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Abstract

Anodic porous alumina (APA) membranes with a uniform pore arrangement typically serve as an ideal template for forma-
tion of different types of nanostructured materials. In the present work, APA membranes were synthesized using two-step
anodization in 0.3 M of oxalic and 0.3 M of sulphuric acid under the anodization potential of 40 V and 20 V respectively, at
8 °C. Alumina nanowires (ANW) were synthesized by the chemical etching of the APA membranes using phosphoric acid
solution. The optical absorbance and reflectance measurements of APA membranes were performed on a spectrometer in the
wavelength range of 200-600 nm. The band-gap energy (3.7 and 4.3 eV for oxalic and sulphuric acid) of APA membranes
was determined from UV-visible absorption data. The photoluminescence (PL) investigations have revealed the presence
of F and F* defect centers, which could be attributes to oxygen vacancy-related defect centers in oxalic (483 and 466 nm)
and sulphuric (423 and 421 nm) alumina. The mechanical properties of amorphous APA membranes were investigated by
micro- and nanoindentation techniques. The results indicate that highest hardness (7.70 GPA) and Young’s modulus (138.80
GPA) for sulphuric alumina compared with oxalic alumina. In sulphuric alumina, more number of ANW were observed

compared with oxalic alumina.

1 Introduction

Self-organized anodic porous alumina (APA) membranes
prepared using two-step anodization in acidic electrolytes
[1] have been employed as templates for the fabrication of
nanostructures [2], such as nanoparticles [3], nanowires [4,
5] nanorods and nanotubes [6], optoelectronic and electronic
systems [7], because of their chemical, thermal stability, and
high aspect ratio of pores. APA is economically viable to
prepare and have a high pore density compared with car-
bon nanotubes and polymers fabricated using lithographic
techniques [8]. It is well known that, the pore dimensions
and aspect ratio of APA membranes are controllable and
can be varied by changing the anodization process param-
eters [9-11]. In fact, direct template synthesis based on
two-step anodization has been extensively used to fabricate
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nanomaterials including magnetic materials, quantum dot
arrays, and photo-catalysis [12, 13]. Metallic nanowires or
nanotubes, uniform in diameter and length, were obtained
by depositing appropriate metals inside their nanopores or
on their top surface of the APA membranes [14—-16]. Even
though the preparation of APA membranes using anodiza-
tion is simple, the optimization of process parameters using
different acidic electrolytes is complex [17]. To prepare
highly ordered APA membranes, various methods have
been performed, like heat treatment, electro polishing, and
single- or multi-step anodizing. In addition to synthesis of
alumina, the optical properties of the APA membranes were
broadly addressed by many authors [18, 19]. It was reported
that APA membranes exhibit a strong peak in blue region,
when exposed to ultraviolet light [20]. The mechanism
behind the light emitting of APA membranes remains com-
plicated, due to large number of defects during the growth
of alumina [21]. In general, in anodizing process of APA,
membranes result in hardness usually in the range of 4-6
GPa by micro-indentation [22]. In spite of some previous
reports on mechanical properties of APA [23], there is suffi-
cient scope for the investigation of how the porous structure
of APA and mechanical properties (hardness and Young’s
modulus) change in deformation process. Some reports exist

@ Springer


http://orcid.org/0000-0002-5615-037X
http://crossmark.crossref.org/dialog/?doi=10.1007/s00339-018-2163-7&domain=pdf

765 Page2of10

P.R. Reddy et al.

on the mechanical behavior of APA membranes with alu-
minium substrates [24]. However, the mechanical properties
of free standing APA membranes along with morphological
and optical properties were poorly investigated. Hence, in-
depth analyses on optical and mechanical properties of APA
membranes are essential to use these membranes as tem-
plates for the synthesis of nanostructures. In this article, we
describe the structural, optical, and mechanical properties of
APA membranes obtained in oxalic (C,H,0,) and sulphuric
(H,SO,) acid as electrolytes. The importance of the present
work is to study the optical and mechanical properties of
APA membranes and to synthesize alumina nanowires on
the pore channels of the oxalic and sulphuric alumina by
chemical etching method.

2 Materials and methods

2.1 Synthesis of free standing anodic porous
alumina membranes

High-purity aluminium foils (Merck, 99.99%), 0.3 mm
thickness, were used as a starting material. The aluminium
foils were annealed at 500 °C for 5 h under vacuum to obtain
a homogeneous pore growth over a large areas [25]. The
foils were later electropolished in a volume mixture of 1:4
perchloric acid and ethanol under a constant current density
of 200 mA cm™ for 2 min at 10 °C. Al foils were ano-
dized in 0.3 M of oxalic and 0.3 M of sulphuric acid at 40 V
and 20 V respectively, for 6 h at 8 °C, as the first step, and
then immersed in a mixture of 6 wt% H,;PO, and 1.8 wt%
H,CrO,at 60 °C for 120 min to remove the formed alumina
layer. The second-step anodization was performed keeping
all the anodizing parameters same as those used in the first
step. The remaining aluminium substrate was removed in
a saturated solution of hydrochloric acid and copper chlo-
ride (HCI/CuCl,) after the second-step anodization. Subse-
quently, a 5 wt% of phosphoric acid (H;PO,) solution was
used to perform pore-widening process for 30 min at room
temperature [26]. To prepare ANW array, anodization pro-
cess was carried out in 0.5 M electrolyte concentration, with
anodization potential of 40 V and 20 V, for 6 h in both oxalic
and sulphuric acid solutions. After the anodization process,
APA membranes were etched in 1 M of phosphoric acid for
45 min. Immediately, the formed alumina nanowires were
annealed in air for 2 h at 60 °C.

2.2 Characterizations
Scanning electron microscopy (SEM, JEOL-JSM-6380LA,
Japan) was used to study the surface morphology of the APA

membranes. The elemental composition of alumina mem-
branes was identified by energy-dispersive X-ray (EDAX)
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attached with SEM. The structural analysis of APA mem-
branes was studied by X-ray diffractometer (XRD, Rigaku-
miniflex-600) with CuK,, radiation operated at 40 kV and
15 mA. The optical absorption and reflectance spectra of
the APA membranes were measured in the wavelength range
200-600 nm using UV-visible spectrometer (SD 2000,
Ocean Optics Inc., USA). Photoluminescence (PL) measure-
ments were performed at room temperature on a Floromax-4
fluorescence spectrometer using Xenon light source with an
excitation wavelength of 380 nm. Mechanical properties
of APA membranes were carried out by micro-indentation
(Clemex micro hardness tester, MMT X7, Matsuzawa Seiki
Corp., Japan) and nanoindentation techniques (Hysteron
Inc., Minneapolis, USA, TI-900).

3 Results and discussion

Figure 1a, e shows the SEM images of the APA membranes
prepared in oxalic and sulphuric acid as electrolyte with an
anodization potential of 40 and 20 V, respectively [27]. The
surface morphologies of the oxalic and sulphuric alumina
exhibited hexagonal porous structure with uniform array of
pores shown in Fig. 1. In this work, the average size of the
pores of APA membranes was measured using the Image J
software [28] and measured pore diameter for oxalic alumina
was ~63 nm and that for sulphuric alumina was ~32 nm.
Figure 1b, f shows the EDAX spectra of the oxalic and sul-
phuric alumina. The elemental analysis revealed the pres-
ence of Al and O elements in the APA membranes. The
average atomic percentages of Al and O are 46.42% and
53.58% in oxalic alumina, whereas, in sulphuric alumina,
atomic percentages of Al and O are 40.32% and 59.68%,
respectively. Regularity ratio (RR) was performed in Fig. 1a,
b, to obtain the quantitative evaluation of hexagonal arrange-
ment of nanopores in APA. RR of APA membranes was
calculated using the expression [29], to estimate the regular-
ity RR, radial average was generated from each fast Fourier
transform (FFT) image. FFT were generated and taken into
further calculations with the WSxM 5.0 software [30]. 2D
FFT images (Fig. 1c, g) and their radial averages (Fig. 1d, h)
for oxalic and sulphuric alumina, respectively, was shown in
Fig. 1. It was observed that, in sulphuric alumina, ordering
is poor compared with oxalic alumina. Poor ordering was
also confirmed by blurred ring on the FFT image (Fig. 1g)
and relatively low intensity of radial average (Fig. 1h) in
sulphuric alumina. XRD pattern of the oxalic and sulphuric
alumina membranes is shown in Fig. 2. It was noticed that
APA membranes obtained in different electrolyte solutions
provide a similar trend under the XRD measurements. No
sharp diffraction peaks were detected from any particular
crystallographic plane of the APA membranes. Therefore,
it can be pointed out that the APA membranes fabricated
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Fig.1 SEM, EDAX micrographs, 2D FFT images, and radial averages of APA membranes prepared in 0.3 M of oxalic (a—d) and sulphuric acid
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Fig.2 XRD pattern of APA membranes formed in oxalic and sulphu-
ric alumina

in oxalic and sulphuric acid solutions were amorphous in
nature [25].

Figure 3a shows the optical absorption spectra of the oxalic
and sulphuric alumina; results indicated that optical absorption
is high in oxalic alumina compared with sulphuric alumina.
This is due to decrease in defect states and it was clearly visible
in Fig. 1. The band-gap energy of APA membranes estimated
from UV-visible absorption spectra using the Tauc’s relation
[31]. The plot of (ahv)? versus hv is shown in Fig. 3b. The
calculated band-gap energy values for APA membranes were
found to be 3.7 and 4.3 eV for oxalic and sulphuric alumina,
respectively. Decrease in band-gap energy in oxalic alumina
compared with sulphuric alumina may be due to more absorp-
tion defects and oxalic impurities in oxalic alumina [32, 33].
Moreover, the incorporation of cations and anions into oxides
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Fig.3 UV-visible absorption spectra (a) and plot of (ahv)"?
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during anodic oxidation of metals also causes the change in
the bandgap of oxalic alumina [34, 35]. The reflectance spectra
of the APA membranes are shown in Fig. 4. The reflectance
increases gradually and smoothly from blue region to red
region of the spectrum, and the interference band with maxi-
mum reflectance in the visible region shows a red shift in both
oxalic and sulphuric alumina. The most significant factor for
the red shift is the increase of thickness of APA membranes
according to the calculations obtained from Bragg’s relation
[36, 37] which indicates that the wavelength of the maximum
reflection increases with increasing the film thickness. The
reflectance spectrum between 400 and 800 nm is also shown
in the Fig. 5 (Inset). Moreover, the coordinates of the APA
membranes were estimated using the international commission
on illumination (CIE) 1931 [38] and color functions are repre-
sented in Fig. 5. The chromaticity coordinates were calculated
for oxalic and sulphuric alumina where x=0.3476, y=0.3371
and x=0.3476, y=0.3369 correspondingly. The higher inten-
sity reflectance peak was observed in the red region in sul-
phuric and oxalic alumina. It was also confirmed by the CIE
analysis of reflectance spectra for oxalic (Fig. 5a) and sulphu-
ric (Fig. 5b) alumina. The maximum number of interference
reflections was more in oxalic alumina compared with sulphu-
ric alumina, due to lower thickness of alumina in sulphuric
acid solution. The PL spectra of the APA membranes obtained
in oxalic and sulphuric acid electrolytes are shown in Fig. 6.
It was pointed out that APA membranes exhibit a broad lumi-
nescence in the blue region (300-600 nm). The origin of the
PL in APA is still controversial, though it is generally accepted
that there are two major reasons for the luminescence behavior
of APA membranes [39], (1) F centers, associated with the
carboxylic impurities from the acid electrolyte incorporated in
the structure of alumina and (2) F* centers, which are related
to oxygen vacancy-related defect centers present in the APA
membranes. To study the dependence of blue PL band on
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Fig.4 Reflectance spectra of APA membranes obtained in oxalic and
sulphuric acid solution

the pore array of alumina, the asymmetric PL spectra can be
assumed to be Gaussian [40] and it could be divided into two
sub-bands as shown in Fig. 6a, b. Two Gaussian components
of emission peaks, one at lower energy side corresponding to
optical transitions in the F centers (oxygen vacancy with two
electron), whereas another one at higher energy side origi-
nating from F* centers (oxygen vacancy with one electron)
was found in oxalic and sulphuric alumina. The maximum
emission intensity (F centers) for oxalic and sulphuric alumina

was at 483 and 466 nm, which are near to middle of the blue
region. On the other hand, lower emission intensity for oxalic
and sulphuric alumina is at 423 and 421 nm, which are near
to beginning of the blue region. Therefore, it is necessary to
highlight that, in different electrolytes, such as oxalic and
sulphuric alumina, PL spectra behavior of these membranes
is in the same manner. From this, it may be concluded that
the luminescence of anodic alumina depends on the type of
the acid in electrolyte solution. Chromaticity analysis of PL
spectra for oxalic and sulphuric alumina is shown in Fig. 6.
The chromaticity coordinates obtained for oxalic (Fig. 6¢) and
sulphuric (Fig. 6d) were x=0.1951, y=0.2033 and x=0.2075,
y=0.2483, respectively. From Fig. 6, it was observed that the
maximum PL intensity of oxalic and sulphuric alumina has
blue emission color. The intensity of PL peak is lower for sul-
phuric alumina than for membranes obtained in oxalic alu-
mina. This could be due to the presence of oxalic impurities
in the structure of APA in oxalic acid [41]. The structural and
optical analysis data are tabulated in Table 1.

In the present work, micro-hardness of APA membranes
was tested for 50 g in both oxalic and sulphuric alumina. The
initial application of the force was set at 5 s and the test force
was maintained for 15 s. The Vickers hardness was evaluated
by the following expression [42]:

P Prnax
HV=Z=1.85%. €))

Here, P represents the applied force to the diamond,

A represents projected surface area of the indent, and d
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Table 1 Structural and optical Sample  Pore diam- Interpore dis- Porosity (%)  Wall thick- 4 (am) F*-A, (am)  F-A, (nm)
data of oxalic and sulphuric eter (nm)  tance (nm) ness (nm)
alumina

0A 64 122 25 29 428 423 483

SA 34 69 2 17 436 421 466

represents average length of the indenter diagonal. Fig-
ure 7 shows the SEM micrograph of the Vickers indenter
with a load of 50 g in oxalic (Fig. 7a, inset) and sulphu-
ric alumina (Fig. 7b- inset), and the corresponding mor-
phologies at the edges of the indenter are also shown in
Fig. 7. The measured hardness values are 0.92 and 1.14
GPa correspondingly for oxalic and sulphuric alumina.
It was noticed that porous formation was crushed during
the indentation and suffered a crack along the pore wall
in oxalic and sulphuric alumina. In fact, more number of
cracks were observed in oxalic alumina (Fig. 7b) compared

@ Springer

with sulphuric alumina, due to high porosity (25%) and
pore diameter of oxalic alumina [43]. The yield strength
of alumina can be expressed as follows [42]:

=
o= (@)
Here, c, represents the geometrical factor, usually in the
range of 2-4. The measured yield strengths of APA mem-
branes by assumption that C, = 3 are 0.38 and 0.30 GPa
for oxalic and sulphuric alumina. Furthermore, to study the



Optical and mechanical studies on free standing amorphous anodic porous alumina formed in oxalic...

Page70f10 765

18, 886

28, 888

Fig.7 SEM images of indented images of APA membranes after indentation by Vickers indenter and respective morphologies at the edge of the

alumina with a load of 500 g in oxalic (a) and sulphuric (b) alumina

mechanical enhancement, we examined the hardness and
Young’s modulus of the APA membranes using Nanoinden-
tation technique. Figure 8 shows the AFM images of the
indented mark (7 mN) after indentation in oxalic (Fig. 8a)
and sulphuric (Fig. 8b) alumina, respectively. The deformed
material around the indents appeared free of cracks and a
slight pile-up material occurred around the indent was
noticed in oxalic and sulphuric alumina. The correspond-
ing load—displacement curves of the APA membranes for
indentation loads of 5, 7 mN are shown in Fig. 9. It was
found that, with increasing load, the penetration depth also
increases and no pop-in behavior occurs in oxalic (Fig. 9a)
and sulphuric alumina (Fig. 9b). The elastic recovery can
be calculated from the ratio of final depth of the indent (%),
to the maximum depth of the indent (%,,,,). This ratio gives
the significant indication of effect of pile-up, which can

(a nm

1251

Image Scan Size: 5.000 pm

influence the measurements of mechanical properties [44].
In the present study, the load displacement curves reveals
that hy/h,,,, for 7mN were 0.66 and 0.73 for oxalic and sul-
phuric alumina. The elastic recovery (h¢h,,,,) is decreased
in oxalic alumina compared with sulphuric alumina, this is
due to indenter penetration depth (#,,,,) is more in oxalic
alumina. The nanohardness and Young’s modulus for oxalic
alumina were 3.76 and 85.85 GPa, whereas sulphuric alu-
mina were 7.70 and 138.80 GPa, respectively. The nano
hardness and Young’s modulus of sulphuric alumina were
more compared with those values in oxalic alumina, due to
low porosity and regularity of the pores in sulphuric alumina
[43].

Alumina nanowire (ANW) arrays were produced form
APA membranes by chemical etching the samples in phos-
phoric acid solution [45], which is shown in Fig. 11. The

(b) nm

198.7

99.4

0.0

Image Scan Size: 5.000 ym

Fig.8 AFM images of the nanoindentation imprints in oxalic (a) and sulphuric (b) alumina
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Fig. 9 Load-displacement curves of the APA membranes in formed in oxalic (a) and sulphuric (b) acid, respectively

schematic illustration of the formation of the ANW is shown
in Fig. 10. Figure 10a shows the APA membranes with hex-
agonal array of pores, formed in 0.3 M of oxalic acid. Dur-
ing the dissolution of alumina membranes in phosphoric
acid, pore walls linking three neighboring cells (triplet point)
are thinning, as shown in Fig. 10b after the dissolution of
10 min. Further increasing etching time from 10 to 20 min,
the thinning walls are broken, and triplet points are separated
is shown in Fig. 10c. After 30 min, the pore walls are dis-
solved only nanowires remaining, which are generated from
triplet points of the pores observed in oxalic (Fig. 11b) sul-
phuric alumina (Fig. 11a) respectively. Finally, after 45 min
dissolution, the APA membrane is completely dissolved, and
dense alumina nanowires were observed in oxalic (Fig. 11d)
and sulphuric acid (Fig. 11c) with the same orientation. The
thickness of the APA membranes can influence the result
of the ANW. The nanowires have uniform diameter with a
thickness less than 10 nm, and length is in below 5 um in
oxalic and sulphuric acid, which is related to the original

Fig. 10 Schematic of the forma-
tion of the ANW from APA:

a porous structure of the APA
with triplet point, b thinning of
pore walls after dissolution of
APA in H;PO, solution, and ¢
alumina nanowires formation
from triplet points

@ Springer

thickness of alumina membrane. The thickness of alumina
increases with increasing the electrolyte concentration [46].
Formation of the ANW corresponds to the splitting of the
wall surroundings of the pores. The number of pores on the
surface of the APA membranes is larger, compared with the
interface between the APA membrane and Al substrate [47].
It infers that the wall between the pores is thinner near to
the surface compared with the beneath. Splitting between
the pores is more likely to be near to the surface, because
the pore density is high at near to the surface. The number
of ANW array depends on the number of walls split, in our
studies, the number of walls splitting is more in sulphuric
alumina (Fig. 11c) compared with oxalic alumina (Fig. 11d),
due to smaller wall thickness in sulphuric alumina (17 nm).
Growth of nanostructures on the APA membranes itself
without the need to implant materials is the significance of
the present work. These ANW are suitable for applications
in various fields, such as catalyst, electrolytic capacitors, and
negative electrodes of Li-ion batteries [48].
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Fig. 11 SEM micrographs of
the ANW formed in sulphuric
and oxalic acid with the dissolu-
tion of APA membranes 30 (a,
b) and 45 min (¢, d) in H;PO,
solution

1um BB0B808

4 Conclusions

In summary, we have successfully prepared uniform order
APA membranes using oxalic and sulphuric acid electrolytes
by two-step anodization process. ANW were systematically
fabricated on the pore channels of oxalic and sulphuric alu-
mina using chemical etching method within a short period
of time 45 min. Structural features of APA membranes were
studied using the Image J software. Better pore ordering
was noticed in oxalic alumina from regularity ratio measure-
ments. XRD analyses show that as synthesized alumina in
oxalic and sulphuric acid amorphous nature. The band-gap
energy of APA membranes was determined from UV-vis-
ible absorption data. The maximum numbers of interference
reflections were observed in oxalic alumina compared with
sulphuric alumina because of large thickness of alumina in
oxalic acid. The PL intensity of sulphuric alumina was less
compared with oxalic alumina, due to oxalic impurities in
the structure of oxalic alumina. PL studies of amorphous
APA membranes reveals F and F™ defect centers, which are
attributed to oxygen vacancy-related defect centers in oxalic
and sulphuric alumina. More cracks were formed in oxalic
alumina from micro-indentation test, due to increase in pore
diameter and porosity. The highest hardness and Young’s
modulus were observed in sulphuric alumina through
nanoindentation test compared with oxalic alumina, due to
low porosity and regularity of membranes formed in sul-
phuric acid. It was concluded that the wall thickness of the
pores played the major role in the formation of ANW array.

12

The number of ANW array obtained in sulphuric alumina
was more compared with that obtained from oxalic alumina
because of smaller pore wall thickness in sulphuric alumina.
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