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Engineering of Complex Macroporous Materials Through
Controlled Electrodeposition in Colloidal Superstructures

Matthias Heim, Stéphane Reculusa, Serge Ravaine,* and Alexander Kuhn*

Macroporous materials with a sophisticated architecture are obtained by elec-
trochemical deposition of gold or polypyrrole in colloidal-crystal templates.
The Langmuir—Blodgett technique enables assembly of sub-micrometric
silica-particle monolayers on conductive gold substrates, thus leading to col-
loidal superstructures with an unprecedented control of their features at the
single-bead-layer level. This allows the integration of deliberate planar defects
or the elaboration of well-defined gradients in terms of sphere size. Controlled
infiltration using electrochemical deposition preserves the architecture of the
original templates and leads to inverse opals with well-defined pore struc-

tures after the removal of the inorganic particles.

1. Introduction

The creation of highly ordered macroporous materials has
attracted great interest in the last few years due to a large
number of applications in different domains, including electro-
analysis, 2 photonic crystals,® actuators,* filtersP! and energy-
storage or conversion devices.®! In particular, macroporous
structures provide higher surface areas than their flat homo-
logues, which, combined with more-efficient mass transport in
their sub-micrometer-sized pores, makes them very-interesting
candidates for use as electrodes in biosensors!’! or biofuel cells.l®!
Artificial opals and their inverse counterparts, used as filter
membranes, have also enabled size-dependent separation of bio-
molecules (such as DNA or proteins) or colloidal particles, with
the possibility of adapting the pore dimensions to a required
separation profile.>1% The photonic properties of colloidal
crystals and/or their replicas have also been studied as optical
sensors for the detection of different solvents, heavy-metal ions
and biomolecules. One of the most-promising strategies for
achieving photonic crystals, that exhibit a complete band gap in
the UV-vis spectral region, is the infiltration of a 3D-colloidal
crystal template with a high-refractive-index material.l!2
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Several techniques have been reported
in the literature, describing the assembly
of colloidal particles into organized struc-
tures, including gravity sedimentation,!3!
electrophoretic assembly,™ spin- or dip-
coating,>1% convective self-assembly!'’]
and physical confinement.l'® Besides
the fabrication of homogeneous colloidal
crystals based on one single bead size,
they also allow various superstructures
to be built up, combining spheres of dif-
ferent sizel'”l or chemical composition!?’!
in one template. Additionally, point,/?1:??!
linel?®! or planarl?420 defects have been
successfully integrated in colloidal crys-
tals in order to explore their influence on the photonic proper-
ties of the material. A drawback of these assembly techniques,
however, consists of the poor control over the number of
particle layers deposited during the assembly process, hence
leading to restrictions, for example when gradients in col-
loidal crystals with different sphere sizes in successive layers
have to be produced. The few attempts made to fabricate
graded colloidal-crystal structures have consisted of top-down
modifications of previously assembled polystyrene spheres by
heating!?’! or plasma etching,?® associated with a considerable
lack of control over the resulting bead size and structure of the
gradient. Such a limitation can, however, be overcome using
a step-by-step assembly process of the colloidal basic units.
In particular, successive transfers onto a solid substrate of a
monolayer of surface-modified silica particles through the Lang-
muir-Blodgett (LB) technique has proved to result in colloidal-
crystal assemblies with a thickness defined at the single-layer
level.?%-31 Since Langmuir films can be prepared from silica
particles with a range of different diameters,*? architectures
based on two different sizes have already been realized in the
past using this approach.?*-%¢ In the current work, we have
taken full advantage of the benefits of the LB process to build
up colloidal superstructures with an unprecedented degree of
complexity using up to six different particle sizes, the sequen-
tial deposition of monolayers allowing a predefined architecture
to be generated exactly.

A second challenge consisted of getting the inverse replicas
of these highly organized structures. As described by Velev
and coworkers, strategies to get polymeric, metallic, semicon-
ducting or inorganic porous materials starting from colloidal
templates are quite numerous, such as UV-induced poly-
merization, chemical vapor deposition, particle infusion or sol-
gel hydrolysis.?738 Among them, electrochemical deposition
has been found to be one of the most convenient, since the
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thickness of the inverse material (metal or conductive polymer)
can be controlled quite precisely through the measurement of
the global charge passed during the experiment.3**! Here,
we have made the most out of recent contributions, where we
demonstrated that chronoamperometric curves allow an even-
more-direct control over the inverse material thickness when
LB films deposited onto conductive substrates are used as tem-
plates.[®7] Potentiostatic electrodepositions were therefore per-
formed to infiltrate the colloidal superstructures synthesized
previously. Despite the complexity of their architectures, the
void spaces of these templates, regular and crack-free enough
over large areas, were successfully filled with either gold or
polypyrrole, with a constant control over the growth process.
After removal of the silica matrix, the resulting materials
were characterized by scanning electron microscopy (SEM).
At the end of the multistep process, which is schematically
represented in Figure 1, easily handleable macroporous struc-
tures with a well-defined and original architecture were finally
obtained.

a ) Protective

varnish

)

Electrical
junction

Template
dissolution

Figure 1. a) Representation of the different consecutive steps for the
preparation of macroporous metallic materials. b) Picture of a gold-
coated glass slide after the deposition of the colloidal template (middle)
and at the end of the whole process (right).
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2. Results and Discussion

2.1. Elaboration of the Colloidal Templates with the LB
Technique

Amongst others, one of the great advantages of the LB technique
is the possibility of building up colloidal crystals with control
at the single-bead-layer level. As described in the Experimental
Section, well-compressed monolayers of silica particles can be
transferred from the air-water interface onto solid substrates and
this process is repeated until the desired number of layers, up to
several tens of layers, has been deposited on the sample. In this
work, colloidal superstructures with various architectures using
silica particles of different diameters were synthesized following
this strategy. More precisely, three main families of templates
with increasing complexity that may lead to various types of
applications were generated: (Type-I) templates using two sizes
of particles with a well-defined planar defect; (Type-1I) templates
using three sizes of particles assembled in a “single-gradient”
structure; and, finally, (Type-III) “double-gradient” structures
using particles of different sizes organized symmetrically with
respect to a central layer consisting of the largest or smallest
particles. It is worth noting that all of the colloidal-crystal
templates fabricated were uniform over an area of more than
2 cm?, as pictured in Figure 1b, but Langmuir-Blodgett films
can be deposited perfectly well onto larger surfaces without any
restrictions, as long as the required equipment, a Langmuir
trough with a large working area and a sufficient immersion
depth, is available.

As pictured in Figure 2, where SEM side views of all types of
the samples are presented, the thicknesses and compositions of
the templates are very regular. In particular, with the “Type-II”
templates based on successive stacks of layers with increasing
diameters of silica particles, the eventual irregularities of the
first stackings had little influence on the arrangements of the
upper ones, as shown in Figure 2b. It was, however, possible
to take advantage of the specific iterative process, typical of
the LB strategy, to get templates with an even-higher degree of
complexity. Indeed, sequential stacking of single layers of par-
ticles with different diameters could lead to templates with a
“double-gradient” (Type-III). Here, we focused on symmetrical
architectures where the middle bead monolayer acted as a sym-
metry plane for the whole structure. In such cases, it makes a
difference whether the bigger beads are positioned onto smaller
ones or the other way round. In the latter sequence, care had to
be taken to choose bead diameters that were not too different
from one bead layer to the next, because otherwise the smaller
beads would slide into the free space existing between the bigger
beads, leading finally to ondulating layers (see upper layers in
Figure 2c).

The template pictured in Figure 2c was assembled from 11
layers comprising beads of six different diameters ranging from
240 to 1200 nm. In this case, the particle diameter was gradually
increased for the first six layers and decreased for the following
five ones, leading to an “ascending-descending” architecture.
By taking a close look at the template structure (see inset in
Figure 2c), one can notice that the first six layers were homoge-
neously organized throughout the colloidal crystal, without any
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and 1600 nm), as shown in Figure 3 for three
“Type-11” samples consisting of three con-
secutive stacks of N layers of 430, 740 and
1000 nm silica particles (with N=3, 5 or 10).
While the overall reflectance signal became
more and more attenuated when the sample
got thicker, the number of fringes resulting
from interference phenomena at the air-
template and template-substrate interfaces
increased as a result of the larger optical

20 um

Figure 2. SEM side views of colloidal templates formed by Langmuir-Blodgett deposition of
monolayers of silica particles on a gold-coated glass substrate. a) “Type-I" template with a
5-layer stack of 430 nm particles separating two 5-layer stacks of 1000 nm particles. b) “Type-I1”
monogradient template consisting of three 10-layer stacks of 430, 740 and 1000 nm particles.
c—d) “Type-111” colloidal templates presenting a double-gradient structure consisting of consec-
utive monolayers of silica particles with different diameters: ascending-descending architecture
with larger particles in the middle (240, 325, 395, 470, 600, 1200, 600, 470, 395, 325 and 240)
(c); descending-ascending architecture with smaller particles in the middle (1000, 740, 470,

325, 240, 325, 470, 740 and 1000) (d).

significant variation in thickness. The remaining five layers,
however, show a slightly wavy character, which was attributed
to the fact that layers of smaller particle size were deposited
onto bigger ones. It was possible to minimize this effect by
selecting particles whose diameters varied only slightly from
one layer to the next. In Figure 2d, a reverse type of template
(descending-ascending) is illustrated: the particle diameter first
decreased for five layers from 1000 nm to 240 nm and subse-
quently became larger and larger for the last four layers. The
homogeneity of the top surface is noticeable and might be put
down to the more-regular variation of the particle diameters in
the descending or ascending parts (the diameter ratios between
consecutive layers were always close to 1.25). One should note
that breaking of the gold-coated glass substrates to get images
of the cross-section of the templates had no influence on their
structural integrity, as can be seen in all of the SEM pictures.
Since they were deposited on gold substrates, reflectance
spectroscopy was a very-convenient and non-destructive tech-
nique to optically characterize the structure of our templates.
Measurements were therefore carried out using a micro-
spectrophotometer working at normal incidence in the
UV-vis—IR range between 250 and 1650 nm. Similarly to pre-
vious observations, regular oscillations known as Fabry—Pérot
fringes that testify to the thickness homogeneity could be
observed in a certain range of wavelengths (here, between 1200
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pathway. As shown previously,3#?] the wave-
length positions of consecutive reflectance
maxima allow the thickness of the samples,
0, to be estimated using Equation 1:

MAMAL+m) = 2Me(Aaqm — A1)0 (1)

In Equation 1, A is the wavelength posi-
tion of the first visible fringe taken into
account and n,. is the mean refractive index
for a compact arrangement of silica spheres
in air, assumed to be close to 1.33. For each
sample, 6 is therefore equal to the slope of
the linear fits plotted in the inset of Figure 3:
the calculated values are 5.3, 9.4 and 19.4 um
for the three “Type-1I” examples with three
consecutive stacks of N layers (N =3, 5 and
10, respectively). These results are in good
agreement with the thicknesses inferred
either from the SEM observations or from
geometrical calculations assuming a face-
centred cubic (fcc) packing of spheres in
each stack.
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Figure 3. UV-vis—near-IR (NIR) reflectance spectra of three “Type-Il”
templates consisting of three consecutive stacks of N layers of silica par-
ticles with an increasing diameter (430 nm for the first stack, 740 nm for
the second and 1000 nm for the third). The arrows indicate the positions
of the Fabry—Pérot fringes that were taken into account when calculating
the thickness of each sample, equal to the slope of the linear fits shown
in the inset.
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2.2. Gold Electrodeposition into the Colloidal-Crystal Templates

In a subsequent step, the templates fabricated in Section 2.1
served as working electrodes for the electrodeposition of gold.
A commercially available plating solution containing brightener
was used for all of the experiments and a constant potential of
—660 mV versus Ag/AgCl was applied in order to reduce the
gold sulphite ions into metallic gold. In all of the figures pre-
sented below, for the sake of clarity, the intensity of the faradaic
current signal that was recorded during the electrodeposition
process has been divided by the geometrical surface area of the
electrode. A typical example of such a chronoamperometric
curve, recorded for the “Type-1” sample shown in Figure 2a, is
presented in Figure 4a.

As observed in previous work dealing with cylindrical sub-
strates, % it was particularly easy and straightforward to follow
the growth of the metallic deposits in these homogeneous and
crack-free colloidal templates thanks to the current-density
variations: here, around a mean value of about —0.5 mA cm™2.
Indeed, the local extrema of the current density can be attrib-
uted to the periodic variation of the electroactive surface area
of the growth front during the gold deposition. Since we are
dealing with a reduction process, the current density is nega-
tive and its absolute value reaches a minimum when the elec-
troactive area is minimal. This occurs when the altitude z of the
electrodeposition front (or thickness of the deposit) equals an
odd number of half-layers (i.e., when z =r, r + a, r + 24, etc.,
with r being the radius of the particles and g, the lattice con-
stant of the pseudo fcc arrangement of particles). The shape of
these oscillations depends on the particle diameter, larger ones
resulting in a longer oscillation period. From Figure 4a, the
mean period in every stack could be estimated as 15 min (first
1000 nm stack), 9 min (intermediate 430 nm stack) and, finally,
20 min (second 1000 nm stack), suggesting a slight decrease of
the growth velocity due to an increase of the ohmic losses when
the gold-silica composite became thicker.

Another remarkable feature was particularly visible when
the electrodeposition occurred in the templates containing
large particles. As expected but never observed experimentally
by other authors,*3 the interpenetration of two consecutive
layers of particles in an fcc arrangement should generate a local
extremum for the current density when the electrodeposition
front reaches the middle of the junction between two con-
secutive layers. As shown in the inset in Figure 4a, the first
minimum in the current density indeed presented a small
local maximum, thus corresponding to a local minimum of the
electroactive surface area. This observation is in perfect agree-
ment with the theoretical variation of the available surface area,
calculated as a function of the altitude z of the growth front
in the same Type-II template (5 layers of 1000 nm, 5 layers of
430 nm, 5 layers of 1000 nm). Assuming the velocity of the elec-
trodeposition process is constant, this z-dependency, plotted in
Figure 4b, can be considered as a function of time. Two sym-
metrical cusps were observed around the extrema for each
even number of half-layers (z = 2r, 2r + a,, etc.) illustrating the
anti-monotone surface-area variation in the overlap zone of two
consecutive layers.

Three other characteristics emerged from this theoretical
calculation based on pure geometric considerations. Firstly, the
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Figure 4. a) Chronoamperometric curve corresponding to the elec-
trodeposition of gold in a Type-I template presenting an artificial planar
defect with two 5-layer stacks of 1000 nm particles separated by a 5-layer
stack of 430 nm particles. Potential for the deposition: E = —-660 mV
(versus Engagci)- b) Theoretical calculation of the electroactive area as a
function of the position of the progressing electrodeposition front. c) SEM
image of the final gold structure after the removal of the template.
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absolute minimal area should be equal to 10% of the whole
surface for each halflayer thickness, in agreement with the
value of 0.9 for the surface compactness — or packing para-
meter — expected for a hexagonal pavement of disks. It is worth
noting that this minimum value is independent of the diameter
of the particles. Secondly, the variation of the surface in the
overlap between two consecutive stacks around values of z close
to 4.2 and 5.9 um also exhibits local extrema that are not vis-
ible experimentally. Finally, when the metallic deposit reaches
the top surface of the template, the electrochemically active area
increases again, up to a maximum value (i.e., the geometrical
surface of the bare substrate). This last feature was, however, not
observed in our experiments, since we systematically stopped the
electrochemical reaction just before the gold deposit reached the
top surface. To be more precise, the electrodeposition was per-
formed until observation of the last maximum, corresponding
to the 9th half-layer in Figure 4a. Some other examples are pre-
sented in Figure 5a, where the gold reduction was carried out in
“Type-11” templates consisting of three stacks of particles with
an increasing diameter. For the samples with cross-sections pre-
sented in Figure 5b and 5c, the process was stopped after the 5™
and the 19" half-layers of their respective third stacks, consisting
of 3 or 10 layers of 1000 nm silica particles. This was done in
order to allow the dissolution of the silica template, requiring
diffusion of a dilute solution of hydrofluoric acid from the top
surface to the bottom of the electrode, which otherwise would
not be possible. After removal of the templates, the final macro-
porous materials presented interconnected voids and a top sur-
face with a remarkable flatness, illustrating the homogeneity of
the electrodeposition process due to both the adequate plating
solution and the template quality. This was particularly illus-
trated by the registered current transients, drawn in Figure 5a,
where almost every maximum of the current was resolved (up
to 30 for the “Type-11” sample shown in Figure 5c), whereas the
Dbest results described in the literature quote the detection of a
mere 10 maxima in the current density.[*4

Additional experiments were also carried out under similar
conditions using the “Type-III” templates that are shown in
Figure 2c and 2d. Again, the variation of the current density
versus time had to be correlated to the architecture of the tem-
plate, the amplitude of the oscillations decreasing slowly during
the electrodeposition process, either due to a laterally inhomo-
geneous growth front of the gold deposit or a slight imperfec-
tion in the ordering of the colloidal particles in the template.

A good example for this last-mentioned point is presented in
Figure 6a with the “ascending-descending” sequence. For the
sake of clarity, the structure of the template is recalled at the
top of the figure using spheres that are positioned symmetri-
cally around each extremum (corresponding to each half-layer)
and whose sizes are exactly proportional to the actual size of the
silica particles used experimentally. Indeed, the corresponding
chronoamperometric curve is particularly remarkable since the
first six current oscillations, related to each of the six monol-
ayers of the “ascending” stack, are clearly visible and their
period matches almost perfectly with the size of the particles.
However, electrodeposition in the “descending” stack generated
less-pronounced oscillations. This result is in good agreement
with the SEM image of the obtained inverse material, shown in
Figure 6b, where a highly ordered porous structure is observed
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Figure 5. a) Chronoamperometric curves corresponding to the elec-
trodeposition of gold in a “single-gradient” template consisting of three
consecutive stacks of N (N =3 or 10) layers of 430, 740 and 1000 nm
particles. Potential for the deposition: £ =-660 mV (versus Exg/agci). The
arrows indicate the maxima corresponding to significant half-layer posi-
tions in each stack. b—c) SEM images of the corresponding materials after
removal of the template for N = 3 and N =10, respectively.
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Figure 6. a) Chronoamperometric curves corresponding to the elec-
trodeposition of gold in “Type-l1lI" double-gradient templates with
ascending-descending and descending-ascending structures (numbers
on spheres indicate the diameter of the particles used in the template).
Potential for the deposition: £ = —660 mV (versus Egjagci)- b—c) SEM
images of the corresponding gold macroporous replicas after the removal
of the inorganic template.
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in the lower part of the sample (until the middle layer), whereas
the degree of disorder was higher in the upper five layers,
this being directly attributable to the stacking irregularities
observed in the template (see Figure 2c). On the contrary,
electrodeposition in the “descending-ascending” structure,
where the variation in the particle size was more progressive
between consecutive layers, led to a much-more-symmetrical
chronoamperometric profile, the maxima of the current density
being still visible in the second “ascending” stack.

2.3. Polypyrrole Electrodeposition into the Colloidal-Crystal
Templates

Besides gold, plenty of other metals like zinc, nickel, copper,
silver or platinum,®#% as well as polymeric materials,>%5
can be successfully electrodeposited onto a conductive surface
using commercially available or homemade plating solutions.
To illustrate that our results depended mainly on the quality of
the template, the electrodeposition of a conducting polypyrrole
film, starting from a freshly prepared pyrrole solution, was car-
ried out at a potential of +600 mV versus Egagci, following a
protocol inspired from the literature.?

Figure 7a presents the chronoamperometric curves obtained
during electrodeposition within “Type-III” templates that were
identical to those used in Figure 6. Since the formation of
polypyrrole results from an oxidation process of pyrrole, the
faradaic current has a positive sign and, as a consequence, each
current-density minimum now corresponds to a minimum of
the electroactive surface.

Similar to the results obtained with the gold plating solution,
we again observed regular oscillations of the current density,
here around a mean value of 0.3 mA cm™. In the “ascending”
stack of the ascending-descending structure, the interdis-
tance between consecutive maxima was again in perfect agree-
ment with the size variation of the particles from consecutive
layers. As expected, oscillations were, however, less visible in
the “descending stack” and the flatness of the top surface was
also less regular compared with the gold homologue, as can
be seen in Figure 7b. On the other hand, electrodeposition in
the “descending-ascending” structure led to an almost-perfectly
symmetrical chronoamperometric curve, indicating both: i) the
good symmetry of the template architecture, and ii) a constant
rate of reaction, or film-growth velocity, suggesting that the elec-
trochemical oxidation of the pyrrole proceeded homogeneously.
Again, the SEM side view, shown in Figure 7c, obtained after
dissolution of the silica particles in dilute HF, confirmed this
statement.

3. Conclusions

Three-dimensional colloidal templates, uniform in shape and
thickness over a large macroscopic scale (several cm?) were
elaborated through the Langmuir-Blodgett technique on planar,
conductive substrates using silica particles of various diameters
as basic units. Three different kinds of templates with increasing
complexity in their architecture were successfully synthesized:
templates with a well-defined planar defect involving two
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Figure 7. a) Chronoamperometric curves corresponding to the elec-
trodeposition of polypyrrole in “Type-l11” double-gradient templates with
ascending-descending and descending-ascending structures. Potential
for the deposition: £ = +600 mV (versus Eagjagcy)- b—c) SEM images of
the corresponding materials after the removal of the inorganic template.

different particle diameters (Type-I); templates with a diameter
gradient using three stacks of particles with different sizes and
thicknesses (Type-II); and, finally, “double-gradient” templates,

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

el
Mot oS
www.MaterialsViews.com

resulting from a symmetrical stacking of single layers of parti-
cles with up to 6 different diameters (Type-III).

Gold or polypyrrole inverse replicas of these superstructures
were then generated through electrochemical deposition. What-
ever the type of template, the chronoamperometric curves pre-
sented similar characteristics, allowing unprecedented control
over the electrodeposition process, which could be stopped when
necessary. After template dissolution, SEM cross-sectional views
of the as-synthesized materials showed highly regular macro-
porous materials with a uniform thickness and interconnected
pores.

4. Experimental Section

Synthesis of the Colloidal Templates: Silica particles of various
diameters (240, 325, 395, 430, 470, 600, 740, 1000 and 1200 nm) were
synthesized according to batch or semicontinuous procedures inspired
from the Stéber sol-gel process based on ammonia-catalyzed hydrolysis
and condensation of tetraethoxysilane in a hydroalcoholic medium.
Surface modification of these particles with aminopropytriethoxysilane
(Aldrich) and the typical washing procedure were then carried out as
described previously.30-32

Langmuir Film Formation: A dilute suspension of silica particles
(approximately 10 mg mL™" of a 80/20 v/v chloroform/ethanol mixture)
was spread at the air-water interface of a Langmuir trough filled with
double-distilled water. After solvent evaporation, the obtained Langmuir
film was compressed stepwise (steps of T mn m™) until the increase of
the surface pressure did not modify the area occupied by the particles
at the interface. Transfer of a single layer of particles onto a clean glass
slide was then carried out to verify the film quality.

Deposition of the LB Films onto Planar Substrates: Gold-coated glass
slides were cut into small pieces with a surface between 3 and 4 cm?
and used as substrates for the LB transfer. After a cautious washing
in several solvents (water, acetone and chloroform) to remove all
possible contamination from organic molecules, the pieces were kept
in an aqueous cysteamine (Fluka) solution overnight to ensure good
hydrophilicity of the gold surface through the formation of a self-
assembled monolayer. The slides were then used as substrates for the LB
deposition, a computer-controlled dipping system allowing immersion
and withdrawal through the interface. This procedure was automatically
carried out several times, until the desired number of particle layers had
been transferred.

Potentiostatic Growth of the Gold Deposit: After the formation of the
silica template, the gold-coated slides were used as working electrodes in
a typical three-electrode cell with a platinum foil as the counterelectrode
and an Ag/AgCl electrode as the reference. A cyanide-free gold-plating
bath purchased from Metalor (ECF-63; containing brightener and with
a gold concentration of 10 g L™') was used as received for the metal
deposition. A constant potential of —660 mV was applied and the
intensity of the faradaic current resulting from the Au-ion reduction
was measured using an Autolab PGSTAT 20 potentiostat (EcoChemie)
system monitored by a PC running the GPES 4.9 software.

Potentiostatic Growth of the Polypyrrole Deposit: Pyrrole (98%, Sigma—
Aldrich) was distilled before use and stored in a closed container in
a freezer. A 0.1 m pyrrole aqueous solution of 1 m KCl was sonicated
for 5 min in order to allow complete dissolution of the monomer. For
the electrodeposition of the polypyrrole, basically the same setup was
employed as for the gold deposition with a potential that was kept
constant at +600 mV.

Theoretical Calculations: Variations of the electrochemically active
surface area of the metallic deposit were calculated as a function of the
penetration of the growth front in the template, named z, using Scilab
5.3.0. software.

Spectroscopic Characterization: The UV—vis—NIR spectra were recorded
in the 250-1700 nm range using a 20/20 PVTM micro-spectrophotometer
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from CRAIC Technologies, working in reflectance mode at normal
incidence.

SEM Characterization: The SEM experiments were carried out using a
Hitachi TM-1000 table-top microscope.
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