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Fabrication of nanoparticle assemblies with a
controlled number of constituent nanoparticles
by membrane emulsification using anodic
porous alumina

Takashi Yanagishita, 2 * Kantaro Yuda,® Toshiaki Kondo® and Hideki Masuda®

Nanoparticle assemblies with a controlled number of constituent nanoparticles were fabricated by
membrane emulsification using an agueous solution containing silica or Au nanoparticles as dispersed
phases. For membrane emulsification, ideally ordered anodic porous alumina with extremely uniform-
sized pores was used as an emulsification membrane to control the droplet size precisely. The
nanoparticle assemblies were formed when droplets containing nanoparticles obtained by membrane
emulsification dried up through solubilization in the continuous phase. In this process, the number of
constituent nanoparticles in the assemblies could be controlled by changing the concentration of
nanoparticles in the dispersed phase and the pore size of anodic porous alumina. Optimizing the
concentration of nanoparticles in the dispersed phase and the pore size of anodic porous alumina also
confirmed the preferential formation of dimers and trimers of nanoparticles. The Au nanoparticle
assemblies obtained by this process could be applied to substrates for enhanced Raman scattering

rsc.li/materials-advances

Introduction

Fine particle assemblies, which are aggregates of submicrom-
eter- to nanometer-scale particles, are expected to be applied to
various functional devices, including photonic crystals and
sensors, owing to their unique geometrical structures.’™* In
particular, Au nanoparticle assemblies have potential applica-
tions in optical devices because their optical properties depend
on the number of particles.”> " For example, Au nanoparticle
assemblies can be used as substrates for surface-enhanced
Raman scattering measurement owing to the extremely strong
enhancement of the incident electric field formed in small gaps
between Au nanoparticles.'®'® If the formation of Au nanopar-
ticle assemblies with a controlled number of nanoparticles
becomes possible, it can be applied to various functional
devices because the optical properties can be controlled by
changing the number of Au nanoparticles. Several methods
have been reported on the preparation of particle assemblies
with a controlled number of particles, including the template
process, microfluidic methods, and separation methods by
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because of the enhanced photoelectric field formed between Au particles.

centrifugation or chromatography.>*>® For example, it was
reported that particle assemblies could be formed by trapping
particles in depressions formed on a substrate surface that
serves as a template. In this process, the number of particles
constituting an assembly can be controlled by changing the
depression size formed on template substrates. However, this
method is time-consuming because it requires the use of
capillary force of the solution to trap the particles in the
depressions on the substrate, making it difficult to fabricate
assemblies efficiently. A method to fabricate particle assem-
blies using microfluidic channels has also been reported.
However, fabricating multiple arrays of microfluidic channels
is difficult and problematic in terms of fabrication efficiency.
On the other hand, as an efficient method to produce particle
assemblies, it has been reported that particle assemblies with a
random number of constituent particles are produced in
advance, and then the assemblies with a uniform number of
constituent particles are separated and purified using techni-
ques such as centrifugal separation. However, this method has
the problem that the number of particles in the resulting
assemblies cannot be accurately controlled because of the
difficulty of separation. A method that enables the efficient
fabrication of assemblies with a controlled number of particles
has not been established.

A possible method of producing assemblies of a controlled
number of particles is to use droplets of a suspension with a
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definite concentration of particles. Through the formation of a
droplet with a diameter of several tens of micrometers contain-
ing fine particles using a single syringe, particle assemblies can
be formed by drying.® In this process, the uniformity of droplet
sizes is essential for the control of the number of particles
within the droplet. To form nanometer-scale assemblies, the
droplet size should be reduced. The relationship between
droplet size and particle assembly size is important because if
the droplet size is too large compared to the size of the particle
assembly to be fabricated, multiple assemblies may be formed
from a single droplet. Therefore, we believe it is important to
reduce the droplet size when fabricating fine assemblies using
nanoparticles. In addition, the use of multiple nozzles is
desirable for the efficient preparation of the assemblies. We
have been investigating membrane emulsification using
ordered anodic porous alumina for the preparation of mono-
disperse droplets with controlled size on the nanometer
scale.>*>® Membrane emulsification is a method for droplet
formation in which a dispersed phase is extruded into a
continuous phase through the pores of an emulsification
membrane.”” Since the droplet size obtained by membrane
emulsification depends on the pore size of the emulsification
membrane, monodisperse emulsion droplets can be prepared
by membrane emulsification using a membrane with uniform-
sized pores. Anodic porous alumina is a nanohole array mate-
rial obtained by the anodization of Al in an acidic or basic
electrolyte. Ordered nanohole arrays composed of uniform-
sized cylindrical pores can be obtained by anodization under
appropriate anodizing conditions.?®**° In addition, the use of a
depression pattern at the Al surface by texturing using a mold
can produce anodic porous alumina with an ideally arranged
array of cylindrical pores because each depression serves as a
starting point for pore generation.>>*' The pore size uniformity
of anodic porous alumina increases with the regularity of pore
arrangement, so the pore size uniformity of ideally ordered
anodic porous alumina is significantly high.?>> Owing to its high
pore size uniformity, ideally ordered anodic porous alumina is
a suitable material for emulsification membranes to form
droplets with uniform sizes. In our previous works, we showed
that membrane emulsification using ideally ordered anodic
porous alumina can generate monodisperse emulsion droplets
with desired sizes depending on the pore size of anodic porous
alumina.>*?%%

In this study, we investigated the preparation of nanoparti-
cle assemblies with a controlled number of nanoparticles by
membrane emulsification using ideally ordered anodic porous
alumina. Here, we first studied membrane emulsification using
an aqueous suspension of silica particles as a dispersed phase
as a model system for the fabrication of nanoparticle assem-
blies with a controlled number of nanoparticles. The method
reported in this paper is promising as an efficient technique for
producing particle assemblies because the droplets that serve
as templates for assembly formation are formed continuously
through a dense array of pores in an anodic porous alumina
membrane. In addition, the number of constituent particles
can also be controlled by changing the droplet size or the
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concentration of particles in the dispersed phase. The present
process is superior to conventional methods because it com-
bines both control of the number of constituent particles and
efficient production of assemblies. We also attempted to con-
trol the number of nanoparticles at the assemblies by changing
the droplet size and concentration in the dispersed phase. Next,
we investigated the fabrication of Au nanoparticle assemblies
with a controlled number of nanoparticles by using an aqueous
suspension of Au nanoparticles as a dispersed phase for
membrane emulsification. The application of the obtained Au
nanoparticle assemblies to the substrate for the measurement
of surface-enhanced Raman scattering was also investigated.
The nanoparticle assemblies with a controlled number of
nanoparticles obtained by the present process will be applied
to various functional devices, such as sensors, and catalysts,
in addition to substrates for the measurement of surface-
enhanced Raman scattering.

Experimental

Fig. 1 shows a schematic of the process of preparing nanopar-
ticle assemblies by membrane emulsification using ideally
ordered anodic porous alumina. Al sheets (99.99% purity)
annealed at 450 °C for 1 h were used to prepare ideally ordered
anodic porous alumina. Al sheets were electrochemically
polished in a mixture of 80 vol% ethanol and 20 vol% per-
chloric acid at 0 °C for 4 min under a constant current of 0.1 A
ecm 2. An ordered depression pattern with a period of 500 nm
was formed at the surface of the Al sheet by texturing using a Ni
mold with an ideally hexagonal pattern of protrusions with a
period of 500 nm. The Al sheet with the depression pattern was
anodized in 0.1 M phosphoric acid at 0 °C under a constant
voltage of 200 V for 90 min using a multirange DC power supply
(PSW-720H800Y1H, Texio Technology Co., Japan). After anodiza-
tion, the residual Al was dissolved selectively using a saturated
iodine methanol solution, and the bottom of the alumina layer,
which is the barrier layer, was removed by Ar ion milling. The pore
size of the resulting alumina through-hole membrane was adjusted
by etching with 10 wt% phosphoric acid at 30 °C. Prior to
membrane emulsification, the surface of the alumina membrane
was hydrophobically treated with octadecyltrichlorosilane.

For the fabrication of silica nanoparticle assemblies, a
commercially available suspension of silica nanoparticles with
a diameter of 80 nm (Cataloid SI-80P, JGC Catalysts and
Chemical Ltd, Japan; 40 wt% SiO,, 0.5 wt% NaO,, 59.5%
H,0) was used as a dispersed phase for membrane emulsifica-
tion. A kerosene-containing surfactant (2 wt% CR-310 and
1 wt% span 80) was used as a continuous phase. Emulsion
droplets were formed by extruding the dispersed phase through
the pores of the alumina membrane into the continuous phase
by pressurization with N, gas. The resulting emulsion was
heated at 70 °C for 1 h to solubilize the aqueous phase in the
droplets into the continuous phase, thereby agglomerating the
silica nanoparticles in the droplets. In this study, we attempted
to control the number of silica nanoparticles in the assemblies

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic of the preparation process for the nanoparticle assem-
blies by membrane emulsification using anodic porous alumina.

by controlling the concentration of silica nanoparticles in the
dispersed phase and the pore size of the alumina membrane.

Au nanoparticle assemblies were prepared using a commercially
available aqueous solution as a dispersed phase, in which Au
nanoparticles had an average diameter of 50 nm (Immunochro-
mato gold colloids WRGH1, Wineredchemical Co., Japan; 1 wt%
Au). As with the silica nanoparticle assemblies, the Au nanoparticle
assemblies were prepared by forming emulsion droplets in the
kerosene-containing surfactant and heating the resulting emulsion.

The nanoparticle assemblies formed in kerosene solution by
heat treatment were trapped on a filter (Anodisc with 0.1 pm
pores, Whatman International Ltd), washed with hexane, and
observed by scanning electron microscopy (SEM; JSM-7500F,
JEOL). The intensity of the photoelectric field of the Au nano-
particle assemblies was simulated using the finite-difference
time domain (FDTD) method. A Raman microscope (NRS-2000,
JASCO, Japan) equipped with a He-Ne laser (4 = 633 nm) was

© 2023 The Author(s). Published by the Royal Society of Chemistry
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used for the Raman measurement of pyridine with Au nano-
particle assemblies as substrates. The laser spot size and laser
power were 5 um and 0.9 mW.

Results and discussion

Fig. 2(a) shows an SEM image of the silica particles used to
form the nanoparticle assemblies. The silica nanoparticles
dispersed in the aqueous solution used as the dispersed phase

Fig. 2 (a) SEM image of silica nanoparticles used to form assemblies. SEM
images of silica nanoparticle assemblies: (b) low and (c) high
magpnifications.

Mater. Adv., 2023, 4, 4369-4376 | 4371
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Fig. 3 SEM images of silica nanoparticle assemblies fabricated using dispersed phases with silica hanoparticle concentrations of (a) 1.3, (b) 4, and

(c) 20 wt%.

were filtered and observed. From the SEM image, it was
confirmed that each particle did not form aggregates and was
dispersed as an isolated particle in the dispersed phase.
Fig. 2(b) and (c) show the low- and high-magnification SEM
images of silica nanoparticle assemblies fabricated by
membrane emulsification using ideally ordered anodic porous
alumina with a pore size of 280 nm. For membrane emulsifica-
tion, 40 wt% silica nanoparticle solution was used as a dis-
persed phase. The thickness of the anodic porous alumina
membrane used for the emulsification was 20 pm. In the
emulsification using this membrane, the formation of emul-
sion droplets was carried out at 150 kPa. This pressure was the
critical pressure at which droplets started to form from the 280
mn diameter pored of the alumina membrane. The SEM
images show the formation of uniform-sized spherical silica
nanoparticle assemblies. As observed from the SEM image, the
nanoparticles were regularly arranged on the surface of the
resulting assemblies. This is believed to be due to the for-
mation of a close-packed structure of silica nanoparticles as
water solubilizes from the droplet formed by membrane emul-
sification into the continuous phase, and the droplet size
decreases. The assembled structures of silica nanoparticles
could be retained even after trapping on the filter and washing
with hexane. From the SEM images, the average diameter of the
resulting silica nanoparticle assemblies was measured to be
1.3 um. Assuming that the silica nanoparticles are packed
without gaps inside the assembly, the number of nanoparticles
in the aggregate was estimated to be about 4000. The droplet
size formed by the membrane emulsification is larger than the
pore size of the emulsification membrane.>® Optical micro-
scopy confirmed that the size of the water droplets formed from

4372 | Mater. Adv, 2023, 4, 4369-4376

pores with a diameter of 280 nm was approximately 1.8 um.
Therefore, the result that the size of the nanoparticle assem-
blies obtained by drying the droplets is 1.3 um is considered
reasonable. In our previous study, we found that in the
membrane emulsification using anodic porous alumina, the
droplet size obtained does not change even when the pressure
is increased by about 100 kPa above the critical pressure at
which the dispersed phase begins to be extruded from the
pores.*®* This indicates that the droplet size obtained in
the membrane emulsification depends on the pore size of the
emulsification membrane, not on the pressure. In this study,
the formation of emulsion droplets by membrane emulsifica-
tion was carried out at critical pressure. If the extrusion
pressure was not excessively high, the number of nanoparticles
in the resulting assemblies did not change with varying
pressure.

Fig. 3 shows the results of the preparation of nanoparticle
assemblies using silica nanoparticle dispersions with silica
concentrations of (a) 1.3, (b) 4, and (c) 20 wt%. The concen-
tration of the silica nanoparticle suspension was adjusted by
dilution with distilled water. In this experiment, ideally ordered
anodic porous alumina with a pore size of 280 nm was used as
an emulsification membrane. The SEM images show that
spherical nanoparticle assemblies are formed regardless of
the silica nanoparticle concentration of the dispersed phase.
The size of the obtained nanoparticle assemblies was observed
to decrease as the silica nanoparticle concentration of the
dispersed phase decreased. The average diameters of the
nanoparticle assemblies obtained at silica nanoparticle con-
centrations of 1.3, 4, and 20 wt% in a dispersed phase were 450,
760, and 1050 nm, respectively. The number of nanoparticles

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 SEM images of ideally ordered anodic porous alumina used as an emulsification membrane and resulting silica nanoparticle assemblies. The pore

sizes of anodic porous alumina were (a) 280, (b) 185, and (c) 130 nm.

was estimated from the diameters of the nanoparticle assem-
blies to be 30, 630, and 1670. In our previous studies, it has
been confirmed that the size of emulsion droplets obtained by
membrane emulsification using anodic porous alumina
depends on the pore size of the anodic porous alumina.>*2®
Therefore, the size of an emulsion droplet containing
silica nanoparticles is expected to be the same even when the
concentration of silica nanoparticles in the dispersed phase was
different because the pore size of anodic porous alumina used as
an emulsification membrane was the same. This indicates that
the number of silica nanoparticles in the droplets formed by
membrane emulsification can be controlled by adjusting the
concentration of nanoparticles in the dispersed phase, thus
making it possible to control the number of nanoparticles con-
stituting the resulting nanoparticle assembly.

Fig. 4 shows the results of the formation of silica nanopar-
ticle assemblies by membrane emulsification using ideally
ordered anodic porous alumina with pore sizes of (a) 280, (b)
185, and (c) 130 nm. For membrane emulsification, a silica
nanoparticle suspension with a silica concentration of 5 wt%
was used. The SEM image in Fig. 5 shows that spherical
nanoparticle assemblies are obtained even when the pore size
of anodic porous alumina is varied. The diameter of the
resulting nanoparticle assemblies decreases as the pore size
of the anodic porous alumina decreases. The diameters of the
nanoparticle assemblies were 800, 520, and 250 nm, and the
number of nanoparticles constituting the assemblies was esti-
mated to be 740, 200, and 15, respectively. In membrane
emulsification, the droplet size obtained depends on the pore
size of the emulsification membrane. This means that the
number of nanoparticles in an assembly can be controlled by
changing the size of emulsion droplets.

© 2023 The Author(s). Published by the Royal Society of Chemistry

As shown in Fig. 3 and 4, it was found that the number of
nanoparticles in an assembly can be controlled by changing the
concentration of silica nanoparticles in the dispersed phase or
the droplet size. On the basis of these results, we attempted to
fabricate dimers and trimers of silica nanoparticles by adjust-
ing the concentration of silica nanoparticles in the dispersed
phase and the pore size of the anodic porous alumina. Fig. 5(a)
and (b) show the SEM images of silica nanoparticle assemblies
obtained by membrane emulsification using ideally ordered
anodic porous alumina with a pore size of 130 nm and silica
nanoparticle concentrations of (a) 0.4 and (b) 0.7 wt% in the
dispersed phase. The resulting silica nanoparticle assemblies
were trapped on the filters; (a) Anodisc with 0.02 um pores
(Whatman Ltd) and (b) Anodisc with 0.1 um pores (Whatman
Ltd). The SEM images show that dimers and trimers of silica
nanoparticles are formed, although not completely. Fig. 5(c)
shows a histogram of the number of nanoparticles in the
nanoparticle assemblies obtained at each silica concentration.
When the silica nanoparticle concentration was 0.4 wt%, the
frequency of dimer formation was higher than that of trimer
formation. When the solution with a silica concentration of
0.7 wt% was used for membrane emulsification, the frequency
of trimer formation was higher than that of formation dimer.
These results indicate that the frequencies of dimer and trimer
formations can be controlled by changing the concentration of
silica nanoparticles in the dispersed phase and the pore size of
anodic porous alumina.

One application of nanoparticle assemblies with a controlled
number of nanoparticles is the control of the photoelectric field
on the surface of the nanoparticles. Fig. 6 shows the images of the
photoelectric field enhancement obtained by simulation using the
FDTD method when plasmon excitation is applied to (a) a dimer

Mater. Adv.,, 2023, 4, 4369-4376 | 4373
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Fig. 5 SEM images of (a) dimers and (b) trimers of silica nanoparticles obtained by membrane emulsification. (c) Histogram of the number of
nanoparticles in the nanoparticle assemblies obtained at different silica nanoparticle concentrations.
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Fig. 6 Images of the photoelectric field enhancement obtained by simulation using the FDTD method when plasmon excitation is applied to (a) dimer
and (b) trimer of Au nanoparticles.
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Fig. 7 SEM images of Au nanoparticle assemblies prepared by membrane emulsification using (a) 1 wt% and (b) 0.2 wt% Au nanoparticles dispersion

solution as dispersed phases. (c) Raman spectra of pyridine.

and (b) a trimer of Au nanoparticles. From Fig. 6, it was observed
that very enhanced photoelectric fields are formed between the Au
nanoparticles. The intensity of the photoelectric field was esti-
mated to be enhanced 5-fold in the dimer and 40-fold in the
trimer. This result suggests that controlling the number of Au
nanoparticles in an Au nanoparticle assembly can improve its
photoelectric properties.

Fig. 7(a) and (b) show the SEM images of Au nanoparticle
assemblies fabricated by membrane emulsification using Au
nanoparticle dispersion solution as a dispersed phase. For
membrane emulsification, (a) 1 wt% and (b) 0.2 wt% Au
nanoparticle dispersion solutions diluted with distilled water
were used. Ideally ordered anodic porous alumina with a pore
size of 130 nm was used as an emulsification membrane. The
SEM images show the formation of Au nanoparticle assemblies
in both samples. In addition, the number of Au nanoparticles

© 2023 The Author(s). Published by the Royal Society of Chemistry

constituting an assembly was observed to be smaller when the
concentration of Au nanoparticles in the dispersed phase was
lower. The frequency of trimer formation was observed to
increase when the concentration of Au nanoparticles in the
dispersed phase was 0.2 wt%. Fig. 7(c) shows the Raman
spectra of pyridine measured using isolated Au nanoparticles
and Au nanoparticle assemblies as substrates. The Au nano-
particle assemblies prepared under the conditions shown in
Fig. 7(b) were used in this experiment. Raman spectra were
measured after the dropped pyridine and dried up on filter
substrates with trapped isolated Au nanoparticles or Au nano-
particle assemblies. From the measured Raman spectra, no
peaks attributable to pyridine were observed for isolated Au
nanoparticles. However, the distinct peaks originating from
pyridine were observed when Au nanoparticle assemblies were
used as substrates. This is due to the effect of the light-

Mater. Adv,, 2023, 4, 4369-4376 | 4375
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enhanced photoelectric field of the Au nanoparticle assemblies,
which enhanced Raman scattering.

Conclusions

Silica nanoparticle assemblies were formed by membrane
emulsification using ideally ordered anodic porous alumina
and the subsequent drying of obtained droplets in the contin-
uous phase. It was shown that it is possible to control the
number of silica nanoparticles in the resulting assemblies by
changing the concentration of silica nanoparticles in the dis-
perses phase and the pore size of ideally ordered anodic porous
alumina. This process was also effective in fabricating Au
nanoparticle assemblies with a controlled number of Au nano-
particles by using an aqueous solution containing suspended
Au nanoparticles as the dispersed phase. The Raman spectra of
pyridine were measured using the obtained Au nanoparticle
assemblies, and it was observed that the Raman scattering of
pyridine was enhanced owing to the effect of the enhanced
photoelectric field associated with the formation of the Au
nanoparticle assemblies. This process is expected to make it
possible to produce nanoparticle assemblies with a controlled
number of nanoparticles of various materials, including
metals, semiconductors, and polymers, by using a solution
containing a suspension of various nanoparticles as the dis-
persed phase in membrane emulsification. The nanoparticle
assemblies with a controlled number of nanoparticles obtained
by this process can be applied as key materials for fabricating
various functional nanodevices.
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