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a  b  s  t  r  a  c  t

Nanoporous  anodic  aluminum  oxide  (AAO)  with  self-organized  arrays  of  uniform  nanopores  have  been
used for  various  applications  in  the  fields  of sensing,  storage,  separation  and  template-based  fabrication  of
metal  nanowires,  carbon  nanotubes,  oxides  and  polymers.  The  work  presented  here involves  the  produc-
tion and  use  of AAO  templates  for  growth  of  aligned  multi  walled  carbon  nanotube  arrays.  AAO templates
vailable online 6 April 2012

eywords:
nodization
orous alumina film
hemical vapor deposition

were  formed  by  electrochemical  oxidation  of  aluminum  in  different  electrolyte  solutions  containing  sul-
furic, oxalic  and  phosphoric  acid.  SEM  was  used  for  the  analysis  of  the  surface  morphology  of  the AAO
films.  The  porous  structures  with  pore  size  in  the  range  of  25–120  nm  were  observed.  Pore  sizes  were
correlated  with  the  type  of  acidic  solutions  used  as the  electrolyte.  Finally,  AAO  surfaces  have  been  used
as substrates  for  the  growth  of  vertically  aligned  carbon  nanotubes  through  chemical  vapor  deposition

 supe
arbon nanotube
ontact angle

technique,  which  showed

. Introduction

Various nanostructure based materials are already finding appli-
ations in the industry, such as electronic devices [1],  biosensors
2], photonics [3],  materials for energy storage [4] and as separa-
ion membranes for bio-materials [5]. Anodized aluminum oxide
AAO) template based synthesis has been employed [6] as one of the
ell-known production techniques enabling control of morphol-

gy, patterning and size of nanomaterials. Through its pore size,
ensity and distribution, AAO templates have significant influence
n the final properties of the nanostructured materials and thus the
arious structural properties of nanomaterials can be engineered by
hese “knobs” [4].

Discovery of self-ordered AAO membranes was first reported
y Masuda and Fukuda [7–9], which, have grown by electrochemi-
al oxidation of aluminum (Al) and used in numerous applications
n the following years [8].  The structure of porous alumina can
e described as a close-packed array of columnar cells, each con-
aining a central pore of which the size and interval can be
ontrolled by changing the synthesis conditions [10]. AAO with a

exagonal arrangement stable at high temperature has become a
opular template system for the synthesis of various functional
anostructures [5,11,12]. Furthermore, AAO films find potential
pplications in diverse fields as high density magnetic storage [13],

∗ Corresponding author. Tel.: +90 3122902153; fax: +90 3122664068.
E-mail address: bengu@fen.bilkent.edu.tr (E. Bengu).

169-4332/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.apsusc.2012.04.008
r-hydrophobic  behavior  as  confirmed  by contact  angle  measurements.
© 2012 Elsevier B.V. All rights reserved.

DNA translocation [14] and in tribology as coatings with controlled
lubricant release reservoirs [15]. Recently, anodization of Al films
deposited on metal or semiconductor substrates are also studied to
fabricate nanostructures on substrates using the porous AAO film
as a mask [16].

The synthesis of self-organized ordered structures by anodizing
of Al has been widely reported from oxalic [7,10,17], phosphoric
[5,18] and sulfuric acid solutions [19,20]. A thick and porous layer
of aluminum oxide (up to 200 �m)  can be formed by anodization
in a dilute acidic solution. By the application of a potential differ-
ence between the electrodes, hydrogen ions are reduced to produce
hydrogen gas at cathode surface and Al is oxidized into Al3+. A por-
tion of the cations is dissolved in the electrolyte and the rest forms
an oxide layer on the metal surface. The pore structure of AAO (size,
density and distribution) can be controlled by changing the voltage,
current density and acid concentration in the bath during process
[21].

Some of the studies on AAO films produced by the method
outlined above are targeting applications related to the usage of
AAO ordering as template for the growth of carbon nanotube
(CNT) arrays [22], nanowires and patterned structures [23]. Besides,
inducing a pattern, AAO templates with CNTs might be used also as
hybrid structures. Similar AAO/CNT hybrid structures have been
showed to have potential in the following applications such as

membrane [24], catalyst support [25], drug delivery [26–28] and
field emitters [29].

The main aim of the present work is to control of pore size
and distribution over AAO layers by changing the electrolyte bath
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Table 1
The pore diameter obtained by using different electrolyte bath.

Electrolyte Voltage (V) Average pore
diameter (nm)

oxalic acid electrolyte bath. The top view of pore structure after
anodization shows well-ordered pore structure and the average
pore diameter is found to be around 40 ± 10 nm.  The average pore
diameter obtained due to anodization in oxalic acid electrolyte bath
K. Rana et al. / Applied Surfa

ype and voltage. The wetting behavior properties of these films
hich are a function of pore size distribution have been studied by

nalyzing the contact angle of de-ionized water on the AAO films.
urthermore, a thermally deposited Al film of 400 nm thickness
ver Si substrate was anodized to demonstrate the versatility of
he technique used. AAO films over Si(1 0 0) substrate were also
sed for the growth of aligned CNTs by a chemical vapor deposition
CVD) technique. Similar structures have been used for building
ybrid electronic devices such as field emission organic light emit-
ing diodes [30]. In this work, we strive to demonstrate reasonable
ore size control of AAO films which could enable their use as
uitable templates for composite AAO/CNT structures.

. Experimental procedure

Al foils of 300 �m thicknesses (99.9%, Merck) were cut in rectan-
les (70 mm × 15 mm)  and then annealed under inert atmosphere
t 450 ◦C for 5 h. The annealed Al foils were washed with ace-
one and double distilled water in order to remove dirt and then
ried using dry air blower. The back surface and the edges of the
amples were covered by the insulating tape. The anodization of
hese samples were carried out by a two-step anodization proce-
ure under constant cell voltages of 25 V, 40 V and 100 V for three
ifferent electrolyte solution baths (sulfuric, oxalic and phospho-
ic acid, respectively) at the temperature of 10 ◦C. The electrolyte
aths were kept over magnetic stirrer for continuous stirring of
olution to maintain the uniform concentration in the bath during
he anodization step. After 60 min  of first anodization, initial alu-

inum oxide formed on Al film was removed by chemical etching
n a mixture of phosphoric (6 wt%) and chromic acid (1.8 wt%) at
0 ◦C. Immediately following the oxide removal step, Al foil was
e-anodized for 2 h under identical conditions used for the first
nodization step. Anodization of Al deposited over the Si(1 0 0) sub-
trate was also carried out in an identical manner as used for pure
l foils.

Co–Al catalyst solution (5 mmol/L) was prepared by dissolving
l(NO3)3·9H2O and Co(NO3)2·6H2O powders in ethanol (Co–Al at
:1) for CNT growth. The catalyst layer was applied on AAO sur-
aces either via drop-wise method or via dipping method using the
repared catalyst solution. In the drop-wise method, 20 �L/cm2

f Co–Al based catalyst solution has been dropped over the AAO
urfaces and the surfaces left for air drying. In other catalyst applica-
ion method, AAO surfaces were dipped into the catalyst solution at
0 ◦C for 15 min  and left for air drying. The AAO surfaces with Co–Al
atalyst loaded to the CVD chamber for CNT growth process. The
eduction step proceeded under H2 and Ar atmospheres (flow rates
0 sccm and 150 sccm, respectively) at 600 ◦C for 15 min. Following
his step, the CNT growth was performed at the same temperature
nd gas mixtures with pure ethanol as a carbon source for 30 min.
he aligned CNTs have been grown over the AAO surfaces by CVD
t 600 ◦C similar to our previous technique [32].

The structural characterization of AAO nanostructures was  per-
ormed by using a Carl-Zeiss EVO 40 scanning electron microscope
SEM). The contact angle measurements have been carried out on
hese surfaces (Dataphysics OCA 15 plus). The synthesized car-
onaceous material over AAO substrate was characterized by using
ifferent characterization techniques such as SEM, contact angle
easurement and Raman spectroscopy (Horiba Jobin-Jvon-532 nm
avelength).
. Results and discussion

The oxidation of Al during anodization process has been mon-
tored by the measured oxidation current versus time as shown
n Fig. 1. The measured current between electrodes is higher at
H3PO4 120 100
H2C2O4 40 40
H2SO4 20 20

the beginning of the reaction which is due to higher conductivity
of pure Al metal. This current decreases sharply from point A to
point B, which is attributed to the formation of aluminum oxide
barrier layer on the surface which also indicates the formation
of nanopores. There is a slight increase in the current from point
B to point C due to the decreasing thickness of the barrier layer
which is caused by the increase in pore depth as shown in Fig. 1.
Beyond point C, equilibrium is established between the competing
processes of oxide formation and dissolution (pore growth). Real-
time oxidation current vs. time data can be used to control/tune the
oxidation period and consequently to engineer pore geometry, e.g.
pore depth. Main characteristics of this behavior do not vary with
the type of electrolyte bath used.

Fig. 2 shows the SEM image of top portion of the anodized
Al strips prepared with three different electrolytes used (sulfuric,
oxalic and phosphoric acid). Fig. 2a shows SEM image of AAO syn-
thesized using phosphoric acid as the electrolyte which shows a
uniform pore distribution all over the surface. The images from SEM
show the pore distribution and their Fast Fourier Transforms (FFT)
as the insets are shown. The average pore size measurements have
been carried out on multiple SEM images from the AAO surfaces by
employing the “particle-size analysis” option on the Image J soft-
ware [31]. For Fig. 2a, the average pore diameter is found to be
around 100 ± 25 nm (mean ± standard deviation) see Table 1. The
large variation for pore diameters can be attributed to the pres-
ence of high surface energy regions, such as micro-scratches on
the surface of as received samples, where anodization process is
accelerated resulting in larger pore diameters. Fig. 2b shows the
SEM micrograph of the top surface of AAO template prepared in
Fig. 1. Typical current density–time curve for anodization process under constant-
voltage mode at a voltage of 40 V and in a 3 wt% oxalic acid bath, maintained at
15 ◦C.
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ig. 2. SEM micrograph of AAO image obtained after anodization with different elect
f  AAO over Si anodized in phosphoric acid solution.

s smaller compared to that obtained using phosphoric acid bath
equiring a higher voltage for pore formation. Fig. 2c shows the
EM micrograph of the surface after anodization using sulfuric elec-
rolyte; anodization has been carried out at 20 V for this sample.
he pores are distributed in a regular hexagonal manner with an
verage pore diameter 20 ± 9 nm as calculated. The average pore
iameter obtained with sulfuric acid is smallest among all three
cids used for the electrolyte bath in this study.

Further to ensure a constant pore depth across our sample, a
00 nm thick Al film has been deposited over Si substrate via ther-
al  deposition method. This film was then anodized in phosphoric

lectrolyte bath. Fig. 2d shows the SEM image of AAO structure over
i substrate, which shows that AAO film was developed success-
ully and maximum pore depth can be controlled by controlling the
hickness of deposited Al layer. Such films with tuned pore depths
an be used for electronic application.

The pore formation occurs due to electric-field assisted oxide
issolution. At this stage the current begins to increase, due to
ecrease in resistance as oxide layer thickness reduces in front
f the initiating pores. The current stables when a dynamic equi-
ibrium is established between the competing mechanisms of
luminum oxide growth and its partial dissolution leading to
ore formation at the surface [33]. Initially an irregular array
f pore structures form on the surface as the pores are created
andomly on the sample. However, due to the repulsive forces
etween neighboring pores a self-organized pore array eventu-
lly forms. The mechanical stress associated with the expansion
f the Al during oxide formation is cited as the cause of repulsive
orces between neighboring pores which leads to self-organization
10].

We investigated the self-organization behavior of the pores
sing the FFT images provided as the insets of Fig. 2. The FFT images
ere calculated from the respective SEM images using Image J soft-

are [31]. Three different patterns for pores are observed through

he examination of the FFT images. The FFT images of anodized
amples in phosphoric and oxalic acids show six distinct spots
orming a hexagon (Fig. 2a and b). This observation indicates a sin-
le domain of well-ordered, long-range periodic 2-D lattice formed
s used: (a) phosphoric acid, (b) oxalic acid, and (c) sulfuric acid. (d) SEM micrograph

by the pores [34]. The FFT image of anodized surface in sulfuric
acid shows a ring shape form (Fig. 2c). This suggests the pres-
ence of imperfections in the periodicity of the surface and multiple
domains of ordered 2-D lattice of pores. As shown in Fig. 2d, the FFT
image indicates a diffuse ring for the case of AAO over Si sample
prepared with phosphoric acid which reveals the presence of dis-
ordered domains on the surface. In the literature, Sulka et al. [34]
concluded that high stresses on the surface of Al can destroy the
long-range arrangement of pores and hence, the exact mechanism
of pore ordering is still open for debate. According to this, multiple
domain formation on the anodized surface using phosphoric acid
might be due to the presence of non-homogenous distribution of
stresses in the Al film deposited over Si substrate.

As mentioned earlier, in some cases preparation of nanostruc-
tures using porous AAO as templates involves the introduction of
dissolved materials into the pores of the membranes. One way to
determine whether the dissolved solvents are going to fill in the
pores is to investigate the wetting behavior of common solvents
on the AAO surfaces. Hence, we investigated the contact angle
of water on these AAO surfaces. The contact angle measurement
shows that all three surfaces are hydrophilic in nature with ini-
tial contact angles are 59◦, 44◦ and 57◦ respectively for AAO sheets
anodized in sulfuric, oxalic and phosphoric acid as shown in Fig. 3a.
Two different value of contact angles have been observed at two
ends of droplet, which shows that surface energy is varying region
to region of AAO surface. Contact angle value decreases with time
and after 5 min  we  measured 22◦, 22.7◦ and 40◦ respectively for sul-
furic, oxalic and phosphoric acids as shown in Fig. 3b. The decrease
in contact angles in all three cases after a few minutes is due to the
seeping of the water drop into pores of AAO. Wetting of AAOs has
been explained as follow; if a liquid is allowed to spread on the pore
walls of AAOs, first the liquid is brought into contact with the AAO
surfaces low-energy liquids spread rapidly on high-energy surfaces

and the driving forces involved in this process are due to short-
range as well as long-range polar interactions between the wetting
liquid and the pore walls [35]. After wetting the walls of nanoholes,
the water dispersed rapidly into the hole as contact angle decreases
very fast as shown in Fig. 3b.
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ig. 3. (a) Demonstration of surface wetting ability by contact angle of AAO in sulfu
urfaces  are shown.

The final section of the study involves the application of AAOs
s a template for the vertically aligned CNT growth. The vertically
ligned CNTs have been grown over two different templates: AAO
nd AAO/Si substrates anodized in phosphoric acid. Fig. 4 shows
he SEM images of CNTs grown over AAO substrate, in one case the
atalyst layer was applied via drop-wise application over the AAO
urface (Fig. 4a) while in other case the AAO substrate dipped into
he catalyst solution for 15 min. (Fig. 4b). SEM image of CNTs in
ig. 4a shows that CNTs are not aligned; instead they are tangled
ith each other as shown in Fig. 4b. Most of the CNTs are appeared

n the surface and very few are coming from the pores of AAO in
he drop-wise case. This shows that most of the catalysts parti-
les stayed on the top surface of the AAO and very few penetrated
hrough the pores. Fig. 4b shows the alignment of CNTs grown on
AO substrate in which catalyst has been deposited by dipping
ubstrate into the vial containing the catalyst solution at 50 ◦C for
5 min. The as-grown CNTs are apparently straight and parallel to
ach other forming a dense surface with tube height about 3 �m
easured from Fig. 4b. The growth of dense CNTs (Fig. 4b) indicates

hat the catalyst stays on the surface as well as it penetrates into

he pore channels for this case, which makes it clear that the final
NT alignment is affected by the method of catalyst deposition.

CNTs were also grown on the well-ordered AAO template
ormed on Si substrate and SEM images are shown in Fig. 5 at two
ifferent magnifications. CNTs are very dense, vertically aligned

ig. 4. SEM images of CNTs grown over AAO substrates anodized in phosphoric acid w
echnique.
alic and phosphoric acid and (b) the graph for contact angles with time on the AAO

and distributed uniformly all over the AAO surface (Fig. 5a). To
demonstrate a better view for the alignment of CNTs inside the
template, a cross-sectional SEM image is shown in Fig. 5b. CNTs are
indeed well aligned and lengths are very close to each other about
3 �m long. The roots of the CNTs are located at the bottom of the
pores as shown in Fig. 5b. These results confirm that by changing
the pore depth (through controlling the thickness of Al layer over
Si), the catalyst solution can penetrate easily inside the pore and
hence the growth of aligned and dense CNTs can be achieved.

First and second order Raman spectra of CNTs grown over AAO
and AAO/Si substrate are shown in Fig. 6. The first order Raman
spectra shows two  intense peaks which are well known as G and
D peak (Fig. 6a). The G mode (TM – tangential mode) corresponds
to the in-plane vibration of two  atoms in a hexagonal lattice. In
our study, this mode is located around 1578 cm−1 and 1584 cm−1

respectively for CNTs grown over AAO/Si and AAO substrate. The
D-band (disorder band is located between 1330 and 1360 cm−1) is
expected to be observed in multi walled carbon nanotubes (MWC-
NTs), which is 1338 cm−1 and 1348 cm−1 respectively for CNTs
grown over AAO/Si and AAO substrates. First order Raman spectra

of CNTs are similar for both surfaces.

Raman features are analyzed by using a Lorentzian fit to the
D and G peaks. The ratio of integrated intensity of G to D-band
(IG/ID) gives the degree of order in the carbonaceous material. IG/ID
ratio for the CNTs grown over AAO/Si and AAO substrates are 0.85

here the catalyst layer was  applied via (a) drop-wise technique and (b) dipping
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Fig. 5. (a) Top and (b) cross sectional SEM images of CNTs grown over AAO/Si substrates anodized in phosphoric acid. Inset of (b) shows the TEM image of CNTs.
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Fig. 6. (a) First order and (b) second order Raman spectra

nd 0.60, respectively. This shows that CNTs grown over AAO/Si
ubstrate are more ordered and less defective as compared to the
NTs over AAO substrates. The CNTs grown over AAO substrates are
ntangled to each other and twisted which creates more defects on
NT surface, however in other case; CNTs are straight and parallel to
ach other and have higher IG/ID value which means fewer defects.
econd order Raman spectra in the region between 2400 cm−1 and
400 cm−1 are shown in Fig. 6b, which shows sharp and strong
eak centered at 2679 cm−1 and 2689 cm−1 respectively for CNTs
rown over AAO/Si and AAO substrates. These peak are assigned
s 2D or G′-band (2700 cm−1). This band is an intrinsic property

f well-ordered sp2 carbons [36] and closely related to the band
tructure of graphene layers in carbon. It has been reported that
D-band further downshifts due to disorder or defects presence in
arbon lattice [36]. The other band almost at similar position around

Fig. 7. Contact angle images for (a) the vertically aligned CNTs grown on AA
Ts grown over two  different substrates: AAO and AAO/Si.

2922 cm−1 is related to the combination of G and D-band (G + D) in
carbonaceous materials [37].

The wetting ability of the CNT surfaces is an important prop-
erty which is governed both by the surface chemistry and the
microstructure of the surface in contact with the solvent [38,39].
The contact angle was measured for the two  different types of CNTs;
aligned forest like and entangled CNTs grown over AAO/Si and AAO
substrates, respectively (Fig. 7). The vertically aligned CNTs over
AAO/Si substrate clearly display a superhydrophobic behavior with
a contact angle of 180◦ (Fig. 7a and see Supplementary Video)  while
the entangled CNTs grown over AAO substrate have contact angle

around 163◦ (Fig. 7b). Similar behavior was  also reported by Wang
et al. [40,41] in which the contact angle values measured against
water for aligned CNTs of few micrometers long and entangled CNTs
were 174◦ and 144◦, respectively [42]. The contact angle values

O/Si substrate and (b) the entangled CNTs grown on AAO substrates.
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emain almost constant even after 5 min, i.e. 178◦ and 158◦ respec-
ively for the vertically aligned CNTs and the entangled CNTs. The
ater droplet retained its spherical shape even after 15 min; how-

ver, elsewhere Lau et al. [41] reported after a few minutes, the
ater drop wetted the CNTs and seeped in the CNT forest. Thus, in

ur case, we did not observe any seepage of the water drop into the
NT forest which might be due to higher density of CNTs grown on
he AAO/Si surface.

The clear difference in the measured contact angles of the ver-
ically aligned CNTs and the entangled CNTs can be explained by
n assumption made by Pavese et al. [42] which states that super-
ydrophobic behavior depends on the actual contact surface area
etween the water drop and CNTs. Thus, in the case of vertically
ligned CNTs, the actual contact surface area is very small limited
o the tips of CNTs. In the case of the entangled CNTs, the measured
alue of contact angle is lower (163◦) because of the disorder in the
lignment of the CNTs with respect to the substrate surface and the
ide-walls of the misaligned CNTs increasing the total contact area.

. Conclusions

In this study, we have synthesized AAO templates with differ-
nt pore sizes using various electrolyte baths. To understand the
ettability/pore filling behavior, contact angle measurements have

een carried out which show hydrophilic natures of these surfaces.
his result has a practical importance showing that water solu-
le materials could be easily utilized for filling the porous alumina
emplates. For instance, using ethanol based catalyst precursor
olutions we were able to successfully grow aligned and dense
NT forests over both AAO and AAO/Si substrates. Such hybrid
tructures combining patterned conductor and insulator arrays can
e potentially applied in the electronics industry as structures for
uilding light emitting diodes, solar cells and super capacitors.
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