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ARTICLE INFO ABSTRACT

In this study, we modified the synthesis modes of aluminum anodizing in an aqueous solution of oxalic acid and
suggested quick, one-step and convenient method for porous alumina surface modification to increase largely its
surface area. Anodic alumina nanofibers consisting of pure aluminum oxide were formed by high field anodizing
with evolving of Joule heating of aluminum foil of 60 and 100 um thickness in 0.3 M aqueous solution of oxalic
acid. It was shown that nanofibers formed on the surface of the films for an anodizing voltage of 90 V and a
power range of 13.5-31.5 W cm ~ 2. The thickness of the Al foil has proved to be responsible for the formation of
the alumina nanofibers, which cannot be obtained in the same electrolyte and for similar current densities on
25 um thick aluminum foil. We could show that during anodizing of 60 um thick Al foil, regardless of anodic
current density value, alumina nanofibers uniformly covered the entire surface of the films. However, during
100 pm Al foil anodizing, the pores were etched and the nanofibers partially dissolved and separated from the
surface with increasing anodizing current density. Auger electron spectroscopy measurements showed that
porous anodic alumina containing carbon impurities was obtained during anodizing of the 25 um Al foil.
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Alternatively, the surface of the nanofibers formed on 60 and 100 pum Al foil consisted of pure alumina.

1. Introduction

Aluminum oxide as a chemically inert and thermally stable material
with high dielectric constant and low magnetic conductivity is widely
used in catalysis, in the production of optoelectronic devices, sensors
and fire protection systems [1,2]. Synthesis of alumina nanofibers and
nanotubes [3,4], as well as the study of their properties are of great
interest, as in this case a surface with a large reactive area is formed,
which makes the alumina nanofibers suitable for use as catalysts, cat-
alyst supports and absorbents. In addition, alumina nanofibers are good
absorbents for purifying water wastes from the heavy metal ions, such
as mercury, cadmium, and lead [5,6].

Alumina nanofibers can be synthesized by various methods, in-
cluding hydrothermal synthesis, sol-gel method, chemical etching of
porous alumina films, long-term anodizing of aluminum in solutions of
two- and tribasic acids, as well as in the process of re-anodizing of
Al,03/Al electrodes in acidic solutions with fluorine-containing ad-
ditives [6-10]. One of the most commonly used methods is the etching
of porous alumina films in acidic [11] or alkaline solutions [12,13], but
this process is quite time consuming and the size and shape of the
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resulting nanofibers could be sometimes rather difficult to control [14].
In contrast to chemical etching, ultra-high density single nanometer-
scale anodic alumina nanofibers of controllable shape and size con-
sisting of an amorphous pure alumina were fabricated via anodizing in
pyrophosphoric acid, but there was one disadvantage, namely, the
whole process took 24 h or even more [15,16].

Oxalic acid was also used as electrolyte for obtaining alumina na-
nofibers by anodizing electrochemical procedure. Two step anodization
process was reported to produce nanofibers of uniform length (3 pum)
and diameter (70 nm) [17]. Besides the high electric field (40 V for 4
and 8 h in the first and second anodization steps, respectively), the
mechanical stress was also proved to be important factor when growing
the nanofibers [18]. In another study, alumina nanofibers having
lengths from several hundred nanometers up to tens of micrometers
were produced by consecutively decreasing the anodizing voltage from
80 to 20 V, keeping it at 20 V for 120 min and then increasing it back to
56.5 V for > 20 h [19]. A combination constant and pulse voltage was
used to obtained alumina nanofibers in 0.5 M oxalic acid [20]. Shao
et al. showed that the frequency of the pulse voltage is more important
for tuning the number of nanofibers than the duty cycle or the total
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time of the pulses [20].

A mechanism that describes the nanofiber formation was proposed
in [15], showing that nanofibers grew at the triple points of the hon-
eycomb structure. One more method of synthesizing anodic alumina
nanofibers using anodizing in an aqueous solution of oxalic acid at high
anodizing current densities (325 mA cm ™ 2) was suggested in [21]. In
this study, at the first stage of the process, Al foil was treated in 0.06 M
Na,SO, solution at 4 V bias at room temperature for 3 h and then, at the
second stage, several micrometer long nanofibers were formed after
approximately 20 min. The effect of anodizing modes on the mor-
phology of nanofibers, their properties, and the mechanism of their
formation have not been also discussed in details. Anodizing of alu-
minum foil in oxalic acid solution is a simple way to obtain alumina
nanofibers, since in this case the process and, consequently, the final
product is easy to control by changing the modes of electrochemical
synthesis, such as voltage, time, and temperature.

In this present work we aimed to study the peculiarities of the
formation of alumina nanofibers obtained during the electrochemical
oxidation of aluminum with evolving of Joule heating in an aqueous
solution of oxalic acid at high current densities, and to determine the
effect of anodizing modes on the morphology, composition, structural,
and optical properties of nanofibers. In our previous studies [22,23], we
showed that the Joule heating generated in the barrier layer of porous
alumina affected the temperature of the electrolyte at the bottom of the
pore, and, as a result, the rate of dissolution of the oxide and the
morphology of the film surface was also influenced. It is impossible to
determine the temperature at the bottom of the pores directly, but the
amount of Joule heating released can be changed by varying the ano-
dizing conditions, such as the anodizing current density (J,), voltage
(U, time (t,) and electrolyte temperature (T.). In our case only varying
in J, makes sense, as electrolyte temperature in the range of 5-40 °C
does not affect the morphology of the oxalic acid anodic alumina films
[23]. During anodizing at high current densities, the process starts from
the corner of the sample and then spreads over the entire surface, so it is
local and varying in t, becomes senseless [24]. Regardless the value of
J, at steady-state of oxide growth U, also stays constant and, therefore,
does not influence the morphology of the films [25]. As it was shown
before [26], the oxide thickness under the same conditions (J,, t, and
T.) was different for different thickness of the specimens, hence, the
heat transfer rate also depends on thickness of the Al foil. So, both
anodizing current density and Al foil thickness might affect the mor-
phology and properties of anodic alumina films. Therefore, in order to
estimate these effects, we prepared samples on Al foil with thickness of
25, 60 and 100 um, then anodized them at various J, values in the
range from 150 to 350 mA cm ™2, This study is the first one, to the best
of our knowledge, describing the effect of the thickness of the substrate
on the properties of the formed alumina nanofibers.

2. Materials and methods
2.1. Anodizing

The samples were prepared on the high-purity aluminum foil
(99.99%) of different thickness (25, 60 and 100 um thick, 10 X 10 mm,
Alfa Aesar). The aluminum specimens were pretreated in a hot solution
of 1.5 M NaOH for 15 s, neutralized in 1.5 M HNOs for 2 min, then
carefully rinsed in distilled water and air-dried. Anodic alumina was
formed by double-sided anodizing of aluminum specimens in a 0.3 M
aqueous solution of oxalic acid up to the moment when the aluminum
was completely oxidized at the constant current mode. For each ano-
dizing time did not exceed 15 min. The current density (J,) was varied
in the range of 150-350 mA cm ~ 2 with the step of 50 mA cm ™ 2. At the
steady state of oxide growth, the anodizing voltage (U,) was of about
90 V (electrical power was about of 13.5-31.5 W cm ~ ). The anodizing
process was carried out in two-electrode glass cell, in which a platinum
grid was used as counter electrode. The solution was mechanically
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stirred with a magnetic stirrer, and the temperature of the electrolyte
was maintained at a constant value (15.0 + 0.1) °C with a Haake K15
thermostat. The anodizing process was controlled by a direct current
power supply GW Instek (GPR-30H100). If indicated, for fluorescence
and SEM studies the samples were ultrasonically treated to remove
alumina nanofibers from the surface of the substrate.

2.2. Characterization

Surface morphology of the films was analyzed by scanning electron
microscopy (SEM) on a Hitachi S-4800 device. Subsequent statistical
analyses of the images were performed by ImageJ software by a pro-
cedure previously described in [22,23]. The Auger electron spectro-
scopy (AES) measurements were performed to investigate the chemical
states of the elements on the surface of oxalic acid alumina films using a
Thermo VG Scientific Microlab 350 instrument, equipped with a con-
centric hemispherical analyzer. The electron beam current was 14.1 nA
at a spot size of 30 nm and acceleration voltage 10 keV. Scanning was
done on different regions of several square micrometers (10-300 um?)
on the alumina samples, in a 0.8 eV step, between 30 and 1700 eV. The
modulation amplitude of phase sensitive detector was set at 865 eV.
Different detection angles have been used. The SEM images were taken
at 0°, 30°, 40° and 60° tilt. The alumina films have insulating properties.
Therefore, it was impossible to measure a reproducible spectrum if the
incident electron beam was perpendicularly to the surface of the
sample. The Auger signal was best when the samples of 100 pm were
tilt at 40° and when the ones of 60 um were tilt at 60°. The 25 ym
alumina foils were more easily charged at low tilting angles under
electron irradiation, therefore, for measuring these samples a tilt of 80°
was used.

Fluorescence spectra were measured with a time-correlated single
photon counting spectrometer Edinburgh-F900 (Edinburg instruments).
A picosecond pulsed diode laser EPL-375 emitting picosecond (76 ps)
duration pulses was used for the excitation at 375 nm with an average
power 0.15 mW mm ™2 The pulse repetition rate was 5 MHz and the
time resolution of the setup was about 100 ps considering temporal
deconvolution procedure. All fluorescence spectra were corrected for
the instrument sensitivity.

3. Results and discussion
3.1. Surface characterization

Anodizing of 25 pm Al foil at J, = 150-350 mA c¢m ™2 results in the
formation of a disordered pore arrays on the surface of the films
(Fig. la—c). At J, = 150 mA cm 2 pore diameter (d,,) equals to 53 nm,
and d, remains almost the same with increasing anodizing current
density to 250 mA cm~?, but at J, = 300-350 mA cm~? d, sig-
nificantly reduces to 40 nm (Fig. 2). Our results are in good agreement
with d,, values reported by Lee et al. [27] for the processes of hard
aluminum anodizing in a 0.3 M aqueous solution of oxalic acid at an-
odizing potentials, U,, between 100 and 160 V and J, = 250 mA cm™ 2
It should be noted here that no nanofibers were formed during 25 um Al
foil anodizing, independent on the J, value applied. At the same time,
nanofibers were obtained on the surface of the 60 and 100 um Al foil
(Fig. 1d-i). They originate at the triple junction points and collapse one
another to form a mesh structure above pores (Fig. 3).

It can be seen in Fig. 1d-f, that the anodizing current density affects
drastically the process of nanowire formation in the case that 60 um
and 100 um Al foil was used. The surface still remains porous for alu-
mina produced on 60 pm Al film at J, = 150 mA cm ™2, but the pore
walls dissolve and the beginning of the formation of alumina nanofibers
is observed. Nanofibers are formed over the entire surface of the films
starting from J, = 200 cm ™2 In the case of the 100 um Al foil, the
sample is not completely covered with nanofibers after anodizing. It can
be seen that some nanofibers are partially dissolved and peeled off from
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Fig. 1. SEM images of the top surface of oxalic acid anodic alumina films formed on 25 pm (a—c), 60 pm (d—f) and 100 um (g-i) Al foil at different anodizing current,

as indicated on the left-hand side of the images.
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Fig. 2. Variations in pore diameter of oxalic acid anodic alumina films formed
on 25, 60 and 100 pm Al foil as a function of anodizing current. For 60 and
100 pum Al foil, the porous structure below nanofibers was considered in cal-
culation.

the porous surface, and this effect is enhanced with increasing the J,
(Fig. 1g-i).

To determine the effect of J, on the porous structure of the films, we
investigated the oxide surface below the nanofibers (Figs. 2 and 4). In
the case of 60 um Al foil, d;, is ca. 105 nm regardless of the J, value. For
100 pm Al foil, d, increases from 142 to 150 nm with increasing ano-
dizing current, and at the same time highly ordered porous structure is
formed. As it can be seen from Fig. 5, interpore distance (Di,) is

Fig. 3. Alumina nanofibers originating at the triple junctions of the pores and
then collapsing onto one another to form a mesh structure above the surface.
The films were formed on 60 um Al foil at 250 mA cm ™2,

practically independent of the J,, and is only a function of the thickness
of Al foil. For 25, 60 and 100 um foil D;,, is equal to 132-135 nm,
148-152 nm and 197-200 nm, respectively. For 100 pm Al foil Dy,
values coincide with those given in the literature [27]. However, for the
samples obtained on 25 and 60 pm foil Dy, values are less by 33 and
25%, respectively. This can be explained by the fact that in the previous
studies the Al foil with thickness of 250 pum was used [21], therefore,
during 25 and 60 pum Al foil anodizing, the foil thickness was not en-
ough to form the cells of normal size. In addition, the dependence of
Djn: on the anodizing current density is somewhat different from the
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Fig. 4. Pore structure below the nanofibers for oxalic acid anodic alumina
formed on 100 um Al foil at J, = 200 mA cm ™2
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Fig. 5. Variations in interpore distance of oxalic acid anodic alumina films
formed on 25, 60 and 100 um Al foil as a function of anodizing current. For 60
and 100 pm Al foil, the porous structure below nanofibers was considered in
calculation.

previously described [27-29]. During experiments at constant voltage
mode (maximal J, value was about 1000 mA cm ~2) it was established
that J, was a key parameter affecting Dy, i.e. with increasing J,, Dy,
should decrease [27,28,30]. At the same time, it was shown that during
constant current anodizing, J, = 75 mA cm ™2, Dy, was directly pro-
portional to the U, on steady state of oxide growth. Thus, in our ex-
periments, the independence of D;,, from J, can be explained by the
small difference between the minimum and maximum values of J,
(AJ, = 200 mA cm™?) compared to AJ, = 750 mA cm ™2 used in
[27,28], and by the fact that the value of U, was constant and did not
depend on the density of the anodizing current at the steady state of
oxide growth.

Therefore, during anodizing of Al foil with a thickness of 60 um,
regardless of J, value, alumina nanofibers uniformly cover the entire
surface of the films, the pore diameter under the wires also remains
almost unchanged, which is the evidence of the stable process of na-
nowire growth. Alternatively, during anodizing of 100 pm Al foil the
pores are etched and the nanofibers partially dissolve and separate from
the surface with increasing J,,, and this process continues until the end
of anodizing. Obviously, with increasing Al foil thickness, the anodizing
time increases as does the thickness of the formed alumina, which leads
to a decrease in thermal conductivity of thicker samples and also to the
local overheating in the barrier layer, i.e. in films obtained on 60 and
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100 um Al foil, Joule heating dissipates worse than in the case of 25 um
foil. As a result, the local temperature at the bottom of the pores in-
creases, electrolyte heats up and, therefore, the rate of dissolution of the
outer (containing electrolyte ions or products of their oxidation) oxide
layer increases. Since nanofibers are formed at the junction of three
hexagonal cells and consist of pure alumina [15,16], the impure pore
walls dissolve faster than the pure oxide, which contributes to the
formation of nanofibers. The same process took place during nanowire
formation during etching of porous alumina in alkaline solutions [6,8].

3.2. Structural characterization

As it was mentioned above the surface of the anodic alumina ob-
tained on 25 pm Al foil was porous, therefore, according to the general
theory of the structure of the porous anodic alumina pore walls must
contain electrolyte species [31], in our case besides aluminum and
oxygen carbon must be also present. However, nanofibers are pure
alumina, therefore, on the surface of the fibrous samples carbon should
be absent [15,16]. To establish the effect of anodizing modes on the
composition of alumina nanofibers the surface of the anodic alumina
films obtained at different modes was studied by AES. Three lines with
maxima at ca. 470, 485 and 503 eV were observed in the Auger spectra
of all samples (Fig. 6), in the kinetic energy (KE) range of 465-504 eV,
corresponding to KL,L;, KLiL,3 and KL,3Ly3 transitions in the Auger
spectrum of oxygen [32,33]. There are also lines in the KE
1300-1400 eV region, corresponding to KLL transitions in the spectrum
of aluminum. The line with maximum intensity has KE at ca. 1385 eV
and corresponds to the KLo3Lo3 transition of the AI** ion in alumina
[34-37]. In addition to the main lines of oxygen and aluminum, in the
spectra of the films obtained on 25 um Al foil there is a carbon line with
KE at ca. 270 eV (KLo3L,3 carbon transition, [38]), which is absent in
the spectra of samples formed on 60 and 100 um foil. Nanofibers consist
of pure alumina in this case [15,16], and no carbon lines were observed
in Auger spectra. However, there are no nanofibers on the surface of
thin films (25 pm), consequently, the oxide layer contains products
from the oxidation of oxalate ions, which are clearly seen in the Auger
spectra (Fig. 1a—c). This agrees with previous studies on composition of
porous alumina films [39,40].

It should be noted that the Auger spectra of samples obtained on a
foil of the same thickness, but at different J,, practically do not differ
from each other. At the same time, the O KLL spectra turned out to be
sensitive to the surface structure of anodic alumina films, i.e. when
pores were changed to nanofibers (Figs. 1 and 6). The Auger spectrum
of a porous alumina formed on a 25 pm Al foil completely coincides
with the standard aluminum oxide spectrum given as reference in text
books [41]. However, in the spectra of samples obtained on a thicker
foil, both the oxygen lines and the aluminum lines are less resolved;
moreover, their overall intensity and intensity of the individual lines
relative to each other also differ significantly from the reference ones.
In our case in the spectrum of O KLL, the intensities of O KL,3L,3 and O
KL,L, transitions are almost the same, which is rather unusual.

According to [42,43], O KLL emission involves two valence elec-
trons from O 2s (L), O 2p;,» (L) or O 2p3,» (L3), therefore, it is sen-
sitive to the oxidation state (effective charge) of the oxygen atoms.
However, it is rather difficult to obtain quantitative information about
the effective charge from these spectra, because Auger excitation is a
complex process, but a qualitative analysis can be performed. It is as-
sumed that the formation of bonds between the oxygen atom and
neighboring atoms occurs mainly due to the O 2p orbitals rather than
the O 2s level. As a result, the intensity of the O KLL lines, in which
electrons from the L, and Lj levels are involved, should be more sen-
sitive to changes in the valence state of oxygen atoms than the Auger
transitions involving L; orbital. Consequently, a high valence charge at
L, and L3 levels corresponds to a higher probability of O KLozLos
transition, at the same time, the probability of O KL;L; transition
should be less dependent on changes in the valence charge, i.e. in the O
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Fig. 6. Auger spectra of oxalic acid anodic alumina films formed on 25 pm (a),
60 pm (b) and 100 pm (c) Al foil at different anodizing current.

KLL spectrum the intensity ratio of O KL,3L»3 and O KL1L; lines (Is/I7) is
a measure of the of oxygen oxidation state. In [44] for different oxides,
the empirical dependencies of I/I; have been also established. Using
them one can evaluate the effective charge on oxygen atom, namely, it
was shown that the larger value of I5/I; could correspond to the lower
effective charge on the oxygen atom. This conclusion suggests oxygen
deficiency in the alumina nanofibers formed on the surface of anodic
alumina. However, this is not a valid explanation in our case, because,
as described in [45], at triple junction points alumina of stoichiometric
composition forms and nanofibers grow directly from these points.
Therefore, changes in the shape of O KLL and Al KLL Auger spectra
probably result from the nanostructured fibrous surface of the samples,
but not from the formation of oxygen defective alumina.

Fluorescence spectroscopy is an experimental method for the de-
termination of various defects, so we registered the steady state and
time resolved fluorescence spectra of the samples obtained on 100 pm
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Fig. 7. Steady-state fluorescence spectra of the oxalic acid anodic films formed
on 100 um Al foil at J, = 350 mA c¢m ~ 2 with alumina nanofibers on the surface
(black curve), without nanofibers (red curve) and film formed at 60 V (blue
curve), ey = 375 nm. All spectra were normalized to maximum intensity. Inset
shows fluorescence decay kinetics of the oxalic acid alumina films. (For inter-
pretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

Al foil, with and without nanofibers on the surface, and anodic alumina
formed in oxalic acid solution at 60 V (Fig. 7). This sample was chosen
as a reference, because the composition and fluorescent properties of
anodic alumina obtained in oxalic acid solution are well studied [46].
The steady state fluorescence spectra (A.x = 375 nm) of all films are
characterized by a wide band in the wavelength range of 400-700 nm
with a maximum of emission band at 460 nm. For a better qualitative
comparison, the spectra were normalized to a maximum of intensity.
For films with nanofibers on the surface and alumina films obtained at
60 V, the full width at half maximum is 120 and 110 nm, respectively.
According to time resolved fluorescence data the average lifetime of the
luminescence centers (t,..) for these films is almost the same, and
equals to ca. 3.0 ns. The spectrum for the sample without nanofibers on
the surface broadens, the full width at half maximum is 135 nm, and
Tave decreases to 2.5 ns (Fig. 7, inset). Spectrum characteristics become
similar to those of carbon-bearing anodic alumina obtained in tartaric
acid solution [25,27]. According to [25,42] the broadening of the
spectrum and the decrease in 7, is associated with the formation of
amorphous carbon in the process of anodizing aluminum in solutions of
organic acids at high current densities. Consequently, on the surface of
nanofibers, the nature and number of defects do not significantly differ
from those for the reference sample. Moreover, it can be argued that the
unusual shape of Auger spectra of nanofibers is associated precisely
with their fibrous nanostructure.

4. Conclusions

It was established that aluminum substrate thickness affected the
morphology of the films obtained, i.e., alumina nanofibers were ob-
tained on the surface of the 60 and 100 um Al foil, but at the same time,
they were not formed during anodizing in a 0.3 M aqueous solution of
oxalic acid of 25 pm Al foil, independent on the J, value used. It was
shown that among the substrate thicknesses (25, 60 and 100 pm) and
anodizing currents (150-350 mA cm™ ') used in the investigation,
alumina nanofibers uniformly covered the entire surface of the films
formed only on the Al foil with a thickness of 60 um at J, high then
200 mA cm™2 It was remarkable that, the pore diameter under the
wires also remained almost unchanged, which indicated the stable
process of alumina nanofibers growth. However, during 100 um Al foil
anodizing, the pores were etched and the nanofibers partially dissolved
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and separated from the surface with increasing anodizing current
density, and this process continued until the end of anodizing.

By Auger spectroscopy it was established that porous anodic alu-
mina containing carbon impurities was obtained during 25 um Al foil.
Alternatively, the surface of the samples formed on 60 and 100 pm Al
foil did not contain carbon and consisted only of pure alumina. In ad-
dition, for these samples, in Auger spectra both the oxygen line and the
aluminum line were worse resolved, and their overall intensity and
intensity of individual lines relative to each other were also different
from the reference. Analysis of Auger and fluorescent data allowed us to
conclude that changes in the shape of O KLL and Al KLL were associated
with their fibrous nanostructure.
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