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2-D ordered arrays of hemispherical cavities were formed in a sol-gel-derived silicate
film on a glassy carbon electrode using polystyrene latex spheres as templates. The depth
and the diameter of the cavities were varied over 1 order of magnitude by changing the
diameter of the template and diluting the sol. Sulfate-stabilized polystyrene latex spheres
ranging in size from 100 to 1000 nm were doped into a silica sol prepared from the hydrolysis
and condensation of tetramethoxysilane, and the resultant solution was spin cast on a glassy
carbon electrode. The 2-D ordered array of spheres in a thin silicate film was removed via
soaking the film in chloroform. Scanning electron microscopy and atomic force microscopy
(AFM) were used to image the films, and AFM with high-resolution TM tips was used
measure the depth and diameter of the cavities. The cavities are open at the top and bottom
and provide direct access to the underlying electrode surface as verified by cyclic voltammetry.
Nanosized copper and polyaniline were electrodeposited in the cavities after pinholes were
“capped” to create an ordered array of conducting nanostructures in a templated silica host.

Introduction

Nanostructured materials have many uses in chem-
istry and material science that range from catalytic
supports to chemical sensors to molecular sieving.1-3

Among various strategies for the preparation of mi-
croporous (d < 2 nm), mesoporous (2 nm < d < 50 nm),
and macroporous (d > 50 nm) materials, template-based
sol-gel processing has rapidly gained popularity.4 In
this approach, a template is added to a sol (e.g., that
obtained from the hydrolysis and condensation of silicon
or titanium alkoxides5). Upon gelation, the matrix forms
around the template.4 After the template is removed,
cavities of the same shape and size as the template
remain in the host.4 Examples of templates that have
been used include small molecules,6 dendrimers,7 or-
ganic functional groups,8 bridged organic ligands,9,10

surfactant assemblies,11,12 and latex spheres.13-26

Thin sol-gel-derived films have seen many more
applications in chemical sensing27-29 as compared to
sol-gel-derived monoliths because the path length for
the diffusion of reagents to the underlying surface is
on the order of a few hundred nanometers. However,
while monoliths can be 40-70% porous,5 thin films can
be significantly less porous due in part to the overlap
of gelation/drying that occurs due to their fabrication
procedure (spin coating or dip coating).8 The use of
templates provides one means to increase the porosity
of these materials and increases the accessibility of
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reagents that may be entrapped into this “porous”
network. Under the right conditions, these template-
induced cavities can also be used as “templates” to grow
nanosized metals or polymers within a porous network.

In previous work, we have demonstrated the utility
of using polystyrene latex spheres as templates to create
nanosized cavities into a silicate thin film prepared by
the sol-gel process.30,31 In our first report, we had at
best 107 ca. 300 nm diameter holes/cm2 randomly
dispersed in a silicate film that were open at both the
top and the bottom, thus exposing the underlying
surface.31 In a recent communication, we have demon-
strated how the number of the cavities in the film can
be increased by 2 orders of magnitude by packing the
spheres in a closely packed array and how it is possible
to vary their depth over a limited region by diluting the
sol.30 In this work, we provide more details about how
the depth and diameter of the nanosized cavities in the
silica host can be varied over 1-2 orders of magnitude
by (1) changing the size of the sphere and (2) diluting
the sol. We also show for the first time how the cavities
can be used as templates to synthesize ordered arrays
of nanosized particles of metal and conducting polymer.
By controlling both the size of the template as well as
the composition of the sol, an ordered array of cavities
of a multitude of sizes can be created in a thin silica
framework.

Experimental Section

Reagents and Equipment. Tetramethoxysilane (TMOS,
99%), n-octyltrimethoxysilane, sodium dodecyl sulfate (SDS,
98%), and ferrocene methanol (97%) were purchased from
Aldrich. Chloroform, hydrochloric acid, aniline, and sulfuric
acid were purchased from Fisher Scientific. Aqueous suspen-
sions of polystyrene microspheres (PSMS) with diameters
ranging from 0.1 to 1 µm were obtained from Interfacial
Dynamics Corp. (Portland, OR) (8.2 wt/v %, surfactant free,
sulfated). Water was purified to Type I using a Labconco water
proPS four-cartridge system. Aniline was distilled under
reduced pressure and stored under nitrogen.

Electrochemical experiments were performed using a BAS
CV-50W voltammetric analyzer using a one-chamber three-
electrode cell. The working electrode consists of a glassy carbon
electrode (5 mm diameter, area ) 0.2 cm2). The reference and
auxiliary electrodes were an Ag/AgCl electrode (1 M KCl) and
a platinum wire electrode, respectively. Atomic force micros-
copy (AFM) measurements were performed in both the contact
mode and the tapping mode with a Nanoscope IIIa multimode
SPM microscope (Digital Instruments, Inc. Santa Barbara,
CA). Contact mode experiments were performed with a mi-
crofabricated silicon nitride tip at a scan rate of 1-3 Hz.
Tapping mode experiments were performed using a high
aspect ratio tip (Veeco Nanoprobe tips, model # TESP-HAR)
using a scan rate of 0.5-1 Hz. SEM images were collected with
a Hitachi scanning electron microscope S-3500 N equipped
with an Oxford detector for energy-dispersive X-ray analysis.
The samples were sputter coated with a thin layer of gold to
reduce charging effects.

Procedures. Sols with Si:H2O ratios of 1:9,1:31,1:43, and
1:430 were prepared by mixing the appropriate amount of
TMOS (1.5, 0.65, 0.5, 0.05 mL, respectively), 2.3 mL of water
(except for the 1:9 sol, which was 1.3 mL), 2.4 mL of methanol,
and 0.3 mL of 0.1 M hydrochloric acid followed by stirring for
30 min. The pH of each sol was measured with short-range

pH paper and found to be identical. Polystyrene latex spheres
(PS, 0.100, 0.340, 0.530, and 0.960 µm diameter) were soni-
cated 5-10 min before use. The aged (2 days) silica sol was
then added to a PS suspension in a ratio of 1:1 (v/v). Prior to
the addition of the latex spheres, 5 mM SDS was added to
improve the wettability of the sol so that it can better coat
the glassy carbon substrate (5 mm diam, Alfa) used in this
work. The PS-doped silica sol was then spin cast on a glassy
carbon substrate at ca. 3000 rpm using an in- house built
rotator. Prior to the spin casting procedure, the glassy carbon
was polished with 0.05 µm alumina particles on a napless
polishing cloth (Buehler), sonicated in water for 10-15 min,
and then dried. The thin films were allowed to dry overnight
at ca. 30-35% RH, room temperature. The films were soaked
in chloroform for 2-3 h to remove the polystyrene spheres. In
some experiments, the apparent “pinholes” in the PS-doped
silicate films were blocked by immersing the film in a dilute
solution of n-octyltrimethoxysilane (5% in dry methanol) for
2 h. The films were rinsed with methanol to remove the excess
silica and were dried at room temperature. The films were put
in chloroform to extract the polystyrene spheres as described
above.

Results and Discussion

Preparation. A 2-D ordered monolayer of polysty-
rene latex spheres can be formed on a polished glassy
carbon substrate by simply mixing the latex spheres
with a surfactant-doped silica sol followed by spin
coating.19,20 In this work, the size of the latex spheres
was varied from 100 to 1000 nm in diameter, and the
sol was diluted by increasing the amount of water
relative to silica. Regardless of the size of the spheres
or the water content in the sol, the spheres predomi-
nantly pack in a hexagonal close-packed array. Both
SEM and AFM have been used to “visualize” the
materials, and similar results were obtained with both
microscopic methods. Figure 1 shows typical SEM
images of 500 nm diameter spheres packed in a silicate
film in a closely packed array. While the packing
arrangement is not perfect due in part to imperfections
and scratches on the glassy carbon surface, there are
large areas that are distinctly ordered. AFM images
show nearly identical results.

The sizes of the defect-free areas range from 1 to
greater than 100 µm2 depending on the smoothness of
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17, 8112-8117.

Figure 1. SEM images of 500 nm diameter latex spheres
embedded in a silicate film on a glassy carbon substrate. The
silica sol had a Si:H2O mole ratio of 1 to 43. The scale bar is
10 µm in the full image and 2 µm in the inset.
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the substrate and the diameter of the spheres. Natu-
rally, as the diameter of the latex spheres is reduced,
the size of the defect-free area decreases. For the 100
nm diameter spheres, the defect-free area was ap-
proximately 1 µm2, whereas for spheres that were 10×
as large, the area was greater than 100 µm2. The
number of particles in a square centimeter agrees with
that predicted for a closely packed array. It ranges from
108 to 1010 cavities per cm2 for the 1000 and 100 nm
diameter spheres, respectively.

Several methods can be used to remove the spheres
from the silicate matrix. Calcination has been shown
to be an effective method to remove a template from an
inorganic host. However, if one wants to preserve the
underlying surface (in this case, carbon), this method
will not work. A milder chemical treatment obtained by
soaking the templated film in either chloroform or
toluene for 2+ h is milder. Figure 2 shows AFM images
of an ordered arrangement of cavities formed in a
silicate matrix using 300 and 1000 nm diameter spheres
as the template. In this case, the sol was prepared with
a Si:H2O mole ratio of 1:9 (Figure 2A,C) or with a ratio
of 1:430 (Figure 2B,D).

As can be seen in both images, the cavities are in an
ordered arrangement even after chloroform treatment
consistent with that observed for the spheres before
treatment. In a 2D-format, the AFM images look like
they are composed of “donuts” packed in an ordered
arrangement (Figure 2), whereas in a 3D AFM format

Figure 2. 5 µm × 5 µm AFM images of cavities formed in a silicate film after the 300 nm diameter (A,B) and the 1000 nm
diameter (C,D) spheres were removed from the film. The Si:H2O mole ratio of the sol used to make the films was 1:9 (A,C) and
1:430 (B,D). The full gray scale image is 500 nm (1000 nm diam spheres) or 200 nm (300 nm diam spheres).

Figure 3. Cartoon depicting how the depth and diameter of
the cavities can be changed by varying the size of the template
and/or the sol composition.
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they look like “volcanoes”. As noted before for our
“randomly dispersed” cavities, there is a “ridge” of silica
around each particle due to the wetting of the sulfate-
stabilized polystyrene sphere by the sol.31

Characterization. One goal of this work was to
demonstrate how easy it is to vary the depth and
diameter of cavities formed in a silicate film through
both (1) changes in the size of the template and (2)
changes in the sol-gel processing conditions. Tuning the
depth and diameter of the cavities allows the surface
area and the porosity of the film to be varied. If one
were interested in these materials as chemical sensors,
it would be desirable to have a large number of cavities
with a large fraction of the matrix exposed. If one were
interested in using these materials as “templates” to
grow nanostructures, it would be desirable to be able
to vary the dimensions of the cavity from large to small.

Figure 3 shows a cartoon depicting how the diameter
and depth of the cavities can be changed via modifica-

tion in the diameter of the sphere and the sol-gel
processing conditions. It is straightforward to under-
stand how the cavity dimensions can be changed by
varying the size of the template (Figure 3A,B). A bigger
template results in a bigger hole, whereas a smaller
template results in a smaller hole. It is also just as easy
to just pick one size sphere and dilute the sol with water
relative to silica while keeping pH approximately con-
stant. If the sol has a small H2O:Si ratio (not diluted),
“thick” films will be formed that will result in deep
cavities in the silicate matrix once the template is
removed. If the sol has a high H2O:Si ratio (diluted),
“thin” films will be obtained that produce cavities that
are very shallow in depth and relatively small in
diameter once the template is removed. It may also be
possible to change silica film thickness by changing the
pH of the sol while keeping other variables constant as
recently shown by Hotta et al.13 In our work, however,
the pH values of the sols were the same.

Upon further examination of Figure 2, it may appear
that the cavities formed in the film prepared with a Si:
H2O mole ratio of 1:9 are further apart than those
prepared from 1:430, but they are not. The center-to-
center distance between cavities is still approximately
equal to the size of the latex sphere; only the ones
produced from the diluted sol are shallower. By playing
around with the size of the template and composition
of the sol, we could vary the dimensions of the cavities
several orders of magnitude. In this study, the focus has
been on spheres ranging in diameter from 100 to 1000
nm, but other sizes could be used as well.

To properly image the depth and top diameter of
cavities, it is extremely important to use a sharp high-
resolution tapping mode tip. From line scan images
obtained with such a tip, it is possible to estimate both
the depth and the diameter of the cavities as a function
of the size of the template used and the Si:H2O mole
ratio in the sol. Figure 4 shows a bar chart depicting
the depth and diameter of the cavities as a function of
both size and sol composition. By manipulating both
variables, the depth has been changed from ca. 7 to 650
nm and the diameter has been changed from 40 to 1000
nm.

If each cavity is modeled as a “spherical cap” or a
“spherical segment”32 as it is mathematically termed,

Figure 4. Variation in the top diameter, depth, and estimated
surface area of the cavities in a silicate film as a function of
the Si:H2O mole ratio used to make the sol. From left to right,
spheres were 100 (1:43, 1:430 only), 300, 500, and 1000 nm in
diameter.

Figure 5. Cyclic voltammograms of 1 mM ferrocene methanol
in 0.10 M KCl at a bare electrode, a “capped” templated
electrode before chloroform, and a “capped” templated electrode
after chloroform treatment. Scan rate: 100 mV/s. The template
had a diameter of 500 nm, and a sol with a Si:H2O of 1:43 was
used.
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the surface area can be calculated from the formula

where r is the radius of the sphere and h is the depth
of the cavity. Figure 4C shows how the surface area can
be significantly changed. If it is assumed that the film
has no internal porosity, then the total surface area of
the film (cavities plus area surrounding the cavities)
increases by a factor of 3-4 by having a close-packed
array of cavities in the film. The film, however, does
have some internal porosity, but this is hard to quantify
due to the small amounts of material on a surface. What
is more important, however, is that a greater fraction
of this internal porosity is exposed once the spheres are
removed from the silicate film. If a reagent or receptor
is trapped within the silicate framework, it will be more

readily accessible to an analyte in solution. In principle,
this should increase the sensitivity of the sol-gel-
derived sensor as well as increase its response time.

Template-Directed Synthesis. One of the major
advantages of casting the silicate film on an electrode
surface is that it provides a means to conduct electro-
chemistry within these nanosized cavities. As indicated
in prior work, the cavities are open at the top as well
as on the bottom, thus exposing the underlying electrode
surface. The size of the exposed area is difficult to
precisely measure, but it appears to be on the order of
50-100 nm, at least for the 500 nm diameter spheres.31

When the spheres are far apart and just randomly
dispersed on the surface, electrochemistry can easily be
done solely in the exposed cavities as there are no
pinholes in the silicate matrix that allow a redox species
direct access to the underlying electrode surface.31

SA ) 2πrh × #cavities/100 µm2

Figure 6. Top: CV of 5 mM CuSO4 in 0.1 M H2SO4 at a “capped” templated electrode (10 mV/s). Bottom: 2.5 × 2.5 µm AFM
images and line scans recorded with a high aspect ratio tapping mode tip of a “capped” templated film before and after application
of -0.2 V for 50 s. The template had a diameter of 500 nm, and a sol with a Si:H2O of 1:43 was used. The full gray scale image
is 300 nm.
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However, when the spheres are arranged in a closely
packed arrangement, pinholes develop between spheres
and at dislocations in the film.

Figure 5 shows a cyclic voltammogram (CV) of 1 mM
ferrocene methanol at a bare glassy carbon surface. The
electrochemical response of an electrode that has a film
containing a closely packed array of spheres (before
chloroform treatment) embedded in a silicate framework
looks identical to this CV (CV not shown). The silicate
film obviously has a large number of pinholes that are
closely spaced together such that the diffusion layer of
ferrocene methanol overlaps.33 Under this condition, the
surface appears as one big electrode.33

To do electrochemistry predominantly in the cavities,
it is necessary to “plug” these pinholes. To do this, one
must soak the sphere-coated silicate film (before cavity
removal) in an alcoholic solution of octyltrimethoxysi-
lane for a few hours. The long-chain hydrophobic silane
reacts with the exposed silica surface, blocking many
of the “nanosized” holes present in the film. We have
also tried spin coating a diluted, undoped silica sol on
top of the film containing the spheres, but this was

shown to be less effective than the use of the orga-
noalkoxysilane.

Figure 5 shows a CV of ferrocene methanol at a film
that has been capped with the spheres present. As can
be seen, the electrochemical response is significantly
reduced. The CV has a sigmoidal appearance, indicating
that there are still pinholes remaining in the films, but
they are small and relatively far apart and behave like
an ultramicroelectrode.33 Now, when the spheres are
subsequently removed from the modified film, access to
the underlying electrode surface is predominantly
through the cavity as most of the pinholes remain
capped by the organic layer. Figure 5 shows a CV of
ferrocene methanol at such a film. Once again, it looks
like that expected for a bare electrode and corresponds
to the “total overlap regime”. Because the cavities are
shallow as compared to the thickness of the diffusion
layer and because they are close together relative to the
thickness of the diffusion layer, the electrochemical
response of the film looks identical to the bare electrode
at all sweep rates (2-1000 mV/s).

One motivation for this work was to demonstrate how
these materials can be used as “templates” to grow
nanostructures within each cavity. We evaluated the
feasibility for doing this via the electrodeposition of
copper and the conducting polymer, polyaniline. Bartlett

(32) See http://mathworld.wolfram.com/sphericalcap.html.
(33) Wightman, R. M.; Wipf, D. O. Voltammetry at Ultramicroelec-

trodes; Marcel Dekker: New York, 1989; Vol. 15, pp 267-353.

Figure 7. AFM images and line scans recorded with a high aspect ratio tapping mode tip of a “capped” templated film after the
electrodeposition (CV acquired at 50 mV/s) of polyaniline from a 0.1 M polyaniline in 0.5 M H2SO4. The template had a diameter
of 500 nm, and a sol with a Si:H2O of 1:43 was used. The full gray scale image is 300 nm.
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and co-workers have previously described how gold and
platinum can be electrodeposited in the interstitial
spaces between latex spheres assembled on a gold
electrode to prepare a structured metal film.34,35 In this
work, the interstitial spaces between spheres (cavities)
are filled with silica except at the very bottom of the
cavity.

Figure 6 shows AFM images obtained for a film
prepared from 500 nm diameter spheres before and after
electrodeposition of copper. The top image and line scan
obtained with a high-resolution TM-AFM tip shows the
cavities in the film just before deposition (after capping
and sphere removal). The depth of the cavities increases
only slightly after capping. The bottom image and line
scan show the cavities after a reducing potential has
been applied to the templated electrode immersed in an
acidic solution of copper sulfate for 50 s. Both the line
scan and the image show that something has been
deposited in the cavities. The size of the deposit depends
on the electrodeposition time: longer times result in
bigger deposits and vice versa. The shape of the CV is
characteristic of copper electrodeposition on the con-
ducting surface.

SEM was also used to visualize the films. In large-
scale images, it was difficult to visually see the nano-
sized deposits deep within the nanoscale cavities be-
cause they are so small and located >100 nm below the
surface. The presence of globules between cavities,
however, was observed in some areas. This is expected
as the voltammetry (Figure 5) indicates that there are
pinholes in the film where copper can be electrochemi-
cally reduced. EDAX analysis confirms that copper is
present inside the cavity and that the deposits observed
between cavities in some areas are also copper. It may
be possible to improve the capping procedure by opti-
mizing the experimental conditions (humidity, soaking
time, concentration, and type of silane).

Conducting polymers can also be deposited in each
cavity as well using a similar procedure. Figure 7 shows
the AFM image of the cavities after capping and sphere
removal. The templated film is placed in 0.1 M aniline
in 0.5 M H2SO4, and the electrode potential is electro-
chemically cycled five times. As can be seen in the AFM
image and its corresponding line scan, polyaniline has
formed in each cavity. Future work will explore the
feasibility of removing the silicate film without destroy-
ing the metal/polymer and controlling the size and
spacing of the nanostructures via changes in the size
and depth of the cavity.

In some respects, these templated films may be
reminiscent of the “track-etch” or alumina mem-
brane electrodes popularized by the Martin group36-38

or the microhole electrodes described by Morita and
Shimizu.39-41 Both provide a means to fabricate an
array of “nanosized” electrodes, and both provide a
means to physically control the growth of metal nano-
structures or conducting polymers. However, the cavi-
ties described herein are not very deep (nm vs µm) and
thus provide a means of forming smaller nanostructures
on surfaces. In addition, the sol-gel-derived network
surrounding the polystyrene templated cavities is po-
rous, opening up the possibility of increasing the access
to reagents that may be trapped within the matrix.

Conclusions
2-D ordered arrays of hemispherical shaped nanosized

cavities of almost any diameter and depth can be formed
into a sol-gel-derived silicate framework by templating
with polystyrene latex spheres. While this work focused
on the creation of cavities with depths and diameters
in the 10’s to 100’s of nanometers, the use of spheres
ranging in size from 20 nm to 10 µm (commercially
available) coupled with variations in the sol will sig-
nificantly extend this range from nanometers to mi-
crometers. In this work, shallow cavities (∼10 nm) were
made using small spheres (100 nm) and a diluted sol,
whereas larger, deeper cavities (∼600 nm) were made
by using large spheres (1000 nm) and a more conven-
tional sol. One very promising feature of these materials
is that the cavities are open at the bottom and top,
providing access to the underlying surface. When the
polystyrene latex sphere-doped sol is cast on a conduct-
ing surface, an array of ultramicroelectrodes is formed
upon removal of the latex spheres. Conducting polymers
or metals can be electrochemically deposited in each
cavity provided pinholes in the film are first blocked
with an organosilane. These thin porous materials have
many possible applications in the areas of chemical
sensing and template-directed synthesis of conducting
nanostructures. Future work will involve the explora-
tion of some of these ideas.
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