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1. Introduction

Recent developments in the layer-by-layer assembly
of polyaniline and carbon nanomaterials for energy
storage and sensing applications. From synthetic
aspects to structural and functional characterization

Waldemar A. Marmisollé*®® and Omar Azzaroni*®®

The construction of hybrid polymer—inorganic nanoarchitectures for electrochemical purposes based on
the layer-by-layer assembly of conducting polymers and carbon nanomaterials has become increasingly
popular over the last decade. This explosion of interest is primarily related to the increasing mastery in the
design of supramolecular constructs using simple wet chemical approaches. Concomitantly, this continu-
ous research activity paved the way to the rapid development of nanocomposites or “nanoblends” readily
integrable into energy storage and sensing devices. In this sense, the layer-by-layer (LbL) assembly
technique has allowed us to access three-dimensional (3D) multicomponent carbon-based network
nanoarchitectures displaying addressable electrical, electrochemical and transport properties in which
conducting polymers, such as polyaniline, and carbon nanomaterials, such as carbon nanotubes or nano-
graphene, play unique roles without disrupting their inherent functions — complementary entities coexist-
ing in harmony. Over the last few years the level of functional sophistication reached by LblL-assembled
carbon-based 3D network nanoarchitectures, and the level of knowledge related to how to design,
fabricate and optimize the properties of these 3D nanoconstructs have advanced enormously. This feature
article presents and discusses not only the recent advances but also the emerging challenges in complex
hybrid nanoarchitectures that result from the layer-by-layer assembly of polyaniline, a quintessential con-
ducting polymer, and diverse carbon nanomaterials. This is a rapidly developing research area, and this work
attempts to provide an overview of the diverse 3D network nanoarchitectures prepared up to now. The
importance of materials processing and LbL integration is explored within each section and while the overall
emphasis is on energy storage and sensing applications, the most widely-used synthetic strategies and
characterization methods for "nanoblend” formation and performance evaluation are also presented.

referred to as “nanoarchitectonics”, a term popularized by Ariga
and his co-workers.”™ In the case of electrochemical devices,

The integration of hybrid polymer-inorganic nanoarchitec-
tures in electrochemical interfaces has attracted considerable
attention and consequently significant progress in a number
of key areas has been achieved over the past few years. Part of
the appeal of designing electrochemical devices with nano-
scale organized materials is that they offer the possibility of
manipulating functional building blocks at the molecular
level, this being a target in many applications where high per-
formance is needed. Research efforts on this matter are often
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for example, the interest in such manipulation is related to the
enhancement of the energy storage characteristics of batteries
or the improvement of the electronic readout signal of
biosensors.

Among a wide variety of versatile materials used for electro-
chemical devices, carbon-based materials, predominantly rep-
resented by carbon nanotubes and nanographene, have been
used as the building blocks of different electrochemical inter-
faces due to their unique electrical, mechanical, and chemical
properties.® ' However, in spite of these promising prospects
there remains a critical need to integrate additional building
blocks into carbon-based electrochemical devices in order
to develop their full potential.’ For example, the application
of nanographene in supercapacitors is somewhat limited
due to their low capacitance. In order to overcome this
limitation, materials scientists have combined nanographene
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with conducting polymers with the aim of taking advantage of
each component and improving the performance of the elec-
trochemical device.

Bringing conducting polymers into the game opened up a
new horizon: the possibility to create three-dimensional (3D)
multicomponent carbon-based network architectures display-
ing tailored electrical, electrochemical and transport pro-
perties."" Such 3D nanoarchitectures involve the phase-
separated coexistence of conducting polymer domains and
carbon nanomaterials operating as nanoelectrodes. This ulti-
mately leads to the construction of advanced interconnecting
conductive networks displaying built-in electrochemical func-
tions.'>" In this context, it is evident that new properties are
bound to arise not only from the synergy of both kinds of com-
ponents, but also from their spatial configuration - a feature
very suitable for flexible integrated devices.

Depending on the purpose of these hybrid network archi-
tectures hosted on electrode supports, conducting polymers
can facilitate better capacitance values by exploiting their fara-
daic reactions or improve the electronic communication
between transduction elements and the electrode surface due
to their reversible redox activity. Within this framework, poly-
aniline (Pani) has long been considered the quintessential con-
ducting polymer for energy storage and conversion purposes
due to their high conductivity values, remarkable pseudocapa-
citive properties, reversible faradic reactions and ease of syn-
thesis. One of the distinctive features of Pani is its electronic
conductivity and the possibility of controlling its conducting
states by manipulating the protonation and the oxidation state
of the polymer chains. With these potential advantages and
the promise of numerous tangible benefits, the formation of
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hybrid networks constituted of carbon nanotubes and/or nano-
graphene and electrochemically active Pani has found incred-
ible resonance within the nanoscience and materials science
communities.

Clearly, the control of composition, morphology and archi-
tecture of the hybrid Pani/carbon nanomaterial networks is an
essential cornerstone for transforming the polymer-inorganic
nanocomposite into nanoarchitectured electrochemical inter-
faces, this being one of the biggest challenges associated with
the design of electrochemical devices for energy storage and
sensing applications."®'* For instance, even though consider-
able progress has been observed in this direction, many of the
reported hybrid films lack adequate and precise control over
the film architecture. This fact concomitantly leads to a loss of
the active surface and intimate contact between polymeric and
inorganic counterparts. The realization of hybrid intercon-
nected conducting networks through the formation of nano-
scale uniform blends of nanographene or carbon nanotubes
and Pani is not trivial and proves to be quite challenging. As a
strategy for advancing in the controllable preparation of such
hybrid interfaces several research groups started to explore the
possibility of using layer-by-layer (LbL) assembly to integrate
the complex functions of both nanomaterials with nanometer-
scale control over the film composition and structure.’ This
technique was first proposed by Iler in 1966, and then redis-
covered by Decher and Hong in 1991,"'® and is based on the
alternate deposition of polyanions and polycations on a
charged surface in order to form polyelectrolyte multilayers in
a controlled manner.

Today this technique has taken on a new dimension and
allows the incorporation of diverse nanostructures, including
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carbon nanotubes, nanoparticles, and diverse polymers on vir-
tually any surface.'' One of the most attractive features of
the LbL technique is its capability to manipulate the structure
and composition of the generated nanoarchitectures by con-
trolling the layering sequence of the chosen materials.**??
Indeed, it is now clear that the successful marriage of carbon
nanomaterials and Pani, not to mention the transformation of
such hybrid assemblies into nano-organized and compartmen-
talized devices, can be largely attributed to the timely
implementation of the LbL technique as a key enabling
technology.

Our aim with this work is to provide the reader with an
overview of current research efforts devoted to the construction
of multilayered hybrid assemblies constituted of polyaniline
and diverse carbon nanomaterials, with particular attention to
properties and functions, and to strengthen the contacts
between the electrochemical and nanoscience communities
sharing an interest in energy storage and sensing applications.
Although the text covers a wide range of experimental systems
recently reported in the literature, it does not even attempt to
be a comprehensive review on the subject. Instead, we
intended to give the reader a notion of the level of ingenuity
reached by colleagues working in this area as well as highlight
critical aspects related to structural and functional characteriz-
ation of the hybrid multilayered structures.

We hope that the review will be useful as a reference not
only for new and experienced researchers in the field, but also
for graduate students and postdoctoral fellows who are inter-
ested in exploring the convergence of electrochemistry and
nanoscience into a new frontier of materials science. In the
most optimistic sense, the experimental systems described
herein not only in themselves provide novel approaches to
sensing platforms and energy storage devices, but also may
lead to new ideas, concepts and notions in supramolecular
materials science.

1.1. Polyaniline

Conducting polymers (CPs) have received great attention in the
last few decades owing to their excellent electronic and electro-
chemical properties.**® Among CPs, polyaniline (Pani) has
been one of the most studied cases owing to its superior elec-
tronic conductivity, inexpensive simple synthesis and high
stability under ambient conditions.*” *° Pani also presents
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other advantages such as tunable properties®*>!
bility of further chemical modifications,*?
pelled its application in different areas.

Pani has become a promising material in energy storage
applications as it has one of the highest theoretical specific
pseudocapacitances (2000 F g~ caused by its fast and revers-
ible redox transformations and high surface area.*?

Pani has also been extensively employed for biosensors®!
and other biodevices®® as it can provide an adequate non-
denaturing environment for the immobilization of enzymes
and proteins and simultaneously it can act as a physico-
chemical transducer of the chemical signals into a measurable
electrical response, or simply mediate the electron transport to
the electrode."*>3¢

1.1.1. Redox states of Pani. The tetramer of Pani is con-
sidered to be the redox unit.>’”*® This unit can be found in
several oxidation states. The totally reduced state consists of
just benzenic units and it is called leucoemeraldine (L). It is
usually in its basic form (LB), but in highly acidic solutions it
becomes protonated (pK, about 1)*° and it is then referred to
as leucoemeraldine salt (LS). The oxidation of leucoemeraldine
leads to the emeraldine form (E), where a quinone-imine struc-
ture is obtained by removing two electrons from the benzenic
moiety. Emeraldine can exist in its base form (EB) or be proto-
nated to the emeraldine salt (ES). Further oxidation yields the
pernigraniline form (P) in which the other benzenic unit is
converted into quinone-imine. Again, it can be in its base (PB)
or salt form (PS). The chemical structure of the Pani redox
forms is depicted in Scheme 1. These three states are widely
recognized,’”?*®*%*! but sometimes other intermediate redox
states are defined, such as protoemeraldine’*® and
nigraniline.?”

The PS form is not stable in acidic media and further oxi-
dation of E generally leads to a degradation of the polymer. On
the contrary, the interconversion between the L and E forms is
highly reversible in acidic media. The protonation (sometimes
referred as p-doping) of the EB form leads to a dicationic struc-
ture that is the chemical equivalent to the bipolaron used in
the physical description. This structure can be internally trans-
formed into a species with radical cations (the chemical equi-
valent of polarons), whose electrons are delocalized along the
polymer chain. In doped Pani, polarons are more stable than
bipolarons and they are responsible for the high electronic
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Scheme 1 Chemical structures of redox forms of Pani.
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conductivity.>’?"** The radical cation acts as a hole in the
charge transport mechanism. This electronic scheme was pro-
posed by MacDiarmid and co-workers in the 80s."*

1.2. Carbon nanomaterials: nanotubes and graphene

Carbon nanomaterials refer to the nanostructures made by sp*
graphitic carbon atoms and include fullerenes, carbon nano-
tubes and graphene-like materials.”>*® Their particular elec-
tronic structure made them interesting materials in many
application fields such as energy storage,”’>° sensors® and
optoelectronic devices.*®

1.2.1. Carbon nanotubes. Carbon nanotubes (CNTs) are
hollow cylindrical tubes made of one (called single-walled
nanotubes, SWNTs) or more layers of graphitic carbon atoms
(called multi-walled nanotubes, MWNTSs). Due to their particu-
lar chemical structure, they present exceptional mechanical
and electrical properties® that have propelled their application
in several technological fields.*

1.2.2. Graphene (Gr), graphene oxide (GO) and reduced
graphene oxide (rGO). The IUPAC defines a graphene (Gr)
layer as “a single carbon layer of the graphite structure,
describing its nature by analogy to a polycyclic aromatic hydro-
carbon of quasi infinite size”.>* However, the term is widely
employed in the literature to refer to a variety of graphite-like
materials.>® Several top-down and bottom-up methods of
preparation of these materials have been described.>®*” One of
the most employed top-down methods consists of the oxidative
exfoliation of graphite. In this procedure, oxygen groups are
intercalated within the graphite layers by treatments with oxi-
dizing agents in concentrated nitric and sulfuric acids. The
intercalation causes an increase of the interlayer distance and
a decrease of the staking interaction that allows the exfoliation
by ultrasonication to produce sheets of graphene with a high
proportion of oxygen functionalities which is generally called
graphene oxide (GO). As GO is obtained in a liquid dispersion,
the results of this method are interesting for the large-scale
production of graphene materials with good processability.
The proportion and nature of these oxygen-containing groups
depends on the preparation method, but typically the C/O
ratio is about 2.°> Most studies on the LbL assembly of Pani
and graphene-like materials actually involve the usage of GO
as the starting material, so we will focus on this material. Par-
ticularly, most of the studies in this review employ GO
obtained by the method introduced by Hummers in 1958 and
recently improved by Tour,”® which requires potassium per-
manganate as the oxidizing agent.>

Materials more similar to the canonical graphene can then
be obtained by reduction of GO, although it is not possible to
achieve a complete reduction.”® The proportion of oxygen in
the reduced GO (rGO) depends on the reduction method,
which basically can be thermal (annealing at high tempera-
ture), chemical or electrochemical.”®

The use of graphene-like materials in electrochemistry is
vast as has been recently reviewed by Pumera.”® Additionally,
GO presents an inherent electrochemical response owing to
the presence of electroactive oxygen functionalities.>”

This journal is © The Royal Society of Chemistry 2016
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2. LbL assemblies for energy and
sensing

2.1. Pani in LbL assemblies

The first studies on the use of Pani and related conducting
polymers in LbL assemblies were published by Rubner’s group
in the middle 90s.°°®* They introduced a method to produce
dispersions of Pani that are stable for more than one day,®
which would be used in many of the later studies on LbL of
Pani with little modification. Briefly, the chemical synthesis of
Pani is performed by oxidation with ammonium persulfate
(APS) in acidic solution. The resulting emeraldine salt (ES) is
converted into the emeraldine base (EB) by treatment with
NH,OH, and dried in a vacuum. The EB powder is dissolved in
dimethylacetamide (DMAc) by stirring and sonication and the
remaining particulates are filtered. Although N-methyl-
pyrrolidone (NMP) has also been used to dissolve EB,* it was
reported to be more tightly bound to Pani and hence it results
in being difficult to eliminate from the assemblies, yielding
less conductive layers.®” This DMAc organic solution is diluted
with acidic water to form an aqueous solution of pH about 2.5.
This solution is said to be stable between pH 2.5 and 4 and
some authors have even recommended 2.8 as the optimal
pH.%* Rubner and coworkers studied the dip-coating assembly
of Pani with polystyrene sulfonate (PSS) by UV-visible absorp-
tion and the effect of Pani concentration. They found that,
although the thickness and absorbance linearly depend on the
dipping cycles, the in-plane conductivity (4-probes method)
increases with the number of bilayers until about 6 bilayers
and then it remains in its bulk value. This suggests that the
deposition of Pani is not in complete layers and a percolation
of the successive added polymer occurs. A granular structure
was also observed in further studies on Pani/PSS assemblies.®*
They have also shown that Pani can be deposited in LbL films
using non-ionic polymers by hydrogen-bonding interactions of
dedoped Pani.®

The assembly of Pani and PSS was further studied by
different groups, focusing on the morphology and conductivity
dependence on preparation conditions,® and its electrochemi-
cal degradation monitored by electrochemical impedance
spectroscopy (EIS).®® Moreover, the assembly of Pani/PSS has
also been grown on polystyrene spheres to yield LbL hollow
spheres after PS dissolution.®’ It has also been assembled on
nylon films.®® The assembly and electrochromic evaluation of
Pani/PSS LbL films has even been proposed as pre-degree lab-
oratory experience.®

Several other polyanions have been employed as counter-
parts in different LbL assemblies with Pani. Pani (from NMP
dispersions) and poly(acrylic acid) (PAA) LbL films have been
showed to be both electroactive’® and electrochromic’ in
neutral media and have been employed for potentiometric pH
sensing’” and amperometric sensing of H,0,.”> Enzymatically
synthesized Pani and poly(glutamic acid) LbL films were tested
for capacitive applications.”* Pani and anionic azopolyelectro-
Iytes were also assembled into electroactive and electrochromic
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films.”” The electrical properties of poly(vinylsulfonic acid) and
Pani LbL assemblies have also been studied.”® The LbL assem-
bly of Pani and oligonucleotides has produced electroactive
films in neutral media, although less electroactive than Pani/
PSS films.”” Even complexes of Pani and gum Arabic assembled
LbL with PSS have shown good electroactivity and stability.”®

Furthermore, the assembly of substituted polyanilines has
been reported. Particularly investigated has been the case of
sulfonated Pani which bears a negative net charge and hence
can be assembled with its cationic counterparts. The presence
of anionic groups also improves the solubility and processabil-
ity and they also extend the electroactive pH range as they act
as dopants (self-doping).

Poly(anilinesulfonic acid) (PASA) has been assembled with
a poly(amidoamine) dendrimer (PAMAM) from aqueous solu-
tion yielding electroactive films.”® The changes in the resist-
ance of LbL films of PASA and polyallylamine (PAH) have been
employed for humidity sensors.*® Owing to its electroactivity
in neutral solutions, PASA has been extensively employed for
the electrochemical LbL assembly of proteins, such as cyto-
chrome,®"®? sulfite oxidase,®* xantine oxidase,®* and bilirubin
oxidase.®®® On the other hand, poly(aniline-N-butylsulfonate)
(PANBS) has been assembled with Pani and other cationic
polyelectrolytes as  electrochromic films in organic
electrolytes.®”

2.1.1. Pani with other conducting polymers. The first elec-
trochromic device based on the LbL assembly of Pani and poly
(3,4-ethylenedioxythiophene (PEDOT) was reported by
Hammond.®® There, Pani was assembled by using poly(2-acryl-
amido-3-methyl-1-propanesulfonic acid) (PAMPS) as the
counterpart. The LbL films of Pani and polyanions were
loaded with Pt to yield composites with good electronic and
ionic conductivities.®® The response of the modified electrodes
was comparable to that of bulk Pt.

Pani (Rubner’s method) and post-polymerization-sulfo-
nated Pani (sPani) were assembled LbL from aqueous disper-
sions yielding electroactive films that were studied by
electrochemically-coupled surface plasmon resonance (SPR)*
and tested as electroactive films for electrochromic devices.”*
Even, the effect of high applied pressures on this LbL has been
studied by SPR.”> The assemblies of Pani and sPani also
showed good electroactivity in neutral solution and catalyzed
the electro-oxidation of NADH.”?

More recently, the negative complex of Pani synthesized by
template polymerization with poly(2-acrylamido-2-methyl-1-
propanesulfonic acid) has been assembled with Pani
(Rubner’s method) to yield electroactive films that were tested
in Li cells.”® They presented better charge capacity and cycle
life than LbL without all electroactive layers.

2.1.2. Other assemblies LbL with Pani and different
materials. Owing to its interesting electronic and electro-
chemical properties, Pani has been extensively employed in
the construction of LbL assemblies with other inorganic nano-
materials as counterparts for different applications.

Pani has been assembled with citrate capped-Au NPs to
yield conductive and electroactive films,”> which have also

9894 | Nanoscale, 2016, 8, 9890-9918
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been employed for electrochemical sensing of dopamine and
uric acid in neutral solution.’® The assemblies with mercapto-
succinic acid capped-Au NPs were employed for NADH electro-
oxidation and detection of DNA hybridization.®” The assem-
blies of Pani with Pd NPs, by LbL and reduction of Pani and
PdCls*>",%® as well as PAO NPs”® have been employed for hydra-
zine oxidation electrocatalysis.

Awide range of inorganic materials has been also employed
in LbL films with Pani: V,0; xerogels for electrochromic'®®**
and Li intercalation devices and energy storage;'** % Prussian
Blue nanocrystals for electrochromic devices;'*® isopolymolyb-
dic acid in films sensitive to humidity and different gases;'®”
Keggin-type polyoxometalates have also yielded conductive
films by LbL deposition;'°® and the LbL assemblies with phos-
photungstic acid have been tested as proton-conducting mem-
branes to be applied in polymer electrolyte membranes
(PEMs);'%? NbOg nanoscrolls have also been assembled LbL to
produce electrochromic films;''® films with MnO, resulted in
photoactivity and were employed for the photocatalytic degra-
dation of a dye;''" montmorillonite clay nanosheets were
assembled LbL to modify electrodes that were then employed

for heavy metal ion sensing by square-wave voltammetry.'"

2.2. LbL of Pani and CNTSs

Scheme 2 summarizes the construction and applications of
LbL assemblies of Pani and carbon nanotubes reported in this
article.
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2.2.1. Conductive film-resistance as a responsive property.
Feng et al. showed that MWNTSs modified with carboxylic and
sulfonic groups (s-MWNTs) dispersed in water can be
assembled with Pani from a NMP dispersion by dip-coating on
amino-functionalized non-conducting substrates."*® The inter-
action of Pani with the anionic groups of the sS-MWNTs was
proved by UV-vis spectral changes. The results suggest that the
s-MWNTs effectively act as the dopant of the conducting form
of Pani, yielding an increased electrical conductivity at room
temperature.

The electronic conductivity in the LbL arrays was further
studied by Kovtyukhova et al.’** In this work, Pani from a DMF
solution was deposited by dip-coating in a LbL film with oxi-
dized SWNTs (bearing-COOH groups) on Au substrates."** The
electrostatic interaction between amine/imine groups in Pani
and COO™ in the SWNTs was confirmed by FTIR and XPS,
although they also suggest the formation of charge transfer
complexes between the n-systems of both components. They
found that the conductivity was highly anisotropic; the lateral
(in the horizontal plane) dominated by the CNTs and the
transversal (in the vertical plane) limited by the polymer
(Fig. 1). The small size and strong adhesion between the oxi-
dized SWNTs within a layer would be responsible for the excel-
lent lateral electronic conductivity.

The electrostatic interactions between Pani and oxidized
MWNTs were also employed to synthesize composites from
dispersions of both components.'’® The composites showed
an intimate connection between Pani and the MWNTSs as con-
firmed by Raman and FTIR. Just a low proportion of MWNTSs
is necessary to effectively connect the Pani fibers producing a
material with enhanced electronic properties. In a different
approach the LbL method was employed to decorate MWNTSs
with a combination of poly(aniline-co-anisidine) and PSS as a
way to produce conductive and dispersible composites
(Fig. 2)."'° More recently, the electrical properties of other LbL
assemblies have been reported. MWNTs were modified by
adsorption of poly(diallyldimethylammonium chloride)
(PDDA) and assembled with Pani/PSS complexes,'’” although
better conductivities were achieved by assembling PDDA-
coated MWNTs and Pani/PSS-coated MWNTSs.

Based on the pH response of a Pani film electrosynthesized
on a polyethylene terephthalate (PET) plate coated with
SWNTs,""® Loh et al. prepared an LbL assembly employing
Pani and purified SWNTs coated with PSS on a glass plate.’*®
The change of a 100 bilayer film resistance with pH was linear
in the acidic range but non-linear in the basic range. However,
the time response was lower than that found in previous
studies.

The same LbL assembly has been employed as a pH sensor
by electrical impedance tomography.'*® The 2D spatial distri-
bution of conductivity of the LbL film (sensing skin) was
measured when exposed to different pH solutions. The con-
ductivity changes were almost linear in the whole pH range
(1-13) with similar sensitivities. In another work, the LbL film
of Pani and PSS-SWNTs was employed as a layer with resist-
ance sensitivity to pH with a near linear response to be

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 Schematic representation and experimental determination of the
anisotropic conductivity in Pani/SWNT LbL assembled films. Reprinted
with permission from ref. 114. Copyright (2005) American Chemical
Society.

implemented in a wireless pH sensor.'>' More recently, the

effect of pH on DC resistance and EIS response of similarly
constructed LbL assemblies of Pani and PSS modified SWNTs
on glass has been studied.'* Both the DC resistances and the
resistors of the fitted equivalent circuit linearly depend on pH
but also two pH ranges are observed, being more sensitive in
the basic range.

In a different approach, PSS-doped Pani NPs were
assembled with MWNTs by a spray-assisted LbL process."”?
The films were tested as chemo-resistive sensors for volatile
organic compounds. The composite films of Pani and MWNTs
present both higher sensitivity and selectivity than those
formed by just Pani, demonstrating a positive synergy.

2.2.2. Electroactive films for sensing. The first electro-
chemically active LbL assembly of Pani and CNTs was reported
by Knoll’s group in 2005."** They assembled Pani from an
aqueous dispersion of the commercial Pani and SWNTs
capped with poly(aminobenzenesulfonic acid) by dip-coating
on MPS-modified Au electrodes. The growth of the assembly
was monitored by SPR and electrochemistry. The resulting
films were electroactive in neutral solution and the voltam-
metric charge increased with the number of bilayers, which
indicates a good electronic connection between the successive
layers. Just one pair of voltammetric peaks was observed due
to the overlap of both redox couples of Pani at this pH, as has
been observed for LbL of Pani and Au NPs.”” These films also
showed electrocatalysis of NADH oxidation at neutral pH, with
a linear increase of the voltammetric peak current on NADH
concentration.
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Fig. 2 Schematic representation of the LbL capping of CNTs. Reprinted with permission from

Society.

Another strategy was presented in the same year by
Qu et al."* They cast an ethanolic dispersion of oxidized MWNTSs
(COOH-bearing) on a glassy carbon electrode and then electro-
polymerized Pani on it by several voltammetric cycles in
aniline acidic solution. The successive bilayers were formed by
successive depositions of CNTs and electropolymerizations of
aniline. This assembly was tested for the amperometric elec-
trooxidation of H,0, in PBS buffer at 0.4 V vs. SCE. They also
deposited Choline Oxidase (CHOD) on these films by casting a
dispersion of CHOD cross-linked to BSA by glutaraldehyde.
The resulting modified electrode showed a linear ampero-
metric response to the increasing concentration of choline at
0.4 V in neutral solutions.

In another case, LbL films of Pani and PSS-capped MWNTs
were formed on a glassy carbon electrode by dip-coating from
aqueous dispersions.’®® The film was electroactive in neutral
PBS solution with a quasi-reversible unique couple at about
0 V vs. SCE and was shown to amperometrically sense H,O, at
—0.1 V. The electrochemically active material increased with
the number of bilayers until 7 bilayers, but a limiting amount
was obtained for further deposition cycles.

More recently, negatively charged (COO™ bearing) MWNTSs
have been assembled with Pani upon ITO to yield electroactive
films."”” Raman and SEM studies indicated a homogeneous
assembly. The modified electrodes were evaluated for the elec-
trooxidation of 2-chlorophenol, showing a synergistic effect of
Pani and CNTs. The application of square wave voltammetry
allowed the determination of 2-chlorophenol up to the ppm
level.

In another work, the LbL assembly of Pani-capped MWNTs
and PSS resulted in electroactive films with better performance
than Pani/PSS films, without a significant modification of the
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film morphology.'*® The UV-visible measurements indicate a

linear increase of the deposited material with the number of
bilayers, whereas the voltammetric response shows a good
electrochemical connection. The presence of the MWNTS pro-
motes higher charge transfer efficiencies.

Even more complex architectures were assembled. NH,-
functionalized MWNTs were mixed with aniline and amino-
thiophenol and deposited on an ITO electrode.”* Then an
electropolymerization of the deposited arylamines was per-
formed. Au NPs and then GOx were fixed on this layer. The
same procedure was repeated several times for the successive
bilayers. They found a synergistic contribution of all com-
ponents to obtain high electron transfer rate constants. These
assemblies responded rapidly to glucose in solution and an
amperometric linear correlation with glucose concentration
was obtained at 0.4 V (vs. Ag/AgCl). The presence of CPs and
CNTs would allow an efficient electric connection between the
prosthetic groups in GOx and the electrode and would
promote rapid electron transfer. The presence of the conduct-
ing polymer was shown to reduce the detection limit and
enhance sensitivity compared to similar LbL arrays without
Pani.

2.2.3. LbL in energy devices. The LbL assemblies of Pani
and CNTs were also evaluated as membrane electrode assem-
blies (MEAs) in fuel cells."*® SWNTs decorated with Pt NPs by
a supercritical fluid method were capped with Nafion to
obtain stable dispersions in water/ethanol mixtures. These dis-
persions were employed to grow LbL assemblies in a dip-
coating method by employing acidic aqueous dispersions of
Pani as the positive counterpart. The LbL prepared as free self-
standing films were constructed into membrane electrode
assemblies and tested in a fuel cell station. By using a conduct-

This journal is © The Royal Society of Chemistry 2016
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ing polymer it was not necessary to add carbon nanomaterials
to the positive layer to obtain adequate electrical connectivity.
Moreover, owing to the homogeneity achieved by the LbL
method, excellent values of Pt utilization (power relative to Pt
mass) could be achieved.

In another work, Pani fibers were modified by Pt NP depo-
sition, then they were assembled with Pt NP-modified MWNTSs
in LbL arrays by spraying from ethanolic solutions on a Nafion
membrane.'*! This membrane was tested as MEA in a H,/air
fuel cell yielding high values of Pt utilization. As suggested by
previous studies,"**"'* the electronic conductivity would be
exclusively due to the presence of CNTs when the percolation
limit is exceeded (30% mass) and the CPs would only contrib-
ute to the proton conductance in these membranes.

Pt-decorated Nafion-capped MWNTSs were also assembled
on carbon paper employing Pani as the positive counterpart
for being used as catalyzers in biohydrogen fuel cells."** The
layer of Pani was grown by both chemical and electrochemical
polymerizations on top of the MWNT layer. This multilayer
assembly showed better catalytic activity for H, oxidation than
the core-shell assembly of Pani and CNTs, which was attribu-
ted to a better contact between the Pani fibers and the Pt-
MWNT layer.

The assemblies with CNTs were also employed in Li-ion
cells. Chemically synthesized Pani and oxidized MWNTSs were
assembled by dip-coating on ITO from water dispersions.'**
The films annealed at 180 °C showed better mechanical stabi-
lity and conductivity. The annealed films also showed a linear
increase of thickness on deposition cycles. They presented a
cross-linked reticulated structure with nanoporosity and inter-
connectivity, which enhanced the electron and ionic transport.
When tested in a Li-cell, they presented high power density
due to the pseudocapacitive reaction of Li cations with anionic
groups of the oxidized CNTs and anions with positive charges
in Pani fibers.

2.3. GO and rGO in LbL assemblies

As far as we are concerned, the first reports on GO assembled
on LbL structures were published by Fendler’s group in the
middle 90s. They assembled exfoliated GO (2-3 sheets of GO)
and PDDA from aqueous solutions. The assembled materials
were confirmed by SPR and UV-visible spectroscopy and the
LbL structure was studied by X-ray diffraction (XRD). They also
reported both chemical and electrochemical reduction of the
GO to yield a material with enhanced electronic conduc-
tivity."*® They further prepared similar LbL assemblies with
poly(ethylene oxide) (PEO) and PDDA"’ and tested them as
electrode materials for Li-ion batteries'*® and even prepared
more complex films by assembling Ag NPs capped with GO
pellets in an LbL procedure with PDDA."*°

GO was also shown to form LbL assemblies with PAH on a
variety of substrates."*® The structure of the assemblies
depends on the GO dispersion characteristics and they present
a diode-like behavior. In another work, the assembly of GO
and PDDA was further studied by UV-visible spectroscopy and
XRD and then the GO was partially reduced with hydrazine.'*'

This journal is © The Royal Society of Chemistry 2016
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The LbL assembly of GO and PDDA has also been tested as a
humidity responsive film in a quartz crystal microbalance
(QCM) sensor'** and also as an electrochemical supercapaci-
tive film after reduction of the assembled GO.'"* Negative GO
has also been assembled with polyethylenimine (PEI)'** and
PAH'* for different applications.

GO has also been incorporated in the positive layer of the
assemblies by a variety of strategies. GO was turned positive by
adding a non-covalent CTAB capping. This complex was then
assembled LbL with PAA™® as well as PSS'* as the negative
counterpart by dip-coating from aqueous solutions. Also rGO
nano-platelets were grafted by polymerization of PAA or poly-
acrylamide and then assembled in LbL arrays.'*® The assembly
of PAH-TGO and PSS-rGO also yielded conductive films."*® The
assembly of PDDA-rGO and negatively charged rGO on PET
substrates produced flexible and transparent conductive
plates.”®® Even rGO were deposited by vacuum filtration and
then decorated with Au NPs by in situ reduction of Au**, produ-
cing a LbL assembly by repetition of these steps.™"

Since the Nobel Prize in 2010 to Andre Geim and Konstan-
tin Novoselov for their studies on graphene, the presence of
graphitic materials in literature has drastically increased,
including the works on LbL assemblies containing GO/rGO. In
addition, both GO and rGO have been assembled in LbL arrays
with a variety of complex organic and inorganic materials. The
following are just examples of this wide range of materials and
applications.

Single layers of a layered double-hydroxide of Co and Al
were assembled with GO employing polyvinyl alcohol (PVA) to
stabilize the film, which becomes conductive after chemical
reduction of GO."? After photocatalytic reduction of the GO, a
LbL film of GO and TiO nanosheets with PDDA becomes
photoconductive.’® GO reduced in the presence of positive
ionic liquids yielded composites that were assembled LbL with
PSS by dip-coating and the films were tested for QCM gas
sensing.”> Gr nanosheets capped by an ionic liquid were
assembled with citrate-capped Pt NPs by dip-coating on ITO
and the modified electrode was employed for O, reduction
electrocatalysis in acidic media.'*®

COO™-bearing rGO sheets were assembled with amine-
modified rGO by drop-casting in a spin-coater and the result-
ing conductive film was employed as a transparent electrode
in an OLED device."*® Also COO™-rGO and amine-modified
rGO were assembled by dip-coating from water dispersions
giving conductive films of controllable thickness."”” Moreover,
COO™-GO and amine-modified GO assemblies were reported
to yield transistors with tunable charge transport after thermal
reduction.'?®

rGO assembled with an azo-containing cationic copolymer
was employed as the electroactive material in an electrochemi-
cal double-layer capacitor.'> Alternating layers of GO and a
polyoxometalate cluster assembled with PAH were employed in
a thin layer field effect transistor (FET) device after photo-
reduction of the GO.'® Free-standing membranes were pre-
pared by LbL deposition of Gr and MnO, nanotubes employ-
ing an ultrafiltration method and tested as anodes in Li-ion
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batteries."®" Films of PDDA-rGO and negative Fe;0, NPs (1 M
NH,OH) were employed for an amperometric H,0, sensor."®?
On the other hand, rGO was assembled with positive Fe;0,
NPs (pH 4 solution) to form films with an enhanced capacitive
response in neutral NaCl solutions."®* Cationic polyelectrolyte-
functionalized ionic liquid decorated graphene sheets
(PFIL-GS) were assembled with Prussian Blue NPs for the
development of an electrochemically-coupled-SPR sensor of
H,0,. The LbL assembly of GO and Ag" cations was reported
to yield transparent and electrically conductive films of rGO-Ag
NPs after thermal annealing.’®® A uniform film of N and
B-codoped-Gr obtained by thermal treatment of a GO/poly
(lysine) LbL assembly intercalated by boric acid showed an
improved capacitive performance as an active material in a
planar microsupercapacitor.'®® GO and cationic terpyridyl-Ru
complexes have been shown to be electrochemically active in
organic electrolytes and also photoactive, with a synergistic
effect between both components.*®°

2.4. LbL of Pani with GO/Gr

The first work on LbL assembly of Pani and GO/Gr was pub-
lished in 2011.'°” Pani and GO (Hummers’ method) were
assembled LbL by dip-coating on APTES-modified substrates
(Fig. 3). The assemblies were monitored by UV-visible spec-
troscopy and characterized by AFM. After reduction with HI,
the Gr/Pani films presented good electronic conductivities,
indicating a percolation mechanism as the number of layers
increased. On ITO, the films were electroactive in acid solution
as proved by cyclic voltammetry and they showed fast and
reproducible electrochromic transitions.

2.4.1. Pani and GO/Gr in electroactive LbL. A novel com-
pletely electrochemical method was presented for the LbL
assembly of Pani and graphene sheets.'®® A voltammetric
reduction in an aqueous dispersion of both GO and aniline
produced the deposition of a Gr layer whereas an oxidative
scan in the same solution deposited a Pani layer. The resulting
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LbL material showed superior conductivity and electroactivity
in acid, neutral and also basic solution attributed to the
doping effect of Gr on the Pani structure.

In a different approach, sulfonic acid-grafted rGO (by
taurine grafting) dispersed in water was assembled with Pani
(Rubner-like procedure, pH 3) on APTES-modified ITO electro-
des (Fig. 4)."®° The voltammetric response in 0.5 M H,SO,
shows the two redox couples of Pani, but the dependence on
sweep rate indicates a faster charge transfer in the assembly as
compared with Pani, with higher electrical and ionic conduc-
tivities, as determined by EIS. The color transitions induced by
changes in the applied potential (electrochromic behavior) are
also faster and more intense in the assembly.

2.4.2. Pani and GO in LbL sensors. Chemically polymer-
ized Pani was treated as suggested by Rubner et al®' and
assembled by dip-coating with a dispersion of Gr sheets
capped with PSS on different PDDA-modified substrates.'”°
The films resulted in electroactivity in the pH range 0-8 due to
the doping effect of the anionic sulfonates. The stable voltam-
metric response at pH 7 (—0.6 to 0.6 V vs. SCE) shows just a
single wave as a consequence of overlapping the redox pro-
cesses in Pani. The dependence of the voltammetric response
on the sweep rate showed no diffusional control, which indi-
cates a fast charge transport within the film. The film-modi-
fied ITO electrodes were tested as an amperometric sensor of
H,0, at —0.3 V with a linear response on concentration in the
sub-millimolar range.

In another work, an aqueous dispersion of Pani (Rubner’s
method) was employed to form an LbL film on ITO using a
hydrazine-reduced GO dispersion as the negative counterpart
(Fig. 5)."”" The films were electroactive in neutral solution and
the voltammetric current increased with the numbers of
bilayers (at least up to 10 bl) due to the doping effect of the
carboxylic groups in the graphene sheets. The voltammetric
response indicated a surface-confined redox couple and was
stable to potential cycling. This promoted the development of
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Fig. 3 Schematic representation of the LbL formation of a GO/Pani film on an APTES modified substrate. Reprinted from ref. 167, Copyright (2011)

with permission from Elsevier.
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Fig. 4 Schematic representation of the GO modification and LbL assembly with Pani. Reproduced from ref. 169 with permission from the Royal

Society of Chemistry.
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Fig. 5 Schematic representation of dip-coating LbL film formation and
the assembly of Pani and chemically converted graphene (CCG). Re-
printed from ref. 171, Copyright (2014) with permission from Elsevier.
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a voltammetric sensor of ascorbic acid (AA) with a linear
dependence of the oxidation voltammetric peak current on the
AA concentration (0.1-1.2 mM) in phosphate buffer solution.
In another work, rGO chemically modified by a cationic
ionic liquid was assembled with sulfonated Pani by dip-
coating.'”” The resulting films show a stable single film-con-
fined quasi-reversible electrochemical response at about 0 V
(vs. SCE) in neutral PBS, with the voltammetric charge increas-
ing for the successive bilayers. The EIS analysis in the presence
of a redox probe indicates a fast electron transfer within the
film as a consequence of the synergistic effect of the highly
conducting rGO sheets and s-Pani. The voltammetric response
in the presence of H,0, showed an increased cathodic current
after the polymer reduction peak. The amperometric response
at —0.4 V was linear with H,0, concentration (0.5 uM to 2 mM)
with a higher response for an optimum number of 8 bilayers.
2.4.3. Supercapacitors and energy devices. Pani from a
water dispersion of pH 2.5 (Rubner’s method)®" was assembled
with GO (water dispersions of different pH values) by dip-
coating on different substrates and then reduced by thermal
annealing and vapor chemical treatment with hydrazine.'”®
The amount of GO resulted to be smaller as the pH of the dis-
persions increased as a consequence of its higher negative
surface charge. The Pani/Gr multilayers were evaluated by CV

Nanoscale, 2016, 8, 9890-9918 | 9899
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in 1 M H,S0O,. The two redox couples of Pani were present in a
broad capacitive response. The synergistic effect of the high
surface area and conductivity of Gr with the redox process in
the acidic media of Pani would yield decreased diffusion
lengths and fast electron transfer. The specific capacitance and
cycling stability per bl decreased from 10 to 40 bl. The chemical
reduction with hydrazine led to worse capacitive properties.

In another work, aqueous dispersions of Pani (Rubner’s
method)®" and GO of pH 2.6 were employed for dip-coating
assembly on ITO.'”* Several reduction methods were assessed,
with better results for the use of HI. The electrochemical per-
formance of the modified electrodes was tested in neutral 1 M
Na,SO,, where they showed a stable response due to the doping
effect of the remaining negative groups of rGO on the Pani
structure. The capacitive response depended on the GO and
Pani concentration in the coating solutions, being the best for
the most diluted solutions, where aggregation was avoided.

Gr nanosheets obtained by glucose reduction of dispersed
GO were assembled on stainless steel by dip-coating. Then, a
layer of Pani nanofibers was electropolymerized by CV in an
acidic solution of aniline. By repeating these steps, an LbL
film array was formed (Fig. 6)."”> The capacitive behavior of
the films was studied in acidic media. The high capacitance
was attributed to a combination of the high specific area of
the open structure and the pseudocapacitance of redox pro-
cesses of Pani. The presence of Gr also has an important struc-
tural role, as it reduces the decrease of the capacitance during
charge/discharge cycling.
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Fig. 6 Schematic representation of the LbL assembly by successive
electropolymerization of Pani and dip-coating in graphene nanosheet
(GNS) dispersions. Reprinted from ref. 175, Copyright (2013) with per-
mission from Elsevier.

9900 | Nanoscale, 2016, 8, 9890-9918

Nanoscale

A similar procedure was employed for the construction of
LbL films by alternating dip-coating in a GO dispersion and
electropolymerization of Pani layers on ITO for high-perform-
ance supercapacitors.'”® The films showed better capacitive per-
formance than pure Pani in acidic aqueous solution. The GO
offers higher surface areas for polymer anchoring and a syner-
gistic effect was suggested for the electrochemical response.

In another work, aqueous dispersions of Pani of pH 2.6
(Rubner’'s method)®" and negatively charged GO were
employed for dip-coating assembly on ITO and then Gr was
obtained by scanning the potential from 0 to —1.3 V (vs. Ag/
AgCl) in 1 M H,S0,."7* The films of rGO/Pani displayed high
volumetric capacitance, enhanced cycling stability and high
charge/discharge rates in acid solution. The superior perform-
ance was attributed to a higher degree of reduction of the GO
and lower modification of Pani compared to chemical
reduction methods.

Similarly, aqueous dispersions of Pani (Rubner’s method)
and negative GO were employed to grow an LbL film by dip-
coating on flexible PET plates."”” Then, the films were reduced
by exposure to HI vapors. The capacitive properties of the film
were evaluated in 1 M H,SO,. The properties of the assembly
resulted in much improvement when it was prepared on an
LbL film of poly(p-phenylenevinylene)/rGO (PPV/rGO) as the
current collector, which also contributed to the increased
capacitance providing lesser electrical resistance. The mechan-
ical and potential cycling stability of the double LbL film were
excellent due to the presence of the PPV/rGO layers and the
hybrid system resulted in being a promising material for the
development of flexible microsupercapacitors.

The same procedure was employed for the assembly on
FTO.'”® The assembly was electroactive in 0.5 M H,SO,, with
the typical redox peaks of Pani. The modified electrodes were
also evaluated as electrocatalyzers of the I;7/I" redox couple
and also as counter electrodes of the dye-sensitized solar cell
(DSSC)'”° with 1;7/1” as an electrolyte. The electrocatalytic pro-
perties were better for higher number of bilayers in the LbL
and it would be due to a higher real interfacial area and low
charge transfer resistance. The same effect was observed for
the photon-to-electron conversion efficiency in the DSSC.

In a similar approach, dispersions of complexes of Pani and
SWNTs were LbL assembled with negative GO on FTO
(Fig. 7)."* The modified electrodes were tested for the electro-
reduction of I;7/I" in acetonitrile. Both, voltammetric and EIS
results indicate an increase in the performance as the number
of bilayers increases, due to the incremental number of bond-
ings between Pani and SWNTs, which would allow rapid elec-
tron transfer as well as the high active specific area of the
assemblies. Finally, the films were employed as counter electro-
des in the DSSC and the conversion efficiency resulted in being
dependent on the number of bilayers and the SWNT dosage.

More recently, Pani-grafted CNTs were assembled LbL with
Pt NPs to be employed in the DSSC by dip-coating on FTO elec-
trodes.'®! The grafting was obtained after chemical oxidation
of the aniline bound to GO by reflux complexation. The films
were tested as cathodes in the DSSC for the electro-reduction

This journal is © The Royal Society of Chemistry 2016
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Fig. 7 LbL assembly of Pani-capped SWNTs and GO sheets for the dye-
sensitized solar cell. Reprinted from ref. 180, Copyright (2014) with per-
mission from Elsevier.

of I3~ in aqueous solution. The increasing number of bilayers not
only produced higher electroactive areas but also diminished the
charge resistance producing higher electron transfer rates.

In a totally different approach, PSS-rGO sheets and chemi-
cally polymerized Pani were assembled on polystyrene micro-
spheres.'®® Then the polystyrene was dissolved to obtain
hollow microspheres and drop-cast on a glassy carbon elec-
trode (Fig. 8). The films were tested for being employed in
supercapacitors. The voltammetric response in 1 M H,SO, cor-
responds to a surface confined couple with the typical peak of
Pani, with an optimum response for the film of 6 bilayers. The
structure of the cast film presents a high specific area which
highly increases the number of electroactive sites. The charge/
discharge curves show a non-triangular shape, which indicates
a combination of double-layer (DL) capacitance and pseudo-
capacitance and the specific capacitance is superior to that of
the LbL film grown on a plane substrate.

In another work, Pani nanofibers and GO were assembled
by dip-coating from aqueous dispersions.'®® The results of
QCM indicate that the films are mainly composed of Pani,
whereas SEM results show that there is no clear stratification
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Fig. 8 Construction of hollow spheres by LbL assembly of PSS-RGO

and Pani. Reprinted from ref. 182, Copyright (2015) with permission
from Elsevier.
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and a porous structure (confirmed by void fraction calcu-
lation), and patchy deposition is suggested. The modified elec-
trodes were then electrochemically reduced at 1.5 V vs. Li/Li"
in 0.5 M LiClO, in propylene carbonate. This assembly is
much more stable to oxidation than similar ones probably due
to the interaction between Pani and the oxygen-containing
groups of the rGO. Current limitations due to hindered ion
movements were observed for the thicker films. Galvanostatic
charge/discharge curves in this organic electrolyte reveal a
high specific capacity that would be due to a faradaic contri-
bution of Pani and oxygen-containing groups of rGO and a
double layer-type which is enhanced by the highly specific area
of the conductive material/solution interface. The electrodes
also present excellent cycling stability compared to Pani films
under the same conditions.

In a different approach, the LbL assembly of Pani nanofi-
bers and GO on ITO was achieved by spray-assisted LbL from
aqueous solutions.”® The films were electrochemically
reduced in an organic solution (0.5 M LiClO, in propylene car-
bonate) and tested in Li-ion cells. The film showed two redox
peaks at about 3 and 3.4 V vs. Li/Li" corresponding to the tran-
sitions in Pani. The voltammograms show ion transport limit-
ations only for very thick films (more than 100 bl) owing to the
very porous structure. These modified electrodes presented a
superior capacitive performance as compared to dip-coated
produced LbL assemblies, which was attributed mainly to the
higher void fraction. Additionally, the method of spray-assisted
LbL is more adequate for large-scale production than the tra-
ditional dip-coating method.

Additionally, an LbL vacuum filtration method was
employed to assemble Pani-functionalized rGO and electro-
chemically exfoliated Gr (EGr) on PTFE membranes and then
dry-transferred to other substrates (Fig. 9)."®® The result is an
alternation of thin layers (10-20 nm) of EGr and thick layers
(2 pm) of Pani-rGO, yielding a mesoporous structure accessible
to ions in solution. The electrodes presented a high areal and
volumetric capacitance, with a capacitive performance superior
to electrodes without layered stratification. The EGr layers serve
as both DL and pseudocapacitive capacitors, and would provide
an elastic spatial confinement for the Pani layers allowing the
mechanical changes coupled to the redox transformations but
maintaining the whole system integrity. The electrodes were
tested as all-solid-state microsupercapacitors with an in-plane
interdigital design with PVA/H,SO, as the electrolyte, which
showed a good capacitive performance even on flexible PET sub-
strates. Arrays of these MSCs were employed as real power
sources of LEDs enhancing their practical utility.

3. Structural and functional
characterization of the assemblies
3.1. UV-visible characterization

3.1.1. Electronic transitions in Pani. Pani based materials
show intense electrochromism due to the changes of the elec-
tronic structure on the oxidation degree (applied potential).

Nanoscale, 2016, 8, 9890-9918 | 9901
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Fig. 9 Construction of the micro-supercapacitors (MSCs) of stacked Pani, graphene and SEM images of the assemblies. Reproduced with per-
mission from ref. 185 Copyright 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

Several studies describing electronic transitions in Pani have
been published in the last 30 years. Here, we just offer a short
review of the most important features of Pani film bands in
the UV-visible range.

In the case of the reduced form of Pani (LB), the electronic
transitions are only observed below 350 nm. The bands below
300 nm and approximately 325 nm are assigned to n-n* tran-
sitions of the benzenic rings distorted by the presence of
amino groups.*®'®7'% These transitions are associated with
the band-gap of the material in the reduced state.'**'°" By pro-
tonation, the auxochromic effect of the amino group
diminishes, shifting the transition to shorter wavelengths as a
consequence of the increase of the band-gap.*"'!

The basic form of emeraldine (EB) also presents a band at
320 nm, but another band appears at about 600 nm corres-
ponding to the exciton state of quinoid rings. The excitonic
transition comes from an interchain absorption that leads to a
separate charge state (molecular exciton) with a positive charge
on a benzenic unit and a negative charge on a quinoid
one.*®19%191 Ag this transition arises from the HOMO of benze-
nic to the LUMO of the quinoid ring, it is sometimes indicated
as (ng-mq)."*? After protonation, the band of ES shifts from 600
to 800 nm due to the transition from quinoid units to the
semi-quinoid ones (polarons) extended all over the chain.'!
This band has been named as (nz-7z) indicating the excitation
from the valence to the polaron band formed within the
gap.’”! The valence band loses electrons from the benzenic
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rings and shifts upper in the gap forming the polaronic band.
This phenomenon is consistent with the conformational dis-
tortion that induces a new transition at about 400-450 nm
from the low valence levels to the polaron band.'*

Finally, the completely oxidized form of Pani (PB) shows a
band at about 350 nm associated with the band-gap (m-n*)
transition of the quinoid rings'®'®® and another band at
540 nm assigned to the excitonic transition. After protonation,
the first band shifts to 300 nm as another intense band
appears at 620 nm. Albuquerque et al. have deconvoluted this
band as two Gaussians, one associated with the molecular
exciton and the other with the Peierls gap. The first contri-
bution is that observed in EB and LB, while the other just
appears in PB.*$'%°

3.1.2. UV-visible transitions in carbon nanomaterials. In
the case of SWNTs, several absorption bands in the near-IR are
assigned to DOS transitions, but only one band appears in the
UV-visible region, assigned to n-plasmon transitions at about
275 nm."”” On the other hand, graphene presents an extended
n system that allows absorption over the entire UV-visible
range. Strictly, Gr is a zero-band-gap semiconductor and con-
duction is possible by thermally excited electrons.'®® However,
the decrease of symmetry generates an increase in the band-
gap, as happens in the case of oxidation or stacking of Gr
layers.”” In this sense, GO can be considered as a hybrid
material that presents conducting n-states from the sp> carbon
atoms and an energy gap owing to the sp® carbon atoms.>*

This journal is © The Royal Society of Chemistry 2016
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The oxidation degree determines the proportion of sp> and sp*
atoms and, hence, the band-gap energy. Associated with the
band-gap, there is the possibility of a band-gap transition
(n-m*) in the GO, which typically requires UV radiation.>*" The
increase of sp® carbons in rGO diminishes the band-gap
energy and shifts the n-n* transition to higher wavelengths. In
the case of GO, a shoulder at about 360 nm assigned to (n-7*)
transitions of the carbonyl groups has also been reported.**

3.1.3. Electronic transitions in the LbL assemblies. UV-
visible spectroscopy is a simple, rapid and inexpensive method
that allows monitoring the growing of LbL assemblies when
some of the components feature electronic transitions in this
spectral range (Fig. 10). Pani-based polymers are colored owing
to several electronic transitions in benzenic, polaronic and
bipolaronic structures. Consequently, the absorbance of these
bands has been extensively employed to monitor the growing
of LbL films. Even in the initial studies on LbL assembly of
Pani, a quantitative evaluation of the amount of polymer by
employing the absorption coefficient of the excitonic band for
the dedoped Pani was presented.®’ From then on several
bands have been reported to linearly increase with the number
of deposition cycles, as summarized in Table 1 for the LbL
assemblies with the carbon nanomaterials reported here.

On the other hand, the appearance of a band at about
270-290 nm has been reported to be caused by the incorpor-
ation of MWNTS to Pani in different composites.>>** Also,
a new band at about 520 nm has been assigned to the inter-

M0 400 B8 B0 T GO0
Wimveleng (m)

Fig. 10
167, Copyright (2011) with permission from Elsevier.
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Table 1 UV-visible bands and assignments for the LbL films of Pani and
carbon nanomaterials in this article. Bold numbers indicate the wave-
length at which a linear dependence of the absorbance on the depo-
sition cycles was reported

Pani Carbon nanomaterials

325 nm (r-7*), 650 nm
(excitonic np-ng of EB)

320 nm (r-7*), 630 nm
(excitonic ng-ng of EB)

319 nm (n-n*), 458 nm (polaron)
310 nm (n—n*), 880 nm (ng-nk of ES)
339 nm (n-n*), 445 nm (polaron)
560 nm (excitonic nz-ng of EB)
(s-Pani)

440-447 nm (polaron), 900 nm
(np-ng of ES)

339 nm (n-7*), 665 nm
(excitonic ng-nq of EB)

259 nm (s-MWNTs)"*?

280 nm (rGO)'*”

280 nm I'GO)174’177'206
220 nm (PSS in PSS-rGO)'”°

(

(

220 nm (GO); 275 nm (rGO)"”*

(
( 172

270 nm (IL-rGO)

231 nm (GO)'7%'8°

231 nm (GO); 270 nm (rGO)'"*

action of imine groups with anionic groups in carboxylated
MWNTs.>*

As a consequence of the reduction of GO, the band at about
220-230 nm shifts to high wavelengths (270-280 nm) owing to
the increased conjugation extension (lower band-gap) and the
absorption in the whole visible range also increases.'®”'”*
Thus, the samples of GO get darker after reduction, which
indicates the restoration of the =z extended system
(Fig. 11)'171,174,177,205

I

(a) UV-visible spectra of GO/Pani LbL assemblies on quartz slides (c); thickness (b) and AFM images (d, e) of the films. Reprinted from ref.
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Fig. 11 UV-visible spectra of LbL films of Pani and chemically converted graphene (CCG) and pictures of GO and CCG dispersions. Adapted from

ref. 171, Copyright (2014) with permission from Elsevier.

3.2. Thickness and electronic conductivity

Most studies report a linear increase of the amount of the de-
posited material with the number of deposition cycles. The
thickness, and more precisely the thickness per bilayer, is a
critical parameter of the LbL assemblies as it strongly affects
the degree of control of the material organization at the mole-
cular level, but also the steps and time required to obtain a
given film. Several techniques have been used to determine
the thickness in the LbL films of Pani as summarized in
Table 2. The values of previous studies by Rubner’s group with
polyelectrolytes were included for comparison.®"®* Although
there is some dispersion of the values (7 + 6 nm bl™"), the
application of the dip-coating method for carbon nano-
materials yields thicknesses similar to those obtained when
polymers are used as counterparts in the Pani-containing LbL

Table 2 Thickness of the different Pani-containing LbL assemblies in
this article

Assembly Thickness
LbL method (nm/bilayer) Technique
Pani/PSS®* Dip-coating 1.2-3.6 Profilometry
Pani/non-ionic Dip-coating 5-12 Profilometry
polymers®?
Pani/MWNTs'"* Dip-coating 6 Ellipsometry
Pani/MWNTs"** Dip-coating 1.8 SPR + simulation
Pani/MWNTs'* Dip-coating 13 Profilometry
Pani/PSS-MWNTs'"”  Dip-coating 9 AFM
Pani/rGO'®” Dip-coating 3 AFM
Pani/GO'"* Dip-coating 19 Ellipsometry
Pani/S-rGO"*’ Dip-coating 4.8 Profilometry
Pani/GO' 7> Dip-coating 2.4 Ellipsometry
Pani/PSS-GO'"° Dip-coating 14 Profilometry
Pani/rGO""” Dip-coating ~ 2.24 Ellipsometry
Pani/GO'®* Dip-coating  9.6-4.4 Profilometry
Pani/GO'®* Spray-assisted 46 Profilometry

LbL
Pani/MWNTs"*! Spray-assisted 169 SEM

LbL

9904 | Nanoscale, 2016, 8, 9890-9918

films. However, this not necessarily implies an ordered succes-
sion of uniform layers.

The sheet resistance characterizes the in-plane electronic
conductivity of thin films and it is equivalent to the bulk resis-
tivity divided by the film thickness. It is commonly expressed
in ohms per square (Q sq~") and it is directly measured by the
four-probes method.>®” Sheet resistances of some Pani-con-
taining LbL films are reported in Table 3. The measure of the
conductivity of the Pani/rGO films shows that a minimum
number of layers is needed to obtain the limiting value of the
sheet resistance.'®”"'”* This suggests that there is a percolation
of the carbon nanomaterials during the assembly. Moreover, it
is found that the conductivity of the assemblies is controlled
by the CNTs if its proportion in the composite exceeds a perco-
lation limit."** On the other hand, the roughness determined
by AFM increases with the number of deposition cycles''”**>
and the root-mean-squared roughness values indicate the
assembly of Pani grains'®” or fibers yielding highly entangled
porous films."*> However, the roughness has been reported to
decrease by thermal treatment of the Pani/CNT films"**>"”? or
reduction of the Pani/GO?°® films, which also enhances the
mechanical stability. In the case of Pani fibers, the thickness
per bilayer is lower than the fiber diameter which indicates
that the films are formed by patchy adsorption.'®* The same
fact had been found in the assembly of Pani with polyelectro-
lytes, for which a minimum number of deposition cycles was

Table 3 Sheet resistances of some Pani-containing LbL assemblies in
this article

LbL Sheet resistance

Pani/SWNT*3! 20 kQ sq™*

Pani/rGO"®’ 106 to 6 kQ sq~" (2 to 15 bl)
Pani/rGO'"* 2:10° to 5.3 kQ sq~" (1 to 15 bl)
Pani/rGO""” 2.2 kQ sq~" (53 bl)

This journal is © The Royal Society of Chemistry 2016
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required to obtain conductivity values similar to the bulk
ones.®" This reinforces the idea that several layers are needed
to produce a fully continuous film with a percolation of the
conducting components.

Although a certain degree of stratification of the Pani/CNT
films inferred from the conductivity anisotropy has been
reported,"** the general case is that non-uninform deposition
of discrete layers can be achieved by dip-coating."”® Contrarily,
in the spray-assisted assemblies a notable stratification can be
achieved, which is mainly owing to the higher amount of
material deposited in each layer,"®* (Fig. 12) yielding thicker
bilayers as shown in Table 2.

3.3. Raman spectroscopy

Raman spectroscopy is a powerful tool for the study of carbon
materials as it provides structural and electronic information
and it is also a rapid and non-destructive technique.**® Due to
their particular electronic structure, both CNTs and graphitic
compounds show no band-gap which generates a resonance con-
dition with all wavelengths of the incident radiation.?’®?% This
resonance notably increases the intensity of the Raman lines and
allows the study of small samples up to Gr monolayers.

Feature article

The main Raman peaks of graphitic materials are those
called G and D bands. The G band corresponds to the high fre-
quency E,, phonons.””® It is an in-plane vibration that com-
presses the graphene sheets. It appears at about 1590 cm ™
but its position depends on the number of layers**° and also
on the state of strain,”** doping®'® and temperature.?* On the
other hand, the D band is due to the breathing mode of the six
atom ring and it becomes Raman active just when certain
defects in the structure are present.”°® It appears at about
1350 cm ™, but as it is a dispersive band, its position depends
on the excitation energy.”’® The intensity of this band is
related to the number of defects or edges of the carbon
material and the ratio I(D)/I(G) can be employed as a measure
of the disorder.>*® Both G and D bands reported in this article
for the carbon nanomaterials employed for the LbL with Pani
are summarized in Table 4.

3.3.1. Raman of Pani and assemblies. Several studies
describe the Raman band assignments for different redox
states of Pani.”’*?'® The main features appear in the range
1000-1700 cm™*. The C-H in-plane bending modes appear at
about 1160 and 1190 cm™" for quinoid and benzenic units
respectively.”'® Particularly, the bands assigned to the CN
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Fig. 12 Thickness determined by profilometry of the spray-assisted LbL films of Pani nanofibers and GO of different numbers of bilayers (pictures)
(top). Raman spectra of single components and assembled films before and after the electrochemical reduction (pictures) (bottom). Adapted from

ref. 184 with permission from the Royal Society of Chemistry.
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Table 4 Band positions for carbon nanomaterial components of Pani/
nanomaterial LbL assemblies

Sample D band/em™ G band/em™" Amm
Go'7* 1343 1596 633
GO?°° 1343 1600 633
GO'# 1335 1590 514
GO 1330 1580 514
IL-TGO'"* 1355 1580 514
MWNTs'"® 1350 1585 514
MWNTs"*? 1326 1574 633
MWNTs"'3? 1355 1580 785
PSS-rGO'#? 1358 1582 514
PSS-1GO"'"° 1355 1580 514
rGo*’* 1336 1587 633
rGO>°° 1332 1583 633
GO 1301 1595 633
rGO'"* 1319 1587 514

stretching appear at different wavelengths depending on the
redox and doping state: 1220-1270 cm™" (amine in LB, LS);
1310-1400 cm ™" (radical cation, ES), 1470-1490 cm™" (quinone
diimine, EB).>!* The CC stretching modes also appear in this
region: the C-C stretching of the E form appears at about
1500 cm™" (EB) and 1620-1630 cm™' (ES);*'**'° the C=C
stretching of the Q units is at about 1570-1595 cm™*,*!%2'?
whereas the C-C stretching of Q units appears at about
1420 cm™" (EB).>"®

The Raman peaks reported in LbL assemblies are summarized
in Table 5 together with the assignment informed in each work.

In the case of Pani/carbon nanomaterial LbL assemblies,
the peaks of Pani are so intense that in most cases no peaks
owing to the carbon nanomaterials can be observed."*” Never-
theless, the analysis of the intensity ratio I(D)/I(G) can be
employed to evaluate the efficiency of the reduction treatment
of GO in the assemblies (Fig. 12)."7*>%°

On the other hand, in some cases, it is possible to infer
some structural information from the changes in Pani bands
in the presence of the nanomaterial. The position of the C-N"
stretching band has been reported to be sensitive to the inter-
action with anionic groups and also the relative intensity ratio

Nanoscale

of these bands to the C-H bending band increases with the
doping level.>*°

3.4. X-Ray characterization

3.4.1. Xray diffraction (XRD). X-ray diffraction allows
determining the presence of domains of crystallinity or
ordered structures in the samples. Sometimes it is also poss-
ible to identify crystalline phases or to determine the charac-
teristic distance of a given array. In the case of Pani/carbon
nanomaterial LbL assemblies, this technique can provide
further information about the structure of both components.
Most studies are performed with a Cu-Ka radiation source, so
the results can be compared in both the diffraction angle (26)
and characteristic distance (d).

Dedoped Pani only shows a broad diffraction peak at about
19 degrees, but acid doped Pani presents a series of peaks at
about 9, 15, 22 and 26 degrees indicating a certain degree of
crystalline domains.**"***> The characteristic peak of the Bragg
diffraction at 26 = 26.1 degrees corresponding to the interlayer
spacing of the cylindrical graphite nanotubes (d = 0.34 nm) is
also present in the XRD pattern of the Pani/SMWNT LbL
assembly, together with weak broad peaks attributable to
doped Pani at about 26 and 22 degrees (d = 0.34 and
0.4 nm).""® In another case, the composites of Pani and
MWNTs show Bragg peaks at 26 = 15, 22 and 26 degrees attrib-
uted to Pani but also two peaks around 26 and 43 degrees
corresponding to the interlayer spacing of the nanotube (dy,)
and the d,, reflection of the carbon atoms, respectively.>>?

During the exfoliation of graphite to produce GO, there is a
transition between two clear diffraction peaks. The typical
diffraction peak of pristine graphite is observed at about 20 =
26° (d = 0.34 nm) whereas a diffraction peak at about 26 =
10-12.1° (d = 0.73-0.86 nm) appears after oxidation due to the
introduction of oxygen-containing functional groups on the
graphite sheets.>*"?*
diffraction peaks are observed owing to the absence of
staking.>®* It has also been reported that the sheet spacing
slightly increases with the oxidation degree of the GO between
0.8 and 0.95 nm.>® After reduction of the GO, the XRD pattern

When the exfoliation is completed, no

Table 5 Band positions (cm™) for the Pani components of Pani/nanomaterial LbL assemblies. Q = quinoid unit; B = benzoid unit; EB = emeraldine

base; ES = emeraldine salt

CH in-plane Radical C-N" C=NH" (ES), C=C quinoid

Pani/assembly A/nm bending stretching C=N (EB), stretching stretching
Pani(MWNTs) (ES)'** 633 1171 1330 1504 1593
Pani(MWNTs) (ES)**° 514 1176 1332 1489 1580
Pani-MWNTs'* 785 1166 1338 1484 1580

Acid doped Pani (ES)"®® 633 1182 1320-1377 1512 1599
Reduced (PANI/GO)'"* 633 1156 — 1509 —
e-rGO/Pani (EB)*° 633 1156 — 1455 1405(C-C)
Pani (EB)'”° 514 1166 — 1486 1580
s-Pani (EB)'”? 514 1166 — 1486 1580

Pani (ES)""" 514 1169 — 1475 1596
Pani/PSS-rGO (EB)'® 514 1166 — 1486 1580

Pani nanofibers'® 514 1158 1330-1440 1480 1580

Pani nanofibers/(e-rGO)"** 514 1166 1386 1486 1580

9906 | Nanoscale, 2016, 8, 9890-9918
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changes again and a broad peak at about 23-25 degrees
appears indicating that the interlayer distance is slightly
higher than in graphite.***

After reduction by glucose, the peak at about 26 = 12 has
been reported to disappear and a new peak appears at 20 =
24.6 degrees.'”” The interlayer spacing, slightly higher than
that of graphite, indicates some remaining oxidation and the
broadness of the peak suggests the presence of a few loosely
stacked layers. The XRD patterns of pristine Pani and the elec-
trochemically produced LbL Pani/rGO composite present
almost the same peaks, with a little higher intensity in the last
case, indicating that the presence of rGO induces higher
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Fig. 13 XRD patterns of GO, graphene nanosheets (GNS), Pani and the
composite. Reprinted from ref. 175, Copyright (2013) with permission
from Elsevier.
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crystallinity in the conducting polymer. The peaks of rGO are
overlapped by those of Pani (Fig. 13).'”°

A similar change was observed for the reduction of GO by
an ionic liquid that transforms the sharp peak at 26 = 9.2
degrees into a broad peak at 26 = 24.5 for the IL-rGO."”” Fur-
thermore, in another study, the peak of GO at 20 = 11.5
degrees turns into a broad peak at 20 = 23.6 degrees after
reduction with hydrazine."”" This peak and those of Pani are
overlapped in the XRD pattern of the LbL assembly.

3.4.2. X-ray photoelectron spectroscopy (XPS). X-ray photo-
electron spectroscopy allows the determination of surface
atomic composition and chemical state of each element (spe-
ciation), which is extremely important information for the
characterization of film-modified surfaces. The N 1s core level
peak is caused mainly by Pani whereas the C 1s signal is
usually employed for the characterization of the carbon
nanomaterials.

The N 1s core spectrum level of Pani can be deconvoluted
into 4 components.>”®> The component of lower BE, at about
398.5 eV, has been attributed to the neutral N of the imine
moiety (—=N-).>°>2° The component at about 1 eV higher BE
has been assigned to the neutral backbone or terminal amine
(-NH-/-NH,).>*”?*° Charged nitrogen species are expected to
appear at higher BE than the neutral ones, so the components
at about 400.6 and 402.1 eV have been usually referred as posi-
tive nitrogen species and sometimes are fitted as a single com-
ponent at about 401 eV (N*).>*”7?*° The component at about
400.6 eV has been assigned to oxidized secondary amines
(delocalized polaron-type structure, sometimes called radical
cations) whereas the other peak at about 402 eV would be due
to protonated imine (localized bipolaron-type structure).”*”**
The assignments of the components at the N 1s core level of
the XPS peaks of Pani-containing LbL assemblies are summar-
ized in Table 6. In the presence of oxidized SWNTs, the relative
contribution of protonated to neutral imines increases, which
suggest stabilizing interactions of protonated groups of Pani
with the carboxylates of the CNTs."'* A higher doping degree
was also confirmed by XPS in the case of Pani/rGO owing to
the presence of graphene nanosheets.'””> Even the electro-
chemical reduction of Pani/GO in acidic media was also reported
to produce an increase in the doping level as suggested by the
higher proportion of quinoid and positive nitrogen species.>*®

The C 1s core level of CNTs can be deconvoluted in several
components (Table 7). The main component in pristine CNTs

Table 6 Assignment and BE of the N 1s components of Pani in LbL assemblies and films

-NH-/-NH, -NH"-polaron =NH"-protonated

LbL assembly =N-neutral imine neutral amines structure imine Internal reference

Pani film**® 398.5 eV 399.6 eV 400.6 eV 402.1 eV C 1s (CC/CH) at 285 eV
Pani/SWNT-COO™ '** 398.9 eV 399.8 eV 400.6 eV 402.0 eV C 1s (sp°) at 284.7 eV
Pani/MWNT"'?* 398.2 eV 399.9 eV 401.1 eV (N+) C 1s (sp®) at 284.5 eV
Pani/GO'”? 398.2 eV 399.4 eV 401.1 eV (N+) C 1s (sp°) at 284.4 eV
Pani/rGO'7 398.2 eV 399.4 eV 401 eV (N+) C 1s (sp°) at 284.5 eV
Pani/GO>* 397.5 eV 298.9 eV 401 eV (N+) C 1s (sp®) at 284.5 eV

This journal is © The Royal Society of Chemistry 2016
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Table 7 Assignment and position (BE in eV) of the C 1s components in carbon nanomaterials and some assemblies with Pani in this article

Sample Graphitic C sp® (¥) CH/sp® C CN C-OH, -C-O- -C=0 COOH
COOH-SWNT'*® 284.5 285.1 286.2 287.5 288.9
Pani/GO'”? 284.4 285.1 285.8 286.6 288.0 289.9
Taurine-rGO"*’ 284.5 286.5 286.0, 286.7 287.7 289.5
Pani/GO?*°° 283.5 286.0 287.8 289.5
Pani/e-rGO*%? 284.5 285.1 285.8, 286.7 287.3 288.6

(*) used as internal reference.

is assigned to the sp® C of the graphitic structure that is
similar to the asymmetric peak of graphite (284.66 eV).>*">3>
This peak is usually employed as an internal reference for the
entire XPS signal of graphitic-like materials and stated to be at
about 284.5 eV.>*** There is another peak with higher BE
assigned to diamond-like sp® carbon atoms, which is related
to the presence of defects in the tubular structure of the
CNTs**? and increases upon oxidation.?*' Then, there are
several components caused by the presence of oxygen in
different functional groups. The BE of these peaks increases
with the oxidation degree of the C atoms: carbons of ether,

epoxy and hydroxyl moieties (-C-O-) appear at about 286.5 €V,
whereas carbonylic (-C=0) and carboxylic (COOH) carbons
appear at about 288 and 289 eV respectively.”*'>** Finally,
there is another peak at higher BE (290.5-291.5 eV) assigned
to a m-n* transition loss peak (shake-up structure).***?** In the
case of GO, the assignments of the C 1s components are
similar. The sp> C component was reported to be at
284.4-285.1 eV and the oxygen-containing functionalities with
chemical shifts of 1.3-2.3 for (-C-0-), 2.7-3.6 for (-C=0) and
3.8-4.7 for (COOH).>*"*34235 After reduction with hydrazine,
also a component assigned to (-CN-) close to that of (-C-O-)

292 200 288 286 284

I8 404 402 400 398 396

Binding Energy (eV)

Fig. 14 XPS spectra of (a) C 1s and (b) N 1s core levels of an LbL Pani/GO film (10 bl) as prepared and after heat treatment (H) and heat and chemical
treatment (HC). Reproduced from ref. 173 with permission from the Royal Society of Chemistry.
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has been reported.>** Additional components owing to C
bound to N are also expected in the presence of Pani. Chemi-
cal shifts of 0.6-0.9 and 1.4-1.9 eV relative to the internal refer-
ence (CH/CC) have been reported for uncharged (-CN-) and
charged (CN+/C=N+) nitrogen-containing functionalities of
Pani respectively.”*”**°

The C 1s core region has been extensively employed to
study the reduction of GO previous to the assembly or within
the LbL films. In this sense, an increase of the sp> C 1s signal
and a decrease of the oxygen-containing components have
been reported by reduction with taurine. The presence of a
new component of CN and peaks for N 1s and S 2p in the
survey indicates that taurine is effectively grafted.'®® Moreover,
most of the carbonylic components (-C=O0) of the C 1s signal
of GO disappeared after reduction with glucose.'”®> The same
has been observed after electrochemical reduction in acidic
aqueous solution, which produces a decrease of the oxygen-
containing components even higher than the treatment with
HIL>°® A similar decrease of the oxidized moieties has been
observed after electrochemical reduction of the Pani/GO
assemblies in organic electrolyte.'®® Furthermore, the pro-
portion of the graphitic sp> C 1s signal has been reported to
increase after chemical and thermal reduction of the Pani/GO
films with a concomitant decrease of the radical cationic nitro-
gen component (N+) in the N 1s core level (Fig. 14)."”*

3.5. Electrochemical characterization

3.5.1. Cyclic voltammetry. Cyclic voltammetry is a very
popular electrochemical technique that has been extensively
employed for the study of electroactive films.**® It provides
information about the amount of electroactive material, redox
potentials and the electronic and ionic charge transport.>® For
thin films and fast electronic and ionic charge transport, the
voltammetric response is reversible (quasi-equilibrium).**”
Under these conditions, the peak current is proportional to
the sweep potential rate and the voltammetric integrated
charge is proportional to the amount of connected electro-
active material.>® On the contrary, if the charge transport within
the film or the charge transport at the interfaces is slow, the
voltammetric response becomes diffusional or quasi-revers-
ible. In the particular case of diffusion limited charge trans-
port, the peak current linearly increases with the square root
of the sweep rate and the effective (electronic, ionic or mixed)
diffusion coefficient can be obtained.>>**® On the other hand,
in the case of quasi-reversible processes, the voltammetric
peaks shifts with the sweep rate and this information allows
determining the charge transfer rate constants by applying
some model for the theoretical description of the voltammetric
response of surface-confined electroactive species.?*¥>*?
However, in the specific case of Pani-like conducting polymers,
there are additional features that made the redox switching
more complex, such as intrinsic capacitive contributions,***
ageing effects,®** coupled proton binding equilibrium,>*>**¢
effects of mechanical stress,>”>*® potential dependent swel-
ling,>*® hysteresis phenomena,* etc. In this sense, a quantitat-
ive analysis of the voltammetric response of Pani-containing

This journal is © The Royal Society of Chemistry 2016
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films is difficult mainly due to the lack of a model that
accounts for all these features. Nevertheless, the voltammetric
response provides valuable information of the redox behavior
of Pani-containing films and cyclic voltammetry has become a
more direct technique for characterizing the electrochemical
performance of Pani-containing LbL-modified electrodes.

A usual problem with Pani-modified electrodes is that Pani
is a good electronic conductor and has a stable quasi-reversible
electrochemical response in acidic solution but it becomes a
poor conductor and is unstable to redox switching. This is a
clear disadvantage for its application in bioelectrochemical
devices, which operate at near neutral pH. Several strategies
have been employed to improve the electronic conductivity and
the redox stability of the Pani-based modified-electrodes, such
as the incorporation of metal nanoparticles,****** doping with
complex anionic molecules®*"**? or polyanions.>**>>*

As the pH increases, the redox potential of the first redox
transition of Pani shifts to higher potentials®**** whereas the
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Fig. 15 CV of LbL assembled films of Pani and PSS-capped graphene of
different numbers of bilayers in neutral solutions (a) and effect of pH on
the voltammetric response (b). Reproduced from ref. 170 with per-
mission from the Royal Society of Chemistry.
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second transition shifts to lower potentials. The result is the
overlapping of both voltammetric peaks at about neutral
pH.?>*® The decrease of the electroactivity of Pani at neutral pH
is attributedto this overlapping and the low stability to redox
switching of the pernigraniline form and its low rate of
reduction in these media.

In the particular case of the incorporation of carbon nano-
materials, a clear advantage is the increase of the electronic con-
ductivity which is mainly attributed to the carbonous material
and it is not pH dependent. However, when modified materials
are employed, the presence of anionic groups can also produce
a doping effect by interaction with the charged nitrogen groups
of Pani improving both the conductivity of the polymer and the
redox response of the whole composite. This is the case of oxi-
dized"*'*” or polymer-capped'**'*® carbon nanotubes as well
as oxidized'”" or polymer-capped'’® graphene. The doping
effect stabilizes the cyclic voltammetric response at neutral pH,
where a single pair of broad peaks indicates the overlapping of
the canonical redox transitions of Pani (Fig. 15).">*12®168170,171

The enhanced electroactivity in neutral solution has
allowed the development of modified electrodes able to electro-
chemically interact with bio-relevant species such as NADH,"**
ascorbic acid'”* and H,0, '*>'2%'7%172 ynder conditions compa-
tible with biological systems. These materials can also efficiently
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interact with redox enzymes such as choline oxidase'*® and
glucose oxidase'* providing electronic connections with the
electrode without the necessity of redox mediators.

Another common issue in the construction of electroactive
films by the LbL method is that sometimes the electrochemi-
cal connection between the successive layers and the electrode
is not effective and there is a failure of the charge transfer
mechanism, which is revealed by a decrease of the voltam-
metric integrated charge per bilayer as the number of bilayers
increases. A usual observed behavior of the voltammetric
charge is a linear increment for the first bilayers and then an
asymptotic approach to a constant value as the number of
bilayers increases. To avoid this problem it is desirable that
the counter-part be able to electronically interact with the elec-
trochemically active component providing a good path for the
electrons by either electronic conduction or redox mediation
without blocking the ionic movements that are needed for
charge compensation. Carbon nanomaterials are ideal for this
purpose as they have exceptional electronic conductivities and
tend to form highly porous structures.'®> For example, in the
case of Pani/poly(aminobenzenesulfonic acid)-capped SWNTs,
the films show a linear increase of the voltammetric charge on
the number of bilayers and the dependence on the sweep rates
indicates that there is no diffusional control at least for six
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Fig. 16 Effect of sweep rate on the voltammetric response of Pani (a, b) and an LbL of Pani and GO film in acidic solution. Reproduced from ref.

169 with permission from the Royal Society of Chemistry.
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bilayers."* A similar behavior was observed for 6-bilayers'”®
(Fig. 15) and 10-bilayers'”* Pani/rGO films and 8-bilayers Pani/
IL-RGO."”? On the other hand, the voltammetric peak current
departs from the linear relation at high sweep rates for 15-
bilayer Pani/GO LbL films in neutral solution, which indicates
some ionic diffusion limitations (Fig. 16)."%”

The incorporation of carbon nanomaterials also improves
the electrochemical response in acidic solution. Compared to a
Pani film with the same thickness, a Pani/rGO LbL film showed
a more reversible voltammetric response.'® The peak current
increased linearly with the sweep rate for the composite, but it
departs from linearity in the case of Pani, showing an ionic
transport limitation which in not operative in the first case.

In a recent work, the different dependences of the peak
current on the sweep rate for diffusion and non-diffusion-con-
trolled processes have been employed in an approximate
method to estimate the proportion of each process in Pani/
rGO LbL films in LiClO, in propylene carbonate. The idea is
that diffusion-controlled charge/discharge happens at the
outer surface, which is easily accessible. The high proportion
of this contribution is attributed to the open porous structure
with a high area exposed to the electrolyte (Fig. 17).'%?

3.5.2. Electrochemical capacitors. The electrochemical
capacitors (EC), also called supercapacitors or ultracapacitors,
are electrochemical devices able to store charge (and energy)
by a subnanometric charge separation between the electrolyte
and the electrode material.>>® There are two main mechanisms
of charge storage. In the electrochemical double-layer capaci-
tors (EDLC) the charge separation is performed within the
Helmbholtz double-layer set up at the interface of a conducting
material immersed in an electrolyte solution. As the energy
stored is inversely proportional to the thickness of this double-
layer, EDLC have extremely high energy densities. On the other
hand, the charge storage can also be achieved by redox reac-
tions, ion intercalation or ionic sorption promoted by polariz-
ation of the electrode (a Faradaic process). This phenomenon
typically takes place in conducting polymers and metal oxides
and it is globally called pseudocapacitance.

The EC performance depends not only on the electrode
material and electrolyte but also on the nanoarchitecture of
these materials, especially if composites or hybrid materials
are employed.>®”*® Fast mechanisms of charge separation
and high values of the specific capacitances are desired. This
can only be achieved by a precise control of the electrode
modification method to obtain relatively high specific areas
but maintaining good electronic connectivity within the
material.

The excellent mechanical and conduction properties and
prominent specific area of carbon nanomaterials made them
excellent candidates for the construction of ECs.>*>*¢° The
main charge storage mechanism in carbon based devices is
the double-layer capacitance but the specific capacitance can
be strongly increased by incorporating other electroactive
materials. Conducting polymers can store charge not only by a
DL mechanism but also by their rapid reversible electrochemi-
cal transformations.?®! In this sense, Pani has been extensively

This journal is © The Royal Society of Chemistry 2016
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Fig. 17 CV of LbL films of Pani and electrochemically reduced GO of
different thicknesses (a, b) and the effect of the sweep rate on the vol-
tammetric response for thin (c, d) and thick (e, f) films. Reproduced
from ref. 183 with permission from the Royal Society of Chemistry.

employed as the material for EC owing to low cost, environ-
mental stability, facile synthesis and electrochemical reversi-
bility."”*'”> However, the swelling and shrinkage during the
doping/dedoping process and the poor electroactivity in
neutral or basic solutions limit its storage capability and
cycling performance.

The complementary properties of carbon nanomaterials,
mainly graphene, and Pani have recently promoted a great
deal of interest in producing composites to be applied in
charge storage devices.”®*”>** A synergistic effect is attained by
the high doping-dedoping rate and the capacity of intercala-
tion between carbon sheets of Pani, and the mechanical stabi-
lity and good electronic conductivity of graphene (Fig. 18).*?
Several simple synthetic methods have been proposed, but
most of them yield hybrid films without a precise control of
the architecture (Fig. 19). In contrast, the LbL approach allows
obtaining precise control of the film composition, avoiding
nanomaterial aggregation by staking and producing an inti-
mate contact between both the components (Fig. 19)."”?

The capacitive performance of film-modified electrodes is
mainly evaluated by two types of electrochemical tests. The vol-
tammetric capacitance is evaluated from the integrated electro-
chemical charge of the voltammogram in a wide potential
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Fig. 18 Galvanostatic charge/discharge curves (left), specific capacitance

as a function of the charging current (center) and cycling stability (right)

of Pani/GO assembilies in 1 M H,SO,. Adapted from ref. 173 with permission from the Royal Society of Chemistry.
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Table 8 Galvanostatic charge—discharge capacitances for the different Pa

ni/graphene LbL film-modified electrodes

Specific/volumetric/areal capacitance

LbL assembly Conditions

Pani/rGO'” —0.2 to 0.8 V (vs. Ag/AgCl) in 1 M H,SO,

Pani/rGO'7* 0to 1V (vs. Ag/AgCl) in 1 M Na,SO,

Pani/rGO'”? —0.2 to 1 (vs. Ag/AgCl) in 1 M H,SO,

Pani/rGO*%° —0.2 t0 0.8 V (vs. Ag/AgCl) in 1 M Na,SO,

Pani/GO"”’ —0.2 to 0.8 (vs. Ag/AgCl) in 1 M H,S0,

Pani/rGO hollow spheres'® 0 to 0.8 V (vs. SCE) in 1 M H,S0,

Pani/rGO'®? 1.5 to 4.2V (vs. Li/Li") 0.5 M LiClO, in propylene carbonate
Pani/rGO"®* 1.5 t0 4.2 V (vs. Li/Li") 0.5 M LiClO, in propylene carbonate

window, generally recorded at different sweep rates.'”> Another
test consists of charging and discharging a cell made by two
electrodes by employing a given rate (constant current)
between two selected potential limits (Fig. 18). These charge/
discharge galvanostatic curves allow the evaluation of the
capacitive performance in nearly operative conditions.'”?
Additionally, both voltammetric and galvanostatic capaci-
tances usually refer to the amount of electroactive material in
mass (specific capacitance) or volume (volumetric capaci-
tance). High areal capacitances are also important for some
applications."®® Although higher areal capacitances are
obtained for thicker films, they usually render low volumetric

9912 | Nanoscale, 2016, 8, 9890-9918

375-117 Fg ' (at 0.5t0 3 Ag ™)
584-170 F cm ™ (at 3 to 100 A cm™?)
5.16 F cm ™ (at 10 mA em™?)

1563 to 512 F cm ™ (at 3 to 100 A cm™?)
1102-733 F em ™ (at 2.5 to 20 A cm™?)
381 Fg ' (at4Ag™)

615-491 F g~ ' (at0.1to 10 A g ™)
152-45F g ' (at 0.03 to 20 Ag ™)

capacitances owing to the difficulty of electronic and ionic
conduction across the film."®*

The galvanostatic capacitances of Pani-containing LbL assem-
blies evaluated in different solutions are summarized in Table 8.

4. Conclusions and perspectives

The virtues of adopting the layer-by-layer technique as a
material processing method are increasingly recognized by the
scientific community as well as the technological world.
Today, the LbL technique is implicated in a wide range of

This journal is © The Royal Society of Chemistry 2016
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applied research fields ranging from biomedical science to
photovoltaics. This broadening of the LbL activity also reached
the frontiers of carbon nanomaterials and their use in the
development of energy storage and sensing applications. Since
the start of this decade (the 2010s), carbon nanomaterials
research, and especially nanographene research, has blos-
somed in many different directions, and has attracted a great
deal of attention to nanoscience and materials science com-
munities. The variety of examples reviewed here demonstrates
that the unique physical, chemical, mechanical, and electronic
properties of carbon nanomaterials can be merged with con-
ducting polymers to create nanocomposites exhibiting
enhanced electrical conductivities together with physical
strength and structural flexibility. However, such a unique
combination of characteristics demands the formation of
nanoscale uniform blends of nanographene or carbon nano-
tubes with Pani — a non-trivial task. Additionally, the realiz-
ation of hybrid interconnected conducting networks usually
requires controlled organization of anisotropic nanoscale
building blocks such as carbon nanotubes or nanographene
sheets, this being considered to be a critical factor for fabricat-
ing functional nanocomposites with high nanomaterial con-
tents. Here is where the layer-by-layer assembly comes into the
picture as a key enabling methodology facilitating the inte-
gration of polymeric and inorganic partenaires in a controlled
fashion on the electrode support, i.e.: nanometer or molecular
level control over the integration process.

Seen from an experimental perspective, however, the LbL
approach gains even more relevance if we consider that nano-
structured films architectured with molecular precision can be
readily obtained from the utilization of “wet” chemical and
colloid chemical methods. Versatility, flexibility, speed, relative
ease of preparation and transfer from the liquid to the solid
phase, convenience of scale-up, and economy are the advan-
tages of this chemical approach to produce advanced hybrid
interfacial architectures. This has been the key to translate
molecular-level systems into the macroscopic world and raise
expectations for practical applications. One of the major
achievements of this integrative supramolecular concept has
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been the success in taming structural complexity and function-
ality as the conducting polymer and the carbon nanomaterials
can interact together not only without disrupting their own
functions but also producing synergistic effects. As can be con-
cluded from the analysis of the diverse hybrid systems
reviewed here, carbon nanomaterials provide a structural
framework with excellent electronic connectivity which is
essential for the integration of active materials in stable and
efficient energy storage devices or the incorporation of trans-
ducing elements in a chemical sensor. However, their func-
tions are not merely relegated to structural scaffolds, as they
can also act as dopants of the conducting polymer improving
its electroactivity, which is important for the construction of
biosensors to be employed under physiological conditions.
The enhanced electroactivity is also desirable in supercapaci-
tors as it contributes to improve the pseudocapacitance associ-
ated with the faradaic process. On the other hand, Pani not
only acts as the redox electroactive component but also as a
versatile building block for the construction of 3D structures
integrating the 1D and 2D-carbon materials.

The examples presented here not only reflect some of the
most subtle and delightful facets of the molecular design of
supramolecular materials for technological purposes, but also
bring into focus many novel aspects of the synthesis, and struc-
tural and functional characterization of the obtained hybrid
materials. The variety of assemblies of Pani and carbon nano-
materials reviewed here shows that even within the layer-by-layer
paradigm, a broad spectrum of synthetic routes has been develo-
ped pursuing the improvement of some particular desired feature
(Scheme 3). In this sense, the LbL construction of conducting
polymer/carbon nanomaterial hybrid assemblies could be con-
sidered to some extent as an open-ended story in which successive
efforts will surely lead the subject one step further in the develop-
ment of more efficient and sensitive electrochemical devices. As
such, the purpose of this review has not been solely to provide a
broad overview of the LbL construction of Pani and carbon nano-
materials, but to show how integrative supramolecular concepts
and “nanoarchitectonics” can be applied to solve emerging tech-
nological problems related to energy storage and sensing.
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Scheme 3 Perspectives in Pani/carbon nanomaterials LbL assemblies for electrochemical devices.
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