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Abstract

The present work addresses the implementation of a procedure for the manufacture of capacitive elec-
trodes.
That procedure used anodized aluminum oxide (AAO) porous templates with an electrochemical nickel
filler. After removal from the alumina template, the nickel electrodes have the surface covered with
nanowires. On the top of this, two dielectric materials, polyvinyl alcohol and titanium dioxide, were
deposited to further increase their capacitance.
In the development of the anodized porous alumina templates, the studies were initially focused on the
morphology control. Afterwards, nanostructured electrodes (Electrodes I) were prepared and charac-
terized in terms of capacitance. The highest increase of the capacitance value was found for electrodes
fabricated with a nanoporous AAO template obtained through double-step anodization at constant
current of 70 mA. This capacitance increase varied with the frequency, suggesting the existence of a dis-
persive system, and the increase was a 25.29 % and 32.73 % increase for 100 Hz and 1 kHz, respectively,
with respect to a reference electrode, at the minimum distance.
Another type of electrodes (Electrode II) was developed by a simpler process consisting in depositing
a dispersion of carbon nanotubes in a conducting polymer PEDOT:PSS on an aluminum contact. The
objective was to verify if this approach resulted in yielded roughness so that the surface area would
significantly increase, since it would be simpler than the development process used for Electrodes I.
Their electric capacitance was measured. It was not found a significant increase of the capacitance
suggesting that the carbon nanotubes content was too low.
Keywords:Capacitive electrodes, anodized aluminum oxide

1. Introduction
Biopotential measurements with capacitive elec-
trodes do not require a direct contact between elec-
trode and skin, which reduces the time required to
expose and prepare the contact area. Furthermore,
with the improvement of the electric capacitance,
one would be able to measure signals at higher dis-
tances and this opens up innumerous possibilities.
For instance, in daily life, if one is required to drive
for long periods of time, the implementation of this
type of electrodes in the back of the sits could be
helpful to monitor the drivers fatigue for safety pur-
poses. Iif an individual is required to handle heavy
machinery, the implementation of such electrodes
would also be beneficial for monitoring his state in
order to avoid accidents related with sleep depriva-
tion.

Higher electric capacitance can be obtained upon
increase of the surface area (the electric capaci-
tance is proportional to the electrodes surface area).
Thereby, by taking inspiration from the human
body, where in the small intestine a large surface
area is also required to better absorb the nutrients,

the proposed electrode design consists in villi -like
structures.

One easy and simple technique to obtain the de-
sired villi -like structures is to use anodized alu-
minum oxide (AAO) porous membranes templates.

This thesis describes the application of the self-
assembling nano-porous AAO template technique,
at room temperature, in association with a direct
current nickel electrodeposition technique to fill the
template, in order to achieve the desired high sur-
face area nanostructured design.

The electric capacitance is also proportional to
the dielectric constant of the medium between the
capacitor plates. The capacitive electrodes pre-
pared in this project will form a capacitor sys-
tem with the individuals body, and will have as
a dielectric medium everything that stands in be-
tween (air, clothes). Therefore, to increase even
further their capacitance, the dielectric constant of
the medium must be increased, and for that high di-
electric constant materials (High-k dielectrics) can
be deposited on top of the electrodes. Two dielec-
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tric materials (polyvinyl alcohol and titanium diox-
ide) with relatively high dielectric constant were de-
posited on the fabricated electrodes.

2. Theoretical Foundations and Literature
Review

2.1. Anodized Aluminum Oxide (AAO)
The anodization of aluminum, under certain condi-
tions, allows the fabrication of porous AAO mem-
branes, obtaining a highly ordered array of cylin-
drical shaped pores which can serve as templates in
nanofabrication.Masuda et al. [10], in 1998, were
first able to produce a highly ordered hexagonal
honeycomb-like pore structure using a two-step an-
odization process.

Figure 1: Atomic force microscopy image of a
porous AAO template obtaind in this work.

Further studies, by several researchers, showed
that the pore diameters, periodicity and density dis-
tribution can be controlled through specific macro-
scopic anodization conditions. Due to this highly
controllable character, there has been a wide inter-
est in using AAO layers in the field of nanotechnol-
ogy.

AAO can be produced in one of two very specific
structures: it can either exist as a nonporous barrier
layer or as a porous oxide structure.

The porous nanostructure is electrically insu-
lating, optically transparent or semi-transparent,
chemically stable, bio-inert and a biocompatible
material [3].

2.1.1 Materials

The initial composition and mechanical characteris-
tics of the aluminum substrate have been shown to
be significantly important on the resulting morphol-
ogy of the nanostructure. Physical defects influence
the obtained nanostructure due to the fact that pore
nucleation is a combination of both random nucle-
ation and nucleation biased by the surface defects,
those being preferential pore nucleation sites ([1]
and [17]).

In addition the purity of the aluminum substrate
and the existence of a natural oxide layer influence
the nano-porous structure formed.

For these reasons, all surface pre-anodization
treatments have a significant impact on the self-
ordering of the pore structures. The usual process
to prepare the aluminum substrate for anodization
is as follows: 1) degreasing in acetone, or a simi-
lar solvent ([1], [6], [14] and [16]); 2) electrochemi-
cal polishing, usually done in a solution of perchlo-
ric acid and ethanol (1:4), for a few minutes, fol-
lowed by extensive rising with water ([2], [6], [9]
and [17]); 3) annealing process at a temperature
close to 400◦C which helps the release of mechani-
cal stresses that the substrate may have ([11], [15]
and [17]).

2.1.2 Electrolytes

The manufacture of porous AAO templates is done
in acidic electrolytes. The electrolyte pH seems to
be essential to start the pore nucleation process.
The three main electrolytes used are aqueous solu-
tions of sulfuric acid ([7], [8], [9], [11], [16] and [17]),
oxalic acid ([1], [7], [8] and [17]) or phosphoric acid
([8] and [17]).

2.1.3 Voltage Conditions

The voltage conditions, in an acidic medium, are
related to the morphology of the pores formed. In
short, the higher the voltage the higher the electric
field strength is and that makes the pores larger
and with a better arrangement and uniformity [5].
However, depending on the electrolyte concentra-
tion, composition and temperature, there is a max-
imum voltage that can be reached before breakdown
occurs [15].

2.1.4 Kinetics of Anodized Aluminum Ox-
ide Formation

There are several models proposed for the pore for-
mation, though the exact mechanism of pore nucle-
ation and growth steps is not yet quite clear.

One accepted model explains pore nucleation
through an electric field assisted local chemical dis-
solution [15].

The theory is that electrolytes with a pH greater
than 5 produce a barrier layer type AAO because
the Al3+ cations released from the metal substrate
are retained in the oxide layer. However, for elec-
trolytes with a pH less than 5, the flow of Al3+

cations into the electrolyte is higher, and, in some
regions, the formation of new oxide at the ox-
ide/electrolyte interface is unstable, leading to thin-
ner oxide in random spots. In these places, with
thinner oxide, the electric field increases, with con-
sequent increase of the current. In regions of high
current flow there is an increased dissolution rate,
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and it produces a large number of hemispherical de-
pressions which correspond to the pore nucleation
sites. The formation of these hemispherical shape
depressions aggravates the dissolution process by
concentrating the electrical field, increasing even
more the dissolution rate at those points ([13] and
[15]).

Overall, this pore nucleation model, based on the
field-enhanced dissolution, also explains why the
pore nucleation sites are sensitive to the surface
topography and imperfections such as impurities,
pits, scratches, grain boundaries, among others. All
this imperfections induce electric field variations at
their locations causing biased pore nucleation.

2.1.5 Double-step Anodization of Alu-
minum

In 1998, Masuda et al. developed an anodization
procedure able to achieve a self-assembled highly or-
dered hexagonal AAO structure [10]. The method
involved a first long time anodization to form an
highly ordered pore array at the metal/oxide inter-
face. When the oxide layer is separated from the
aluminum substrate, it is possible to observe the
resulting organized nano-indentations on the metal
substrate. The nano indentations left on the metal
will serve as preferential pore nucleation sites for a
subsequent anodization. With the removal of the
first oxide layer, it is possible to achieve an ex-
tremely organized pore array with packed hexago-
nal configuration of straight and parallel pore chan-
nels [15].

Figure 2: Double-step anodization summary.

2.2. Filling of the AAO template - Nickel
Electrodeposition

Electrodeposition, or electroplating, is a process in
which occurs the reduction of metal cations dis-
solved in an electrolyte, by the application of an
electrical current, in order to obtain a coherent
metal coating on an electrode, the cathode.

Since the oxide template is electrically isulating,
some treatments have to be done, before electrofill-
ing the template to expose the aluminum substrate
at the bottom of the pores, that serves as the cath-
ode, although for the metal cations dissolved in the
electrolyte to be reduced and deposited in the pores.

Nickel electroplating (or electrodeposition) is a
simple process, in which a direct current is made
to flow between two electrodes immersed in a con-
ductive, aqueous solution of nickel salts. The direct

current causes an oxidation at the anode, such as
the oxidation of a metal with dissolution of ions or
the oxidation of water to produce oxygen accompa-
nied by the deposition of nickel present in the bath
at the cathode [4].

2.3. High-k Dielectrics
There are several materials with high dielectric con-
stant, which can be divided into inorganic and or-
ganic dielectric materials. Among the organic ma-
terials, polyvinyl alcohol (PVA) is one of the most
used due to its flexibility and, also, because of the
value of its dielectric constant (k=10), which is
higher than that of most organic materials. On
the other hand, inorganic dielectrics usually have
a dielectric constant higher than that of organic di-
electrics and are mostly oxides. For instance, tita-
nium oxide (TiO2) has a dielectric constant usually
around 40, but depending on the treatments, it can
reach 100 [12]. Regarding the deposition of TiO2

films, usually this obtained from sol-gel methods
which solutions are then spin-coated or sputtered.

3. Experimental
Two types of electrodes were developed:

Electrodes I - manufactured using nano-porous
AAO templates;

Figure 3: Image of an Electrode I.

Electrodes II - based on the use of composite
films of PEDOT:PSS with Multi-Wall Carbon Nan-
otubes.

Figure 4: Image of an Electrode II.
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Initial experiments on the formation of the
porous AAO templates, for Electrodes I, were made
with two types of aluminum (AlSigma and AlCook-
Foil). A third type of aluminum (AlLowPur)was
used to fabricate the electrodes. The fabrication
process involved four steps:

Electrodes I - Manufacture of the AAO templates
by aluminum anodization (constant current);

Electrodes I - Electrodeposition of nickel to fill
the templates;

Electrodes I - Cleaning and assembling;
Electrodes I - Deposition of the dielectric (spin

coating).
Surface topography images of the templates fab-

ricated after the first step were obtained using an
Atomic Force Microscope (AFM).

The second type of electrodes fabricated (Elec-
trodes II), to be used as comparison with the main
AAO based electrodes, consisted on a PEDOT:PSS
and Multi-Wall Carbon Nanotubes composite film
deposited on an aluminum metallic contact, with
subsequent deposition of a dielectric.

The development of these electrodes consisted on
three parts:

Electrodes II - Evaporation of the aluminum con-
tact;

Electrodes II - Deposition of the PEDOT:PSS
and Multiwall Carbon Nanotubes composite film
(drop cast);

Electrodes II - Deposition of the dielectric (spin
coating).

At the end, the conductance of Electrodes I was
measured and the capacitance of both Electrodes I
and II were measured. The capacitance was mea-
sured in a capacitor-like setup which consisted on
an irradiator plate and the respective electrode.

4. Results and Discussion
Starting with the manufacture of Electrodes I, from
the first porous AAO templates from aluminum
substrates AlSigma and AlCookFoil it was possi-
ble to observe, by AFM studies, the formation of
the self-assembled porous template, particularly of
the honeycom-like structure easily identified on sub-
strates AlCookFoil, created by the double-step an-
odization.

Substrates AlSigma underwent a one-step an-
odization at constant current of 70 mA and sub-
strate AlCookFoil underwent a double-step anodiza-
tion at constant current of 20 mA, yielding an aver-
age pore density of 22pores/µm2 and 41pores/µm2,
respectively. This confirms literature reports, ac-
cording to which higher voltages (higher current)
lead to larger pore diameters, and consequently to
lower pore densities. The analysis of the pore di-
ameter also confirmed this, having the substrates

AlSgma yielded an average value of 163.6 nm and
the substrates AlCookFoil a value of 56.8 nm for
pore diameter.

An increase of 33 % of the surface area was es-
timated for substrate AlCookFoil (double-step an-
odization at constant current of 20 mA).

From the results of the capacitance measure-
ments of Electrodes I (four types were fabricated: 1)
prepared with a porous template obtained through
double-anodization with constant current of 70 mA
without dielectric; 2) prepared with a porous tem-
plate obtained through double-anodization with
constant current of 20 mA without dielectric; 3)
prepared with a porous template obtained through
double-anodization with constant current of 70 mA
with the PVA dielectric; 4) prepared with a porous
template obtained through double-anodization with
constant current of 70 mA with the titanium ox-
ide dielectricted) made from substrate AlLowPur,
it was observed that the capacitance increase varies
with the frequency. Such phenomenum may be due
to the dispersive influence of any conductive sur-
face nearby, from the metallic frames of the opera-
tion table to the operator itself, which may induce
dispersions dependent of the frequency. Also, the
measuring apparatus, associated with the previous
reason, may have different sensibility for each fre-
quency measured.

Also, despite the existence of this non linearity,
for Electrodes I in which the dielectric was not de-
posited, the calculated percentual area increase, at
each frequency, should have been maintained with
the varying distance, and that does not occur. A
possible explanation for this observation is not yet
clear. Additional studies are required. Regarde-
less, considering the capacitance values obtained at
1 mm distance, the percentual area increase for the
Electrodes I without dielectric material deposited
was expected to be higher than the 33 % measured
surface area increase for substrate AlCookFoil, men-
tioned above, due to the longer anodization times of
the templates used for Electrodes I (longer anodiza-
tion times usually translates in higher pore lengths,
which means higher surface area). That does not
happen, although it’s close. One possible explana-
tion, as mentioned before, is the fact that the type
of substrates may affect its anodization rate and/or
maybe the oxide dissolution rate, resulting in sim-
ilar thickness porous AAO on both susbstrates Al-
CookFoil and AlLowPur even though there is a
large difference in the anodization times. However,
to verify this, other studies involving AFM or SEM
imaging of the porous templates fabricated from
substrate AlLowPur, are required.

Regarding the dielectric material deposited on
top of the electrodes, the initial measurements done
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on an extra type of flat electrodes E, showed that
PVA yielded better results than titatinum dioxide.
As mentioned before, this finding does not agree
with literature reports. Further studies on the sol-
gel process used to prepare the titanium dioxide di-
electric, or alternatives for this dielectric deposition
method, should be done.

The results obtained for the PVA dielectric on
flat electrodes E evidenced the same behaviour, in
which the capacitance increase varyed with the fre-
quency, as in Electrodes I probably for the same
reasons. An average capacitance increase of 29 %
and 18 % was observed for the frequencies of 100
Hz and 1 kHz, respectively.

For the nanowire based electrodes (Electrodes
I), when the dielectric was applied the capacitance
measurements yield very poor results with respect
to the same electrodes without dielectric, which is
quite unexpected. Further studies, for instance the
analysis of the electrodes surface before and after
dielectric deposition, by SEM imaging, are neces-
sary to explain this result.

Finally, regarding Electrodes II, their purpose
was simply to assess if such simple method (rough
film prepared by spin coating) could yield results
close enough to the ones obtained for the porous
AAO templates that would justify a change on the
manufacture method. The results so far obtained
failed to show that. One reason that could justify
the obtained results for Electrodes II is, possibly,
the low weight percentage of nanotubes used in the
composite films, which was not enough to cause a
significant increase of the surface (roughness) area.
Further studies, namely by AFM analysis of the
composite films surface, would be quite profitable
since this approach to increase the electrodes sur-
face area is quite simple, and would constitute an
excelent process to the manufacture of high surface
capacitive electrodes.

5. Conclusions
The fabrication of porous AAO templates was suc-
cessful. From aluminum substrates AlSigma and
AlCookFoil it was possible to observe, by AFM
studies, the formation of the self-assembled porous
template, particularly of the honeycom-like struc-
ture easily identified on substrates AlCookFoil, cre-
ated by the double-step anodization. Substrates
AlSigma underwent a one-step anodization at con-
stant current of 70 mA and substrate AlCookFoil
underwent a double-step anodization at constant
current of 20 mA, yielding an average pore density
of 22pores/µm2 and 41pores/µm2, respectively.

However further work needs to be made on im-
proving the system used for measuring the capac-
itance of the electrodes fabricated in this work.
Also, the characterization of the capacitance mea-

surements should be done at higher distances and
frequencies to better understand its behaviour.

In addition, in future experiments, to better
examine the nanowired structure of Electrodes I
surface, and also the topography of Electrodes II
surface, additional characterization methods, such
as SEM (scanning electron microscopy) imaging,
should be explored.

Other deposition methods for the dielectric ma-
terial should also be investigated and other meth-
ods to obtain the titanium dioxide dielectric. Fur-
ther studies on a composite dielectric of PVA with
nanoparticles of titanium dioxide may be advanta-
geous. By associating the titanium dioxide parti-
cles with PVA we should maintain the PVA flex-
ibility up to a certain degree, while the use of
TiO2 nanoparticles would increase the dielectric
constant.
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