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Porous anodic aluminium oxide (AAQO) and a-
nodic titanium oxide (ATO) attracted an increased
attention in the recent years due to their high poten-
tials of application in nanotechnology. This article
presents a brief review of some important develop-
ments of these smart materials including anodization
methods, formation mechanisms of the pores, self-
ordering processes and applications. Anodization of
other metals are also highlighted .
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1 Introduction

The research realms of fabrication and applica-
tion of nanomaterials have attracted more scientists
and engineering from various disciplines in the re-
cent years. Nanomaterials often have novel proper-
ties, many of which are yet to be investigated. On
the other hand, our knowledge of nanoscale chemi-
cal processes for these materials is also very limit-
ed. One example is formation of nanoporous anodic
metal oxides.

Anodic metal oxides have diverse applications in
prevention of corrosion of metal substrates from their

. . 1
service environment''',
[2.3]

forming capacitor dielec-

9

trics

, templating nanomaterials'’ °! and in many

other fields such as catalysis, optics and electron-

icst!® 31 The best known porous anodic oxide, a-

nodic aluminium oxide ( AAQ), was first reported

") and is now commercially available

50 years ago' !
because its pores can be used as template for prepar-
ing various nanoparticles, nanowires and nanotubes,
Porous anodic oxide films have also been achieved on
surfaces of many other metals, sometimes the so-

called valve metals, e. g titanium'** %', hafnium™"

36

tantalum'®’,

[26]

niobium'?#?, tungsten'®!,  vanadi-

um' 7, and zirconium

It has been widely accepted that the formation
of the pores in anodic metal oxides is based on two
continuous processes, one is oxide dissolution at
the electrolyte/oxide interface and the other is oxi-
dation of metal at the oxide/metal interface. In
fact, the formation mechanism of these pores, of-
ten hexaganolly ordered. is much more complicated
than people normally predicted. Although the for-
mation mechanism, pore ordering, pore size con-

29

trol have been extensively studied’® *' and many

efforts have been made to optimize the anodization
conditions [or these films'® %1, there is still much
work to do in order to {ully understand the electro-
chemical process during the anodization.

This article presents a brief review of the re-
search progress in fabrication, application and un-
derstanding the formation mechanism of anodic
metal oxides, especially the AAQ and anodic titani-

um oxide (ATQ).
2 Anodic aluminium oxide

Anodization is an electrochemical process which
could create a thick compact oxide layer on surface of
a metal substrate. This type of non-porous surface
coating layer can normally increase the resistances to
corrosion and wear of metals. Therefore, this tech-
nique has been applied to many metals, e. g. alumi-
num, magnesium, niobium, tantalum, titanium,
tungsten, vanadium, zinc, and zirconium, etc. A-
mong them, AAQ films are most commonly used to
protect aluminum alloys.

In a typical anodizing process, an aluminium
metal foil is connected to the anode of a dc power
supply. A weak acidic solution is normally used as e-
lectrolyte. The cathode can be made by any conduc-
ting material which is unreactive in the electrolyte.
Once the external voltage is switched on, hydrogen
ions are reduced to produce hydrogen gas at cathode
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and aluminium is oxidized into A** cations. Part of
the cations are dissolved into electrolyte and part of
them form an oxide layer on the metal surface. For
the latter reaction, oxygen-containing anions are
supplied by the electrolyte.

Depending on the electrolyte used, two types of
anodic aluminium oxide layers could be produced:
nonporous barrier oxide layers with uniform thick-
ness in a near neutral electrolyte and porous anodic
oxide films containing dense nanoscale pores in an a-
cidic or alkaline electrolyte'®*-%",

2. 1 Chemical reactions

Chemical reactions during the anodization of a-
luminium look simple. For example, the overall re-
action can be written as 2Al-+ 3H,O— ALO, +
3H,™'7. This reaction is correct, but does not re-
flect the the details of the whole electrochemical
process. It is essential to understand the chemical re-
actions at electrolyte/oxide and oxide/metal inter-
faces separately. It is certain that, when electric field
is supplied, aluminium at the oxide/metal interface
will be oxidized into AI’" cations: Al—=AP' 4 3e.
Some of these cations migrate across the oxide layer
and are dissolved into the electrolyte (in a case of
porous AAQ) or form oxide at the electrolyte/oxide
interface (in a case of nonporous AAQ). Some of
them stay at the oxide/metal interface, forming
Al, O; with the oxide anions migrated from the elec-
trolyte/oxide interface. There is still an unsolved
problem regarding the above reactions, i. e. the form
of the oxygen-containing anions is uncertain, which

could be O or OH

tanium, it has been recently found that the wall of

At least in anodization of ti-

ATO nanotubes contains two layers with the outer
layer of titanium hydroxide, implying that some ani-

ons must be OH %7,

The hydroxide will eventually
decompose to form oxide. In the case of AAQO, even
hydroxide of aluminium forms as an intermediate
phase, it will decompose very quickly and no detect-
able hydroxide layer appears.

At the electrolyte/oxide interface, Al, O, is dis-
solved in electrolyte. The oxide anions are driven by
the electric field to move crossing the oxide layer,
contributing to the formation of Al, O, at the oxide/
metal interface. However, these oxide anions are
not enough for the newly formed oxide layer. A sig-
nificant amount of anions must be supplied from dis-

sociation of water at the electrolyte/oxide interface.
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A water-splitting reaction; H,O—>2H* + O* or
H,O—>H' +0OH" was therefore proposed "',

It was recently reported that dissociation of wa-
ter not only supplies anions to the oxide layer, but
also plays an important role in governing the porosity
of the porous AAQO films and the overall reaction at
the electrolyte/oxide interface can be written as:

AL O, +nH,0—> 2AF + (34+n— x2)O%

+2OH + (2n— o) H' (1
where 7 is introduced to indicate the ratio of the dis-
sociation rate of water to the dissolution rate of
Al, O, and x indicates the ratio of () and OH ,
which has not yet been determined™®’,

In addition to the above principal reactions,
some anions in electrolyte may also be incorporated
in the aluminium oxide layer. For example, an oxide
film grown in phosphoric acid electrolyte may contain

anions'***1°7,

phosphorus species, probably as PO,*
These large anions migrate much slower than O* /
OH anions and are unlikely able to approach to the

[11]

oxide/metal interface Therefore, water in elec-

trolyte is still the main source of oxygen for the for-
mation of the oxide films'"*!,
2. 2 Nonporous barrier layer

The history of anodization of aluminum dates
back to the beginning of the last century. Protection
and decoration of Al and its alloys by means of an a-
nodic treatment was developed as early as in
1920's7,

num metal could react with air, {orming a thin barri-

In fact, even without anodization, alumi-

er oxide layer with a thickness of 23 nm on the
surface®!. This compact barrier oxide layer protects
the surface from further oxidization by its service en-
vironment and is an excellent electrical insulator.
When an aluminum foil with a native oxide coating is
used as an anode in an electrolytic cell, the electrical
potential across the oxide layer can be increased
without initiating current flow until the field in the
oxide layer is high enough to drive aluminum and ox-
ide ions through the oxide layer'**'®’. The ionic
transport across the oxide layer under a high field
plays an important role in oxide formation during the
anodization of aluminum'*?’, Electric field strength
in a range from 10°% to 107 V/cm is sufficient to drive
the ions crossing the oxide layer. It has been gener-
ally accepted that during the formation of nonporous
anodic alumina in a near neutral electrolyte, e. g. an

ammonium tartrate or ammonium pentaborate solu-
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tion, aluminium oxide simultaneously grows at both
electrolyte/oxide and oxide/metal interfaces. Oxy-
O* " /OH

{from dissociation of water at the electrolyte/oxide in-

gen-containing anions, mainly coming
terface move inwards to react with aluminum at the
oxide/metal interface to form oxide. At the same
time, A’ cations move outwards from the metal
surface to react with water at the electrolyte/oxide
interface to form oxide. It has been established that
the total ionic current density (j) under a high field
conduction relates with the electric field strength
(E) through an exponential law j = j, exp (BE)
where j, and § are temperature-dependent constants
involving parameters of ionic transport in a particular
material """,

It was reported that, when aluminium was ano
dized in a sodium borate-cthylene glycol electrolyte,
the fraction of the total charge carried by cations
(1A’ ) was about 0. 6, whereas in aqueous ammo-
nium citrate tAl’" varied from 0. 37 to 0. 72 as the
current density increased from 0. 1 to 10 mA/
le.' 16 |
of AP

As the oxide is insoluble in a near neutral elec-

Some other values of the transport numbers

cations were also detected '” "',

trolyte, a barricr layer forms at near 100 % efficien-
cy. i e. almost all of the AI’'" cations migrating
from the oxide/metal interface would contribute to
the formation of Al, (), at the electrolyte/oxide inter-
30

face - Brown ct al. gave a ratio of oxide formation

at oxide/electrolyte and oxide/metal interfaces to be
40% * 60%. Such films grow by counter migrations
of A" and OF

about 60% of the ionic current™"?,

ions, with the latter accounting for
The final thick-
ness of the barrier oxide is proportional with the ap-
plied voltage, and has a small deviation with temper-
ature and the electrolyte characteristics. A typical
anodization ratio for aluminum anodized in a near
neutral electrolyte is about 1.4 nm/ V%21
According to the newly established equifield
strength model ™', in a near-neutral solution when
dissolution of Al,O; can be neglected, the thickness
of the oxide layer (d) will continuously increase if
the field assisted anionic migration carries on. This
process will not stop until d approaches a critical val-
ue, d¢, when the corresponding electric field
strength, E.=U/d:, is merely too weak to drive
the anions crossing the oxide barrier layer. Finally,
a uniform thickness (d¢) and constant electric field
strength (E-) will be approached in the whole area
of the barrier layer. Consequently, the morphology
of the oxide/metal interface will replicate that of the
electrolyte/oxide interface as shown by a scanning e-
lectron microscopic (SEM) image in Fig. 1 presented
53]

by Furneaux et al. ' A schematic diagram {or the

equifield strength model of a nonporous AAQO is

shown in Fig. 2A, in which, the field at any point
across the oxide layer, e.g. A’A, B'B or C'C, has

a constant slrength.

Fig. 1

SEM image of a cross section of an amorphous aluminium oxide layer (top) grown on aluminium ( bottom) in

0. 16 M ammonium tartrate at 20 C with a current density of 10 mA/cm’ , voltageof 200 V. The oxide thickness is about 220

nm, equivalent to 1. 1 nm/V!5)

2. 3 Pore formation in porous AAO films
In the recent years, much attention has been
paid to porous AAQ films rather than the nonporous

barrier oxide layer because they have applications in

38

nanoscience and nanotechnology. Although AAO
with highly dense pores was first reported in
1950’7, AAQ films with highly ordered pores
were obtained 40 years later®°!.

When aluminum is anodized in an acidic solu-
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tion, due to the relatively high solubility of alumina
in the electrolyte, the thickness of the oxide layer
can never approach to the critical value, d¢. Both
the dissolution process of oxide and oxidation process

of aluminium can carry on without stop. In a stead

state, a new balanced thickness of oxide layer, dj,

will be achieved corresponding to field strength of

E;, where dy is smaller than d¢ and Ej is greater
than E.

Fig. 2 Schematic diagrams for the electric- field strength distribution in some typical oxide barrier layers with the electrolyte/
oxide inter face marked by A, B, C and the oxide/metal inter face marked by A", B, C'. (A) Planar oxide layer with a uni-
form thickness. (B) Planar layer with a corrosive pit. (C) The surface of a corrosive pit at the electrolyte/oxide inter face is
replicated at the oxide /metal inter face. (D) Formation of the hemispherical pore base and a cylindrical wall of a single pore.
(E) Two pores have a separation larger than 2dy. (F) The pores move towards each other to achieve a wall thickness of 2dy.

(G) The pores move closer with a balanced curvature of 20<_180°. (H) Two pores are too close to each other and (I) their

sel f-adjustment to increase the wall thickness'**’

The initiation and growth of pores are associated
with accelerated dissolution of aluminium oxide with

an influence of electric field®’. More detailed inves-

N
tigations' *+%%

suggested that electropolishing or oth-
er pretreatment could leave a slightly scalloped sur-
face of aluminum covered by an oxide coating layer.
It is believed that, a large number of defects
such as impurities, dislocation, grain boundaries, or
nonmetallic inclusions in the underlying metal could
cause a faster dissolution rate and lead to a pit
growth®"** ' It has been also reported that, when
AP’ cations are ejected from the oxide surface driven
by an applied field, cation vacancies can arise and ac-
cumulate to form high density voids in the oxide lay-
er, which can help the propagation of pits™®®®",

Therefore, an applied electric field can increase the

Vol. 16, No.1, 2008

pit number and growth rate rapidly, which has
been supported by Hebert and co-workers in their
studies of anodic etching and pitting corrosion of a-

[58,597

luminum According to the equifield strength

model, a pit site has a relatively thinner oxide lay-

31 For exam-

er, leading to a faster oxidation rate
ple, the field strength at B'B is higher than that at
A'A or C'C in Fig. 2B. Pores are eventually devel-
oped on these pits.

The cell and pore diameter were generally con-
sidered to be proportional to the applied volt-
agel!"+19:60:81] By assuming a hemispherical pore bot-
tom, Parkhutik and Shershulsky-®’ established a
theoretical model and found that the cell size, R, ;s is
a linear function of the applied potential U,. R, =

2.5 nm/V was calculated for a mild anodization case
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where the electric field strength across the barrier is
about 0. 77 V/nm'* .

According to the equifield strength model, the
pore growth direction should be perpendicular to
the surface of the oxide layer. In the case of a
rough surface, the pores may not be parallel to
each other as being often observed experimentally.
Furthermore, a single pore tends to increase its size
since both the oxide layer thicknesses and the field
strength at the pore bottom and the pore wall are
the same (Fig. 2D). In practice, the increase of
the pore size is limited by the neighbouring pores.
Further investigation indicated that the pore size is
determined by the relative dissociation rate of wa-
ter, since the thickness of the oxide layer is fixed
with the certain anodization conditions and the wall
thickness is also determined (Fig. 2G)™*'. Tt is in-
teresting that other conditions influence the pore
size via the relative dissociation rate of water. From
Fig. 2D, one can see that hemispherical pore bot-
tom is the only morphology which can meet the re-

quirement of the equifield strength model.

2. 4 Mechanism of pore ordering
When suitable anodization voltage and electro-
lyte are used, hexagonal ordered pores can be easily

produced in AAQO films (Fig. 3a). It has also been

found from experiments that the ordering can be im-
proved with increasing the anodization time. Perfect
hexagonal anodic alumina pores array with a very
narrow size distribution and extremely high aspect
ratios over an area of a micrometer scale was grown
by Masuda et al. via a two-step anodization process
using a 0. 3 M oxalic acid solution under a constant
voltage of 40 V at 0°C %% In the first step, Al foil
was anodized for more than 10 h, then the produced
AAQ film was wet etched away by the so-called P-C
etch at 80°C using a mixture of 35 ml/1 85% H; PO,
and 20 g/1 CrO;. The second step was re-anodization
of the aluminium foil with a periodic surface rough-
ness. The nanopore array formed in the second step
exhibited excellent regularity. Soon after that, they
successfully obtained a perfect hexagonal patterned
anodic alumina films with an area as large as of 2 mm
X 2 mm by a nanoprinting method™®*?. A hexagonal-
ly patterned SiC surface created by electron beam li-
thography was used to “nanoprint” the Al surface
prior to anodization, leading to a highly ordered

AAQ array.

found that hexagonally ordering could also be ob-

Besides, Bandyopadhyay et al. '®
tained via a high current density electropolishing
process. These reports confirmed that a patterned

pore array can guild the pore growth.

Fig. 3

Typical top-view SEM images of (a) AAOand (b) ATO films. The AAO film was prepared by two-step anodization ;

an aluminum plate was anodized in 0. 3 M oxalic acid at 40 V for 3 h, the porous oxide layer was removed by a mixed solution

of chromic and phosphoric acid , and the plate was anodized again for 10 h. The ATO film was prepared with the anodizing

voltage of 60V for 16 h'**!

Singh et al. ! attributed the pore initiation
and self organization of the porous structures in a-
luminum oxide {ilms at the initial stage to the sig-
nificant elastic stress in the oxide layer. The main

element of this theory is the Butler-Volmer rela-

40

tion"*®! describing an exponential dependence of the
current on the overpotential and a dependence of
the activation energies of the oxide-ciectiolyte inter-
facial reactions on the Laplace pressure and the e-

lastic stress in the oxide layer. In the case when the
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effect of elastic stress is negligible, a weakly non-
linear analysis leads to formation of spatially irregu-
lar pore arrays that have been observed in experi-
ments. In the case when the effect of elastic stress
in the oxide layer is significant, the instability can
transform from a long-wave type to a short-wave
type. A weakly nonlinear analysis of the short-
wave instability shows that it leads to the growth of
spatially regular, hexagonally ordered pore arrays.

1. %" considered distribution of

Vorobyova et a
an applied voltage in three main components of an
electrochemical bath system: a growing oxide lay-
er; a Helmholtz layer at electrolyte/oxide inter-
face; and a Gouy-Chapman space charge layer,
which extends to the quasi-neutral electrolyte re-
gion, It is found that the transformation of the
Helmholtz layer is due to self-organization effects
in the Gouy-Chapman layer, leading to a growth
of highly ordered pores.

Although the principle of the pore ordering has

been investigated (19:17:80:35,65 691 the

extensively
most commonly accepted model is based on mechani-
cal stress during the oxidation process''”"™', The i-
onic density of AI** in anodic alumina (3. 66 X 10%/
cm®) corresponding to the weight density of approxi-
mately 3.1 g/cm® "' is significantly lower than the
atomic density of aluminum metal of 6. 02 X 10%/
cm®. The mechanical stress coming from volume ex-
pansion during oxide formation at the oxide/metal
interface could be a possible origin of a repulsive
force between neighboring pores. Jessensky et al, ['7]
proposed that this repulsive force should be accoun-
ted for the self-organized formation of hexagonal
pore arrays. It was also suggested that neither too
large nor too small expansion would result in a long
range ordering of the pores. Only a medium volume
expansion of 1. 2 times from aluminum to alumina,
independent of the specific anodization conditions,
could lead to an ordering'’®.

On the other hand, the recently established
equifield strength model gave a new explanation for

the pore ordering™®***]

. When a single pore grows to
form a cylindrical wall as shown in Fig. 2D, the field
strength along DD’ or EE’ in the wall of the pore is
the same as that at the pore bottom, the oxide layer
can move not only downwards but also sidewards. In
other words, a single pore may continuously increase
its pore diameter, although this development is re-

stricted by a high pore density and fixed porosity un-
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der certain anodization conditions.

When two pores are quite separated as shown in
Fig. 2E, they will expand and, therefore, the neigh-
boring walls will move towards each other until two
walls merge with a thickness of the combined wall,
2dy (Fig. 2F). When two pores are too close, i.
e. , where d<2dyw, the pores will move apart to
increase the wall thickness as demonstrated in Fig.
2H and 21, in order to meet the requirement of the
equifield strength. Since the final pore size and po-
rosity are determined by the anodization conditions
(discussed below) , these processes lead to a move-
ment of pores, i. e. self-adjustment. When such
self-adjustment of the pore-pore distance takes
place two dimensionally in the whole area, a hexa-

gonal pattern can be achieved.

2. 5 Porosity and water dissociation

It has been experimentally observed that the cell
dimension and pore diameter of AAO films change
significantly with the applied voltage''"-'*:%:%17 For
example, measured from large-area hexagonal pore
arrays, an interpore distance (D) = 63 nm when
sulphuric acid (H,S(),) was used as electrolyte and
working voltage was 25 VI"2™1, D, =100 nm when
oxalic acid (H,C,0,) was used as electrolyte and
voltage was 40 VP D, =90 — 140 nm with an
aged sulphuric acid solution, a high anodization po-
tential up to 70 V and a high current density up to
200 mA/cm?™, D,, = 220 — 300 nm with oxalic
acid at 110 — 150 V%!, D,, =500 nm when apply-
ing phosphoric acid (H;PQ,) and 195 VF”'”J.

On the other hand, the porosity of AAO films
seems to be insensitive with the applied voltage.
Nielsch et al. [*) proposed a 10 % porosity rule based
on measurement on the produced AAQ films under
various experimental conditions. They found self-or-
dered porous AAO required a porosity of 10%, in-
dependent of the specific anodization conditions.
This empirical model was not in agreement with

[76,77]

some other reports and was challenged by a

more recent work from the same group, in which a
much smaller porosity, 3.3%, was detected**,
The nature of the voltage-dependent porosity of
AAO is not fully understood. A recent report re-
vealed that the key factor to influence the porosity
(P) is the relative rate of water dissociation (n) on
the oxide surface, where n is defined by equation

(1), with a very simple relation of P=3/(n+ 3)
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(Fig. 4)09%,

water dissociation greater than oxide dissolution and

Increasing the voltage can enhance the

therefore reduce the porosity. From Fig. 4, one can
find that the so-called 10% porosity rule has no special
physical meaning. This value was often observed prob-
ably because the normal anodization conditions give a

relative water dissociation rate of about 27.

1.0f
09}
0.8
0.7
0.6
L 05
0.4
0.3
02
0.1

0 1020 30 40 50 60 70 80 90 100
n

Fig. 4 Porosities (P) of AAO and ATO as functions of
the relative dissociation rates of water (n) at the electro-

lyte/oxide inter face

From the same model, similar exponential re-
lations between the porosity and voltage (U) has

also be derived as

U
L e .
P = 213exp(— 6.46 d ot (1 — exp(— 7)) +dy )

(2)
where d, describes the thickness of the native oxide
layer when no voltage is applied, dy.. is a measure
of the maximum thickness, and y stands for the in-
crease of the thickness with U,

Relations between the porosity and other anodiza-
tion parameters, such as current density, field strength
can also be established. The simulated results can match

the experimental data very well ** .

The simple relation between the porosity of a-
nodic oxide films and the relative water dissociation
rate needs to be further confirmed with more ex-
perimental data. The relative dissociation rate of
water cannot be directly detected, nor does the dis-
solution rate of alumina. A theoretic study of the
{ield assisted water dissociation rate, i.e. a calcu-
lation of dissociation energy of water as a function

of field strength, will be interesting.
3 Anodic titanium oxide

The most significant difference between typi-
cal anodic titanium oxide (AT() and anodic alumi-
num oxide (AAQ) is that the latter is a continuous
film with a pore array while the former consists of
separated nanotubes as demonstrated in Fig. 3.
Several recent studies have showed that titania
nanotubes have better properties compared to man-

y other forms of titania for applications in photoca-

= 7878 [80 837
talysist ™7 gas sensorst®® %1,
c[12,84.85]
is 12,81.8

photoelectrolys-

o P g
, and photovoltaics "% %/

Since Zwilling
et al. reported the anodization of titanium in chro-
mic acid and hydro fluoride acid for the first time in
1999%7,

fabrication, characterization, application and for-

great achievements have been made in the

mation mechanism of ATO materialst"®
3.1 Selection of electrolytes and chemical reactions
So far, several different electrolytes have been
used for producing ATO. Gong, et al. reported
their ATO preparation in a 0. 5 wt% HF aqueous
solution at room temperature using different anodi-
zing voltages, from 3 to 20 V !, Fig. 5 shows
SEM images of a typical ATO sample. Appearance

of separated nanotubes became obvious when the

voltage is high.

Fig.5 FE-SEM top view (a), cross sectional (b), and bottom view images of titanium oxide nanotubes anodized in 0. 5

wt% HF solution at 20V for 20 min. (from Reft'*1)

42
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It was noticed that the film thickness could
not be increased further from 400-—500 nm using
HF-based electrolyte. Fluoride solution can help to
dissolve TiO, by forming [ TiF; J?

ever, too strong acidity of HF-solution results in a

anions. How-

too fast dissolution of the formed Ti(), nanotubes.
Mixture with other acids did not help very much,
but the quality of the nanotube arrays could be var-
ied. Mor et al. reported that addition of acetic acid
toa 0.5 wt% HF electrolyte in a 1 ¢ 7 ratio resul-
ted in more mechanically robust nanotubes without

(81917 Ryan, et al.

changing their shape and size
found that the surface morphology of nanotube ar-
rays anodized in an electrolyte containing 2. 5%
HNO, and 1% HF at 20 V for 4 h showed a uni-
form, clean, regular nanotube structure with a
length about 400 nm. while an electrolyte of
0.5M H,BO,-2.5% HNO,-1% HF in anodization
at 20V for 4 h led to a greater degree of pore irreg-
ularity, with a nanotube length about 560 nm™?'.
When using a KF or NaF solution as an elec-

trolyte, thickness of ATO films can be significant-

ly increased®!. The acidity of the electrolyte
might be tuned by adding HF, H,SO, or Na,SO,
in order to adjust the balance of dissociation of ti-
tania at the electrolyte/oxide interface and oxida-
tion of titanium at the oxide/metal interface™®" */,
The better electrolyte is probably a NH,F-based
solution. From a mixed solution of NH,SO, and
NH,F, the ATO film can grow up to several mi-
crometers in thickness™".

Considering diffusion as the main effect on lo-

" which could lead to a tempora-

cal acidification
rily increased dissolution rate, Macak et al. used
glycerol solutions as electrolytes with very low dif-
fusion constant to suppress a pH burst at the pore
tip which, they believed, led to the growth of rid-
ges on the sidewall of anodic TiO, nanotubes (seen

clearly in Fig. 5b). They demonstrated an ATO

sample prepared in a glycerol electrolyte with 0.5
wt% NH,F with a length of 7 ym and a high de-
gree of regularity and homogeneity as shown in
Fig. 65%%.

Fig. 6

SEM images of smooth ATO with a length of 7 um produced in a glycerol electrolyte with 0.5 wt% NH ,F: (a) top

view; (b) bottom view; (c) cross sectional view. The inset of (c) shows the walls of the nanotubes in more details. (d) Top

view of an anodized sample a fter removal of some arrays of nanotubes, ( from Ref'?1)

In combination with either HF, KF, or NaF
to provide fluoride ions, Grimes and co-work-
ers'?*! obtained nanotube arrays up to approxi-
mately 220 um in length using a variety of organic

electrolytes including dimethyl sulfoxide (DMSQO),
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formamide (FA), ethylene glycol, and N-methyl-
formamide (NMF) (Fig. 7). It was suggested
that, the key to successfully achieving very long
nanotube arrays was to minimize water content in

the anodization bath to less than 5%. As with or-
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ganic electrolytes, donation of oxygen is more dif-
ficult in comparison with water, thus reducing the
tendency to form oxide™” and slowing down the
process of the nanotube growth. At the same
time, the reduction in the water content reduces
the chemical dissolution of the oxide in the fluorine
containing electrolytes and hence aids the longer-
nanotube formation,

It is widely accepted that the key processes re-

Fig. 7
trolyte containing 0. 25 wt% NH ,F (from Ref!*")

The above processes cannot explain the forma-
tion ol the gaps between the titania nanotubes.
When individual nanotubes were examined by u-
sing TEM., it was found that the wall of the nano-
tubes consists of two layers. The inner layer was
titania and the outer layer was titanium hydroxide
(sec the next section), implying that OH anions
can move from the electrolyte/oxide interface to
the oxide/metal interface to form a titanium hy-
droxide layer, although the exact formula could
not be determined. It was assumed that the hy-
droxide layer decomposed continuously into oxide
during the anodization since its thickness at the
nanotube bottom maintains constant. Consequent-
ly, the principal chemical reaction at the hydrox-
ide/metal interface should be: Ti + zOH —
Ti(OH)x+4e and titanium hydroxide decompo-
ses to form TiO, at the oxide/hydroxide interface.
The overall reaction at the electrolyte/oxide inter-
face was proposed to be; *

TiO, +nH,O+F — [TiF,* + ()’
+OH +H° (3)
where n was introduced for the same reason as in
the case of AAQ. Like AAQ, water dissociation

and OH  ionic migration should not be ignored.
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sponsible for the formation of ATO should be the
same as that of AAO™",
surface of the metal occurs due to an interaction of
or OH anions''?'; (2) Ti'' cat-

ions migrate {rom the oxide/metal interface to the

(1) oxide growth at the

titanium with O*

electrolyte/oxide interface and are ejected into so-
lution by an electric field; (3) field assisted disso-
lution of the oxide at the electrolyte/oxide inter-

facet !,

FESEM cross-sectional (a), bottom (b), and top (c) images of an ATO grown at 60V in an ethylene glycol elec-

3. 2 Formation of nanotubes and porosity

The formation mechanism of the pores in the
ATO nanotubes should be similar to that of AAQ.
i.e. the pores arc developed from pits on the foil
surface and continue their growth based on a bal-
ance of the dissolution of oxide at the electrolyte/
oxide interface and oxidation of titanium metal at
the oxide/metal interface’®™'. The equifield
strength model™® can explain the morphology of
the hemispherical nanotube bottom and the often
observed distortion of the pore shape as shown by
the top-view SEM images (Fig. 5--7), because the
pores have an tendency to increase their sizes.

However, some researchers have different o-
pinions. Macak et al. suggested that oxide dissolu-
tion in the growth of ATO was a dominant factor
rather than the electric field aided ion transporta-
tion. As the dissolution rate of titanium oxide
greatly depend on the local acidity in a F-containing
electrolyte, the pores grow at the higher acidic pore

bottom rather than the low
hhs.gz.gsJ

acidic  pore
mout This model cannot explain the reg-
ular shape and ordering of the pores at an carly
stage. It is even more difficult to elucidate the for-
mation of the gap between the nanotubes using this
model.

The argument about the formation of the gap
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between the nanotubes did not approach to an end
when the detailed structure of the ATO nanotubes
were not be revealed. Mor et al. proposed that the
metallic part between the pores underwent oxidation

and field assisted dissolution''.

So [ar no experi-
mental support for this model was found.

Since the discovery of a double layer wall of
ATO nanotubes (Fig. 8A), the understanding of the
gap formation in ATO became much easier. Origi-
nally, there is no gap betwcen the nanotubes. In-
stead, a hydroxide layer forms in between the nano-
tubes as shown in Fig. 8D. Because the density of
this layer is lower than that of titania, when it de-
composes into titania, a volume contraction takes
place. If the contraction direction is perpendicular to
the wall, the nanotubes are separated (Fig. 8E). If
the contraction direction is parallel to the wall, rid-

ges on the surface of the nanotubes form a scries of

O-rings with a constant distance (Fig. 8B and 8F).
HRTEM images confirmed that these ()-rings con-
tained §-form titania (Fig. 8C). This elucidation is
different from a current transicnt model gaven by
Macak et al. %!,

relatively regular current oscillations occur during

In the latter, it was believed that

anodization. It was found that when the frequency of
the current oscillations was converted into a length
scale, it compared well to the distance between rid-
ges on the side walls of the nanotubes. Thus, the
current transients arc correlated with the variations
in the wall thickness. This can be explained by the
fact that every current transient is accompanied by a
pH burst at the pore tip. It seems to be true that
further investigation including more detailed studies

of thesc ridges will be carried out to reveal their [or-

mation mechanism.

Fig. 8

TEM images of (A) the lower part of ATO nanotubes , showing outer layers of titanium hydroxide indicated by two

arrows, and (B) the upper part of ATO nanotubes, which decompose into clusters of titania nanocrystallites. (C) HRTEM
image of a typical cluster. (D)—(F) showthe formation of a titanium hydroxide outer layer (D), its partial dehydration in-
to two separated layers (E) and its further dehydration into clusters of titania nanocrystallites (F)!*]

Similar to AAQ, a large amount of O /OH
anions are needed to build the wall of nanotubes and

these anions are mainly from dissociation of water.

Vol 16. No 1. 2008

Therefore, even using an organic electrolyte, a few
percentage of water must be added. The relation of

the porosity ( P) and the relative dissociation rate of
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water for ATO is also simple, P=2/(n+2) derived
from equation (3) (Fig. 4) (Supporting Informa-
tion of **1). In the calculation, the difference of
densities of titania and titanium hydroxide was ig-
nored and the authors only laid their account with
the porosity of the pores without including the
gaps between the nanotubes. In addition, it was
assumed that all the oxide anions from dissolution
of titania migrated to the other side of the oxide
layer and contributed to the formation of oxide.
While in experiments, oxygen bubbles are often
observed on the anode. Therefore, more accurate

calculation is still needed in futurc work.
4 Other anodic metal oxides

To date, there are a number of other metals
have been tried to produce porous oxide films, The
anodizaing ratio varies from 1. 60 nm/V to 2. 20 nm/
Vs

Anodization of hafnium. Halnium oxide has
many interesting properties, e. g. its high chemical
and thermal stabilities, high refractive index and rel-

atively high dielectric constant **-'°",

These proper-
ties make hafnium oxide a valuable material to be
used as a protective coating, optical coating, gas

sensor or capacitor!'®! 1997,

Self-organized porous
hafnium oxide layers were obtained successfully for
the first time by Tsuchiya and Schmuki'?" via anod-
ization of hafnium at about 50 V in 1 M H, SO, +
0.2 wt% NaF at room temperature. Anodization
potential was found to be a key factor affecting the
morphology and the structure of the porous oxide.
The pore diameter was found to increase with in-
creasing potential. Porous hafnium oxide layers with
high aspect ratios can be grown to a thickness of sev-
eral tens micrometers,

Anodization of niobium. Porous niobium oxide

[1os] - catal-

structures could be applied in gas sensors
ys
vices. Anodization of niobium has been studied in va-
[110,1117]

is""!, and optical'®’ and electrochromic’**! de-

rious electrolytes Self-organized porous anodic
niobium oxide films were successfully obtained by
Sieber'®! and Karlinsey'"?! in 1 M H, SO, +1 wt%
HF and 1. 5% HF respectively. More recently
Choi '"*! obtained anodic Nb, O; films with an effec-
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tive thickness over 500 nm, consisting of a protec-
tive outer layer of around 90 -130 nm and an inner
layer of 300—400 nm, via an optimized anodiza-
tion-annealing-anodization process. Besides, a
stress determined formation mechanism was pro-
posed in anodization of niobium by Zhao et al. "'''7,
Since the volume of niobium pentoxide is much lar-
ger than that of the niobium metal, oxidation of ni-
obium metal yields an increase of inner stress in the
oxide layer. As the inner stress increases, niobium
oxide swells to form bulges and facilitates the oxi-
dation of niobium metal under beneath, leading to
{ormation of microcones. If no bulges generates,
strong enough inner stress would break the oxide
layer, also leading to growth of microcones.
Anodization of tantalum. Ta;(); has attracted
intensive attention due to its application in optical de-
vices, and as a protective coating material for chemi-
cal equipment, or suitable material for storage capac-

e T Apodization of tantalum  has  been

itors
widely investigated in sulfuric, phosphoric acid, and
Na, SO, solutions, and a layer of amorphous Ta,();
with a uniform thickness could be obtained'''"'*],
Self-organized porous anodic tantalum oxide with a
reasonably narrow size distribution was fabricated by
Sieber et al.'#''?!" via anodizing tantalum in 1 M
H,SO, +2 wt % HF for 2 h after a potential ramp
from the open-circuit potential to 20 V with a sweep
rate 100 mV/s.

Anodization of tungsten. Tungsten oxide
(WOQO;) has been receiving considerable attention in

recent years for its use in gas sensing!'?**1%%]

, electro-

[124 130] [131,134]

chromic and photochromic processes,

etc. Based on early research in nonporous anodic

tungsten oxide films''*® 1377,

nanoporous anodic
tungsten oxide was obtained by galvanostatic anodiza-
tion in oxalic acid by Mukherjee et al. , although the
regularity of the pores appeared to be rather poor 7.
Since then several groups have made a good progress to
some extent in controlling the morphology and orde-

[138 M0l For exam-

ring of the anodic tungsten oxide
ple, de Tacconi et al reported that porous anodic WO,
made in 0. 3 M oxalic acid for 1 h at 35V showed dense
pores with a small pore size distributiont'*?.

Anodization of vanadium. Glacial acetic acid
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with small percentages of water and sodium tetrab-
orate has been found to be the most suitable elec-

[ 143 I)UC to

trolyte for anodization of vanadium
the existence of the unfilled d shell. the phase
composition of the anodic vanadium oxide could be

\/q(),"" 117 .

, or a mixture of V,(); and other ox-

complicated, such as
V (), [111:148.119

ide phases with lower oxidation states!

rather

117,150 13:]'

Anodization of zirconium. Zirconium oxide is an
important {unctional material that plays a key role as
an industrial catalyst and catalyst support "* Tt
was reported that a compact anodic zieconium oxide
layer of up to several hundred nanometers in thickness
can be achieved in many electrolytes '™ '. A unique fea-
ture in comparison with other anodic metal oxides men-
tioned above is that the growth of the compact Zr(), lay-
er at room temperature directly leads to a crystalline
film "*' rather than an amorphous film as observed from
other anodic metal oxides. Formation of sclf-organized
porous zirconium oxide layers produced by anodization of
Zr at 30 V in an electrolyte of 1M H,SO), +0. 2 wt%
NH, F was reported by Tsuchiya et al, ™7

It is noted from the reports about porous a-
nodic metal oxides mentioned in this section that
no double layer was detected. The structures are

similar to AAQO rather than ATO. Perfectly or-

dered pores [or these anodic transition metal oxides
have not been achieved yet. In future research for
these materials, it is important to refine the anod-
ization conditions to control the dissolution rate of

oxides and oxidation rate of the metals.
5 Applications of AAO and ATO

Non-porous anodic alumina films have been

widely applied in prevention and decoration of alu-

[, sealing™ %21, dyeing!'® '*°1,

2.1667

minum surface
and capacitors’ In the recent years, self-or-
ganized porous AAQ with perfect hexagonal pore
patterns have been used to fabricate a variety of
nanomaterials, such as nanoparticles, nanowires
and nanotubes ' °'°71% 17U The corresponding
synthetic methods can be categorized as follows! "’ ;
etching semiconductor substrate using a porous alu-

61, pattern transfer by replica
[30]
L

mina film as a mask'
of porous alumina as a template deposition of
[unctional materials in the form of porous alumina

arrays by electroplating and sol-gel '™ '™

, and dep-
osition of functional materials by chemical vapor dep-
osition (CVD)7-#:172 1771

shows a typical fabrication process of a carbon nano-

As one example, Fig. 9

tube array by using a highly ordered AAQO film as a
template by Li et al. '™,

NCA template

Cobalt catalyst

Carbon nanotubes

Al anodization =9 Co deposition -’CZH: pyrolysis

Fig. 9
SEM image of the product ( From Ref'’”)

Vol. 16, No. 1, 2008

(a) Schematic of fabrication process of hexagonally ordered array of carbon nanotubes and (b) the corresponding
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Anodic titania nanotubes could be applied in va-
rious fields such as in photoelectrochemical and water
photolysis, hydrogen sensing, self-cleaning sensors,
and application in heterojunction dye-sensitized solar
cells as reviewed by Mor et al' .

Paulose et al. showed that a crystalline 45 pm
long anodic titania nanotube-arrays under UV illumi-
nation exhibited a remarkable water photoelectrolysis
photoconversion efficiency of 16. 25 %1%, A light to
electricity photoconversion efficiency of 6. 9% was a-
chieved by Shankar et al. "**! using very long nano-
tube arrays up to 220 pm in backside illuminated dye-
sensitized solar cells under AM 1. 5 illumination.

Varghese et al. "'"*! and Paulose et al. "**! repor-
ted a transcutaneous hydrogen gas sensor of unprece-
dented sensitivity as a diagnostic tool for determining
lactose intolerance due to lactase deficiency. This hy-
drogen gas sensor, based on the use of highly-or-
dered titania nanotube arrays made by anodization of
a 250 pm thick titanium foil, shows a remarkable
change in electrical resistance of 8. 7 orders of mag-
nitude when cycled between air and nitrogen contai-
ning 1000 ppm of hydrogen. As hydrogen sensors,
the anodic Ti(); nanotube arrays possess excellent
photocatalytic properties with an ability of self-clean-
ing from comaminati;)n with exposure to ambient
UV light'®'!,

It is certain that more applications will be found
in the near future. To achieve this, full crystalliza-
tion of the ATQ) films will be essential since crystal-
lized titania nanotubes have better conductivity and
mechanical strength, while the large surface areas
are still maintained. It can be expected that the hy-
droxide layer in the as-synthesized ATO will help in
crystallization, i. e. crystallization would start in the
outer hydroxide layer and expand to the inner oxide
layer if a reasonably low temperature is carclully
chosen and long crystallization time is applied.

In summary, the formation mechanisms of
porous AAQ and AT nanotubes have been inves-
tigated extensively. For the latter material, the
discovery of double layer wall structure is crucial in
understanding the appearance of separated nano-
tubes. With the better knowledge of mechanisms,

the fabrication of these anodic oxide films becomes
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much more controlable. The hydroxide layer and
surface ridges in ATO may be useful in improving
the quality of the ATO films. As mentioned in the
present review, there are still many unsolved prob-
lems, e. g. refinement of the anodization condi-
tions, confirmation of the formation mechanism,
theoretical study and more accurate calculation of
the water dissociation on oxide surface under a elec-
tric field, control of the pore size and porosity, full
crystallization of ATQO films and discovery of more
applications of the porous anodic metal oxides, etc.
This field will continously attract researchers in fu-

ture.
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