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CHAPTER 4
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1. INTRODUCTION

The synthesis of new nanostructured materials and the study
of their properties (electrochemical, catalytical, and opti-
cal) compared to those of macroscopic samples of the same
materials are attracting increasing interest in modern chem-
ical science. The transition between bulk and molecular
scales often leads to dramatic changes in the properties of a
material, which can be interesting for the practical applica-
tions in a varicty of arcas, including chemistry, physics, elec-
tronics, optics, materials, and biomedical science [1-4]. This
trend includes the preparation, characterization, and elec-
trochemical applications of electrodes with critical dimen-
sions in the nanometer range. Among other more complex
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and expensive procedures, the preparation of nanoelectrode
using nanoporous membranes as templates distinguishes
itself for its simplicity and wide applicability.

First attempts in such a direction started at the end of
1980s in Charles Martin’s laboratory [5, 6], shortly followed
by Uosaki and co-workers [7], who proposed the new idea
of using preformed microporous membranes to build spe-
cially featured electrodes inside the pores of the membrane,
so0 obtaining an integrated membrane-nanoelectrode device.
These nanostructured electrodes showed quickly to be very
useful for a variety of specialized functions spanning from
chemical analyses and sensing [8] to photoelectrochemistry
[9] and electrochemical energy storage [10, 11]. The first
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prototype nanoelectrode ensemble (NEE) was built using
alumina microporous membrane as template [5-7], which
was then matched by track-etched polymeric membranes [2,
12] commercially available as ultrafiltration membranes (for
sophisticated biological separations). All these membranes
contain monodispersed pores of very small diameter; the
pore diameter determines the nanoelectrode diameters and
the pore density controls the distance between the nano-
electrode elements. Since the thickness of the templating
membrane is usually much larger than the pore diame-
ter, the obtained nanostructures are characterized by high
aspect ratios (that is, the length/diameter ratio), which can
be as high as 600 or more. Other approaches are based
on exploiting as nanoelectrodes the defects generated in
a self-assembled monolayer [13-16]. Recently, metal nano-
structures have been obtained also using as templates the
pores created by self-assembly of block copolymers under
the influence of applied electric fields and high temperatures
[17, 18). For a recent review on sclf-assembly and nanofab-
rication in polymer matrices see Ref. [19]; those interested
also in other methods for the fabrication of nanoelectrodes
and arrays are addressed to a recent review by Arrigan [20].

The use of preformed microporous membranes as tem-
plate for the synthesis of nanomaterials was somehow revo-
lutionary, since it made accessible to almost any laboratory
a simple but effective procedure for the easy preparation
of nanomaterials of interest not only to the electrochemist
but to all material scientists [21]. What is needed for the
membrane-based synthesis of nanomaterials is, in fact, a very
simple apparatus, such as an apparatus for metal deposition
and basic electrochemical instrumentation.

Historically, fundamentals of template synthesis in
nanoporous membranes were introduced by Possin [22] and
refined by Williams and Giordano [23], who prepared dif-
ferent metallic nanowires with diameters as small as 10 nm
within the pores of etched nuclear damage tracks in mica.
The technique refined progressively with time, up to achiev-
ing the preparation of very sophisticated nanostructures,
such as conically shaped nanoelectrodes with controlled ver-
tex angle, obtained very recently by finely tuning the etching
of the pores in the membrane [24, 25].

Templating membranes can be used to produce nano-
structured electrode systems not only via template metal
deposition, but also by use of other methods such as sol-
gel [26-28] or chemical vapor deposition [26, 29]. This
chapter will examine specifically the preparation, charac-
terization, and electrochemical application of ensembles of
nanodisc and nanofiber electrodes obtained by using micro-
and nanoporous membranes as templates, together with
their applications to electroanalytical and energy storage
purposes.

2. TEMPLATING MEMBRANES

2.1. Comparison Between Templating
Membranes

There are two main types of microporous membranes avail-
able for the template deposition of metal nanowires and
related nanostructures: track-etched polymers and micro-
porous alumina membranes, Details on the preparation and
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relevant characteristics of the two kinds of membranes are
given below with a preliminary comparison of the main
features being introduced here. Both types of membranes
are commercially available, and special geometries can be
obtained on request to the producers; for the case of the
alumina membrane, note that they can be homemade in
dedicated laboratories.

The main morphological difference between alumina and
track-etched polymer membranes is that the alumina mem-
branes, which are prepared by controlled anodization of
aluminium [30, 31], are characterized by very high pore
densities, so that the ratio between the pore area and
the overall geometric area is a number not much smaller
than unity (see Fig. 1(a)). On the contrary, as shown in
Figure 1(b), track-etched polymeric membranes are indeed
characterized by much smaller pore densities. They are pre-
pared by irradiation of the polymer foil with nuclear fission
fragments of heavy elements such as californium or ura-
nium or by ion beams from accelerators. The tracked zone
is then removed by a chemical ctching agent, typically a
solution of a strong alkali. The chemical etching determines
the pore size and shape [32-34], while the time of track-
ing determines the pore density [32, 35]. Polymeric mate-
rials most widely used for preparing track-etched porous

Figure 1. SEM images of commercial microporous membrane with
pores of 200 nm diameter: (a) alumina; (b) track-etched polycarbonate.
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membranes are polycarbonate, polyethylene terephthalate,
and polyimide [32].

Advantageous characteristics of the track-erched mem-
branes over porous alumina films are their fexibility
(alumina films are brittle) and their smooth surfaces.
A problem with track-etched membranes is that the pores
created by fission fragment tracks are not always parallel
to each other (or even perpendicular to the membrane sur-
face), and pore positions are randomly distributed, unless
special control procedure are applied [36]. On the other
hand, the pores in the alumina membranes can be branched
on one side of the membrane [37]. Both kind of membranes
can be used for preparing NEEs; track-etched polymers
are preferred when high distances between the nanoelec-
trode elements are required (as in case of analytical/sensing
applications), while alumina membranes are the template of
choice when high-density nanostructures represent the final
goal (as in the case of high surface nanostructures for bat-
tery purposes). Also, the medium where the NEE should be
used can determine the choice: alumina membranes resist
to organic solvents where polymer membranes (in particu-
lar, polycarbonate membranes) can be dissolved; however,
the former can be damaged by alkaline or acidic aqueous
solutions.

2.2. Preparation of Microporous Alumina
Membranes

Aluminium oxide films with regular pore distribution are
formed when high-purity aluminium substrates is oxidized
electrochemically in acidic electrolytes [30, 31]. The oxide
film so produced consists of a uniform array of parallel
alumina cells packed hexagonally, each containing a nearly
cylindrical pore. The uniform diameter of the pores is a con-
sequence of the equilibrium between the growth rate of the
alumina and its dissolution into the acidic electrolyte. Repul-
sive forces between the pores due to the volume expansion
causes such an hexagonal self-ordering of the pores [30]. By
appropriate selection of the process conditions, films with
pore diameters between <10 nm and 2 pm, pore density
between 10® and 10" pores/cm?, and film thicknesses up to
200 pm can be obtained [38].

The oxidation is performed in a two-electrode cell, with
the anode being a high purity (99.9 or even 99.99%) alu-
minium sheet. The metal surface is prepared by careful
chemical or electrochemical polishing [39] or caustic etch-
ing. The cathode consists of a large plate of aluminium, lead,
platinum, or stainless steel. The anodization can be per-
formed potentiostatically or galvanostatically in a thermo-
statically controlled bath [30, 38, 40]. Potentials on the order
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of 10-160 V and current densities from 10 to 30 mA/em” are
usually applied; however, for high pore spacing, voltages as
high as 700 V can be used [41]. The electrolyte is typically
15% sulfuric acid (15°C), 4% phosphoric acid (24°C). 2%
oxalic acid (24°C), or 3% chromic acid (38°C) [30]; temper-
atures range from 38 to 0°C and even lower [31, 42, 43].

As shown in Table 1, the pore diameter of the membrane
is proportional to the de potential or to the current density
applied. For a given voltage and temperature, the thickness
of the porous aluminium oxide increases linearly, with the
anodization time ranging from 0.1 to 10 pm. As well as
the thickness, the pore spacing of the alumina film varies
with the experimental conditions, particularly with applied
potential and solution pH. For instance, for alumina films
formed in 15% H,S0, at 10°C, the pore density is 83 x
10° em~2 or 30 % 10° cm~* when the oxidizing potential is 15
and 30 V, respectively. It was also shown that pore densities
decreases linearly with increasing pore diameters [39]. The
effect of the applied anodizing voltage on pore density for
films formed in 15% sulfuric acid at 10°C is presented in
Table 2.

The growth of the oxide layer is such that it advances
into the aluminium phase, with simultaneous formation and
dissolution of the oxide occurring at the base of the pore.
During the pore formation the aluminium anode material
is never directly exposed to the solution, bur it is always
coated by a relatively thin nonporous oxide layer, called
“barrier layer.” Self-standing porous membranes are pre-
pared from these films by removing the barrier layer to sep-
arate the unoxidized aluminium from the porous oxide layer
[30, 44]. Different procedures can be used to this aim, the
most widely used was developed by Furneaux et al. [41]; it
consists of the so-called voltage reduction sequence (VRS).
It entails stepwise reduction of the potential so that a pro-
gressive reduction of the pore diameter is produced at the
bottom of the pore in correspondence of the lowering of
the applied potential. After formation of this highly porous
layer, the electrode is immersed into an acidic detachment
solution (see Table 1). This results in the rapid dissolution
of the interfacial oxide, which is faster where the smaller,
branched pores give extended access (and reaction) to the
surrounding Al,O; layer. Under such conditions, the acid
can finally access the substrate Al and, as a consequence,
H, gas is evolved at the AUALO; interface. The evolving
H, gas bubbles can be seen through the transparent alu-
mina membrane; when these bubbles coalesce, detachment
is complete. The Al electrode (with the detached alumina
membrane still clinging to the surface) is then rinsed by
immersion into water and dned in air. The membrane can
be collected by sliding an index card between the alumina

Table 1. Conditions used for electrochemical preparation of the nanoporous alumina membranes and characteristics of

the resulting membranes [39].

Applied Anodization Electrolyte and Detaching acid Pore
potential (V) time (h) concentration (% w/w) coneentration (% w/w) diameter (nm)
30 12 Oxalic acid (4%) Phosphoric acid (25%) 32

20 4 Sulfuric acid (10%) Sulfuric acid (25%) 32

15 6 Sulfuric acid (10%) Sulfuric acid (25%) 22

10 10 Sulfuric acid (15%) Sulfuric acid (25%) 16




Table 2. Pore deasity as a function of the applied anodizing
voltage for films formed in 15% sulfuric asid at 10°C [30).

Anodizing voltage (V) Pore density 10" em™?

15 83
20 5t
30 30

and the substrate aluminium. The two faces of the detached
alumina membrane are not equivalent: the face that was
detached from the substrate Al surface contains remnants of
the interfacial oxide layer, which can be removed by floating
the membrane onto the surface of a 0.2 M KOH solution in
ethylene glycol. This procedure tends to make both faces of
the membrane essentially equivalent [39]. )

Another procedure to separate the porous film from the
aluminium substrate is by immersing the anodized foil in a
saturated aqueous HegCl, solution. This results in the amal-
gamation of aluminium along the Al.O,/Al interface and
delamination of the oxide layer [45]. The impervious bar-
rier layer in one side of the oxide film is removed (a pro-
cess often referred to as a thinning process) by a dropwise
chemical dissolution with 1 M NaOH, during which only
the barrier layer side of the oxide film is exposed to the
sodium hydroxide solution in order to prevent simultaneous
dissolution of the entire oxide structure [45, 46]. Recently,
an alternative procedure based on the so-called reverse bias
potential was proposed by Mallouk and co-workers [47], in
which there is a progressive reversing of the potential after
the pore formation; both steps are performed in an acidic
medium. The reverse bias potential is believed to increase
the local pH concentration, promoting the dissolution of the
oxide barrier layer.

2.3. Preparation of Track-Etched Polymer
Membranes

Nanoporous polymeric membranes can be prepared by the
track-etch method. This method entails tracking a film of
solid material (polymer) with a beam of high-energy par-
ticles to create damage tracks in the film, which are then
etched, forming monodisperse pores by exposition to an
alkaline solution. The time the material is exposed to the
Iracking particles determines the number of tracks (and the
following pores), while the etching time (as well as the com-
position of the etching solution) determines the size (and
shape) of the pores.

Track-etched membranes ready for use are commercially
available as filtration b , with pore di s rang-
ing from as small as 10 nm to as large as 10 pm. These
membranes have high pore densities, for example, almost
10? poresem for the smallest pore diameter commercial
membranes. Track but not etched nanoporous membranes
are also commercially available, for example, from Osmonics
(30 tracks/em®) or from Whatman, with higher pore density
(107 tracks/em™2).

Different polymeric materials are used for the production
of track-etched membranes: poly(ethylene terephthalate)
(PET), polycarbonate (PC), polypropylene, polyvinylidene
fluoride, polyimides, and CR-39 (allyl diglycol carbonate)
[32]. The most widely used are probably PET and PC.
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PC is the material used for preparing the majority of com-
mercially available track-etched membranes. This polymer
is characterized by a high sensitivity to tracking, it does not
require UV sensitization, and it presents poor resistance to
organic solvents and low wettability. Its hydrophilicity can
be increased by impregnation with polyvinylpyrrolidone.

PET presents a high etch ratio, allowing the production
of membranes with a wide range of pore diameters. Alkali
solutions are used to develop the tracks. The membranes
obtained are relatively hydrophilic, rather stable w acids and
organic solvents, and biologically inert.

There are two basic metheds of producing latent tracks
in the polymer foils to be transformed into porous mem-
branes [32]. The first method is based on the irradiation
with fragments from the fission of heavy nuclei such as cali-
fornium or uranium [48] in a nuclear reactor. Typical energy
losses of the fission fragments are about 10 keV/nm. The
fission fragments coming from a thin layer target have an
almost isotropic angle distribution. To create an array of
latent tracks penetrating the foil, a collimaror is normally
used.

The advantages of the tracking with fission fragment are

(a) good time stability of the particle flux,

(b) & nonparallel particle flux (enables the production of
a high porosity and low percent of pore channels),
and

{c) relatively low cost.

The limitations of the method are

(a) contamination of the tracked foil with radioactive
products (“cooling” of the irradiated material is
needed, which usually takes a few months),

(b) limited thickness of the membrane to be tracked,

(c) limited possibilities of controlling the angle distribu-
tion of the tracks, and

(d) production of tracks with different etching properties
by fragments of different masses and energies,

The second method is based on the use of ion beams
in accelerators. The intensity of the ion beam should be at
least 10 s~'. To irradiate large areas, a scanning beam is
normally used.

The advantages of the ion beam accelerator tracking
method are

(a) there is no radioactive contamination of the material
when the ion energy is below the Coulomb barrier,

(h) the identity of the hombarding particles gives tracks
with the same etching properties,

(c) a large range of high energy particles makes possible
the tracking of thicker membranes,

(d) there are better conditions for producing high-density
(>107 em?) track arrays,

(e) particles heavier than fission fragments can be used
(*®U for example), and

(f) it is easier to control the impact angle and produce
arrays of parallel tracks or create some particular
angular distributions for getting rid of merging pores.

Very recent advances showed that with ion beam it is pos-
sible to control the number and the geometrical distribu-
tion of the tracks. For this aim, the sample is covered by



‘Templated Ensembles of Nanoelectrodes

a metallic mask with a hole of small diameter (0.1 mm) so
that the ions can penetrate the film only through the hole.
By registering the ions passing through the film and shut-
ting down and/or moving the membrane after one single
ion had passed through [49, 50], it is possible to obtain sin-
gle pore membranes or membranes with geometrically pat-
terned arrays of tracks (and pores).

The limitations of the ion beam accelerator method are
(a) the relative instability of the particle flux and (b) higher
cost than irradiation.

In the past decade a decrease in the popularity of reactor-
based irradiation facilities and an increase in the use of
accelerators has been observed.

Chemical etching is the process of pore formation during
which the damaged zone of a latent track is removed and
transformed into a hollow channel (pore). The most widely
used etching agents are alkali solutions (KOH or NaOH).
During chemical etching, the damaged zone of a latent track
is removed and transformed into a hollow channel [32]. The
simplest description of the etching process is based on two
parameters: the bulk etch rate (V) and the track etch rate
(V7). While ¥V depends on the material, etchant compo-
sition, and temperature, F; depends on additional param-
eters, such as sensitivity of the material, irradiation and
postirradiation conditions, and etching conditions [32].

It was shown that a strict control of the etching conditions
(material, etchant composition, and temperature) allows one
to control the shape of the pores, abtaining, for instance,
funnellike or conically shaped pores [35, 50]. In these cases
etching is performed asymmetrically, so that Vy > V., this
ratio changing through the thickness of the membrane. Typ-
ically, in a U-tube cell, the membrane separates an alkaline
etching solution (usually KOH) from a stopping solution,
typically a weak acid solution (HCOOH). A potential of
some tens of volts is applied across the membrane by two
Pt electrodes. The electrode in the etching solution serves
as the anode, and the electrode in the stop solution is the
cathode. The application of a potential across the membrane
is stopped as soon as a monitoring ammeter registers an
increase of current up to a preset value, typically 1 mA.
The membrane is then immediately immersed (both sides)
in the stopping medium, blocking the asymmetrical etching;
at the end of the process, conical nanopores of controlled
shape are obtained [25, 35].

Cross section of

the membrane Au nanowires

Electrochemical
deposition of Au

91

3. MEMBRANE TEMPLATED DEPOSITION
OF METALS

3.1. Electrochemical Deposition of Metals

Electrochemical deposition of metals in the pores of tem-
plating membranes requires that one side of the membrane
be in direct contact with a metallic layer. This can be pro-
duced by plasma or vacuum deposition of a metal layer on
one side of the membrane [31] or by tightly attaching the
membrane on the surface of a solid electrode [5]. These pro-
cedures require that the membrane film be robust enough
to tolerate this kind of manipulation; for plasma or vac-
uum deposition, the thickness required is usually >10 pum
for track etched membrane and >30 pm for alumina mem-
branes [51]. The metal which produces the conductive layer
can be the same or different from the one that will provide
the final template structure; in some cases, to improve adhe-
sion of the sputtered or evaporated metal layer, a thin film
of reactive metals such as chromium or titanium is deposited
at first [32].

The scheme for electrochemical template synthesis is
shown in Figure 2. For performing the template deposition,
the coated film is placed in an electrochemical cell where
the template membrane acts as the cathode and a counter
electrode is the anode. The deposition can be carried out
under galvanostatic or potentiostatic conditions.

The typical final products of the electrochemical deposi-
tion are solid nanoparticles and not hollow structures (such
as nanotubes or nanocapsules). The electrochemical pro-
cess consists in fact of the progressive growth and filling of
the pores, starting from the bottom metallic layer and pro-
gressing toward the open end of the templating pore (see
Fig. 2).

In a potentiostatic electrochemical deposition, three dis-
tinct regions characterize the time evolution of the cur-
rent during the process. [53] With reference to the typical
behavior shown in Figure 3, in region I metal wires grow
in the pores, in region II the pores are completely filled,
and in region I1T the growth proceeds on the outer face of
the templating membrane. Stopping the electrodeposition at
step I brings to the formation of nanofibers and at step II
1o “mushroom” shaped nanostructures [52].

Au nanowires

Further

anr

50 m sputtered Au Electrochemically
layer thickened Au
surface layer

Figure 2. Scheme for electrochemical template synthesis.

Dissolution of
electrochemical the template
Au deposition membrane
> > —_—

Au base layer
Electrochemically

deposited Au
surface layer
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Current (mA)

Time (s)

Figure 3. Dependence of the electrochemical reduction current on time
for the potentiostatic deposition of a metal in a nanoporous membrane.
In region I metal wires grow in the pores, in region II the pores are just
completely filled (transition region to bulk growth), and in region III,
growth commences over the whole membrane. Redrawn with permis-
sion from [53], T M. Whitney et al., Science 261, 1316 (1993). © 1993,
AAAS.

Electrodeposition of metals has been studied for obtain-
ing gold nanowires in alumina [54-56], mica [23], and
polycarbonate [52] microperous templates. Also other met-
als were studied with this respect, such as Co [32, 57-39],
Ni [52, 58, 60], Cu [52, 61], Pt, and Pd [62]. With the goal
of obtaining nanowires with special properties, even alloys
such as NiFe [58], FeSiB [60], or salts such as Bi,Te; [63,
64] and CdS [65] have been deposited electrochemically in
nanoporous templates.

One problem encountered in electrochemical deposition
of metals in polycarbonate template is related to the low
wettability of this polymer, even after impregnation with
polyvinyl pyrrolidone. To overcome this problem, Mallouk
and co-workers proposed the addition of 1-2% gelatin to
the electrodeposition baths [66-69].

3.2. Electroless Deposition of Metals

By taking into account that templating membranes are made
of insulating material, the possibility to exploit chemical
deposition methods such as electroless deposition should be
considered.

Electroless metal deposition involves the use of chemi-
cal reducing agents to plate a metal from a solution onto a
surface. The key requirement for this process is to arrange
the chemistry so that the kinetics of homogeneous elec-
tron transfer from the reducing agent to the metal ion be
very slow. A catalyst that accelerates the rate of metal ion
reduction is then applied to the surface to be coated. As
a consequence the metal ion is reduced preferentially at
the surface, incorporating the catalyst so that only this sur-
face is coated with the desired metal. The thickness of the
metal film deposited can be controlled by varying the plating
time [9].

The principles of electroless deposition in templates
are exemplified for the typical case of Au deposition, as
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developed in Chuck Martin’s laboratory for the template
fabrication of nanoelectrode ensembles, nanotubes and
other differently shaped gold nanomaterials. The electroless
plating of gold [12] consists of three steps; at first a “sen-
sitizer” (Sn®*) is applied to surfaces (pore walls plus faces)
of the template membrane. This is accomplished by simply
immersing the membrane into a solution containing SnCl,.
The sensitized membrane is then activated by immersion
into an aqueous silver ammonia solution, which causes a
redox reaction in which the surface-bound Sn(II) is oxi-
dized to Sn(IV) and Ag"™ is reduced to elemental Ag.
As a result, the pore walls and membrane faces become
coated with discrete Ag nanoparticles. The Ag-coated mem-
brane is then immersed into an Au plating bath. The Ag
particles are galvanically displaced by Au and the pore
walls and membrane faces become coated with Au par-
ticles. These particles catalyze the reduction of Au(I) on
the membrane surfaces using formaldehyde as the reduc-
ing agent. If the plating procedure is stopped after a rel-
atively short time before the Au nanowires are obtained,
Au nanotubes with the length of the complete thickness
of the template membrane are formed within the pores.
For filling completely the pores to obtain nanowires, the
electroless plating must be elongated up to 24 h. In order
to slow down the kinetics of the deposition the process is
performed operating in vicinity of 0°C. The Au electroless
plating bath can be composed by a commercial solution con-
taining NaAu(SO,), (Oromerse Part B, from Technics Inc.)
[12], but also homemade electroless plating bath have been
used [70].

At variance with the electrochemical template deposition,
in the electroless method the growth of the metal layer starts
from the sensitised/activated sites located on the pore walls,
so that the deposition progress from the pore walls to the
center. This is the reason why by stopping the deposition at
short time, hollow metal nanomaterials (e.g., nanotubes) can
be prepared [71]. For the nanotube formation, the control
of the electroless bath at pH = 8 was proposed [72]. These
nanotubes can be separated from the template membrane or
can be kept in the template membrane. The last procedure
allows one to obtain separation membranes with metalized
pores [73, 74], whose inner surface can be functionalized
chemically, by resorting, for instance, to well known thiols
chemistry [72].

For the preparation of the so-called nanoelectrode ensem-
bles, metal nanowires must be obtained and kept inside the
guest membrane through a solid sealing with the polymer
membrane. This is obtained by causing the shrinking of the
polymer by heating the ensemble just above the glass transi-
tion temperature of the polymer (150°C for polycarbonate),
after the deposition.

For some specific applications, mixed electroless/
electrochemical deposition of metals inside the pores of
template membranes has been used. As an example, the
fabrication of Au-Te nanocable, with a radial metal-
semiconductor structure was carried out by electrochemical
deposition of Te inside Au nanotubes previously obtained by
electroless deposition [75].

Also other metals such as Cu [76], Pd [77], and Ni-P
[78] can be deposited in polycarbonate templates by suitable
clectroless deposition procedures.
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3.3. Template Deposition of Conducting
Polymers and Composites with
Biomacromolecules

Electrically conducting polymers have been extensively stud-
ied owing to their great potential application in many fields
[79, 80]. Many of these applications require the produc-
tion of well-defined nanostructures and thus the synthe-
sis of nanoscale conducting polymers, such as nanotubes,
nanowires, and nanofibers, has attracted considerable atten-
tion (81, 82]. Among the different strategies reported in
the literature to synthesize nanostructured polymers, such
as the lyotropic liquid crystalline phase “soft” template [83],
or the use of surfactants adsorbed onto flat surfaces to con-
trol the morphology during the synthesis [84], the struc-
turally well-defined “hard” templates process represents an
elegant approach [85]. It has been observed that the elec-
tronic properties of conjugated polymers in the nanophase
are very different from those of their corresponding bulk
materials. In fact, it has been shown that the preparation
of a conductive polymer within the pores of microfiltra-
tion membranes can give the polymer a unique morphol-
ogy and can also change the properties of the polymer,
resulting in a dramatic increase in conductivity [86]. This
aspect has been confirmed by X-ray diffraction and polar-
ized infrared absorption spectroscopy measurements, which
reveal a preferential growth of the polymer chains in the
template-synthesized fibrils according to the axes of the sup-
porting membrane [87]. In the oriented structure, the poly-
mer chains can align more tightly, which can explain the
observed conductivity enhancements and the greater tensile
strength. Similar behaviors have been found for different
conducting polymers such as polypyrrole (Ppy), polyacety-
lene (PAni), and poly(3-methylthiophene) (P3MeT) [86,
88]. The template synthesis concept can be extended to
the realization of new nanostructured materials, including
polymeric transition metal complexes with Schiff-base lig-
ands [89] or other nonconventional conducting polymers
(e.g., 1,2-diaminobenzene), which can be successfully used
for biosensors design [90]. Mallouk and co-workers pre-
pared gold-capped protein-modified polypyrrole nanowires
by electrochemical growth in porous aluminium oxide as
template; by this way nanowires of controlled length that can
incorporate proteins for use in nanowire-based biosensors or
in nanoparticle assembly through biomolecular interactions
were obtained [91]. Moreover, composite nanowires based
on polypyrrole and carbon nanotube (Ppy/CNT) have been
prepared by a template-directed electrochemical synthetic
route, involving the electropolymerization of Ppy into the
pores of a host membrane in the presence of shortened and
carboxylated CNT dopants [92]. By combining the attractive
properties of CNTs and the nanostructured conducting poly-
mers, new nanocomposite can be obtained, opening up new
opportunities ranging from chemical sensors to molecular
electronic devices.

Different authors suggest that, according to the nature
of the compounds used for preparing nanomaterials (con-
ducting polymers, metals, semiconductors) and the nature
and structure of the membrane used as supporting substrate
(pore wall chemistry, pore distribution), the resulting nano-
structured compounds may be solid (nanofibrils) or hollow
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(nanotubules). For instance, Demoustier-Champagne [93]
reported the preparation of smooth and uniform polypyrrole
nanocylinders by using a homemade polycarbonate track-

* etched membrane with different pore sized distribution.

On the other hand, Martin et al. showed that polyaniline
grown in template does not form closed-up fibrils even after
long polymerization times [85]. The reason that the poly-
mer preferentially nucleates and grows on the pore walls
is straightforward: the polycationic forms of these polymers
are completely insoluble and may interact with the pore wall.
Moreover. there is also an electrostatic component because
the polymers are cationic and there are anionic sites on the
pore walls,

Large interest has been recently devoted to the prepa-
ration of biocompatible polymer coatings, to be used as
Substrate for cell growth and differentiation. Since these
scaffolds are often used in long-term implantations, highly
stable materials are desired that can endure the implanta-
tion process as well as the potential attack from biochemical
agents that exist in biological tissue. Conducting polymers
have been developed over the past decade for biomedi-
cal applications [94, 95]. One of the big advantages of the
electrochemical polymerization of conducting polymers is
that a number of different polyelectrolytes can be used
as macromolecular counterions. For instance, conducting
polymers offer a new and attractive route for localizing
oligonucleotides and chromosomal DNA onto conducting
surfaces [96]. Such incorporation has attracted considerable
interest as a tool for tailoring the chemical and physical prop-
erties of the resulting polymer—polyelectrolyte composites
and imparting appropriate activity, opening up new opportu-
nities, including genoelectronic devices, genetic analysis, or
probing of DNA charge transfer. Bioactive molecules, that
can be grafted on polymer chains, are expected to influence
the response of living tissues to which they would come in
contact. In addition, a composite substrate that combines
biological activity with electrical properties represents an
excellent substrate for the growth of cells. The effective sur-
face area of a bioactive support is critical in determining
its electrical properties, in promoting interactions with cells
and in providing a gradient in mechanical behavior. In order
to improve the interface of scaffold and tissue, nanostruc-
tured biocompatible substrates must be developed. With the
aim to improve the morphological and electrochemical prop-
erties of the composites, nanofibers of Ppy have been suc-
cessfully obtained by the electrochemical polymerization of
pyrrole inside the pores of an alumina-based membrane
in the presence of large biomolecules, based on the gly-
cosaminoglycans family, namely, hyaluronic acid (HA), hep-
arin (Hep), and chondroitin (Chon) (see Fig. 4), in view
of the consideration that the cellular responses to materi-
als depend on structural properties on a nanometer scale.
These biomolecules are naturally occurring polysaccharides,
which can be ubiquitously found in the extracellular matrix
of the body and have potential applications in tissue regen-
eration and angiogenesis. The electrochemical entrapment
of biomolecules in PPy nanostructures involves the appli-
cation of an appropriate potential to the template working
electrode immersed in an agueous solution containing both
biomolecules and monomer [97]. A scanning electron micro-
graph of a PPy-Hep electrode, after the dissolution of
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Figure 4. Structures of hyaluronic acid (HA), heparin (Hep), and chon-
droitin A sulfate (Chon),

the supporting porous alumina membrane, is reported in
Figure 5. The image clearly shows that PPy-Hep samples
form hollow oriented nanotubes. The nature and the dis-
tribution of the external charges play an important role in
the physicochemical properties of the nanostructured PPy
electrodes, The redox process, for example, which involves a
cation doping and solvent motion according to the reaction

x(Ppy)*Hep™ + zK* +ze™ < x(Ppy)Hep’ zK*

does not show any kinetics limitation even at high scan rate
(up to 200 mV/s) but assures high reversibility and ele-
vated quantity of exchanged charge. Figure 6 compares the
voltammetric scan of PPy-Hep in the form of both nanotube

Figure 8, Scanning electron micrograph of a PPy-Hep composite
electrode, after the dissolution of the Al,O, templating membrane
(membrane thickness 60 g and pore diameter 100 mm). Synthesis
condilions: potentiostatic synthesis at 0.8 V. versus SCE (charge =
0.2 Clem?®) using an aqueous solution of Py (1 M) and Hep (5 mg/ml).
Pt counter electrade, room temperature.
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Figure 6. Comparative cyclic voltammetry of PPy-Hep clectrodes (as
film or nanoelectrode) in 1 M KCI supporting electrolyte. Scan rate
20 mY s~ Pt counter electrode,

and bulk sample; it confirms thal the nanostructured elec-
trode shows better electrochemical characteristics than the
bulk film.

It is important to note that, by using a proper synthetic
route, it is possible to create a favorable biocompatible
surface able to promote interfacial interactions between
proteins and the electronic surface. In this respect, the
nanostructured polymeric materials offer many advantages
over other strategies aimed 1o modify bioelectronic inter-
faces. First they provide a proper molecular architecture that
can be controlled during the deposition process by choosing
both the applied potential and the nature of the counter-
ion, Moreover, the electrodeposited polymers can be use
to functionalize a wider range of different active surfaces,
including carbon or composite substrates. Consequently, it
is possible to change the conductivity, the thickness, and the
porosity of the interfaces and ultimately, in the future, to
make implantable three-dimensional electrode with higher
surface areas, able to promote biomolecular interactions.

In this respect, from nanotechnology it is only one step
to nanomedicine, which may be defined as the monitoring,
repair, construction, and control of human biological sys-
tems at the molecular level, using engineered nanodevices
and nanostructures, Nanomedicine is both # destination and
a journcy. The journey will cross new frontiers, uncover new
knowledge, and bring new horizons to the understanding
and practice of medicine.

4. TEMPLATE NANOELECTRODE
ENSEMBLES

Nanoelectrode ensembles and arrays (NEA) are advanced
nanostructured electrode systems that are finding applica-
tion in a variety of ficlds ranging from sensors to electronics,
from energy storage to magnetic materials [9], The differ-
ence between NEEs and NEAs is that in the former the
spatial distribution of the nanoelectrodes is random, while in
the array it is ordered. In the following we will refer mainly
to NEEs prepared using microporous membranes as tem-
plating systems and containing random distributed pores.
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Figure 7. (a) Scheme of a Au NEE deposited at a polycarhonate
t (b} Schematic di of the typical assembly of the
nanoelectrode ensembles,

They are prepared by filling with metal nanowires the
pores of a template so that in the final ensemble, only the
surface of the panodisc is exposed to the sample solution
The density of the pores in the template determines the
number of Au-disk nanoelectrode elements per centimeter
squared of NEE surface and, correspondingly, the average
distance between the nanoelectrode clements. The scheme
of a NEE together with the typical assembly used to trans-
form a piece of golden membrane into a handy NEE are
shown in Figure 7. Specific details ean be found in the first
original papers [12, 98], as well as in recent reviews [8, 9, 99].
Al the present status of research, in this kind of NEEs all the
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nanoelectrodes are connected to each other by a back metal
current collector, so that all the nanoelectrodes experience
the same applied potential.

Congcerning the kind of membranes used as template it
can be noted that track-etched polymer membranes are pre-
ferred for NEEs preparation with respect to alumina ones,
since track-etched membranes are characterized by smaller
pore densities. From an electroanalytical viewpoint this is
an important feature, since it reduces the reciprocal interac-
tions between the individuals nanoclectrode clements (sce
below).

As illustrated in Figure 8, depending on whether the
template is kept on site, partially ctehed or fully removed,
it is possible to obtain nanoelectrodes ensembles with
very different geometries. Theoretical treatment of the
electrochemical behavior of these different geometries is
still at a preliminary stage. Such analysis was developed
systematically only for the nanodisk case, as will be pre-
sented in the following section.

4.1. Diffusion at Ensembles of Nanodisk
Electrodes

The electrochemical characteristics that distinguish nanodisk
clectrode ensembles (NDEE) from conventional macro
(mmi-sized) or even ultramicro (pm-sized) electrodes are
dramatic lowering of double-layer charging (capacitive) cur-
rents [2, 12] and extreme sensitivity to the kinetics of the
charge transier process [100], which means capability to
measure very high charge transfer rate constants [13].
Since these characteristics are peculiar to ensembles of
nanodisks electrodes, in case of experimental inability to get
direet morphological information on the NDEE structure
by, e.g., electron or scanning probe microscopy [101], the
lack of some of these characteristics, such as the persistence

Nanoporous
membrane

Figure 8. Different g

for Tatni lectrode .

() ble of v naked

(2) ble of lises; (b)

le of partially naked nanowires;
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of high capacitive currents, should be taken as a diagnostic
indication of a failure in the preparation procedure.

From a voltammetric viewpoint, NDEE can be consid-
ered as ensembles of disc ultramicroelectrodes separated by
an electrical insulator interposed between them. An ultra-
microelectrode is considered as an electrode with at least
one dimension comparable to or lower than the thickness
of the diffusion layer (typically <25 pm). At such small
electrodes, edge effects from the electrode become relevant
and diffusion from the bulk solution to the electrode sur-
face is described in terms of radial geometry instead of the
simpler linear geometry used for larger (=100 pm) elec-
trodes. A NDEE can be considered as a very large assem-
bly of very small ultramicrolectrodes confined in a rather
small space. Since the number of nanodiscs elements/surface
is large (10°-10° elements/cm?), all the nanoelectrodes are
statistically equivalent and the different contribution of the
elements at the outer range of the ensemble can be consid-
ered negligible [102, 103] even in NDEEs of overall area as
small as 10721073 cm? [102].

NDEEs can exhibit three distinct voltammetric response
regimes depending on the scan rate or reciprocal distance
between the nanoelectrode elements [104, 105]. When radial
diffusion boundary layers overlap totally (radius of diffu-
sion hemisphere larger then average hemidistance between
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electrodes, slow scan rates) NDEEs behave as planar macro-
electrodes with respect to Faradaic currents (total overlap
conditions). When diffusion hemispheres become shorter
(higher scan rates), the current response is dominated by
radial diffusion at each single element (pure radial condi-
tions). At even higher scan rates, the linear active state is
reached in which the current response is governed by lin-
ear diffusion to the individual nanodisc (linear active condi-
tions). Figure 9 sketches the situation encountered for the
total overlap and pure radial regimes. Being characterized
by the higher signal/background current ratios (see below),
these two regimes are those typically used for analytical and
sensing applications.

The diffusion regime usually observed at NDEEs pre-
pared form commercial track-etched membranes is the total
overlap regime [12]. Transition from one regime to the other
as a function of nanoelement distance was demonstrated
experimentally [104] using specially made membranes.

4.2. Signal to Background Current Ratios

Under total overlap diffusion regime, NDEEs show
enhanced electroanalytical detection limits, relative to a con-
ventional millimeter-sized electrode. This is because the
Faradaic current (/¢) at the NDEE is proportional to the
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Figure 9. Typical diffusive regimes observed al nanoclectrode ensembles as a function of the scan rate and/or nanoelectrodes distance.
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total geometnic area (A .., nanodiscs plus insulator area) of
the ensemble, while the double-layer charging current (/c)
is proportional only to the area of the electrode elsments
(active area, A,.) [12]; in voltammetry, [¢ is the main com-
ponent of the noise.

Faradaic-to-capacitive currents at NDEEs and conven-
tional electrodes with the same geometric area are related
by Eq. (1) 12, 99}

e/ e )npee = e/ 1) com Apeom i Hact (1)

This ratio at the NDEE is higher than the relevant ratio at
a conventional electrode of the same geometric area for a
proportionality factor that is the reciprocal of the fractional
electrode area (f) defined as

f=Au/Agon (2

Typical f values for NDEEs are between 10~% and 1072,
As shown in Figure 10, faradaic currents at NDEEs are
equal to those recorded at macro electrodes of the same
geometric area, however, at NDEEs background currents
are dramatically lowered. As a consequence, signals for ana-
lytes at concentrations lower than micromolar are significa-
tively better resolved from the background current, Such
an improvement in the Faradaic to capacitive currents ratio
explains why detection limits (DLs) at NDEEs can be 2-3
orders of magnitude lower than with conventional electrodes
[2, 12, 106].

The cyclic voltammograms i Figure 11 show that
improvements in signal/background current ratios at NDEEs

fal 407
304
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e

Figure 10. Cyclic voltammograms recorded at NEE: (a) in § pM EA*
10> M NaNO, solutions; scan rate 20 mVs~'; A = 0.07 cm®, and
(b} Au macroelectrode.

(a) 250

Figure 11. Cyclic voltammograms recorded at NDEEs with different
geomstric areas: (2) 0.586 cm®, (b) 0.071 cm®, and (c) 0.008 cm’®,
in 5§ pM FA* 107 M NaMNO, solution, at different scan rates of
(A) 2 mVs™; (B) § mVs; (C) 10 mVs'; (D) 15 mVs; and
(E) 20 mV's™'. Reprinled with permission from [102], L. M. Moretto
et al, Talanta 62, 1055 (2004). © 2004, Elsevier.

are independent of the total geometric area of the ensem-
ble [102); this is true if the fractional area is kept constam
and if the dimensions of the ensemble are lowered to a size
still large enough to contain & large number of nanoele-
ments (for instance, NDEE with A, of 0.005 cm® contains
4.8 x 10° nanoelectrodes), Note that NDEEs warranty such
independence on the size for overall geometric
areas much lower than those required for achieving com-
parable results with arrays of micrometer sized electrodes
103]. This is particularly attractive when thinking of apply-
ing the advantages of the use of arrays/ensembles of micro-
nanoelectrodes to analyses in samples of very small volume
or for “in vivo" biomedical applications.

For a given overall geometric area, it is evident that the
I/l is maximum when the total overlap regime is opera-
tive, being lower in the case of a pure radial regime. In this
case, in fact, only a certain percentage of the geometric area




98

of the ensemble contributes to producing a Faradaic current,
while in the total overlap regime, this percentage is 100%.
On the other hand, it is worth stressing that for NDEEs or
NEAs with the same active area, higher Faradaic currents
are achieved when operating under pure radial conditions
[103]: this is the regime of choice for obtaining the maxi-
mum improvement of detection limits when there is no con-
strain in increasing the distance between the nanoelectrode
elements and/or the overall geometric area of the ensemble.

When using Au-NDEEs for trace analysis the accessible
potential window results influenced by the effect of the high
amplification levels on the background signals. The accessi-
ble limit depends indeed on the current scale (e.g., nA or
pA) at which the signal is recorded and is really an arbitrary
definition. Working at nA scales, on the positive side the
accessible limit is about 0.7 V versus Ag/AgCl and is related
to the formation of a surface oxide layer [12]. On the nega-
tive side it depends on the hydrogen evolution reaction and
shifts negatively by increasing the solution pH (e.g., approx-
mately —0.75 V vs. Ag/AgCl at pH 7) [106].

It was shown that NDEEs can be advantageously used
note only as naked npanoelectrode ensembles but also as
polymer coated devices [2]. For instance, the overall surface
of a NDEE (insulator and nanodiscs) can be easily coated
by a thin layer of an ionomer coating. In the cited litera-
twre example [2], the jonomer of choice was the poly(ester
sulfonate} Eastman AQ35%, which was applied as a water
dispersion, Le., using a solvent which does pot damage the
NDEE surface (the polycarbonate template can be d d
by organic solvents). Really, such an appmach showed that it
was possible in this way to combine successfully the precon-
centration capabilities of ionomer coated electrodes [8, 98,
107] with the increased Faradaic/capacitive current ratio typ-
ical of NDEEs,
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The ability of NDEEs to furnish well-resolved cyclic
voltammograms for trace redox species has interesting con-
sequences also for adsorption rclated problems, as in the
case of small organic redox molecules and some biomacro-
molecules as well. If adsorption is concentration dependent,
then lowering the solution concentration below the adsorp-
tion limit can sometimes overcome the problem. This was
demonstrated to be the case for some phenothiazines [106],
commonly used as redox mediators in biosensors, and for
the heme-containing enzyme cytochrome ¢ [108).

4.3. Electron Transfer Kinetics

An important characteristic of NDEEs is that electron trans-
fer kinetics appear slower than at single clectrodes [12].
Being composed of a large number of nanodiscs, metal ele-
ments surrounded by a large surface of insulating mate-
rial (the guest membrane), NDEEs can be considered as
electrodes with partially blocked surfaces (PBE); the nano-
disc electrodes are the unblocked surfaces and the template
membrane is the blocking material. According to the pio-
neering model elaborated by Amatore et al. [100], the cur-
rent response at this kind of electrodes is identical to that
of a naked electrode of the same overall geometric area,
but with a smaller apparent standard rate constant for the
electron transfer, which decreases as the coverage with the
blocking agent increases. Such an apparent rate constant
(KZ,p) is related, in fact, to the true standard charge transfer
rate constant (k°), by the relationship [100]

Koy = k(1= 8) = k°f (3)

where @ is the fraction of blocked clectrode surface and f
is the fraction of the electrode surface that is Au nanodisc
(see Eq. (2)).

Tuble 3. Examples of anslytical applications of " " -

Analyte Comments Refl

Ferrocene derivatives, Ru(NH, )* Fundamentals for the fubrication and characterization of Au-NDEEs are giver. It Is shown [12)
that DL can be 3 orders of magnitude lower than with regular electrodes.

Ferrocens derivatives, Ru{NH, )i* NDEEs coated with polyesier sulfonate are used for p ion and trace analyses of Rl
redox cations. DLs are in the 10~* M range.

Fe(CN)§ NDEE fabricated by self- ty of Au colloidal particles. El de density depend: [112]
on self-assembly time. DL = 1 x 10-* M.

Phenotiazine, methylvialogen Cathodic limit at Au-NDEE is examined. Detection limits depend on reduction potential: {106]
DL = 1.2 » 10~" M for phenothiazine, 2 x 10~* M for methylviologen.

Cytochrome & Au-NDEE detests the direct electrochemistry of eyt ¢ even in the absence of promoters. Dilute  [102, 108]
solutions avoid adsorption pmb}:ms DL= 1 % 10~ M by CV and 3 x 10-* M by DPV.

ND Pr- NDEE in an ahumi is designed for NO determination in vitro and in vivo. [115]

fi nnmnsn:: i ‘hy:Nnﬁcn‘connn;DL-lxlD"M

Glucose Au bu b u.sed fn'r in ﬂow detection of ghicose, Glucose oxidase [114]
immobilized via g to self: [ leposited on Aw. DL=2x 10~ M.

Glucose Carbon nanotube fCNT}‘NEE is fabricated. Glicose oxidase immobilized on CNT via car- [115]
bodiimide. H,0, detected catalitically by CNT DL =8 x 10-* M.

DNA duplex Imterdigited array of 100-um clectrodes fabricated by e-beam lithography, DNA. sttached to [116]
Ay and 10~ M Ru (NH,]" used as radox i ion of £5- and ds-DNA
of 15 nucleotides performed.

DNA duplex NEA of multwalled CNT embedded m 5i0,, DNA antached to CNT via carbodiimide. Detec- 17
tion by Ru{bpy);~ mediated guanine oxidation.

DNA duplex 3-1) NEE.s (nmcm:cs) e obtained by partial etch!ng with oxygen plasma from NDEEs [118]

Detection of duplex f at
Ru(I[!).fFe(ﬂl'j electrocaralma

fe-level s achieved by
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Such dependence has two different practical conse-
quences. From a mechanistic viewpoint, it is an advantage
since it means that with NDEEs it is easier to obtain exper-
imentally very large k* values [109]. What is measured at
NEE is the smaller k2, which can be converted into the
larger k* by Eq. (3) [13, 106].

Further understanding of the electrochemical behavior of
NDEEs will probably take advantage from recent studies
devoted to modeling by digital simulation the voltammetric
behavior of regular [110] and random arrays [111] of ultra-
microelectrodes.

4.4. Analytical and Sensing Applications

The ability of NEE to furnish well-resolved cyclic voltam-
mograms allowed researchers to develop sensitive methods
for trace determinations of redox species characterized by
fast electron transfer kinetics. For this reason, the analvtes
of choice for such applications are mainly redox molecules
displaying very reversible voltammetric behavior as those
typically employed as electron transfer mediators in biosen-
sors. Mote that lowering the background noise (related to
the capacitive current) in an electrochemical determination
improves not only the detection limit but also the precision
of the determination.

Table 3 lists some analytical application of NEE, which up
to now are criented mainly to the clectrochemical biosen-
sor field. It is worth noting that the application of NEE for
analytical purposes is just beginning and is expected 1o grow
quickly and the number of real examples will quickly widen.

5. NANOELECTRODES ENSEMBLES
FOR BATTERIES

The widespread market of consumer electronics with the
related and constantly growing commercialization of pop-
ular portable devices, such as cellular phones, PDAs, and
notebooks, relies on the availability of efficient and sustain-
able powering systems, namely, of high-energy, low-cost, and
environmentally compatible, rechargeable batteries [119], At
beginning of this market, say in the early 1980s, porrable
consumer electronics had the constraint of the use of
at-that-time available batteries, such as the lead-acid or
nickel-cadmium batteries. It was immediately clear that
these first generation batteries were inadequate for the pur-
pose, mainly because of their low energy density, i.c., limited
to 40-50 W h/kg.

Indeed, the first portable devices were heavy and bulky
and had very limited operational time, this being mainly
associated to the high weight and large volume of their
power sources. In addition, both lead-acid and nickel-

cadmium barteries contain materials with a degree of toxicity.

which may induce severe environmental risk. Thus, alterna-
tive systems, capable to assure long life associated with low
weight and low volume, were highly requested and the bat-
tery technology adapted by developing a second-generation
battery system, i.e., the nickel-metal hydride battery, Effec-
tively, this battery, with its energy density content of the
order of 50-70 W h/kg, allowed one step forward in terms of
dimension and weight of the portable devices. However, the
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real breakthrough in this field was achieved with the advent
of the lithium ion battery. This battery, with its 130 W h/kg
value of energy density, is now the power source of choice
for portable devices, today a multimillion dollar market.

However, the consumer electronics markel is in continu-
ous evolution with the production of diversified multifeature
devices, which require constantly increasing power levels,
Therefore, it is expected that even the lithium ion bat-
tery will soon become inadequate to meet increasing user
demands. In addition to the consumer electronics area, high-
energy batteries are also urgently requested for facing the
great challenge of the new millennium, namely, a change of
the energy policy and a more accurate control of the envi-
ronment of the planet. In response o these needs, which,
among others, call for a wider use of clean energy sources
and of controlled- or zero-emission vehicles in large urban
areas, it is now essential that high-energy, low-cost, and envi-
ronmentally friendly storage systems are identified. Lithium
batteries can be good candidates for all these application,
provide that their performances reach a level higher than
that presently offered.

Generally, the performance of any device depends inti-
mately on the properties of the materials an which they are
formed; this holds also for lithium batteries. The chemistry
of these batteries has not changed since their introduction
in the market in the early 1990s, Basically, a lithium ion bat-
tery consists of a lithium ion intercalation negative electrode
(zenerally graphite) and a lithium ion intercalation posi-
tive electrode (generally the lithium metal oxide LiCoO, or,
occasionally, the lithium manganese spinel LiMn, O, ), these
being separated by a lithium ion conducting electrolyte,
for example, a solution of LiPF, in an ethylene carbonate-
diethylearbonate, EC-DEC, mixture [120, 121],

As already pointed out, although lithium ion batteries are
still 2 commercial success, it is also clear that they are reach-
ing the limits in performance by using the current electrode
materials [122). For the new gencrations of rechargeable
lithium batteries, not only for application in consumer elec-
tronics but especially for clean energy storage and powering
electric or hybrid vehicles, a further step in performance,
this in turn being related to a breakthrough in materials, is
essential. Nanotechnology is the best tool for achieving this
breakthrough, since it provides the conditions for greatly
improving the performance of the battery electrode materi-
als, It is in fact expected that passing from bulk to nanos-
tructures, one may,

() favor higher Interfacial area, this leading Lo higher
charge/discharge rates,
(ii) provide short path lengths for Li* ion transport, this
resulting in increase in power capabilities,
(1ii) achieve accommodation of the strain of lithium
insertion/removal, this improving cycle life.

Indeed, these bencficial aspects are now confirmed and
nanostructured materials are becoming increasingly impor-
tant for electrochemical epergy storage [10, 11] end for
lithium barteries in particular [123, 124). In this section we
will attempt to review the progress in this area with the
description of the results obtained at the anode, the cath-
ode, and the electrolyte side of these new types of electrode
nanostructures.
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As already mentioned, graphite is the most common
anode material used in the present lithium ion battery con-
figuration. Graphite has a good cycling stability but a rela-
tively low specific capacity, i.e., not exceeding 372 mA h/g.
Thus, if an improvement in energy content is desired, new,
high-capacity alternative anode materials have to be devel-
oped. In this respect. metals that store lithium are among
the best candidates. Indeed, a number of metals and semi-
conductors, for example, Al, Sn, and Si, react with lithium to
form alloys by electrochemical processes that involve a large
number of atoms for formula units, thus providing a spe-
cific capacity much larger than that of conventional graphite
[125-127]. For instance, the lithium-silicon alloy has, in its
fully lithiated composition Li,Si, a theoretical specific capac-
ity of 4200 mAh/g, i.e., a value 1 order of magnitude larger
than that of conventional graphite. Other examples are given
in Table 4.

Unfortunately, the accommodation of this large amount
of lithium is accompanied by enormous volume changes in
the host material. These in turn induce severe mechanical
strains, which lead the electrode to crack and, eventually,
disintegrate after a few cycles. An illustrative example is
provided in Figure 12, which shows the evolution of the
morphology of an aluminium electrode in the course of the
initial charge (lithium alloying)-discharge (lithium removal)
cycles in a lithium cell,

A way to solve this problem is to modify the morphol-
ogy of the metal alloy electrodes by reducing their particle
size to a few nanometers and/or by designing special nano-
structures. Indeed, this strategy is expected to have a twofold
effect on the performance of the clectrodes:

(i) improvement in cycling stability, since small particles
more easily accommodate the mechanical strains (the
absolute volume changes are smaller than for larger
particles, although the relative changes are the same),
and

(ii) enhancement of power due to the reduction of the
lithium ion diffusion length. The validity of this strat-
egy has been confirmed by various authors [128-130].

Undoubtedly, alloy performance can benefit from nano-
structures. For instance, thin amorphous silicon films
deposited on a specially roughened copper foil surface were
shown to have close to 100% reversibility at capacities
exceeding 3000 mAh/g [131]. Good capacity retention was
also found for silicon electrodes prepared with a nanopil-
lar surface morphology, see scanning electron microscope
(SEM) image of Figure 13 [132]. In this case the stability of

Table 4. Theoretical specific capacity for selected lithium storage
metals in comparison with graphite and metallic lithium.

Gravimetric Volumetric
Unlithiated Fully lithiated capacity capacity
material material (mA h/g) (mA h/em?)
Al LiAl 993 1374
Sn Li,,Sn 994 2025
Si Li,Si 4200 2323
C, graphite LiC, 372 760
Metallic lithium Li 3860 2047

Templated Ensembles of Nanoelectrodes

After 5 cycles

Figure 12, Changes in the morphology of a tin electrode after charge
(lithium alloying)-discharge (lithium removal) eycles in a lithium cell.
The mechanical strain generated during the cycles leads to cracking of
the electrode with resulting marked loss of capacity in the course of a
few cycles. Reprinted with permission from [126], M. Winter and J. O.
Besenhard, Electrochim. Acta 45, 31 (1999). @ 1999, Elsevier.

the electrode was obtained by size confinement, which alters
particle deformation and reduces fracturing.

Another strategy for limiting the effect of the volume
changes and thus to assure electrode integrity is based on
the active/inactive nanocomposite concept. There are sev-
eral papers describing this approach, which basically involves
the intimate mixing of two materials, one reacting with
lithium and the other acting as an inactive confining buffer
to accommodate the volume changes and, thus, the associ-
ated electrode strain [128-130]. Indeed, by applying this con-
cept through different systems, considerable improvement in
the electrode cycle life has been reported.

Nanostructures are also highly beneficial for other classes
of alternative electrode materials, e.g., for metal oxide
electrodes, For instance, it is known that tin oxide can elec-
trochemically react with lithium with a first process involving
the formation of lithium oxide and tin, followed by a Li-Sn
alloying—dealloying reversible process [133]. It is assumed
that the “in situ” formed lithium oxide can act as a “buffer”
for accommodating the volume changes that accompany the
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Figure 13, SEM image of u silicon electrode having & ninopillar sur-
fuce morphology. This morphology provides free volume configurations.
which are able W accommodate the massive volume changes occa-
sioned by lithium: alloying/dealloying. Courtesy of Prof. Mino Green
from Emperinl College, Londun,

second alloying process [134]. However, if common elec-
trode morphologies are used, the cyeling stability of the tin
oxide electrode is still unsatisfactory [135],

Also, in this case, considerable improvements are
obtained moving to nanostructures. Figure 14 shows the
morphology of tin oxide prepared in the form of nanowires
using a specific template technique [136). This technique
leads to clectrode morphologics consisting in nanowires or
nanotubes of Li* insertion materials that protrude from
an underlying current collector surface like the bristles
of a brush [27, 29, 85]. This template method is a gen-
eral approach for preparing nanostructures containing the
desired electrode material within the pores of an usual poly-
carbonate membrane with pore diameter of the order of
100 nm. The electrode material is deposited within the pores

Figure 14, SEM image of 4 tin oxide electrode having o nanofibril mot-
phology, The structure consists of panodisperse 110-nm Sn0O. fibers
I ling from a eurrent-coll surface like the bristles of a brush,
Reprinted with permission from [136), Li et al., S Power Sources 97, 240
(2001}, © 2001, Elsevier.
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of the membrane by a solution-based method. For instance.
in the case of the SnO, preparation, the membrane was
immersed in & solution of SnCl,, HCI, and ethyl alcohol and
then applied to the surface of a Pt current collector [136].
The membrane is then removed by burning it in oxygen
plasma. This leaves nanofibers of the desired electrode mate-
rials. which in the case of Sn0, were 110 nm in diameter and
0.0 um in length, see the SEM image reported in Figure 14.

This procedure gives unique electrode structures having
dramatically improved rate and cycling performance asso-
ciated with the small size of the nanofibers and the small
domain size of the metal alloy grain within the nanofibers.
For instance, tests in a lithium cell have demonstrated that
the nanofiber SnO, electrode is able to operate at rates as
high as 8 C with a stable capacity of the order of 700 mA h/g
[136], values never achieved with conventional electrode
structures, such as graphite.

Nanomaterials consisting of nanoparticles or nanoarchi-
tectured materials may also have some potential disadvan-
lages associated lo their high external surface arca, which
may lead to excessive side reactions with the electrolyte
and hence capacity losses or poor calendar life. Such prob-
lems may be addressed with internally panostructured mate-
rials where the particles are significantly larger than the
nanodomains. This can have the advantage of reducing
side reactions with the electrolyte, compared with those of
nanoparticulate materials, and of ensuring higher volumet-
ric energy densities [124]. An example of these internally
nanostructured anodes includes a family of transition metal
oxides such as CoQ, CuO, NiO, Co,0y, and MnO [137].
The full electrachemical reduction of these oxides versus
lithium involving iwo or more electrons per 3d metal leads to
composite materials consisting of nanometer metallic clus-
ters dispersed in an amorphous Li,O matrix exhibiting high
reversibility and providing large capacitics that can be main-
tained for hundreds of cvcles. Such results turn out not 1o be
specific to oxides bul can be extended to sulfides, nitrides,
or fAuorides or to other families of compounds (e.g., borates,
vanadates) [138).

Also critical for the progress of lithium batteries arc
improvements at the cathode side. For instance the replace-
ment of the high cost, partially toxic LiCoO, with more
affordable and sustainable materials would be highly wel-
comed. The nanotechnology approach is here much less
developed than in the case of the anodes. In fact, the use
of nanoparticulate forms of the classical cathode materials
such as LiCoO, can lead to significant reaction with the
electrolyte and ultimately safety problems (one of the most
critical issues for lithium batteries) especially at elevated
temperatures, compared with the use of such materials in
the micrometer range. Therefore, the nano approach may be
safely adopted for those electrode materials having voltage
profiles falling within the stability window of the electrolyte.
In these cases, the many advantages of nanoparticles may
more easily be exploited. An example is the phospho olivine
LiFePOy, that, in a lithium cell, may be reversibly delithi-
ated 1o FePO; with an operating voltage averaging around
3.5 V versus Li, i.e.. a value largely within the stability win-
dow of the most common lithium ion electrolytes. Indeed,
LiFePO, is an appealing cathode for lithium batteries: it is
cheap, environmentally benign, and has a reasonably high
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capacity, L.e., approaching that of LiCoO, (170 mAhg™' vs.
220 mAhg™') [139].

However, the kinetics of this clectrode are controlled by
its poor electronic conductivity and by the low lithium ion
diffusion across the reaction phases. Morphological modi-
fication at the nanoscale level appears the proper tool to
control these undesired phenomena. Recent literature has
shown that strategies such as carbon nanopainting [140],
nanofibril textures [141], and carbon nanodispersion [142]
led to excellent improvements in the utilization of the
“per se” insulating LiFePO,.

It has also been demonstrated that dispersion in the
course of the synthesis of metal (e.g., Cu or Ag) powders
at the nanoparticle size produces LiFePO, electrodes with

hanced electrochemical properties [143]. It is believed
that the nanopowders act as nucleation sites for the growth
of the LiFePO, particles, as well as conducting bridges
between them, this finally resulting in an improvement of the
infra- and interconductivity of the particles. Indeed, tests in
lithium cells have demonstrated that these metal composite
LiFePO, electrodes can cyele with good capacity delivery at
room temperature and at high rates [143].

Another strategy for enhancing the performance of
LiFePO, electrodes is that of preparing them in a nanofib-
ril structure following a procedure similar to that used for
the preparation of nanostructured tin oxide electrodes, see
above. A sol-gel method was used to deposit the LiFePO,
nanofibers within the pores of the template membrane, see
Figure 15(A). Contrary to the usual procedure where the
template is totally removed to yield nanofibers protruding
from an underlying current collector surface. in this case
the polycarbonate membrane was pyrolyzed in a reducing
environment in order to yield graphitic carbon particles inti-
mately mixed with the LiFePO, nanofibers, to finally obtain
a nanocomposite LiFePO,/carbon matrix | 144). Figure 15(B)
shows a SEM image which clearly shows the carbon film
coating on the LiFePO, nanofibers [144].

This LiFePO,/carbon nanocomposite electrode structure
is suited for high rate applications because the distance that
Li* must diffuse in the electrode is limited by Lhe radius
of the nanofibers and hecause the carbon matrix provides
for good electronic contact through the composite. Indeed,
electrochemical tests in lithium cells have confirmed that
these nanocomposite electrodes can deliver a capacity of
150 mA h/g at a rate of 5 C and maintain a substantial frac-
tion of the theoretical capacity even at rates exceeding 50 C
[144]).

Finally, it has to be pointed out that progress in lithium
batteries relies on improvement in electrolytes as well as
in electrodes. Good practical results are expected by com-
bining the use of templated nanofibers electrodes with
the use of nanostrucutured polymer electrolytes based on
poly(ethylene oxide) (PEQ), suitable lithium salts, and
ceramic nanoparticles [145-153].

Clearly there are pros and cons in any new approach.
However, the results quoted in this short review chap-
ter show that moving from traditional bulk structures to
nanostructures can significantly change the electrode and
clectrolyte properties and, consequently, their performance
in electrochemical devices, this being particularly valid for
the case of lithium batteries, Although some risk may be
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of the templ, h
trode (2) and SEM image of 4 nanofiber of LiFePO, (b). The diameter
of the fiber is around 200 nm.

Figure 15, Sct is of LiFePO,/carbon elec-

associated with the high surface area of nanostructured elec-
trode materials, nanotechnology is the right tool for yield-
ing quantum jumps in battery performance. Indeed, by an
appropriate selection of the battery materials, issues such as
reactivity with the clectrolyte and associated poor calendar
life may be efficiently controlled to finally obtain new types
of long-life, high-power, and energy-dense electrochemical
power sources designed for meeting important technologi-
cal and social demands, which span from the fast developing
consumer electronic market to the renewal of energy econ-
omy and the control of the environmental conditions.

6. CONCLUSIONS

The use of nanoporous membranes as templates constitutes
an attractive and practical methodology for the prepara-
tion of a varicty of nanomaterials characterized by high
aspect ratio, such as nanowires and nanotubes of metals,
metal oxides, salts, conducting polymers, and composites.
These nanomaterials show peculiar and advantageous per-
formances for many electrochemical applications which span
from electroanalysis to electrochemical energy storage, from
electrochemical hiosensors to nanomedicine.

It is reasonable to think that such a membrane-based
approach to the synthesis of nanomaterials will find wider
and wider application, mainly thanks to the fact that it allows
the easy preparation and the rapid screening of the proper-
ties of new nanomaterials. For electroanalytical applications,
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nanoelectrode ensembles show dramatically enhanced signal
to background ratios with respect to any other electrode sys-
tem, together with the possibility to measure rather casily
the very fast charge transfer kinetic constant of interest for
fundamental studies in electrachemical mechanisms. Combi-
nation of membrane-templated nanostructures of conduct-
ing polymers with biomolecules opens new perspectives in
biosensing and nanomedicine, while the development of
templated nanostructured electrodes for battery applications
can help in overcoming some of the limits of conventional
electrochemical energy storage systems,

The template synthesis makes the preparation of elec-
trode systems with critical dimensions in the domain of
nanometer accessible to almost any electrochemical labora-
tory; the next technological frontier will be developing meth-
ods and materials able to warranty full control of the size,
spatial distribution, and addressability even of single nano-
clectrode elements.
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