
st
a
tu

s

so
li

d
i

p
h

y
si

ca a

Anodic Alumina www.pss-a.com

ORIGINAL PAPER
Structural and Fluorescence Studies of Polycrystalline
α-Al2O3 Obtained From Sulfuric Acid Anodic Alumina
Katsiaryna Chernyakova,* Renata Karpicz, Danielis Rutkauskas, Igor Vrublevsky,
and Achim Walter Hassel
In the present study, robust α-Al2O3 specimens (144mm thick) are obtained
by the heat treatment at 1400 �C of free-standing sulfuric acid anodic
alumina. Scanning electron microscopy analysis show that the as-anodized
anodic alumina films possess well-ordered porous structure with the pore
diameter of about 10.2 nm. After heat treatment at 1400 �C the samples lose
their porous structure and certain crystallites with average size of 5–6mm
can be observed. These crystallites can be visualized by fluorescence imaging.
According to differential scanning calorimetry data accomplished by X-ray
analysis, the first step of crystallization occurs at around 967 �C, producing γ-
Al2O3. The second one takes place at around 1194 �C, which corresponds to
the formation of α-Al2O3. For the as-anodized and samples treated at
temperatures below 1200 �C the band at 420 nm can be attributed to the
emission of OH-related and other impurities centers. The fluorescence at
460 nm relates to emission of oxygen defect centers, such as F and F2
centers, and sharp bands at 678 and 693 nm indicate the formation of highly
crystalline alumina. For α-Al2O3, its fluorescence is caused by both surface
defects and oxygen defect centers. The fluorescence spectroscopy can be
applied as a cheap, fast, nondestructive method for the identification of
amorphous alumina crystallization.
1. Introduction

Porous oxide materials have attracted considerable attention due
to their potential applications in filters, catalyst support,
electronic, magnetic and optical devices. It is also known, α-
Al2O3 membranes due to their biocompatibility and high
chemical resistance are of great demand.[1] One of the widely
applied methods for alumina formation is aluminum anodizing
in aqueous acidic solutions.[2] However, as-anodized anodic
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alumina is amorphous, and in fact, it is
fragile and susceptible to both acid and
base attack. The product of electrochemical
oxidation of aluminum has a variable
composition (Al2O3 � nH2O or AlOOH).
That is, anodic alumina contains water,
hydroxyl groups, and electrolyte ions.[3,4]

Therefore, to improve its properties and
extend the field of its application the high
temperature treatment is required.

During high temperature treatment
the desorption and decomposition of the
impurities as well as changes in alumina
density cause curving and cracking of the
samples. In previous studies it was shown
that flat α-Al2O3 films could be synthesized
from phosphoric and oxalic acid anodic
alumina where the anion-containing layer
was deleted in order to prevent thermal
deformation, but the size of the samples
was quite small, less than 1 cm2.[5] In
Ref. [1] authors obtained porous α-Al2O3

membranes of 25mm diameter without
thermal deformation, initial samples were
synthesized in oxalic and phosphoric acids.
At the same time, sulfuric acid is one of the
cheapest electrolytes among the others
commercially applied.[6] However, due to
high porosity and anion content (10–13%)
in as-anodized sulfuric acid anodic alumina the formation of flat
and large α-Al2O3 films from free-standing anodic alumina
samples remains quite a challenge.[7]

Porous aluminafilms also showfluorescence properties,which
justify their employment as templates for synthesis of variety of
new optical materials.[8,9] The fluorescence properties of porous
anodic aluminum oxide films are determined not only by their
structural features, the nature of the defects, but also by the
presence of impurities, such as anions of the electrolyte.[10] The
origin of the emission centers in both the as-anodized and heat
treated anodic alumina is widely discussed.[11–13] G.SHuang et al.
found thatfluorescence at about 465nmofporous anodic alumina
formed in sulfuric acid is caused by the oxygen vacancies in the
membrane and another blue emission band in the 400–440nm
region is attributed to the optical transition in the isolated OH
groups at the surface.[14] Other scientists found that fluorescence
band in the400–440nmis typical for embedded impuritiessuchas
malonate and tartarate ions.[15–18] Various metal oxides also
showed the same photoluminescence of OH-related centers in
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oxidized nanocrystalline and porous silicon, hydrated alumina
oxide, hydrated lead oxide andzinc oxide.[19] In as-anodized anodic
alumina and in α-Al2O3, fluorescence at about 400–440 and
500nm can be also attributed to F and F2 centers, respec-
tively.[12,17,20–23]

In the present study, we obtained robust α-Al2O3 samples
with size of 2.6 cm2 and thickness of 144mm by the heat
treatment at 1400 �C of free-standing sulfuric anodic alumina
specimens and investigated their physical, chemical and
fluorescence properties.
2. Experimental Section

2.1. Anodizing

The high-purity aluminum foil (99.99wt.%, 100 μm thick,
13� 20mm, AlfaAesar) was used as a starting material. The
aluminum specimens were pretreated in a hot solution of
1.5M NaOH for 15 s, neutralized in 1.5M HNO3 for 2min,
then carefully rinsed in distilled water and air-dried. Anodic
alumina was formed by double-sided anodizing of aluminum
specimens in the 2.0M aqueous solution of sulfuric acid at the
constant current density of 320 Am�2 up to the moment
when the aluminum was completely oxidized. At the steady
state of oxide growth the voltage was about 20 V. The anodizing
process was carried out in two-electrode glass cell, in which
platinum grid was used as a counter electrode. The solution was
stirred by a magnetic stirrer, and the temperature was
maintained at a constant value of (10.0� 0.1) �C by cryostat
FT 901 (Julabo). The anodizing process was controlled by a
direct current power supply NTN 700–125 (FuG Elektronik). If
indicated, the samples were annealed in temperature range of
800–1400 �C in air in programmable muffle HTCT 03/16
(Nabertherm). The temperature was gradually increased from
room temperature up to 800 �C and then from 800 to 1400 �C at
a heating rate of about 100 �Ch�1 to prevent thermal cracking
and curling.
Figure 1. Surface appearance of the as-anodized and heat treated at 1100
and 1400 �C alumina films formed in sulfuric acid.
2.2. Characterization

Surfacemorphology and cross-section both of the as-anodized and of
theheat treatedanodicaluminaspecimenswereanalyzedbyscanning
electron microscopy (SEM) on a LEO 1550 VP (Leo Electron
microscope). Image analysis was performed by ImageJ software.

To evaluate the structures of amorphous samples thermog-
ravimetry � differential scanning calorimetry (TG-DSC) tech-
nique was applied using STA 449C Jupiter (Netzsch) equipment.
A total of 30 g of the powdered sample was placed in alumina
pan and then heated from 30 to 1250 �C at heating rate of
10 �Cmin�1 under protection of argon (60mLmin�1).

The crystal structure of the heat treated samples was studied
by X-ray diffraction (XRD) patterns. The equipment used was
X-Pert Pro diffractometer (Phillips) with CuKα radiation
(λ¼ 1.5406 Å) in 2θ range of 20–100�. Crystalline phases were
identified and indexed by means of X-ray Diffraction Philips
Analytical software and the PCPDFWIN database � JCPDS-
ICDD.
Phys. Status Solidi A 2018, 1700892 1700892 (
2.3. Fluorescence Properties

Fluorescence imaging was carried out with fluorescence
microscope Eclipse Ti (Nikon) with two-channel (430–480nm)/
(485–630nm) spectral detection at λex¼ 405nm. Fluorescence
spectra and kinetics were measured with a time-correlated single
photon counting spectrometer Edinburg-F900 (Edinburg instru-
ments). A picosecond pulsed diode laser EPL-375 emitting
picosecond (76ps) duration pulses was used for the excitation at
375 nm with an average power of 0.10mWmm�2. The pulse
repetition ratewas 1MHzand the time resolution of the setupwas
about 100 ps taking into account temporal deconvolution
procedure. All fluorescence spectra were corrected for the
instrument sensitivity. We applied the ultrapure alpha-alumina
powder (99.99%, average particle size 1–2mm, Inframat,
advanced materials) as reference material to compare the
fluorescence properties of the samples obtained with commer-
cially synthesized ones.
3. Results and Discussion

3.1. Surface Characterization and Mechanical Properties

The as-anodized sulfuric acid anodic alumina samples are
transparent (154mm thick) with light-grey color due to residual
aluminum. After the heat treatment at 1100 �C it turned
translucent. At 1400 �C film became white and non-transparent,
its thickness decreases to 144mm, as during crystallization
alumina compaction takes place. However, under the chosen
heat treatment conditions neither cracking nor curling are
observed and the samples retain their original planarity
(Figure 1).

According to the SEM studies, the as-anodized anodic
alumina films possess ordered porous structure with the pore
diameter 10.2 nm (Figure 2a). A total of 1400 �C-treated samples
almost lose their initial porous structure due to crystallization
and compaction of amorphous alumina. On the surface of
1400 �C-treated anodic alumina penta- and hexagon-shaped
crystallites of uniform average 5–6mm size can be observed.
Grain boundaries are transition layers with thickness 0.3–0.4mm
(Figure 2b). Both on the surface and in the bulk of anodic
alumina there are just certainmicrovoids irregularly shaped with
© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim2 of 6)
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Figure 2. SEM images of the surface (a) of as-anodized sulfuric acid
anodic alumina; surface (b) and cross-section (c) of the heat treated at
1400 �C in air anodic alumina formed in sulfuric acid.
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the size of more than 100 nm formed between the different
grains. As can be seen from Figure 2c, the alumina compaction
occurred uniformly throughout the sample. According to
Ref. [24], the shape of the obtained crystallites indicates the
formation of equilibrium-shaped crystals of α-Al2O3. The
Phys. Status Solidi A 2018, 1700892 1700892 (
appearance of the crystallites of the 1400 �C-treated samples
can be easily asserted by fluorescence microscopy, λex¼ 405 nm
(Figure 3a). The as-anodized anodic alumina has uniform
emission throughout the surface. At the same time, the 1400 �C-
treated sample mainly emits only along the grain boundaries
(Figure 3b), as during crystallization defects in α-Al2O3

concentrate namely on the surface. For example, hydroxyl
groups bound to a surface aluminum ion which also contribute
to the luminescence process.[25] In porous anodic alumina the
surface structure transformation during high temperature
treatment is caused by the reorganization of oxygen and
aluminum sub-lattice and removal of impurities incorporated
during anodizing.
3.2. Phase Characterization

A mass loss of 3.3% in temperature range of 30–950 �C
indicates dehydration and dehydroxilation processes, that is,
deletion of physically and chemically adsorbed water
and hydroxyl species.[26] The mass loss of 9.5% at around
967–972 �C corresponds to the release of SO2 and O2.

[27–32]

And then the gradual mass loss, corresponding to the SO2

release,[29] of about 4.3% total is observed in the temperature
range of 980–1250 �C (Figure 4).

DSC curve shows a very sharp exothermic peak at around
967 �C and another broader peak onset at around 1194 �C (see
Figure 4). The first exothermic peak indicates the beginning
of the γ-Al2O3 crystallization. The second exothermic peak
associated with the formation of α-Al2O3. The exotherm at
967 �C is followed by an endotherm. This endothermic peak,
which is more pronounced at low heating rates, was previously
observed in DSC curves of sulfuric acid anodic alumina and can
be attributed to the decomposition of SO2�

4 ions and their
consecutive release as SO2 and O2.

[31] Our results agree with
previous thermal analysis data obtained by Ozao et al.[27] and
Brown et al.[31] As anodic alumina formed in sulfuric acid
contains 8–17mass.% of sulfur[4] it stabilizes the amorphous
alumina matrix and, as a result, the onset temperature for γ-
Al2O3 formation is higher than that for amorphous alumina
obtained by chemical methods.[33,34]

To study the crystallization of sulfuric acid anodic alumina
the XRD analysis was carried out. The as-anodized and
800 �C-treated anodic alumina specimens are essentially X-
ray amorphous (Figure 5). With a treatment at 900–1000 �C
the only γ-Al2O3 phase (JCPDS 10–0425) with well defined
peaks at 2θ¼ 37.5, 45.9, and 67.1 is observed. The unit cell
dimensions are: a¼ b¼ c¼ 7.89 Å (Table 1). At 1100 �C the
phases of γ-, θ-, and α-Al2O3 co-exist, but α-Al2O3 (JCPDS
46–1212) prevails. The small amount of θ-Al2O3 phase (JCPDS
35–0121) can be identified by the following peaks at 2θ¼ 32.8
and 35.2 presented in XRD pattern. The unit cell dimensions
for 1100 �C-treated α-Al2O3 are: a¼ b¼ 4.76 Å, c¼ 13.00 Å.
After heat treatment at 1200–1400 �C only well defined
peaks of α-Al2O3 phase are identified (a¼ b¼ 4.76 Å, c¼ 12.99
Å). The cell parameters for 1400 �C-treated alumina completely
coincide with reference data. It should be also emphasized
that high resolution of Kα1 and Kα2 lines in the large 2θ
region indicates that the equilibrium phase of α-Al2O3 was
© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim3 of 6)
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Figure 3. Appearance (200� 100mm) in the fluorescence microscope of the as-anodized (a) and (b) of the heat treated at 1400 �C in air anodic alumina
film formed in sulfuric acid in (430–480 nm)/(485–630 nm) range under 405 nm excitation.
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obtained and it agrees with the formation of equilibrium-
shaped crystals.[27–34]
3.3. Fluorescence Properties

According to the steady-state fluorescence measurements
(λex¼ 375 nm) the as-anodized and heat treated films are
characterized by a broad fluorescence in the wavelength range
of 400–650 nm and sharp peaks around 678 and 694 nm in the
anodic alumina treated at temperatures above 1000 �C. All
spectra were normalized to their maximum intensity, for
better qualitative comparison. Broad fluorescence have at
least two components: one fluorescence band with peak at
about 420 nm and another at about 460 nm. With increased
treatment temperature to 1000 �C the position of emission
maximum slightly redshifts from 444 to 462 nm. The spectrum
Figure 4. TG-DSC plot for sulfuric acid anodic alumina.

Phys. Status Solidi A 2018, 1700892 1700892 (
of 1400 �C-treated sample is almost identical to the one of
ultrapure α-Al2O3 (Figure 6a).

For samples treated at temperatures above 1000 �C one can
see two sharp intensive peaks at around 678 and 693 nm. Most
investigations report that there are Cr3þ or Mn4þ ions in
crystalline alumina and associate these bands with the emission
of the ions.[22,35,36] In our case it is doubtful, as we used highly
pure aluminum foil and double distilled water in the experi-
ments. Moreover, in the fluorescence spectrum of purchased
ultrapure α-Al2O3 these bands are also presented. Therefore,
according to our and a very few previous data[35] these bands can
be associated with single-crystalline sapphire crystal having
highly crystalline order. This also confirms XRD data that
indicate the formation of equilibrium phase of α-Al2O3 at
1400 �C.

The time-resolved fluorescence data show that with increased
treatment temperature the average life time of the fluorescence
Figure 5. XRD for the as-anodized and heat treated at 800–1400 �C in air
anodic alumina films formed in sulfuric acid.

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim4 of 6)
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Table 1. XRD data for the as-anodized and heat treated at 800–
1400 �C in air anodic alumina films formed in sulfuric acid.

Sample Phase JCPDS
Lattice constant,

Å
Space
group

As-anodized Amorphous – – –

800 �C-
treated

Amorphous – – –

900 �C-
treated

γ-Al2O3 10-0425 a¼ 7.89 Fd3m

1000 �C-
treated

γ-Al2O3 10-0425 a¼ 7.89 Fd3m

1100 �C-
treated

α-Al2O3 (γ-and

θ-Al2O3)

46-1212 a¼ 4.76;

c¼ 13.00

R3c

1200 �C-
treated

α-Al2O3 46-1212 a¼ 4.76;

c¼ 13.01

R3c

1400 �C-
treated

α-Al2O3 46-1212 a¼ 4.76;

c¼ 12.99

R3c
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rises from 3.5 to 4.9 ns (Figure 6b, Table 2). For the as-anodized
the first life time (τ1) is about 0.6 ns and it does not change with
increased treatment temperature from 800 to 1000 �C. At the
same time, its relative contribution to the total fluorescence has a
tendency to decrease from 24 (as-anodized alumina) to 19%
(1000 �C). For 1400 �C-treated alumina and ultrapure α-Al2O3
Figure 6. Steady-state (a) and time-resolved kinetics registered in themaximu
various temperatures in air anodic alumina film formed in sulfuric acid, λe

Table 2. Fluorescence data for the as-anodized and heat treated at 800–14

Sample λem, nm τ1, ns (%)

As-anodized 444 0.6 (24%)

800 �C-treated 450 0.6 (20%)

900 �C-treated 458 0.5 (18%)

1000 �C-treated 462, 693 0.6 (19%)

1400 �C-treated 447, 678, 694 0.8 (22%)

α-Al2O3 powders 455, 678, 694 0.8 (20%)

Phys. Status Solidi A 2018, 1700892 1700892 (
τ1¼ 0.8 ns. As concerning τ2 and τ3 they also have tendency to
increases with increased treatment temperature. Their values
vary in the range 2.2–3.7 and 6.9–8.2 ns, respectively. The
correlation in changes in relative contribution is not observed.
However, one can see, that for 900 �C-treated sample all three life
times are the short among the other samples and for τ1 and τ2 the
relative contributions are also the shortest. For example, the
contribution of τ1 and τ2 is by 6 and 10% lower than for the as-
anodized sample, respectively. Nevertheless, the relative contri-
bution of τ3 is by 16% higher than for the as-anodized sample.
These observations agree with DTA and XRD data and are the
evidences of the amorphous alumina crystallization into γ-
Al2O3. At 1400 �C, τ2 increases in 1.0 ns and τ3 in 0.7 ns
comparing with 1100 �C-treated alumina. However, in this case
both life times and relative contributions are not very different
from ultrapure α-Al2O3.

Ruckschloss et al.[19] established that life time for OH-related
fluorescence is about several nanoseconds. At the same time, the
F centers fluorescence decay is usually nonexponential and
shorter than 7 ns.[37] Consequently, we can conclude that for as-
anodized and samples treated at temperatures below 1200 �C the
band at 420 nm can be attributed to the emission of OH-related
centers and other impurities.[38,39] The fluorescence at 460 nm
relates to emission of oxygen defect centers, such as F and F2
centers, and bands at 678 and 693 nm are characteristic for
the formation of highly crystalline alumina. For α-Al2O3 the
situation is relatively different, as in the case of α-Al2O3 the
m intensity (b) fluorescence spectra of the as-anodized and heat treated at

x¼ 375 nm.

00 �C in air anodic alumina films formed in sulfuric acid.

τ2, ns (%) τ3, ns (%) τave, ns (%)

2.3 (45%) 7.4 (31%) 3.5

2.6 (43%) 7.3 (37%) 3.9

2.2 (35%) 6.9 (47%) 4.1

2.7 (40%) 7.3 (41%) 4.2

3.7 (38%) 8.2 (40%) 4.9

3.6 (41%) 9.2 (39%) 5.2

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim5 of 6)

http://www.advancedsciencenews.com
http://www.pss-a.com


st
a
tu

s

so
li

d
i

p
h

y
si

ca a

www.advancedsciencenews.com www.pss-a.com
presence of OH groups and water is not possible and
during crystallization the crystalline structure changes drasti-
cally, so, we believe its fluorescence is caused by both surface
defects (See Figure 3b) and oxygen defect centers. Moreover,
fluorescence spectroscopy as a cheap, fast, nondestructive
method can be used for the identification of amorphous
alumina crystallization.
4. Conclusions

It was shown that the as-anodized sulfuric acid anodic alumina
possesses ordered porous structure with the pore diameter of
about 10.2 nm. After heat treatment at 1400 �C the samples lose
their porous structure and certain crystallites with average size
of 5–6mm can be observed. These crystallites can be visualized
by fluorescence imaging. By TG–DSC technique accomplished
by X-ray analysis it was established that the first step of
crystallization occurs at around 967 �C, producing γ-Al2O3. The
second one takes place at around 1194 �C, which corresponds to
the formation of α-Al2O3. For the as-anodized and samples
treated at temperatures below 1200 �C the band at 420 nm can
be attributed to the emission of OH-related centers and other
impurities. The fluorescence at 460 nm relates to emission of
oxygen defect centers, such as F and F2 centers. For α-Al2O3, its
fluorescence is caused by both surface defects and oxygen
defect centers that are mainly located at grain boundaries. It
was also shown that using characteristic emission bands at 678
and 693 nm the fluorescence spectroscopy can be applied as a
cheap, fast, nondestructive method for the identification of
amorphous alumina crystallization.
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