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Figure 81. Cl1s XPS spectra for graphite, graphene oxide exfoliated in aqueous media of 0.1M (NH,),S0,,
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methyl-2-pyrrolidinone) by CA at -5.0 V and at -2.5 V, and for graphene exfoliated by CA at -2.5 V
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Summary

Herbicides are widely distributed in agricultural soils, and after their migration or
flowing they contaminate inland or surface waters. In this context, the study is focused
on the development of sensitive and selective electrodes allowing the detection of
isoproturon, a herbicide classified as a priority micropollutant for water by the
European Water Framework Directive. These electrodes consist of a thin layer of
molecularly imprinted polymer (MIP) of the polypyrrole type (MIP-PPy) prepared by
electropolymerization on a glassy carbon electrode (GCE) or on an electrode made of
100% graphene (GRE). These modified electrodes are intended to be the core element of
low-cost electrochemical sensors allowing rapid in-situ analysis of micropollutants with
the aim of intensifying water quality monitoring.

The first part of this work aims to show the potential of MIP-PPy on GCE for the
sensitive and  selective detection of isoproturon in aqueous media.
Electropolymerization by chronoamperometry on GCE in a non-toxic water/ethanol
solvent made possible obtaining of MIP-PPy. During the electropolymerization process,
isoproturon molecules were successfully trapped in the polypyrrole film where they
created some selective isoproturon recognition cavities after electrochemical extraction.
Non-imprinted polymer (NIP) films made under identical conditions but in absence of
isoproturon did not show any interaction with targeted pollutant. MIP and NIP films
were characterized by cyclic voltammetry in the presence of redox probes and their
thickness was estimated by EQCM (Electrochemical Quartz Crystal Microbalance) and
calculated using Faraday’s law. MIP films were found to selectively detect isoproturon
even in the presence of interferents such as carbendazim and carbamazepine. Its limit of
detection (LOD) in milli-Q water, achieved by square wave voltammetry (SWV) is 0.5
ug L. Analyzes carried out in real water samples lead to an LOD of 2.2 pg L.

In a second part, a detailed study of the electrochemical parameters applied during the
synthesis of MIP films on GCE as well as during the extraction step showed that the
anode potential and the number of cycles applied, strongly impact the conductivity of
MIP-PPy film and its morphology. Electrochemical Impedance Spectroscopy (EIS),
Atomic Force Microscopy (AFM), EQCM (Electrochemical Quartz Crystal
Microbalance), XPS (X-ray Photoelectron Spectroscopy) and IR spectroscopy were used
for this study. MIP films prepared by CV at a potential lower than +1.0 V led to the
optimum detection signal of isoproturon attributed to a lower degree of over-oxidation
of PPy film.

The third part deals with the development of electrodes made of pure electrochemical
graphene deposited on polystyrene and then with their application to the detection of
isoproturon. An original method for elaboration of 100% graphene electrodes has been
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developed. This consists firstly in electrochemical exfoliation of graphene at negative
potentials in a single step and then in preparing electrodes by temperature compression
of graphene on a polystyrene substrate. After testing different design methods for
graphene electrodes, their electrochemical properties were evaluated using redox
probes. XPS, Raman, IR methods and four-point probe conductivity measurements are
used to finely characterize the surface chemistry and nanostructure of GREs and
correlate them with their properties. Finally, the electropolymerization of MIPs has
been successfully carried out on GREs and their potential for the determination of
isoproturon in water has been demonstrated.

Keywords: Electrochemical sensors, Molecularly Imprinted Polymers (MIP),

Electropolymerization of Polypyrrole, Electrochemical Detection of Isoproturon,
Electrochemical Graphene Electrodes
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Résumé

Les herbicides sont répandus largement sur les terres agricoles, et apres migration dans
les sols ou ruissellement, ils viennent contaminer les eaux souterraines ou de surface.
Dans ce contexte, I'étude porte sur le développement d’électrodes sensibles et sélectives
permettant la détection électrochimique de l'isoproturon, un herbicide classé comme
micropolluant prioritaire par la directive cadre européenne sur l'eau. Ces électrodes
sont constituées d’une couche mince de polymere a empreinte moléculaire (MIP) de
type polypyrrole (MIP-PPy) préparée par électrosynthese sur électrode de carbone
vitreux (GCE) ou sur électrode constituée a 100% de graphene (GRE). Ces électrodes
modifiées ont pour vocation d’étre 1'élément de coeur de capteurs électrochimiques a
faible colit permettant une analyse rapide in-situ de micropolluants avec pour objectif
une intensification du suivi de la qualité des eaux.

La premiere partie de ce travail a pour objectif de montrer la potentialité de MIP-PPy
sur GCE pour la détection sensible et sélective de l'isoproturon en milieu aqueux.
L’électropolymérisation par chronoampérométrie sur GCE en solvant non toxique
eau/éthanol a permis d’obtenir des MIP-PPy. Au cours du processus
d'électropolymérisation, les molécules d'isoproturon ont été piégées avec succes dans le
film de polypyrrole ou elles ont créé apres extraction électrochimique des cavités de
reconnaissance sélective de l'isoproturon. Des films de polymere non imprimé (NIP),
réalisés dans des conditions identiques mais en l'absence d'isoproturon, ne présentent
aucune interaction avec le polluant cible. Les films MIP et NIP ont été caractérisés par
voltampérométrie cyclique en présence de sondes redox et leur épaisseur a été estimée
par EQCM (Electrochemical Quartz Crystal Microbalance) et calculée en utilisant la loi
de Faraday. Les films MIP se sont avérés capables de détecter sélectivement
l'isoproturon, méme en présence d’interférents comme la carbendazime et la
carbamazépine. Leur limite de détection (LOD) dans l'eau milli Q, obtenue par
voltampérométrie a vague carrée (SWV), est de 0,5 pug L. Les analyses effectuées dans
des échantillons d’eau réelle conduisent a une LOD de 2,2 pg L.

Dans une seconde partie, une étude fine des parametres électrochimiques appliqués lors
la synthese des films MIP sur GCE ainsi que lors de I'étape d’extraction a mis en
évidence que le potentiel anodique et le nombre de cycle appliqués impactent fortement
la conductivité du film MIP-PPy et sa morphologie. La spectroscopie d'impédance
électrochimique (EIS), la microscopie a force atomique (AFM), 'EQCM (Electrochemical
Quartz Crystal Microbalance), I'XPS (X-ray Photoelectron Spectroscopy) et la
spectrométrie IR ont été utilisées pour cette étude. Les films de MIP préparés par CV a
un potentiel inférieur a +1,0 V ont conduit au signal optimum de détection de
l'isoproturon attribué a un degré de sur-oxydation moindre du film PPy.
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La derniere partie porte sur I'élaboration d'électrodes constituées de graphene
électrochimique pur déposé sur polystyrene puis sur leur application a la détection de
I'isoproturon. Une voie d’élaboration originale d’électrodes 100% graphene a été mise
au point. Celle-ci consiste dans un premier temps a exfolier électrochimiquement le
graphene a des potentiels négatifs en une seule étape puis a préparer des électrodes par
compression en température du graphene sur substrat de styrene. Apres avoir testé
différentes méthodes de design des électrodes GRE, leurs propriétés électrochimiques
ont été évaluées a partir de sondes redox. Des méthodes XPS, Raman, IR et des mesures
de conductivité par mesure quatre points ont permis de caractériser finement la chimie
de la surface et la nanostructure des GRE et de les corréler a leurs propriétés. Enfin
I'électropolymérisation des MIPs a été réalisée avec succes sur les GRE et leur
potentialité pour la détermination de l'isoproturon dans les eaux a été démontrée.

Mots clés: Capteurs Electrochimiques, Polyméres & Empreinte Moléculaire (MIP),
Electropolymérisation du Polypyrrole, Détection électrochimique de 1Tsoproturon,
électrodes en Graphene électrochimique.
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Pérmbledhje (Summary in Albanian)

Herbicidet jané té pérhapura gjerésisht né tokat bujgésore dhe si rezultat i migrimit ose
rrjedhjes sé tyre ato ndotin ujérat néntokésore ose sipérfagésore. Né kété kontekst, ky
studim éshté fokusuar né pérgatitjen e disa elektrodave té ndjeshme dhe selektive té
cilat mundésojné pércaktimin kuantitativ té izoproturonit si njé herbicid i cili
klasifikohet si njé nga mikrondotésit e ujit né kuadér té Direktivés Europiane té Ujérave
WEFD (ang: Water Framework Directive). Kéto elektroda né sipérfagen e tyre pérmbajné
njé shtresé té hollé té njé polimeri i cili pérmbané gjurmé té molekulave (MIP) té llojit
polipirrol (MIP-PPy), té pérgatitur nga njé reaksion i elektropolimerizimit né sipérfagen
e njé elektrode té karbonit gelqor (GCE) ose né njé elektrodé té béré nga grafeni i pastér
100% (GRE). Elektrodat e tilla té modifikuara kané pér géllim té jené elementi bazé i
senzoréve elektrokimiké me kosto té ulét, duke mundésuar realizimin e shpejté té
matjeve pér pércaktimin e mikrondotésve né vendin e marrjes sé mostrave té tyre me
géllim té intensifikimit t€ monitorimit té cilésisé sé ujit.

Pjesa e paré e kétij punimi synon té tregojé potencialin e kétyre senzoréve elektrokimiké
né pércaktimin e ndjeshém dhe selektiv té izoproturonit né mjedise ujore. Procesi i
elektropolimerizimit i zhvilluar me ané té kronoamperometrisé né elektrodat e karbonit
gelqor né prani té njé pérzierje jo toksike ujé/etanol béri t¢ mundur formimin e filmave
té polipirrolit me gjurmé té molekulave té izoproturonit. Gjaté procesit té
elektropolimerizimit, molekulat e izoproturonit jané futur me sukses né brendi té
filmave té polipirrolit, ku pas nxjerrjes ose ekstraktimit té kétyre molekulave me ané té
metodave elektrokimike, ato mundésuan krijimin e disa zgavrave selektive njohése pér
té njejtat molekula né filmat e polipirrolit. Filmat e polipirrolit gé nuk pérmbajné gjurmé
me molekula té izoproturonit (NIP), té pérgatitura né kushte té njejta elektrokimike por
né mungesé té izoproturonit, nuk treguan ndonjé bashkéveprim me kété molekulé.
Filmat e tillé MIP dhe NIP jané karakterizuar me ané té voltametrisé ciklike né prani té
cifteve redokse dhe trashésia e tyre éshté vlerésuar me ané té mikrobalancés
elektrokimike té kuarcit té kristalte EQCM (ang: Electrochemical Quartz Crystal
Microbalance) si dhe éshté llogaritur edhe teorikisht duke aplikuar ligjin e Faradejit. Me
ané té filmave MIP éshté mundésuar pércaktimi selektiv i izoproturonit edhe né prani
té molekulave tjera interferuese, té tillé si karbendazimi dhe karbamazepina. Kufiri mé i
ulét i pérgendrimit pér pércaktimin e izoproturonit LOD (ang: Limit of Detection) né
mostrat e pérgatitura né ujé ultra té pastér (milli-Q), i arritur me ané té voltametrisé me
valé katrore SWV (ang: Square Wave Voltammetry) éshté llogaritur té jeté 0,5 ug/L.
Matjet e realizuara né mostrat reale té ujit cojné né njé LOD prej 2.2 pg/L.

Né pjesén e dyté té kétij punimi éshté kryer njé studim mé i hollésishém i parametrave
té ndryshém elektrokimiké té cilét jané pérdorur gjaté sintezés sé filmave MIP né
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elektrodat e karbonit qelqor, si dhe gjaté fazés sé nxjerrjes sé molekulave té
izoproturonit me ¢'rast éshté véné né pah se potenciali i aplikuar anodik dhe numri i
skanimeve ndikojné fuqishém né pércueshmériné dhe morfologjiné e filmave MIP-PPy.
Spektroskopia me impedancé elektrokimike EIS (ang: Electrochemical Impedance
Spectroscopy), mikroskopia me forcé atomike AFM (ang: Atomic Force Microscope),
metoda me mikropeshore té kuarcit (EQCM), spektroskopia e fotoelektroneve me rreze
X - XPS (ang: X-ray Photoelectron Spectroscopy), si dhe spektroskopia me rreze infra te
kuge IR (ang: Infra Red spectroscopy) u pérdorén pér realizimin e kétij studimi. Filmat
MIP té pérgatitur me voltametri ciklike né njé potencial mé té ulét se +1.0 V ¢uan né
marrjen e sinjalit té pércaktimit optimal té izoproturonit, sinjal ky i cili i atribuohet njé
shkalle mé té ulét té tejoksidimit té filmave té polipirrolit.

Pjesa e treté e kétij punimi merret kryesisht me zhvillimin e elektrodave té pérbéra nga
grafeni krejtésisht i pastér elektrokimik i depozituar né pllakat e polistirenit té cilat mé
pastaj u pérdorén si senzoré pér pércaktimin elektrokimik t& izoproturonit. Eshté
zhvilluar njé metodé origjinale pér pérgatitien e elektrodave té pérbéra nga grafeni
100% i pastér. Kjo metodé bazohet fillimisht né largimin elektrokimik té shtresave té
grafenit né potencialet negative né njé fazé té vetme dhe shndérrimin e tyre né pluhur
grafeni dhe mé pas né pérgatitien e elektrodave nga presimi i grafenit pluhur né
temperaturé té larté né njé pllaké polistireni. Pas testimit t€ metodave té ndryshme pér
dizajnimin e elektrodave té grafenit, vetité e tyre elektrokimike u vlerésuan duke
pérdorur cifte té ndryshme redokse. Metodat spektroskopike si XPS, Raman, IR dhe
matjet e pércueshmérisé me kontakt fizik né katér pika u pérdorén pér té karakterizuar
kiminé e sipérfageve dhe nanostrukturén e elektrodave té grafenit dhe i ndérlidhin ato
me vetité e tyre. Né fund, elektropolimerizimi i filmave MIP éshté kryer me sukses né
elektrodat e grafenit dhe éshté demonstruar potenciali i tyre pér pércaktimin e
izoproturonit né ujéra.

Fjalét kyce: Senzorét elektrokimiké, Polimeré me gjurmé molekulare (MIP),
Elektropolimerizimi i polipirrolit, Pércaktimi elektrokimik i izoproturonit, Elektroda té
grafenit elektrokimik
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General introduction

Water is the main ingredient that enables the development of life processes of the living
organisms, whether plants or animals, on Earth planet. Besides that, water is the main
liquid compound which is used also for the development of various human activities,
such as producing energy, chemical products, foods, agricultural, mining, industry, or
just for the domestic use. The importance of water is mainly based on its ability to
function as a universal solvent in the environment. In parallel with population growth,
the development of human activities has been intensified, thus resulting in the increase
of water usage. Unfortunately, these multiple uses of water caused the decreasing of its
amount and its quality has degraded due to the accumulation over time of pollutants
and their derivatives in large quantities or in trace amounts (micropollutants).
Micropollutants, even in presence of trace concentrations in the natural water, can cause
serious problems. They are classified into two major groups: inorganic micropollutants
which include the metallic trace elements that are non-biodegradable and organic
micropollutants  including organohalogen compounds, polycyclic aromatic
hydrocarbons (PAH), phthalates, drugs and in particular pesticides which can be
biodegradable.

A pesticide may be a compound ore a mixture of them that is used in agriculture as
plant regulator by preventing, destroying, repelling or mitigating any pest. Pesticides
are classified into different groups, such as: fungicides, insecticides, and herbicides, and
most often are applied as liquids sprayed on the agricultural lands or deposited directly
with phytosanitary products on seeds via a coating before planting. Among groups of
pesticides, herbicides are found to be very effective for the controlling the growth
process of plants and have shown a rapid handling extension. Consequently, these
compounds during their use are in touch with soil and can contaminate surface or
ground waters. Their degradation products and metabolites were found to be very
dangerous by showing negative effects for the ecosystem. In particular, isoproturon is a
phenyl-urea herbicide which is used for killing weeds in agricultural soils and it was
found to be an ecosystem contaminant. Due to its hazardous and toxic effects, the
European Union has classified this compound as a priority micro-pollutant inside the
Water Frame work Directive (WFD) since 2013 [3] and decided to ban its use since in
2016. Furthermore, inside the WEFD, for isoproturon as for other priority
micropollutants, is regulated the maximum level of their concentrations allowed for
inland surface waters. These thresholds are updated regularly according to the adverse
effects observed and the list of priority substances is also periodically reviewed to take
into account new pollutants or derivatives that appear in the environment.
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In order to determine if isoproturon has reached its maximum level of concentration for
inland surface waters, various sophisticated sensitive and selective techniques are used.
Costly analytical techniques based on chromatography are frequently used for
isoproturon detection in environmental samples and have shown low detection limits.
However, these techniques, in spite of their high sensitivities, remain expensive and
difficult to implement for on-site and in-situ analysis. In addition, onsite sampling and
its treatment involves a longer analysis time and complex additional steps to overcome
matrix effects and interferences. There is an increasing need to ensure efficient and
continuous on-site and in-situ monitoring of environmental waters, and to reduce the
cost of analysis, which implies developing novel sensors. Therefore, efforts are ongoing
to develop rapid and inexpensive sensing devices for the detection of pesticides in
general and isoproturon particularly. Among all the conventional techniques,
electrochemical analysis is one of the simplest and least expensive. Voltammetric-based
methods have been widely reported in literature for the determination of many
pesticides and isoproturon more specifically using various carbon electrode materials
such as glassy carbon, graphene, wall-jet glassy carbon electrode, carbon paste, carbon
tiber, doped diamond, and multiwalled carbon nanotubes (MWCNT). However, to the
best of our knowledge, no sensor has yet been validated for the measurement of
micropollutants in water.

More recently, numerous studies have been focused on modified electrodes with
conducting polymer films. The attachment of the organic conducting polymer film on
the electrode surface makes possible the increase of sensitivity and selectivity of these
modified electrodes toward a targeted analyte. In this context, one of the most effective
methods to achieve this goal is to prepare molecularly imprinted polymer sensors.

A molecularly imprinted polymer (MIP) electrochemical sensor is obtained by
polymerization of a monomer on working electrode surface in the presence of a
template molecule. After polymerization, the template molecules, trapped in the
polymeric matrix, are removed leaving behind cavities that are complementary not just
in shape but also in functionalities. The cavities contain functional groups of the
polymer that leads to the specific uptake of the targeted analyte. High affinity and
selectivity are based on the shape of the print together with the specific interactions
between the functional groups from the MIPs and the target micro-pollutant.
Polypyrrole was chosen as conducting polymer for environmental applications due to
its properties and its ability for in-situ electropolymerization at the electrode surface
with or without presence of the template molecule. In addition, the
electropolymerization of polypyrrole leads to chemically and mechanically robust films.
Therefore, thanks to all these properties, MIPs have been chosen, in this thesis work, as
approach for electrochemical determination of isoproturon in water samples.
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Graphene is currently undergoing significant development due to its very interesting
physico-chemical properties, notably its very high conductivity and chemical resistance.
However, for electrochemical sensor applications, it is most often used in the presence
of a binder which reduces its intrinsic properties. The choice was made here to develop
100% graphene electrodes as electrode materials in order to take full advantage of the
potential of this material with the objective to elaborate a MIP-graphene sensor for
isoproturon detection.

This PhD was carried out at the Interfaces, Confinement, Materials and Nanostructure
(ICMN) UMR CNRS-University of Orléans laboratory in the Functional Carbons for
Environment and Biomaterials applications axis in cotutelle with the University of
Prishtina. This study follows on from previous works of the lab concerning the
functionalization of carbon materials for the development of electrochemical sensors for
the detection of metallic or organic micropollutants.

This document is structured in five chapters, the first one relates to the state of the art,
the second introduces the materials and methods used for the measurements and
different characterizations, and three others present the experimental data.

Chapter 3 presents the work which has been performed to achieve the development of a
molecularly imprinted polymer sensor on glassy carbon electrode for the determination
of isoproturon in water.

Chapter 4 is dedicated to the influence of the electrochemical parameters applied
during the synthesis of MIP films on GCE as well as during the extraction step on the
properties of the MIP in terms of their conductivity, morphology and sensitivity, with
the objective to improve the performance of MIP sensors for the isoproturon detection.

Finally, in Chapter 5 we present the results concerning the development of a new
original method to prepare 100% graphene electrodes and their use as working
electrodes for the electrochemical preparation of MIP sensors dedicated to the
isoproturon determination in waters.
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Hyrje e pérgjithshme (General introduction in Albanian)

Uji éshté pérbérési kryesor gé mundéson zhvillimin e proceseve jetésore té€ organizmave
té gjallé gé jetojné né planetin e Tokés, qofshin ato bimé apo kafshé. Pérveg késaj, uji
éshté substanca kryesore e 1éngét e cila pérdoret gjithashtu pér zhvillimin e aktiviteteve
té ndryshme njerézore, té tilla si prodhimi i energjis€é, prodhimi i produkteve té
ndryshme kimike, pér prodhimin e ushqgimit, né bujqési, né miniera, né industri, ose
edhe thjesht pér pérdorim shtépiak. Réndésia e ujit bazohet, né radhé té paré, né
aftésiné e tij pér té funksionuar si njé tretés universal né mjedis. Paralelisht me rritjen e
numrit té popullsisé, zhvillimi i aktiviteteve njerézore éshté intensifikuar duke
rezultuar késhtu edhe né rritien e konsumimit té ujit. Fatkeqésisht, pérdorimet e
shuméfishta té ujit té pijshém po shkaktojné zvogélimin e sasisé sé tij dhe cilésia e tij
éshté degraduar pér shkak té akumulimit té ndotésve dhe derivateve té tyre né sasi té
médha ose né sasi té vogla (mikrondotés) me kalimin e kohés. Mikrondotésit edhe né
prani té pérgendrimeve té tyre né gjurmeé né ujin natyror mund té shkaktojné probleme
serioze. Kéta mikrondotés jané klasifikuar né dy grupe kryesore: né mikrondotés
inorganiké té cilét pérfshijné elementet metalike né gjurmé e qé jané pérbérje jo té
biodegradueshme dhe né mikropondotés organiké duke pérfshiré pérbérjet
organohalogjene, hidrokarburet aromatike policiklike (PAH), ftalatet, ilaget dhe né
vecanti pesticidet, té cilat mund té jené pérbérje té biodegradueshme.

Pesticidet jané njé pérzierje e substancave té ndryshme gé jané synuar té pérdoren né
bujqgési si rregullatoré té biméve duke parandaluar, shkatérruar, sprapsur ose zbutur
ndonjé démtues té tyre. Pesticidet klasifikohen né grupe té ndryshme, té tilla si:
fungicide, insekticide dhe herbicide, dhe mé sé shpeshti ato aplikohen si léngje duke u
spérkatur né tokat bujgésore ose té depozituara direkt me produkte fitosanitare né fara
pérmes njé shtrese para mbjelljes. Midis grupeve té ndryshme té pesticideve, herbicidet
kané treguar se jané shumé mé té efektshme né kontrollimin e procesit té rritjes sé
biméve dhe kané pasur njé zbatim né shkallé té gjeré. Si pasojé, kéta pérbérés gjaté
pérdorimit té tyre jané né kontakt té vazhdueshém me tokén dhe mund té ndotin ujérat
sipérfagésoré ose ata néntokésoré. Produktet e tyre té degradimit dhe metabolitét e tyre
u gjetén té jené shumé té rrezikshém duke treguar efekte negative pér ekosistemin né
térési. Né vecanti, izoproturoni éshté njé herbicid i llojit fenil-ure i cili pérdoret pér
zhdukjen e barérave té panevojshme né tokat bujgésore dhe i cili éshté zbuluar té jeté
njé ndotés i ekosistemit. Pér shkak té efekteve té tij té rrezikshme dhe toksike, qé nga
viti 2013 [3] Bashkimi Europian e ka klasifikuar kété herbicid si njé nga mikrondotésit e
réndésisé primare né kuadér té Direktivés Europiane té Ujérave WFD (ang: Water
Framework Directive) dhe né vitin 2016 vendosi té ndalojé pérdorimin e tij. Pér mé
tepér, brenda WFD, pér izoproturon ashtu dhe pér mikrondotésit tjeré me réndési
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primare, éshté rregulluar niveli maksimal i pérgendrimeve té tyre té lejuara pér ujérat
sipérfagésore dhe té brendshme. Kéto nivele té pérqendrimit azhurnohen rregullisht né
pérputhje me efektet e pafavorshme té vézhguara dhe lista e substancave prioritare
gjithashtu rishikohet né ményré té vazhdueshme duke marré parasysh ndotésit ose
derivatet e tyre té reja qé shfagen né mjedis.

Né ményré qé té pércaktohet nése isoproturoni ka arritur nivelin e tij maksimal té
pérgendrimit pér ujérat sipérfaqésore dhe té brendshme, u pérdorén teknika té
sofistikuara me ndjeshméri dhe selektivitet té larté. Teknikat e kushtueshme analitike té
bazuara né kromatografi pérdoren shpesh pér pércaktimin e nivelit t€ izoproturonit né
mostrat mjedisore té ujit duke treguar limite té uléta té pérqendrimit. Sidoqofté, kéto
teknika, megjithé ndjeshmérisé sé tyre té larté ende mbeten si té shtrenjta dhe véshtiré
té zbatueshme pér realizimin e analizave né vendin e marrjes sé msotrave ujore. Pérveg
késaj, marrja e mostrave ujore si dhe trajtimi i tyre pérfshiné njé kohé mé té gjaté té
analizés dhe hapa té ndérlikuar shtesé pér té kapércyer efektet e matricés dhe té
interferentéve tjeré. Ekziston njé kérkesé né rritje pér té siguruar monitorim sa mé efikas
dhe té vazhdueshém té ujérave mjedisore me géllim zvogélimin e kosotos sé analizés qé
nénkupton zhvillimin e senzoréve té rinjé. Pérpjekjet jané té vazhdueshme pér
zhvillimin e pajisjeve té shpejta dhe mé pak té kushtueshme pér pércaktimin e nivelit té
pesticideve né pérgjithési dhe posagérisht té izoproturonit. Ndér té gjitha teknikat
konvencionale, metodat elektrokimike té analizés jané njé nga mé té thjeshtat dhe mé
pak té kushtueshme. Metodat e bazuara né voltametriné ciklike jané raportuar
gjerésisht né literaturé pér pércaktimin e shumé pesticideve dhe izoproturonit né
ményré mé specifike, duke pérdorur késhtu materiale t€ ndryshme té elektrodave té
karbonit si: karboni gelqor, grafeni, elektroda e karbonit gelqor me wall-jet, elektrodat
me pasté e karbonit, ato me fibra karboni, me diamant té€ dopuar dhe ato me nanotubat
e karbonit (MWCNT). Sidoqofté, pér sa i pérket njohurive tona, asnjé senzor nuk éshté

vértetuar ende pér matjen e mikrondotésve né ujé.

Kohét e fundit, studime té shumta jané fokusuar kryesisht né elektroda té modifikuara
me filma té polimeréve pércues. Bashkéveprimi i filmit t€ njé polimeri pércues organik
me sipérfagen e elektrodés mundéson rritjen e ndjeshmérisé dhe selektivitetit té
elektrodés sé modifikuar drejt njé analiti té synuar. Né kété kontekst, njé nga metodat
mé efektive pér té arritur kété qéllim éshté pérgatitja e senzoréve té bazuar né polimerét
me gjurmé molekulare.

Njé senzor elektrokimik i ndértuar me njé polimer me gjurmé molekulare (ang: MIP-
Molecularly Imprinted Polymer) mund té merret nga polimerizimi i njé monomeri né
sipérfagen e elektrodés t€é punés né prani té njé molekule té analitit si model. Pas
procesit té polimerizimit, molekulat ndotése té bllokuara né brendi té shtresés sé
polimerit, nxirren duke 1éné pas disa zgavra té cilat jané komplementare jo vetém né
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formé, por edhe né funksione té molekulés sé nxjerré. Zgavrat e tilla pérmbajné grupe
funksionale té polimerit g¢ mundésojné kapjen né ményré selektive té molekulés gjaté
analizés. Afiniteti dhe selektiviteti i tyre i larté bazohen né formén e shtypjes sé bashku
me ndérveprimet specifike midis grupeve funksionale nga filmat MIP dhe nga
molekula e mikrondotésit. Polipirroli u zgjodh si polimer pércues pér shkak té vetive té
tij té mira pér aplikime té ndryshme mjedisore dhe aftésisé sé tij pér tu
elektropolimerizuar né kushte in-situ né sipérfagen e elektrodés me ose pa praniné e
molekulés mikrondotése. Pérveg késaj, elektropolimerizimi i polipirrolit gon né krijimin
e filmave té forté né aspektin kimik dhe né até mekanik. Prandaj, falé té gjitha kétyre
vetive, metodat e bazuara né MIP jané zgjedhur si strategji né kété punim pér
pércaktimin elektrokimik té izoproturonit né mostrat e ujit.

Grafeni aktualisht po i nénshtrohet njé zhvillimi té réndésishém pér shkak té vetive
shumé interesante té tij fiziko-kimike, vecanérisht pércueshmérisé dhe rezistencés
kimike shumé té larté té tij. Sidoqofté, pér aplikimet e tij si senzor elektrokimik, ai
pérdoret shpesh né prani té njé lidhési qé zvogélon vetité e tij té brendshme. Pérpjekja
kétu éshté béré pér té zhvilluar elektroda té grafenit me pastérti té larté 100% né ményré
gé té pérfitojmé plotésisht nga potenciali i kétij materiali me géllimin pér té pérpunuar
njé senzor MIP-grafen i cili mund té pérdoret pastaj pér pércaktimin e izoproturonit.

Ky projekt i doktoraturés é€shté realizuar né laboratorin e dedikuar pér studime
ndérfagésore, té izolimit, dhe té nanostrukturés sé materialeve (fréngjisht: ICMN
Interfaces, Confinement, Matériaux et Nanostructures - UMR CNRS-Centre National de
la Recherche Scientifique) né kuadér té Universitetit té€ Orléans-it né degén e pérdorimit
té karbonit funksional pér mjedisin dhe biomaterialet né bashképunim me Universitetin
e Prishtinés. Ky studim éshté vazhdimési e hulumtimeve t€é méparshme té béra né kété
laborator né lidhje me funksionalizimin e materialeve té karbonit pér zhvillimin e
senzoréve elektrokimiké pér pércaktimin e mikrondotésve me pérbérje metalike ose
organike.

Ky dokument éshté i strukturuar né pesé kapituj, duke filluar nga i pari i cili ka té béjé
me pérshkrimin e kontekstit té punés, duke u pasuar nga kapitulli i dyté i cili prezanton
materialet dhe metodat e pérdorura pér matjet dhe karakterizimet e ndryshme, dhe tre
kapitujt tjeré qé paragesin té dhénat e gjetura eksperimentale.

Kapitulli i treté paraget punén e cila éshté kryer pér té arritur zhvillimin e njé senzori té
bazuar né polimerét me gjurmé molekulare né elektrodén e karbonit gelqor me géllim
té pércaktimit té izoproturonit né ujé.

Kapitulli i katért i kushtohet ndikimit t€ parametrave té ndryshém elektrokimiké té
aplikuar gjaté sintezés sé filmave MIP né elektrodat e karbonit gelqor, si dhe gjaté hapit
té nxjerrjes s€ molekulave mokrondotése né vetité e filmave MIP pér sa i pérket
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pércueshmérisé, morfologjisé dhe ndjeshmérisé sé tyre, me qéllim pérmirésimin e
performanceés sé kétyre senzoréve MIP né pércaktimin e izoproturonit.

Sé fundmi, né kapitullin pesté, ne kemi paraqitur rezultatet e arritura né lidhje me
zhvillimin e njé metode té re dhe origjinale pér té pérgatitur elektroda grafeni me
pastérti 100% dhe pér t'i pérdorur pastaj ato si elektroda té punés pér pérgatitjen
elektrokimike té senzoréve MIP té cilét u jané kushtuar pércaktimit té izoproturonit né
ujéra.
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CHAPTER 1

“Literature review”



1. CHAPTER I: LITERATURE REVIEW

This chapter introduces the general concepts of electrochemical sensing necessary to
develop electrochemical sensors, and the bibliography concerning the conductive
polymer materials, their physico-chemical properties and highlighting their application
for the fabrication of MIP-based sensors. This chapter is divided into five main parts, 1)
the first part includes the environmental context of the work, 2) the second part
concerns chemical and electrochemical sensors, 3) the third part presents the conducting
polymers, their electrical conductivity and their applications, including also the study
over polypyrrole as conducting polymer used in this work, 4) the fourth part deals with
MIP-based sensors, and 5) the last part is dedicated to electrochemical MIP-based
sensors for environmental analysis, and their analytical performances.
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1.1. Pesticides and their effect on the environment

1.1.1. Water quality

Water is essential for life. According to the World Health Organization (WHO)
improving access to safe drinking-water can result in benefits to health, and every
attempt should be to have drinking water as safe as possible [1]. In order to define safe
drinking-water, in 1977 an International Conference for World Water was held in Mer
del Plata in Argentina [1]. The World Health Organization (WHO) has published three
editions of Guidelines for drinking water quality, which continuously were up to dated, by
providing the explanation of all the rules, methods and measures to be taken for a better
quality and hygiene in drinking-water [1]. In these editions of Guidelines for drinking
water quality published by WHO, it was mentioned the term of “water quality”, which
refers to the description of the conditions of the water, including its chemical, physical
and biological characteristics, by respecting the standards that were set for each of the
possible contaminants [2]. In addition, in 2000 European Union has established the
Water Framework Directive (WFD), on the basis of which the chemicals and
compounds are classified into different priorities for the use in agriculture, industry and
environment, and according to the established rules some of the compounds are banned
for use [3].

So, water quality means the relation between health of ecosystems, safety human
contact, and drinking water. On the other side, due to the increase of industry and
technology, natural water is used widely for fabricating, processing, washing, diluting,
cooling, or transporting a product. Water is also used by smelting facilities, petroleum
refineries and industries, for producing energy, chemical products, food, and paper
products. Major source of industrial water are fossil-fuel power stations, particularly
coal-fired plants, where many of these plants discharge wastewater into environment.
In other words, the three main components of life on earth (air, water and ground) are
continuing to be polluted through over the years by human due to the wastewaters
coming from industry, pharmacy, agriculture, etc.

Water quality has been affected by dangerous and toxic substances, such as heavy
metals (lead Pb, cadmium Cd, mercury Hg, arsenic As), by pharmaceutical products
and by pesticides, causing many harmful effects in the environment for living
organisms and for human as well [1].
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1.1.2. The use of pesticides in agriculture

Pesticides are a mixture of substances (chemical compounds) that have been intended to
use as plant regulators by preventing, destroying, repelling or mitigating any pest.
These compounds are used in agriculture as nitrogen stabilizers. As known, pesticides
are used in large scale in agriculture as a group including herbicides, fungicides,
insecticides, bactericides, and others. During the 20" century these compounds were
considered like miracle. In the beginning pesticides were used as inorganic compounds
as fungicides and insecticides, containing chemical elements such as antimony, boron,
copper, fluorine, manganese, mercury, selenium, sulfur, thallium, and zinc, as their
active ingredients excepted for killing insects [4]. These compounds were persistent in
the soil, where in some cases they caused the damage of corps due to their presence [4].
However, these inorganic pesticides were not found to be very effective as insecticides
and fungicides. Later in the 1940s, people began to use organic pesticides known as
herbicides.

Nodata Ot 25,000t 50,000t 75,000t 100,000t 250,000t 500,000t >1 milliont
\ | \ \ |

Figure 1. Global use of pesticides in 2017 [5].

Herbicides were found to be very effective for the controlling of the growing process of
plants and have had a very rapid adoption. Only in India, the agricultural consumption
of organic pesticides was rapidly increased from 4.000 MT in 1954-1955 to 70.000 MT in
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1985-1986, and it reached about 1.500.000 MT by the year 2000 [4]. Nowadays, in India
the consumption of pesticides is 0.327 kg per hectare, compared with France 3.63 kg,
and with Japan 11.76 kg per hectare [5]. Figure 1 gives a general idea of the distribution
of pesticide use in the world in 2017. It clearly shows a very high consumption in China
as well as in the USA, Brazil and Argentina [5].

Agricultural pesticides most often are applied as liquids sprayed on the soil, and
sometimes are either injected into the soil or applied as granules or as seed treatment.
The quantity of used pesticide, depends on crop stage, formulation, intended target,
application technique, and weather conditions and it is distributed between soil, plant
foliage or crop residues, and a part losses due to drift [6]. Consequently, these
compounds can get in touch with soil and surface waters on the environment. In Figure
2, is presented schematically the pesticides cycle in the environment, where as seen the
pesticides can get in contact with drinking water due to their presence in the
agricultural soils [7].

. aquifer
— (Bl'OlJnd'\Nater U /
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Figure 2. The pesticides cycle in the environment [7].

However, in the beginning when pesticides started to be used, their effect in the
environment was not fully known. It was not well studied their mechanism and their
degradation process. In the 1960s was discovered that due to the release of pesticides
into the environment, they may have a negative impact on the ecosystem and human
health, by indicating that their degradation products and their metabolites are really
toxic and dangerous for the living organisms.
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1.1.3. Isoproturon among other herbicides

There are approximately 150 herbicides active ingredients, which are formulated into
hundreds of commercial products. Most are organic compounds and each herbicide has
a chemical name that describes its structure and a common name, which is often a
simplified version of the chemical name [8].

Isoproturon ISO (3-(4-isopropylphenyl)-1,1-dimethylurea or 3-p-cumenyl-1,1-dimethyl-
urea) (Figure 3), is a colourless, odourless solid with a limited solubility in water (about
70 mg/L at 20 °C) [9], is soluble in
most organic solvents, and it is CH3
stable to light, acids, and alkalis.
Isoproturon is a  herbicide
belonging to the phenyl urea and H3C O

amides group families, that is

widely used to kill weeds in soils /CH3
[10]. Recent studies indicated that N N
isoproturon has become an H ]
ecosystem contaminant due to its | C;,H,3N,0 CH3
intensive use [11]. In 2016,
according to the rules established
by WED, the EU decided to ban its
use [12]. Its hydrolysis is very slow and has a half-life of about 30 days in water while in
soil its half-life is about 40 days, it can undergo some photochemical degradation to
different metabolites.

Figure 3. Isoproturon structure.

Isoproturon was found worldwide in soil, groundwater, surface water, or even in
drinking water, exceeding the threshold values (e.g., the European Union threshold is
0.1 ug L7 for inland surface water) [12]. Raw waters may become contaminated with
isoproturon from production plant discharges and diffuse agricultural sources [12].
According to the World Health Organization (WHO), isoproturon has demonstrated
toxicity to the liver system and appears to be a tumor promoter [13]. Considering its
hazardous effects, the European Union (EU) has classified it as a priority micro-
pollutant and has regulated its maximum level at 0.3 pg L™ for inland surface waters
[3].

Among other herbicides, isoproturon is one of the mostly used in agriculture. Some of
others most commonly found herbicides are diuron, linuron, melamine, alachlor,
atrazine, endothall, glyphosate and dacthal. These compounds were found to be toxic,
and due to this the World Health Organization (WHO) and Water Framework Directive
(WFD) have classified some of them as possible carcinogenic compounds [13].

32



1.1.3.1.  Methods used for the determination of herbicides

Sensitive and specific methods are needed for the determination of phenyl urea
herbicides in waters. Phenyl urea residues in food and water have been analyzed both
by gas chromatography and by high-performance liquid chromatography (HPLC). GC
methods usually do not allow analysis of intact phenyl urea herbicides due to their
thermal instability — the HN-CO bond breaks, giving the corresponding aniline in the
heated inlet [14]. HPLC separation with UV detection methods have been used for
determination of phenyl urea herbicides in wastewater. Particle beam HPLC-MS has
also been used for the determination of isoproturon and other pesticides, such as
diuron, linuron, monuron, and siduron reaching relatively high detection limits
between 2-30 pg/L [14]. Ruberu et al. 2000 developed a multiresidue HPLC method for
determination of phenyl urea herbicides in water at sub part per billion (ppb)
concentrations [14]. Dispersive liquid-liquid microextraction for the determination of 11
herbicides of urea derivatives family in natural waters, including isoproturon, by HPLC
method was developed and detection limits vary from 0.4 — 0.04 ug/L [15].

However, these techniques, in spite of their high sensitivities, remain expensive and
difficult to implement for on-site and in-situ analysis. In addition, onsite sampling and
its treatment involves a longer analysis time and complex additional steps to overcome
matrix effects and interferences [3], [12], [14]. There is an increasing need to ensure
efficient and continuous on-site and in-situ monitoring of environmental waters, and to
reduce the cost of analysis, which implies developing novel sensors. Efforts are thus
ongoing to develop rapid and inexpensive sensing devices for detection of pesticides in
general and particularly isoproturon.

Among all the conventional techniques, electrochemical analysis is one of the simplest
and less expensive. Attempts to couple the classical methods with electrochemical ones
have shown the improvement of the detection limits for herbicides from the
concentration ranges of pg/L to ng/L [16]. Voltammetry based methods have been
widely reported for the determination of many pesticides and isoproturon more
specifically, by using various carbon electrode materials, such as: glassy carbon [17],
[18], graphene [19], wall-jet glassy carbon electrode [20], carbon paste [21], carbon fiber
[22], doped diamond [23], and multiwalled carbon nanotubes (MWCNT) [24].

More recently, numerous studies have focused on modified electrodes [25] and various
assemblies have been investigated for applications in herbicide electrochemical sensors
such as clay-modified GC electrodes [26], [27], or enzyme-modified [24], [28]-[30] and
conducting polymer modified electrodes. The attachment of the organic film on the
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electrode surface makes it possible to increase the sensitivity and the selectivity of these
modified electrodes toward a targeted analyte. Electrochemical sensors for the detection
of some of the most dangerous pesticides-herbicides, such as melamine [31], [32],
atrazine [33], [34], alachlor [35], linuron [36], paraquat [37]-[45], diuron [46], and
isoproturon [19], [26], [27], [47] have been made.

Among different strategies used for the modification of electrodes and for the
preparation sensitive layers, electropolymerization of conducting polymer thin films on
the surface of electrodes has been chosen to be as one of the best strategies. Until
nowadays, still one of the most ingenious methods to achieve this goal is to prepare
electrochemical sensors based on molecularly imprinted conducting polymers [48]-[50]
that may be used for determination of isoproturon and other herbicides.

1.2. Definition of the chemical and electrochemical sensors

In general, a typical chemical sensor is a measurement device that can convert a
chemical or physical information of a specific analyte into a measurable signal in the
case of qualitative analysis, and that signal can be converted in concentration of the
analyte with regard to quantitative analysis. A chemical sensor must contain the two
necessary units a) a receptor and b) a transducer. The role of the receptor which is a
selective unit of the chemical sensor, is to read the information and transform it into the
form of energy that can be translated to a measurable signal by a transducer [51].

Given the huge number (>10°) of known molecular substances, molecular sensing
typically relies on recognition of molecular structure or associated reactivity. This
recognition aspect is called selectivity. Sensitivity and limit of detection relate to the
quantity or concentration of the chemical pollutant to be analyzed (the analyte).
Chemical sensors are commonly required to detect 10 mol/L concentrations or less.
Now a lot of standards for micropollutants is lower than 10° mol/L, a value very
difficult to measure in real on-site analysis. Thus, the challenge of attaining the needed
both sensitivity and selectivity in chemical sensing is a lock for the development of

environmental sensors.

Depending on the nature of physical or chemical information, the receptor unit can be
based on various principles:

- Physical — where are measured the physical properties of the analyte, such as
absorbance, conductivity, temperature, mass change, etc [51].
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- Chemical — where a chemical reaction is developed in order to produce the
analytical signal, such as an electroreduction or electrooxidation of the analyte
[51].

- Biochemical — where a biological response is converted into a quantifiable and
processable signal, such as nuclei acids, cells, antibodies or enzymes as
bioreceptors can be connected to Fireld Effect Transistor (FET) devices,
nanowires, nanoparticles or electrodes helping to rise the signal and picked up
by the transducer element [52].

In Figure 4, is presented the classification of different types of the chemical sensors,

based on the nature of the transduction principle.

Optical sensors

Electrical sensors

Receptor Magnetic sensors
(physical, chemical, biochemical)

Electrochemical sensors

Transducer

Thermometric sensors

|

Sensor Mass sensitive sensors

Other types

Figure 4. Classification of sensors in different types.

Electrochemical sensors, in particular, are a class of chemical sensors in which an
electrode is used as a transducer element in the presence of an analyte. Electrochemical
sensors are devices which can transform the electrochemical information into a
measurable signal. In these sensors, electrochemical reactions occur on the electrode
surface which is in contact with an electrolyte. An electrochemical sensor is presented
schematically in Figure 5, the interactions between analyte and receptor take place at
the surface of the working electrode, which plays the role of a receptor and a transducer
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in the same time. Electrode is connected to a recording electronic equipment, usually to
a potentiostat/galvanostat and where its signal is read out.

-

Electronic

w“‘

00’_

|
Sensing layer Sensor
or
selective membrane

Signal

Figure 5. Schematically representation of a typical electrochemical sensor.

Electrochemical sensors are classified into three different types based on their working
principle and electrochemical transduction mode: potentiometric, conductometric and
amperometric/voltammetric.

Potentiometric sensors — are sensing devices that can measure the difference of the
potential between a sample solution (containing dissolved ions) and a reference
solution separated with a membrane which contains some ionophores that are selective
to the targeted ions. This difference in the potential is related to the activity of the ions
which are passed through the ionophores of the selective membrane. The measurement
of this difference in the potential is usually done under zero current conditions or at a
given value of the current intensity and can be calculated by using the Nernst equation:

RT a (ox)

E=EO0 t—= l e .. (1.1)
-where:
E: measured potential,
E°: standard potential,
R: gas constant,
T: absolute temperature,
F: Faraday constant,
n: number of the electrons involved in the redox process,

a(ox) and a(red): are the activities of the oxidized and the reduced species.
There exist different basic types of potentiometric sensors: ion-selective electrodes

(ISEs), coated wire electrodes (CWEs), field effect transistors (IS-FETs) and chemical
tield effect transistors (CHEM-FETs) [53]. Two last categories of these sensors have
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generated great interest due to their small size and facile miniaturization, fast response
and good adherence to substrate surface. They have however two major drawbacks: the
first one is that they show a thermal instability so their response signal is strictly related
on temperature; and the second one is the membrane potential which is affected by the
adsorption of solution components [54]. Furthermore, potentiometric sensors showed
poor reproducibility and weak stability in the arrays, and they can detect only free ions
and require frequent calibration [54].

Conductometric sensors — they are two-electrode devices designed to measure the
conductivity of the thin electrolyte layer adjacent to the electrode surface [55]. These
sensors are usually used for detection of gaseous samples, and sometimes for the liquid
samples as well. The modification process during the fabrication of conductometric
sensors includes organic materials such as conductive polymers or inorganic materials
such as metal oxides [56]. In conductometry, the electrical conductivity of a sample
containing dissolved ions, is used to measure the concentration of the ions. However,
conductivity measurements are difficult, due to the variable ionic background of the
samples and the relatively small conductivity changes that are observed in high ionic
strength solutions. Moreover, these devices cannot be implemented to determine the
concentration of the targeted molecule ions, but are used for the classical analysis of
water and give information about the overall concentration in ions.
Amperometric/voltammetric sensors — these sensing devices can be used to measure
the current (A) which is produced as result of an electron transfer reaction while the
applied potential in the working electrode is controlled with a potentiostat/galvanostat
[57]. So, the signal transduction process is accomplished by monitoring this current as a
function of time. The electrochemical reaction occurs at the working electrode due to
the electron transfer between the analyte (ion or molecule ions) and the receptor
(electrode surface).

TRANSDUCER
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Red Analyte ‘
e * * )
E * e
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¢ Electrochemical R Ox+
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Figure 6. Schematic representation of a typical amperometric/voltammetric sensing system [58].
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In the case of amperometric/voltammetric sensing system, the potential can be kept
constant (potentiostatic) where only the changes in current with time I=f(t) are
measured, or it can be scanned in a certain potential range (potentiodynamic) where is
measured the current change with potential I=f(V). The basic instrumentation for
amperometric/voltammetric sensing system is presented schematically in Figure 6,
includes a potentiostat and three electrodes (working, reference and counter) dipped in
a suitable electrolyte to form an electrochemical cell.

Electron transfer reactions are the most important processes at electrochemical
interfaces [58]. They are determined by the interplay between the interaction of the
reactant with the solvent and the electronic levels of the electrode surface [59]. Based on
this, the performance of an amperometric sensor is strongly influenced by the working
electrode material. In the very beginning, mercury electrode was used as a very
attractive material for electrodes, because it has an extended cathodic potential range
window, high reproducibility and a renewable surface [60]. However, the limited
anodic potential of mercury electrodes and especially their toxicity are the principal
disadvantages that to limit their use [60]. These electrodes are replaced, later on, with
solid electrodes (e.g. Carbon, Pt, Au, Ag, Ni, Fe) which have been extensively used as
electrode materials because of their higher potential windows, low back ground
currents, chemical inertness, and suitability for various sensing and detection
applications [61]. The miniaturization of the working electrodes has gained much
attention where microelectrodes (ME) and ultra microelectrodes (UME) have started to
be widely used [62]. Furthermore, were developed the chemically modified electrodes
(CME) that result from the immobilization of an organic layer onto the electrode surface
through chemical reaction, chemisorption, composite formation or polymer coating
[48]. These systems possess many applications, including for instance: the development
of electrocatalytic systems with high chemical selectivity and electroactivity, the coating
of semiconducting electrodes with anticorrosive properties, electrochromic displays,
microelectrochemical devices and electrochemical sensors. One of the common
approaches for CME is to use a polymer-based interface. Most polymers are applied to
electrode surfaces by a combination of adsorptive attraction and low solubility in the
electrolyte solution, using pre-formed polymers or electrochemical polymerization [48].
Also, different types of inorganic films, such as metal oxide or metal ferrocyanide can
also be formed onto electrode surface [56].

In this thesis work, two kinds of working electrodes have been used, the classical glassy
carbon electrode (GCE) presented in the Chapter 3 and 4, and the graphene electrode
presented in the Chapter 5 of the manuscript. The amperometric sensors have series of
advantages, such as a low limit of detection (10°-10" g/L), high selectivity of
micropollutants in several kind of samples, in food stuff or in biological liquids, small
volume of the cell (0.1-5 pl), the simplicity of design, and low cost, making these
devices widely used [63].
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1.3. Conducting polymers (CPs)

1.3.1. Generality about CPs
1.3.1.1.  Introduction to conducting polymers

Conducting polymers (CPs) represent a group of polymers that inside their structure
contain conjugated systems where the motion of delocalized electrons occurs. The
electronic conjugation between each repeat unit in CPs creates semiconducting
molecular wire architectures that makes possible to impart CPs with interesting optical
and electronic properties [64]. Figure 7 presents the conjugated structure of few
conjugated polymers [65]. This structure made CPs to be very useful materials by
providing the advantages of chemical diversity, low density, flexibility, corrosion
resistance, easy-to-control shape and morphology, and tunable conductivity over their
existing inorganic counterparts [66].
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Poly(p-phenylene)
(PPP)

Polyfluorenes Poly (p-phenylene vinylene) Poly(3,4-ethylenedioxythiophene)
(PF) (PPV) (PEDOT)

Figure 7. Different m-conjugated structures of CPs [65].

In the case of insulating saturated polymers, for example the polyethylene (-CH.-CHo>-
)n, each carbon atom has sp® hybridized and forms o bonds with neighboring atoms,
where there are no free charges capable for moving along the chain of the polymer.
Conjugated polymers are derived from the regular repetition of monomers containing 1
electrons. The chemical structure of CPs is different from that of other polymers, where
each carbon atom of the chain is bonded with three other atoms, and always there is one
free electron that remains per each carbon atom. These electrons form 7 bonds which
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are placed in pz orbitals. In conjugated polymers, the two types of bonds co-exist: single
bonds or type o, ensuring the cohesion of the carbon skeleton in the same way as in
saturated polymers and double bonds or type m, responsible for the rigidity of
polymers and limiting their solubility. So, a polymer can be conductive due to the
presence of T conjugated bonds in its structure. There are different types of conducting
polymers that have been extensively investigated for practical applications; and the
most prominent types of CPs are polyacetylene (PA), polyphenylene (PP), polypyrrole
(PPy), polythiophene (PT), polyaniline (PANI), poly (phenylene-vinylene) (PPV), and
their derivatives [64].

The modern development of conducting polymers has begun in 1977, when for the first
time was discovered that doping polyacetylene (PA) with iodine endowed the polymer
with metal-like properties, producing copper-colored films with an increase of
conductivity of 10 orders of magnitude [67]. This invention can be described as a revival
of conducting polymers since 1862, when Henry Letheby prepared polyaniline by
anodic aniline oxidation, and concluded it was conductive and had electrical properties
[68]. PA was not stable and it was easily destroyed by oxidative degradation [67], and
due to this numerous other conductive organic polymers have begun being
synthesized. The abovementioned organic conducting polymers with heterocyclic
structures have received great attention because of their potential applications in
electronic displays.

1.3.1.2.  Preparation of CPs

The most common method used for synthesizing CPs is the chemical (or
electrochemical) oxidation of a conjugated monomer (oxidative polymerization).
During the chemical oxidation the monomers are oxidized to radical cations (CR) in the
presence, for example of Fe (III) salts, and after their interaction via a mechanism CR-
CR they lead to the production of a CPs, most often in the doped state (generally in the
form of a powder insoluble and infusible) [69]. Using this method, the conductivity of
these CPs hardly exceeds a few tens of S/cm. Other very conductive thin films can be
prepared by oxidative chemical polymerization using tosylate ferric pre-deposited on a
substrate, with a controlled supply of the vapor phase monomer. Conductivities widely
greater than 1000 S/cm could thus be achieved in the case of polypyrrole (PPy) and
polythiophene (PTh), including in particular poly (3,4-ethylenedioxythiophene)
(PEDOT) [69].

Oxidative polymerization can also be carried out electrochemically using a three-
electrode system, where it can be possible to deposit conducting polymer thin films
with controlled thickness on any conductive substrate, knowing that the thickness of
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the deposited film is generally proportional to the quantity of electricity used during
the polymerization (Figure 8).

Three main modes of electropolymerization can be implemented: i) The
potentiodynamic mode [70] - developed by cyclic voltammetry during the scanning the
potential of the electrode on which the polymer is deposited within a potential domain
where the monomer is oxidized and gradually transformed into a polymer. The
growing polymer film continuously changes from its neutral state to its doped (or
conducting) state as the potential is swept back and forth. This process is accompanied
by the continuous absorption and desorption of the electrolyte and the solvent to
stabilize the growing film.

ii) The potentiostatic mode [71] — made by imposing a constant potential slightly higher
than the oxidation potential of the monomer to drive its polymerization. In this case, the
variation of the current is followed as a function of time. Polypyrrole films polymerized
using  potentiostatic  electropolymerization (and also by  galvanostatic
electropolymerization) are of dendritic type and have low adhesion strength on the
substrate. In contrast, when the polypyrrole is polymerized potentiodynamically, the
resulting film is shiny black, adheres strongly on the substrate, and has a smooth and
homogenous surface morphology. This has been explained as due to the formation of a
large number of equivalent nucleation sites during the growth process. On the other
hand, poly(3-methylthiophene) films showed better electrical properties (conductivity,
charge mobility, number of free carriers, and band gap) when polymerized
potentiostatically than when polymerized potentiodynamically.
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Figure 8. Electropolymerization of a conjugated monomer [69].
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iii) The intentiostatic mode (or galvanostatic) [71] - is developed by imposing a constant
anode current to oxidize and polymerize the monomer. Here is followed the variation
of the potential of the electrode on which the polymer is deposited with time of
electropolymerization. At the beginning of the electropolymerization, the potential rises
for a short period and then decreases after a while. It has been explained that the
sudden increase in potential is brought about by the formation of the redox-active
charged oligomers in front of the electrode. The subsequent decrease in the potential is
brought about by the catalytic effect of the charged oligomers to oxidize the monomers.

Each of these methods presents advantages and disadvantages, in particular for the
control of the morphology and roughness of the deposited polymeric film [69]. The
intentiostatic mode can be particularly advantageous to limit the formation of structural
defects. In fact, by imposing a very low current and operating the polymerization at
temperature below 0°C, the reaction kinetics are reduced at a level low enough to
improve regularity of the sequences of the monomer units to each other. Due to the
good structural regularity obtained, the electronic conductivity of the polymer formed
is higher. It can be interesting to replace a conjugated monomer with one of its
oligomers (dimer or trimer) which are more easily oxidizable may have some
advantages. Indeed, the chemical or electrochemical polymerization will require the use
of conditions for softer oxidation, by limiting the risk of overoxidation of the polymer.
In order to illustrate this point, we can quote the example of thiophene which oxidizes
at a high potential (+1.6 V vs. SCE), while its dimer and trimer will oxidize at a lower
potential of around +0.3 and +0.5 V [69].

Finally, many chemical or electrochemical polymerizations use a reducing coupling
mechanism. The principle of this synthesis is to activate chemically (or
electrochemically) the C-X bond (where X is often halogen) of a conjugated monomer of
type X- (n) -X to lead directly to the polymer - (1) - in the neutral state [72]. This
method can eliminate faults structural defects since the linkages occur exclusively at the
level of C-X bonds, the only reactive sites growing monomer or chains. It has been
shown also that various polythiophenes substituted by an aliphatic chain (CnHzna1 with n
variant from 2 to 12) in position 3, allowed to increase the conductivity up to a factor of
100 when switching between sequences irregular head-to-head or tail-to-tail sequences
regular head to tail.

1.3.1.3.  Properties and applications of the conducting polymers

Conducting polymers have unique electrical and physico-chemical properties. Due to
the low hydrogen content and aromatic structure, they show excellent chemical,
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thermal, and oxidative stability and are practically insoluble in all common solvents
[73]. They are also potentially electrical conducting materials, particularly when doped
[66]. CPs provide the advantages of chemical diversity, low density, flexibility, good
mechanical and optical properties, corrosion resistance, easy to control shape and
morphology, and tunable conductivity [66], [74]. CPs also possess light weight enabling
them to be used as replacement for metals, particularly in weight-sensitive applications
[74]. Due to their good properties, CPs have attracted attention to be used as
electroconductive materials due to their inexpensive and their easy way preparation
nature. From the many applications of conducting polymers have, here we highlight
some of the most important ones, such as thin film transistors [75], polymer light
emitting diodes (LEDs) [76], corrosion resistance [77], electromagnetic shielding [78],
electrochemical sensing technology [48], supercapacitors [79], and in biosensors [64],
batteries, conductive textiles and fabrics, mechanical actuators, anti-static coatings and
drug delivery systems [80].

Recently a good combination between conducting polymers and carbon-based
materials, such as activated carbons (ACs) [81], carbon nanotubes (CNTs) [82], and
graphene sheets (GS) [83], are widely used electrodes, due to the desirable physical and
chemical properties that these coupled materials have shown. These properties include
low cost, variety of form (powders, fibers, aerogels, composites, sheets, monoliths,
tubes, etc.), ease of processability, relatively inert electrochemistry, controllable porosity
and electrocatalytic active sites for a variety of redox reactions. CPs can be employed for
the fabrication of sensors in two ways: (i) as transduction or sensing materials and (ii) as
an immobilization matrix [64]. The basic strategy towards the design of conducting
polymer based chemical sensors for molecules, ions and biomolecules (in the gaseous or
solution) is to generate a measurable signal. This is achieved by connecting a molecular
recognition site that uses a conducting polymer as a receptor with a signal
receiving/transducing unit in such a way that a binding event between the conducting
polymer and target analyte changes the properties of the conducting polymer. The
redox or electronic state of the conducting polymer is modulated by interactions with
the analyte and the signal generated can be quantified as the sensor response [48]. In
general, the use of conducting polymers as the molecular recognition receptor allows
various types of signals to be assessed. So, conducting polymer-based sensors can be
formulated in different transduction modes that can be divided into a few main classes
depending on the operating principle, including amperometric, potentiometric,
conductometric, calorimetric, fluorometric, magnetic and gravimetric, etc [84]. Since the
introduction of these materials, there has been an interest in their commercialization.
Many companies in the world started to produce various electronic devices, from
diodes and transistors to solar cells. So, for a very short time conducting polymers have
managed to occupy a very important place in modern technology [85].
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1.3.2. Conductivity of CPs

1.3.2.1.  Conduction modes of CPs

The electrical conductivity of a material is mainly determined by its electronic structure.
From an electronic point of view, materials are classified into three categories:
insulators, semiconductors and conductors. The energy band theory is a useful way to
visualize the differences among these three different kinds of materials. The band gap is
the energy difference between the valence and conduction bands of a material. When
the valence band overlaps the conduction band, the valence electrons are free to move
and propagate in the conduction band. This classification is based on the width of the
gap between the valence (VB) and conduction (CB) bands and the position of the Fermi
level which can be defined as the highest electron occupied energy level of a material,
whilst the material temperature level is at 0 K [86] (Figure 9). Indeed, the dynamics of
electrons in materials lead to define a structure of energy levels grouped into energy
bands. This structure results from the interaction of the wave function of electrons with
the potential of the nucleus [87].
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Figure 9. Band structures for the three different categories of materials.

The valence band corresponds to a band filled with electrons (saturated), and the
electrons which fill this band participate in the bonds between the atoms or are bound
to atomic nuclei. The upper energy band is called the conduction band, it has at least
partially unoccupied energy levels which enable electronic conduction. Between these
two bands there is not any other energy level therefore that difference is called bandgap
or forbidden band. Its value defines material electrical properties. Metals show a very
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low bandgap value and the Fermi level is at the region of conduction band, that enable
the permanent presence of free electrons responsible for increased current conduction.
On the other hand, in an insulator, the bandgap value is high (of the order of 10 eV),
therefore if one electron wants to go at higher level, conduction band, it requires at least
that quantity of energy to overcome the energy barrier. Semiconductors constitute an
intermediate state that has a low bandgap value (of the order of 1 to 2 eV) and the
electrons need only a small portion of energy to make the transition into conduction
band (see Figure 9) [69].

In the case of CPs, conjugation leads to the fusion of the energy levels, resulting in a
band structure similar to that of inorganic semiconductors. This band structure explains
the singular behavior of CPs, which are semi-conductors in the neutral state and
become electron conductors in the presence of an oxidant; they are positively doped (p).
Ditferent environment conditions will lead to different energy states, partially localized
and comparable to a conduction band [69].

1.3.2.2.  Doping of CPs

To make a conjugated polymer conductive, it is necessary to perform doping. This
doping is generally carried out by oxidation reaction (p type) or reduction (n type) [69].
Doping makes it possible to accentuate very strongly the delocalization of the electronic
charges, thus the new electronic formed structure allows the displacement by jumping
of the charges along the carbon chain and the polymer becomes a conductor.
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Figure 10. Conductivity (in S/cm) of CPs in their neutral states or doped compared to those of some
insulating materials, semiconductors or conductors [69].
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The conductivity of doped CPs depends on the length of conjugation, the type of
doping and the doping rate. The conductivity of doped and undoped CPs can therefore
be comparable to that of other materials (Figure 10).

Among all the CPs, the maximum conductivity reported to date is of the order of 107
S/m which is comparable to that of copper (5.7x107 S/m). This record was reached with
Polyacetylene (PA) by N. Theophilou et al. in 1987 [88]. Despite its high conductivity,
PA is not a good candidate to compete with metals, because it is a very unstable
material when it is in contact with air. Dopants, oxidants or chemical reducers, can be
small ions, for example I*, or Na*, or also more large polymeric species, such as "poly
electrolytes" which contain sulfonate groups.

Doping of CPs can be achieved in different ways, such as chemical doping, photo
doping, non-redox doping, charge-injection doping and electrochemical doping [66].
Each of these methods shows its advantages and disadvantages. Electrochemically
doping can be achieved when an amount of current is passed through the material and
doping level can be controlled easily by using an electrochemical cell which controls the
amount of current passed, and also doping/de-doping is highly reversible so clean
polymer can be retrieved, and it can be achieved with many dopant species. Its
disadvantage is that during the electrochemical doping process unexpected structural
distortion may cause electrical conductivity decay of the material [66].

1.3.3. Polypyrrole (PPy) as a conducting polymer (CPPy)

1.3.3.1.  Presentation of PPy

Among numerous conducting polymers, polypyrrole (PPy) is by far the most
extensively studied [89], which is considered as the first synthesized conducting
polymer [90]. PPy is a heterocyclic and positively charged conducting polymer that
contains nitrogen in its oxidized form, and it loses its conductivity and charge when
overoxidation occurred. Besides, PPy is electroactive in organic electrolyte and aqueous
solutions and it is known for its nontoxic and biocompatibility [74].

Polypyrrole is one of the most extensively used conducting polymer in design of
analytical, bioanalytical and electrochemical sensors as well as for other purposes [48].
Versatility of this polymer is determined by its unique properties, such as redox activity
[91], ion-exchange and ion discrimination capacities [92] [93], electrochromic effect
depending on electrochemical polymerization conditions and charge/discharge
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processes [94], strong absorptive properties toward gases [95], proteins [96], DNA [97],
catalytic activity [98], corrosion protection properties [99], etc. Most of these properties
are depending on the synthesis procedure as well as on the dopant nature [48].

Moreover, PPy has attracted more attention due to its ease of polymerization, high
conductivity and relative chemical stability and also it has an important option of wide
range of modulation of its electrical properties. Early research for the different chemical
methods used for the synthesis of polypyrrole can be found at [100]-[103].

1.3.3.2.  Electrochemical polymerization of polypyrrole versus chemical polymerization

Two major ways are applied for polypyrrole synthesis which are based on induction of
polymerization by different factors: (i) chemical initiations by oxidative agents [104]
(Figure 11-A), (ii) electrochemical activation by anodic current [105] (Figure 11-B).

(i) Chemical or even biochemical methods enable an easy preparation of PPy particles
of different and/or controlled size ranging from several nanometers up to several
micrometers containing various inclusions. Moreover, by chemical methods it is
possible to uniformly perform overoxidation of polypyrrole and to increase its stability.
The polypyrrole is mainly produced in the bulk solution and just some amount of
synthesized polypyrrole covers the surface of induced materials, meaning that chemical
induced method is not very efficient when deposition of PPy over some surfaces is
required. Moreover, polypyrrole prepared by chemical polymerization is almost
insoluble in usual solvents because of strong inter-chain interactions [74]. However, the
major disadvantage for the use of this method of deposition for designing of
polypyrrole chains is a poor adherence of this deposit to the surface of induced
materials, contrary to the film obtained by electrochemical polymerization.

(i) Disadvantages of chemical activation could be avoided if electrochemical
polymerization is applied. It allows deposition of PPy over electrodes connected to the
electrochemical cell. That is the reason why electrochemical polymerization has found
an application as a general deposition when thin PPy layers are requested. By
electrochemical polymerization of PPy, thickness and morphology of deposited film
could be controlled by application of well-defined potential and known current passing
through the electrochemical cell [106]. This method of deposition can be performed in
various aqueous and nonaqueous solvents (eg. ethanol, water, acetonitrile, etc). It is
very important that PPy synthesis might be performed from water solution at neutral
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pH, since it opens the ways for entrapment and/or doping of polypyrrole by various
organic molecules.

Moreover, during electrochemical polymerization using larger potential excursion
range, the overoxidation of PPy films happens. This behavior of PPy enables the
molecules and/or dopants to be entrapped and/or extracted from the polymeric films,
and in such cases so called molecularly imprinted polymers may be designed [74].
Furthermore, electrochemically synthesized polypyrrole has some attractive properties,
such as good conductivity and very high adherence of these films leading sufficient
stability for sensors application. So, there is no doubt that this polymerization method is
extremely useful for deposition of PPy thin films on conductive surfaces.
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Figure 11. A) Chemical polymerization of polypyrrole, B) Electrochemical polymerization of polypyrrole
[74].

1.3.3.3.  Mechanism of pyrrole electropolymerization

In an electrochemical polymerization, the monomer, dissolved in an appropriate
solvent containing the desired anionic doping salt, is oxidized at the surface of an
electrode by application of an anodic potential. The choice of the solvent and electrolyte
is of particular importance in electrochemistry since both of them should be stable at the
oxidation potential of the monomer and provide an ionically conductive medium. Since

48



pyrrole has a relatively low oxidation potential, electropolymerization can be carried
out in aqueous solutions which is not possible for thiophene or benzene, see Sadki et al.
2000 [107].

The electrochemical polymerization methods of pyrrole proceed in three recurrent steps
following the mechanism (Figure 12) proposed initially by Diaz et al. [108] which is the
most commonly cited in the literature:

a) The first step involves the oxidation of monomer and the formation of a radical cation
R** by oxidation of the pyrrole monomer at the surface of the electrode. Radical cations
R* can be found in several resonance forms [107], and they can undergo different
reactions depending on their reactivity. When R** is relatively stable, it can easily
diffuse into the bulk solution and is susceptible to react with other species to form
soluble products with low molecular weights, but when R** is very unstable, it can
immediately react at the vicinity of the electrode surface with the solvent or the anion
forming soluble products of low molecular weight, and R** of moderate time living are
prone to undergo dimerization reactions.

b) the second step is kinetically decisive, consists in anoxidative coupling to form a
dimer (CR-CR). This step is obtained when two radical cations R* having a greater
unpaired electron density in the a-positions dimerize between themselves forming the
dimer.

c) the third step represents the loss of two protons that leads to give back the
aromaticity to the dimer. Then the dimer oxidizes and creates its radical cation that
turther undergoes the reaction with a cation radical. Thus, the chain polymer formation
happens due to the propagation of reaction sequences where electrochemical and
chemical processes take place until the oligomer chains become insoluble and are
deposited on the surface of the electrode.

The oxidation potential of the monomer is higher than that of pyrrole oligomers
because the unpaired electron of the radical cation that follows the oxidation is more
easily delocalized between two or more pyrrole rings [107]. The polymerization of the
pyrrole leads to an acidification of the electrolytic medium in the vicinity of the
electrode. PPy is always obtained in oxidized form, i.e. in the p doped state, as its
oxidation potential is lower than that of pyrrole. The dopant, which ensures electrical
neutrality, is an anion that comes from the electrolyte if the PPy is obtained by
electropolymerization or from the chemical oxidant in the case of chemical
polymerization.

Electropolymerization pyrrole is influenced by several experimental parameters such
pH or electrolyte [107]. It has been shown that polypyrrole can be easy polymerized
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onto inoxidable metal electrodes, such as platinum or gold, and on carbon electrodes by
using electrochemical methods under controlled conditions [107]. The electrodeposited
polypyrrole films showed high mechanical stability and strong adhesion to the metal
electrode surface, making polypyrrole a good candidate which can be used as an
organic conductive electrode material [109].

Diaz mechanism for PPy electrochemical synthesis is considered to be the best one due
to several reasons such as the elimination of the two protons from the a-position that
induces the drop in pH value of the solution during polymerization [107], and the
number of electrons that are needed for the oxidation of pyrrole molecule. This number
normally is 2 but in practice it is generally higher due to the polymer oxidation. This
number has been determined experimentally for pyrrole and varies from 2.25 to 2.33
[107]. Furthermore, the measurement of changes in the optical absorption during the
electropolymerization of pyrrole have shown a linear growth of the film with the time
and not with it square root value indicating that the slowest step is the radical cation
coupling and not the monomer diffusion towards the electrode [110].
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Figure 12. Electropolymerization of pyrrole by Diaz, a radical coupling mechanism [107].
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1.3.3.4.  Electrical conductivity of PPy

The structure of polypyrrole contains the m-conjugated bonds which are extended to
polymeric chains, and thanks to them the electrons flows through the material.
However, undoped polypyrrole acts as an insulator, and it must be doped in order to
become a conductive material [111]. In p doped conducting polymers when electrons
are removed from the oligomer chain are created polarons that induce intrinsic
electrical conductivity, and the anion dopant ions are incorporated into the film to
create a charge balance. Polarons as charge carriers are transferred in fully conjugated
polymers [112]. As result, the polypyrrole cannot stay always in the same structure as
presented in Figure 13. Electronic properties of polypyrrole structure that change with
doping process were the first investigated among of CPs [110]. Figure 14-a presents the
neutral form of polypyrrole, where the gap energy distance between the valence band
and conduction band is high, 3.16 eV. The removal of 7 electrons from the valence
bands of neutral PPy occurs under the oxidation conditions that generates some radical
cations or polarons in the PPy chains due to a local transformation of benzoid structure
to that of quinoid [113], [114]. Formation of
charge carriers induces two new electronic

energy levels (Figure 14-b) that are X
symmetrically positioned within the bandgap. l_ll +
If further oxidation of the polypyrrole / \ N / \
continues with the removal of second electron, -
bipolarons are generated, that leads to two I}I \ / N A
other electronic levels of low energy

absorptions due to the transitions from the top
of the valence band (Figure 14-c). Further
oxidation of polypyrrole makes possible the
bipolaronic energy state overlaps and forms bipolaronic bands close together (Figure
14-d). These processes provide a better and higher conductivity properties of

Figure 13. Polypyrrole structure with it
conjugated double bonds.

polypyrrole as conducting polymeric material.

Overoxidation is an electrochemical oxidative degradation process of a conducting
polymer under an anodic applied potential [115]. Polypyrrole is overoxidized upon a
high level of oxidation reaction which may be chemically, physically or
electrochemically initiated. Electrochemically initiated PPy overoxidation leads to the
reversible and/or irreversible processes. When the PPy film are obtained by
electropolymerization of aqueous solution of pyrrole containing 1M KNOs on Pt
electrode at any potentials more positive than +0.4V vs SCE reference electrode, the
irreversible oxidation of polypyrrole occurs [116]. The overoxidation of the polymer
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causes loss of electron mobility, as oxidation at more positive potentials can interrupt
conjugation by forming of hydroxyl (-OH) and carbonyl (-CO) groups, and eventually
loss of the material due to the formation of (CO). It is well known also that in the
presence of solvents where the hydroxide ions (OH’) may be dissolved, such as in the
alkaline aqueous solutions, polypyrrole can become easily overoxidized due to
nucleophilic attack of hydroxide ions to the polymer producing 3-hydroxy-pyrrole, and
that loss of electroactive capacity due to breakdown of electronic conjugation ensues as
further oxidation to pyrrolinone occurs [117].
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Figure 14. Electronic energy diagrams and structures for (a) neutral PPy, (b) polaron, (c) bipolaron, and
(d) fully doped PPy [66].

In Figure 15, is presented the overoxidation reaction of polypyrrole [118] leading to the
modification and degradation of almost all of the beneficial features of polypyrrole,
such conductivity, charge storage ability, electrochromism electroactivity, conjugation,
mechanical properties and adhesion to the substrate [115]. However, for the use of PPy
in sensor technology, the process of overoxidation is most frequently applied, which
can exhibits an improved selectivity attributed to the removal of positive charges from
PPy films due to introduction of oxygen functionality, such as carbonyl groups [48].

Figure 15. The overoxidation reaction of polypyrrole [118].
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1.3.3.5.  Properties and applications of PPy

PPy properties such as high electronic conductivity, very good thermal and chemical
stability in air and aqueous media are widely used for many purposes. Figure 16
presents some of the general forms of PPy and their applications. PPy is electroactive in
organic electrolyte and aqueous solutions [119], and also it is known for its nontoxicity
properties [120].
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Figure 16. General forms of PPy and their applications [74].

Owing to the good properties of PPy, such as mechanical stability, compact materials,
environmental stability and good electrical conductivity [64], many reports and articles
about this material have been published during the last decade [74] (Figure 17A). PPy
was considered as one of the best candidates for modern materials and for commercial
and industrial applications. Mechanical and chemical stability of polypyrrole can be
improved due to ability of polypyrrole chains to be embedded in a polymeric matrix
forming composite materials [121]. The mechanical stability of the polymeric matrix
influences the chain relaxation and thus the stability of the electrical conductivity of the
polypyrrole composites. Despite the tremendous number of published papers on
polypyrrole and its composites, relatively few papers concentrate systematically on the
stability of the electrical conductivity of polypyrrole and its composites under different
conditions. In fact, the stability of the electrical conductivity is very important for the
industrial application of PPy and its composites. Among these good properties of
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polypyrrole, it has also some advantages related to its fabrication methods, where is
important to point that polypyrrole can be fabricated easily through either by an
oxidatively chemical or electrochemical polymerization [112].
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Figure 17. (A) Annual number of scientific publications related to PPy based on Elsevier data analysis as
of 7th September 2020, and (B—G) SEM micrographs of PPy with different morphologies, that is,
nanoparticle, nanotube, nanofiber, thin film, thick film, and sponge-like structure, respectively [74].

Figure 17-B-G represents the scanning electron microscope (SEM) micrographs of PPy
at different form with different morphologies obtained from different conditions, such
as nanoparticle (17-B) [122], nanotube (17-C) [123], nanofiber (17-D) [124], thin film
(17E) [125], thick film (17-F) [126], and spong-like structure (17-G) [127].

PPy has shown lot of applications in different fields, such as solid electrolytic
capacitators [128] [104], nano wires [129], microactuators [130], antielectrostatic coatings
and corrosion protectors [131], biosensors [48] [64] [132] [133], gas sensors [134] [135],
electronic devices and functional membranes [64], etc. Nowadays polypyrrole becomes
one of the major tools for nanotechnological applications. In our interest are the
applications of PPy for sensing electrodes.

1.3.3.6. PPy for sensor applications

Recently, numerous studies have been focused in the modification of the materials for
generation of selectively electrochemical sensors and for that issue, electropolymerization of
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CPs, especially of PPy, is one of the easiest way to develop modification of the
electrodes with thin polymeric films [4], for sensing applications [31], [33], [83], [136]-
[147], due to the good mechanical and environmental stability, and a simply and low
cost experimental apparatus preparation [110], [70].
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Figure 18. Comprehensive details of CPs-based sensors for different signal transduction modes [64].

The histogram presented in Figure 18 shows the dispersion of applications of different
CPs for MIP sensing devices [64]. Polyfluorenes (PF) applications are mainly dominated
for optical MIP sensors. Polythiophenes (PT), polyaniline (PANI), and PPy applications
were dominated for electrochemical MIP sensing devices, where PPy stands as the most
widely used conducting polymer. However, the use of different types of CPs provided
nowadays to have in disposition many kinds of electrochemical MIPs sensors that could
be used to the detection of different types of targeted molecules and reach very low
limits of detection, and which may be good candidates for sensing devices challenging
more sophisticated and expensive techniques used so far for the detection of targeted
molecules.

In Table 1 are presented some data found in literature for the applications of the PPy
nanocomposites in analytical chemistry for the fabrication of electrochemical sensors of
different materials used for detection of various environmental pollutant molecules.

In these examples, PPy is used as the conductive matrix of the composite electrodes.
However, in a large number of publications concerning sensor applications, PPy is often
used as MIP to selectively capture the analyte. The application of polypyrrole and other
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conducting polymers for MIP sensor fabrication will be discussed in the following
sections.

Table 1. Electrochemical sensors-biosensors based on Polypyrrole-Nanocomposites (PNCs) modified
electrodes.

Sensor material Analyte Detection limit Sample Reference
PA-PPy-GO- Cd (II), 213 ugLt
GCE Pb (II) 0.41 pgL? Tap water [148]
Hg (II) 0.0214 nM
PPy-CNSs-SPE Pb (1I) 0.0041 nM Real water [149]
GR-PPy-CS- i River and lake
CCE Nitrite 0.1 M water [150]
PPy-PGE Zn? 8 x 10°M Water [151]
PPy-SDS-SPE Fe? 8.8 x 10"M River water [152]
PA-PPy-GCE Cu? 3.33 uglL! Real water [129]
PPy-g-NGE- Ground and
GCE Paraquat 41 - 58 nM lake water [153]

Abbreviations for the Table 1: PA-phytic acid, PPy-polypyrrole, GO-graphene oxide, GCE-
glassy carbon electrode, CNSs-carbonaceous nanospheres, SPE-screen printed electrode, GR-

graphene, CS-chitosan, PGE-pencil graphite electrode, SDS-sodium dodecyl sulfate, -g-grafted,
NGE-nitrogen-doped graphene electrode.
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1.4. Molecularly imprinted polymers (MIPs)

1.4.1. Introduction to Molecularly Imprinted Polymers (MIPs)

The term imprinting polymer appeared for the first time in 1984 [154]. The Molecularly
Imprinted Polymers (MIPs) contain some recognition sites that are complementary in
shape, size and functional groups to a specific chemical targeted molecule [143]. These
cavities are created by an imprinting process involving the “template” molecule inside
the polymer structure. The template molecule plays the most important role during the
preparation process of the MIPs acting as a coordination center in a complex formation
with the “functional monomers” which act as ligands containing electronegative
functional groups (e.g. hydroxyl groups) that allow for dipole-dipole interactions or
hydrogen bonding with the template molecule [53], [145]. The interactions between the
template molecule and the functional groups of the growing polymer are formed
during the polymerization process (Figure 19). During the polymerization step, the
functional monomers become locked in place, creating binding sites around each
template molecule [155]. In a second step just after the polymerization, the template
molecules which have been embedded should be extracted from the polymer matrix.
The removal of the template molecules leads then to the formation of some cavities.
These cavities have the shape and size of the template molecule and are able to create
reversible selective interactions with it. The process of extraction can be achieved by
using a suitable physical, chemical or electrochemical method [64].

Polymer matrix MIP sensor
Functlonal monomer

\

R H*E: E:H

Template molecule

Complex formation Polymerization Template removal

Figure 19. Schematic representation of the molecular imprinting process, where functional monomers
form a complex around the template molecule to form the MIPs with the creation of binding sites.
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1.4.2. General concepts of MIPs

Molecular recognition is a very common process in nature, that is triggered mainly by
many non-covalent interactions such as ionic interactions, hydrogen bonding, van der
Waals forces, and hydrophobic effects [64]. This phenomenon is expressed by the
formation of an energetically favorable complex between the template molecule and the
polymer on the basis of electrostatic and stereochemical complementarity. The principle
of MIPs is based on “lock and key” concept, an analogy for molecular recognition in
catalyzed enzyme reactions [64]. So, in the case of molecularly imprinted polymers the
“lock” is the polymer film matrix, whereas the targeted molecule is the “key”.

There is a quite high number of published papers mostly about MIPs but also NIPs
(Non-Imprinted Polymers) in order to compare the difference that imparts in MIP films
the presence of the cavities. NIPs are fabricated always in the same procedure as MIPs,
but in absence of the template molecule, therefore at the end of the NIPs fabrication
process, the polymer matrix and theoretically NIPs cannot recognize the targeted
molecules due to the lack of its imprints. The extraction mechanism is a main problem
mentioned in the literature concerning MIPs performance because the presence of un
extracted templates molecules within the polymer matrix caused confusion during the
recognition step [53]. The extraction process depends on the nature of the targeted
molecule and the nature of the polymer matrix.
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Figure 20. Diagram of the classification of MIPs based on their role in pretreatment techniques,
chromatography and sensor. Abbreviations: SPE, solid phase extraction; DSPE, dispersive SPE; MSPD,
matrix solid phase dispersion; SPME, solid phase microextraction; SBSE, stir bar sorption extraction;
QCM, quartz crystal microbalance [158].
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MIP applications are mainly oriented towards analysis: pre-treatment techniques,
chromatography and sensors. First practical use of MIPs at commercial level was
introduced for molecular separation applications. Later, in the 21 century the use of
MIP to environmental molecular sensing has considerably raised and was attested by a
tenfold increase of published papers [53]. Nevertheless, the number of applications for
sensing issues remain still lower that for separation [156]. In Figure 20, is presented
schematically the diagram of MIPs classification according to their applications. They
can be used as devices for pretreatment techniques, chromatography methods and
sensors. Samples of pretreatment techniques, especially those for trace/ultratrace level
analytes, need to be preconcentrated or converted into optimal forms prior to their
experimental analysis, therefore the choice of the adequate sample pretreatment
technique plays an important role in qualitative and quantitative determination [157].
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Figure 21. Evolution of publications regarding MIP-based electrochemical sensors and emerging

contaminant detection in the last 10 years [159].
MIPs in principle show their very high affinity towards target template molecules and
therefore are prone to act as selective sorbent materials in the pretreatment techniques,
such as solid phase extraction (SPE), solid phase microextraction (SPME) and stir bar
sorption extraction (SBSE) which are frequently used for extraction of wide variety of
compounds [157]. The existence of very specific interactions between the target analyte
and the polymer matrix enables the use of MIPs as stationary phases in
chromatography techniques, such as HPLC, capillary electrochromatography (CEC),
capillary LC (CLC), and thin layer chromatography (TLC). Only in the last decade, the
development of MIP-based electrochemical sensors has exploded as well as the concern
about emerging contaminants (see Figure 21), and combining MIPs and electrochemical
sensing strategies has shown great potential to benefit environmental pollution control
[158]. In this manuscript throughout different chapters, we will describe the MIPs used
as sensor devices, and more attention is paid to their application as electrochemical
Sensors.
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1.4.3. The preparation methods of MIPs

Several techniques have been examined in literature for the preparation of MIP
powders or films. There are several MIPs fabrication methods as follows: (a)
electrochemical or chemical MIPs synthesis from monomers in the presence of the
template [159], (b) phase inversion that enables polymer precipitation by addition of
non-solvent or by solvent evaporation from a solution of polymer plus template [156],
and (c) soft lithography or surface stamping for large molecule sensing [160], which are
less often used. The choice of the polymerization method is a very important step, that
makes possible a better understanding of the form, size and structure of the generated
MIP films.
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Figure 22. Synthesis production of MIPs. The three steps followed dissolving or mixing of all the
components, polymerization and extraction [160].
The most spread method for MIP preparation is synthesis which enables the specific
interaction of a monomer with the target molecule in solution and the creation of a
network of covalently or noncovalently interacting species [156]. The suitable monomer
makes possible, for example, the creation of hydrogen bonding functionality that
assures a covalent bond between the polymer and the template. Some common
functional monomers used are acrylamide [161], methyl methacrylate (MMA) [162],
methacrylic acid (MAA) [163], aniline [164], and pyrrole [165]. Initiation of chemical
polymerization of functional monomers in the presence of a cross-linking agent and a
polymerization initiator as chemical species is made by heating or by radiation. This
assemblage facilitate the start of polymerization reaction for MIP synthesis [159]. In
Figure 22, is presented a typically example, where for the preparation of a MIP targeted
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to metroindazole, 1- (2-hydroxyethyl) — 2 — methyl — 5 — nitroimidazole, used to target
protozoan infections. Prior to synthesis process, all the needed components, including
the template, the functional monomer MAA, the EGDMA cross-linker, and the AIBN
initiator, are dissolved in the DMF porogen solvent heated for 24 hours. A cross-linker
is used to form a cross-linked rigid polymer even after the removal of templates,
whereas porogenic solvents generally act as dispersion media and pore forming agents
in the polymerization process [157]. After grinding and sieving, Soxhlet extraction is
used to remove the template, leaving behind binding cavities. However, the
polymerization method is not suitable due to long time procedures and the use of
various toxic chemicals. MIPs can be synthesized by different polymerization methods,
such as bulk polymerization [166], precipitation polymerization [167], suspension
polymerization [168], [169], emulsion polymerization [167], and electropolymerization
[53], [64].

Electropolymerization method is the most widely used for the preparation of MIPs
applied to electrochemical sensors [53], [64], because they have superior properties on
adherence to the transducer surface, as well as simplicity and speed of preparation.
Electropolymerization is also more friendly environmental way than the chemical one.
Moreover, it provides easy control of the film thickness and morphology, high
reproducibility, and enables polymer synthesis in aqueous solution. The procedure is
quite simple and is achieved in an electrochemical cell containing the solution of
monomer, template and supporting electrolyte. The monomer is oxidized on the surface
of an electrode used as working electrode by applying an anodic potential or current
[165], see Figure 23.

Solution: monomer MIP film

(deposited on the electrode surface)
Template —»A

< A Electropolymerization A< ‘ v
[N EE— A Y
Applied Potential (V) or Current (1)

Electrode Electrode

Template
removal

Electrochemical MIP sensor

containing the imprinted polymeric film with cavities _

formed after the removal of the template molecules Electrode

Figure 23. Schematic representation of electrochemical polymerization process of MIP film on the
surface of electrode.
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After a certain polymerization time, the electrode is coated with the resulting
conductive polymeric film which is attached to the surface of the electrode and plays
the role of imprinted material [53], [64]. Metals (Cu, Fe, Au, Pt), carbon materials (GC,
CNTs, Graphene) or composite conductive materials are usually used as working
electrodes. Polyaniline is used for the preparation MIPs [170], but the most studied
polymer is clearly polypyrrole.

The twin objectives for a sensor are high specificity and high sensitivity and may be
achieved by combining the concept of molecularly imprinted polymers with the use of
conducting polymers [33]. To do that it is important to describe how molecular
imprinted conducting polymers (MICPs) can act as transducers for the selective
recognition and real-time determination of targeted molecules. Electrochemical
synthesis of MICPs sensors, is affected by different factors, such as the morphology,
doping levels and porosity of the resulting polymeric materials. These parameters may
influence directly to the selectivity of the target and sensitivity of the sensing process
[64]. The increased polymer conductivity originate from charge carriers generated by
oxidation (p-doping) or by reduction (n-doping) [33]. When p-doping occurs for the
conducting polymers, such as PPy, polarons and bipolarons positive charges carried by
the polymer backbones are counterbalanced by negative charges carried by dopant
anions [33], [64]. Therefore, the properties of a PPy film, are dependent on the dopant
and the electropolymerization conditions [66]. The size and characteristics of the dopant
ions influence the sensor properties, and the polymer network spacing as generated by
the presence into the polymer matrix of dopant ions controls the porosity of CPs [33].
The matrix structure of an electropolymerized PPy film facilitates the doping with
specific ions by entrapping the dopants in the film during its deposition onto an
electrode surface.

Overoxidation of PPy film make it more porous and therefore increase the detection
performance for small target molecules due to the increase of surface area. The presence
of oxygen rich groups like carbonyl and carboxyl in the polymer film, induced by
overoxidation, increase the hydrophilic properties of the sensor and the permeability
[64]. In addition, target molecules susceptible to create hydrogen bonds may form easily
MIPs with pyrrole because its nitrogen atom is donor and acceptor of hydrogen atom
and facilitate the interaction between atoms of binding sites of the target unit and atoms
of recognition sites of the MIP [171]. Further, when template contains unsaturated
carbon bonds, m-7t interactions between the MIP and the template increase the
selectivity of the sensor due to the stabilization of dispersive interactions between them
[171].
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1.5.  Electrochemical MIP-sensors for environmental analysis

There are different types of electrochemical MIP-based sensors which are based on
various electrochemical transduction mode techniques. These transduction techniques
represent the most basic measurement methods for sensor implementation with MIP
recognition polymers. They are based on e.g. field-effect transistors, chemiresistors or
amperometric, voltametric, impedimetric, capacitive and conductometric readout
principles [172]. Electrochemical MIP-based sensors are extremely powerful and have
shown to capable of analyzing samples in all phases, though gaseous and liquid
samples are preferable [173]. Except conducting polymers [48], carbon nano-tubes and
metallic nanoparticles have been accepted as methods for incorporating of MIP sensors
for environmental analysis [173].

Most conductometric-impedimetric methods for MIP sensing applications found in the
literature involve gas-phase sample analysis [156], [173]. These methods include
capacitive sensors, chemoresistors, field-effect transistors and electrochemical
impedance spectroscopy. However, to date only a limit number of MIP-based
conductometric sensors have been developed [174], [175]. Furthermore, quartz crystal
microbalance (QCM) MIP sensors are useful for both gas- and liquid-phase samples
[156], which utilizes a metallic surface coated with the MIP and offer real time
measurements. Despite this, these methods can be time-consuming and need
specialized instruments, which hinder their onsite application [176]. The QCM methods
are often coupled with voltametric/amperometric in the design of the MIP-based
electrochemical sensors. On the other side, electrochemical MIP sensors based on
voltametric/amperometric methods where common measured properties are the current
as the potential is varied (voltammetry) or the current at a fixed voltage (amperometry),
have continued to be the most popular largely due to their simplicity and ease of
production and the low cost of the devices and instrumentation [172].

In this point of view, in the next subsection will be presented the bibliographic study
over the electrochemical voltametric/amperometric as main MIP-based sensors
dedicated to the environmental analysis.

1.5.1. The main electrochemical MIP-based sensors

Voltammetric and amperometric sensors based on MIPs nowadays are widely used as
sensing devices [64], [173]. These sensing techniques are primarily applied to liquid
samples and involve a three electrodes system, where the MIP layer is applied to the
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working electrode that is assembled with counter and reference electrodes in a cell
[156]. When current is measured based at constant potential, the method of analysis is
called amperometric I = f(t) (chronoamperometry), whereas current measurements
during varying potentials are known as potentiometric methods I = (V) (cyclic
voltammetry). Thus, the peak current which is obtained during electrochemical analysis
of the template molecule using the MIP-based electrochemical sensor by scanning the
potential, is proportional to the concentration of the target molecule [156]. The basic
concepts for these two electrochemical methods remain the same.

Voltammetric approaches are highly interesting for environmental sensing due to their
versatility and low noise [173]. The voltage is swept within a defined range and the
resulting current is monitored in time in response to increasing concentrations of the
analyte of interest. Other advantages of voltammetric sensing are the compatibility with
aqueous samples and the fact that the electrodes do not have to be noble metals with
many applications relying on e.g. carbon-based electrodes [177]. Electrochemical
interferences can be suppressed by the use of pulsed methods such as differential pulse
voltammetry (DPV) or square wave voltammetry (SWV), while also increasing the
sensitivity towards the desired analyte. These types of electrochemical sensors can
detect various types of pollutants in the environment including pharmaceuticals, heavy
metals, and pesticides [158]. Amperometric detection methods are a subset of
voltammetric approaches that operate at a fixed or optimal potential [173]. The analyte
becomes trapped by a MIP and is reduced or oxidized at the operating potential,
generating a current that is dependent to the concentration of the analyte [173].

As known over the past 50 years, global sales of pesticides have increased because their
importance in agricultural production. They inhibit and prevent the growth of harmful
animals, insects, invasive plants, weeds and fungi. As described in the part 1.1. of this
Chapter, among all available pesticides, herbicides, insecticides, and fungicides are the
most used types, which appeared to be harmful for the environment and living
organisms as well. Although electrochemical detection of pharmaceuticals in water
samples using MIPs is still an unexplored area, and mostly many publications have
been reported about their use for trace analysis of pesticides [158].

Conducting polymers have been mainly used as sensing layers for the preparation of
electrochemical MIP-based sensors for the determination of pesticides and other types
of contaminants in the environmental water samples, and among all, polypyrrole is
most widely used for this application.

64



1.5.2. Volt-amperometric MIP-based sensors with PPy

Polypyrrole is by far the most widely used for electrochemical MIP-based sensors. The
electropolymerization process of pyrrole monomer has been studied since decades
[107], [108], [178], showing that it can be generated onto different electrode materials
(carbon or metal electrodes) [70], [108], due to their easy in-situ electropolymerization at
the electrode surface with or without the presence of the template molecule [179]. The
formation of polypyrrole film is fast and it is well known to be a partially crosslinked
polymer so that there is no need to add a cross-linker agent [179]. The properties of PPy
described in the paragraph 1.3.3.5. have made the polypyrrole as the most used
conducting polymeric material for the electrochemical fabrication of MIP-based sensors.

Recently, numerous works have been reported for the use of MIP-PPy based sensors to
the detection of various micropollutant that were found in waters, such as
pharmaceutical pollutants [136] and pesticide molecules [143]. In Table 2 are presented
some of the developed electrochemical sensors based on molecularly imprinted
polypyrrole used for the determination of various targeted analytes.

Table 2. MIP sensors based on electro-synthesized MIP-based polypyrrole sensing layer.

MIP Electrochfemical LOD

S - Template/Analyte detection (mol - L) Ref.

method
PPy Dimethoate SWV (0,075 -2) x 10” [180]
PPy Bovine Pulse : [181]
amperometry
PPy Melamine SWV 1,1 x107 [31]
PPy Trimethoprim SWV 1,3 x 107 [83]
PPy Paracetamol DPV 7,9 x 107 [136]
PPy Dopamine SWV 5,7 x 1012 [137]
PPy Norfloxacin SWV 46 x 108 [144]
PPy ‘?ﬁ;’ﬁfnagd DPV 7,4 x 10 [145]
PPy Phenothiazine DPV 3 x 107 [182]
PPy 2-isopropoxyphenol DPV 0,09 x 10 [139]
PPy Sulfadimethoxine Amperometric 7 x 10 [140]
PPy Glyphosate DPV 1,6 x 10° [141]
PPy 2,4—dich19rophenoxy cvV 83 x 107 [142)
acetic acid

PPy Sulfamethoxazole SWV 24.1 x 10° [183]
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The sensors shown in Table 2 use the same operation strategy, which includes three
main steps described in the paragraph 1.4.3. The development of a MIP-based
polypyrrole sensor for electrochemical determination of herbicide (isoproturon) is
presented in the Chapter III of this work, whereas the analytical performances of volt-
amperometric MIP-based sensors are shown in Appendix 1.
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CHAPTER II

“Experimental section”



2. CHAPTER II: EXPERIMENTAL SECTION

In this chapter is presented an overview of different chemicals and procedures that
have been used to carry out experiments in the present work. Experimental section
involves different parts, where initially is presented a list with all the chemicals and
reagents used, following with electrodes and the electrochemical cell, and are described
briefly all the analytical techniques, and all the spectroscopy techniques used in this
study.

2.1. Chemicals

Table 3. List of chemical and reagents used for experiments.

Chemicals and reagents

MW Purity Purchase
Name Formula
(g.mol") o, from
Monomer
P 1 CsHsN 67,09 >98 Sigma-
yrrole s ’ Aldrich
Electrolytes
ACROS
Lithium perchlorate LiClO4 106.39 >99 ORGANICS
Potassium chlorid KCl 7455 99.9 Slmar
otassium chloride : : Aldrich
Sulfuric acid H:SO 98.08 93 - 98 Sigma-
ulfuric aci 2004 : Aldrich
Ammonium sulfate (NH4)2SOs 132.14 / /
Tetrabutyl i NBusBF 329.27 >99 Sigma:
nium .
etrabutylammoniu Uusblis Aldrich

Solvents




Herbicides, pesticides and interferents

Ethanol C:HsOH 46.07 >99 Carlo Erba
L. Sigma-
Acetonitrile C2HsN 41.05 99.9 .
Aldrich
P (1-methyl-2- i -
NMP (1-methyl-2 CsH/NO 99.13 99.5 Sigma
pyrrolidinone) Aldrich

(ITI) chloride

Other chemicals

Sigma-
Isoproturon (ISO) Ci2HisN20 206.3 >99 Aldrich
. Sigma-
Diuron (DIU) CoHi10Ci2N20 233.1 >99 Aldrich
Sigma-
Carbendazim (Cbd) CHN:O: | 191187 299 Alligi::h
Sigma-
Carbamazepine (Cbmz) CisH12N20 236.269 >99 Alli::h
Redox probes
Potassium Sigma-
KsFe(CN 329.24 >99

hexacyanoferrate [KaFe(CN):] Aldrich
186.03 98 Sigma-

F CioHuoF
errocene 1H1Fe Aldrich
Hexaammineruthenium [Ru(NH3)s]Cl3 309.61 %8 Sigma-
Aldrich

Sigma-

Toluene CrHs 92.14 99.8 Aldrich

Sigma-

Acetone CsHO 58.08 >98 Aldrich
Hydrazine hydrate N2Hs x H20O 50.05 / /




2.2.  Electrodes and electrochemical apparatus

In this work, a three electrodes electrochemical cell has been used for the
electrochemical measurements, such as for electropolymerization of the MIPs,
electrochemical detection of micropollutants and for the characterization of the
electrodes. A three electrodes electrochemical cell include a reference, a counter and a
working electrode. In Figure 24, is presented schematically the apparatus setup used for
electrochemical experiments.

Counter
electrode(CE)

Working
electrode(WE)

| o

Reference
electrode(RE)

Electrochemical
cell

Figure 24. Schematic representation of a typical three electrode system electrochemical setup.

2.2.1. Reference electrode

Reference electrode (RE) in an electrochemical setup holds a well-known potential. It is
used as a point of reference for potential control and measurements. Current which
flows through reference electrode is kept close to zero (ideally zero) which is achieved
by closing the current circuit by counter electrode and by high input impedance on the
electrometer [184]. A reference electrode has some characteristics e.g. (i) its potential
should be governed by Nernst equation (should be chemically and electrochemically
reversible) (ii) potential should remain constant when a small current is passed and

back to original value after small current flow (iii) thermal coefficient of potential
should be small.

Most commonly used reference electrodes and their chemical equation with standard
potential (E°) are as follows:

a) Normal hydrogen electrode (NHE)

2H*+2e o H: (E°=0.000V) .1)
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b) Saturated Calomel Electrode (SCE)

Hg:Cl:+2e- < 2Hg+2Cl- (E°=0.268V vs. NHE) (2.2)

c) Silver/Silver chloride electrode (Ag/AgCl)

AgCl+e o Ag+Cl (E°=0.222V vs. NHE) (2.3)

In this study reference electrode, Ag/AgCl saturated with 3M KCl (purchased from
Metrohm, Switzerland) has been used for aqueous and organic solutions.

2.2.2. Counter electrode

Counter electrode (CE) or auxiliary electrode is used to close the current circuit in an
electrochemical cell and it does not participate in electrochemical reaction. Usually,
counter electrode is made up of different stainless materials, such as: Pt, graphite, glassy
carbon, stainless steel, etc. During an electrochemical reaction when the current flows
between working and counter electrode, total surface area of counter electrode should
be approximately ten times higher than working electrode so that it does not limit the
kinetics of reaction under investigation. As counter electrode, for most of the
electrochemical experiments, a curved platinum wire was chosen to be used, whereas
for EQCM measurements as counter electrode was used a carbon screen printed plate.
In the case of electrochemical exfoliation of graphite rod electrodes, as a counter
electrode we have used a platinum mesh cylinder electrode.

2.2.3. Working electrode

Several working electrodes (WE) were used for different experiments in this work.
During electrochemical experiments the main reaction takes place on the surface of the
working electrode (WE). In the beginning of this PhD work, as main working electrode
used for the optimization of the electrochemical experiment (MIP and NIP growing,
characterization, detection) was chosen a glassy carbon electrode (GCE) disc (area of
0.07 cm?) (Figure 25).
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Glassy carbon is known also as vitreous carbon, is a non-graphitized carbon which
combines glassy and ceramic properties. Glassy carbon material has some excellent
properties, such as high temperature resistance, extreme resistance to chemical attack,
impermeability to gases and liquids, and good conductivity. Its electrical resistivity was
measured to be around 45 - 50 x 10* Qcm [185]. Due to these advantages, these
materials are widely used as an electrode material in electrochemistry.

~—

SowL T

Figure 25. The glassy carbon electrode.

Gold and platinum quartz working electrodes used for EQCM measurements have
some good properties as well and are suitable disc electrodes for polymeric film
electropolymerization and characterization. The electrochemical experiments have been
tested on graphene electrode. The graphene electrode development is described in the
last chapter.

2.2.4. Electrochemical apparatus

Electrochemical measurements were carried out using a potentiostat/galvanostat
PGSTAT 204 and PGSTAT 128N Autolab Metrohm interfaced with a PC using Nova 2.2
software. The potentiostat/galvanostat is connected with three electrodes in a one-
compartment cell (Figure 26-a). The EQCM measurements were performed by a Maxtek
RQCM micro-balance (Figure 26-b).
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In the case of graphite exfoliation, the potentiostat/galvanostat was coupled with a
voltage booster.

Figure 26. Electrochemical apparatus, a) PGSTAT 128N Autolab Metrohm, b) Maxtek RQCM micro-
balance.

2.3. Electrochemical techniques for analysis

2.3.1. Cyclic voltammetry (CV)

Usually every electrochemistry study of any compound starts with cyclic voltammetry
[186]. Nowadays, cyclic voltammetry (CV) is one of the basic techniques performed in
electrochemical studies providing qualitative and quantitative informations for the
electrochemical reactions that are studied.

A cyclic voltammetry measurement involves applying a potential to the working
electrode, where it scans the potential of an electrode, which is immersed in an
unstirred solution, and measuring the resulting current. Mainly, the current (A) flowing
through the working electrode is recorded as a function of applied potential (V),
resulting plot which is constructed (current vs potential) is called cyclic voltammogram.
When we analyze a cyclic voltammogram of a reversible redox probe (Figure 27), we
see that it has two mains potential peaks (Epc, Epa) in cathodic (suffix c) and in anodic
(suffix a) sides, which always present two peaks current values (ipc, ipa).

If we consider X and Y as solution dissolved species, for a reversible reaction we have:
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X

I+

e o Y (2.4)

For better understanding, as example is shown the redox couple of potassium
hexacyanoferrate [KsFe(CN)¢], so this compound in solution is dissolved in
hexacyanoferrate ions as Fe(CN)s 3, due to the potential application reducing and
oxidizing on the working electrode surface as follow:

reduction reaction: Fe (CN)s> + e — Fe(CN)e* (2.5)
oxidation reaction: Fe (CN)s* — Fe(CN)s> + e (2.6)

whereas in the case of hexaammineruthenium III chloride redox probe dissolved in the
solution, the ions will be undergoing with the following reactions:

reduction reaction: Ru (NH3)s* + e — Ru (NHs3)e? (2.7)
oxidation reaction: Ru (NH3)s* — Ru (NHs)e>* + e (2.8)

Except reversible reactions there exist also quasi reversible and irreversible reactions,
which can be studied by using cyclic voltammetry. In this work cyclic voltammetry was
used to study the electrochemical behavior of different chemicals for initial
electrochemical characterization, for electropolymerization of pyrrole into NIPs and
MIPs, at different stages of electrodes modification to analyze and optimize different
electroanalytical parameters and for electroanalytical detection of micropollutants.

) Y & X - e

oxidation

/
/ —

Current (A) reverse scan J/ ) :’/— forward scan
e Ifl‘

/X + e o Y

Reduction

-

Potenatial (V vs. ref)

Figure 27. Typical cyclic voltammogram of a reversible redox reaction.
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2.3.2. Chronoamperometry (CA)

While during the cyclic voltammetry (CV) measurements the potential on the working
electrode varies I = f(V), in the case of chronoamperometry (CA) measurements the
potential applied on the working electrode is fixed and unchanged. CA is an
electrochemical technique in which the potential of the working electrode is stepped
and the resulting current from faradaic processes occurring at the electrode (caused by
the potential step) is monitored as a function of time I=f(t).

In this work chronoamperometry has been used for electropolymerization of pyrrole on
the working electrode for NIP and MIP films electrochemical fabrication, for their
characterization and for optimization of various important parameters in order to
improve the performance of the PPy-MIP electrochemical sensors. During the
optimization of electroanalytical parameters, results obtained with chronoamperometry
have been compared with results obtained with cyclic voltammetry in order to find put
which of the methods is the most suitable MIP sensing applications.

The method of chronoamerometry has been used also for the exfoliation of graphite rod
electrodes electrochemically into graphene flakes in TBA-BF: in 1-methyl-2-
pyrrolidinone media.

2.3.3. Square wave voltammetry (SWV)

Square wave voltammetry (SWV) is one of the most powerful electrochemical technique
mostly used for quantitative applications and mechanistic study of electrode processes.
In a square wave voltammetry experiment, the current at a (usually stationary) working
electrode is measured while the potential between the working electrode and a
reference electrode is swept linearly in time. The potential waveform can be viewed as a
superposition of a regular square wave onto an underlying staircase, by considering
SWYV a modification of staircase voltammetry. SWV suppressed background making it
much more effectively than cyclic voltammetry for quantitative analysis and for
electrochemical sensors application [187]. So, a typical modulation in SWV consists of a
staircase potential ramp modified with square shaped potential pulses (Figure 28-A). At
each step of staircase ramp, two equals in height and opposite in direction potential
pulse are imposed to give rise to a single potential cycle in SWV (Figure 28-B). This
potential cycle in SWV is repeated at each step of the staircase ramp during the
voltammetric experiment [188]. A typically square wave voltammogram is presented in
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Figure 28-C. In this work, square wave voltammetry measurements were performed for
the electrochemical determination of micropollutants. Optimized square wave
voltammetry conditions used were; duration 5 s, Esep 3 mV, Amplitude 50 mV, and
Frequency 25 Hz.
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Figure 28. Square wave voltammetry, A) One potential cycle, B) Single potential cycle in SWV, C) square
wave voltammogram obtained during determination of isoproturon (c = 10°M).

2.3.4. Electrochemical impedance spectroscopy (EIS)

Early EIS has been applied to the determination of the double-layer capacitance and in
ac polarography, but nowadays it is used to characterize electrode processes and
complex interfaces [189]. However, EIS is very surface sensitive, which makes many
changes visible that other techniques don’t see, for example changes in polymer layers
due to swelling, surface changes due to protein adsorption or penetration of corrosion
protection layers [189]. It was termed as impedance spectroscopy due to its ability to be
applied at different frequencies.

Advantages of EIS include sensitivity, large amount of data, fine-tuning mechanisms
and determination of kinetics of processes, resistance, capacitance and real surface areas
in situ.
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In general, the applications of EIS include:

a) Interfacial processes: Redox reactions at electrodes, adsorption, electrosorption
and kinetics of homogenous reactions in solution combined with redox
processes.

b) Geometric effects: linear, spherical, cylindrical mass transfer, limited volume
electrodes, porous electrodes and determination of solution resistance.

c) Applications in power sources systems: (Batteries, fuel cells, membranes)
corrosion studies, electrocatalytic reactions, self-assembly monolayers and
Sensors.

Electrochemical impedance spectroscopy (EIS) has been wused also for the
characterization of thin polymeric materials synthesized through electrochemical
methods. Mainly the method was focused in the explanation of the molecularly
imprinted polymers used as membranes and as sensors, for a better understanding of
the porosity of these materials. Some recently reported papers about MIP sensing have
shown EIS as a technique used for the characterization of imprinting phenomenon,
before and after the template molecule removal [106]-[109].

In this work the measurements were carried out on both bare and NIP-MIP electrodes
and compared. The experiments were performed by using a PGSTAT 100 apparatus
and controlled by NOVA 2.1.4 software. Conditions for impedance measurements were;
Potential applied +0.250 V, wait time 180 s, Highest frequency 100 kHz and lowest was
0.01 Hz, Amplitude 0.01 VRMS, and current ranges highest 100 mA and lowest 100nA.
Fitting and simulation were carried out using analysis tool in the software of Z-View.

2.3.5. Electrochemical Quartz Crystal Microbalance (EQCM)

Electrochemical quartz crystal microbalance (EQCM) has been used mainly for the
investigation and characterization of mechanisms of polymeric film formation onto
quartz working electrodes. It has been presented as an extremely sensitive method
[176], capable to measure the changes in mass in nanogram ranges. The QCMs are
piezoelectric devices fabricated of a thin plate of quartz, usually with gold thin sheet
deposited onto each side of the plate which plays the role of the working electrode
[193], (see Figure 29-A). The quartz working electrode must be placed in a quartz holder
and then connected with the electrochemical cell with both counter and reference
electrodes, and also with a frequency analyzer (see Figure 29-B). Before starting the
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electropolymerization process of polymeric film on the working electrode surface, the
quartz electrode is oscillating with a certain frequency (5 MHz). During the polymeric
film formation, the frequency value changes (Af) due to the variation of the mass on the
quartz. It is possible to measure the change of the film mass (Am) [194], calculated
automatically with the following equation:

Af=-2.26 - 105 f?Am/S 2.9)

where Af is the observed frequency change, MHz; fo is the oscillation frequency of the
dry crystal, MHz; Am is the mass change in grams (g); and S is the working surface area
of the QCM working electrode, cm? [194]. EQCM has such advantages as low cost,
simplicity, and capable to reach very low detection limits [195]. These advantages made
the method to be used for study and characterization of various electroanalytical
purposes [114]-[116], as well as for the study of imprinting effects for MIP sensing
applications [160], [195], [199], [200].

In this work, the EQCM measurements were performed by using a Maxtek RQCM
micro-balance on Maxtek 5 MHz Au-Cr crystals and on Maxtek 5 MHz Pt-Cr crystals,
controlled with a Maxtek software and with NOVA 2.1 in the same time, in order to
analyze the mechanism of electropolymerization of pyrrole with different
electroanalytical methods and for the real thickness calculation of the NIP and MIP
films from the mass values obtained during their EQCM characterization.
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Figure 29. Electrochemical quartz crystal microbalance (EQCM) setup, A) Schematic of a piezoelectric
quartz crystal, B) Schematic electrochemical quartz crystal microbalance (EQCM) apparatus [198].
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24. Techniques used for the characterization of chemical, structural and
morphology of the electrode materials

2.4.1. Infrared spectroscopy (IR)

The principle of infrared (IR) spectroscopy is based on the absorption of light by most
molecules in the infrared region of the electromagnetic spectrum and converting this
absorption into molecular vibration. This absorption corresponds specifically to the
bonds present in the molecule. The infrared spectrum is considered as a chemical
identity card of the molecule (Figure 30-A).

Here we used a Nicolet iS50 FTIR Spectrometer from Thermo Fisher Scientific with the
ATR mode (diamond monocrystal) (Figure 30-B) to analyze the surface of the graphene
electrode and the chemical function present in the MIP and the NIP.

a) ® b)

REFEREANCE

2 MONOCHROMATIC
= = SYSTEM

I'R SOURCE

Figure 30. IR spectrometer, a) schematically instrumentation of infrared spectroscopy, b) picture of IR
spectrometer used in this work.
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2.4.2. Raman spectroscopy

Raman spectrometry is a vibrational spectroscopy typically used to determine
vibrational modes of molecules, although rotational and other low-frequency modes of
systems may also be observed. The principle is based on an inelastic light scattering by
a material, which is correlated by a variation of the frequency of the scattered light
(Figure 31-a). Indeed, most of the scattered light has the same frequency as the incident

a)

Detector
Light source

b) Rayleigh line
Raman lines Raman lines
Rayleigh Raman VoS v Y V< v

scatlering scattering

Figure 31. Raman spectroscopy, a) the principle of Raman, b) Raman spectrum.

light. This type of scattering which occurs without a change in the incident frequency is
termed Rayleigh scattering. Raman discovered that a very small fraction of the scattered
light has frequencies higher or lower than the incident frequency. The scattering which
occurs with a change in the frequency which is called Stokes and anti-Stokes diffusion.
The phenomenon is called Raman effect. In a Raman spectrum, the sharp line in the
middle corresponds to Rayleigh scattered light is cut by a Notch Filter. Raman scattered
light records a series of lines on either side of the Rayleigh line. These are called Raman
lines and constitute Raman spectrum (see Figure 31-b).

Raman spectroscopy is widely used in chemistry to identify molecules and study

(S

chemical bonding and intramolecular
bonds. In nanotechnology, a Raman
microscope can be used to analyze
nanowires to better understand their
structures, and the radial breathing mode
of carbon nanotubes is commonly used to
evaluate their diameter. Recently workers
have been focused in using Raman
spectroscopy for analyzing and
characterization of graphene materials [201].

Figure 32. Raman spectrometer.
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In this work Raman spectroscopy (Figure 32) has been used for the characterization of
graphene oxide and reduced graphene oxide at different stages during the electrode’s
fabrication process. Raman spectra were performed in ambient condition using a
Renishaw INVIA Reflex spectrometer equipped with a solid-state laser source (514 nm
wavelength, i.e., 1.94 eV), focused through a Leica microscope.

2.4.3. Atomic force microscopy (AFM)

Atomic force microscopy (AFM) can generate topological images with nano scale
resolution with minimum sample preparation by scanning very small surfaces. The
AFM principle is based on a cantilever/tip assembly that interacts with the sample as a
probe. The up/down and side to side movements of the AFM tip during scanning of
surface of the material sample is monitored through a laser beam reflected and detected
by a positive sensitive photo detector (PSPD) (Figure 33-a). The deflection sensitivity of
these detectors has to be calibrated in terms of how many nanometers of motion
correspond to a unit of voltage measured on the detector. As result is obtained a three-
dimensional topography image of the sample where can be analyzed its morphology.
The AFM tip is very sharp with a radius 5 - 10 nm and it can be with a triangular shape
(Figure 33-b). In Figure 34, is presented a BRUKER-Dimension ICON high performance

a) b)

Laser beam
Photo detector / /
\ - = =
O

AFM tip

Figure 33. Atomic force microscopy (AFM), a) the principle of AFM, b) the AFM tip.

AFM microscope used in this work. Here AFM was used to analyze the topography and
morphology by tapping mode of NIP and MIP films generated on glassy carbon, gold
and platinum electrode substrates and compared their roughness values before and
after template molecule removal process. Moreover, the method has been employed for
the real NIP and MIP films thickness measurement by using AFM scratching mode. The
images data have been treated with a PC using Gwyddion 2.53 software.

82



Figure 34. BRUKER-Dimension ICON high performance AFM (atomic force microscope).

2.4.4. X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive qualitative and
quantitative spectroscopic technique used for measuring the elemental composition of
the material’s surface and the electronic state of the elements. The principle (Figure 35-
a) is based on the irradiation of the material surface with a beam of X-rays while
simultaneously measuring the kinetic energy and the number of electrons that escape
from this probed region. XPS needs a high vacuum space (P ~ 10 millibar) or ultra-
vacuum space (P<10? millibar) in the chamber where the sample is analyzed. XPS was
mainly used for the characterization of carbonaceous materials, such as graphene
materials, as well as for the analysis of polymeric thin film materials such as
polypyrrole [202]-[205].

E
/ X-ray photoelectron spectroscopy (XPS)

X-ray source
Al Mg

A Detector P
&5

Figure 35. X-ray photoelectron spectroscopy (XPS), a) the principle of XPS, b) the XPS spectrometer used
in this work.
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In Figure 35-b is presented the XPS spectrometer used in this work for the
characterization of NIP and MIP films, as well as for the graphite, graphene oxide,
reduced graphene oxide and graphene materials. X-Ray Photoelectron (XPS) Analysis
have been carried out using a Thermofischer Escalab Xi system operating, under 10-°
milli bars, in the constant pass energy mode at 200 eV, with a spot size of 600 microns.
The spectrometer is equipped with a non-monochromatic dual anode X-Ray source
providing Al K\alpha or Ag L\alpha photons of energy of 1486.6 eV or 3000 eV. A
background, based on the Shirley iterative method, has been used to subtract the
inelastic background to all the XPS spectra.

2.4.5. Photolithography

Photolithography, also called as optical lithography or UV lithography, is a method
which has been used for the microfabrication to pattern parts on a thin film or the bulk
of a substrate (also called a wafer). The main principle of this method is based on the
transfer of the UV light on a geometric pattern from a photomask (optical mask) to a
photosensitive (light-sensitive) chemical photoresist on the substrate (Figure 37). The
method has high precision and provides developing covered material flat surfaces
containing well shaped and controlled surfaces. We used this method onto our
graphene — polystyrene flat samples, in order to fabricate electrodes with precise and
controlled working area.

Exposure under with UV light during the manufacturing process must be performed
under vacuum conditions using reflective mirrors and masks since all materials
strongly absorb ultraviolet light (Figure 36-A). By using a special photomask for
photolithography, we have been able to fabricate graphene electrodes with different
sizes of working area, such as 10mm? 5mm? 1mm? 500pum? 200um? 100um? and
10pm? (Figure 36-B), which squares are the regions where the electrochemical contact
with the electrolyte solutions in an electrochemical cell occurs.

The experimental conditions for performing photolithography on graphene samples
have been set to 2500 rpm (rotations per minute), time was set to be 3 up to 30 seconds,
with a heating energy 150 kJ/cm?, and the type of insulating layer used was S-1813.

The photolithography in this work was performed with a «cube» : KLOE UV-KUB 2
and in an alignment (aligneur) : Stiss MicroTec MA/BA6 Gen. 4.
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Figure 36. Photolithography apparatus used in this work A), and the graphene/polystyrene substrate
prepared with different sizes of controlled working area B).
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Figure 37. The principle of photolithography process.
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CHAPTER III

“Development of a Molecularly imprinted polymer
modified glassy carbon electrode for the electrochemical
analysis of isoproturon in water”

87



3. CHAPTER III: Development of a molecularly imprinted
polymer modified glassy carbon electrode for the
electrochemical analysis of isoproturon in water

3.1. Introduction

Researches are ongoing to develop rapid and inexpensive sensing devices for the
detection of pesticides in general and particularly isoproturon. Voltammetric-based
methods have been widely reported for the determination of many pesticides and
isoproturon more specifically using various carbon electrode materials such as glassy
carbon [18], [20], graphene [19], wall-jet glassy carbon electrode [20], carbon paste [21],
carbon fiber [22], doped diamond [23], and multiwalled carbon nanotubes (MWCNT)
[24]. More recently, numerous studies have focused on modified electrodes [25] and
various assemblies have been investigated for applications in isoproturon
electrochemical sensors such as clay modified GC electrodes [26], [27], or enzyme-
modified [24], [28]-[30] and conducting polymer modified electrodes [206]. The
attachment of the organic film on the electrode surface makes it possible to increase the
sensitivity and the selectivity of these modified electrodes toward a targeted analyte. As
we mentioned in the first chapter, one of the most ingenious methods to achieve this
goal is to prepare molecularly imprinted polymers. Various types of electro-synthesized
polymers based on molecular imprinting have been reported including polyphenol,
polymethacrylic-acid [46], polyaniline [164], [207], [208] and polypyrrole [83], [137],
[138], [209]. Recently the use of some Metal Organic Frameworks (MOFs) based on the
electropolymerization of monomer-functionalized gold nano-particles was reported
[179]. Although many MIPs have been proposed for the development of electrochemical
sensors for organic molecules, no publication mentions the development of MIP
electropolymerization for the electrochemical detection of isoproturon. Among the
abovementioned polymers, we choose to develop polypyrrole MIP film on glassy
carbon electrode, because the electroplymerization of PPy is fast and it is well known to
be a partially crosslinked polymer so that there is no need to add a cross-linker agent
[179]. Extraction and rebinding of the template can be conducted electrochemically
since polypyrrole is a conducting polymer, to some extent [179]. In addition, the
electropolymerization of polypyrrole leads to chemically and mechanically robust films
[137], [210].

Li et al. [47] developed a new molecularly imprinted polyaminophenol electrochemical
luminescence sensor (MIP-ECL sensor) for isoproturon determination based on the
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competition reaction between isoproturon and glucose oxidase [211]. However, even
though the method has provided very low detection limits of 3.8 x 102 M (0.8 ng/L), the
use of additional reagents, the equipment required and the complex preparation of the
samples remain incompatible with in-situ measurements. Singh et al. (2013) developed
an ex-situ polymethacrylic imprinted polymer solid phase extraction for isoproturon
detection [212] and reached a detection limit of 9.7 x 107 M (0.2 mg/L) which is
unfortunately too high in light of current standards [13]. In addition, an ex-situ MIP
synthesis involves additional steps, which complicates the implementation of the
sensor.

In this context, the aim of this chapter was to develop an electrochemically polypyrrole
MIP based electrode for the sensitive and selective detection of isoproturon. It has been
studied the influence of the experimental parameters on the characteristics of the
polymer matrix and its ability to recognize and to concentrate isoproturon. In order to
maximize isoproturon signal detection we adjusted several parameters during the MIP
electrosynthesis. The analytical performances of the modified electrodes were then
assessed.

3.2. The working procedure of the MIP-GC electrodes

The whole procedure of using the MIP-GC sensors can be divided in two main stages:

e the synthesis of MIP-GC electrodes
e the electroanalytical procedure

The synthesis stage of MIP-GC includes the fabrication process of the MIP-GC electrodes
and prepare them for the electrochemical analysis of isoproturon. In this stage are
involved two steps:

i) electropolymerization step which represents the electrochemical
polymerization of MIPs and NIPs on the glassy carbon electrode surface
achieved either by wusing cyclic voltammetry (CV) or by using
chronoamperometry (CA), and

ii) the extraction of the template molecule step which can be achieved
electrochemically by cyclic voltammetry (CV) in order to remove the stripped
isoproturon molecules from the polymeric matrix and create the cavities.

The electroanalytical procedure includes the process of using the MIP-GC electrodes for
the analysis of isoproturon in water. This procedure involves two steps:
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j) the incubation or rebinding step which provide the filling of the cavities with the

isoproturon molecules coming from the analyte samples and,

jj) electrochemical detection of isoproturon achieved by square wave voltammetry

(SWV).

In Figure 38, is presented schematically all of these abovementioned steps used for the

preparation of

MIP-GC electrodes.
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Figure 38. Schematic representation of the procedure used for the preparation of imprinted polypyrrole

films on GC substrate MIP GC and the electroanalysis of isoproturon.

However, the study of the experimental parameters of this whole procedure and all the

above-mentioned steps are described and discussed in details in this chapter.
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3.3. Experimental conditions

The experimental conditions for this study have been chosen from the PPy-MIP
literature [33], [48], [137], [141], [156], [158] and from preliminary experiences.

3.3.1. Electrochemical behavior of isoproturon

Pesticides due to their organic structure, have a limited solubility in water: 70.2 mg/L
for isoproturon at 25 °C. In order to work only in environmentally friendly solvents, we
decided to use only water and ethanol as solvents in the different steps of the working
procedure. The electrochemical behavior of isoproturon is studied by cyclic
voltammetry in a 0.IM LiClOs ethanol/water solution prepared with different
concentrations of isoproturon (Figure 39). The oxidation peak potential appeared at +1.1
V vs Ag/AgCl that is about 200 mV higher than the optimum conditions for the
electrochemical deposition of polypyrrole film.

Current (pA)

v T T T v T T T v T T
0.00 0.25 0.50 0.75 1.00 1.25 1.50
Potential (V vs. Ag/AgC1 3M KCI)

Figure 39. Voltammograms obtained on bare GC electrode for ISO (1, 2 or 3 mM) in H,SO4 (0,1M) (70/30
ethanol/water v/v), (---) Blank voltammograms. Scan rate 100 mV/s.
To the best of our knowledge, only several articles have been published for the
electrochemical study of pesticides, especially for the electrochemical behavior of
isoproturon [17], [26]. Manisankar et al. 2002, have reported the electrochemical
behavior of isoproturon molecule at different electrochemical conditions claiming that
the electrochemical oxidation of isoproturon depended on the conditions of the reaction
[17]. They have studied different parameters and found that the most favorable
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medium for electrochemical oxidation of isoproturon was at lower pH values (pH ~1.0)
in aqueous acidic solutions. Moreover, they claimed that the electrochemical oxidation
of isoproturon is an irreversible, diffusion controlled, and two-electron transfer reaction
[17]. Further they mentioned that during electrochemical oxidation of isoproturon, it is
oxidized into 4 — isopropylaniline, and as a result of this intermediate undergoes a quasi-
reversible redox reaction [17]. Based on these facts sulfuric acid is chosen to be used as
the medium for the electrochemical study of isoproturon (pH ~1.0).

3.3.2. Synthesis of NIP-GC and MIP-GC electrodes

The electro-synthesis of molecularly imprinted polymer (MIP) films and that of non-
imprinted polymer (NIP) films was performed on glassy carbon electrodes, respectively
named MIP-GC and NIP-GC, in an ethanol and water (20/80) solution containing 10
mM of pyrrole and 0.1 M of LiClOs as electrolyte. For the preparation of MIP-GC, the
template molecule, 1 mM of isoproturon, was added. The ratio between the
concentration of monomer and the concentration of isoproturon as template molecule in
the electrolyte solution prepared for the electropolymerization was chosen to be
(monomer conc. 10/1 isoproturon conc.) in accordance of the condition usually used in
the PPy-MIP electropolymerization [213]. Electropolymerization was accomplished
either by applying cyclic voltammetry (CV), 5 scans in the potential range from 0 to 1.4
V vs Ag/AgCl at a scan rate: v = 10 mV s, or by chronoamperometry (CA), with a
potential set at 1.1 V vs Ag/AgCl for a duration of 600 s. The MIP-GC electrodes, once
prepared, were rinsed with milli-Q water and immersed in an ethanol/water (70:30 v/v)
solution of 0.1M sulfuric acid. They were biased to a potential excursion between —0.4 V
and 1.5 V vs Ag/AgCl for several scans until complete extraction of the embedded
isoproturon molecules. After extraction the MIP-GC electrode was used for isoproturon
detection.

3.3.3. Detection of isoproturon by MIP-GC electrodes

The MIP free of isoproturon and NIP coated electrodes were immersed in an aqueous
solution containing isoproturon as template molecule at low concentrations, under
stirring, during an optimized time. Both electrodes were then rinsed with Milli-Q water
in order to remove the isoproturon just deposited on the MIP-GC and NIP-GC surface.
The electrochemical detection of isoproturon was achieved by square wave
voltammetry (SWV), in an ethanol/water (70:30 v/v) solution containing 0.1 M of
sulfuric acid.
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3.4. Elaboration of the MIP-GC electrode

3.4.1. Electropolymerization of pyrrole

The electropolymerization of pyrrole in the presence of isoproturon leads to the
inclusion of the template molecule in the polymer matrix during polymer growth.
Isoproturon extraction by CV creates cavities within the MIP, which are complementary
in shape and functionalities to the template molecule. These prints should therefore
allow selective rebinding by isoproturon, as the artificial receptors are shaped by the
template [214], and finally the use of SWV will enable to confirm the presence and to
determine isoproturon concentration.

The electrochemical polymerization of pyrrole on the GC electrode surface was
performed by cyclic voltammetry (CV) or by chronoamperometry (CA) with and
without the presence of the template molecule (isoproturon) in the dissolved monomer
solution. In Figure 40 are presented the cyclic voltammograms obtained during
electropolymerization of NIPs and MIPs. For both cases, we can observe the anodic
current that increase after +0.75 V vs Ag/AgCl due to the oxidation of the pyrrole on GC
electrode with the current peak at +0.95 and +1.15 V vs Ag/AgCl respectively in the
solutions without and with 1 mM of the ISO template. The potential shift is probably
due to the presence of isoproturon in the solution which itself is oxidized at a potential
around +1.0 V. In a second scan, voltammograms of MIP and NIP electropolymerization
show that the pyrrole oxidation peak decreases drastically due to the change in the
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Figure 40. Cyclic voltammograms taken during electropolymerization of pyrrole (0.01 M) in absence
(NIP) and in presence of ISO (1 mM) (MIP) onto GC electrode, electrolyte: 0.1M LiClO4in ethanol/water
(20:80 v/v). Scan rate 10 mV/s.
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nature of the electrode surface after the deposition of a polypyrrole layer that is less
conductive than the carbon itself [215]. In the case of chronoamperometry (CA)
electropolymerization, the process was carried out in the same electrolyte conditions,
but the applied potential value has been fixed where indeed it is impossible to see any
difference between the NIP and MIP films electrochemical polymerization.

3.4.2. Extraction of the template molecule

The extraction of the template molecules from polymer matrix in the case of
electrochemically fabrication of MIP dedicated to the different micropollutants
detection, is reached often using organic reagents or buffer solution as eluent [33], [137],
[139], [140], [145]. In these cases, even though low limits of detection were reached, it is
not sure that the removal of the template molecules has been achieved in its entirety. On
the other side, there are reported various articles where the extraction of the template
molecules has been reached electrochemically by using cyclic voltammetry or other
methods [31], [83], [136], [141], [142], [144] [182], providing an easy and a shorter
procedure with avoiding the use of dangerous organic solvents as eluents. However,
there is a lack of explanation for the process of the template molecules extraction.

In this work, the template isoproturon molecule extraction was obtained by cyclic
voltammetry (CV). During the process of template extraction was observed an
oxidation peak, at around +1 V vs Ag/AgCl, corresponding to the isoproturon trapped
within the polymeric matrix. Several scans were made until the oxidation peak was no

the increase of the
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Figure 41. Cyclic voltammograms obtained during ISO extraction on the MIP-GC electrode: Electrolyte
0.1 M H,SOq4 in ethanol/water (70:30 v/v). Scan rate 100 mV/s.
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longer observed due to the release of the isoproturon, which was disappeared with the
increase of the number of cyclic voltammetry scans (Figure 41). The well-known
reversible oxidation-reduction behavior of polypyrrole [216] is also clearly observed at
+0.4 V vs Ag/AgCl for the polypyrrole oxidation process and -0.25 V vs Ag/Ag(l for the
reduction process in our MIP-GC electrode. On the voltammogram of the NIP electrode
(not shown), no peak at +1.0 V was observed while the polypyrrole signal was present
in the same region as for the MIP. This method of template extraction has various
advantages if compared with chemically methods, it is easy to achieve and avoids the
use of a variety of dangerous organic solvents as eluent reagents. Moreover, the
voltammograms obtained validated the removal of the template, and like this the
binding sites inside the polymeric film were created. At this stage, the modified
GC/MIPPy/ISO sensors have been prepared and stored in air at room temperature and
were ready to use for the further electrochemical analysis of isoproturon.

3.5. Optimization of the MIP-GC elaboration procedure

In this section, the detection signal of isoproturon served as a tool for the
electrochemical synthesis optimization of the MIP-GC electrode. The ISO detection was
performed as follows: after the electrochemical release of ISO, MIP-GC electrodes were
immersed in a 5 x 107 M isoproturon water solution during 15 min and the analyses
were performed by SWV in an ethanol/water solution (70:30 v/v) of 0.1M sulfuric acid.
The sensing properties of MIP-GC electrodes obtained by CV and by CA were
compared after optimizing the impact of the scan number for CV and the electrolysis
time for CA and establishing the influence of the ratio of ethanol in the electrolyte
solution.

3.5.1. Influence of potential range in the CV extraction process of isoproturon

Different potential ranges are used for the CV extraction of isoproturon from the MIP
polypyrrole films, in order to figure out if there is any influence in the isoproturon
current signal. Figure 42 shows the results obtained during isoproturon electrochemical
detection by SWV at the GC-MIPPy electrodes after the CV extraction of template
molecule at different potentials, ranging from +0.9 V up to +1.9 V. As seen in the figure,
at lower potentials than +1.1 V the extraction of isoproturon was not reached totally,
due to its oxidation potential (see Figure 39 and section 3.3.1.), whereas at higher
potential values +1.3 V up to +1.9 V the oxidation signal of isoproturon was observed to
be in line, even though there is overoxidation region of polypyrrole. However, the
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overoxidation of the polypyrrole did not affect in the determination signal of
isoproturon.
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Figure 42. SWV determination of isoproturon (5 x 107 M) at GC-MIP polypyrrole electrodes after
template extraction by CV at different potential ranges.

3.5.2. Preparation of isoproturon MIP-GC electrodes by cyclic voltammetry (CV):
influence of the scan number

In order to determine the effect of the number of cycles during electropolymerization on
the response of isoproturon detection by MIP-GC, the film was prepared with 1, 3 and 5
cycles, (see Figure 43-A). It clearly shows that the response of isoproturon is improved
with the number of scans due to the increase in the thickness of the polymeric matrix
and consequently the number of cavities. In order to verify this assumption, the
theoretical thickness of the layer was estimated from the electrical charge (Figure 43-B).
To correlate polypyrrole thickness x (cm) and electrical charge, Faraday's law was used
assuming 100% current efficiency for polypyrrole:

x=gM/pAzF ..................... (3.1)

where g (C) is the electrical charge associated with polypyrrole formation, M (g/mol) is
the molar mass of the monomer, F is Faraday's constant (C mol™), A (cm?) is the area of
the working surface, p (g cm™®) is the polymer density and z (mol) is the number of
electrons involved in the electropolymerization process of pyrrole which in this case is
2.25 [9],[174]. The nominal density for polypyrrole films (p) was taken as 1.5 g cm™
[216]. By taking into consideration all the above-mentioned parameters, the required
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charge density to grow a film with an average thickness of 290 nm is 10.4 mC/cm? [76].
We can see, in Fig. 46B, that the estimated thickness increases with the number of cycles
to reach 290 nm after 5 scans in the case of MIP-GC. To confirm this result, the behavior
of a ferrocene 2.5 mM redox probe in acetonitrile solution containing 0.1M NBusBF4 on
MIP layers obtained at 1, 3 and 5 cycles was studied (Figure 43-C).
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Figure 43. Influence of the scan number during electropolymerization of the MIP on GC electrode (A) on
isoproturon response on MIP-GC electrode (B) on MIP film thickness estimated using Faraday's law from
the voltammogram (C) on CV ferrocene response (2.5 mM) in NBusBF4 (0.1 M) acetonitrile solution on
bare and MIP-GC electrodes. Scan rate 100 mV/s.

It shows that the blocking effect for the ferrocene signal increases with the number of
cycles due to the growth of the insulating polymer layer because of the overoxidation
conditions [212]. Finally, in order to determine the electropolymerization efficiency, one
experimental thickness of the MIP layer deposited by EQCM assuming a density of MIP
1.5 g/cm [215], [216] and the corresponding charge was measured. The
electropolymerization yield was calculated from the ratio between the experimental and
the theoretical thicknesses and was found to be close to 63%.

3.5.3. Preparation of isoproturon MIP-GC electrodes by chronoamperometry (CA)
3.5.3.1.  Effect of solvent — the role of ethanol/water ratio

During the electropolymerization of a MIP film, knowing that the solubility of
isoproturon is limited in water (70.2 mg/L at 25 °C) we added ethanol in water at
different quantities. Figure 44-A shows the film thickness calculated from
chronoamperometry curves for a constant electropolymerization time using Faraday's
law for different ratios of ethanol. It is shown that the thickness of the MIP film
produced is directly dependent on the amount of ethanol, hence when the amount of
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ethanol is greater than 40% the film thickness is less than 50 nm. Below 40% of ethanol,
the film thickness increases linearly until it is six-fold the initial thickness. The same
MIP-GC electrodes were used for ISO detection. Figure 44-B shows the ISO peak
current as a function of the ethanol ratio. The best results were achieved with MIP-GC
electrodes prepared in water/ethanol solutions containing lower amounts of ethanol.
MIP films produced with a maximum between 15 and 20% of ethanol showed the best
performance for ISO detection. This value was therefore chosen for further study.
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Figure 44. Electropolymerization of MIP-GC electrode for different ratios of ethanol/water with LiClO,4
0.1M (A) film thickness calculated from chronoamperogram and (B) ISO peak intensity
electropolymerization: CA 1.1 V during 600 s; pyrrole 0.01M in presence of ISO 1 mM.

The influence of the ethanol is therefore very important for the thickness of the MIP. In
order to compare whether the influence of the solvent is also impacting on the
electropolymerization of PPy in the absence of the template. Electrochemical quartz
crystal microbalance (EQCM) has been used for the further investigation of solvent ratio
to the quality of NIP-PPy films. Electropolymerization of NIPs was performed on gold
quartz electrodes at different ratios ethanol/water solutions of pyrrole 10 mM with
LiCIOs 0.1 M. The mass growth of the NIP films with electropolymerization time is
shown in Figure 45-A. Figure 45-B shows the variation of thickness of the NIP films
calculated directly from the mass obtained (equation: thickness = mass of the film /
density of the films) with amount of ethanol present in the electrolyte. One can observe
that the films fabricated in the solutions with the amount of ethanol >50% are too thin
and leveled off, while those obtained in the presence of 20% ethanol showed to be
thicker and more visible on the gold electrodes surface (Figure 45-C, inset in the Figure
45-B). This result is similar with NIP film thickness in relation with ethanol percentage

in the solution obtained on GC electrode.
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Figure 45. EQCM study of the influence of amount of ethanol in its aqueous solution containing 0.01 M

of pyrrole + 0.1 M of LiClO4 on the mass growth of NIP films on gold quartz electrode. (A) Mass curves as

a function of the electropolymerization time; (B) Variation of the NIP film thickness estimated by EQCM
with the amount of ethanol, (C) Captured image of the NIP film on gold quartz electrode.

3.5.3.2.  Influence of electropolymerization time

The influence of the electropolymerization time was studied for the MIP films prepared
by CA at 1.1 V vs Ag/AgC(l at different times that were used later for ISO detection. The
theoretical thickness of the growing layer was estimated from the chronoamperograms
in Figure 46-A and a rapid increase in this thickness up to 100 s was observed.
Thereafter, its further growth is slowed down, reaching an almost linear increase after
200 s. This is most probably because of the decrease in the electronic transfer due to the
thickness of the layer and to the partially insulating character of the MIP. The
electrochemical detection ability of isoproturon on MIP-GC electrodes prepared by CA
at different electropolymerization times is presented in Figure 46-B. These results are in
agreement with those presented in Figure 44-A. During the first 100 s, the ISO detection
signal was very significant, corresponding to the film thickness growth. From 100 s to
600 s, the signal of the target analyte increased more slowly. We can assume that the
blocking effect of the charge transfer limits the oxidation of isoproturon during
detection. Moreover, the thicker the film is, the more difficult it is for isoproturon
molecules to access the cavities and to reach the conducting surface. The sharp signal
decrease after 600 s is probably due to the film breaking during its growth. This
assumption was validated with measures made by EQCM (Figure 46-C). The sharp
mass decline also started after 600 s. It should be noted that the sharp decrease both in
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the ISO peak detection and in the MIP layer mass was observed for the thickest MIP
tilms but not always at the same time. This fact is due most probably to mechanical
constraints in the thick films.

As for CV MIP preparation, the electropolymerization yield obtained from CA with
EQCM measurement was calculated and the corresponding charge was found to be
close to 66%. This value is of the same order as that obtained with CV
electropolymerization. For both methods, the charge loss is consistent with the high
potentials applied during the MIP-GC preparation.

These results show that the optimal electropolymerization time for the isoproturon
response is 600 s. In addition, the sensitivity and the reproducibility of the MIP-GC
(results not shown) are better for films prepared by chronoamperometry, which is
consistent with the literature [83].
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Figure 46. Effect of electropolymerization time on the electrochemical response of 5x10’M of ISO at
the MIP-GC electrode in ethanol/water (70:30 v/v) of H,SO4 0.1 M, (A) the thickness of the MIP film
estimated from the chronoamperogram (B) isoproturon electrochemical response, MIP film was formed
by chronoamperometry setting the potential at 1.1 V, incubation time 15 min (C) comparative study of
the MIP film thickness estimated by Faraday's law calculations and by EQCM experiments in order to
follow the chronoamperometry electropolymerization process (potential applied 1.1 V, time duration
885 s) of ISO (1 mM) and pyrrole (0.01 M) on gold quartz used as a working electrode, electrolyte: 0.1M
LiClO4 in ethanol/water (80:20 v/v).
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3.5.4. The influence of the electrodeposition substrate material: EQCM study of
NIPs obtained by CA and CV onto gold and platinum electrodes

Since electrodeposition of conducting polymers is only possible on metallic or
semiconducting substrates, it is often necessary to explore the nature of the substrate
and to determine its contribution on the polymer film growing mechanism and its
morphology. EQCM was used to investigate the impact of CA and CV to the growing
process of the NIPs onto different quartz substrate electrodes, on gold (Au-quartz) and
on platinum (Pt-quartz). In Figure 47-A is presented the process of the NIP
electropolymerization by CA (potential applied +1.1 V, electropolymerization time 600
sec), as seen the mass of the NIP films increased rapidly in the first two minutes, the
mass of the film after one minute of electropolymerization was nearly 18 pg/cm?, and
for higher time the mass leveled off gradually. Figure 47-C shows the
electropolymerization process obtained by CA on Pt quartz electrode. One can observe
that the rate of the NIP film formation is not the same in the start of the electrolysis
compared to the gold quartz electrode, the film growth about two times slowly.
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Figure 47. EQCM study of the effect of electrodeposition material substrate by CA (+1.1V,
electropolymerization time 600 sec) and by CV (0 to +0.9V, scan rate 10 mV/sec) onto gold quartz
crystal electrode (A, B), and onto platinum quartz crystal electrode (C, D), electropolymerization: pyrrole
0.01 M in a solution of LiClO4 (0,1M) (20/80 ethanol/water v/v).
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R%ts =1.26 nm

Figure 48. AFM images of NIP films on gold quartz crystal electrode a) bare gold quartz electrode, b) NIP
PPy CV (0 to +0.9V), and on platinum quartz crystal electrode c) bare platinum quartz electrode, d) NIP
PPy CV (0 to +0.9V).

In both cases is observed a decrease of the NIP film mass due to its degradation after
about 10 min of electropolymerization. In the other side when the electropolymerization
of NIPs is obtained by CV at potential range between 0 V up to +0.9 V vs ref. (Figures
47-B and 47-D) the mass growth of the NIP films was shown to be similar in both cases,
and increases with number of cycles.

For the further characterization of the films fabricated onto these electrodes by CV, they
were observed under AFM in order to see their morphology (see Figures 48-b and 48-d),
the NIP film deposited on Au-quartz electrode showed a surface with higher roughness
values (Figure 48-b) compared with the NIP film deposited on Pt-quartz electrode
(Figure 48-d).

3.6.  Electrochemical detection of isoproturon by the GC-MIP electrode:
Optimization of incubation (rebinding) time

The incubation time is an important parameter in the analytical procedure since it will
impact the overall time of the analysis. The influence of the incubation time in the range
of 0-40 min on the isoproturon signal responses was evaluated in aqueous media
containing 5 x 107 M of isoproturon. As illustrated in Figure 49, the isoproturon
oxidation peak intensity increases proportionally with the incubation time in the first 15
min due to its rebinding to the created cavities. Beyond 15 min, the rebinding kinetic
slows down, suggesting the beginning of saturation of the cavities or a more difficult
access of isoproturon.
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An incubation time of 15 min was therefore chosen to obtain the best analytical
performances for this study. This parameter impacts the quantification: in the linearity
domain, the longer the time, the more the lower limit of quantification (LOQ)
diminishes. Moreover, a lower incubation time leads to less accurate values because
monitoring the immersion time is less easy and the signal is lower.
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Figure 49. Isoproturon (5 x 107 M) response on the MIP-GC electrode for different incubation times.

3.7.  Electroanalytical performances of the GC-MIP electrodes

3.7.1. Calibration curve and determination of LOD/LOQ

In this subsection, the optimal conditions to achieve the best sensitivity for isoproturon
detection were selected: the MIP-GC film obtained by CA at +1.1 V vs Ag/AgCl during
600 s was used and isoproturon detection by SWV was carried out in an ethanol/water
solution (70:30 v/v) of 0.1M sulfuric acid free of isoproturon after 15 min immersion of
the film in a milli Q water solution containing isoproturon at concentrations in the
range of 2.5 x 10° M — 5 x 10¢ M. The calibration curve is presented in Figure 50-A. The
square wave voltammograms clearly showed a current peak increasing with
concentration during ISO detection in Figure 50-B. The sensitivity was obtained from
the slope of the calibration curve; its value was 4.8701 A/M. The calibration plot was
found to be linear between 0 and 10”7 M and obeyed the following relation:

I (uA) =4.8701 [Isoproturon] - 0.0043 (R?=0.9959) .......... (3.2)
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The isoproturon limits of detection (LOD) and quantification (LOQ) that were
calculated statistically [218] were 2.76 x 10°M (0.5 ug L) and 9.2 x 10°M (1.9 ug L)
respectively. Repeatability was evaluated after seven analysis replicates of isoproturon
5 x 107 M solution with a single electrode. Well-shaped voltammograms were obtained
for all experiments: the calculated relative standard deviation (RSD) was 7.6%.
Reproducibility of the procedure was evaluated by performing a series of analyses with
tive different electrodes. The RSD obtained was 12%. These results indicate that
isoproturon MIP-GC electrodes are reliable tools for isoproturon detection and
quantification. Each MIP-GC electrode can be used for 25 cycles of analyses with a
change of the isoproturon peak intensity less than 20%. Then a decrease of the signal is
observed during the 20 next analyses with an extinction of the signal comprising
between 50 and 90% depending on the electrode.
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Figure 50. The calibration curves of isoproturon detection obtained at MIP-GC electrode in Milli-Q
water. Current-concentration calibration curve (A) includes linear
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3.7.2. Interference study

The selectivity of the prepared MIP-GC electrodes toward isoproturon was tested for

three interfering molecules (see Figure 51): carbendazim, diuron and carbamazepine, at
two concentrations, 5 x 10°M, 5 x 107 M and 107 M, for each molecule, in the presence
of isoproturon at 5 x 107 M. These molecules are widely found in environmental waters
and have a structure and oxidation potentials quite close to those of isoproturon. Thus,
these molecules may interfere with the determination of isoproturon. The results,
presented in Figures 51-A and 51-B show that according to the RSD found (see previous
sub-section), neither carbendazim nor carbamazepine seem to affect the MIP-GC
sensitivity toward isoproturon, whereas the presence of diuron (Figure 51-C) at the
same concentration or at a concentration 10 times higher as isoproturon lowers its
signal by 50% and 80% respectively. However, in natural environments, diuron is found
at concentrations up to 17 times lower than that of isoproturon [219]. Thus, we can
reasonably assume that diuron does not exhibit major interferences with isoproturon.
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Figure 51. Effect of the interferences on the determination of ISO (5 x 10”7 M) using the MIP-GC
electrode: (A) carbamazepine (B) carbendazim and (C) diuron.

105



3.7.3. Application of the electrochemical sensors in real water samples

The electrochemical methods developed were applied to the detection of isoproturon in
a real water sample. A groundwater sample located in France, Region Centre, was
chosen in accordance with the funding project (CAPEL MIP) (see Figure 52). The site is
located in the commune of Saint-Remy-Du-Val (Sarthe, province of Loire-Bretagne
region). The monthly monitoring performed in this aquifer revealed that the
groundwater is contaminated by several pesticides and notably triazines and
chloroacetanilides and their metabolites, but does not contain isoproturon (< 0.005 ug
L.

The samples were prepared with this natural groundwater as seen in Figure 53, adding
a known quantity of isoproturon to obtain concentrations from 1 x 10 M to 5 x 107 M.

The calibration plot obtained with these samples was found to be linear between 0 M
and 5 x 107 M (see Figures 54-A, 54-B) and obeyed the following relation:

I (nA) = 4.1853 [Isoproturon] + 0.0056 (R>=0.999) .......... (3.3)

FRANCE

Figure 52. Commune Saint-Rémy-Du-Val (72317) - Sarthe (72) province of Pays-de-la-Loire — Bretagne
Region - France, an altitude of 117 m and a depth of investigation 23 m (coordinates X, Y: 446125,
2372347 (Lambert Il Etendu) / 497082, 6807017 (Lambert 93).

The LOD and LOQ were 1.1 x 10® M (22 pg L) and 3.7 x 108 M (7.6 ug L),
respectively. The sensitivity obtained from the slope of the calibration curve was 4.1853
A/M. The oxidation current of the preconcentrated isoproturon in the MIP film is easily
visible in the solutions that contain concentrations higher than 1 x 10 M of isoproturon.
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Figure 53. Schematically representation of the procedure used for the preparation of ground natural
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Figure 54. The calibration curves for isoproturon determination obtained at MIP-GC electrode in real
natural water samples (A) includes calibration linear equation (B) square wave voltammograms obtained
during electrochemical detection of isoproturon.
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3.8. Conclusion and perspectives

In this part of our work, a novel electrochemical sensor for the sensitive and selective
SWYV determination of isoproturon, a priority micro-pollutant, was developed. It is
shown that ultra-sensitive MIP films for its detection can be prepared in a simple way
by CV or CA onto GC electrodes. Firstly, it was studied the electrochemical behavior of
isoproturon as the targeted pollutant molecule. Furthermore, the key parameters of MIP
electro-synthesis such as electrodeposition time, scan number, solvent ratio and
incubation time were optimized. The extraction step of the template molecule was
conducted electrochemically in aqueous solution, thus avoiding the use of toxic organic
solvents. The MIP-GC sensor was able to detect isoproturon in nano-molar
concentration with good reproducibility and repeatability. The functionalized electrode
surfaces showed good robustness during the use for about one week of experimental
analyses.

The performances in terms of LOD, LOQ and selectivity are satisfactory for the
contaminated natural waters of the Loire-Bretagne region, where isoproturon
concentrations up to 5.8 nM (1.2 ug L) have been measured in 67% of the stations
[219]. For other sites, this LOQ is not low enough as worldwide occurrence in the
environment showed for effluent a maximum concentration of 1.3 nM (0.27 ug L) with
a 51% frequency of detection in the effluent of conventional wastewater treatment
plants in Europe [78], and for surface water of inland seas a maximum concentration of
0.3 nM (0.06 pug L) with a 100% frequency of detection in estuaries on the Baltic coast
[219]. But in spite of these good performances, they are still higher than the maximum
allowed levels set by the WFD.

Thus, at this stage the investigations must be focused into the nanostructuration of the
polypyrrole path in order to enhance the sensitivity of these sensors and to increase the
number of accessible cavities. For achieving this, we look forward to use more
sophisticated methods in order to study the correlation of the MIP properties in terms
of conductivity and sensitivity to the isoproturon detection, where this part will be
discussed in the Chapter IV.
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CHAPTER IV

“Optimization parameters of Molecularly Imprinted
Polymer films for Isoproturon detection: impact of anodic
potential on the overoxidation of polypyrrole”

110



4. CHAPTER IV: Optimization parameters of Molecularly
Imprinted Polymer films for Isoproturon detection: impact
of anodic potential on the overoxidation of polypyrrole

41. Introduction

In the previous chapter, the developed electrodes were able to detect isoproturon
present at nanomolar concentrations in water. The results obtained show the interest of
this approach in the development of isoproturon’s electrochemical sensors. The
influence of experimental parameters such as solvent and choice of electrochemical
method on the detection signal of isoproturon was studied. The optimized experimental
conditions consist quite classically to used anodic potential leading to an overoxidation
of the PPy film both for the formation of the MIP and during the template extraction
step. There are relatively few studies in the literature dealing with the consequences of
this overoxidation on the properties of the MIP, particularly in terms of conductivity
and porosity, the two key properties for the MIP electrochemical sensors.

PPy is a well-known partially cross linked polymer frequently used for the
development of MIP electrochemical sensors without any further need for another cross
linker due to the use of an overoxidation potential [157], . Moreover, the electrochemical
properties of PPy are strongly dependent on their redox state. When PPy film is biased
under more positive potential, its overoxidation occurs, leading to the partial
degradation of polymeric backbone and introduction of carboxylic, carbonylic and
hydroxylic groups that determines semi-permeability as well as ability to recognize
imprinted molecules [220]. The best results are achieved when during electrochemical
deposition, overoxidized PPy is imprinted by small molecular weight molecules [220].
The electropolymerization parameters such as nature of the solvent, size and nature of
the dopant counter-anions, electropolymerization method, electrode substrate, and
other parameters can have a strong influence on all the properties of the PPy films
including conductivity, mechanical properties, structure and morphology [202]. Most
optimized parameters during the electropolymerization found in the literature are:
electrodeposition method [221], electropolymerization time [165], [221], [222] and
nature of solvent [223]. Yang et al. 2015 developed a molecularly imprinting
polypyrrole sensor (MIP-PPy) on carbon aerogel electrodes for electrochemical
determination of dopamine [224]. By optimizing the film thickness using cyclic
voltammetry they reached to increase the current response for dopamine detection. A
thinner MIP-PPy layer contains less recognition sites for dopamine while a very thick
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layer has less accessible imprinted sites because the templated molecules situated at the
inner area of the MIP-PPy film cannot be completely removed from the polymer matrix
resulting in a decrease in the number of recognition site [224].

As it concerns polymer film conductivity and porosity, electrochemical impedance
spectroscopy (EIS) was used quite often as a sophisticated method. EIS measurements
enabled characterization of the different parameters in the polymeric MIP films
generated on the electrode surfaces such as resistivity, porosity and ability for catching
targeted molecules by mainly focusing in the study of the behavior of the MIP films
before and after the release of the template molecule [32], [35], [191], [192], [225], [226].
Herein we present the impact of several experimental parameters that imparts the
performance of electrochemically synthesized MIP-PPy sensor for ISO. Some of them
such oxidation potential used for MIP-PPy preparation, time electrolysis and extraction
potential for ISO removal have a direct impact in terms of sensor conductivity and
sensitivity to the targeted molecule detection.

4.2. Experimental conditions

4.2.1. Preparation of MIP and non-imprinted polymer (NIP) electrodes

Electrochemical MIP and NIP film synthesis are performed onto glassy carbon
electrodes, in an ethanol and water (20/80) solution containing 10 mM of pyrrole and 0.1
M of LiClOxs as supporting electrolyte and the template molecule, 1 mM of isoproturon,
for the preparation of MIP-GC. Pyrrole electropolymerization is made either by
applying cyclic voltammetry (CV), 1-10 cycles, at different anodic potential ranges vs
Ag/AgCl with scan rate, v =10 mV s or by chronoamperometry (CA), for time duration
600 s. MIP-GC electrodes, once prepared are rinsed with milli-Q water and after
immersion in an ethanol/water (70:30 v/v) solution of 0.1 M sulfuric acid are biased
under potential excursion between -0.4 V and 1.2; 1.3; or 1.5 V for several scans until the
complete extraction of the embedded ISO molecules. This electrode is ready for the ISO
detection. The working electrode was a glassy carbon (GC) disc (area of 0.07 cm?),
replaced with the glassy carbon plates, Au quartz and Pt quartz crystal electrodes for
used for the characterization of polymeric MIP films.
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4.2.2. Characterization of the MIP polypyrrole film

In order to investigate the influence of electrochemical parameters at each step of MIP-
PPy and NIP-PPy fabrication process, we have used glassy carbon plates, gold quartz
crystal and platinum quartz crystal electrodes. These modified electrode surfaces are
used for the film’s morphology and thickness characterization by AFM, while EQCM
permitted the monitoring of the film mass growth. XPS and IR measurements were
performed to study the impact of anodic potential of the MIP-PPy and NIP-PPy quality
when prepared by CA and CV at different potentials, and after the template extraction.
The electrochemical behavior of ISO was studied onto bare GC electrode. EIS
characterization of MIPs and NIPs is made at the same electrodes as for the ISO
detection. EIS was scanned at the formal potential of 0.25 V in the frequency range from
100 kHz to 100 mHz, using an AC voltage of 10 mV amplitude and 10 points per
decade.

For AFM characterization, the MIP and NIP polypyrrole thin films electropolymerized
on glassy carbon plates have been washed in toluene (>99% extra pure), in acetone
(~99%), and in ethanol (~99%) for about 15 minutes in each solvent, and analyzed with a
BRUKER-Dimension ICON high performance microscope. XPS characterization
measurements were performed with a Thermo Fisher Scientific's Escalab 250Xi X-ray
photoelectron spectrometer. FT-IR spectra were recorded with a Thermo Fisher
Scientific IR spectrometer. The impedance data were represented in the complex
impedance with Nyquist plots, and the Z-View software was used to fit and analyze the
impedance spectra using an appropriate equivalent electrical circuit. The EQCM
measurements were performed by a Maxtek RQCM micro-balance on Maxtek 5 MHz
Au-Cr crystals and on Maxtek 5 MHz Pt-Cr crystals.
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4.3. The influence of the electrodeposition method

4.3.1. Electrochemical synthesis of MIP and NIP polypyrrole films by CA

Polymerization of pyrrole that enables the formation of MIP and NIP-PPy films onto
GC electrodes is made by chronoamperometry at different oxidation potential during
600 s [109]. As seen in Figure 55-A, the increase in the anodic electrolysis potential value
affects the film thicknesses measured by AFM scratching mode (see Appendix 2). This
thickness is compared with that calculated theoretically by Faraday’s law [109], [146],
[165], [178] and one can see at all electrolysis potential values, the thickness of the MIP-
PPy films generated by CA is very close to that calculated by Faraday’s law. The
performance of GC-MIP electrodes was tested for the ISO electrochemical
determination at low concentrations solution (concentration 5.107 M) (Figure 55-B). It is
shown that the peak current detection of ISO increased for the MIP-PPy made at the
electrolysis potential 0,9 V and 1,1 V while for them prepared at higher values, it
decreases. The catching abilities of the MIP-PPy films for a certain molecule, as for ISO
are not only dependent on the conductivity of the polypyrrole films, but also on the film
thickness [145], [224], as consequence the value of the detection signal also varies. These
results highlight the good efficiency of the faradic process during
electropolymerization.
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Figure 55. Formation of MIP during the electrolysis at different applied potential values when GC
electrode is immersed in ethanol/water (v/v:20/80) solution containing 0.01 M of pyrrole + 1 mM of ISO
+ 0.1 M of LiClO4. (A) The comparison between the films thickness estimated theoretically by Faraday’s
law and the real thickness estimated by AFM scratching mode and (B) ISO current peak intensity for the
MIP-PPy made at different electrolysis potential.
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These results put also in evidence that catching abilities of the MIP-PPy films for a
target molecule, here for ISO are not only dependent on the film thickness [26], [36], but
also to other film properties particularly on the conductivity of the polypyrrole films.
And consequently, there is a shift between the maximum of the variation of the
thickness and that of the peak intensity of the ISO detection (Figure 56-B).

4.3.2. Electrochemical synthesis of MIP and NIP polypyrrole films by CV

4.3.2.1.  Influence of the potential range

The electropolymerization of MIP-PPy films is also made by cyclic voltammetry at
different ranges of the potential to find out the impact of this parameter on the sensor
performance. In Figure 56, are presented the voltammograms obtained during
electropolymerization of MIP-PPy. As seen from the Figure 56-A, during the first anodic
scan, the current begins to rise at potential around +0.6 V vs Ag/AgCl as result of the
formation of radical cations of monomers. In this case, during the following scans the
current increased and there is a fivefold difference between the first and the fifth scan.
Figures 56-B and 56-C, show voltammograms obtained at with higher anodic potential
which gave higher currents during consecutive scans with a current peak at 0.9
V/Ag/AgCl due to the electrochemical polymerization of pyrrole. Figure 56-D shows a
slightly decrease of current during consecutive scans when the anodic potential limit
went until 1.1 V/Ag/AgCl probably due to a partial polymer film over oxidation. This
effect is much more pronounced when the imposed anodic potential was higher, 1.3
and 1.5 V/Ag/AgCl, see Figures 56-E and 56-F. In both figures, during the first scan
were observed the oxidation peaks of isoproturon and polypyrrole molecule species,
which disappeared after the second scan.

Higher overoxidation degree of MIP-PPy film induced by electrode potential rise may
impart its conductivity which has a direct but limited effect on the film thickness
calculated from current charge as is shown in Figure 57-A. Comparison of the figure 56-
B and 56-F highlights that the film keeps a conductivity in the first case after five cycles
and loss its conductivity in the second case for a same value of total charge after five
cycles.

The electrochemical response of the modified GC electrodes with MIP films at different
potential range in the ISO detection is done in Figure 57-B. The maximum current peak
is obtained for the MIP-PPy prepared when potential excursion went until 0.9
V/Ag/AgCl while for its higher values, it is clearly shown a decrease in the peak of
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current. The impact of MIP-PPy overoxidation is higher on the intensity of the ISO
detection peak than on the thickness of the polymer film. This could be attributed to a
combination of both the loss of thickness and therefore the number of cavities present in
the film, but also the loss of conductivity within the more overoxidized films.

The current intensity shrinks to nothing during the potential scan between 0 V up to
+0.7 V/Ag/AgCl so we do not see the detection peak of ISO. This happens because
during the electropolymerization process the oxidation potential of ISO is not reached,
as result it has not made its cavities within PPy film (see Figure 39 in Chapter III).
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Figure 56. Cyclic voltammograms (0 to +0.7V; + 0.9V; +1.0V; + 1.1V, +1.3V; + 1.5V) taken during
electropolymerization of pyrrole (0.01 M) in presence of ISO 1 mM onto GC electrode. The electrolyte
was 0.1 M LiClO,4 in ethanol/water (20:80 v/v). Scan rate 10 mV/sec.
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Figure 57. Electropolymerization of MIP-GC electrode made by CV at different potential ranges (0 to +7;
+0.9; +1.0; + 1.1; +1.3 and + 1.5V) in ethanol/water (v/v:20/80) solution containing 0.01 M of pyrrole + 1
mM of ISO + 0.1 M of LiClO4. (A) Film thickness calculated from cyclic voltammograms and (B) ISO
current peak intensity for the MIP-PPy made by CV at different anodic potential range.

4.3.2.2.  The influence of number of cycles

Once we have found the optimal potential region for the MIP-PPy electrochemical
synthesis on GC electrode, we have continued to study the impact of CV cycles in its
quality and properties. MIP-PPy film thicknesses measured by AFM and calculated by
Faraday’s law obtained with different number of cycles at potential range from 0 up to
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Figure 58. The influence of CV scans on the performance of MIP-GC electrode at potential range from 0
up to +0.9V/Ag/AgCl in ethanol/water (v/v:20/80) solution containing 0.01 M of pyrrole + 1 mM of ISO +
0.1 M of LiClO4. (A) film thickness calculated from cyclic voltammogram and obtained by AFM (B) I1SO
current peak intensity for the MIP-PPy made with different CV scans.
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0.9 V/ Ag/AgCl are shown in Figure 58-A. One can see that the thickness of the
fabricated MIP films was not the same. Raising the number of voltammetric cycles has
contributed to the growth of the MIP-PPy as the number of induced charges have
increased. Film thickness measured by AFM is coherent with its theoretical calculated
value for a small number of scans while it is slightly lower for higher number of scans.
Sensing properties of these polymers were tested for the electrochemical determination
of ISO (concentration 5.107 M, incubation time 15 min) (see Figure 58-B). One can
observe an increase of ISO current peak detection of MIP-PPy layer obtained with five
cycles, whereas for films made at higher scans the current was significantly lower. The
drastic decrease of the detection current for the MIP-PPy-GC prepared with 10 cycles
can be explained by a too important thickness of the film which leads to important
mechanical stresses in the film and possible internal micro-breakage leading to a loss of
conductivity of the film, and the difficulty for the ISO molecules to penetrate in all the
film thickness.

0.0 pm 05

[T39.8nm

Figure 59. AFM images of MIP-GC plates obtained by CV at potential range 0 to +0.9V/Ag/AgCl with
different number of cycles in ethanol/water (v/v:20/80) solution containing 0.01 M of pyrrole + 1 mM of
ISO + 0.1 M of LiClQO4, scan rate mV/s: (a) 1, (b) 3, (c) 5, (d) 10 cycles before isoproturon extraction; (e) 1,

(f) 3, (g) 5, (h) 10 cycles after isoproturon extraction; and (j) AFM image of a bare GC plate.
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In Figure 59 are presented the AFM images of the MIP-PPy films fabricated on glassy
carbon electrodes by CV at potential range from 0 up to +0.9V vs ref. Ag/AgCl at
different number of cycles. AFM images were taken on the same films prior and after
isoproturon extraction process. A clear difference in the film morphology was obtained
for samples prepared with different number of cycles. As the scan number rises the
MIP-PPy roughness increases (see Table 4). Film roughness (RMS: root mean square)
after isoproturon extraction is slightly higher. This may happen due to the creation of
the cavities when the isoproturon molecules were removed from the polypyrrole films,
leaving the cavities on the surface that could increase the roughness of the films. The
same behavior has been obtained also in the case of GC-MIP-PPy fabricated by CA at
different potentials, where the film roughness is increased after the isoproturon
removal, for GC-MIP-PPy made by CA at +0.8 V have shown an increase of their
roughness after the isoproturon extraction from 3.66 nm up to 4.08 nm, while the film
roughness of the MIP-PPy prepared by CA at +1.1 V was increased from 5.4 nm up to
5.2 nm, and by CA at +1.4 V was increased from 2.13 nm up to 3.13 nm.

Table 4. AFM roughness measurements of the MIP-GC films made by CV at potential range 0 to
+0.9V/Ag/AgCl, with different number of cycles in ethanol/water (v/v:20/80) solution containing 0.01 M
of pyrrole + 1 mM of ISO + 0.1 M of LiClO,4, v = 10 mV/s, before and after isoproturon extraction.

Magnification
(Ix1 pm)
Sl Real thickness Before extraction After extraction
(nm) (RMS) (RMS)
CV MIP (1 cycle) 56,5 3,1 34
CV MIP (3 cycles) 176,7 5,2 5,2
CV MIP (5 cycles) 318,5 6,6 6,4
CV MIP (10 cycles) 618 9,5 11,3
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4.3.3. Influence of the overoxidation potential applied on the properties of MIP-PPy

film

4.3.3.1.  The effect of the overoxidation potential on the conductivity of the film:
characterization by EIS

Electrochemical impedance spectroscopy (EIS) is a suitable technique that has been
used for the characterization of thin polymeric materials synthesized by electrochemical
methods [32], [35], [191], [192], [226]. Mainly the method was focused in the explanation
of the porosity of the molecularly imprinted polymers used as membranes and as
sensors, by measuring the EIS parameters before and after the template molecule

removal [32], [192], [226].

The removal of isoproturon molecules from the MIP-PPy fabricated by CA on GC
electrodes, was achieved by scanning the potential between -04 V and +1.5 V vs
Ag/AgCl (50 scans at the scan rate v = 0.1 V/s) until the complete extraction of the
embedded isoproturon molecules has been reached. This step is necessary in order to
create the cavities on polymeric matrix of the MIP film which are complementary
shaped to the ISO molecules and can selectively detect them when sensor operates. =
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Figure 60. EIS results obtained during the characterization of the NIP and MIP films, electro-synthesized
on GC electrodes by CA (+1.1V, t = 600s), in aqueous solution of 1mM Ks[Fe(CN)e]/Ka[Fe(CN)e] + 0.1M
KCI. Nyquist plots obtained at bare GC, NIP and MIP electrodes before and after ISO extraction
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We have repeated the same procedure for the NIP film in order to put in evidence the
role of the excursion potential in the film conductivity although there is not isoproturon
template within the film. EIS spectra were recorded immediately after the MIP and NIP
formation during the electrolysis time 600 s at the potential 1.1 V /Ag/AgCl and after 50
scans by CV in order to remove ISO completely. In Figure 60, are presented the Nyquist
plots for NIPs and MIPs before and after ISO extraction. The charge transfer resistance
for NIP film measured immediately after its electrochemical synthesis was 1.7 kQ while
that for the MIP film was about 10 kQ. This difference of charge transfer resistance
between NIP and MIP films may be induced by the presence of isoproturon molecules
within the film matrix that influence the intrinsic film conductivity.

We observed even much higher charge transfer resistances for both films when they
were biased at the potential range between -0.4 V to 1.5 V in order to remove the
isoproturon molecules. Patois et al. have electrochemically synthesized PPy films with
much lower conductivity on Fluorine doped Tin Oxide electrode when deposition
potential was 1.3 and 1.7 V/SCE [109]. Based also on their results one can conclude that
extraction procedure for isoproturon apparently damaged MIP and NIP films and this
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Figure 61. EIS characterization of NIP and MIP films fabricated on GC electrodes at different potential
values: A) NIP by CA (duration time 600s), B) NIP by CV (5 cycles at scan rate 10 mV/s), C) MIP by CA
(duration time 600s), and D) MIP by CV (5 cycles at scan rate 10 mV/s).
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effect is much more pronounced with the NIP film because its charge transfer resistance
rises 30 times, from 1.7 kQ to about 50 kQ, while that of the MIP film increases 3 times,
from 10 kQ to about 30 kQ.

The decrease of conductivity of MIP film after the release of ISO is however surprising
because it is different comparing with the behavior of other MIPs [35], [192] for
detection of alachlor and tetrabromobisphenol A templates where film conductivity
increases once the imprinted target molecule is removed. Nevertheless considering the
same impact of the anodic potential on our synthesized NIP and MIP-PPy films, where
NIP film conductivity has a tenfold higher decrease, it is implicitly shown that MIP film
obtained with ISO molecule as template has the same attitude as above-mentioned
MIPs but it is difficult to put in evidence due to the over-oxidation effect induced on the
MIP-GC when the electrode is biased with high anodic potential [35], [192]. The increase
of the film polarization resistance due to the overoxidation of the MIP polypyrrole
during the CV scanning is also showed by Marchesi et al. 2011 [196]. They have
investigated with EIS the degradation of the polypyrrole thin films by cyclic
voltammetry [196], claiming that at potentials +0.58 V polypyrrole can already be over
oxidized and degraded in the same time resulting in the increase of its film resistance.
According to their findings at much lower anodic potential, one can consider as normal
the decrease of the MIP film conductivity with ISO because it was prepared a much
more anodic potential, about 0.9 V/Ag/AgCl and the effect of template molecule release
is hidden by the decrease of the film conductivity due to the polypyrrole over oxidation.

The impact of the potential at 1.5 V/Ag/AgCl in the film degradation is seen in the
Figure 61-A where the charge transfer resistance is about 70 kQ for the NIP film. The
same tendency is observed for NIP films obtained by CV at different excursion
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Figure 62. EIS characterization of the GC-MIP electrodes prepared by CA at +1.1 V (duration time 600s)
at different stages when tested for the SWV isoproturon detection.
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potentials presented in Figure 61-B. One can see that the polarization resistance is about
3.0 kQ for the film obtained (5 scans until 1.1 V/Ag/AgCl) while it increases about
tenfold times during the potential excursion until 1.5 V. The polarization resistance for
the films obtained at the potential lower than 1.1 V is very small. EIS results obtained
with MIP-PPy films prepared by CA and CV are shown in the Figure 61-C and 61-D.
They are similar with those of NIPs a decrease of film conductivity when anodic
potential is increased and they also confirm why the potential of 0.9 V is much more
favorable for the preparation of MIP.

Moreover, in Figure 62 are presented the EIS spectra obtained for GC-MIP-PPy
electrodes when tested for the isoproturon determination, where is seen that the
resistivity of the MIP films was increased about 20 kQ, after the first extraction of the
ISO molecules, and further increased around 40 kQ) after the use of the sensor for ISO
detection, rebinding step. This last result is important because it confirms that MIP film
shown in Figure 61-A, before extraction, has higher charge transfer resistance due to the
presence of ISO molecules than NIP synthesized at the same electrolysis potential.

In conclusion the EIS measurements indicate that the film conductivity is highly
affected during the removal of the template molecule.

4.3.3.2.  Effect of the overoxidation on the composition of the film: FT-IR and XPS
characterization

Main characteristic peaks of FTIR spectra of pyrrole and isoproturon are summarized in
Table 5. Furthermore, we have performed FTIR spectra of modified GC samples with
NIPs and MIPs prepared by CV at different potential range before and after isoproturon
extraction Figure 63 and 64 show the spectra region between 1200 and 1800 cm™. The IR
spectra of three GC-NIPs made by CV during potential excursion until 0.9; 1.1 and 1.5
V/Ag/AgCl shown in Figure 63-A. FTIR spectrum of GC-NIPs made until 0.9
V/Ag/AgCl show a small peak at 1550 cm™ attributed to >C=C< vibrations while FTIR
spectra of GC-NIPs made at 1.1 and 1.5 V/Ag/AgCl show the band that has a higher
intensity and the apparition of another band at 1700 cm. This band is attributed mainly
to N-C=O stretching vibrations of pyrrole units for the GC-NIPs prepared when the
anodic potential reached 1.1 V and 1.5 V. This result clearly indicate the impact of
anodic potential during the GC-NIP electrochemical synthesis that is attributed mainly
to N-C=O stretching vibrations of pyrrole units for the GC-NIPs [227]. A small shift of
this peak toward higher wave number value is observed for the potential 1.5 V that is
attributed to the presence of C-C=0 [227]. Figure 63-B shows that GC-NIPs were biased
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under anodic potential until 1.5 V/Ag/AgCl, the standard extraction procedure for the
isoproturon removal in the case of GC-MIPs. There is not a notable difference for the
GC-NIPs made at 1.1 V and 1.5 V while one can see the apparition of a signal at the
region 1700 cm? for the FTIR spectrum of GC-NIP prepared at 0.9 V due to the
overoxidation of the film during this procedure mimicking the extraction step.

FTIR spectra of GC-MIPs made by CV at different anodic potentials are shown in Figure
64-A and those obtained after the isoproturon extraction are shown in Figure 64-B.
These spectra show the same features as the GC-NIPs that means that the polymer films
are oxer oxidized when they are exposed to higher anodic potentials.

Table 5. Characteristic bonds obtained during the FT-IR analysis of Pyrrole 98% and Isoproturon.

Pyrrole, 98% Wa(‘(’:f]'q‘?[')gth
Radical bonds Literature FT'!R Inferences
reading
Cc=C 1700 - 1500 Egg C=C bonds in the molecule (strong)
735.3 Bonding of C-H in the molecule
C-H 860 - 680 839.5 (elongation)
1048.17
C—-N 1200 - 1025 1074.05 C-N bonds in the molecule (elongation)
1140.15
N_H 3500 - 3300 3403.18 N-H bonding in the molecule
(deformation)
Wavelength
Isoproturon (cm)
Radical bonds FT-IR Inferences
reading
>N-H 3307.35 >N-H bonds in the molecule
=C-H 2954.33 =C-H bonds in the molecule
C-H 2863.89 C-H bonds in the molecule
>C=0 1639.6 >C=0 bonds of amides with nitrogen in
structure
-NH> 1595.75 Scissors deformation of -NH>
>C=C< 1514.6 >C=C< elongation aromatic
C-N< 1413.98 C-N< elongation amines
2H-aromatic ring 823.7 Deformation of aromatic rings containing

2H bonded to the aromatic nuclei
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Figure 63. A) FTIR spectra of GC-NIPs made by CV at different anodic potentials; B) exposed to the
anodic potential when electrochemical procedure is used for the removal of isoproturon.
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Figure 64. A) FTIR spectra of GC-MIPs made by CV at different anodic potentials; B) exposed to the
anodic potential when electrochemical procedure is used for the removal of isoproturon.

GC-NIP and GC-MIP samples were also analyzed by XPS. Survey spectra (not shown)
show the main peaks of Cls, Ols and N1s that attest the presence of polymer film on
the carbon surface. Figure 65 and 66 shows high resolution spectra of Cls and Ols
contribution in GC-NIPs made by CV at different potentials before and after
isoproturon extraction. After deconvolution of Cls signal one can see the main
component centered in 285 eV with a small contribution at lower energy attributed to
the presence of pyrrole o and 3 carbons [228].
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The C1s signal also contains other contributions centered at 286 eV, 287 eV and 288.5 eV
attributed C-O, C-N, C=0, C=N, N-C=0 and O-C=0 bonds. The contribution of the Cls
peaks at higher energy is mainly observed for GC-NIP films electrochemically
synthesized by CV at anodic potentials 1.1 and 1.5 V and their contribution increase
after the extraction procedure. The presence of C=O contribution is observed even in the
sample of GC-NIP prepared at 0.9V and exposed to the extraction procedure for
isoproturon. This result confirms the overoxidation of GC-NIP as we have already by
FTIR measurements.
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Figure 65. High resolution spectra of Cls obtained with GC-NIP films made by CV at different anodic
potentials before and after extraction.

XPS high resolution Ols spectra of GC-NIPs are shown in Figure 66. One can see the
shift of the Ol1s main peak from 532.5 eV to values lower than 532 eV due to the increase
of the presence of C=0 and O-C=0O groups when GC-NIPs are exposed to higher anodic
potentials [229]. The same tendency is observed for GC-MIPs in the Figure 68 for GC-
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MIPs. Therefore, these XPS findings confirms without any doubt the impact of anodic
potential in the overoxidation of PPy films.
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Figure 66. High resolution spectra of O1s obtained with GC-NIP films made by CV at different anodic
potentials before and after extraction.

XPS high resolution spectra of Cls at GC-MIPs are shown in the Figure 67. The Cls
signal show the main component at 285 eV and also contains other contributions
centered at 286 eV, 287 eV and 288.5 eV attributed C-O, C-N, C=0, C=N, N-C=0 and O-
C=0 bonds. Here also is shown the contribution of the Cls peaks at higher energy for
GC-MIP films electrochemically synthesized by CV at anodic potentials 1.1 and 1.5 V
and their contribution increase after the extraction procedure. The effect of the anodic
potential in the overoxidation of the PPy film is present even in the sample of GC-MIP
prepared at 0.9 V and exposed to the removal procedure for isoproturon.
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Figure 67. High resolution spectra of Cls obtained with GC-MIP films made by CV at different anodic
potentials before and after extraction.
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Figure 68. High resolution spectra of O1s obtained with GC-MIP films made by CV at different anodic
potentials before and after extraction.
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4.4. Conclusion and perspectives

In this chapter we have shown the impact of several parameters in the behavior of MIP
sensor for the detection of the isoproturon. The MIP and NIP films were prepared either
by chronoamperometry or cyclic voltammetry and are characterized by Electrochemical
Impedance Spectroscopy (EIS), Atomic Force Microscopy (AFM) and EQCM
(Electrochemical Quartz Crystal Microbalance). EIS has permitted to put in the evidence
the influence of the excursion potential during the film formation or the isoproturon
release in the film conductivity. The removal potential of isoproturon at 1.5 V/Ag/AgCl
induces the overoxidation of the polypyrrole film and screens the increase of the film
conductivity due to the removal of isoproturon. This phenomenon is confirmed by XPS
and IR measurements which indicated a higher degree of presence of oxygen content
for MIP and NIP-PPy films prepared or exposed to higher oxidation potential. These
data permitted us to explain why the MIP polypyrrole films fabricated by cyclic
voltammetry at potential range lower than +1,0 V showed a better signal for the
isoproturon determination because the MIP film conductivity was preserved.
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CHAPTER V

“Electropolymerization of molecularly imprinted polymer
(MIP) film onto pure graphene electrodes for isoproturon
detection”
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5. CHAPTER V: Electropolymerization of molecularly
imprinted polymer (MIP) film onto pure graphene
electrodes for isoproturon detection

As graphene is known for its exceptional properties, the aim of this chapter is to
evaluate its applicability related to electroanalysis. The literature is abundant in
references to graphene-based electrochemical sensors for the detection of a wide range
of pollutants, but most often the graphene is mixed with several carbon materials as
carbon black and binders as polymers. It is therefore difficult to assess the intrinsic
properties of this material for electroanalytical applications.

In this chapter we have developed 100% graphene electrodes from a graphene that is
compatible with industrial development, because it is inexpensive: graphene produced
by electrochemical method. In a second part we studied the possibility of using these
graphene electrodes for the detection of isoproturon by methods similar to those of the
previous chapters.

5.1. Introduction

Graphene is the name given to a two-dimensional sheet of sp? — hybridized carbon
atoms [230]. It is one carbon atom thick layer, and its extended honeycomb network is
the basic building block of the other carbon allotropes, such as carbon nanotubes,
fullerene, and graphite [231]. Graphene can be stacked to form 3D graphite, rolled to
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Figure 69. A) The honeycomb structure of graphene, B) Molecular arrangement of carbon in graphene
and various bonding and forces involved during its self-assembly into graphite [258].

133



form 1D carbon nanotubes, and wrapped to form 0D fullerenes [230]. Long range m-
conjugation in graphene yields extraordinary thermal, mechanical, and electrical
properties (Figure 69-A). The average distance between two carbon atoms (single and
double bonds) in the structure of graphene has been found to be 0.142 nm. The 2D
graphene layers intercalate in either a hexagonal or rhombohedral arrangement to form
a graphite crystal lattice. The distance between the two layers of graphene is found to be
approximately 0.34 nm, and is subject to weak Van der Waals forces [232] (Figure 69-B).
Since its first exfoliation when Geim and co-workers at Manchester University reached
to isolate single-layer samples from graphite [233] (Figure 70-A), graphene has attracted
huge interest in scientific and in industrial communities and many extensive research
activities [211], [233]-[237] due to its physical and chemical properties. The Manchester
group performed a mechanical exfoliation of the graphene layers from graphite (see
Figure 68B). This way of production was the first one used at a large scale by the
scientific community in order to produce graphene samples. After 2004, new ways of
graphene production were developed in the laboratory. Graphene today can be
produced by using different methods, such as by a top-down mechanical exfoliation
[233] or by chemical exfoliation [238]-[243], a bottom-up chemical vapor deposition
(CVD) method [244]. In this work we adopt a top-down method involving the
electrochemical exfoliation of graphene layers from graphite electrode in a liquid media.
Fabrication of graphene in liquid media involving the production of graphene oxide,
either by acid exfoliation such as Hummers method or by electrochemical oxidative
exfoliation of bulk graphite electrode, followed by chemical reduction of the
intermediate graphene oxide products [245], provided to reach an easy way for the
production of graphene. The graphene products resulted to contain oxygen functional
groups which may be formed due to the oxidation between the graphene sheets which
facilitate the dispersion of the graphene sheets in aqueous and organic solvents leading
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Figure 70. A) Single layer graphene was first observed by Geim and Novoselov at Manchester University,
B) “Scotch tape” method to isolate graphene layers from graphite by continuous peeling with an
adhesive tape [233].
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to increased yields of exfoliate. But these oxygen containing functional groups decrease
the electrical conductivity of graphene sheets, and cannot be removed totally from its
structure through further chemical reduction processes [230], [246], [247]. The reduced
graphene oxide has a high density of sp® defects and is always contaminated with
graphene oxide and other undesired carbonaceous species [248], [249]. Finding a route
which leads to the production of less oxidized graphene sheets was always a big
challenge for the graphene production technology. Another way for graphene
production is sonication in organic solvent [250], but its disadvantages as method
include low yields and large amount of energy associated with any scale-up of the
process. At this stage it was known that in organic solvents the exfoliated graphene,
obtained either by chemical, physical or electrochemical methods can contain less
oxygen functional groups [251].

Furthermore, it has been shown that anions and cations can intercalate effectively
between the graphene sheets in bulk forms of graphite, for example anionic
intercalation can lead successfully to the exfoliation of graphite anode, but due to the
positive potentials required for anionic exfoliation these methods resulted generally in
the formation of functionalized graphene sheets [247], [250], [252]-[258]. The challenge
was to develop cationic intercalation which would avoid the formation of oxidative
products and reduce the presence of oxygen containing functional groups in the
structure of graphene. In the late 1970s was reported the graphitic electrode expansion
work driven by the intercalation of tetraalkylammonium cations [259], [260], but no
way for production of graphene was resented in that time. It was reported later that
tetrabutylammonium (TBA) can be chemically intercalated into graphitic carbon
structure and result in the formation of graphite intercalation complex (GIC) [258],
where the intercalated TBA ions can separate the graphite layers by 0.467 nm. However,
this process was not controlled electrochemically. Electrochemical intercalation is a
more controlled route for the formation of intercalated species [261]-[263].

Recently, some new methods have been developed for highlighting the graphene yield
and being cost-effective. These new methods are based in the modified Hummer’s
method [264], and widely used to produce graphene [246], [265]-[272]. However,
through these methods the produced graphene should pass through different stages.
Firstly, graphene oxide (GOx), a single monomolecular layer of graphite with various
oxygen-containing functional groups as most common type of chemically modified
graphene [247] should be reduced via thermal, chemical, electrochemical or
photochemical methods. The final product is a reduced graphene oxide (rGOx) which is
similar to pristine graphene. Furthermore, electrochemical exfoliation methods have
been also used for the exfoliation of graphite rod electrodes into graphene flakes based
on the intercalation of salt ions in-between the graphite layers during the exfoliation
process [25], [247], [248], [273]-[275]. The electrochemical exfoliation in aqueous salts
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leads to production of highly oxidative graphene flakes, which then can be converted
into reduced graphene oxide (rGOx) by any other reduction process. Some attempts
have been appeared through the years in the development of new electrochemical
exfoliation methods of graphite electrodes in organic salts media, leading in the
production of graphene flakes which are less oxidized and high yield [274], [275]. These
methods are less cost and easy prepared, which provide producing graphene from
graphite electrodes in-situ for just one or two small and fast stages.
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Figure 71. Different techniques used for graphene synthesis [276].
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A detailed summary of the synthesis of graphene using various techniques was recently
given by Bhuyan et al. 2016 [276] (Figure 71). Due to its interesting physico-chemical
properties, graphene has attracted interest for lots of applications, especially for
electronic devices, such as field effect transistors [233], [246], [277], [278], solar cells
[279], and for chemical sensing devices [280], [281]. Moreover, the electrochemical
exfoliated graphene electrodes modified with polypyrrole have been developed
recently and showed good properties for supercapacitor applications [282]. On the other
side another MIP-graphene-glassy carbon modified electrode has been developed for
determination of trimethoprim as antibacterial drug [83].

However, to the best of our knowledge, until nowadays no direct MIP-graphene
electrodes were developed for sensing applications. In this chapter we present a new
original method for the preparation of high purity graphene based on the
electrochemical exfoliation of graphite rod electrode in two different salt mediums, in
aqueous and in organic media. A mechanical method for the transferring of graphene
powder material onto polystyrene substrates has also been developed, which then were
used for the preparation of graphene/PS electrodes used for the electrochemical
fabrication of molecularly imprinted polypyrrole films dedicated to the isoproturon
detection.
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5.2. The fabrication process of graphene/polystyrene electrodes through
electrochemical exfoliation of graphite rod

The electrochemical exfoliation of graphite was performed in a two-electrode cell for the
case of graphite rod electrode exfoliation in aqueous liquid media, with a platinum
counter electrode (Figure 72-A). A three-electrode cell has been used for the
electrochemical exfoliation of graphite rod electrode in organic liquid media, where as a
reference electrode was used an Ag/AgCl electrode, and as a counter electrode was
used a platinum mesh cylinder electrode (Figure 72-B).

‘ Working electrode (WE) ‘ ‘ Counter electrode (CE) ‘ ‘ Reference electrode (RE) ‘

Figure 72. Electrochemical cell used for the exfoliation of graphite rod into graphene oxide/graphene
flakes, A) two-electrode cell used for graphite rod exfoliation in water media, and B) three-electrode cell
used for graphite rod exfoliation in organic media.

The above-described setup apparatus was connected to a potentiostat/galvanostat and
controlled with a PC using NOVA software. Electrochemical exfoliation process was
developed when the ions from the solution to intercalate between the graphite sp?
layers, destroying the Van der Waals weak bonds and leading to the graphene flakes

which fall at the bottom of the beaker under the gravitational force.

In Figure 73 is presented the graphite rod electrode before and after its electrochemical
exfoliation process. It can be clearly seen that graphite electrode has changed color from
ash to black after the process of its electrochemical exfoliation, leading to the loss of its
mass which go away as graphene flakes detached from the graphite electrode.
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Figure 73. Graphite rod electrode before and after electrochemical exfoliation process.

5.2.1. Electrochemical exfoliation of graphite rod into graphene flakes in aqueous
liquid media

In aqueous solutions, the electrochemical exfoliation process of graphite rod electrode
into graphene flakes contains some steps between: the first step includes the
electrochemical exfoliation of graphite rod electrode into graphene oxide (GOx)
powder, whereas the second step includes the reduction of obtained graphene oxide
with hydrazine hydrate into reduced graphene oxide (rGOx).

Electrochemical exfoliation of graphite has been performed in a two-electrode system
using a platinum curved wire as counter electrode and graphite rod as a working
electrode. Sulfate-containing salt such as (NH4)25O1 was chosen to be used as electrolyte
solution for the exfoliation step, as the best inorganic salt with highest exfoliation
efficiency, and the superior exfoliation efficiency of sulfate salts compared to other
anions can be attributed to the lower reduction potential of SO4* (+0.20 V) to generate
SO: gas [273]. Electrolyte solution was prepared by dissolving (NH4)2:SO: in water
(concentration of 0.1 M and pH ~6.5-7.0). A direct current voltage +10 V has been
applied to a graphite rod, and the current has been kept constant thanks to a voltage
booster (Autolab Booster) for several hours until the exfoliation step has been finished.
During the electrochemical exfoliation step the graphite sheets begin to dissociate and
disperse into the electrolyte solution, due to the intercalation phenomenon of salt ions
through the graphite sheets. The whole this process has been presented schematically in
Figure 74-A. When applying bias voltage results in a reduction of water at the cathode,
creating hydroxyl ions (OH") that can act as a strong nucleophile in the electrolyte. The
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nucleophilic attack of graphite by OH" ions initially occurs at the edge sites and grain
boundaries. The oxidation at the edge sites and grain boundaries then leads to
depolarization and expansion of the graphite layers separation, thereby facilitating the
intercalation of sulfate ions (SO4*) within the graphitic layers. During this stage, water
molecules may co-intercalate with the SO4*" anions. Reduction of SO+~ anions and self-
oxidation of water produce gaseous species such as SOz, Oz, and others, as evidenced by
the vigorous gas evolution during the electrochemical process [283], [284]. These
gaseous species can exert large forces on the graphite layers, which are sufficient to
separate weakly bonded graphite layers from one another [285].
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Figure 74. A) Schematic representation of the mechanism of exfoliation [273], B) exfoliated graphitic
sheets into graphene oxide, C) graphene oxide flakes after vacuum filtration step, D) graphene oxide in
powder.

After the exfoliation step the graphite rod electrode at the bottom of the cell is obtained
the amount of graphene oxide flakes, where a small amount is dispersed in the solution
(Figure 74-B). Afterward, the exfoliated product was collected by vacuum filtration
(Figure 74-C) and repeatedly washed with water to remove any residual salts. At the
end of the exfoliation step is obtained the graphene oxide powder (Figure 74-D).
Furthermore, the next step in the graphene electrode production process is the
reduction step of graphene oxide, as very important step which defines the basic
properties of the reduced graphene oxide materials. Consequently, the degree of
reduction of graphene oxide significantly influences the physical properties of
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chemically reduced graphene oxide materials [286]. There are different methods that
have been used for conversion of “graphene oxide” into “chemically reduced graphene
oxide”, such as by ultra-high vacuum heat [229], by chemical treatments (with
hydrazine/hydrazine derivatives [238], [277], [287], [288] or high-concentration
solutions of NaOH/KOH [289], by other chemical reductants, such as hydroquinone,
and sodium borohydride [290], [291] which may offer the advantages of being cheap
and up-scalable for fabricating graphene films. However, according to Directive 67/548/
EEC [292] hydrazine/hydrazine derivatives and NaOH/KOH are considered to be
dangerous substances labelled as T-N (toxic and dangerous for the environment) and C
(corrosive) respectively. Additionally, these methods have shown to be difficult to
derive relatively pure reduced graphene oxide with an oxygen/carbon atomic (O/C)
ratio of less than 6.25% [292].

However, in the very beginning of our work on graphene fabrication electrodes we
have chosen to use hydrazine hydrate (NH2-NH: x H20) as chemical reductant for the
reduction of graphene oxide. The chemical treatment of graphene oxide with hydrazine
hydrate is realized in a boiling flask in temperature (100 °C). =

In a boiling flask (250 ml) was added graphene oxide | | 4"‘" |
powder with pure water in concentration (3 mg/ml), and
sonicated for about 1h until the whole amount of graphene
oxide was dispersed in water and the mixture turns in dark
brown color. Then it was added (2 ml) hydrazine hydrate
and boiled at (T =100 °C) for about 24h (Figure 75). After the
treatment, the mixture was filtered and dried in oven at (T =
70 °C) for one night, in order to provoke evaporation and
remove the whole amount of the solution. The reduced

L

. ) ) Figure 75. Heat treatment of
graphene oxide (rGOx) was then stored in a clean and dried graphene oxide with

place for the further uses and characterization. Hydrazine hydrazine hydrate.
hydrate has been chosen as reductant because it does not

react with water and was found to be the best one in producing very thin and fine
graphene-like sheets [293].

During the reduction process, the brown colored dispersion of graphene oxide in water
turned black and the reduced sheets aggregated and precipitated [201], [294].
Hydrazine takes part in ring-opening reaction with epoxides and forms hydrazine
alcohols [293].

The reduction of graphene oxide sheets occurs only on the surface (Figure 76-A), where
the carboxylic functional groups were unlikely to be reduced from the graphene oxide
structure, whereas at the edge of the sheets the hydroxyl groups were still present even
after the reduction process [293]. So, the possible mechanism of the reduction of
graphene oxide with hydrazine has been shown in Figure 76-B.
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Figure 76. A) Oxidation of graphite to graphene oxide and reduction to reduced graphene oxide, B) A

proposed reaction [293].
Except hydrazine hydrate, there exist other possible routes to reduce graphene oxide,
such as using sodium borohydride (NaBHs) in aqueous solution where sodium
borohydride is more effective than hydrazine as a reductant of graphene oxide although
it can be slowly hydrolyzed by water [295]. The using of NaBHa4 treatment leaded to the
elimination of all the parent oxygen containing groups and the resultant solid became
IR inactive like pure graphite. There have also been developed some other strategies for
the reduction of graphene oxide, such as using hydroquinone [296], gaseous hydrogen
(after thermal expansion) [297], and strongly alkaline solutions [289]. Moreover, thermal
reduction was found to be another approach to reduce graphene oxide into reduced
graphene oxide by using the heat treatment to remove the oxide functional groups from
graphene oxide surfaces [298]. However, the attempt for the development a new single
stage route to produce highly quality of reduced graphene oxide still remain a
challenge.
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5.2.2. Electrochemical exfoliation of graphite rod into graphene flakes in organic
media

Cooper et al. 2014 have developed a single stage electrochemical exfoliation method for
the production of few-layers graphene via intercalation of tetraalkylammonium cations
[274], where it was stated that the electrochemical exfoliation of graphite rod electrode
can be achieved easy without sonication by intercalation of TBA cations [274].

In this work, we present a single stage of electrochemical exfoliation of graphite rod
electrode method for the production of graphene layers via intercalation of
tetrabutylammonium tetrafluoroborate (TBA BFs) cations. NMP (1-methyl-2-
pyrrolidone) was used as organic solvent due to its wide electrochemical window and
suitable organic solvent for exfoliation processes [299]-[303]. A three-electrode cell has
been employed for the electrochemical exfoliation of graphite rod electrode.
Chronoamperometry has been used as electrochemical method for the exfoliation of
graphite rod electrode at two different fixed potentials -5 V and -2.5 V for a time 6h
(21600 secs) and compared with each other. As an electrolyte is wused
tetrabutylammonium tetrafluoroborate (TBA BF4) C=0.1M dissolved in NMP (1-methyl-
2-pyrrolidone).

CA_-5V after 10 000 sec
_— -

i .
-
CA_-2.5V after 10 000 sec CA_-2.5V after 20 000 sec

CA_-2.5V after 0 sec

Figure 77. Electrochemical exfoliation at different times of exfoliation.

In Figure 77 is shown the electrochemical cell during the chronoamperometry
exfoliation of graphite rod electrode, and the images were taken at different times of
exfoliation. As seen at both of the potentials the exfoliation of graphite rod was
successfully reached after only 1000 s, but at -5 V the solution turns darks earlier than in
the case of exfoliation at -2.5 V.
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This method used for the fabrication of graphene from the direct electrochemical
exfoliation of graphite rod electrode has many advantages, such as: no need to use
current booster for the application of high voltage, and no need to perform reduction of
the exfoliated graphene products. Just after this step the graphene powder was then
filtered and dried in oven for about 10 hours at temperature around 100°C and then
stored in a clean place for the further treatment and characterization.

5.2.3. The transfer process of graphene powder onto polystyrene plates

For the fabrication of graphene electrodes, the graphene product as powder has been
transferred onto polystyrene plates through a mechanical pressing and heating process.
The whole graphene transfer process onto polystyrene plates begins with the dispersion
of graphene in pure ethanol (>99.99 %) in a concentration of 0.3 mg/ml under sonication
for about 1 h. In Figure 78 is illustrated the dispersion of graphene powder in ethanol
before (Figure 78-A) and after the sonication process (Figure 78-B).

Figure 78. A) Graphene powder in pure ethanol before sonication, B) dispersed graphene powder in
ethanol after 1h of sonication, C) vacuum filtration, and D) graphene powder embedded on the filter.
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After the dispersion step, the mixture (graphene dispersed in ethanol) is then filtered
under vacuum system with a paper filter size 0.25 pum (Figure 78-C), where the
graphene powder was embedded in the filter as precipitate (Figure 78-D). The filter
with graphene was inverted and placed in the center of a polystyrene plate, covered
with an aluminum foil and then fixed in a pressing machine under the conditions of
pressing 5 tons for 3 mins at the temperature 90 °C, see in Figure 79 the schematically
representation of the graphene transfer process on polystyrene plate.
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polystyrene plate and
. covered with
, aluminum foil

polystyrene
plate transfered

@
graphene P -
T t \
‘ Transfer of graphene

on the polystyrene
substrate under:
L —— p =5 tons
T=90°C
C=0.3 mg/mL

Figure 79. Schematic representation of the graphene transfer process on polystyrene used then for the
fabrication of graphene electrodes.

As result of the transfer process, we reach to have the transferred graphene onto
polystyrene plate which can be used then as substrate for the graphene electrode
preparation. The electrodes of graphene with a controlled working surface area have
been prepared through two different ways, through our own method in the laboratory
(the electrodes with circle working surface area) and through photolithography (the
electrodes with square working surface area). With our own method at the laboratory,
we were able to prepare the graphene electrodes with controlled surface area at (10 mm?
and 1 mm?), whereas with photolithography by using a mask we were able to prepare
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the graphene electrodes at several different surface areas (10 mm?2, 5 mm?, 1 mm? 500
pum?, 200 um?, 100 pum?). In Figure 80 are presented the two mentioned ways.

Mask for Graphene/PS lithography
photolithography electrodes

Graphene/PS

Figure 80. Fabrication process of graphene electrodes with controlled working area, A) with our own
method in the laboratory, and B) with photolithography.

With the same procedure we have been able to prepare the electrodes with other kinds
of powders, such as with graphene oxide (GOx) exfoliated in aqueous media, reduced
graphene oxide (rGOx) with hydrazine hydrate, reduced graphene oxide (commercial
one bought from USA), graphene exfoliated in organic solvent (at potentials -5 V and -
2.5V).

In the following sections of this chapter, we present different ways of characterization
of these electrode materials which are divided in two parts, the part of physical
characterizations and the part of electrochemical characterizations of our electrode
materials, followed by the Graphene-MIP sensors preparation and use them for the
isoproturon electrochemical determination.
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5.3. Characterization of different forms of graphene/polystyrene electrodes by
using various spectroscopy techniques

5.3.1. XPS characterization

XPS spectroscopy has been used for the chemical composition analysis of the graphene
materials at each stage during the production of graphene by using two different ways,
exfoliation in aqueous and in organic media, where the two methods have been
compared and showing different levels of oxidation. XPS spectrum of graphite is
performed and added to all the cases for comparison. Firstly, there are presented the
XPS spectra of graphene materials obtained during the electrochemical exfoliation of
graphite in aqueous media. The two regions Cls and Ols are presented here.
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Figure 81. C1s XPS spectra for graphite, graphene oxide exfoliated in aqueous media of 0.1M (NH,),SO4,
reduced graphene oxide with hydrazine hydrate and commercial reduced graphene oxide — USA. Black
curves express experimental data points and red ones are fitting curves for spectra.

The Cl1s region is appeared with an asymmetric peak (Figure 81) at 284.5 eV for the case
of graphite [304]. This main peak appeared for the XPS Cls spectra in all the cases, and
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it is explained as many-electron interactions of the metallic conduction electrons
induced by low energy electron-hole excitations resulting from absorption of X-rays
[305], and originates in both sp? — hybridized graphite-like carbon atoms as a C-C sp?
contribution and in carbon atoms bound to hydrogen atoms, whereas a peak at 285.1 eV
is assigned to sp?® — hybridized carbon atoms as in diamond-like carbon as a C-C sp?
contribution [305]. The Cls spectra have been fitted using a Gaussian contribution
centered [304]-[306]. Peaks with higher binding energies located at 286.6 eV for
graphene oxide and for reduced graphene oxide have been observed, and at 286.3 eV
for commercial reduced graphene oxide [229], as C-O-, C=0O, COO- and m-m
contributions.
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Figure 82. O1s XPS spectra for graphite, graphene oxide exfoliated in aqueous media of 0.1M (NH,4)2S0,,
reduced graphene oxide with hydrazine hydrate and commercial reduced graphene oxide — USA. Black
curves express experimental data points and red ones are fitting curves for spectra.

In Figure 82 is presented the Ols spectra for all the cases, where is shown that after the
chemical reduction of graphene oxide with hydrazine hydrate the Ols main peak was
decreased indicating an efficient chemical reduction process of the graphene oxide,
lowering the degree of oxidation from 30% to 17.5%, whereas in the case of commercial
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reduced graphene oxide for Ols are observed two main peaks (at 531.6 eV and at 533.5
eV) increasing the degree of oxidation at around 45% [229].

Counts (x1000) / s

292

Binding energy (eV)

290

288 286

284

282 292 290 288 286

282

150+

Graphene (-2.5 V) - lithography
(C1s)

100+

0f

\ Graphene (-2.5 V) (C1s) \

+150

+100

!
T

(o)

o

(x1000) / s

\ Graprllite (Clsl) \

150

1001

50

AR
g
Counts

+100

290 288 286 284

282292 290

Binding energy (eV)

Figure 83. C1s XPS spectra for graphite, for graphene exfoliated in 0.1M TBA BF, dissolved in NMP (1-
methyl-2-pyrrolidinone) by CA at -5.0 V and at -2.5 V, and for graphene exfoliated by CAat-2.5V
exposed with photolithography. Black curves express experimental data points and red ones are fitting
curves for spectra.

In the case of graphene exfoliated in 0.1M TBA BFs dissolved in NMP (1-methyl-2-
pyrrolidinone), the C1s XPS main spectra presented in Figure 83, showed a higher peak
intensity for graphite than in the graphene exfoliated at -5.0 V, while compared to the
peak intensity observed in the case graphene exfoliated by CA at -2.5 V, equal intensity
values can be read. According to the XPS spectra for graphene exfoliated by CA at -2.5
V after exposing with photolithography was showed a lower peak intensity compared
to that one without performing photolithography. On the other side, in Figure 84 are
showed the Ol1s XPS spectra observed at higher binding energies, where clearly can be
seen that in the case of graphene exfoliated at -2.5 V exposed with photolithography
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compared to the other structures, it shows a higher peak values intensity for the
presence of oxygenic groups on its structure.
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Figure 84. O1s XPS spectra for graphite, for graphene exfoliated in 0.1M TBA BF, dissolved in NMP (1-
methyl-2-pyrrolidinone) by CA at -5.0 V and at -2.5 V, and for graphene exfoliated by CA at-2.5V
exposed with photolithography. Black curves express experimental data points and red ones are fitting
curves for spectra.

The histograms presented in Figure 85 show the atomic percentage of the different
bounds for all the cases indicating that graphene materials exfoliated in 0.1M TBA BFa
dissolved in NMP (1-methyl-2-pyrrolidinone) showed to contain less oxygenic
functional groups in their structure, whereas the graphene oxide exfoliated in 0.1M
(NH4)2SOs which was further reduced with hydrazine hydrate shows to be more
contaminated with oxygenic functional groups, including that one of commercial
reduced graphene oxide [229].

149



Atomic (%)

50 Ols I c-oH
C-0-C
40 -
g 30
T
E 20 4
Qﬁ -
10 -
ol B ._\ B
(,ﬁ‘“;‘\e o & .-_\\\ - ‘ﬁ“\\
(,ﬁ@“e (,ﬂ\‘m ﬁ\ };\\ -+

oF sQ

Figure 85. The atomic percentage of different oxygenic bounds for the case of C1s (above) and for Ols
(below).

In the case of reduced graphene oxide with hydrazine, it has been shown a decrease of
main Cls peak, where no difference was obtained in higher binding energies, whereas
in the case of commercial reduced graphene oxide both peaks intensity has been
increased and their positions shifted a little, due to the presence of oxygenic functional
groups and high defect levels in its structure.

In Figure 86 is presented the ratio [C(O)]/[C] determined from the Gaussian fits to the
peaks of the Ols XPS data calculated according to the following equation [306]:

[C (O)]/[C] = total content of C (O) (%)/total content of C1s (%) ........ (5.1)
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High ratio values were obtained for graphene oxide, commercial reduced graphene
oxide and for graphene exfoliated at -2.5 V exposed with photolithography. Low ratios
are obtained for graphene exfoliated in 0.1M TBA BFs dissolved in NMP (1-methyl-2-
pyrrolidinone) at potential -2.5 V. Hence, the overall analysis of XPS results
demonstrates that during the electrochemical exfoliation of graphite in solution of
(NH4)2SO4 0.1IM resulted in production of highly oxidized graphene, whereas the
graphene produced by electrochemical exfoliation of graphite in organic solution
showed lower ratio values. Summary analysis of XPS data were presented with table in
Appendix 3.
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Figure 86. Obtained values for the ratio [C (O)]/[C] for all the cases.

5.3.2. Raman characterization

Raman spectroscopy as a standard non-destructive tool can be used for the analysis of
structural configuration of carbon materials, such as graphite, diamond, carbon
nanotubes, graphene and graphene oxide [304], [307]. Raman spectra were carried out
for all the graphene samples at each step of the procedures during the electrochemical
exfoliation of graphite in both aqueous and organic mediums. As a reference the Raman
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spectrum of graphite has been performed and added to all the cases for comparison. In
Figure 87 and in Figure 88 are presented the Raman spectra of the different graphene
and graphite samples produced and used during this PhD thesis work. In all the cases
three characteristic bands are observed. The D-band which is correlated with the
presence of a given density of defects in the structure of the carbon materials was
observed at around 1332cm™ — 1340cm™. The G-band observed at around 1580cm!
comes from the in-plane vibration of carbon atoms with sp? hybridization [308]. A
strong band at around 2680cm™* known as 2D-band (or G’ band) which comes from
two-phonon process which occurs between the K and K; point of Brillouin space, is
correlated with the electronic structure of the graphene and graphite samples and is
independent with the presence or not of defects in the structure [308] (Figure 87).
According to the results shown in Figure 87, an increasing of the D-band peak intensity
is observed after the electrochemical exfoliation of graphite in aqueous media, and this
band decreased after the chemical reduction with hydrazine hydrate. In the case of
commercial graphene, obtained by Hummer’s method the structuration of the D-band
spectral windows highlighted a high degree of defects and a low degree of organization
of the crystallographic structure.
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Figure 87. Raman spectra of graphite, graphene oxide (GOx), reduced graphene oxide (rGOx),
commercial reduced graphene oxide (rGOx - USA).
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These Raman spectra show the structure of graphene oxide exfoliated in aqueous
media, reduced graphene oxide with hydrazine and commercial reduced graphene
oxide contain high defects which are due to the size of the graphene flake and to the
presence of oxide generated by the electrochemical exfoliation of graphite rod
electrodes in aqueous media. In the case of the Raman spectra of graphene exfoliated
from graphite rod electrode in 0.IM TBA BF: dissolved in NMP (1-methyl-2-
pyrrolidinone) by CA at potentials -5.0 V and -2.5 V (Figure 88), the intensity of D-band
peak obtained for graphene (-5.0V) is higher than that one of graphite, but not in the
case of graphene (-2.5V) which shows a lower D-band intensity (Figure 88-B). From the
analysis of these Raman results is shown that graphene exfoliated from graphite rod
electrode in organic media by CA at potential -2.5 V shows a low degree of defects in its
structure, even less than graphite used as base material for the graphene fabrication.
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Figure 88. Raman spectra of graphite, graphene -5V, and graphene -2.5V with three characteristic bands
(A), and with D- and G-bands (B).

As the starting material is the same for all graphene i.e., the graphite rod, the difference
in the D-band intensities between the two ways of graphene exfoliation, is correlated
with the oxidation of the graphene sheets induced by the exfoliation in water compared
to the exfoliation in organic media. Finally, the Raman spectra highlighted that the
graphene samples obtained by exfoliation in organic media presented a low degree of
defects, and high degree of organization, according to the 2D band compared to the
graphene exfoliated in water. The high degree of oxidation of the water media
exfoliated graphene despite the reduction step by using hydrazine is highlighted by the
high intensities of the D-band.
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5.3.3. IR characterization

IR spectroscopy has been used in order to study the different types of functional groups
formed in the structure of graphene powder at different steps during the
electrochemical exfoliation in aqueous and organic media.
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Figure 89. IR spectra of graphite, graphene oxide exfoliated in aqueous media of 0.1M (NH4)2S0,,
reduced graphene oxide with hydrazine hydrate and commercial reduced graphene oxide.
The IR spectra of graphite, graphene oxide exfoliated in aqueous media of 0.1M
(NH4)2504, reduced graphene oxide with hydrazine hydrate, and commercial reduced
graphene oxide are presented in Figure 89. A band has been observed at 1573 cm™ due
to the presence of C-C stretching in graphite electrode, and also it was obtained in all
the other samples [309]. At around 1385 cm™ was observed the C-OH band which is
characteristic for phenols [310] was obtained in all these cases, apparently in the case of
graphene oxide and reduced graphene oxide the band was more intense [304]. The C-O-
band was observed at around 1000 - 1150 cm™, which is characteristic for stretching of
ether group [304], and was obtained for all the samples. Based on these analyzed IR
results we claim that during the electrochemical exfoliation of graphite rod electrode in
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aqueous media, we further increase oxidation level of the material, and that is why we
see the presence of high oxygenated functional groups. Moreover, in the case of IR
spectrum of the commercial reduced graphene oxide it was obtained the C=0 band at
around 1700 - 1760 cm™ which is typically for carboxylic acids or esters. Furthermore,
the band obtained at 1600 — 1640 cm™ is >C=C< aromatic stretching band characteristic
for aromatic rings and was obtained for all the samples presented in Figure 86. In the
other hand, when the electrochemical exfoliation of graphite rod electrodes has been
performed in 0.1M TBA BF. dissolved in NMP (1-methyl-2-pyrrolidinone) by CA at the
potential (-5.0V) and (-2.5V) the presence of different oxygenated functional groups at
the same regions was not obtained anymore. As seen from Figure 90 in the case of
Graphene (-5.0 V) and Graphene (-2.5 V) samples at the region 1600 - 1640 cm™ the
structure of graphene showed a much higher presence of >C=C< aromatic stretching
band characteristic for aromatic rings. At around 1000 - 1150 cm™ the C-O- band was
observed for the case of graphene exfoliated at -5.0 V and for the case of graphene
exfoliated at -2.5 V after exposure in photolithography, but not in the case of pure
graphene exfoliated at -2.5 V. Here, we express that the graphene products exfoliated in
organic solvents media have shown to contain less oxygenated functional groups than
the graphene one which has been exfoliated in aqueous solvents.
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Figure 90. IR spectra of graphene (-5.0 V), graphene (-2.5 V), and graphene (-2.5 V) exposed in
photolithography, exfoliated in in 0.1M TBA BF, dissolved in NMP (1-methyl-2-pyrrolidinone) by CA.
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5.3.4. Electrical conductivity measurements

After the transfer of the powder of graphite, graphene oxide exfoliated in aqueous
media, reduced graphene oxide with hydrazine hydrate, commercial reduced graphene
oxide, graphene exfoliated in organic solvents by CA at potentials -5.0 V and -2.5 V and
that one exfoliated at -2.5 V after exposure in photolithography onto polystyrene
wafers, the samples were analyzed by measuring their resistance with a four-point
probe system (Keithley 2700 Multimeter) [311]. The conductivity of the electrodes has
been presented with histogram in Figure 91.
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Figure 91. Four-point probe electrical conductivity measurements of different samples transferred on
polystyrene substrate.

The conductivity of the graphene oxide exfoliated in aqueous media of 0.1M (NH4)2504
was around 40 times lower than graphite as base material, whereas after the chemical
reduction with hydrazine hydrate the conductivity was increased and is only 2 times
lower than graphite material. Whereas in the case of graphene exfoliated in 0.1M TBA
BF. dissolved in NMP (1-methyl-2-pyrrolidinone) at the potential -2.5 V has shown the
highest electrical conductivity, about 4 times higher than graphite sample, and around
seven times higher than the reduced graphene oxide, and showing to be the best one.
Low electrical conductivity has been observed on the samples of commercial reduced
graphene oxide. Graphene (-2.5 V) after exposure with photolithography showed a
lower electrical conductivity that without lithography.
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5.4. Electrochemical characterization of graphene/polystyrene electrodes

5.4.1. Electrochemical window

The electrochemical window (EW) of a substance is the potential range (voltage range)
between which the substance is neither oxidized nor reduced. The EW is one of the
most important characteristics to be identified for electrodes, solvents and electrolytes
used in electrochemical applications. In this context we have tested the best graphene (-
2.5 V) transferred on polystyrene plate electrodes for the electrochemical activity. Two
methods have been used for the study of electrochemical window of different kinds of
graphene electrodes, linear sweep voltammetry (LSV) and cyclic voltammetry (CV). The
electrochemical working area for all kinds of electrodes was A =3 mm?. In Figure 92
have been shown the measurements obtained for the glassy carbon electrode (GCE),
graphite/PS electrode and for graphene (-2.5 V)/PS electrode in a solution of lithium
perchlorate LiClOs (0.1M) dissolved in an ethanol/water solvent (20/80 v/v), whereas the
data extracted for all the electrodes are presented in Table 6.
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Figure 92. Electrochemical stability windows of Glassy Carbon, Graphite/PS, and Graphene (-2.5 V)/PS
electrode obtained by A) linear sweep voltammetry (LSV), and B) cyclic voltammetry (CV), in a solution
of LiClO4 (0.1M) (20/80 ethanol:water v/v). Scan rate 100 mV/s.

According to results presented in Figure 92-A, the graphene (-2.5 V)/PS electrode
exfoliated in 0.1IM TBA BF4 in NMP (1-methyl-2-pyrrolidinone) prepared without
photolithography shows the highest anodic stability (1.85 V) when compared to the

157



others and widest electrochemical window (3.8 V). Electrochemical activity is also
improved compared to that one of glassy carbon electrode (see Table 6), whereas in the
case of graphene (-2.5 V)/PS prepared with photolithography the electrochemical
activity it was not as satisfied. The graphene oxide/PS electrode exfoliated in 0.1M
(NH4)2SO4 and graphene oxide/PS electrode reduced with hydrazine hydrate did not
show any electrochemical activity. Moreover, the capacitive currents measured from the
cyclic voltammograms (Figure 92-B) at +0.1V showed the same behavior of the
electrodes, a very high capacitive current for the case of graphene oxide/PS and reduced
graphene oxide/PS electrodes, and tightly capacitive currents for the graphene (-2.5
V)/PS electrodes.

Table 6. Data presented for the electrochemical stability windows of different electrodes.

Electrode Cathodic limit Anodic limit Electrochemical | Capacitive current
\2) (V) window (V) (1A)
GCE -2 1.8 3.8 5.5
Graphite/PS -1.75 14 3.15 8.5
GOx/PS 0 0 0 327
rGOx/PS 0 0 0 300
Graphene(-5V)/PS -1.65 1.75 3.4 16
Graphene(-2.5V)/PS -1.95 1.85 3.8 5
Graphene(-25V)/PS - 175 1.75 35 8.3
lithography

These data indicated that graphene which has been exfoliated electrochemically from
graphite rod electrode in organic solvents showed a better electrochemical activity than
that one which has been exfoliated in aqueous media.

5.4.2. Electrochemical probes characterization

5.4.2.1.  Delamination study of the graphene electrodes

The delamination is a very common issue in electrodes prepared from the powder
materials, such as graphite and graphene when transferred by pressing and heating
onto polystyrene plates used as substrate material, and this happens due to the
adhesion strength between the electrode layer and substrate. In order to check the
adherence between the graphene powder and the substrate here we characterize the
delamination phenomenon of electrodes by cyclic voltammetry in a redox probe of
terricyanide K4[Fe(CN)s] (2.5 mM) dissolved in 0.1M KCI. The idea was to obtain the
cyclic voltammetry in this electrolyte with GC electrode, graphite/PS electrode and
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graphene (-2.5 V)/PS electrode before and after the performing electrochemical window
in order to see if these electrodes are stable at higher and lower potentials, within their
electrochemical windows respectively. Figure 93-A presents the voltammograms
observed at the GCE, graphite/PS and graphene (-2.5 V)/PS electrodes before
performing the electrochemical window, where was shown that the anodic peak which
presents the oxidized state of ferricyanure ions, was observed at +0.25 V for GCE, at
+0.205 V for graphite/PS and at +0.18 V for graphene (-2.5 V)/PS electrode, whereas the
cathodic peak which presents the reduced state of ferricyanure ions was observed at
+0.09 V for GCE, at +0.05 V for graphite/PS electrode and at +0.11 V for graphene (-2.5
V)/PS electrode.
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Figure 93. Cyclic voltammetry of GCE, graphite/PS, and graphene (-2.5V)/PS electrodes in Ks[Fe(CN)¢] 2.5
mM + KCI 0.1M before the performing of electrochemical window A), and after the performing of
electrochemical window B), C), and D). Scan rate 10 mV/s.

Just after this step the same electrodes have been used for evaluating electrochemical
window (already presented in section 5.4.1.), and then electrodes have been tested once
again with redox probe. The Figures 93-B, 93-C and 93-D present the superposition of
the voltammograms observed before and after window. The GCE and graphene (-2.5
V)/PS electrodes did not show big difference, but in the case of graphite/PS electrode we

159



see widest (Ipa/Ipc) ratio after performing the electrochemical window leading in
delamination of graphite powder from the polystyrene. As known the delamination
process of the electrodes happens gradually [312]. In addition, was performed the CV
redox probe on graphene (-2.5 V)/PS electrodes for about 50 scans, but no difference
between the scans was observed, providing a strong adherence between the graphene
powder and the polystyrene with no causing of the delamination.

5.4.2.2.  Ewvolution of the electrochemical active area

Furthermore, we decided to use for the future analysis was decided to be used the
graphene which has been exfoliated in 0.1M TBA BF. dissolved in NMP (1-methyl-2-
pyrrolidinone) by CA at potential -2.5 V and transferred onto polystyrene substrate, as
best material for electrode preparation. The graphene (-2.5 V)/PS electrodes have been
fabricated at different working areas with two methods: with our own method at the
laboratory and with the method of photolithography (see section 5.2.3. in this Chapter).
The graphene (-2.5 V)/PS electrodes fabricated with our own method in the laboratory
were in circle shape at surfaces of 10 mm? 3 mm? and 1 mm?, whereas the graphene (-
2.5 V)/PS electrodes fabricated with the method of photolithography were in square
shape at surfaces of 10 mm?, 10 mm?, 500 um?, 200 pm?, and 100 um?. For the evaluation
of electrochemical active area, cyclic voltammetry responses were recorded in two
different redox probes, in hexaammineruthenium (III) chloride and/or in potassium
hexacyanoferrate (III) [Ks Fe(CN)¢], both at concentration (2.5 mM) and dissolved in KCl
0.1M at different scanning rates (1000 mV/s, 750 mV/s, 500 mV/s, 250 mV/s, 100 mV/s,
50 mV/s, 25 mV/s, 20 mV/s, 15 mV/s, 10 mV/s, 5 mV/s, and 1 mV/s). In the case of
graphene (-2.5 V)/PS electrodes fabricated by our own method in the laboratory the
oxidation and reduction peaks were well defined for the both redox probes, whereas
those fabricated with photolithography responded only in Ru III redox probe, and no
response is shown in ferrocyanide probe. In Figure 94-A and 94-B are presented one
example of cyclic voltammograms obtained at different scanning rates by using
graphene (-2.5 V)/PS electrode with a geometrical working surface area (10 mm?) in
both redox probes with following redox reactions:

Ru(NH:)e* + e- & Ru(NHs)é............. (5.2)

Fe(CN)s* + & © Fe(CN)6 ......vveeen (5.3)
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Figure 94. Cyclic voltammetry on graphene (-2.5 V)/PS electrode using hexaammineruthenium (l11)
chloride (C=2.5 mM) (A) and potassium hexacyanoferrate (lll) (C=2.5 mM) (B), dissolved in KCl 0.1M, at
different scanning rate, from 1000mV/s (larger curves) low to 1mV/s (smaller curves).

The same evolution as presented in Figure 94 was obtained for all the graphene
electrodes fabricated with controlled working surface area by using the two methods,
our own method in the laboratory and photolithography. Representative cyclic
voltammograms of hexaammineruthenium (III) chloride redox in its aqueous solution
containing also KCl (Figure 95) show the effect of changes of the scan rate obtained on
graphene (-2.5 V)/PS electrodes fabricated in the laboratory at different working areas
10 mm?, 3 mm?, and 1 mm?.

07 06 -05 -04 03 -02 -01 00 01 02 07 06 -05 -04 03 02 -01 00 01 02
E (V vs Ag/AgCl) E (V vs Ag/AgCl)

—— 1000 mV/s
—— 750 mV/s 20
500 mV/s
— 250 mV/s
100 mV/s
——50mV/s
25 mV/s
——20mV/s

I (nA)

07 -06 -05 -04 -03 -02 -01 00 01 02

E (V vs Ag/AgCl)

Figure 95. Cyclic voltammetry at different scanning rate on graphene (-2.5 V)/PS electrodes fabricated
with our own method in the laboratory using aqueous solution of hexaammineruthenium (ll1) chloride (C
= 2.5 mM) + KCl 0.1M with three different working electrode surface areas A) 10mm?, B) 3mm?, and C)

1mm?.
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The voltammograms illustrate that as the voltage becomes more positive, an anodic
peak current (Iox) is observed at the peak potential (Ew), indicating that
hexaammineruthenium ions are converted at oxidized form Ru(NHs)e** according to
reaction (5.2). During the return scans, the voltage becomes less positive and the process
is inversed, consequently a reduction process of Ru(NHzs)s> ions is now occurring and a
cathodic peak current (I.d) is observed at the cathodic peak potential (Ered).
Hexaammineruthenium (III) chloride redox probe exhibits reversible oxidation in all the
graphene electrodes at all the working areas.
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Figure 96. Cyclic voltammetry at different scanning rate on graphene (-2.5 V)/PS electrodes fabricated
with our own method in the laboratory using aqueous solution of potassium hexacyanoferrate (lll) (C =

2.5 mM) + KCl 0.1M with three different working electrode surface areas A) 10mm?, B) 3mm?, and C)

1mm?.

In Figure 96 are presented the cyclic voltammograms of potassium hexacyanoferrate
(IIT) redox probe in KCI with the changes of scanning rate obtained on graphene (-2.5
V)/PS electrodes fabricated in the laboratory at different working areas 10 mm?, 3 mm?,
and 1 mm?. Also, here when the voltage becomes more positive an anodic peak current
(lx) was observed at potential (Eox) indicating that the hexacyanoferrate ions are
converted in oxidized form Fe(CN)s*, whereas in return scan at less positive potentials

the reduction occurs according to the equation (5.3). The anodic and cathodic peak
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potential separation (AEp = Eox — Ered), and the intensities Iox and Iwa are followed versus
the scanning rate. These evolutions are summarized in Figure 97-A for the case of
hexaammineruthenium (III) chloride probe, and in Figure 97-B for the case of potassium

hexacyanoferrate (III) probe.
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Figure 97. Variation of AE versus the scanning rate for both electrochemical probes A)
hexaammineruthenium (l1) chloride, B) potassium hexacyanoferrate (lll) obtained on graphene (-2.5
V)/PS electrodes fabricated with our own method at different values of working surface area.

In hexaammineruthenium (II) chloride probe, the separation potential values (AE) can
be considered as constant according to the error bars. At low scanning rates the AE was
found to be between 50+3.6 mV and 100+5.2 mV, indicating that the process is
reversible and higher values of AE were observed for the higher working electrode
surface areas. In potassium hexacyanoferrate (III) probe higher AE separation values
have been observed, which may come from the possible modifications of the surface of
graphene electrodes causing not very good contact with the Fe(CN)e** ions [313]. The
AE values obtained were 75+4.8 mV and 150+5.6 mV and increased with the working
area surface. The intensities of the anodic and cathodic peaks are also followed versus
scanning rate. The peak current ratio of the reverse and the forward scans is equal to
unity (lox/Ira = 1.0) and was independent of the scan rate for all the working areas
(Figure 98). It was also found that the peak currents were essentially constant for
several cycles. In order to compare the behavior of the different working areas of

163



graphene electrodes, the intensities were divided by the geometrical surface area and
the evolution of the current densities versus the square root of the scanning rate has
been plotted for all the cases and presented in Figure 98 for both electrochemical
probes.
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Figure 98. Evaluation of current densities versus the square root of the scanning rate for both
electrochemical probes A) hexaammineruthenium (ll1) chloride, B) potassium hexacyanoferrate (l11)
obtained on graphene (-2.5 V)/PS electrodes fabricated with our own method at different values of

working surface area.

Basically, for each electrochemical probe the two linear regions have been observed for
the working surface area at 10 mm?, whereas in the case of ruthenium (III) probe at 3
mm? and 1 mm? there was obtained linear range (Figure 98-A), and two linear ranges in
hexacyanoferrate (IIl) probe (Figure 98-B) for the given surface areas. The slopes
associated to the different working areas and different electrochemical probes are
summarized in Table 7.

Table 7. Extracted data by plotting the slopes from the evaluation of current densities versus square
root of the scanning rate for graphene (-2.5 V)/PS electrodes from the Figure. 98-A and 98-B.

Probe: Hexaammineruthenium (ITI) chloride in KCl1

Geometrical area Active area Slope of line equation R?
10 mm? 7.9 mm? 4.357 0.9993
3 mm? 2.7 mm? 1.2934 0.9951
1 mm? 0.93 mm? 0.8203 0.999

Probe: Potassium hexacyanoferrate (III) in KCI

Geometrical area Active area Slope of line equation R?
10 mm? 6.9 mm? 3.8307 0.7136 0.994 0.9856
3 mm? 2.01 mm? 1.0293 0.3758 0.9917 0.9843
1 mm? 0.89 mm? 0.3891 0.1441 0.9955 0.9914
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These results highlight an important dependence of the reaction kinetics with the

working area and with the electrochemical probes. Redox systems, such as Fe(CN)e*/*

are very sensitive to the modifications of the electrode surface and the electron transfer

rates are strongly dependent on surface history [313]. That may be the reason why we

haven’t obtained the same behavior. Furthermore, when we used the graphene (-2.5

V)/PS photolithography electrodes at different working areas, it was impossible to

obtain the anodic and cathodic peaks in potassium hexacyanoferrate (III) probe after the

lithography step. Whereas in hexaammineruthenium (III) chloride probe the obtained

cyclic voltammograms by graphene (-2.5 V)/PS photolithography electrodes are shown
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Figure 99. Cyclic voltammetry at different scanning rate on graphene (-2.5 V)/PS electrodes fabricated
with photolithography using hexaammineruthenium (ll1) chloride (C = 2.5mM) in KCI 0.1M with different
working electrode surface areas A) 10mm?, B) 5mm?, C) Imm?, D) 500um?, E) 200pum?, and F) 100pum?.

The electrochemical signal at higher working surface area, respectively at 10 mm? 5

mm?, and 1 mm? show a Iov/Ired ratio closed unit (see Figures 99-A, 99-B, 99-C) and a

165



higher AE separation value than in the case of electrodes fabricated without
lithography, whereas at lower working electrode surface areas, respectively at 500 pm?,
200 pm?, and 100 pm? the cyclic voltammogram signal belongs to the microelectrode
behavior [314] (see Figures 96D, 96E, 96F). The data are shown in Table 8.

Table 8. Variation of AE versus the scanning rate for both electrochemical probes
hexaammineruthenium (lll) chloride obtained on graphene (-2.5 V)/PS electrodes fabricated with
photolithography method at different working surface areas.

Probe: Hexaammineruthenium (ITI) chloride in KCl1

Scan rate AE (V) AE (V) AE (V) AE (V) AE (V) AE (V)
(mV/s) A=10mm? | A=5mm? A=1mm? | A=500um? | A=200pum? | A =100pum?

1000 0.2 0.155 0.13 0.115 0.13 0.16
750 0.185 0.15 0.135 0.11 0.135 0.11
500 0.17 0.14 0.145 0.12 0.145 0.16
250 0.145 0.135 0.155 0.135 0.15 0.16
100 0.115 0.13 0.165 0.14 0.155 0.15
50 0.11 0.145 0.16 0.14 0.165 0.145
25 0.115 0.15 0.155 0.135 0.16 0.144
20 0.12 0.155 0.15 0.14 0.155 0.14
15 0.125 0.145 0.15 0.145 0.16 0.14
10 0.125 0.14 0.145 0.14 0.16 0.13

5 0.13 0.15 0.15 0.145 0.155 0.143
1 0.135 0.14 0.135 0.13 0.125 0.13

Here we will consider the reversible reaction of hexaammineruthenium (III) chloride
and potassium hexacyanoferrate (III) for the calculation of the working electrode active
area reversible reaction on all the surfaces for graphene (-2.5 V)/PS electrodes fabricated
with our own method in the laboratory, whereas only hexaammineruthenium (III)
chloride probe show reversible reaction at high working geometrical area for graphene
(-2.5 V)/PS photolithography electrodes. The electrochemical active area of the graphene
electrodes has been calculated using Randles-Sevick equation for totally reversible
reactions presented in the previously parts [315]:

ip = 20.446 NFAC(“) ... (5.4)

-where: n-number of electrons involved, v - scanning rate (mV/s), F - Faraday’s constant
(A smol?), T - temperature (K), A - electrode active area (cm?), R - perfect gas constant (J
mol! K1), c - concentration of the electrochemical probe (mol dm), and D - diffusion
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coefficient of the electrochemical probe (cm? s). The calculated working active area (A)

for all the cases were summarized in Table 9.

Table 9. Calculated active working surface area using Randles-Sevick equation for graphene (-2.5 V)/PS

electrodes fabricated with our own method for both electrochemical probes.

. Ru (NH3)e3+2* Fe (CN)¢>/+
Geometrical surface area ) )
Active surface area Active surface area
(mm?)
(mm?) (mm?)
1 0.93 (93%) 0.89 (89%)
2.7 (90%) 2.01 (67%)
10 7.9 (79)% 6.9 (69%)

In general, the active area of the electrodes is lower to geometrical ones. Indeed, in the
case of hexaammineruthenium (III) chloride probe, according to the error bars, the
working active area are closed to the geometrical ones matching from 79% - 93% for
graphene (-2.5 V)/PS electrodes fabricated with our own method in the laboratory and
around 71% - 89% for the graphene (-2.5 V)/PS photolithography electrodes, whereas in
the case of potassium hexacyanoferrate (III) probe, according to the error bars, the
working active area are closed to the geometrical ones matching from 69% - 90% for
graphene (-2.5 V)/PS electrodes fabricated with our own method in the laboratory.

5.4.2.3.  Calculation of the kinetic constant (ko)

In order to evaluate the electronic behavior of the two different probes, the different
working surface areas, and the effect of photolithography, it is necessary to calculate the
electronic transfer rate [313] by simulation using Digisim® software. The theoretical
approach in the Digisim® software is based on a fast implicit finite difference method
which is achieved by combining the exponentially expanding space model with the
DuFort-Frankel algorithm [316]. By using this theoretical model, it is possible to
evaluate homogenous or heterogeneous rate constant of any order of magnitude with
potential steps of several millivolts. In Figure 100 are presented the simulated cyclic
voltammograms by using Digisim® software as the theoretical approach and a
superposition with the experimental cyclic voltammograms has been done for the case
of graphene (-2.5 V)/PS electrodes fabricated with our own method with working
surface area of 10 mm? in both hexaammineruthenium (III) chloride probe and in
potassium hexacyanoferrate (III) probe (see Figure 100-A and 100-B), whereas for
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graphene (-2.5 V/PS photolithography electrodes we observed results only in
hexaammineruthenium (III) chloride probe (Figure 100-C).
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Figure 100. The superposition of the experimental cyclic voltammograms with the simulated ones
obtained during the Digisim® simulation for two electrochemical probes with using graphene (-2.5 V)/PS
electrode fabricated with our own method A), B), and with graphene (-2.5 V)/PS photolithography
electrode C), D). Scan rate for the curves in this figure was 50 mV/s.

In Figure 100-D is presented the cyclic voltammogram obtained by graphene (-2.5 V)/PS
photolithography electrode with working surface area 10 mm? in potassium
hexacyanoferrate (III) probe, which provides not enough information for performing
Digisim® simulation. The results obtained for all the working surface areas by using two
kinds of graphene (-2.5 V)/PS electrodes are summarized in Tables 10 and 11. These
results show that in the case of graphene (-2.5 V)/PS electrodes fabricated with our own
methods in the laboratory, the simulated cyclic voltammogram obtained with Digisim®
software is very closed to the experimental one, and it can be compared with the
theoretical simulation which has been performed for the glassy carbon electrode and
presented in Appendix 4. On the other hand, when the photolithography method has
been used for the fabrication of graphene (-2.5 V)/PS electrodes with controlled working
surface area has leading in some modifications on the surface of graphene electrode
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appearing lots of errors during the theoretical simulation. However, the (ko) values
obtained with graphene (-2.5 V)/PS electrodes fabricated without photolithography are
closed to those obtained in literature [313], [317].

Table 10. Simulated values of the heterogeneous electron transfer rate obtained by graphene (-2.5

V)/PS electrodes fabricated with our own method for the different working surface area at the different
scanning rates in two electrochemical probes using Digisim® software.

Probe: Hexaammineruthenium (III) chloride in KCl

Scan rate (mV/s) A =10 mm? A =3 mm? A =1mm?
ko (cm/s) ko (cm/s) ko (cm/s)
500 0.0041 0.004 0.002
100 0.0043 0.0041 0.00016
50 0.0044 0.0039 0.0015
25 0.0045 0.0038 0.0014
10 0.0045 0.0039 0.0015
Average ko (cm/s) 0.00436 0.00394 0.0016
Standard deviation 0.00017 0.00011 0.00023
Probe: Potassium hexacyanoferrate (III) in KCI
A =10 mm? A =3 mm? A =1mm?
Scan rate (mV/s) ko (cm/s) ko (cm/s) ko (cm/s)
500 0.0015 0.0018 0.00145
100 0.0016 0.0012 0.0014
50 0.0015 0.0013 0.0013
25 0.0014 0.001 0.001
10 0.00092 0.0011 0.0008
Average ko (cm/s) 0.0014 0.0013 0.0012
Standard deviation 0.00027 0.0003 0.00028

Table 11. Simulated values of the heterogeneous electron transfer rate obtained by graphene (-2.5
V)/PS photolithography electrodes for the different working surface area at the different scanning rates
in two electrochemical probes using Digisim® software.

Probe: Hexaammineruthenium (IIT) chloride in KCl1

Scan rate (mV/s) A =10 mm? A =3 mm? A =1mm? A =500 um?

ko (cm/s) ko (cm/s) ko (cm/s) ko (cm/s)

500 0.005 0.0035 0.0029 0.0018

100 0.0041 0.0031 0.0031 0.0023

50 0.0045 0.0046 0.0038 0.0027

25 0.0038 0.0049 0.0037 0.0022

10 0.0048 0.0054 0.0041 0.002

Avg. ko (cm/s) 0.0044 0.0043 0.0035 0.0022
St. deviation 0.0005 0.0009 0.0005 0.00034
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5.5. Correlation between crystallography structure of different graphene
electrodes and their electrochemical behavior

Various methods for the characterization of the graphene electrode materials were
presented in the previous sections. The aim of this part is to try to correlate the
electrochemical activity of the electrodes with the crystallographic organization and
surface chemistry of the graphene electrodes. Indeed in literature, it has been shown
that the electrochemical behavior of carbon electrodes depends on the surface chemistry
[313], [318], [319], and on the presence of defaults in carbon structure [320]-[322]. This
correlation is not well understood in the literature, and the open question is: “In order
to have a high electrochemical activity with high electron transfer rate constant, is-it
better to have high or low degree of defaults in carbon structure?”

Two kinds of graphene electrodes have been compared, that one prepared by the
electrochemical exfoliation of graphite electrodes in aqueous solvent and the other one
in organic solvent media. According to the results obtained during the characterization
of these kinds graphene electrodes it was observed a good correlation between the
obtained results for their crystallography and their surface chemistry with the obtained
results during the study of their electrochemical behavior.

The XPS results obtained during the characterization of graphene electrodes exfoliated
in aqueous solvent showed a higher presence of carbon atoms bonded with oxygenic
functional groups which can be seen as a contamination of the surface of the electrode.
This contamination by oxygenic groups may be induced by the way of production of
this graphene, i.e. by electrochemical exfoliation in aqueous media. These electrodes
have also exhibited an higher D band in Raman spectra which is correlated with a
higher density of defaults in their carbonic structure. On the Raman spectroscopic point
of view the defaults can be the edge of the graphene layers, or vacancy in the sp? layer
structure, which are in the two cases more chemically or electrochemically active site
compared to the sp? layer, due to the free carbon present on these sites. Finally, higher
density of defaults should be an advantage for electrochemistry, but also a
disadvantage as the electrodes should be more sensitive to pollution due to the
presence of free bonds on the default sites. This is highlighted by the results obtained
with IR spectroscopy which have given a higher presence of oxygenic groups for the
graphene electrodes exfoliated in aqueous solvents in comparison with that one
exfoliated in organic solvent.
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For the electrodes made by using graphene exfoliated in organic solvent, the XPS results
highlighted a low degree of oxygenic groups on the electrodes surfaces, correlated with
a low density of defaults highlighted by the Raman spectroscopy results. These results
are confirmed by the IR spectra obtained on these electrodes.

Finally, the electrochemical exfoliation in organic solvent seems to be a more convenient
way of exfoliation of graphene, as the obtained graphene present a low degree of
surface contamination induced by the exfoliation step, and a low density of defaults,
and then a low sensitivity to surface pollution.

On the electrochemical point of view, better electrochemical behavior was shown
during the use of graphene electrodes which have been exfoliated in organic solvent,
showing a larger potential range during the performing of the electrochemical window
and higher transfer kinetic during the characterization with different redox probes.
Finally, the exfoliated graphene in organic solvent has good electrochemical properties
for testing it in sensors application.

In this context, the graphene electrodes prepared by CA electrochemical exfoliation of
graphite electrodes at -2.5 V in organic solvent was chosen as the working electrode for
the further usage with the aim of electrochemical polymerization of polypyrrole
imprinted films dedicated to the detection of isoproturon. In the following sections we
present the work which has been performed for the electrochemical preparation of
Graphene (-2.5 V) — MIPPy sensors for the detection of isoproturon in water samples.
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5.6. Electrochemical preparation of MIP films onto graphene/polystyrene
electrodes

5.6.1. Electrochemical behavior of isoproturon on graphene/polystyrene electrodes

In order to study the behavior of isoproturon, as a targeted pollutant molecule on the
graphene electrode surface, we used two working surface areas for the graphene (-2.5
V)/PS electrodes fabricated with our own method (10 mm? and 1 mm?), and for the
graphene (-2.5 V)/PS photolithography electrodes (10 mm? and 500 um?) respectively.
The electrochemical study of isoproturon has been performed by cyclic voltammetry in
an acidic solution of H250s4 0.1M charged with 70% ethanol and 30% milli-Q water. In
Figures 101-A and 101-B are presented the anodic oxidation of isoproturon on the
graphene (-2.5 V)/PS electrode, the anodic oxidation of isoproturon appeared at +1.18 V
vs ref. Ag/AgCl electrode: current density around 2 x 10 pA/cm? with working surface
area 10 mm? for ISO 3 mM, and about 3 x 10® pA/cm? higher in the case of graphene
electrode with 1 mm?. If compared with the electrochemical oxidation of isoproturon on
glassy carbon electrodes (peak position at +1.1 V) (see Figure 39 in Chapter III), here on
graphene electrode the oxidation of isoproturon molecule occurs at more positive
potentials showing an irreversible reaction, diffusion controlled, and two-electron

transfer oxidation [17].
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Figure 101. Voltammograms obtained on graphene (-2.5 V)/PS electrodes fabricated with our own
method at working surface area A) 10 mm? and B) 1 mm? for ISO (1, 2 or 3 mM) in H,SO4 (0,1M) (70/30
ethanol/water v/v). Scan rate 100 mV/s.
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At higher working surface areas some little peaks were appeared in the potential region
around +0.2 V and +0.5 V, coming from some intermediates during the anodic oxidation
of isoproturon on graphene electrode. In Figure 101 is also shown that the oxidation
peak of isoproturon is well expressed due to high electrochemical activity of
isoproturon molecule on the graphene (-2.5 V)/PS electrode surface. In the case of
graphene (-2.5 V)/PS lithography electrode, the cyclic voltammogram curves were
appeared with a larger capacitive current, and providing difficulties to analyze the
anodic oxidation peak of isoproturon. That may come due to some modifications occur
on the graphene (-2.5 V)/PS electrode surface during the photolithography procedure.
Moreover, the oxidation of isoproturon on these graphene electrodes occurs at even
more positive potentials, at around +1.25 V vs ref. Ag/AgCl electrode (see Figure 102).
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Figure 102. Voltammograms obtained on graphene (-2.5 V)/PS electrodes fabricated with
photolithography at working surface area 10 mm? for ISO (1, 2 or 3 mM) in H,S0,4 (0,1M) (70/30
ethanol/water v/v). Scan rate 100 mV/s.

5.6.2. Electropolymerization of isoproturon imprinted polypyrrole films onto

graphene/polystyrene electrodes

The electrochemical polymerization of isoproturon imprinted polypyrrole films on
graphene electrodes has been performed using the optimized conditions as in the
Chapter III already published [165]. The whole process during the electrochemical
fabrication of Graphene-MIP electrodes which can be used then for the detection of
isoproturon includes three main steps: during the first one is the electrochemical
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polymerization of the MIPs onto graphene electrodes, the second one is the process of
the isoproturon extraction from the polymeric matrix, and the third step is the
electrochemical determination of isoproturon. In Figure 103 was schematically shown
the first and second step used for the preparation of the Graphene-MIP electrodes.

Graphene/polystyrene
electrode -\c_,o\" .

I graphene
polystyrene (1)
Electropolymerization
CV and/or CA

> Graphene/PS - MIP
sensor electrode
(2)
Isoproturon extraction
cv

Figure 103. Schematic representation of the procedure used for the preparation of imprinted
polypyrrole films onto Graphene (-2.5 V)/PS electrodes, including two main steps: 1)
electropolymerization of MIPs by CV and/or CA, and 2) the CV extraction of isoproturon molecules.

The electropolymerization of isoproturon imprinted polypyrrole films on graphene
electrodes has been performed using chronoamperometry electroanalytical method at
the potential applied +1.1 V, duration time 600 sec, in a solution of LiClOs 0.1M
dissolved in (20% ethanol + 80% milli-Q water) charged with pyrrole 10 mM and
isoproturon 1 mM. This procedure has been employed for the graphene (-2.5 V)/PS
electrodes fabricated with our own method at working surface areas 10 mm? and 1 mm?,
as well as for the graphene (-2.5 V)/PS photolithography electrodes at 10 mm? and 500
um?. The theoretical calculated thicknesses using Faraday’s law [109], [178] for the MIP
tilms fabricated varies from (420£15.2 nm) up to (630+37.4nm) and around three times
thicker than the MIP films fabricated on the glassy carbon electrode. This may happen
due to the presence of a larger active area of the graphene electrodes which show also
higher rugosity on their surface.
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5.6.3. Cyclic voltammetry extraction of isoproturon

The Graphene-MIP electrodes, once prepared, were rinsed with milli-Q water and
immersed in an ethanol/water (70:30 v/v) solution of 0.1M sulfuric acid. They were
biased to a potential excursion between -0.4 V and 1.5 V vs Ag/AgCl for several scans
until complete extraction of the embedded isoproturon molecules. After extraction the
Graphene-MIP electrode was used for isoproturon detection.
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Figure 104. Isoproturon extraction from Graphene-MIP electrodes fabricated with our own method with
different working surface area A) 10 mm?, B) 1 mm?, by cyclic voltammetry in an ethanol/water (70:30
v/v) solution of 0.1M H,S04. Scan rate 100 mV/s.

In Figure 104 are presented the cyclic voltammograms observed during the isoproturon
extraction process from the Graphene-MIP electrodes at 10 mm? (Figure 104-A) and at 1
mm? (Figure 104-B) in the case of graphene/PS electrodes fabricated with our own
method. An oxidation peak of isoproturon has been observed at around +1.2 V, and
disappeared with increasing of number of cycles until this peak was not observed
anymore.

In Figure 105, is presented the cyclic voltammogram observed during the isoproturon
extraction from the MIP films electropolymerized on graphene (-2.5 V)/PS lithography
electrodes. As seen from the Figure 105, the isoproturon oxidation peak was not
observed at all at any potential values during the CV extraction.

However, this process is a key step for the whole preparation procedure of the
Graphene-MIP electrodes, where the isoproturon molecules after their extraction from
the polymer matrix leave some cavities which are complementary shaped to the
isoproturon molecules. At this stage the Graphene-MIP sensors were rinsed with milli-
Q water and placed in a clean place before further use.
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Figure 105. Isoproturon extraction from Graphene-MIP photolithography electrode with working
surfacee area 10 mm? by cyclic voltammetry in an ethanol/water (70:30 v/v) solution of 0.1M H,SO..
Scan rate 100 mV/s.

5.6.4. Electrochemical detection of isoproturon by using graphene-MIP/polystyrene
electrodes

The electrochemical detection of isoproturon by using Graphene-MIP electrode includes
two different steps. The first step is the incubation or rebinding process, and the second
one is the square wave voltammetry detection of isoproturon.

5.6.4.1.  Incubation (rebinding) step

During this step the Graphene-MIP prepared electrodes were immersed in a milli-Q
water sample contaminated with isoproturon molecules at low
concentration, where the Graphene-MIP electrodes were
incubated for an optimized time 15 minutes. A magnetic
stirring was employed in order to provoke the filling process
of the cavities with isoproturon molecules, see this process
illustrated in Figure 106. Once the incubation has been
tinished, the Graphene-MIP electrodes were then tested for the ,
isoproturon SWV detection. Figure 106. Incubation

(rebinding) step
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5.6.4.2.  Calibration curve and determination of LOD/LOQ

In this subsection is presented the analytical performance of the Graphene-MIP
electrodes under the optimal conditions to achieve the best sensitivity for isoproturon
detection described previously. For obtaining the calibration plots, isoproturon
detection is observed by square wave voltammetry in an ethanol/water (70:30 v/v)
solution of 0.1IM H:50s, and the isoproturon concentration range for the calibration
plots was chosen to be at 5 x 10° M — 5 x 10°¢ M. For each electrode calibration, the
measurements were repeated five times on four electrodes prepared under identical

conditions.
250
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Figure 107. The calibration plots of isoproturon detection obtained at Graphene-MIP electrodes in milli-
Q water samples, the electrode substrate was graphene (-2.5 V)/PS obtained by our own method at
different working surface area A) 10 mm? and B) 1 mm?, and on graphene (-2.5 V)/PS photolithography
electrodes with working surface area 10 mm? C). The electrochemical analysis was performed by square
wave voltammetry (SWV) in an ethanol/water (70:30 v/v) solution of 0.1M H,S0,.
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In Figure 107 are presented the calibration plots for the different Graphene-MIP
electrode. Also, it has been tested the detection of isoproturon for the calibration plot
with Graphene-MIP electrodes prepared on graphene (-2.5 V)/PS photolithography
electrodes with a working surface area 500 pum? but there was obtained any detection
signal at all.

Table 12. Comparison of graphene electrodes sensitivity with that one of glassy carbon electrodes.

Electrode Straight line equation LOD RSD

Graphelg;é‘zr'i \Q/ PS-10 | 1 1A) =1.3001 [Tsoproturon] + 04695 | 69 x 104 M 1519

e 1‘50 Hlfmz (R2 = 0.9984) (14.2 pg/L) e

Graph‘igié'zr'i \}?/ PS=10 | 1 (L 1A) = 0.4493 [Tsoproturon] + 01148 | 6.6 x 105 M 05600

e *‘f mlznzy (R2 = 0.9995) 136uglL) |

Grap}l‘i‘:}?s (;i'ShV)/ PS= 1 1 (uA) = 0.4022 [Tsoproturon] + 0.0285 | 8.9 x 10% M 179

PR (R> =0.9994) (18.4 ug/L) o

Glassy carbon electrode I (LA) =4.8701 [Isoproturon] - 0.0043 2.76 x10°M 7 6%
A =10 mm? (R = 0.9959) (0.5 ug/L)

In Table 12, are shown the data obtained during the SWV determination of isoproturon
by using graphene electrodes with different working surface area. The calculated
isoproturon LOD for graphene (-2.5 V)/PS no lithography electrode was found to be
lower than in the case of graphene (-2.5 V)/PS lithography electrodes. The isoproturon
LODs obtained by using graphene electrodes showed to be still higher than those
obtained by using GCE (results presented in Chapter III). In addition, in the case of
graphene (-2.5 V)/PS no lithography electrodes a well-voltammograms was observed in
comparison with the graphene (-2.5 V)/PS lithography electrodes which did not show
good reproducibility.
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5.7.  Conclusion and future perspectives

In this part, electrochemistry was used for the electrochemical exfoliation of graphite
rod electrodes into graphene flakes. The graphene was then used for the fabrication of
graphene/PS electrodes after transferring the graphene on polystyrene substrates.
Furthermore, these graphene/PS electrodes were used for electropolymerization of MIP
sensing thin films for the SWV determination of isoproturon in water samples.

Firstly, the electrochemical exfoliation of graphite rod electrodes has been performed in
aqueous salts media, then the produced graphene oxide was further treated chemically
with hydrazine hydrate at high temperature. According to the XPS, Raman, IR and
electrochemical characterization results the quality of graphene fabricated through
electrochemical exfoliation in aqueous media was not in good level, due to the high
presence of oxygenated functional groups. In a second way, we developed a new
method for exfoliation of graphite rod electrode in organic media with a single stage of
exfoliation, no need to use voltage booster and also no need for chemically reduction of
the final product with hydrazine hydrate. Hence, the second way of graphite exfoliation
provides producing a high-quality graphene according to the XPS, Raman, IR and
electrochemical characterization results, showing low presence of oxygenated
functional groups in the structure of graphene. Furthermore, this kind of graphene was
easy to be transferred mechanically on the polystyrene substrate.

Two methods have been used for the fabrication of graphene graphene/PS electrodes
with controlled working surface area, the method developed manually in the laboratory
and the photolithography method which was automatically one. However,
photolithography caused some modifications on the graphene/PS electrode surface and
leaded in decreasing the electrochemical signal according to the characterization results.

Electrochemical MIP sensors for the sensitive and selective SWV determination of
isoproturon were also developed. These Graphene-MIP sensing devices showed to
ultra-sensitive electrodes which can be prepared easily by CV or CA through various
electro-analytical steps. The Graphene-MIP sensor was able to detect isoproturon in
nano-molar concentration with good reproducibility and repeatability and shows good
robustness during the seven successive analyzes. Low limits of detections (LOD) and
quantifications (LOQ) have been reached in water samples contaminated with
isoproturon, but higher if compared with results obtained on GC-MIP electrodes which
were already presented in the Chapter III.

However, these first results obtained on MIP-graphene electrodes are very encouraging
and an optimization of the electrode design should improve the detection limits of these
graphene electrodes.
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General conclusions and future perspectives

The overall objectives of this thesis were, first-to develop an electroanalytical method
based on MIP modified glassy carbon electrode to detect isoproturon as micropollutant
in water at nanomolar range, and secondly to elaborate pure graphene electrode then to
evaluate its properties for the isoproturon electroanalyses by a similar way.

We have first started with the preparation of MIP electrochemical sensor on GC
electrode. The electrochemical synthesis of polypyrrole polymer in the presence of
isoproturon is performed by CV or CA while the determination of isoproturon
concentration is made by SWV. Various key parameters for MIP electro-synthesis
procedure have been optimized, such as electropolymerization time, number of scans,
solvent ratio, and incubation (rebinding) time. The extraction of the template molecule
was made electrochemically in aqueous acidic solutions thus avoiding the use of toxic
organic solvents.

These developed GC-MIP sensors we have been able to detect isoproturon in nano-
molar range of concentrations, have shown good reproducibility and repeatability, and
robustness during several analysis. The performances of these sensors in terms of LOD,
LOQ and selectivity were quite satisfactory, where for the contaminated natural waters
LOD was shown to be 1,2 ug L, whereas in the contaminated milli-Q water samples
LOD was calculated to be 0,5 ug L. However, these limits values of concentrations of
isoproturon were still higher than the maximum allowed concentrations set by the WFD
for isoproturon.

In order to increase the performance of these sensors we have made the investigations
into the nanostructuration of the polypyrrole MIP film during the second part of this
work. In this context by using different electro-analytical, microscopy and spectroscopy
techniques, the correlation of several key parameters in terms of sensitivity and
selectivity of these sensors was studied. MIP films prepared by CA and CV at lower
anodic potentials provided higher conductivity than those prepared at higher positive
potentials due to the overoxidation of PPy film. This parameter has directly influenced
the performance of the sensor for the isoproturon detection. A good approach between
the theoretical thicknesses film values and real thicknesses obtained under AFM
scratching mode was observed.

The impact of overoxidation on the MIP behavior has also been studied by using EIS,
where it shows that both NIP and MIP films prepared either by CA or CV their charge
transfer resistance increase at higher anodic potentials and in particular during CV
extraction of the template molecule. XPS and IR analysis have shown a higher presence
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of oxygenic functional groups in the structure of NIPs and MIPs prepared at more
positive potentials and after their overoxidation as well.

AFM images did not show any difference between CA and CV films, but higher
roughness has been in all cases observed for MIP films after template molecule
extraction. Moreover, the mechanism of the film growing onto different electrode
substrates was investigated by electrochemical quartz crystal microbalance. Due to
these optimized conditions, we were able to increase the isoproturon detection SWV
signal for about 30%.

In the third part of this work, we reached to develop an original method for elaboration
of 100% graphene electrodes by performing electrochemical exfoliation of graphite rod
electrodes into graphene flakes. Electrochemical exfoliation of graphite electrode was
tirstly observed in aqueous salts media enables the formation of graphene oxide a
material which needed for the further treatment. Its transformation to reduced
graphene oxide has been performed with hydrazine hydrate at high temperatures for
about 24 hours.

The electrochemical exfoliation process that provides 100 % graphene was observed by
CA at negative potentials, at -2,5 V and at -5,0 V for about 6 hours. The graphene
exfoliated at -2,5 V by CA was shown to have higher electrical conductivity than that
one exfoliated at -5,0 V. Exfoliation process was much shorter in time and can be easily
finished in a single stage because graphene flakes do not need further chemical
treatment and the use of a voltage booster.

XPS, Raman, IR analysis of the final graphene flakes prepared by electrochemical
reduction showed the absence of oxygenic groups on the graphene layers, providing a
high-quality graphene.

The obtained graphene isolated in powder form was then transferred onto polystyrene
substrate for the fabrication of graphene/PS electrodes.

Two ways for the defining the working electrode surface area were used, the first one
which was performed in our laboratory and the second one which was performed in a
clean room by using photolithography. The graphene (-2.5 V)/PS lithography electrodes
showed to have higher Ib/Ic ratio values, and also lower electrical conductivity in
comparison with graphene (-2,5 V)/PS not lithographed electrodes. Moreover, graphene
(-25 V)/PS lithography electrodes gives CV signal only in presence of
hexaammineruthenium (III) redox probe, but not in presence of potassium
hexacyanoferrate (III) redox probe, whereas electrodes not made by lithography give
good CV signal in both of redox probes. Overall graphene materials, graphene (-2,5
V)/PS electrodes showed larger electrochemical window and higher kinetic constant (ko)
according to the Digisim simulation analysis.
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By using these electrodes, we were able to fabricate the MIP-Graphene sensors for the
nanomolar SWV detection of isoproturon. LOD and LOQ calculated statistically was
shown to be 14,2 ug/L and 47,4 ug/L for graphene (-2,5 V)/PS no lithography electrodes,
whereas LOD and LOQ calculated statistically for graphene (-2,5 V)/PS lithography
electrodes was shown to be 18,4 pug/L and 59 pg/L. These first results, obtained without
optimizing the MIPs on graphene and the design of the electrodes, are therefore very
promising for further applications of these 100% graphene electrodes for the
development of electrochemical sensors.

Future perspectives

The future prospects of this category of MIP sensors that have shown promising results
for isoproturon detection include:

e Further optimization of the modification procedure of GC electrodes to prepare
MIP will be to explore a softer way for the template extraction, in order to limit
the overoxidation of polypyrrole films during its electrochemical removal. This
approach will help in improving the lifetime of the sensors.

e Further studies for the electrochemical exfoliation of graphite rod electrode into
graphene flakes are needed in order to replace the NMP as organic solvent with
another solvent which is more friendly for the environment.

e To improve the sensitivity of the electrochemical detection of the 100% graphene
electrode will involve the optimization of the design and the procedure of the
preparation of these electrodes. The elaboration of photolithography electrodes
has to be exposed further: the non-reticulated resin in contact with the graphene
modify its surface and then its electrochemical properties. Two ways would be
following: the change of the resin and the use of a soft surface treatment as argon
plasma for example. Methods based on the impression, inkjet impression for
example, could be a solution to avoid the photolithography use.
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e Improving the detection of isoproturon by the pure graphene electrodes requires
optimizing the development of the MIP and electroanalytical method on these
new electrodes because the change of the substrate nature changes the growth of
the PPy layer and therefore its properties.

Concerning the environmental application, however effective sensors may be, there are
still many locks, in particular the problems linked to the chemical complexity of the
environment. The prioritarity micropollutants are numerous and their lists will still
increase in the future. Selectivity is therefore a real problem, but it is also important to
envisage a viable economic sensor solution as microsensors lab-on chip that would
allow chemical detection a lot of these pollutants of water.

Currently, research on heavy analytical laboratory techniques as mass spectroscopy are
emphasizing efforts to simplify devices and miniaturize them to allow the simultaneous
detection of all the micropollutants. Other ways of research are also explored, such as
solutions aimed not pollutants identification but the environment toxicity assessment
using methods based on living organisms for example. So, the competition between
these different approaches is important, driven by the suppression of the locks such as
sensitivity, robustness, fiablitiy, adaptability, etc., but also by the economic viability of
the proposed solutions.
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Appendices

Appendix 1 — Analytical performances of volt-amperometric MIP-based sensors

In order to evaluate the performance of sensors, it is necessary to determine parameters
characteristic of their sensitivity, selectivity, response time and robustness. This section
presents the points usually studied to evaluate environmental sensors.

Limit of detection (LOD) and limit of quantification (LOQ)

MIP-based sensors are devices which show various analytical performances during
their use. The limits of detection (LOD) and quantification (LOQ) are defined as the
lowest concentration of the analyte that can be reliably detected and quantified,
respectively. Usually, the LOD and LOQ refer to the limits associated with 95%
probability of obtaining a correct result [323].

The LOD and LOQ can be calculated statistically with the following relations [323]:

LoD 3 x standard deviation of the lowest concentration

slope of the calibration line

L00 10 x standard deviation of the lowest concentration

slope of the calibration line

The attempt for reaching LOQ and LODs as low as possible, has been frequently
reported to be one of the biggest challenges for the analytical applications of MIPs.
That's why always has been tried to increase the number of imprinted sites per
electrode surface or the concentration of imprinted sites in particle systems, in order to
increase the ability of MIPs in catching the targeted template molecules. In general, for
sensors it is therefore advisable to use the most sensitive types of transductions. In any
case, the LOD is directly related to the combination of the type of transduction and
features relating to the recognition phase. The interferent molecules can be other
pollutants of the medium with some analogies in their form and their functions with the
analyte. Their ability to be trapped by the MIP layer leads to a loss of the sensitivity of
the sensors even if structurally related interferents can be sometimes identified by their
electrochemical potential [53].
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A loss of selectivity can appear during the measurements. In particular, the extraction
step can lead to strong effects of unspecific adsorption on the electrode surface,
particularly when carbon electrodes are used [324]. A unique feature of voltammetry is
the possibility of improving detectability by separately optimizing the binding medium
and the measurement medium. Other techniques of electrochemical transduction use
the same medium for binding and detection.

Response time and long-term stability

Another important analytical performance that MIP sensors possess is the response
time and long-term stability. In general, response times with sensors using MIP
particles have been longer than with films, because of the difficulties associated with
diffusion. MIP sensors, acrylic or vinyl, were reported to have good stability during
prolonged storage (more than 6 months in many cases), as expected for a highly
crosslinked polymer [53]. Good stability during the prolonged use was appeared also
for the MIP sensors based on molecularly imprinted polypyrrole films [165], [325], [326].

Application for real samples

MIP sensors reported in literature to date are tested in standard solutions and in real
samples, showing their response time and their life duration, mostly where the
performance of the MIP-based electrochemical sensors was shown to be better in
standard solutions than in natural water solutions or real samples [165]. However, some
good results for the performance of MIPs in real samples have been reported in
literature [138], [139], [141], [165], [327]-[329].
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Appendix 2 — The real thickness of NIP and MIP films obtained by AFM - scratching
mode
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Figure. S-1.

In order to observe the real thickness of MIP and NIP films, AFM scratching mode has
been employed as presented in Figure S-1. MIP and NIP films, once prepared
electrochemically onto glassy carbon electrode wafers, they have been washed in an
ethanol : milli-Q water (50:50 v/v) mixture for about 15 minutes and left to dry, then
after a scratch on them has been drawn (Figure S-1A). The sample has been fixed inside
the AFM microscope where the images were taken for each case (Figure S-1B). From the
images presented in 3D view we have been able to see exactly where is the film and
where is the electrode substrate. Moreover, on this region of image were extracted the
profile lines which helped us to see the real thickness of the generated films (Figure S-
1D).

The real thickness results obtained using this method were then compared with the
theoretical ones calculated by Faraday’s law.
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Appendix 3 - Summary data obtained after the analysis of XPS results

From these tables we present the XPS data obtained during the characterization of
different types of graphene materials.

C-C sp? Elemental composition (at. %) Binding energy (eV)
Electrodes Atomic (%) Std (%) BE (eV) Std (eV)
Graphite/PS 49,44 4,1 284,54 0
GOx/PS 36,6 41 284,52 0,02
rGOx/PS 31,9 2,37 284,51 0,02
rGOx-USA/PS 33,15 2,42 284,66 0,03
Gr. (-5.0 V)/PS 38,2 1,96 284,6 0,01
Gr. (2.5 V)/PS 37,1 0,57 284,6 0,03
Gr. (-2.5 V)/PS-Lit. 16,45 4,4 284,56 0,01
C-C sp? Elemental composition (at. %) Binding energy (eV)
Electrodes Atomic (%) Std (%) BE (eV) Std (eV)
Graphite/PS 18,83 2,1 284,9 0
GOx/PS 20,08 5,7 285,11 0,2
rGOx/PS 22,5 1,66 284,9 0
rGOx-USA/PS 3,57 0,7 284,9 0,1
Gr. (-5.0 V)/PS 35,95 3,13 284,99 0,05
Gr. (-2.5 V)/PS 30,5 4,9 284,97 0,03
Gr. (-2.5 V)/PS-Lit. 19,8 3,5 285 0,19
C-O- Elemental composition (at. %) Binding energy (eV)
Electrodes Atomic (%) Std (%) BE (eV) Std (eV)
Graphite/PS 18,19 0,5 286,03 0,065
GOx/PS 20,5 5,4 286,13 0,19
rGOx/PS 4,78 0,98 286,4 1,15
rGOx-USA/PS 3,22 0,6 286,15 1,1
Gr. (-5.0 V)/PS 3,96 1,6 286,32 0,15
Gr. (2.5 V)/PS 6,84 0,78 286,2 0,2
Gr. (2.5 V)/PS-Lit. 4,77 1,93 286,34 0,08
C=0 Elemental composition (at. %) Binding energy (eV)
Electrodes Atomic (%) Std (%) BE (eV) Std (eV)
Graphite/PS 0,06 0,12 287,48 0,145
GOx/PS 4,43 0,97 287,31 0,03
rGOx/PS 4,88 0,32 287,3 0
rGOx-USA/PS 18,52 1,3 285,77 0,83
Gr. (-5.0 V)/PS 4,46 0,9 286,76 0,71
Gr. (2.5 V)/PS 2,56 0,87 287,3 0,077
Gr. (-2.5 V)/PS-Lit. 7,78 3,5 285,5 1
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COO Elemental composition (at. %) Binding energy (eV)
Electrodes Atomic (%) Std (%) BE (eV) Std (eV)
Graphite/PS 2,31 1,3 288,91 0,16
GOx/PS 1,3 0,44 288,93 0,08
rGOx/PS 1,84 0,16 288,82 0,03
rGOx-USA/PS 8,41 1,34 288,7 0,05
Gr. (-5.0 V)/PS 1,76 0,85 288,74 0,11
Gr. (-2.5 V)/PS 0,33 0,3 288,94 0,16
Gr. (-2.5 V)/PS-Lit. 10,29 1,72 288,92 0,21
T- T Elemental composition (at. %) Binding energy (eV)
Electrodes Atomic (%) Std (%) BE (eV) Std (eV)
Graphite/PS 8,62 2,6 290,85 0,39
GOx/PS 1,04 0,36 290,4 0,2
rGOx/PS 1,2 0,33 290,32 0,21
rGOx-USA/PS 3,47 0,76 292,14 0,32
Gr. (-5.0 V)/PS 2,31 0,64 291,16 0,17
Gr. (-2.5 V)/PS 3,89 0,72 291,08 0,11
Gr. (-2.5 V)/PS-Lit. 1,3 0,1 292,2 1,1
C-OH Elemental composition (at. %) Binding energy (eV)
Electrodes Atomic (%) Std (%) BE (eV) Std (eV)
Graphite/PS 2,54 0,81 532,3 0
GOx/PS 27,57 2,46 532,2 0,03
rGOx/PS 27,6 2,5 532,2 0,03
rGOx-USA/PS 13,09 1,2 531,5 0,04
Gr. (-5.0 V)/PS 49 0,84 532,16 0,13
Gr. (-2.5 V)/PS 4 0,35 521,95 0,12
Gr. (-2.5 V)/PS-Lit. 7,5 2,03 532,3 0,05
C-O-C Elemental composition (at. %) Binding energy (eV)
Electrodes Atomic (%) Std (%) BE (eV) Std (eV)
Graphite/PS 3,2 1,2 533,24 0,19
GOx/PS 4,6 0,98 533,4 0,07
rGOx/PS 4,54 0,96 533,4 0,06
rGOx-USA/PS 16,11 2,1 533,5 0,23
Gr. (-5.0 V)/PS 2,4 0,97 533,23 0,18
Gr. (-2.5 V)/PS 3,36 0,39 533,13 0,11
Gr. (-2.5 V)/PS-Lit. 15,66 2 533,15 0,15
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Appendix 4 — Simulated CV data on glassy carbon electrode

In Figure S-4, is presented the superposition of cyclic voltammogram, obtained
experimentally using glassy carbon electrode in a solution of Ki[Fe(CN)] 2.5 mM
dissolved in KCl 0,1M, with the simulated one, and the values of ko parameter are
presented in the table below.

40
{ | —— CV experimental
30 4 | —— CV simulated
| | Glassy carbon electrode
20 (A =0.07mm?)
7| Probe: Ferricyanide
10 1
—~ 0 -
<
E! i
—_ -10
-20 -
-30 -
-40 (k,=0.0055 cmis)
1 1 1 1 v 1 v 1 v 1 v 1

T T — .
-06 -04 -02 0.0 0.2 0.4 0.6 0.8 1.0 1.2

E (V vs Ag/AgCl)
Figure S-4.
Glassy Carbon Electrode
Scan rate (mV/s) A =7 mm?, ko (cm/s)
500 0,0058
100 0,0055
50 0,00527
25 0,0052
10 0,0005
Average 0,004454
Standard deviation 0,0022
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Appendix 5 — Simulated CV data on Graphene (-5.0 V)/PS —no lithography electrode

In Figure S-5, is presented the superposition of cyclic voltammogram, obtained
experimentally by using Graphene (-5.0 V)/PS electrode in a solution of Ks[Fe(CN)e] 2.5
mM dissolved in KCI 0,1M, with the simulated one, and the values of ko parameter are

presented in the table below.
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1| —— CV experimental
6 - CV simulated
4| Graphene (-5 V)
4 4| (A=1mm? - no lithography
4| Probe: Ferricyanide
2 4
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E (V vs Ag/AgCl)

Figure S-5.

Graphene (-5.0 V)/PS - no lithography

Scan rate (mV/s) A =10 mm?, A =3 mm? A=1mm?

ko (cm/s) ko (cm/s) ko (cm/s)

500 0,0015 0,00138 0,00135

100 0,00123 0,0012 0,0013

50 0,0011 0,0012 0,00132

25 0,00122 0,00127 0,0012

10 0,00092 0,0011 0,0008
Average 0,0012 0,00123 0,001194
Standard deviation 0,00021 0,0001 0,00023
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Imer SADRIU

Elaboration de capteurs environnementaux a base de graphene
fonctionnalisé par des polymeres a empreintes moléculaires permettant la
détection de pesticides dans les eaux

Résumé

Dans cette thése, nous avons développé des électrodes de carbone vitreux modifiées par des films minces
de polypyrrole a empreinte moléculaire (MIP-PPy) dédiées a I'analyse électrochimique d’un herbicide,
I'isoproturon. Les limites de détection obtenues en condition de laboratoire sont de I'ordre des seuils
imposés pour ce micropolluant dans la directive cadre européenne sur I'eau. Enfin une méthode de
préparation de nouvelles électrodes constituées de 100% de graphéne électrochimique a été mise au
point. Ces électrodes graphéne ont été modifiées par électropolymérisation de MIP-PPYR avec succes et
les premiers résultats portant sur leur application a I'analyse de I'isoproturon sont trés prometteurs pour
leur intégration dans des capteurs environnementaux.

Mots clés: Capteurs Electrochimiques, Polymeéres a Empreinte Moléculaire (MIP), Electropolymérisation du
Polypyrrole, Détection électrochimique de I'lsoproturon, électrodes en Graphéne électrochimique

Development of environmental sensors based on MIP/graphene electrode
allowing the detection of pesticides in waters

Summary

In this PhD thesis, we developed modified glassy carbon electrodes by molecularly imprinted polypyrrole
(MIP-PPy) film dedicated to the electrochemical analysis of a herbicide, isoproturon. The detection limits
obtained under the laboratory conditions are in the range of the thresholds imposed for this
micropollutant in the European Water Framework Directive. Finally, a method for the preparation of new
electrodes made up of 100% electrochemical graphene has been developed. These graphene electrodes
have been successfully modified by electropolymerization of MIP-PPy and the first results obtained for
their application to the isoproturon analysis have given a great promise for their integration into
environmental sensors.

Key words: Electrochemical sensors, Molecularly Imprinted Polymers (MIP), Electropolymerization of
Polypyrrole, Electrochemical Detection of Isoproturon, Electrochemical Graphene Electrodes
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