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noporous alumina hollow spheres
with a highly ordered hole arrangement

Takashi Yanagishita, * Masahiko Imaizumi, Toshiaki Kondo and Hideki Masuda

Nanoporous alumina spheres with an ordered hole arrangement were prepared through a two-step

anodization of small Al particles. The hole periodicity in the ordered anodic porous alumina could be

controlled by adjusting the anodizing conditions. Nanoporous hollow spheres were also obtained by

removal of residual Al in an etchant. Additionally, nanoporous spheres loaded with Au nanoparticles on

their surfaces were obtained through electrochemical or chemical deposition of Au nanoparticles. The

obtained Au/alumina composite hollow spheres were used as a substrate for surface-enhanced Raman

scattering measurements.
Introduction

There has been increasing interest in nanoporous particles and
hollow spheres because of their potential application in several
types of functional devices, such as catalysts, sensors, and drug
carriers.1–9 To optimize the properties of nanoporous particles
towards specic applications, control of the porous structure at
the surface of the particles is essential. Various techniques for
the preparation of nanoporous particles have been reported so
far, including template synthesis, self-assembly processes, and
electrospraying.10–16 However, precise control of the geometrical
structures in the porous layer (i.e., hole diameter, hole period-
icity, and hole depth) is usually difficult in these processes.
Previously, we reported a new type of process for the prepara-
tion of nanoporous particles or hollow spheres based on the
anodization of small metal particles.17,18 Anodization is a versa-
tile method for the formation of porous oxide lms on the
surface of valve metal substrates including Al, Ti, Ta, andW.19–21

In our reported process, the anodization of small metal parti-
cles (Al, Ti) was carried out using closed-packed small metal
particles, in which each particle was electrically connected
through the contact points. Aer the anodization, hollow
spheres could also be obtained by dissolving the residual metal
in an appropriate etchant. The geometrical structures in the
obtained porous oxide layer could be controlled using the
anodizing conditions. However, the degree of ordering in the
hole arrangement and the size uniformity of the holes in the
porous layer prepared by this process were low because the
holes were developed randomly at the initial stage of the
anodization. In the present report, we describe the preparation
of nanoporous particles and hollow spheres with a highly
ordered hole arrangement. This was achieved by a two-step
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anodization process in which an ordered concave array
formed on the Al surface aer the removal of the oxide layer
prepared in the rst anodization generates an ordered hole
array structure during the second anodization.22 This work is
the rst report in which a highly ordered hole arrangement has
been achieved during the anodization of small Al particles. The
preparation of composite nanoporous spheres loaded with Au
nanoparticles, and their application as a substrate for surface-
enhanced Raman scattering (SERS) measurements originating
from localized surface plasmon resonance, was also
investigated.
Experimental

Fig. 1 shows a schematic illustration of the process used to
prepare ordered porous alumina spheres by the two-step
anodization of Al particles. In this study, spherical Al particles
(with an average diameter of 96 mm and a purity of 99.99%,
Fukuda Metal Foil and Powder Co., Japan) were used as
a starting material. Prior to the anodization, the Al particles
were etched using amixed solution of 1.8 wt% chromic acid and
6 wt% phosphoric acid to remove the native oxide layer on their
surfaces. The pretreated Al particles (1 g) were packed into
a cylindrical holder made from nylon mesh with a hole size of
75 mm. A cylindrical Al electrode was then set on top of the
packed Al particles under an appropriate pressure, and was held
in position during the anodization process to ensure the elec-
trical connection between the Al particles. Pressure was applied
by a mass of 5 kg cm�2. The two-step anodization process re-
ported previously was adopted to prepare ordered anodic
porous alumina on the surface of the Al particles.22 In this
process, a rst long period of anodization and subsequent
removal of the oxide layer formed in the rst period of anod-
ization generated ordered concave arrays on the surface of the
Al substrate. The ordered anodic porous alumina structure was
RSC Adv., 2018, 8, 2041–2047 | 2041
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Fig. 1 Illustration of the process used to prepare nanoporous spheres
with an ordered hole arrangement by two-step anodization of Al
particles; (a) packing of Al particles, (b) first anodization, (c) removal of
oxide layer and packing of Al particles, and (d) second anodization.

Fig. 2 Illustration of the process used to prepare composite spheres
loaded with Au nanoparticles on their surfaces; (a) Au/alumina
composite spheres formed by electrolytic deposition of Au, and (b)
Au/alumina composite hollow spheres formed by chemical deposition
of Au.
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obtained by a second anodization of the textured Al substrate
using the same anodizing conditions as for the rst anodiza-
tion; the shallow concave structures formed in the rst period of
anodization acted as starting points for the development of
holes. In the present experiments, the rst anodization of the Al
particles was carried out in a 0.3 M sulfuric acid solution under
a constant voltage of 25 V at 17 �C for 60 min.23 The oxide layer
formed by the rst anodization was dissolved in a mixed solu-
tion of chromic acid and phosphoric acid. Aer the etching, the
Al particles were rinsed in distilled water and then repacked
into the cylindrical holder for the second anodization. The
second anodization of the Al particles was performed for 2 min,
using the same conditions as for the rst anodization.

Fig. 2 shows a schematic illustration of the processes used to
prepare two types of composite spheres loaded with Au nano-
particles: Au/alumina composite spheres are shown in Fig. 2(a),
and Au/alumina composite hollow spheres are shown in
Fig. 2(b).
2042 | RSC Adv., 2018, 8, 2041–2047
Au/alumina composite spheres were prepared by the elec-
trolytic deposition of Au into the holes of the anodic porous
alumina, using an electrolyte containing 1 g L�1 of HAuCl4 and
7 g L�1 of H2SO4. Aer the anodization, the Al particles were
rinsed with distilled water and immersed in the Au plating
solution while still packed in the holder to maintain their
packing structure. The Au electrodeposition was carried out
using alternating current (AC) electrolysis, which was per-
formed at 15 V for 5 min. The Au/alumina composite spheres
were nally obtained by rinsing with distilled water and drying
in air.

For the preparation of the Au/alumina composite hollow
spheres, the residual Al in the anodized Al particles was dis-
solved by immersing the particles in a saturated iodine meth-
anol solution at 50 �C for 12 h. In this process, the contacting
portions of the Al particles were not anodized because it was
difficult for the electrolyte to penetrate into these areas.
Residual Al could leach out from the un-anodized parts of the
particles. The formation of Au nanoparticles on the hollow
spheres was carried out through chemical deposition using an
aqueous solution containing 3.3 mM HAuCl4, which was
adjusted to pH 7 using NaOH.24 The alumina hollow spheres
were immersed in the solution at 70 �C for 24 h, and then
This journal is © The Royal Society of Chemistry 2018
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washed with distilled water. The samples were then annealed at
300 �C for 1 h to form Au nanoparticles on the surface of the
alumina hollow spheres. The obtained samples were observed
using a scanning electron microscope (SEM; JEOL JSM-6700F).
SERS measurements were carried out using Raman spectro-
scopic apparatus (JASCO NRS-2000), using an He–Ne laser for
excitation.
Fig. 4 Cross-sectional SEM images of anodic porous alumina ob-
tained by anodization performed for (a) 10, (b) 30, and (c) 60 min. (d)
Relationship between anodization time and thickness of porous
alumina.
Results and discussion

Fig. 3 shows SEM images of the Al particles aer the rst
anodization. Aer anodization, the particles were easily isolated
from each other, as shown in Fig. 3(a). The surface SEM image
in Fig. 3(b) shows that anodic porous alumina with a disordered
hole arrangement was formed on the surface of the Al particles.

The ordering degree of a hole arrangement in anodic porous
alumina depends on the thickness of the oxide layer.23 To form
a highly ordered anodic porous alumina on the surface of the Al
particles, controlling the thickness of the oxide layer was
important. Here, thickness of the oxide layer was controlled by
changing the anodization time. Fig. 4(a)–(c) show cross-
sectional SEM images of the anodic porous alumina with
Fig. 3 SEM images of the Al particles after the first anodization; (a)
low-magnification, and (b) high-magnification view.

This journal is © The Royal Society of Chemistry 2018
different thickness prepared by anodization for 10, 30, and
60 min, respectively. The SEM images in Fig. 4(a)–(c) conrmed
that the thickness of the oxide layer increased with anodization
time. Fig. 4(d) shows the relationship between the anodization
time and the thickness of the oxide layer formed on the surface
of the Al particles. The SEM observations indicated that the
variation in the thickness of the oxide layer in each particle was
small. However, the variation in thickness between particles
was relatively large aer 30 min of anodization. We believe that
this variation was caused by the experimental setup used for the
present study. Particularly, the anodization of the Al particles
was stopped when electrical disconnection occurred as a result
of movement of the particles in the holder during the anod-
ization process. The variation in thickness could be improved
by making improvements to the holder used for the anodization
of the Al particles.

Fig. 5(a)–(c) show SEM images of the anodic porous alumina
obtained by the two-step anodization of the Al particles, which
was performed for 10, 30, and 60 min, respectively. From the
SEM observation of Al particles aer etching treatment, it was
conrmed that the oxide layer formed by the rst anodization
was dissolved completely. In our previous works using an Al
plate, we reported that the ordered anodic porous alumina
could be prepared by long term anodization because the
ordering degree of hole arrangement in anodic porous alumina
increased with increasing the hole depth, which was dependent
on the anodization time.23,25 In the case of the anodization of Al
particles, the degree of order in the hole arrangement in the
anodic porous alumina also increased with anodization time.
The hole periodicity of the obtained porous alumina was 63 nm.
This value was in good agreement with that observed for anodic
porous alumina formed on the surface of an Al sheet.23 Using
the present process, a large number of nanoporous spheres with
an ordered hole arrangement on their surfaces could be
RSC Adv., 2018, 8, 2041–2047 | 2043
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Fig. 5 SEM images of anodic porous alumina prepared by the two-
step anodization, with first anodization time of (a) 10, (b) 30, and (c)
60 min.

Fig. 6 SEM images of ordered anodic porous alumina with different
hole periodicity of (a) 45, (b) 63, and (c) 100 nm.
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obtained simultaneously. In our previous study, it was
conrmed that the porous oxide layer could be formed on the
surface of Al particles with less than 10 mm in diameter by the
anodization process reported here.17 This indicates that the
preset process can be applied to the preparation of ordered
porous alumina spheres with less than several microns in
diameter.

The hole periodicity of the anodic porous alumina could be
controlled by adjusting the anodization voltage. Fig. 6(a)–(c)
2044 | RSC Adv., 2018, 8, 2041–2047
show SEM images of ordered anodic porous alumina with
different hole periodicities of 45, 63, and 100 nm, respectively.
For these samples, the two-step anodization of the Al particles
was carried out under a constant voltage of 18, 25, and 40 V,
respectively.19,23,25 In all cases, ordered anodic porous alumina
was formed on the surface of the Al particles. Form the SEM
observation, it was conrmed that the depth of the pore in
obtained ordered nanoporous spheres shown in Fig. 6 were
500 nm. The depth of the pore could be controlled by adjusting
the anodization time. From these results, we concluded that the
present process is useful for the high-throughput preparation of
ordered nanoporous spheres with controlled hole periodicity.

Various metals or semiconductors can be deposited into the
holes of anodic porous alumina by electrolytic deposition.26–28

The present process was combined with electrolytic deposition
to prepare composite spheres with nanoholes loaded with
different nanoparticles. Fig. 7 shows Au/alumina composite
spheres prepared using AC electrolysis to deposit Au
This journal is © The Royal Society of Chemistry 2018
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Fig. 7 Au/alumina composite spheres obtained by electrolytic depo-
sition of Au nanoparticles into the holes of the alumina layer; (a) optical
microscope image, (b) cross-sectional SEM image of the porous
alumina layer.

Fig. 8 Ordered porous alumina hollow spheres obtained by removal
of residual Al; (a) optical microscope image, and (b) low-magnification
and (c) high-magnification SEM images.
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nanoparticles into the alumina holes. Aer the deposition of
the Au, the color of the spheres changed from silver to red, as
shown in Fig. 7(a). This color change was caused by the surface
plasmon absorption of the Au nanoparticles deposited in the
holes of the alumina layer. Fig. 7(b) shows a cross-sectional SEM
image of the porous alumina layer aer the Au deposition.
Uniformly-sized, roughly cylindrical Au nanoparticles were
produced in the bottom region of the alumina holes. The
average diameter and height of the Au nanoparticles were
determined to be 40 and 110 nm, respectively. The height of the
Au nanoparticles could be controlled by adjusting the electrol-
ysis time.

Porous alumina hollow spheres were also obtained by the
removal of residual Al from the particles in an etchant. The
optical microscope image shown in Fig. 8(a) conrmed that
transparent spheres were obtained. The spherical shape of the
Al particles was maintained even aer the removal of Al. Micro-
sized holes were observed in each sphere, as shown in Fig. 8(b).
These holes corresponded to the regions of contact between
particles during the anodization process; the residual Al was
dissolved from the unoxidized regions of the Al particles in the
etchant. The surface SEM images in Fig. 8(c) showed that the
This journal is © The Royal Society of Chemistry 2018
shell of the hollow spheres was composed of ordered anodic
porous alumina layer with a hole periodicity of 63 nm.

Chemical deposition also proved to be an effective technique
for the preparation of composite spheres.29,30 Fig. 9 shows Au/
alumina composite hollow spheres formed through the chem-
ical deposition of Au nanoparticles on the surface of the
alumina hollow spheres. Transparent red spheres were
observed in the optical microscope image shown in Fig. 9(a).
The spherical shape of the alumina hollow spheres was main-
tained aer the Au deposition treatment, as shown in Fig. 9(b).
Fig. 9(c) shows an SEM image of the surface of the composite
hollow spheres. Au nanoparticles with a diameter of 10 to 40
were formed on the surface of the alumina hollow spheres. The
preparation of hollow spheres with ordered pores permeating
through the whole shell thickness will be prepared by the
electrodeposition of ametal into pores and subsequent selective
etching of residual Al.
RSC Adv., 2018, 8, 2041–2047 | 2045
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Fig. 9 Au/alumina composite hollow spheres obtained by chemical
deposition of Au nanoparticles on their surfaces; (a) optical micro-
scope image, and (b) low-magnification and (c) high-magnification
SEM images.
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The obtained Au composite spheres were applied as
a substrate for SERS measurements. Fig. 10 shows Raman
spectra of pyridine molecules measured using alumina hollow
spheres with and without Au nanoparticles on their surfaces.
The Raman spectra were measured aer dipping the hollow
spheres in a solution of pyridine, and drying in air. No signals
were observed in the spectrum of the alumina hollow spheres.
In contrast, two very large signals corresponding to the pyridine
Fig. 10 SERS spectra of pyridine.

2046 | RSC Adv., 2018, 8, 2041–2047
were observed in the spectrum of the Au/alumina composite
hollow spheres.31 This conrmed that the Au/alumina
composite hollow spheres acted as an effective substrate for
the SERS measurements. The three-dimensionally assembled
composite hollow spheres could also be used as a SERS
substrate, owing to their transparency. It is expected that the
assembled structures will provide an improved substrate for the
realization of ultramicroanalysis because of their large surface
area.
Conclusion

Nanoporous spheres with a hexagonally arranged array of
uniform-sized holes on their surface were prepared by two-step
anodization of small Al particles. The hole periodicity in the
ordered anodic porous alumina formed on the surface of the Al
particles was controlled by adjusting the anodization condi-
tions. Composite spheres loaded with Au nanoparticles were
also obtained through electrolysis or chemical deposition. The
obtained Au/alumina composite hollow spheres were used as
a substrate for SERS measurements. The ordered nanoporous
spheres and composite spheres obtained using the present
process can be used in a variety of applications as catalysts, drug
carriers, and SERS substrates.
Conflicts of interest

There are no conicts to declare.
References

1 D. A. Edwards, J. Hanes, G. Caponetti, J. Hrkach, A. Ben-
Jebria, M. L. Eskew, J. Mintzes, D. Deaver, N. Lotan and
R. Langer, Science, 1997, 276, 1868.

2 S. W. Kim, M. Kim,W. Y. Lee and T. Hyeon, J. Am. Chem. Soc.,
2002, 124, 7642.

3 L. R. Hirsch, J. B. Jackson, A. Lee, N. J. Hales and J. L. West,
Anal. Chem., 2003, 75, 2377.

4 K. T. Lee, Y. S. Jung and S. M. Oh, J. Am. Chem. Soc., 2003,
125, 5652.

5 C. Lai, B. G. Trewyn, D. M. Jeinija, K. Jeinija, S. Xu,
S. Jeinija and S. Lin, J. Am. Chem. Soc., 2003, 125, 4451.

6 J. Chen, H. Ding, J. Wang and L. Shao, Biomaterials, 2004, 25,
723.

7 H. Kim, B. Han, J. Choo and J. Cho, Angew. Chem., Int. Ed.,
2008, 47, 10151.

8 K. M. L. Taylor, J. S. Kim, W. J. Rieter, H. An, W. Lin and
W. Lin, J. Am. Chem. Soc., 2008, 130, 2154.

9 C. Sun, S. Rajasekhara, J. B. Goodnough and F. Zhou, J. Am.
Chem. Soc., 2011, 133, 2132.

10 Y. Wang, A. S. Angelaltos and F. Caruso, Chem. Mater., 2008,
20, 848.

11 Y. Lu, H. Fan, A. Stump, T. L. Ward, T. Rieker and
C. J. Brinker, Nature, 1999, 398, 223.

12 S. B. Yoon, K. Sohn, J. Y. Kim, C. Shin, J. Yu and T. Hyeon,
Adv. Mater., 2002, 14, 19.
This journal is © The Royal Society of Chemistry 2018

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra12340j


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Ja

nu
ar

y 
20

18
. D

ow
nl

oa
de

d 
on

 4
/4

/2
02

6 
9:

51
:4

6 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
13 I. W. Lenggoro, B. Xia and K. Okuyama, Langmuir, 2002, 18,
4584.

14 Y. Zhang, E. Shi, Z. Chen, X. Li and B. Xiao, J. Mater. Chem.,
2006, 16, 4141.

15 J. Yu, H. Guo, S. A. Davis and S. Mann, Adv. Funct. Mater.,
2006, 16, 2035.

16 A. Stein, F. Li and N. R. Denny, Chem. Mater., 2008, 20, 649.
17 T. Yanagishita, S. Kimura, K. Nishio and H. Masuda, Appl.

Phys. Express, 2008, 1, 084001.
18 T. Yanagishita, M. Imaizumi, K. Kondo and H. Masuda, RSC

Adv., 2015, 5, 41830.
19 H. Masuda and K. Fukuda, Science, 1995, 268, 1466.
20 W. Wei, J. M. Macak and P. Schmuki, Electrochem. Commun.,

2008, 10, 428.
21 P. Roy, S. Berger and P. Schmuki, Angew. Chem., Int. Ed.,

2011, 50, 2904.
22 H. Masuda and M. Satoh, Jpn. J. Appl. Phys., 1996, 35, L126.
This journal is © The Royal Society of Chemistry 2018
23 H. Masuda, F. Hasegawa and S. Ono, J. Electrochem. Soc.,
1997, 144, L127.

24 M. Haruta, N. Yamada, T. Kobayashi and S. Iijima, J. Catal.,
1989, 115, 301.

25 H. Masuda, M. Nage, T. Morikawa and K. Nishio, Jpn. J. Appl.
Phys., 2006, 45, L406.

26 K. Nielsch, F. Müller, A. Li and U. Gösele, Adv. Mater., 2000,
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