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Abstract

The layer-by-layer (LbL) self-assembly process has become an important tool in the fabrication of nanostructured devices
for electrochemical applications, especially in those cases where control at the molecular level is required. In this paper
we present a system based on electroactive nanostructured membranes (ENM) with ITO-PVS/PAMAM-Au LbL
electrodes, in which a redox mediator (Me) is electrodeposited around the Au nanoparticles to form an ITO-PVS/
PAMAM-Au@Me system. The redox mediators used were Co, Fe, Ni and Cu hexacyanoferrates. The 3-bilayer ITO-PVS/
PAMAM-Au@Me system was characterized electrochemically by cyclic voltammetry and electrochemical impedance
spectroscopy. All hexacyanoferrate modified electrodes showed electrocatalytic activity towards hydrogen peroxide, thus
demonstrating that this new approach can be used in biosensors and nanodevices, where a redox mediator is required.
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1. Introduction

Studies of novel materials at the nanometer scale have been
crucial in modern materials science, with nanoparticles,
nanopowders and nanotubes assuming a significant role in
industry, environmental applications, medicine and surface
science. For electrochemistry, the use of nanoparticles and
nanostructured surfaces has allowed unprecedented devel-
opments, such as in the unusual charge transport mechanisms
involved in charge transfer between nanostructured materi-
als and electrode surfaces [1,2]. Significantly, some interfacial
phenomena only appear when nanostructured materials are
immobilized on electrode surfaces, which can be of organic
and/or inorganic materials. Furthermore, nanomaterials have
been applied in bioelectrochemistry, including cases where
environmentally-friendly systems with DNA [3], enzymes [2,
3] and other biomolecules [2] are used.

In spite of the remarkable progress in recent years, there are
still a number of points to be addressed, such as the establish-
ment of appropriate processes and molecules for immobiliza-
tion of nanomaterials at electrodes. The combination of
dendrimers [1] and the layer-by-layer (LbL) technique [4]
has been proven excellent for electroactive nanostructured
materials [2]. Dendrimers have been widely used in pharma-
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cological applications, synthesis of nanoparticles and biosen-
sors [1, 2, 5], with polyamidoamine (PAMAM) molecules
being the most used ones [1, 5]. For the synthesis of nano-
particles, in particular, Crooks et al. suggested a strategy [6—9]
in which metallic nanoparticles are prepared in a homogenous
phase, with metallic cations being reduced-stabilized to
metallic nanoparticles in an aqueous solution containing
PAMAM and a reduction agent. PAMAM dendrimers possess
cavities that serve as template for stabilization of the nano-
particles (Scheme 1a), while the functional groups allow
fabrication of layer-by-layer (LbL) [1, 2] films with PA-
MAM-nanoparticle architectures as shown in Scheme 1b.
We have recently explored the capability of Au nano-
particles to enhance the charge transport in nanostructured
films [1] and produce electroactive nanostructured mem-
branes (ENM). PAMAM-containing metallic nanoparticles
have been assembled in LbL films onto conducting substrates
and used as modified electrodes [1, 5, 10], such as in
methanol-tolerant cathodes for direct-methanol fuel cells
[5]. Our previous investigations [1, 10] have involved indium
tin oxide (ITO) substrates on glass, with polyvinylsulfonate
(PVS) as negatively charged polyelectrolyte alternating with
the positively charged PAMAM in the LbL film structure.
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Schematic fabrication of LbL films comprising PVS and PAMAM-Au. a) Formation of PAMAM-Au. b) Sequential

deposition of LbL multilayers by immersing the substrates alternately into PVS and PAMAM — Au solutions for 5 min. Before each
deposition step, the excess of nonadsorbed molecules was removed by immersing the substrate in water.

In this work we show a system based on electroactive
nanostructured membranes (ENM) of ITO-PVS/PAMAM-
Au LbL electrodes, in which a redox mediator (Me) is
electrodeposited around the Au nanoparticles to form an
ITO-PVS/PAMAM-Au@Me system. The formation of
electroactive nanostructured membranes (ENM) made up
with an ITO-PVS/PAMAM-Au@Me system was demon-
strated in [2], which could be exploited for enzyme
immobilization leading to very efficient biosensors [10].
Here we show that the concept can be generalized to other
mediators, namely Co, Fe, Ni and Cu hexacyanoferrates.
The latter compounds were chosen because metal hexacya-
noferrate films may transfer electrons during reduction and
oxidation processes. We also investigate the reduction
reaction of hydrogen peroxide in ITO-PVS/PAMAM-
Au@Me heterostructures, mainly to verify the electrocata-
lytic properties of the PAMAM-Au@Me system. The
heterostructures are studied with field-emission scanning
electron microscopy (FE-SEM) and electrochemical impe-
dance spectroscopy (EIS).

2. Experimental

2.1. Materials and Methods

All chemicals were reagent grade, used as received. All
solutions were prepared using ultrapure, Millipore (Milli-
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Q) water (resistivity > 18 MQ cm). Cobalt chloride (CoCl,),
copper chloride (CuCl,), nickel chloride (NiCl,), and
potassium hexacyanoferrate (K;Fe(CN)s) were from
Merck, Germany; iron chloride (FeCl;) was from Riedel
de Haén. Germany. Hydrogen peroxide (H,0,) 35% was
acquired from José M. Vaz Pereira. Lisbon. G4 PAMAM
dendrimers were purchased from Aldrich, Germany. Elec-
trochemical measurements were performedina 15 mL, one-
compartment cell, containing the ITO modified electrode
(working electrode), a platinum auxiliary electrode and
saturated calomel electrode (SCE) as reference electrode.

Voltammetric experiments were carried out using a CV-
50 W Voltammetric Analyzer from Bioanalytical Systems,
West Lafayette, IN, controlled by BAS CV-2.1 software.
Electrochemical impedance measurements were carried out
using a Solartron 1250 Frequency Response Analyzer,
coupled to a Solartron 1286 Electrochemical Interface
controlled by Zplot software. The frequency range used was
65 kHz to 0.1 Hz with 10 frequencies per decade. The pH
measurements were carried out with a CRISON 2001 micro
pH-meter at room temperature. The morphology and
particle size distribution were characterized using a 200-
kV transmission electron microscope (TEM, Model CM200;
Philips, Eindhoven, the Netherlands) and scanning electron
micrographs (SEM) were obtained by field emission scan-
ning electron microscopy (FE-SEM; Zeiss, Supra 35 at
2 kV). UV-vis spectroscopy was performed using a Hitachi
U-2001 Spectrophotometer; San Jose, CA, USA.
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2.2. PAMAM-Au Synthesis

Nanohybrids were prepared as follows: 2 mL of KAuCl,
solution (1 mmol L™') were added to 2 mL of PAMAM
(0.07 mmol L") and 2 mL of formic acid (1 mmol L™!). This
pale yellow solution was vigorously stirred for 2 min. When
the zerovalent Au complex was formed the color immedi-
ately changed from yellow to red. This reaction occurred
during 4h and the nanoparticle growth Kkinetics was
followed by UV-vis spectrophotometry. The morphology
and particle size distribution were characterized by TEM;
the particle size distribution was estimated by measuring at
least 200 particles in TEM images.

2.3. PVS/PAMAM-Au Multilayer Self-Assembly

LbL films were assembled onto ITO-coated glass. The
concentration of the dipping solutions was set at 0.07 mmol
L' and 0.5g L' for PAMAM-Au and PVS, respectively.
The sequential deposition of multilayers was carried outin a
HMS series programmable slide stainer (Carl Zeiss Inc,
Jena, Germany) by immersing the substrates alternately
into the PAMAM-Au and PVS solutions for 5 min. After
deposition of each layer, the substrate/film system was
rinsed with water and dried in N,.

2.4. Redox Mediator Electrodeposition

The electrochemical formation of the metal hexacyanofer-
rate films was performed by continuous cycling of the
potential of the working electrode in a defined potential
range in an appropriate aqueous solution. Electrochemical
depositions were performed as follows. For cobalt hexacya-
noferrate, the electrode was cycled 30 times between —0.2
and 0.9 V vs. SCE at a scan rate of 50 mV s™' in a freshly
prepared solution containing 0.5mmol L' CoCl,
0.25 mmol L™ K;Fe(CN); and 0.05 mol L' NaCl at pH 3
(pH adjusted with HCI). For copper hexacyanoferrate, the
electrode was cycled 30 times between —0.35 and 0.9 V vs.
SCE at a scan rate of 100mV s ' in a freshly prepared
solution containing 1 mmol L' CuCl,, 1 mmol L' K,
Fe(CN), and 0.1 mol L™ KCl at pH 3 (pH adjusted with
HCI). For iron hexacyanoferrate, cycling was done 30 times
between —0.35and 1.1 V vs. SCE at a scan rate of 10 mV's™*
in a freshly prepared solution containing 1 mmol L™ FeCl,,
1 mmol L™ K;Fe(CN), in 0.1 mol L™ KCI+0.1 M HCI
(pH ~ 1). Finally, for nickel hexacyanoferrates, the electrode
was cycled 30 times between —0.2 and 0.9 V vs. SCE at a
scan rate of 100mV s~ in a freshly prepared solution
containing 2.5 mmol L™ NiCl,, 2.5 mmol L™ K;Fe(CN),
and 0.6 mol L™ KClI at pH 2 (pH adjusted with HCI).

2.5. Catalytic Properties of ITO-(PVS/PAMAM-Au),
Electrodes

In order to verify the electrocatalytic properties of the
PAMAM-Au@Me system, cyclic voltammograms were
recorded in a pH 6.75 0.1 M potassium phosphate buffer
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(KPB) at a scan rate of S0 mV s™' and with addition of
1 mmol L™" and 5 mmol L ™" hydrogen peroxide.

3. Results and Discussion

3.1. PAMAM-Au Synthesis

PAMAM-Au nanoparticles were synthesized in aqueous
solution using formic acid, G4 PAMAM and KAuCl,. The
reduction of Au’* to Au’ and the formation of Au nano-
particles stabilized by PAMAM molecules were monitored
by UV-vis spectroscopy, as shown in Figure 1a. An initial
reduction stage is seen by the decrease in the 300 nm AuCl,~
band. A peak around 500 nm associated with the plasmon
resonance appears and an increase in the baseline due to
scattering effects is also observed. In addition, the band at
300 nm assigned to the electronic absorption from AuCl,~
vanishes after 100 min of reaction, indicating the formation
of metallic Au. Note that Figure 1a resembles similar ones
presented in [2], but now including the kinetics of PAMAM-
Au formation through monitoring the surface plasmon band
at 550 nm. Monitoring the peak at 500 nm, the reaction
kinetics was obtained (Fig. 1a, inset) and nanoparticle
growth was complete after 200 min. The stabilization of
Au nanoparticles in aqueous solution occurs probably
because the nanoparticles can be encapsulated within
PAMAM cavities. Evidence for such encapsulation ap-
peared in previous work [1],in which the FTIR spectrain the
transmission mode were compared for neat PAMAM and
PAMAM-Au. The band at 1449 cm ™" assigned to the amide
band II from inside the PAMAM molecule split into two
bands, indicating that the amide group could be attached to
the gold nanoparticles.

After 200 min of reaction, the Au nanoparticles formed
showed a well-organized distribution, with a particle
diameter of ca. 3 nm as shown in Figure 1b. The solution
of PAMAM-Au nanoparticles was used as a cationic
component to prepare LbL films, owing to the PAMAM-
Au’s positive charge deriving from the presence of proton-
ated amine groups in the PAMAM-Au nanocomposite [1,
10]. Also, X-ray diffractograms of PAMAM-Au cast films
(not shown) enabled identification of the (111), (200) and
(220) atomic planes of the Au nanoparticles [11].

3.2. Fabrication of LbL Films of PVS/PAMAM-Au

ITO electrodes were modified with PVS/PAMAM-Au
multilayers in a layer-by-layer fashion. The sequential
deposition was performed by immersing the ITO substrate
alternately into the PAMAM-Au and PVS solutions for
5 min (Scheme 1b). This deposition time was used based on
previous work [1, 5, 10], where it was also found that
optimized electrodes had 3 bilayers of PVS/PAMAM-Au
[10].

Figure 2 shows cyclic voltammograms for ITO-(PA-
MAM-Au), in H,SO, 0.1mol L™, with n=1, 2 and 3
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Fig. 1. a) UV-vis spectroscopy before and after gold nanoparticle formation inside PAMAM molecules. The inset shows the absorbance

at 550 nm for various reaction times. b) Bright-field STEM image of Au nanoparticles.

bilayers. An oxidation peak is observed at +1.2'V (vs. Ag/
Ag(l), while the reduction peak at +1.0 V (inset of Fig. 2)
was attributed to the reduction of Au oxides at the nano-
particle surface. Cyclic voltammetry was used to probe the
evolution of the multilayer deposition step by step, in order
to verify the film electroactivity and the amount of Au-
nanoparticles deposited in each step. In the PVS/PAMAM-
Au system, the same amount of material was adsorbed in
each layer, shown by the linear increase of the reduction
peak current. Important inferences can be made from this
result: first, charge transport occurs from the electrode
substrate to the external solution or vice-versa, with charge
transport within redox sites of Au nanoparticles occurring
via electron hopping. Second, since Au-nanoparticles are
immobilized inside the PAMAM molecules, the electrons
must flow between the nanoparticles and the electrode, with
the ions released by the water to form oxide diffusing so as to
keep the film electrically neutral. This is consistent with the
finding that electrochemically-active polyelectrolytes can
be incorporated in multilayer structures [12].
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cyclic voltammograms of ITO-(PVS/PAMAM-Au),; scan rate
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Fig.3. Scanning electron micrographs (SEM) obtained by field
emission scanning electron microscopy (FE-SEM at 2 kV) for a),
b) PAMAM-Au cast film and c), d) 1-bilayer PVS/PAMAM-Au
LbL film.

Electron hopping is believed to occur due to the good
organization of the LbL films, as has been widely recognized
in the literature. This can be confirmed by comparing the
LbL with a cast film. Figure 3 show SEM micrographs of a
cast film of PAMAM-Au and a 1-bilayer PVS/PAMAM-Au,
both deposited onto Si substrates. When the PAMAM-Au is
deposited as a simple drop of solution (cast film) on Si,
defects are identified with cavities from 3 to 6 um, around
which PAMAM-Au agglomerates. On the other hand, the
PVS/PAMAM-Au film using the LbL approach is more
homogeneous, with a uniform distribution of nanoparticles.

3.3. Immobilization of the Redox Mediator: Core-Shell
PAMAM-Au@Me System

A modified electrode, ITO-(PVS/PAMAM-Au);, was used
as working electrode for preparation and characterization of
hexacyanoferrate films on Au nanoparticles. The concept of
mediators electrodeposited around Au nanoparticles was
introduced in [1, 10]. Interest in metal hexacyanoferrates
arises from the possible reversible electron transfer and
associated color changes. The ability to immobilize them on
the electrode surfaces is a key factor for various applications
such as electrochromism [13], electrocatalysis [14], corro-
sion protection [15], sensors and biosensors [16—18].
Electrochemical deposition of hexacyanoferrates has been
proven to be suitable for achieving reproducible films with
reversible behavior [16—22], but the process needs to be
carefully controlled. The fabrication of an electrochemi-
cally-modified film electrode is easily controlled by using
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Fig. 4. Cyclic voltammograms showing continuous growth of a)
FeHCF, b) NiHCF, ¢) CoHCF, and d) CuHCF on ITO-(PVS/
PAMAM-Au); electrodes.

consecutive cyclic voltammetry as a synthetic procedure, in
which an increase in the peak current of the mediator-layers
forms an appropriate redox couple for the modified film
[19]. The most common strategy for electrosynthesis of
metal hexacyanoferrates involves potentiodynamic cycling
between preset potential limits of the working electrode in a
supporting electrolyte containing both the metal ion (M"")
and ferricyanide species [23]. In this work we employed this
experimental procedure to prepare all hexacyanoferrate
compounds.

Deposition of iron hexacyanoferrates (FeHCF) was
carried out using the method described in [24]. Figure 4a
illustrates three consecutive cyclic voltammograms showing
Prussian Blue (PB) modification of the electrode. The
electrochemical behavior is dominated by two sets of
voltammetric peaks that originate from PB reactions: the
oxidation of Prussian Blue to iron(IIl) hexacyanoferra-
te(I11), Prussian Yellow, at around + 0.9 V, and the reduc-
tion of Prussian Blue to iron(II) hexacyanoferrate(II),
Prussian White, at ca. 0.2 V. The deposition was very fast;
and all the peaks increased in height up to 10 cycles. The
result was a stable PB modified electrode. Significantly,
peak currents are proportional to scan rate up to 300 mV s
(Fig. 5a), which is consistent with a fast charge propagation
in the film.

Nickel hexacyanoferrate (NiHCF) was formed on the
electrode surface using the method described by Milardovic¢
etal. [25]. Figure 4b summarizes voltammetric results
obtained by monitoring the growth of NiHCF on the ITO/
PVS/PAMAM-Au electrode. During the whole experiment,
two well-defined sets of peaks appeared, which slowly
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Fig.5. Cyclic voltammograms of a) FeHCF, b) NiHCF, c)
CoHCF, and d) CuHCF modified electrodes in 0.1 M KPB
(pH 6.75) at different scan rates.

increased up to 30 cycles. It is assumed that, during the
potential cycling, NiHCF is formed with simultaneous
insertion of K*. These two sets of voltammetric peaks
were explained by the existence of two predominating forms
of NiHCF [26]. The more positive set of peaks is usually
attributed to K,Ni[Fe"(CN),J/KNi[Fe"(CN),] that are K-
rich and more strongly paired by potassium ions. The
NiHCF modified electrode was then transferred to 0.1 M
KPB buffer solution and the influence of the scan rate on the
cyclic voltammograms was studied. As seen in Figure 5b,
only at very low scan rates (e.g., 10 mV s ') was it possible to
distinguish the two sets of redox pairs. At high scan rates,
only one pair of well-defined peaks appeared, which was
attributed to hexacyanoferrate(ITII/IT) [27]. Both anodic and
cathodic peak currents increased linearly with scan rate up
to 300 mV s~ as expected in a system with no diffusion
dependence.

For cobalt hexacyanoferrate (CoHCF), the method
reported in [20] was used, where continuous film growth is
indicated by the voltammograms in Figure 4c. The current
increases for consecutive voltammograms, indicating
CoHCEF layer formation and an increase of the charge
under the deposition peak. The film formed was charac-
terizedin 0.1 M KPB (pH 6.75) and typical cyclic voltammo-
grams obtained at different scan rates are presented in
Figure 5c. A pair of redox peaks is observed, which might
correspond to both processes Co"=Co™ and [Fe™
(CN)eJ* /[Fe"(CN)g]*" occurring simultaneously. Peak cur-
rents increased linearly with scan rate up to 300 mV s/, as
for nickel hexacyanoferrate. The anodic and cathodic peak
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potentials shifted symmetrically, the peak separation in-
creasing with increasing scan rate.

Copper hexacyanoferrate (CuHCF) films were prepared
by cyclic voltammetry as in [21] but using lower precursor
concentrations. During deposition, the cyclic voltammo-
grams exhibited two pairs of redox peaks (Fig. 4d), which
were attributed by Shankaran [22] to the Cu'=Cu" and
[Fe"(CN)g]*” = [Fe™(CN)s]*~ couples. The magnitude of
the currents in the first pair of peaks points to rapid
deposition up to ten cycles, after which deposition was
slower up to 20 cycles, and then ceased. The currents
corresponding to the second pair of peaks decreased slightly
up to 10 cycles, and this decrease became more pronounced
after the 20" cycle. This was probably due to the forma-
tion of a thick film of CuHCEF, thus hindering electron
transfer. The film formed showed a peculiar behavior with
the second pair of peaks showing a scan rate dependence up
to 50mV s~!, above which it disappeared. This might be
indicative of film instability. However, a pronounced
dependence on scan rate for the first pair of peaks up to
300 mV s~'is seen in Figure 5d. A small peak potential shift
was observed with increasing scan rate, but was less
pronounced than for CoHCFE.

3.4. Electrochemical Impedance of ITO-PVS/PAMAM-
Au@Me Electrodes

The electrochemical properties of hexacyanoferrate films
have been studied by electrochemical impedance spectros-
copy (EIS) [28], and the data analyzed with various models
and equivalent circuits [24 —29]. The strategy used here to
study diffusional and charge-transport mechanisms was to
analyze the impedance at high frequencies for ITO-(PVS/
PAMAM-Au); electrodes, before and after immobilization
of a redox mediator. In the former case, the spectra were
taken immediately after immersing the ITO-(PVS/PA-
MAM-Au); electrode in the redox mediator precursor
solution. After cycling to immobilize the redox mediator,
the spectra of the new system containing Au@Me were
recorded. The results obtained at the open circuit potential
are shown in Figure 6, with a semicircle at high frequencies
in the complex plane plots after redox mediator immobili-
zation. By comparing EIS spectra of different electro-
deposited mediators, some important features were noted:
The spectra collected after Me deposition differed from
ITO-(PVS/PAMAM-Au); electrodes with no mediator. The
charge transfer between Au@Me and ITO electrodes is
faster and the charge transfer resistance decreases in the
sequence CuHCF > FeHCF > NiHCF > CoHCF.

3.5. Catalytic Properties of ITO-PVS/PAMAM-Au@Me
Electrodes

Catalytic properties of the hexacyanoferrates formed at
ITO/PVS/PAMAM-Au electrodes are demonstrated in
Figure7. Cyclic voltammograms were recorded in 0.1 M
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Fig.7. Cyclic voltammograms of a) FeHCF, b) NiHCF, c)
CoHCF, and d) CuHCF modified electrodes in 0.1 M KPB
(pH 6.75) (solid line) and after addition of 1 mmol L™' H,0O,
(dotted line) and 5 mmol L' H,O, (dashed line).

I
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KPB (pH 6.75) at a scan rate of 50 mV s ™' and with addition
of 1 mmol L™ and 5 mmol L' hydrogen peroxide to study
the electrocatalytic effect at low and high peroxide concen-
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trations. All hexacyanoferrate-modified electrodes showed
electrocatalytic activity towards hydrogen peroxide, but
there were differences depending on the mediator. For
NiHCF (Fig. 7b) and CuHCF (Fig.7d), the effect of
peroxide on the cyclic voltammograms was the same: upon
addition of Immol L~! H,O, a decrease in both oxidation
and reduction peaks was observed, probably due to
interaction of the analyte with the mediator. Peroxide
reduction occurred at ca. — 0.2 Vin both cases, which is more
clearly visualized for NiHCF following addition of a higher
concentration of peroxide. In the case of FeHCF (Fig. 7a),
the peak current did not alter upon addition of peroxide, and
the increase in the cathodic current around +0.1 V can be
attributed to reduction of hydrogen peroxide. As for
CoHCF (Fig. 7c), a catalytic effect occurred only at high
peroxide concentrations and an increase in the oxidation
peak was visible at +0.7 V. With small amounts of peroxide,
only a decrease in the reduction peak was observed,
probably due to the reaction of peroxide with the mediator.

4. Conclusions

New systems are described based on ENM membranes of
ITO-PVS/PAMAM-Au LbL electrodes, with a redox medi-
ator (Me) electrodeposited around Au nanoparticles. The
resulting ITO-PVS/PAMAM-Au@Me system was charac-
terized electrochemically using cyclic voltammetry and
electrochemical impedance spectroscopy. We demonstrated
that the concept of ENM can be generalized to a wider
variety of redox mediators. All electrodes modified with
hexacyanoferrates showed electrocatalytic activity towards
hydrogen peroxide, which is promising for the preparation
of novel biosensors and nanodevices requiring redox
mediators.
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