO is amorphous, which is inef-
ficient for photo-catalytic and solar-cell applications. This
problem is ameliorated on thermal treatments; Varghese
et al. [25] showed that amorphous ATO crystallizes to an
anatase phase at temperatures between 280 and 450◦C and
enters the rutile phase between 480 and 620◦C. When tita-
nium specimens are anodized or thermally treated, titanium
oxides or layers comprise not a single component, but the
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ratio of titanium to oxygen varies layer by layer. The compo-
nents in ATO layers are hence more appropriately described
as TiO2−x , with 0 < x < 1. According to Mantzila and Pro-
dromidis [26], the native layers of Ti2O3 and TiO are formed
at the interface between the anodic film of TiO2 and the Ti
substrate, and TiOx layers are produced between TiO and
Ti; TiOx might there consist of Ti3O5 and Ti4O7. Accord-
ing to their assumption, the oxide layers above Ti are se-
quentially TiOx , TiO, and TiO2, but a thermochemical table
lists the thermodynamically stable titanium oxides as TiO,
Ti2O3, Ti3O5, and Ti4O7 [27]. Through a thermodynamic
calculation we thus correct the order of the oxide layers on
Ti to TiO, Ti2O3, Ti3O5, Ti4O7, and TiO2. We here describe
annealing the ATO film with nanochannel structures to at-
tain the anatase TiO2 phase, including the deduction of ther-
modynamic stability and corresponding non-stoichiometric
reactions, and we elucidate the relations between the order
and disorder transformations during the formation of ATO
nanochannel arrays.

2 Experiments

2.1 Electro-polishing

A piece (2 × 1 × 0.01 cm3) of titanium foil (purity 99.7%)
was annealed in a furnace in air at 800◦C for 1 h to ob-
tain an α-phase microstructure that was abraded (#1500 grit
SiC paper). Electro-polishing (EP) at 15◦C with applied
voltage 40 V for 5 min yielded flat surfaces of α-titanium
from a Pt cathode (2 cm2). The electrolyte polish was com-
posed of HClO4 (5% vol), HOCH2CH2OC4H9 (53% vol)
and H3COH (42% vol).

2.2 Anodization

The electro-polished α-Ti anode and the same cathode
were prepared for anodization at 25 V for 6 min in an
electrolyte solution (pH 4.7) composed of anhydrous KF,
(99.9%, 0.58% mass), NaHSO4 ·2H2O, (99.9%, 13.8%
mass), and trisodium citrate dihydrate (C6H5Na3O7 · 2H2O,
5.9% mass). An ordered-channel array of anodic titanium
oxide (ATO) was obtained and annealed in an air fur-
nace for 3 h at 450◦C to form single-crystal nanotubes of
anatase ATO. The micromorphology and composition of this
anatase ATO were determined with a scanning electron mi-
croscope (SEM, JEOL 6500), transmission electron micro-
scope (TEM, JEOL 2100F), energy-dispersive spectrometer
(EDS) and X-ray diffraction (XRD, PHILIPS X’Pert Pro).

3 Results and discussion

Figure 1 shows an optical micrograph of an electrolytically
polished titanium specimen. The ATO was expected to grow

in an ordered-channel array on the flat α-phase titanium sur-
face. Figure 2 shows a SEM image of a spontaneous ox-
ide film of the EP Ti surface. The SEM morphologies of
the ATO formed with varied anodizing periods appear in
Fig. 3(a)–(i). Ti(OH)4 was initially formed as nanoparti-
cles (a) and nanorods (b) with random distributions. Ran-
dom nanopores were formed after anodizing for 1.5 min (c).
After anodization for 1.5 and 2.5 min, the small pores ex-
panded to diameter 100 nm (d, e). Extra dissolution from
the electrolyte required a protracted anodization (f, g, and h).
A clean ATO surface shown in Fig. 3(i) was eventually ob-
served after anodization for 6 min.

The SEM morphologies of nanochannel ATO microstruc-
tures with long-range order after anodization for 1 h are
shown in Fig. 4(a) with a density 109–1010 tubes cm−2.
Figure 4(b) shows the ATO nanostructures with pore size

Fig. 1 Optical microscopic image of electro-polished titanium speci-
men

Fig. 2 SEM image of EP Ti surface
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Fig. 3 SEM images of ATO films after anodization for (a) 0.5 min, (b) 1 min, (c) 1.5 min, (d) 2 min, (e) 2.5 min, (f) 3 min, (g) 4 min, (h) 5 min,
(i) 6 min
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Fig. 3 (Continued)

100 nm and pore wall thickness 20 nm; Fig. 4(c) shows a
tube length 1.5 µm. The barrier layer of closed nanotubes
on the bottom of the ATO is shown in Fig. 4(d). The ini-
tial phase of the ATO was amorphous and the crystallized
anatase TiO2 was obtained when the amorphous ATO was
annealed at 450◦C. Figure 5 presents XRD patterns of ATO
films on titanium foil; the letters T and A denote α-titanium
phase and crystalline anatase, respectively. The titanium
phase came from the metallic substrate, which was covered
with layers of amorphous TiO2. TiO2 features were obtained
after annealing for 3 h. Figures 6(a) and 6(b) show typi-
cal TEM images and sample ATO diffraction patterns be-
fore and after annealing, respectively. A single, randomly
selected ATO nanotube was found; it is continuous and has
a uniform diameter throughout its length. The observation of
free-standing nanotubes in TEM images revealed that most
nanotubes were about 3–4 µm long. In Fig. 6(a), the electron

diffraction (SAED) pattern in selected areas along the length
of the tube indicates a ring pattern (amorphous), but the dif-
fraction patterns in Fig. 6(b) were the same, indicating that
the tube was a single crystal. After indexing several SAED
patterns from randomly selected nanotubes, the growth di-
rection for some tubes was deduced to be [100]. The XRD
shows no single line in the pattern, which indicates that the
nanotubes lack the same crystal orientation, but the TEM
shows that each individual nanotube is a single-crystal struc-
ture.

Figures 7(a) and 7(b) show cross-sectional views of
ATO nanochannel arrays on titanium foil for non-annealed
(amorphous) and annealed (anatase) TiO2, respectively. The
ATO/Ti interface of the non-annealed specimen presents an
ordered pattern with exactly the same morphology as the
ATO barrier layer, whereas the interface of the annealed
specimen presents a compact layer on the surface with no
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Fig. 4 SEM images of ATO films showing (a) tube density 109 to 1010 cm−2, (b) pore size 100 nm and wall thickness 20 nm, (c) tube length
1.5 µm, and (d) a barrier layer on the bottom of the closed ATO tubes

ordered array. Figure 8 in five parts shows the EDS results
of the chemical composition of the thin-film samples shown
in Fig. 7. Figure 8(a) indicates that the pattern (point A)
is pure Ti, and Fig. 8(b) shows the ATO film (point B)
with F doped inside. Figure 8(c) shows that the compact
layer (point C) contains a titanium oxide TiO2−x without F
doping; Fig. 8(d) shows the composition of the ATO film
(point D) with F doping, and Fig. 8(e) shows that the Ti
(point E) composition is pure when the compact layer is
removed. The departure of TiO2−x from stoichiometry ac-
counts for the vacancies in the oxygen sites.

According to a Ti Pourbaix diagram [28], when Ti is ion-
ized in an electrolyte that contains hydroxide ions, the equi-
librium reaction is expressible as

TiO2+ + 6(OH)− + 2e− → Ti(OH)4 + H2(g) + 3O2−. (1)

When NH4F is added to the electrolyte, F− enters the
(TiOH)4 or ATO, and the equilibrium reaction is expressible
as

TiO2+ + 6(OH)− + 2e−

NH4F−→ Ti(OH)4(F−doped) + H2(g) + 3O2−. (2)

During anodization, F2O(g) and HF(g) were formed in the
electrolyte [28] and F− doping to (TiOH)4, and gases F(g),
FO(g), FO2(g), HF(g), H2F2(g), H3F3(g), H4F4(g), H5F5(g),
H6F6(g), and H7F7(g) were produced [27, 29]. The concen-
tration of F− in the electrolyte thus decreased for increasing
period of anodization. Figure 9 shows the temperature de-
pendence of Gibbs energy for the reactions involving F−,
FxOy(g), and HxFy(g); the corresponding expressions for
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Fig. 5 XRD patterns of (a) amorphous ATO grew on a metallic tita-
nium foil; the features were from the α-Ti phase, (b) both intense val-
ues of α-Ti and anatase phase; T and A represent titanium and anatase,
respectively

Fig. 6 TEM micrographs of a randomly selected, single TiO2 nano-
tube for (a) amorphous ATO before annealing, and (b) anatase ATO
after annealing. The black circles indicate the areas from which the
electron diffraction (ED) pattern was taken. The zone axis in this case
was [112] and the growth direction is [100]

each reaction are listed in Table 1. Accordingly, the gases
except F(g), FO(g), and FO2(g) (�G > 0) are formed sponta-
neously during anodization.

The partial vapor pressure of oxygen at equilibrium
above the surface of ATO is calculated from the Gibbs en-
ergy as follows:

TiO2(s) → TiO2−x(s) + x

2
O2(g), (3)

a

b

Fig. 7 SEM images of ATO/Ti interface showing the interface be-
tween Ti substrate and (a) amorphous ATO before annealing and
(b) anatase ATO after annealing

�G0
1

(
kJ mol−1) = −93602 + 0.18T (K). (4)

The annealed oxide crystallized and is considered non-
stoichiometric if the effect of partial pressure of dioxygen
on the composition is significant. The standard molar Gibbs
energy change �G0

1 in this reaction is given by

�G0
1 = −RT lnK1, (5)

in which

K1 = aTiO2−x
· (PO2)

x
2

aTiO2

. (6)
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Fig. 8 EDS of ATO films in locations labeled in Fig. 7 for (a) pure Ti, (b) TiO2 with F doping, (c) TiO2−x without F doping, (d) TiO2 with F
doping, and (e) pure Ti

If the activities of solid compounds are assumed to be unity,
on combining (5) with (6) we obtain

(PO2)
x
2 = exp

(−�G0
1

RT

)
. (7)

Based on the Ti–O binary phase diagram [30] with x = 2.0,
1.75, 1.67, 1.5 and 1.0, the partial pressures of dioxy-
gen for air/TiO2, TiO2/Ti4O7, Ti4O7/Ti3O5, Ti3O5/Ti2O3,
Ti2O3/TiO, and TiO/Ti at 450◦C are 10−0.7, 10−43.11,
10−45.15, 10−47.21, 10−53.49 and 10−68.22 atm, respectively.
Table 2 summarizes the results for logK , �G0, and logPO2

based on the JANAF thermochemical table [27]. Table 3

lists equilibrium states of dioxygen at partial pressures and
various temperatures with a schematic illustration displayed
in Fig. 10.

It is convenient to express a reaction using the Kroger–
Vink notation [31] as

2VTi + VO = 2VTi′ + VO·· + 1

2
O2(g), (8)

which is equivalent to

VO = VO·· + 1

2
O2(g) + 2e−. (9)
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Fig. 9 Diagram of Gibbs
energy of reaction. Values for
F(g), FO(g), FO2(g) are positive
but those for HF(g), H2F2(g),
H3F3(g), H4F4(g), H5F5(g),
H6F6(g), and H7F7(g) are
negative; the latter species can
spontaneously form during
anodization

Table 1 Gibbs energy of reactions involving F−, FxOy(g), and
HxFy(g)

No. Reactions �G (kJ mol−1)

1 F− → F(g) + e− 325.63 − 0.036T

2 F− + 1
2 O2(g) → FO(g) + e− 364.13 + 0.01T

3 F− + O2(g) → FO2(g) + e− 267.93 + 0.07T

4 F− + 1
2 H2(g) → HF(g) + e− −16.57 + 0.014T

5 2F− + H2(g) → H2F2(g) + 2e− −61.24 + 0.134T

6 3F− + 3
2 H2(g) → H3F3(g) + 3e− −111.51 + 0.276T

7 4F− + 2H2(g) → H4F4(g) + 4e− −160.03 + 0.398T

8 5F− + 5
2 H2(g) → H5F5(g) + 5e− −209.75 + 0.52T

9 6F− + 3H2(g) → H6F6(g) + 6e− −271.52 + 0.662T

10 7F− + 7
2 H2(g) → H7F7(g) + 7e− −310.16 + 0.787T

The equilibrium quotient of (8) is given by

K = [VO·· ] · (PO2)
1
2 · [e−]/[VO], (10)

in which VTi and VO are the vacancies at Ti and O sites,
respectively; VO·· and VTi′ are the excess oxygen charge
and titanium charge located at the vacant sites, respec-
tively. The concentration of oxygen in ATO is expressed
as [Oo], which signifies that the interstitial or substituted
oxygen at the original site of oxygen from substrates is
near unity, and the concentration of electrons equals twice
the oxygen vacancies, i.e., 2[VO·· ] = [e−]; [VO·· ] is approx-
imately equal to the negative one-sixth power of the oxy-
gen partial pressures, i.e., ∼(PO2)

−1/6. This relation is con-
sistent with the Brouwer approximation [32], which in-
dicates the strong influence of stoichiometry and the ex-
pected dependence of oxygen pressure on defect structure.

The order of Ti/O is evaluated through the oxygen pres-
sure of the oxide/metal interface. The driving force in grow-
ing anatase ATO nanotubes is drawing oxygen from the
atmosphere to the oxygen site (Oo); i.e., (8) shifts to the
left, and the concentration of oxygen vacancies during crys-
tal growth becomes decreased. Conversely, as the reduc-
tive potential occurs toward the interfaces of the titanium
substrate, the concentration of oxygen vacancies increases,
and (8) shifts to the right. Because of the small ioniza-
tion energy of titanium ions, an extensive non-stoichiometric
region in (8) is predominant inside the entire ATO lay-
ers.

4 Conclusions

Anodic titanium oxide (ATO) film with pore diameter
100 nm, density 109 to 1010 tubes cm−2, and nanochan-
nel array of length 1.5 µm was fabricated through an-
odization. Crystalline nanotubes of ATO were obtained on
annealing the amorphous form at high temperature. Be-
cause oxygen was introduced into the interface between
substrate Ti and ATO during annealing, oxide layers of
TiO2−x were formed. Annealing yielded an equilibrium
distribution to states of energy that increased the prob-
ability of electrons overcoming the energy level within
ATO. Based on thermodynamic considerations, the com-
positions of the oxide layers above the Ti surface were
determined to be TiO, Ti2O3, Ti3O5, Ti4O7 and TiO2.
The calculated partial pressures at the interfaces air/TiO2,
TiO2/Ti4O7, Ti4O7/Ti3O5, Ti3O5/Ti2O3, Ti2O3/TiO and
TiO/Ti at 450◦C are 10−0.7, 10−43.11, 10−45.15, 10−47.21,
10−53.49, and 10−68.22 atm, respectively. The evidence from
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Table 2 Equilibrium reaction equations for Ti/O in the temperature range 25–500◦C

Reaction log K �G/kJ log (PO2 /atm)

Ti + O2 → TiO2(A) logK = −9.394 + 4885.7
T

�G = −93602 + 0.18T logPO2 (atm) = − logK

4Ti + 7
2 O2 → Ti4O7 logK = −32.163 + 177194.3

T
�G = −3392.74 + 0.62T logPO2 (atm) = − 2

7 logK

3Ti + 5
2 O2 → Ti3O5 logK = −23.723 + 127944.3

T
�G = −2449.74 + 0.45T logPO2 (atm) = − 2

5 logK

2Ti + 3
2 O2 → Ti2O3 logK = −14.14 + 78926.6

T
�G = −1511.21 + 0.27T logPO2 (atm) = − 2

3 logK

4Ti + 1
2 O2 → TiO logK = −4.97 + 28262.3

T
�G = −541.14 + 0.09T logPO2 (atm) = −2 logK

Table 3 Oxygen partial pressures for each Ti/O equilibrium state at
450◦C

Interface Reactions log (PO2 /atm)

Air/TiO2 – −0.7

TiO2/Ti4O7 TiO2 + 4Ti+2.5O2 → Ti4O7 −43.11

Ti4O7/Ti3O5 Ti4O7 →Ti3O5+ Ti+O2 −45.15

Ti3O5/Ti2O3 Ti3O5 →Ti2O3+ Ti+O2 −47.21

Ti2O3/TiO Ti2O3 →TiO+Ti+O2 −53.49

TiO/Ti TiO→Ti+0.5O2 −68.22

Fig. 10 Schematic illustration of metal-oxide layers above titanium
foil with the equilibrium oxygen partial pressures at the interface

EDS and the expected dependence of oxygen pressure on
defect structure clearly demonstrates the non-stoichiometric
structures of the crystalline ATO layers. The driving force
of growing crystalline ATO nanotubes is to gain oxygen
from the atmosphere to the oxygen site. The oxygen va-
cancy concentration is approximately equal to the nega-
tive of one sixth power of oxygen partial pressures, con-
sistent with the Brouwer approximation. Because of the
small ionization energy of titanium ions, an extensive re-
gion of non-stoichiometric defects is expected in the ATO
layers.
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