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Abstract Hybrid multilayer films composed of poly
(ethylenimine) and the Keggin-type polyoxometalates
SiW11O39½ �8� SiW11ð Þ and SiW11CoII H2Oð ÞO39½ �6� SiW11Coð Þ
were prepared on glassy carbon electrodes by layer-by-layer
self-assembly, and were characterized by cyclic voltammetry
and scanning electron microscopy. UV-vis absorption spec-
troscopy of films deposited on quartz slides was used to
monitor film growth, showing that the absorbance values at
characteristic wavelengths of the multilayer films increase
almost linearly with the number of bilayers. Cyclic voltam-
metry indicates that the electrochemical properties of the
polyoxometalates are maintained in the multilayer films, and
that the first tungsten reduction process for immobilized
SiW11 and SiW11Co is a surface-confined process. Electron
transfer to Fe CNð Þ6

� �3�=4�
and Ru NH3ð Þ6

� �3þ=2þ
as elec-

trochemical probes was also investigated by cyclic voltam-
metry. The (PEI/SiW11Co)n multilayer films showed
excellent electrocatalytic reduction properties towards nitrite,
bromate and iodate.
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Introduction

Polyoxometalates (POMs) constitute a wide class of
molecular metal-oxygen clusters with remarkable chemical,
structural, and electronic versatility, which play an impor-
tant role in areas as catalysis [1–3], medicine [4] and
materials science [5–7]. Many POMs have been extensively
applied in the field of chemically modified electrodes, due
to their well-defined structure, good thermal and redox
stability, electrocatalytic properties and ability to undergo
very fast and reversible multi-electron electrochemical
reactions [8, 9]. However, many practical applications of
POMs depend on the fabrication of POM-based devices
with specific molecular architectures. Many techniques
have been developed to fabricate composite materials that
incorporate POMs, namely Langmuir–Blodgett deposition
[10], sol–gel processing [11] and electrodeposition [12, 13].
In recent years, layer-by-layer (LbL) assembly has proved
to be a promising technique for fabricating uniform and
ultrathin films, carried out by the alternate immersion of a
solid substrate into solutions containing the chosen oppo-
sitely charged species [14–17]. Functional components,
including transition metal complexes, cationic surfactants
and polycations or polyanions, amongst others, can be self-
assembled in an orderly manner into multilayer films of
well-defined thickness, composition and structure [16].
Many examples of the application of the method to the
preparation of POM materials have been reported [18, 19].
A variety of substrates of various shapes and sizes have
been successfully employed as supports for the deposition
of LbL films [15, 20].

We have been exploiting the potentialities of electrode
modification by transition metal-substituted Keggin-type
phospho- and silicotungstates [21–24]. These POMs are
attrative as electrocatalysts, presenting different types of
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potentially active sites, the performance depending on the
substituting transition metal [2, 3]. Their use in electro-
catalysis and in sensors [3, 8] has much to still be explored.
The study described here concerns electrostatically assem-
bled films with positively charged poly(ethylenimine) (PEI)
and Keggin-type POM anions.

Keggin polyoxometalates, XM12O40½ �m�, where M=W or
Mo and X=P, Si, are amongst the most used POMs in the
preparation of films and/or functionalized electrodes [19, 25–
28]. However, the related mono-lacunary and metal-substituted
anions, XM11O39½ �m�and XM11M0 H2Oð ÞO39½ �p�; respectivelyð Þ
have been much less studied. Only a few examples can be
found of the use of transition metal monosubstituted Keggin
polyoxotungstate anions in films prepared by the layer-by-layer
self-assembly method [21, 29, 30]. Various films formed
through the association of cationic PEI (on top of anchorage
layers) and Keggin-type and related polyoxotungstates have
been prepared, namely with BW12O40½ �5� [31], SiW12O40½ �4�
[32], SiVW11O40½ �5� [33], Eu SiW10VO39ð Þ2

� �15�
[34],

Co4 H2Oð Þ2 PW9O34ð Þ2
� �10�

[35], PW11Fe H2Oð ÞO39½ �4�,
SiW11Fe H2Oð ÞO39½ �5� [21], and have been used for different
purposes (electrocatalysis, luminescence and photochromism).

In the present work, stable ultrathin multilayer films by
LbL self-assembly, incorporating lacunary or cobalt-
substituted tungstosilicates, SiW11O39½ �8� SiW11ð Þ or
½SiW11CoII H2Oð ÞO39�6� SiW11Coð Þ, respectively, and PEI
have been prepared. Growth of the multilayer films on a
quartz slide was monitored by UV-vis absorption spectros-
copy. The electrochemical behaviour of the immobilized
polyoxoanions and in the presence of Fe CNð Þ6

� �3�=4�
and

Ru NH3ð Þ6
� �3þ=2þ

as electroactive species was investigated
by cyclic voltammetry. The surface morphology of the
films on glassy carbon electrodes was examined by
scanning electron microscopy (SEM).

Additionally, the possible application of (PEI/SiW11Co)n
modified electrodes to the analytical determination of
nitrite, bromate and iodate was tested. The determination
of all three of these anions is important, due to their
environmental and health implications. Nitrite is commonly
used as a preservative in meat and fish. The potential risks
of its use are balanced against the unique protective effect
against toxin-forming bacteria [36]. Bromate (BrO3

–) is
generally found in drinking water samples as a by-product
of ozone disinfection, and is widely used as a food additive
[37]. Potassium iodate has been extensively used for
iodination of commercial table salts. Therefore, the impor-
tance of improved analytical methods for determination of
iodate and bromate has received considerable attention
[38]. Nitrites have been commonly used as a model analyte
for assessing the electrocatalytic properties of Keggin-type
polyoxometalates [2, 8]. Some examples of the use of
modified electrodes with these polyoxometalates for the
determination of iodate and bromate can be found in the

literature, namely for polyoxotungstates [39–42], although
these analytes are less used than nitrite.

Experimental section

Reagents and solutions

The potassium salts K8[SiW11O39]·13H2O and K6[SiW11Co
(H2O)O39]·12H2O were prepared as described in the
literature [43, 44]. Both compounds were characterized by
thermal and elemental analysis, infrared spectroscopy and
powder X-ray diffraction, and the results were in agreement
with previously published values [44].

Poly(ethylenimine) (MW=50,000–100,000; 30 wt.%
aqueous solution; branched, consisting of tertiary, second-
ary and primary amino groups in the ratio of 25/50/25,
respectively) was purchased from Polysciences Europe
GmbH and was used without further treatment. Sodium
chloride (Merck), potassium chloride (Merck), acetic acid
(Pronalab), sodium acetate (Carlo Erba), potassium ferricy-
anide (Merck), hexaammineruthenium(III) chloride
(Aldrich), sodium nitrite (Merck), sodium bromate (Sig-
ma-Aldrich), potassium iodate (Sigma-Aldrich) and other
reagents were analytically graded and used as received.

Electrolyte solutions for voltammetry were prepared
using ultra-pure water (resistivity 18.2 MΩ cm at 25 °C,
Direct-Q 3 UV system, Millipore). Solutions with pH 4.0
used for electrochemical studies were prepared by mixing
appropriate amounts of CH3COOH (0.1 M) and NaCH3-

COO (0.1 M) solutions. Solutions of redox probes
(1.0 mM) were prepared dissolving the appropriate amounts
of K3[Fe(CN)6] and [Ru(NH3)6]Cl3 in 1 M KCl.

The solutions used for multilayer film formation were
used immediately after their preparation and degassed with
pure nitrogen for at least 10 min.

Instrumentation and methods

UV-vis absorption spectroscopy of the SiW11 and SiW11Co
solutions was performed using a quartz cell with 0.4 cm
path length in a Jasco V-560 UV-visible spectrophotometer.
A set of seven solutions of each compound (0.001–
0.05 mM) in acetate buffer (pH 4.0) was used to determine
the isotropic molar absorption coefficient. UV-vis absorp-
tion spectra of multilayer films were recorded on quartz
slides.

Electrochemical experiments were carried out on a
computer controlled potentiostat (PGSTAT-12/GPES soft-
ware from Autolab/Ecochemie, The Netherlands). A con-
ventional three-electrode cell was used. The auxiliary and
reference electrodes were platinum wire (7.5 cm, BAS,
MW-1032) and Ag/AgCl (sat. KCl; BAS, MF-2052),
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respectively. The working electrode was a glassy carbon
disc, GCE, (3 mm diameter, BAS, MF-2012), bare or
surface-modified with the LbL films. A combined glass
electrode (Hanna Instruments HI 1230) connected to an
Inolab pH level 1 pH meter was used for the pH measure-
ments. All measurements were made at room temperature
(~20ºC).

Scanning electron microscopy was conducted on an
Analytical FE-SEM SU-70 Hitachi, UHR 1.0 nm/15 kV
(1.6 nm/1 kV). Elemental analysis, powder X-ray diffrac-
tion, thermogravimetric and FTIR studies were performed
as indicated previously [45].

Preparation of self-assembled (PEI/POM)n films

Films were prepared on glassy carbon electrodes and on
quartz slides. Prior to coating, the GCE was conditioned by
a polishing/cleaning procedure. The GCE was polished
with 1.0-μm diamond polishing compound (Metadi II,
Buehler) followed by aluminium oxide of particle size
0.3 μm (Buehler–Masterprep) on a microcloth polishing
pad (BAS Bioanalytical Systems Inc.), then the electrode
was rinsed with ultra-pure water and finally sonicated, for
5 min, in an ultrasonic bath (Branson 2510). Quartz slides
were cleaned by placing them in a H2SO4/H2O2 (3:1) (v/v)
hot bath (~80º C) for 40 min and then in a H2O/H2O2/NH3

(5:1:1) (v/v/v) hot bath (~80ºC) for another 40 min. The
cleaned quartz slides were then rinsed with ultra-pure water
and dried under a stream of pure nitrogen.

After the cleaning step, the GCE or quartz slides were
immersed in a 5 mg/mL PEI solution (in pH=4.0 acetate
buffer) for 20 min. The GCE was then immersed in a
0.3 mM POM solution (in pH=4.0 acetate buffer) for
20 min. This process was repeated until the desired number
of layers was obtained. Water rinsing and nitrogen drying
steps were performed after each immersion.

Results and discussion

Multilayer films were assembled through the alternate
adsorption of cationic PEI and of the α− isomers of the
Keggin-type polyoxoanions [SiW11O39]

8– and [SiW11Co
(H2O)O39]

6–. The deposition was performed on quartz
slides and on glassy carbon, in pH 4.0 aqueous solutions
of the POM potassium salts and of branched PEI.

Characterization of multilayer (PEI/POM)n films deposited
on quartz slides

UV-vis spectroscopy was used to monitor the growth
process of the multilayer films deposited on quartz slides.
Figure 1 shows UV-vis spectra after the deposition of each

bilayer of (PEI/SiW11)n and (PEI/SiW11Co)n. The spectra
present two absorption bands in the ultraviolet region; the
absorbance increased linearly with the number of bilayers,
and the positions and shape of the bands did not change
during multilayer construction. PEI does not absorb above
200 nm and the films exhibit the two characteristic bands of
heteropolyanions with the Keggin structure at around 195
and 250 nm, both associated with O→W charge transfer
transitions [46]. The spectra obtained are identical to those
of the POMs in aqueous solution, but the low intensity d-d
bands of cobalt(II), at around 550 nm [44], were not
discernible. The absorption bands at 248 nm (SiW11) and
254 nm (SiW11Co) were chosen to monitor film growth.
The insets in Fig. 1 show that the absorbance increases
almost linearly with the number of deposited layers,
suggesting that the quantity of polyoxometalate deposited
per bilayer was approximately the same up to seven
bilayers, both for SiW11 and SiW11Co. With a further
increase in the number of bilayers, the absorbance increases
less, reaching a plateau.
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Fig. 1 UV-vis absorption spectra of a (PEI/SiW11)n and b (PEI/
SiW11Co)n multilayers for n=0–7 adsorbed on a quartz slide. The
insets in a and b show the absorbance at a 248 nm and b 254 nm, as a
function of n
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The surface coverage per layer, Γ, can be estimated from
the spectra of the multilayers, according to the Beer–
Lambert law, Γ ¼ Al=2m"l, where Aλ is the absorbance at
the specified wavelength, m is the number of layers and ελ
is the isotropic molar absorption coefficient (M−1cm−1)
[15]. In aqueous solution (acetate buffer, pH 4.0), the
isotropic molar absorption coefficients for SiW11 and for
SiW11Co are "248 ¼ 7:66� 104M�1cm�1 and "254 ¼
7:27� 104M�1cm�1, respectively. This leads to values of
the surface coverage of 2.88×10−10 molcm−2 for SiW11 and
2.63×10−10 molcm−2 for SiW11Co for 20 min deposition
time. These values are in agreement with previous results
obtained by us for PW11Fe and SiW11Fe [21].

Scanning electron microscopy characterization

The morphology of the films deposited on glassy carbon
was examined by SEM. Figure 2 shows representative
images after the adsorption of two bilayers of (PEI/
SiW11Co) at different magnifications. The surface is
completely covered by the film—the considerable number
of cracks present (Fig. 2a) can be attributed partly to the
effect of the vacuum in the SEM chamber and also, to a
greater extent, to the high-energy beam (on increasing the
magnification, cracks were formed in places where they did
not exist previously). The higher magnification (Fig. 2b)
reveals the presence of a high density of irregular-shaped
domains of small nanometre dimensions underneath these
cracks. The features of the SEM images were the same for
larger numbers of bilayers. The results for SiW11 are very
similar and so are not shown.

Voltammetric behaviour of multilayer films

Cyclic voltammograms of the lacunary SiW11 anion and of
the metal-substituted SiW11Co in aqueous acidic solutions
show two reversible or quasi-reversible two-electron waves
at negative potentials, corresponding to the reduction of the
tungsten atoms [12, 23, 47]. The voltammetric features of

the films on GCE were also studied in aqueous acid
solution, since α-Keggin silicotungstates are generally
unstable in neutral and basic solutions.

Figure 3a shows representative examples of cyclic
voltammograms obtained for single (PEI/POM) bilayers at
different scan rates in pH 4.0 acetate buffer solution. Since
PEI is not electroactive, its presence is not reflected in the
cyclic voltammograms. Under the conditions used, two
quasi-reversible two-electron waves were observed with
reduction peaks at −714 and −885 mV for SiW11Co and at
−711 and −876 mV vs. Ag/AgCl for SiW11 (Table 1),
which demonstrates that the electrochemical behaviour of
the two POM anions studied is maintained in the multilayer
films. These redox peaks are attributed to two consecutive
two-electron reduction processes occurring at four of the
tungsten atoms (WVI→WV), corresponding to a four-
electron global reduction. The reduction/oxidation peak of
the substituting metal (CoIII/II) was not observed because
cobalt is not electroactive within the potential window used
from −1.0 to 0.5 V. In the experimental timescale employed
(scan rates in the range 15 to 300 mVs-1 for both types of
(PEI/POM) multilayer film, the values of peak potential
changed only slightly with scan rate, and the ratio of anodic
to cathodic peak currents was close to 1.

The cathodic and anodic peak currents of the first W
wave were directly proportional to the scan rate, which
indicates a surface-confined process [48]. This is consis-
tent with early findings for SiW11Ni H2Oð ÞO39½ �6� depos-
ited on a cysteamine modified gold electrode [39],
PW11Fe H2Oð ÞO39½ �4�, SiW11Fe H2Oð ÞO39½ �5� [21] and for
the mixed anion [SiVW11O40]

5− [33]. In addition, the
anodic/cathodic peak-to-peak separation (ΔEp) for the
tungsten waves was ca. 30–50 mV instead of zero, expected
for a reversible surface process, so there are kinetic or
thermodynamic (due to the film thickness) constraints.

Table 1 presents voltammetric data for the immobilized
POMs, where Epc and Epa are the cathodic and anodic peak
potentials. The potentials for the first tungsten process at
the SiW11 modified electrode are almost 70 mV more

a b

Fig. 2 Representative SEM micrographs of (PEI/SiW11Co)2 films on a glassy carbon electrode at different magnifications: a×2,500 and b×
80,000
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negative than the corresponding polyoxoanion in aqueous
solution (Epc=−643 mVat pH=4.0, H2SO4/Na2SO4 buffer).
However, for SiW11Co the potentials are similar (Epc=
−730 mV at pH=4.0, same buffer). In aqueous solution, for
the metal substituted POMs the potentials of the first
tungsten reduction peak are shifted towards more negative
values compared with those of the lacunary anion.
However, when they are immobilized there are no changes
of peak potential values, in agreement with reported data
[23, 47]

Cyclic voltammograms for (PEI/SiW11Co)n and (PEI/
SiW11)n multilayer films with different numbers of layers
are presented in Fig. 3b. In both cases, the cathodic peak
potentials shift to more negative values by approximately
20 mV for SiW11Co and 30 mV for SiW11 and the anodic
peak potentials shift slightly to more positive values with an
increase in the number of layers, leading to a variation of
the mid-point potential of about 20 mV. Usually, the build-
up of charge due to reduction of POMs is compensated by
protonation of the anions. The observed shift to more
negative potentials with respect to aqueous solution is
possibly due to the difficulty of POM charge compensation
in the polymer environment [19, 49]. Plots of peak current
vs. the number of bilayers (n), show linear growth up to n=
7 for both SiW11Co and SiW11. Above these numbers of
bilayers, peak currents begin to show a negative deviation
from linearity, which can be ascribed to effects of film
resistance, i.e. difficulty of transferring electrons through
the film to the electrode substrate. Although the peaks for
(PEI/SiW11)n multilayer films are not so well defined as for
(PEI/SiW11Co)n, they appear at the expected potentials and
the system exhibits the same characteristics.

Surface coverage can be calculated from cyclic voltam-
metry according to the equation Γ ¼ 4IpaRT

� �
= n2F2nAð Þ

where Ipa is the anodic peak current (ampere), n is the
number of electrons transferred (2 in this case), ν is the scan
rate (Vs−1), A is the geometric area of the electrode
(0.0725 cm2), R is the gas constant, T is the temperature
(298 K) and F is the Faraday constant [50]. Peak currents
were plotted against scan rate (10 to 300 mVs−1) and the
value of Ipa/v obtained was used to calculate the surface
coverage. This led to a surface coverage of 1.50×10−11 mol
cm−2 for SiW11 and 1.82×10−11 molcm−2 for SiW11Co.
Comparing these values to the ones obtained for PW11Fe-and
SiW11Fe-modified electrodes [21] with slightly different
deposition conditions, these values correspond to sub-
monolayer coverage. The surface coverages estimated by
UV-visible spectroscopy are significantly different from
these values but are calculated assuming that the molar
absorption coefficients of the polyoxometalates are the same
in solution and in the films, which is not certain. Also diffuse
scattering is expected due to the heterogeneity of the surface:
these scattering losses would give rise to a lower intensity of
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Fig. 3 Cyclic voltammograms in CH3COOH/NaCH3COO buffer
solution (pH 4.0) for a (PEI/SiW11Co)1 bilayer films at scan rates
from 15 to 300 mVs−1, b (PEI/SiW11Co)n and (PEI/SiW11)n
multilayer films in CH3COOH/NaCH3COO buffer solution (pH 4.0)
for n=1–7, v=50 mVs−1
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the transmitted beam and thence higher calculated absor-
bance values and surface coverages.

Cyclic voltammetry was also used to study the properties
of the multilayer films in the presence of the negatively
charged Fe CNð Þ6

� �3�=4�
and the positively charged

Ru NH3ð Þ6
� �3þ=2þ

redox probes. Electrostatic attraction
between the oppositely charged multilayer surface and the
redox probe should improve the interfacial electron transfer
process, whereas repulsion between identically charged
multilayer surfaces and the redox probe would make the
electron transfer reaction more difficult. Although many
groups have used the Fe CNð Þ6

� �3�=4�
redox couple to study

the permeability of multilayer films [15, 35, 51–53], studies
of electron transfer at films containing POMs are few.

Figure 4 shows cyclic voltammograms of Fe CNð Þ6
� �3�=4�

at the electrode modified with (PEI/SiW11Co)n for n=1, 2,
3 and 4. These results show that for an electrode coated
with a single (PEI/SiW11Co) bilayer, the cyclic voltammo-
gram exhibits quasi-reversible properties, indicating that the
probe diffuses freely through the layer and undergoes
electron transfer at the electrode surface. Increasing the
number of multilayers from one to four leads to a decrease
in peak currents and peak broadening and ultimately to an
electrode with plateau-shaped current characteristics
(Fig. 4). These observations show that an increased number
of bilayers leads to a decrease in the number of hexacya-

noferrate ions which reach the electrode substrate whenever
the terminal layer consist of negatively charged SiW11Co
anion. This is attributable to electrostatic repulsion of
Fe CNð Þ6
� �3�=4�

by the external negatively charged
SiW11Co anion. When the outermost layer is the positively
charged PEI the quasi-reversible properties in the cyclic
voltammogram of Fe CNð Þ6

� �3�=4�
are restored (data not

shown), due to the electrostatic attraction of Fe CNð Þ6
� �3�=4�

to the terminal positively charged PEI layer. The voltammo-
gram is similar to that of a bare glassy carbon electrode, and
is independent of film thickness (number of bilayers).

When the positively charged Ru NH3ð Þ6
� �3þ=2þ

redox
probe is used at the (PEI/SiW11Co)n (n=1, 2, 3 and 4)
modified electrode, the changes are not so significant (data
not shown). The cyclic voltammograms for n=1 and 2 are
equal, and increasing the number of multilayers from two to
four leads to a slight decrease in the peak currents and to an
increase in the peak-to-peak separation, when the POM
is the outermost layer. However, after depositing a layer
of PEI on the (PEI/SiW11Co)1 modified electrode (Fig. 5),
the peak current due to Ru NH3ð Þ6

� �3þ=2þ
decreases

significantly and the peak-to-peak separation increases,
owing to electrostatic repulsion of [Ru NH3ð Þ6�3þ=2þ by the
positively charged PEI.

The changes in peak current and peak-to-peak separation
therefore indicate that electrostatic attractions or repulsions

Table 1 Cyclic voltammetric data for the deposited PEI/POM films on the GCE at scan rate 50 mVs−1 and pH=4.0

Electrode Epc (mV vs. Ag/AgCl) Epa (mV vs. Ag/AgCl) │ΔEp│(mV vs. Ag/AgCl) │Epc–Ep/2│ (mV vs. Ag/AgCl) Ipc (μA)

SiW11 −711 −664 47 35 −0.18
SiW11Co −714 −681 33 29 −0.18

Epc cathodic peak potential, Epa anodic peak potential, ΔEp peak-to-peak separation, Ipc cathodic peak current, Ep/2 potential for I=Ipc/2

0.0 0.1 0.2 0.3 0.4 0.5
-12.0

-10.0

-8.0

-6.0

-4.0

-2.0

0.0

2.0

4.0

6.0

8.0

3

2

4

1

I /
 µ

A

E (V) vs. Ag/AgCl

Fig. 4 Cyclic voltammograms of [Fe(CN)6]
3−/4− (1 mM, 1 M KCl)

v=50 mVs−1, at modified electrodes with (PEI/SiW11Co)n for 1 n=1;
2 2; 3 3; and 4 4

-0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2
-12.0

-10.0

-8.0

-6.0

-4.0

-2.0

0.0

2.0

4.0

6.0

8.0

2

1

I /
 µ

A

E (V) vs. Ag/AgCl

Fig. 5 Cyclic voltammograms of [Ru(NH3)6]
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816 J Solid State Electrochem (2011) 15:811–819



have significant effects on the kinetics of the redox
reactions, either accelerating or decelerating the processes.

To test the reproducibility of these LbL-modified
electrodes, five electrode assemblies were prepared under
identical conditions and the cyclic voltammograms
recorded in CH3COOH/NaCH3COO buffer solution
(pH 4.0). The relative standard deviation of the peak
current for the first tungsten reduction wave was 3.8% for
(PEI/SiW11Co)n and 4.6% for (PEI/SiW11)n. Peak poten-
tials did not change significantly. To test stability, modified
electrodes were used during a whole day and kept overnight
in their protecting case for 1, 3 or 8 days. No change in the
shape and height of the redox waves was observed, as
exemplified in Fig. 6 for the (PEI/SiW11Co)7 electrode.

Electrocatalytic effect of (PEI/SiW11Co) multilayer films
on reduction of nitrite, bromate and iodate

An important application of electroactive LBL films is in
electrocatalysis, since hybrid films can enhance the reduc-
tion/oxidation of many species that otherwise display
sluggish electrochemical behaviour. Many studies have
shown that reduced POMs are capable of delivering
electrons to other species, thus serving as powerful electron
reservoirs for multi-electron reduction [54–56]. In the
studies reported here, the reduction of nitrite, bromate and
iodate was used to test the electrocatalytic properties of
(PEI/SiW11Co)n multilayer films. Under the present exper-
imental conditions, multilayer films of (PEI/SiW11)n did not
show any electrocatalytic properties towards these com-
pounds, as observed previously for this anion [23, 54].

Figure 7a presents cyclic voltammograms for the (PEI/
SiW11Co)7 multilayer film modified electrode in the
absence and in the presence of increasing concentrations
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Fig. 6 Cyclic voltammograms for (PEI/SiW11Co)7 multilayer films in
CH3COOH/NaCH3COO buffer solution (pH 4.0), ν=25 mVs−1: a
first, b second, c eighth working day
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Fig. 7 Cyclic voltammograms of GCE/(PEI/SiW11Co)7 in pH 4.0
buffer solution obtained in the absence and in the presence of added
concentrations of a nitrite: (1) 0; (2) 0.2; (3) 0.3; (4) 0.5; (5) 0.9 and
(6) 1.2 mM, scan rate 25 mVs−1, b bromate: (1) 0; (2) 0.1; (3) 0.3; (4)
0.6 and (5) 1.0 mM, scan rate 50 mVs−1, c iodate: (1) 0; (2) 0.1; (3)
0.2; (4) 0.3; (5) 0.4 and (6) 0.5 mM, scan rate 50 mVs−1. The insets
show the catalytic peak current at −0.90 V vs. analyte concentration
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of nitrite in the interval from 0 to 1.2 mM, at scan rate
25 mVs−1. At pH 4.0, the second reduction wave of the
SiW11Co anion at −0.9 V is significantly enhanced by the
addition of nitrite, whereas the first is less affected. It is
known that the electroreduction of nitrite/nitrous acid
requires a large overpotential and that no response is
observed at a CGE in a solution containing NO2

– in the
range of potentials used in this study [54]. The increase of
peak current indicates that nitrite is being catalytically
reduced at the modified electrode. The linear range for the
catalytic current is up to a nitrite concentration of 1.2 mM,
as shown in the inset, with a detection limit of 7.2×10−5 M,
better than that obtained with a PMo12-modified electrode
(1×10−4 M) [57]. Additionally, these new modified electro-
des allow higher concentrations of nitrite to be reached
within the dynamic linear range than with electrodes
modified with SiW11Fe than by other methodologies [23].

The results obtained for the reduction of bromate and
iodate exhibit similar characteristics. As for nitrite, the
wave associated with the first tungsten reduction is only
slightly affected by the addition of bromate or iodate, but
the peak current of the second tungsten reduction wave is
significantly enhanced (Fig. 7b, c). The linear range for the
catalytic current for bromate is up to 0.6 mM and for iodate
is up to 0.5 mM, as shown in the insets. The detection
limits were 3.7×10−5 and 5.8×10−5 M for bromate and
iodate, respectively. These results indicate that the second
cathodic wave has catalytic activity towards BrO3

– and
IO3

–. The processes involved are [41]:

Electrochemical reactions:

SiW VI
11 Co H2Oð ÞO39

6� þ 2e� þ 2Hþ

! H2SiW
V

2 W VI
9 Co H2Oð ÞO 6�

39 ð1Þ

H2SiW
V

2 W VI
9 Co H2Oð ÞO39

6� þ 2e� þ 2Hþ

! H4SiW
V

4 W VI
7 Co H2Oð ÞO 6�

39 ð2Þ
Catalytic chemical steps:

3H4SiW
V

4 W VI
7 Co H2Oð ÞO 6�

39 þ BrO �
3

! 3H2SiW
V
2 W VI

9 Co H2Oð ÞO 6�
39 þ Br� þ 3H2O ð3Þ

3H4SiW
V

4 W VI
7 Co H2Oð ÞO 6�

39 þ IO �
3

! 3H2SiW
V

2 W VI
9 Co H2Oð ÞO 6�

39 þ I� þ 3H2O ð4Þ

Although the linear range of concentrations is not very high,
the limits of detection are good, similar to that obtained for the
detection of bromate with a [SiNi(H2O)W11O39]

6− modified

electrode [39]. The main advantage of this SiW11Co
modified electrode is that although this compound has
already been used in other types of modified electrode, this
is the first time that its catalytic activity has been
demonstrated. Previous work with SiW11Co electrodes
prepared by droplet evaporation methodology showed no
catalytic activity towards nitrite [23].

Another important point for analytical applications is that
after use as sensors in these electrocatalytic reactions, the
electrodes could be totally recovered and regenerated, i.e. the
original voltammograms could be restored, ready for further use.

Conclusions

It has been demonstrated that (PEI/SiW11)n and (PEI/
SiW11Co)n multilayer films can be successfully prepared
on glassy carbon electrodes using layer-by-layer self-
assembly and that the electrochemical properties of the
two POMs are maintained. UV-vis spectroscopy demon-
strated that the amount of POM adsorbed per deposition
step is almost constant. The effect of scan rate in cyclic
voltammetry shows that the tungsten reduction process is
a surface-confined process and use of [Fe(CN)6]

3−/4− and
[Ru(NH3)6]

3+/2+ electrochemical probes indicated that
attractions or repulsions with the outermost layer have
significant effects on kinetics of the redox reactions. With
an increasing number of PEI/POM bilayers the peak currents
of both redox probes gradually decreased, and the peak-to-
peak separation increased, owing to kinetic and/or thermo-
dynamic constraints associated with increase film thickness.

It was also shown that (PEI/SiW11Co)n multilayer films
exhibit electrocatalytic activity towards the reduction of
nitrite, bromate and iodate with good dynamic linear ranges
and detection limits.
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