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in Anodic Aluminum Oxide Channels by Electrophoretic Deposition
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Reproducible alignment and complete inclusion of ordered mesoporous structures into anodic aluminum
oxide (AAO) is still a challenging nanofabrication process. Hierarchical nanostructures of ordered
mesoporous silica (OMS) in AAO channels were prepared directly on conducting substrates by
electrophoretic deposition of colloidal silica nanoparticles in sols containing a structure directing agent.
The mesoporous silica structures were found to be highly dependent on the magnitude of the applied
electric field and moderately dependent on the overall deposition time. At low applied voltages, disordered
porous tubules are formed. At an applied voltage of 5 V and deposition times in excess of 7 h, ordered
mesoporous silicas fill the AAO channels, and the OMS pores display the onset of axial alignment with
respect to the AAO pore. The deposition of the mesoporous silica structures with preferential axial
alignment on conductive supports is described by a new self-assembly mechanism based on selective
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solvent exclusion due to confined particle packing of colloidal silica.

Introduction

The fabrication of nanostructures with large aspect ratios
and diameters below 10 nm is a rapidly emerging area of
interest in many fields of engineering and science. For
example, the assembly of conducting, semiconducting,
magnetic, and photonic materials via ordered porous tem-
plates is an attractive means of producing two-dimensional
arrays of nanorods.'”® AAO films,>!° polycarbonate track
etched membranes,!!' block copolymers,'? and nanochannel
glasses* have been successfully used for the templated growth
of nanorods. However, the preparation of templates that can
simultaneously control diameter, length, and orientation
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remains a challenge. To achieve long-range orientation
control with nanorod dimensions where finite size effects
become important, new porous template processes may be
needed, especially for direct fabrication on substrates or
functional devices. These ordered architectures might facili-
tate “bottom-up” alternatives to conventional lithographic
techniques.

Both mesoporous silicas and porous alumina have been
widely used for the template-based fabrication of nanorods."
The unidirectional channels of AAO provide an excellent
architecture for template-based patterning of nanostructures
and devices. While these templates are useful in preparing
ordered arrays of pores with diameters between 20 and 200
nm, the channel dimensions are often too large to engineer
nanorods that exhibit quantum confinement effects. On the
other hand, mesoporous materials have hexagonal-packed
pores with uniform diameters between 2 and 15 nm.'*!
Mesoporous silica is fabricated by the condensation of
colloidal silica nanoparticles in the presence of a self-
assembling structure directing agent (SDA). As a result of
the local molecular environment (e.g., hydrophilicity, steric,
and van der Waals energetics), the SDA molecules will self-
assemble into thermodynamically stable mesopores. On a
nanometer scale, self-assembled SDA structures can be
highly ordered—providing a self-assembled porous structure
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with diameters that can be tuned by changing the surfactant'®

or swelling the micelle core.”

On a bulk scale, ordered mesoporous silicas have randomly
oriented pore axes. Researchers have attempted to prepare
vertically oriented mesoporous membranes on substrates.
However, these substrates have yet to display long-range pore
ordering, instead yielding domains of pores with different
orientation.!” ! Further benefits of mesoporous materials
could be realized if the pore domains could be preferentially
aligned into long-range ordered porous substrates.

Researchers have recently used the channels of AAO
membranes as templates for preparing OMS domains inside
the alumina membrane.>3?*?! The general method to con-
struct hierarchical OMS/AAO membranes is to carefully
force the mesoporous silica sol through the channels of the
AAO template. The OMS sol is forced through the AAO
channels by either dipping and then withdrawing the AAO
template from the sol, drop-coating the sol directly onto the
AAO template, or drawing the precursor solution through
the AAO template by a pressure differential.>>*~2? In these
methods, OMS structures are formed by self-assembly due
to precursor evaporation within the AAO pore.

These hierarchical OMS/AAO structures demonstrate the
ability to combine these two porous systems but remain far
from idealized structures that are reproducible. Evaporative-
induced self-assembly results in OMS structures within the
AAO channels, but in most cases only a small fraction of
each AAO channel is filled with mesoporous silica. These
voids in the OMS structure are formed because of OMS sol
condensation, which expand further during calcination. These
voids in the OMS/AAO hierarchical structure minimize their
effectiveness in nanofabrication. In addition, the OMS
structures often have multiple ordered phases (e.g., axial,
circular, helical) with a small fraction oriented in the
preferred axial direction.>3?*2! The ideal OMS/AAO hier-
archical structure would have high inclusion of OMS within
AAO channels where all OMS pores are uniform in diameter
and axially aligned along the AAO channel.

Additional forces during inclusion can also help orient the
OMS structure within the AAO pore. Teramae and co-
workers demonstrated a high degree of axially aligned pores
of uncalcined OMS in AAO by pulling the sol through the
AAO channels with a vacuum.??> The additional shear force
may help axially orient the pores. Researchers have also
shown that ionic and nonionic SDAs as well as colloidal
silica will align with respect to an applied electric field.?>**
Trau and co-workers used this alignment as well as electro-
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osmotic flow and joule heating to fabricate highly ordered
OMS with high aspect ratios in PMMA microchannels.?
While this method fabricated aligned OMS that completely
filled the open channels, the large electric fields caused
extensive hydrolysis (vigorous bubbling) at the electrodes.
This hydrolysis would destroy the structure and ordering of
the mesoporous silica fabricated directly on substrates, such
as the OMS grown from the electrode upward through the
AAO channel in this study. Further, the closure of one end
of the AAO channel hinders transport of the sol into the
pores. In this paper, ordered mesoporous silicas are fabricated
directly onto conductive supports within AAO channels using
moderate electric fields to minimize hydrolysis. Electro-
phoretic deposition of colloidal silica in a nonionic SDA sol
facilitates the construction of hierarchical OMS/AAO mem-
branes on conductive supports with mesoporous structures
that are highly dependent on the applied electric field and
deposition time. At high potentials and long deposition times,
the OMS shows the onset of axial alignment.

Experimental Section

Precursor Solutions. The mesoporous silica sol for dip-coating
and electrophoretic deposition were prepared via a two-step
synthesis procedure previously reported by Holmes and co-
workers.!> At room temperature, water, ethanol, tetraethyl ortho-
silicate (TEOS), and 0.2 M HCI were mixed so that the mass ratio
was 1:2.19:1.16:1.67. The solution was then placed in a rotoevapo-
rator and held at 60 °C for 1 h to facilitate the acid-catalyzed
hydrolysis—condensation of the colloidal silica. In another beaker,
poly(ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene ox-
ide) triblock copolymer, Pluronic 123 (P123), was dissolved in
ethanol by mechanical stirring for 1—2 h to obtain a 5 wt %
(approx.) solution. These two solutions were then combined and
mixed for 2 h in a sealed beaker to obtain a clear, low viscosity,
isotropic suspension of colloidal P123/silica particles.

Precursor Electrophoretic Deposition. Whatman AAO mem-
branes with an average pore diameter of 200 nm were mounted on
an aluminum electrode with lead foil and placed in the room
temperature sol opposite a lead counter electrode; the two electrodes
were approximately 10 cm apart. Since the solution pH was below
2 and thus below the isoelectric point of silica, cathodic deposition
of the silica occurs. The electrodes were connected to a DC power
supply (Lambda Gen300-5), and the voltage was increased slowly
at a rate of 0.1 V/s. The electrophoretic deposition was carried out
at potentials of 0.3, 2.3, and 5 V and times between 3 and 18 h.
After OMS deposition, the membranes were air-dried for 2 h while
still mounted to the aluminum electrode. The templates were
subsequently removed from the electrode and calcined in air for
4 h in a muffle furnace (Barnstead Thermolyne 30400) at 450 °C
using a ramp rate of 1—2 °C/min.

Characterization. The samples were characterized by X-ray
diffraction (XRD) (Philips MRD X’Pert System) and high-
resolution transmission electron microscopy (HRTEM) (JEOL
FETEM 2010F). For XRD analysis, the entire OMS/AAO substrate
was ground into a powder and attached to a glass slide with double-
sided tape. After aligning the sample with respect to the X-ray beam,
scans were recorded from O to 10° 20. HRTEM samples were
prepared by dissolving the alumina membrane with 25 wt %
phosphoric acid for several hours, diluting with DI water, and drop
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Figure 1. HRTEM of a typical OMS hierarchical nanostructure obtained from the electrophoretic deposition of a mesoporous silica precursor for 3 h within
a 200 nm pore diameter AAO template at (a, b) 0.3 V, (¢, d) 2.3 V, and (e, f) 5 V, respectively. The morphology changes from nanotubule structures at low

voltages (a, b) to ordered mesoporous structures at higher voltages (e, f).

coating the solution onto a Lacey Carbon TEM grid. HRTEM
images were taken using an accelerating voltage of 200 kV.

Results

Colloidal silica particles are known to have a net positive
surface charge in solutions with a pH below 2. This surface
charge provides the primary driving force for particle
movement in applied electric fields, enabling the electro-
phoretic deposition of many oxides, including SiO,.?* Figure
1 depicts HRTEM images of silica nanorods liberated from
the OMS/AAO hierarchical structures after electrophoretic
deposition at various voltages and a deposition time of 3 h
(see Supporting Information for more TEM images). An
important distinction of these nanostructures from previous
work is that the diameter of the nanostructures after calcina-
tion (~200 nm) are similar to the AAO channels (~200 nm)
and independent of applied voltage. However, the applied
electric field strongly affects the nanostructure morphology.
As the applied electric field is increased, the structures shift
from nanotubules to more completely filled nanorods. At the
applied voltage of 0.3 V shown in Figure 1a,b, a nanotubule
structure is formed with disordered mesopores (diameters
~ 9 nm) along the entire length of the structure. At the higher
voltages (2.3 V) shown in Figure 1c,d, the same mesoporous
shell is formed on the pore wall as well as an internal (core)
mesoporous structure. As seen in Figure 1d, a significant
void remains, and the core structure is composed of a
disordered mesoporous structure. Ordered pore orientations
become apparent when a bias of 5 V is applied as seen in
Figure le,f. In addition to this ordering at high potentials,
the core structure fills more of the AAO channel. The
diameters of the individual mesopores in the nanorod core
are approximately 10 nm.

The OMS/AAO hierarchical structures formed at 5 V and
3 h of electrophoretic deposition time can show helical

ordering, such as that shown in Figure 1f or axial ordering.
For example, Figure 2a shows a nanorod liberated from the
AAO template, which shows both mild radial ordering and
the beginnings of axial ordering. It was observed that axially
oriented pores were most prominent at the nanorod end near
the substrate, suggesting that the electric field affected the
ordering of the pores.

Deposition time strongly affects the nanorod length as
expected (not shown) but also introduces more orientation
changes. At deposition times longer than 7 h, the electric
field appears to introduce preferential axial alignment of the
pores within the AAO channel as shown in Figure 2b. This
axial ordering is especially evident in the inset. The nanorods
are also more uniformly filled and lack the coaxial structure
observed at shorter deposition times. While electrophoretic
deposition at 3 h only showed 9% of the nanorods with some
amount of axial alignment, 92% of the nanorods deposited
for 7—8 h showed the onset of axial alignment (see
Supporting Information). Therefore, it appears that axially
aligned pores begin to form after 3 h and continue to evolve
during electrophoretic deposition. Figure 3 helps illustrate
the morphological changes observed along the length of a
nanorod deposited at 5 V for 7 h. Near the electrode, the
nanorod appears to be completely filled, and the mesopores
are oriented axially (Figure 3d). At sections further away
from the electrode, the nanorod is not completely filled, and
the axial alignment is replaced by a helical alignment (Figure
3c). Moving further away from the electrode, some meso-
porous ordering is still present (Figure 3b); however, a
majority of the structure is disordered silica. This section
appears similar to the nanorods obtained at 5 V and 3 h of
electrophoretic deposition (Figure le and Supporting Infor-
mation Figure S3). At the end of the deposited nanorod, the
nanorod tapers into a thin shell similar to what is observed
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Figure 2. Effect of deposition time on OMS axial ordering. HRTEM of a
typical OMS hierarchical nanostructure obtained from the electrophoretic
deposition of a mesoporous silica precursor within a 200 nm pore diameter
AAO template at 5 V for (a) 3 h and (b) 8 h. The inset highlights the axial
ordering seen after long deposition times. Only the mesopores near the edge
of the nanorod are visible as a result of limited electron transmission at the
center/thicker areas of the nanorod.

at low deposition voltages (see Figure 1a,b and Supporting
Information Figure S1). Notice that some axial alignment
near the edges can persist to the end of the nanorod.

Further indication of mesoporous ordering can be found
in the XRD data found in Figure 4. The spectra at 5 V and
8 h of mesoporous silica electrophoretic deposition in Figure
4 clearly shows a reflection corresponding to the mesopore
lattice. The d-spacing of this peak corresponds to a distance
of approximately 13 nm. If hexagonally close packed (HCP)
ordering is assumed, the expected mesopore center-to-center
distance is 15 nm. From the HRTEM images in Figures 1f,
2, and 3, the center-to-center distance between pores is
approximately 15 nm, and thus the pore diameter is ap-
proximately 10 nm. These dimensions are within the range
of diameters obtained by other researchers.®162

Discussion

It is apparent that the electric field is important in
determining the structure of the nanorods and the mesopore
orientation within the AAO channels. The transition region
observed near the end of the electrodeposited nanorod (see
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Figure 3a and Supporting Information Figure S1) is interest-
ing. On the basis of data presented by Okubo,? the average
diameter of the colloidal silica particles is less than 10 nm.
If the colloidal particles have diameters between 1 and 10
nm, the sol would have a concentration on the order of
10—10" nanoparticles/mL. Assuming thermal equilibrium
and no surface charging effects from the alumina, it is
estimated that each AAO channel has approximately 500 to
500 000 nanoparticles. This small number of particles is
insufficient to completely fill the channel but could thinly
coat the channel walls. Therefore, the thin shells observed
in Figure la,b and the ends of the nanorods in Figure 3a
and Supporting Information Figure S1 are likely formed by
residual colloidal particles remaining in the AAO channel
after the electric field was turned off. The bulk of the nanorod
must then be deposited by an electrophoretic mechanism that
drives colloidal particles to the electrode.

To further probe the mechanism of OMS formation in the
presence of an electric field, nanorods were prepared by dip-
coating the membranes (attached to substrate) in the sol (i.e.,
no applied voltage). HRTEM images of the nanorods formed
inside the AAO channel in Figure 5 clearly show an
amorphous silica nanotubule structure similar to those
obtained using electrophoretic deposition at 0.3 V. The lack
of any ordered structure was also confirmed by the XRD
data in Figure 4. The dip-coated nanotubules observed in
Figure 5 differ from previous work.>#2*2! Although our sol
composition differed slightly from prior work, the most
significant difference is the conductive backing. Most prior
approaches benefited from the forced flow of solution through
the channel. As a layer of silica is deposited, the forced flow
introduces additional silica, which can deposit due to shear-
induced aggregation. An exception is the OMS structures
obtained by Stucky and co-workers with one AAO pore end
closed.?’ However, the colloidal silica and P123 concentra-
tions were much higher, allowing more patrticles to enter each
AAO channel. At the low precursor concentrations used in
this study, only a minor flux of nanoparticles enter the
channel without forced flow. The low concentration of
particles in the channel is insufficient to obtain OMS
hierarchical structures. However, the alumina surface will
have a net negative charge at the solution pH, leading to a
Coulombic attraction of the positively charged silica nano-
particles and a tubular structure.

The evaporation-induced self-assembly processes can be
understood by analyzing the ternary phase diagram in Figure
6 for a mixture of water, ethanol, and P123 modified from
experimental data.”” Although the phase diagram shown in
Figure 6 does not account for potential interactions with the
AAO template, it can be used to illustrate the observed
morphological changes. Sols used in this work or by
others 32021 begin in the “ethanol rich” region of the phase
diagram (e.g., point A in Figure 6). In this region, no micelles
exist, and the solution is an isotropic colloidal suspension.
To obtain an HCP (hexagonal close packed) arrangement of
rod-like micelles, the solution must drop from the ethanol
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Figure 3. Stages of axial mesopore formation. (a—d) Progressive HRTEM images along the length of a nanorod electrophoretically deposited at 5 V for 7 h.
Image (d) is taken at the end of the nanorod closest to the electrode, where axial ordering is fully developed. Further away from the electrode, the (c)
nanorod still shows ordered mesopores but is helically rather than axially aligned. These mesopores become disordered further away in image (b). Finally,
only slight axial ordering is observed near the edges with a majority of the nanorod having disordered mesopores as seen in image (a). All scale bars are 50

nm.
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Figure 4. XRD data from OMS electrodeposited in 200 nm pore diameter
AAO at 5V and that of a similar AAO template with a conductive backing
dipped in an identical solution. All deposition times were 8 h. Electro-
phoretically deposited nanostructures depict a characteristic lattice reflection,
whereas the dip-coated sample does not.

Figure 5. HRTEM of a typical silica nanotubule obtained from dip-coating
a 200 nm pore diameter AAO template with a mesoporous silica precursor
for 8 h. Although these dip-coated samples have similar structures to the
electrophoretically deposited nanotubules at low voltages, these samples
do not have the mesoporous walls seen in Figure 1a,b.

rich region to the region marked as HCP. This region is
composed of roughly 1:1 ratios of water and P123, with a
small amount of ethanol present. Once the AAO template is
removed from the OMS precursor solution, the system is at

point B. At this point in the evaporative-induced self-
assembly, the sol within the AAO pore contains a higher
concentration of colloidal particles but is still isotropic.
Ethanol then evaporates, moving the system toward point C
(just outside the isotropic—HCP boundary). HCP OMS then
begins to form spontaneously as the solution within the AAO
channel continues to evaporate, leaving the resulting OMS
somewhere between point D and point E depending on
channel size and shape, evaporation kinetics, and other
parameters. Further removal of ethanol and water during
calcination results in significant shrinkage of the OMS
structures obtained.>320-2!

An immediate difference in the structure of the nanorods
was apparent when the deposition was carried out by an
applied electric field. Interestingly, the presence of even a
small electric field has an important effect on the morphol-
ogy, yielding porous nanotubules as shown in Figure 1a,b.
Further, the channels are completely filled and show axial
alignment at long deposition times. These results suggest that
OMS formation occurs by a different mechanism. Applica-
tion of a DC field causes the particles to flow into the AAO
channels toward the electrode and to pack the nanoparticles
closer together. If the silica particles are not only hydrated
but also coated with P123, the electric field packing would
selectively exclude ethanol, dropping the local solution closer
to the HCP region (point C). Joule heating may also have a
role in the removal of ethanol. Higher voltage potentials draw
more particles into the AAO channel and push the system
into the HCP region of the ternary phase diagram (point D
in Figure 6). Although this process should yield a random
orientation of the OMS, it appears that the electric field
(oriented parallel to the AAO channel) helps align OMS pore
orientation axially along the AAO channel. Therefore,
complete filling and axial alignment requires deposition of
colloidal particles, which is aided by the electric field. This
packing of particles helps explain the morphological changes
seen in Figure 3 and why ordered pore orientations are only
apparent when 5 V is applied (Figures le,f and 2). When
the electrophoretic deposition is stopped and the sol con-
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Figure 6. Water—P123—ethanol ternary phase diagram showing the HCP (hexagonal close packed) region. Points A—D on the phase diagram indicate
various stages of the formation mechanisms for both evaporative induced self-assembly and electrophoretic deposition of OMS in AAO templates. Note that
the points A—D in the phase diagram only occur in the area of the pore where packing density has reached a critical value and OMS growth is occurring.
The solution above this region is isotropic. Experimental data taken from Soni et al.’

centration in the channel remains outside the HCP region
(point C), evaporation-induced self-assembly can still occur,
yielding the structures and voids seen in Figure 3a—c.

Conclusion

The ability to obtain axially oriented structures of increas-
ingly smaller diameters is a key challenge in porous
templates. In addition, the development of these templates
on substrates may be important to the fabrication of nano-
structures on conductive electrodes or other functional
devices. Electrophoretic deposition of mesoporous silica is
an approach that may lead to complete filling of axially
oriented ordered mesoporous silica within the pores of anodic

alumina membranes. The electric field appears to help drive
the system into the HCP region of the phase diagram and
orient the pores along the AAO channel.
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