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Palermo, Italy
2Dipartimento di Chimica e Chimica Industriale, Università di Genova, Via Dodecanneso 31, 16146 Genova, Italy
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Abstract

Alumina membranes were fabricated by anodizing aluminium metal in 0.15 M oxalic acid. The growth kinetics of
the porous layer were investigated in the temperature range �1 to 16 �C using linear potential scans up to 70 V. The
faradaic efficiencies of metal oxidation and of porous layer formation, determined by applying Faraday’s law, were
found to be independent of both temperature and electrical charge. SEM analysis of the metal-side and solution-side
surfaces revealed different morphologies. After dissolution of the barrier layer in phosphoric acid, the metal-side
surface showed circular pores whose size of about 90 nm was found to be uniform and independent of temperature.
The pore population was also practically independent of temperature and a value of about 4 · 1013 pores m�2 was
determined. On the solution-side surface the presence of a deposit partially occluding the mouths of pores was
observed. This coating could be removed by chemical etching in NaOH or thermal treatment at 870 �C, where
decomposition of oxalate occurs. This supports the hypothesis that the deposit consists of an aluminium salt
containing oxalate anions precipitated from the solution. The results show that it is possible to control the
morphological characteristics of the anodic alumina membranes by careful choice of experimental conditions.

1. Introduction

In recent years alumina membranes have attracted
increasing attention due to their potential use in several
fields of technological interest, such as micro and
ultrafiltration, catalytic reactors [1, 2], and novel elec-
trolytes for proton exchange [3]. In comparison with
membranes derived from organic polymers, alumina
membranes are characterised by high stability at eleva-
ted temperature combined with chemical resistance in
corrosive environments. Typically they have superior
electrical and acoustic properties and wear behaviour
[4]. Two common methods for producing alumina
membranes are sintering, an energy-intensive method,
and the more typical sol–gel method, involving the use
of various solvents and acids [5]. Alternative methods
are chemical vapour deposition (CVD) and anodic
oxidation of aluminium [6, 7].
Among these methods the sol–gel approach is usually

considered to be the most practical in making thin
ceramic films with the top layer in microscale, the pore
diameter in nanoscale and with narrow pore size-
distribution [8, 9]. The alumina membranes made by
this procedure, as well as by sintering, typically present a
sponge-like morphology with high tortuosity due to

pore intercrossing. In contrast, membranes from anodic
oxidation of aluminium show a honeycomb structure
characterised by a close-packed array of columnar
hexagonal cells, each containing a central pore normal
to the oxide layer surface. These features extend the use
of the alumina membranes to specific applications where
ordered structures are required, such as in electronic and
photoelectronic devices. Typically anodic alumina mem-
branes serve as ideal templates for the formation of
nanostructured materials [10–16].
In this context the anodising process assumes a key

role because the characteristics of the membranes are
determined by choice of the appropriate experimental
conditions. The parameters to take into account are
numerous because several steps are required in order to
obtain a membrane starting from aluminium metal.
Initially a porous layer must be grown and its mor-
phology depends on the solubility of the oxide in the
electrolyte [17–19], as well as on the electrical param-
eters (for example, the applied anodizing voltage)
determining the order degree of the hexagonal structure
[20]. Finally, the detachment procedure of the porous
layer from the residual metal and the successive etching
of the surfaces can modify the membrane morphology
[21].
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This work is aimed at gaining a deeper insight into the
electrochemical preparation of anodic alumina mem-
branes. In particular, attention was paid to the forma-
tion of porous layers in oxalic acid using linear potential
scans, in contrast with the most usual preparation
procedures consisting in applying a constant current or
potential [7]. To investigate the influence of temperature
on the characteristics of the membranes, anodizations
were performed between �1 and 16 �C. Another aspect
investigated in this work was the nature of the micro-
porous layer covering the solution-side electrode sur-
face. The chemical nature and the mechanism of
formation of this coating were investigated and exper-
imental procedures for removing it were explored. This
work shows that highly asymmetric alumina mem-
branes, whose porosity changes throughout the thick-
ness, could also be obtained by using an electrochemical
technique and a way of controlling their porosity is
suggested, which allows wide ranging application.

2. Experimental details

Discs (dia. 5 cm) were cut from 100 lm thick aluminium
foils (purity 99.99%). The discs were cleaned by
immersion in 1 M NaOH for 3 min, followed by rinsing
in distilled water. To obtain a more ordered porous
structure, the discs were electropolished at 20 V for
5 min in a HClO4:C2H5OH solution (1:6 by volume)
stirred vigorously. Electrodes were mounted on a holder
in order to have a flat circular surface exposed to the
solution. Anodizations were performed in 0.15 M oxalic
acid by linear potential sweep at 0.2 V s�1 up to 70 V. A
Glassman High Tension (series ER) power source and a
two-electrode cell, having a Pt wire as the counter
electrode, were used. The temperature of the anodizing
bath was held in the interval �1 to 16 �C and was
controlled within ±0.1 �C by means of a refrigerator
Lauda (model RE 106). During anodization the elec-
trolyte was stirred vigorously.
The morphology of the samples was examined at

different magnifications with a Leica Stereoscan 440
scanning electron microscope (SEM). Prior to SEM
examination, oxide surfaces were sputter coated with
gold. To observe the pore arrangement at the metal–
oxide interface, the aluminium substrate was totally
dissolved in 0.1 M CuCl + 20% (w/w) HCl solution at
5 �C; then the pore bottoms were opened by chemical
etching in acidic solution.
Thermal analysis of the samples was performed using

a Netzch STA/409/2 thermal analysis system. Thermo-
gravimetric analysis (TGA), differential thermogravi-
metric analysis (DTG), and differential thermal analysis
(DTA) were performed. The oxide layers were ground
into powder prior to thermal analysis, which was per-
formed by raising the temperature at a rate of
10 �C min�1.
X-ray diffraction patterns (XRD) were obtained using

a Philips (model PW 1130) generator and a PW (model

1050) goniometry. The copper Ka radiation and a
scanning rate of 2# 1� min�1 were used. Measured d
spacings were compared with the ASTM index values.
The weight of the aluminium discs was measured

before anodization. After membrane preparation
the residual aluminium was estimated by weighing
the samples before and after dissolution of the metal in
CuCl.

3. Results and discussion

The current–potential curves reported in Figure 1 were
obtained using linear potential sweeps at 0.2 V s�1; after
the initial current increase the curves present a plateau,
during which the growth of an aluminium oxide barrier
film, more or less hydrated, occurs [22]. For longer
times, an increase in the current density (c.d.) is
observed, due to the pore growth by a field-assisted
dissolution mechanism of the oxide at the base of the
pores [23]. The shape of the curves reported in Figure 1
is dependent on temperature: as temperature increases
both a decrease in the length of the plateau and an
increase in current were observed. These effects are
related to the kinetics of the electrode processes occur-
ring during anodization of aluminium. In the following,
the current distribution during anodization will be
discussed and it will be shown that the faradaic
efficiencies, determined by weight measurements, are
independent of temperature. Therefore, the increase in
total current with temperature, shown in Figure 1, can
be justified assuming an increase in both aluminium
oxidation current and electronic current, so that the
faradaic efficiencies do not change.
The applied potential, Uapp, was stopped at 70 V and

this value was held for 80 min. Figure 2 shows the
current behaviour at this potential: after an initial
transient, the current attains an almost constant value.
This steady-state current is reached when the rate of the
field-enhanced dissolution of alumina at the base of
the pores, (idiss), equals the oxide formation rate at the

Fig. 1. Growth of an anodic oxide film on aluminium using a linear

potential scan at 0.2 V s�1 in 0.15 M oxalic acid up to 70 V.
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metal–oxide interface [24]. The current peak before
reaching the steady-state conditions is typical of poten-
tiostatic experiments [25]. Based on Figure 2, it can be
assumed that the growth of the porous layer occurs
under a practically constant current, increasing with
bath temperature. In order to investigate the growth
kinetics of the porous layer, we consider that the
measured total current density, itot, is the sum of several
contributions, and can be written as

itot ¼ iion þ iel ¼ ðip þ idissÞ þ iel ð1Þ

where iion is the ionic c.d., related to the amount of
oxidized aluminium, iel is the electronic current, due to
other faradaic processes occurring at the oxide/electro-
lyte interface, ip and idiss are the oxide formation and
metal dissolution ionic currents, respectively.
According to Faraday’s law, the average iion value

during the anodization process can be estimated by
means of Equation 2:

ðiionÞav ¼
1

Sg
� ðmi � mfÞAl

ðMwÞAl
� zF

Dt
ð2Þ

where Sg is the apparent surface area of the sample, mi

and mf the initial and final weights of Al, respectively,
(Mw)Al the molecular weight of Al, z the number of
electrons exchanged in the oxidation of Al, F is
Faraday’s constant and Dt the elapsed time. Analo-
gously, the average ip value can be derived as

ðipÞav ¼
1

Sg
� mp

ðMwÞAl2O3

� zF
Dt

ð3Þ

where mp is the weight of the porous layer and ðMwÞAl2O3

the molecular weight of Al2O3. From Equations 1–3, the
average dissolution current, (id)av, can be calculated as

ðidÞav ¼ ðiionÞav � ðipÞav ð4Þ

For determining the current distribution from the
measured steady-state total current density, we have
estimated the following faradaic efficiencies:

gion ¼ iion=itot and gp ¼ ip=itot ð5Þ

as functions of temperature and electric charge.
Both faradaic efficiencies, calculated at each temper-

ature, were found to be practically independent of the
electric charge, as shown in Figure 3, where the results
at 16 �C are reported. As for the dependence on
temperature, the efficiency values, averaged over several
runs, are reported in Table 1: the g values are rather
similar, with a maximum variation between different
temperatures within 10%. Taking into account the
typical uncertainty of a weight measurement, such a
variation appears acceptable. Therefore we assumed
both gion and gp independent of temperature, and the
average values of 90.97% for gion and 71.7% for gp were
used to determine the current distribution during
anodization. An alternative procedure, based on the
best fitting of the faradaic efficiency vs temperature,
gives 89.6% for gion and 72% for gp which are very close
to the previous ones. These values of gp are comparable
with the 67% determined by Siejka et al. [25] for the
anodization of aluminium in 15% H2SO4, whilst
the independence of the faradaic efficiencies from the
temperature, reported here, is at variance with other
literature data [26]. This discrepancy can be attributed
to the different nature of the electrolyte used (phospho-
ric acid) and to the different temperature interval
exploited (20–30 �C) in [26]. Such conditions are more
aggressive for aluminium oxide and could determine a
different electrochemical behaviour, producing a differ-
ent temperature dependence of the faradaic efficiencies.

Fig. 2. Current against time curves during the growth of an anodic

porous layer on aluminium at Uapp ¼ 70 V in 0.15 M oxalic acid.
Fig. 3. Faradaic efficiencies against electric charge during anodizing of

aluminium in 0.15 M oxalic acid at 70 V and 16 �C.

Table 1. Faradaic efficiencies at different temperatures for the anodiz-

ing process of aluminium in 0.15 M oxalic acid at 70 V

T/�C g ion,av/% g p,av/%

�1 87.71 70.00

6 96.39 76.49

10 88.97 71.05

16 90.85 69.26
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Figure 4 shows curves of ip, idiss, iel and itot against T,
determined according to Equations 1–5. It is evident
that the ionic current, iion, estimated as the sum of ip
and idiss, changes from 2.29 mA cm�2 at�1 �C to
6.00 mA cm�2 at 16 �C. Both the dissolution and the
electronic current are very low, reaching a maximum
value of 1.27 mA cm�2 and 0.6 mA cm�2, respectively,
at 16 �C. The electronic current is originated by the
oxygen evolution side-reaction, whilst the dissolution
current is related to the electric field strength at the
oxide/electrolyte interface.
The thickness of the porous layer was found to

increase linearly with electric charge, as shown by
Figure 5, where it is evident that saturation conditions
are not reached in the interval of electric charge explored.
The Figure also shows that on changing temperature
from �1 �C to 16 �C the slopes of the straight-lines vary
from 34 nm cm2 C�1 to 32 nm cm2 C�1; this confirms
the independence of the faradaic efficiencies from tem-
perature, previously noted. From a practical point of
view, these findings indicate that it is advantageous to
anodise aluminium at the highest temperature to accel-
erate the growth of the porous layer. On the basis of the

gravimetric results, the energy consumption necessary to
produce 1 lg of membrane in 0.15 M oxalic acid is about
0.59 J lg�1, in the temperature range�1 to 16 �C, whilst
the aluminium consumed is 0.72 lg Al (lg membrane)�1.
After anodization the residual aluminium was re-

moved by chemical etching. The morphology of samples
prepared at 70 V in 0.15 M (COOH)2 at 16 �C during
the dissolution process is shown in Figure 6(a), where
the presence of fractured structures above the anodic
alumina oxide is evident. In some points of the
micrograph it is also possible to detect the morphology
of the underlying layer. After dissolution of the metal
was completed and the sample was carefully washed
with distilled water, the morphology of the bottom of
the porous layer appears as in Figure 6(b), where a
rather uniform distribution of spheroidal matter is
evident. The cross-section of Figure 7 shows that
spheres of Figure 6(b) are really hemispheres corre-
sponding to the bottom of the pores.
Usually the porosity of the sample is determined by

analysing this surface rather than the solution-side
surface, because dissolution of the oxide at the interface
with the solution during the anodization can cause
enlargement of the pore mouths, with consequent errors
in the determination of pore size. Some authors have
estimated this error to be of the order of 20% for
membranes prepared in 0.3 M (COOH)2 at 40 V and
1 �C [20]. It is difficult to generalize this estimate because

Fig. 4. Current distribution against temperature for an anodic oxide

film growing on aluminium in 0.15 M oxalic acid.

Fig. 5. Thickness of alumina membranes, fabricated at different

temperatures in 0.15 M oxalic acid at 70 V, as a function of electric

charge.

Fig. 6. SEM picture of the metal-side surface of an alumina membrane

prepared in 0.15 M oxalic acid at 70 V and 16 �C. (a) Before

dissolution of the residual aluminium metal. (b) Final morphology

after the complete removal of the metal in 0.1 M CuCl.
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it depends on the immersion time of the sample, which
was 2–4 days in [20] and in the order of few hours for
our specimens. In our experiments, another factor
inhibiting the analysis of the solution-side image for
determining the porosity is the formation of a layer
partially covering the pores during anodization. As
discussed below, this layer can be removed by immer-
sion in NaOH solution but this procedure can sharply
modify the pore size.
The porosity of the membranes, prepared in 0.15 M

(COOH)2 is shown in Figure 8 as a function of
temperature: a slight decrease in porosity as the tem-
perature of the bath increases from �1 to 16 �C is
evident. This finding was confirmed by comparing the
porosity data derived from SEM analysis with those
obtained from gravimetric measurements. In the former
case, the values of porosity were obtained according to
the following equation:

Porosity ¼ Spore
Sg

¼ Sg � Sox
Sg

¼ 1� mp

qhSg
ð6Þ

where Spore is the total surface of pores, Sox is the oxide
surface, h is the thickness of the porous layer and q is the
density of alumina. Once the geometric electrode area,
Sg was known, the best fit was performed by using the
experimental values of both mp (obtained by gravimetric
measurements) and h (obtained by thickness measure-
ments). The only adjustable parameter was q and the
best fitting was found for a value of 3.25 g cm�3, which
agrees with 3.2 g cm�3 reported by Liu et al. for
amorphous Al2O3 barrier films [27]. The high sensitivity
of the fitting curve to the density value assumed for
alumina is shown in Figure 9, where it is evident that a
density variation of ±5%, with respect to the best fitting
value of 3.25 g cm�3 gives a porosity variation of about
±15%. Taking into account that the two procedures
used for determining the porosity values are indepen-
dent of each other, the good fitting confirms the
reliability of the data obtained by SEM analysis. To
explain the slight decrease in porosity with increasing
temperature, we consider the dependence of both pore
density and pore size on this parameter. Such a
dependence is reported in Table 2, where it is shown
that pore density decreases steadily from �1 to 16 �C,
whilst pore size is almost constant. Therefore, the
variation of porosity can be attributed to the variation
of pore density. The uniformity of pore size and its
independence of bath temperature is further supported
by Figure 10, showing that the distribution curves of
pore diameter for three different temperatures are quite
narrow and practically coincident.

Fig. 7. Section-view for the sample of Figure 6(b).

Fig. 8. Porosity against temperature for alumina membranes fabricated in 0.15 M oxalic acid at 70 V. Gravimetric porosity was determined by a

trial and error method, using the density of the porous layer as adjustable parameter. Best value was 3.25 g cm�3.
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To open the pores at the metal-side surface, the
alumina barrier layer was dissolved by chemical etching
in acidic or alkaline bath. The dependence of morphol-
ogy on the composition of the etching solution is shown
in Figure 11 (a,b): in (b) pore walls are thinner with
frequent breakage of pores, whereas in (a) pores more
uniform in size, having thicker walls, were obtained.
These findings could suggest a way of controlling, to a
small extent, porosity of membranes, by changing the
dissolution procedure of the barrier layer. Another way
to detach the porous layer from the underlying metal
consists in a step-by-step reduction of the applied

potential, starting from the anodising potential down
to 0 V [7]. During each step, each pore generates two
new smaller pores penetrating the barrier layer down to
the metal surface, so that a microporous layer, consist-
ing of pores with decreasing size, is obtained; the
thickness of the microporous layer is equal to that of the
barrier layer [21].
Soon after preparation, alumina membranes were also

characterized by TGA and XRD analysis. TGA was
performed on samples prepared at all temperatures in
the range �1 to 16 �C. Only one peak, at around
870 �C, is observed in the DTG analysis. The corre-
sponding weight loss is about 6%, while the DTA
indicates that an exothermic reaction occurs at the same
temperature. Table 3 gives the weight loss for different
initial weights of membranes prepared at 16 �C: in all
cases the weight loss is about 6%, and is independent of
the anodizing process duration. This value is close to the
8% reported in [27]. Both weight loss and exothermic
peak can be attributed to the pyrolysis of oxalate anions,
according to reference [13] cited in [27], reporting a
decomposition temperature of 915 �C for oxalate an-
ions in anodic aluminium oxide grown in oxalic acid
solution. This temperature is fairly close to the 870 �C
determined by DTG in the present work. The occur-
rence of a crystallization process in this temperature
range must also be taken into account: other authors

Table 2. Pore size and density for alumina membranes fabricated at

70 V in 0.15 M oxalic acid at different temperatures

T/�C Porosity/% Pore density

/pores m�2
Pore size/nm

�1 26.9 4.20 · 1013 90.40

6 24.47 3.90 · 1013 89.45

10 23.2 3.78 · 1013 88.40

16 21.9 3.65 · 1013 87.38

Fig. 9. Percentage porosity variation against percentage density vari-

ation with respect to the best fitting value of Figure 8.

Fig. 10. Distribution curves of pore diameter for alumina membranes

fabricated in 0.15 M oxalic acid at different temperatures.

Fig. 11. Morphology of the metal-side surface of a membrane after

removal of the barrier layer in: (a) acidic solutions; (b) alkaline

solutions. Anodic porous layer was grown in 0.15 M oxalic acid at

70 V and 16 �C.
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[28] attribute both the exothermic peak and the weight
loss observed at 840 �C to the crystallization of mem-
branes prepared in oxalic acid. The discrepancy existing
in the literature in the interpretation of thermal analysis
on anodic alumina membranes is evident: for some
authors only a crystallization process with weight loss
occurs at 840 �C [28], while other authors report only
decomposition of organic matter incorporated into the
anodic film [27]. To investigate this aspect, the anodic
alumina membranes were also analysed by XRD.
Freshly prepared membranes were found to be amor-
phous, while after thermal treatment alumina crystallizes.
Figure 12 shows typical X-ray diffraction patterns for a
membrane prepared at 16 �C and held in air at 870 �C
for 7 h. The identification of the peaks [29] reveals that
alumina crystallizes in the form of d-Al2O3 and J-Al2O3.
The aforementioned discrepancy in the interpretation of
the results of thermal analysis can be explained on the
basis of this result, indicating that in the temperature
range between 840 and 915 �C both crystallization of
anodic alumina and decomposition of the oxalate anions
into the porous layer occur.
This last result helps understand the morphology

observed for the solution-side surface of the porous
layers formed in 0.15 M (COOH)2 at any investigated
temperature from �1 to 16 �C. Figure 13(a) shows a
surface with a uniform microporosity having irregular
shape, while the section view of Figure 13(b) shows
clearly that the microporosity is due to a thin layer

occluding the pore mouths. This surface morphology
can be modified by different treatments. Figure 14 shows
the effect of etching in alkaline solution. In particular,
Figure 14(a) shows the surface while the chemical
treatment is in progress; two zones can be distinguished:
the first on the left corner, is the practically unmodified
surface, whereas the other displays the appearance of
pore mouths. Figure 14(b) is the SEM picture of the
same surface after treatment in NaOH solution: a
porous surface is fully developed, with pores prevalently
circular and uniformly distributed along the surface. It
can also be observed that at some points pore walls
dissolve leading to the formation of new irregularly
shaped pores. This effect is typical of the treatment of
the porous alumina surface in NaOH, as previously
pointed out. Figure 15 shows that the morphology of
the solution-side surface of freshly formed porous layers
can be also modified by heating at 870 �C for 7 h. After
such a treatment, the presence on the surface of circular
pores is evident. These results support the hypothesis
that the microporous layer obstructing the pore mouths
is formed owing to precipitation from the solution of
an aluminium salt containing oxalate anions; this layer
dissolves in alkaline solution or decomposes under
heating at 870 �C, according to the TGA results.
Despite the fact that deposits obtained by precipitation
are usually irregular, in the present case a uniform and
flat surface deposit layer was obtained with deposition
under vigorous agitation.

Fig. 13. Morphology of the solution-side surface at the end of the

anodising process of aluminium in 0.15 M oxalic acid at 70 V and

16 �C. (a) Top view; (b) section view.

Fig. 12. X-ray diffraction patterns for an anodic alumina membrane

prepared in 0.15 M oxalic acid at 70 V and 16 �C, and heated at 870 �C
in air for 7 h.

Table 3. Weight loss, determined from thermal analysis, for mem-

branes prepared in 0.15 M oxalic acid at 70 V and 16 �C

Initial weight/mg Weight loss/%

43.9 6.38

155.4 5.98

180.5 6.15

246.7 6.15
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4. Summary

The fabrication of anodic membranes in 0.15 M oxalic
acid starting from aluminium metal was investigated.
The anodising process was performed in the range �1 to
16 �C using linear potential scans up to 70 V. The
faradaic efficiencies of the metal oxidation process, gion,
and of the porous layer formation, gp, were determined
by applying Faraday’s law. They were found to be
independent of both electrical charge and temperature,
with average values of 90.97% for gion and 71.7% for gp.

The morphological characterization, performed by
SEM, revealed that, after anodization, highly asymmet-
ric membranes are formed. After dissolution of the
residual aluminium, the pore bottom shows a typical
morphology, with hemispheres uniformly distributed on
the surface. A uniform pore size of about 90 nm was
found, independent of temperature. The pore density
was also practically independent of temperature and a
value of about 4 · 1013 pores m�2 was determined. The
bottom of the pores can be dissolved by etching in acidic
or alkaline solutions.
On the solution-side surface of the membrane a

different morphology was observed, due to a deposit
layer partially occluding pore mouths. On the basis of
the chemical behaviour and thermal analysis this layer
was identified as an aluminium salt containing oxalate
anions, formed by precipitation from the solution. This
layer can be removed by chemical etching or by thermal
treatment at 870 �C in air, where crystallization of the
amorphous alumina formed anodically also occurs.
The results of this work show the possibility of

fabricating alumina membranes with different morphol-
ogy by varying the experimental conditions, so that
membranes for specific applications might be tailored.
For this purpose further investigations, aimed at gaining
deeper insight into the influence of the preparation
procedures on membrane properties are necessary.
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