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The use of nanostructured films to modify electrochemical electrodes has allowed a whole host of new
systems/devices to be fabricated, with properties that may be tuned upon synergistic interactions
between the film components. Films produced with the Layer-by-Layer (LbL) technique, in particular,
have opened up the way for new approaches in electrochomism, electrocatalysis, bioelectrochemistry
and electroanalysis, for organic and inorganic-organic hybrid nanoarchitectures may be achieved. In
addition to the fabrication of novel, optimized materials, with the LbL method fundamental processes
such as charge transfer mechanisms involving biomolecules and nanoparticles can be investigated at
the molecular level. In this paper we highlight the recent trends in the electrochemistry of LbL films,
with emphasis on their promising technological applications in sensing/biosensing and electrochromic
devices.

Keywords: Layer-by-Layer, nanostructured films, modified electrodes, biological molecules,
electrochemistry.

1. Introduction

The layer-by-layer (LbL) method [1] has become the prime choice for fabrication of
nanostructured films in which synergy between distinct materials may be achieved in a
straightforward, low-cost manner. With the LbL technique a wide diversity of materials may be
employed [2], and film fabrication is performed under mild conditions, which is particularly important
for preserving activity of biomolecules [3-83]. Among such materials are those with electroactive
properties, which prompted researchers to employ LbL films for various applications, including
electrochromism [84-108], catalysis [109-134], electrochemical sensing and biosensing [3-83], among
others [135-234]. Significantly, the LbL method has also lent itself for investigation of fundamental
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studies in electrochemistry, as in the use of the charge transport mechanisms and redox mediator
immobilization [182-224].

In this paper, we provide an overview of recent advances in the electrochemistry of LbL films.
After commenting upon the processes of film adsorption in the LbL approach in Section 2, we discuss
new concepts of charge transport mechanisms in the LbL films in Section 3. Also provided is a table
listing the types of electrochemical studies and associated references. We then chose — among the
many possible applications suggested in the literature — a few topics in which the control of molecular
architecture inherent in the LbL method is exploited. Accordingly, Section 4 discusses hybrid films
with electrochromic properties, while the fabrication of electrodes for catalysis is addressed in Section
5. Because one of the main features of LbL films is the ability to have immobilized biomolecules with
preserved activity, we emphasize the strategies employed in biosensing and electrochemical sensors in
Section 6. Finally, before the Conclusions in Section 8, we discuss recent proposals to use the LbL
approach in incorporating redox mediators that can not only improve sensing ability but also tune
electrochemical properties of several systems.

2. The LbL adsorption process

The control of specific properties at the molecular level has been achieved for a number of
supramolecular systems through self-organization concepts. The self-assembly of organic, layered
heterostrucutures was pioneered by Sagiv and coworkers [236], who produced layered films via
covalent adsorption of molecules with specific functional groups [236,237] onto a solid substrate. This
strategy requires chemical affinity between the molecules to be adsorbed and the previously deposited
layer. Although these self-assembled multilayers are remarkably stable and have been exploited in a
number of applications [238,239], the choice of molecules is limited due to the need for chemical
affinity. A more versatile approach is the LbL method introduced by Decher and collaborators
[240,241], suitable for fabrication of layered heterostructures where a fine control over specific
properties is required. The LbL technique was first applied to assemble oppositely charged
polyelectrolytes, being rapidly extended to other systems such as polymeric nanocrystals [242,243],
metal and semiconductor nanoparticles [244,245] and dendrimers [246]. Also noteworthy is the use of
the LbL method for immobilizing biological components such as proteins, enzymes, DNA, cell
membranes and viruses [247-250]. Applications of LbL films have been suggested for optics and
optoelectronics [251], drug delivery [252] and electrochemistry.

The fundamental concepts and mechanisms involved in the LbL technique have been detailed
in a series of papers (see for instance [1,253]). In most cases adsorption in LbL films is governed by
electrostatic interactions between species bearing opposite charges, but secondary interactions have
also been shown to be important [254-258]. The LbL technique is versatile with regard to the
substrates that may be used, which include hydrophilic and hydrophobic glass, mica, silicon, metals,
quartz, and polymers [258,257]. In addition, LbL films may be deposited directly onto colloidal
suspensions [259-261]. A schematic diagram illustrating the LbL technique is shown in figure 1. The
sequential multilayer deposition can be carried out by immersing the substrate into the cationic and
anionic dipping solutions, alternately. After deposition of each layer the substrate is immersed into the
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washing solution and dried under a nitrogen/air flow. The roughness, thickness and porosity of the film
can be controlled at the molecular level upon adjusting experimental parameters such as pH, ionic
strength and polyelectrolyte concentration.

substrate

L

Figure 1. Schematic fabrication of a 1-bilayer LbL film. A solid substrate, bearing for example
negative charges, is initially immersed in the polycationic solution (1). In the following step (a), the
excess of molecules can be removed by immersing the substrate in the washing solution (2). The
substrate containing the cationic layer is subsequently (b) immersed in the anionic polyelectrolyte
solution (3). The molecules not effectively attached can be removed (c) in the washing solution (4).

3. Charge transport mechanisms

Among the non-conventional charge transport mechanisms recently described to explain
phenomena occurring in LbL films, an important contribution came from Schlenoff’s group, who
studied LbL films with polyelectrolyte multilayers containing electrochemically active units
[184,188,208]. Some important features were highlighted in their work: first, when the distance
between a redox active layer and the electrode is varied by interposing non-electrochemically active
layer pairs, the material within the redox active layer can be distributed over a distance of several
layers, in this case 2.5 layer pairs. The electroactivity of the topmost layer can be determined through
Cyclic Voltammetry (CV). According to Schlenoff’s studies, the electron transport is facilitated
because alternating polyelectrolyte layers are highly interpenetrating, and at least four layer pairs are
required to fully insulate one redox active layer from another. In this case, no salt ions were detected in
multilayers. Another point in Schlenoff's findings was that the redox active material is
electrochemically addressable throughout the multilayer via electron hopping between neighboring
sites, according to the scheme in Figure 2.

This concept opens up the way for manipulating new redox mediators and redox active
molecules at the supramolecular scale, using the LbL approach. For example, synergy among different
layers may be exploited to yield electrochromic and catalytic materials [84-131]. If hopping of
electrons and non-salt ions occurs, the LbL films behave as an ion-exchange membrane. Control over
membrane properties is interesting for innumerous applications in electrochemistry, such as those
where transport of charge is limited by diffusion. The electroactive behavior between adjacent layers in
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Figure 2. Diagram illustrating the insulator/redox activity in the multilayer structure: According to
Schlenoff et al [184], the redox active material in the multilayer is electrochemically addressable via
electron hopping between neighboring sites. Figure idealized from ref. 184.

LbL films is an important feature to understand the electrochemical properties [193,195,199]. Table 1
summarizes the most relevant topics regarding the electrochemistry of multilayered systems:

Table 1 - Important studies in electrochemistry of LbL films

Subject of Investigation References
Electrochemistry of ultrathin organic film (1996) 185
Redox polyelectrolytes (1997) 184
Electroactive self-assembled multilayer / dyes molecules (1997) 186
Electrostatically bound redox couples — gold electrode (1997) 187

Electroactive ordered multilayer and redox-active polyelectrolyte (1997-1998) 187-191

Liquid/liquid electrochemical interfaces / polypeptides (1999) 190
Permeability and stability of layered polyelectrolytes (2000) 193
Electron-transfer between adjacent layers (2000) 195

Electron-transfer and selective redox reactions (2001) 199
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Continue Subject of Investigation References
Selectivity in layer-by-layer (2002) 202
Redox driven swelling of layer-by-layer films / enzymes (2002) 203
Phthalocyanine-containing multilayers for photovoltaic applications (2002) 204
Redox polyelectrolytes and gold nanoparticles (2003) 206
Ion transport through polyelectrolytes (2004) 213
Polyelectrolyte hollow capsules functionalized for electron transfer (2004) 216
Selective transport of ions and molecules through LbL membranes (2005) 221
Ion exchange at the electrode/electrolyte interface (2005) 230

4. Electrochromic compounds in LbL modified electrodes

Optically active multilayers represent an important field in LbL films due to their potential
applications in photonics and fabrication of organic light-emitting-diode displays. Electrochromic
molecules have been used with different purposes, especially for studies of high-contrast
electrochromism, electroluminescent diodes, waveguide spectroelectrochemical characterization,
semitransparent thin films and photosensitive multilayers [94-107]. Using a creative concept of
multilayer combination, DeLLongchamp and co-workers [84] combined two electrochromic polymer
composites, namely poly(hexyl viologen) (PXV) and poly(3,4-ethylenedioxythiophene):poly(styrene
sulfonate) (PEDOT:SPS) colloid. The charge-trapping mechanism could be evaluated with the
electrochemical processes involving multilayers, as shown in Figure 3. This new approach consisted of
a “dual electrochromic” composite with the polycation and polyanion being both cathodically coloring
electrochromic species, which led to a high-contrast electrochromic film.

Using the LbL method to combine inorganic and organic compounds, Huguenin et al.
[124,137] studied the electrochemical and electrochromic properties of nanoarchitectures of
V,0s/chitosan and V,0s alternated with a mixture of poly(ethylene oxide) (PEO) and chitosan. From
results on multilayers of PEO/V,0s, the number of electrochemically active V,Os sites was estimated,
with a pronounced effect from PEO being observed in the migration/diffusion process, according to
cyclic voltammetry and impedance spectroscopy data. V,0s alternated with a blend of PEO and
chitosan showed high electrochemical performance due to a large number of electrochemically-active
sites. The charge transport was enhanced in this type of film when lithium was used as electrolyte,
which makes the films candidates for charge storage and electrochromic nanodevices.

LbL films of porphyrins and phthalocyanines have also been investigated with regard to their
electrochemical properties. Due to specific properties such as semiconductivity, well-defined redox
activity and high thermal stability, metallic phthalocyanines are used in electrochemistry, nonlinear
optics, optical memories, toxic vapour sensors, organic solar cells, secondary batteries,
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microelectronics, gas sensing, and modified electrodes for catalysis [262-265]. Highly-stable modified
electrodes containing metallic phthalocyanines, viz. iron tetrasulfonated phthalocyanine (FeTsPc), can
be assembled using chitosan as cationic polyelectrolyte (Fig. 4a). Chitosan has been proven suitable
for electrochemical studies of LbL films for not affecting the Faradaic current appreciably. For
example, chitosan/FeTsPc modified ITO electrodes exhibited high electrochemical stability [262],
preserving the voltammetric signal after several cycles (Fig. 4b). The anodic peak current varied
linearly with the scan rate, which indicates that the peak current was due to charge transport in the
chitosan/FeTsPc film.
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Figure 3. Charge-trapping mechanism proposed by DelLongchamp et al. (from ref. 84, with kind
permission of ACS Publications). Depicted are cyclic voltammograms of PXV/PEDOT: SPS films.
Ilustrations of predicted states of the films at different points on the CV curves accompany the
voltammograms. In these drawings, white color indicates oxidized film and black color indicates
reduced film. More details can be found in reference 84.

Because electrodes prepared with LbL films may exhibit high electrochemical stability, use
could be made of absorption spectroscopy in the visible range and electrochemistry to estimate the
energy level diagram for dye molecules. For example, the gap energy (E;), ionization potential (IP)
and electronic affinity (EA) for phthalocyanines could be determined using the electrode shown in Fig.
4 [262]. The onset potentials (E’) of the LbL films were estimated from the intersection between the
two slopes drawn at the rising oxidation (or reduction) current and background current in the cyclic
voltammograms. The oxidative potential was directly related to /P of the electrochemically active
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phthalocyanine, while E, and EA were obtained from the UV-vis spectra and cyclic voltammograms,
respectively. Also interesting was to learn through the energy diagrams that LbL films from
chitosan/FeTsPc and chitosan/NiTsPc were similar [262].
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Figure 4. a) Idealized structure of ITO modified electrodes containing tetrasulfonated phthalocyanine
(FeTsPc) using chitosan as cationic polyelectrolyte. b) Voltammograms with 20 cycles for 15-bilayer
chitosan/FeTsPc films onto ITO. Electrolyte: HCl (pH=3.0). Scan rate: 50 mV s Figure from ref.
262 with kind permission of Electrochemical Science Group (ESG).

5. Dendrimer-based LbL films for catalysis

LbL films have been increasingly used in catalytic studies owing to the control over important
parameters such as film thickness and roughness. For example, Abdelrahman et al. [149] demonstrated
that three-dimensional multilayers of Au nanoparticles (AuNP) self-assembled onto a gold electrode
are more effective for oxygen reduction than bare gold electrodes. The AuNP modified electrode
displayed a well-defined wave for oxygen reduction at -0.12 V, i.e. 100 mV less negative than for the
polycrystalline Au electrode. Furthermore, a number of studies regarding the catalytic activity in LbL
films have been carried out using dendrimer-encapsulated nanoparticles [122, 266-268].

Dendrimers are polymers with special features, namely monodispersity and hyperbranched
topology with terminal groups that may be modified through surface chemistry. With such
characteristics, they serve as templates for nanoparticle growth and a number of other applications.
Polyamidoamine (PAMAM) dendrimers, for example, have been used in catalysts, sensors, drug
delivery and surface immobilization [122]. Crook and collaborators employed new synthetic routes to
produce metallic nanoparticles embedded in PAMAM molecules, which behaved as nanoreactors
[269-272]. Gold nanoparticles with 1-2-nm diameter could be obtained [269], while the PAMAM-
Pt system was used as catalyst for electroreduction of oxygen [271]. A further advantage in using
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dendrimers is in identifying materials with distinct electrocatalytic behavior toward methanol
oxidation. Indeed, Crespilho et al. [122] produced LbL films of PAMAM dendrimers incorporating
platinum nanoparticles alternated with poly(vinylsulfonic acid) (PVS), which displayed unusual
electrochemical properties. These are illustrated in the voltammograms of Figure 6, from which one
infers that the LbL films are fully tolerant to methanol oxidation for potentials below 1.0 V. These
methanol-tolerant electrodes hold great promise for methanol fuel cells, since methanol crossover
through the membrane is one of the most important drawbacks of direct-methanol fuel cells.
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Figure 5. a) Idealized structure of PVS/PAMAM-Pt LbL films. b) Cyclic voltammograms (after
several cycles) for a 10-bilayer Pt-PAMAM/PVS LbL film adsorbed on ITO, in a sulfuric acid solution
(pH 1) with 1 mol L methanol in the solution. The voltammogram in red was recorded up to 1.0 V
and shows no methanol current peak. Methanol oxidation occurs when the same electrode was cycled
at potentials of 1.3 V (blue-color line). Figure from ref. 122 with kind permission of Elsevier.

6. Immobilization of biomolecules and electrochemical sensors

One of the main challenges in the use of biological films or nanostructured films containing
biomolecules is the preservation of the bioactivity, particularly because these films are used in their
dry state. In this context, the LbL method has been proven excellent for immobilization of
biomolecules with preserved activity for long periods because film fabrication is performed under mild
conditions and one can choose various materials as templates or scaffolds [3-83]. Just to illustrate the
suitability of the LbL method, one may mention that tens of proteins and enzymes have been
successfully immobilized by different research groups (see a review in ref. 273). An obvious
application of immobilized biomolecules is in biosensing, for their capability of molecular recognition
may lead to highly-sensitive, selective biosensors [273]. In the following paragraphs we shall describe
several sensors and biosensors made with LbL films.

Naturally-occurring humic acids (HAs) have been incorporated into LbL films, with HA layers
alternated with layers of a cationic polyelectrolyte. Galeska et al. [34] immobilized HA in LbL films
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used as semipermeable membranes for electrochemical sensing of glucose. The growth of these films
depended strongly on pH and ionic strength of HA solutions, which correlated with the degree of
ionization of the carboxyl groups and neutralization-induced surface spreading. LbL films of HA and
poly(allylamine hydrochloride) (PAH) were deposited onto ITO electrodes and used as modified
electrodes for detecting pentachlorophenol (PCP) [274]. One important characteristic of these films
was its smoothness, with average roughness varying from 0.8 to 2 nm. The HA/PAH films displayed
electroactivity and could be used to detect pesticides, as illustrated in Figure 6 for PCP. The sensitivity
was very high, with a detection limit of 1.6x10” mol L. It is worth noting that in this concentration
the PCP oxidation peak was not observed with a bare ITO electrode. Indeed, the presence of HA
molecules improved adsorption of PCP at the electrode surface, and enhanced the electron transfer
between PCP and the electrode [274].
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Figure 6. a) Schematic fabrication of LbL films comprising humic acid (HA) and poly(allylamine
hydrochloride) (PAH).b) Electrochemical response of an ITO-(PAH/HA)¢ film obtained in aqueous
solution containing different concentrations of PCP (from ref. 273, with kind permission of ACS
Publications). The oxidation peak shows a linear dependence with the amount of PCP in the
electrolytic solution. Electrolyte: NaCl 0.5 mol.L"! (pH=4.0); scan rate: 50 mV s
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Amperometric biosensors made of LbL films of horseradish peroxidase (HRP) on a thiol-
modified gold surface have been used by Yang at al. to detect phenolic compounds in the micromolar
range [5]. The HRP sensor had sensitivity of 48.91 pmol L' nA, comparable to other electrodes and a
very fast response time, with 95% of the maximum response being attained in only 2 s, which is
attributed to the nanostructured nature of the LbL film. Hybrid materials with novel electrochemical
properties have been prepared using biological structures immobilized onto electrodes surface. For
example, the size effect of polystyrene (PS) latex beads on the electrochemical and electrocatalytic
activity of LbL PS—protein/PSS films was investigated by Sun and Hu [81,110,120]. Using PS beads
of different diameters as the cores, and adsorbed hemoglobin (Hb) or myoglobin (Mb) as the shells,
core—shell PS—protein particles were fabricated. The electrochemical and electrocatalytic activity of the
proteins at these electrodes were influenced by the size of PS beads.

The multilayer growth in LbL films has been studied for negatively charged Au nanoparticles
and positively charged Mb on electrode surfaces [4]. One important point in electrochemistry of Mb at
(Au/Mb)n film is that electrodes can be used to electrocatalyze the reduction of oxygen and hydrogen
peroxide. In addition, the LbL films can exhibit high biocompatibility between Au nanoparticles and
adsorbed Mb. The electrochemical and electrocatalytic properties may be strongly affected by the size
of the Au nanoparticles. Using a different approach, negatively charged Hb or Mb and positively
charged poly(diallyldimethylammonium) (PDDA) could be adsorbed on nanoparticles surface such as
CaCO; nanoparticles, to form core-shell CaCO3-[PDDA/(protein/PDDA)] ([protein-m]) nanoclusters
(Figure 7). According to Liu and Hu [3], protein/PSS and protein/CaCO3 films on electrodes exhibited
well-defined cyclic voltammograms and good electrocatalytic activity toward H,O,. Protein
nanocluster films were advantageous over the ordinary LbL films, including the larger fraction of
electroactive proteins, better electrocatalytic activity, higher porosity, and better stability.

7. Redox mediators in LbL films

Metal hexacyanoferrate films are interesting redox mediators since they are mixed-valence
clusters, exhibiting semiconductor characteristics, and may transfer electrons during reduction and
oxidation processes [275-277]. These films were investigated for different purposes as catalytic
oxidation of NADH [278], oxidation of dopamine [279], amperometric determination of morphine
[280], hydrazine [281] and thiosulphate [282]. Glucose biosensors were developed on cobalt
hexacyanoferrates-coated glassy-carbon electrodes [283] and also on carbon film electrodes modified
with cobalt hexacyanoferrate [275]. With the LbL approach, hybrid compounds containing Prussian
Blue (PB) redox mediator were widely used in biosensing, especially for oxidase-based biosensors that
exploit the catalytic properties of PB. For instance, Zhao et al. [70] used PB nanoparticles protected by
PDDA in alternating layers with the negatively charged glucose oxidase (GOx). These multilayers
were adsorbed on already-formed LbL films of PDDA and poly(sodium 4-styrenesulfonate) (PSS) on
3-mercapto-1-propanesulfonic acid modified Au electrode. The modified electrodes were able to
catalyze the electroreduction of hydrogen peroxide formed from the enzymatic reaction at a lower
potential than for the bare electrode and inhibited interference from ascorbic and uric acid. The
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schematic preparation of GOx electrochemical sensor is shown in Figure 8. The performance of the
multilayer films could be tailored by controlling the number of bilayers. The glucose biosensor
exhibited good stability and reproducibility [70].

protein
PDDA
PSS

CaCOj4

Figure 7. Schematic diagram of {[CaCO3-PDDA/(Protein/PDDA)1]/PSS}; or {[Protein-1]/PSS};
nanocluster and TEM images of CaCO3-PDDA/(Mb/PDDA); nanocluster. Figure from ref. 274, with
kind permission of ACS Publications.

Jaiswal and co-workers [284] prepared hybrid materials using an aqueous colloidal solution of
PB. The cyclic voltammograms and the TEM images from these hybrid lamellar materials are shown
in figure 9. The films exhibited good electroactivity, with sets of peaks corresponding to two reversible
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redox reactions of PB. The peak current increased linearly with the number of deposited layers,
confirming that the same amount of PB was adsorbed in each immersion step.

K PDDAPSS

‘% PDDA % PSS W rrB of GOx
& e

Figure 8. Scheme of sequential multilayer film assembly on the gold surface (from ref. 70, with kind
permission of ACS Publications), where a bilayer of PDDA/PSS is consecutively adsorbed on 3-
mercapto-1-propanesulfonic acid modified Au electrode surfaces.

A hexacyanoferrate solution was used to adsorb PB onto AuNp [267], forming the
heterostructure depicted in Figure 10, which also includes the voltammograms corresponding to the
formation of a new core-shell system (Au@PB). In the first potential cycle, a redox pair appeared due
to hexacyanoferrate (II)/(III), in addition to the oxidation and reduction peaks of the gold
nanoparticles. After 2h of reaction, the gold oxidation peaks were no longer observed and the cyclic
voltammogram of the PVS/PAMAM-Au modified electrode (figure 10) revealed the reversible
reduction and oxidation of PB. This indicates that the PB film completely covered the Au nanoparticle
surface, with formation of an ITO-PVS/ PAMAM-Au@PB electrode. This system can be applied in
biosensors and nanoelectronics where a reversible redox mediator is required.
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E(V)

Figure 9. Cyclic voltammograms in aqueous 0.5 M KCI of a PEI/PSS/PEI/PB film formed by (a) 1,
(b) 3, (c) 12, (d) 24, (e) 35 times of immersion of 10 min in a 10~ mol L' PB solution/rinsing with
water. In the right-hand side, TEM images of PB colloids present in the solution. Figures from ref.
283, with kind permission of Elsevier.

'..Zoom
Au Surface
1t cycle  — .-: coverage
I1 HA
| I | After 2h
0.0 0.6 1.2
E 1V (Ag/AgCl)

Figure 10. Cyclic voltammograms of Au@PB formation on a 6-bilayer ITO-PVS/PAMAM-Au
electrode in a solution of 5.0 mmol L™ hexacyanoferrate (IIT) in 0.5 mol Lt H,SOy, scan rate 50 mV s°
! After 2 h the surface of gold nanoparticles was completely covered by PB. Figure adapted from ref.
267.
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8. CONCLUSIONS

The LbL strategy has become an important tool in the fabrication of layered, nanostructured
devices for electrochemical applications, especially in those cases where control at the molecular level
is required. In this paper we presented an overview of the recent advances in the manipulation of
electroactive architectures employing inorganic and organic/biological molecules. As well as to the
fundamental aspects concerning transport mechanisms inside the LbL electroactive layers, we
mentioned various technological applications in which such materials are desired, including
electrochemical and biological sensing, in addition to electrochromic and charge-storage devices.
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