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Engineering Physics 

Electrochemical sensors based on electrochemically inert polymers.  

By Jorge Juan Buendía Morales 

 

 

The functionalization of electrochemical sensors by plasma techniques represents a new 

approach to surface physics for nanotechnology implementation and should give a new 

access to long standing open problems such as the large number of steps to fabricate 

electrochemical sensors.  

 

The goal of this project is to develop electrochemical sensors based on electrochemically 

inert polymers by means of cold-plasma treatment. The project has an electrochemical and 

a surface characterization part. In a first part, potentially generalizable sensors based on 

polymeric-modified electrodes for the electrochemical detection of glucose have been 

fabricated. Sensitive sensors have been successfully obtained by applying a cold-plasma 

treatment during 1-2 minutes not only to electrochemically inert plastics (low density 

polyethylene), but also to conducting polymers such as Poly(3,4-ethylenedioxythiophene) 

(PEDOT). 

 

In a second part, the effects of the plasma in the electrode surface activation, which is an 

essential requirement for the glucose detection when inert plastics are used, have been 

extensively investigated using X-ray photoelectron spectroscopy and other surface 

characterization techniques including Raman and FTIR spectroscopy, AFM, SEM and 

contact angle measurements. Results clearly indicate that exposure of polymer-modified 

electrodes to cold-plasma produces the formation of a large variety of reactive species 

adsorbed on the electrode surface, which catalyze the glucose oxidation promoting its 

detection. With this technology, which is based on the application of a very simple 

physical treatment rather than on the sophisticated chemical methods typically employed 

(e.g. functionalization, incorporation of catalytic nanoparticles and processing of the 

nanocomposites), this work has defined a fabrication method of electrochemical sensors by 

using inert and cheap plastics. 
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Nowadays nanotechnology is evolving very rapidly and it is expanding to various fields 

of analytical and bioanalytical chemistry, offering new opportunities for biosensors by the 

application of nanomaterials. This section aims to contextualize and introduce my project; 

mainly motivated by some results achieved by Fabregat et al.1 For that, a brief overview 

of electrochemical sensors and surface functionalization will be presented. After, the 

motivation for the selected analytes is presented before the objectives of this project. 
 

A sensor is an analytical device, which consists of a transducer; in case the recognition 

element is a biological element, we define it as biosensor. Depending on the recognition 

probe and the type of transduced signal, sensors can be classified into different groups 

(Figure 1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1: Schematic representing the classifications of biosensors. [Adapted from 2] 

Chapter 1 

1- Introduction 

1.1 Electrochemical sensors and biosensors 
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Electrochemical sensors and biosensors represent an important role in healthcare, 

environmental control, food quality monitoring, but the most important applications are in 

biomedical and clinical analysis. When the sensor interacts with the target analyte, this 

interaction causes a signal which can be measured by a transduced signal. Among the 

potential methods developed for analytes detection in the past decades, electrochemical 

techniques exhibit their predominance due to important advantages, such as rapid response, 

low cost and high sensitivity.3,4 

 

Some examples of electrodes used in electrochemical sensors are nanocomposites,5–7 

carbon, conducting polymers (CPs),8–10 graphene11,12 and carbon nanotubes (CNTs).13–15 

Alternatively, magnetic nanoparticles16,17 have also been employed for biosensing. CPs are 

good candidates as biosensors because of their π electronic structure; since the recognition 

element attachment and can cause perturbations in the molecular electron flow as well as in 

the flexibility of the CP. Showing a high sensitivity towards chain conformation alterations, 

which can be converted to an electrical measurement. 

 

Nevertheless, the development of these electrochemical sensors require a large number 

of steps for fabrication since application of the above mentioned compounds usually 

requires functionalization, incorporation of catalytic nanoparticles, processing of the 

nanocomposites, multi-step synthetic processes, etc.5–17 

 

In conclusion, from the review of the electrochemical sensors, one can deduce that 

nowadays it is also important to keep the cost of sensors fabrication low by limiting the 

number of production steps and by using substrates whose properties can be readily tuned.  

 In general, plasma is an ionized gas that can be generated by different methods such 

as electric discharges (glow, microwave, plasma jet, radio frequency, etc.). Depending on 

their energy level, temperature, and ionic density, plasmas are usually classified as high 

temperature plasmas (for nuclear applications) and low temperature plasmas (including 

thermal and cold plasmas). The low temperature plasma is especially suitable for surface 

modification and has also been used in catalyst preparation.18 

 

In the last decades, the application of plasma techniques for catalysis18,19 and surface 

functionalization20–24 has attracted a lot of attention. Different species of nitrogen, oxygen 

and carbon have been detected on the surface of cold plasma treated carbon materials (i.e. 

graphite,21 glassy carbon,25 CNTs25,26), increasing the wettability changing from 

hydrophobic to hydrophilic, which indicates polar functional groups on the surface 

enhancing the surface adhesion of biomolecules. 

1.2 Surface functionalization: Cold plasma treatment  
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Conducting polymers (e.g. PEDOT) present also an increase in the efficient detection 

of analytes after functionalization.27 Whereas inert polymers such as polyethylene, present 

an adhesion increase after surface functionalization.28–30 

The use of carbon materials combined with polymers is also a recurrent substrate for 

electrochemical sensors.31 As mentioned, plasma technology and especially cold plasma, is 

finding continuously increasing applications in processes requiring surface chemical 

modification. Thus, with these techniques it is possible to obtain catalytically active 

materials with new surface properties that will present modified activity and selectivity. 

In this project, my interest remains in the morphological change and functional groups 

induced in the surface of sensors based on polymeric-modified electrodes by cold plasma 

treatment for electrochemical detection of analytes.  

Glucose is crucial analyte for living organisms, especially regular monitoring of 

glucose levels in the human body is crucial for the diagnosis and management of diabetes, 

which has become a worldwide public health problem. Insulin deficiency and 

 1.3 Analytes  

Urea 

Urea is widely distributed in nature and its analysis is of considerable interest in 

agricultural and environmental chemistry,32–34 diary and food industry for quality 

control35,36 and clinical chemistry for blood and urine analysis.37,38 The level of urea in 

human body is critical in assessing various metabolic disorders, including renal function 

such as chronic kidney disease (CKD).39 Several strategies using, among others, 

nanocomposites,40–42 graphene, conducting polymers (CPs), magnetic particles, or carbon 

nanotubes, have been reported in recent publications.43 

 

The most common biosensors are enzyme-based urea biosensors for urea detection 

through amperometric and potentiometric detection techniques, achieving specific 

recognition by immobilizing the corresponding enzyme, Urease (Ur). The enzyme 

catalyzes the hydrolysis of urea into ammonia and carbon dioxide. However, its 

immobilization presents difficulties to overcome. 

 

In order to solve the problems associated to enzyme-based sensors (e.g. poor 

reproducibility, complicated immobilization processes and high cost), the development of 

highly functionalized surfaces has attracted the interest of scientists. 

Glucose 



Chapter 1. Introduction   4 

 

hyperglycemia results in abnormal blood glucose concentrations, which may lead to heart 

disease, blindness, kidney failure and amputation of limbs.44 In addition, monitoring of the 

glucose metabolism through the detection of changes in the concentration of this important 

chemical may improve the treatment of brain diseases (e.g. brain tumours and traumatic 

brain injuries).45 

 To the date, the most common glucose biosensors, which are based on 

amperometric detection, achieve specific recognition by immobilizing an enzyme called 

glucose oxidase (GOx) that catalyses the oxidation of glucose to gluconolactone.46 Within 

this context the application of conducting polymers (CPs) to bioelectronic surfaces has 

gained considerable attention due to a number of advantages, such as their easy preparation 

and direct deposition on the electrode surface.47 Thus, CPs have been successfully used to 

increase the signal-to-noise ratio in the detection process and to immobilize and entrap the 

enzymes.48,49 Moreover, these materials may minimize the access of interfering effects of 

compounds to biosensor surface. 

 

Direct electroxidation of glucose is kinetically very slow and, therefore, enzymatic or 

inorganic catalysts are usually required to speed up the process and to offer adequate 

selectivity. 

The main objectives of this work are: 1. To extend the sensors based on polymeric-

modified electrodes for the electrochemical detection of dopamine,1 urea and glucose 

analytes by means of cold plasma treatment of conventional insulating and electrochemical 

inert polymers such as low density polyethylene (LDPE), but also electrochemically active 

CPs as poly(3,4-ethylenedioxythiophene) (PEDOT). 2. To characterize the surface 

resulting in the polymeric-modified electrodes after the cold plasma and surface 

functionalization treatment. To achieve these general goals, several main objectives are 

defined as follows: 

1. Functionalization of polymeric-modified electrodes surface. 

2. Deposition and immobilization of urease and glucose oxidase enzymes. 

3. Study and detailed electrochemical analysis of the plasma time influence. 

4. Design and implementation of experimental set up for the cold plasma treated 

electrodes characterization. 

5. Surface characterization and identification of species. 

 

1.4 Aims of this project 
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In this chapter, the theoretical concepts in which this work is based are presented. First of all, 

one can find a brief explanation to the different types of polymers, together with a complete 

description of the principles of plasma technology. Secondly, review of the plasma treated 

electrochemical sensors available nowadays is presented. 

In recent years, polymer coating of carbon materials has opened a new and interesting area 

in materials science.31,50 Conducting polymers (CPs) are the most recent and promising 

generation of polymers. They display many of the desirable properties typically associated with 

conventional polymers while they also show electrical and optical properties similar to those of 

metals and inorganic semiconductors.   

Poly(3,4-ethylenedioxythiophene) (PEDOT) (Figure 2.1), is a highly conductive, π 

conjugated polymer that can be polymerized by either electrochemical polymerization, organic 

chemical vapor deposited, or by oxidative chemical polymerization. Conductivity in polymers is 

a consequence of a delocalized, and extended π bond structure. The conjugation of alternating 

single and double bonds is the cause for the delocalized structure found in the conducting 

polymers. Due to its high conductivity and properties over other CPs, PEDOT has been used in 

many different applications.51  Figure 2.2 shows the general classification of CPs according to 

their chemical structure. 

 

 

                     
Figure 2.1: PEDOT structure sketch. Figure 2.3: PE structure sketch. 

 

Chapter 2 

2- Theoretical Background  

2.1 Polymers 
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Polyethylene (PE) (Figure 2.3) is the most common plastic, Thus, PE is usually a mixture of 

similar polymers of ethylene with different values of n. It belongs to electrochemically inert 

polymers. Low density polyethylene (LDPE) is a thermoplastic made from the monomer, and it 

is defined by a low density range of 0.910–0.940 g/cm3. The chains in LDPE do not pack into 

the crystal structure as well as other grades of PE since it has a high degree of short- and long-

chain branching. It has, therefore, less strong intermolecular forces as the instantaneous-dipole 

induced-dipole attraction is less.  

 
Figure 2.2: General classification of CPs according to their chemical structure. [Adapted from 51 ] 

https://en.wikipedia.org/wiki/Polymer
https://en.wikipedia.org/wiki/Ethylene
https://en.wikipedia.org/wiki/Crystal_structure
https://en.wikipedia.org/wiki/Instantaneous-dipole_induced-dipole_attraction
https://en.wikipedia.org/wiki/Instantaneous-dipole_induced-dipole_attraction
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As it has already been pointed out, the plasmas in question are also quasi-neutral, which 

means that the total density of positive charge carriers is practically equal to the total density of 

negative charge carriers. The plasma state is generated by the ionization process that takes place 

when a sufficient amount of energy is supplied to a gas by applying a potential difference across 

it. This process occurs due to collision of molecules with the electrons and by absorption of 

electromagnetic radiation. The reactivity of the obtained species will depend on the type of 

plasma source and the gas used.52 

Plasmas are usually classified in two kind of plasmas.19 A thermal plasma, known as arc jet 

plasma or high temperature plasma, where the gas bulk temperature is close to the electron 

temperature. Therefore, thermal plasmas are also named as equilibrium plasma. The other one is 

cold gas plasma, known as a glow discharge or low temperature plasma. The bulk temperature in 

cold plasmas can be as low as room temperature, this mean that the electrons have a much higher 

energy or temperature than the neutral gas particles. Thus the cold plasmas are called non-

equilibrium plasmas. However, through the electrical condensation method it is possible to 

sustain the plasma state in liquids as well.  

In a cold gas plasma, neutral molecules and gaseous ions have temperature ranges between 

ambient and a few hundred degrees. Electrons gain kinetic energy from the electric field, and 

ideally lose most of that kinetic energy to inelastic collisions, exciting atomic levels. The plasma 

itself is far from homogeneous as explained above. In oxygen plasmas, the energy an oxygen ion 

can pick from the electric field is: 

    𝑊 = (𝑒2𝐸2) (2𝑚𝜔2)⁄            (1) 

Where, e is the ion charge, E peak electric field, m ion mass and ω electric field frequency.  

In most cases, the device has an anode and a cathode which connect electric current flowing 

through the plasma to an external circuit. Many devices operate on alternating current so that the 

anode and cathode are constantly reversing roles. 

Non-equilibrium plasmas are usually divided into distinctive groups depending on the 

mechanism used for their generation, pressure range, or the electrode geometry: 

- Glow discharge 

- Corona discharge 

- Silent discharge 

- Radio-frequency discharge 

- Microwave discharge 

A brief explanation of the three most relevant discharges for this project will be provided below. 

2.2 Plasma techniques 

2.2.1 Non-equilibrium plasmas  
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The Glow Discharge: 

The stationary glow discharge is a low-pressure discharge, between flat electrodes with its 

typical pressure smaller than 10 mbar, a drawback for industrial applications. The reduced field 

can therefore be high. The neutral atoms and molecules are excited due to the high energy of 

electrons, easily exhibiting a glow. This is the discharge of the fluorescent tube.  

 

The Corona Discharge: 

At higher pressures and fields, the discharge becomes unstable and it is required the use of 

inhomogeneous geometries (e.g. pointed electrode and a plane) (Figure 2.4). For this plasma 

method, it is not necessary an enclosure at atmospheric pressure.  

 
Figure 2.4: Corona discharge. Inhomogeneous discharge at 1 atm. [Adapted from 53] 

 

The volume exposed to the corona is much smaller than the total corona discharge volume. 

As a result of the small active volume around the point, the corona discharge is not very well 

suited for industrial applications. However, when very small concentrations of excited or charged 

species are needed there are interesting applications.53 

 

The Silent Discharge: 

Unlike others, silent discharge can be operated at elevated pressure (0.1-10 bar) and when a 

high mass flow is required. One of its characteristics is that a dielectric layer covers at least one 

of the electrodes, for this reason it is also known as dielectric-barrier discharge or barrier 

discharge. A large number of microdischarges are induced and randomly distributed in time and 

space by applying a sinusoidal voltage. The dieletric limits the amount of charge transported by a 

single microdischarge and distributes the microdischarges over the electrode area.20 
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Urease 

2.2.2 Plasma chemical treatment or modification  

In non-equilibrium discharges, the fast electrons created by the discharge mechanism mainly 

initiate the chemical reactions in the plasma. The fast electrons collide with gas molecules and 

excite them to higher energy levels, thereby losing part of their energy which is replenished by 

the electric field. As a result of its high internal energy, the excited molecule can dissociate or 

initiate other reactions.18 

 

The plasma chemical treatment or modification of a surface is a process in which gases are 

partly broken down into chemically active species in plasma, which react physically or 

chemically at the surface. Different plasma species affect the heterogeneous surface in very 

different ways. 

Urea: 

The urea sensor operation is based on the enzymatic decomposition of urea by urease. It is 

well known that urea is converted to ammonia and carbon dioxide via carbonic acid. The 

detection principle of the amperometric urea detection urease-catalyzed hydrolysis of urea is 

shown in (2). Carbonic acid and ammonia are the initial enzymatic reaction products of urea, and 

carbonic acid is further hydrolyzed to ammonia and carbon dioxide in the pH region where the 

enzyme is active (pH 7.4).  

𝐶𝑂(𝑁𝐻2)2 + 𝐻2𝑂 ⟶ 𝐶𝑂2 + 2𝑁𝐻3                       (2) 

𝐶𝑂2 + 𝐻2𝑂 ⟺ 𝐻𝐶𝑂3
− + 𝐻+                                     (3) 

𝑁𝐻3 + 𝐻2𝑂 ⟺ 𝑁𝐻4
+ + 𝑂𝐻−                                     (4) 

 

The final products (ammonia and carbon dioxide) are electroinactive; thus, it is possible to 

determine the urea concentration potentiometrically using a variety of transducers. The 

potentiometric urea biosensor, therefore, needs an ion sensitive electrode in combination with an 

immobilized urease enzyme.54 

 

  

2.3 Principle of sensor operation 
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Glucose: 

The glucose oxidase (GOx) biosensors are used to convert glucose into hydrogen peroxide, 

which in turn can electrochemically be detected with the electrochemical/amperometric 

transducer.44,55 Figure 2.5 is a schematic of the electrocatalytic oxidation of glucose reaction 

mechanism of a glucose sensor. In this sensor, glucose is oxidized into gluconolactone, a process 

that requires the consumption of oxygen. Hydrogen peroxide is produced at the same time as 

consequence. Both O2 and H2O2 can be measured by the electrode. The detection of glucose have 

also been investigated using nanoparticles,56 nanocomposites,57,58 carbon nanotubes,59,60 

graphene,61 CPs and other methods as mentioned before.15,42,48 

 
Figure 2.5: Reaction catalyzed by glucose oxidase in a glucose sensor. [Image adapted from 55] 

 

In chapter 1 a brief introduction to biosensors is described. As it has already been exposed, 

there are a wide variety of sensors depending on their transducer element and the methods used 

to measure the electrochemical signal when talking about electrochemical sensors. However, the 

reports on the application of cold plasma treatment fabrication of sensors by their surface 

functionalization are reduced in number when compared. In this work, sensors will be 

functionalized by application of cold plasma techniques. Therefore, some of the available plasma 

treated electrochemical sensors are presented. 

 

Surface functionalization plays an important role in sensors fabrication processes. Plasma 

treatment usually affects the surface layers of polymer, often only first few nanometers of 

material; while the bulk properties remain fairly intact.24 Plasma treatment of polymer-carbon 

nanotubes composites has been reported, modifying CNTs directly introducing a high density of 

functional groups. In particular, for the functionalization with amine groups, for this purpose 

nitrogen containing gases (NH3 or NH3 mixed with N2 or N2/H2) are used.31 Inert polymer as 

LDPE with nitrogen and amine group functionalization by nitrogen plasma increases the 

concentration of NH* species enhancing the nitrogen functionalization of this polymer28  and 

improving its adhesion performance.29 

 

2.4 Plasma related electrochemical sensors 

http://www.mdpi.com/1424-8220/13/6/7680/htm#fig_body_display_f7-sensors-13-07680
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In general, the most common electrochemical sensors are based on amperometric, measuring 

electric currents associated with electrons in redox reaction; and potentiometric methods, based 

on ion selective electrodes. Other type of electrochemical sensors are conductimeters, which 

measure changes in the conductance associated with the ionic ambient of solutions. 

 

The functionalization of electrochemical sensors by plasma techniques represents a new 

approach in this field and only a few reports have appeared up to now. Generally, amperometric 

detection methods are used and there are usually based on carbon materials surface modification 

(e.g. nanocomposties, polymer-coating).  

 

Functionalization with OPT of CPs coating electrode recently investigated by Fabregat et 

al.1 allows simultaneous and selective detection of ascorbic acid (AA), dopamine (DA) and uric 

acid (UA). But it exhibits a high sensitive dopamine detection that can be implemented as a very 

cost-effective diagnostic test.  

 

Other developments have involved the use of graphene. Wang et al.62 used chemical doping 

of graphene to modify the intrinsic properties. They used nitrogen plasma treatment of graphene 

to prepare nitrogen-doped graphene, which displayed simultaneous electrochemical detection of 

ascorbic acid, dopamine and uric acid. 

 

Finally, different plasmas may introduce different functional groups onto the surface. N2/H2 

and CO2 plasma treatments were applied in CNTs by E. Luais et al.63 involving the use of 

ferri/ferrocyanide [Fe(CN)6]
3/4− for H2O2 detection.  Treated CNTs were found suitable to 

develop high sensitive enzyme biosensors operating on direct electron transfer process toward 

the preparation of amperometric biosensors. Other applications of CNTs as electrochemical 

biosensors include highly sensitive and selective dopamine sensor, fabricated with carbon 

nanotube and modified by oxygen plasma to graft functional groups for the selective sensing of 

dopamine (1 μM to 20 μM) in the presence of ascorbic acid (1000 μM).26     
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In the first chapter, an introduction to electrochemical sensors and biosensors has been 

addressed, together with a cold plasma surface functionalization overview. Subsequently, in 

the second chapter, a brief explanation into the different types of polymers has been presented, 

as well as a complete description of the principles of cold plasma technology, with a final 

brief review of the plasma treated electrochemical sensors available nowadays. In this third 

chapter, once the precedents and the theoretical background have been stablished, it is time to 

present the experimental work developed in the laboratory. 

 

In Appendix A detailed explanation of the electrochemical and surface characterization 

techniques used in this work and experimental background explaining the physical concepts 

of each technique is provided. 

3,4-Ethylenedioxythiophene (EDOT), N-(2-cyanoethyl)pyrrole (NCPy), acetonitrile, 

anhydrous lithium perchlorate (LiClO4), EDC (1-[3-(Dimethylamino)propyl]-3-

ethylcarbodiimide methiodide), NHS (N-hydroxy succinimide), DA hydrochloride (3-

hydroxytyramine hydrochloride), AA (L-configuration, crystalline) and UA (crystalline) of 

analytical reagent grade were purchased from Sigma-Aldrich (Spain). All chemicals were 

used without further purification. Anhydrous LiClO4, analytical reagent grade, was stored in 

an oven at 80 ºC before use in the electrochemical trials. Glassy carbon rod (GC, outer 

diameter 2 mm) was purchased from Metrohm company. 

 

Glucose oxidase (GOx) from Aspergillus niger (Type VII, lyophilized powder, 

150KU/g ), Urease (Ur) from Canavalia ensiformis (Jack bean) (Type IX, U4002-20KU), 

urea and D-glucose were purchased from Sigma Aldrich. Phosphate buffer solution (PBS) 0.1 

M and 10 mM with pH= 7.4 were prepared as electrolyte solution by mixing stock solutions 

of NaCl, KCl, NaHPO4 and KH2PO4. 

 

Chapter 3 

3-Experimental section  

3.1 Materials 
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PEDOT films were prepared by chronoamperometry (CA) under a constant potential of 

1.40 V using a three-electrode two-compartment cell at room temperature.1 A bare glassy 

carbon electrode (GCE) with a diameter of 2 mm was used as working electrode while a steel 

AISI 316 sheet with an area of 1 cm2 was employed as counter electrode (CE). The surface of 

the GC electrode was polished with alumina powder and cleaned by ultrasonication in ethanol 

for 15 minutes and deionized water (18 μS/cm2) for another 15 minutes prior to the deposition 

of the polymer. The reference electrode was an Ag|AgCl electrode containing a 3 M KCl 

aqueous solution. All electrochemical experiments were conducted on a PGSTAT302N 

AUTOLAB potenciostat-galvanostat (Ecochimie, The Netherlands) equipped with the ECD 

module to measure very low current densities (100 A-100 pA), which was connected to a PC 

computer controlled through the NOVA 1.6 software. PEDOT films were obtained using a 10 

mM monomer solution in acetonitrile with 0.1 M LiClO4 as dopant and a polymerization time 

of 6 s. 

The following inert plastics were considered for this study: low density polyethylene 

(LDPE), polycaprolactone and polystyrene. Polycaprolactone and polystyrene were only 

considered for urea electrochemical detection. Inert plastic-modified electrodes were prepared 

by depositing each plastic dissolved into an appropriate volatile solvent (i.e. chloroform, 

dichlorobenzene or methanol) onto GCE (i.e. solvent casting). Chloroform (10 mL) was used 

to dissolve 40.1 mg of polycaprolactone and 40 mg of polystyrene, while dichlorobenzene (10 

mL) was used to dissolve 40 mg of low density polyethylene (LDPE) at 95ºC with magnetic 

agitation for 4 hours. Finally, polymer-modified GCEs were prepared by 6 L of the 

corresponding polymer solution onto the GCE for solvent evaporation for at least 8 hours. 

PEDOT- and inert plastic-modified GCEs were prepared with a corona discharge in 

ambient atmosphere using a model BD-20AC from Electro-Technic Products. The high 

potential of the electrode ionizes surrounding air, creating a localized plasma or ”corona”, 

with the  advantages of being established in room air at atmospheric pressure.  

 

 

 

 

 

3.2 Methods 

3.2.1 Synthesis of conducting polymers 

3.2.2 Preparation of inert plastic-modified GCE.  

3.2.3 Cold plasma treatment 
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The treatment of the polymers was performed using a Spring Tip wire electrode and a 

voltage of 45000 V at a frequency of 4.5 MHz from 5 mm distance to the electrode. After 

plasma-treatment, modified GCE electrodes were used for urease (Ur) and glucose oxidase 

(GOx) enzyme adsorption and carry detection experiments within 24 hours. 

 

Different application times of plasma (tcp) have been studied in order to determine the 

influence over surface functionalization and material modification of the polymeric-modified 

electrodes ranging from no application to 2 minutes of application.  

Raman Spectroscopy 

Raman spectra were recorded on a HORIBAJobin Yvon LabRAM spectrometer, 

equipped with a 632.8 nm He-Ne laser and 0.5 mW of power.  

Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR spectra were recorded on a Bruker Vertex 70 FTIR spectrometer, equipped with a 

diamond ATR device (Golden Gate, Bruker) in transmission mode. 

Scanning Elecctron Microscopy (SEM) 

SEM studies were using a Focus Ion Beam Zeiss Neon 40 instrument (Carl Zeiss, 

Germany). Samples were visualized at an accelerating voltage of 5 kV. 

Atomic Force Microscopy (AFM) 

Topographic AFM images were obtained with a Molecular Imaging PicoSPM using a 

NanoScope IV controller in ambient conditions. 4040, 2525 and 55 µm windows were 

used for measurements. The averaged RMS roughness (Rq) was determined using the 

statistical application of the Nanoscope software, which calculates the average considering all 

the values recorded in the topographic image with exception of the maximum and the 

minimum. 

Contact angle 

Static contact angle measurements with the sessile drop method were recorded and 

analyzed at room temperature on an OCA-15EC contact angle meter from DataPhysics 

Instruments GmbH with SCA20 software (version 4.3.12 build 1037). The solvent considered 

for this study was deionized water (18 μS/cm2).  

 

 

3.2.4 Characterization techniques 
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X-Ray Photoelectron Spectroscopy (XPS) 

XPS assays were performed on a SPECS system equipped with an Al anode XR50 source 

operating at 150 mW and a Phoibos MCD-9 detector. The pressure in the analysis chamber 

was always below 10-7 Pa. The pass energy of the hemispherical analyzer was set at 25 eV 

and the energy step was set at 0.1 eV. Data processing was performed with the CasaXPS 

program (Casa Software Ltd., UK). 

Urease (Ur) enzyme immobilization via adsorption onto modified electrodes have been 

developed following different methods in order to optimize its immobilization and 

reproducibility.37 M. Zhybak et al. proposed the enzyme immobilization through Ur solution 

drop casting for physical adsorption.38  

 

EDC/NHS coupling is a recurrent solution in the literature to functionalize the surface. 

EDC is used to couple carboxyl or phosphate groups to primary amines groups and enhance 

the chemical linkage of enzymes to carbon, polymer materials or nanoparticle surface without 

prior modification. One of the main advantages of EDC coupling is its water solubility, which 

allows direct bioconjugation without prior organic solvent dissolution. However, the coupling 

reaction has to be carried out fast. NHS can be used to increase the stability of this active ester. 

 

 
Figure 3.1: Reaction scheme for EDC/NHS mediated amine 

coupling to a carboxylate, Gold substrate. (Adapted from 64) 

 

 

  

 

3.3 Enzyme adsorption and immobilization 

3.3.1 Urease (Ur) immobilization 
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Following this idea and assuming the presence of carboxyl and oxide groups after surface 

functionalization by cold plasma treatment, we have tried drop casting in each electrode with 

a solution containing 0.05 M EDC and 10 mg/ml urease solution proposed by K. Saeedfar et 

al.65 Several methods and mixtures of concentrations have been proposed and studied during 

this work such as dissolving urease into 0.015 M EDC and 0.03 M NHS in 0.1 M PBS 

solution following by drop casting methods66 or electrode immersion into EDC/NHS solution 

for 1 hour and drop cast 4 μL of 10 mg/ml Urease.67 

 

After a high number of attempts and variation of conditions including quantity of Urease 

deposited, concentration values of Ur, EDC and NHS or time of plasma application, neither of the 

proposed polymers coated GCE electrode presented a success in the immobilization process 

deriving in a good reproducibility. Even though good response and detection of urea were 

achieved in the successful electrodes. 

 

The results of this part as well as the immobilization procedures related with the 

electrochemical detection of urea will be discussed in Appendix B.  

 

In the case of GOx, the polymer-modified GCE has and hydrophilic part because of the 

surface functionalization after plasma treatment and enzymes are easily adsorbed onto it. 

Therefore, development of additional enzyme immobilization process have not been needed, 

reporting the successful direct adsorption of GOx in an active state.68 

 

Enzyme-containing glucose biosensors were prepared by immobilizing GOx on the 

PEDOT and LDPE modified GCE. For this purpose, suitable amount of GOx solution (10 mg 

in 1 mL 10 mM PBS pH 7 solution) was prepared in a vial. After this, 3 L of the GOx 

solution was dropped onto the film in each electrode and dried in a fridge at 6 ºC for 12 h. 

 Electrochemical detection was carried out by cyclic voltammetry (CV) using the 

Autolab PGSTAT302N equipment described above. All electrochemical experiments were 

performed in a glass cell containing 10 mL of 10 mM PBS (pH=7.4) at room temperature and 

28ºC and equipped with saturated AgAgCl as reference electrode and platinum (Pt) wire as 

counter electrode. Voltammograms were recorded in the potential range from -0.20 to 0.80 V 

at a scan rate of 50 mV·s-1 unless other scan rate or potential range is explicitly specified.  

 

3.3.2 Glucose oxidase (GOx) adsorption 

3.4 Evaluation of biosensor response 

3.4.1 Electrochemical measurements for urea detection. 
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Chronoamperometric measurements were also carried out for urea detection in the same 

conditions as mentioned above with additions of 150μL 0.1M urea solution with 100s intervals 

after first equilibration. 

 

As mentioned before, results obtained in both techniques lead to think the enzyme is not 

correctly immobilized because of different reasons (i.e. enzyme size, cross-linking, covalent 

bonding, enzyme activity). This is why the results related with urea electrochemical detection will 

be discussed in Appendix B. From this point, our work in this project will focus on glucose as 

analyte for detection. 

Chronoamperometric measurements were carried out at room temperature in carbon screen-

printed electrode (DropSens DRP-150) equipped with Ag as reference electrode and Pt as counter 

electrode; containing 100 μL of 10 mM PBS (pH=7.4) at a polarization potential of 500 mV using 

the Autolab PGSTAT302N equipment described above. Glucose solutions were prepared in 10 

mM PBS and allowed to maturate overnight. Choroamperometric curves were obtained after a 

desired additions of 25 mM glucose solution increasing 1mM the glucose cell concentration under 

constant stirring at 50 s and 150 s intervals for PEDOT and LDPE respectively.  

 

CV assays were carried out to confirm the oxidation peak potential of glucose detection 

using the Autolab PGSTAT302N equipment described above. Experiments were performed in 

same conditions containing 100 μL of 10 mM PBS (pH=7.4) at room temperature and 

Voltammograms were recorded in the potential range from -0.40 to 0.80 V at a scan rate of 50 

mV·s-1. 

UA, AA and DA were used as interfering agents for chronoamperometric detection of 

glucose. 2.5 mM solutions of these species were prepared in 10 mM PBS. Choroamperometric 

curves in presence of interfering agents were obtained after adding 4 μL of a 2.5 mM solution of 

each of such species under constant stirring at 100 s intervals at polarization potential 500 mV. 

 

 

 

3.4.2 Electrochemical detection of glucose 

3.4.3 Interference study 
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Chapter 3 contained an accurate description of the set-up and methodology where the 

electrochemical detection has been carried out, presenting the synthesis and the role of every 

element of the system. Additionally, its treatment via cold plasma and the aspects related to the 

enzyme immobilization and its deposition onto the polymer-modified GCE electrode were 

explained. 

 

In chapter 4, first of all, the characterization of PEDOT- and LDPE- modified GCE will be 

presented. After this, the response of the biosensor and its specification will be evaluated. Finally, 

an intensive study by X-Ray photoelectron spectroscopy (XPS) of surface functionalization for 

different plasma application times will be analyzed and discussed. 

Since the beginning, PEDOT-modified GCE has been implemented into our system as a 

conducting polymer with the motivation of characterize accurately the compounds formed in 

surface after plasma treatment. Therefore, Raman spectroscopy was decided to be carried on 

GCE/PEDOT electrodes instead of LDPE-modified GCE. 

 

First of all, a blank analysis with PEDOT was carried out in order to confirm the existing 

structure. Afterwards, samples treated with cold plasma and then, without and with GOx enzyme 

adsorbed onto the surface were analyzed. Acquisition times were settled 100 s, 200 s and 200 s 

for GCE/PEDOT, GCE/PEDOT/Plasma and GCE/PEDOT/Plasma/GOx respectively and 4 

accumulations ranging from 50 to 3600 cm-1 of each sample were recorded. Figure 4.1 displays 

the recorded spectra. 

 

 

Chapter 4 

4- Results & discussion 

4.1 Spectroscopic characterization:  

4.1.1 Raman Spectroscopy 
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Figure 4.1: Raman spectra of GCE/PEDOT without plasma (blue), GCE/PEDOT plasma treated (tcp= 1 min) 

(red) and GCE/PEDOT after 2 min plasma treatment with GOx (green). 

 

Identified Raman bands (Table 4.1) correspond with the expected values of PEDOT conducting 

polymer.69,70 

PEDOT peaks  

Raman bands (cm-1 ) Assignments 

576 C-O-C deformation 

711 C-S deformation symmetric 

846 O-C-C deformation 

992 oxyethylene ring deformation 

1269 C-C inter-ring stretching 

1372 C-C ring stretching 

1458 symmetric C=C stretching 

1532 asymmetric C=C stretching 

Table 4.1: Frequencies and assignments of the PEDOT Raman bands.     Figure 4.2: PEDOT structure sketch. 

 

Comparison of the spectra obtained for PEDOT-modified glassy carbon electrodes plasma 

treated (tcp= 2 min) without and with GOx indicates that the presence of enzyme does not affect 

the surface structure (Table 4.2). 
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PEDOT/PLASMA & PEDOT/PLASMA/GOX 

1335, 1342 D band: disorder in the sp2 hibrydation bonds or diamond bonds representing sp3 C-C 

1603, 1633 
G band: sp2 bonds in monocrystalline graphite representing the vibrational modes in 

C=C bonds. Generated by Raman scattering of first order involving only one phonon. 

2670,2670 G’ or 2D band: graphitic characteristic peak, it represents the second order scattering. 

Table 4.2: Frequencies and assignments of the plasma treated PEDOT-modified GCE. 

 

Assuming small shifts in frequencies, Raman bands in Figure 4.1, correspond to a carbon 

based material.71–73 The Raman spectra of all carbon materials can be described with three 

characteristic bands, which are highly dependent on the disorder of the atoms and their 

hybridation. 

The D-band or disorder band, is caused 

by disordered structures of sp2 hybridized 

carbon atoms, which results in resonance 

Raman spectra, and thus makes Raman 

spectroscopy one of the most sensitive 

techniques to characterize disorder in sp2 

carbon materials. 

The G band or graphite-like band is at 

about 1583 cm-1, and is associated with 

the in-plane tangential optical phonon that 

involves the stretching of the bond 

between the two atoms C-C in graphitic 

materials, and is common to all sp2 carbon 

systems. 

 

If there are some randomly distributed 

impurities or surface charges in the 

graphene, the G-peak can split into two 

peaks, G-peak (1583 cm-1) and G’-peak 

(1620 cm-1). The main reason is that the 

localized vibrational modes of the 

impurities can interact with the extended 

phonon modes of graphene resulting in the 

observed splitting. 

 

 

Figure 4.3: Raman Spectra of diamond, graphite, glassy 

carbon and amorphous carbon (Image adapted from 73) 
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All kinds of sp2 carbon materials exhibit a strong peak in the range 2500 - 2800 cm-1 in the 

Raman spectra. Combined with the G-band, this spectrum is a Raman signature of graphitic sp2 

materials and is called 2D (or G*)-band. 2D-band is a second-order two-phonon process and 

exhibits a strong frequency dependence on the excitation laser energy. It has pronounced large 

intensity in single layer graphene, but it broadens and reduces in intensity in multi-layer 

graphene. Normally, there is not much observable difference from graphite if it's more than five 

layers.  

The ratio of the G/D modes in Raman spectra is conventionally used to quantify the structural 

quality. And the ratio of the G/2D modes can be used to determine the number of layer of 

graphene. In general, graphite has less intensity of the 2D band when compared with graphene. 

 

In conclusion, after the analysis of the bands and its sharpness, it is highly likelihood that we 

have a nanocrystalline poorly-graphitic material because of the sharpness of D and G band, 

another possibility is to have sp2 amorphous carbon in the surface. 

Further Raman analysis with different polymers-modified GCE or a non-carbon based 

substrate would be needed to determine the nature of the recorded Raman spectra.  
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PEDOT-modified electrode: 

FTIR spectra of EDOT monomer, PEDOT-modified GCE and PEDOT/Plasma-GCE (tcp= 1 

min) were recorded and compared (Fig. 4.4). Bands at 1500 and 1403 cm-1 correspond to the 

stretching modes of C=C and C-C in the thiophene ring. While those at 1272, 1160, 1067 and 

1020 cm-1 have been attributed to the vibration mode of C-O-C. Finally, peaks 1120, 995 and 862 

cm-1 are the frequencies of C-S bond vibration mode in thiophene ring. 

 

Bands at 1272, 1160, 1067 and 1020 cm-1 become more intense in Plasma treated 

GCE/PEDOT electrode (tcp= 1 min), which also presents absorption between 1600-1760cm-1, 

which relates with ketones C=O, aldehydes and carboxylic groups.  

 

 
Figure 4.4: FTIR spectra of EDOT monomer, PEDOT and PEDOT plasma treated (tcp= 1 min).  
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4.1.2 Fourier Transform Infrared Spectroscopy (FTIR) 
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Low density polyethylene-modified electrode: 

 

The results displayed in Figure 4.5 of LDPE pellet without plasma treatment, presents the 

expected LDPE peaks in 2915 and 2847 cm-1 for C-H asymmetric and C-H symmetric stretching 

vibrations in -CH2; 1463 and 1375 cm-1 corresponding to C-H asymmetric and symmetric 

deformation vibrations in –(CH2)n and 718 cm-1 which is the C-C rocking vibrations in –(CH2)n–. 

It presents absorption between 1600-1760cm-1, which relates with ketones C=O, aldehydes 

and carboxylic groups.  

 

LDPE films with thickness of 150±30 µm were prepared at 140ºC. After this, cold plasma 

treatment was applied at the surface. It is worth noting that the region between 1600-1760cm-1 

shows various bands, which increased significantly in intensity; after plasma treatment (tcp= 1 

min), indicating an increment in ketones C=O, aldehydes and carboxylic groups over the surface 

of the electrode.  

 

 
Figure 4.5: FTIR spectrum of LDPE pellet and films with and without plasma treatment. 
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SEM images show the surface morphology of untreated and plasma treated PEDOT- and 

LDPE-modified GCEs. 

 

Untreated samples exhibit a relatively compact morphology made of both sheets and sticks 

that aggregate forming a homogeneous distribution of narrow and tortuous pores (Figure 4.6 b). 

These pores play a crucial role in the electrochemical properties of the samples, facilitating the 

mobility of dopant ions in oxidation and reduction processes (i.e. access and escape of ions 

into/from the polymer matrix, respectively). 

    
Figure 4.6: Scanning Electron Microscopy images of untreated PEDOT-modified GCE. (a) Complete image 

of electrode surface, [100 μm scale] and (b) magnified image [1 μm scale]. 

 

Figure 4.7: Scanning Electron Microscopy images of plasma treated 

PEDOT-modified GCE (tcp= 30 s), [1 μm scale]. 

 

4.2 Microscopic characterization: 

4.2.3 Scanning Electron Microscopy (SEM) 

(a)   (b)   

1 μm   100 μm   

1 μm   
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Figure 4.8: SEM images of the LDPE-modified GCE (a) without plasma treatment [10 μm scale] and (b) 

plasma treated (tcp= 30 s), [1 μm scale]. 

     

Figure 4.9: SEM images of plasma treated LDPE-modified GCE (tcp= 60 s). (a) Complete image of electrode 

surface, [100 μm scale]. (b) magnified image [1 μm scale].  

The compact morphology of untreated samples transforms into a very porous network after 

plasma application (Figure 4.7 and 4.8b). Thus, chemical processes induced by the application of 

plasma cause the collapse of sheets and sticks, giving place to the formation of abundant pores 

that are much wider than those observed untreated samples. Moreover, the tortuosity of the pores 

is also lost due to such molecular redistribution, which contributes to increase the roughness and, 

therefore, the amount of accessible surface. The latter combined with the formation of reactive 

species explain the glucose detection of plasma-treated polymer-modified electrodes.   
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AFM measurements were performed on various parts of the films, which produced 

reproducible images similar to those displayed in this work.  

Polymer-modified glassy carbon electrodes exhibits an increment in the surface roughness 

after cold plasma treatment (Table 4.3 & Table 4.4). Thickness of plasma treated samples could 

not be defined because of the irregular surface morphology. 

 PEDOT PEDOT (tcp=1 min) 

Thickness 90 ± 10 nm ---- 

Roughness Average (Ra) 95.95 ± 13 nm 98.5 nm .± 20 nm 

Root Mean Square roughness (Rq) 91.75 ± 18 nm 142.7 nm .± 42 nm 

Table 4.3: Thickness, Ra and Rq of PEDOT-modified GCE untreated and plasma treated (tcp= 1 min). 

    

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 4.10: Atomic Force Microscopy images of (a) GCE/PEDOT and (b) GCE/PEDOT/Plasma (tcp=1 min). 

 

 LDPE LDPE (tcp=1 min) 

Thickness 446.7±39 nm ---- 

Surface Area Difference 5.2±0.5%     48.4±6% 
Roughness Average (Ra) 115.3±12 nm 194.8.±59 nm 
Root Mean Square roughness (Rq) 150±19 nm   240.8±69 nm 

Table 4.4: Thickness, Ra and Rq of LDPE-modified GCE untreated and plasma treated (tcp= 1 min). 

 

4.2.3 Atomic Force Microscopy (AFM) 

(a)  

 (b) 

(b)  

 (b) 
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Figure 4.11: AFM images of GCE/LDPE untreated (a) and plasma treated (tcp= 1 min) (b) with depth color 

scale (c). 

 

In addition, it is worth to mention that surface area difference varies in LDPE-modified GCE 

from 5.2 % to 48.4 % after 1 minute plasma treatment, indicating and increment of accessible 

surface for reactions in the surface of the electrode. Thus, the results are coherent with the ones 

concluded from SEM images analysis. 

(a)  

  

(b)  

  

(c)  
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The sessile drop was gently put on the surface of PEDOT- and LDPE-modified glassy 

carbon electrodes using a micrometric syringe with a proper metallic needle (Hamilton 500 μL). 

The ellipse method was used to fit a mathematical function to the measured drop contour. For 

each polymer and plasma application time (tcp), 20 drops were examined. 

 

 Contact angle 
CA(M)[°] 

Standard 
Deviation [°] 

GCE 80.7 2.9 

GCE (tcp =1 min) < 11.7  

PEDOT 21.5 2.1 

PEDOT (tcp =1 min) 17.5 0.4 

PEDOT (tcp =2 min) 15.1 2.4 

LDPE 117.5 3.4 

LDPE (tcp =30 s) 36.6 3.3 

LDPE (tcp =1 min) 28.4 2.9 

LDPE (tcp =2 min) 16.9 1.2 

Table 4.5: Contact angle measurements of bare GCE, PEDOT- and LDPE-modified GCE. 

 

The experimental results show that the cold plasma process may remarkably increase 

wettability properties of the polymers-modified and bare glassy carbon surfaces studied in this 

work. Chemical changes and functional groups induced by the plasma are the cause of the 

modification of the surface tension and increment of wettability indicating the addition of polar 

functional groups, for example carboxylic groups as it has already been pointed out. The results 

agree with the ones achieved by other research groups on glassy carbon25 and LDPE.28,29 

 

 

 

    
Figure 4.12: Deionized water drop in bare GCE without plasma (left) and after 1 minute plasma treatment 

(right). 

 

4.3 Physical characterization 

4.3.4 Contact angle 
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Glassy carbon bare electrode presented a contact angle below the limit of measurement after 

1 minute plasma treatment (Fig. 4.12 (right) ), a high hydrophilic behavior. PEDOT electrode 

was hydrophilic from the beginning, contact angle below 30º. However, it has still increased its 

wettability. It is worth to comment the high hydrophilic behavior (contact angle 16.9º; tcp= 2 

min) shown by LDPE even though it was a hydrophobic material before plasma treatment 

(contact angle 117º) (Fig. 4. 13). 

 

 
Figure 4.13: Deionized water drop in GCE/LDPE without plasma. 
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PEDOT and LDPE were deposited onto bare GCEs as prepared in subsection 3.2 Methods. 

Then, cyclic voltammetry and chronoamperometry comparison of the response against glucose 

of plasma-treated and untreated films were extensively studied. Appendix C complements this 

section with all the related graphics. 

As it has been pointed out in early subsections, glucose detection is generally determined with 

amperometric methods.44,51 Thus, cyclic voltammetry was carried on with the objective of 

confirming the oxidation peak of glucose using bare GCEs and PDEOT- and LDPE-modified 

GCEs comparing their response against 10mM glucose. Samples with and without GOx, 

untreated and plasma-treated were studied. (See supplementary information in appendix C) 

Bare GCE CV (See figure C.1 in appendix C) displays a weak oxidation peak at 0.49V as it 

was expected for glucose.44 After plasma treatment the current density measured by the electrode 

increases, but detection of glucose becomes difficult.  

Figure 4.14 (a) and (b) compares the voltammetric response of untreated and plasma-treated 

PEDOT- and LDPE-modified electrodes, respectively. Voltammograms recorded using bare 

GCEs have been included for comparison. Plasma untreated PEDOT exhibit a clear shoulder at 

E= 0.36 V, corresponding with the glucose oxidation potential of the electrode. In the case of 

plasma treated electrodes small, or even imperceptible, shoulders have been identified in some 

voltammograms affecting the oxidation peak potential (E = 0.50 V). In addition, plasma 

treatment provokes a significant reduction and increment of the reversal peak intensity at 0.80 V 

for PEDOT and LDPE respectively. 

Figure 4.14: Control voltammograms of 10 mM glucose in 10 mM PBS at untreated and air-plasma treated 

bare GCE, and both (a) PEDOT- and (b) LDPE-modified GCE. Scan rate: 50 mV/s. Initial and final potentials: 

-0.40 V; reversal potential: +0.80 V. 

4.4 Electrochemical characterization 

4.4.1 Cyclic voltammetry (CV) 

(a) 

(b) 
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Chronoamperometry of PEDOT- and LDPE-modified GCEs with cold-plasma treatment and 

GOx enzyme were recorded. The resulting calibration curves, which are displayed below and in 

appendix C, in almost all the cases evidence a linear behavior in the whole interval of examined 

glucose concentration (from 0 to 20 mM Glucose). Table 4.6, 4.7 and 4.8 presents the dynamic 

range, limit of detection and slope of bare GCE, PEDOT- and LDPE-modified electrodes at 

polarization potential 0.5 V respectively. PEDOT-modified electrodes were also measured at 

polarization potential 0.36 V for a good understanding of the observed shift in CV oxidation 

potential (Table 4.7).  

 

  
Dynamic Range 

Limit of 
Detection 

Sensitvity 
Intercept 
[0 mM] 

R-Square 

E= 0.50 V mM mM μA·cm-2·mM-1 μA· cm-2  

GCE (No plasma) 0-20 4 0.07 9.8 0.956 

GCE (plasma 1 min) 0-20 8 0.15 16.4 0.906 

GCE (plasma 2 min) 0-20 12 0.14 16.9 0.749 

Table 4.6: GCE calibration curve summary (tcp= 0 s, 1 min and 2 min). 

 

After plasma-treatment, bare GCE do not present a defined improvement in their 

electrochemical properties. Although the sensitivity increase slightly, its limit of detection 

increases as well. In this case, there is almost no difference depending on plasma treatment 

application time. Calibration curves can be found in appendix C, as mentioned. 

 

  Dynamic Range 
Limit of 

Detection 
Sensitvity 

Intercept 
[0 mM] 

R-Square 

E= 0.36 V mM mM μA·cm-2·mM-1 μA· cm-2  

PEDOT (No plasma) 0 - 20 6 0.39 13.9 0.915 

PEDOT (plasma 1min) 0 - 3 3 0.28 8.4 0.791 

E= 0.50 V      

PEDOT (No plasma) 
0-4 1.7 3.89 20 0.985 

4- 20 9.3 0.12 35.6 0.677 

PEDOT (plasma 1min) 
0-5 1.3 0.89 12 0.955 

5 - 20 1.1 0.32 14.4 0.993 

PEDOT (plasma 2min) 0 - 11 1 0.65 6.8 0.991 

Table 4.7: PEDOT calibration curve summary at E= 0.36 V (tcp= 0 s and 1 min) and E = 0.50V 

(tcp= 0 s, 1 min and 2 min). 

 . 

Although PEDOT-modified electrodes have a high dynamic range (from 0 to 20 mM) at 

0.36 V oxidation potential (Table 4.7), their sensitivity is low and their limit of detection higher 

when compared with the same measurement at polarization potential 0.5 V.  

4.4.2 Chronoamperometry (CA) 
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The cold plasma technique has a good effect on the surface modification of CP films 

enhancing their selectivity, sensitivity, and the interval with a linear behavior in the glucose 

detection. This advantageous response could be attributed to the surface polarity, surface cross-

layer linking and other microstructural changes in deeper regions induced by the plasma 

treatment that influence the glucose sensing properties. Accordingly, an important issue may be 

the influence on the effective glucose detection that has the time that plasma power is applied 

(tcp). In order to investigate the effect of the surface treatment time, PEDOT-modified GCEs 

were treated considering different tcp values (i.e. 0 s, 1 min and 2 min). Figure 4.15 compares the 

calibration curves of these treated electrodes. As it can be seen, it is worth to noting the influence 

of tcp, which induces an increment in the dynamic range of the electrodes, generating an 

enhancement of the sensitivity for higher concentrations. Therefore, while untreated electrodes 

show two regions clearly differentiated, after 2 minutes plasma treatment there is a wide interval 

with a linear behavior with one continue slope and lower limit of detection.  

 

 

 

Figure 4.15: For PEDOT-modified GCEs, 

 (a) tcp= 0 s, (b) tcp= 1 min and (c) tcp= 2 min, 

dependence of the current density response versus 

the glucose concentration. Error bars indicate 

standard deviations for eight measurements using 

independent electrodes. The calibration curve 

equation is also displayed. 

 

 

 

 

(a) (b) 

(c) 
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The results obtained evidence that the application of the plasma treatment to CPs induces the 

formation of very active species that improve the sensing response of the initial materials. It 

would be very useful and interesting to ascertain if such physical treatment enables the 

transformation of an electrochemically inactive polymer, such as low density polyethylene 

(LDPE), into an electroactive material suitable for the fabrication of very cheap electrochemical 

sensors.  

 

  
Dynamic Range 

Limit of 
Detection 

Sensitivity 
Intercept 
[0 mM] 

R-Square 

E= 0.50 V mM mM μA·cm-2·mM-1 μA· cm-2  

LDPE (No plasma) 0-20    44 0.01 5.7 0.142 

LDPE (plasma 30s ) 0-20 2.6 0.54 8.2 0.984 

LDPE (plasma 1 min) 0-20 1.7 0.96 12.5 0.992 

LDPE (plasma 2 min) 0-20 2.8 1.32 13.7 0.980 
Table 4.8: LDPE-modified GCEs calibration curve summary (tcp= 0 s, 30 s, 1 min and 2 min). 

 

For the LDPE-modified GCE without cold-plasma treatment, the chronoamperometry 

recorded upon the successive addition of 1 mM glucose in 10 mM PBS does not provide any 

increment in current density (Figure 4.16), indicating that, as expected, LDPE is not able to 

detect such neurotransmitter. In contrast, the chronoamperometry recorded using an identically 

fabricated electrode but applying a cold-plasma treatment during 1 min, shows an increment for 

current density when increasing glucose concentration in solution (Figure 4.16).  

 

 
Figure 4.16: Current-time plot for LDPE-modified GCE as prepared and 1 minute air-plasma treatment 

upon the successive addition of 1 mM glucose in 10 mM PBS at polarization potential 500 mV vs AgAgCl. 
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Additional assays with cold-plasma treated LDPE-modified GCEs were performed using tcp= 

0, 30, 60 and 120 s. Results, which are displayed in Figure 4.17, indicate that the oxidation of 

glucose molecules was detected with higher sensitivity. According to these results, tcp is not a 

crucial factor for the detection process once it is higher than 1 min. This illustrates more clearly 

the effects of the application of cold plasma in the detection process. 

 
Figure 4.17: For LDPE-modified GCEs (tcp= 0 s, 30 s, 1 min and 2 min), dependence of the current density 

response versus the glucose concentration. Error bars indicate standard deviations for seven measurements 

using independent electrodes. The calibration curve equation can be deduced from Table 4.8. 

 

The limit of detection of PEDOT and LDPE was determined by the calibration curve for 

Glucose concentrations ranging from 0 to 20 mM. The detection limit, expressed 3.3·/S (where 

 and S are the standard deviation of the response and S is the slope of the calibration curve) is 1 

and 1.7 mM for PEDOT and LDPE, respectively. These values are significantly lower than those 

obtained for untreated samples, evidencing an improvement not only in the resolution (especially 

for LDPE) but also in the sensitivity. 

 

Considering that the Glucose concentration estimated in blood is between 3.9 – 6 mM, this 

result corroborates that efficient detectors can be fabricated by combining an organic matrix with 

a simple air-plasma treatment.  
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The presence of interfering species, such as uric acid, ascorbic acid and dopamine, in 

biological samples can influence the performance of the sensor during the oxidation of glucose. 

In order to investigate the selectivity of the fabricated polymers-modified electrodes, the 

chronoamperometric response of the PEDOT and LDPE with and without plasma upon the 

successive injection of glucose and interferents into the 10 mM PBS-containing cell was 

examined.  

Results (Figure 4.18) prove that UA, AA and DA react with the sensor and with the glucose 

signal generating an irregular signal. Thus, selective detection of glucose against DA, UA and 

AA is difficult because oxidation peaks are weak and partially overlapped as it has been reported 

for dopamine sensor when similar analytes concentrations were measured.1   

This study was held with the intention of limit conditions, were interference analytes were in 

a concentration higher than normal blood values;74 as well as glucose concentration was under its 

blood concentration for both PEDOT and LDPE-modified GCEs. For future biological oriented 

research, it would be required to repeat the interference study whitin normal values and ranges of 

blood concentrations. 

 

Figure 4.18: Current-time plots for the PEDOT- (a) and LDPE-modified electrodes (b) upon the successive 

addition in 10 mM PBS of: (i) 1 mM UA, 1 mM AA, 1 mM DA and 1 mM glucose. Polarization potential: 

500 mV vs AgAgCl. 

 

Although, unfortunately, the selective detection of the glucose was almost imperceptible in 

the 1 mM solution, results displayed in Figure 4.17 in the previous sub-section are very 

promising because of the simplicity of the electrode. Thus, it should be remarked that the limit 

for the electrochemical detection of glucose dropped from 44 to 1.7 mM after plasma treatment 

of the electrodes.  

4.4.3 Sensor specificity 

(a) (b) 
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The binding energy (BE) values were referred to the C 1s peak at 284.8 eV, as reported 

elsewhere.75 All peaks exhibit small shifts after plasma treatment (complete BE tables (eV) in 

appendix D). Atomic fractions were calculated using peak areas normalized on the basis of 

acquisition parameters after background subtraction, experimental sensitivity factors and 

transmission factors provided by the manufacturer. 

 

We have used bare glassy carbon (GC) rods and GC rods modified at the surface with 

PEDOT and LDPE as prepared and after plasma treatment of different duration. Two or three 

fresh samples for each electrode were analysed and no significant variations were encountered. 

Table 4.9 compiles the surface composition determined by XPS on an atomic basis. 

 

  atomic % 

  C O N S 

GCE as prepared 73.6 25.0 1.4 - 

 plasma 1 min 61.3 35.3 3.4 - 

 plasma 2 min 64.5 32.1 3.4 - 

PEDOT as prepared 60.1 35.8  0.8  3.3 

 plasma 1 min 59.0 37.4 3.1 0.5 

 plasma 2 min 44.0 49.9 4.0 2.1 

LDPE as prepared 77.2 22.3 0.5 - 

 plasma 30 s 63.8 33.5 2.7 - 

 plasma 1 min 67.1 31.0 1.9 - 

 plasma 2 min 68.4 29.5 2.1 - 

Table 4.9: Atomic percent composition of untreated (as prepared) and air-plasma (tcp= 1 and 2 min) of 

treated bare GCE, and both PEDOT- and LDPE-modified GCE. For the latter , samples 

treated using tcp= 30 s were also considered. 

 

 

 

 

 

4.5 Study of plasma surface functionalization through 

X-Ray Photoelectron Spectroscopy 
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The spectrum recorded over the bare GC substrate as prepared shows the presence of C and 

O and a minor contribution of N. This is in accordance with the structure of GC, where phenol, 

carbonyl, carboxyl, lactone and quinone functional groups are present as reported previously in 

the literature.76,77 The spectrum of the electrode functionalised with PEDOT shows a larger 

amount of O and the presence of S according to its structure, whereas almost no N is present on 

the surface. As expected, the spectrum recorded over the electrode functionalised with LDPE has 

the highest amount of C. 

 

Upon plasma treatment, the surfaces of the electrodes get enriched in O and N in all cases. 

This is reflected in Figure 4.19, where the atomic ratios C/O and C/N are plotted for the three 

samples (Table D.1 in Appendix D shows the numerical value of these ratios). These graphs and 

the values reported in Table 1 allow us to conclude that an important enhancement of both O and 

N occurs as a direct consequence of the plasma treatment. This is in agreement with previous 

reports in the literature concerning carbon materials exposed to O2 and N2 plasmas.21,25,78 
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Figure 4.19: (a) C/O and (b) C/N atomic ratios of bare glassy carbon (GCE), PEDOT and LDPE as 

prepared and after air plasma treatment for 1 and 2 min. 
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The C 1s, O 1s and N 1s spectra of untreated and plasma treated (tcp= 1 min) bare GC are 

displayed in Figure 4.20. The analysis of the C 1s signal (Table 4.10) reveals the presence of 

different surface species both before and after plasma treatment. The main bands at 284.5 and 

285.5 eV can be attributed to C sp2 and C sp3 species, respectively, whereas those at higher 

binding energies are ascribed to several C–O and C–N species. After plasma treatment the 

amount of C sp3 species decrease. The same trend is observed in the O 1s spectra, where the 

intensity of the O–C sp2 component at 533.1 eV, corresponding to C=O of amide, increases after 

plasma treatment. The O 1s consists of four components (Table 4.11) with the first centred at 

533.7 eV, corresponding to a different number of oxygen bonds. The peak centred at 532.5 eV is 

attributed to the O–C sp3 bonding in aliphatic groups, which also increased after plasma 

treatment. The component at 529.7 eV is associated to contamination products.     

Concerning the N 1s spectra (Table 4.12), it is clear that new N–bearing species are formed 

upon exposure to plasma; in particular, the new band at 407.8 eV corresponds to nitrate species. 

Bands at 397.3 and 403.4 eV are ascribed to pyridinic and ternary nitrogen species respectively. 

The peak centred at 400.3 eV is attributed to amine (primary and secondary), pyrrolic and 

quaternary nitrogen species. The spectra recorded after 2 min plasma is virtually identical to 

those recorded after 1 min plasma. 

GCE    C 1s Binding energy (eV) Assignment 

C1 284.5 ±0.1 C=C  

C2 285.5 ±0.1 C-C, C-H, C-S 

C3 286.3 ±0.2 C-O, C-N 

C4 288.0 ±0.2 C=O, C=N 

C5 289.4 ±0.5 O=C-O 
Table 4.10: XPS spectrum: GCE; Carbon C 1s components binding energy. 

GCE    O 1s Binding energy (eV) Assignment 

O1 529.7 ±0.3 Metal oxides 

O2 531.4 ±0.3 O-C sp2:  C=O 

O3 532.5 ±0.2 O-C sp3:  C-OH aliphatic 

O4 533.7 ±0.2 C-OH aromatic; C(O)O- (ester); -NO2, -NO3; 
Table 4.11: XPS spectrum: GCE; Oxygen O 1s components binding energy.  

GCE     N 1s Binding energy (eV) Assignment 

N1 397.3 ±0.1 pyridine (=N-) 

N2 400.3 ±0.1 

amine (primary and secondary), pyrrolic (-

NH-), pyridones (-NH-C=O) or nitroso (–

NO); quaternary groups (=N+-) 

N3 403.4 ±0.4 oxidized species (-NO2) 

N4 407.8 ±0.2 oxidized species (-NO3) 
Table 4.12: XPS spectrum: GCE; Nitrogen N 1s components binding energy. 

4.5.1 Glassy Carbon 
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Figure 4.20. C 1s, O 1s and N 1s XPS spectra of bare glassy carbon as prepared (left) and after 1 min 

plasma (right). 

 

Further analysis of atomic relative concentration of each band of C 1s, O 1s and N 1s signals 

and their relative concentration to the total composition will be discussed in Appendix D. 
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The C 1s, O 1s, N 1s and S 2p spectra of as prepared and plasma treated (tcp= 1 and 2 min) 

PEDOT-modified GC samples are provided in Figure 4.21. Initially, the C 1s spectrum shows 

the presence of the polymer by an increase of the C sp3 signal with respect to the C sp2 signal 

present in the C 1s spectrum of the GC support. In addition, the S 2p spectrum (Table 4.14) 

shows the presence of sulphur species according to the structure of PEDOT. The spectrum shows 

the spin-split sulphur coupling, S2p3/2 and S2p1/2 for the C–S–C bond of the thiophene ring 

(163.3 and 164.5 eV, respectively) and it homologous with the positively charged sulphur (i.e. 

C–S+–C at 164.9 and 166.1 eV respectively).75 The progressive air plasma treatment for tcp = 1 

and 2 min allows for a monitoring of the surface changes of the electrode.  

On one hand, there is an increase of intensity of the bands at 288.3 and 290.0 eV in the C 1s 

spectra, which correspond to highly oxidized carbon such as carboxylate groups. This is 

particularly important in the sample treated with plasma for tcp= 2 min. A similar change is 

observed in the O 1s spectra, where the contribution of oxygen at high binding energies increases. 

On the other hand, the sulphur species in PEDOT change completely into sulphite and sulphate 

species at 168-170 eV, respectively. The effect of plasma is clear here since the intensity of the S 

signal at the surface decreases and intensity and simultaneously strongly oxidizes. Finally, the N 

spectra (Table 4.16) also change drastically upon exposure to plasma, where the band at 407.5 

eV that appears after 1 min plasma corresponds to nitrate species and that at 404.1 eV observed 

after 2 min corresponds to nitrite species, again pointing to a strong oxidation of the surface. 

Therefore, in this case the plasma treatment duration determines the abundance and nature of the 

resulting species adsorbed at the surface. 

 

PEDOT    C 1s Binding energy (eV) Assignment 

C1 284.5 ±0.1 C=C  

C2 285.5 ±0.1 C-C, C-H, C-S 

C3 286.3 ±0.2 C-O, C-N 

C4 288.0 ±0.3 C=O, C=N 

C5 289.5 ±0.5 O=C-O 
Table 4.13: XPS spectrum: PEDOT; Carbon C 1s components binding energy. 

PEDOT   S 2p Binding energy (eV) Assignment 

S1 
S2p3/2 163.3 ±0.0 

C-S-C (PTh) 
S2p1/2 164.5 ±0.0 

S2 
S2p3/2 164.9 ±0.2 

C-S
+

-C (PTh) 
S2p1/2 166.1 ±0.2 

S3 
S2p3/2 168.6 ±0.7 Sulphone (-S(=O)(=O)-) 

and sulphate (SO4
-2) S2p1/2 169.8 ±0.7 

Table 4.14: XPS spectrum: PEDOT; Sulphur S 2p components binding energy. 

 

4.5.2 PEDOT-modified glassy carbon: 
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PEDOT  O 1s Binding energy (eV) Assignment 

O1 529.7 ±0.2 Metal oxides 

O2 531.3 ±0.4 
O-C sp2:  Aliphatic (C-SO2-C; C=O; 

ClO4
- [PEDOT+]) 

O3 532.5 ±0.2 
O-C sp3:  C-OH aliphatic;  

Aromatic (C-O-C PEDOT) 

O4 533.7 ±0.1 
C-OH aromatic; C(O)O- (ester); 

 -NO2, -NO3; ClO4
-  

Table 4.15: XPS spectrum: PEDOT; Oxygen O 1s components binding energy.  

 

PEDOT   N 1s Binding energy (eV) Assignment 

N1 397.8 ±0.6 pyridine (=N-) 

N2 

399.8 ±0.2 amine (primary and secundary), pyrrolic (-

NH-), pyridones (-NH-C=O) or nitroso (–

NO) 

N3 401.6 ±0.3 quaternary groups (=N+-) 

N4 404.1 ±0.2  oxidized species (-NO2) 

N5 407.5 ±0.2 oxidized species (-NO3) 
Table 4.16: XPS spectrum: PEDOT; Nitrogen N 1s components binding energy. 

 

Further analysis of atomic relative concentration of each band of C 1s, O 1s and N 1s signals 

and their relative concentration to the total composition will be discussed in Appendix D.  
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Figure 4.21: C 1s, S 2p, O 1s and N 1s XPS spectra of PEDOT untreated (left) and after plasma-

treatment using tcp= 1 min (center) and tcp= 2 min (right). 
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The C 1s, O 1s and N 1s spectra of the untreated and plasma-treated (tcp= 30 s, 1 min and 2 

min) LDPE-modified PE samples are shown in Figure 4.22. In this case, the duration of the 

plasma treatment seems less important and the spectra obtained after 30 s, 1 min and 2 min are 

fairly similar. Regarding carbon species, the main transformation observed in this case is the 

decrease of C sp2 species. The spectra of O and N show an increase of oxidized species in both 

cases, as in the case of the PEDOT sample. These observations are in good agreement with 

previous results on plasma treated LDPE,79,80 which also reported that oxidized species are 

introduced by the plasma treatment.  

It is shown that exposure of the electrodes to air plasma leads to the formation of a large 

variety of species adsorbed on their surface, which is attributed to the high reactivity of excited 

species formed in the plasma, such as N, O, N2
+, O2

+ and O+. According to literature, these 

plasma species are able to break the ordered structure of carbon assemblies, favouring 

substitution reactions, breaking aromaticity and generating defects and aliphatic fragments.81 

Furthermore, these species are clearly different for unmodified and polymer-modified GC, which 

explain the detection results discussion in previous subsections. 

Further analysis of atomic relative concentration of each band of C 1s, O 1s and N 1s signals 

and their relative concentration to the total composition will be discussed in Appendix D. 

LDPE    C 1s Binding energy (eV) Assignment 

C1 284.5 ±0.1 C=C  

C2 285.5 ±0.1 C-C, C-H, C-S 

C3 286.3 ±0.2 C-O, C-N 

C4 287.9 ±0.2 C=O, C=N 

C5 289.1 ±0.1 O=C-O 
Table 4.17: XPS spectrum: LDPE; Carbon C 1s components binding energy. 

LDPE  O 1s Binding energy (eV) Assignment 

O1 529.3 ±0.4 Metal oxides 

O2 530.3 ±0.5 O-C sp2:  C=O 

O3 532.5 ±0.5 O-C sp3:  C-OH aliphatic 

O4 533.7 ±0.3 C-OH aromatic; C(O)O- (ester); -NO2, -NO3; 
Table 4.18: XPS spectrum: LDPE; Oxygen O 1s components binding energy.  

LDPE  N 1s Binding energy (eV) Assignment 

N1 398 ±0.7 pyridine (=N-) 

N2 400.1 ±0.3 

amine (primary and secondary), pyrrolic (-

NH-), pyridones (-NH-C=O) or nitroso (–

NO); quaternary groups (=N+-) 

N3 403.5 ±0.4 oxidized species (-NO2) 

N4 407.8 ±0.1 oxidized species (-NO3) 
Table 4.19: XPS spectrum: LDPE; Nitrogen N 1s components binding energy.  

4.5.3 LDPE-modified glassy carbon: 
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The overall of these results clearly indicate that electrochemically inert polymers can be 

successfully transformed into electrochemical sensors for detection by applying a simple cold-

plasma treatment. The implications of this approach are very significant. The replacement of CPs 

and inorganic catalytic nanoparticles by conventional commodity polymers provokes a 

significant reduction in the economic cost of the detection devices. Also, the substitution of 

nanocomposites processing and/or multi-step synthetic processes by a simple cold-plasma 

treatment results in a significant diminution of the cost. Furthermore, this strategy is friendly 

from an environmental point of view since it opens a new door for the technological reuse of 

recycled polymers 

On the other hand, XPS results clearly indicate that the nature of reactive species formed 

upon exposure of the polymer-modified electrode to the cold plasma depends on the chemical 

structure of the polymer and, in some cases, on the duration of the treatment. Considering that 

such reactive species catalyse the transformation of glucose to its oxidized form glucono-δ-

lactone, differences in the response of the different plasma-treated polymers should be attributed 

to the diversity of reactive species at the treated-electrode surface.  

The unexpected and successful results displayed in the previous sub-sections for LDPE, led 

us to extend the applicability of the proposed approach to manufacture effective functionalized 

sensor to other inert polymer-modified GCEs. Good candidates could be cold-plasma treated 

polypropylene-, polyvinylpyrrolidone-, poly(4-vinylphenol)-, polycaprolactone- and polystyrene-

modified GCEs. Also, instead of polymers, other analytes could be investigated for their 

detection. 

Although it has been made a great effort to characterize the influence of the application time 

onto modified electrodes, a high number of variables are still to be studied in relation with. One 

possibility is the comparison of the response against same glucose concentration of plasma-

treated polymer-films of different thickness, which could provide additional evidence that the 

detection process is mainly a surface phenomenon. On the other hand, the stability of the sensor 

after consecutive oxidation-reduction cycles (i.e. detection cycles) has not been studied during 

this project and it is obviously important for a practical application. Concerning characterization, 

a complete Raman study of the surface with different polymers and substrates after plasma 

treatment could reveal important information about the type of the carbonaceous structure 

originated by the plasma treatment. Finally, plasma treatment under different atmospheres would 

Chapter 5 

5- Conclusions 

Outcomes:  
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be also worth to study to get insight into the formation of different surface species and their role 

in functionalized sensors. Overall, this work represents the first approach to transform inert 

plastic materials into highly sensitive sensors by applying a simple physical method, but much 

more work is still remaining to develop a standardized preparation method and to fully 

understand the exact effect and to precisely identify the active species generated at the surface of 

the materials. 
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Here, a brief explanation of the electrochemical and surface characterization techniques used 

in this work is provided with the aim to became familiar with the physical concepts of each 

technique applied for measurements.  

The main electrochemical techniques employed for polymerization as well as for 

electrochemical studies once the polymers were prepared are based on potentiostatic 

(chronoamperometry, CA) and potentiodynamic (cyclic voltammetry, CV) methods. 

The principle of CA is focused on applying a constant voltage during a period of time. The 

resulting current variation in the WE is recorded as a function of time. This technique is 

frequently used to synthesize polymer films onto the metallic substrates (WE), and in particular 

to obtain different redox states of CP using the access (doping process) or scape (undoping 

process) of anions. 

CV is one of the most common electrochemical techniques employed to characterize CPs. 

CV is based on measurement of the current obtained at the WE as a function of the applied 

potential. This technique provides information of the redox processes occurred in polymer and/or 

electroactive species in solution. Also, it is possible to evaluate the charge storage 

(electroactivity) and the loss of electroactivity versus the successive oxidation-reduction cycles 

(electrostability) of  CPs. 

 

 

 

 

 

 

 

 

Appendix A – Experimental techniques 

A.1 Electrochemical techniques  

A.1.1 Chronoamperometry  

A.1.2 Cyclic voltammetry  
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Microscopy studies were performed in order to evaluate the morphology and surface of the 

prepared materials.  

Scanning electron microscopy (SEM) allows observing the surface of a material from 

images using a beam of electrons. The shorter wavelength of electrons offers a better resolution 

than conventional light microscopy. The detector equipment is very sensitive being able to reveal 

details down to 5 nm in size and, thus, must operate within an ultra-high vacuum for accurate 

measurement. When the beam impinges on the sample, many types of signals are generated and 

some of these can be displayed as an image but with different results for each. The two signals 

most often used to generate SEM images are secondary electrons (inelastic collisions) and back-

scattered electrons (elastic collisions), whereas for elemental analysis, X-rays radiation is 

employed. Each of these emissions is provoked by the different energy levels of the incident 

electron.  

The atomic force microscope (AFM) is one of the most powerful tools for determining the 

topology of a sample in x, y as well as z direction. AFM involves a cantilever with a sharp tip 

that moves over the sample in a faster scan and bends in response to the small repulsive force 

(10-9 to l0-8 N) between the atoms of the tip and the surface atoms of the sample. The tip radius 

of curvature is in the scale of nanometers. The bending response of the cantilever is measured by 

the deflection of a laser beam focused on the back of the tip. Finally, laser deflections are 

recorded by a photodiode array, which translates these results into topographic features. The 

force is kept constant by means of a feed-back loop in the so-called “constant force mode”.  

 

The AFM can be operated in static (also called contact) and dynamic (non-contact and 

tapping) modes, the difference between them being the extent of tip-sample interaction during 

the measurement. Contact mode operation involves direct contact of the tip with the surface. The 

detected net force is the sum of the attractive and repulsive force between the tip and the sample. 

In non-contact mode the tip is oscillated at its resonating frequency and positioned over the 

surface at a distance, so that the two are no longer in contact. The detected force is the result of 

van de Waals, magnetic or electrostatic forces. Tapping mode consists of a cantilever that 

vibrates with larger amplitude and the vibrating tip contacts the sample surface many times per 

data point. This mode is generally used for soft samples because it causes less damage.  

In the present Thesis, all the AFM imaging has been done in tapping mode, and operated at 

constant deflections. This technique was used to study in ambient conditions the rugosity and 

thickness of different materials.  

A.2 Microscopy techniques  

A.2.1 Scanning electron microscopy  

A.2.2 Atomic force microscopy  
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Fourier Transform Infrared Spectroscopy (FTIR) is a useful tool to evaluate and to 

determine functional groups in liquids, gases, powders and films. Sample is irradiated with an IR 

light source. When the IR light is passing through the sample, molecules can absorb the energy 

contained in the incident light to rotate and vibrate. That vibrations are only allowed when the 

dipole moment of molecule changes during the vibration. Vibrational modes can be divided into 

stretching (symmetric and asymmetric) and bending vibrations (in-plane and out-of plane). A 

detector registers the amount of light transmitted by a sample at a specific wavelength.  

 

In this Thesis, FTIR spectroscopy has been employed to verify the polymerization process 

and to characterize chemically the corresponding polymers.  

A.3.2 Raman spectroscopy  

Raman spectroscopy is a non-destructive technique used to observe vibrational, rotational, 

and other low-frequency modes in a system. Raman spectroscopy studies the inelastic scattering 

of monochromatic light, usually from a laser in the visible, near IR, or near UV range. The 

intensity of the scattered light depends on the amount of the polarization potential required by a 

molecule to exhibit a Raman effect. A molecule can be transferred to an excited state through the 

absorption of a photon and, when the molecule recovers from this state, scattering reactions 

occur. Spontaneous Raman scattering is typically very weak, and as a result the main difficulty 

of Raman spectroscopy is the separation of the weak inelastically scattered light from the intense 

elastically scattered light (Rayleigh scattering). During this recovery process, the system can gain 

or lose energy depending on whether the system reaches a higher or lower energy state than it 

had before, respectively. However, the latter process is less common, since at room temperature 

most molecules are in the ground state as opposed to a higher energy level. Stokes scattering (red 

shifted, low-energy) is provoked when the scattered light loses energy while the opposite 

situation results in Anti-Stokes scattering (blue shifted, high-energy). The Stokes bands are most 

commonly used due to their higher intensity.  

 

 

 

 

 

 

A.3 Spectroscopic techniques  

A.3.1 Fourier transform infrared spectroscopy  
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X-Ray Photoelectron spectroscopy (XPS) is a nondestructive and a surface-sensitive 

quantitative spectroscopic technique that analyze the elemental composition as well as both 

electronic and chemical states of the elements present in the surface of the material. XPS method 

can analyze elements that are present within the top 1-10 nm of the sample surface.  

 

XPS spectra are obtained by irradiating a material with X-ray beam, data being analyzed 

by measuring the kinetic energy and the number of electrons that escape from the surface. When 

an X-ray beam impacts on the sample surface, the energy of the X-ray photon is adsorbed 

completely by the core electrons of an atom. The binding energy of the core electrons of each 

atom is equal to the ionization energy of those electrons. If the photon energy, hv, is large 

enough, the core electrons will then escape from the atom and are emitted out of the surface. The 

binding energy of a given core electron is expressed as:  

 

𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔 = 𝐸𝑝ℎ𝑜𝑡𝑜𝑛 − 𝐸𝑘𝑖𝑛𝑒𝑡𝑖𝑐 − 𝛷            (5) 

 

where Ebinding is the energy of the electron emitted from one electron configuration within the 

atom, Ephoton is the energy of the X-ray photons being used, Ekinetic is the kinetic energy of the 

emitted electron as measured by the instrument and Ф is the work function of the spectrometer.  

 

In this thesis, XPS has been employed to determine the elements and the quantity of those 

elements that are present on the surface of the prepared polymers, as well as the electronic and 

chemical state of these elements. In addition, it has allowed evaluation of the changes induced in 

the surface by the plasma application for different times. 

Wettability studies usually involve the measurement of contact angles as the primary data, 

which indicates the degree of wetting when a solid and a liquid interact. The contact between 

both the liquid and the solid surface exerts a force on each other that can be repelling or 

attracting, depending on the surface energy of the solid surface and surface tension of the liquid. 

The contact angle is defined geometrically as the angle formed by the intersection of the liquid-

solid interface and the liquid-vapor interface (geometrically acquired by applying a tangent line 

from the contact point along the liquid-vapor interface in the droplet profile). Small contact 

angles (<90°) are observed when the liquid spreads on the surface of the sample, indicating high 

wettability. In contrast, large contact angles (>90°) correspond to low wettability and therefore 

A.3.3 X-Ray photoelectron spectroscopy  

A.4 Physical techniques  

A.4.1 Contact angle  
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the liquid forms a compact drop on the surface. Several techniques are used to measure contact 

angles, which can be classified into two main groups: optical tensiometry (goniometry), which 

analyze the shape of a drop of test liquid placed on solid, and force tensiometry, which measure 

the forces that are present when a sample of solid is brought into contact with a test liquid.  

 

The Young’s equation is used to describe the nature of the contact angle. The Young’s 

equation (Eq.2) takes into account the surface energies of the solid, liquid and solid/liquid 

interfaces:  

𝛾𝑆  =  𝛾𝐿  cos 𝜃  + 𝛾𝑆𝐿           (6)  

 

where 𝛾𝑆 is the solid surface energy, 𝛾𝐿 is the liquid surface tension, 𝛾𝑆𝐿 is the interface free 

energy for the solid/liquid interface, and θ is the contact angle.  

 

In this work the contact angle measurements of bare and polymer deposited glassy carbon 

have been performed using the static sessile drop method and measured by a goniometer.  
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Figure B.1: Control voltammograms of 1st Set up for urea detection. Scan rate: 50 mV/s. Initial and final 

potentials: -0.20 V; reversal potential: +0.80 V. 

 

 

The purpose of this section is to examine the different methods followed for immobilization 

of Urease onto the surface of plasma treated electrodes and to briefly discuss the results from 

these experiments. This section continues the argumentation expressed in subsections 3.3.1 and 

3.4.1. 

 

Electrochemical characterization was carried out by cyclic voltammetry. Voltammograms 

were recorded in the potential range from -0.20 to 0.80 V at a scan rate of 50 mV·s-1 (step 

potential 5.95 mV) unless other scan rate or potential range is explicitly specified. The following 

set ups were evaluated for a high number of attempts (graphics present the successful results), 

after difficulties in the reproducibility of the satisfactory results, urease immobilization was 

postponed for future works following this research.  

 

1st Experimental set up 

Bare GCE, LDPE-, PCL- and PS-modified GCE were prepared as in methods (6μL polymer 

drop casting) and 1 minute air-plasma treatment, after that, 2 μL of urease saturated solution 

(49.3 mg/0.5 mL PBS 10 mM) was dropped onto the film in each electrode and dried in a fridge 

at 6 ºC for 12 h. The electrochemical activity of the sensor was measured for different 

concentrations of urea (i.e. 1 mM, 10 mM and 100 mM) since a wide number of possible 

applications could derive from them (See subsection 1.3). Small, or even imperceptible, 

shoulders have been identified in some voltammograms. PS and GCE electrode exhibit a small 

shoulder with oxidation potential at 0.25 V. 

 

 

Appendix B – Urease based sensors 
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2nd Experimental set up 

After 1st set up, urease immobilization onto the surface of the electrodes and urea detection 

were prioritized. Therefore, bare glassy carbon electrodes were used for detection and cyclic 

voltammetry urea concentration was fixed at 10 mM unless other value is explicitly specified. 

Air- plasma treatment is applied to all electrodes during 1 minute. 

 

In this set up, 0.05 M and 0.015 M EDC in 0.1 M PBS were prepared. A mixture of urease 

and EDC solution 65  did not report successful result. However, immersing the electrode 1 hour 

in EDC solution and depositing the enzyme by drop casting detected a peak for urea at oxidation 

potential 0.59 V and 0.62 V respectively for 0.05 M and 0.015 M EDC, as figure B.2 (a) shows. 

Same measurements were recorded without plasma treatment over the electrodes (Figure B.2 b).  

After several attempts, it was not possible to maintain good levels of reproducibility in peak 

intensities, even though almost all the prepared sensors with 0.015 M EDC exhibited detection 

for urea around 0.6 V, measured at room temperature and also at 28 ºC. 

 

 

Figure B.2: Control voltammograms of 10 mM urea in 10 mM PBS of bare GCE, with immobilized urease 

(Ur) without plasma treatment (b) and after 1 minute plasma application (a). Scan rate: 50 mV/s. 

Initial and final potentials: -0.20 V; reversal potential: +0.80 V. 

 

 

 

 

 

 

 

 

(b) (a) 



Appendix B. Urease based sensor   54 

 

3th Exprimental set up 

Since the reproducibility was low, different variables were changed while measuring. 

Finally, it was decided to use NHS as stabilization for EDC reaction with the urease through 

chemical bonding. PEDOT- and LDPE-modified glassy carbon electrodes were fabricated as in 

methods. Cold plasma was applied in some cases. Then, electrodes were immersed in 0.015 M 

EDC and 0.03 M NHS in 0.1 M PBS solution for 1 hour and 4 μL of urease solution (10 mg/ml 

PBS 10 mM) was dropped onto the film in each electrode and dried in a fridge at 6 ºC for 12 h. 

As before, reproducibility was low, but some of the electrodes in which the immobilization 

succeeded showed defined peaks and shoulders in coherence with already measured values 

(Figure B.3). 

 
Figure B.3: Control voltammograms of 10 mM urea in 10 mM PBS of PEDOT- and LDPE-modified GCEs, 

with immobilized urease (Ur). Scan rate: 50 mV/s. Initial and final potentials: -0.20 V; reversal 

potential: +0.80 V. 

 

One possible reason for low reproducibility factor could be a low urease activity,82 which 

affects the reactivity of the electrode and the amount of immobilized protein. Other methods 

based on ferrocyanide ([Fe(CN)6]
4-) and glutaraldehyde (C5H8O2) were also investigated for urea 

detection with no apparent success.  
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In this appendix all the graphics related with section 4.4 are provided.  

 

Figure C.1: Control voltammograms of 

10 mM glucose in 10 mM PBS at 

untreated and air-plasma treated bare 

GCE, with and without glucose oxidase 

(GOx). Scan rate: 50 mV/s. Initial and 

final potentials: -0.40 V; reversal 

potential: +0.80 V 

 

 

 

 

 

 

 

 

Figure C.2: Control voltammograms of 

10 mM glucose in 10 mM PBS at 

untreated and air-plasma treated bare 

LDPE-modified GCE, with glucose 

oxidase (GOx) for different time of 

plasma application. Scan rate: 50 mV/s. 

Initial and final potentials: -0.40 V; 

reversal potential: +0.80 V 

 

 

 

 

 

Appendix C – Glucose supporting 

information 

C.1 Ciclic voltametry 
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Figure C.4: Current-time plot for bare GCE as 

prepared tcp= 1 min and tcp= 1 min air-plasma 

treatment upon the successive addition of 1 

mM glucose in 10 mM PBS at polarization 

potential 500 mV vs AgAgCl 

Figure C.5: For bare GCEs (tcp= 0 s, 30 s, 1 min 

and 2 min), dependence of the current density 

response versus the glucose concentration. Error 

bars indicate standard deviations for eight 

measurements using independent electrodes. 

The calibration curve equation is also displayed. 
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Figure C.3: Control voltammograms of 10 mM 

glucose in 10 mM PBS at untreated and air-

plasma treated bare LDPE-modified GCE, with 

and without glucose oxidase (GOx). Scan rate: 

50 mV/s. Initial and final potentials: -0.40 V; 

reversal potential: +0.80 V 
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C.2 Chronoamperometry 
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Figure C.7: For PEDOT-modified GCEs (a) untreated and (b) plasma treated (tcp= 1 min), 

dependence of the current density response versus the glucose concentration. Error bars 

indicate standard deviations for eight measurements using independent electrodes. The 

calibration curve equation is also displayed. 

 

Figure C.6: For bare GCEs (a) tcp= 1 min and (b) tcp= 2 min, dependence of the current density response 

versus the glucose concentration. Error bars indicate standard deviations for eight measurements using 

independent electrodes. The calibration curve equation is also displayed. 

 

 

 

 

 

 

 

PEDOT-modified GCE 

 

The following calibration curves correspond to PEDOT-modified electrodes measured at 

polarization potential of 0.36 V.  Discussed in sub-section 4.4.2. 

 

 

 

 

 

 

(b) (a) 
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An extension of the study of plasma surface functionalization through X-Ray Photoelectron 

Spectroscopy (XPS) is presented and all the complete information and tables are provided. Each 

XPS signal recorded for each element (carbon, oxygen, nitrogen and sulphur) is presented with its 

correspondent binding energy (BE) assignment for each samples. After this, the atomic 

concentration relative to that element of each specie with different BE is calculated as a percentage.  

 

In addition, the atomic concentration relative to the total composition of the surface is also 

calculated for each sample. After the corresponding tables, a graphic of the data is displayed in 

order to have a wide vision of the results described in subsection 4.5. 

 

 

  
atomic ratios 

  
C/O C/N 

GCE as prepared 2.9 53.8 

 
plasma 1 min 1.7 17.9 

 
plasma 2 min 2.0 19 

PEDOT as prepared 1.7 70.2 

 
plasma 1 min 1.6 19.1 

 
plasma 2 min 0.9 11.0 

LDPE as prepared 3.5 159.6 

 
plasma 30 s 1.9 23.6 

 
plasma 1 min 2.2 33.0 

 
plasma 2 min 2.3 35.9 

Table D.1: C/O and C/N atomic ratios of untreated (as prepared) and air-plasma (tcp= 1 and 2 min) of treated bare 

GCE, and both PEDOT- and LDPE-modified GCE. For the latter, samples treated using tcp= 30 s were also 

considered. 

 

 

 

 

Appendix D – XPS Extended results 
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Carbon    C 1s Assignment 

C1 C=C  

C2 C-C, C-H, C-S 

C3 C-O, C-N 

C4 C=O, C=N 

C5 O=C-O 
Table D.2: XPS spectrum: Carbon C 1s components binding energy assignment. 

 

  C 1s Binding energy (eV) 

  C1 C2 C3 C4 C5 

GCE 

GCE 284.5 285.5 286.3 287.9 289.5 

GCE 1min PL 284.6 285.7 286.7 288.1 289.2 

GCE 284.5 285.5 286.3 287.8 289.4 

GCE 2min PL 284.6 285.7 286.6 288.0 289.5 

PEDOT 

PEDOT 284.5 285.5 286.3 287.8 289.1 

PEDOT 1min PL 284.5 285.5 286.5 288.0 289.0 

PEDOT 284.5 285.4 286.4 288.0 289.2 

PEDOT 2min PL 284.5 285.4 286.7 288.3 290.1 

LDPE 

LDPE 284.5 285.5 286.3 287.8 289.0 

LDPE 30 s PL 284.5 285.5 286.4 288.2 289.3 

LDPE 284.5 285.4 286.3 287.8 289.0 

LDPE 1 min PL 284.5 285.5 286.3 287.9 289.0 

LDPE 284.5 285.4 286.7 287.9 289.1 

LDPE 2 min PL 284.5 285.5 286.4 288.1 289.3 

Table D.3: Binding energies of carbon species of untreated (as prepared) and air-plasma (tcp= 1 and 2 min) 

of treated bare GCE, and both PEDOT- and LDPE-modified GCE. For the latter, samples 

treated using tcp= 30 s were also considered. 
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  Carbon atomic % 

  C1 C2 C3 C4 C5 

GCE as prepared 35.1 28.0 24.6 6.9 5.5 

 plasma 1 min 44.1 31.2 10.5 7.2 7.0 

 plasma 2 min 43.9 30.8 11.6 6.7 7.0 

PEDOT as prepared 42.7 30.9 16.0 6.0 4.3 

 plasma 1 min 19.6 51.9 15.0 5.3 8.1 

 plasma 2 min 37.8 36.9 7.1 11.2 6.9 

LDPE as prepared 34.9 50.2 8.9 3.0 3.0 

 plasma 30 s 43.2 24.4 20.6 4.9 6.8 

 plasma 1 min 46.2 22.6 18.9 6.1 6.2 

 plasma 2 min 47.6 23.0 18.8 4.2 6.4 

Table D.4: Atomic percent composition of carbon species of untreated (as prepared) and air-plasma (tcp= 1 

and 2 min) of treated bare GCE, and both PEDOT- and LDPE-modified GCE. For the latter, 

samples treated using tcp= 30 s were also considered. 

 

  Carbon atomic % relative to the total composition 

  C Total C1 C2 C3 C4 C5 

GCE as prepared 73.6 25.8 20.6 18.1 5.1 4.0 

 plasma 1 min 61.3 27.0 19.1 6.4 4.4 4.3 

 plasma 2 min 64.5 28.4 19.8 7.5 4.3 4.5 

PEDOT as prepared 60.1 25.7 18.6 9.6 3.6 2.6 

 plasma 1 min 59.0 11.6 30.6 8.8 3.2 4.8 

 plasma 2 min 44.0 16.6 16.2 3.1 5.0 3.0 

LDPE as prepared 77.2 30.3 34.9 7.9 2.0 2.1 

 plasma 30 s 63.8 27.6 15.6 13.2 3.1 4.3 

 plasma 1 min 67.1 31.0 15.2 12.7 4.1 4.1 

 plasma 2 min 68.4 32.6 15.8 12.9 2.9 4.3 

Table D.5: Atomic percent composition relative to the total composition of carbon species of untreated (as 

prepared) and air-plasma (tcp= 1 and 2 min) of treated bare GCE, and both PEDOT- and LDPE-

modified GCE. For the latter, samples treated using tcp= 30 s were also considered. 
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Figure D.1: GCE carbon C 1s atomic concentration relative to the total carbon (a) and to the total composition (b). 

 

Figure D.2: PEDOT carbon C 1s atomic concentration relative to the total carbon (a) and to the total composition (b). 

Figure D.3: LDPE carbon C 1s atomic concentration relative to the total carbon (a) and to the total composition (b). 
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The same trend as in the carbon is observed in the O 1s spectra, where the intensity of the O–C 

sp2 increases after plasma treatment, component at 533.1 eV corresponding to C=O of amide, 

aliphatic groups and perchlorate ClO4
- bonds when corresponds to doped ions in the polymer 

(PEDOT). The O 1s consists of four components with the first centred at 533.7 eV, corresponding 

to a different number of oxygen bonds. The peak centred at 532.5 eV is attributed to the O–C sp3 

bonding in aliphatic groups, which also increased after plasma treatment. The component at 529.7 

eV is associated to contamination products.     

Oxygen  O 1s Assignment 

O1 Metal oxides 

O2 O-C sp2:  Aliphatic (C-SO2-C; C=O; ClO4- [PEDOT+]) 

O3 O-C sp3:  C-OH aliphatic; Aromatic (C-O-C PEDOT) 

O4 C-OH aromatic; C(O)O- (ester); -NO2, -NO3; ClO4
-  

Table D.6: XPS spectrum: GCE, PEDOT and LDPE; Oxygen O 1s components binding energy assignment. 

 

  O 1s Binding energy (eV) 

  O1 O2 O3 O4 

GCE 

GCE 529.9 530.9 532.3 533.7 

GCE 1min PL 530.0 531.7 533.1 534.6 

GCE 529.9 531.4 532.6 533.9 

GCE 2min PL 530.0 531.7 533.1 534.6 

PEDOT 

PEDOT 529.6 531.0 532.5 533.8 

PEDOT 1min PL 530.0 531.6 532.6 533.8 

PEDOT 529.6 531.0 532.2 533.5 

PEDOT 2min PL 529.9 531.8 532.6 533.6 

LDPE 

LDPE 529.2 530.3 531.9 533.2 

LDPE 30 s PL 529.9 531.5 532.9 534.4 

LDPE 529.3 530.6 531.9 533.5 

LDPE 1 min PL 529.9 531.5 532.9 534.3 

LDPE 529.3 530.2 531.9 533.4 

LDPE 2 min PL 530.0 531.7 532.8 534.2 

Table D.7: Binding energies of oxygen species of untreated (as prepared) and air-plasma (tcp= 1 and 2 min) 

of treated bare GCE, and both PEDOT- and LDPE-modified GCE. For the latter, samples 

treated using tcp= 30 s were also considered. 

 

D.2 Oxygen  O 1s 



Appendix D. XPS Extended results  63 

 

 

  Oxygen atomic % 

  O1 O2 O3 O4 

GCE as prepared 19.1 26.6 37.8 16.5 

 plasma 1 min 18.3 31.2 44.2 6.3 

 plasma 2 min 15.8 31.0 45.2 8.0 

PEDOT as prepared 19.5 32.0 38.7 9.7 

 plasma 1 min 17.0 29.4 38.0 15.5 

 plasma 2 min 15.0 28.6 44.3 12.1 

LDPE as prepared 23.2 18.4 47.0 11.4 

 plasma 30 s 16.7 25.8 50.2 7.2 

 plasma 1 min 20.4 21.9 46.9 10.8 

 plasma 2 min 18.8 25.2 47.8 8.3 

Table D.8: Atomic percent composition of oxygen species of untreated (as prepared) and air-plasma (tcp= 1 

and 2 min) of treated bare GCE, and both PEDOT- and LDPE-modified GCE. For the latter, 

samples treated using tcp= 30 s were also considered. 

 

 

  Oxygen atomic % relative to the total composition 

  O Total O1 O2 O3 O4 

GCE as prepared 25.0 4.8 6.6 9.5 4.1 

 plasma 1 min 35.3 6.5 11.0 15.6 2.2 

 plasma 2 min 32.1 5.1 10.0 14.5 2.6 

PEDOT as prepared 35.7 7.0 11.5 13.8 3.5 

 plasma 1 min 37.4 6.4 11.0 14.2 5.8 

 plasma 2 min 49.9 7.5 14.3 22.1 6.1 

LDPE as prepared 22.3 5.2 4.1 10.5 2.6 

 plasma 30 s 33.5 5.6 8.6 16.8 2.4 

 plasma 1 min 31.0 6.3 6.8 14.5 3.3 

 plasma 2 min 29.5 5.5 7.4 14.1 2.4 

Table D.9: Atomic percent composition relative to the total composition of oxygen species of untreated (as 

prepared) and air-plasma (tcp= 1 and 2 min) of treated bare GCE, and both PEDOT- and LDPE-

modified GCE. For the latter, samples treated using tcp= 30 s were also considered.  
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Figure D.4: GCE oxygen O 1s atomic concentration relative to the total oxygen (a) and to the total composition (b). 

Figure D.5: PEDOT oxygen O 1s atomic concentration relative to the total carbon (a) and to the total composition (b). 

 

Figure D.6: LDPE oxygen O 1s atomic concentration relative to the total carbon (a) and to the total composition (b). 
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N 1s GCE & LDPE Assignment N 1s  PEDOT Assignment 

N1 pyridine (=N-) N1 pyridine (=N-) 

N2 

amine (primary and secondary), 

pyrrolic (-NH-), pyridones (-NH-

C=O) or nitrous (–NO); quaternary 

groups (=N+-) 

N2 

amine (primary and secundary), 

pyrrolic (-NH-), pyridones (-NH-

C=O) or nitrous (–NO) 

N3 oxidized species (-NO2) N3 quaternary groups (=N+-) 

N4 oxidized species (-NO3) N4 oxidized species (-NO2) 

  N5 oxidized species (-NO3) 

Table D.10: XPS spectrum: Nitrogen N 1s components binding energy assignment. 

 

  N 1s Binding energy (eV) 

  N1 N2 N3 N4 N5 

GCE 

GCE 397.3 400.3 - - - 

GCE 1min PL 398.5 400.4 402.9 407.6 - 

GCE 397.4 400.3 - - - 

GCE 2min PL 398.3 400.4 403.7 407.8 - 

LDPE 

LDPE 397.7 399.8 - - - 

LDPE 30 s PL 398.5 400.4 403.5 407.7 - 

LDPE - 399.6 - - - 

LDPE 1 min PL 398.9 400.4 403.8 407.8 - 

LDPE 397.0 399.6 - - - 

LDPE 2 min PL 398.7 400.4 403.6 407.9 - 

PEDOT 

PEDOT 397.1 399.6 401.2 - - 

PEDOT 1min PL 398.1 400.1 401.8 - 407.3 

PEDOT 397.5 399.8 402.0 - - 

PEDOT 2min PL 398.4 400.0 401.6 404.2 407.6 

Table D.11: Binding energies of nitrogen species of untreated (as prepared) and air-plasma (tcp= 1 and 2 

min) of treated bare GCE, and both PEDOT- and LDPE-modified GCE. For the latter, samples 

treated using tcp= 30 s were also considered. 

 

 

 

D.3 Nitrogen  N 1s 
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  Nitrogen atomic % 

  N1 N2 N3 N4 N5 

GCE as prepared 9.6 90.4 - - - 

 plasma 1 min 9.1 28.8 6.2 55.9 - 

 plasma 2 min 12.3 30.6 7.8 49.4 - 

LDPE as prepared 20.7 79.3 - - - 

 plasma 30 s 12.3 34.5 8.2 45.0 - 

 plasma 1 min 17.3 42.0 7.1 33.6 - 

 plasma 2 min 13.9 39.8 8.9 37.4 - 

PEDOT as prepared 19.6 62.2 18.2 - - 

 plasma 1 min 8.1 10.1 23.1 - 58.7 

 plasma 2 min 17.1 14.4 4.3 13.1 51.0 

Table D.12: Atomic percent composition of nitrogen species of untreated (as prepared) and air-plasma (tcp= 

1 and 2 min) of treated bare GCE, and both PEDOT- and LDPE-modified GCE. For the latter, 

samples treated using tcp= 30 s were also considered. 

 

 

  Nitrogen atomic % relative to the total composition 

  N Total N1 N2 N3 N4 N5 

GCE as prepared 1.4 0.1 1.2 - - - 

 plasma 1 min 3.4 0.3 1.0 0.2 1.9 - 

 plasma 2 min 3.4 0.4 1.0 0.3 1.7 - 

LDPE as prepared 0.5 0.1 0.4 - - - 

 plasma 30 s 2.7 0.3 0.9 0.2 1.2 - 

 plasma 1 min 1.9 0.3 0.8 0.1 0.6 - 

 plasma 2 min 2.1 0.3 0.8 0.2 0.8 - 

PEDOT as prepared 0.9 0.2 0.5 0.2 - - 

 plasma 1 min 3.1 0.2 0.3 0.7 - 1.8 

 plasma 2 min 4.0 0.7 0.6 0.2 0.5 2.0 

Table D.13: Atomic percent composition relative to the total composition of nitrogen species of untreated (as 

prepared) and air-plasma (tcp= 1 and 2 min) of treated bare GCE, and both PEDOT- and LDPE-

modified GCE. For the latter, samples treated using tcp= 30 s were also considered. 
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Figure D.7: GCE nitrogen N 1s atomic concentration relative to the total carbon (a) and to the total composition (b). 

Figure D.8: LDPE nitrogen N 1s atomic concentration relative to the total carbon (a) and to the total composition (b). 

Figure D.9: PEDOT nitrogen N 1s atomic concentration relative to the total carbon (a) and to the total composition (b). 
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The S 2p spectrum (Table D.14) shows the presence of sulphur species according to the structure 

of PEDOT. The spectrum shows the spin-split sulphur coupling, S2p3/2 and S2p1/2 for the C–S–C 

bond of the thiophene ring (163.3 and 164.5 eV, respectively) and it homologous with the 

positively charged sulphur (i.e. C–S+–C at 164.9 and 166.1 eV respectively). The progressive air 

plasma treatment for tcp = 1 and 2 min allows for a monitoring of the surface changes of the 

electrode. 

. 

PEDOT   S 2p Assignment 

S1 
S2p3/2 

C-S-C (PTh) 
S2p1/2 

S2 
S2p3/2 

C-S
+

-C (PTh) 
S2p1/2 

S3 
S2p3/2 Sulphone (-S(=O)(=O)-) 

and sulphate (SO4
-2) S2p1/2 

Table D.14: XPS spectrum: Sulphur S 2pcomponents binding energy assignment. 

 

  S 2p Binding energy (eV) 

  S1 S2 S3 

  S2p3/2 S2p1/2 S2p3/2 S2p1/2 S2p3/2 S2p1/2 

PEDOT 

PEDOT 163.3 164.5 165.0 166.2 168.1 169.3 

PEDOT 1min PL - - - - 168.8 170.0 

PEDOT 163.3 164.5 164.8 166.0 168.1 169.3 

PEDOT 2min PL - - - - 169.5 170.7 

Table D.15: Binding energies of sulphur species of untreated (as prepared) and air-plasma (tcp= 1 and 2 min) 

of PEDOT-modified GCE.  

  

D.4 Sulphur S 2p 
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  Sulphur atomic % 

  S1 S2 S3 

  S2p3/2 S2p1/2 S2p3/2 S2p1/2 S2p3/2 S2p1/2 

PEDOT as prepared 31.9 31.2 8.6 8.4 10.0 9.8 

 plasma 1 min - - - - 50.5 49.5 

 plasma 2 min - - - - 50.5 49.5 

Table D.16: Atomic percent composition of sulphur species of untreated (as prepared) and air-plasma (tcp= 1 

and 2 min) of treated PEDOT-modified GCE.  

 

  Sulphur atomic % relative to  

the total composition 

  S Total S1 S2 S3 

PEDOT as prepared 3.3 2.1 0.6 0.7 

 plasma 1 min 0.5 - - 0.5 

 plasma 2 min 2.1 - - 2.1 

Table D.17: Atomic percent composition relative to the total composition of nitrogen species of untreated 

(as prepared) and air-plasma (tcp= 1 and 2 min) of treated PEDOT-modified GCE.  

 

 

Figure D.10: PEDOT carbon C 1s atomic concentration relative to the total carbon (a) and the total composition (b). 
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