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INTRODUCTION
Human body may represent a periodic table, in which elements and compounds regulate
the function of organs by chemical or physiological processes. Each element plays a
crucial role in human metabolism. Unbalanced number of compounds may lead to severe
diseases and serious issues in our daily life [1]. Biosensors are devices to monitor our
bodily fluids and their composition regarding chemical or physiological processes.
Historically, data generated from these devices was either analogue in nature or
aggregated in a fashion that was not conducive to critical secondary or tertiary analysis
[2]. However, in recent years much attention has been paid to these devices. In 2017,
$15.4 Billion was devoted to develop biosensors, usage of which is continuously growing
due to a rise of demand in diagnostics and monitoring combined with aging of the
population with its concomitant increase in the prevalence of chronic disease, increasing
healthcare costs and unmet healthcare needs [3]. Therefore, looking for a cost-effective,
highly sensitive and selective sensor to determine the specific molecules is highly
demanding.
A wide variety of carbon-based materials such as graphene, carbon nanotubes (CNTs),
crystalline diamond, and diamond-like carbon have been applied for sensor fabrication
[4]. Except the choice of material, many researchers have used various techniques such
as spectrophotometry [5], high performance liquid chromatography [6],
chemiluminescence [7], fluorometry [8] for precise measurements. Among them,
electrochemical sensors satisfy the main requirements due to their relative simplicity of
production, high selectivity and sensitivity, and fast response [9]. The only issue with
electrochemical sensors is restricted number of materials suitable for electrochemical
detection with the high sensitivity and selectivity. Therefore, efforts have been done to
develop materials that work in varied analytes and have ability to determine the low
concentration of compounds in a mixture [9].
In the recent years, graphene and graphene-based materials have attracted much
attention because of its unique structure and properties. Graphene has large
surface-to-volume ratio, excellent electrical conductivity, high carrier mobility and
density, which can be greatly beneficial for sensor functions [10]. Having a large surface
area gives huge number of the active sites and enhances the loading of desired
biomolecules. Excellent conductivity and a narrow band gap of graphene can be
beneficial for conducting electrons between biomolecules and electrode surface [4].
The use of graphene in any application begins with the challenge of producing
graphene with the maximum active surface area. The quality, surface area, and structure
of graphene layers vary in dependence on foreseen applications. One of the best ways
to increase the surface area is to use an effective substrate. A three-dimensional
structured substrate can host more graphene sheets and possibly more sites for electron
transfer [11]. Number of active sites can further be increased by functionalization of the
graphene using abrasive acids such as concentrated sulfuric and nitric acid [12].
On the other hand, metal nanoparticles (NPs) have shown very promising results
catalysing the reaction on the graphene electrode due to their fascinating physical and
chemical properties, such as, size- and shape dependent interatomic bond distances,
nanoscale electrochemical processes to be probed, which are significantly different from
those of the bulk materials [13]. Among them, copper nanoparticle with great catalytic
activities can facilitate the reactions on the electrode surface by decreasing the
over-potentials when applied to the sensors [14].
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In this work, multi-layered graphene sheets were deposited onto a network of
aluminium oxide nanofibers (Al2O3) using a chemical vapour deposition (CVD) procedure.
The hybrid materials of graphene-alumina were examined as the sensor materials and
tested for their sensing ability on simultaneous determination of ascorbic acid (vitamin C),
dopamine acid, and uric acid in a ternary mixture of compounds. Obtained results were
promising; thus, function of sensor was studied by further deposition of transitional
metal nanoparticles i.e. copper NPs on the structure. Fabricated sensor was successfully
tested for electrochemical determination of epinephrine, acetaminophen and
tryptophan in human urine samples. Final results were evaluated by interference study
and standard addition technique in human urine sample.
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1 REVIEW OF THE LITERATURE
1.1 Introduction
The word “sensor” originates from the Latin word “sentire” which basically means ‘to
identify’ anything. In general definition, sensors are devices which detect and respond to
some variable quantity of physical, chemical or biological changes in their specified
environment. These changes are further converted into signals that are human-readable
for further processing [1]. They are Generally classified in two main groups as physical
sensors and chemical sensors. Physical sensors mainly are used for collecting physical
responses such as temperature, magnetic field, pressure and force; however, chemical
sensors deal with particular analyte and chemical reactions and can be used for
determination of qualitative and quantitative determination of analyte. Some of the
important chemical sensors are optical mass sensitive and electrochemical sensors.
The history of chemically sensitive sensors back to as early as 1906, when the
concentration of an acid was associated to the electric potential generated between
parts of the fluid located on two sides of a glass membrane. Three years later, the
concept of pH was introduced by Søren Peder Lauritz Sørensen and an electrochemical
determination approach for pH measurements was implemented in 1922 [15]. In 1956,
Leland C. Clark Jnr fabricated first ‘true’ biosensor for oxygen detection and was called
as ‘father of biosensors’ [16]. He further developed an amperometric enzyme electrode
for detection of glucose in 1962. His invention was followed by other researchers such
as Guilbault and Montalvo leading to the first potentiometric sensor for detection of
urea. Eventually, first commercial sensor was developed in 1975 by Yellow Spring
Instruments for glucose detection [17].
In recent decades, chemical sensor-related research has even experienced explosive
growth. According to the annual reports, sensor related research has been spread in
different sectors such as pharmaceutical, environmental, food, biomedical, clinical, and
etc. Among them, sensors with ability to detect the chemical compounds in human bodily
fluids such as urine and blood samples have received much attention. The main reason
can be the steep increase in the cost of healthcare that makes it necessary to monitor
patient's health status in fast and easy way. Having appropriate feedback in real time
from the life-threatening compounds enables doctors to deliver the necessary
medications in case of health threating conditions. Additionally, such sensors have ability
to monitor tiny fluctuations of importance bio molecules and other health parameters
that can lead to fast diagnosis and cheap treatment.
There are number of properties that define ability of biosensor in detecting bio
compounds in an analyte:
1. Selectivity:
Selectivity is perhaps the most important feature of a sensor. In our body,
different compounds and elements are mixed together affecting others functions.
Therefore, a sensor should be capable to distinguish desired compounds in bodily
fluids, produce unique signal for it and visualize it for further analysis.
2. Reproducibility:
Reproducibility defines the sensing ability to produce the same responses while
the measurement conditions altered and repeat.
3. Repeatability:
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4.
5.

6.

When all operating and environmental conditions remain constant, repeatability
defines the system’s sensing ability to produce the same response for successive
measurements. Repeatability in both long-term and short-term estimates the
sensor precision.
Stability:
Stability of the sensor is another important challenge for sensor development.
Stability is to produce the same output value over a period of time.
Sensitivity:
Sensitivity is the ratio of magnitude of output signal to the magnitude of input
signal. The slope of the calibration curve of current versus analyte concentration
can be used to calculate the sensor’s sensitivity.
Linearity:
Linearity of the biosensor is described by the closeness of the calibration curve to
a specified straight line. When a system is linear, concentration of the analyte can
be estimated in linear range.

1.2 Electrochemical sensors
Electrochemistry is a field of chemistry that investigates reactions happening at the
surface of electrical conductors (electrodes). These reactions mainly involve exchange of
electrons and provide valuable information regarding the energy levels of the system
since exchange of electrons is generally dependent on the potential applied at the
surface of the electrode. Therefore, flow of electrons is measured proportional to the
rate of reaction and, under transport limited conditions is described as a function of bulk
concentration of the reacting species.
Having above background, electrochemical sensors were built and developed to
determine the concentrations of specific species in an analyte. Very soon,
electrochemical sensors attracted attentions and were believed to be promising sensors
due to their low cost, ease of use, simplicity, high sensitivity, low limit of detection, and
selectivity [18].
At first, electrochemical sensors were developed for fuel cells, composed of noble
metal electrodes in an electrolyte to detect gases [19]. In gas sensors, electrolyte is
normally an aqueous solution of strong inorganic acids that generates a small current
while detecting gas.
Later, development of electrochemical sensors made them more applicable to study
the minute fluctuations of species in analytes. Number of electrons, potential or
conductivity transmits between the analyte and receptor is measured and result is used
to determine the analyte concentration in the whole system. Electrochemical sensors
are classified in three different sub-classes [9]:
 Amperometric sensors
 Potentiometric sensors
 Conductometric electrochemical sensors
Although in all of these sensors measurement of change on the electrochemical
property is the main function to recognize the reaction, the measured electrochemical
property is different. An amperometric sensor, for example, measures the current of the
working electrode to determine the concentration; however, a conductometric sensor
measures the change in the conductance of the sensing surface. On the other type,

13

potentiometric sensors, monitors the potential of the working electrode to estimate the
concentration of compound.
Before discussing the details of graphene electrochemistry, it is useful to consider the
basics of electrochemistry in the commonly used carbon-based electrodes that have
been utilized for many years in industrial and academic settings.
Electrochemistry is the study of charge transference between an electrode and solution,
where a reduction and oxidation reactions occur and monitored. A typical three electrode
electrochemical cell may be used to perform such measurements (Fig. 1). Three electrodes
are usually needed in order to obviate the passage of current through the reference
electrode, which otherwise may result in changes in the activities of the various species.
In this method, redox reaction (oxidation-reduction) happens at the working electrode
and the potential is externally controlled between the working and reference electrodes.
The necessary second electrode reaction takes place at the counter electrode but since
generated current is large in respect to the working electrode, the current is limited by
processes happening at the latter. This current is proportional to the rate of reaction at
the working electrode that can be employed to quantify species at the working electrode.

O: the oxidized species,
R: the reduced species,
e-: a single electron,
kO: the oxidation reaction rate constant,
kR: the reduction reaction rate constant.

Figure 1. Three-electrode electrochemical cell and a scheme of a redox reaction [20].

Electron transference between solution species and an electrode depends on various
factors such as diffusion coefficient of substance in analyte, intrinsic properties of the
solution species i.e. density, and other adsorbed species on the electrode surface that
may affect the reaction by passivating the active surface of the electrode. This
passivation effect enables one to quantify the amount of the adsorbed species
passivating the electrode surface.
In electrochemical systems, if a reaction is kinetically slow, more energy is required as
compared to diffusion limited case before the oxidation and reduction peak appear
further away from the equilibrium potential. Therefore, the current response recorded
in a system in such a condition provides details about kinetics of the system and the
concentrations of the oxidized and reduced species of the redox couple. This is used in
voltammetry techniques like cyclic voltammetry and differential pulse voltammetry.
Then in such system, one can study the concentration of analyte by using voltammetry
technique and analyzing the peak currents.
The diffusion rate of the reaction increases with the scan rate since there is less time
for a concentration profile to extend into solution and therefore, the height of the peak
current increases. However, more increase in scan rate pushes the current peaks further
away from the equilibrium potential because more energy is required to reduce the
oxidized species.
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1.3 Nanoparticle-based electrochemical sensors
Recently, the use of varied nanoparticles in analytical chemistry has gained much
attention with new developments in nanotechnology [21, 22]. Nanoparticles provide
unique chemical, physical, and electronic properties which rarely can be seen in their
bulk counterparts. Therefore, using nanoparticles can add valuable properties and
enable us to construct novel electrochemical sensors with better selectivity, higher
sensitivity, wide linear dynamic range, low cost, and stability [23].
Numerous nanoparticle including metal, metal oxide, mixed metal oxide, composite
nanoparticles and polymers have been tested for their unique properties such as
electrical conductivity, stability, electronic, magnetic, and optical properties [21, 23].
Since nanoparticles own large specific surface area and high surface energy, the
implementation of nanoparticles into electrochemical sensors creates higher active sites
for the reactions and electron exchange between the electrode and analyte. Additionally,
presence of nanoparticles can enhance the stability of sensor by providing effective
physical or chemical bonds between the electrode and target species [24].
Modification of the electrode surface using nanoparticles was found to be a useful
approach to enhance the sensitivity and selectivity of the sensor. In general,
electrocatalytic activity of the nanoparticles decreases the over-potential required for
catalytic reactions and thus enhance the overall performance [13].
To develop electrochemical biosensors with a high performance, the electron
transport properties between the active sites of the electrode and target compounds
should be improved. By exploiting the conductivity of nanoparticles, the electron
mobility can be enhanced profoundly resulting to higher sensitivity [25].
When the nanoparticle interact with analyte, target molecules react on the surface and
generate electrical signals which can define the concentration of the target species [24].
Among various metal nanoparticles, copper has gained much attention due to its high
conductivity, intrinsic properties and wide potential applications. Copper nanoparticles
(CuNPs) as an important semiconductor with a band gap of 2.1 eV, and large surface-to
volume ratio is considered promising material to be used in optics, electronics, gas sensor
and electrochemical sensors [14, 26]. The surface area-to-volume ratio of particles
depends on different factors such as shape and size of nanoparticles. The characteristic
properties including the electronic transitions, phase transition temperature and the
electronic energy levels are also modulated by the change in surface area.
Electrochemical deposition of CuNPs as an effective technique to deposit tiny
nanoparticles over carbon based electrode, may assist one to reach higher surface area
of the CuNPs over the substrate and benefit the catalytic effect of Cu in electrochemical
sensors [27].

1.4 Graphene
Graphene as a monoatomic two-dimensional structure of carbon atoms discovered in
2004 by Geim et.al [28] has drawn huge research interests due to its extraordinary
properties and potential applications in nanotechnology. Numerous layers of graphene
can be attached together to form graphite, one-dimension (3D) structure of carbon
atoms or can simply rolled to form carbon nanotube, a one-dimension (1D) structure of
15

carbon atoms. Graphene atoms can also be seen as a zero-dimension (0D)structure by
wrapping to form fullerenes [28, 29].
The two-dimension (2D) nature of graphene coupled with delocalized π electrons from
sp2 hybridization in C-C bond enables analyte molecules to adsorb on the electrode
surface, exchange charge with it or change surface properties which make it suitable
material for sensing applications.
1.4.1 Graphene: properties and production
Graphene as a hot research material owns not only unusual properties regarding
extreme mechanical strength [30], thermal conductivity [31], but also peculiar high
charge carrier mobility [32], optical transparency [33], superior intrinsic carrier velocity,
and chemical inertness in room temperature. Graphene owns highest possible surface
area to volume ratio at 2600 m2 g-1 and electron mobility rate of up to 230000 cm2 V-1 s1
[34] which is considered as an important factor in electrochemical applications. Ability to
provide unique combination with all these characteristics made graphene as a promising
material for electronic and sensor applications.
In addition to monolayer graphene, few-layer graphene has been extensively
investigated in various applications. There is a lot of debate over the correct name of
graphene like materials due to variation from the 2D lattice structure of pure graphene
with the introduction of defects, increased oxygen content and multiple layers [35-37].
Different techniques have been employed for preparation of graphene sheets
including exfoliating, thermal decomposition and reduction of graphene oxide.
Exfoliation represents a repeated peeling process of graphene layers in oxygen plasma
[38]. However, the size and crystalline quality cannot be easily controlled and graphene
layers have been widely distributed in thickness. In other way, exfoliation can be
performed in liquid phase and using graphite oxide in ultrasonic bath.
Recently, novel techniques such as mechanical exfoliation technique; a microwaveassisted exfoliation and exfoliation of single sheets employing gases are introduced.
Although exfoliation techniques potentially are cheaper and commercially interesting,
there are several limitation factors, such as impurities and defects causing by application
of either aggressive solvents or mechanical loads.
Chemical vapor deposition (CVD) of graphene on transition metals is another
promising approach to produce graphene. CVD introduces an inexpensive way to deposit
graphene layers on the surface of substrate by decomposing inserted gas to carbon
radicals [39]. The chosen substrate (metal) works as a catalyst to decrease energy barrier
of reaction and growth of the graphene layers on the substrate.
Among above techniques, a catalyst-free CVD growth of few-layered graphene on
dielectric substrates of nanofibers has been developed by I. Hussainova’s group [11, 40,
41]. Highly foliated graphene contains high surface area which is coupled with the high
edge density of the 3D nanostructures.
1.4.2 Potential of graphene in sensing applications
Graphene has widely been studied for sensing applications. In some works, noticeable
applications of graphene have been discussed [10, 35, 42]. Excellent electrical
conductivity combined with large surface area of the graphene has made it an ideal
material as an electrode in electrochemical applications. Main challenge to use a material
16

as an electrode in electrochemical sensing system is to have a reduction or oxidation
reaction possibility on the electrode surface. In this case, electrochemical reaction may
lead a change in current, voltage or impedance that can be recorded and further
analyzed. Generally, monolayer graphene with edges and defected sites is considered as
a promising electrode material which allows the surface exchange, but it is also common
to increase the surface exchange by adding functional groups [43]. Very extensive
reviews covering the role of graphene in electrochemistry and biosensors have been
published in recent years from the leading electrochemistry and graphene groups [2, 10,
35].
1.4.3 Electrochemistry of graphene
Working electrode, at which redox reactions occur, can be fabricated using various
electrically conductive materials. Generally, metals such as gold and platinum are ideal
conductors but are not suitable for mass production of biosensors due to their high price
[18, 44, 45]. Instead, carbon-based electrodes have been shown to be promising
candidates due their lower costs and tailorable surface structure affecting the
performance. Carbon based materials such as basal plane pyrolytic graphite [46], glassy
carbon electrodes and screen printed carbon electrodes [47] have been widely used for
sensing applications. Although they all considered as carbon materials, they own
different structure and electrochemical performance attributed to both functional
groups and overall conductivity of the material.
Graphene as a conductive, environmental friendly and inexpensive material is
considered very attractive material for bio-sensing devices utilising electrochemical
methods [37]. Graphene has a wide stable electrochemical window, in which having
oxygen functional groups results in a relatively slow electron transfer rate; however, as
the oxygen content declines, the heterogeneous electron transfer rate increases
gradually [48]. The surface of graphene is heterogeneous in which the electron transfer
occurs at the edges and defected planes where contain higher density of electronic states
[36].
In graphene produced by CVD technique, graphitic islands were detected implying
major roles in the electron transfer; however, several studies showed some evidence of
high activity on highly oriented pyrolytic graphite. This means that graphene can be
assumed to be a model for the base plane of graphite where faster electron transfer may
not be dominated by the edge planes [49].
1.4.4 Objectives of the study
The main objective of the work was to development of the electrochemical sensors by a
few layers of highly foliated graphene and to apply this system for simultaneous
determination of biomolecules in clinical and food studies. To achieve this goal, a metal
oxide – graphene hybrid material with different but tailorable architectures were
developed and thoroughly characterized. The study was progressed with
functionalization and further activation of the synthesized materials. Electrochemical
activity of the materials was challenged by electrochemical deposition of Cu
nanoparticles onto the structure using various surface treatment techniques. Thereafter,
to optimize the performance, the parametric studies were carried out. The produced
sensors were used for determination of Ascorbic Acid, Dopamine, Uric acid as well as
17

Epinephrine, Acetaminophen and Tryptophan in phosphate buffer solution and human
urine samples.
To achieve the objective of the study the following activities were considered:
 Structural characterization and morphology studies of the hybrid material
using physical and chemical approaches;
 Fabrication of an electrochemical sensor for simultaneous determination of
ascorbic acid, dopamine and uric acid in human urine samples;
 Enhancement of electrochemical properties sensor material by optimizing
powder preparation technique and applying chemical functionalization
approach;
 Increase of catalytic activity of the structure by depositing Cu nanoparticles
 Further development of a highly selective sensor for simultaneous
determination of epinephrine, acetaminophen and tryptophan in human urine;
 Optimization of the sensor working conditions including pH studies and effect
of scan rate.
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2 EXPERIMENTAL AND MATERIALS
2.1 Materials, reagents and glassware
All chemicals and reagents were of analytical grade and used as received without any
purification. Ascorbic acid (AA), uric acid (UA), epinephrine (EP), acetaminophen (AP),
tryptophan (Trp), NaH2PO4 and Nafion® were purchased from Sigma-Aldrich. Na2HPO4
was purchased from VWR chemicals and dopamine (DA) was acquired from Alfa Aesar.
The Copper (II) sulfate pentahydrate salt (CuSO4·5H2O) was received from Fluka (Buchs,
Switzerland).
All data of the current study were collected using clean and fully wet able glassware.
To achieve reproducible results and minimize the errors, sulfuric acid made by SigmaAldrich (concentrated 95 % - 97 %, puriss. p.a, ACS reagent) was used to wash the
glassware. Thereafter, test sells and sampling equipment were dried in oven (80 °C). H2O2
(hydrogen peroxide 30 %) was used to increase the oxidative properties of the
concentrated sulfuric acid while cleaning lab ware.

2.2 Synthesis of catalyst
The graphene augmented inorganic nanofibers was synthesized with the help of a direct
catalyst-free chemical vapour deposition (CVD) technique at a treatment temperature of
1000 °C. Carbon foliates were grown along the dielectric surface of alumina nanofibers
by flowing methane (CH4) and hydrogen (H2) gas through a CVD chamber at a rate of
50 cm3 min−1. Carbonization process prolonged either for 60 min and 120 min resulting
in the carbon weight gain of 300 % and 700 % compared to initial fibers’ weight,
respectively [Papers II– IV]. The optimized graphene-augmented network material was
synthesized in the same chamber (1000 °C, 120 min) under methane (CH4) and hydrogen
(H2) gas flow of 200 cm3 min−1 and 100 cm3 min−1, respectively. In case of reference paper
I, ANF-C400 synthesized and was immersed into severe oxidizing mixture of H2SO4/HNO3
(3:1, v/v) at 70 °C for 48 hours for purification of –COOH functionalized material.
Thereafter, sample was washed with distilled water and dried in a vacuum (80 °C, 8 h).
Obtained -COOH modified material was crashed in mortar, and powdered using KM-1 ball
milling machine for 3 h. Resulting particles were additionally treated using Hielscher
UP200Ht ultrasonic homogenizer for 20 min in 50 ml of water. Obtained materials were
denoted as ANF-C300, ANF-C700 and ANF-C400, respectively (Fig. 2).
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Figure 2. Scheme of electrode fabrication (ANF-C400 is called GAIN in reference Paper I)

2.3 Fabrication of sensor
A GCE electrode pressed into a Teflon holder of 5 mm in diameter was chosen as the
substrate of synthesized materials due to its wide potential window, low background
currents and chemical stability. Prior to modification, GCE was polished using 0.05 μm
alumina slurry to end up a mirror like surface. Polished electrode was rinsed in Millipore
water 3 times (each time for 1 min) while ultrasound bath was removing the adsorbed
substances of the surface. Then, the GCE electrode was dried under N2 gas flow.
An electrode modifier ink was prepared by suspending 5 mg of synthesised material
(ANF-C300, ANF-C700) in 178 μL Millipore water, 25 μL isopropanol and nafion®
dispersion solution in a way that achieve 5 wt. % nafion in final catalyst layer. Catalyst
suspension was sonicated 30 min to give uniform slurry. As prepared homogeneous
slurry was spin-casted on the polished GCE and dried in room temperature (Fig. 2).

2.4 Synthesis of Cu modified catalyst
CuNPs were deposited electrochemically on the surface of fabricated sensor detailed in
section 2.3. Prior to deposition, GCE covered ANF-C400 was cycled for 30 min to obtain
reproducible cyclic voltammetric diagrams. Then calculated amount of CuSO4·5H2O was
dissolved in 0.1M H2SO4 in a way that final concentration of Cu was achieved in solution
[Paper I]. Electrochemical deposition procedure was performed by cycling the potential
in the range between ‒0.1 to 0.4 V vs. SCE at a scan rate of 10 mV s−1 for 10 cycles.

2.5 Preparation of electrolyte solution
0.1 M phosphate buffer solution was chosen as the analyte throughout the analytical
measurements. Phosphate buffer is a water-based non-toxic solution that simulates
physiological condition in this work. Needed amount of 0.1 M phosphate buffer was
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prepared by mixing stock solutions of Na2HPO4, NaH2PO4 in a supporting electrolyte of
0.1 M KCl. The pH of the buffer solution was monitored and adjusted by addition of NaCl
to a desired value as described in “optimization of experiments”.
Stock solutions of AA, DA, UA, EP, AP and Trp were prepared daily by dissolving a
suitable amount of reagents in a 0.1 M phosphate buffer to achieve concentration in the
range of nano molar (nM) to micro molar (µM).

2.6 Characterization of materials
2.6.1 Physical characterization methods
Surface morphology and microstructural features of the synthesized materials were
studied using a high-resolution transmission electron microscope (HRTEM JEOL
JEM-2200FS, Japan) and further examined by a high-resolution scanning electron
microscopy (HR-SEM) Zeiss HR Gemini FESEM Ultra 55 equipped with Bruker EDX system
for energy-dispersive X-ray measurements.
Characterization of carbon layers were studied by a high resolution Raman
spectrometer using Horiba LabRam HR800 spectrometer equipped with a green Nd:YAG
laser (λ = 532.1 nm), a red He-Ne laser (λ = 632.8 nm), and a multichannel CCD detection
system in the backscattering configuration.
XPS analysis was performed using an X-ray photoelectron spectroscopy (XPS) with an
Omicron Multi probe XPS system (base pressure of 2×10-10 mbar) and an EA125 U5
analyzer at a 45° takeoff angle. Wide and core level spectra were collected at 50 and
20 eV pass energy, respectively.
2.6.2 Electrochemical characterization methods
Electrochemical and sensing measurements including cyclic voltammetry (CV),
differential pulse voltammetry (DPV), chronoamperometry (CA), and electrochemical
impedance spectroscopy (EIS) were conducted in a potentiostat/galvanostat Autolab
PGSTAT30 with FRA2 in a standard three-electrode electrochemical cell (Fig. 3). A Pt wire
was used as the counter electrode; a saturated calomel electrode (SCE) was employed as
the reference electrodes and a GCE covered synthesized material served as the working
electrode (preparation details in 2.3 and 2.4). Prior to measurements and to achieve
stable response, solution was deoxygenated by purging N2 gas into the solution.
Additionally, all working electrodes were cycled for several times from −0.3 to 0.9 V vs.
SCE until depicting stable voltammograms.
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Figure 3. Scheme of a three-electrode compartment electrochemical cell including working,
reference and counter electrodes.

Cyclic voltammetry (CV)
Cyclic voltammetry (CV) is an electrochemical technique where the potential of the
working electrode is ramped linearly versus time. Once the end potential on the
triangular excitation potential ramp is reached, it begins a scan in the reverse direction
(Fig. 4a) [20].
Cyclic voltammetry is considered as advantages technique due to a wide dynamic
range, extreme sensitivity to low concentrations of ionic species, and ease of use.
Additionally, CV is a non-destructive method for characterizing electron transfer
mechanisms. Using CV, one can study redox processes, understand reaction
intermediates and reaction products by varying the applied potential on the working
electrode and measuring the current [1].
Important parameters of a CV voltammogram including peak potentials (Epc, Epa) and
peak currents (Ipc, Ipa) form the basis for the analysis of the cyclic voltammetry response
to the analyte. The shape and place of the peaks depend on the concentration of a
reactant and a product at the electrode surface during the scan. In ideal case, the scan
begins at a potential where analyte is neither oxidized nor reduced and negligible current
flow can be monitored (Fig. 4b).
As soon as potential is ramped linearly, electron starts to transfer between the working
electrode and the analyte which leads to an accumulation of product and a depletion of
the reactant (oxidation / reduction of species).
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Figure 4. Scheme of cyclic voltammetry input waveform (a), and a sample of reversible cyclic
voltammogram response (b).

If the electron transference between the working electrode and analyte is faster than
diffusion, the reaction called as electrochemically reversible and anodic and cathodic
peak separation can be calculated using equation 1 [20]:
(1)

∆𝐸𝐸𝑝𝑝 = 𝐸𝐸𝑝𝑝𝑝𝑝 − 𝐸𝐸𝑝𝑝𝑝𝑝 = 2.303 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅

In irreversible reactions, a reverse peak would not appear and voltammogram presents
in a different shape. In irreversible reactions, electrode kinetics is slower than the rate of
diffusion. The peak currents for irreversible system can be found using equation 2 [50]:
1

1 1

𝐼𝐼p,c = −2.99 × 105 𝑛𝑛(𝛼𝛼c 𝑛𝑛′ )2 𝐴𝐴𝐴𝐴𝐷𝐷 2 ν2

(2)

where 𝛼𝛼c is cathodic electrochemical charge transfer coefficient, 𝑛𝑛′ is the number of
electrons transferred in rate determining step, A is the geometrical surface area (cm2), C
the analyte concentration (mol/cm3), D the diffusion coefficient (cm2/s), and ν the scan
rate (V s-1).
Differential pulse voltammetry (DPV)
Differential pulse voltammetry is another important technique to study electrode
kinetics. In DPV, a small pulse is superimposed onto a single linear forward scan, without
applying reverse scan. The current is measured just before the application of the pulse
(ia) and the second at the end of the pulse (ib). The resultant difference in current (ib-ia)
is plotted versus the base potential (Fig. 5). The current peaks in resulting differential
pulse voltammogram are directly proportional to the concentration of the corresponding
analyte, while the peak potential (Ep) correspond to the identity of the species, as it
occurs near the polarographic half-wave potential (equation 3) [51]:
(3)

𝐸𝐸𝑝𝑝 = 𝐸𝐸1� − ∆𝐸𝐸/2
2

DPV cannot study the reversibility of the reactions but can be used for measuring trace
levels of organic and inorganic species at the very low concentrations of nM to µM.
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Figure 5. Differential Pulse Voltammetry

Electrochemical impedance spectroscopy (EIS)
Electrochemical impedance spectroscopy has long been used to investigate the
electrochemical systems. In this technique, a small sinusoidal AC voltage probe (typically
2 – 10 mV) is applied, and the current response is measured. The in-phase current
response corresponds to the resistive (real) component of the impedance, while the outof-phase current response implies the capacitive (imaginary) component.
To achieve a linear response and simple equivalent circuit analysis, a very small AC
probe voltage applies to the electrode and response being recorded. Thereafter,
obtained response being fitted to equivalent circuits of resistors and capacitors i.e. the
Randles circuit shown in Fig. 6a. This equivalent circuit yields the Nyquist plot and
provides a visual insight into the system dynamics (Fig. 6b) [52]:
Rs(Cd [Rct Zw])
where Rct is the charge-transfer resistance, Cd is the double-layer capacitance; Rs is the
solution-phase resistance and Zw is the Warburg impedance, which appears from
mass-transfer limitations.

Figure 6. sample scheme of a Randles equivalent circuit (a) and Nyquist plot arising from the
Randles circuit (b).
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Chronoamperometry (CA)
Chronoamperometry is the most common electrochemical technique utilized due to ease
in result interpretation. Moreover, the technique requires minimal instrumentation to
implement. In CA, a fixed potential is applied to an electrode until a steady state current
is achieved. Stirring can ensure a constant concentration gradient of the analyte at the
working electrode surface. After achieving a steady current on the electrode, addition of
the analyte of interest is being started to the electrochemical cell. The addition of varied
analytes results in increase in current, Fig. 7a-b. In CA plots, the magnitude of the current
is proportional to the concentration of the analyte, which in turn is proportional to the
rate of the redox reaction at the working electrode surface [20].

Figure 7. a) Current wave form for amperometry experiments b) A typical amperometry plot in
stirred solution.
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3 DEVELOPMENT OF SENSORS
3.1 Morphologic characterization of hybrid materials
The electrode materials have been thoroughly characterised by physical structural
techniques. Surface morphology and structure of the synthesized materials were
described in papers [I to IV]. Here, the most important properties and aspects are
discussed.
HRTEM data collected from the synthesized samples clearly show that the core-shell
type nanostructures are developed representing graphene layers wrapped around
alumina nanofibers (ANFs) along a longitudinal axis. The layers’ interspace was estimated
to be 3–4Å. Therefore, the morphology of the hybrids of alumina and graphene-like
nanostructures may be roughly represented by a filled multiwall carbon nanotube. The
development of flakes or foliates on the fibers is demonstrated in Figure 8; these foliates
consist of 2 - 3 graphene layers. Therefore, this corrugated graphene can be successfully
utilized for the catalyst immobilization for providing more electrochemical active sites to
catalyse reactions. The nanostructures of the ANF-C material and the surface of the ANFs
after graphene synthesis are schematically shown in reference papers I to IV.

Figure 8. HRTEM images of the foliated hybrid nanostructures

Data from HRSEM approved the formation of micrographs of the three-dimensional
arrays of graphenated alumina nanofibers graphene flakes on the fibers. Density of
foliates of the samples depended to the CVD treatment time in a way that increased from
30 ± 5 to 50 ± 10 (per micron) in ANF-C300 and ANF-C700 materials. Simultaneously, the
core diameter of the graphenated fibers increased from 20 ± 5 nm to 50 ± 10 for the
ANF-C300 and ANF-C700, respectively. As shown in figure 9a-b and in agreement to the
HRTEM data, carbon layers with lots of admixture of the graphitic flakes has formed on
the nanofibers and has developed closed shell of graphene multi-layers and nano-flakes
with controlled density.
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Figure 9. HRSEM image of the a) ANF covered graphene b) ANF-C400/Cu after milling

The Raman spectrum of the ANF decorated graphene (Fig. 10) presents a strong G band
peak at around 1596 cm-1. This peak is considered as the evidence of the graphitized
structure of material. The D peak observed at 1340 cm-1 proves the appearance of the
graphitic carbon formation. This band is often refers to the disordered defected
edge-induced peak. The proportion of the D band the G peak (denoted as ID / IG) is used
as a measure of the quality of carbon nanostructures. In this work this calculated as 1.45
defining the degree of carbon graphitization. Additional 2D, D + D´ peaks detected at
2685 and 2929 cm−1 interpreted as characteristic of few-layers of graphene, respectively.
The chemical composition of the synthesized materials were analysed by XPS.
Obtained data showed that surface of graphenated fibers was mainly composed of
carbon and small amount of oxygen in both materials. The amount of carbon was higher
in ANF-C700 as compared to ANF-C300. Further analysis, demonstrated a lower
concentration of oxidized carbon centres in ANF-C700 as compared to ANF-C300.
Oxidized centres may have formed due to the physical adsorption of oxygen or vapour
mainly on the edge defects at room temperature after exposure of the sample to air. The
surface area BET measurements revealed very close values of 125 m2 g−1 and
119 m2 g−1 for ANF-C300 and ANF-C700, respectively.

Figure 10. Raman spectra of the precursor ANF-C700
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3.2 Optimization of experiments
The functional potential and electrochemical response of the developed sensors depend
on number of factors including pH, scan rate and particle size of the synthesized material.
Each of these factors are discussed in details in this section.
3.2.1 Powder preparation parameters
To obtain a stable signal from the sensor, an array of the graphenated fibers was
powdered with the help of several techniques listed in Table 1. Due to the importance of
electrochemical response, each sample was probed in 1 M KCl + 5 mM K3Fe(CN)6 system.
Electrochemical signals obtained from the prepared powders were analysed (reference
paper III) and the optimum way of powder preparation was chosen for the rest of the
experiments.
Table 1. Optimization of experiments by varying powder preparations techniques.
Sample
No.
1
2
3
4
5
6
7
8

Mortar
√
√
√
√
√
√
√
√

Ball
milling
30 min
30 min
180 min
180 min
180 min
180 min

Presence of
WC
√
√
-

Ultrasound treatment
10 min in water
10 min in water
10 min in water
10 min in water
30 min in isopropanol
30 min in isopropanol
10 min in water
30 min in isopropanol

Microwave
treatment
2 min
-

Strong Acid
treatment
√

Thus, an approach used for sample 8 has been applied for paper I and approach 5 was
used for rest of the reference publications.
3.2.2 Effect of pH
The pH of the supporting electrolyte has significant effect on the oxidation peak of the
studied compounds on manufactured sensors. The pH range studied by using cyclic
voltammetry at various pH values ranging from 4 to 9 (Fig. 11a-b). Experimental results
for oxidation of EP, AP and Trp showed that oxidation and reduction potentials were pH
dependent. An increase in analyte pH values shifted both anodic and cathodic peaks to
more negative values. This behaviour was explained by a deprotonating step involved
into all oxidation processes which is facilitated at the higher pH values [53]. According to
maximum current from the CV measurements, the pH value of 6.0 was chosen for the
further experiments for detecting EP, AP and Trp. This value was set as 7.0 for the
electrochemical determination of AA, DA and UA as the analyte molecules were
positively charged; therefore, an electrostatic attraction facilitated their movement
towards the electrode surface.
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Figure 11. Effect of pH on a) the peak current and b) the peak potential for the oxidation of
200 µM EP, 150 µM AP and 100 µM Trp in 0.1 M phosphate buffer (scan rate = 50 mVs-1).

3.2.3 Effect of scan rate
Effect of scan rate on the cyclic voltammetry response was studied in the scan rates from
10 up to 200 mV s-1. The oxidation peak currents showed that by increasing the scan rate,
the anodic and cathodic peak currents increased. Meanwhile, anodic peak potentials
moved to more positive potential values; while cathodic peak potentials shifted to more
negative values (Fig. 12). From the plotting, relation between the anodic peak current
and square root of scan rate was described (insets in Fig. 12). It was found that the peak
current is proportional to the square root of scan rate. The CV results approved that ANFC700 was able to determine each of AA, DA, and UA in ternary mixture demonstrating
the negligible interfering effect from interactions among AA, DA and UA.

Figure 12. Effects scan rate at ANF-C700 modified electrode in 0.1 M phosphate buffer (pH 7.0)
containing 5 mM AA, 1mM DA, and 1mM of UA at different scan rates (10, 20, 40, 70,100,150,
200 mV s-1). Insets: plots of peak current versus square root of the scan rate for individual AA,
DA and UA as noted in graph.
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3.3 Electrochemical characterization of hybrid materials
3.3.1 Surface area study
To investigate the kinetic of electrons transfer at an electrode/solution interface, a
standard redox reaction of 0.5 mM Fe(CN)6 3−/4− in 0.1 M KCl was employed. Cyclic
voltammetry data collected for ANF-C300 and ANF-C700 showed a set of improved
reversible reactions. The separation between reduction and oxidation peak potentials
for AA (ΔEp) was around 70 mV for both samples at the scan rate of 10 mV s−1 (Fig.13a).
Peak currents intensities enhanced and peak positions shifted to more positive values
with an increase in the scan rate from 10 to 200 mV s−1 (Fig.13b). A linear dependency
was observed between the peak currents and a square root of the potential scan rate
implying a semi-infinite diffusion-controlled reaction on the electrode interface [54]. The
electroactive surface areas of the ANF-C300 and ANFC700 electrodes were calculated as
0.333 and 0.426 cm2 using the Randles–Sevcik equation (equation 4) [20]:
𝑖𝑖𝑝𝑝 = (2.69 × 105 )n3/2 ACD1/2 𝑣𝑣 1/2

(4)

where 𝑖𝑖𝑝𝑝 is the peak current (A), n is number of transferred electrons (n = 1), A is the
surface area of the electrode (cm2), C is the concentration of Fe(CN)63−/4− in analyte
(mol cm−3), D is the ferricyanide diffusion coefficient (6.67 × 10−6 cm2 s−1) and 𝑣𝑣 is the
potential scan rate (V s−1).
From the above calculations, a higher surface area of the graphenated nanofibers
accompanied by the highly porous 3D structure of the electrode material provides a
relatively high electrochemically accessible surface area. This result shows an enhanced
electrochemical activity and an excellent suitably of the ANF-C electrode for the
electrochemical determination of small organic molecules and electrochemical sensing.

Figure 13. (a) CVs of ANF-C300, ANF-C700 and GCE electrodes recorded in 5mM
Fe(CN)6 3−/4−+0.1M KCl solution at a scan rate of 10 mV s−1; (b) anodic and cathodic peak currents
of the electrodes vs. the square root of potential scan rates in the range of 10 to 200 mV s−1.

3.3.2 Electrocatalytic behaviour of sensors
Electrocatalytic behaviour of ANF-C300, ANFC700 and GCE electrodes were studied in
phosphate buffer solution (pH = 7.0) and in ternary mixture of AA, DA and UA at the scan
rate of 50 mV s−1. Oxidation peaks of DA and UA were very wide and in lower intensity in
ANF-C300 sensor; however, very sharp pronounced oxidation peaks were observed using
ANFC700 sensor at the potentials of −70 mV, 210 mV and 320 mV for individual
compounds of AA, DA and UA, respectively (Fig. 14a-c). Therefore, ANF-C700 material
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was challenged in ternary mixture of AA, DA and UA. The CV response recorded for the
ternary mixture solution is presented in Fig. 14d. The ANF-C700 modified electrode
clearly separated the oxidation peaks appeared at −80 mV, 190 mV, and 340 mV for AA,
DA and UA, respectively. Potential peak positions were nearly unchanged with reference
to the peaks recorded for individually examined analytes by voltammetry technique. This
clearly shows that ANF-C700 modified electrode is highly selective toward simultaneous
determination of three components under consideration.

Figure 14. CV responses of (a) AA (5 mM), (b) DA (1 mM), (c) UA (1 mM), and (d) mixture of 5 mM
AA, 1 mM DA, and 1 mM UA in 0.1 M phosphate buffer (pH 7.0) on ANF-C700 at 10 mV s−1,
respectively.

As an additional work, ANF-C700 was challenged to determine other three compounds
that can be found in our body i.e. EP, AP and Trp. Oxidation peaks of these three were
very wide and sensor was not able to detect them analytically (Fig. 15). Therefore,
ANF-C400 with updated synthesis protocol was used as substrate.
As explained in materials and methods, fabricated material was further functionalized
and were studied for determination of EP, AP and Trp. Very well-defined oxidation peaks
were observed at 0.244 V, 0.444 V and 0.709 V attributed to EP, AP and Trp, respectively.
Peak currents shifted towards more positive potential values on the
ANF-C400/Cu as compared to the ANF-C700. The main reason can be due to the more
electro active sites on the ANF-C400/Cu and an enhanced catalytic activity in an
electrode/analyte interface.
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Figure 15. CVs of bare GCE (green), ANF-C700 (blue) and ANF-C400/Cu (red) in 0.1M phosphate
buffer (pH 6.0) containing 200µM EP, 100 µM AP, and 100 µM Trp at 10 mV s-1. Insets show linear
relationships between current and square root of scan rate for ANF-C400/Cu for different
analytes.

3.3.3 Electrochemical determination of bio analytes
Sensitivity and practical applications of the ANF-C modified electrodes were investigated
using differential pulse voltammetry due to its higher current sensitivity and better
resolution as compared to CV. Comparing ANF-C300 and ANF-C700 electrodes showed
that increase in the concentration of AA containing analyte results in an increase in
anodic peak currents corresponding to irreversible oxidation of hydroxyl groups to
carbonyl groups of the furan ring at higher concentrations of AA. Additionally, results
suggested that ANF-C700 electrode had superior electrocatalytic activity in terms of
sensitivity compared to ANF-C300 owing to its structural characteristics and enhanced
electrical conductivity of the graphitic foliates of ANF-C700. Then, ANF-C700 electrode
were challenged with the mixture analyte containing AA, DA and UA (Fig. 16a). Data
collected from ANF-C700 electrode showed superior response. Three well-defined
oxidation peaks at −30 mV, 170 mV and 300 mV were detected for AA, DA and UA,
respectively. The peak currents linearly depended on corresponding analyte
concentrations and described by the following calibration curves (Fig. 16b):
jAA (μA cm−2) = 1.99 CAA + 68.10 (R2 = 0.9908)
jDA (μA cm−2) = 1.26 CDA + 151.66 (R2 = 0.9922)
jUA (μA cm−2) = 2.1644 CUA + 154.4 (R2 = 0.9921)
Linear ranges were of 0.5 – 60 μM, 1–80 μM and 1–60 μM for AA, DA and UA,
respectively. Sensitivity for AA was 5.33 μA·μM−1·cm−2, for DA was determined
6.58 μA·μM−1·cm−2 and UA calculated as 11.27 μA·μM−1·cm−2, respectively;
demonstrating that very large specific surface area for the extraordinary electro catalytic
activities has been engaged in analyte/electrode interactions. Experimental detection
limit was calculated as 0.59, 0.47 and 0.28 μM (S/N = 3) for AA, DA and UA, respectively.

32

Figure 16. a) DPV profiles measured at ANF-C700 in ternary mixture of AA, DA and UA, and
b) Variation of the DPV oxidation peak currents of AA, DA and UA against their concentration.

DPV data was collected for the ANF-C700 and ANF-C400/Cu electrodes in determining
EP, AP and Trp in ternary mixture by varying the concentration of one analyte while the
concentrations of the other two remained constant. Three distinct oxidation peaks
observed at the potentials of 0.244 V, 0.404 V and 0.678 V for EP, AP and Trp,
respectively. In all three cases, peak currents increased with increasing concentration of
the compound. Epinephrine peak currents vs concentration was linear in the range of
1 to 1200 µM in presence of 30 μM AP and 50 μM Trp, while the response of
acetaminophen and tryptophan remained almost unchanged (Fig. 17a). Corresponding
linear function was described as Ip (µA) = 0.084CEP (µM) + 8.14 (R2= 0.9948).
Similar approach was performed for the acetaminophen in presence of 100 μM EP and
50 μM Trp (Fig. 17b). Increase in AP concentration from 1 to 700 μM resulted
to higher oxidation currents which was described as a calibration curve of
Ip (μA) = 0.19 CAP (µM) + 12.35 (R2 = 0.9954).
Study was continued with Trp by addition of 100 μM EP and 30 μM AP. By increase in
concentration of Trp from 1 to 1000 μM, peak currents increased linearly (Fig. 17c).
Overall, results were plotted as a function of current vs concentration
Ip (μA) = 0.25 CTrp (µM) + 12.99 (R2 = 0.9917).
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Figure 17. DPV profiles measured at ANF-C400/Cu in ternary mixture of EP, AP and Trp, individual
determination: a) -EP, b) -AP and c) -Trp in phosphate buffer (pH = 6.0) at a scan rate of 10 mV s-1.

Above results demonstrated highly selective properties of the modified samples in
which limit of detection were decreased as 0.027, 0.012 and 0.009 μM for EP, AP and
Trp, respectively (S/N = 3). Peak potential separation was also large enough to achieve
the simultaneous determination of three compounds in a solution.
3.3.4 Interface properties of sensors
Interface properties of the GCE, ANF-C700 and ANF-C400/Cu samples were investigated
using electrochemical impedance spectroscopy. Data obtained in lower and higher
frequency region and in a solution of 5 mM [Fe(CN)6]4−/3− containing 0.1 M KCl. Data were
fitted by modified Randle equivalent circuit as described in section 2.6.2 (Electrochemical
impedance spectroscopy).
Results for ANF-C700 showed smaller semicircle at high frequency region combined
with linear behaviour at low frequency region indicating that the process is diffusion
limited on ANF-C700 electrode (Fig. 18). Therefore, ANF-C700 with a faster kinetic of
charge-transfer and low Rct value of 10 Ω, demonstrated excellent conductivity compared
to bare GCE (Rct = 1350 Ω).
Electrochemical impedance data of the ANF-C700, and ANF-C400/Cu showed that Rct
value is low in synthesized samples as 45 Ω and 10 Ω for the ANF-C700 and
ANF-C400/Cu, respectively which is in a good agreement with the CV data justifying the
higher peak current (Ipa) values for the copper modified electrode as compared to the
ANF-C700 and GCE electrode.
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Figure 18. Nyquist plot of EIS for ANF-C700, ANF-C400/Cu and GCE electrodes.

3.4 Performance characteristic of sensors
3.4.1 Stability and reproducibility of developed sensors
Stability and reproducibility of the sensors were validated by collecting known
concentrations of the AA and EP compounds and comparing with the collected data from
the measurements. Five successive measurements were performed in 10 days and CV
data were recorded for 7 mM AA and 500 μM EP in a 0.1 M of phosphate
buffer solution. After experiments, electrodes were washed with distilled water and
stored in dry room temperature as described in reference papers. Repeatable results
were obtained and the relative standard deviations (RSD) were less than 4 % for all the
challenged analytes indicating excellent stability and reproducibility of the
graphene-decorated alumina nanofibers in electrochemical applications.
3.4.2 Interference and reproducibility study
Anti-interference ability of the developed sensors was studied using
chronoamperometry technique. In each set of measurements, common interfering ions
and physiological compounds such as ammonium chloride, FeCl3, MgCl2, KCl, citric acid,
Na2SO4, NaCl, and H2O2 were added to the analyte in a way that the tolerance limit causes
approximately ±5 % relative standard error in the determination (Fig. 19).
As discussed in published articles, signal changes in added compounds were negligible
and did not affect the results. In case of ANF-C400/Cu sensor, dopamine and uric acid
demonstrated some overlapping due to their similar structure with the examined
compounds and the close oxidation potentials. Thus, simultaneous determination of DA,
UA, EP, AP and Trp was not possible by using ANF-C400 deposited Cu electrode.
The repeatability of the sensors was investigated by collecting responses from 5
successive experiments towards the oxidations of target analytes in ANF-C700 and
ANF-C400/Cu sensors. Obtained data showed that fabricated sensor can successfully
detect target compounds with relative standard deviation of less than 3.2 %. The storage
stability and reusability of the ANF-C700 was verified by storing and reusing the sensor
for 10 consecutive days in room temperature (STD = 2.01 %). In case of ANF-C400/Cu, a
relative standard deviation of 2.9 % confirmed the excellent stability and reproducibility
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of the Cu decorated ANF-C400 electrode, which can be effectively used for analytical
investigations and determination of bio-analytes in aqueous solutions.

Figure 19. Amperometry responses of ANF-C400/Cu upon successive addition of 20 µM EP, AP and
Trp, and other chemicals to 0.1 M phosphate buffer (pH = 6.0).
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4 CONCLUSIONS
Present work was concentrated on development of electrochemical sensors using
alumina – graphene hybrid material as the sensing material. Achieving the main goal of
the study, following conclusions can be drawn regarding the activities:
 Synthesized hybrid sensor materials were thoroughly characterized by
physical (TEM, SEM and Raman spectroscopy) and electrochemical
techniques (CV, DPV, CA, EIS). They were additionally compared for their
catalytic activities and electrochemical responses;
 For the first time, optimized hybrid sensor material was used for
simultaneous determination of ascorbic acid, dopamine and uric acid in
human urine. Concentration of each compound was successfully determined
and was calibrated in ternary mixture;
 Powder preparation methods were optimized and effect of strong acids on
sensor was studied. Obtained results showed that acid treatment enhances
sensor parameters such as limit of detection;
 Further sensing enhancement was successfully obtained by
electrodeposition of Cu nanoparticles on hybrid material functionalized
sensor;
 For the first time, alumina – graphene hybrid material deposited Cu
nanoparticles were used for simultaneous determination of epinephrine,
acetaminophen and tryptophan in human urine. Linear calibration curves
were described in ternary mixture of compounds and very satisfactory limit
of detection achieved;
 Above results were further enhanced by optimizing the sensor working
conditions such as pH values and adjustment of sweep rate.
To conclude the study, ANF-C martial with varied structural properties is an
appropriate candidate for analytical chemistry investigations and pharmaceutical
applications. Both ANF-C700 and ANF-C400/Cu sensor materials present a very good
stability and repeatability that makes them promising materials for simultaneous
determination of the biological molecules in different samples.
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ANF-C400/Cu for different analytes.
Figure 16. a) DPV profiles measured at ANF-C700 in ternary mixture of AA, DA and UA,
and b) Variation of the DPV oxidation peak currents of AA, DA and UA against their
concentration.
Figure 17. DPV profiles measured at ANF-C400/Cu in ternary mixture of EP, AP and Trp,
individual determination: a) -EP, b) -AP and c) -Trp in phosphate buffer (pH = 6.0) at a
scan rate of 10 mV s-1.
Figure 18. Nyquist plot of EIS for ANF-C700, ANF-C400/Cu and GCE electrodes
Figure 19. Amperometry responses of ANF-C400/Cu upon successive addition of 20 µM
EP, AP and Trp, and other chemicals to 0.1 M phosphate buffer (pH = 6.0).
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Abstract
Alumina-graphene Hybrid materials for Electrochemical
Sensing of Bio-analytes
Since the successful exfoliation of graphene in 2004, two-dimensional materials have
been receiving great attention among research community due to extraordinary physical
and chemical properties related to specific effects at nano-scale such as, among others,
strong electro-catalytic activity, high electroactive area and low surface fouling.
Nowadays, graphene-based nanomaterials and graphenated structures are widely used
for electrochemical sensors, including biosensors, mainly due to their obvious
advantages over electrodes based on other materials.
On the other hand, in such a network, transition metals such as Cu can improve charge
and mass transfer resulting at better sensitivity due to its multiple oxidations and
increasing surface area. Copper-based nanomaterials have been successfully applied in
electrochemistry and used for determination of biomolecules such as H2O2 and glucose.
Thus, the hybrid alumina/graphene nanofibers modified by copper nanoparticles can be
interesting matrix for electrochemical applications for example chemo-sensors.
In the present study, novel and ultrasensitive electrode materials were prepared from
alumina nanofibers (ANF) by applying one-step chemical vapor deposition method.
Prepared material was carbonized and marked as ANF-C300 and ANF-C700 in this study.
Synthesized ANF-C300 and ANF-C700 materials were utilized to detect compounds of
great biomedical interest such as ascorbic acid (AA), dopamine (DA) and uric acid (UA).
Electron-transfer kinetics at the electrode | electrolyte interface was studied by
standard redox reaction of 5 mM ferri-ferrocyanide redox couple in 0.1 M KCl for
ANF-C300, ANF-C700 and glassy carbon electrode (GCE) as reference. Difference
between oxidation and reduction peak potentials for modified sample was 70 mV.
Calculated surface area of the ANF-C700 revealed that modified sample possesses much
higher electrochemical active surface than geometric surface area of GCE (0.106 cm2)
demonstrating the higher electrochemical activity of graphene modified electrode
compared to GCE.
Various electrochemical techniques such as cyclic voltammetry and differential pulse
voltammetry were performed to detect DA, UA in presence of AA. Obtained data
exhibited sharp and intense peak followed by well-separated oxidation peaks towards
the electro-oxidation of DA, UA, and AA. Linear relationship was observed between
current densities and concentrations of all three compounds, and the limits of detection
were down to 290, 250 and 1490 nM for DA, UA and AA, respectively. ANF-C700
electrode displayed a good reproducibility and stability and was successfully tested for
detection of DA, UA and AA in human urine samples.
Thereafter adjusted 3D structure of alumina nanofibers covered by multi-layered
graphene additionally was decorated by Cu nanoparticles. Obtained composite material
was successfully used for simultaneous determination of Epinephrine (EP),
Acetaminophen (AP) and Tryptophan (Trp) in phosphate buffer (pH = 6.0).
Analytical performance of the sensor was studied using electrochemical techniques
such as cyclic voltammetry, differential pulse voltammetry, chronoamperometry and
electrochemical impedance spectroscopy. Obtained sensor was further evaluated in
human urine sample and it was found that after the measurements the recovery of the
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sensitivity was very good. Collected data showed that calibration curves were linear and
detection limits were down to 0.027, 0.012 and 0.009 μM for EP, AP and Trp, respectively.
This study demonstrated the practical analytical utility of chemo-sensor based on
material ANF-C400/Cu for determination of EP, AP and Trp in real sample analysis,
without significant interferences.
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Kokkuvõte
Alumiiniumoksiid-grafeenhübriidmaterjalid biovedelike
elektrokeemiliseks tuvastamiseks
Kahedimensionaalsed materjalid on pälvinud teadlaste kogukonnas suurt tähelepanu
pärast grafeeni edukat sünteesi 2004. aastal. Seda eelkõige materjalide nanomõõtmega
seotud erakordsete füüsikaliste ja keemiliste omaduste tõttu, nagu kõrge
elektrokeemiline aktiivsus, väga suur elektrokeemiliselt aktiivne pindala, pinna madal
tundlikkus saasteainete suhtes ja muud taolist. Tänapäeval kasutatakse grafeenil
põhinevaid naomaterjale ja grafeeniga kaetud struktuure laialdaselt elektrokeemilistes
andurites, sealhulgas bioandurites, peamiselt ilmselgete eeliste tõttu võrreldes teiste
elektroodmaterjalidega.
Teisest küljest võivad sellistes struktuurides üleminekugrupi-metallid, nagu vask,
oluliselt kiirendada laengu- ja massiülekannet, mille tulemusel paraneb
elektroodmaterjali tundlikkus, sest võimalik on mitmeetapiline oksüdeerumine ja kasvab
elektrokeemiliselt aktiivne pindala. Vasega legeeritud nanomaterjale on edukalt
kasutatud mitmetes elektrokeemilistes rakendustes, selliste biomolekulide nagu
vesinikperoksiid ja glükoos määramiseks biovedelikes. Seetõttu võib oletada, et vase
nanoosakestega modifitseeritud alumiiniumoksiid-grafeen nanokomposiidid on väga
huvitavad struktuurid, mis võivad leida kasutust elektrokeemilistes rakendustes, näiteks
elektrokeemilistes andurites.
Doktoritöö
raames
valmistati
uudsed
ja
äärmiselt
tundlikud
alumiiniumoksiidnanokiududel (ANF) baseeruvad elektroodmaterjalid kasutades
üheetapilist keemilist aursadestamise meetodit. Valmistatud materjalid kaeti
nanosüsinikuga – grafeeniga (ANF-C300 ja ANF-C700). Sünteesitud materjale kasutati
biomeditsiini seisukohast suurt huvi pakkuvate ühendite: askorbiinhape (AA), dopamiin
(DA) ja kusihape (UA) määramiseks.
Alumiiniumoksiid-grfeenhübriid materjalidest valmistatud elektroodidel ning
võrdluseks klaassüsinikelektroodil kasutati laenguülekande elektrood-elektrolüüt
piirpinnal kineetika uurimiseks tavapärast 5 mM punase veresoola-kollase veresoola
redokspaari 0.1 M KCl lahuses. Modifitseeritud materjalide korral oli oksüdeerimise ja
redutseerimise piikide potentsiaalide erinevus 70 mV. Grafeeniga ANF C700
modifitseeritud materjali arvutuslik elektrokeemiliselt aktiivne pindala oli oluliselt
suurem, kui klaassüsinikelektroodi geomeetriline pindala. See näitab, et grafeeniga
modifitseeritud elektroodimaterjalil oli oluliselt suurem elektrokeemiline aktiivsus
võrreldes klaassüsinikelektroodiga.
Dopamiini ja kusihappe määramiseks askorbiinhappe juuresolekul kasutati
mitmesuguseid elektrokeemilisi meetodeid, näiteks tsüklilist voltammeetriat,
diferentsiaal-impulssvoltammeetriat, kronoamperomeetriat ja elektrokeemilist
impedantsspektroskoopiat. Voltammogrammidel täheldati järske ja suure
intensiivsusega elektrooksüdatsiooni piike, mis on hästi eristatavad. Uuritud kolme
ühendi puhul sõltus mõõdetud voolutihedus lineaarselt kontsentratsioonist. Dopamiini,
kusi- ja askorbiinhappe tuvastustundlikus olid vastavalt 290, 250 ja 1490 nM. Grafeeniga
ANF C700 modifitseeritud materjalist valmistatud elektrood näitas head
reprodutseeritavust ja stabiilsust ning seda elektroodi kasutati edukalt uuritavate
ühendite määramiseks inimese uriini proovidest.
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Grafeeniga ANF C700 hübriidmaterjali sünteesimisel valmistati järgnevalt
mitmekihilise grafeeniga kaetud kolmemõõtmeline alumiiniumoksiidnanokiudstruktuur,
millesse viidi lisaks ka vase nanoosakesed. Saadud nanokomposiitmaterjali kasutati
edukalt epinefriini, atsetaminofeeni ja trüptofaani samaaegseks määramiseks
fosfaatpuhvris (pH = 6,0).
Hinnati anduri käitumist inimese uriini proovides ja leiti, et anduri mõõtmisjärgse
tundlikkuse taastumine on väga hea ning ühendite vastavad piigid lahutuvad
biovedelikes väga hästi. Mõõtetulemused näitasid, et andurite kalibreerimiskõverad on
lineaarsed ning epinefriini, atsetaminofeeni ja trüptofaani tuvastuspiirid olid vastavalt
0,027; 0,012 ja 0,009 μM. Doktoritöös näidati, et alumiiniumoksiidgrafeenil ANF-C700/Cu
baseeruv kemoandur on praktikas kasutatav erinevate ühendite analüütiliseks
määramiseks biovedelike tegelikes proovides.
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Appendix

Publication I
Masoud Taleb, Roman Ivanov, Sergei Bereznev, Sayed Habib Kazemi, Irina Hussainova,
Alumina/graphene/Cu hybrids as highly selective sensor for simultaneous determination
of epinephrine, acetaminophen and tryptophan in human urine, (2018), Journal of
Electroanalytical Chemistry, 823, 184–192.
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nanofibers for highly sensitive simultaneous detection of dopamine, uric acid and
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Publication IV
Masoud Taleb, Roman Ivanov, Sergei Bereznev, Sayed Habib Kazemi, Irina Hussainova,
Graphene-ceramic hybrid nanofibers for ultrasensitive electrochemical determination of
ascorbic acid, (2017), Microchimica Acta, 184 (3) 897–905.
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