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Electrochemistry has become a multidisciplinary science,
and a growing emphasis in the last decades has been focused
on the chemical control of the structure of the electrode/
solution interface in order to achieve desired reactivity for
electron transfer processes involving target molecules. Thus,
modified electrode surfaces have become a wide topic that
covers several issues of interfacial electrochemistry, nano-
technology, material science, sensors for biology and envi-
ronmental sciences, and so forth.

The aim of this special issue is to show, through recent
updated significant examples, how the electrochemical tech-
niques allow the unique characterization of specific proper-
ties of micro- and nanostructured materials that offer varied
possibilities of uses and the preparation of specific types
of ordered materials that take advantage of electrochemical
synthetic methods such as structuring nanosized wires and
dots, to cite only two examples.

Five original research articles are presented in this issue
and illustrate some of the efforts in developing electro-
chemical strategies related to structured surfaces. Three
themes are concerned: electrochemical analysis of electrode
surfaces upon specific chemical treatments, electrochemical
deposition of structured metal deposits and electrochemical
characterization of polymer-coated electrodes. In the paper
entitled “Surface of alumina films after prolonged break-
downs in galvanostatic anodization” by C. Girginov and S.
Kozhukharov, the authors investigated the breakdown phe-
nomena at continuous isothermal (20◦C) and galvanostatic
(0.2–5 mA cm−2) anodizing of aluminum in ammonium
salicylate in dimethylformamide (1 M AS/DMF) electrolyte.

Data on topography and surface roughness parameters of the
electrode after electric breakdowns are obtained as a function
of anodization time. The results are discussed on the basis
of perceptions of avalanche mechanism of the breakdown
phenomena, due to the injection of electrons and their multi-
plication in the volume of the film.

In the paper entitled “Surface potential of polycrystaline
hematite in aqueous medium” by T. Preočanin et al., the sur-
face potential of polycrystalline hematite in aqueous sodium
perchlorate environment as a function of pH was examined.
Surface potential of hematite was obtained from measured
electrode potential of a nonporous polycrystalline hematite
electrode, and interpretation of the equilibrium data was
performed by applying the surface complexation model.

In the paper entitled “Zinc-nickel codeposition in sulfate
solution combined effect of cadmium and boric acid” by Y.
Addia and A. Khouider, the combined effect of cadmium
and boric acid on the electrodeposition of zinc-nickel from
a sulfate has been investigated. It is shown that the pres-
ence of cadmium ion decreases zinc in the deposit. Low
concentration of CdSO4 reduces the anomalous nature of
Zn-Ni deposit while boric acid decreases current density and
shifts potential discharge of nickel and hydrogen to more
negative potential.

In the paper entitled “Size and shape control of gold nan-
odeposits in an array of silica nanowells on a gold electrode”
by A. E. Rue and M. M. Collinson, ordered arrays of hemi-
spherical nanowells were formed in a sol-gel derived silica
film on a gold electrode using 500 nm diameter polystyrene
latex spheres as templates. The conductive domain located
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at the bottom of each nanowell upon template removal
was enlarged via electroless deposition from a gold plating
solution. The structured electrodes thus formed were char-
acterized using scanning electron microscopy and atomic
force microscopy. Electroless deposition in the nanowells
produced (near) sphere-like nanostructures of gold, the
size of which depended on the incubation time in the
plating solution and the size of the conductive domain.
Longer exposure times yielded nanostructures that filled
the nanowell whereas smaller exposure time yielded much
smaller structures. Significantly larger, rougher deposits were
formed in nanowells with large conductive domains. The
electrochemical response observed at these electrodes was
strongly dependent on the extent of long-range packing, the
presence of defect sites in the film and their relative spacing,
and the redox species in solution.

Finally, in the paper entitled “Cyclic voltammetry and
impedance spectroscopy behavior studies of polyterthio-
phene modified electrode” by N. Maouche and B. Nessark,
a study of the electrochemical behaviour of terthiophene and
its corresponding polymer, which is obtained electrochemi-
cally as a film by cyclic voltammetry (CV) on platinum elec-
trode, is presented. The analysis focuses essentially on the
effect of two organic solvents acetonitrile and dichloro-
methane on the electrochemical behaviour of the obtained
polymer. The electrochemical behavior of this material
was investigated by cyclic voltammetry and electrochemical
impedance spectroscopy (EIS). The impedance plots show
the semicircle which is characteristic of charge transfer resis-
tance at the electrode/polymer interface at high frequency
and the diffusion process at low frequency.

Fethi Bedioui
Tebello Nyokong

José H. Zagal
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Ordered arrays of hemispherical nanowells were formed in a sol-gel-derived silica film on a gold electrode using 500 nm diameter
polystyrene latex spheres as templates. The conductive domain located at the bottom of each nanowell upon template removal
was enlarged via electroless deposition from a gold plating solution. The structured electrodes thus formed were characterized
using scanning electron microscopy and atomic force microscopy. Depending on the method used to make the films, the extent of
the long-range packing and the size of the conductive domain changed. Electroless deposition in the nanowells produced (near)
sphere-like nanostructures of gold, the size of which depended on the incubation time in the plating solution and the size of the
conductive domain. Longer exposure times yielded nanostructures that filled the nanowell, whereas smaller exposure time yielded
much smaller structures. Significantly larger, rougher deposits were formed in nanowells with large conductive domains. The
electrochemical response observed at these electrodes was strongly dependent on the extent of long-range packing, the presence of
defect sites in the film and their relative spacing, and the redox species in solution.

1. Introduction

Patterned or structured electrodes have been shown to have
considerable importance in many areas of science and tech-
nology, particularly electroanalytical applications [1–3]. The
development of strategies for the fabrication of such mate-
rials is needed as the desire to make smaller, more sensitive,
and more selective devices becomes increasingly important.
One means to create structured electrodes involves strategi-
cally combining sol-gel chemistry and templating together
[4, 5]. In such a process, for example, a suitable template
is doped into a silica sol and cast on a surface such as an
electrode. Upon subsequent removal of the template, voids
remain in the microporous oxide network. Examples of vari-
ous types of templates that have been used include molecules,
surfactants, and latex spheres [3–7]. In prior work, we have
shown how an array of silica nanowells can be formed on
an electrode surface and how these structured electrodes
can be used to electrochemically grow copper nanoparticles
and conducting polymers from the bottom-up [8]. The
success of this method depends on the extent at which, upon

removal of the latex sphere, the underlying electrode surface
is exposed, enabling it to be used as a microelectrode [9].
Providing there are no defects (pin holes) in the insulating
silica surrounding the nanowells, the electrochemistry only
takes place in the nanowell, thus restricting growth to this
area [8]. The advantages of growing arrays of nanoparticles
within a porous inorganic network using this approach
are the following: (a) the interparticle spacing between
nanoparticles can be controlled by the size of the template
used to form the nanowell, (b) the size and shape of the
resultant nanoparticles/nanostructures can be controlled by
the size and shape of the nanowell, and (c) the silica support
helps prevent aggregation of the nanoparticles as they begin
to grow larger [8, 10, 11]. From an electroanalytical point
of view, enlarging the conductive domains located at the
bottom of the nanowell also provides a means to potentially
increase the sensitivity of the microelectrode array [12].
The importance of nanoparticle arrays in electroanalytical
chemistry has been well documented in the literature [12–
15].
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Figure 1: Simplified cartoon that shows the fabrication of silica nanowells on the gold electrode and the subsequent enlargement of the
conductive domains exposed after template removal.

In this work, we describe an alternative approach for
expanding the conductive domain at the bottom of the
porous nanowells that is less sensitive to defect sites (pin
holes) in the silica framework and more amenable to differ-
ent metals. The procedure involves the formation of the silica
nanowells on a gold electrode using polystyrene latex spheres
as the sacrificial template followed by the electroless growth
of the gold microelectrode that is exposed when the template
is removed. The height of the gold nanoparticles can be easily
adjusted by changing the incubation time in the electroless
plating solution. In related work recently published, the
silica nanowells were formed from the vapor deposition
of dimethyldichlorosilane around an array of latex spheres
formed on quartz. To form the gold nanoparticle array, the
exposed surface (hydroxides) was immersed in a solution of
tin ions, followed by silver ions, and then gold ions [11]. In
another paper, shallow nanowells were formed on a silicon
wafer via the vapor deposition of chlorosilanes around the
latex sphere [10, 16, 17]. The hydroxylated surface located
at the bottom of the nanowells was then functionalized with
mercaptopropyltrimethoxysilane and subsequently used to
bind gold nanoparticles [10]. In contrast to these papers,
the current method is a one-step method that does not
require multiple reaction steps or chemical modification.
It utilizes the sol-gel process [18], which means various
reagents can be entrapped into the microporous network
to create a chemical sensor [19–23], and it is directly
formed on an electrode surface and thus making it a
structured electrode ideally suited for electroanalytical appli-
cations.

2. Experimental

2.1. Templated Silica Film Formation

2.1.1. Spin Cast Method for Colloidal Crystal Formation. Gold
electrodes (EMF, Ithaca NY) were cut to ∼1.5 cm × 1.5 cm
and then cleaned by successive sonications in ethanol, and

water twice for 15 minutes each followed by plasma cleaning
at 10 W (Southbay PE-2000, DC bias of −100 V) to make
the slides hydrophilic. The silica sol was prepared by stirring
0.25 mL tetramethoxysilane (TMOS, 99%, Acros), 1.20 mL
methanol (MeOH), 1.15 mL water, and 0.015 mL 0.1 M
HCl for 30 minutes and then aged for two days. Sodium
dodecylsulfate (SDS) was added (5 mM) to the sol before it
was mixed with 0.4 μm polystyrene latex spheres (PS, from
Invitrogen, formally Interfacial Dynamics Company (IDC),
sulfate stabilized, 8%) at a 1 : 1 (v/v%) ratio. The SDS was
added as a wetting agent to improve the quality of the sphere
packing [7]. The solution was viciously mixed, then pipetted
on to the surface of a clean gold electrode, and spin coated at
3000 rpm for 30 seconds. After the films were dried overnight
on the bench top, they were submerged in chloroform for
three hours to remove the PS spheres.

2.1.2. Evaporative Method for Colloidal Crystal Formation.
Gold (Au) electrodes were cut into ∼1.5 cm × 1.5 cm
squares and cleaned by successive sonications in 2-propanol
and water followed by boiling piranha solution (7 : 3)
for 5 minutes. (Caution: piranha solutions are extremely
dangerous and react violently with organic materials). The
electrodes were rinsed well with water and ethanol and
soaked in a 5 mM cysteamine in ethanol (EtOH) for 24
hours. To form the colloidal crystal, a modified version of
the vertical deposition method was used [24]. In this work,
the modified electrode was vertically placed in a glass vial,
and a mixture of ethanol and 0.5 μm spheres in a 33 : 1 V/V
ratio was added. The solution was slowly evaporated at
50◦C by placing the vial in a thermostated oven or a water
bath. A closed water bath was preferred because it tended to
minimize fluctuations in temperature and ambient humidity.
Evaporation took approximately 24 hours and resulted in a
well-packed, single layer (or near single layer) of spheres on
the gold electrode.

To form the silica nanowells on the surface of the gold
electrode, a silica sol (0.2 mL TMOS, 0.06 mL MTMOS
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Figure 2: Tapping mode AFM images (5 μm × 5 μm) of (a) a bare gold electrode, (b) hexagonally packed PS spheres in a silica film-coated
gold electrode, and (c) the nanowells formed after chemical removal of the PS spheres.

(methyltrimethoxysilane, 97%), 0.1 mL MeOH, 0.3 mL
water, and 0.06 mL 0.1 M HCl, stirred for 1 hour) was diluted
with ethanol 1 : 100, and the diluted sol was then spin coated
over the packed spheres at 8000 or 6000 rpm for 60 seconds.
To ensure the sol effectively penetrated the voids in the
colloidal crystal, the substrates were first plasma cleaned for
2 minutes at 10 W (DC bias of −100 V), and the diluted sol
also was allowed to rest on the substrate for one minute prior
to electrode rotation. The films were dried overnight, and the
PS spheres were removed via soaking in chloroform to form
the silica nanowells on the gold electrode. In some cases, to
further hydrolyze the sol, 10 μL of 0.16 M KOH was added to
the sol and stirred for an additional 30 minutes prior to spin
coating.

2.2. Electroless Gold Deposition. To insure that all PS was
removed from the film, the substrates were rinsed with
fresh chloroform and plasma cleaned for 2 minutes at
15 W (DC bias of −150 V) prior to submerging in a 1 : 100
(v/v%) solution of hydrogen tetrachloroaurate (1 mM) and
NH2OH·HCl (0.45 mM) for varying time lengths. During
deposition, the solution was placed on a shaker at 180 rpm.
The solution was replaced with a fresh solution at 15 minute
intervals. The films were rinsed with water then dried on the
bench before further characterization.

2.3. Electrochemistry. Electrochemistry was performed in a
three-electrode cell using a saturated Ag/AgCl electrode as a
reference and a Pt wire as the auxiliary on a CH instruments
potentiostat. The electrode area was defined by a quarter inch
diameter hole punched into a piece of Teflon tape and copper
tape was attached to the edge of the gold slide as a lead.
Ferrocene methanol (1 mM) and potassium ferricyanide
(1 mM) in 0.1 M KCl were used as the redox probes.

3. Results and Discussion

3.1. Overview. Previous work in our lab has shown that
silica nanowells can be formed on glassy carbon electrodes
by templating with latex spheres [8, 9]. Because these
nanowells are open at the bottom, thus exposing the
electrode underneath, they can be used as nanosized reaction
vessels to do electrochemistry [8]. In essence, they are the
nanosized equivalent of a round-bottom flask containing
an immobilized microelectrode as depicted in the cartoon
shown in Figure 1. In the present work, two methods were
used to form the silica nanowells. Both methods utilize the
sol-gel process [18], which is a versatile method used to
prepare inorganic and organic-inorganic hybrid materials
[19–23]. The first method (Figure 1, method 1) is the more
traditional way to make sol-gel-derived films, which first
involves doping the silica sol with latex spheres and spin
coating the composite sol on the electrode surface. In the
second method (Figure 1, method 2), a near monolayer of
spheres is formed first, followed by spin coating an undoped
silica sol on this surface. These structured electrodes are
then used as reaction vessels to electrolessly grow gold
nanoparticles of varying height and width, defined in part
by the size of the nanowell and the electroless growth
conditions. It is known in the literature that exposure of
gold nanoparticles to HAuCl4 in the presence of the reducing
agent NH2OH, either in solution or immobilized on a
substrate, results in particle growth [25]. It was hypothesized
that the exposed gold electrode located at the bottom of
the silica nanowell can be used as a reduction site for gold
deposition, and nanoparticles were not necessary to achieve
this affect. This same method could be applied to any gold
surface of limited dimensions such as the small area of
gold exposed at the bottom of the nanowell upon template
removal. The size/microstructure of the gold deposits can
be controlled by the length of exposure time to the growth
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Figure 3: 5 μm × 5 μm AFM images of gold deposited on (a) a bare gold electrode (electroless deposition for 6 minutes) and in silica
nanowells grown by electroless deposition for (b) 1 minute, (c) 15 minutes, and (d) 3-hour exposure times. (e) Cross-section plots overlaid
for clarity (blue = 1 min, red = 15 min, and green = 3 hours).

solution (Figure 1, bottom) and the area exposed to solution
upon removal of the PS latex sphere. No prior modification
of the surface is necessary.

3.2. Gold Nanoparticles Formed in Silica Nanowell Electrodes
Prepared via Method 1. In this method, silica sols are
doped with PS spheres and then spin cast on the electrode
surface. The packing of the spheres on the surface of the
electrode depends on many factors including surface charge
(electrostatic repulsion), surface hydrophilicity, and surface
cleanliness [6, 7]. In this work, gold electrodes and sulfate-
stabilized PS spheres are used. Figure 2(a) shows a tapping
mode atomic force microscope (AFM, Veeco Multimode
SPM) image of the surface of a bare gold electrode. As can be
seen, the bare electrode consists of a flat surface with small,
random roughness. After spin coating, the silica sol/latex
sphere mixture on the gold electrode, localized regions of
the surface shows a hexagonally packed monolayer of the PS
spheres, Figure 2(b). After template removal, silica nanowells

are formed on the surface as shown in Figure 2(c). The depth
of the nanowell largely depends on the speed at which the
sphere-doped sol is cast, the viscosity of the sol, and size of
the latex sphere [8]. At a spin speed of 3000 rpm and a sphere
size of 400 μm, the nanowells have an average dimension
of 500 nm in diameter and a well depth of 300 nm. These
nanowells are open at the top (evident in the AFM images)
and the bottom (evident from AFM section scans and gold
growth (described below)), thus exposing the underlying
nanostructured surface.

The nanowells, such as those shown in Figure 2(c)
can be used as reaction vessels to electrolessly grow gold
nanoparticles. In prior work, we utilized a similar electroless
deposition procedure to grow nanostructured gold wires in
micron size channels formed from bacteria [26]. Figure 3(a)
shows an area of the substrate not covered by packed spheres,
which, due to the generally poor interaction between gold
and silica, results in almost no film formation [27]. Exposure
of the bare gold electrode surface to the gold growth solution
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Figure 4: SEM images of typical sphere packing on a gold electrode using (a) the spin-coating method and (b) the vertical deposition
method. (c) SEM of the nanowells formed in a film prepared via the vertical deposition method. (Scale bar: (a) 500 μm, (b) 50 μm, and (c)
10 μm).

resulted in increased roughness of the surface, with the
occasional large asymmetrical gold deposit. The electroless
deposition of gold within the nanowells, however, was found
to be markedly different compared to that observed at a
bare gold electrode, as in Figures 3(b) and 3(c). Electroless
deposition in the nanowells produced (near) sphere-like
deposits of consistent size throughout the film. The growth
of single particles in the nanowells is likely due to there being
only a few exposed points of roughness from the underlying
substrate. A single small growth is formed at those points,
and then the particle increases in the same manner as an
anchored, pregenerated nanoparticle formed in solution,
free from competition and eventual merger with adjacent
deposition sites as seen in the bare substrate [28]. This
growth progression is seen in the time-dependent growth
study. A one-minute exposure results in the formation
of a deposit with an observable height of about ∼20 nm
(Figure 3(b)), which is similar to gold nanoparticles typically
generated in solution [29]. As the exposure time continues,
the particle increases in size while retaining its basic shape
(Figure 3(c)). There appeared to be a limit to this growth,
however, as it was observed that growth would not continue
past a height of ∼150 nm (Figure 3(d)), even when left in
the growth solution overnight (data not shown). Figure 3(e)
shows an overlay of the cross-sections of the nanowells

before and after electroless deposition, ranging from particle
formation to the growth limit. As can be seen, the conductive
domain located at the bottom of the nanowell progressively
increases as the incubation time in the growth solution
increases.

3.3. Gold Nanoparticles Formed in Silica Nanowell Electrodes
Prepared via Method 2. The spin-coating method, while
simple and easy to do, does not produce nanowell arrays
with significant long-range order on gold electrodes that
would likely be required for electroanalytical applications.
Part of the problem likely results from the surface of gold
not being easily wetted by the silica sol, as well as the lack
of available hydroxyl groups for the silica to bind with [27,
30]. To address this shortcoming, the method used to pack
the colloidal crystal on the electrode surface was separated
from silica film formation. There have been many methods
described in the literature for the formation of colloidal crys-
tals on gold with long-range order [2, 6, 7, 31]. Many of these
published methods are ideally suited for forming multilayer
films, which would be more challenging in this study. In
this work, the method with the greatest success for forming
a monolayer or near-monolayer of PS spheres with long-
range order is a variant of the vertical deposition/solvent
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Figure 5: SEM images of (a) a narrow and (b) a wide conductive domain located at the bottom of the silica nanowells on a gold electrode.
(Scale bar: (a) 150 nm, (b) 250 nm).

evaporation method [2, 24]. In this method, the substrate is
vertically positioned in a vial containing a dilute suspension
of spheres in ethanol [2, 24]. As the solvent slowly evaporates,
a compact layer of spheres remain on the surface [24]. In
this work, the concentration of latex spheres in ethanol
was kept relatively low (1 : 33 V/V PS spheres : EtOH), and
evaporation took place at an elevated temperature (50◦C). To
insure a steady evaporation rate, the evaporation setup was
heated in a closed water bath to provide consistent heating
and humidity. In contrast to a room-temperature-based
deposition, a packed monolayer (or near monolayer) of PS
spheres can be formed in 24 hours. This method produced
a vastly superior colloidal crystal with long-range packing
of spheres, mostly in a single layer, compared to the spin-
coating method. Figure 4 shows representative 157× 110 μm
scanning electron microscope images (SEM, Hitachi FE-SEM
SU-70, 5 kV, platinum/gold sputter to minimize charging
effects) of a single (or near single) layer of PS spheres on a
gold electrode formed by spin coating the sphere-doped sol
on a gold electrode (Figure 4(a)) or via the vertical depo-
sition method (Figure 4(b)). While the spin-coated packed
electrode shows good packing in localized areas, the packing
is weblike over the entire surface, leaving a large amount
of the substrate exposed. The vertical deposition method,
however, exhibits good packing on both the microscopic
and macroscopic length scales (Figure 4(b)). In Figure 4(c),
an SEM of the nanowells formed after template removal is
shown.

Once the colloidal crystal was formed on the gold
electrode, a silica sol could be spin cast directly over this
layer of spheres to ultimately form the silica nanowells on
the gold electrode (Figure 4(c)) [26]. The silica nanowells
produced by this method have many similarities to that of
the doping method (described above) in that dimensions
of the nanowells are similar. One major difference is in the
variation of the diameter of the underlying exposed electrode
surface (the conductive domain), which has consequences
for the electroless deposition of gold. The variables that
will likely influence the diameter of the bottom of the

nanowell include the degree at which the sol is hydrolyzed
and condensed (its age), the viscosity of the sol (dilution
factor), the time the sol is placed on the surface before the
electrode is rotated, and the speed at which the sol is cast over
the packed spheres. Fresh silane precursors and faster spin
speeds (8000 rpm) tend to produce wider bottoms, while
aged silane (one day) and slower speeds (6000 rpm) produce
narrower bottoms. Because speed influences film thickness,
the original sol was diluted more when the spin speed was
decreased to retain nearly the same nanowell depth. Figure 5
shows representative examples of the sizes of the conductive
domain formed at the bottom of the nanowells on a gold
electrode. The “wide bottom” nanowells expose a substrate
area of about 70–80% that of the mouth of the nanowell,
whereas the “narrow bottom” nanowells expose roughly 30–
40%. The sides of the nanowell shown in Figure 5(a) exhibit
a more particle-like surface relative to that observed in the
nanowell shown in Figure 5(b). These observed differences
in the microstructure of the silica network are attributed
to differences in the aging of the silane precursors prior
to making the sol. In Figure 5(b), the silane precursors
were freshly removed from a nitrogen environment and
immediately used to prepare the sol, whereas in Figure 5(a),
the silanes were partially hydrolyzed via exposure to air prior
to use.

Films that exhibited large conductive domains at the
bottom of the nanowells produced gold deposits with
asymmetric shapes and sizes (Figure 6(b) inset). Films with
smaller conductive domains produced deposits consistent
with those observed with the doped films (Figure 3), with
a single sphere-like particle (Figure 6(a) inset). The growth
in the wide bottom appears to be a hybrid of the growth
patterns on the bare gold surface and in the narrow bottom
wells. The shape of the deposit reflects the natural roughness
of the gold surface under the film but is able to grow past
the point commonly seen on the bare surface, similar to the
nanowells with smaller conductive domains. It is believed
that this is the result of the wider conductive domains having
several initial growth sites within the nanowell that merge
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(a)

(b)

Figure 6: SEM images of (a) narrow bottom and (b) wide
bottom films. Insets display representative gold deposits within
silica nanowells. (Scale bars: 20 μm, inset: 250 nm).

together at longer growth times. By combining the vertical
deposition method of film formation with the gold growth
method utilized in the spin-coated slides, a large, well-packed
array of nanowells containing gold particles of controllable
size were formed (Figure 6).

3.4. Electrochemistry. The voltammetry of ferrocene meth-
anol (FcCH2OH) and potassium ferricyanide (Fe(CN)6

3−)
were examined at electrodes prepared via method 2. In
Figure 7(a), cyclic voltammograms (CVs) for FcCH2OH
at a bare gold electrode and a silica film/sphere-coated
electrode can be observed. As expected, at a bare gold
electrode, the voltammogram has a diffusion-controlled
shape characteristic of a redox probe in solution transferring
electrons at the surface of a large planar electrode. At the
sphere-coated electrode, different electrochemical responses
were observed depending on the quality of the packing of
the latex spheres (and the redox probe, described below).
When the electrode contained closely spaced defects, such
as those formed at surface dislocations and areas not coated
with silica, and/or at pinholes between spheres, the CV
of FcCH2OH looks almost identical to that obtained at
a bare electrode. In this case, the diffusion layers at the
individual defect sites overlap and the surface appears as
one big electrode [32, 33]. In contrast, when the electrode
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Figure 7: CVs of ferrocene methanol (1 mM) in 0.1 M KCl at
0.1 V/s. (a) Red: bare gold, blue: silica film/sphere-coated electrode
with many defects in the colloidal crystal, and black: silica
film/sphere-coated electrode with fewer defects in the colloidal
crystal. (b) Red: bare gold, blue: after sphere removal via soaking
in chloroform for 3 hrs, and black: after particle growth for 45
minutes.

is covered with a densely packed layer of spheres with
few defects and better long-range packing, the oxidation of
ferrocene methanol is hindered, and the voltammetric curve
is suppressed relative to that observed at a bare electrode.
Upon removal of the spheres leaving behind a closely spaced
array of nanowells, the voltammetry once again looks like
that observed at a bare electrode because of the overlap
of diffusion layers at the closely spaced nanowells, as in
Figure 7(b) [8]. Once the spheres are removed, the quality
of the packing of the colloidal crystal (i.e., the presence of
defects/pin holes) cannot be assessed from the voltammetry
because the electrochemistry that takes place at a defect site
cannot be distinguished from the electrochemistry that takes
place in the nanowell [8]. Further growth of the exposed
gold electrode via electroless deposition for 45 min does not
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Figure 8: CVs of potassium ferricyanide (1 mM) in 0.1 M KCl at
0.1 V/s. Red: bare gold, blue: silica film/sphere-coated electrode,
black: silica film after sphere removal via soaking in chloroform for
3 hrs, and green: silica film after gold particle growth for 45 minutes.

produce distinct changes: the voltammetry of FcCH2OH
looks identical to that observed at nanowell electrode.

Very different results were observed using Fe(CN)6
3−

as the redox probe. Fe(CN)6
3− is very similar in size to

FcCH2OH, but is negatively charged. Thus, electrostatic
interactions will be more important compared to the case
for FcCH2OH, which is initially neutral. Under near-
neutral pH conditions, the silica matrix will be negatively
charged. Figure 8 shows the CVs at a bare electrode, a silica
film/sphere-coated electrode, the nanowell electrode, and
the nanowell electrode with the conducting Au domains
enlarged. In contrast to that observed using FcCH2OH, a
significantly diminished response is observed for Fe(CN)6

3−

at the silica/sphere-coated electrode. The voltammetric curve
exhibits a sigmoidal-shaped response indicative of the pres-
ence of pinholes/defects that are relatively far apart. After
removal of the spheres, the voltammetric shape remains
sigmoidal-like but increases in size. The negatively charged
silica matrix obviously hinders access of Fe(CN)6

3− to
the underlying gold electrode relative to that observed for
FcCH2OH. By increasing the size of the Au conducting
domain via electroless deposition, electrostatic repulsion
between the redox probe and the silica framework is lessened,
and the CV of Fe(CN)6

3− more closely resembles that
observed at the bare electrode.

4. Conclusion

Nanostructured gold electrodes were created through the
selective electroless deposition of gold into nanowells formed
in a silica film on a gold electrode. The size and shape
of the deposited particles were controlled via exposure
time and changes in film characteristics. Method 1, which
involved spin coating a doped sol on a gold electrode, was
simple and easy and yielded nanowells that all had similar
size conductive domains. When used as a chemical reactor
to electrolessly expand the conductive domain, uniform

gold deposits were obtained. The nanowells, however, were
not uniformly distributed/packed across the entire surface
of the electrode, potentially limiting their application in
electroanalytical chemistry. Method 2, while a more time-
consuming 2-step method, yielded a much more uniformly
packed array of nanowells. The conductive domains located
at the bottom of the nanowells, however, varied in size. Both
nanowells with large conductive domains and nanowells
with small conductive domains were obtained by judiciously
changing the sol-gel processing conditions. The size of the
conductive domain significantly influenced the size and
structure of the gold deposit electrolessly formed at the
bottom of the well. Initial electrochemistry experiments
using two different redox probes, ferrocene methanol and
potassium ferricyanide, showed interesting results. Most
significantly, the shape of the cyclic voltammetric curve
and the magnitude of the faradaic current were strongly
dependent on the long-range packing and the presence
of defects in the film and the redox probe in solution.
For potassium ferricyanide, enlargement in the conductive
domains lessens electrostatic repulsion effects observed from
the silica network and results in a more traditional-shaped
voltammetric similar to that obtained a bare electrode.
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The combined effect of cadmium and boric acid on the electrodeposition of zinc-nickel from a sulfate has been investigated. The
presence of cadmium ion decreases zinc in the deposit. In solution, cadmium inhibits the zinc ion deposition and suppresses it
when deposition potential value is more negative than −1.2 V. Low concentration of CdSO4 reduces the anomalous nature of Zn-
Ni deposit. Boric acid decreases current density and shifts potential discharge of nickel and hydrogen to more negative potential.
The combination of boric acid and cadmium increases the percentage of nickel in the deposit. Boric acid and cadmium.

1. Introduction

Great interest has been shown in the possibilities offered by
the electrodeposition of alloys, particularly in the automotive
industry. It is well known that alloys improved mechanical
[1–3] and chemical properties of metals. Zn-Ni alloy deposits
on iron increases strongly the corrosion resistance [2, 3].

The electrodeposition of Zn-Ni alloys is classified by
Brenner [4] as an anomalous codeposition, where zinc,
which is the less noble metal, is preferentially deposited. Al-
though this phenomenon has been known since 1907, the
codeposition mechanisms of zinc and nickel are not well
understood.

Several studies were carried out to explain this behaviour
[5] in contradiction with the thermodynamic.

The nature of the anomalous codeposition has been
extensively investigated, and one of the explanations is the
formation of the hydroxide precipitate of the less noble
metal at the cathode. The hydroxide is caused by a local
increase of pH. This precipitate may suppress deposition of
the noble metal [6]. It was noticed that anomalous code-
position occurred even at low current densities [7], where
hydrogen formation is unable to cause large alkanization
effects. Another explanation is based on the underpotential
(UDP) of zinc on nickel-rich zinc alloys or on nickel

nuclei [8]. Matlosz [9] uses a two-step reaction mechanism
involving adsorbed monovalent intermediate ions for both
electrodeposition of iron and nickel, as a single metal, and
combines the two to develop a model for codeposition.
Anomalous effects are assumed to be caused by preferential
surface coverage due to differences in tafel rate constants for
electrodeposition.

Many studies were carried out to attempt minimizing the
inhibition phenomenon. Ashassi et al. [10] used a pulsed
current in order to decrease zinc hydroxide formation at
the cathodic surface. They consider that anomalous co-
deposition is due to the slow kinetic of nickel on steel. Hu
and Bai [11] showed the possibility to obtain a composition
of the deposit equal to that of the solution by the use of
cyclic voltammetry. From Zhou and JO’Keefe work [12], the
anomalous codeposition can be reduced by adding additives
as tin.

It has been reported that the deposition of nickel needs
low overpotential to create the initial nucleus [13] and the de-
posit grows at low potentials.

It has been noticed that normal codeposition takes place
at low current density. Boric acid and some other reactive
have the ability to decrease the current density. According to
Karwas and Hepel [14] boric acid inhibits zinc deposition
shifting the nickel content in alloys toward Ni-rich phases.
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From Šupicová and all work [15], boric acid shifts the
reduction peak to more negative potentials and increases the
peak height. It improves morphology and brightness, as well
as the adhesion of the deposited Ni. In addition it acts as a
catalyst lowering the overvoltage which allows the deposit
of nickel instead of H2. For Hoare [16], boric acid plays a
more important role than that of a buffer. Boric acid forms a
complex from which nickel can be discharged more easily.

The present work focuses on the study of the Zn-Ni alloy
electrodeposition in sodium sulfate baths in presence of boric
acid and cadmium. In order to identify the effect of boric acid
on current density, polarizations curves were plotted with
various boric acid concentrations. The nucleation potential
was studied in the presence of boric acid. The behaviour of
cadmium on the zinc-nickel deposition was investigated.

2. Experimental

All experiments were carried out in a three-electrode cell
with a capacity of 250 mL. A stainless-steel electrode with
a surface of 2 cm2 as a working electrode, a titanium grid
coated with ruthenium oxide (Ti/RuO2) as a counter elec-
trode, and an electrode of calomel saturated (ECS) as a
reference electrode (Hg2Cl2/Hg). The reference electrode was
immersed in the upper section of a luggin capillary, and its
end was placed as close as possible to the working electrode
to minimize errors due to ohmic drop in the electrolytes.
The counter electrode was placed in parallel with the working
electrode at a distance of 2 cm. Potentiodynamic polarization
curves were measured at a scan of 5 mV/s starting from open
circuit with a potentiostat (Radiometer analytical PGP201)
assisted by a VoltaMster 4 software.

All solutions were freshly prepared with analytical grade
chemicals (Merck) and distilled water. The electrolyte for the
alloy deposition was a solution of 0.5 M sodium sulfate. The
Zn-Ni alloys deposits were obtained at room temperature
from electrolyte containing 0.02 M of ZnSO4·7H2O and
0.02 M of NiSO4·6H2O.

The working electrode was polished with abrasive paper
(#320, #1200 and #2000 SiC) and finished with polishing
slurry of 0.5 μm Al2O3 powder followed by washing with dis-
tilled water then with acetone and finally dried under warm
airflow.

Before each experiment, the solution was purified with
pure nitrogen for 10 mn to release oxygen dissolved and
maintained under nitrogen atmosphere during the run of
experiments.

The temperature was kept constant at 25◦C by using a
water-jacketed cell. The solution was agitated with a mechan-
ical stirrer in order to have uniform bulk pH. The rotational
speed of the stirrer was kept at 250 rpm for all experiments.

After deposition, the electrode is removed from the so-
lution rinsed with distilled water and then dried.

In order to determine the alloy composition, the working
electrode was immersed in concentrated nitric acid to re-
move the deposits obtained.
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Boric acid 0.8 M
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Figure 1: Polarization curves of 0.5 M sodium sulfate solution for
different concentrations of boric acid.

The surface morphology of the deposit was analysed
using scanning electron microscopy (JSM-5500LV, SEM,
Japan).

The composition of the deposits was determined using
atomic absorption spectrophotometry (PERKIN-ELMER,
AA 5000). Deposition current efficiency was calculated for
each deposit using electrochemical equivalents of Ni (II) and
Zn (II).

3. Results and Discussions

3.1. Effect of Boric Acid on the Polarization and Potential
Curves. Figure 1 shows the effect of boric acid on the po-
larization curves of a solution containing 0.5 M of sodium
sulfat. The measured current density decreases with increas-
ing boric acid concentration suggesting that boric acid
inhibits protons reduction that is extended to more negative
potentials. This effect is attributed to adsorption of boric acid
species on the substrate.

Figure 2 shows the influence of boric acid on the curves
potential—time during the deposition of zinc-nickel alloy on
steel at constant current density. The nucleation potential
and the nucleation time are where a sudden change in the
slope occurs. This sudden change in the slope is an indication
of diffusion controlled reduction system. In the presence of
boric acid the nucleation potential decreases and nucleation
time increases. Therefore, in the presence of boric acid
the nucleation time increases and the nucleation potential
shifts to positive values. Thus boric acid by reducing nu-
cleation potential leads to reduce anomalous deposition and
hydrogen evolution reaction.

3.2. Effect of Cadmium on Zinc and Nickel Deposition.
Figure 3 shows the effect of cadmium on the deposition of
zinc. With a concentration ten-times smaller than that of
zinc, the presence of cadmium decreases the deposition of
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Figure 3: Cyclic voltammetry at a scan of 5 mV/s of a metallic so-
lution containing |Na2SO4|= 0.5 M at pH= 3.5.

zinc. Moreover in the presence of cadmium, the deposition
of zinc is suppressed when the cathodic potential sweep
is reversed at −1.2 V represented by dotted lines in the
voltammogram.

In Figure 4, cyclic voltammograms behavior of steel in
the bath solutions were represented. As for the previous
figure, the peak observed at −0.95 V/SCE disappears in the
presence of cadmium indicating that it concerns the zinc.
Many authors attribute this peak to the formation of δ-phase
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Figure 5: Cyclic voltammetry at a scan of 5 mV/s of a metallic so-
lution containing |Na2SO4|= 0.5 M at pH= 3.5.

(Ni3Zn22). This observation confirms that zinc is inhibited
by cadmium regardless of the form in which it appears.

We can notice, on the other hand, that cadmium has no
effect on the nickel deposit.

3.3. Combined Effect of Boric Acid and Cadmium on Zinc-
Nickel Deposition. Figure 5 shows the combined effect of
boric acid and cadmium on the deposition of zinc and nickel.
As mentioned above, cadmium has a strong effect on the zinc
deposit. It reduces zinc deposition. The presence of boric acid
decreases the zinc deposit while it shifts the reduction peak
of nickel to more negative potentials and increases the peak
height.

Boric acid has an effect on the cadmium deposition since
the intensity of the anodic stripping decreases.

The effect of the presence of Cd2+ on the electrode-
position of nickel can be seen from Figure 6. The current
remained unchanged when the concentration of Cd2+ is



4 International Journal of Electrochemistry

−1.4

−0.9

−0.4

0.1

0.6

1.1

1.6

2.1

2.6

−1.5 −1 −0.5 0
I

(m
A

)

E (V)
|Ni2+| = 0.02 M
|Ni2+| = 0.02 M |Cd2+| = 0.001 M
|Ni2+| = 0.02 M |Cd2+| = 0.01 M
|Ni2+| = 0.02 M |Cd2+| = 0.02 M

Figure 6: Anodic stripping voltammetry at a scan of 5 mV/s of a metallic solution containing |Na2SO4|= 0.5 M |H3BO3|= 0.8 M at pH= 3.5.

55

60

65

70

75

80

0 2 4

Z
n

w
ei

gh
t

(%
)

Concentration of CdSO4 (g/L)

(a)

0 2 4

Concentration of CdSO4 (g/L)

18

19

20

21

22

23

24

N
iw

ei
gh

t
(%

)

(b)

Figure 7: Effect of cadmium concentration on (a) Zn and (b) Ni at 4 mA/cm2.

lower than 0.02 M. At 0.02 M the current of redissolution of
nickel decreases and the decrease may be attributed to the
adsorption of cadmium [17], which blocks the active sites
of the cathode surface and inhibits electrocrystallisation of
nickel.

Figure 7 illustrates the influence of cadmium on nickel
and zinc in the deposit.

At 4 mA/cm2 the increases of cadmium in the bath
decreases the zinc content and not nickel content. The zinc
content decreased from 77% to 57% while the cadmium was
increased from 0.5 to 3 g/L. The figure also shows that the
composition can be easily controlled when, lower amount of
cadmium (0.5 and 1 g/L) is introduced in the bath.

Figure 8 show, the effect of amount of cadmium sulfat
on the morphology of final deposits at a current density
of 4 mA/cm2. When cadmium sulfat concentration is below
2 g/L, a smooth and uniform deposition can be obtained.
Above 2 g/L of sulfat cadmium leads to a non-uniform sur-
face with higher cadmium content on the surface.

A comparison of the optical micrographs in Figure 9
shows a remarkably refined Zn-Ni coating structure in the
presence of boric acid. Coating in the presence of boric acid
looked compact, bright, and smooth.

Figure 10 shows the effect of boric acid on the surface
morphology of Zn-Ni alloy deposits in the presence of
cadmium and cadmium boric acid. In the presence of
cadmium boric acid smaller particles in the range of 1-2 μm
are observed. The decrease of particles in presence of boric
is due to the preferred homogeneous nickel deposit that
occurs at lower current densities. Boric acid acts on lowering
current density.

The current efficiency is plotted with the molar ratio
|Zn2+|/|Ni2+| in the Figure 11.

The increase of the current efficiency, for the ratio
between 0 < |Zn2+|/|Ni2+| < 1, results in the strong re-
duction of nickel. The increase is more important for baths
containing boric acid and boric acid-cadmium than for those
without boric acid. This observation confirms that boric
acid increases the percentage of nickel in the deposit and
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inhibits the deposition of zinc and protons discharge. Boric
acid would be expected to influence reactions that take place
at the electrode surface as hydrogen evolution, zinc, and
nickel deposition. According to Karwas and Hepel [14], boric
acid suppresses the secondary nucleation while it increases
the primary nucleation density. However, cadmium has no
effect on the current efficiency. For |Zn2+|/|Ni2+| ratio values
greater than 1 the current efficiency is slightly dependent
on the changes in the |Zn2+|/|Ni2+| ratio. For |Zn2+|/|Ni2+|
ratio values higher than 2, the percentage of nickel in the
deposit slightly decreases. This diminution is attributed to
the weak rate of hydrogen reaction on the cathodic surface
recovered with zinc compared to the one observed on bare
steel for example [18].

Conclusion

The electrodeposition of Zn-Ni alloys is anomalous when the
percentage of nickel in the deposit is lower than that in the
solution. Boric acid extends the proton discharge potential
to more cathodic values. It shifts the reduction peak to more
negative potentials, and increases the peak height. Boric acid
enhances the Ni nucleation process, and improved deposi-
tion of Ni consequently decreases anomalous deposition.

Cadmium decreases strongly the deposition of zinc but
has no effect on nickel. As shown in the morphology of
Zn-Ni-Cd with varying CdSO4 concentration well-defined
particles are seen up to 2 g/L of CdSO4 and nonuniform
surface was obtained beyond 2 g/L.

For a ratio |Zn2+|/|Ni2+| = 0.5, and in the presence of
cadmium-boric acid at a concentration of 0.8 M the co-
deposition tends toward normal deposition since the point
on the curve corresponding to the ratio 0.5 is almost
coincident with that on the curve CRL. Boric acid enhances
the current efficiency while cadmium has no effect on current
efficiency.
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We present in this work a study of the electrochemical behaviour of terthiophene and its corresponding polymer, which is
obtained electrochemically as a film by cyclic voltammetry (CV) on platinum electrode. The analysis focuses essentially on
the effect of two solvents acetonitrile and dichloromethane on the electrochemical behaviour of the obtained polymer. The
electrochemical behavior of this material was investigated by cyclic voltammetry and electrochemical impedance spectroscopy
(EIS). The voltammograms show that the film of polyterthiophene can oxide and reduce in two solutions; in acetonitrile, the
oxidation current intensity is more important than in dichloromethane. The impedance plots show the semicircle which is
characteristic of charge-transfer resistance at the electrode/polymer interface at high frequency and the diffusion process at low
frequency.

1. Introduction

As other conjugated conducting polymers, polythiophene
and its oligomers can be polymerized from their monomers
in solutions by electrochemical methods. The electrochemi-
cal synthesis is advantageous method: polymers are formed
in the doped state; films generally possess interesting elec-
trochemical and good semiconductor properties [1] and
relatively good stability in air for both the neutral and
oxidised states [2–7].

The mechanism of the electropolymerisation of con-
ducting polymers and polyheterocycles occurred by the
coupling via α-α bonding of monomer radical cation after
its oxidation at the electrode, and the protons are removed
from dihydrodication leading to neutral species [8–10]. As
the dimer is more easily oxidized than the monomer, it
is immediately oxidized. The chain elongation occurs by
the addition of new monomer radical cation leading to
polymerization and forms the insoluble polymeric species,
which subsequently deposits onto the electrode [11].

Conducting polymer-modified electrodes have been
widely investigated because of their potential application

in areas such as electrocatalysis [12, 13], sensors [14, 15],
corrosion [16–18], batteries [19, 20], electronic displays, and
devices [21–24].

In our previous work [25], we have studied the role
of P3T in corrosion of stainless steel; the results were
important and show effectively that the film of P3T will
decrease the corrosion rate. In this paper, we are interested
in performing an electrochemical characterisation of P3T
films electrochemically synthesized, in two organic solvents:
acetonitrile (CH3CN) and dichloromethane (CH2Cl2), at
platinum substrates. We want to show how the medium
of the analysis is depending upon the electrochemical and
electronic behaviour of the formed films.

2. Experimental

The solvents acetonitrile and dichloromethane, Aldrich pure
products for analysis, were used without further purification.
Terthiophene (3T) was purchased from Aldrich (98%),
and it was used as received; the supporting electrolyte salt
tetrabutylammonium perchlorate (TBAP) was purchased
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from Fluka; this salt was first dried at a temperature of 80◦C
for 4 h before its use for the preparation of solution.

Electrochemical measurements were carried out on
potentiostat/galvanostat Voltalab 40 interfaced with a PC
under Voltamaster 4 software, in a three-electrode cell
consisting of: platinum working electrode (diameter 2 mm),
which was served as a substrate for the deposition of poly-
terthiophene (P3T), wire platinum as auxiliary electrode,
and a saturated calomel electrode (SCE) as reference.

Electrochemical impedance spectroscopy measurements
were performed using an impedancemeter Z-computer
TACUSSEL controlled by microcomputer HEWLETT-
PACKARD. The assembly is coupled to a plotter and
a printer. The impedance spectra were recorded in the
frequency range 105 Hz–10−3 Hz with an amplitude of
10 mV, in three-electrode electrochemical cell. All experi-
ments were carried out at room temperature.

Before the electrochemical deposition of polyterthio-
phene for each experiment, the working electrode was
polished by 0.03 μm alumina slurry and rinsed with distilled
water and acetone for the removal of excess 3T monomer.

3. Results and Discussion

3.1. Electropolymerisation of Terthiophene. Figure 1 shows
the cyclic voltammograms (12th cycles) 10−2 M of 3T
dissolved in CH3CN solution containing 0.1 M of TBAP
supporting electrolyte at Pt electrode, in potential scans
between 0 and 1.2 V versus SCE with scan rate of 50 mV/s.
The first scan shows that the terthiophene is oxidized to its
radical cation at potential of +1.07 V [26], and immediately
the polymer was formed. In the reverse cathodic scan, a
polymer reduction peak was observed at a potential of 0.70 V.
The current of the oxidative peak progressively increases
with the number of cycles indicating the formation and the
growth of conducting polymer film and suggests that there
is systematic increase in the electrode area as a result of the
actual deposition of P3T [27, 28]. The films formed are stable
on the electrode and can easily be transferred to an electrolyte
solution in absence of monomer.

3.2. Cyclic Voltammetry Characterisation. After polymeriza-
tion, the working electrode was extracted from the cell,
rinsed with acetone, and dried with a gentle nitrogen flux,
then analysed by cyclic voltammetry and impedance spec-
troscopy in the monomer-free solution of CH3CN/TBAP and
CH2Cl2/TBAP, respectively.

Figure 2 shows the cyclic voltammograms of P3T film
in CH3CN/0.1 M of TBAP solution, recorded at different
voltage scan rates 10 (a), 20 (b), 50 (c), and 100 mV/s.

The voltammogram recorded at scan rate of 10 mV/s
(inset of Figure 2) shows a single oxidation peak located at
1.06 V and two reduction processes, one at around 0.96 V
and the other less intense at 0.74 V. However, we observe
that, except for their oxidation potential, which depends on
the chain length of the oligomer, the shape of voltammetric
curves is similar, and the same behavior was also observed
with different thiophene oligomers [29–33].
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Figure 2: Cyclic voltammograms corresponding to P3T film in a
solution of CH3CN/TBAP 0.1 M, recording for different scan rates:
(a) 10, (b) 20, (c) 50, and (d) 100 mV/s.

The film formed on the platinum electrode is electro-
chemically active and shows a reversible change of colour,
a red in the oxidation state and blue in the reduction
one. This phenomenon of P3T based on reversibly coloured
electrochromic materials has become the subject of many
interest applications. The electrochemical stability of the
film was shown by repetitive voltammograms which remain
essentially stable with cycling, and no evolution of the
oxidation or the reduction current is observed. The stability
of the oligothiophenes in air is already discussed in the
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Figure 3: Cyclic voltammograms corresponding to P3T film in a
0.1 M solution of TBAP in dichloromethane recording for different
scan rates; (a) 10, (b) 20, (c) 50, and (d) 100 mV/s.

literature [3, 34], and it is one of the most important
properties of polyoligothiophenes.

The film of P3T was furthermore studied in CH2Cl2/
TBAP in absence of monomer. The corresponding voltam-
perograms are presented in Figure 3. Also it can be shown
that the film can oxide and reduce, and practically the
same allure of voltammograms is obtained; however, the
electroactivity of the film in CH3CN was more defined and
has a high oxidation current.

The voltammogram obtained here do not show clearly
the anodic peaks except in the return scan; we observe a
peak at 0.51 V attributable to the reduction of the film
deposited on the electrode. So, contrary to the analysis
realized in acetonitrile medium, in dichloromethane, the
oxidation peak is poorly defined and is concealed, probably
because of strong participation of capacitive current. The
current intensity of the anodic and cathodic peak increases
with scan rate. Also, the waves and the oxidation peaks do
not appear when curves are recorded with high scan rates
(v > 20 mV/s), this is the result of the participation of a
large capacitive current which becomes important as the scan
rate increases. The difference (ΔEp) between the oxidation
potential and the reduction one increases with the scan rates.
The proportionality of the peak intensity to the scan rates
suggests that the oxidation of electroactive polymer obtained
on the electrode surface is limited by a diffusional process
[30].

These results suggest that the thickness of the film is
smaller than the diffusion layer thickness of counteranions
on the cyclic voltammetric time scale used here, which must
diffuse in and out during the doping and dedoping processes.
The oxidation peaks shifted to more positive potential at scan
rates increase; this suggests that as explained in reference [33]
(i) the electron transfer from the electrode to the polymer
film may be slow; (ii) the rate of electron transfer may be
controlled by the diffusion of counter ions at a scan rate faster

Table 1: Electrical parameters corresponding to P3T in CH3CN/
TBAP and in CH2Cl2/TBAP.

CH3CN/TBAP CH2Cl2/TBAP

Re (Ω) 100 500

Rct (Ω) 500 2600

C (μF) 0.019 0.036

than 10 mV/s; and/or (iii) the ohmic potential drop across
the film may be significant.

3.3. Electrochemical Impedance Spectroscopy Characterization.
Figure 4 gives the Nyquist plots of the electrodes coated
by P3T/Pt, obtained in solution of CH3CN/TBAP 0.1 M
(Figure 4(a)) and in CH2Cl2/TBAP 0.1 M (Figure 4(b)).
It can be seen that the two impedance curves have a
semicircle in the high-frequency region for each medium,
and the semicircle in acetonitrile is smaller than that in
dichloromethane. The high-frequency part gives electrolyte
resistance (Re) by the distance from the original value, and
the width of the semicircle gives the estimated impedance of
the studied film, that is, ohmic resistance or ionic charge-
transfer resistance (Rct) of the polymer-solution interface by
the intercept of the semicircle with the real axis [35, 36].
This behaviour is typical of impedance diagram of polymer
film-coated metals in the asymmetric metal/film/electrolyte
configuration [37].

Towards low or middle frequency region, the impedance
diagrams show a straight line with slope of 45◦ which indi-
cates a diffusion-controlled Warburg behavior, attributable
to the semiinfinite diffusion of protons at the polymer-
electrolyte interface [38].

From the Nyquist plots, the kinetic parameters can be
easily deduced. The value of transfer resistance allows us to
determine the corresponding capacity C (capacitance of the
interface electrode/polymer), using the relationship: 2πfRC =
1 for the frequency where the imaginary part has a maximum
value on the half semicircle. The obtained parameters from
the impedance plots of P3T are presented in Table 1.

As shown from Table 1, the values of Re, Rct, and C
are less important in acetonitrile than in dichloromethane
medium, indicating that the charge-transfer process of P3T
on the Pt electrode is more easier and fast in acetonitrile
than in dichloromethane, and the film in CH2Cl2 has a
high resistance. These results confirmed what we obtained
in cyclic voltametry.

Generally, the electrochemically results obtained from
the impedance diagrams of conducting organic polymers
are modelled by an equivalent electrical circuit. Many of
them have been proposed, in the literature, and in general,
for the most part of cases, the equivalent circuit can be
assimilated to a circuit of the Randles model, more or less
modified according to the experimental conditions. The elec-
trochemical parameters of P3T film are modelled by Randles
circuit (Figure 5), which gives the uncompensated electrolyte
resistance and serially connected to the capacitance of double
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Figure 5: Electrical equivalent circuit corresponding to P3T/
electrode interface (Randles circuit).

layer which is in parallel with the resistance of the charge
transfer and Warburg impedance.

4. Conclusion

Electrochemical characterisation of P3T film was carried out
using CV and EIS techniques. CV measurements showed
that the electroactivity of polyterthiophene films intensity
increases with increase of scan rates and it is more important
in CH3CN than in CH2Cl2. However, the reduction peak cur-
rents are broader and displaced to more negative potential.
EIS revealed that, at high frequencies, charge-transfer process
dominates with a semicircle, and at low frequencies, diffusion
process dominates with a slope line of 45◦. The electrical
parameters were found to be more significant in CH3CN.
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The surface potential of polycrystalline hematite in aqueous sodium perchlorate environment as a function of pH was examined.
Surface potential of hematite was obtained from measured electrode potential of a nonporous polycrystalline hematite electrode.
Acidic solution was titrated with base, and the backward titration with acid was performed. Substantial hysteresis was obtained
which enabled location of the point of zero potential and equilibrium values of surface potentials. The theoretical interpretation of
the equilibrium data was performed by applying the surface complexation model and the thermodynamic equilibrium constants
for the first and the second step of surface protonation was obtained as logK◦

1 = 11.3; logK◦
2 = 2.8.

1. Introduction

Interfacial layers in heterogeneous systems exhibit special
properties. Important systems are minerals in aqueous
medium. Ionic species from aqueous solutions interact with
surface sites resulting in surface charge. Binding and release
of charged species from/of the solid surface is markedly
affected by the electrostatic potential at the interface; that is,
ionic equilibrium within the interfacial layer is influenced by
the electrostatic potential. On the other hand, this potential
is the result of the accumulation of charged ionic species
at the interface. Accordingly, surface potential is one of the
main parameters characterizing equilibrium within the ionic
interfacial layer dividing two phases. For minerals in the
aqueous environment, surface charge and potential is the
result of interactions with aqueous H+ and OH− ions so that
these ions are considered as potential determining ions, p.d.i.
Consequently, surface charge and potential is a function of
pH. To evaluate surface potential one may use two routes.
The first one is indirect. The surface charge density is mea-
sured by potentiometric acid-base titrations [1] and surface
complexation model (SCM) [2–4] is applied. The second
one is the direct measurements of surface potential, either by
constructing a corresponding electrode [5, 6] or by applying
the ion sensitive field effect transistors (ISFETs) [7, 8]. There
were several attempts to measure the surface potential. The

first one was based on the platinum wire covered with
hematite particles [9]. However, due to the porosity of the
metal oxide layer, the electrode behaved as the electrode of
the second kind, the potential of which is determined by
the redox equilibrium at the metal surface and the solubility
of the metal oxide. More recently, the problem of porosity
was solved by construction of the single crystal metal oxide
electrodes [5]. This approach enabled measurements of the
surface potential of hematite [5, 6, 10–13], titania [14, 15],
pyrite [16], sapphire [17], ice [18, 19], and silver halides
[20–23]. The advantage of single crystal (SCr) electrodes is
that it is possible to measure properties of individual and
specified crystal plane [6, 15, 24, 25]. To examine properties
of colloid suspensions, for example, colloid stability due
to electrostatic repulsion between particles, it is necessary
to be aware that several crystal planes are exposed to the
aqueous environment. This paper reports results obtained
with polycrystalline (PCr) hematite electrode, made from the
natural hematite being compact and nonporous agglomerate
of small hematite particles.

2. Experimental and Results

All chemicals used in this study were of the analytical grade
purity. Hematite used for the construction of the nonporous
polycrystalline electrode was a natural sample composed of
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10 μm

Figure 1: Polycrystalline hematite.

hematite platelets as shown in Figure 1. The packing is dense
with void volume fraction of about 5%. The absence of filling
the pores by water was tested by weighing the original sample
and storing it in water overnight. The mass was the same so
that it was concluded that water had not filled the pores of
the polycrystalline hematite.

The nonporous polycrystalline hematite electrode was
constructed as shown in Figure 2. Polycrystalline hematite
was connected to the copper wire with conductive glue and
all contacts were isolated with plexiglas.

The electrode potential E of the nonporous polycrys-
talline hematite electrode was measured with respect to
the reference silver chloride electrode (cKCl = 3 mol dm−3)
accompanied by the salt bridge filled with a solution of the
same content as the initial measuring solution (Metrohm
6.0729.100.). The resistance of the polycrystalline hematite
electrode was measured as 1.5 GΩ so that Methrom 713 pH-
meter had enough high impedance to ensure proper read-
ings. pH was measured using glass electrode (Metrohm
6.0133.100.) and the same reference silver chloride electrode
as for the polycrystalline hematite electrode. Separate pH-
meter operated by batteries (Methrom 826) was used for
measurements of pH values so that mutual influence through
grounding was excluded. Systems were thermostated at
25.0◦C. Experiments were performed under an argon atmo-
sphere, to avoid CO2 contamination. The entire measuring
system (thermostated vessel, electrodes, magnetic stirrer, and
dosimate) was placed in Faraday cage so that external elec-
trical effects were avoided. Polycrystalline hematite electrode
was cleaned with ethanol and rinsed with water before the
measurements.

Titrations were performed as follows: 200 cm3 of aqueous
solution of perchloric acid (c = 10−3 mol dm−3) was titrated
with 0.1 mol dm−3 NaOH solution. The readings were taken
10 minutes after each addition of the titrant. For backward
titration, 0.1 mol dm−3 HClO4 solution was used. Again, the
readings were taken 10 minutes after addition of the titrant.
The results are presented in Figure 3. The observed hysteresis
was attributed to slow equilibration at the hematite surface,
being substantially faster in acidic (pH ≈ 3) and in basic
(pH ≈ 10) environment than in the neutral pH region.
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Figure 2: Nonporous polycrystalline hematite electrode.

50

100

150

200

250

3 4 5 6 7 8 9 10 11

pH

E
/m

V

Figure 3: Electrode potential of nonporous polycrystalline hematite
electrode (equilibration time: ∼10 min) as a function of pH of the
solution in the presence of NaClO4 (c = 10−3 mol dm−3). Titration
of acidic solution with NaOH (�), and back titration of basic
solution with HClO4 (�). Temperature: 25.0◦C.

The ultrasound was applied to promote equilibration at
the hematite surface. Forward and backward titrations were
performed in the same way as described in the previous
paragraph. However, after each addition of the titrant the
system was treated with ultrasound probe (220 W) for
∼1 min and left to equilibrate for ∼10 min. Results are
presented in Figure 4.

3. Evaluation of Data

The measurements shown in Figures 3 and 4 are of the
open circuit type. The obtained electrode potential E is in
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Figure 4: Electrode potential of the nonporous polycrystalline
hematite electrode as a function of pH of the solution in the
presence of NaClO4 (c = 10−3 mol dm−3). Titrations were per-
formed under the ultrasound, using the ultrasound probe (220 W).
Titration of acidic solution with NaOH (♦) and back titration of
basic solution with HClO4 (�). Temperature: 25.0◦C.

fact electromotivity [26] of the cell composed of nonporous
polycrystalline hematite electrode and the reference electrode
and is a sum of all potential differences in the circuit.
The only potential drop which depends on the pH is the
surface potential. Consequently, in order to evaluate surface
potentials Ψ0 from the electrode potentials E one should
locate the point of zero potential pHpzp. Based on ideas
of Zarzycki et al. [25, 27] the mean values of electrode
potentials of upper (alkalimetric) and lower (acidimetric)
curves at certain pH were taken as the equilibrium values.
The appearance of the saddle point of equilibrium function
enabled the determination of the point of zero potential
(pHpzp). A “symmetry” of acidic (a) and basic (b) branches
were taken as criteria: Ψ0,a(ΔpH) = −Ψ0,b(ΔpH), where
ΔpH = |pH−pHpzp| and Ψ0,a and Ψ0,b are surface potentials
corresponding to acidic and basic branches at the same ΔpH
value. The point of zero potential as obtained by this method
was found at pHpzp = 7.0. Using this value, the equilibrium
values of surface potentials were calculated and presented in
Figure 5 by thick gray band. The original method for the
determination of the point of zero potential proposed by
Zarzycki et al. [25, 27] was also applied. The division of
hysteresis loop in two parts having the same area resulted
in pHpzp ≈ 6.7. The deviation of the pHpzp value obtained
from hysteresis loop may be attributed to the difference
in mechanisms of charging in the acidic and in the basic
region. As it will be shown latter, the “symmetry” of acidic
(a) and basic (b) branches produces a reliable point of
zero potential, since this approach is in accordance with the
surface complexation model. The results are presented in
Figure 5 showing that ultrasound causes faster equilibration,
especially in the acidic region.

−100

−50

0

50

100

3 4 5 6 7 8 9 10 11

pH

pHpzp = 7

N

0
/m

V

Figure 5: Surface potential of polycrystalline hematite in aqueous
NaClO4 solution (c = 10−3 mol dm−3) at 25.0◦C. Nonequilibrium
data are taken from Figure 3 (�,�). Data for partially equilibrated
systems (ultrasound) are taken from Figure 4 (♦,�). Evaluated
equilibrium values are denoted with the thick gray band. The solid
line was calculated on the basis of the surface complexation model,
as demonstrated in the next paragraph. The Nernstian potential ΨN

is denoted with the dashed line.

4. Theoretical Interpretation

Interfacial equilibrium parameters, that is, thermodynamic
equilibrium constants of surface reactions, could be obtained
from surface potential data. The common surface complex-
ation model (SCM) was applied. There are two possible
mechanisms of the interactions of H+ ions with surface sites.
Nonlinearity and appearance of saddle point, of the surface
potential function (Figure 5), disagree with a simpler single
step protonation (1-pK) assumption [28–30]. Therefore,
double-step protonation (2-pK) concept should be applied
[4, 31, 32]. According to this concept, the ionic equilibrium
at the hematite aqueous interface is described by the fol-
lowing surface reactions and corresponding thermodynamic
equilibrium constants, K◦1 and K◦2 :

≡ FeO− + H+ −→≡ FeOH; 1st step; K◦1 , (1)

≡ FeOH + H+ −→≡ FeOH+
2 ; 2nd step; K◦2 , (2)

K◦1 = exp
(
Ψ0F

RT

)
· {≡ FeOH}{≡ FeO−} · aH+

, (3)

K◦2 = exp
(
Ψ0F

RT

)
·

{≡ FeOH+
2

}
{≡ FeOH} · aH+

, (4)

where Ψ0 is the surface potential, that is the electrostatic
potential affecting the state of charged surface groups ≡
FeOH+

2 and ≡ FeO−. Surface concentrations (amount per
surface area) are denoted with curly braces, while other
symbols have their usual meaning.

Note that the first step of protonation is in fact depro-
tonation of amphoteric ≡ FeOH surface sites but in the
opposite direction.

The surface charge is reduced by association of anions A−

and cations C+ with oppositely charged surface groups by

≡ FeOH+
2 + A− −→≡ FeOH+

2 · A−; K◦A,

≡ FeO− + Na+ −→≡ FeO− ·Na+; K◦C.
(5)
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The corresponding thermodynamic equilibrium constants
K◦A and K◦C are

K◦A = exp

(
−ΨβF

RT

)
·
{≡ FeOH+

2 · A−
}

{≡ FeOH+
2

} · aA−
,

K◦C = exp

(
ΨβF

RT

)
·
{≡ FeO− · C+}{≡ FeO−} · aC+

,

(6)

where Ψβ is the electrostatic potential affecting the state of
associated counterions, that is, the potential of the β-plane
in which the centers of associated counterions are located.

Total density of surface sites is given by

Γtot = {≡ FeOH} +
{≡ FeOH+

2

}
+
{≡ FeOH+

2 · A−
}

+
{≡ FeO−} +

{≡ FeO− · C+}. (7)

Surface charge density of the 0-plane is given by

σ0 = F · ({≡ FeOH+
2

}
+
{≡ FeOH+

2 · A−
}

−{≡ FeO−}− {≡ FeO− · C+}), (8)

and of the β-plane

σβ = F · ({≡ FeO− · C+}− {≡ FeOH+
2 · A−

})
. (9)

The effective (net) surface charge density σs is equal in
magnitude and opposite in sign to the surface charge density
of the diffuse layer σd

σs = −σd = σ0 + σβ = F · ({≡ FeOH+
2

}− {≡ FeO−}).
(10)

The relationships between surface charge densities and
interfacial electrostatic potentials are often based on the
concept of condensers of constant capacitance C (expressed
per surface area) as

C = σ0

Ψ0 −Ψβ
, (11)

and by the Gouy-Chapman theory for flat surfaces

σd = −σs = −
√

8RTεIc sinh
(
−FΨd

RT

)
, (12)

where ε(ε = ε0 · εr) is permittivity. Ic is the ionic strength
determined by the concentrations (c) and the respective
charge numbers (z) of all ions present in the system (bulk
solution) according to

Ic = 1
2

∑
i

ci · z2
i . (13)

Equations (1)–(13) were used to evaluate protonation equi-
librium constants K◦1 and K◦2 from the equilibrium values of

surface potentials (Figure 5). Calculations were performed
for ionic strength Ic = 10−3 mol dm−3; T = 298K .
Parameters used in calculations correspond to a typical
metal oxide aqueous dispersion: relative permittivity of water
εr(H2O) = 78.54, capacitance of the inner Helmholtz layer
C = 1.5 F m−2, and counterion association equilibrium
constants K◦A = K◦C = 50.

In the absence of specific adsorption, at the point of zero
potential pHpzp: Ψ0 = 0 and {≡ FeO−} = {≡ FeOH+

2 },
according to (3) and (4) protonation equilibrium constants
are related to pHpzp by

1
2

lgK◦1K
◦
2 = pHpzp. (14)

Equation (14) enables the evaluation of the product of
equilibrium constants, while their ratio is determined by the
nonlinearity of surface potential, that is, by the appearance
of saddle like function

ΔpK = lg

(
K◦2
K◦1

)
. (15)

From the best fit, the thermodynamic equilibrium constant
of the protonation of negative surface groups is lgK◦1 =
11.3, while the thermodynamic equilibrium constant of the
protonation of neutral surface groups is lgK◦2 = 2.8. The
best fit value of the total surface concentration was found
to be Γtot = 1 · 10−5 mol m−2 (corresponds to 6 sites/nm2).
Quality of the fit is demonstrated in Figure 5; solid line was
calculated on the basis of obtained values of K◦1 , K◦2 and Γtot.
The effect of the choice of values of C = 1.5 F m−2, K◦A and
K◦C will be discussed in the next paragraph.

5. Discussion

The polycrystalline hematite mineral enabled the measure-
ments of the surface potential due to its nonporosity. In
comparison to single-crystal electrodes, these results are
more closely related to colloidal hematite dispersions, since
all existing planes are exposed to the liquid medium. In the
absence of specific adsorption, and in the symmetric case
(same affinities of anions and cations for association with
oppositely charged groups) and at low ionic strength, point
of zero potential pHpzp coincides with the electroneutrality
point pHeln determined by thermodynamic interfacial equi-
librium constants, electrokinetic isoelectric point pHiep, and
with the point of zero charge pHpzc, as obtained by mass
titration or potentiometric titrations of the suspensions [4,
33]. The point of zero potential as determined in this study
(pHpzp = 7) lies within the values found in the literature for
colloid particles and polycrystalline powder [34, 35].

Absolute and equilibrium values of the surface potential
were obtained from the hysteresis loop. The point of zero
potential as determined by the method proposed by Zarzycki
[25, 28] that is from the surface area of hysteresis loop agrees
fairly with the value obtained by considering “symmetry”
of the saddle like surface potential function that is by the
method based on the surface complexation model. The inter-
pretation yielded thermodynamic equilibrium constants for
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the first and the second step of protonation of the surface
sites. The advantage of interpretation of surface potential
data, with respect to commonly used surface charge data,
is that the surface potential is not sensitive to the choice
of counterion association equilibrium constants. The values
between 10 and 1000 produce a satisfying fit. Consequently,
surface potential data cannot be used for evaluation of these
constants, but on the other hand, the evaluated protonation
equilibrium constants are more reliable (lgK◦1 = 11.3 and
lgK◦2 = 2.8). The similar applies to the choice of the electrical
capacitance C, all values between 1 F m−2 and 2 F m−2 fit
the experimental surface potential data. However, the total
density of surface sites could be evaluated. The best fit value
of Γtot = 1 · 10−5 mol m−2 agrees with the commonly used
value as deduced from the surface structure.

The main achievement of surface potential measure-
ments lies in the fact that these data may distinguish between
single (1-pK) and double (2-pK) protonation mechanisms.
Single protonation would result in the smooth, almost linear
dependency on pH, but cannot interpret a saddle-like shape.
On the contrary, most of the surface charge data could
be successfully interpreted by both-single and double-step
assumptions. The appearance of the saddle point of the
surface potential suggest the double step mechanism; the first
step is responsible for surface charging in the basic region,
but the second step determines the surface charge in the
acidic region. The high ΔpK value (ΔpK = 8.5) indicates
the broad saddle region.

In conclusion, this paper demonstrates the power of
recently introduced surface potential measurements by using
the nonporous metal oxide electrodes.
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[14] T. Preočanin, W. Janusz, and N. Kallay, “Evaluation of equilib-
rium parameters of the anatase/aqueous electrolyte solution
interface by introducing surface potential data,” Colloids and
Surfaces A, vol. 297, no. 1–3, pp. 30–37, 2007.
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Copyright © 2011 C. Girginov and S. Kozhukharov. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

Breakdown phenomena are investigated at continuous isothermal (20◦C) and galvanostatic (0.2–5 mA cm−2) anodizing of
aluminum in ammonium salicylate in dimethylformamide (1 M AS/DMF) electrolyte. From the kinetic Ut(t)-curves, the
breakdown voltage (UB) values are estimated, as well as the frequency and amplitude of oscillations of formation voltage (Uf )
at different current densities. The surface of the aluminum specimens was studied using atomic force microscopy (AFM). Data on
topography and surface roughness parameters of the electrode after electric breakdowns are obtained as a function of anodization
time. The electrode surface of anodic films, formed with different current densities until the same charge density has passed
(2.5 C cm−2), was assessed. Results are discussed on the basis of perceptions of avalanche mechanism of the breakdown phenomena,
due to the injection of electrons and their multiplication in the volume of the film.

1. Introduction

Breakdown voltages are an important feature of the process
of formation of anodic oxide films on valve metals. The
increase in thickness of barrier anodic films is limited by
the occurrence of electric breakdowns [1, 2]. Breakdown
phenomena in the formation of barrier anodic films are most
successfully interpreted by the models [3–5] of an avalanche
mechanism. According to these models breakdowns are a
result of injection of electrons from the electrolyte [6] in
the anodic film and their multiplication during growth of
the film [3]. This fact is supported by the established strong
dependence of the breakdown voltage value on the nature
and concentration of the contact electrolyte [7–9]. Break-
down phenomena can be observed both in galvanostatic and
tensiostatic modes of anodic polarization. However, break-
downs are typically recorded in galvanostatic-isothermal
regimes, where the formation voltage (Uf ) increases linearly
with time (t), respectively, with the charge density passed
(Qf ) until the “first spark voltage” (UFS) is reached. At UFS

the first oscillation in formation voltage is registered. Later
the breakdown voltage value (UB) is reached [10], where
there are regular oscillations in the formation voltage. Each

oscillation corresponds to one spark, which leaves a trace
of a thicker film on the electrode surface. After prolonged
breakdowns the surface looks microscopic rough and the
film is colored gray [8]. Shimizu et al. [11] have studied
the surface of the aluminum electrodes after the occurrence
of breakdowns using high-resolution scanning electron
microscopy. According to them, as a result of breakdowns
craters are formed, which in turn are immediately filled with
newly formed oxide. In the study of anodizing breakdowns,
it is necessary to take into account the presence of the
electrolyte contact [12]. It is of certain interest to study
changes in the electrode surface as a result of breakdowns,
occurred during anodization at different current densities.

2. Experimental

The samples were cut from sheets of aluminum (99.5%) with
a working area of 4 cm2. The specimens were annealed at
400◦C for 3 hours, electropolished in a mixture of 210 mL
H2O, 40 g CrO3, 450 g H3PO4 (85%) and 150 g H2SO4 (96%)
at a current density of 0.2 A cm−2, at 80◦C, for 3 minutes, and
followed by rinsing with distilled water and drying. Before
anodization, the initial air-formed layer was removed by
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Figure 1: Kinetic curve of galvanostatic anodizing in 1 M AS/DMF
(1 mA·cm−2, 20◦C).

immersing the samples in an aqueous solution of 1.8% CrO3

and 7% H3PO4 (85%), at 75◦C, for 3 min.
The film formation was carried out isothermally (20◦C)

with different current densities (0.2–5 mA·cm−2) to pass the
same charge density (2.5 C cm−2). Ammonium salicylate in
dimethylformamide (1 M AS/DMF) was used as a formation
electrolyte. The usual electrolytic cell with thermostatic reg-
ulation and electronic apparatuses for galvanostatic anodiza-
tion were used. Kinetic Uf (t)-curves were registered with
a precision multimeter (Mastech MS 8050). The frequency
and amplitude of oscillations of Uf during the breakdown
phenomena is assessed for different current densities. The
surface of the aluminum specimens was studied using atomic
force microscopy (Nanosurf EasyScan 2 AFM).

3. Results and Discussion

Breakdown phenomena in barrier anodizing can reasonably
be interpreted by models, predicting avalanche mechanism
[3–5]. According to them, breakdowns are result of injection
of electrons from the electrolyte at the phase boundary
electrolyte/anodic film. Christov [6] has introduced a model,
where the electrolyte is considered as a semiconductor and
the redox couples in it were assumed to play the role of
electron donors. Only this model is able to explain the
dependence of the electronic current (Je) on the nature and
concentration of the contact electrolyte.

The breakdown occurs when the thickness of the film
at some point reaches a value sufficient to increase the
electronic current to a critical value [3]. After reaching
the breakdown voltage (UB), the breakdown condition is
statistically satisfied for the whole electrode surface. How-
ever, a breakdown occurs only in one point of the electrode
surface. The electron avalanche causes destruction (evapora-
tion and/or plasmation) of the film at that point. The crater
in the film at the broken oxide is obliterated by the rapid
formation of new anodic film that is thicker than the rest.
Thus, the probability for a second break in the same place is
much smaller. The film on the remaining surface continues

to grow, leading to continuous breaking and subsequent
obliteration of the broken oxide.

Assuming this picture [8] of occurrence of breakdowns,
it can be expected that roughness of the electrode surface
will be significantly influenced by the anodizing conditions
(duration, current density).

3.1. Breakdowns at Prolonged Galvanostatic Anodization.
A typical kinetic Uf (t)-curve at prolonged galvanostatic
anodization is presented in Figure 1.

After reaching a certain breakdown voltage (UB) break-
downs continue with regular oscillations in voltage. On
Figure 2 fragments of the kinetic curve at two different times
in the field of breakdown occurrence are presented.

The frequency and amplitude analysis of the oscillations
shows that they do not change significantly with the
prolonged breaking down of the film. This result is not
surprising, given that the value of breakdown voltage does
not change over time.

Using AFM technique, the electrode surface of samples,
subjected to different breakdown duration, was analyzed.
An example of the state of the surface of two electrodes
undergone different breakdown durations is presented in
Figure 3.

These results show that with increasing time of galvano-
static breaking down of anodic oxide films, the number of
points on the electrode surface affected by the breakdowns
increases. From the obtained AFM-images values of certain
parameters, which characterize the roughness of the surface,
were estimated: Sa (average roughness value) is the average
sum of the module of distances of all points from the mea-
sured surface, in direction, perpendicular to the conditional
plane; Sm (mean roughness value) is also defined by the same
average sum, but here the positive or negative values of the
vectors are taken into account; Sv (valley depth) notes the
distance between the conditional plane and the lowest point
of the measured surface; Sp (peak height) is the distance
between the highest point of the measured surface and the
conditional plane; Sy (peak valley height) is the distance
between the highest (Sp) and the lowest (Sv) points of the
measured surface.

These parameters as a function of anodizing time
(breakdown of the film) are presented in Figure 4. Data are
averaged from six independent measurements.

The values of parameters, characterizing the roughness
of the surface, show a logical change of the electrode surface
with increasing number of electric breakdowns.

3.2. Breakdowns at Different Current Densities. Several
authors [8, 13] have convincingly showed that the value of
the breakdown voltage depends very slightly on the current
density. It was of interest to examine, however, how current
density affects the frequency and amplitude of oscillations
in the formation voltage (Uf ), and the surface morphology
of samples. For this purpose, electrodes were anodized with
different current densities (0.2–5 mA cm−2), so that the same
charge density is conducted (2.5 C cm−2). Kinetic Uf (t)-
curves of anodic anodization with two different current
densities are presented in Figure 5.
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Figure 2: Fragments (50 seconds) of a kinetic curve (Figure 1) at different moments of anodizing (during breakdown).
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Figure 3: AFM images of the surface of a sample anodized at a current density of 1 mA cm−2 for 0.5 ks (a) and for 2.5 ks (b).
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Figure 4: Roughness parameters as a function of anodization time.

Fragments of kinetic curves taken at different current
densities (at interval of 50 s), are presented in Figure 6.

It has also appeared that the frequency of oscillations in
the formation voltage are insensitive to variation of current
density. A tendency to reduce the oscillations amplitude
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Figure 5: Kinetic curves of galvanostatic anodizing in 1 M AS/DMF
with two current densities (20◦C).

with increasing current densities (J) is observed, whereas
the number of breakdowns remains constant. This result
could be explained assuming that breakdowns at higher J
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Figure 6: Frequency and amplitude of oscillations of Uf during
anodization at different current densities, taken after 2.5 C cm−2

charge density passed.

gouge wider craters. This would also explain the observed [8]
increase in brightness and size of sparks with increasing J .

In support of these views on Figure 7 a comparison of
the surfaces of two electrodes after prolonged anodizing at
two different current densities is presented, but at the same
value of charge density passed (Qf = const).

It is of interest to compare the roughness parameters
on samples anodized at different current densities, but
with the same charge density passed (Qf = const). The
data obtained (at 2.5 C cm−2) did not show any systematic
dependence of these parameters on current density. This fact
could be explained by the mechanism associated with the
occurrence of breakdowns. Microscopically barrier anodic
films are not uniform in topography, so that the probability
of reaching a breakdown condition is not equal throughout
the electrode surface. The first breakdown will occur in
one of the film inhomogeneities, for which the breakdown
condition is fulfilled first, as this will determine the first
spark voltage (UFS). The film on the remaining surface
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Figure 7: AFM images of the surface of samples anodized at current
densities (0.2 and 5 mA cm−2) after 2.5 C cm−2 charge density
passed.

continues to grow, leading to rupture and removal on
all inhomogeneities one after another. This explains the
observed [10] increase of Uf after UFS during breakdowns.
Although, after reaching UB the breakdown condition is
statistically satisfied for the whole electrode surface, the
breakdowns occur consistently. Breakdowns always occur
at any point of the electrode surface. This is due to local
variations in thickness and fluctuations in the concentration
of the electrolyte on the interface and, therefore, in the
injection on primary electrons.

4. Conclusion

With increasing anodizing time and number of breakdowns,
respectively, the surface roughness of formed oxide also
increases. It is noted that with longer anodization (break-
downs) the amplitude on oscillations in the formation
voltage tends to increase, without change in their frequency.
Oscillations in voltage (the number on breakdowns) are
also insensitive to the current density. The increase of
current density only slightly decreases the amplitude of
these oscillations. The results indicate that the number of
breakdowns, respectively the surface modification of the
oxide, depend more on the charge density passed (Qf ),
rather than on the current density.
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