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x stages of the current–time curve
and the bilayer nanotubes obtained by one-step
anodization of Zr

Pengze Li,†a Heng Wang,†a Yilin Ni,a Ye Song, a Ming Sun,*b Tianle Gong,a

Chengyuan Lia and Xufei Zhu *a

The application and growth mechanism of anodic TiO2 nanotubes have been a hot topic in the last ten

years, but the formation mechanism of anodic ZrO2 nanotubes has rarely been studied. In one-step

constant voltage anodization of Al and Ti, the typical current–time curve has three stages. Moreover, the

current–time curves of the three stages can last for 10 min or even 10 hours, resulting in a single layer of

nanotubes with the same diameter due to the constant voltage in one-step anodization. However, in this

paper, it was found for the first time that the three stages of the current–time curve appeared twice in

succession during one-step constant voltage anodization of Zr for only 900 seconds, and bilayer

nanotubes with increased diameter were obtained. This six-stage current–time curve cannot be

explained by classical field-assisted dissolution and field-assisted flow or stress-driven mechanisms.

Here, the formation mechanism and growth kinetics of bilayer ZrO2 nanotubes have been clarified

rationally by the theories of ionic current, electronic current and oxygen bubble mold. The interesting

results presented in this paper are of great significance for revealing the anodizing process of various

metals and the formation mechanism of porous structures.
1. Introduction

Electrochemical anodization and electrochemical synthesis of
aluminum, titanium, zirconium and other metals have attrac-
ted more and more attention.1–6 Porous anodic alumina (PAA),
anodic TiO2 and ZrO2 nanotube structures are widely used in
solar cells, supercapacitors and various sensors.7–11 However,
the formation mechanism of the porous structure and nano-
tube structure of this kind of porous anodic oxide (PAO) is very
controversial.1,12–18 Both formation mechanisms of PAA and
anodic TiO2 nanotubes include the eld-assisted dissolution
(FAD), dissolution equilibrium, and eld-assisted ejection (FAE)
theories and eld-assisted ow (FAF) model.1,19–24 There are
currently two opposite models of pore formation in these PAOs.
The rst model, digging holes from the oxide surface into the
oxide interior, is called the classical FAD theory or dissolution
equilibrium theory.19,25 The FAD reaction to form anodic TiO2

nanotubes is TiO2 + 6F� + 4H+ / [TiF6]
2� + 2H2O.19–21 It is well

known that the anodizing current–time curve shows three
stages under constant voltage anodizing conditions in uoride-
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containing electrolyte forming TiO2 nanotubes.25–28 The current
drops rapidly in the rst stage, rises slowly in the second stage,
and remains basically stable for a long time in the third
stage.25,26 Since anodization is an electrochemical process, there
are many factors that determine the nal length of nanotubes,
including electrolyte composition, temperature, anodizing
time, voltage level and anodizing current.25–27 The inuence of
these factors on the length of nanotubes is reected in the
anodizing current. Therefore, the length of the nanotubes
should be related to the size of the anodizing current or the
amount of charge in the electrochemical reaction. However, the
traditional FAD and FAF theories have nothing to do with the
anodizing current or the amount of charge. The greatest limi-
tation of the FAD and FAF theories is that the dissolution
reaction and FAF model have nothing to do with the anodizing
current and cannot explain the physical and chemical signi-
cance of the three stages of the current–time curve.16–18,21

Although dissolution current and hydrolyzing current have
been proposed,29,30 in fact, as Thompson et al. pointed out, the
above FAD reactions occur only on the oxide surface and do not
contribute to the anodizing current across the oxide lm.31 The
FAD theory proposed by the Manchester group was rejected by
themselves in 2013 and 2015.32,33 The growth of the major pores
proceeds mainly due to the eld-assisted ow of oxide rather
than eld-assisted dissolution.32,33 They showed that the oxide
dissolution rate was in fact very small (less than 1
nm min�1).32,33 Yu et al. showed that the growth rate of porous
© 2022 The Author(s). Published by the Royal Society of Chemistry
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alumina channels was 150 nmmin�1.20 Even though many facts
deny the FAD theory and dissolution equilibrium theory,32–43

many researchers still ambiguously explain various experi-
mental phenomena by applying the FAD and dissolution equi-
librium theories.44–47

The second model is an oxygen bubble model based on the
viscous ow model48–50 and the electronic current theory.51–54

The growth manner of the nanotubes is the viscous ow of the
barrier oxide layer around the oxygen bubble model to promote
the growth of the nanotubes.53–57 Many researchers concluded
that the viscous ow is contrary to the expectations of the FAD
model of pore formation.1,29,41,48 Many researchers actually
accept the above two opposite manners simultaneously.
Meanwhile, others accept the viscous ow model, but deny the
electronic current and oxygen bubble mold, resulting in the
vague dynamics of both the FAD and FAF models and the eld-
assisted effect.44–51

Compared with the above two models, the growth kinetics of
eld-assisted dissolution equilibrium theory has been ambig-
uous for decades.45–51 The physical meanings of FAD and FAF
are always unclear.15–20 Aer discussing the relationship
between the volume (or length) of the porous oxide and the
quantity of electric charge (the product of electric current and
time),24,36,43 the growth kinetics of the oxygen bubble model
becomes clearer. That is, the ionic current causes barrier oxide
growth, and the electronic current causes oxygen evolution. The
barrier oxide grows upward around the oxygen bubble mold to
form the nanotubes. Therefore, ionic current and electronic
current are the driving forces for the growth of TiO2 nanotubes,
rather than the FAD, FAF and stress-driven ow.1,22–24 Pash-
chanka considered that in the self-organizing systems of PAA,
the electroconvective ion transport mechanism prevails and
helps overcome the diffusive transport limitations.58 The growth
of pores is assisted by the Coulomb forces that are responsible
for the motion of electrolyte anions and entrained uids toward
the anode surface.58 The process of self-organization on anod-
ized aluminum is rather complex and multifaceted, and its
numerous unique aspects still need to be claried.58

Compared with anodic TiO2 nanotubes, the formation
mechanism of anodic ZrO2 nanotubes is less studied, and most
groups directly use the FAD reaction (ZrO2 + 6F� + 4H+ /

[ZrF6]
2� + 2H2O).59–61 Compared with the anodizing process of Al

and Ti, the current–time curve of zirconium under constant
voltage is more complicated. There are two-stage and three-
stage current–time curves in the anodizing process of zirco-
nium.28,59–61 In this paper, six stages of the current–time curves
and bilayer nanotubes were found in a one-step anodizing
process of zirconium. To the best of our knowledge, the bilayer
nanotube structure and the six stages of the current–time curves
are reported for the rst time. This paper presents a new
interpretation of the original structure and the six stages of the
current–time curve.

2. Experimental details

Zirconium foil (0.1 mm thick with a purity of 99.5%) was cut
into 1.0 cm � 8.0 cm samples. The samples were polished in
© 2022 The Author(s). Published by the Royal Society of Chemistry
a mixed solution (with HF : HNO3 : H2O ¼ 1 : 1 : 2 by volume)
for 5 to 10 seconds. The polished samples were immediately
rinsed ve times in a 2000 mL beaker of water, and then
immersed in a 1000 mL beaker full of deionized water for about
30 min. Aer being taken out of the beaker, the samples were
dried with an electric blow dryer. Then insulating tape was
affixed to the Zr foil so that the anodized area was 4 cm2 (1 cm�
2.0 cm� 2 sides).

The electrolyte for zirconium anodization was a glycerol
solution containing 1.0 wt% NH4F and 3.5 wt% H2O. The
electrolyte was ultrasonically stirred for 60 min to ensure that
the NH4F was completely dissolved. A 500 mL plastic beaker
lled with approximately 450 mL of electrolyte served as
a container for anodization. Zr foil with insulating tape was
used as the anode, and a graphite plate about 15 mm wide and
100 mm long was used as the cathode, with a distance of about
2 cm between the anode and the cathode. The anodizing
container was placed in a circulating cooling pump to maintain
the temperature of the electrolyte at 20 � 1 �C for the entire
anodizing process. The electrolyte was stirred magnetically
throughout the anodizing process. Each sample was anodized
for 900 seconds at constant voltages of 50 V, 70 V and 80 V. The
current–time curve of anodization was recorded automatically
by a computer system.57 Each experiment with the same voltage
was repeated three times to ensure that the anodizing current
curves tested were basically coincident.

Aer the anodized sample was removed from the electrolyte,
it was immediately rinsed ve times in a 2000 mL beaker of
water, and then immersed in a 1000 mL beaker full of deionized
water for about 60 min. Finally, all the samples were dried in
a drying oven at 50 �C for 2 hours. When preparing the SEM
samples, all zirconium sheets with zirconium oxide lm were
bent articially into an U shape so that the cross-section
morphology of the zirconium oxide lm can be observed by
FESEM (Zeiss Supra 55).

3. Results and discussion

Fig. 1 shows the SEM images of the morphology of the nano-
tubes and current–time curve obtained by anodizing zirconium
in glycerol electrolyte containing 1.0 wt% NH4F and 3.5 wt%
H2O at a constant voltage of 50 V for 900 seconds. The anodic
ZrO2 nanotubes and current–time curve shown in Fig. 1 are very
similar to those of anodic TiO2 nanotubes.28,57

Compared with anodic TiO2 nanotubes, the formation
mechanism of anodic ZrO2 nanotubes is also ascribed to the
FAD reaction (ZrO2 + 6F� + 4H+ / [ZrF6]

2� + 2H2O).59–61 Fig. 1d
shows the three stages of the current–time curve which are
completely consistent with the anodizing process of titanium.
In order to explain the current curve in maintaining the basic
stability state, Schmuki and Regonini et al. indicated that the
steady state appears in the current–time curve because of the
dissolution equilibrium model.17,18 That is, the rate of oxide
formation at the metal/oxide interface and the rate of eld-
assisted dissolution at the electrolyte/oxide interface are
equal.17–19 The argument that the growth rate of oxide is equal to
the dissolution rate has been rejected by Thompson et al.31 The
Nanoscale Adv., 2022, 4, 582–589 | 583
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Fig. 1 (a–c) The SEM images of anodic ZrO2 nanotubes anodized at a constant voltage of 50 V for 900 s. (d) The corresponding current–time
curve over 900 s.
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dissolution rate of the oxide is, in fact, several orders of
magnitude smaller than the formation rate in the steady-state.31

In fact, this dissolution equilibrium theory was negated by
the Skeldon and Hebert groups.32,33 They proved that the eld-
assisted dissolution rate was very low (less than 1 nm min�1)
in PAA.32,33 Thompson et al. indicated that direct measurement
of the eld-dependent oxide dissolution rate was never ach-
ieved.31 Zhang and Yu et al. proved that there is no dissolution
equilibrium in the anodizing process of titanium.34,41–43 The
growth rate of titanium oxide nanotubes reaches 200 nmmin�1,
which is much higher than the dissolution rate of titanium
oxide in electrolyte (about 1 nm min�1).62 Many references
above have negated the FAD dissolution equilibrium, and the
three stages of the current–time curve in Fig. 1d could not be
explained with FAD and FAF theories; this is the greatest limi-
tation of FAD and FAF theories so far and needs to be solved
urgently.

Fig. 2 and 3 show the SEM images of the morphology of the
nanotubes and current–time curves obtained by anodizing
zirconium in glycerol electrolyte containing 1.0 wt% NH4F and
3.5 wt% H2O at constant voltages of 70 V and 80 V for 900
seconds, respectively. It is interesting to note that as the voltage
of one-step anodization increases, the three stages of the
current–time curves in Fig. 1d change to six stages of the
current–time curves in Fig. 2d and 3e. The same test conditions
were applied three times and the same six-stage curves were
obtained. To the best of our knowledge, this phenomenon has
never been found in the one-step anodization of Al and Ti. In
addition, it can be seen that the nanotubes also become bilayer
nanotubes, as shown in Fig. 2b, c and 3b–d.

As can be seen from Fig. 3c, d and f, the second layer of
nanotubes is not fully penetrated by the rst layer of nanotubes,
584 | Nanoscale Adv., 2022, 4, 582–589
and the inner diameter of the second layer of nanotubes is
signicantly larger than that of the rst layer of nanotubes. This
means that the number of nanotubes in the second layer is
much smaller than the number of nanotubes in the rst layer.
This proves that the digging manner of the FAD reaction of
nanotube formation is not true as shown by the channels of no.
1, 2, and 3 in Fig. 3c.

Obviously, the FAD and FAF theories cannot explain the three-
stage curve, let alone the six-stage curve, because there is no
connection between the FAD reaction and the anodizing
current.31–35 Here, based on the electronic current and the oxygen
bubble mold, the six-stage curve and the bilayer nanotube
structure discovered for the rst time are analyzed in Fig. 4.

In recent years, many groups have proven the existence of
ionic current and electronic current in the metal anodizing
process, including the famous Schmuki and Skeldon
groups.52–56,63 It is well known that the ionic current Jion may be
expressed simply as Jion ¼ A exp(BUapp/d), where A and B are
constants that depend on temperature and electrolyte compo-
sition, Uapp is the applied voltage (here, Uapp¼ 50 V, 70 V, and 80
V), and d is the thickness of the barrier oxide layer as shown in
Fig. 4.52–57 Albella et al. proposed that the theoretical expression
of electronic current Je is Je ¼ j0 exp(ad),52 where a is the impact
ionization coefficient of the avalanche, d is the same as above,
and j0 is the primary electronic current.52 It is obvious from the
above two formulas that the changing trend of ionic current and
electronic current with the thickness of the barrier oxide layer is
just opposite.54–57 Therefore, the ionic current shows a down-
ward trend in the current–time curve, while the electronic
current shows an upward trend in the current–time curve.57

Fig. 4 shows the schematic diagram of the three-stage and
six-stage growth of anodic ZrO2 nanotubes. During the normal
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a–c) The SEM images of anodic ZrO2 nanotubes anodized at a constant voltage of 70 V for 900 s. (d) The corresponding current–time
curve over 900 s.
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anodization of Al, Ti, Zr and Ta, the current–time curves all
show three stages as shown in Fig. 1d.15–21,64

In stage 1 of Fig. 4, the high ionic current causes ion
migration to form a barrier oxide layer (Ti4+ + 2O2� / TiO2),
and the rapid growth of the barrier oxide layer leads to a sharp
decrease in ionic current. Due to the action of the electric eld,
the anions in the electrolyte are adsorbed on the oxide surface
of the anode, and then the part of the barrier oxide layer near
the electrolyte is quickly converted into an anion contaminated
layer.52–55 The loss of electrons of anions in the anion contam-
inated layer is the cause of the generation of electronic current.
Fig. 3 (a–d, f) The SEM images of anodic ZrO2 nanotubes anodized at a c
curve over 900 s.

© 2022 The Author(s). Published by the Royal Society of Chemistry
In fact, the anodizing process is an alternating process domi-
nated by ionic current and electronic current.52–55 The Jion
decreases exponentially with the thickness of the barrier oxide
layer (Jion ¼ A exp(BUapp/d)), and the electronic current (Je)
increases exponentially with the thickness of the barrier oxide
layer (Je¼ j0 exp(ad)). In 1969, Diggle et al. concluded that in the
high electric eld, the ionic conductance dominates the anod-
izing process leading to oxide formation; in the low electric
eld, electronic conductance dominates the anodizing process
leading to oxide dielectric breakdown and intense oxygen
release on the oxide surface.51 Therefore, Macak et al. suggested
onstant voltage of 80 V for 900 s. (e) The corresponding current–time

Nanoscale Adv., 2022, 4, 582–589 | 585
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Fig. 4 Schematic diagram of the three stages and six stages of growth
of anodic ZrO2 nanotubes.

Nanoscale Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
D

ec
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 6

/2
1/

20
26

 7
:1

3:
35

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
that there is an important relationship between the formation
of nanotube holes and the oxide breakdown.65 In fact, the
breakdown process of oxide is a process in which the increase of
electronic current leads to the release of a large amount of
oxygen gas.66–68 However, Diggle et al. proposed that the incor-
poration of anions into the oxide structure is closely associated
with the degree of pore formation,51 being the greatest for pore-
forming electrolytes, and the least for dense-type electrolytes.51

In other words, the thicker the anion contaminated layer is, the
more likely it is to produce pores or nanotubes, and the thinner
the anion contaminated layer is, the more likely it is to produce
a dense lm.25 This theory of nanotube formation beneath the
anion contaminated layer,69 which is completely contrary to
eld-assisted dissolution theory, has been conrmed by gourd-
shaped TiO2 nanotube embryos.41

Based on the above discussion, the three conditions for the
formation of a nanotube embryo in Fig. 4 are that (1) enough
electronic current allows enough oxygen gas to be released; (2)
sufficient thickness of the anion contaminated layer ensures
that the oxygen bubbles form a bubble mold; and (3) sufficient
ionic current causes the newly grown oxide to ow upward
around the oxygen bubble mold.

At the end of stage 1 (inexion), the ionic current decreases to
the critical value and the barrier oxide layer increases to a critical
thickness. At this critical thickness, a large enough electronic
current can maintain the continuous release of oxygen bubbles
and have a mold effect. This critical thickness is inversely
proportional to the concentration of anions in the electrolyte.57,70

In stage 2 of Fig. 4, enough electronic current causes the
anions to lose electrons and transform into oxygen gas more
586 | Nanoscale Adv., 2022, 4, 582–589
easily (2O2� / O2 (gas) + 4e, or 4OH� / O2 (gas) + 2H2O +
4e).53–55 At the interface of the anion contaminated layer and
barrier oxide layer, the oxygen bubble gradually grows into a gas
mold. The location of oxygen bubble molds at this interface has
been conrmed by double-walled nanotubes.69 Due to the
pressure of the anion contaminated layer and external atmo-
spheric pressure, the oxygen bubbles cannot spill over into the
electrolyte outside. The oxygen bubble mold under the anion
contaminated layer causes the barrier oxide around the bubble
mold to grow as shown in stage 2 of Fig. 4. The viscous ow of
the barrier oxide grows around the oxygen mold to form the
initial nanotube embryo. This gourd-shaped, hollow nanotube
embryo formed from the oxygen bubble mold has been
discovered in 2021.41 The formation of the hollow nanotube
embryos is similar to the hollow molding process of mineral
water bottles of PET (polyethylene terephthalate). The plastic or
viscous ow of the PET melt, under the action of inner
compressed air (ination pressure 5–8 atm), eventually forms
a cylindrical or cube shaped bottle molded by the outer steel
cavity mold. The oxygen bubbles in the anodizing process act as
gas molds just like the inner compressed air in the molding
process of mineral water bottles.

In stage 3 of Fig. 4, the oxygen bubbles escape from the
nanotube embryo, and the outer electrolyte enters the bottom of
the nanotubes. The barrier oxide at the bottom of the nanotubes
partly turns into the anion contaminated layer, creating elec-
tronic current and oxygen bubbles at the nanotube bottom.
Sufficient ionic current and enough electronic current across
the nanotube base are the driving force for nanotube embryo
formation and further development.53–55 When the outside
electrolyte enters the bottom of the nanotube, the thickness of
the barrier oxide layer at the bottom remains roughly the same,
and both Je and Jion are at a constant level because both Je and
Jion are related to the thickness (Jion ¼ A exp(BUapp/d), Je ¼ j0-
exp(ad)). In this stage 3, a steady electronic current easily
causes oxygen bubbles to form the mold effect at the nanotube
bottom, because the thickness of the anion contaminated layer
is thinner than that in stage 1. A stable ionic current causes
a new barrier oxide layer to grow upward around the oxygen
bubble mold, resulting in upward growth of the nanotube
walls.53–57 In general, in one-step constant voltage anodization,
the current–time curve of the three stages is maintained
continuously as shown in Fig. 1d, and the monolayer nanotube
continues to grow under the action of two stable currents, and
the diameter of the monolayer nanotube will remain constant
as shown in Fig. 1b and c. However, the current–time curve of
the six stages shown in Fig. 3e has not been reported. The
formation mechanisms of the six-stage curve and the second
layer of nanotubes are discussed in detail below.

In stage 4 of Fig. 4, the declining trend of anodizing current
is almost exactly the same as that in stage 1, indicating that in
stage 4, a new barrier oxide layer is rapidly formed at the base of
the rst layer nanotubes. In other words, the rapid growth of
this barrier oxide layer leads to a rapid decline of ionic current
in stage 4. From the morphology, the barrier oxide layer in stage
4 is thicker than that at the bottom of the nanotubes in the rst
three stages (stages 1, 2, and 3). In fact, it is evident in Fig. 3c
© 2022 The Author(s). Published by the Royal Society of Chemistry
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and d that there is a thick barrier oxide layer between two layers
of nanotubes, and this barrier oxide layer has just been pene-
trated (a pinhole connecting the upper nanotube and lower
channels as shown in Fig. 3c, marked as channels 1, 2, and 3).
There is every reason to believe that these channels labeled 1, 2
and 3 in Fig. 3c, d and f are formed by the oxygen bubble mold
rather than by the digging manner of FAD reaction. Only the
oxygen bubbles in the channels labeled 1, 2 and 3 in Fig. 3c
continue to expand, pushing off the top anion contaminated
layer as in stage 3. But it is more difficult to push off the thicker
layer of anion contaminated above in stage 5 than in stage 2.
Therefore, only three small pinholes can be seen above the
channels labeled 1, 2 and 3 in Fig. 3c connected to the bottom of
the upper nanotubes.

In general, in one-step constant voltage anodization, the
current–time curve of three stages is maintained continuously
as shown in Fig. 1d, and the monolayer nanotube continues to
grow under the action of two stable currents, and the outer
diameter of the monolayer nanotube will remain constant as
shown in Fig. 1b and c. That is, the outer diameter of the
nanotube should remain constant during a one-step anodizing
process with a constant voltage of 80 V. However, the diameter
of the lower nanotube in Fig. 3c and d is signicantly larger than
that of the upper nanotube, which also proves that the nano-
tube is not formed by the digging manner of FAD reaction.

It is clear that the formation of the bilayer nanotubes in
Fig. 3 begins at stage 4. Why did the third stage, which was
supposed to keep the current constant, suddenly turn into the
fourth stage, where the current drops rapidly? Then, what is the
intrinsic nature of the sudden drop in ionic current in stage 4?
It is helpful to understand the formation mechanism of
monolayer and multilayer nanotube structures.

By comparing Fig. 1d and 3e, it can be seen that the current–
time curve of anodization at 50 V has three stages, while the
current–time curve of anodization at 80 V has six stages. During
900 seconds of anodization at 50 V, the third stage of steady
current of 15 mA lasts for about 800 seconds in Fig. 1d. This
means that the ionic current and electronic current are at
a stable level during the third stage (there is little difference
between the two currents), ensuring the stable self-organizing
growth of the nanotubes, because the dominant ionic current
shows a downward trend in the current–time curve (stage 1 in
Fig. 4), and the dominant electronic current shows an upward
trend in the current–time curve (stage 2 in Fig. 4).57

However, during 900 seconds of anodization at 80 V in
Fig. 3e, the third stage only lasts for about 200 seconds, and the
anodizing current in the third stage slowly decreases from 45
mA to 38 mA. The current decrease means that the barrier oxide
layer at the bottom of the nanotubes is gradually thickening.34

This indicates that the nanotubes are not undergoing self-
organized and stable growth in the third stage of Fig. 3e.
Apparently, the rapid drop in the fourth stage current means
that a thick barrier oxide layer has formed at the bottom of the
nanotube array near the Ti substrate as shown in stage 4 of
Fig. 4. The rapid growth of the barrier oxide layer in stage 4 is
exactly the same as that in stage 1. Aer stage 4 is completed,
the next stage 5 and stage 6 repeat stage 2 and stage 3 as shown
© 2022 The Author(s). Published by the Royal Society of Chemistry
in Fig. 4. The key question in this article is, why is the new
barrier oxide layer regenerated in the fourth stage instead of
continuing the steady growth of nanotubes as shown in Fig. 1d?
This is a complex problem involving ionic conductance of the
anodic oxides, electric eld level, anion contaminated layer,
electrolyte concentration and so on.48–57 The essential reason for
the rapid drop in current in the fourth stage to form a new
barrier oxide is that the initial ionic current of 38 mA is too
large, because in the third stage the ionic current (�40 mA) is
much larger than the electronic current (�4 mA) in Fig. 3e.28

The two conditions for a steady self-organizing growth of the
nanotube are enough electronic current (Je ¼ j0 exp(ad)) to form
an upward moving oxygen bubble mold, and enough ionic
current (Jion ¼ A exp(BUapp/d)) to form a barrier oxide layer to
grow upward around the expansive bubble mold. It can be seen
from the above two formulas that only when the thickness of the
barrier layer is in a suitable range, the two currents can be in
a stable state and the nanotubes can be in a stable self-
organizing growth stage.71,72 This is the real nature of self-
organized growth, which is still unclear until now. Self-
organized and orderly growth means harmonious growth,
peaceful growth, and the golden mean (golden section). In
contrast, when the ionic current is much larger than the elec-
tronic current, in the rst and fourth stages in Fig. 4, the ionic
current can only increase the thickness of the barrier oxide
layer. When the electronic current is far greater than the ionic
current, that is, the thickness of the barrier oxide layer reaches
the maximum (breakdown thickness), there is oxide breakdown
and oxygen gas release but no anodic oxide growth.52,54,68

In stage 5 of Fig. 4, the nanotube embryos of the second layer
are formed by oxygen bubble mold, similar to stage 2. Aer the
formation of the new barrier oxide layer in stage 4, the ionic
current decreases to a critical value of 6 mA, and the electronic
current causes the total current to increase, increasing to
a maximum of 13 mA. The oxygen bubble mold is formed at the
interface of the anion contaminated layer and barrier oxide
layer. It takes more time for the oxygen bubbles in the second
layer nanotube to escape, because the oxygen bubbles have to
push through the thicker anion contaminated layer on top of
them. In Fig. 3e, the h stage is about 100 seconds, while the
second stage is only about 12 seconds. Due to the larger
expansion of oxygen bubbles,24,73 the inner diameter of the
second layer of nanotubes in Fig. 3c is much larger than that of
the rst layer of nanotubes. The pore walls of the second layer of
nanotubes are also thicker than those of the rst layer.

Stage 6 is similar to the previous stage 3 of Fig. 4, because the
lower nanotube has a larger diameter and cannot communicate
directly with the bottom of the upper nanotube. Only the oxygen
bubbles push up the thicker anion contaminated layer, and the
electrolyte can only slowly enter the bottom of the nanotube
through the pinholes, so the current in stage 6 gradually
decreases. Three pinholes can be seen above the channels
labeled 1, 2 and 3 in Fig. 3c connected to the bottom of the
upper nanotubes. Two layers of nanotubes are clearly visible in
Fig. 3b, and the rst layer is longer, because the ionic current is
higher when the rst layer of nanotubes is growing.
Nanoscale Adv., 2022, 4, 582–589 | 587
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4. Conclusions

Since anodization is an electrochemical process, the growth
kinetics of porous anodic oxides should be related to the
anodizing current. It is well known that in one-step anodiza-
tion with constant voltage, the current–time curve usually
shows three stages: rapid decrease, slow rise and steady state.
However, the classical eld-assisted dissolution and ow
theories cannot explain the three stages of the current–time
curve and the growth kinetics of nanotubes. We conclude that
the total anodizing current includes ionic current and elec-
tronic current. Ionic current causes barrier oxide growth, and
electronic current causes oxygen evolution. In the rst stage,
ionic current promotes the rapid growth of the barrier oxide,
and the ionic current decreases exponentially with the thick-
ness of the barrier oxide. In the second stage, the barrier oxide
reaches the critical thickness for generating the electronic
current, which causes the total current to rise and forms the
oxygen bubble molds. In the third stage, oxygen bubbles
overow from the nanotubes and electrolyte enters the
nanotube bottom, where the ionic current and electronic
current remain constant and prompt the nanotubes to grow
steadily.

We have for the rst time discovered six stages of the
current–time curves in one-step anodization of zirconium at
constant voltage in NH4F electrolyte, and have obtained
bilayer nanotubes with an increased diameter. None of the
above facts can be explained by the dissolution and viscous
ow models. Based on the variation of ionic current and
electronic current with the barrier oxide thickness, combined
with the oxygen bubble model and the viscous ow model, the
bilayer nanotubes and the six stages of the current–time curve
were reasonably explained. These new ideas presented in this
paper improve the growth kinetics of metal anodization and
help to regulate the structure of various porous anodic
oxides.74–78
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M. Mart́ın-González, Nanoscale Adv., 2020, 2, 4591–4603.

7 Y. Yu, Y. J. Zhao, K. Li, G. Zhang, K. Y. Yu, Y. H. Ma and Y. Li,
Appl. Surf. Sci., 2020, 503, 144316.

8 Y. Z. Jiao, S. Y. Cheng, F. Wu, X. H. Pan, A. M. Xie, X. Zhu and
W. Dong, Compos. B Eng., 2021, 211, 108643.

9 S. Chen, Y. L. Ni, J. P. Zhang, Y. X. Dan, W. C. Zhang, Y. Song
and X. F. Zhu, Electrochem. Commun., 2021, 125, 106991.

10 S. Y. Cao, D. L. Yu, Y. Lin, C. Zhang, L. F. Lu, M. Yin, X. Zhu,
X. Y. Chen and D. Li, ACS Appl. Mater. Interfaces, 2020, 12,
26184–26192.

11 X. Chen, X. R. Xu, J. Cui, C. T. Chen, X. Zhu, D. P. Sun and
J. S. Qian, J. Hazard. Mater., 2020, 392, 122331.

12 S. X. Liu, J. L. Tian and W. Zhang, Nanotechnology, 2021, 32,
222001.

13 D. S. Guan and Y. Wang, Nanoscale, 2012, 4, 2968–2977.
14 M. I. Broens, W. R. Cervantes, D. O. Jerez, M. L. Teijelo and

O. E. L. Perez, Ceram. Int., 2020, 46, 13599–13606.
15 J. T. Domagalski, E. Xifre-Perez and L. F. Marsal,

Nanomaterials, 2021, 11, 430.
16 W. Lee and S. J. Park, Chem. Rev., 2014, 114, 7487–7556.
17 F. Riboni, N. T. Nguyen, S. So and P. Schmuki, Nanoscale

Horiz., 2016, 1, 445–466.
18 D. Regonini, C. R. Bowen, A. Jaroenworaluck and R. Stevens,

Mater. Sci. Eng. R Rep., 2013, 74, 377–406.
19 F. J. Q. Cortes, P. J. Arias-Monje, J. Phillips and H. Zea,Mater.

Des., 2016, 96, 80–89.
20 M. Yu, Y. Chen, C. Li, S. Yan, H. Cui, X. F. Zhu and J. Kong,

Electrochem. Commun., 2018, 87, 76–80.
21 R. Q. Hang, F. L. Zhao, X. H. Yao, B. Tang and P. K. Chu, Appl.

Surf. Sci., 2020, 517, 146118.
22 K. R. Hebert, S. Albu, I. Paramasivam and P. Schmuki, Nat.

Mater., 2012, 11, 162–166.
23 Q. Dou, P. Shrotriya, W. F. Li and K. R. Hebert, Electrochim.

Acta, 2019, 295, 418–426.
24 Z. Y. Zhang, Q. Wang, H. Q. Xu, W. C. Zhang, Q. Y. Zhou,

H. P. Zeng, J. Yang, J. Zhu and X. Zhu, Electrochem.
Commun., 2020, 114, 106717.

25 Q. Zhou, M. Tian, Z. Ying, Y. Dan, F. Tang, J. Zhang, J. Zhu
and X. F. Zhu, Electrochem. Commun., 2020, 111, 106663.

26 J. L. Qin, Z. G. Cao, H. Li and Z. X. Su, Surf. Coat. Technol.,
2021, 405, 126661.

27 J. E. Yoo and P. Schmuki, J. Electrochem. Soc., 2019, 166,
C3389–C3398.
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1na00692d


Paper Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
D

ec
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 6

/2
1/

20
26

 7
:1

3:
35

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
28 X. Li, C. Y. Li, T. L. Gong, J. H. Su, W. C. Zhang, Y. Song and
X. F. Zhu, Ceram. Int., 2021, 47, 23332–23337.

29 Z. X. Su and W. Z. Zhou, J. Mater. Chem., 2011, 21, 8955–
8970.

30 C. Cao, J. Li, X. Wang, X. Song and Z. Sun, J. Mater. Res., 2011,
26, 437–442.

31 J. Oh and C. V. Thompson, Electrochim. Acta, 2011, 56, 4044–
4051.

32 A. Baron-Wiechec, M. G. Burke, T. Hashimoto, H. Liu,
P. Skeldon, G. E. Thompson, H. Habakaki, J.-J. Ganem and
I. C. Vickridge, Electrochim. Acta, 2013, 113, 302–312.
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