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Owing to the great development potential of porous anodic oxides (PAO) in many fields, research on their
formation mechanisms, fabrication processes and applications has a history of more than ten years.
Although compared with research on the fabrication processes and applications of PAO, research on

their formation mechanisms started late, several mainstream theories have been formed in the academic
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Accepted 19th November 2021 community, including the field-assisted dissolution (FAD) theory, the field-assisted ejection (FAE) theory,
the self-organization theory, the ionic and electronic current theory and the oxygen bubble mould
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1. Introduction

In recent years, nanoporous materials have attracted wide
scientific and technological interest owing to their superior
performance in many fields, such as catalysts, biomaterials,
supercapacitors, energy storage materials, gas sensors, and
hydrogen generation.'” As nanotubes are being widely used,
increasing numbers of nanotube preparation methods have
been developed, such as hydrothermal, sol-gel, glancing angle
deposition, multi-step anodization, and the pulse/stop anod-
ization and template methods.>'*** Compared to other prepa-
ration methods, which have their own drawbacks, the
anodization method can be convenient to prepare nano-
structures with high regularity, and it has been widely used in
research.® Although porous anodic oxides of valve metals (Al, Ti,
Sn, etc.) has been researched for quite a long time as a topic of
active interest, its formation mechanism is still not very
clear.”* Owing to the lack of research on the formation
mechanism, a large number of experiments should be con-
ducted to summarize the experiences when developing and
improving the preparation technology of nanotubes; therefore,
it is significant to clarify the formation mechanism of nano-
tubes in order to accurately control their morphology. After
years of research and discussion, several mainstream theories
have been formed in the academic community. The research on
the formation mechanism of nanotubes began with the
discussion of the growth process of porous anodic oxides (PAO).
Initially, O'Sullivan et al*' proposed the field-assisted
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above and comparing the explanations for some of their classical experimental phenomena.

dissolution (FAD) theory to explain the formation of porous
anodic aluminum (PAA). Due to the similarities in the forma-
tion of PAO, FAD theory has also been applied by many scholars
to explain the formation mechanism of other valve metal anodic
oxides.'***?* With further research, the field-assisted ejection
(FAE) theory derived from the FAD theory was proposed to
improve the explanation of PAO.>**® In 2006, Skeldon et al.***°
used tracer atom technology to explore the growth mode of
oxides in PAA, and they finally found that it was completely
opposite to the growth mode expected by FAD theory. At this
point, a new growth model, the plastic flow model, was
proposed, which challenged the status of FAD theory.?*3*
Unfortunately, although the experiment showed a growth
model that was completely opposite to the traditional mecha-
nism hypothesis, the growth kinetics of PAO is still not clear. In
response to the unclear driving force of plastic flow, many
scholars have conducted a series of studies and have proposed
explanations such as self-ordering, electric field drive models,
volume expansion models, ionic and electronic current theory,
and oxygen bubble mould effects."*****° In addition to the
above mechanisms, the self-organization mechanism of PAO is
supported by some scholars.>*?$3¢425° In 2014, Schmuki et al.*®
summarized the factors which may influence the self-
organization during the growth of ATNTs in their paper;
however, they still did not give a convincing explanation for the
dynamics of self-organization. Insufficient analysis of the cau-
ses of the self-organization process is also a defect of self-
organization theory. In view of the above situation, the main
goal of this article is to review the mainstream theories about
the formation mechanism of PAO, which has many details that
are worthy of being discussed and studied. The FAD and FAE
theories, the oxygen bubble mould effect, the ionic and
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electronic current theory based on the plastic flow model, and
the self-organization theory are the focuses of this review.

2. Discussion of the formation
mechanism of PAO

According to the different anodizing conditions (mainly voltage,
current and electrolyte), anodic oxides usually form three
structures: compact layers, nanotubes and nano-porous sponge
structures.>?**%45952 §chmuki et al.** mentioned that the
distinction between the porous and tubular morphology is
mechanistically not really justified. Therefore, it is unnecessary
to distinguish porous oxides as nanotubes and nanopores in
terms of mechanism research, and the anodic oxides with
different morphologies can be divided into two types, compact
anodic oxides (or compact layers) and PAO.

When referring to the formation mechanism of PAO, the
importance of PAA can never be ignored. The research on the
mechanism of anodic oxides originated from the exploration of
the phenomenon by which two structures of a compact layer
and PAA are formed by anodization of aluminum under
different conditions. To date, many scholars have cited the
formation mechanism of PAA to try to explain the growth
process of ATNTs and other PAO, which had a profound impact
on the later development of the theory.?®>*>*

2.1 The methods of anodization

There are many anodization methods, such as constant voltage
anodization, constant current anodization, and pulse-stop
voltage anodization. As shown in Fig. 1a, these methods
usually use graphite as the cathode and the metal as the anode,
then apply voltage or current between the two electrodes to
achieve anodization of the anode metal. As shown in Fig. 1b,
a PAO array is usually formed on the surface of the anode metal
after anodizing.

2.2 The field-assisted dissolution (FAD) theory and the field-
assisted ejection (FAE) theory

2.2.1 The core points of the FAD theory. In 1970, O'Sullivan
et al. first proposed the field-assisted dissolution (FAD) theory to
explain the formation of PAA, which provided a reference for
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theories about the formation of iron oxides, zirconium oxides,
titanium oxides and other PAO.>*3%535°

This theory proposes that the FAD reaction plays a major role
in the formation of the nanotubes.

In the growth progress of PAA, the FAD reaction is as
follows:*>%*%8

ALO; + 6H" — 2AP" + 3H,0 (1)

Due to the participation of fluoride ion, the FAD reaction in
the growth progress of ATNTSs in fluorine-containing electrolyte
is as follows:*1%4>°

TiO, + 6F~ + 4H" — [TiF¢*~ + 2H,0 (2)

Moreover, the reaction in fluorine-free electrolyte can be
described as follows:**>%°

M — M+ ze~ 3)

M + zH,0—>MO. ), + %HZO +zH (4)

Fig. 2 shows the anodizing process described by FAD theory,
among which Fig. 2a-c show the 3-D models of the various
stages and Fig. 2d-f show the detailed diagrams. According to
FAD theory, the growth of PAO can be divided into three stages:
initial stage, channel deepening stage and growth termination
stage.

(1) Initial stage

At the beginning of the reaction, a compact layer is formed
between the metal and electrolyte (Fig. 2b), and then the metal
ions (M™") migrate to the surface of the metal substrate and
form a layer of oxides with the oxygen (O®>" or other oxygen-
containing groups) in the electrolyte (Fig. 2d). This process
has nothing to do with whether the electrolyte contains fluorine
ions.®® At this time, two interfaces of electrolyte/metal oxides (E/
O) and metal oxides/metal matrix (O/M) are formed on the
surface of the metal.”?®** In addition, there are early reports that
the growth of oxides only occurred at the O/M interface.***

(2) Pore initiating stage

In this stage, oxides have been formed on the surface of the
metal substrate, and fluoride ions (or other anions) begin to

(b) av
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Fig. 2 Schematic of the mechanism of FAD theory.

migrate to the E/O interface under the action of the electric
field, where they participate in the FAD reaction (Fig. 2e). When
the FAD reaction occurs, the formed oxides begins to dissolve;
no new oxides are formed at the E/O interface (only the FAD
reaction occurs at the E/O interface), and the metal oxides only
form at the O/M interface (Fig. 2f).>* The pores start to form in
this stage (Fig. 2¢).*

(3) Channel deepening stage

FAD theory proposes that during the anodizing process,
there is a competition between the formation of oxides and the
dissolution of oxides on the anode surface. In this steady stage,
due to the balance of two reactions, the thickness of the barrier
layer remains constant and the pores of the PAO are stably
deepened.*?>?4335963,64 Tt g jmportant to note that the FAD
reaction is always dominant during this process. In fact, the rate
of the FAD reaction must be higher than the rate of oxide
formation to ensure deepening of the channels. Since the
constant voltage in the anodizing process, applied electric field
and electrolyte will not change, the FAD reaction should
continue to proceed. In other words, the FAD reaction will
continue as long as the electric field conditions are established.
From this, it is easy to draw the conclusion that nanotubes can
grow indefinitely, which is contrary to the experimental facts.*
There is no explanation for this reaction stage in early FAD
theory.

In summary, it can be seen that FAD theory constructs
a growth model similar to ‘digging from top to bottom’, and it
gives reasonable qualitative explanations for some common
phenomena, such as the influences of the current, voltage, and
fluoride ion content on PAO.

2.2.2 The core points of FAE theory. In 1978, Takahashi
and Nagayama® reported that the migration numbers of AI**
and O*” moving through the barrier are 0.4 and 0.6,
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respectively. This implies that both A’ and O*” migrate in
anodic oxides.”® The migration behavior of ions has also been
confirmed during the anodization of other metals.”*® As
increasing numbers of experimental phenomena cannot be
explained based on the traditional FAD theory, Thompson®
proposed the FAE theory in 1997 in an attempt to improve the
traditional theory. The difference between FAE and FAD theory
lies only in the description of the ion behavior. In FAD theory,
metal ions migrate from the O/M interface to the E/O interface
to form oxides and dissolve due to the FAD reaction. However,
according to FAE theory, metal ions will be directly ejected into
the electrolyte in the form of ions after they migrate to the E/O
interface.’®*%*7* From this point of view, FAE theory is more
reasonable than FAD theory.

2.3 The self-organization theory

In addition to the FAD and FAE theories mentioned in Section
2.2, the self-organization theory as an explanation of the
formation mechanism of PAO is also recognized by some
scholars. Compared with the traditional theory, which tends to
explain the mechanism, the explanation of the mechanism in
the self-organization theory is more inclined toward the prep-
aration.?*?836:4250.72-74 Gelf-organization theory inherits some of
the assumptions of FAD theory (such as [TiFg]*~ and the FAD
reaction) and gives the boundary conditions for preparing PAO
with different morphologies.?*7>7*

The self-organization theory attributes the formation of PAO
to several key factors (voltage, solubility, stress, field effects, etc).
These factors determine whether the metal can form PAO after
anodization.?*?%**7476 In 2014, Schmuki et al. reviewed the self-
organization theory. This review mainly adopts the viewpoints
of Schmuki et al. in self-organization theory.”

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Schematic of the mechanism of self-organization theory.

Firstly, the voltage is a precondition for oxide formation. The
anodizing process is a high-field ion formation/transport process
in which the ion migration is controlled by the field across the
oxide layer.>*3>%%7477.78 Ag shown in Fig. 3a and b, a more compact
layer will be formed on the surface of the metal substrate at the
initial stage of anodization. Under the action of an electric field,
M™ in the metal matrix passes through the oxides and reacts
with 0®~ to form MO,,, at the E/O interface, while O*" in the
electrolyte passes through the oxides to form MO,,, at the O/M
interface with M. The current intensity in this process can be
expressed by the formula I = A exp(BF) = A exp(BAU/d), where I is
the current; AU is the voltage across the oxide layer thickness d,
defining the electric field (F = AU/d); and A and B are experi-
mental constants.* In addition, the formation of a self-organized
nanotube array requires an appropriate voltage.”

Secondly, the buildup of compressive stress during the early
phase of anodic oxides is considered to be a reason for the
formation of the hemispherical bottom of PAO, and Fig. 3¢ and
e show how stress works in the formation of PAO. Moreover, the
stress maybe enhanced by voltage-induced electrostrictive
forces.”>®*®! It is worth mentioning that this process occurs in
the early stage of the anodization reaction. Moreover, this view
is contrary to the model of ‘dig from top to bottom’ based on the
traditional FAD theory.

Thirdly, a proper solubility of the electrolyte is a necessary
condition for oxide formation. The self-organization theory
proposes that the formation of PAO is closely related to the
solubility of metal oxides in the electrolyte.”®*”** When the
electrolyte has low solubility for the oxides, compact oxides will
be formed on the metal surface. When the electrolyte has high
solubility for the oxides, an irregular oxide film (sponge oxides)
will be formed on the metal surface. When the electrolyte has
optimized solubility for the oxides, self-organized oxides will be
formed on the metal surface. Fig. 3d and f show the formation

© 2022 The Author(s). Published by the Royal Society of Chemistry

The formation of
a tube morphology

The growth of
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The effect of
compressive stress
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process of PAO in an electrolyte with suitable solubility. Here,
we will take the anodizing process of Ti as an example to analyze
the formation mechanism of PAO.

(1) The formation of compact layers (low solubility)

For a given voltage and an insoluble oxide, the anodizing
process is self-limiting.>”* During the anodizing process, the
oxides grows thicker, and the electric field drops. When the
electric field drops to the point where it becomes too weak to
assist the migration of ions through the oxides, the compact
layer reaches the final thickness d.

(2) The formation of self-organized oxides (optimized
solubility)

In this case, the TiO, at the E/O interface will be corroded by
F~ (or other anions) because the electrolyte has a dissolving
effect on the formed oxides. Lately, a steady state will be
established between oxide formation at the inner interface and
dissolution at the outer interface (due to dissolution/
complexation of Ti** as [TiF¢]>”"). Additionally, F~ will rapidly
migrate through the oxides under an electric field, which leads
to the accumulation of fluoride at the O/M interface. Then, the
initial tubes start to grow under the mutual effect of steady-state
oxide formation/dissolution and compressive stress, which
shapes the oxides and fluoride-rich layer into a hemisphere. The
tube morphology is formed by chemical dissolution by H,O of
the fluoride-rich layer between the hexagonal cells.*

(3) The formation of electropolishing (high solubility)

If the solubility of the oxides is further enhanced, in other
words, the dissolution rate becomes too high, no steady-state
oxide layer will be formed, and complete oxide dissolution
occurs, which is similar to the electropolishing of Ti.’

Fourthly, once the interface curvature and oxide dissolution
have started, distinct spots will show enhanced localized
dissolution due to field concentration effects, which are also
known as field effects.”

Nanoscale Adv., 2022, 4, 322-333 | 325
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In addition to the above factors, other factors have a certain
degree of influence on the final structure of PAO, such as the
electrolyte composition (F~ content, pH, conductivity, H,O
content) and current efficiency. These factors together deter-
mine the minimum and maximum critical conditions for the
formation of self-organizing oxides. If the condition cannot
meet the minimum critical standard, a compact layer will be
formed eventually. If the condition exceeds the maximum crit-
ical limit, the surface of Ti will be electropolished.®* The
morphology of nanotubes can be achieved only in the right
range. In 2007, Albu et al.®*® proposed that the F~ content and
applied voltage can determine the ideal self-organization
conditions in which the most efficient self-organized growth
of nanotubes will be achieved.

2.4 Tonic and electronic current theory and the oxygen
bubble mould effect

The plastic flow model originated from the description of the
phenomenon in which the oxides at the bottom of the tube
migrate to the wall of the tube, as observed in *®O-tracer
studies.”** Moreover, the model shows a PAO growth model
that is completely opposite to the traditional FAD theory. Besides,
the reliability of the flow model has also been confirmed by many
other researchers, researchers who support FAD
theory.”>*** However, it may be limited by the research condi-
tions at the time; this model only summarizes the phenomenon,
and it does not give an explanation of the internal mechanism. It
only makes inferences about the growth of oxides related to ionic
and electronic currents.® But it still provides important enlight-
enment for the later ionic and electronic current theory and
oxygen bubble mould effect theory.*>*¢

In 1969, Diggle et al.® pointed out in a classic review article
that in the early stage of aluminum anodization, under the
action of a high electric field, the conductance in the oxides is
dominated by ion conductance. When the oxides grow to
a certain thickness, the electric field is reduced to a certain
extent, and the conductance in the oxides will be transformed
into electronic conductance.***>*¢* This provided a theoretical

even

basis for the formation of the electronic current and ionic
current theory. In 1981, the classic Wood model of PAA reported
the existence of anion-contaminated alumina (ACA) at the
interface near the electrolyte in the porous layer.?” As mentioned
in Section 2.3, the amount of oxygen released has an effect on
the morphology of nanotubes. Unfortunately, these typical
phenomena were overlooked in previous theories, such FAD
theory and FAE theory. Based on previous research, Zhu et al.*®
pointed out the oxygen bubble mould effect, which connected
the changes in the current with the formation process of PAO
and explained the dynamic basis of the plastic flow phenom-
enon in 2009. The mechanism explanation based on the ionic
and electronic current theory and the oxygen bubble mould
effect has been recognized by increasing numbers of scholars in
recent years.>*3%6%88

The ionic current and electronic current theory and the
oxygen bubble model effect explain the current curve and
morphological changes during the growth of PAO as follows:

326 | Nanoscale Adv,, 2022, 4, 322-333
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The current density during the anodizing process affects the
rate of oxide growth, but it should be combined with the current
efficiency (that is, how much current is ultimately involved in
the growth of the oxides) for analysis.>****% According to the
electronic current and ionic current theory, the total current in
the anodizing process is composed of ionic current and elec-
tronic current.*®%%7485889097 Among them, the ionic current
dominates the growth of oxides (main reaction), and the elec-
tronic current dominates the precipitation of oxygen (side
reaction). In 2015, Chong et al.*” studied the transient current
under constant anodizing voltage based on the ionic current
and electronic current theories and the research results of Yang
et al.,”® and they gave the following theoretical expressions of
the time-dependent ionic current and electronic current:

J =Jion T Je (5)

BU BU
Jion = Ae T = Al (- )+la(1-2712) (6)
Jo = Juge” = o, (1= ) (1e/12)) (7)

where j is the total current, ji,, is the ionic current, j. is the
electronic current, A and B are temperature-dependent
constants, E is the electric field, U is the potential drop across
the barrier oxides, [ is the thickness of the barrier oxides, /.; and
I, are the respective critical thicknesses at the E/O and the O/M
interface when growth rate of barrier oxides decreases to zero,
T, and T, are the time of reaching the critical thickness, ¢ is the
impact ionization coefficient, and ¢ is the anodizing time.

In 2018, Zhao et al® put forward a new decomposition
method of electronic current and ionic current based on the
above equations, which is in good agreement with actual
experimental results.

(1) The current drop stage (the growth of the compact layer)

In this stage, Jiota1 = Jion, that is, the current efficiency is close
to 100%, which is recognized by mainstream theories.”>**% At
this time, almost all the current comes from the migration of
ions, and the oxides rapidly grow to form a compact layer. As the
thickness of the oxides increases, it becomes more difficult for
ions to cross the oxides; therefore, the migration rate of the ions
gradually decreases, which causes continuous declination of
the ionic current (the macroscopic manifestation is a decrease
in the total current density). It is important to note here that not
all ions entering the oxides can successfully cross the oxides
(that is, the number of ions that pass through the oxides is not
equal to the number of ions that enter the oxides), which means
there is an ion-rich area in the oxides (this is consistent with
reports that an anion-rich area was observed on the surface of
PAO). The anion-rich area is called the anion contaminated
layer (ACL) in the oxygen bubble mould effect theory.'***#%°
The above process is shown in Fig. 4a and b. Compared with
other theories referred to in Section 2.2, we can find that FAD
theory and oxygen bubble mould effect theory have similar
descriptions of the ion movement in stage I of the anodization,
that is, the oxides are formed at the E/O interface and O/M
interface at the same time.

(2) The current rise stage (the release of oxygen)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Schematic of the mechanism of the oxygen bubble mould effect theory.

As shown in Fig. 4b, the compact layer close to the electrolyte
is transformed into an ACL. As the oxides thicken, the number
of anions accumulated in the ACL continues to increase. When
the compact layer reaches a certain thickness, the anion
aggregated in the ACL has also reached a considerable number,
which can cause a collision discharge of anions (20>~ — O, +
4e7).* Once the electronic current is formed, it will increase
exponentially (refer to eqn (7)), which is called the avalanche
electronic current.******# As shown in Fig. 4c, the electronic
current increases rapidly with the release of oxygen, and it
causes the total current to rise in this process (ionic current is
still maintaining the growth of oxides). However, oxygen is
released at the interface between the ACL and the compact
layer, which means that oxygen bubbles cannot enter the elec-
trolyte directly under the influence of atmospheric pressure,
electrolyte pressure and ACL pressure; instead, the bubbles stay
inside the oxides and gradually expand (Fig. 4d). Finally, under
the influence of the pressure of the oxygen bubbles and the
volume expansion stress of the oxides, the oxides at the bottom
bend and deform to form a hemispherical bottom. It is worth
mentioning that due to the existence of oxygen bubbles, ions
cannot migrate through the inside of the oxygen bubbles; they
can only grow upwards along both sides of the oxygen bubbles
(Fig. 4e and f). In this stage, oxygen bubbles guide the formation
of PAO like a mould.

(3) The current holding stage (the perforation of the channel)

As the side reaction (202’ — O, + 4e”) continues, the
continuously released oxygen causes the accumulation of
pressure inside the oxygen bubble. Once the pressure of the
oxygen bubble reaches the critical point, the oxygen bubble will
break through the ACL and enter the electrolyte, and the
diameter of the channels will also be determined accordingly.
At this time, J. and Ji,n no longer change, the release rate of

© 2022 The Author(s). Published by the Royal Society of Chemistry

oxygen and the growth rate of oxides reach equilibrium
(macroscopically, the total current remains stable), and the
oxides begin to grow steadily. In addition to these, a new
pollution layer will form at the bottom of the PAO after the
oxygen bubbles enter the electrolyte. Moreover, the oxygen
bubbles evolved continuously from the bottom will maintain
the tubular shape of the holes.*® In addition, it is reported that
the effect of gas release on the formation of nanostructures
cannot be ignored.”***%

3. The explanations of experimental
phenomena based on different
theories

Due to differences in the formation mechanism of PAO, some
common experimental phenomena also have different expla-
nations. However, the previous reviews on the formation
mechanism of PAO rarely compared the explanations of these
phenomena based on different theories; therefore, in this part,
we will conduct a detailed analysis from this perspective.

3.1 The influence of anodizing voltage

(1) FAD theory

When the anodizing voltage increases, the fluoride ions in
the electrolyte will move faster under the action of the voltage,
and the rate of the FAD reaction will also increase. The increase
in the ‘digging’ rate of the tunnel is ultimately manifested as the
increase in the growth rate of the PAO. However, many docu-
ments supporting the FAD theory have adopted the assumption
that the movement speed of F~ under the action of an electric
field is twice that of 0*~.7%"* According to the formula F = g x E,
a = F/M, where F is the force received by the ion in the electric
field, g is the amount of charge carried by the ion, E is the

Nanoscale Adv., 2022, 4, 322-333 | 327
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electric field strength at the position of the ion, M is the mass of
the ion, and a is the acceleration of the ion. The relative atomic
mass of F~ is 18.998, and it has a negative charge. The relative
atomic mass of O®~ is 15.999, and it has two negative charges.
The force of 0>~ in the electric field is twice that of F~, and its
weight is about 84.21% that of fluoride ion; therefore, the
movement speed of oxygen ion should be greater than that of
fluoride ion, which is completely opposite to the speed
assumption adopted in FAD theory. This means that the exis-
tence of [TiF¢]>~ cannot be directly inferred from the FAD
theory, and the existence of [TiFe]’~ remains to be demon-
strated, as no one has directly detected it to date.

(2) Self-organization theory

Self-organization theory defines an anodic growth factor f
(determined by the type of oxides, such as TiO,) = 2.5 nm V)
and the applied voltage AU (the effective voltage needs to be
considered for determination in different electrolytes), which
can be used to estimate the radius of the hemispherical bottom
of nanotubes based on the formula r = f x AU. To a large extent,
this simple formula is able to explain the linear dependencies of
pore/tube diameters on the anodizing voltage observed in the
experiment. If too high a voltage is applied, this will trigger
(dielectric) breakdown events in the oxides.*® The occurrence of
the breakdown event is still in line with the expectation of the
formula——the radius of the nanotubes is so large that the
surface topography is continuously destroyed. Although this
formula can be used to predict the size of the radius, it is only an
empirical formula and does not analyze how the voltage affects
the radius of the PAO from a theoretical level. Therefore, the
mechanism of the influence of voltage on the radius of the PAO
is not clear.

(3) Ionic and electronic current theory and oxygen bubble
mould effect

According to a series of previous studies by scholars who
support this theory, as the anodizing voltage increases, the ionic
current and electronic current during the reaction increase
correspondingly. In other words, the influence of voltage on the
PAO morphology is realized by changing the current. Therefore,
here, we will not go into detail; please refer to Chapter 3.3.

3.2. The influence of the electrolyte composition

(1) FAD theory

In FAD theory, the content of F~ is an important factor
affecting the FAD reaction. The higher the content of F~, the
faster the FAD reaction proceeds, and vice versa.”***> According
to experimental facts, when the content of F~ in the electrolyte
increases, the growth rate of PAO increases, and the tube walls
of the nanotubes will also become thinner. From this perspec-
tive, the expectations of the FAD theory are in good agreement
with the experimental results. However, some groups have
successfully prepared PAO in fluorine-free electrolytes.>>*16:1%7
FAD theory attributes the formation of nanotubes to the
corrosion of oxides by F~ under the action of the electric field.
When the voltage is constant, the concentration of F~ deter-
mines the speed of corrosion. From this, we can make the
following two inferences: one is that the F~ content determines
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the speed of the FAD reaction, and the other is that the elec-
trolyte contains H,O (the moisture content is not important),
which can cause the FAD reaction. This means that if the elec-
trolyte has higher F~ content, nanotubes with smoother walls
will be obtained. However, the experimental fact is that ribs can
be observed on the surface of the nanotubes in electrolytes with
high F~ content.*® However, the rib phenomenon of nanotubes
is unlikely to appear during the corrosion process of the FAD
reaction on the oxides from top to bottom. Moreover, Chong
et al.'® believe that the ribs are formed by the reaction between
the electrolyte entering the gap between the tube walls and the
titanium substrate. Besides, experiments have proved that PAO
cannot be formed if the H,O content of the electrolyte is below
a certain critical point.*'*

(2) Self-organization theory

Self-organization theory proposes that appropriate solubility
is the precondition for the formation of PAO. Moreover, the
main factors affecting the solubility are the F~ content and the
H,0 content.>®*7%%7>747% Ag the solubility of the electrolyte
increases, the morphology will also change from pores and
nanotubes to electropolishing oxides and sponge-oxides. This
explanation is appropriate from a macro perspective. From
a microscopic point of view, the erosion of oxides by fluoride
ions only occurs in the gaps, and it does not contribute to the
generation of nanopores in self-organization theory. In other
words, the content of F~ only changes the size of the gap
between the tubes and cannot affect the diameter of the pores,
which conflicts with experimental facts.

(3) Ionic and electronic current theory and the oxygen bubble
mould effect

In 2020, Zhang et al.*® reported that the total volume of the
nanotube array remained about the same for a given current,
and the volume expansion factor of the nanotubes was around
2.0 in electrolytes with different NH,F contents, which is
contrary to what would be expected on the basis of the FAD and
FAE theories. They also found that upon increasing the NH,F
concentration, the inner diameter of the nanotubes remained
unchanged. They attributed these phenomena to oxygen
bubbles, as the inner diameter of the nanotubes depends on the
oxygen bubble mould effect.

3.3 The explanation of the current curve

As shown in Fig. 5, the preparation of PAO by constant voltage
anodization can usually record a typical current-time curve, and
different theories explain this process as follows:

(1) FAD theory

In the constant voltage anodization process, the current
curve is usually used to record the PAO formation process. The
current curve during the formation process of PAO is usually
divided into three stages: falling, rising and steady. The FAD
theory explains the change of the three-stage current as follows:
(1) the first stage of the current falling is due to the formation of
the compact layer at the initial stage of the reaction, which
causes the resistance to increase. (2) The second stage of the
current rising is due to the FAD reaction that reduces the oxide
layer resistance. (3) The third stage of the steady current is due

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The current—time curve during anodization.

to the PAO reaching growth and dissolution equilibrium, and
the resistance no longer changes.>»**** This is exactly in line
with the three reaction stages proposed in the FAD theory
above. The above explanation actually treats the entire anod-
ization system as a black box for analysis. The FAD theory
regards the electrolyte and the anode and cathode as a resis-
tance, and it macroscopically analyzes the effect of resistance
changes on the current under constant voltage conditions;
however, it does not explain the microscopic changes, such as
the contribution of FAD reactions to the current.

(2) Self-organization theory

Self-organization theory gives no explanation for the changes
of currents, but it describes the growth of nanotubes at each
current stage. In stage I, the fast formation process of the
compact layer leads to an increase of the electrical resistance
because the compact layer with an insulator nature becomes
thicker with time, and this causes exponential decay of the
current density. In stage II, the nucleation of the initial pores
occurs with the increase of the current density, and it continues
until a local maximum is reached. This process is accompanied
by the development of an incipient disordered porous structure.
When a steady state is reached as the density of pores is
reduced, the growth of PAO comes to stage III. In this stage, the
disordered pores start to merge, and pores parallel to each other
and perpendicular to the surface start to grow. When the final
steady state is achieved, the current density tends to stabi-
lize.*>** In addition to the change of the current density, self-
organization theory takes the factor of current efficiency into
account, which is more advanced than the previous FAD and
FAE theories.”® The phenomenon that the current efficiency
affects the morphology of PAO has been reported many times.
Moreover, self-organization theory considers the contribution
of different reactions to the current. It points out that not only
the main reaction of oxide growth but side reactions that lead to
the precipitation of oxygen occur during the anodizing process.
In the electrolytes with high water content, excessive oxygen
precipitation can lead to the formation of sponge-like oxides.*
At this point, the self-organization theory is in good agreement
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with experimental phenomena. In fact, the release of oxygen in
the formation process of PAO is universal (only the amount is
different), and the self-organization theory lacks quantitative
analysis of the relationship between oxygen release and
morphology. Thus, if the current efficiency is high enough to
form PAO, how does oxygen affect the morphology of PAO? How
does oxygen leave the PAO? These questions cannot be
answered in the theory of self-organization.

(3) Ionic and electronic current theory and the oxygen bubble
mould effect

The theory of ionic and electronic current proposes that the
total current is composed of ionic current and electronic
current. The ionic current dominates the growth of oxides, and
the electronic current is related to the evolution of oxygen. In
stage I, oxides form rapidly at the E/O interface and O/M
interface, and the ionic current accounts for almost 100% of
the total current.*>*” However, it becomes increasingly difficult
for ions to pass through the oxides with the formation of the
compacter layer, which leads to a rapid drop in the total current.
In stage II, the anions between the ACL and the barrier layer
release electrons due to the collision, and they form an
avalanche electronic current, which is accompanied by the
release of oxygen.''*® Although the ionic current is declining,
the continuously rising electronic current makes up for this part
of the loss, and finally causes the total current to rise. In stage
111, the electronic current reaches a steady state with the oxygen
bubbles entering the electrolyte, and the thickness of the barrier
layer hardly changes at this time; that is, the ionic current also
reaches a steady state, so the total current does not change.*

3.4. The formation of the hemispherical bottom of PAO and
the dynamics of plastic flow

(1) FAD theory

The phenomena observed by Skeldon and his co-workers® in
the '®O-tracer study are also significantly different from the
expectations of the FAD theory.

Fig. 6a shows a schematic of the tracer atom experimental
results expected by the FAD theory, and Fig. 6b shows an
experimental diagram of the actual experimental results.
Comparing Fig. 6a and b, we can see that according to the FAD

() (b)

I Metal

Fig. 6 (a) Schematic of FAD theoretical expectations and (b) sche-
matic of the experimental phenomena.

I FAD reaction Oxide
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theory, the tracer atomic layer on the growth path of nanopores
should be dissolved instead of being ‘squeezed’ onto the tube
wall. Within the framework of FAD theory, it is impossible to
find a reasonable explanation for this phenomenon.

(2) Self-organization theory

Because a highly ordered hexagonal close-packed TiO,
structure can be observed clearly in the vicinity of the tube
bottom, the supporters of self-organization theory consider that
this structure is self-organized in the early growth stage and so
is PAA.

In the early growth stage, the buildup of compressive stress
is a key element to the formation of the hemispherical bottom.
Moreover, the compressive stress is created by plain volume
expansion when converting metal to oxides (the Pilling-Bed-
worth ratio), which may be enhanced by voltage-induced elec-
trostrictive forces.* Especially, the view that the existence of
stress contributes to the transfer of oxides from the bottom of
the tube to the wall is recognized by many scholars.**** This
explanation of the formation of the hemisphere is more
advanced than the traditional FAD theory and FAE theory,
because the model of ‘dig from top to bottom’ and the model of
‘ejection’ have no dynamic factors that reasonably promote the
formation of a regular bottom surface. Although self-
organization theory involves further analysis of the cause of
the hemispherical bottom than previous theories (FAD theory
and FAE theory), it still has the following shortcomings:

(a) The view that the volume expansion when the metal is
transformed into oxides is the main reason for the compressive
stress lacks support of experimental data. Moreover, if volume
expansion is the main source of compressive stress, then how
does the applied voltage influence the radius of the hemi-
spherical bottom? This remains to be discussed.

(b) When the length of the nanotubes increases, more force
is needed to promote the upward flow of oxides; therefore, the
effect of stress (caused by the volume expansion at the O/M
surface) which pushes the oxides from the bottom to the wall
will be relatively weakened. Therefore, there must be other
factors in the anodizing process to ensure that the nanotubes
can grow vertically. The self-organization theory only mentions
that voltage-induced electrostrictive forces may enhance the
transfer of oxides. Therefore, this theory is incomplete in this
area.*>®

(3) Ionic and electronic current theory and the oxygen bubble
mould effect

According this theory, the formation of the hemispherical
bottom of PAO and the plastic flow of oxides during the anod-
izing process are due to the oxygen bubble mould effect. As
mentioned in Section 2.4, the oxygen bubbles released in the
second stage of the anodizing process will stay between the ACL
and the compact layer, which changes the migration path of
ions in the oxides. Due to the existence of oxygen bubbles, the
ions that migrate under the action of the electric field can only
move around the oxygen bubbles, and they finally appear as
plastic flow."**” Moreover, because of the external pressure, the
oxygen bubbles cannot enter the electrolyte immediately after
being released; they will form compressive stress on the oxides
and the substrate, which reasonably explains the source of the
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compressive stress in the oxides and the formation of the
hemispherical bottom.

4. Summary and outlook

The research on PAO initially focused on PAA and ATNTSs, and
with the development of preparation technology, research
interest is also rising in the anodization of other valve metal
oxides, such as Zr, Sn, Ni, Ta, V, Nb, W and Cu.>*?%3469:88109-113
These metals can be prepared by anodization to form films with
regular nanotube arrays, which have shown wide application
potential in a wide variety of fields, such as sensors, super-
capacitors, and photocatalysis."******® Because of its simple
and efficient preparation process and low cost, it also has good
prospects in future industrial production. Therefore, further
research on the mechanism is of great significance for the
preparation of nanoporous materials with precise structures.

This paper reviews the basic research on the formation
mechanism of PAO, and it introduces four mainstream mech-
anism explanations. By comparing the explanations of these
mechanisms for some common experimental phenomena, we
attempt to analyze which theoretical model is more convincing.
FAD theory and FAE theory are theoretical models that were
proposed early and used to explain the formation mechanism of
PAO; they have the advantages of simplicity, intuitiveness, and
easy understanding. They have a guiding significance that
cannot be ignored for the study of the PAO mechanism.
However, with the development of characterization methods,
they also showed increasing limitations, the two most critical
points of which are the plastic flow of oxides and the relation-
ship between the current and the reaction. The experimental
phenomenon of plastic flow is completely contrary to the
expectations of FAD theory and FAE theory. Moreover, the FAD
and FAE reaction is a chemical reaction, and it lacks physical
connection with the current in the anodizing process. Self-
organization theory further explored the formation mecha-
nism of PAO on the basis of FAD theory and FAE theory, which
were combined with physical factors such as volume expansion
and stress and strain to explain the formation mechanism of
PAO, and it put forward some empirical formulas for predicting
morphology based on experiments. However, its explanation of
the changes in the current curve during the anodizing process
still has defects. The ionic current and electronic theory
combines the current change with the formation of oxides from
the perspective of physics. Moreover, the oxygen bubble theory
analyzes the dynamics of the plastic flow and the source of the
compressive stress at the bottom of the PAO. It is worth
mentioning that this theory also coincides with the influence of
oxygen bubble evolution on the morphology mentioned in the
self-organization theory.

Certainly, in addition to the mainstream mechanisms which
were mentioned above, there are many other interesting
studies. In 2008, Su et al."*® established the equifield strength
model to explain the formation of the pore morphology. In
2020, Suliali et al*®* connected the anodic current measured
during TiO, growth and the kinetics of the redox reactions of
water with a mathematical model of anodization reaction

© 2022 The Author(s). Published by the Royal Society of Chemistry
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kinetics. In 2019, Byvaltsev*® summarized seven models,
including the model of mechanical stress and the model of
point defects.

In summary, PAO is an important future development
direction in the field of materials; therefore, the formation
mechanism of PAO still needs to be studied in order to enable
its wide use in the field of materials.
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