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Abstract: The growth kinetics of porous anodic aluminum oxide films formed

1

in 0.3 mol « L' oxalic acid under galvanostatic conditions were studied to

analyze the relationship between the anodizing conditions and the film

morphology parameters. The effects of anodizing conditions (i.e. current
density, temperature and anodizing time) on the film growth kinetics and
morphology were examined by scanning electron microscopy and oxide film
mass measurements. The electrochemical signatures were investigated by the
voltage-time transients, and the growth rate of the anodic oxide films was
predicted by the simple linear regression analysis. Experimental results
indicate that the film growth rate increases with the increase of current density

and the decrease of the temperature. The rate of increase of the film mass

increases with an increase of current density.
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0 Introduction

Anodic aluminum oxide (AAQO) film with
highly ordered pore arrangement, controllable
pore diameter and well-characterized
morphology'" has been widely used as a template
in fabrication of nanomaterials and
nanostructures since the pioneering work of
Masuda’s

nanowires

group ™. For  example, metallic

035) 2nd hollow nanotube arrays

[6.7]
were synthesized by controlled electrodeposition
of a metal salt in an AAO template.

Major factors determining the structural

AAO

At least five major factors

parameters of the film have been
investigated™® ',
influence the film morphology, which include
electrolyte

the current/voltage relationship,

type, electrolyte temperature, concentration and
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The

interdependent and no one factor can change

time. first four of these factors are

without adversely affecting another™. In

addition, the mechanisms of the porous

structure formation have also been reported in
12-16]

the literature However, the potential of

AAQO as a template for nanofabrication has not
been fully exploited and the systematic analysis

has not been made on how the anodizing

parameters affect the film morphology.

al[17. 18]

Recently, Patermarakis, e and

Shawagqfeh, et al'” have investigated the growth
kinetics of AAQO films formed in sulfuric and
phosphoric acid, respectively. Oxalic acid has
been selected by various research groups to
widely fabricate AAO template. However, no

studies have been reported on the growth

kinetics of AAQO film formed in oxalic acid.
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In the present study, oxalic acid is chosen
as the anodizing electrolyte and the anodization
is carried out under galvanostatic and stirred
conditions at different temperatures. The
electrochemical signatures are observed using
voltage-time transients during anodization. The
film thickness and mass variation with time
anodizing  conditions  are

under  various

discussed.
1 Experimental

1.1 Sample preparation

An aluminum metal sheet with the purity of
99. 35% and the thickness of 0. 25 mm was used
as the starting material. Prior to anodizing, the
samples were ultrasonically degreased in ethanol
for 3 min. Then specimens were thoroughly rinsed
with deionized water and immersed in 1.5 mol « L™
sodium hydroxide at 60 °‘C for 30 s to remove the
natural oxide, immediately neutralized in 1.5 mol «
L' nitric acid for 15 s, carefully rinsed with
deionized water and air-dried.
1.2 Measurements
under

Anodizing was performed

galvanostatic conditions in 0.3 mol « L' oxalic
acid solutions at current densities 5-20 mA « cm *
and bath temperature 10-25 ‘C. Two stainless
steel plates with the same dimensions were used
as cathode materials and the pretreated
aluminum sheet was used as the anode in the
electrochemical cell. The solution was stirred
vigorously using a mechanical stirrer in order to
accelerate the diffusion of the heat which was
derived from the sample. After anodizing, the
mass of oxide films was estimated by measuring
the mass of the anodized sample before and after
anodic oxide removal in a phosphochromic
acid" (20 g pure chromic acid powder and 35
mL 85% phosphoric acid mixed with deionized
water to make 1 L) at a temperature of 90 C.
The oxide formation was carried out for the
required time under carefully controlled known
conditions, and the sample was weighed: mass
my. The general procedure in the oxide removal

stage was to immerse the sample in the

phosphochromic acid and reweigh it until a

constant final sample mass was obtained.

Following oxide removal, the sample was

reweighed: mass m,. Thus the oxide mass can

be calculated directly by the relationship, which
is shown as the following equation:

m=m — m @p)

The thickness and pore morphology of the

using a

(SEM,

anodized samples were examined

scanning electron microscope

KYKY-2800B and JSM-5600LV).
2 Results and discussion

2.1 Voltage-time transients
The effects of

temperature on voltage-time transients in 0.3

current density and

mol « L

oxalic acid are shown in Fig. 1. The
measured voltage variation with time provides a
qualitative measure of the electrochemical kinetic
phenomena associated with the formation of
porous AAOQO films.

The voltage initially increases linearly with
time to a maximum value followed by a decline
to a steady state value which is the same as the
general three stages of anodization"'™. At the
beginning of anodization, the dramatic increase
in voltage accompanies the initial growth of the
barrier layer. When the voltage reaches a
maximum value, the barrier layer is formed.
However, the film thickness is not uniform,
which leads to some pores appearance in the
thinner film fields. Then the film electric
resistance decreases with the emergence of the

pores, the voltage decreases subsequently™®”.

After

formation and dissolution of the barrier layer at

pores are formed, the continuous
the base of pores result in one dimensional
displacement into the aluminum substrate. The
dynamic balance between oxide formation and its
dissolution is established by the requirement of
constant electrical field across the barrier, thus
the steady-state voltage is reached"*".

As shown in Fig. 1(a), an increase in current
density resulted in an increase in the measured

voltage at the state of porous oxide film formed,
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which can be attributed to a gradual increase in the
resistance to ion transport through the pores due to
the fast continuous thickening of the porous film in
oxalic acid. The decrease in ionic conductivity within
the porous film and across the barrier layer caused
an increase in the measured voltage.

As shown in Fig.1(b), an increase in
temperature resulted in a decrease in the
measured voltage, which can be attributed to the

effect of the temperature on the oxide dissolution

rate at the base of the pores. This decrease in

70

60 20 mA-cm

50 15 mA-cmj

7.5 mA-cm

2 40 5mA-cm™
=30

20

10

0 5 8 12

t/min

(a) different current densities

the voltage reflects the increase in temperature
within the pores, which is due to the loss of
convective heat transfer. This increase in the
temperature is expected to enhance the chemical
dissolution process along the pore walls leading
to more oxide dissolution. Sufficient pore wall
dissolution process especially close to the film
surface may result in a decrease in the film
thickness when the oxide between adjoining

pores is dissolved.
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(b) different temperatures

Fig. 1 The typical voltage-time behavior during galvanostatic anodizing of aluminum in 0. 3 mol « L' oxalic acid

2.2 Film thickness and growth rate of AAO
films

The film thickness was measured based on
SEM images of cross sections of the AAO films.
Fig. 2 shows representative SEM micrographs of
the cross sections of anodic films formed in 0. 3
mol « L' oxalic acid solution at 10 ‘C and 10
mA « ecm™? for different anodization time. The
film thickness (h) variation with time at
different current densities is shown in Fig. 3. It
can be seen that the oxide film thickness
increases linearly with time from =zero, and
finally reaches a maximum value.

The film growth rate, expressed as the film
can be

thickness increases per unit time,

theoretically related to the Columbic efficiency of
the anodic oxidation using Faraday's Law[®* as
the following equation:
dh MAlzo3 i
i
Where dh/dt is the film growth rate, 7 is

(2

the current efficiency, Ma,o, is the molecular

weight of the oxide, i is the current density, o
is the oxide density, zis the number of electrons
used for oxide formation, and F is Faraday's
constant.

This equation can be used for determining
the film growth rate only if the current efficiency
and the oxide density are known. Because of the
uncertainties of two parameters, this equation
can not be used to represent the actual film
growth rate. According to Eq. (4), the film
growth rate can be also expressed as the
following equation:

dh/dt = k= K'i (3)

Where k is the film growth rate and is a
linear function of the current density, k” is a
constant. From the slope of the plots in Fig. 3,
the film growth rate k is determined by simple
linear regression analysis, as listed in Tab. 1, in
which h is the mean thickness of the oxide film,
t is the anodization time, and k” is a constant
independent of the current density and the

anodization temperature. The film growth rate
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increases from 1.411X10 % cm® e mA ™' « min ! at
20 mA e cm 2t01.421 X107 " cm® « mA™" + min!
at 10 mA « cm 2. By comparison, it is found that

the increase in current density resulted in an

\
N KYKY 280088

(¢) 80 min

increase in the film growth rate formed in oxalic
acid, which can be attributed to the effect of
current density on the rate of ion transport

across the barrier layer,

D0KX 10 {im  KYKY-28008 SEM \SN:5077
(b) 100 min

\

I
0KV 200KX 10 )\ KRR

(d) 60 min

Fig. 2 SEM images of cross section of anodic film formed in 0. 3 mol « ! oxalic acid solution at

10 °C and 10 mA « em ? for different anodization time
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Fig. 3 Oxide film thickness as a function of the
anodizing time at different current densities
for films formed in 0. 3 mol » L' oxalic acid

solution at 10 C

Tab.1 Regression equation of oxide film thickness at
different current densities
i Regression k R
mA + cm ? equations em® « mA™! « min !
10 h=0.142 1t+0.378 1.421 X 10°¢ 0.997
15 h=0.2119t+0.632 1.413 X106 0.992

20 h=0.2822t+0.591 1.411X 10 0.983

2.3 Effect of current density on the mass of
oxide films

The dependence of the mass of the porous
oxide film versus time on current density is
shown in Fig. 4. At constant temperature and
current density, the mass of the porous film was
found to increase with time, which can be
attributed to the growth of oxide film along the
aluminum substrate based on the concept of the
dynamic balance across the barrier layer. In
addition, the rate of increase of film mass was
found to increase with current density, which
can be explained by the fact that the increase in
the rate of transport of ions across the barrier
layer leads to higher oxide formation rates. A
similar trend was observed for the effect of
current density on oxide thickness for film

formed in oxalic acid.
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Fig. 4 Dependence of the oxide film mass on

anodization time at different current
densities for films formed in 0.3 mol « L

oxalic acid solution at 10 ‘C

2.4 SEM measurement

SEM micrographs of the surface of anodic

(a) surface of anodic film

Fig. 5
3 Conclusions

The growth kinetics of porous anodic
aluminum films formed in 0.3 mol » L™ oxalic
acid solutions was studied. The voltage-time
transients show that the changing of current
density and electrolyte temperature in oxalic acid
influences the porous film growth. The
thickness and the mass of the porous oxide films
are found to depend on current density. In
addition, the film growth can be expressed by
the equation dh/dt = k"i, where k" is a constant
independent of the current density and the
anodization temperature with an average value of

1.415 X 10 %cm® » mA ™' « min '.
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