Electrodeposition of Nanostructured Films
Using Self-Organizing Templates

ver the last 8 years, together with

colleagues in Southampton, we

have been interested in the tem-

plated electrodeposition of regu-

larly structured nanoporous
materials and their properties and appli-
cations. Over this time we have worked
extensively with two different types of
self-organizing template: lyotropic liquid
crystalline phases and close-packed
arrays of spherical colloidal polystyrene
particles. The lyotropic liquid crystalline
phases produce materials with regular
arrays of pores in the 2-10 nm size range
with typical wall thicknesses of the same
order. The colloidal templates produce
materials with close-packed arrays of
interconnected spherical pores with
diameters that can be varied from
around 20 nm to over 1 pm. These
nanoporous films may have unique
properties which arise either because of
the very high surface to volume ratio of
the materials, as in materials with the
smallest feature sizes templated using
lyotropic liquid crystalline phases, or
through matching of the dimensions of
the structure to some characteristic phys-
ical length, as in material produced using
colloidal templates.

FIG. 1. Phase diagram for the
C14EOg/water system showing
the micellar structures formed in
the different phases (the phase
diagram is based on the work of
Mitchell et al.4). In the cartoons
of the structures, blue represents
the water domain, the white cir-
cles the hydrophobic ethylene
oxide head groups, and the yellow
regions the hydrophobic alkyl
chains.
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The idea of templated electrodeposi-
tion is not new! and has been described
by Martin who was the first person to use
track-etch membranes to template the
deposition of conducting polymer
nanowires.2 Track etch membranes, pro-
duced by etching out heavy ion irradia-
tion tracks through a homogeneous
membrane, are characterized by a sparse
array of uniform diameter pores running
approximately perpendicular through
the membrane. Martin recognized that
these membranes could be used to tem-
plate the electrochemical deposition of
various materials by coating one side of
the membrane with an evaporated gold
layer and then using this as an electrode
for the growth of material through the
membrane within the pores. The diame-
ter of the resulting nanorods is con-
trolled by the pore diameter. Subsequent
to Martin’s work other groups have used
this method to produce a range of
nanowires and have extended the
method to use other membrane tem-

plates, notably aluminum oxide mem-
branes formed by anodizing aluminum
under controlled conditions.3

Our work differs from the studies of
deposition of nanowires in that we pre-
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pare systems in which the material con-
tains a regular array of nanopores.
Nevertheless the same philosophical
question arises2: how does the presence
of the array of nanopores affect the phys-
ical properties of the material and to
what extent does the imposed
nanoporous structure control the proper-
ties of the film?

2 to 10 nm:
Lyotropic Liquid Crystalline Templates

To prepare the smallest structures we
use lyotropic liquid crystalline phases as
the templates. These phases are formed
by mixing together high concentrations
of surfactant and water and have well-
defined and characterized structures
which depend on the temperature and
composition of the mixture.# Figure 1
shows a phase diagram for octaethyl-
eneglycol monohexadecyl ether
(C16EOg) a nonionic surfactant of the
type that we have used widely. The mol-
ecule has a hydrophobic 16 carbon alkyl
chain with a hydrophilic headgroup
comprised of eight ethylene oxide
groups, hence the designation C;4EOg.
At low concentrations in water the mol-
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ecules form spherical micelles with the
hydrophobic alkyl chains on the inside
and the hydrophilic ethylene oxide
groups in contact with water on the out-
side. On increasing the concentration of
the surfactant these spherical micelles
give way to long cylindrical micelles
which pack in hexagonal arrays to give
the H; hexagonal phase. At still higher
concentrations the hexagonal phase
gives way to a V; bicontinuous cubic
phase in which there are two intertwined
micellar structures and then at higher
concentration still an L, lamellar phase
is formed. The typical dimensions of the
structures in these phases are determined
by the size of the surfactant molecules
which make up the structures and in this
case is of the order of 2.5 nm. To use
these phases as templates we dissolved
the appropriate metal salt and electrolyte
in the aqueous domain of the mixture.
This can lead to changes in the locations
of the boundaries between phasesS but
generally it does not significantly disturb
the phase behavior of the system; the
same lyotropic phases are formed. When
electrodeposition is carried out from the
lyotropic phase, the metal is deposited

Following deposition the surfactant may
be removed by washing in water or a
suitable solvent to leave a porous metal
film with a structure which reflects that
of the aqueous domain of the lyotropic
liquid crystalline phase.6 This approach
is highly versatile and allows significant
control over the size and topology of the
pores. For example, by changing
between the Hy hexagonal and V; cubic
phases it is possible to deposit films with
the corresponding templated structures.
To date most studies have concentrated
on the use of the H; hexagonal phase. By
changing the surfactant, for example,
using C;,EOg rather than C,¢EQOg, or by
adding a cosolvent such as n-heptane
which is immiscible with water, it is pos-
sible to systematically vary the diameter
of the pores within the metal.6 The
method can be applied to a wide range of
materials which can be electrodeposited
from aqueous solutions including met-
als,6-10 metal oxides,11 semimetals,12
polymers,13 and bimetallic layered struc-
tures.14 To extend this method to pro-
duce films with larger pores it is possible
to use block copolymer surfactants such
as members of the pluronic family

from the aqueous domain and occurs (which have the general formula
around the surfactant micelles, Fig. 2. PO,EO,PO,, where PO represents
ELECTRODEPOSIT

hydrophobic propylene oxide units).
These systems form similar phases when
used as ternary systems with water and
an organic solvent such as xylene but
with larger structures determined by the
size of the polymeric surfactant.
However, as yet, templated deposition
from these systems has not been
explored in any great detail.

Films electrodeposited from lyotropic
liquid crystalline phases have high sur-
face areas and contain regular arrays of
uniformly sized pores separated by thin
walls. These pores run continuously
through the films so that, as the film
thickness increases, the surface area of
the films also increase. This makes them
of interest for various applications
including uses in batteries and energy
storage,815,16 in electrocatalysis, 17,18
electroanalysis,19 and sensors.20 The spe-
cific surface areas of these films (in cm?
cm-3) are comparable to those of
nanoparticles of similar dimension. Thus
for materials deposited from the H;
phase formed by C;4EOg the calculated
specific surface area is 4.7 x 106 cm? cm?3,
only five times less than that calculated
for 2.5 nm diameter nanoparticles.
However there are some crucial differ-
ences. For many applications of nanopar-

FIG. 2. The principle of the lyotropic lig-
uid crystal templating process illustrated
for the Hy hexagonal phase. The process
starts with the plating mixture in the
Iyotropic liquid crystalline phase.
Electrodeposition occurs from the aqueous
domain of the phase out from the elec-
trode around the surfactant micelles (rep-

resented by the yellow cylinders).
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Following deposition, the surfactant is
removed by washing to leave the
nanoporous film whose structure is deter-
mined by the structure of the original
lyotropic liquid crystalline template. A
portion of a TEM image of a Pt film elec-
trodeposited from the H; phase of
C16EQg is shown within the circular
panel.
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ticles it is necessary to provide some suit-
able conducting support or to agglomer-
ate the particles to allow charge transport
through the system from particle to par-
ticle. This introduces an interparticle
resistance to charge transport through
the structure which may limit the
charge/discharge rate and hence the
power density in devices such as superca-
pacitors. In contrast the template
deposited films are monolithic structures
with facile charge transport through the
walls of the material and a uniform array
of pores which allow rapid ionic trans-
port into the structure. Consequently
they show low resistances making them
attractive structures for devices where
rapid charge or discharge is required.15
There is increasing interest in the pos-
sible effects of particle size on the effi-
ciency of electrocatalysis. This interest is
based on the realization that, as metallic
particles approach nanometer dimen-
sions, the surfaces become faceted and
the electronic properties of the particles
change, both features which can affect
the electrocatalytic activity. In contrast
to high surface area nanoparticle catalyst
surfaces, high surface area films prepared
by lyotropic liquid crystalline templating
have convex rather than concave sur-
faces; on average the coordination of
atoms in the surfaces of these films is

FiG. 3. The principle of colloidal crystal
templating. The process starts with the
close-packed template of spherical poly-
styrene particles (red circles) on the elec-
trode surface in contact with the plating
mixture. Electrodeposition occurs from
the solution out from the electrode sur-
face around the template. Following
deposition the template is removed by
dissolving the polystyrene in a solvent to
leave the macroporous film whose struc-
ture is determined by the original tem-
plate. A portion of an SEM image of a Ni
film electrodeposited around a colloidal
crystal template is shown within the cir-
cular panel.

EFFECTS ON:

higher than that on the planar surface
whereas for the nanoparticles it is lower.
This raises the interesting possibility that
the catalytic and electrochemical proper-
ties of these surfaces may show different
behavior because of the difference in cur-
vature, or that the high surface area
structures may be kinetically more stable
and therefore less susceptible to loss of
activity with time.

Examples of applications of films
deposited from lyotropic liquid crys-
talline phases have been reported in the
literature. For instance, we have shown
that electrodeposition of palladium from
the H; phase may be used to prepare
high surface area catalytic films for gas
sensor applications.20 In this work the
palladium was electroplated onto a pho-
tolithographically defined gold electrode
placed in the center of a micromachined
silicon hot plate structure. On heating
the hot plate to around 500°C in air, the
palladium was converted to a high sur-
face area palladium oxide film which
may be used to sense the presence of
combustible gases such as methane. The
combustible gas reacted with oxygen
from the air on the heated catalyst sur-
face changing the temperature of the hot
plate and this was sensed by the change
in resistance of a platinum track embed-
ded within the microfabricated structure.

This application exploits the ability of
electrodeposition to control the location
and thickness of the catalyst layer
together with the use of the templating
technique to produce a high surface area
active catalytic film. Other applications
reported in the literature include studies
of these films as electrocatalysts for
methanol fuel cells!718 and for the
direct oxidation of glucose?! as well as
their use in analytical applications as
coatings on microelectrodes for oxy-
gen22 or hydrogen peroxide measure-
ment.19 An example which illustrates
the high ratio of surface area to volume
within the films comes from our studies
of Hi-e Pd (the notation Hy_e denotes the
structure of the material obtained by
electrodeposition from the H; hexagonal
phase).10,23 For these nanostructured Pd
films we find that in the voltammetry in
acid we can readily resolve the redox
processes corresponding to the forma-
tion or stripping of adsorbed hydrogen
on the Pd surface and from the forma-
tion of the o- and B-hydride phases
which, in turn, are well resolved and sep-
arate from the onset of hydrogen evolu-
tion. For bulk Pd electrodes these differ-
ent processes are not resolved. The key
difference is that the surface area of the
Hj-e Pd is very high and the Pd walls
within the structure are sufficiently thin
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(around 2.5 nm) that diffusion of hydro-
gen atoms through the Pd to form the
hydride is not rate limiting. We find that
when the adsorption of hydrogen on the
Pd surface is blocked by adsorption of a
poison such as crystal violet or by depo-
sition of a submonolayer coverage of Pt
the rate of formation of the B-hydride
phase is limited by iR drop in the 1 M
sulfuric acid solution.23

20 to 1000 nm:
Golloidal Crystalline Templates

Spherical colloidal particles with very
uniform sizes are commercially available
in a range of diameters from around 20
nm to over 1 ym. These particles can be
assembled as colloidal crystalline layers
on conducting surfaces by various meth-
ods such as centrifugation, sedimenta-
tion, or evaporation. With careful con-
trol of the conditions, it is possible to
deposit high quality single crystalline
templates over large (>1 mm?2 areas).24
The assemblies of spheres show striking
colors ranging from red to blue depend-
ing on the viewing angle due to the
effects of Bragg diffraction. This opales-
cence is identical to that seen for the nat-
ural opal gem stone (natural opals are
made up of a close-packed array of uni-
form silica spheres) and is closely related
to similar optical effects which give
structural color to the plumage of some
birds and the wings of several varieties of
butterfly.24

Much interest in using colloidal crys-
tals to template the formation of materi-
als, particularly semiconductors and
oxides, has come from interest in pho-
tonic bandgap structures and most mate-
rials have been made by infiltration of
the colloidal crystal structure with pre-
cursors followed by chemical conversion
to the desired material and subsequent
removal of the template.25 This leaves an
inverse opal structure where there is a
close-packed array of regular spherical
voids within the material. It is possible to
completely remove the template because
the spherical voids are interconnected
through circular windows which are
formed where the spheres of the original
template were in contact. A disadvantage
of the chemical approach is that there is
inevitably shrinkage during conversion
of the precursor to the final material
(typically by 15% or more). This leads to
cracking of the material and it also
means that pore size in the final struc-
ture is not easily predicted. In addition
these chemical methods are not well
suited to the fabrication of thin support-
ed macroporous films. Electrodeposition,
Fig. 3, overcomes these problems.

The first report of electrodeposition
through colloidal templates was in the
work of Braun and Wiltzius26 on the
preparation of macroporous CdS and CSe
films for photonic bandgap studies. Since
that work, some groups including our
own have wused -electrodeposition
through colloidal templates to prepare
well-ordered inverse opal films of metals
and alloys,27-30 oxides, 31,32 and con-
ducting polymers33,34 as well as semi-
conductors. In contrast to chemical
approaches, electrodeposition has signif-
icant advantages. Electrodeposition
ensures a high density of the deposited
material within the template voids and
leads to volume templating of the struc-
ture as opposed to surface templating of
material around the template spheres.
Consequently there is no shrinkage of
the material when the template is
removed and no need for further pro-
cessing steps or the use of elevated tem-
peratures. Hence the resulting macro-
porous film is a true cast of the template
structure and the size of the spherical
voids within the film is directly deter-
mined by the size of template spheres
used. The method is also flexible in the
choice of materials which can be used
because both aqueous and nonaqueous
electrodeposition solutions can be used
and the templates are compatible with a
wide range of deposition conditions. We
have used polystyrene templates in all
our work because these templates may be
easily removed by soaking in tetrahydro-
furan. Silica templates also may be used
if polystyrene is unsuitable; in this case
the template can be removed by etching
in dilute HE

A unique feature of electrodeposition
is that it allows fine control over the
thickness of the resulting macroporous
film through control over the charge
passed. Electrodeposition is thus ideal for
the production of thin supported layers
for applications such as photonic mirrors
since the surface of the film can be uni-
form.

These nanostructured films are exam-
ples of metamaterials, that is, materials
whose properties depend on the nature
and the particular nanoscale structure of
the material. Our primary interest, in col-
laboration with colleagues in the School
of Physics and Astronomy in
Southampton, has been to study the
effects of the regular macroporous struc-
ture on the physical properties and in
particular to investigate how these prop-
erties change as we systematically vary
the diameter of the template spheres and
the thickness of the films. The size
regime where the feature size matches
the natural length scale for the physical
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property (the wavelength of light, the
width of the magnetic domain wall, or
the superconducting coherence length)
is of particular interest.

Electrodeposited macroporous metal
films behave as photonic mirrors; their
optical reflectivity depends on the choice
of metal, the diameter of the template,
and the thickness of the film in a way
that is not, as yet, fully understood. Our
systematic studies of the effects of angle
of incidence, film thickness, and tem-
plate diameter for Pt, Au, and Ag films
show that there are at least three process-
es which contribute and interact.35 First,
the structures act as sixfold diffraction
gratings based on the long-range order of
the template.29 Second, there are inter-
ference effects which arise between light
reflected from the top surface of the film
and light which has undergone one or
more reflections within the segment
sphere cavities within the film. Finally,
for metals such as Au for suitable geome-
tries and angles of incidence we find evi-
dence for the existence of confined sur-
face plasmons within the segment spher-
ical cavities.3¢6 Our understanding of
these effects is still developing but clear-
ly the ability to control the optical prop-
erties of these films through control over
their geometry on the scale of the wave-
length of light offers possibilities for
future practical applications in devices.

In the area of magnetism we have
investigated the effects of the diameter of
the pores and the thickness of porous
films on the magnetic properties for Co
and NiFe alloy films.30:37 We find that,
as the diameter of the pores decreases,
while keeping the thickness of the films
constant, the coercivity of the films
increases significantly (by a factor of 50
or more). The coercivity is a measure of
how easily the direction of magnetiza-
tion can be switched: hard magnetic
materials have large coercivities. For our
samples, the increase in coercivity is con-
trolled by domain wall pinning and the
magnetic moments rotate out of the
plane of the film (Bloch walls).38 In
effect the presence of the spherical voids
within the films makes a harder magnet-
ic material by resisting the rotation of
the magnetic moments in response to
the applied external field. However this
effect continues only up to a point.
When the pores become very small the
coercivity decreases with pore size. The
changeover in behavior between these
two regimes occurs when the dimensions
of the pores are twice the domain wall
thickness for the material. For Co this
occurs at around 32 nm whereas for 500
nm thick NiFe alloy samples this occurs
at about 128 nm.38 We also find an
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intriguing oscillation in the magnetic
properties as we increase the film thick-
ness for a fixed pore diameter such that
the coercive field passes through a maxi-
mum each time the film thickness is
such that the top surface of the film is
close to the center of a layer of close-
packed spherical voids. This oscillation
in magnetic properties with film thick-
ness resembles that found for multilayers
with alternating hard and soft magnetic
layers and constitutes a new class of geo-
metrical multilayer structures.39
Nanostructuring films on this scale
also affects the superconducting proper-
ties of the material. Using Pb films grown
through colloidal templates we have
investigated the effect of the pore size on
superconductivity.40 Pb is a type I super-
conductor with a critical temperature of
7.2 K. Below 7.2 K the metal becomes
superconducting and, when placed in a
external magnetic field, excludes the
field up to some critical field which
depends on the temperature (this is the
Meisner effect). The introduction of
defects into the structure (the array of
pores defined by the colloidal template)
changes the film from a type I to a type
IT superconductor. In a type II supercon-
ductor at temperatures below, but close
to, the critical temperature the field lines
of an externally applied magnetic field
are able to penetrate the sample but the

FiG. 4. Principle of the double templated
deposition of an array of nanodots. The
process starts with a macroporous insu-
lating polymer film (shown in blue) pre-
pared from the colloidal crystal template
as shown in Fig. 3. Electrodeposition
occurs from the exposed conducting disks
at the bottom of each of the spherical
pores in the bottom layer of the template.
The height of the sphere segments
deposited (shown in green) is controlled
by the charge passed. Following deposi-
tion the polymer is removed to leave an
array of nanodots whose spacing is deter-
mined by the size of the spheres used to
form the original template. A portion of
an SEM image of an array of Ni nan-
odots is shown within the circular panel.

flux is quantized (a fluxon) and a super-
conducting current is induced around
each flux line. This is the so-called vortex
state and the presence of these vortices
within the superconductor leads to a
finite resistance to the passage of current
through the sample. For the macro-
porous samples, the magnetic flux lines
are pinned by the regular hexagonal
array of nanopores within the film. As a
result the resistance of the film in the
type II superconducting state shows reg-
ular modulations as the strength of the
externally applied magnetic field is
changed. These oscillations occur when
the density of vortices within the film
matches the density of pinning sites cor-
responding to integral numbers of flux-
ons being associated with each pinning
site.40

Templating with colloidal particles
can be taken one step further in so-called
double templated methods. For example,
the initial colloidal polystyrene template
can be used to template the deposition of
a conducting polymer film which, after
removal of the polystyrene, can itself be
used as a template for the deposition of
regular arrays of metal nanodots, Fig. 4.
This approach works because the con-
ducting polymer film can be converted
to an insulator and because there is a
small circular region of the underlying
conducting substrate exposed at the bot-

tom of each spherical cavity in the low-
est layer of pores in the polymer film.
Electrodeposition occurs from each of
these conducting regions out through
the insulating polymer template. The
size and separation of the resulting nan-
odots is controlled by the size of the ini-
tial template spheres and the amount of
charge passed in the final electrodeposi-
tion step.4! Similar results have been
obtained using nickel oxide as the inter-
mediate template.42 In a second
approach we have used spheres of two
different sizes in sequential steps to tem-
plate the deposition of monolayer arrays
of spherical segment pores which are sep-
arated from each other. To do this we first
assemble the template from the larger
spheres and deposit an initial thin layer
of metal, less than the radius of the
spheres, through this template. We then
remove the larger template spheres and
replace them with smaller spheres,
assembled so that there is one smaller
sphere in each cavity templated by the
original layer of larger spheres. We then
complete the deposition of the film
around the smaller spheres and finally
remove the smaller spheres to leave an
array of pores whose diameter is deter-
mined by the size of the smaller spheres
and whose spacing is determined by the
diameter of the larger spheres.43
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Conclusion

Self-assembled templates allow the
electrodeposition of a range of materials
containing regular arrays of uniform
pores of submicrometer dimension. The
presence of these arrays of pores on the
hundred nanometer scale alters the
physical properties of the material and
by varying the size of the pores we can
tune the optical, magnetic, and super-
conducting properties of materials in
interesting and possibly useful ways. The
presence of arrays of pores on the
nanometer scale produces materials with
high surface areas and thin pore walls
which may find useful applications in
energy conversion and storage, electro-
analysis, catalysis, and sensors. |
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