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ABSTRACT

Electrochemical impedance spectroscopy (EIS) has been used to study multilayer films contain-
ing anionic iron-substituted silicotungstate [SiW;;Fe!''(H,0)039]°~ (SiW11Fe) and positively charged
poly(ethylenimine) self-assembled by the layer-by-layer method on glassy carbon and indium tin oxide
electrodes. The effect of the charge of the outermost layer of the multilayer assembly on the electron
transfer of soluble species was studied using the redox probes [Fe(CN)s]>~ and [Ru(NHs)s]?*; cyclic
voltammetry indicating that the surface charge has a significant effect on the process. EIS demonstrated
that the electrostatic attraction or repulsion between the surface and the redox probes plays a significant
role. Analysis of the impedance spectra showed that the charge transfer resistance increases with an
increasing number of bilayers for both redox probes and that the porosity of the multilayer film, which

Layer-by-layer
Electrochemical impedance spectroscopy

varies with the electrode substrate, also has a significant effect on the electrochemical response.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

In recent years, many techniques have been developed to fabri-
cate composite films since they can be used to design and build
different types of molecular architectures. Layer-by-layer (LbL)
assembly has proved to be a promising technique for fabricating
uniform and ultrathin film devices by the alternate immersion of a
substrate into solutions containing the chosen oppositely-charged
species [1,2]. Film formation is attributed primarily to electrostatic
interactions and van der Waals forces [1,3,4]. Functional compo-
nents such as transition-metal complexes, cationic surfactants and
polycations, can be assembled in an orderly fashion into multilayer
films by the LbL method, which provides a high degree of control
over composition, thickness, and orientation of each layer at the
molecular level [1,5-7].

Among the substances that can be used in the preparation of
multilayer films, polyoxometalates (POMs) deserve special atten-
tion due to their very well-defined molecular structures and to
their physical and chemical properties, which makes them inter-
esting compounds for applications in many fields such as catalysis
[8,9], electrochemistry [10], materials science [11-14] and even in
medicine [15]. POMs have been extensively applied in the field of
chemically modified electrodes, owing to their excellent thermal
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and redox stability, and electrocatalytic properties. They exhibit
fast reversible multiple electron redox transformations without
decomposition.

Multilayers based on POMs, polyelectrolytes and conducting
polymers have been widely used [16-20]. However, there are only
a few reports on the characterisation of the structure and charge
transfer processes in these multilayer films.

Electrochemical impedance spectroscopy (EIS) has been suc-
cessfully used to study interfacial processes, in order to obtain
information about the structure and changes that may occur at the
electrode-electrolyte interface, and about reaction mechanisms
and electrode kinetics [21]. It is an effective method to investi-
gate the interfacial properties of modified electrodes [22-24]. EIS
is complementary to cyclic voltammetry, that often allows quanti-
tative determination of kinetic and diffusion parameters [25], and
is able to study processes with time constants that vary through
several orders of magnitude.

Modification of electrode substrates alters the features of
impedance spectra. Impedance methods are also attractive because
of the small sinusoidal potential perturbations that are used, rather
than the wide potential window used in cyclic voltammetry. Thus,
EIS has unique benefits for monitoring the formation processes of
multilayer films and in the characterisation of the films and their
interfacial properties.

In the present work, electrochemical impedance spectroscopy
was used to characterise glassy carbon electrodes modified with
hybrid films composed of poly(ethylenimine) and a Keggin-
type polyoxometalate [SiW;iFell(H,0)039]>~ (SiW;;Fe), using
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K3[Fe(CN)g] and [Ru(NH3)g]Cl3 as redox probes. Cyclic voltam-
metry was also employed for characterisation. Impedance spectra
were analysed by fitting to equivalent electrical circuits and the
effect of the number of layers, and of the two redox probes used
on the spectra and on the charge transfer processes are dis-
cussed.

2. Experimental
2.1. Reagents and solutions

The potassium salt Ks[SiW;;Fe'(H,0)039]-13H,0 was pre-
pared as described in the literature [26]. The compound was
characterised by thermal and elemental analysis, infrared spec-
troscopy and powder X-ray diffraction, and the results were in
agreement with previously published values [26].

Poly(ethylenimine) (PEI) (MW =50,000-100,000; 30 wt.% aque-
ous solution; branched, consisting of tertiary, secondary 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), potas-
sium ferricyanide (Merck), hexaammineruthenium (III) chloride
(Aldrich) and other reagents were analytical grade and used as
received.

The electrolyte used for electrochemical studies was pre-
pared by mixing appropriate amounts of CH3COOH (0.1 M) and
NaCH3COO (0.1 M) solutions to give a pH 4.0 solution. Potassium
hexacyanoferrate (III) and hexaammineruthenium (II) solutions
(1.0 mM) were prepared by dissolving the appropriate amount of
K3[Fe(CN)g] and [Ru(NH3)g]Cl3 in 0.1 M KCl. Electrolyte solutions
were prepared using ultra-pure water (resistivity 18.2 M2 cm at
25°C, Direct-Q 3 UV system, Millipore).

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

2.2. Instrumentation and methods

A glassy carbon disc, GCE, (3.0 mm diameter, BAS, MF-2012 was
used as working electrode, on which the multilayer films were
formed. Indium tin oxide (ITO) electrodes with geometric area of
0.50 cm? (ITO on quartz slides) were also used as substrate for com-
parison. The auxiliary and reference electrodes were platinum wire
(7.5 cm, BAS, MW-1032) and Ag/AgCl (sat. KCI) (BAS, MF-2052),
respectively.

Cyclic voltammetry experiments were carried out using a
computer-controlled potentiostat (PGSTAT-12/GPES software from
Metrohm Autolab, The Netherlands) in a conventional three-
electrode compartment cell.

Electrochemical impedance measurements were carried out
using a Solartron 1250 Frequency Response Analyser, coupled to a
Solartron 1286 Electrochemical Interface (UK) controlled by ZPlot
Software. The voltage perturbation was 10 mV rms over a frequency
range from 65 kHz to 0.01 Hz with 10 frequencies per decade, and
integration time 60 s. Impedance spectra were analysed by fitting to
equivalent electrical circuits using ZView Software (Scribner Asso-
ciates, USA). After examination of Bode plots of the spectra, it was
verified that there no hidden high frequency features, so all spectra
are shown as complex plane plots.

A combined glass electrode (Hanna Instruments HI 1230) con-
nected to an Inolab pH level 1 pH meter was used for the pH
measurements.

Elemental analysis of W, Si and Fe were performed by ICP spec-
trometry (University of Aveiro, Central Laboratory of Analysis).

Powder X-ray diffraction, thermogravimetric and FTIR studies were
performed as indicated previously [27].

2.3. Preparation of self-assembled (PEI/POM), films

Prior to coating, the GCE was conditioned by a polish-
ing/cleaning procedure. The GCE was successively cleaned with
diamond polishing compound 1.0 wm (Metadi II, Buehler) and alu-
minium oxide of particle size 0.3 wm (Buehler-Masterprep) on a
microcloth polishing pad (BAS Bioanalytical Systems Inc.); the elec-
trode was then rinsed with ultra-pure water and finally sonicated
for 5min in an ultrasonic bath (Branson 2510). The ITO electrodes
were cleaned by placing them in a H,SO4/H50, (3:1) (v/v) hot bath
(~80°C) for 40 min followed by a H;O/H,02/NH3 (5:1:1) (v/v/v)
hot bath (~80°C) for another 40 min. They were then rinsed with
ultra-pure water and dried under a stream of pure nitrogen.

After the cleaning step, the GCE (or ITO electrode) was immersed
in a 5mgmL-! PEI solution (in pH 4.0 acetate buffer) for 20 min.
The electrode was then immersed in a 0.3 mM POM solution (in
pH 4.0 acetate buffer) for 20 min. Water rinsing and nitrogen dry-
ing steps were performed after each immersion step. This process
was repeated until the desired number of bilayers of PEI/POM
was obtained. All measurements were made at room temperature
(~20°C).

3. Results and discussion
3.1. Voltammetric behaviour

Cyclic voltammetry was used to study the properties of the
multilayer films towards the negatively charged [Fe(CN)g]*~ redox
probe and the positively charged [Ru(NH3)s]3*. Electrostatic attrac-
tion between the multilayer surface and the redox probe when
they have opposite charges should facilitate the interfacial elec-
tron transfer process, whereas repulsion when they have the same
charge would make the electron transfer reaction more difficult.
Many groups have used the [Fe(CN)g]>~/4~ redox couple to study
the permeability of multilayer films [2,28-31], but studies of elec-
tron transfer at films containing polyoxometalates are few. Liu et al.
showed that the permeability could be tailored through the mul-
tilayer construction and deposition conditions [2]. Our previous
studies showed how the number of layers in the films influences
the shape of the cyclic voltammograms [32].

The electrochemical behaviour of the negatively charged
[Fe(CN)s]>~ was studied at the electrode modified with
(PEI/SiWq1Fe), for an increasing number of bilayers (n) with
the external layer being the POM. Fig. 1 shows cyclic voltammo-
grams for an electrode with 1 and 6 bilayers. For an electrode
coated with a single (PEI/SiW1Fe) bilayer, the cyclic voltammo-
gram exhibits quasi-reversible properties, indicating that the probe
diffuses freely through the layer to undergo electron transfer at
the electrode surface. Increasing the number of bilayers from one
to four leads to a decrease in peak currents and peak broadening
and ultimately to a voltammogram with plateau-shaped current
characteristics [32]. Thus, an increased number of multilayers with
a terminal negatively-charged SiW;{Fe anion leads to a decrease
in the number of negatively charged hexacyanoferrate ions which
reach the electrode substrate, attributed to electrostatic repulsion,
and the process is diffusion-limited.

When the outermost layer is the positively charged PEI
the quasi-reversible properties in the cyclic voltammogram of
[Fe(CN)g]?~ are unaffected, or restored if PEI is deposited on top of
a previous film structure with an external POM layer. Thus, when-
ever the layered film is terminated with the positively-charged PEI
layer, there ceases to be any barrier to transport through the film
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Fig. 1. Cyclic voltammograms of 1 mMK3;Fe(CN)s in 1.0M KCI, v=100mVs~! at
modified electrodes with (PEI/SiW;;Fe), for (a)n=1 and (b) 6.

because of the electrostatic attraction of [Fe(CN)g]>~/4~ and the ter-
minal positively-charged PEI layer. The voltammogram is similar
to that of a bare electrode in the presence of [Fe(CN)g]3~/4~species,
independent of film thickness.

When the positively charged [Ru(NH3)s]3* redox probe is used,
the differences observed are not so significant, see Fig. 2. The cyclic
voltammograms for the first two bilayers with external layer of
POM anion are almost identical; there is a slight decrease in the
peak currents and an increase in the peak-to-peak separation on
increasing the number of bilayers to four. However, after the addi-
tion of a layer of PEI to the (PEI/SiW;1Fe); modified electrode, the
peak currents of [Ru(NHj3)s]3*/2* decrease significantly and peak-
to-peak separation increases. This is attributable to electrostatic
repulsion of [Ru(NHj3)g]?*/2* by the positively-charged PEIL.

The electrostatic attractions or repulsions have significant
effects on the kinetics of the redox reactions. With an increas-
ing number of (PEI/POM) bilayers the peak currents of both
redox probes decrease gradually, and the peak-to-peak separation
increases, indicating that the kinetics of the redox reactions become
slower.

Electrochemical impedance experiments were carried out tak-
ing these cyclic voltammetry observations into account.

E vs (Ag/AgCl) / V

Fig. 2. Cyclic voltammograms of 1 mM Ru(NH3)sCl3 in 1.0M KCI, v=100mV's~! at
modified electrodes with (PEI/SiW;;Fe), for (a) n=1 and (b) 4.
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Fig. 3. Complex plane impedance spectra of different modified electrodes in the
presence of 3mM K3Fe(CN)g in 1.0 M KCl at +250 mV vs. SCE. Lines indicate equiva-
lent circuit fitting.

3.2. Electrochemical impedance characterisation

Electrochemical impedance spectroscopy was used to examine
the electrical properties of the multilayer assembly which should
change as it is built up and provide information which is comple-
mentary to that of cyclic voltammetry during the step deposition of
the charged PEI and POM layers. Impedance spectra were recorded
after the deposition of each layer of PEI and POM in order to inves-
tigate the effect of the structure and thickness of the multilayer
on the overall interfacial properties. The experiments were done
in 3 mM K3[Fe(CN)g] and in 3 mM [Ru(NHj3 )g]Cl3, both in 0.1 M KCl
electrolyte, at +250 mV and —200 mV vs. SCE, respectively.

Figs. 3 and 4 show complex plane impedance spectra at glassy
carbon electrodes with different numbers of PEI/POM bilayers using
[Fe(CN)s]3~ and [Ru(NH3)g]3* redox probes, respectively. Changes
can be clearly seen in the spectra during the stepwise formation
of the multilayer assemblies. The impedance spectra comprise a
semicircle in the high frequency range that corresponds to kinetic
control of the charge-transfer process and a linear part at lower
frequencies, attributable to diffusion control. The diameter of the
semicircle increases with an increasing number of PEI/POM bilay-
ers, which can be ascribed to the increase in film thickness and
change in the apparent charge transfer resistance.

For the glassy carbon electrode (GCE) covered with only one
layer of the positively-charged PEI, tested in K3Fe(CN)g solution,
no semicircle was observed. A similar behaviour was found for
GCE and GCE/(PEI/POM); in the solution containing [Ru(NHz)s]?".
This suggests that the semicircle region is very small and the spec-
trum is dominated by the Warburg impedance, and thence diffusion
control, over nearly the whole range of frequencies examined.

Quantitative information can be obtained by analysis using
appropriate electrical equivalent circuits, Fig. 5 and extraction of
the electrical parameters, as shown in Table 1. The fitting circuit in
Fig. 5a is a typical Randles circuit that has been used to fit some
other similar LBL-assembled structures containing POMs [33-35].
The circuit comprises a cell resistance, R, in series with a parallel
combination of a constant phase element, CPE and a charge transfer
resistance, R, together with a Warburg impedance, Zy,. The CPE
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Table 1

Parameters obtained from impedance spectra of the (PEI/POM), multilayer assemblies at GCE in the presence of 3 mM [Fe(CN)s]*>~ and 3 mM [Ru(NHj3)s]** redox probes

(Figs. 3 and 4), by fitting to equivalent circuits in Fig. 5.

Redox probe Number of bilayers Ret/S2 cm?

C/pFem—2 ™1 n Raif/kS2 cm? (W)

56
55
210
643
1056

[Fe(CN)s >~

[Ru(NH3)s]**
11.0
149
32.1

A WON—=O M WN=O

6.0 0.82 3.0
11.9 0.86 29
6.8 0.80 29
7.2 0.83 1.6
9.5 0.81 35
- - 1.7

106 0.67 1.2
69 0.69 13
140 0.65 1.2
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Fig. 4. Complex plane impedance spectra of different modified electrodes in the
presence of 3mM Ru(NHs3)sCl; in 1.0 M KCI at —200mV vs. SCE. In the inset is a
magnification of the high frequency part of the spectra. Lines indicate equivalent
circuit fitting.

was modelled as a non-ideal capacitor, given by CPE=—1/(Ciw)",
where C is the capacitance, which describes the charge separation
at the double layer interface, w is the frequency in rads~! and the
n exponent is due to the heterogeneity of the surface. The Warburg
impedance was modelled as an open circuit finite Warburg element
which includes a diffusion resistance, Ryjf, according to

Rgis ctnh ([itw]®)

ZW(WO) = (i‘cw)w

(1)
where Ry;r is the diffusion resistance of electroactive species, T a
time constant depending on the diffusion rate (7 =12/D, where [
is the effective diffusion thickness, and D is the effective diffu-
sion coefficient of the species), and «=0.5 for a perfect uniform
flat interface. The circuit in Fig. 5b is a simplified version of that

a

in Fig. 5a, comprising the cell resistance and the Warburg ele-
ment, used where no semicircle appeared. The cell resistance, Rq,
is 9.7+ 0.5 Q cm? in all cases at the GCE and the Warburg element
exponent, o, was always close to 0.50, see Table 1.

Fig. 6a and b shows plots of the values of charge transfer
resistance for both redox probes at the bare electrode and for
(PEI/SiWq1Fe), multilayers (n=1-4). The circuit element of most
interest is R¢; because it can be related directly to the access to the
substrate in the modified GCE electrode, where electron transfer of
the electroactive species in solution occurs.

Considering hexacyanoferrate (IIl) anion, Fig. 6a, with just one
(PEI/SiWq1Fe) bilayer assembled on the electrode, R is almost the
same as at the bare electrode, which indicates that the probe is
able to diffuse easily through the bilayers, despite the probe and
outer layer having the same charge, and undergo electron transfer
at the electrode surface. This is in agreement with cyclic voltam-
metry that showed a quasi-reversible cyclic voltammogram for
(PEI/SiWq1Fe);. As the number of layers increases, as well as the
thickness of the multilayer structure, the difficulty of reaching the
electrode substrate becomes significantly more pronounced, in a
non-linear fashion, indicating a multilayer structure with fewer
pores that traverse the film. Assuming that this model is correct,
comparing with the bare electrode/one-bilayer system the increase
in apparent charge transfer resistance implies a reduction in acces-
sible substrate surface area down to 27% (2 bilayers) 9% (3 bilayers)
and 5% (4 bilayers). This agrees with other results in the literature,
e.g. [36], which suggest that the coverage of the surface by self-
assembly is not usually perfect and such defects are progressively
removed as the number of bilayers is increased. Interestingly, the
values of capacitance are relatively small and change little as do the
values of the CPE exponent at around 0.8.

For the ruthenium (IIl) electroactive species, the values of R¢
are, in general, more than an order of magnitude lower than for
hexacyanoferrate (III), compare Figs. 6a and b. For zero or one
bilayers, there is no measurable apparent charge transfer resis-
tance, the process being entirely controlled by diffusion. Resistance
to charge transfer only becomes evident for 2 and more bilayers,
supporting this explanation. When access does become physically
limited, for 2 or more bilayers, it is still much easier than with hex-
acyanoferrate (IIl), as would be expected, and charge separation
is much greater, with capacitance values an order of magnitude
higher. The diffusion resistance values are correspondingly lower.
Nevertheless, the CPE exponent is also lower suggesting that non-

b
Ra

Fig. 5. Equivalent electrical circuits used to fit the impedance spectra.
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Fig. 6. Plots of R vs. the number of layers of (PEI/POM), multilayer assemblies in
the presence of (a) 3 mM K;Fe(CN)s for GCE (M) and ITO electrodes (a) (b) 3 mM
Ru(NH3)sCl3 for GCE. Data from Tables 1 and 2.

uniformities in the surface play a much larger role when the sign
of the charges of the electroactive species and the outermost layer
are opposite, the effect of surface roughness having greater influ-
ence on species transport. Such highly non-uniform surfaces, when
the outermost layer is POM, have been demonstrated by scanning
electron microscopy in [32].

Analysis of the spectra for these two redox species clearly
demonstrates that the electrostatic attraction or repulsion between
the redox probe and the surface of the multilayer assemblies
plays a significant role in the charge transfer process, repulsion
for [Fe(CN)g]3~/4~ and attraction for [Ru(NHj3)g]3*/?*, with the
negatively-charged layer of POM. On the other hand, the adsorp-
tion of the next layer, positively charged PEI, reverses the surface
charge and the electrostatic interaction creates attraction of the
negatively charged [Fe(CN)g]>~/4~ and repulsion of the positively
charged [Ru(NH3)s]3*/2*, leading to higher charge transfer resis-
tances for the [Ru(NH3)g]3* redox probe (data not shown).

The impedance spectra for electrodes terminated with a PEI
layer, tested with both redox probes, were also recorded and
present the same general features as those terminated with a POM
layer, and the conclusions with respect to the signs of the positive
charge on the PEI layer and the charge of the redox probe are the
same, so are not further discussed here.

Comparative experiments using [Fe(CN)g]3~ were carried out
on indium tin oxide electrode substrates on which multilayer films
were formed, in order to assess the influence of the electrode sub-

o ITO/PEI/POM) -
057 A ITO/(PEI/POM); Fe(CN);
1  ITO/PEIPOM),
04 4 v ITO/PEI/POM),
| = ITO/(PEIPOM),
0.3 4

-Z"/ka cm?

Fig.7. Complex plane impedance spectra of different ITO modified electrodes in the
presence of 3 mM K;Fe(CN)g in 0.1 M KCl at 250 mV vs. SCE. Lines indicate equivalent
circuit fitting.

Table 2

Parameters obtained from impedance spectra of the (PEI/POM), multilayer assem-
blies at ITO electrodes in the presence of 3 mM [Fe(CN)s]>~ redox probe (Fig. 7) by
fitting to the equivalent circuit in Fig. 5a.

Number of Rt/ cm? C/uFem—2 -1 n Raif/kS2 cm? (W)
bilayers

1 117 65 0.82 0.47

2 126 29 0.86 0.66

3 138 60 0.80 0.79

4 146 57 0.83 0.61

5 206 50 0.81 0.97

strate, see Fig. 7. The same trends were observed with respect to
different numbers of bilayers as at glassy carbon, see Table 2 and
Fig. 6a. However, although an increased number of bilayers leads
to higher values of the apparent charge transfer resistance, the val-
ues, which are initially larger than at glassy carbon electrodes by a
factor of two, increase less, less than doubling after 5 bilayers. This
suggests that the deposition through layer-by-layer self-assembly
is occurring in a different way and the identity of the substrate is
important. In particular, there is evidence that imperfections due
to incomplete coverage on parts of the substrate surface which are
not covered by the first bilayers continue. Finally, the values of
the capacitance are much higher than at glassy carbon electrodes
and the diffusion resistance is lower, giving indications that the
multilayer also has a different internal structure.

4. Conclusions

The present work has demonstrated that the behaviour of self-
assembled multilayer films in the presence of redox probes can be
successfully investigated using electrochemical impedance spec-
troscopy. In particular, the charge transfer reactions at the surface
of a (PEI/POM), modified electrode can be affected by the thickness
of the multilayer assembly and by the electrostatic attraction and
repulsion between the surface of the assembly and the electroactive
species in solution. With the negatively charged hexacyanofer-
rate (IIl), the outermost negatively-charged POM anion leads to
electrostatic repulsion as well as less penetration through to the
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electrode surface, which causes the apparently higher charge trans-
fer resistance observed. If another layer (PEI) is deposited so that
the outermost layer is positively charged, this resistance becomes
lower again. The opposite is true with the positively charged hex-
ammineruthenium (III) species.

EIS is able to show differences between layer-by-layer assem-
blies more clearly than cyclic voltammetry. Impedance spectra are
sensitive to, and can distinguish between, multilayer construction
on different substrates, as seen with glassy carbon and indium tin
oxide, and also give information on surface non-uniformity and
defects in the first adsorbed layers. Thus, the use of EIS consti-
tutes animportant approach to investigate LbL modified electrodes,
which are receiving increasing attention, as is their application in
sensors and biosensors.
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