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Abstract The electrochemical behaviour of electropol-

ished and anodised aluminium was studied by electro-

chemical impedance spectroscopy (EIS). Freshly

electropolished aluminium behaves as a pure capacitor

exhibiting Warburg impedance at low frequencies. Storage

of the electropolished aluminium, even in an air-tight

bottle, results in the reconstruction of a uniform compact

barrier layer. The impedance response of a stored electro-

polished aluminium as well as anodised aluminium after

oxide removal, done by chemical etching, exhibits only a

capacitive loop in the complex plane. The effect of the

oxide layer thickness on the impedance data was investi-

gated for layers formed during anodising at a cell potential

of 15 or 23 V. Impedance measurements carried out over a

wide range of frequencies gave useful information on the

efficiency of the thinning of the barrier layer at the bottom

of porous aluminium oxide layers. The rate of thinning of

the barrier layer was estimated for samples anodised at

different voltage.

Keywords Aluminium oxide � Barrier layer � Barrier

layer thinning � Impedance measurements � Porous alumina

1 Introduction

The physical and chemical characteristics of the electrode/

electrolyte interface including electron transfer, mass

transport and chemical reactions in an electrochemical

system influence the impedance of the interface. Further-

more, the impedance of this interface depends on the

charge of species adsorbed or present at the electrode/

electrolyte interface, the composition of the electrolyte, and

also the texture and nature of the electrodes. Electro-

chemical impedance spectroscopy (EIS) allows a complete

description of such electrode/electrolyte interfaces with

equivalent circuits for given electron-transfer reactions

under given experimental conditions [1, 2]. For this reason,

EIS is a powerful tool for the investigation of aluminium

oxide films and electrochemical processes at the oxide film/

electrolyte interface [3–9].

Complete AC-impedance measurements on anodised

aluminium films were performed by Hitzig and Jüttner

[10–12]. They investigated properties of sealed porous

aluminium oxide layers and their corrosion behaviour

especially under natural environmental conditions. Rela-

tively simple physical models explaining changes in the

impedance data were derived for a compact barrier layer

and for a perfect porous aluminium layer formed after

anodization. The passive and active pit models on an

inhomogeneous oxide layer on aluminium were also

presented. It is well known that information on porous

unsealed oxide films cannot be obtained from EIS mea-

surements due to the short circuiting of the porous oxide by

the presence of electrolyte in the pores [3, 5, 13, 14].
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However, the electrochemical behaviour of unsealed ano-

dised aluminium, nearly identical to the barrier-type film,

can even be represented by a simpler model than the

equivalent circuit used for description of the barrier-type

layer [3, 13]. Instead of commonly used models, described

by an electrical equivalent circuits consisting of series and

parallel combinations of resistances and capacitances for

an ideal parallel plate capacitor, some researchers have

suggested different equivalent circuits [15–19]. These

circuits contain, for instance, an inductance [15], a Young

impedance [16, 17] or taking into account surface state

effects [18]. In recent years, the use of EIS for the inves-

tigation of aluminium especially aluminium alloys has

increased rapidly. The main focus was an investigation of

the corrosion resistance of sealed aluminium used for

technical applications [13, 14, 20–22].

The aim of this paper is to present the impedance

characteristics of nanostructured anodised aluminium after

different steps in its synthesis. The anodization of alu-

minium was recently applied to the synthesis of materials

with a nm-scale porous structure with closed packed cells.

The synthesis of such materials usually consists of a few

successive steps consisting of anodization and removal of

the porous oxide formed during anodization [23]. At the

bottom of such anodised aluminium films a barrier layer is

formed. The thickness of the barrier layer affects the

eventual subsequent deposition of metals into the pores

formed during anodization [24]. Recently, some research-

ers have developed procedures for the thinning of the

barrier layer to promote nucleation and growth of metals at

the bottom of pores [24, 25]. The development of an

effective procedure to thin the barrier layer, and of a

method for the evaluation of the thinning process are

highly desired. In this paper, nanostructured anodised

aluminium obtained after anodising at cell potentials of 15

or 23 V was investigated. Impedance measurements on

electropolished aluminium are presented as reference. A

thinning method based on anodising was applied to reduce

the barrier layer thickness. Since the electrochemical

response of the barrier layer in unsealed anodised

aluminium is the main contribution to the behaviour of the

system during impedance measurements the efficiency of

our barrier layer thinning procedure was investigated by

EIS.

2 Experimental

High purity aluminium foils (99.997%, Alfa Aesar Johnson

Matthey GmbH) were pre-treated and anodised at a con-

stant cell potential of 15 or 23 V at 1 �C (Fig. 1). A two-

step anodising procedure in 20 wt% sulphuric acid was

used [23]. The two-step anodising procedure starts with a

short anodising step of 10 min at selected cell potential.

Subsequently, removal of the oxide layer was achieved by

chemical etching in a mixture of phosphoric acid (6 wt%)

and chromic acid (1.8 wt%) at 60 �C. That was followed

by a second anodising step at constant cell potential. The

duration of the second anodising step was chosen in

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

STARTING MATERIAL 
Al rolled foil 

purity: 99,997 % 
thickness: 0,25 mm 

THERMAL ANNEALING 
T = 400 °C 

Ar atmosphere 
t = 5 h 

ELECTROPOLISHING 
HClO4 (60 wt %) : C2H5OH = 1 : 4 (vol.) 

T = 10 °C 
I = 500 mA cm-2 

t = 1 min 

FIRST STEP OF ANODIZATION 
20 wt % H2SO4 

T = 1 °C 
10 min for 15 or 23 V 

OXIDE REMOVAL 
6 wt % H3PO4 + 1,8 wt % H2CrO4 

T = 60 °C 
5 min for 15 V 

10 min for 23 V 

SECOND  STEP OF ANODIZATION 
20 wt % H2SO4 

T = 1 °C 
70 or 930 min for 15 V 
4 or 185 min for 23 V 

Fig. 1 Experimental procedure for two-step anodization of alumin-

ium
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view of the desired thickness of the oxide layer. Porous

aluminium film thickness of 7.5 or 107 lm were produced

at both anodising potentials. The thickness of the porous

alumina layers formed after two-step anodising was esti-

mated from SEM-FEG images. A schematic representation

of the anodised layer is shown in Fig. 2. SEM-FEG top

view of the surface structure of aluminium after the second

anodising step at a cell potential of 23 V is shown in Fig. 3.

The triangular arrangement of well-ordered nanopores is

clearly visible.

In order to reduce the thickness of the barrier layer on

two-step anodised aluminium an electrochemical thinning

procedure was applied [24]. The thinning method is based

on anodising at a constant current density. For the sample

anodised at 15 V, one thinning anodization step at a con-

stant current density of 1 mA cm–2 was performed. Two

thinning anodizations at current densities successively of 4

and 1 mA cm–2 were used for samples anodised at 23 V.

The impedance of the system was measured with a

Solartron Frequency Analyzer SI 1225 together with a

Solartron Electrochemical Interface SI 1287. Measure-

ments were performed at frequencies ranging from 65 kHz

to 10 mHz with a constant amplitude of the ac signal of

10 mV. Impedance data were found not to depend on the

electrode-potential and the perturbation-signal amplitude in

the range of 10–100 mV. A three-electrode cell setup with

a saturated sulphate electrode as reference electrode and a

platinum grit as counter electrode was used. To reduce

phase shift errors at high frequencies a low impedance

reference system was established connecting a platinum

probe in parallel to the reference electrode by a 2.4 nF

capacitance. Tests were carried out in a 0.2 M K2SO4

electrolyte of pH 5.9 operated at 25 �C. The exposed sur-

face area of samples was 0.5 cm2.

3 Results and discussion

Complex plane impedance diagrams, known as Nyquist

plots, are shown in Fig. 4A for fresh electropolished alu-

minium and after 1 week storage in an air-tight bottle.

Bode diagrams, |Z| vs log x and phase angle vs log x
(Fig. 4B and C), are a more convenient way to reveal any

frequency dependence of the impedance data especially at

high frequencies. As can be seen from Fig. 4, the two

electropolished aluminium samples behave as a capacitor

system. On a stored electropolished Al sample, a recon-

struction of a uniform barrier layer at the surface is

observed. The diameter of the semicircle in the complex

plane (Fig. 4A) as well as the plateau at low frequencies in

the |Z| vs log x plot (Fig. 4C) correspond to a sum of

electrolyte and barrier layer resistances. Additionally a

narrowing of the maximum in the phase angle plot

(Fig. 4B) is noticed. For the case of a stored electropol-

ished samples, the surface is covered with a passive com-

pact film and a limit in the interfacial reaction appears. The

transport of species does not influence the impedance and

as a result of an almost purely capacitive response of the

system a semicircle appears in Fig. 4A.

Impedance diagrams for aluminium anodised in a first

step at 15 or 23 V for 10 min and from which the oxide

layer was removed during a chemical etching treatment are

shown in Fig. 5. The impedance locus for both samples is

located between the corresponding graphs obtained for

fresh and stored electropolished aluminium (compareFig. 2 Porous oxide layer formed on anodised aluminium

Fig. 3 Secondary electron SEM-FEG top view image of porous

alumina layer obtained on the anodised aluminium after a second

anodising step at 23 V
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Figs. 4A and 5A). From a partially resolved semicircle at

high frequencies it can be concluded that the oxide removal

procedure is efficient and almost completely removes the

anodised film from the aluminium surface. The electro-

chemical response of samples after oxide removal by

chemical etching is similar to that of a freshly electropol-

ished sample. This is confirmed by the lack of a plateau at

low frequencies (close to the Y-axis) in the Bode diagram

(Fig. 5C). Moreover, Bode diagrams recorded for samples

obtained by anodising in the first step at a cell potential of

15 or 23 V and then subsequently chemically etched are

identical. This means that a very thin oxide layer left on the

surface of aluminium after the oxide removal has similar

electrochemical characteristics.
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Fig. 4 Complex plane impedance diagram (A) and Bode diagrams (B
and C) for a freshly electropolished Al and 1 week stored one
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Fig. 5 Complex plane impedance diagram (A) and Bode diagrams (B
and C) recorded after an oxide removal by chemical etching on a first

step anodised aluminium at 15 or 23 V
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It is generally accepted that the barrier layer thickness is

proportional to the anodising potential [26] and that it can

be estimated on the basis of the following equation:

db ¼ 1:3V ½nm� ð1Þ

where V is the anodising cell potential. According to

Eq. (1), the thickness of the barrier layer formed during

anodising at constant cell potentials of 15 and 23 V, is

expected to be about 19.5 and 30 nm, respectively. During

the thinning step, which is based on anodization at constant

current density the cell potential decreases from 23 or 15 to

about 7 V. The potential of 7 V corresponds to a thickness

of the barrier layer of only 9 nm. The thinning of the

barrier layer during anodization at constant current density

is possible due to the higher rate of dissolution of oxide

from the barrier layer/solution interface than of oxide for-

mation at the aluminium/barrier layer interface [27].

Moreover, the dissolution rate increases with increase in

relative potential drop, DV, defined as a ratio of the dif-

ference between the initial cell potential and the potential

at the end of the thinning step to the initial potential. The

relative potential drop, DV, in our experiments was 0.5 and

0.7 at anodising cell potentials of 15 and 23 V respectively.

Complex plane impedance plots and Bode diagrams for

aluminium anodised in two steps, as well as for alumin-

ium anodised in two steps and subsequently thinned, are

shown in Figs. 6 and 7. For the anodising step in Figs. 6

and 7 potentials of 15 and 23 V were applied, respec-

tively. Two durations of barrier layer thinning for samples

previously anodised at a certain cell potential are also

indicated in Figs. 6 and 7. The thickness of the oxide

layer formed during anodising at these two cell potentials

was kept at 7.5 lm. For the case of anodization at 15 V a

one-step thinning at a constant current density was ap-

plied for 5 or 30 min. On samples anodised at 23 V two

successive thinning steps at constant current density were

conducted. The total duration of the thinning steps was 8

or 35 min. Figures 6A and 7A reveal that the impedance

locus is smaller for thinned samples. The size of the locus

decreases with increasing duration of the thinning step.

This means that the resistance of the system depends

strongly on the barrier layer thickness. Relatively small

changes in the barrier layer thickness result in big chan-

ges in system resistance. It is generally accepted [e.g. 22]

that the porous layer resistance is about six orders of

magnitude lower than the associated barrier layer resis-

tance. This indicates that the barrier layer structure is

rather dense and compact. A similar tendency of

decreasing resistance with increasing duration of the

thinning of the barrier layer is observed in Figs. 6C and

7C. On comparing the impedance loci for non-thinned

anodised in two steps aluminium at different cell poten-

tials (Figs. 6A and 7A), it becomes evident that the

resistance of the system is slightly larger for aluminium

anodised at 23 V than at 15 V. This behaviour is con-

sistent with literature results [6, 7]. The inductive loop at

low frequencies noticed in Figs. 6A and 7A, indicates a

high relaxation time constant of the Faradaic process [1,

28] for thinned samples. The Faradaic impedance is re-

lated mainly to processes occurring at the barrier oxide

layer/electrolyte interface and is usually explained by

processes involving reaction intermediates. The inductive

loop at low-frequency in the Nyquist plots (Figs. 6A and

7A) can be explained in terms of different rates of the

annihilation and formation of negatively and positively

charged vacancies in the oxide layer at the aluminium/

oxide film interface. According to Moon and Pyun [8, 9],

the low-frequency inductive loop is associated with an

ionic relaxation phenomenon within the oxide film. This

ionic relaxation phenomenon is due to the variation with

time of O2– ion build-up at the aluminium/oxide film

interface. This behaviour, as was shown by Moon and

Pyun [8, 9], can play a role especially at low current

densities (below 10 mA cm–2) where the annihilation rate

of negatively charged aluminium vacancies in the oxide

exceeds the formation rate of positively charged oxygen

vacancies in the oxide at the aluminium/oxide film

interface. As a result of this, after filling most of the

aluminium vacancies in the oxide layer, aluminium ions

can adsorb on the oxide layer at the aluminium/oxide film

interface. It can be concluded that adsorption of alumin-

ium ions occurred in our experiments during the thinning

of samples at constant current density where a very low

current density is involved. The current densities used

during the thinning step were 4 and/or 1 mA cm–2. The

thinning procedure generally results in a narrowing of

plots of phase angle vs frequency (Figs. 6B and 7B). The

phase angle goes through a minimum in the middle part

of the plot for aluminium anodised in two steps. On

thinning, this minimum shifts slightly to higher frequen-

cies. Such a minimum was not observed in the phase

angle plot either for electropolished aluminium or ano-

dised samples after oxide removal treatment. These re-

sults suggest that the minimum appears in the phase angle

plots only when a relatively thick oxide layer is present.

As can be seen from the |Z| vs log x Bode diagram in

Figs. 6C and 7C, the resistance of anodised aluminium is

higher before than after thinning of the barrier layer.

These figures confirm that EIS is a powerful technique

that can be used for the study of the efficiency of the

thinning of the barrier layer present at the bottom of

anodised aluminium.

The complex plane impedance data and Bode diagrams

for samples anodised at 15 and 23 V are shown in Fig. 8

for an oxide layer thickness of 107 lm. After a second
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anodization step at a given cell potential, one- or two-step

thinning procedures were performed in a similar way as on

samples presented in Figs. 6 and 7. The total duration of

the thinning of the barrier layer was 30 and 35 min on

samples anodised at 15 and 23 V, respectively. As can be

seen from Fig. 8, the resistive response of the system is

similar to that observed in Figs. 6 and 7. A low-frequency

inductive loop is observed for both thinned samples. The

thinning step significantly reduces the resistance of the

system. For samples with a thinned barrier layer, the
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Fig. 6 Complex plane impedance diagram (A) and Bode diagrams (B
and C) for a two-steps anodised aluminium before and after thinning

of the barrier layer for 5 or 30 min. A two-step anodising was

performed at 15 V. The thickness of the oxide layer before thinning

was 7.5 lm
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Fig. 7 Complex plane impedance diagram (A) and Bode diagrams (B
and C) for a two-steps anodised aluminium before and after thinning

of the barrier layer for 5 or 30 min. A two-step anodising was

performed at 23 V. The thickness of the oxide layer before thinning
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plateau observed in the Body diagram at low frequencies

(Fig. 8C) is stabilized at a lower impedance value. The

results obtained on oxide layers of different thickness

formed by two-steps anodising at 15 and 23 V are shown in

Fig. 9. The thickness of the anodised layer was 7.5 or

107 lm for samples produced at both cell potentials. The

analysis of these data reveals, as expected, that the

thickness of the porous oxide layer does not significantly

modify the electrochemical response of the system.

The experimental barrier film never behaves as an

ideal capacitor and exhibits a different constant phase

shift from the theoretical value of 90� predicted for an
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Fig. 8 Complex plane impedance diagram (A) and Bode diagrams (B
and C) for a two-steps anodised aluminium produced at 15 and 23 V

before and after thinning of the barrier layer. The thickness of the

oxide layer was 107 lm
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ideal capacitor. Taking this into account an empirical

relation for the barrier layer impedance with an experi-

mental frequency dispersion factor (a) can be written as

follows:

Z ¼ 1=ðjxÞaCb ð2Þ

where Cb is the capacitance of the barrier layer and Z, x
and j are impedance, angular frequency (x = 2pf) and the

unit on the imaginary axis, respectively. The frequency

dispersion factor can be calculated from the Bode diagram

of phase angle vs log x. On the other hand, the capacitance

of the barrier layer can be easily estimated from the slope

of the Bode diagram (|Z| vs. log x) as was shown by Hitzig

and Jüttner [10–12]. This is achieved by extrapolating the

high-frequency linear part of the slope to frequency x = 1.

Furthermore, the capacitance is closely related to the

thickness of the barrier layer (db) according to a plate

capacitor relationship:

Cb ¼ ee0 Ag=db ð3Þ

where Ag, e and eo represent the geometric surface area, the

dielectric constant of aluminium oxide (8.5) and the per-

mittivity of vacuum (8.854 · 10–14 F cm–1), respectively.

From Eqs. (2) and (3), the thickness of the barrier layer

was calculated from the experimental data. Values for the

barrier layer thickness on anodised samples in two steps at

cell potentials of 15 or 23 V were about 5-fold lower than

those calculated from Eq. (1). However, it is worth noting

that researchers have usually observed higher experimental

capacitance of the barrier layer on unsealed anodised

aluminium in comparison to sealed anodised aluminium

[5, 21].

The percent reduction of the barrier layer thickness, R,

was calculated to determine the influence of the thinning

duration on the efficiency of the barrier layer thinning for

both values of anodising cell potentials (Fig. 10). As

mentioned earlier, the relative potential drop, DV, was 0.7

and 0.5 for samples anodised at 23 and 15 V respec-

tively. A 50% reduction in the barrier layer thickness is

observed after about 32 and 40 min of thinning at rela-

tive potential drops of 0.7 and 0.5, respectively. This

means that thinning of the barrier layer proceeds faster at

a lower relative potential drop. These results also show

that the applied thinning procedures did not effectively

reduce the thickness of the barrier layer on anodised

samples, and that the duration of the thinning step has to

be extended.

Assuming that the experimental thickness of the barrier

layer in anodised aluminium samples equals the value

predicted by Eq. (1), and taking into account the estimated

percent of reduction of the barrier layer thickness for

thinned samples, the remaining thickness of the barrier

layer was calculated after a certain time of thinning. The

data obtained from these analyses are presented in Fig. 11.

The slope of the best fit curve corresponds to the thinning

rate of the barrier layer. The thinning rate depends on the

relative potential drop and is about 0.44 or 0.26 nm min–1

at relative potential drops of 0.7 and 0.5 respectively.

These results are consistent with thinning rates obtained by

Kim et al. [28] in 0.5 M H2SO4. A thinning rate of

0.30 nm min–1 was reported by them for a relative poten-

tial drop of 0.5. However, the thinning procedure used in

this work was not optimum. Notwithstanding this data

presented in Figs. 10 and 11 clearly show that an effective

reduction of the barrier layer thickness can be achieved by

extending the thinning time to about 50 min.
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4 Conclusions

The impedance response of electropolished aluminium

before and after oxide removal exhibits a typical capaci-

tance loop originating from the time constant of the charge

transfer resistance and the electric double layer capaci-

tance. A low-frequency inductive loop appears in the

impedance response of samples after electrochemical

thinning of the barrier layer. This suggests partial adsorp-

tion of aluminium ions at the aluminium/oxide film inter-

face. The barrier layer thinning procedure used in this

study and based on anodising seems to be of low efficiency,

but a desired thickness of the barrier layer below 10 nm

can be obtained by extending the thinning anodization time

above 50 min. The rate of thinning of the barrier layer

depends on the anodising cell potential and is about 0.44 or

0.26 nm min–1 for samples anodised at 23 and 15 V,

respectively.

This study shows that impedance measurements carried

out over a wide range of frequencies give useful informa-

tion on the properties of anodised aluminium. It also allows

investigation of the efficiency of the barrier layer thinning

procedure.
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11. Hitzig J, Jüttner K, Lorenz WJ, Paatsch W (1986) J Electrochem

Soc 133:887
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