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Resumen

El objetivo de la siguiente tesis de investigación es diseñar y evaluar un biosensor de peróxido
de hidrógeno H2O2 basado en nanotubos de carbono de pared múltiple dopados con nanoestruc-
turas de dióxido de titanio (TiO2-MWCNT). La construcción del electrodo fue realizada sobre
una superficie de carbón vítreo modificada con TiO2-MWCNT, Azul de Prusia como electro-
catalizador y PDDA como estabilizador electrostático. Nanotubos de carbono funcionalizados
(fMWCNT) y TiO2-MWCNTS fueron caracterizados usando TEM, FTIR y XRD confirmando
la presencia de anatasa sobre los nanotubos de carbono. La técnica Potencial Zeta fue empleada
para determinar la carga superficial en las dos muestras de nanotubos. Dependiendo de la carga
superficial, el solvente, que optimiza la dispersion de los nanotubos, fue seleccionado: dimetil
formamida (DMF) para los fMWCNTs y dodecilsulfato sódico para TiO2-MWCNTs. El electrodo
modificado fue además caracterizado usando voltametría cíclica y amperometría. Estas técnicas
demostraron la reducción típica de H2O2 electrocatalizada a travÃľs del Azul de Prusia. Los
fMWCNTs exhibieron una sensibilidad (s) de 16.30 µA/mM y un límite de detección (LOD) de
0.015 mM L−1, respecto a los TiO2-MWCNTs, donde se obtuvieron valores de s=26.51 µA/mM
y LOD= 0.092 mM L−1.

Palabras Clave: biosensor electroquímico, peróxido de hidrógeno, nanotubos de carbono,
nanoestructuras de titania, voltametría cíclica.





Abstract

The aim of this thesis is the designing and evaluation of a hydrogen peroxide (H2O2) biosensor
based on modified multi-walled carbon nanotubes with titanium dioxide nanostructures (TiO2-
MWCNT). The construction of the electrode was performed over a glassy carbon surface, modi-
fied with TiO2-MWCNT, Prussian Blue as electro-calatyzer, and poly(diallyldimethylammonium
chloride) (PDDA) as electrostatic stabilizer. Functionalized MWCNTs (fMWCNTs) and TiO2-
MWCNTs were characterized using TEM, FTIR and XRD confirming the presence of anatase
over the carbon nanotubes. Zeta potential was used to determine the surface charge on both CNTs
samples. Depending on the surface charge, a solvent, which optimizes the CNTs dispersion, was
selected: dimethyl formamide (DMF) for fMWCNTs and sodium dodecylsulfate (SDS) for TiO2-
MWCNTs. The modified electrode was also characterized through electrochemical techniques:
cyclic voltammetry and amperometry. These techniques demonstrated the typical reduction of the
H2O2 electrocatalyzed through Prussian Blue. The fMWCNTs exhibited a sensitivity of s=16.30
µA/mM and a limit of detection of LOD= 0.015 mM L−1 respect to TiO2-MWCNTs with values
of s=26.51 µA/mM and LOD= 0.092 mM L−1.

Keywords: electrochemical biosensor, hydrogen peroxide, titania doped carbon nanotubes,
cyclic voltammetry
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Chapter 1

Introduction

The use of nanomaterials in biosensing have become a subject of intense research, having a
significant impact in everyday life2. Carbon nanotubes (CNTs) are at the forefront of this intense
research reflecting unique and remarkable mechanical, thermal, electrical and elastic proper-
ties3,4. These properties include for example, flexible characteristics that can contrast from being
a semiconductor to a conductor5. Recent studies demonstrated that carbon nanotubes enhance
the electrochemical reactivity of important biomolecules and improve the electron transfer; these
properties make them suitable for a wide range of applications including the development of
biosensors6. Nanomaterials are used in biosensors to enhance the bioanalytical performance or
offer innovative routes of interfacing the transduction processes in the development of electro-
chemical biosensor7, a device which is able to provide quantitative measurements, using a bio-
logical recognition element which is in contact with an electrochemical transduction component8.

Nanostructured metal oxides have been found to exhibit strong adsorption ability, catalytic
properties and biocompatibility, making them ideal for biosensor development and offering excel-
lent interfaces for biological recognition9. Metal oxides nanoparticles attached onto the carbon
nanotubes surface are also receiving notable interest because the potential applications designing
electrochemically functional nanostructures3, which include higher surface area and better bio-
compatibility; and help addressing the design of a biosensing interface allowing the analyte to
interact effectively over the biosensing surface.

1



2 1.1. PROBLEM STATEMENT

Titanium dioxide (TiO2) has shown tremendous interests in promising areas such as photo-
voltaics, biosensing and photocatalysis10. TiO2 nanostructures exhibit large surface area, and
unique chemical and electronic properties11. From the stoichiometry theory for semiconductors,
TiO2 is electron rich, belonging to n-type semiconductor kind. TiO2 nanomaterials have been
used for sensors in detection of soluble organics in aqueous media; besides gas, chemicals and
biological substances detection11.

Hydrogen peroxide (H2O2) is one of the most common analytes because of its importance
in biological, environmental and industrial processes. In the human body, H2O2 is able to be
converted in hydroxyl radical ( –OH), which is highly reactive12. The overproduction of these
reactive species such as hydroxyl ion and superoxide O–

2 in the cellular interstices is demonstrated
to promote cell damage and tissue malfunction13. Also, hydrogen peroxide detection forms the
diagnosis response of medical devices such glucose sensors because in presence of oxygen, H2O2

is produced by the action of glucose oxidase14,15. Hydrogen peroxide is also found in foodstuff
and drinking water as well as its use in waste treatment and bleaching applications16.

1.1 Problem Statement

The presence of hydrogen peroxide in everyday life such as glucose monitors, foodstuff, bleach-
ing processes, even in the regulation of human processes, plays an important role among the
detection of analytes. Therefore, the design of a biosensor should accomplish some parameters
as versatility, high sensitivity and fast response.

One of the challenges in biosensing is to successfully design an interface between the analyte
and the electrode surface7. In the matter of enzyme-based biosensors, the immobilization of
the enzyme denotes an enormous task to lead the communication between its active site and
the analyte. Furthermore the remarkable properties mentioned above, the presence of modified
carbon nanotubes could lead to an improved route of interfacing and a superior response in H2O2

detection.

The evaluation of TiO2-MWCNT modified electrodes, and Prussian Blue as artificial perox-
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idase will help to design a model of electrode to analyze the performance and contribution of
carbon nanotubes and titanium dioxide nanostructures in the detection of hydrogen peroxide.

1.2 General and Specific Objectives

Focused on the main characteristics that a biosensor should accomplish, such as versatility, high
sensitivity, high selectivity, faster signal and rapid detection; the general objective of this work
is:

The design and evaluation of a hydrogen peroxide biosensor based on carbon nanotubes modified
with titanium dioxide nanostructures.

In the development of the peroxide biosensor, the specific objectives to accomplish the valid
construction of the biosensor are:

• Characterize functionalized and modified carbon nanotubes using physical methods: SEM,
FTIR, XRD and Z-Potential.

• Design an interface based in layers to couple the functionalized and modified carbon
nanotubes over a glassy carbon electrode.

• Characterize the bare and modified glassy carbon electrode via cyclic voltammetry.

• Evaluate Prussian Blue mechanism modified electrodes through hydrogen peroxide detec-
tion via cyclic voltammetry and amperometric curves.

• Analyze the redox behavior of the Prussian blue layer in the modified glassy carbon
electrode.

• Analyze the redox behavior and hydrogen peroxide detection through calculation of sensi-
tivity, detection limit and quantification limit.





Chapter 2

Theoretical Background

In this chapter a brief review is presented of the fundamental definitions of materials used and
techniques applied. In the second part, a literature review of the most important works in
biosensors based on carbon nanotubes and titanium dioxide nanostructures for H2O2 detection is
presented.

2.1 What are Nanomaterials?

Nanomaterials (NMs) are materials where one of its dimensions is between 1 to 100 nm17. NMs
are well-known to show astonishing and unique properties. Respect to bulky materials, same
composition NMs differ from optical, mechanical, electrical, thermal and magnetic properties.
Nanomaterials can be classified according their dimensionality as: zero-dimensional (0D), one-
dimensional (1D) and two-dimensional (2D)18:

• Zero-dimension: All its dimensions are between 0-100 nm. These materials include
quantum dots, atomic clusters, and nanoparticles.

• One-dimension: Only one dimension is larger than nanometric scale, the length is much
larger than width. 1D materials include nanotubes, nanowires and nanofibers.

• Two-dimension: Two dimension are larger than nanometric scale. These materials include
nanosheets, nanofilms and nanoribbons.

5



6 2.1. WHAT ARE NANOMATERIALS?

2.1.1 Carbon Nanotubes

Carbon nanotubes are one dimensional nanomaterials consisting in graphene layers rolled-up
with nanometric diameters and lengths of many microns. Carbon nanotubes structure is based in
a hexagonal lattice of graphene19. There are two types of CNTs: single-walled carbon nanotubes
(SWCNTs) andmulti-walled carbon nanotubes (MWCNTs). SWCNT (Figure 2.1, left) consists in
a single graphene cylinder whereasMWCNT (Figure 2.1, right) consists in two ormore concentric
cylindrical graphene sheets. Also, depending on their rolling angle, nanotubes are classified on
three chiralities: armchair, zigzag and chiral one20.

Figure 2.1: Diagrams of (left) a single-walled carbon nanotube and (right) a multi-walled carbon
nanotube.1

The hexagonal lattice of graphene arises because of the sp2 hybridization of carbon atoms4.
Each carbon atom is connected to other three atoms, while a free electron delocalized in the
pz orbital moves along an electron cloud21. The free delocalized electrons are the reason of
the high electron conductivity. This electron cloud leads to substrate adsorption as result of
π − π interactions22. Also, surface functionalization of CNTs through chemical methods insert
functional groups or effects which improve the chemical compatibility to substrates23.
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2.1.2 Titanium Dioxide

Titanium dioxide is a semiconductor material which occurs in three crystalline phases: anatase,
rutile and brookite. Anatase and rutile are crystalline phases following a tetragonal system
but brookite is orthorhombic24. Titanium dioxide nanomaterials are commonly presented as
nanoporous materials, nanosheets, nanotube arrays and nanoparticles25. These materials present
exceptional properties applied in areas as photocatalysis, photovoltaics, water and air purifica-
tion,energy conversion and sensing11,26,27

Titanium dioxide nanostructures are synthesized with different methods as sol-gel, hydrother-
mal, CVD, PVD methods to mention a few25. Sol-gel is a method based on an acid-catalyzed
hydrolysis and polymerization of a titanium precursor to form a colloidal suspension25, which
let the formation of nanosized structures at relatively low temperatures with a high purity and
homogeneous composition28.

2.2 Biosensors

A biosensor is a device that measures a variation of electrical signal produced by a chemical
or biological reaction. This signal is proportional to the analyte concentration and provides
quantitative information about the analyte29. The wide range of applications of biosensors include
monitoring, food industry, fermentation processes, health field and metabolic engineering30. A
common biosensor is represented in Figure 2.2, consisting in the following components:

The analyte is the substance of interest in the detection, in this case, hydrogen peroxide. The
bioreceptor is the component to which the analyte attaches. The recognition between the analyte
and bioreceptor generates the chemical signal due to the reaction. The transducer transfers
the output signal to an electrical signal. The process of conversion is called signalization. The
transducer is also called electrode or detector. This electrical signal finally reaches the electronics
and a display which amplifies the signal and converts it to a digital signal8.



8 2.2. BIOSENSORS

Figure 2.2: Scheme of components of a biosensor.

2.2.1 Nanomaterials in Biosensors

Regardless the novel properties of nanomaterials in their electronic and physical properties, nano-
materials also exhibit different chemical properties due their ability to accept or donate charges18.
Studies31–33 have shown the ability of nanomaterials to provide an immobilization site for the
bioreceptor due to their high surface area. Besides nanomaterials afford an enhancement of
electron transport, acting as mediators, between the receptor and the surface electrode34.

The enzyme immobilization and electrode modification occur via two basic ways: physisorp-
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tion and chemisorption. a. Physisorption or physical adsorption refers to conjugation of deposited
layers through electrostatic interactions35. The different charges that nanomaterials and enzymes
present lead to attachment stability. It is a simple fast method, but it does not take into consider-
ation about favorable orientations (in case of enzymes), decreasing activities. b. Chemisorption
is a specific procedure which involves the covalent interaction between the enzyme, the nano-
material and the electrode surface35. This method must be developed in a specific way that do
not compromise the stability of the enzyme; for example, some authors commonly include thiol
groups to attach enzymes or biomolecules to the electrode surface8,34.

2.3 Prussian Blue and its Catalytic Activity

Prussian Blue (PB) or ferric hexacyanoferrate is a polycrystal with a face centered cubic lattice
with a cell constant of 10.2 Å36. Figure 2.3 shows Prussian Blue molecule. It is known from
ancient times of dying applications due its deep blue color, but Neff37 discovered its electroactivity
with the formation of thin layers over electrodes surfaces. Prussian Blue is synthesized by mixing
iron ions of different oxidation state forming a blue colloid, while its electrodeposition can be
achieved with equimolar ferric-ferricyanide mixtures at 0.4 V applied voltage. The precipitation
is given according the reduction of Fe+3 to Fe+2 ions over the electrode surface38.

Figure 2.3: Prussian blue molecule

Applications of Prussian Blue varies from sensors for non-electroactive cations to sensors for
oxidizable compounds and detection of hydrogen peroxide. PB has been reported to reduce and
oxidize hydrogen peroxide. Reduction of hydrogen peroxide is catalyzed by the divalent iron ion
Fe+2, centers in the Prussian Blue molecules36 by a two-electron reduction. Karyakin39 proposed
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the reaction of the reduction of H2O2 catalyzed by Prussian Blue as:

Fe4
III[FeII(CN)6]3 + 4K+ + 4e− −→ K4Fe4

II[FeII(CN)6]3 (2.1)

K4Fe4
II[FeII(CN)6]3 + 2H2O2 −→ Fe4

III[FeII(CN)6]3 + 4K+ + 4OH− (2.2)

H2O2 + 2e− −→ 2OH− (2.3)

2.4 Quantitative Measurement

Three important parameters are considered for quantitative measurement:

Sensitivity means how the variation in analyte concentration produces a change in the current
signal. It is the slope in the calibration current.40

Limit of detection (LOD) refers to the smallest amount of analyte detectable with the electrode.
LOD must reach a confidence level respect to the blank signal. The detection limit is commonly
expressed as40:

LOD =
3 · SDblank

s
(2.4)

where SD is the standard deviation of N replicated measurements of the blank and s is the
slope of the calibration curve. Even if the analyte is detected at concentrations near to LOD, the
precision is questionable due to no proportional responses.

Then, the Limit of Quantification (LOQ) is the smallest analyte concentration that is possible
to quantify. Quantification limit is stated as40:

LOQ =
10 · SDblank

s
(2.5)

2.5 Electrochemical Techniques

The electrochemical techniques used in this research were:
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2.5.1 Cyclic Voltammetry

Cyclic voltammetry is an electroanalytical technique to study electroactive species and its redox
behaviour over a selected potential range. The specific potential range is cycling over the potential
of an electrode tomeasure the current response41. It is also used to study electron transfer-initiated
chemical reactions. The results of CV are well predicted by Nernst equation (Equation 2.3).

E = E0 +
RT
F

ln
(Ox)
(Red)

(2.6)

The results from a CV is called a voltammogram, where the x-axis represents the applied
potential (E), and the y-axis is the current response (i). Figure 2.4 shows that applied potential
scanned positively from point A to B is called forward scan and it occurs in certain time t. After
the system reaches B, the potential starts to go reverse to the initial potential (from point B to C)
and it is called reverse potential. Note that E initial and E final are the same.

The rate at which the potential is changing is called scan rate. It describes how fast is the
variation of the applied potential. Slower scan rates lead to an increment in the size of the
diffusion layer. For a reversible electron transfer process in a redox species, Randles-Sevcik
equation (Equation 2.4) describes how the peak current (ip) changes linearly with the square root
of the scan rate v (V s1). This equation can give us information whether an analyte is freely
diffusion in solution42:

ip = 0.4463nFAC
(nFνD

RT

) 1
2

(2.7)

where n is the number of electrons transferred in the redox event, F is the Faraday’s constant,
A is the electrode area, C is the concentration of the redox specie, D is the difussion coefficients,
R is the gas constant, ν is the scan rate and T is the temperature in K.

2.5.2 Chronoamperometry

It is a technique where the electrochemical cell is subjected to a change in the voltage steps to
measure the continuous current change response as function of time. The stepped voltage occurs
at the working electrode. It is a common technique, inside the called Pulsed techniques, used for
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Figure 2.4: At initial to starts from point A and finishes at point C returning to the same potential
value.

controlled electrolysis or electrodeposition. The potential is applied with a fixed pulse while the
current is measured as function of time as displays Figure 2.5. The stepped potential depends on
the reduction potential of the analyte, which can be determined performing a cyclic voltammetry
sweep. In this work, chronoamperometric technique is used to electrodeposit a layer of Prussian
Blue over the modified electrode43.

2.5.3 Zeta Potential

Zeta potential (ζ) or potential at liquid-solid interface is a characterization technique based on
the double layer interaction of a solute and its solvent44. The technique measures the electrostatic
potential at the interface of the ions in the diffuse layer and the bulk dispersing ions45 as indicate
Figure 2.6. This potential is closely related with the surface charge of the particle and it is key to
control electrostatic interactions in a dispersion. The potential distribution itself determines the
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Figure 2.5: Chronoamperometry excitation waveform of voltage along time

interaction energy between the particles, responsible for the particle stability46.
Zeta potential technique is based in Electrophoresis Light Scattering (ELS). The sample

solution is irradiated by a beam. The beam is, consequently, scattered by the particles causing a
frequency shift. The frequency shift will depend on the electrophoretic mobility of the particles.
The zeta potential is calculated from the electrophoretic mobility using the Henry Equation
(Equation 2.5)45:

Ue =
2εζ f (κa)

3η
(2.8)

where Ue is the electrophoretic mobility, ε is the dielectric constant, f (κa) is the Henry
function, κa is a particle radius measurement and η is the absolute zero-shear viscosity of the
medium45.

2.5.4 Amperometry (i-t Curve)

Amperometry is a technique that measures of current variation at a fixed potential. The variation
of current is proportional to the analyte concentration in contact with the electrode surface, while
the applied potential is the driving force of the oxidation or reduction of the analyte40. If oxidation
is occurring, the analyte will lose electrons which will travel to the surface electrode and will
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Figure 2.6: Scheme of the electrochemical double layer at the solid-liquid interface displaying
the potential as function of particle-ion distance

be measured as current variation by a potentiostat. It happens in the opposite way with analyte
reduction. The amperometric determination depend on Faraday’s law (Equation 2.6):

Q = nFN (2.9)

where Q is the charge (coulombs) necessary to reduce/oxidize N moles of analyte, n is the
electron number involved in the transfer process and F is Faraday’s constant. Deriving Equation
2.6 respect to time, it yields the current measured (Equation 2.7)40:

dQ
dt

= I = nF
dN
dt

(2.10)
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The current response is commonly plotted as function of time. As amperometry is a surface
technique, the analyte molecules must be forced to reach the electrode surface to be oxidized or
reduced. This molecule movement is reached with constant stirring of the solution.

2.6 Literature Review

The following section gives an overview of the literature related to the design of biosensors based
on carbon nanotubes, titanium dioxide and specifically, for hydrogen peroxide detection.

Historically, the first biosensor was developed in 1956 by Leland Clark for oxygen detection.
Since then, he development of biosensors was rapidly increasing, following for amperometric
enzyme-based biosensors until the first commercial biosensor was developed by Yellow Spring
Instruments in 197547. From a few years ago, research has focused in the use of nanomaterials to
improve biosensors due the exceptional properties they exhibit.

2.6.1 Carbon Nanotubes-based Biosensors

The architecture of carbon nanotube-based biosensors relies on the different configuration of
electrode assemble. Some proposals of CNT-based biosensor are summarized below:

Liu48 immobilized glucose oxidase (GOx) in a carbon nanotubes and chitosan matrix enhanc-
ing the electron transfer rate of the enzyme to 7.73 s−1. The composite was prepared in a single
composite of chitosan in acetic acid, carbon nanotubes and the enzyme. It exhibited the ability to
maintain the bioactivity of GOx and higher sensitivity and stability after 50 cycles. The presence
of a N2-saturated solution helps out the in the catalytic activity of GOD giving a higher signal
compares than air or O2-saturated solution.

An amperometric biosensor for hydrogen peroxide was developed by Qian and Yang49. The
biosensor was enzyme-based, using horseradish peroxidase (HRP). The electrode was modified
with a composite of MWCNTs and chitosan, glutaraldehyde and HRP. The activity of HRP was
studied via cyclic voltammetry and amperometric techniques in phosphate buffer solution pH 7.
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The electrode modification showed a good electrocatalytical activity and stability. The electrode
stability may be due to the enzyme immobilization to due cross-linking by glutaraldehyde leading
its active center disposed to H2O2 detection. In another reference, Besteman50 studied the redox
glucose oxidase behaviour immobilizating the enzyme onto the sidewalls of single-wall CNTs.
The conductance of the system has been affected after the immobilization of the enzyme due
to the proposal of a variation in capacitance change rather than electrostatic interactions. The
presence of glucose oxidase adhered to the walls of SWCNTs inhibits the ions of the electrolyte to
completely interact with the carbon nanotube and it leads to the decreasing of the gate capacitance
and therefore, a decreasing on the total capacitance.

2.6.2 TiO2&TiO2/Carbon Nanotubes-based Biosensor

Titanium dioxide is well-know as a semiconductor with photocatalytic properties and biocompat-
ible material. Fotouhi51 prepared a nanocomposite based on TiO2 NPs/MWCNTs in a chitosan
matrix for simultaneous determination of dihydroxybenzene isomers: hydroquinone, catechol
and resorcinol. It is quite clear to see the signal enhancement in voltammograms of the bare GCE
compared with the nanocomposite. The electrode showed a slightly decrease in the electrochem-
ical response after 48h, indicating a long-term stability.

A glucose biosensor based on titanium dioxide/carbon nanotubes-chitosan is being reported
by Zhang52. The addition of a layer of Prussian Blue acted as mediator for catalyst H2O2 reduction
for lower potentials. A poly(diallyldimethylammonium chloride) (PDDA) layer was also added to
a glassy carbon electrode to enhance the electrostatic stability of the layers. The PDDA layer was
doped with gold nanoparticles to increase the electrical conductivity of the modified electrode.
It displayed a low relative standard deviation ( 1.2%). The layered system provided a efficient
maintenance of the enzyme and keep its enzymatic bioactivity. It also exhibited a linear range
from 6µM to 1.2 mM with a detection limit of 0.1 µM.52

A biosensor based on TiO2 nanotubes arrays modified with a thin Au for H2O2 detection
was designed by Kafi53. Horseradish peroxidase was immobilized along a chitosan matrix
over the Au-modified TiO2 nanotube arrays. According to the evaluation, the Au film plays a
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crucial role in electron transfer. The amperometric response of the electrode showed long-range
linearity and stability. Shen54 doped carbon paper with a TiO2/CNTs nanocomposite for cancer
cells detection. TiO2 were grown over CNTs using the sol-gel method. The electrochemical
characterization indicates that the redox electron transer is a difussion controlled process and
leads to a enhancement of the sensitivity. The treatment with cancer cell exhibited an increasing
in the electrochemical response which brings the possibility for biomedical applications.





Chapter 3

Methodology

3.1 Electrochemical Equipment

3.1.1 Reagents and Solutions

The electrode polishing treatment was carried with 0.1 M nitric acid (HNO3) solution. The 0.1 M
HNO3 solution was prepared by dissolving 6.33 mL in 1000 mL of distilled (DI) water. Carbon
nanotubes dispersion was prepared in a 5 mg/mL concentration regardless the carbon nanotubes
sample, or used solvent. For H2O2 detection, Sigma-Aldrich Hydrogen peroxide solution 30
% (w/w) in H2O (δ= 1.110 g/cm3) was used. For all the washing, rinsing and preparation of
solutions, DI water was used.

0.1 M Phosphate Buffer solution pH 7

The support electrolyte used for the electrode characterization and peroxide detection was phos-
phate buffer pH 7. The 0.1 M phosphate buffer solution (PBS) pH 7 was done by preparing
0.1 M potassium phosphate monobasic solution dissolving 3.4 g of KH2PO4 in 250 mL and 0.2
M sodium hydroxide solution by dissolving 0.8 g of NaOH in 100 mL. Then, mix 250 mL of
KH2PO4 solution with 73 mL of NaOH solution and complete to 500 mL.

19
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4 mM Potassium Ferricyanide solution

The reaction kinetics of an electrode is commonly characterized with a ferricyanide solution due
its ideal redox behavior. A 4 mM K3[Fe(CN)6] solution was prepared dissolving 32.92 mg of
potassium ferricyanide in 25 mL of PBS at pH 7.

Prussian Blue solution

The Prussian Blue deposition was carried out with a solution based on the mixture of equimolar
of potassium ferricyanide and iron (III) chloride solutions. A solution of 2.5 mM K3[Fe(CN)6]
was prepared dissolving 20.58 mg of potassium ferricyanide in 25 mL of DI water, while the 2.5
mM FeCl3 was prepared dissolving 16.9 mg of ferric chloride in 25 mL of DI water. The mixture
is dissolved in 0.1 M KCl and 0.1 M HCl as supporting electrodes.

3.1.2 Electrochemical Cell and Electrodes

The electrochemical cell used in all the experiments was a standard three electrode system with
a single compartment. Every experiment was carried out with 25 mL of solution. The three
electrodes used in the cell were: a glassy carbon electrode (working electrode), Ag/AgCl electrode
(reference electrode) and graphite electrode (counter electrode). In the cell, the separation distance
of the working electrode and reference electrode was designed to be the shortest possible, about
1 centimeter.

Glassy Carbon Working Electrode

BASi MF-2012 Glassy Carbon Electrode (GC) was used in all the experiments. The active disk
of the electrode has a 3.0 mm diameter while its plastic body is 7.5 cm length x 6 mm OD, which
is solvent-resistant.

Silver-Silver Chloride Reference Electrode

The reference electrode was a commercial CHI 111 Ag/AgCl from CH Instruments, Inc. The
internal saturated solution is 1 M KCl of filling.
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Graphite Counter-Electrode

Acommercial graphite bar of 1cmdiameterwas used as counter-electrode. Its intrinsic conductive
property was ideal to let the current flow.

3.1.3 Hardware and Software

All electrochemical techniques were performed in an Autolab PGSTAT302N high current po-
tentiostat/galvanostat equipped with the FRA32M impedance spectroscopy module. All the
techniques were run in the Nova 2.1 Metrohm Aultolab software. The data is analyzed and the
presented graphs are plotted in OriginPro 8.0.

3.2 Nanostructures Synthesis

3.2.1 Functionalization of Carbon Nanotubes

Pristine multi-walled carbon nanotubes (pCNTs) were obtained from Nanocyl S.A. pCNTs were
subjected to a prefunctionalization and functionalization process. To perform this work, the ma-
terials were obtained already prefunctionalized and modified with TiO2 NPs. A brief description
of the process is given below.

Pre-functionalization process was performed with 3M HNO3 and 1M H2SO4 solutions. pC-
NTs were dissolved into the nitric acid solution while the sulfuric acid solution was slowly added.
The solution was placed under reflux process at 80°C and stirring of 400 rpm for 6 hours. Then,
the nanotubes were filtered, rinsed, dried (12h) and finally, grinded with pestle in a mortar.

The functionalization process caused the addition of carboxylic and hydroxyl groups to the
nanotubes surface. These groups were added to improve the compatibility with substrates and
the media. The procedure was done adding 60% w/w HNO3 solution to pre-functionalized CNTs
and submitted under sonication and stirring of 400 rpm at 80° C for 2 hours. The final suspension
was filtered, rinsed and dried (16h). The resultant nanotubes were milled in a mortar and sieved
with a 125 µ m sieve.
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3.2.2 Synthesis of TiO2-CNT Nanostructures

The synthesis is based on the sol-gel technique using the previous functionalized carbon nanotubes
(fCNTs) (150.0 mg), titanium isopropoxide as precursor (0.6 mL), isopropanol as solvent (18.2
mL), acetic acid and deionized water. The fCNTs were suspended into the half volume of
isopropanol and sonicated for 30 minutes. A solution of titanium precursor and quarter volume
of isopropanol was prepared. The solution was dropped out over half volume of fCTN suspension
with constant stirring of 600 rpm. Then, a solution of left isopropanol and deionized water was
sonicated for 10 minutes and dropped to the main solution. The reaction was continued over the
same parameters of stirring and temperature for 2 hours. The suspension was left to age for 20
days at room temperature. The solvent was evaporated at 80-88°C and washed three times with
deionized water letting it to evaporate. The resultant precipitate was dried up under vacuum at
80°C for 4 hours, followed by a thermal treatment at 500°C in Ar atmosphere for 2 hours. The
final substance was milled to obtain a thin powder.

3.3 Characterization of Carbon Nanotubes

3.3.1 Transmission Electron Microscopy

The TEM images were obtained in a JEOL 1220 microscope of Polymers Laboratory of Simon
Bolivar University (Venezuela) with an accelerating voltage of 100kV. The samples were prepared
using a wet suspension technique with an ethanol/water (70% v/v) solution.

3.3.2 Fourier Transform Infrared Spectroscopy

The spectra were performed in a Nicolet iS10 FTIR spectrometer in Chemistry Center of IVIC.
The samples were prepared in KBr pills. The frequency range of spectra goes from 4000 to 400
cm−1 with 64 sweeps at 2 cm−1 resolution.

3.3.3 X-Ray Diffraction

The samples were analyzed via a SIEMENS D5005 diffractometer with a wavelength of 1.54178
A and a range of 2θ = 10° to 80° with a rate of 0.02°/0.52 s. The data were collected from
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Laboratory of Environmental Chemistry of IVIC, Venezuela.

3.3.4 Zeta Potential

Zeta potential technique was performed over both samples of nanotubes (fCNT and TiO2-CNT).
The measurements are done in an aqueous suspension of carbon nanotubes samples with distilled
water as the solvent. The environment conditions of the analysis area were a temperature of 24.1°
and a humidity of 45.7%. Both samples were submitted to 5 runs of measure. From this data, we
will be able to calculate the mean and standard deviation values from the zeta potential and half
width of the peaks. This test was performed at Escuela Politécnica Nacional, Quito, Ecuador.

3.4 Electrode Modification

3.4.1 Electrode Polishing

The glassy carbon surface is highly reactive, and impurities or different modifications could result
in variations in its electrochemical activity55. These variations rely on the starting electrode
surface. The most common electrode pretreatment to acquire reliable results is polishing. The
polishing treatment removes the impurities and residues of the glassy carbon surface. The CHI
glassy carbon electrode of this work went through a polishing treatment each time it had been
modified. The treatment consists in two process: an alumina (1) and an electrochemical polishing
(2).

1. Glassy carbon surface was polished with a polishing cloth in an aqueous slurry of 1 µm,
0.3 µm and 0.05 µm alumina powder performing eight-like moves for 5 minutes. After the
cleaning, the electrode was rinsed with distilled water.

2. GCE is assembled in a three-electrode cell containing 25mL of 0.1M of nitric acid (HNO3).
The electrode was submitted to 50 cyclic voltammetry cycles from -1 to 1 V with a scan
rate of 100 mV/s with a negative initial polarization.
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3.4.2 Dispersion of Carbon Nanotubes

Functionalized CNTs and TiO2-CNTs were characterized via zeta potential to observe the super-
ficial charge (See Results Discussion: Zeta Potential). fCNTs displays a strong cationic behavior
due the presence of -COOH and -OH groups, while TiO2-CNT exhibit a slight anionic bevahior.
Both samples were dispersed in different solvent.

Functionalized CNT were dispersed in dimethylformamide (DMF) in a concentration of
5mg/mL, while TiO2-CNT were suspended in sodium dodecyl sulfate (SDS) at the same concen-
tration as above. Both suspensions were placed in 1.5 mL tubes and sonicated for 10 minutes.

For TiO2-CNT modified electrode, an equal-concentration suspension is made of 5 mg/mL of
TiO2/CNT in 1% sodium dodecyl sulfate solution (SDS). The SDS solution is made by dissolving
10 mg of SDS per mL of distilled water. Sonication is applied to the mixture for 15 minutes.

3.4.3 Modification of PDDA/CNT/GC Electrode

The glassy carbon electrode must be previously polished with the treatment explained above:
alumina and HNO3 polishing, and then washing with distilled water and drying to room temper-
ature.

After the electrode is completely dried, a suspension of carbon nanotubes (CNT) of a volume
of 10 µL was pipetted onto the electrode surface. The suspension droplet must be uniformly
dispersed over the electrode surface. The electrode was dried at 50° C for 15 minutes. Then, 10
µL of PDDA solution was pipetted into the CNT modified-electrode surface and dried at 50°C
for 15 minutes. The suspension droplet must be uniformly dispersed over the electrode surface.

3.4.4 Modification of PDDA/TiO2-CNT/GC Electrode

The following modification of the electrode with TiO2-CNTs is carried out with almost the same
procedure as for CNTs sample. The difference is that PDDA is not deposited over the nanotubes
layer. This is due to the different surface charge the TiO2-CNTs exhibit.
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3.4.5 Electrodeposition and Activation of Prussian Blue

After the two-layer dropping, a Prussian Blue (PB) layer is deposited via chronoamperometry
(CA) technique.

An aqueous solution of 24 mL is prepared in equal volumes of 6 mL of 0.1MKCl, 0.1MHCl,
2.5 mM K3[Fe(CN)6] and 2.5 mM FeCl3 · 6H2O. KCl and HCl acted as supporting electrolytes.
The electrodeposition was done immersing the modified electrode in the solution and applying 2
pulses of constant potential of 0.4 V by 60 seconds using CA39.

After the deposition, the PB layer was activated with cyclic voltammetry with 12 mL of 0.1 M
KCl and 12 mL of 0.1 M HCl as supporting electrolytes. The activation was applying 20 cycles
in a potential range of -0.2 to 0.8 V at a scan rate of 50 mV/s. The electrode is dried up at 50°C
for 15 minutes. A final layer of 10 µL of PDDA is pipetted over the electrode surface and dried
at 50°C for 15minutes.52,56 The final electrode arrangement is doubled rinsed with distilled water.

The whole modification process of the electrode is summarized in the Figure 3.1.

3.4.6 Peroxide Detection

The detection was achieved using hydrogen peroxide solution 30% (w/w) in H2O with two
different techniques: cyclic voltammetry and chronoamperometry.

Via Cyclic Voltammetry

The catalytic activity of Prussian Blue over hydrogen peroxide was evaluated varying the H2O2

concentration and recognizing the redox peaks response. The detectionwas carried out in different
concentrations from 0.5 µM to 4.0 µM. A 0.1 M H2O2 solution was prepared by dissolving 255.1
µL in 25 mL of deionized water. From this solution, less concentrated solutions were prepared
according Table 3.1.

Once the solutions were prepared, they were refrigerated at 10 °C. One by one (starting with
the less concentrated solution), they were placed into the system and 2 sweep segments of cyclic
voltammetry were performed. The parameters are summarized in Table 3.2.
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Figure 3.1: Scheme of PDDA/PB/PDDA/TiO2-CNTs/GC electrode modification.

[H2O2] (mM) V0.1MH2O2(µL) Left to 1 mL of PBS (µ L)
1.0 250 750
1.5 375 625
2.0 500 500
2.5 625 375
3.0 750 250
3.5 875 125
4.0 1000 0

Table 3.1: Quantities of reactives to prepare 25 mL H2O2 solutions from 1 mM to 4 mM
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Via Amperometric I-t Curve

The steady-state current response of H2O2 with the modified electrode was evaluated through
amperometric I-t curve. This technique consists in adding aliquots of a known concentration
stock solution over the electrochemical cell fullfilled with an electrolyte solution, and measure
the change in current signal as the cell concentration varies. These response was based on the
reduction of H2O2 from the electrocatalysis of Prussian Blue; so, 0 V was selected as the applied
potential for the detection.

A stock solution of 0.1 M H2O2 was prepared by dissolving 102 µL in 10 mL of distilled
water. Each aliquot was selected to be 100 µL of the stock solution added each 20 seconds. These
H2O2 detection was carried out with both modified electrodes. In Table 3.3 is summarized the
applied parameters.

3.5 Electrochemical Characterization

3.5.1 TiO2-CNTs and fCNTs/GCE Characterization

The electrochemical behavior of modified and bare electrodes was investigated on PBS pH 7
solution using cyclic voltammetry. The first experiment analyze the contribution of carbon nan-
otubes dispersion and the potential window each one modified electrode exhibit respect to bare
glassy carbon electrode. The window potential refers to the electroactive range of potential of an
electrode in a determined support electrolyte. The PBS preparation procedure is detailed in the
subsection Reagents and Solutions. The modified electrode was immersed in 25 mL of PBS in
the electrochemical cell. The CV was run over 20 cycles to reach stability of the electrode, that
means, where the current response do not change over cycle.

The cyclic voltammograms were performed over the parameters shown in Table 3.4:
The reaction kinetics characterization uses potassium ferricyanide (K3[Fe(CN)6]) is a typical

electrochemical analysis to study the redox capability of the electrode. Potassium ferricyanide is
used due to the nearly ideal reaction of the one-electron reduction of ferricyanide to ferrocyanide.
This coupled reaction exhibits a reversible behavior with no subsequent reactions. This charac-
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Technique: Cyclic Voltammetry
Parameter Value
E0 0.6 V
Eh 0.6 V
El -0.6 V
Initial Polarization Negative
Scan Rate 50 mV/s
Sample Interval 0.001 V
Quiet Time 5 s
Sensitivity 0.001 A/V

Table 3.2: Parameters to evaluate the presence of hydrogen peroxide via cyclic voltammetry in a
25 mL PBS pH 7

Technique: Amperometric i-t Curve
Parameter Value
Einitial 0.5 V
Sample Interval 0.2 s
Run Time 500 s
Quiet Time 5 s
Sensitivity 1x10−5 A/V
Aliquot 100 µL of 0.1 M each 20 s

Table 3.3: Parameters to measure the amperometric response of the sensor to hydrogen peroxide
through successive injections of 0.1 M H2O2 in 20 mL of PBS
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Technique: Cyclic Voltammetry
Parameter Value
Einitial 0 V
Ehigh 1.9 V
Elow - 1.9 V
Quiet Time 5 s
Sensitivity 1x10−3 A/V
Scan Rate 100 mV/s

Table 3.4: Parameters of cyclic voltammetry over bGCE, PDDA/fCNT/PDDA/GCE and
PDDA/TiO2-CNT/GCE in 25 mL of PBS pH 7

terization was performed using CV under the variation of the scan rate with the parameters shown
in Table 3.5.

The characterization was done immersing the electrodes in a 4 mM (K3[Fe(CN)6]) solution.
The ferricyanide was dissolved in PBS, which acts as supporting electrolyte.

3.5.2 Prussian Blue-modified GCE Characterization

After the last PDDA layer was placed and the whole modification is complete, the PDDA-PB-
PDDA-xCNT-GC electrode is characterized via the redox peaks the Prussian Blue exhibits. The
reaction kinetics of PB was done on 25 mL of PBS under the following parameters (Table 3.6).
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Technique: Cyclic Voltammetry
Parameter Value
Einitial 0
Ehigh 0.5 V
Elow - 0.5 V
Quiet Time 5 s
Sensitivity 1x10−3 A/V
Scan Rate 20 - 120 mV/s

Table 3.5: Parameters of cyclic voltammetry over bGCE, PDDA/fCNT/PDDA/GCE and
PDDA/TiO2-CNT/GCE in a 4 mM potassium ferricyanide solution.

Technique: Cyclic Voltammetry
Parameter Value
Einitial 0
Ehigh 0.8 V
Elow - 0.2 V
Quiet Time 5 s
Sensitivity 1x10−3 A/V
Scan Rate 20 - 120 mV/s

Table 3.6: Parameters in CV to analyze the reaction kinetics of Prussian Blue-modified electrodes
in PBS.



Chapter 4

Results & Discussion

This section presents simultaneously the results with the discussion for each part. In this way,
functionalized carbon nanotubes with hydroxyl and carboxylic groups are named fCNT and
carbon nanotubes doped with titania nanoparticles are named as TiO2-CNT. The results of the
electrode modification will be managed as four different designations as the modification pro-
cedure is detailed above: TiO2-CNT/GCE refers to the glassy carbon surface modified with
TiO2-CNT, fCNT/GCE is the one modified with functionalized CNTs, including the PDDA layer;
PB/TiO2-CNT/GCE is the electrode which includes the Prussian Blue layer and its final layer of
PDDA; and PB/fCNT/GCE refers to the electrode modified with CNT, the Prussian Blue layer
and both layers of PDDA. The electrode modifications and its designations are summarized in
Table 4.1

First, it will be discussed the physical characterization of CNT samples through TEM, FTIR
and XRD. Then, zeta potential characterization will be evaluated followed by the subsequent
CNT dispersion analysis. The electrochemical characterization of the modified electrodes with
TiO2-CNTs and fCNTs will be investigated via cyclic voltammetry; and finally, the evaluation of
peroxide detection via CV and amperometric response.

31
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Electrode Label Layers
1 TiO2-CNT/GCE TiO2-CNT

2 fCNT/GCE
PDDA
fCNT

3 PB/TiO2-CNT/GCE
PDDA
Prussian Blue
TiO2-CNT

4 PB/fCNT/GCE

PDDA
Prussian Blue
PDDA
fCNT

Table 4.1: Summary of the electrodes, layers and designation employed in the work

4.1 Physical Characterization of TiO2-CNT and fCNTNanos-
tructures

Physical analysis was performed to understand the morphological variations and surface chem-
istry of the nanostructured systems. Transmission ElectronicMicroscopy (TEM) characterization
study the morphology of carbon nanotubes and its modifications with titania NPs.

Figure 4.1 exhibits the TEM images of functionalized CNTs. The shades on different sections
of the image and the apparent change of grey tone indicate the bundling of the nanotubes over
themselves. The diameter mean value of fCNT is 5 ± 2 nm. In the literature, the value of wall
separation distance of a MWCNT is around 0.34 nm57, thus the nanotubes are around 4-10 layers.
Figure 4.1 (right) exhibits a multi-walled carbon nanotube, where approximately four walls are
appreciated with a diameter of 3 nm, supporting the previous calculation and the wall distance
assumption.

TiO2-CNT nanostructure morphologies are displayed in Figure 4.2. In these images, titanium
nanoparticles are observed to be adhered over the nanotube surface. The adhesion of the NPs is
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Figure 4.1: TEM images of functionalized carbon nanotubes.

assumed to occur mainly over the available functional groups from the previous functionalization;
thus, NPs are not uniformly distributed over the nanotube surface. Nanoparticles tend to agglom-
erate over the surface with higher number of present functional groups and over the crossing
of nanotubes as shown in Figure 4.2 (medium). The tendency to agglomeration is due to the
high surface energy of titania nanoparticles of which did not bond to the nanotube; nevertheless,
defined nanoparticles are still appreciated.

Figure 4.2: TEM images of TiO2-CNT at different magnifications
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Particle size of nanoparticles is measured from some TEM images given a mean value of 6.1
± 1.3 nm. This value is close to the nanotube diameter.

XRD analysis are shown in the Figure 4.3 of TiO2-CNT (a) and functionalized carbon nan-
otubes (b). fCNT spectra exhibits the characteristic peaks of graphite in nanotubes from the 002
and 100 planes. These peaks are in 26 ° and 43 °, respectively. The 002 plane and its location
indicate the interplanar distance of the nanotube layers. With θ002 = 26 and according Braggs
law, the interplanar distance is 3.43 Å. This calculation goes according the previous assumption
at the layers number calculation.

Figure 4.3: XRD diffractograms of (a) TiO2-CNT and (b) fCNTs.

In TiO2-CNT diffractogram, some peaks at 26 °, 38 °, 48 °, 54 ° and 63 ° are present. Com-
paring these angles with the ones from the titanium phases; it is evident the peaks correspond
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to the anatase crystalline phase and the angles agree with the (101), (004), (200), (105) and
(205) planes, respectively58. With Scherrer’s equation59, we conclude the diameter of the anatase
nanoparticles is about 6.3 nm. This value is consistent with particle size measured from the TEM
images. Qualitatively, the anatase peaks are shown to be broad which indicates the formation
of crystals at nanometric scale. The main peak of 002 plane of CNT is not observed in the
TiO2-CNT spectra due to the overlapping with the 101 plane of anatase.

Figure 4.4: FTIR specta of (a) TiO2-CNTs and (b) fCNTs.
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Complementing the physical characterization, Figure 4.4 shows the FTIR spectra of (a) TiO2-
CNT and (b) fCNTs in a range from 4000 to 400 cm−1. As shown in the figure, TiO2-CNT sample
exhibits a band between 900-400 cm−1. This band refers to the Ti-O-Ti bond and proves the
presence of titania; while this band is absent in the fCNT spectrum. Additional peaks are present
along the spectra in 3433, 3126, 1388, 1061 cm−1. fCNTs spectrum exhibits a broad peak at 3280
cm−1 which is a characteristic of the O-H stretching of hydroxyl group and refers to the oscillation
of carboxyl groups60, equivalent to the 3433 and 3126 cm−1 peaks in the TiO2-CNT spectrum.
The peak at 2910 cm−1 refers to the methylene stretching band assumed to be groups located at
defect sites in the CNTs sidewalls61, while the 1388 cm−1 peak could be attributed to rocking
and bending of -CH group due to a possible hydrogenation in the fuctionalization process. The
C-O bands are observed in both spectra at 1061 cm−1, characteristic of carboxyl functional groups.

Functionalized CNT and TiO2-CNT were characterized in a previous work by Albano62 via
N2 adsorption and BET area. In both cases, their results showed mesoporous structures with
non-uniformed pore sizes independent on CNTs quantity. In the superficial area analysis, they
showed an area of 298,40 ± 2.72 m2/g in the fCNTs, while for TiO2-CNT, the area is 147.02 ±
1.89 m2/g. The presence of nanoparticles have reduced the superficial area of the sample respect
the fCNTs, due to the coverage of the TiO2 NPs on the CNTs walls.

4.2 Zeta Potential and Carbon Nanotubes Dispersion

Z-Potential characterization was done over the nanotubes samples, in order to analyze the charge
over the electrical double layer. A potential difference is applied over the CNT suspensions to vary
the mobility of the particles. This mobility will give information the charge they present. The
applied potential is what controls the electrostatic interactions of the nanotubes and the solvent;
and therefore, its colloidal stability63.

Figure 4.5 is the curve of zeta potential of fCNTs in an aqueous solution. The mean value
of zeta potential is -51.84 mV with a standard deviation of 9.66 mV, while Figure 4.6 is the plot
of the zeta potential measured from the TiO2-CNTs sample with a mean value of 9.93 mV with
a standard deviation of 0.73 mV. The standard deviation values are calculated from five repeat
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measurement over the same conditions on both samples.

Figure 4.5: Zeta potential result for fCNTs showing a peak at -35.31 mV in the fifth run with a
mean of -51.84 mV with a standard deviation of 9.66 mV.

In the functionalized CNTs, the previous acidic treatment over the pristine carbon nanotubes
added carboxylic (-COOH) and hydroxyl groups (-OH) on their walls; so, the negative charge is
due to the deprotonation of the functional groups and fCNT can be considered strongly anionic.
According Clogston and Patri45, nanoparticles with values greater than ± 30 mV are considered
strongly cationic or anionic, while values between ± 10 mV, are considered neutral. In TiO2-CNT
sample, the nanoparticles are attached to the functional groups as evidenced above, neutralizing
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the charge of the nanotubes and giving the sample a slightly positive charge. According Patri,
TiO2-CNT can be considered as neutral.

Figure 4.6: Zeta potential result for fCNTs showing a peak at 7.94 mV in the fifth run with a
mean of -9.93 mV with a standard deviation of 0.74 mV.

Knowing the charge of the CNTs is essential to understand the interaction particle-solvent
and predict a colloidal stability. The dispersion of the nanotubes plays a key role in the mod-
ification of the electrode. The selection of a solvent is quite a delicate issue depending the
charge of the nanotubes. Specific differences in CNT dispersion arise from the geometry and
polarity of the solvent molecules or the solubility of the polymer22 As we observe the charge of
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the samples differs; the solvent in which the carbon nanotubes are suspended will be also different.

Dimethyl formamide (DMF) is a typical solvent of carbon nanotubes and it was selected
to suspend fCNT. The suspension presented stability after a few minutes of sonication due the
CNTs does not spontaneously disperse and requires an input of energy to achieve dispersion. The
interaction of the solvent molecules with the nanotubes involves weak polar forces and van der
Waals interactions. The DMF molecule is planar and provide a better engage through van der
Waals interactions to the nanotube surface.

TiO2-CNT sample present a different charge as fCNT and requires a different solvent. Vais-
man23 explained the use of surfactants to disperse nanotubes depending on their charge and type
of surfactant. The selection of the surfactant depends on the charge the CNTs exhibit. The TiO2-
CNT sample was dispersed in a solution of sodium dodecyl sulfate (SDS). SDS is an anionic
surfactant with a sulfate group at its head which gives it the amphiphilic properties. SDS debun-
dles nanotubes through steric and electrostatic interactions. The anionic head of the surfactant
molecule tends to attach to the nanotube walls and to be adsorbed over forming micelles and
providing a colloidal stabilization.

4.3 Direct electrochemistry ofmodifiedandnon-modified elec-
trodes

The response evaluation of the electrodes in 0.1 M phosphate buffer solution at pH7 is presented
in Figure 4.7, showing the voltammograms of the bare glassy carbon electrode, fCNT and TiO2-
CNTmodified electrodes. This figure provides us the electroactive region of the electrodes, better
called "window potential", and refers to the potential region where no redox events are present.
The voltammogram of the bare (a) GCE does not exhibit any oxidation/reduction reaction. Very
low non-faradaic current is shown in this region, exhibiting the current response almost flat.

The addition of the (b) fCNT shows a strong increment on the non-faradic current respect
to the bare electrode. The non-faradaic current does not involve any electron transfer, it only
causes the accumulation of electric charges as potential is applied64. This result shows that
functionalized CNTs exhibits a highly capacitive ability. The deposition of a wide enough layer
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Figure 4.7: Electroactive region of (a) glassy carbon electrode, (b) fCNTs and (c) TiO2-CNTs on
PBS pH 7.

which implies the formation of an electric double layer. The presence of unexpected peaks along
the window potential means there are at least one coupled reaction associated to the oxidation
and reduction of the -OH and -COOH functional, leading to the formations of quinones around
the surface of the nanotubes.

When (c) TiO2-CNT is deposited over the electrode, the signal is similar respect to the bare
GCE. There is not signals referred to the presence of electroactive species as expected while
the non-faradaic current is a little higher respect to fCNTs. Modified nanotubes do not exhibit
capacitive properties as sturdy as functionalized ones. The peaks around 0 and 0.3 V presented
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in fCNTs are now disappeared, possible due to formation of the TiO2 nanostructures over the
functional groups, not allowing any redox process and leading the disappearence of the peaks.
This result complements the interpretation for the physical characterization of the growth of the
nanostructures around the -OH and -COOH group.

4.4 Evaluation response of modified and non-modified elec-
trode in a redox system

The behavior of the electrodes is analyzed via an electrochemically electron transfer process,
potassium ferricyanide is used. K3[Fe(CN)6] is a well-known redox specie commonly used.
Potassium ferricyanide is used due to the nearly ideal reaction of the one-electron reduction of
ferricyanide to ferrocyanide. In the PB/TiO2-CNT and PB/CNTmodified electrodes, the Prussian
Blue layer acts as the redox specie. In the Prussian Blue layer also occurs a one-electron reduction
in the Fe+3/Fe+2 system.

Figure 4.8 displays the redox signal of the modified electrodes using potassium ferricyanide
in the case of bare GCE, CNT/GCE, TiO2-CNT/GCE, and Prussian Blue layer in PB/CNT/GCE
and PB/TiO2-CNT/GCE; at a scan rate of 100 mV/s. The Ipa/Ipc ratio is 1.02 of bare GCE (Figure
4.8 a), an expected value for a reversible reaction of charge transfer42. This value specifies if
the oxidized analyte is all back reduced. For the bare electrode, this behavior is almost ideal as
expected. The potential separation of the anodic and cathodic peak, potential difference (∆E), is
about 0.16 V. In a reversible reaction, ∆E must be constant and independent of scan rate, with a
value close to 0.059 V. In this way, the value shows the reaction over a quasi-reversible process.
Carbon-based electrodes are reported to exhibit this behavior due to low charge transfer rates
respect to noble metal electrodes65. For CNT/GCE, the peak ratio is 0.58 which indicates the a
non-complete reversibility on the electrode; while ∆E is 0.21 V showing a higher resistance the
layers produce. The TiO2-CNT/GC electrode displays the Ipa/Ipc ratio of 0.69, showing a higher
reversibility respect to the functionalized nanotubes. The ∆E is 0.22 V, similar to the fCNTs.

For the electrodes modified with Prussian Blue, the peak ratio is 0.5 showing a lower re-
versibility and ∆E is 0.18 V. Finally, the PB/TiO2-CNT/GCE has a peak ratio of 0.62 and a ∆E



42
4.4. EVALUATION RESPONSE OF MODIFIED AND NON-MODIFIED ELECTRODE IN A

REDOX SYSTEM

Figure 4.8: Cyclic voltammetries of the differentGCEmodifications at a scan rate of 100mV/s. (a)
Bare GCE, (b) CNT/GCE, (c) TiO2-CNT/GCE, (d) PB/CNT/GCE and (e) PB/TiO2-CNT/GCE.
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value of 0.3 V. Comparing the results of the electrodes with and without the Prussian Blue layer,
TiO2-CNT exhibit a higher reversibility on the anodic and cathodic processes.

Figure 4.9: (a) Set of cyclic voltammetries of the bare glassy carbon electrode at different scan
rates (20-a, 40-b, 60-c ,80-d, 100-e, 120-f mV/s). (b) Linear regression of anodic (black line) and
cathodic (red line) peak currents with correlation coefficients of 0.992 and 0.995, respectively

Figure 4.9a displays a set of cyclic voltammetry curves performed at different scan rates. An
increment of the peak current is observed as scan rate varies. This current variation is propor-
tional to each scan rate, while the potential peaks are practically no displaced. Considering these
processes as reversible process, an electron transfer process of redox species, the Randles-Sevcik
equation (Eq. 2.4) describes how the peak current changes linearly with the square root of the
scan rate ’ν’. From this data, Figure 4.9a is created. The figure exhibits how the anodic and
cathodic peak currents, and the square root of ν follow a linear behavior with a correlation coef-
ficient of R2= 0.992 and 0.995 for the anodic and cathodic curve, respectively. This behavior is
well explained in Randles-Sevcik equation indicating that the processes follow the diffusion of an
electroactive specie. The intercept value of the line is 1.19x10−6, a non-null value, which implies
a small process of adsorption of ferricyanide over the electrode surface.

In the Figure 4.10, the same analysis is performed over the electrode with the functionalized
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Figure 4.10: (a) Set of cyclic voltammetries of fCNT at different scan rates (20-a, 40-b, 60-c
,80-d, 100-e, 120-f mV/s). (b) Linear regression of anodic (black line) and cathodic (red line)
peak currents with correlation coefficients of 0.992 and 0.995, respectively

CNTs. The behavior is similar with the currents increasing proportional to the scan rate and the
potential peaks does maintain its potential. The correlation coefficients are 0.992 and 0.995 for
the oxidation and reduction peaks, respectively. A non-null intersection, in this case a value of
1.4X10−4 , indicates a higher process of absorption of the iron complex in the CNT film. Potas-
sium ferricyanide could even intercalate between the interlaminar spaces during voltammetries
leading to a higher absorption into the nanotubes film66.

The electrode modified with TiO2-CNTs displays the same behavior using potassium ferro-
cyanide as above Figure 4.11, with a correlation coefficients of 0.999 for anodic and cathodic
processes. The interception value is 2.91·10−6, which means a lower process of adsorption over
the electrode surface.

The transfer process in the electrodes with Prussian Blue layer is directed by the one-electron
reduction of the Prussian Blue layer to Prussian White; the reduction of the iron complex from
Fe+3 to Fe+2. The behavior is like the one with potassium ferrocyanide. The PB/CNT/GCE set of
cyclic voltammetries has the current variation proportional to the scan rate. They are shown in
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Figure 4.11: (a) Set of cyclic voltammetries of TiO2-CNT at different scan rates (20-a, 40-b,
60-c ,80-d, 100-e, 120-f mV/s). (b) Linear regression of anodic (black line) and cathodic (red
line) peak currents with correlation coefficients of 0.999 and 0.998, respectively.

Figure 4.12: (a) Set of cyclic voltammetries of PB-CNT at different scan rates (20-a, 40-b, 60-c
,80-d, 100-e, 120-f mV/s). (b) Linear regression of anodic (black line) and cathodic (red line)
peak currents with correlation coefficients of 0.999 and 0.998, respectively.
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Figure 4.12. The correlation coefficients in the linear regression of the current peaks are 0.999
for the anodic process and 0.998 for the cathodic process.

Figure 4.13: (a) Set of cyclic voltammetries of PB-TiO2-CNT at different scan rates (20-a, 40-b,
60-c ,80-d, 100-e, 120-f mV/s). (b) Linear regression of anodic (black line) and cathodic (red
line) peak currents with correlation coefficients of 0.999 and 0.999, respectively.

Figure 4.13 shows the change of current as the variation of scan rate in the PB/TiO2-CNT/GC
electrode. The current exhibits an excellent proportionality demonstrated in R2 is 0.999 for anodic
and cathodic behavior. Some shoulders appeared, possible due to the adsorption of Prussian Blue
into deeper layers into the nanotubes, and non-uniform reduction and oxidation occur.

4.5 Electrochemistry of PB/CNT/GCE and PB/fCNT/GCE in
presence of hydrogen peroxide via cyclic voltammetry

The catalytic activity of the Prussian blue in the detection of H2O2 is analyzed via cyclic voltam-
metry at different concentrations. This analysis is performed to see the contribution of TiO2-CNT
and fCNTs in the process of H2O2 detection. The detection is done analyzing the increment in
the reduction current as the H2O2 concentration increases.
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Figure 4.14: Set of cyclic voltammetries of PB-fCNT at different H2O2 concentrations (0.5mM-a,
1.0 mM-b, 1.5 mM-c, 2.0 mM-d, 2.5 mM-e, 3.0 mM-f, 3.5 mM-g, and 4.0 mM-h). Reduction of
anodic peak of Prussian Blue as H2O2 concentration increases (right, up). Increment of cathodic
peak of Prussian Blue as H2O2 concentration increases (right, down).

Figure 4.14 exhibits the electrocatalytic behavior of the fCNTs and Prussian Blue. The peaks
located at 0.2 and 0.1 V are attributed to the oxidation and reduction of Prussian Blue as showed
before. The peak at 0.25 V coincides to the presence and reduction of H2O2. It is clear to observe
the proportional increment of the reduction current, while the PB oxidation peak decreases at
each cycle and the PB reduction peak increases with the presence of H2O2.

The reduction reaction of H2O2 induced by Prussian Blue has been found to be given by
Equations 4.1, 4.2 and 4.3 and according Karyakin39 , the stability of Prussian Blue layer as
hydrogen peroxide transducer is a crucial point due its thermodynamically instability38. The
presence of hydroxyl ions as products of the hydrogen peroxide reduction are able to solubilize
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the Prussian Blue layer, producing an irreversible reaction. This is evidently in the decrement of
the oxidation current of the inorganic polycrystal; PB had been consumed each cycle of detection.

Fe4
III[FeII(CN)6]3 + 4K+ + 4e− −→ K4Fe4

II[FeII(CN)6]3 (4.1)

K4Fe4
II[FeII(CN)6]3 + 2H2O2 −→ Fe4

III[FeII(CN)6]3 + 4K+ + 4OH− (4.2)

H2O2 + 2e− −→ 2 OH− (4.3)

Figure 4.15: Set of cyclic voltammetries of PB-fCNT at different H2O2 concentrations (0.5mM-a,
1.0 mM-b, 1.5 mM-c, 2.0 mM-d, 2.5 mM-e, 3.0 mM-f, 3.5 mM-g, and 4.0 mM-h) at a reduced
potential range. Reduction of anodic peak of Prussian Blue as H2O2 concentration increases
(right, up). Increment of cathodic peak of Prussian Blue as H2O2 concentration increases (right,
down).
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The detection was also performed with a short potential range to see only the behavior of
the Prussian Blue peaks. Figure 4.15 exhibits peak responses, proportional with the variation
of H2O2. It demonstrates the catalytic activity of Prussian Blue over hydrogen peroxide and
an outstanding proportionality. It is clear that the cathodic peak decreases and the anodic peak
increases as expected. The detection was done from 0.5 mM to 4.0 mM H2O2.

Figure 4.16: Set of cyclic voltammetries of fCNT at different H2O2 concentrations (0.5 mM-a,
1.0 mM-b, 1.5 mM-c, 2.0 mM-d, 2.5 mM-e, 3.0 mM-f, 3.5 mM-g, and 4.0 mM-h).

Figure 4.16 displays the detection of H2O2 in absence of the Prussian Blue layer under the
same conditions. The peaks observed at 0.1 and -0.1 V are characteristic of the fCNTs and
previously analyzed. Even with the absence of PB, the nanotubes partially allow the reduction
of hydrogen peroxide. The response current does not present as good proportionality as previous
experiments, but it demonstrates fCNTs actually contributes to the reduction of H2O2. It validates
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the fCNTs to be further used with peroxidases into enzyme-based biosensors.

Figure 4.17: Set of cyclic voltammetries of PB-fCNT at different H2O2 concentrations (0.5mM-a,
1.0 mM-b, 1.5 mM-c, 2.0 mM-d, 2.5 mM-e, 3.0 mM-f, 3.5 mM-g, and 4.0 mM-h).

The detection was carried out with PB/TiO2-CNT/GCE. Figure 4.17 exhibits the catalytic
behavior of Prussian Blue based with TiO2-CNTs. With the increase in concentration of hydrogen
peroxide, the response of the electrode is not as expected. The reduction current is not proportional
to the concentration, even when H2O2 is partially detected around 0.4 V. Comparing the TiO2-
CNT system along the fCNT one, it demonstrates that the presence of titanium dioxide does not
provide an optimum interface for H2O2 detection. The oxidation peak of PB is the one that shows
proportionality in the current response The reduction peak does not show decreasing in current
belonging to the reduction process of H2O2; it evidences the presence of hydrogen peroxide but
not showing a high quality detection.
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4.6 Evaluation response ofPB/TiO2-CNT/GCEandPB/fCNT/GCE
in presence of hydrogen peroxide via amperometric i-t
curve

The electrocatalysis of H2O2 based on Prussian Blue is followed by the Equation 4.3, reducing
H2O2. The Prussian Blue reduces H2O2 approximately at 0.1 V. The applied potential to perform
the amperometric curves was selected below the reduction potential, at 0 V, where the current is
dictated via diffusion from the bulk solution to the electrode, after the analyte is steadily depleted
over the electrode surface.

The steady-state current response of H2O2 in the PB/fCNT/GCE is shown in Figure 4.18a.
The current response decreases with increasing the H2O2 concentration with successive injections
of 100 µL of 0.1 M in 20 mL of PBS. The trace demonstrates high sensitivity and response of the
sensor. The electrode reached 95 % of the maximum steady-state current in less than 10 seconds
which indicates a fast response. A linear range from 500 µM to 6.54 mM is obtained, showing
a high linearity of the response. Figure 4.18b displays the calibration curve of the sensor. The
linear regression equation can be expressed as Equation 4.4 with a correlation coefficient of 0.992.

I(µA) = −16.30(mM) − 8.535 · 10−6 (4.4)

The sensitivity given by the slope of the linear regression corresponds to 16.30 µA/mM, the
limit of detection calculated from the quotient of 3 times the standard deviation (SD) of blank
and the sensitivity is 0.015 mM and the limit of quantification, calculated from the quotient of 10
times the SD with the sensitivity is 0.051 mM. Nevertheless, carbon nanotubes show linear and
fast response being candidates to prove an enzymatic electrode.

Figure 4.19a shows the amperometric response of the PB/TiO2-CNT/GCE for the successive
additions of H2O2 under the same parameters as fCNT to compare the quality response of both
systems. The electrode has a fast response and high sensitivity. Also, this system exhibit two
linear responses displayed in the calibration curve (Figure 4.19b). This behavior can be attributed
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Figure 4.18: (a) Dynamic response of the H2O2 on fCNT/GC electrode to the successive addition
of 100µL of 0.1 M H2O2 in the PBS solution at 0.5 V. (b) Calibration curve of the amperometric
response between the current and H2O2 concentration.

to the saturation of the electrode with H2O2, leading to the corresponding decrement in the sen-
sitivity.

The linear regression to the dynamic response of the electrode is shown in Figure 4.19b. Two
linear ranges are observed from 500 µM to 3.84 mM, and from 4.76 mM to 6.54 mM. From
these ranges, each one is fitted given the Equations 4.5 and 4.6 with correlation coefficients of
0.980 and 0.996, respectively. The sensitivity for the first range, corresponding to the slope of the
first regression, is 26.51 µA/mM, while the sensitivity for the second linear range decreases to
10.17 µA/mM, higher values than the ones reported by Yu in H2O2 detection over only a titania
matrix67. This result leads to a limit of detection of 0.092 mM and a limit of quantification of 0.31
mM, showing that fCNTs displays higher sensitivity and linear response compared to TiO2-CNTs
in H2O2 detection.
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Figure 4.19: (a) Dynamic response of the H2O2 on TiO2CNT/GC electrode to the successive
addition of 100µL of 0.1 M H2O2 in the PBS solution at 0.5 V. (b) Calibration curve of the
amperometric response between the current and H2O2 concentration.

I(µA) = −24.01(mM) − 37.16 · 10−6 (4.5)

I(µA) = −10.42(mM) − 94.82 · 10−6, (4.6)

The overall experiments proves that the presence of titanium dioxide over the walls of the
carbon nanotubes does not provide an enhanced interface on detection of H2O2 compared to
functionalized carbon nanotubes. The addition of TiO2 was considered due to its well-known
properties of biocompatibility, but the presence of hydroxyl and carboxylic groups in fCNTs
could provide a better bonding formation with the inorganic polycrystal. The TiO2 nanostruc-
tures seem that occur over the -OH and -COOH groups decreasing the adequate bonding with
H2O2 molecules, allowing the saturation of the electrode at higher H2O2 concentrations.

In both cases, carbon nanotubes contribute to an interface for an effective detection of H2O2

along the catalytic activity of Prussian Blue, but leading the limit of detection of TiO2-CNT
electrode be five times higher than fCNT electrode. In future research, the inmobilization of
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biomolecules as enzymes (horseradish peroxidase or glucose oxidase) could be successfully
achieved with the presence of titanium dioxide nanostructures maintaining a biocompatible route
of interfacing.



Chapter 5

Conclusions

The main objective of this research was to design an electrochemical biosensor based on multi-
walled carbon nanotubes modified with titania nanostructures (TiO2-MWCNTs) for hydrogen
peroxide (H2O2)detection. The study included the comparison of TiO2-MWCNTs performance
over functionalizedMWCNTs (fMWCNTs) in sensitivity and limit of detection inH2O2 reduction.

From physical characterization, the presence of TiO2 nanostructures was confirmed over the
carbon nanotubes walls. Via XRD, the TiO2 crystalline phase was corroborated to be anatase
with structures around 6 nm, and carbon nanotubes around 4-10 layers with a mean diameter of
5 ± 2 nm. FTIR spectra also confirmed the presence of TiO2 establishing the band of Ti-O-Ti
vibrations in the fingerprint region.

Zeta potential characterization demonstrated the different surface charges that fMWCNTs (-52
mV) and TiO2-MWCNTs (10 mV) exhibit. These charges allowed the dispersion of the samples
in different media: dimethyl formamide (DMF) for fMWCNTs, and sodium docecylsulfate (SDS)
for TiO2-MWCNTs. The variation on the dispersion led to an appropiate electrostatic stabilization
of the CNTs over the glassy carbon electrode in the modification process. The presence of PDDA
also contributed to this stabilization.

The bare and modified electrodes were electrochemically characterized in phosphate buffer
solution providing information about the electroactive region of electrodes (from 1.25 to -1.25
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V). The non-faradaic current remains similar between the bare and TiO2-MWCNT modified
electrode, while fMWCNT electrode exhibited a strong increment in the non-faradic response,
showing a high capacitive ability.

The detection of hydrogen peroxide was evaluated via cyclic voltammetry (CV) and ampero-
metric i-t curve to analyze the reduction of H2O2 through the electrocatalytic activity of Prussian
Blue. The CV curves showed an irreversible reaction of Prussian Blue reducing H2O2 due to the
formation of OH– . The presence of OH– ions solubilizes the Prussian Blue layer confirming the
irreversible reaction. It was demonstrated the increment on current response as H2O2 concentra-
tion increases, showing a higher proportionality current-concentration in fMWCNTs respect to
TiO2-MWCNTs.

Amperometric curve showed the typical current response after successive injections of H2O2.
In both cases, the electrodes reached a 95% of the maximum steady-state current in less than 10
seconds, showing a fast response and high sensitivity. Linear calibration of the amperometric
curves exhibited sensitivity, limit of detection and limit of quantification for fMWCNTs as 16.30
µA/mM, 0.015 mM and 0.051 mM, respectively. For TiO2-MWCNTs, the sensitivity, limit of
detection and limit of quantification were 26.51 µA/mM, 0.092 mM and 0.31 mM, respectively.
It demonstrates the higher sensitivity of the fMWCNTs respect to TiO2-MWCNTs.
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