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RESUMO 
 

Minadeo, M. A. O. S. Síntese e caracterização de materiais híbridos contendo 
nanopartículas de ouro ou platina e poli(3,4-etilenodioxitiofenos) para 
eletroquímica. 2018. 161 p. Tese (Doutorado) – Programa de Pós-Graduação em 
Química. Instituto de Química, Universidade de São Paulo, São Paulo. 
 
Entre os polímeros orgânicos condutores eletrônicos o PEDOT (poli(3,4-
etilenodioxitiofeno)) é largamente utilizado na fabricação de eletrodos em dispositivos 
miniaturizados, leves e portáteis. As propriedades químicas, mecânicas, eletroquímicas 
e ópticas dos polímeros condutores são essenciais para planejar a pesquisa futura com 
eles, e.g., em dispositivos eletrocrômicos transmissivos e reflexivos, sensores 
cronoamperométricos, sensores voltamétricos e sistemas de liberação controlada de 
drogas. Degradabilidade também é um fator importante ao considerar o impacto 
ambiental dos materiais. Nanopartículas (NPs) de Au ou Pt (1–100 nm de tamanho), 
quando revestidas por um estabilizante, são estáveis, possuem superfícies reativas e 
funcionalizáveis e catalisam muitas reações de transferência de elétrons. As 
combinações de nanopartículas de metais nobres com PEDOTs (PEDOT e seus 
derivados) vêm sendo bastante estudadas nos últimos anos de forma a obter 
características singulares dos materiais. Os objetivos deste trabalho são estudar a 
síntese de novos híbridos inorgânicos/orgânicos e o seu comportamento eletroquímico. 
Foram sintetizados, por reação de oxidorredução em uma etapa em meio aquoso, 
híbridos de nanopartículas core-shell de Au@PEDOT. Por esta mesma estratégia, 
nanopartículas de Pt dispersas em matrizes de PEDOT foram sintetizadas. As 
nanopartículas de Au@PEDOT tiveram o seu comportamento eletrocrômico estudado. 
Com o macromonômero biodegradável EDOT-poli(ácido lático) (EDOT-PLA) foram 
preparados híbridos de NPsAu/(oligômeros de EDOT-PLA) e também de NPsAu com o 
novo polímero PEDOT-PLA. Os materiais produzidos foram analisados. As 
nanopartículas são muito pequenas, com um máximo de distribuição em menos de 10 
nm. Observa-se que o PEDOT-PLA é um condutor, de estrutura eletrônica semelhante 
ao PEDOT e insolúvel em água. Ele também é mais estável em filme do que o PEDOT. 
NPsAu/PEDOT-PLA demonstra ter atividade eletrocatalítica de redução do peróxido de 
hidrogênio. Eletrodos de alto desempenho para a redução de peróxido de hidrogênio 
foram, portanto, obtidos (sensibilidade 8,4x10−3 A cm−2 mol−1 L; faixa linear (5,1x10−4 – 
4,5x10−2) mol L−1; limite de detecção 1,7x10−4 mol L−1). Foram feitas também sínteses 
de hidrogeis acrílicos e a inserção de nanopartículas/PEDOT neles, modificando as 
suas propriedades. 
 
Palavras-chave: nanopartículas de ouro, polímeros condutores, poli(3,4-
etilenodioxitiofeno), eletrocromismo, detecção eletroquímica. 
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ABSTRACT 
 

Minadeo, M. A. O. S. Synthesis and characterization of hybrid materials containing 
gold or platinum nanoparticles and poly(3,4-ethylenedioxythiophenes) for 
electrochemistry. 2018. 161 p. PhD Thesis – Graduate Program in Chemistry. Instituto 
de Química, Universidade de São Paulo, São Paulo. 
 
Among the organic electronic conducting organic polymers PEDOT (poly(3,4-
ethylenedioxythiophene)) is largely used in the making of electrodes for miniaturized, 
light and portable devices. The chemical, mechanical, electrochemical and optical 
properties of the conducting polymers are essential to plan the future research with 
them, as in, e.g., electrochromic devices (transmissive and reflective), 
chronoamperometric sensors, voltammetric sensors and controlled drug release 
systems. Degradability is also an important factor considering the environmental impact 
of the materials. Nanoparticles (NPs) of Au or Pt (1–100 nm size), when surrounded by 
a stabilizer, are stable, have reactive and functionalizable surfaces and catalyze many 
electron transfer reactions. Combinations of noble metal nanoparticles with PEDOTs 
(PEDOT and its derivatives) have been studied in the last years to obtain singular 
characteristics of the materials. The goals of this work are to study the synthesis of new 
inorganic/organic hybrids and their electrochemical behavior. Through 1-step 
oxidoreduction reaction in aqueous media, hybrids of core-shell Au@PEDOT 
nanoparticles were synthesized. Through this same strategy, nanoparticles of Pt 
dispersed in a matrix of PEDOT were synthesized. The Au@PEDOT nanoparticles had 
their electrochromic behavior studied. With the biodegradable macromonomer EDOT-
poly(lactic acid) (EDOT-PLA) were prepared hybrids of NPsAu/(oligomers of EDOT-
PLA) and also of NPsAu with the new polymer PEDOT-PLA. The produced materials 
were analyzed. The nanoparticles are very small, with a maximum of distribution in less 
than 10 nm. It’s observed that PEDOT-PLA is conducting, electronically similar to 
PEDOT and insoluble in water. It is also more stable as a film than PEDOT. 
NPsAu/PEDOT-PLA demonstrates to have electrocatalytic towards the reduction of 
hydrogen peroxide. Electrodes of high performance towards the reduction of hydrogen 
peroxide were thus obtained (sensitivity 8.4x10−3 A cm−2 mol−1 L; linear range (5.1x10−4 
– 4.5x10−2) mol L−1; limit of detection 1.7x10−4 mol L−1). Syntheses of acrylic hydrogels 
and the insertion of nanoparticles/PEDOT in them were also performed, modifying their 
properties. 
 
Keywords: gold nanoparticles, conducting polymers, poly(3,4-ethylenedioxythiophene), 
electrochromism, electrochemical detection. 
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1. INTRODUCTION 

 

Throughout this Thesis the electrochemical convention adopted is the 

international convention: positive potentials are potentials that favor oxidation, and 

negative potentials are potentials that favor reduction. 

 

1.1. Nanomaterials 

 

There are several different definitions in literature about nanomaterials, 

nanoparticles, nanoscience and nanotechnology, from different approaches. There are 

definitions of nanomaterials as materials with at least 1 dimension 0–100 nm, or 

materials with at least 1 dimension 0–10 nm. Herein is adopted the one that is suitable 

for this work: nanomaterials are solid materials with 1 or more external dimensions 1–

100 nm (which is called critical size). Among them there are 0-dimension nanomaterials 

(e.g., nanoparticles (NPs), nanospheres, nanowiskers, nanocubes, nanotetrahedrons, 

nanooctahedrons, nanopolyhedrons, and nanostars), 1-dimension nanomaterials (e.g., 

nanorods, nanotubes, nanofibers) and 2-dimension nanomaterials (e.g., nanosheets, 

nanodiscs). The scale of them is above the atomic scale (several angstroms) and goes 

up to the colloid particle scale. In 1-dimension nanomaterials the length is much larger 

than the other sizes, and in 2-dimension nanomaterials width and length are much larger 

than thickness. Nanoparticles are 0-dimension nanomaterials, i.e., nanomaterials 

without dominant sizes over the others. All sizes of nanoparticles are in the 1–100 nm 
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scale, therefore they are the smallest nanomaterials [1]–[3]. In a similar way, herein is 

adopted that nanoscience is the study of nanomaterials and its properties. 

Nanomaterials present chemical and physical properties that differ a lot from the 

correspondent bulk materials or materials divided in bigger particles, e.g., microparticles. 

These odd properties are attributed to the great (surface atoms / inner atoms) ratio when 

compared to bulk materials. As the sizes (length, width, thickness) decrease to the 

nanometric scale, the (surface area / mass) ratio increases, from bulk materials to 

micromaterials to nanomaterials to atom clusters. The small sizes and the small 

numbers of atoms contained in each particle make the electronic structure of the 

nanomaterials much more discrete, which modifies the way the atoms react. The surface 

energy is usually higher, and the surface is more reactive but also more easily oxidizable 

[1]–[3]. This factors contributes to extraordinary rates of reactions in some 

nanomaterials, to the great surface enhanced Raman scattering effect of gold 

nanoparticles (due to the plasmonic effect), to high turnover rates of reaction of gases, 

to high adsorption capacity etc. [1]–[3]. 

Nanomaterials are usually synthesized by one of the two great approaches: 

bottom-up or top-down. In bottom-up syntheses the nanomaterials are formed from 

smaller structures: atoms, molecules or clusters. In top-down syntheses the source 

material is a large, bulk material that is reduced, milled, excised or etched until the 

obtainment of the desired nanomaterials. Bottom-up strategies include chemical 

synthesis, self-assembly of nanomaterials, positional assembly, chemical vapor 

deposition, physical vapor deposition, electrodeposition, emulsion synthesis, reverse 

micelle synthesis and sol-gel process. Top-down techniques include nanolithography, 
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etching, and microengineering and laser ablation. Usually they are more expensive, 

require more complex equipment and consume more energy and reagents than bottom-

up techniques. However, they allow the fast production of highly organized and 

geometric materials, like, for example, geometric nanostructures on a smooth surface 

formed by etching the surface with beam techniques, e.g., laser ablation. 

Since nanoparticles are the most symmetrical and simplest nanomaterials they 

are formed as products of many chemical reactions. Nanoparticles can be easily formed 

from neutral atoms and atom clusters in the presence of stabilizers that adhere to the 

surface of the nanoparticles, preventing their aggregation. The reduction of metal ions in 

solutions is a class of reactions widely applied to these syntheses. In these reactions 

metal-containing cations or anions react with reducing agents; the reduced, neutral 

metal atoms aggregate and form nanoparticles. The bottom-up syntheses, therefore, are 

of particular interest for making nanoparticles. In the literature are described chemical 

syntheses of nanoparticles of gold [4], [5], platinum [6], palladium [7], [8], iron [9], [10], 

copper [11]–[14], silver [15], [16], rhodium [17], [18], iridium [19], ruthenium [20], [21], 

lead [22], bismuth [23] etc. In this work were focused on gold and platinum nanoparticles 

fabricated by bottom-up techniques. 
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1.2. PEDOT 

 

PEDOT, or poly(3,4-ethylenedioxythiophene), is an organic electronic conducting 

polymer (these polymers are hereafter called conducting polymers). PEDOT is widely 

used in electrochemical devices, solar cells and molecular electronic devices, being 

currently the most used conducting polymer in the world. Its monomer, EDOT (3,4-

ethylenedioxythiophene), is a molecule derived from the heterocyclic sulfured aromatic 

compound thiophene. For neutral undoped PEDOT the band gap eg = 1.6 eV (which 

corresponds to 775 nm photon energy (red)), higher than those of polythiophenes and 

lower than those of many other conducting polymers [24]–[26], which favors PEDOT use 

in electronics. PEDOT is a cathodic electrochromic polymer, it presents color (intense 

blue) in the reduced (neutral) state and is colorless (or light blue) in the oxidated 

(positively charged) state. The blue color comes from the absorption at 775 nm by 

neutral PEDOT. The insertion of electric charge in PEDOT increases its electronic 

conductivity. Pure PEDOT is hydrophobic and insoluble in water. The mixture of PEDOT 

and NaPSS (poly(sodium 4-styrenesulfonate)) has much better solubility and stability in 

water, since PSS−
(aq) (poly(4-styrenesulfonate)) stabilize PEDOT in solutions. This 

mixture is the standard commercial PEDOT form. PEDOT has applications in 

electrochromic layers and electrochemical sensors. In the fully oxidized state PEDOT 

has 1 positive charge for every 2 monomeric units, and this positive charge is stabilized 

by 1 negative charge of the sulfonate group of PSS− anion. 
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1.3. Inorganic/organic hybrids in electrochemistry 

 

Hybrid materials are solid materials composed by two or more substances with 

different properties. Hybrid materials of conducting polymers with nanoparticles have 

been widely used as electrode materials for the assembly of sensors and biosensors in 

electroanalytics [27]–[37]. Analytes such as glucose [31], [33], [35], [37], ascorbic acid 

[36], [38], uric acid, dopamine [36], hydrogen peroxide [29], [30], sarin [27], carbamates 

[27], acetylcholine [34], hydrazine [28], and nitrate [32] were detected by sensors based 

on these nanohybrids. 

Several recent works in the literature have reported the syntheses of hybrids of 

PEDOT with metal nanoparticles and several electrochemical studies [39]–[44]. They 

have used strategies like deposition of metallic nanoparticles over previously formed 

PEDOT films, the polymerization of EDOT around previously formed gold nanoparticles 

or the synthesis in 1 step of gold nanoparticles surrounded by PEDOT (one-pot 

synthesis). These nanohybrids have interesting properties as electrode materials 

because the presence of metallic nanoparticles increase its electric conductivity, and the 

polymeric network is relatively porous and allows the insertion and removal of molecules 

and ions in solutions. 

Radhakrishnan et al. [43] formed NPsAg (silver nanoparticles) over nanotubes of 

polypyrrole/PEDOT, chemically synthesizes in two steps. The first was the chemical 

oxidation of pyrrole, and the second was the formation of the PEDOT coating using 

FeCl3 as oxidizing agent. NPsAg were chemically synthesized over the walls of the 

nanotubes from an AgNO3 solution. Semaltianos and coworkers [42] used laser ablation 
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of bulk Ag piece to form NPsAg in suspension. The same procedure in a PEDOT/PSS-

containing aqueous solution leads to the formation of Ag/PEDOT/PSS hybrid. In another 

strategy, Adibi et al. [45] deposited over a transparent electrode of glass/(indium tin 

oxide thin film) (ITO) a film of Ag microparticles through spin coating of colloidal Ag, and 

then spin coated aqueous commercial PEDOT/PSS suspension over it, forming 

Ag/PEDOT/PSS hybrid. Balamurugan et al. [40], [41] electropolymerized PEDOT by 

cyclic voltammetry and electrodeposited at constant potential NPsAg with up to 10 nm 

diameter, for the detection of H2O2(aq) by chronoamperometry at −450 mV versus 

Ag/AgCl/KCl(sat). The same group, in other article [41], prepared NPsAg/PEDOT/PSS 

with 10–15 nm diameter in an one-pot synthesis in aqueous solution containing Ag+, 

EDOT and NaPSS. Wang et al. [46] used PEDOT itself in the commercial solution as 

reducing agent for AgNO3, forming NPsAg with up to 30 nm diameter inside the 

polymeric network of PEDOT/PSS, which was then deposited as a thin film. Woo et al. 

[47] performed the chemical syntheses of NPsAu (gold nanoparticles) and NPsAg by 

reducing HAuCl4 and AgNO3 with NaBH4 in aqueous media containing PEDOT/PSS, 

obtaining nanoparticles with 20–40 nm diameter. The nanocomposites 

NPsAu@PEDOT/PSS (core-shell of Au, PEDOT and PSS nanoparticles) and 

NPsAg/PEDOT/PSS were used as hole conducting layer in organic solar cells, 

presenting lower electric resistance than the same polymer without metallic 

nanoparticles. In a similar reaction to that performed by Wang et al. [46], Xu et al. [48] 

described in a communication the addition of HAuCl4 or AgNO3 to PEDOT/PSS solution 

containing poly(phenylene vinylene) as stabilizing agent. The reaction was performed to 

obtain core-shell Au@PEDOT and Ag@PEDOT/PSS/poly(phenylene vinylene) 
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nanoparticles, with PEDOT oxidation simultaneous to metal reduction. The authors 

observed the formation of NPsAu with average size of 20 nm, and also other 

nanostructures as gold nanorods with ca. 2 nm size. Adibi et al. [45] deposited a thin film 

of silver nanoparticles over ITO by spin coating, and deposited a film of commercial 

PEDOT/PSS over it by spin coating. The NPsAg in the electrode seem to greatly 

increase the conductivity. 

Among the noble metals used as nanoparticles to form hybrids of interest with 

conducting polymers the most used is gold. The exceptional electric conductivity and 

stability towards oxidations and chemical reactions are some of the reasons [49]. As 

explained behind, metal nanoparticles in general are much less stable and easy to 

oxidize than the corresponding bulk phases. Atomic scale layers of oxides are formed in 

the surfaces of NPsAg, copper nanoparticles and palladium nanoparticles, depending on 

the medium. Nanohybrids of gold nanoparticles with PEDOT have also been studied for 

electrochromic layer in electrochromic devices, joining the electrochromism of PEDOT 

with the properties of NPsAu that modify the electronic structure of the polymer [50]–

[63]. 

Gniadek et al. [64] deposited a thin film of polypyrrole containing NPsAu through 

the oxidation of pyrrole by Au(III). The electrode was sequentially immersed in: a 

solution of pyrrole, HAuCl4, ethanol, water; for the formation of the film. Ventosa et al. 

[65] studied the influence of the concentration of oxidant and monomer in the one-pot 

synthesis of NPsAu@PEDOT. Kumar et al. [66]–[70] used the same strategy synthesis, 

studied the influence of the stabilizing agents in the properties of nanoparticles and 

proved the catalytic activity of the nanoparticles for reduction. Zhang et al. [71] 



41 

 

electrodeposited a thin film of PEDOT&NPsAu (PEDOT with inserted NPsAu) 

voltammetrically cycling GCE (glassy carbon electrode) in HAuCl4(aq) 0,5 mmol L−1 with 

great excess of EDOT, and applied the electrode to the electrooxidation of nitrite. 

Salsamendi et al. [72] formed a hybrid of PEDOT with Au nanorods. EDOT was 

polymerized in aqueous media with ammonium peroxydisulfate, using poly(1-ethyl-3-

vinylimidazolium bromide) as stabilizer. Following this the suspension of PEDOT was 

mixed with the Au nanorods suspension, and the film was formed by precipitation with 

the bis-(trifluoromethanesulfonyl)imide ion. 

  



42 

 

1.4. Biodegradable conducting materials 

 

New composites and hybrid materials have been studied for the assembly of 

electrodes for batteries, controlled release drug devices, electrochemical actuators, 

electrochemical sensors etc. A new class of polymers is the biodegradable conducting 

polymers, with possible applications in living cells, bacteria and live organisms. Several 

polymers, polymers combinations and inorganic/organic hybrids have been synthesized 

and described for this purpose. Boutry et al. [73] prepared the composites PLA-

polypyrrole and polycaprolactone-polypyrrole (PLA is poly(lactic acid)) and studied their 

properties (polycaprolactone is a polymorph material). PLA and polycaprolactone are 

polyesters, polymers easily degradable by microorganisms, which attack the ester 

amidic bonds. This strategy allowed the obtaining of a synergic, highly conducting 

material. Kuang et al. [74] developed a composite of carbon nanotubes and PLA. Yet Xu 

et al. [75] synthesized polyurethanes with 10-camphorsulfonic acid. The polyurethanes 

presented great elasticity and feasible electric conductivity when hydrated. Moradpour et 

al. [76] prepared a material of cellulose/carbon-based paste functionalized with 

palladium nanoparticles/ethylenediamine, which showed catalytic activity for the 

production of hydrogen and was characterized by cyclic voltammetry. In an article 

published in RSC Advances, Mondal et al. [77] described the preparation of a nanoblend 

of poly(butylene-adipate-co-terephtalate) with polypyrrole, by electrospun. The blend is 

hydrophilic, biocompatible and conducting. These works used more than 1 polymer or 

component, being at least 1 of them a π-conjugated polymer. 
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1.5. Hydrogels with inserted nanoparticles in electrochemistry 

 

Hydrogels are soft materials made of networks of organic polymer chains that are 

hydrophilic and have the capacity of absorb and release water. Hydrogels can retain 

large amounts of water, and its properties can vary with the hydration state of the gel, 

from the fully-dehydrated state to the fully-hydrated state (maximum absorption 

possible). The hydration process is called swelling, and it depends greatly on the size, 

structure and chemical composition of the gel. Hydrogels possess polymer chains with 

cross-linked bonds that form the 3-dimension, highly porous networks and make them 

insoluble in water [78], [79]. It’s clear thus that they have the potential to be hosts for 

materials of interest. 

Several noble metal nanoparticles have been inserted or synthesized inside 

insulating hydrogels. The developed strategies allow the modification of with different 

nanomaterials, resulting in hybrids with different properties. Norton et al. [80] 

polymerized a layer of PEDOT over silica (amorphous silicon dioxide) nanoparticles 

through chemical oxidation in solutions, obtaining core-shell inorganic/organic 

nanoparticles with silica core. The nanoparticles were added to a solution of 

ethyleneglycol, which was photopolymerized under ultraviolet radiation to form a 

poly(ethylene glycol) hydrogel with Si@PEDOT nanoparticles inside. In another work 

[81] the authors used dimethylviologen dichloride, KBr and tris(2,2’-bipyridil)ruthenium(II) 

as redox mediators of PEDOT inside the hydrogel, characterizing the electrochemistry of 

the hybrid material. 



44 

 

Odaci et al. [82] prepared a poly(ethylene glycol) hydrogel containing NPsAu and 

glucose oxidase in one step through the simultaneous reaction: gel formation assisted 

by DL-camphoroquinone and HAuCl4(aq) reduction, in the presence of glucose oxidase. 

The reactions were induced by blue light. The hybrid was used as biosensor for glucose, 

and the results showed that NPsAu improved the contact with the catalytic active site of 

the enzyme. 

Dai et al. [83] synthesized a triple network conducting hydrogel composed by 

PAA (poly(acrylic acid)) and PEDOT. For this the chemical synthesis of PAA was made 

at 80 ºC (353 K), from acrylic acid and cross-linker precursor solution. Then the resulting 

hydrogel was immersed in: acrylic acid solution for the second polymerization; solution 

of EDOT; solution of NaPSS; FeCl3(aq). Fe3+
(aq) acts as oxidant of EDOT, forming 

polymeric chain of PEDOT/PSS inside PAA. [84] used this same method [83] and 

synthesized NPsAu inside the PAA&PEDOT/PSS hydrogel, immersing the gel in an 

Au(III) solution; Au(III) oxides PEDOT. The 2 works demonstrate in situ synthesis of 

NPsAu. In a communication Sekine et al. [85] obtained a flexible electrode material 

through PEDOT electropolymerization in an agarose gel. Core-shell nanoparticles with 

Au nuclei and PEDOT shell were synthesized by one-pot oxidative chemical syntheses 

in suspension, as described in the works by Augusto et al. in the Laboratory of 

Electroactive Materials [86], [87]. In this work this approach was used to synthesize 

Au@PEDOT, Pt/PEDOT and other inorganic/organic hybrid materials. 
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2. GOALS 

 

Based on the need for new advanced electroactive materials today, like 

biodegradable electronic conducting materials and high volume 3-dimensional 

conducting matrixes, the general goal of this work is to study the syntheses of hybrids of 

PEDOTs (PEDOT and its derivatives) with Au or Pt nanoparticles and to study their 

electrochemical behaviors. The specific goals are to investigate the detailed syntheses 

and the techniques of deposition of these hybrids and how they affect the electroactivity 

of their films. 
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3. EXPERIMENTAL 

 

3.1. Chemicals 

 

3,4-ethylenedioxythiophene was acquired from Sigma-Aldrich. It was distilled 

under reduced pressure in the dark and stored at 4 ºC (277 K) in the dark when not in 

use. Poly(sodium 4-styrenesulfonate) (massed average molecular mass is ca. 70000 u), 

acrylic acid, acrylamide, tetrachloroauric acid, hexachloroplatinic acid, N,N,N',N'-

tetramethylethane-1,2-diamine and tris(2-methoxyethoxy)(vinyl)silane were acquired 

from Sigma-Aldrich and used as received. Poly(acrylic acid) and polyacrylamide were 

acquired from Acros Organics. N,N’-methylenebisacrylamide was acquired from 

Invitrogen. All others reagents and solvents are analytical grade and were used as 

received. All water was deionized by using an Elga UHQ deionizer. 
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3.2. Materials 

 

Copper/(carbon films) TEM (transmission electron microscopy) grids (circular, 

diameter = 3 mm, 400 mesh) were acquired from Ted Pella. Glass electrodes covered 

with indium tin oxide thin films (ITOs, resistivity 15–25 Ω cm−1) were acquired from 

Ossila. They were cut, washed with water, sonicated in propanone for 5 min, sonicated 

in ethanol for 5 min, sonicated in water for 5 min, washed with water and dried with N2 

flow. Glassy carbon electrodes (GCEs) with diameter = 3 mm (area = 7.07 mm2) with 

polytetrafluoroethene bodies were acquired from BASi and CHI. Prior to use the GCEs 

were polished with a politrix, with suspensions of 1000 nm size, 500 nm size and 300 

nm size of alumina nanoparticles. The electrodes were immersed in HCl(conc):H2O 1:1 

(v/v), washed with water, immersed in HNO3:H2O 1:1 (v/v), washed with water and, 

when necessary, electrochemically cycled in H2SO4(aq) 1 mol L−1 between −1.2 V and 

+400 mV (versus Ag/AgCl/KCl(sat)) at 50 mV s−1 for 20 cycles. The Pt plates used as 

counter electrodes were acquired from Impalla Metals and weld to Pt wires. As 

reference electrodes were used homemade Ag/AgCl/KCl(sat) and commercial 

Ag/AgCl/KCl(3 mol L−1) electrodes, acquired from BASi. The electric potentials hereafter 

refer to Ag/AgCl/KCl(sat) reference electrode, except when mentioned that they refer to 

Ag/AgCl/KCl(3 mol L−1) or to other electrodes, and except for the zeta potentials, that 

always refer to the vacuum. 
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3.3. Instrumentation 

 

The electrochemical experiments were performed with the bipotentiostat PGSTAT 

302N and with the multipotentiostat M101 from Metrohm Autolab, controlled by the 

softwares NOVA 1.8, NOVA 1.10, NOVA 1.11 and NOVA 2.1 from Metrohm Autolab. 

The Raman microscopies were performed with a Renishaw inVia Raman microscope 

with a Renishaw red laser of 636 nm wavelength at the Laboratory of Molecular 

Spectroscopy of the Institute of Chemistry of University of São Paulo. The UV-Vis-NIRs 

(ultraviolet-visible-near infrared spectrophotometries) were performed in a HP HP8453 

spectrophotometer with optical cuvettes of quartz and plastic. The scanning electron 

microscopy images were acquired with a JEOL FESEM JSM-7401F microscope and 

with a JEOL NeoScope JCM-5000 microscope. The TEM were performed with a JEOL 

JEM-2100 microscope (potential difference of acceleration = 200 kV, LaB6 filament) 

coupled with a silicon drift-type X-MaxN 80T EDS (energy dispersive X ray fluorescence 

spectrometer) from Oxford Instruments, controlled by software AZtec INCA, and with a 

JEOL JEM-3010 (potential difference of acceleration = 300 kV). A Karl-Fisher 831 

coulometer from Metrohm Autolab was used to measure water fractions in the samples. 

Gel permeation chromatographies were performed in a Viscotek VE2001 gel permeation 

chromatographer at the Laboratory of Polymeric Biomaterials. The photochemical 

syntheses were performed in an ICH2 ultraviolet chamber from Luzchem, with 360 nm 

wavelength emission ultraviolet lamps, at the Laboratory of Polymeric Biomaterials. The 

sonochemical syntheses were performed in a Vibracells Sonics ultrasound chamber with 

20 kHz vibration frequency. The ultrasound cleanings were performed in an Unique 
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USC1400 ultrasound bath. The spectroelectrochemical experiments were performed 

with a monochromatic system from LEDLite, with an electric source optical fiber and 

photomultiplier from WPI. The system was coupled to a potentiostat to acquire and 

synchronize data with electrochemical data. The particles analyses were performed in a 

Malvern Zetasizer Nano ZS90 equipment. 
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3.4. Experimental methods 

 

Unless stated otherwise: 

i: all experiments were performed at ambient pressure (ca. 100 kPa) and ambient 

temperature (ca. 25 ºC (298 K)) in open atmosphere. 

ii: all samples were stored at ambient pressure and temperature in closed vessel, 

in the dark, when not in use. 

iii: all electrochemical experiments were performed in 3-electrode conventional 

cells with Pt as counter electrode, Ag/AgCl/KCl(sat) as reference electrode and 

dyhydrogenphosphate/hydrogenphosphate buffer 20 mmol L−1 pH = 7.4 + NaCl 100 

mmol L−1 as electrolyte. 

iv: all electrochemical experiments dependent on dissolved oxygen, like 

measurements of current in common electrodes, were made after deoxygenating the 

electrolyte by bubbling dry N2 in the solution for at least 15 min and keeping a N2 

atmosphere over the electrolyte throughout the experiments. In the experiments 

described in this Thesis this procedure was enough to prevent O2 from interfering in the 

results. 
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3.4.1. Syntheses of hybrids of metal nanoparticles and PEDOTs 

 

3.4.1.1. Syntheses of EDOT-derived hybrids 

 

The hybrid NPsAu@PEDOT/PSS shall hereafter be called simply 

NPsAu@PEDOT. The reaction of synthesis of NPsAu@PEDOT was performed as 

follows: in a reaction vessel, under vigorous magnetic stirring (1800 rpm) and in closed 

vessel, were added slowly, in this order: H2O, NaPSS; EDOT; HAuCl4(aq) 10 mmol L−1. 

The amounts of reagents were varied. The optimized analytical molar concentrations of 

the reagents are (in 10,26 mL of H2O): [NaPSS] = 1.39x10−6 mol L−1, [EDOT] = 8.9x10−3 

mol L−1 and [HAuCl4] = 2.4x10−4 mol L−1. The optimized theoretical molar concentration 

of 4-styrenesulfonate monomeric units is thus 4.8x10−4 mol L−1. The limiting reagent is 

HAuCl4. PEDOT in the flask can be further oxidized to the positively-charged state, 

which consumes more H2PtCl6. 

The syntheses were also performed in cuvettes to follow the reactions with UV-

Vis-NIR (ultraviolet-visible-near infrared spectrophotometry). For this, 20% of all 

reagents were taken (ca. 2 mL total volume). The spectra of water and of the mixture 

(H2O + NaPSS + EDOT) were acquired and the syntheses were timed. Spectra were 

acquired throughout the reaction. 

The hybrid NPsPt/PEDOT/PSS shall hereafter be called simply NPsPt/PEDOT 

(NPsPt are platinum nanoparticles). Hybrids of Pt nanoparticles and PEDOT polymer 

were also synthesized by one-pot radical oxidative chemical syntheses in aqueous 
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suspension. The reaction is equivalent to HAuCl4 + EDOT + NaPSS reaction, 

substituting HAuCl4 by H2PtCl6. 

In detail: in a reaction vessel, under vigorous magnetic stirring (1800 rpm) and in 

closed vessel, were added slowly, in this order: H2O; NaPSS; EDOT; H2PtCl6(aq) 10 

mmol L−1. The amounts of reagents were varied. The optimized analytical 

concentrations of the reagents are (in 10,26 mL of H2O): [NaPSS] = 1.39x10−6 mol L−1, 

[EDOT] = 8.9x10−3 mol L−1 and [H2PtCl6] = 2.4x10−4 mol L−1. The optimized theoretical 

molar concentration of 4-styrenesulfonate monomeric units is thus 4.8x10−4 mol L−1. The 

limiting reagent is H2PtCl6. PEDOT in the flask can be further oxidized to the positively-

charged state, which consumes more H2PtCl6. 

The syntheses were also performed in cuvettes to follow the reactions with UV-

Vis-NIR. For this, 20% of all reagents were taken (ca. 2 mL total volume), the syntheses 

were timed, and spectra of water and of the mixture (H2O + NaPSS + EDOT) were 

acquired. Spectra were acquired throughout the reaction. 
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3.4.1.2. Syntheses of lactic acid-derived hybrids 

 

The hybrid NPsAu/o-EDOT-PLA/PSS shall hereafter be called simply NPsAu/o-

EDOT-PLA (o- are oligomers of). The hybrid NPsAu/PEDOT-PLA/PSS shall hereafter be 

called simply NPsAu/PEDOT-PLA. 

EDOT-PLA (3,4-ethylenedioxythiophene-poly(lactic acid) is a new molecule 

derived from EDOT. It is EDOT with a lateral chain of poly(lactic acid) attached to the 

carbon of oxyethylene ring [87], [88]. PLA is formed from a racemic mixture of lactic 

acid, a chiral compound. Its synthesis was described in an article from the literature [88]. 

EDOT-PLA is a macromonomer and was synthesized through a reaction between δ-

hydroxymethyl-EDOT (EDOT-CH2-OH) and 3,6-dimethyl-1,4-dioxane-2,5-dione (a 

lactide). 3,6-dimethyl-1,4-dioxane-2,5-dione (2.76 g = 20 mmol), δ-hydroxymethyl EDOT 

(100 mg = 0.6 mmol) and Sn(II)-2-ethylhexanoate (0.016 mL = 0.05 mmol) were stirred 

at 110°C (383 K) with 7 mL of toluene for 24 hours. The solvent was removed by 

distillation under reduced pressure (2000 Pa, 60 °C (333 K)). The obtained solid product 

was purified by recrystallization with a (1:4) hexane/methanol mixture, separated by 

decantation and vacuum dried until constant mass. The yield obtained from this 

procedure was 98% [88]. The organic syntheses, the studies of biodegradation and 

chain lengths of the lactic acid-derived polymers were performed by Aruã Clayton da 

Silva in our Laboratory. 1H-nuclear magnetic resonance spectrometry and 13C- nuclear 

magnetic resonance spectrometry experiments demonstrated that the purified product 

has the expected chemical structure (which is shown in Chapter 4, Results and 

Discussion). Gel Permeation Chromatograph indicated average molecular mass = 
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3779 u and a polydispersity index of 1.46 (24.82 average units of -C6H8O4- per molecule 

of EDOT-PLA). These experiments were performed by Aruã Silva at the Laboratory of 

Electroactive Materials. 

PEDOT-PLA is the polymer of EDOT-PLA produced by radical oxidative 

polymerization of the thiophene ring. In PEDOT-PLA, as in PEDOT, the carbons vicinal 

to the sulfur are linked to the other monomeric units. One step of the strategy to 

synthesize PEDOT-PLA is the oxidation of EDOT-PLA by HAuCl4, and was performed 

through the following procedure: in a reaction vessel under vigorous magnetic stirring 

(1800 rpm) and in closed vessel, were added slowly, in this order: ACN (acetonitrile); 

NaPSS; EDOT-PLA 169 g L−1; HAuCl4 10 mmol L−1. The optimized analytical 

concentrations (in 10,45 mL ACN) are: cNaPSS = 9.6x10−2 g L−1, cEDOT-PLA = 3.2 g L−1 and 

[HAuCl4] = 2.4x10−4 mol L−1 (c is the mass concentration). This step, at the same time, 

produces oligomers of EDOT-PLA and gold nanoparticles. 

The following step is the oxidation of the oligomers of EDOT-PLA to longer chains 

of the PEDOT-PLA polymer. It was performed through the following procedure: 2 mL of 

the product of the previous step were added to an UV-Vis-NIR cuvette, under magnetic 

stirring (300 rpm) and in closed vessel. 20 μmol potassium peroxydisulfate were added 

(analytical molar concentration: [potassium peroxydisulfate] = 1.0x10−2 mol L−1). The 

reagents and products were analyzed by UV-Vis-NIR spectrophotometry, which shows 

the absorption band in NIR due to longer polymer chains of PEDOT-PLA that are 

formed. 

Scheme 1 summarizes the inorganic/organic hybrids synthesized in this work. 
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Scheme 1. Summary of the hybrids of noble metals nanoparticles and PEDOTs which were 
synthesized in this work, and the photographs of their reaction suspensions. NPsAu@PEDOT: 
core-shell Au@PEDOT nanoparticles synthesized from HAuCl4, EDOT and NaPSS in water 
under stirring for hours. NPsPt/PEDOT: Pt nanoparticles and PEDOT synthesized from H2PtCl6, 
EDOT and NaPSS in water under stirring for days. NPsAu/o-EDOT-PLA: Au nanoparticles and 
oligomers of EDOT-PLA synthesized from HAuCl4, EDOT-PLA and NaPSS in acetonitrile under 
stirring for days. NPsAu/PEDOT-PLA: Au nanoparticles and PEDOT-PLA synthesized through 
the oxidation of NPsAu/o-EDOT-PLA with potassium peroxydisulfate in acetonitrile under stirring 
for days. 
  



56 

 

3.4.2. Characterizations of hybrids 

 

The hybrids of nanoparticles and conducting polymers described were 

characterized by: 

Transmission electron microscopy: the nanoparticles suspensions were casted 

(ca. 2 μL) on TEM grids and let dry. The grids were analyzed in TEM coupled with EDS 

modules. EDS was performed in selected areas of the samples. 

Scanning electron microscopy: the nanoparticles suspensions were casted (ca. 2 

μL) on TEM grids and let dry. The grids were analyzed in SEM (scanning electron 

microscope) coupled with EDS modules. EDS was performed in selected areas of the 

samples. 

Raman microscopy: samples of the nanoparticles suspensions were analyzed in 

a Raman microscope with a He/Ne laser of wavelength 636 nm, integration time of 10–

100 s and 10% laser power. Commercial PEDOT/PSS suspensions were also analyzed. 

PEDOT/PSS shall hereafter be called PEDOT. The suspensions were diluted 100 x with 

their own solvents previous to the experiments. The suspensions were casted on glass 

slides and let dry at ambient temperature, or added to small flasks, and then analyzed. 

UV-Vis-NIR spectrophotometry: UV-Vis-NIR spectra of the nanoparticles 

suspensions were acquired. 

Dynamic light scattering: the nanoparticles suspensions were analyzed through 

dynamic light scattering to investigate the size and zeta potentials of the nanoparticles. 
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3.4.3. Syntheses of hydrogels 

 

3.4.3.1. Hydrogels of PAA 

 

PAA hydrogels were synthesized by 2 techniques i: uncatalyzed oxidative 

chemical synthesis and ii: catalyzed oxidative chemical synthesis. In technique i, N,N’-

methylenebisacrylamide was used as cross-linker and potassium peroxydisulfate as 

initiator. Hydrogel precursor solutions with 2.5 mol L−1 acrylic acid (monomer), 12–250 

μmol L−1 N,N’-methylenebisacrylamide (cross-linker) and 50 mmol L−1 potassium 

peroxydisulfate (initiator) were prepared. The reaction was performed at ambient 

temperature and at 80 ºC (353 K) until complete drying, since the reaction at ambient 

temperature is very slow. Potassium peroxydisulfate was added at last, just after 

neutralizing the pH of the mixture and deoxygenating it by bubbling dry N2 for at least 15 

min. The optimized analytical molar concentrations are: [AA] = 2.5 mol L−1, [N,N’-

methylenebisacrylamide] = 24 μmol L−1 and [potassium peroxydisulfate] = 50 mmol L−1. 

In technique ii precursor solutions contained 2.5 mol L−1 acrylic acid, 0.18–1.80 g 

L−1 PAA (polymer), 12–250 μmol L−1 N,N’-methylenebisacrylamide, 25 mmol L−1 

N,N,N',N'-tetramethylethane-1,2-diamine (catalyzer) and 50 mmol L−1 potassium 

peroxydisulfate. In this technique the precursor solutions is let polymerize and dry at 

ambient temperature. Potassium peroxydisulfate is added at last, just after neutralizing 

the pH of the solution and deoxygenating it by bubbling dry N2 for at least 15 min. The 

optimized analytical concentrations are [acrylic acid] = 2.5 mol L−1, cPAA = 1.80 g L−1, 
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[N,N’-methylenebisacrylamide] = 250 μmol L−1, [N,N,N',N'-tetramethylethane-1,2-

diamine] = 25 mmol L−1 and [potassium peroxydisulfate] = 50 mmol L−1. 

Cylindrical templates were used to shape the bulk hydrogels. The PAA hydrogels 

were also synthesized as films on ITOs through technique ii. For this purpose specific 

controlled areas were delimited on ITOs surface using inert, insulant coatings, and the 

precursor solutions were casted on ITOs (ca. 20 μL) and let dry at ambient temperature. 
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3.4.3.2. Hydrogels of PAAM 

 

Hydrogels of PAAM (polyacrylamide) were synthesized as films over ITOs 

through technique iii: photochemical syntheses of ITOs/silane/f-h-PAAM (f- is a film of; 

h- is hydrogel of). In detail: ITOs were first submitted to a silanization process in the 

surface. For this N2 was bubbled in toluene for at least 15 min. Then N2 atmosphere was 

kept over toluene, and was added 5% (v/v) tris-(2-methoxyethoxy)(vinyl)silane. ITOs 

were immersed in the solution for 10 min, removed and dried at 100 ºC (373 K) for 2 h to 

drive the silanization reaction. The surface of ITOs was delimited with insulant coatings. 

Precursor solutions containing 0.679–2.5 mol L−1 acrylamide (monomer), 0.18–1.8 g L−1 

PAAM (polymer), 12–250 mmol L−1 N,N’-methylenebisacrylamide, 12–32 mmol L−1 

N,N,N',N'-tetramethylethane-1,2-diamine, 17 mmol L−1 2,2-diethoxyacetophenone, the 

photoinitiator) and 50 mmol L−1 potassium peroxydisulfate were casted over ITOs/silane 

(ca. 20 μL). They were irradiated with ultraviolet radiation for 2 h. The optimized 

analytical concentrations are [acrylamide] = 0.679 mol L−1, cPAAM = 0.18 g L−1, [N,N’-

methylenebisacrylamide] = 21 mmol L−1, [N,N,N',N'-tetramethylethane-1,2-diamine] = 32 

mmol L−1, [2,2-diethoxyacetophenone] = 17 mmol L−1 and [potassium peroxydisulfate] = 

50 mmol L−1. The silane molecule covalently bond to the surface of ITO and to the 

hydrogel network. Equation 1 shows the reaction of modification of ITOs surface with 

tris-(2-methoxyethoxy)(vinyl)silane. ITO/SiC9H21O6 and ITO/silane are interchangeable 

forms. 
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ITO + SiC11H24O6(toluene) → ITO/SiC9H21O6 
 
Equation 1. Non-stoichiometric reaction of silanization of ITOs surface with tris(2-
methoxyethoxy)(vinyl)silane (SiH24C11O6) in toluene. Only the species shown are considered. 
This reaction is the first step of the photopolymerization of films of hydrogels of polyacrylamide 
on ITOs surface. The reaction is performed bubbling N2 in toluene for at least 15 min, keeping N2 
atmosphere over the toluene, adding 5% (v/v) tris-(2-methoxyethoxy)(vinyl)silane, immersing 
ITOs in the solution for 10 min, removing and drying them at 100 ºC (373 K) for 2 h. 

 

After the syntheses the bulk hydrogels were stuck by Pt wires to make electric 

connection with the electrochemical systems (potentiostats) and, then, stored in air, in 

the dark, at 4 ºC (277 K) when not in use. The ITOs/hydrogels were stored in air, in the 

dark, at 4 ºC (277 K) when not in use. 
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3.4.4. Deposition of hybrids 

 

3.4.4.1. Deposition of hybrids on ITOs 

 

Electrodeposition: working electrode ITOs were immersed in the reaction 

suspensions (electrolytes). A potential of +1.15 V versus counter electrode ITOs was 

applied to the working electrode (the nanoparticles are negatively charged). The 

deposition times were varied. The modified ITOs were then washed with water to 

remove the excess material and stored in the dark when not in use. Scheme 2 illustrates 

the electrodeposition. 
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Scheme 2. Electrodeposition of the hybrids NPsAu@PEDOT and NPsPt/PEDOT on ITOs. Two 
ITOs are connected to the potentiostat through copper tapes and glimpses. The electrolyte is the 
reaction suspension of NPsAu@PEDOT or NPsPt/PEDOT. A constant electric potential 
difference is applied between the two ITOs for different times for the electrodeposition, being the 
working electrode positive relative to the counter electrode to promote the migration of the 
nanoparticles to the working electrode. NPsAu@PEDOT formed from HAuCl4, EDOT and 
NaPSS in water, under stirring for hours. NPsPt/PEDOT formed from H2PtCl6, EDOT and 
NaPSS in water, under stirring for days. 
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3.4.4.2. Deposition of hybrids on GCEs 

 

The deposition of NPsAu@PEDOT and NPsAu/PEDOT-PLA on GCEs was 

performed by casting. For it at first 1 mL of the reaction suspensions were centrifuged in 

Eppendorfs in an appropriate centrifuge at 13400 rpm for 30 min, in order to precipitate 

the nanoparticles. The supernatants were discharged, 1 mL dymethylsulfoxide was 

added to the Eppendorfs and the suspensions were sonicated in an ultrasound bath for 

the time necessary to resuspend the hybrids in dymethylsulfoxide. For the casting 

deposition 7 μL of the suspension in dymethylsulfoxide were added to the GCEs, which 

were taken to an oven at 40 ºC (313 K) in vacuum to dry the suspensions for at least 10 

min. This procedure was repeated up to 10 x. The modified GCEs were then washed 

with water to remove the excess material and stored in air, in the dark, at 4 ºC when not 

in use. The procedure is illustrated in Scheme 3. 
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Scheme 3. Deposition of NPsAu/PEDOT-PLA on GCEs by casting. In each step of casting 7 μL 
of NPsAu/PEDOT-PLA are added to the electrodes, which are taken to an oven and let dry in 
vacuum at 40 ºC (313 K) for at least 10 min. Up to 10 steps of casting are done. The electrodes 
are then immersed in water to remove the excess material. NPsAu/PEDOT-PLA formed from the 
reaction suspension of NPsAu/o-EDOT-PLA and potassium peroxydisulfate in acetonitrile, under 
stirring for days. The reaction suspension of nanoparticles was centrifuged at 13400 rpm at 30 
min. The supernatant was discarded, 1 mL of dymethylsulfoxide was added to the precipitate 
and NPsAu/PEDOT-PLA were resuspended in dymethylsulfoxide by ultrasonicating the mixture 
for the time necessary. 
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3.4.4.3. Insertion of hybrids in hydrogels 

 

NPsAu@PEDOT were synthesized in situ in PAA hydrogels, through the following 

procedure: bulk PAA hydrogels were immersed in HAuCl4(aq) 1 mmol L−1 overnight, in 

the dark, at 4 ºC (277 K). They were removed and immersed in 8.9x10−3 mol L−1 EDOT 

100 mg L−1 NaPSS in water for different times, in the dark, at 4 ºC (277 K). The 

hydrogels were washed with water and stored in water at the same temperature, in the 

dark, when not in use. The same procedure was applied to synthesize NPs in situ in 

ITOs/f-h-PAA and ITOs/f-h-PAAM hydrogels. The final step of the syntheses in ITOs/f-h-

PAA and ITOs/f-h-PAAM, alternatively, was performed in cuvettes and followed through 

UV-Vis-NIR, at ambient temperature. Scheme 4 illustrates this in situ formation. 
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Scheme 4. In situ one-pot synthesis of NPsAu/PEDOT inside bulk hydrogels of poly(acrylic acid) 
stuck by Pt wires. The hydrogels are inserted in HAuCl4, overnight, in the dark, at 4 ºC (277 K). 
Then, they are removed and inserted in EDOT and NaPSS. The bulk hydrogels of poly(acrylic 
acid) were synthesized through uncatalyzed or catalyzed chemical synthesis. Uncatalyzed 
synthesis: acrylic acid, N,N’-methylenebisacrylamide and potassium peroxydisulfate in water at 
80 ºC (353 K). Catalyzed synthesis: acrylic acid, poly(acrylic acid), N,N’-
methylenebisacrylamide, N,N,N',N'-tetramethylethane-1,2-diamine and potassium 
peroxydisulfate in water. 
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NPsAu@PEDOT were electroinserted in b-PAA (b- is bulk form of) and f-PAAM 

hydrogels through electroinsertion. For this the hydrogels were immersed in the reaction 

suspensions of NPsAu@PEDOT (in the case of bulk hydrogels they were electrically 

connected to the potentiostat system through the Pt wires (as described previously). 

Then constant positive potentials versus ITOs counter electrodes were applied to the 

hydrogels to promote migration and insertion of the negatively charged nanoparticles. 

The potentials applied were +1.15 V and +2.3 V, and the times of electroinsertion were 

varied (nanoparticles are negatively charged). After this the hydrogels were immersed in 

water for 20 min, washed and stored in water at 4 ºC (277 K) when not in use. Scheme 

5 and Scheme 6 illustrate the process of electroinsertion. 
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Scheme 5. Electroinsertion of NPsAu@PEDOT in bulk hydrogels of poly(acrylic acid). The 
hydrogel is the working electrode and an ITO is the counter electrode. The electrolyte is the 
reaction suspension of NPsAu@PEDOT or NPsPt/PEDOT. Constant electric potential 
differences are applied between the electrodes for different times, being the hydrogel positive 
relative to the ITO to promote the migration of nanoparticles to the hydrogel. The bulk hydrogels 
of poly(acrylic acid) were synthesized through uncatalyzed or catalyzed chemical synthesis. 
Uncatalyzed synthesis: acrylic acid N,N’-methylenebisacrylamide and potassium peroxydisulfate 
in water at 80 ºC (353 K). Catalyzed synthesis: acrylic acid, poly(acrylic acid), N,N’-
methylenebisacrylamide, N,N,N',N'-tetramethylethane-1,2-diamine and potassium 
peroxydisulfate in water. NPsAu@PEDOT formed from HAuCl4, EDOT and NaPSS in water, 
under stirring for hours. NPsPt/PEDOT formed from H2PtCl6, EDOT and NaPSS in water, under 
stirring for days. 
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Scheme 6. Electroinsertion of NPsAu@PEDOT in films of hydrogels of polyacrylamide on ITOs. 
The hydrogel on ITO is the working electrode. The counter electrode is an ITO. The electrolyte is 
the reaction suspension of NPsAu@PEDOT. A constant electric potential difference is applied 
between the electrodes, being the working electrode positive relative to the counter electrode to 
promote the migration of nanoparticles to the hydrogel. The films of hydrogels of polyacrylamide 
were formed over ITOs silanized in the surface. ITOs were silanized with tris-(2-
methoxyethoxy)(vinyl)silane in toluene at 100 ºC (373 K). Hydrogels of polyacrylamide were then 
formed from acrylamide, polyacrylamide, N,N’-methylenebisacrylamide and 2,2-
diethoxyacetophenone in water over ITOs/silane, under ultraviolet radiation. NPsAu@PEDOT 
formed from HAuCl4, EDOT and NaPSS in water, under stirring for hours. NPsPt/PEDOT formed 
from H2PtCl6, EDOT and NaPSS in water, under stirring for days. 
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Scheme 7 summarizes the experimental strategies adopted for the substrates 

and the immobilization techniques of inorganic/organic hybrids used in this work. These 

deposition techniques were subsequently tried in order to obtain stable films on the 

electrodes, then optimized. 
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Scheme 7. Summary of strategies used to deposit hybrids of nanoparticles and PEDOTs on 
electrodes and photographs of these electrodes. Deposition methods: GCEs: casting. ITOs: 
electrodeposition at constant electric potential difference. Bulk hydrogels: in situ synthesis of 
nanoparticles; electroinsertion. Films of hydrogels on ITOs: electroinsertion. 
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3.4.5. Characterization of modified electrodes 

 

The electrodes modified with inorganic/organic hybrids were characterized by the 

following techniques (electrochemical techniques are not cited here): 

Scanning electron microscopy: modified ITOs were analyzed through SEM, as 

well as some modified GCEs electrodes. However, most GCEs do not fit the sample 

support of SEM. In the case of the modified hydrogels they were dried under vacuum to 

the dehydrated state previous to the microscopies. 

Raman microscopy: modified GCEs were analyzed in the Raman microscope with 

a red, 636 nm laser, 10–100 s integration time and 10% laser power. 

UV-Vis-NIR spectrophotometry: modified ITOs were analyzed through UV-Vis-

NIR, positioning the ITOs parallel to the optical walls of the cuvettes and perpendicular 

to the optical path, which passed through ITOs surface. They were analyzed in air and 

also immersed in electrolyte, under severed applied potentials. For this, electrochemical 

cells were assembled in UV-Vis-NIR cuvettes. 
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3.4.6. Electrochemical experiments 

 

The electrochemical experiments with ITOs were performed in UV-Vis-NIR 

cuvettes, assembled in a LEDLite light measurement system in the case of 

spectroelectrochemical experiments. Chronoamperometries with additions of H2O2(aq), 

cyclic voltammetries and cyclic voltabsormetries were performed to study the systems. 

ITOs working electrodes were positioned parallel to the optical walls and perpendicular 

to the optical path, which passes through the electrode. The systems are illustrated in 

Scheme 8. 
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Scheme 8. Experimental design of spectroelectrochemical experiments with the modified ITOs. 
The experiments are performed in an UV-Vis-NIR cuvette with 1 cm optical path. The ITOs 
(working electrodes) are positioned at one optical wall, parallel to it, in the way of the optical 
path. The counter electrode and the reference electrode are positioned out of the optical path. 
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4. RESULTS AND DISCUSSION 

 

4.1. Syntheses of hybrids of metal nanoparticles and PEDOTs 

 

4.1.1. Au@PEDOT core-shell nanoparticles 

 

In this work, as described in Subsection 3.4.1, bottom-up synthesis of noble 

metal nanoparticles were performed. In the synthesis of NPsAu@PEDOT, precursor 

HAuCl4 is reduced through the half-reaction in Equation 2. E is electric potential. E0 is 

standard reduction potential of reaction. 

 

HAuIIICl4(aq) + 3e− + H2O(l) → Au0
(s) + 4Cl−(aq) + H3O

+
(aq)            E

0 = +930 mV versus SHE 
 
Equation 2. Half-reaction of reduction of HAuIIICl4 to Au0 in acidic medium. E0 is the potential at 
the conditions: (a is thermodynamic activity) aHAuCl4 = 1, aCl− = 1 and aH3O+ = 1 (pH = 0). E is pH 
dependent: when pH increases, E increases. In this work this reaction is performed at non-
buffered solution with pH ca. 4. SHE: standard hydrogen electrode. 
 

Instead of a specie that acts only as reducer for HAuCl4 for the Au nanoparticles, 

EDOT was used. EDOT polymerizes usually through an oxidative radical mechanism, in 

which the Cα-H bonds are broken and new intermonomer Cα-Cα bond are formed. 

EDOT is easily oxidized by Au(III) precursor, which presents a high E0 to form Au0. The 

new intermonomer bonds between EDOT molecules are head-to-head bonds. Each 

inner EDOT molecule in the chain donates 2 electrons and produces 2 H3O
+ in the 

whole process. The polymer PEDOT is formed. The reaction HAuCl4 + EDOT + NaPSS 

produces NPsAu and PEDOT in one step, and therefore is an one-pot reaction, 
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performed in aqueous solution. There is also the possibility of forming Au(I) species in 

solution. HAuCl4 also partially oxidizes PEDOT, introducing positive charges in its 

polymer chain. PSS− negative charge stabilizes PEDOT positive charges. Au@PEDOT 

core-shell nanoparticles are formed because of the high affinity of gold for sulfur. The 

synthesis is showed in Equation 3. Scheme 9 shows the non-stoichiometric synthesis 

and Scheme 10 shows the stoichiometric synthesis. For each mole of HAuCl4 1.5 moles 

of EDOT are necessary for the theoretical complete reaction. As described in 

Subsection 3.4.1.1, the optimized analytical molar concentrations found are: [NaPSS] = 

1.39x10−6 mol L−1, [EDOT] = 8.9x10−3 mol L−1 and [HAuCl4] = 2.4x10−4 mol L−1. The 

optimized theoretical molar concentration of 4-styrenesulfonate monomeric units is 

5.3x10−4 mol L−1. HAuCl4 is the limiting reagent for the reaction, and thus it determines 

the amount of PEDOT that can be formed. This also implies that the polymer cannot be 

in excess to the gold nanoparticles in the product, and the layer cannot be too thick to 

block the surface of gold, which could decrease the conductivity of the material. 

However, as explained ahead, PEDOT formed in the flask bonds to gold and also limits 

the growth of gold nanoparticles. PEDOT can be and is in part further oxidized to 

positively-charged states, which consumes more HAuCl4, since 1 HAuC4 molecule is 

necessary to receive every 3 e− from PEDOT. 

 

EDOT(aq) + HAuCl4(aq) + NaPSS(aq) → NPsAu@PEDOT(aq) 

 
Equation 3. Non-stoichiometric EDOT + HAuCl4 + NaPSS reaction in aqueous medium, forming 
core-shell NPsAu@PEDOT. NaPSS is omitted in the products, as adopted in this Thesis. The 
reaction is done adding, in this order, NaPSS, EDOT and HAuCl4 in water and stirring for hours. 
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Scheme 9. Non-stoichiometric reaction EDOT + HAuCl4 + NaPSS in aqueous medium, forming 
core-shell NPsAu@PEDOT. Only the species shown are considered. The Scheme does not 
imply a 1:1 proportion between gold nanoparticles and EDOT monomeric units in PEDOT. The 
reaction is done adding, in this order, NaPSS, EDOT and HAuCl4 in water, and stirring for hours. 

  



78 

 

 

Scheme 10. Stoichiometric reaction EDOT + HAuCl4 in acidic medium, forming core-shell 
NPsAu@PEDOT. Only the species shown are considered. 2nAu(NPs) means 2n mols of atoms of 
Au in the form of nanoparticles, and not 2n nanoparticles of Au. The reaction is done adding, in 
this order, NaPSS, EDOT and HAuCl4 in water, and stirring for hours. 
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After the addition of HAuCl4 in the flask the reaction mixture changes from light 

yellow (color due to HAuCl4) to light green, to light blue, to dark blue, in a few minutes. 

Figure 1 presents a photograph of the product. The blue color is due to the oxidized 

PEDOT present, and it is so intense that it masks the characteristic pink color of Au 

nanoparticles, also present in the sample. 
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Figure 1. Photograph of NPsAu@PEDOT after 4 h of synthesis. The reaction is done adding, in 
this order, NaPSS, EDOT and HAuCl4 in water, and stirring for hours. 
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UV-Vis-NIR was performed as the reaction proceeded. The spectra are shown in 

Figure 2. The bottom spectrum (black curve, solid line) belongs to the mixture previous 

to the addition of HAuCl4, and the absorbance is practically null throughout the 

spectrum. The second bottom spectrum (red curve, dashed line) was taken 30 s after 

the addition and shows a peak in UV at ca. 307 nm due to HAuCl4. As time flows the 

backgrounds grows a lot and the plasmonic band rises in green, changing its maximum 

from 532 nm to 548 nm. This redshift implies the growing of Au nanoparticles. The peak 

in 307 nm disappears and 2 large bands in NIR at 802 nm and 918 nm rise. These 

bands are due to PEDOT polymer, which greatly contributes to the dark aspect of the 

solution. In articles about PEDOT Garreau et al. [89]–[93] state that the occurrence of 

bands in the near infrared is due to PEDOT in the oxidized bipolaron state, but oxidized 

PEDOT has little absorption in the visible region. The 2 bands in NIR may be due to 

PEDOT of controlled chain sizes in the shells of core-shell nanoparticle. The spectra 

demonstrate the formation of the nanoparticles and of the polymer. 
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Figure 2. UV-Vis-NIR spectra acquired during the synthesis of NPsAu@PEDOT. Blank of UV-
Vis-NIR: water. Bottom spectrum (black curve, solid line) acquired of the mixture of H2O, NaPSS 
and EDOT, previous to the HAuCl4 addition. The reaction is done adding, in this order, NaPSS, 
EDOT and H2PtCl6 in water, and stirring for days. 
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4.1.2. Pt/PEDOT hybrids 

 

The reaction H2PtCl6 + EDOT + NaPSS was studied for the synthesis of 

NPsPt/PEDOT hybrids. Platinum is a noble metal of high interest in electrochemistry, 

and catalyzes many redox reactions. H2PtCl6 was used as platinum precursor, and 

another one-pot reaction with EDOT was planned. Equation 4 is the half-reaction of 

reduction of H2PtCl6 and in Equation 5 is the reaction of synthesis of NPsPt/PEDOT. 

 

H2PtIVCl6(aq) + 4e− + 2H2O(l) → Pt0(s) + 6Cl−(aq) + 2H3O
+

(aq)      E
0 = +1484 mV versus SHE 

 
Equation 4. Half-reaction of reduction of H2PtIVCl6 to Pt0 in acidic medium. E0 is the potential at 
the conditions: aH2PtCl6 = 1, aCl− = 1, aH3O+ = 1 (pH = 0). E is pH-dependent: when pH increases, E 
increases. In this work this reaction was performed at non-buffered solution with pH ca. 4. 
 

EDOT(aq) + H2PtCl6(aq) + NaPSS(aq) → NPsPt/PEDOT(aq) 

 
Equation 5. Non-stoichiometric EDOT + H2PtCl6 + NaPSS reaction in aqueous medium. Only 
the species shown are considered. The reaction is done adding, in this order, NaPSS, EDOT 
and H2PtCl6 in water and stirring for days. 
 

H2PtCl6 is reduced to Pt0 and forms nanoparticles, while EDOT polymerizes, 

forming PEDOT. The non-stoichiometric reaction is shown in Scheme 11 and the 

stoichiometric reaction is shown in Scheme 12. For each mole of H2PtCl6 2 moles of 

EDOT are necessary for the theoretical complete reaction. The optimized analytical 

molar concentrations of NaPSS and EDOT in the synthesis are [NaPSS] = 1.39x10−6 

mol L−1, [EDOT] = 8.9x10−3 mol L−1, [H2PtCl6] = 2.4x10−4 mol L−1. H2PtCl6 is the limiting 

reagent. PEDOT is in part further oxidized to positively-charged states, which consumes 
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more H2PtCl6. Figure 3 shows a photograph of the product. The dark color of the 

solution is due to PEDOT. 
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Scheme 11. Non-stoichiometric H2PtCl6 + EDOT + NaPSS reaction in aqueous medium forming 
NPsPt/PEDOT hybrid. Only the species shown are considered. The Scheme does not imply a 
1:1 proportion between platinum nanoparticles and EDOT monomeric units in PEDOT. The 
reaction is done adding, in this order, NaPSS, EDOT and H2PtCl6 in water, and stirring for days. 
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Scheme 12. Stoichiometric H2PtCl6 + EDOT reaction in acidic medium forming NPsPt/PEDOT 
hybrid. Only the species shown are considered. The reaction is done adding, in this order, 
NaPSS, EDOT and H2PtCl6 in water, and stirring for days. 
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Figure 3. Photograph of NPsPt/PEDOT after 4 h of synthesis. The reaction is done adding, in 
this order, NaPSS, EDOT and H2PtCl6 in water, and stirring for days. 

  



88 

 

Figure 4 presents the UV-Vis-NIR spectra of the reaction suspension (up to 6 

days of reaction). The bottom spectrum of Figure 4 (black curve, solid line) is the 

spectrum previous to the addition of H2PtCl6, in which absorbance is practically null. The 

second bottom spectrum (red curve, dashed line) was taken ca. 30 s after the addition of 

H2PtCl6, and depicts a shoulder in UV at ca. 370 nm of H2PtCl6. After some hours the 

plasmonic band of NPsPt rises in green and changes its maximum from 516 nm to 526 

nm. This redshift is due to the growing of Pt nanoparticles. The background increases 

and a broad band in NIR (maximum at ca. 850 nm) rises. This band is due to PEDOT. 

The inexistence of well-defined bands in NIR may indicate that these bands are due to 

confined and size-controlled PEDOT in core-shell nanoparticles, which is not the case 

for the hybrid NPsPt/PEDOT. 
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Figure 4. UV-Vis-NIR spectra acquired during the synthesis of NPsPt/PEDOT. Blank of UV-Vis-
NIR: water. Bottom spectrum (black curve, solid line) of mixture of H2O, EDOT and NaPSS, 
previous to the H2PtCl6 addition. The reaction is done adding, in this order, NaPSS, EDOT and 
H2PtCl6 in water, and stirring for days. 
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4.1.3. Lactic acid-derived hybrids 

 

Novel hybrids of gold nanoparticles with polymers derived from EDOT-PLA were 

also studied. EDOT-PLA is a macromonomer and new biodegradable molecule, which in 

this work is desirable to be polymerized in order to obtain an easy to process, 

conducting, and biodegradable electrode material. This is very important to electrodes of 

wearable electrochemical sensors or sensors that are inserted in live organisms (in vivo 

sensors), a rising scientific field. 

Although it is predicted to be oxidized in the same way EDOT does it is much 

more difficult to be oxidized than EDOT due to its huge molecular volume and steric 

hindrance caused by the PLA side chain. PLA itself is a biodegradable polymer 

extensively used in implants due to its compatibility with living organisms [94], [95], but 

has found little use in electrochemistry so far. Scheme 13 shows the synthesis of 

EDOT-PLA. Sn(II) 2-ethylhexanoate is an organometallic compound that catalyzes the 

opening of the oxygenated ring of 3,6-dimethyl-1,4-dioxane-2,5-dione, which originates 

the carbonic chain of EDOT-PLA.  
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Scheme 13. Non-stoichiometric 3,6-dimethyl-1,4-dioxane-2,5-dione + EDOT-CH2-OH reaction in 
toluene forming EDOT-PLA. Only the species shown are considered. Sn(II) 2-ethylhexanoate is 
the catalyzer of the reaction, and toluene is toluene is the solvent. EDOT-CH2-OH, 3,6-dimethyl-
1,4-dioxane-2,5-dione and Sn(II) 2-ethylhexanoate are heated to 110 ºC (383 K), under reflux, 
for 24 h. 
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EDOT-PLA is insoluble in water, and therefore the reactions were performed in 

organic solvent, and acetonitrile was chosen. The one-pot reaction HAuCl4 + EDOT-

PLA + NaPSS forms at the same time: gold nanoparticles; oligomers of EDOT-PLA with 

intermonomer Cα-Cα bonds, in head-to-head, head-to-tail or tail-to-tail configurations. 

There is also the possibility of forming Au(I) species in solution. The gold nanoparticles 

interact with the polymer through the sulfur atoms. The synthesis is described in 

Equation 6 and illustrated in Scheme 14. Each mole of HAuCl4 requires 1.5 moles of 

EDOT-PLA to the theoretical complete reaction to neutral o-EDOT-PLA. The optimized 

analytical concentrations are [NaPSS] = 1.4x10−6 mol L−1, [HAuCl4] = 2.4x10−4 mol L−1, 

cEDOT-PLA = 3.2 g L−1. Based on the average molecular mass of EDOT-PLA it is 

calculated that, for the optimized analytical concentrations, HAuCl4 is the limiting 

reagent. o-EDOT-PLA formed can be further oxidized to positively-charged states, which 

consumes more HAuCl4. The product, NPsAu/o-EDOT-PLA, is presented in Figure 5. 

The light pink color is due to the Au nanoparticles. 

 

3,6-dimethyl-1,4-dioxane-2,5-dione (toluene) + EDOT-CH2-OH(toluene) → EDOT-PLA(toluene) 

 
Equation 6. Non-stoichiometric 3,6-dimethyl-1,4-dioxane-2,5-dione + EDOT-CH2-OH reaction in 
toluene forming EDOT-PLA. Only the species shown are considered. The reaction is done with 
toluene, EDOT-CH2-OH, 3,6-dimethyl-1,4-dioxane-2,5-dione and Sn(II) 2-ethylhexanoate at 110 
ºC (383 K), under reflux, for 24 h. 
  



93 

 

 

Scheme 14. Non-stoichiometric reaction EDOT-PLA + HAuCl4 in acetonitrile forming NPsAu and 
oligomers of EDOT-PLA hybrid. NaPSS is omitted in the products, as adopted in this Thesis. 
Only the species shown are considered. Only the neutral states of EDOT-PLAs are considered 
(3,4-ethylenedioxythiophene-poly(lactic acid) and its derivatives). The reaction is done adding to 
acetonitrile, in this order, NaPSS, EDOT-PLA and HAuCl4, and stirring for days. 
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Figure 5. Photograph of NPsAu/o-EDOT-PLA after 4 h of synthesis. The reaction is done adding 
to acetonitrile, in this order, NaPSS, EDOT-PLA and HAuCl4, and stirring for days. 
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Figure 6 presents the spectra taken during the reaction. The absorbance of 

(EDOT-PLA + NaPSS + ACN) mixture (black curve, solid line) is very low. It is observed 

that the plasmonic band of Au (green, 538 nm) rises as the reaction proceeds. There are 

only minor peaks in the near infrared, therefore, no PEDOTs polymers are present in the 

sample. Outside the selected range of this spectrum there is an ultraviolet peak of 

HAuCl4 at 322 nm, which decreases with time. Oligomers of EDOT-PLA (o-EDOT-PLA) 

are formed in the oxidation of EDOT-PLA consuming HAuCl4. 
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Figure 6. UV-Vis-NIR spectra acquired during the synthesis of NPsAu/o-EDOT-PLA in 
acetonitrile. Blank of UV-Vis-NIR: water. Bottom spectrum (black curve, solid line) of mixture of 
acetonitrile, NaPSS and EDOT-PLA, previous to the HAuCl4 addition. The reaction is done 
adding to acetonitrile, in this order, NaPSS, EDOT-PLA and HAuCl4, and stirring for days. 
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The oligomers of EDOT-PLA can theoretically be further polymerized to form the 

corresponding polymer through the reaction with an oxidizer. In this work potassium 

peroxydisulfate, a very strong oxidizer, was used for this purpose. The reaction 

NPsAu/o-EDOT-PLA + potassium peroxydisulfate was performed adding 1.0x10−2 mol 

L−1 potassium peroxydisulfate to the reaction suspension of NPsAu/o-EDOT-PLA, which 

darkens due to the formation of the polymer. Figure 7 shows the suspension before and 

after the oxidation with potassium peroxydisulfate. PEDOT-PLA is formed in this step. 

Equation 7 brings the half-reaction of reduction of potassium peroxydisulfate. Equation 

8 is the half-reaction of oxidation of Au0 back to HAuIIICl4, which also occurs when 

potassium peroxydisulfate is added, as explained ahead. Equation 9 is the complete 

reaction. Au0 can also be oxidized to Au3+, shown in Equation 10 (oxidation half-

reaction) and Equation 11 (reduction half-reaction). Equation 12 is the complete 

reaction with potassium peroxydisulfate. 
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A                                                     B 
Figure 7. A: photograph of NPsAu/o-EDOT-PLA after 4 h of synthesis. The reaction is done 
adding to acetonitrile, in this order, NaPSS, EDOT-PLA and HAuCl4, and stirring for days. B: 
photograph of NPsAu/PEDOT-PLA after 4 days of synthesis. The reaction is done by adding 
potassium peroxydisulfate to the reaction suspension of NPsAu/o-EDOT-PLA, and stirring it for 
days. 
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S2O8
2−

(aq) + 2e− → 2SO4
2−

(aq)                                                   E
0 = +2120 mV versus SHE 

 
Equation 7. Half-reaction of reduction of potassium peroxydisulfate to sulfate. E0 is the potential 
at the conditions: aS2O82− = 1, aSO42− = 1. 
 

Au0
(s) + H3O

+
(aq) + 4Cl−(aq) → HAuIIICl4(aq) + H2O(l) + 3e− 

 
Equation 8. Half-reaction of oxidation of Au0 to HAuIIICl4, the inverse half-reaction of Equation 
2. 

 

2Au0
(s) + 2H3O

+
(aq) + 8Cl−(aq) + 2S2O8

2−
(aq) → 2HAuIIICl4(aq) + 2H2O(l) + 6SO4

2−
(aq) 

E0 = + 1190 mV versus SHE 
 
Equation 9. Reaction of oxidation of Au0 to HAuIIICl4 by peroxydisulfate. E0 is the potential at the 
conditions: aH3O+ = 1 (pH = 0), aCl− = 1, aS2O82− = 1, aHAuCl4 = 1, aSO42− = 1. E is pH-dependent: 
when pH is increased, E decreases. In this work this reaction was performed at non-buffered pH 
ca. 4. 

 

Au3+
(aq) + 3 e− → Au0

(s)                                                            E
0 = +1520 mV versus SHE 

 
Equation 10. Half-reaction of reduction of Au3+ to Au0 in aqueous medium. E0 is the potential at 
the conditions: aAu3+ = 1. 

 

Au0
(s) → Au3+

(aq) + 3 e− 

 
Equation 11. Half-reaction of oxidation of Au0 to Au3+ in aqueous medium. Inverse half-reaction 
of Equation 10. 

 

2Au0
(s) + 3S2O8

2−
(aq) → 2Au3+

(aq) + 6SO4
2−

(aq)                            E
0 = +600 mV versus SHE 

 
Equation 12. Reaction of oxidation of Au0 to Au3+ by potassium peroxydisulfate. E0 is the 
potential at the conditions: aS2O82− = 1, aAu3+ = 1, aSO42− = 1. 
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4.2. Characterization of hybrids 

 

4.2.1. DLS and TEM results 

 

The synthesized hybrids or Au and Pt nanoparticles were analyzed by 

transmission electron microscopy (TEM) on Cu/C grids. 

Figure 8 shows the size histogram of NPsAu@PEDOT measured by DLS 

(dynamic light scattering); Figure 9 shows the zeta potential measurement of 

NPsAu@PEDOT; Figure 10 shows 4 TEM micrographs. In the micrographs the Au 

nanoparticles appear in black, while the surrounding polymer around is lighter, grey. The 

images show high polydispersity of nanoparticles from less than 1 nm up to ca. 5 nm. In 

the size histogram of Figure 8 there are 3 peaks: 1 between 1 nm and 10 nm, 1 

between 10 nm and 100 nm and 1 between 100 nm and 1000 nm (microparticles). The 

peak between 1 nm and 10 nm correspond to the nanoparticles of the micrographs and 

to the core-shell Au@PEDOT nanoparticles, inside the matrix of PEDOT in Figure 10. It 

can be observed in Figure 10 that the nanoparticles outside the matrix are bigger than 

the nanoparticles inside, which may indicate that, during the synthesis, PEDOT blocked 

the surface of gold nanoparticles and prevent them from growing. The peaks of larger 

sizes can correspond to aggregates of Au nanoparticles or to PEDOT. In an article 

about the same nanoparticles [86] TEM micrographs were also performed and it was 

demonstrated that the smaller nanoparticles are hybrid and have a core-shell structure. 

Figure 9 shows a peak in ca. −25 mV, the nanoparticles are negatively charged due to 

PSS− in the shell or to adsorbed Cl− (Cl− tends to adsorb on gold). Nanoparticles require 
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a high zeta potential (in module) to be stable in solution and do not underwent 

coalescence. 
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Figure 8. Dynamic light scattering histogram of size distribution of core-shell NPsAu@PEDOT. x 
axis is in logarithmic scale. NPsAu@PEDOT formed from HAuCl4, EDOT and NaPSS in water, 
under stirring for hours. 
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Figure 9. Zeta potential measurements of core-shell NPsAu@PEDOT by dynamic light 
scattering. NPsAu@PEDOT formed from HAuCl4, EDOT and NaPSS in water, under stirring for 
hours. 
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A                                              B 

 

C                                               D 

Figure 10. Transmission electron micrographs of different nominal magnifications of 
NPsAu@PEDOT. These images show NPsAu in the matrix of PEDOT. The reaction suspension 
of NPsAu@PEDOT is casted (ca. 2 μL) on transmission electron microscopy grids and let dry. 
NPsAu@PEDOT formed from HAuCl4, EDOT and NaPSS in water, under stirring for hours. 
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Figure 11 shows the size histogram; Figure 12 shows the zeta measurements; 

Figure 13 shows TEM micrographs of NPsPt/PEDOT. The histogram presents 2 sharp 

peaks: ca. 2 nm and between 10 nm and 100 nm. The micrographs show highly 

homogenous platinum nanoparticles with low polydispersity and well distributed in the 

PEDOT matrix. These NPs correspond to the 2 nm peak in the histogram. Figure 12 

shows that the particles in NPsPt/PEDOT are mostly negatively charged, as in the 

sample NPsAu@PEDOT. EDS measurements were performed in the depicted regions 1 

and 2 of Figure 13E. Figure 14 and Figure 15 present the EDS spectra of these 2 

regions, respectively. In Figure 14 (EDS performed in a small dark nanoparticle) there 

are peaks of Pt and Cu. Cu due to the TEM grid and Pt from the nanoparticle. In Figure 

15 (EDS performed in a larger region englobing dark nanoparticles and the grey matrix) 

there are peaks of Pt, Cu, Cr, Co, Si and S. Si signal is from the X rays detector; Co and 
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Cr are from the microscope; Cu is from the TEM grid and Pt and S are from the sample. 

Therefore EDS demonstrates that sulfur-containing polymers PEDOT and PSS− are 

present in the matrix, surrounding the Pt nanoparticles. 
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Figure 11. Dynamic light scattering histogram of size of Pt nanoparticles on NPsPt/PEDOT 
hybrid. x axis is in logarithmic scale. NPsPt/PEDOT formed from H2PtCl6, EDOT and NaPSS in 
water, under stirring for days. 
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Figure 12. Zeta potential measurement of Pt nanoparticles on NPsPt/PEDOT hybrid. 
NPsPt/PEDOT formed from H2PtCl6, EDOT and NaPSS in water, under stirring for days. 
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A                                               B 

 

C                                               D 

 

E                                               F 

Figure 13. Transmission electron micrographs of different nominal magnification of 
NPsPt/PEDOT hybrid. EDS was performed in the depicted regions of E. The reaction 
suspension of NPsPt/PEDOT is casted (ca. 2 μL) on transmission electron microscopy grids and 
let dry. NPsPt/PEDOT formed from H2PtCl6, EDOT and NaPSS in water, under stirring for days. 
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Figure 14. EDS spectrum of region 1 of the transmission electron micrograph of Figure 13E, a 
region containing 1 nanoparticle. The sample is NPsPt/PEDOT. The reaction suspension of 
NPsPt/PEDOT was casted (ca. 2 μL) on transmission electron microscopy grids and let dry. 
NPsPt/PEDOT formed from H2PtCl6, EDOT and NaPSS in water, under stirring for days. 
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Figure 15. EDS spectrum of region 2 of transmission electron micrograph of Figure 13E, a 
region containing both the matrix and nanoparticles. The sample is NPsPt/PEDOT. The reaction 
suspension of NPsPt/PEDOT was casted (ca. 2 μL) on transmission electron microscopy grids 
and let dry. NPsPt/PEDOT formed from H2PtCl6, EDOT and NaPSS in water, under stirring for 
days. 
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Figure 16 presents the size histogram of nanoparticles and Figure 17 presents 

the zeta measurements of NPsAu/PEDOT-PLA. Figure 16 shows 3 peaks: between 1 

nm and 10 nm, between 100 nm and 1000 nm (microparticles) and between 1000 nm 

and 10000 nm (microparticles). The gold nanoparticles correspond to the broad peak in 

ca. 2 nm (between 1 nm and 10 nm). The other 2 peaks may be due to aggregates of 

gold nanoparticles or PEDOT-PLA. Figure 18 shows TEM micrographs of NPsAu/o-

EDOT-PLA (A–D) and of NPsAu/PEDOT-PLA (E–H), being NPsAu/PEDOT-PLA formed 

by adding potassium peroxydisulfate to the reaction suspension of NPsAu/o-EDOT-PLA. 

The micrographs show that before the oxidation with potassium peroxydisulfate the 

nanoparticles (corresponding to the peak of ca. 2 nm in Figure 16) are numerous, 

polydisperse and inhomogeneous. After the oxidation with potassium peroxydisulfate the 

nanoparticles are slightly smaller and less numerous, demonstrating that Au0 in the 

nanoparticles is oxidized to Au(I) or Au(III) species, as it was predicted by Equation 9 

and Equation 12, which show that the reactions at the standard conditions are highly 

thermodynamically spontaneous. The NPs in NPsAu/o-EDOT-PLA are not core-shell 

NPs, and the matrix of o-EDOT-PLA does not prevent oxidation of gold. Figure 17 

shows that the nanoparticles in NPsAu/PEDOT-PLA are negatively charged. 
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Figure 16. Dynamic light scattering histogram of size of Au nanoparticles on NPsAu/PEDOT-
PLA hybrid. x axis is in logarithm scale. NPsAu/PEDOT-PLA formed from the reaction 
suspension of NPsAu/o-EDOT-PLA and potassium peroxydisulfate in acetonitrile, under stirring 
for days. 
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Figure 17. Zeta potential measurements of Au nanoparticles on NPsAu/PEDOT-PLA. 
NPsAu/PEDOT-PLA formed from the reaction suspension of NPsAu/o-EDOT-PLA and 
potassium peroxydisulfate in acetonitrile, under stirring for days. 
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A                                               B 

 

C                                               D 

 

E                                               F 

Figure 18. (Continues on next page, legend on next page). 
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G                                               H 

Figure 18. (Continuation). Transmission electron micrographs of different nominal 
magnifications of NPsAu/o-EDOT-PLA (A–D) and of NPsAu/PEDOT-PLA (E–H). EDS is 
performed in the depicted regions of C, D and H. C: region a: Au; region b: Au, S. D: regions a, 
c, d: Au; regions b and e: Au, S. H: regions a and b: Au; region c: Au, S. The reaction 
suspensions are casted (ca. 2 μL) on transmission electron microscopy grids and let dry. 
NPsAu/o-EDOT-PLA formed from HAuCl4, EDOT-PLA and NaPSS in acetonitrile. 
NPsAu/PEDOT-PLA formed from the reaction suspension of NPsAu/o-EDOT-PLA and 
potassium peroxydisulfate in acetonitrile, under stirring for days. 
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The sizes of nanoparticles in the synthesized samples were measured by 

dynamic light scattering (Figure 9, Figure 12 and Figure 17) and were also calculated 

manually by analyzing the TEM micrographs of Figure 10, Figure 13 and Figure 18 

with the software ImageJ. The results are compared in Table 1. They are very different, 

probably due to the methodologies used. 
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Table 1. Comparison of the mean sizes of nanoparticles observed in the histograms (maximum 
of peaks of size distributions) by dynamics light scattering and by transmission electron 
microscopy (counted manually with ImageJ software) for several samples. Data obtained from 
Figure 8, Figure 10, Figure 11, Figure 13, Figure 16, Figure 18 and from the article by 
Augusto et al. [86]. NPsAu@PEDOT formed from HAuCl4, EDOT and NaPSS in water, under 
stirring for hours. NPsPt/PEDOT formed from H2PtCl6, EDOT and NaPSS in water, under stirring 
for days. NPsAu/o-EDOT-PLA formed from HAuCl4, EDOT-PLA and NaPSS in acetonitrile. 
NPsAu/PEDOT-PLA formed from the reaction suspension of NPsAu/o-EDOT-PLA and 
potassium peroxydisulfate in acetonitrile, under stirring for days. 

Samples Mean sizes of NPs by DLS / 
nm 

Mean sizes of NPs by TEM / 
nm 

NPsAu@PEDOT 3 3.7 [86] 

NPsPt/PEDOT (2.2±0.2) ; (35±7) - 

NPsAu/o-EDOT-PLA - (8.1±0.2) 

NPsAu/PEDOT–PDLLA (2.2±0.7) (9.0±0.2) 
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4.2.2. Raman spectroscopy results 

 

The hybrids of noble metal nanoparticles and PEDOTs were immobilized on glass 

slides by simple casting and analyzed by Raman microscopy. Figure 19 presents the 

Raman spectrum of EDOT-PLA(acetonitrile), with its characteristic bands. Figure 20 

presents the spectra of the hybrids NPsAu@PEDOT, NPsPt/PEDOT and 

NPsAu/PEDOT-PLA. In Figure 19 it is observed that, even when the background is 

removed, the noise in very high and the signal-to-noise ratio is low. This occurs due to 

the fluorescence of EDOT-PLA at stimulating light of 636 nm. This does not occur in the 

spectra of Figure 20, of PEDOT-derived hybrids. 
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Figure 19. Raman spectrum of EDOT-PLA. The sample is added to a small flask and analyzed 
in the Raman microscope with a red He/Ne, 636 nm wavelength, laser, with 10% power and 
integration time of 100 s. The background is subtracted, but the sample presents strong 
fluorescence at the experimental conditions. EDOT-PLA formed from lactone, Sn(II) 2-
ethylhexanoate and lactic acid in toluene, under reflux, at 110 ºC (383 K), and dissolved in 
acetonitrile previous to the analysis. 
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Figure 20. Raman spectra of A: NPsAu/PEDOT-PLA (deposited by casting, 10 steps, on GCE); 
B: NPsAu/PEDOT-PLA over a glass slide; C: NPsPt/PEDOT over a glass slide; D: 
NPsAu@PEDOT over a glass slide and E: PEDOT(aq). The laser of the Raman microscope is a 
He/Ne, 636 nm wavelength laser. A: 10% laser power, 100 s integration time. B: 10% laser 
power, 10 s integration time. C: 10% laser power, 10 s integration time. D: 10% laser power, 100 
s integration time. E: 10% laser power, 10 s integration time, sample diluted 100 x with water 
previous to the experiment. The backgrounds are subtracted. NPsAu@PEDOT formed from 
HAuCl4, EDOT and NaPSS in water, under stirring for hours. NPsPt/PEDOT formed from 
H2PtCl6, EDOT and NaPSS in water, under stirring for days. NPsAu/o-EDOT-PLA formed from 
HAuCl4, EDOT-PLA and NaPSS in acetonitrile. NPsAu/PEDOT-PLA formed from the reaction 
suspension of NPsAu/o-EDOT-PLA and potassium peroxydisulfate in acetonitrile, under stirring 
for days. 
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PEDOT presents the main band in (1426–1453) cm−1, characteristic of oxidized 

bipolaron PEDOT, and so does all the spectra of the hybrids in Figure 20. The main 

band is due to the symmetrical stretching of C2=C3 and C4=C5 bonds of PEDOTs [94] 

(sulfur is always C1). In the spectrum of PEDOT/PSS the secondary band is too small to 

be identified. Duvail et al. [93] hypothesized that this band occurs when PEDOT is 

synthesized in small and confined structures [89]–[93]. The spectra demonstrate that 

PEDOTs are present in the samples and PEDOT-PLA is structurally similar to PEDOT, 

with almost the same bands. The maxima of the spectra, which are the maxima of the 

main band, present counts from ca. 900 to ca. 37000. The greatest variations among 

them are attributed to the integration time, which varies from 10 s to 100 s. The counts 

are not extremely high, and surface enhanced Raman scattering effect seems to not 

occur. Table 2 compares the bands of spectra of Figure 20. The main band is shifted to 

lower wavelengths relative to the isolated polymer. 
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Table 2. Raman bands of Figure 20 spectra. Bands 1 to 11 are from PEDOTs. 1: symmetric 
stretching C2=C3 for doped PEDOTs. 2 and 3: unidentified. 4: oxyethylene ring bending. 5 and 
6: asymmetric stretching C2=C3. 7: C2=C3 stretching. 8: interring stretching. 9 and 10: C-O-C 
bending. 11: antyssymetric deformation of double vicinal oxyethyelene rings by movement of the 
4 oxygen atoms [94], [95]. NPsAu@PEDOT formed from HAuCl4, EDOT and NaPSS in water, 
under stirring for hours. NPsPt/PEDOT formed from H2PtCl6, EDOT and NaPSS in water, under 
stirring for days. NPsAu/o-EDOT-PLA formed from HAuCl4, EDOT-PLA and NaPSS in 
acetonitrile. NPsAu/PEDOT-PLA formed from the reaction suspension of NPsAu/o-EDOT-PLA 
and potassium peroxydisulfate in acetonitrile, under stirring for days. 

Samples / 
Raman 
bands / 

cm−1 

1 2 3 4 5 6 7 8 9 10 11 

NPsAu / 
PEDOT-

PLA(s) 

1431 1501 703 - - 1536 1363 1268 1131 1096 435 

NPsPt / 
PEDOT(s) 

1436 1504 702 - 1573 1537 1367 1267 1130 - 442 

NPsAu @ 
PEDOT(s) 

1426 1494 699 989 1569 1533 1364 1262 1130 - 439 

PEDOT(aq) 1453 1499 700 989 - - 1362 1259 1128 - - 

GCE / 
NPsAu / 
PEDOT-

PLA 

1432 1504 700 990 - 1535 1368 1253 1129 - 440 
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4.3. Deposition of hybrids on GCEs 

 

After synthesizing NPsAu/PEDOT-PLA in acetonitrile the reaction suspension 

was centrifuged and the supernatant was discarded, obtaining the isolated hybrid in 

Eppendorfs. The NPs were resuspended by adding 1 mL dymethylsulfoxide to the 

Eppendorf and ultrasonicating for the time necessary. The NPsAu/PEDOT-PLA new 

suspension was then used in casting. The suspension in dymethylsulfoxide produces a 

much more stable film of NPsAu/PEDOT-PLA in the surface of GCE when compared to 

the suspension in acetonitrile. The number of casting steps was varied from 1 to 10. 

CVs (cyclic voltammograms) of the modified GCEs with different amounts of 

NPsAu/PEDOT-PLA were performed to study the electroactivity of the hybrids, and the 

results are presented in Figure 21. For each experiment 200 cycles were performed 

between +600 mV and −400 mV (versus Ag/AgCl/KCl(3 mol L−1)) at 10 mV s−1 to test the 

stability of the material. All the profiles of the voltammograms of GCE/NPsAu/PEDOT-

PLA are very similar to the profile of bare GCE. Figure 21A–B modified GCE-CVs 

present some unknown redox peaks between ca. +0.2 V and ca. 0 V versus 

Ag/AgCl/KCl(3 mol L−1), which do not exist in Figure 21C. The arrows that cross the CVs 

indicate the evolution of the current density with the increasing number of cycle. Cycles 

1–25 and 176–200 are displayed; cycles 26–175 are omitted. The only characteristic 

electroactivity observed is at the lower limit of potential range in which there may be a 

reduction peak at more negative potentials. 
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Figure 21. (Continues on next page, legend on next page). 



126 

 

-0.4 -0.2 0.0 0.2 0.4 0.6

-4.0x10
-5

-2.0x10
-5

0.0

2.0x10
-5

 GCE

 modified GCE

10 mV s
-1

j 
/ 
(A

 c
m

-2
)

E / V versus Ag/AgCl/KCl
(3 mol L-1)

 

C 
Figure 21. (Continuation). Cyclic voltammograms of a GCE (control) (black curves) and of 
NPsAu/PEDOT-PLA deposited by casting by different numbers of steps on a GCE (red curves). 
A: 1 step. B: 5 steps. C: 10 steps. The initial potentials were the open circuit potentials: ca. +150 
mV. Scan rate: 10 mV s−1. Initial potential scans: increasing potential. The current is normalized 
by the geometrical area of the electrode (7.07 mm2). 200 cycles were performed. Cycles 1–25 
and 176–200 are showed. Cycles 26–175 are omitted. Arrows that cross the curves indicate the 
direction of increasing time among the cycles. Working electrode: modified GCEs. Counter 
electrode: Pt plate. Reference electrode: Ag/AgCl/KCl(3 mol L−1). Electrolyte: 
dyhydrogenphosphate/hydrogenphosphate buffer 20 mmol L−1 pH = 7.4 + NaCl 100 mmol L−1. 
The electrolyte was deoxygenated by bubbling dry N2 for at least 15 min prior to the experiment 
and keeping a N2 atmosphere over the electrolyte throughout the experiment. NPsAu/PEDOT-
PLA deposited on GCEs adding small drops of NPsAu/PEDOT-PLA on GCEs and drying them 
at 40 ºC (313 K) in vacuum. Prior to the deposition the NPsAu/PEDOT-PLA were centrifuged in 
their reaction suspension and resuspended in dymethylsulfoxide by ultrasound. NPsAu/PEDOT-
PLA formed from the reaction suspension of NPsAu/o-EDOT-PLA and potassium 
peroxydisulfate in acetonitrile, under stirring for days. 
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4.4. Syntheses of hydrogels of acrylic acid and acrylamide 

 

Syntheses of hydrogels of poly(acrylic acid) were performed varying the 

concentrations of reagents like N,N’-methylenebisacrylamide, a bifunctional reagent that 

reacts with acrylic acid forming bridges between the polymeric chains (as described in 

Chapter 3, Experimental). h-PAAs (PAAs are samples of poly(acrylic acid)) were made 

in solution by uncatalyzed synthesis with cylindrical templates. The syntheses in 

cylindrical templates are relatively simple; the gels are mechanically stable and have a 

good water absorption capability. They increase in volume by more than 2 folds during 

the complete swelling. 

PAA was also synthesized as films over ITOs, which are transparent electrodes 

suitable for electrochromic experiments. f-h-PAA samples synthesized on ITOs by 

uncatalyzed syntheses or catalyzed synthesis did not behave as expected. Only 

increasing the amount of N,N’-methylenebisacrylamide used was not sufficient to 

produce stable, insoluble polymers. The hydrogels present weak adherence to ITOs and 

dissolved or detached from the surface of ITOs when immersed in water. 

In the case of b-h-PAAs the catalyzed synthesis procedure was modified and 250 

μmol L−1 N,N’-methylenebisacrylamide were added in the preparation of the precursor 

solution in the catalyzed synthesis; and 24 μmol L−1 N,N’-methylenebisacrylamide in the 

catalyzed synthesis. The consequent b-h-PAAs presented more stable behavior 

compared to that produced by adding 12 μmol L−1 to the precursor solution. In the long 

term, though, all b-h-PAAs underwent oxidation reactions and changed its 

characteristics. 
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4.4.1. Insertion of nanoparticles in acrylic hydrogels 

 

The insertion of hybrids in hydrogels of PAA and in hydrogels of PAAM was 

studied. In the case of b-h-PAAs, the insertion was performed by electroinsertion for 12 

h at +1.15 V versus ITO, being the electrolyte the reaction suspension of 

NPsAu@PEDOT. The hydrogel acquires a heterogeneous light-to-dark blue color due to 

the NPsAu@PEDOT. The successful electroinsertion demonstrates again that the 

hybrid has negative net charge. The reaction suspension can be roughly estimated 

(based on the complete formation and oxidation of PEDOT) to have an ionic strength of 

7.7x10−4 mol L−1 due to the counter-ions present. The ionic strength impairs the 

electrodepositions of NPsAu@PEDOT on electrodes, reducing the effect of the electric 

field and the migration, which may be why some electrodepositions take so long to 

deposit a desirable amount of material. The reaction suspensions could be dialyzed to 

purify the hybrids before the electrodepositions, dealing this problem. It was observed 

that applying +1.15 V for 12 h versus ITO did not have any effect of degrading the 

electrolyte, but the ITO counter electrode darkens and loses electric conductivity in the 

process due to the reduction, since the time is too long and the potential difference is 

high. 

In the experiments with f-h-PAAs they were found to not adhere to the ITOs 

surface, neither those made through the uncatalyzed synthesis nor those made through 

the catalyzed synthesis. Then PAAM polymer was tested, developing the strategy of 

bonding with the silane linker and subsequent photopolymerization, described in 

Chapter 3, Experimental. In the formation of ITO/silane/f-h-PAAM the vinyl group of 
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tris(2-methoxyethoxy)(vinyl)silane is removed, the Si atom bonds to one O atom of ITO 

surface, and one or more methoxy groups are substituted by N,N’-

methylenebisacrylamide or by acrylamide. This way the cross-linked network is formed 

covalently bonded to the Si atom and to the surface of ITO (O(ITO)-(Si-O-CH2-CH2)-

polymer network). There is a monolayer of the reagent on the surface of ITO, bond to 

the polymer. 

Through the photopolymerization strategy, the stability and adhesion of hydrogel 

films were increased, allowing them to be used as matrixes for modification by 

nanoparticles and solving this experimental problem. After the electroinsertion of 

NPsAu@PEDOT or NPsPt/PEDOT the gel acquires a blue aspect, such as b-h-PAA 

with NPsAu@PEDOT. For f-h-polyacrylamides the electroinsertions were performed at 

+2.3 V versus ITOs for 12 h, and the same problems with ITO counter electrode were 

observed. Films of hydrogels of poly(acrylic acid) formed through uncatalyzed synthesis 

or catalyzed synthesis were impossible to use or store in aqueous medium. Films of 

hydrogels of polyacrylamide photopolymerized also degraded in aqueous medium, but 

far slower. If the hydrogel is immersed in multiple solutions and agitated the process is 

accelerated. The lack of stability may be also due to the fact that the silane monolayer 

can underwent hydrolysis. 

ITO/silane/f-h-PAAM and ITO/silane/f-h-PAAM&NPsAu@PEDOT were 

electrochemically studied behavior studied through cyclic voltammetry (Figure 22). The 

CV (cyclic voltammogram) of ITO/silane/f-h-PAAM (Figure 22A) shows only 1 reduction 

shoulder at the negative region of potential and increasing (in module) negative current 

at the lower limit of potential (unknown). The CV of ITO/silane/f-h-
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PAAM&NPsAu@PEDOT (Figure 22B) shows a different profile, much more capacitive, 

depicting the oxidation and reduction peaks of PEDOT, proving that PEDOT is 

electroactive in the core-shell nanoparticles inserted in the hydrogel. The electroactivity 

of this hybrid is maintained when they are inserted in the hydrogel. 
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Figure 22. A: cyclic voltammogram of an ITO/silane/f-h-PAAM (control). B: cyclic voltammogram 
of an ITO/silane/f-h-PAAM&NPsAu@PEDOT. The initial potentials were the open circuit 
potentials: ca. +150 mV. Scan rate: 10 mV s−1. Initial potential scans: increasing potential. The 
current is normalized by the geometrical area of the electrode (7.07 mm2). 3 cycles were 
performed. Working electrode: modified ITO. Counter electrode: Pt plate. Reference electrode: 
Ag/AgCl/KCl(sat). Electrolyte: dyhydrogenphosphate/hydrogenphosphate buffer 20 mmol L−1 pH = 
7.4 + NaCl 100 mmol L−1. The electrolyte was deoxygenated by bubbling dry N2 for at least 15 
min prior to the experiment and keeping a N2 atmosphere over the electrolyte throughout the 
experiment. ITO/silane/f-h-PAAM&NPsAu@PEDOT is the [film hydrogel of polyacrylamide on 
ITO] with core-shell NPsAu@PEDOT inserted by electroinsertion. The electroinsertion is 
performed applying a positive potential against an ITO, being the electrolyte reaction suspension 
of NPsAu@PEDOT. The films of hydrogels of polyacrylamide are formed over ITOs silanized in 
the surface. ITOs are silanized with tris-(2-methoxyethoxy)(vinyl)silane in toluene, removing and 
heating the ITOs at 100 ºC (373 K). Hydrogels of polyacrylamide are then formed from 
acrylamide, polyacrylamide, N,N’-methylenebisacrylamide and 2,2-diethoxyacetophenone in 
water over ITOs/silane, under ultraviolet radiation. NPsAu@PEDOT formed from HAuCl4, EDOT 
and NaPSS in water, under stirring for hours. 
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4.5. Electrochromic behavior of NPsAu@PEDOT 

 

After the electrodeposition of core-shell NPsAu@PEDOT on ITOs, described in 

Subsection 3.4.4.1, spectroelectrochemical experiments were done with the modified 

electrodes. Figure 24 presents the cyclic voltabsorgrams for ITOs/NPsAu@PEDOT 

made by electrodeposition for different times (1 h, 2 h and 6 h). The 1 h 

electrodeposition-CV presents very distinct redox peaks at ca. −100 mV (oxidation peak) 

and ca. −400 mV (reduction peak), the peaks and CV shape of immobilized 

PEDOT/PSS. The transmittance at 600 nm was acquired simultaneously to the potential 

scan. ΔT600nm (T600nm is transmittance at 600 nm, Δ is variation of, ΔT600nm is the 

electrochromic contrast at 600 nm) is ca. 60% relative to the maximum, demonstrating 

the electrochromic behavior and the color changes of PEDOT in the film. For 2 h of 

electrodeposition the CV is very similar. ΔT600nm is greater, ca. 70%. For 5 h of 

deposition the CV is different, the oxidation peak disappears even though more material 

is deposited. This may indicate the film has become so thick that in a voltammetry at 10 

mV s−1 (180 s from minimum to maximum potential) the counter-ions cannot completely 

diffuse throughout the film, or part of the polymer is losing its electric communication 

with ITO. Other electrochromic parameters could not be calculated. Therefore, the 

electrodeposition of NPsAu@PEDOT beyond 2 h impairs the electrochromic properties 

of the film, being the sample of Figure 23B the ideal to electrochromic transmissive 

layers. The core-shell structure of NPsAu@PEDOT makes the electric communication 

between PEDOT and the electrode very efficient and so ΔT600nm is high. The 

performance is superior to that of GCE/PEDOT [86]. 
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Figure 23. (Continues on next page, legend on next page). 
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Figure 23. (Continuation). Cyclic voltabsorgrams (i (black curve, solid lines) and T (blue curve, 
dashed lines) x E) of an ITO/NPsAu@PEDOT (i and T x E). Scan rate: 10 mV s−1. Initial 
potential: +600 mV. Initial scans: decreasing potential. Wavelength of light: 600 nm. The current 
was normalized by the geometrical area of electrode (0.5 cm2). 3 cycles were performed, cycles 
2 and 3 showed. Working electrode: modified ITO. Counter electrode: Pt plate. Reference 
electrode: Ag/AgCl/KCl(sat). Electrolyte: dyhydrogenphosphate/hydrogenphosphate buffer 20 
mmol L−1 pH = 7.4 + NaCl 100 mmol L−1. The electrolyte was deoxygenated by bubbling dry N2 
for at least 15 min prior to the experiment and keeping a N2 atmosphere over the electrolyte 
throughout the experiment. NPsAu@PEDOT were deposited on ITO by electrodeposition, 
applying a positive potential to it versus another ITO, being the electrolyte the reaction 
suspension of NPsAu@PEDOT. Electrodeposition was performed for 1 h (A), 2 h (B) and 5 h 
(C). NPsAu@PEDOT formed from HAuCl4, EDOT and NaPSS in water, under stirring for hours. 
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Figure 24 presents the superimposed (dAbs600nm / dE) x E and j x E. (dAbs600nm 

/ dE) is the derivative of the absorbance relative to E, which was calculated with the data 

of Figure 23. dAbs600nm / dE shows the speed at which the UV-Vis-NIR spectra is 

changing. For 1 h of electrodeposition, dAbs600nm / dE has 2 peaks at ca. −0.2 V 

(maximum) and ca. −0.3 V (minimum), near to the peaks of current. For 2 of 

electrodeposition h the same behavior is observed. The peaks in dAbs600nm / dE are 

directly related to the redox peaks of the CVs, showing that the injection of charge is 

promoting the reduction of PEDOT and the change in its optical properties. 
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Figure 24. (Continues on next page, legend on next page). 
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Figure 24. (Continuation). Cyclic voltabsorgrams of an ITO/NPsAu@PEDOT of Figure 23 i 
(black curve) x E and dAbs600nm / dE (blue curve) x E. The graph is generated calculating 
dAbs600nm/dE for the graph of Figure 23. Scan rate: 10 mV s−1. Initial potential: +600 mV. Initial 
scans: decreasing potential. Wavelength of light: 600 nm. The current was normalized by the 
geometrical area of electrode (0.5 cm2). 3 cycles were performed, cycle 3 showed. Working 
electrode: modified ITO. Counter electrode: Pt plate. Reference electrode: Ag/AgCl/KCl(sat). 
Electrolyte: dyhydrogenphosphate/hydrogenphosphate buffer 20 mmol L−1 pH = 7.4 + NaCl 100 
mmol L−1. The electrolyte was deoxygenated by bubbling dry N2 for at least 15 min prior to the 
experiment and keeping a N2 atmosphere over the electrolyte throughout the experiment. 
NPsAu@PEDOT were deposited on ITO by electrodeposition, applying a positive potential to it 
versus another ITO, being the electrolyte the reaction suspension of NPsAu@PEDOT. 
Electrodeposition was performed for 1 h (A), 2 h (B) and 5 h (C). NPsAu@PEDOT formed from 
HAuCl4, EDOT and NaPSS in water, under stirring for hours. 
  



138 

 

4.6. Electrochemical detection of H2O2 with modified electrodes 

 

After the electrochemical characterization of the modified GCE/NPsAu/PEDOT-

PLA (deposited by casting), the electrodes were studied for the electrochemical 

detection of H2O2(aq). In alkaline medium, it can be electrochemically reduced to OH−
(aq) 

through the following reaction (Equation 13). 

 

H2O2(aq) + 2e− → 2OH−
(aq) 

 
Equation 13. Half-reaction of reduction of H2O2 to OH− in alkaline medium. 

 

Applying a negative potential to the working electrode so that [H2O2] in the 

surface of the electrode is almost 0 allow it to correlate the limit current density of 

reduction (jRED,L) with the bulk [H2O2], since jRED,L and [H2O2] are in linear relation. 

Hydrogen peroxide was detected in solution by chronoamperometry at −300 mV (versus 

Ag/AgCl/KCl(3 mol L−1)). Figure 25 presents the chronoamperograms and calibration 

curves of GCE and GCE/NPsAu/PEDOT-PLA. At first j was left to stabilize, and the 

initial current density (j0) is near 0. In Figure 25A the first 10 additions of H2O2 (until 

6750 s) were nominal (+1 mmol L−1), while the last additions were nominal (+10 mmol 

L−1). To the (+1 mmol L−1) additions the density current j responses very linear and fast, 

it increases (in module) and stabilizes. To the (+10 mmol L−1) additions the current 

density increments are linear but the response time is higher. It is not possible to obtain 

a control CV without gold nanoparticles for GCE/NPsAu/PEDOT-PLA (which would be a 

GCE/PEDOT-PLA electrode) because PEDOT-PLA is only formed when o-EDOT-PLA 
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are oxidized in the presence of gold nanoparticles, which catalyze the reaction. NPsAu 

increase the conductivity of the material. 
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Figure 25. (Continuation). A: chronoamperogram of a GCE (control) with additions of H2O2 to 
the electrolyte at −300 mV. B: chronoamperogram of a GCE/NPsAu/PEDOT-PLA (deposited by 
casting, 10 steps) with additions of H2O2 to the electrolyte at −300 mV. Working electrodes: 
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GCEs. Counter electrode: Pt plate. Reference electrode: Ag/AgCl/KCl(3 mol L−1). Electrolyte: 
dyhydrogenphosphate/hydrogenphosphate buffer 20 mmol L−1 pH = 7.4 + NaCl 100 mmol L−1. 
The electrolyte was deoxygenated by bubbling dry N2 for at least 15 min prior to the experiment 
and keeping a N2 atmosphere over the electrolyte throughout the experiment. NPsAu/PEDOT-
PLA deposited on GCE adding a small drop of NPsAu/PEDOT-PLA on GCE and drying it at 40 
ºC (313 K) in vacuum. NPsAu/PEDOT-PLA formed from the reaction suspension of NPsAu/o-
EDOT-PLA and potassium peroxydisulfate in acetonitrile, under stirring for days. 
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The analytical parameters for the electrochemical sensors of H2O2 of Figure 25 

were calculated and are in Table 3, compared with analytical parameters of sensors 

from the literature containing PEDOT. There is a diversity of elements, materials, 

strategies and technologies to prepare them. The data (j−j0) x [H2O2] was linearly fitted 

and the value R2 = 0.993 for GCE and R2 = 0.996 for GCE/NPsAu/PEDOT-PLA. 

Therefore, the experimental curves (j−j0) x [H2O2] are linear and the sensors work. The 

calibration equation of GCE is Equation 14, and the calibration equation of 

GCE/NPsAu/PEDOT-PLA is Equation 15. It is observed the sensitivity of 

GCE/NPsAu/PEDOT-PLA is much higher than that of GCE, and the linear range of 

GCE/NPsAu/PEDOT-PLA is large and reaches almost two decades of concentration. 

This linear range suggest GCE/NPsAu/PEDOT-PLA as a sensor of H2O2(aq) for in situ 

analysis in aqueous media in which there are reactions happening that form H2O2. In 

Table 3 the analytical values of the sensors described here are calculated by the 

geometrical area of GCE electrode, although the film deposited is thick and 3-

dimensional. It can be concluded that the hybrid NPsAu/PEDOT-PLA is conducting, 

highly catalytic to the electroreduction of H2O2 and allows the insertion of H2O2, which 

reaches the sites at the gold nanoparticles inside the matrix of polymer. In fact, 

GCE/NPsAu/PEDOT-PLA has the second highest sensitivity among the sensors of 

Table 3 (the first is that of SPC/PEDOT/NPsPt [96], which contains Pt nanoparticles 

deposited over PEDOT). This indicates high electroactive area and high density of active 

sites. The sensors from the works of Lin et al. [97] (carbon nanotubes), Chen et al. [98] 

(nanowiskers of PEDOT) and Nabid et al. [99] (nanofibers of PEDOT) also have great 

effect of surface area, which increases sensitivity. The limits of detection are calculated 
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as (3 x standard deviation of blank of analyte / sensitivity). The limits of quantification are 

calculated as (10 x standard deviation of blank of analyte / sensitivity). In complex, real 

samples many electroactive chemical species may be present, like organic molecules. 

At the applied potential of Figure 25 (−300 mV versus Ag/AgCl/KCl(3 mol L−1)) there are no 

oxidation reactions of uric acid, ascorbic acid, dopamine etc. This is an advantage and 

favors the selectivity towards H2O2 of the sensor. This is important for glucose sensors 

in blood, which contains these organic molecules. There is also the possibility of non-

specific adsorption of proteins on NPsAu. GCE/NPsAu/PEDOT-PLA could be recovered 

by a permeable layer of polymer to enhance its selectivity. One strategy to determine 

glucose in blood is chronoamperometric sensing with a working electrode with an 

immobilized enzyme that oxidizes glucose to H2O2, which is then oxidized or reduced at 

the surface of the electrode. GCE/NPsAu/PEDOT-PLA is suitable for the (mmol L−1) 

H2O2 concentrations range. The density current noise was high during the experiment 

and the response time varied up to 200 s (for the highest concentrations). The ability of 

NPsAu/PEDOT-PLA as a stable, biodegradable polymer-based, electrochemical sensor 

is demonstrated. 
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Table 3. Potential of detection (E), linear range (LR), sensitivity (Sen), limit of detection (LD) and 
limit of quantification (LQ) of chronoamperometric sensors of H2O2 containing PEDOT hybrids. a: 
PEDOT and NPsPt hybrid over printed carbon electrode (SPC). b: multiwall carbon nanotubes 
(MWCNTs) and PEDOT hybrid on GCE. c: hybrid of PEDOT and nanoparticles of Cu and Cu 
hexacyanoferrate (NPsCu-Cu2[Fe(CN)6]). d: hybrid of PEDOT nanowiskers (NWs), NPsAu and 
hemoglobin (Hb). e: PEDOT and Prussian Blue (PB) nanoparticles hybrid. f: PEDOT nanofibers 
(NFs) and NPsPd (palladium nanoparticles) hybrid. E in this Table refers to Ag/AgCl/KCl(3 mol L−1). 
The limits of detection are calculated as (3 x standard deviation of blank of analyte / sensitivity). 
The limits of quantification are calculated as (10 x standard deviation of blank of analyte / 
sensitivity). Chronoamperometric detection performed in this work: working electrodes: GCEs. 
Counter electrode: Pt plates. Reference electrode: Ag/AgCl/KCl(3 mol L−1). Electrolyte: 
dyhydrogenphosphate/hydrogenphosphate buffer 20 mmol L−1 pH = 7.4 + NaCl 100 mmol L−1. 
The electrolyte was deoxygenated by bubbling dry N2 for at least 15 min prior to the experiment 
and keeping a N2 atmosphere over the electrolyte throughout the experiment. NPsAu/PEDOT-
PLA deposited on GCE adding a small drop of NPsAu/PEDOT-PLA on GCE and drying it at 40 
ºC (313 K) in vacuum. NPsAu/PEDOT-PLA formed from the reaction suspension of NPsAu/o-
EDOT-PLA and potassium peroxydisulfate in acetonitrile, under stirring for days. 

Sensor E / mV LR / (mol 

L
−1) 

Sen / (A 

cm−2 mol
−1

 
L) 

LD / 

(mol L
−1

) 

LQ / (mol 

L
−1

) 

Reference 

SPC/PEDOT/ 
NPsPta 

−538 1.62x10−6 – 
6x10−3 

1.929x10−2 1.6x10−6 5.3x10−6 [96] 

MWCNTs/ 
PEDOTb 

−488 10−4 – 
9.8x10−3 

- 5x10−5 – 
10−2 

1.6x10−4 – 
3.3x10−2 

[97] 

Pd/PEDOT −153 2.84x10−6 – 
10−3 

2.153x10−4 2.84x10−

6 
9.5x10−6 [100] 

PEDOT/NPsCu-
Cu2[Fe(CN6)]

c 
−188 10−6 – 

5.4x10−4 
1.670x10−3 10−7 3.3x10−7 [101] 

GCE/PEDOT/ 
PSS/Pd 

- 10−4 – 5x10−3 - - - [102] 

NWsPEDOT/NPs
Au/Hbd 

−253 6x10−4 – 
1.100x10−3 

3.13x10−4 6x10−4 2x10−3 [98] 

GCE/PEDOT/ 
NPsAg 

−28 - - 6.1x10−7 2.0x10−6 [103] 

PEDOT/NPsPBe +11 5x10−7 – 
8.39x10−6 

- 1.6x10−7 5.3x10−7 [104] 

NFsPEDOT/NPs
Pdf 

−288 2x10−7 – 
2.5x10−5 

- 5x10−8 1.6x10−7 [99] 

GCE/NPsAu/ 
PEDOT-PLA 

−300 5.1x10−4 – 
4.5x10−2 

8.4x10−3 1.7x10−4 5.7x10−4 This 
Thesis 

 

GCE −300 1x10−3 – 
22x10−3 

1.0x10−3 1.9x10−3 6.3x10−3 This 
Thesis 

Sources: Chang et al. [96], Lin et al. [97], Jiang et al. [100], Tsai et al. [101], Smolin et al. [102], 
Chen et al. [98], Rad et al. [103], Wang et al. [104], Nabid et al. [99]. 
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(jRED,L – j0) (in A cm−2) = 2.4x10−7 – 1.0x10−3 x [H2O2(aq)] (in mol L−1) 
 
Equation 14. Calibration equation of the sensor GCE/NPsAu/PEDOT-PLA for H2O2. 
Chronoamperometry conditions: working electrodes: GCE/NPsAu/PEDOT-PLA. Counter 
electrode: Pt plate. Reference electrode: Ag/AgCl/KCl(3 mol L−1). Electrolyte: 
dyhydrogenphosphate/hydrogenphosphate buffer 20 mmol L−1 pH = 7.4 + NaCl 100 mmol L−1. 
The electrolyte was deoxygenated by bubbling dry N2 for at least 15 min prior to the experiment 
and keeping a N2 atmosphere over the electrolyte throughout the experiment. NPsAu/PEDOT-
PLA deposited on GCEs adding a small drop of NPsAu/PEDOT-PLA on GCE and drying it at 40 
ºC (313 K) in vacuum (10 steps of casting performed). NPsAu/PEDOT-PLA formed from the 
reaction suspension of NPsAu/o-EDOT-PLA and potassium peroxydisulfate in acetonitrile, under 
stirring for days. NPsAu/PEDOT-PLA formed from the reaction suspension of NPsAu/o-EDOT-
PLA and potassium peroxydisulfate in acetonitrile, under stirring for days. 
 

(jRED,L – j0) (in A cm−2) = 8.6x10−6 − 8.4x10−3 x [H2O2(aq)] (in mol L−1) 
 
Equation 15. Calibration equation of the sensor GCE/NPsAu/PEDOT-PLA for H2O2. 
Chronoamperometry conditions: working electrodes: GCE/NPsAu/PEDOT-PLA. Counter 
electrode: Pt plate. Reference electrode: Ag/AgCl/KCl(3 mol L−1). Electrolyte: 
dyhydrogenphosphate/hydrogenphosphate buffer 20 mmol L−1 pH = 7.4 + NaCl 100 mmol L−1. 
The electrolyte was deoxygenated by bubbling dry N2 for at least 15 min prior to the experiment 
and keeping a N2 atmosphere over the electrolyte throughout the experiment. NPsAu/PEDOT-
PLA deposited on GCEs adding a small drop of NPsAu/PEDOT-PLA on GCE and drying it at 40 
ºC (313 K) in vacuum (10 steps of casting performed). NPsAu/PEDOT-PLA formed from the 
reaction suspension of NPsAu/o-EDOT-PLA and potassium peroxydisulfate in acetonitrile, under 
stirring for days. NPsAu/PEDOT-PLA formed from the reaction suspension of NPsAu/o-EDOT-
PLA and potassium peroxydisulfate in acetonitrile, under stirring for days. 
  



146 

 

5. CONCLUSIONS 

 

This Thesis described for the first time the synthesis of inorganic/organic hybrids 

based on EDOT-poly(lactic acid): NPsAu/o-EDOT-PLA (oligomers) and NPsAu/PEDOT-

PLA (polymer); and also the complete polymerization of EDOT-PLA catalyzed by Au 

nanoparticles dispersed in the matrix. PEDOT-PLA is a new conducting polymer based 

on poly(lactic acid). 

The syntheses of core-shell NPsAu@PEDOT and of NPsPt/PEDOT were also 

studied, followed through UV-Vis-NIR, and the plasmonic bands were observed. 

NPsPt/PEDOT consists of highly homogenous platinum nanoparticles surrounded by the 

matrix of PEDOT. All hybrids present nanoparticles with maximum distributions at less 

than 10 nm. 

Nanoparticles/PEDOTs hybrids (negatively charges) were electrodeposited in 

ITOs, and form stable films which show the electrochromism of PEDOT with high 

electrochromic contrast due to the structure of the material and the singular electric 

contact of PEDOT. 

Oxidative radical syntheses of hydrogels of poly(acrylic acid) or polyacrylamide 

were performed. Bulk hydrogels of poly(acrylamide) allow the insertion of gold or 

platinum nanoparticles driven by the applied potential difference to the system. 

Catalyzed chemical synthesis and uncatalyzed thermochemical synthesis of poly(acrylic 

acid) did not form films adherent to ITOs, so a different strategy was created to 

photopolymerize films of hydrogels of polyacrylamide over ITOs surfaces. With these 

modified electrodes the insertion of the produced hybrids driven by the applied potential 
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difference to the systems occurs, modifying the hydrogels. On the other hand, synthesis 

of gold or platinum nanoparticles directly in the hydrogels does not occur. 

GCEs modified with NPsAu/PEDOT-PLA were tested as electrochemical sensors 

for hydrogen peroxide, by chronoamperometry, and exhibit excellent analytical 

properties towards it, being able to monitor H2O2 in a large range of concentrations. The 

Thesis demonstrates the versatility of hybrids of PEDOTs and gold or platinum 

nanoparticles to the development of new electrode materials that can be used in small 

electrochemical devices. 
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6. PERSPECTIVES FOR THE FUTURE 

 

Further experiments can be planned with the materials described in this Thesis. 

Following the strategy of one-pot synthesis of gold and platinum nanoparticles the 

products can be dialyzed and the hybrids can be analyzed by elemental analysis and 

the amounts of gold or platinum. The hybrid materials deposited on ITOs can also be 

analyzed this way, and through the metal load the cost of the materials can be 

calculated. 

The bulk hydrogels of poly(acrylic acid) and polyacrylamide modified with the 

hybrids of gold or platinum nanoparticles can also be applied to electrochemical 

detection and insertion/release of chemical species of interest, since they have huge 3-

dimensional structure. 

Since the biodegradability of EDOT-PLA and of o-EDOT-PLA is well 

demonstrated, next studies could evaluate the biodegradability of the polymer of EDOT-

PLA hybrid NPsAu/PEDOT-PLA, which is the material sensor for H2O2. 
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APPENDIX A — Systematic names of some compounds in this Thesis 

 

Systematic names for some chemical compounds in this Thesis. Prefixes are not 

considered for the order. 

 

Acetonitrile (ACN)............................................................................................ethanenitrile 

Acrylamide (AAM)...........................................................................................propenamide 

Acrylic acid (AA)...........................................................................................propenoic acid 

Adipate.......................................................................................................1,6-dihexanoate 

Agarose...........poly(D-2,3,4,5-tetrahydroxy-6-hydroxymethyl-tetrahydropyran-co-L-3,4,8-

trihydroxy-2,6-dioxa-[3,2,1]bicyclooctane) 

Ascorbic acid................3-R-6-S-3-(1,2-dihydroxyethyl)-4,5-dihydroxy-4-butene-1-lactone 

2,2’-bipyridil......................................................................................2-(2-pyridil)-1-pyridine 

Butylene....................................................................................................................butene 

Camphoroquinone.....................................1,7,7-trimethyl-2,3-dioxo-[2,2,1]bicycloheptane 

10-camphorsulfonic acid............7,7-dimethyl-2-oxo-[2,2,1]bicycloheptane-1-sulfonic acid 

Caprolactone................................................................................................hexanelactone 

Dimethylviologen........................................................................4,4’-di-1-methylpyridinium 

Dopamine.............................................................................4-(2-aminoethyl)-1,2-diphenol 

Ethylenediamine....................................................................................1,2-diaminoethane 

3,4-ethylenedioxythiophene (EDOT)................[3,4,0]2,5-dioxa-8-thia-2,8-cyclononadiene 

Ethyleneglycol.....................................................................................1,2-dihydroxyethane 

1-ethyl-3-vinylimidazolium bromide.........................1-ethyl-3-ethenylimidazolium bromide 
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Lactic acid (LA)….........................................................................2-hydroxypropanoic acid 

Glucose.........................................2,3,4,5-tetrahydroxy-6-hydroxymethyl-tetrahydropyran 

N,N’-methylenebisacrylamide.......................................3,7-dioxo-4,6-diaza-1,8-nonadiene 

Prussian Blue..............................................................................iron(III) hexacyanoferrate 

Phenylene vinylene…….............................................................................ethenylbenzene 

Pyrrole.......................................................................................1-aza-2,4-cyclopentadiene 

Sarin.......................................................................2-(fluoro-methylphosphoryl)isopropoxy 

4-styrenesulfonate (SS)............................................................4-ethenylbenzenesulfonate 

Terephtalate.................................................................................................1,4-dibenzoate 

N,N,N',N'-tetramethylethane-1,2-diamine............................2,5-diaza-2,5-dimethylhexane 

Thiophene.................................................................................1-thia-2,4-cyclopentediene 

Toluene.......................................................................................................methylbenzene 

Tris(2-methoxyethoxy)(vinyl)silane..............................tri-(2-methoxyethoxy)-ethenylsilane 

Uric acid......................................2,4,7,9-tetraaza-3,5,8-trioxo-[4,3,0]-(1-6)-bicyclononene 

Urethane.....................................................................................ethyl 1-aminomethanoate 
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