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Abstract

Nanostructured materials, suitable for the design and
fabrication of nano electrochemical sensors of interest in
human health and environmental monitoring, have been
prepared and characterized. In particular:

1) Zinc oxide and zinc hydroxynitrate nanowalls for the
potentiometric pH sensing;

2) nanostructures by gold layer dewetting onto graphene
paper for the amperometric and voltammetric detection of
glucose and fructose;

3) graphene paper- pefluorosulfonic ionomer-bismuth
nanocomposite for sub-ppb heavy metal determination in
drinking water by Square Wave Anodic Stripping
Voltammetry (SWASV).

Fast and sensitive pH measurement is an important issue
in many scientific and technological fields including health,
food, environmental monitoring, and genomics. Zinc based
nanostructures are very promising material for pH sensing
since they allow the realization of low-cost, sustainable, and

high sensitivity nanoelectrodes. The pH sensitivity reported in
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literature for different ZnO nanostructures spreads from sub-
to super-Nernstian, with the microscopic mechanism behind
the H+ detection often unrevealed. The proposed mechanism
to explain the observed non-Nernstian behavior was based on
simultaneous and independent complexing of H+ and OH-
with preferential sites in the structures of ZnO and zinc
hydroxynitrate. The reported data and the proposed modeling
in this activity are useful to further develop the pH sensitivity
of nanoelectrodes based on ZnO nanostructures.
Non-enzymatic electrochemical glucose and fructose
sensing was obtained by gold nanostructures onto graphene
paper, produced by laser or thermal dewetting of 1.6 and 8
nm-thick Au layers, respectively. Nanosecond laser annealing
produces spherical nanoparticles (AuNPs) through the
molten-phase dewetting of the gold layer and simultaneous
exfoliation of the graphene paper. The resulting composite
nanoelectrodes were characterized by X-ray Photoelectron
Spectroscopy (XPS), X-ray Diffraction (XRD), Cyclic
Voltammetry, Scanning Electron Microscopy (SEM), micro
Raman Spectroscopy and Rutherford Backscattering
Spectrometry (RBS). Laser dewetted electrode presents
graphene nanoplatelets covered by spherical AuNPs. The sizes
of AuNPs are in the range of 10-150 nm. A chemical shift in
the XPS Aug4f core-shell of 0.25—0.3 eV with respect to the Au®
suggests the occurrence of AuNPs oxidation, which provides

high stability under the electrochemical test in alkali pH.



Thermal dewetting leads to electrodes characterized by faceted
not oxidized gold structures. Glucose was detected in alkali
media at potential of 0.15-0.17 V vs. saturated calomel
electrode (SCE), in the concentration range from 2.5 uM to 30
mM, exploiting the peak corresponding to the process of
oxidation by two electrons. Sensitivity up to 1240
HA-mM--cm2, detection limit of 2.5 uM and quantifications
limit of 20 uM were obtained with 8 nm gold equivalent
thickness. The analytical performances are very promising and
competitive to the actual state of art concerning gold based
electrodes. The very low detection and quantification limits
and the biocompatibility of gold are compliant for glucose
detection in saliva or sweat.

SWASYV has been successfully employed for rapid, reliable
and simultaneous determination of heavy metals at sub-ppb
level in drinking water. In particular, the technique has been
employed for simultaneous determination of lead and
cadmium that represent two of the most poisonous heavy
metals in drinking water. The key to obtain the proper
analytical performance is represented by the right design of
the working electrode. In this work I prepared by simple and
low cost method a nanoelectrode based on graphene paper-
perfluorosulfonic ionomer (nafion)-Bi composite material for
the determination in the sub-ppb concentration level of lead
and cadmium in drinking water. The electrode shows
detection limits of 0.1 ppb for both Pb2+ and Cd2-,




respectively. The novelty of the proposed electrode consists in
the starting materials and preparation process, characterized
by simplicity and low cost. In particular, a key step consisting
in the ion exchange of H+ in the sulfonic groups of the
ionomer with Bi3+ has been employed. The obtained analytical
performances are very competitive with the state of art for the

detection of Pb2+ and Cd2+ in solution.

Keywords: zinc oxide nanowalls; non-Nernstian
response; pH sensors; graphene paper; glucose, fructose
electrochemical detection; gold nanostructures; thermal and
laser dewetting; perfluorosulfonic ionomer; bismuth; heavy

metal trace analysis.
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Chapter 1. The importance

being nanoelectrodes

In the last years, the advent of nanoscience and innovative
techniques for the synthesis and characterization of
nanomaterials contributed to great developments in electro-
analysis science and technology, which led to the new branch
named “electrochemical nanotechnology”. This new branch of
science and technology combines electrochemical techniques
with nanotechnologies to address important issues,
particularly in the sensor science.

This introduction Chapter consists of two Paragraphs. In
the Paragraph 1.1 the importance of the nanomaterials and an

overview on their application in electro-analysis is presented;

Paragraph 1.2 describes the aim of the work done during
this PhD activity.




Chapter 1. The importance being nanoelectrodes

1.1 Nanomaterials and

electrochemical sensing

In the last years the use of nanomaterials in combination
with electro-analysis techniques has grown considerably.
Nanostructures show unique advantages over large area
electrodes when used for electro-analysis: enhancement of
mass transport, catalysis, high effective surface area and
control over electrode microenvironment [1]. Thus, much
work has been devoted to their preparation, characterization
and employment in the electro-analysis of many electro-active
inorganic, organic and biological species. Figure 1.1.1 shows,
as example, some important applications based on electro-
analysis concerning the continuous blood glucose monitoring,
physiological pH monitoring through sweat, immune-sensors
assay and heavy metal detection in drinking water. The most
used nanomaterials in electro-analysis range roughly from
individual carbon-based single and multi-walled nanotubes

(CNT), nanoballs, graphene, graphite, or in combination with




1.1
Nanomaterials and electrochemical sensing

oxide-hydroxides of elements with 3d orbital partially filled,
or/and in combination with elements in the state of metals
having 4d and 5d orbitals partially filled. Moreover,
applications of various types of elemental and molecular
semiconductor are reported [2]. Nanomaterials can be
prepared through a variety of routes that are mainly classified
as bottom up, top-down, physical, biological and chemical
methods [2]. In the bottom-up process the manufacturing
process involves the building up of the atom or molecular
constituents. Conversely, the top-down process involves the
atomization of the bulk material through a proper physical or
chemical method.

The nanomaterial synthesis is very dynamic; also the
complexity of preparation methods is very large. Some
methods widely used are chemical vapor synthesis, gas
condensation, sol-gel technique, mechanical attrition,
chemical precipitation, liquid metal ion source, electro-
deposition, molecular beam epitaxy, ionized cluster beam,

laser beam deposition, thermal and laser dewetting, electron
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beam lithography, gas aggregation of monomers, sputtering,
chemical precipitation in presence of capping agents, reaction
in microemulsions and autocombustion.

The intense interest towards nanomaterials is due to the
unique optical, magnetic, electronic, chemical and catalyst
properties, which are significant different from those of the

respective bulk materials.




1.1
Nanomaterials and electrochemical sensing

Nanomaterials Electrochemistry

b

K. Khoshnevisan et al., Microchimica Acta (2019) 186: 49

A) Sweat pH sensors
(National University of Singapore)

loniopnoresis slectrodes

Egﬂ = r “** " B) Non invasive continuous glucose monitoring system

PVB Reterence S. Emaminejad et al., Proc. Natl. Acad. Sci. USA
114(18) (2017) 4625-4630.

C) Mobile heavy metal analyzer (Metrohm)

7 D) Drinking water analysis at home

Z.Zhang, et al., Micromachines 2019, 10(6), 397

=

Figure 1.1.1 Some important applications of nanomaterials in
combination with electro-analysis: A) sweat pH sensor; B) non invasive
continuous glucose monitoring system; C) mobile heavy metal analyzer; D)
drink water analysis at home; E) immunosensors based on electrochemical
Sensor.

The high cost of precious metals employed in some

electro-analysis can be mitigated by nanoparticle modification
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of an inexpensive base material. This approach leads to a
larger surface area-to-volume ratio for the precious metal,
lowering the final cost of the electrode. Moreover, the large
effective surface area is characterized by a larger number of
active sites that, in turn, produce an intense electrochemical
response and a higher signal-to-noise ratio. It has to be
underlined that voltammetry at microelectrodes, where at
least one dimension is of the order of microns, implies the
change in diffusive mechanisms. This allows to the possibility
to explore faster kinetic processes [3].

Simm [4] reported a calculation of the effects of an array
of nanoparticles on the current compared to that of a large
area electrode. The peak current at a planar macroelectrode
for a reversible, one electron reduction is given by the

Randles-Sev¢ik equation (see also section 3.2.3):

Lyear = 2.686 x 10% x n3 Ap_g ¢y VDV (eq. 1.1.1)

Where Ipeak is the peak current in Amperes, n is the

number of electrons transferred, D is the diffusion coefficient,
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chulk is the bulk concentration of active species in solution, v is
the scan rate and Ar-s is the surface area of the electrode.
Equation 1.1.1 shows that the peak current depends on the
square root of the scan rate. The Cottrel equation, for a linear
diffusion and a planar electrode conditions gives the limit of

faradic current:

D
Ilim = nFACbulk\/; (Eq 1.1.2)

Where I is the current, F is the faraday constant, A is the
electrode area cpulk is the concentration of analyte, D is the
diffusion coefficient of the analyte and t is the time. For a
hemispherical electrode of a radius r. the Cottrel equation for

the limit current became:

Ljjm = 2mr,nFDc (eq. 1.1.3)
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Figure 1.1.2 Schematic diagram of the categories a diffusion profile
may take at a microelectrode array and the corresponding expected cyclic
voltammogramms: A) diffusion layers are small relative to the magnitude
of the microelectrode; B) the diffusion zones overlap with that of their
nearest neighbor; C) diffusion layer is large in magnitude relative to the
microelectrodes but adjacent diffusion layers do not interact; D) mixed
diffusion regime is encountered between planar and hemi-spherical
diffusion; E) the diffusion zones excessively exceed the insulating space
between microelectrodes which results in complete overlap of diffusion
zones and a planar diffusion regime. From Ref. [5].
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Equation 1.1.3 is valid when vDmt > r, such as in
presence of convergent diffusion (Figure 1.1.2) [5, 6]. In the
condition of diffusional independence of each hemispherical
electrode, which is considered valid when each hemispherical

nanoparticle in the array has a distance of 10r from its nearest
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neighbor, the total current for an area A of the nanoparticle
array is:

Liotar = 2mr,nFDcA (10r)72 (eq. 1.1.4)

Equation 1.1.4 shows that, in presence of convergent
diffusion, the total current of a faradic process does not
depend on the scan rate. Moreover, in condition of convergent
diffusion, the peak current described by the equation 1.1.1 is
replaced by a current plateau. Taking into account typical
values for the parameters of n=1, D=1x10"5 cm2s-!, Chulk= 1
mM, v=1x10-2 Vs-t and A=1 cm?, the peak current for the
macroelectrode can be estimated as 85x10-¢ A. Assuming the
same area of a nanoparticles array with a radius of 1 um and
10r of spacing, the current is 6x10-4 A, about seven times that
of the macroelectrode. When the 10r spacing is maintained,
reducing the size of the nanoparticles to 100 nm means a
current of 6x10-3 A, seventy times larger than that for the
macroelectrode; even smaller nanoparticles of 10 nm bring
about an increase in current over the macroelectrode of seven

hundred times [6]. Example of calculation, which is
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n=1;D=1x10"5cm?2 s

Cpuik = 1x10"8 mol cm3
v=1x10"2Vs1; A=1cm?

Macroelectrode or macroarray = 85 x107¢ A
Microelectrodearray=6x 10* A (r=1 um)
Nanoelectrodearray=6 x 103 A (r =100 nm)
Same electrode area

Figure 1.1.3 Current response of micro and nano electrode arrays
in comparison to a macroelectrode with the same electrode area,
as function of the size and spacing of single elements.

summarized in Figure 1.1.3, illustrates the great advantage in
the use of an array of nanoelectrode instead of a single
electrode of equivalent area. The small dimensions of
nanoparticles properly spaced lead to convergent diffusion
rather than linear diffusion. This condition is beneficial for a
high rate of mass transport to the electrode surface. On the
other hand, this condition can modify the shape of the
voltammetric signal due to the increased mass transport over
potential. By contrast, the -catalytic properties of some
nanoparticles often produce a decrease in the over potential,
required for a reaction Kkinetically practicable. This reaction

produces voltammetry that appears more reversible than that

10



1.1
Nanomaterials and electrochemical sensing

displayed by the same material in a macroelectrode form. In a
nanoparticles array electrode, the apparent peak potential
depends on the effectiveness of the catalytic and mass
transport parameters. This is a peculiar advantage presented
by nanoparticles because a change in the position of the
voltammetric peak potential arising from the species of
interest can separate it from peaks due to common
interferences [7]. This property produces a highly selective
electrochemical analysis. In the next three Chapters 2-4, three
different nanomaterials-based electrodes for as many electro-

analysis applications will be presented.

11
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1.2 Aim of this work

The nanomaterials here described are suitable for the
realization of nano electrochemical sensors for electro-
analysis applied in human health sciences and for
environmental monitoring. The sensors were prepared
preferring the simplicity, low cost and the use of minor
hazardous chemical reagents. The activity was done strictly
under the supervision of the Physicists of the Physics of
Matter Group of the Department of Physics and Astronomy of
Catania University, by exploiting the interdisciplinary skills. It
is a common experience coming also from other research
laboratories that the interdisciplinary collaboration gives the
bests results in terms of scientific completeness and breadth of
perspectives.

Three classes of nanomaterials have been prepared,
characterized and employed for the fabrication of sensors in as

many electro-analysis applications:

e Zinc oxide and zinc hydroxynitrate nanowalls based pH
electrode (potentiometric method);

e Graphene paper — Au nanostructured electrode for the
glucose and fructose sensing (voltammetric and amperometric

methods);

12
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¢ Graphene paper-nafion-Bi nanocomposite electrode for
the detection of heavy metal ions in water (square wave anodic

stripping voltammetry method).

13






Chapter 2. Zinc oxide and zinc
hydroxynitrate nanowalls pH

sensors

2.1 pH measurements and ZnO based

nanoelectrodes

The burning of fossil fuels for energy production, the trees
that have been cut down, the agriculture and cattle farms
produce, according to the experimental observation by the
scientific community and corresponding literature, the climate
change in terms of global warming and rain and ocean
acidification. In the late millennia the oceans had equilibrated

to be slightly alkaline, with a pH of about 8.1. Human

15
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activities have disturbed the natural value of pH. Since the
start of the industrial revolution, in the middle of the 18th
century, about 400 billion tons of carbon has been added to
the atmosphere.

In the last decades the oceans are growing more acidic,
and scientists think the change is happening faster than at any
time in geologic history. Most of carbon dioxide, stays in the
atmosphere (nowadays its concentration is about 400 ppm),
where it traps heat and contributes to climate change. The
oceans adsorb up about 25 percent of all the extra CO. emitted
every year [8]. Over the last few hundred years, about 80
percent of all the extra carbon dioxide that human activities
have added to the atmosphere has absorbed by the oceans.

It is estimated that the ocean pH decreased by 0.1 units
since its monitoring due to the adsorption of extra carbon
dioxide [8, 9]. This lead to destruction of the coral reefs,
reduction of the population of clams with calcareous shell, as
well as fish and aquatic mammal disorientation and plankton

malfunction according to the reaction 2.1.1:

16
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CaCOs4 (solid) + H-O + CO. — Ca(HCOs3)- (soluble) (eq. 2.1.1)

Moreover, acidic rains affect forest, animals, insects and
human life. Figure 2.1.1 summarizes the impact of acidic rain

on the most important aspects of the planet life.

www.turismo.it

www.dw.com

www.nationalgeographic.it

I . . https://climatecommunication.yale.edu
www.toscanachiantiambiente.it psi/)/ ¥

Figure 2.1.1 Effect of pH rains on several aspects of Earth’s life.

All the above considerations, non-exhaustive, explain the
importance of the pH monitoring using simple and low cost
pH sensors. pH is the most measured physico-chemical
parameter in the world [3]. Among the various sensing

applications, pH measurement represents an important

17
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prerequisite also for many industrial, biochemical and
biological processes. Metal oxide based pH sensors represents
a valid alternative with respect to the more expensive glass
membrane pH sensors. In particular, pH sensor based on ZnO
nanostructures has unique biological advantages including
non-toxicity, bio-compatibility, bio-safety, high isoelectric
point and high electron communication features. Moreover,
zinc based nanomaterials are very promising for the
realization of several applications such as gas sensing [10],
heterogeneous catalysis, as well as electrochemical sensing
[11-14], because the very high surface to volume ratio. In
particular, ZnO is a broad band gap (3.37 V) semiconductor,
which is appropriate for ultraviolet LEDs and lasers [15, 16].
Moreover, the surface and the quantum confinement effects of
7ZnO in the nanoscale range make it unique in optical,
electrical, mechanical, and chemical properties [17, 18].
Sensors of pH based on ZnO nanotubes [19], nanorods,
[19, 20] and nanowires [21, 22] have been reported. According

to Fulati [19], the sensitivity or response slope S is around 28

18
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mV/pH for ZnO nanorods and 45 mV/pH for nanotubes. The
enhanced sensitivity of nanotubes compared to nanorods has
been interpreted as a result of a larger effective surface area
with higher surface-to-volume ratio [19]. The response slope
in a pH sensing test, representing the sensitivity of the
electrode, is desirable as high as possible for the pH sensor
performances. However, the response slope is an intensive
property and, then, should be not related to nanoparticles
extensive properties (shape, size or to surface to volume ratio).
On the other hand, the response slope can be heavily
dependent on various physico-chemical parameters, such as
the presence on the electrode surface of many sites for H*
binding as well as other interfering or co-adsorbed cations or
anions present in the solution phase. Often, a deviation of the
sensitivity of the electrode from pure Nernstian behavior
(58.15 mV/pH at 20 °C) is observed. In the case of ZnO
nanowires, it has been shown that after a 3% Al doping the pH
response of extended gate thin transistor based sensors can be

improved from 35.23 mV/pH (no Al) to 57.95 mV/pH [21, 22].
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Moreover, a response slope of 59 mV/pH was found in the
case of sensors based on undoped zinc nanowalls (NWLs),
measured with extended gate thin transistor [23]. In the
adopted condition of hydrothermal growth [23], the as grown
NWLs can be a mixture of zinc oxide and zinc hydroxynitrate.
Actually, the species Znz(NO;3).(OH)s-2H.O is the main
product present in the NWLs if the pH of the bath does not
exceed 6 [24, 25]. This is supported by the largest amount of
standard Gibbs energy of formation (-AG¢®°) of
Zns(NO3)o(OH)s-2H.O ie. -3079.89 kJmole! [26].
7Zn5(NO3)-(OH)s-2H-O represents a material of the family
anion-exchangeable layered double hydroxide (LDH), which
consists of positively charged hydroxide layers and interlayer,
charge-balancing anions [27]. Layered hydroxide zinc nitrate
(LHZN) is precursor for useful two-dimensionally (2D)
microstructured ZnO films materials such catalyst [28] as UV
absorbents in sunscreen formulations [29] and matrices for
immobilization of metal complexes and dye-sensitized solar

cells [30]. LHZN has recently attracted increasing attention
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from researchers worldwide due to the brucite-like structure
and consequent ion exchange property and intercalation
capacity. In literature the synthesis of LHZN has been
reported by wet chemical processes [31], by electro-deposition
[32, 33] and by chemical solution method [27]. Zinc
hydroxynitrate NWLs is expected to have strong
electrochemical response toward H+* ions, due to the
intercalation property and the presence of many polar sites.
Nevertheless, such material is more soluble in water solution
than zinc oxide [34], and upon thermal annealing at 300 °C it
is converted into ZnO [35]. As a matter of fact, many different
values of pH sensitivity are reported in the literature for zinc
oxide based nanostructures and a straightforward comparison
is difficult, given the different synthesis methods used and the
lack of a proper chemical/structural characterization. The
current study aims to shed light onto the involved
mechanisms that influence the response slope of zinc oxide
nanostructures towards the sensing of hydrogen ions in

solution in the pH range comprised between 4 and 9. This pH
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range is that useful in many scientific and technological fields
including health [36], food [37], environmental monitoring
[38], and genomics [39]. For this purpose, I investigated the
electrochemical response of NWLs consisting of zinc
hydroxynitrate or ZnO structures at different pH. A
mechanism based on crystallographic structures for the
explanation of the apparently non-Nernstian responses is

proposed and discussed.
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2.2 Experimental

2.2.1 Fabrication of nanoelectrodes based on ZnO

and Zn;(NO3)-(OH)s-2H-0 nanowalls

ZnO nanowalls (NWLs) were grown vertically on
aluminum film 65 nm thick, deposited onto silicon substrates.
Pieces of Czochralski Si (100) n+ doped with size of 1 cm x 2.5
cm and with an electrical resistivity of 0.001-0.01 Qcm were
used. Aluminum film was grown over an area of 1 cm x 1cm
(see Figure 2.2.1) using dual-head magnetron Quorum Q300T

D sputter.

Al 65 nm
Si 100 n+

ot

2.5cm

Figure 2.2.1 Schematic drawing of the electrode prepared with Si

(100) n* substrate (thicknesses not to scale).

23
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The sputtering rate was calibrated measuring the

thickness of aluminum films by RBS.

Three series of aluminum films deposited onto quartz

substrates were used for the calibration of sputtering rate. The

films have nominal thicknesses of 10, 20 and 40 nm,

respectively (Table 2.2.1).

Table 2.2.1 Samples used for the calibration of Al sputtering rate.

Sample name

Nominal thickness

Position in the sample

Thyom (nm) holder

Als-10 10 centre

Al5-2803 20 centre

Al5-20 c1 20 centre
Al5-20 c2 20 1 ¢cm from the centre
Al5-20 c3 20 3 cm from the centre

Als-40 40 centre

The recipe named Als was used, that is characterized by

the following parameters: Ar atmosphere at 103 mBar of

pressure, 100 mA of plasma current at room temperature,

without cleaning step. In this recipe the target was maintained

slightly off-axis with respect to the 6 inch rotation stage
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(sample holder). The samples Al5-20 c1-c2-c4, with nominal
thickness of 20 nm were places at the center and at 1 and 3 cm
from the center of the rotation stage, respectively. The aim of
this experiment was to verify the homogeneity of the
deposition on various positions on the area of the rotation
stage. Figure 2.2.2 reports the RBS spectra of the calibration
samples. The corresponding simulation curves obtained by
SIMNRA software (not shown) gave the measured values of
dose (at.cm-2) that can be used for the thicknesses calculation,
assuming an aluminum density of 6 x 1022 at.cm3. Figure
2.2.3 reports the nominal thickness (thnom) versus the
measured thickness (thmeas). The correlation between thpom
and thmeas according to the data of Figure 2.2.2 was linear with
the relationship thnom=5,334thmeas-3,413. Moreover, the
deposition was found homogeneous within 3 cm from the

center of the sample holder.
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Figure 2.2.2 Rutherford Backscattering spectra of the Al films (Als5-10,
Al5-20c1-c3-c4 and Al40) deposited onto quartz (right: expanded region
between 0.88-1.26 MeV of the left spectra).

Calibration of sputtering rate using RBS

250

Al5-40
>
200

Correlation:
150 y=5,334x- 3,413

AI5-20-¢1,c2,c4
b
100 AI5-280

Measured thickness [nm]

Al5-10
50

0 5 10 15 20 25 30 35 40 45

Nominal thickness [nm]

Figure 2.2.3 Correlation between nominal and measured thickness of
Al film deposited onto quartz using the sputter Qurum Q300D T prepared
by the recipe named Al5 (10-3 mBar, 100 mA, no cleaning step). Al5-10:
sample having a nominal thickness of 10 nm; Al5-2803: prepared with
nominal thickness of 20 nm and placed at the centre of sample holder; Als-
20-c1-c2-4: nominal thickness of 20 nm with substrates places at the
center, from 1 cm and 3 cm from the center of the sample holder,
respectively; Al5-40: sample with nominal thickness of 40 nm.
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Basing on the calibration plot of Figure 2.2.3, the Al film
having a thickness of 65 was obtained setting the sputter
recipe to a nominal value of 13 nm. The substrates were
cleaned with ethanol, dried with a cloth and then mounted on

the rotation stage using adhesive carbon tape.

Figure 2.2.4 Picture of eight Si (100) n* doped electrodes mounted on
the rotation stage. The portion of the electrode masked by an aluminum
foil was not metalized.

Figure 2.2.4 reports the picture of the Si (100) n* doped
electrodes mounted on the rotation stage. The portion of the

electrode sputtered with aluminum had a size of 1 cm x 1 c¢m,
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which represents the working area. The region that does not
required metallization with sputtered aluminum was masked

by an aluminum foil.

Figure 2.2.5 a) Photo of the electrodes mounted on the support for the
immersion in the solution of chemical bath deposition; b) Bain-marie with
the suspension of zinc hydroxide used for the chemical bath growth of the
7ZnO0 and Zn hydroxinitrate NWLs.

For the hydrothermal synthesis of zinc oxide and zinc
hydroxynitrate NWLs, zinc nitrate hexahydrate

(Zn(NO3)2-6H-0, 99.0%) and hexa-methylenetetramine
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(HMTA, (CH.)6Ny4, 99.5%, Merck - Sigma Aldrich) were mixed
in equimolar ratio (25 mM) in de-ionized water (Milli-Q,
carbon free, 18.2 MQcm). The synthesis was performed at 9o
°C, by vertically suspending the aluminum coated substrate in
the growth solution (Figure 2.2.5a). The samples were
subjected to hydrothermal growth for 60 minutes. Once
extracted from the chemical bath, the devices were rinsed with
DI water and dried with nitrogen gas. Some samples were
annealed at 300 °C for 30 min in N. using a tubular oven
Carbolite Gero. Figure 2.2.5a reports the photos of four
electrodes mounted on the support for the immersion in the
CBD solution (Figure 2.2.5b). In some cases, the deposition
produced inhomogeneous electrodes, sometime without the
ZnO NWLs layer. The inhomogeneous electrodes were
discarded for further analysis. The problem faced was
attributed, at least in part, to poor adhesion of the Al layer
onto the Si (100) n* substrate. Additional cause may be the
dissolution of the poorly bonded Al layer by reaction with Zn++

ions, forming AI(OH),:
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2 Al + 3Zn2+* 2 2 Al3* + 3Zn E°=0.9V

Al3+ + 4 OH-2 Al(OH)4_

Figure 2.2.6 Scanning Electron Microscopy images of the sensing
layer obtained at two magnifications. The characteristic NWLs can be
observed.

The presence of ZnO NWLs and the surface morphology of
the sensing layer in good electrode used in the pH
measurements were screened by SEM. Figure 2.2.6 reports the
SEM pictures obtained at two magnifications of a typical
surface morphology. The surface is characterized by the
presence of thin NWLs with the typical texturing (see
Paragraph results and discussions for more detailed

description).
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Table 2.2.2 reports the buffer solutions traceable to
standard reference materials (SRM) from NIST and PTB, used

for the potentiometric characterization of the sensors.

Table 2.2.2 Buffer solutions used for the pH response measurements
of the electrodes.

pH Merch/Sigma Aldrich Compositions
code
1094061000 Potassium hydrogen phthalate
1094071000 Potassium dihydrogen

phosphate/disodium hydrogen
phosphate
9 1094081000 Boric acid/potassium

chloride/sodium hydroxide
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2.2.2 Instrumental characterizations

RBS (2.0 MeV He+ beam, normal incidence) analysis were
performed with normal detection modes (165° backscattering
angle) using a 3.5 MV HVEE Singletron accelerator system.

Scanning Electron Microscopy (SEM) characterizations
were obtained employing the Gemini 152 field emission Carl
Zeiss Supra 25 system, at the conditions of 3 kV of
accelerating voltage. The in-Lens as well as secondary
electrons detectors were used.

Potentiometric measurements were done at 25 + 1 °C in
not deaerated solutions, by Versastat 4 Princeton Applied
Research potentiostat. Saturated Calomel Electrode (SCE) was
used as reference. 30 ml of solutions were used for each
measurement. Platinum electrode was used as counter

electrode.
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E measured |

CE (Pt wire)

=0

RE (SCE electrode)

WE (Electrode with NWLs)

+——— Buffer solution

Figure 2.2.7 Schematic representation of the chronopotentiometric
measurement: RE reference electrode; CE: counter electrode; WE: working
electrode.

The testing of sensors was obtained measuring the
potentiometric responses as function of the pH of the
solutions. Buffer standard solutions were used (see Table
2.2.2). The dipped sensing area was of 1 cm2. The test was
done in chronopotentiometry mode at zero current between
counter and working electrodes. This configuration is
equivalent to open circuit voltage measurements. The
measured values are the rest or open circuit potentials. The

response was measured at pH 4, 7 and 9. Figure 2.2.7 shows
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the schematic representation of the chronopotentiometric
measurements. Figure 2.2.8 reports the photo of the
experimental apparatus used for the chronopotentiometric
measurements. The pH buffer solutions were maintained at 25

°C by means of a thermostatic bath.

Figure 2.2.8 Photo of the experimental apparatus used for the
chronopotentiometric measurements of the ZnO NWLs electrodes.

Raman characterizations were done by the Horiba Jobin

Yvon IHR 550 spectrometer, equipped with the laser source at
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632.81 nm. The wavelength scale was calibrated assuming the
Si Czochralski peak at 520.8 cm.

XPS characterization was obtained by PHI 5600 multi
technique ESCA-Auger, employing an average analysis area of
800 um in diameter. Mg ko X-ray source of 1253.6 eV was
used. The line positions were corrected for surface charging
up, assuming the Cis component of adventitious carbon at

285 eV.
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2.3.1 Morphology and structural

characterization

The morphology of the nanoelectrodes based on ZnO and
zinc hydroxynitrate NWLs was investigated by means of SEM
analyses. Figure 2.3.1a reports typical SEM plan-view of the as
grown sample. The surface morphology is characterized by the
typical features of NWLs. The NWLs exhibit sheet thickness,
which ranges between 8 to 10 nm, as extracted by direct
thickness measurements made on bent NWLs that expose a
cross-view to the e-beam. This data is in agreement with sheet
thickness measured by transmission electron microscopy on
similar structures reported by Scuderi [35]. The SEM cross-
view of NWLs (Figure 2.3.1b) indicates an average vertical
height of 1.7 um. The NWLs morphology does not change
significant after thermal annealing at 300 °C, as revealed by

SEM plan and cross-view reported in Figures 2.3.1c and
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2.3.1d, respectively. However, only a small reduction (around
200 nm) of the vertical height is revealed after annealing.
According to previous works, the as grown NWLs are formed
mainly of zinc hydroxynitrate [35]. In fact, the XRD patterns
of the as grown sample does not show any diffraction peak
related to ZnO wurzite structure, but only peaks relative to
zinc hydroxynitrate Zn;(OH)s(NOs3). also in the hydrate form

Zn5(OH)8(NO3)2' 2H20 [35] .

Figure 2.3.1 a) and ¢) Plan-view and b), d) cross-view SEM images of
as grown and annealed NWLs, respectively.

After annealing at 300 °C for 1h, XRD analysis evidenced
the appearance of the diffraction peaks of ZnO wurzite

structure [35]. Figure 2.3.2 reports the micro Raman spectra
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in the range of 100-700 cm of as grown and annealed NWLs,
respectively. The spectrum of as grown sample does not show
significant Raman active transitions in the explored range,
whereas the annealed sample shows characteristic peaks, at
08.28 cm™ (E.r), 311.36 cm™ (3E.n-Eor), 370.33 cm™ (A),
436.89 cm (Eon). The peaks are observed at Raman shift with
slight drift (in the range of 5-10 cm™) and different relative
intensity with respect to the literature data reported for ZnO
nanosheets [40]. This is caused by different crystals size
and/or different wavelength of laser source used for the
spectral exciting. The spectrum of annealed sample is
therefore consistent with a wurtzite ZnO structure. Some
marked peaks with round symbol can be attributed to zinc

hydroxide species.
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Figure 2.3.2 Micro Raman spectra of as grown and annealed NWLs,
respectively.

The results of micro Raman characterizations are in
agreement with that expected from the thermal annealing at
300°C, which fully converts the zinc hydroxynitrate into zinc

oxide wurtzite [24, 35].
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2.3.2 Potentiometric characterization

The chronopotentiometry measurements were performed
using the experimental setup reported in the Paragraph 2.2.2.
The electrochemical potential produced at the electrode-buffer
solution is measured against the reference saturated calomel
electrode. The current is fixed to zero through the sensing
electrode consisting of a platinum wire. This configuration is
equivalent to the open circuit potential measurement. The
potential was measured as a function of elapsed time until
stabilization. Figure 2.3.3a reports typical potential curves
versus elapsed time obtained for the as grown NWLs electrode
(zinc hydroxynitrate). The curves were acquired for the pH 4,
7 and 9 standard buffer solutions. The nanoelectrode shows
good potential stability within the explored time interval. The
initial part of potential curves shows transients whose
duration depends on the pH of the standard buffer solutions.
In particular, the conventional pH response time, which is the
time required to give a stable potential for 3 sec intervals, is

fast for acidic solutions and slightly increases on going from
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pH 4 to pH 9. This behavior was observed also in the case of
RuO. based pH sensor by Sardarinejad [41]. The characteristic
high H+ ion mobility and activity, where the latter is higher for
acidic solutions, make achieving potential equilibrium of
electrode-solution faster. The stabilization of the potential
curves can be assumed complete within 30-50 s for the

explored pH range.
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Figure 2.3.3 Potential curves versus elapsed time of NWLs electrodes:
a) as grown and b) after annealing, measured at pH 4.01, 7 and 9 standard

solutions.

Figure 2.3.3b reports typical potential curves versus

elapsed time obtained for the annealed NWLs electrode (zinc

oxide). The nanoelectrode shows good potential stability

within the explored time interval. Moreover, the transients of

potential are shorter for all the pH values, compared to those

of as grown NWLs. This finding reflects the faster potential
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equilibrium response of pure zinc oxide towards H+ sensing
than zinc hydroxynitrate.

Figure 2.3.4 reports the mean value of the potential of as
grown NWLs electrode (open squares) measured at the
elapsed time interval between 50 and 150 s, for the pH 4, 7
and 9 standard buffer solutions. Potential of NWLs based
electrode was found linearly dependent on the pH value
within the explored pH range from 4 to 9. The plot reports the
linear fits. The nanoelectrode shows a very high slope value of
-83.7 mV/pH. As the pH sensitivity expressed in terms of H+
ion activity is the opposite of this slope, the as grown NWLs

show a super-Nernstian behavior.
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Figure 2.3.4 Equilibrium potential of the Zn based NWLs electrodes
as grown (open squares) and after thermal annealing at 300 °C in N, (open
circles). The mean value (time intervals 50-150 s) of the equilibrium
potential is reported for the pH 4.01, 7 and 9 standard solutions.

Furthermore, Figure 2.3.4 reports the mean value of the
potentials corresponding to the annealed NWLs electrode
(open circles), measured at elapsed time intervals between 50-
150 s, for the pH 4, 7 and 9 standard buffer solutions. Once
again, the measurements show a good linear response, still the
slope is much lower (-27.1 mV/pH) than for as grown NWLs,
indicating a sub-Nernstian behavior. It is worth noting that as
grown and annealed NWLs have almost the same size, shape

and surface to volume ratio (see SEM pictures of Figures
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2.3.1a-2.3.1b), still they show super- and sub Nernstian
behavior, respectively, as the pH sensing is concerned. Table
2.3.1 reports some slope values of pH sensors from literature
data for different type of nominally zinc oxide based

nanostructures and the method used for the measurements.
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Table 2.3.1 Response slopes for various zinc based materials from the
literature.

Structure Slope mV/pH Method Reference
ZnO nanorods -28.4 initial Potentiometric [19]
(Hydrothermal) -26.9 after 5
days ageing
ZnO nanotubes -45.9 initial Potentiometric [19]
(Hydrothermal) -41.5 after 5
days ageing
ZnO nanowires -35.23 Extended gate [21, 22]
(Hydrothermal) thin film
transistor
ZnO0 3 % Al doped -57.95 Extended gate [21, 22]
nanowires thin film
(Hydrothermal) transistor
NWLs -59 Extended gate [23]
(As grown, thin film
hydrothermal) transistor
ZnO amorphous -38 Extended gate [42]
(sol gel deposition thin film
and calcinations) transistor
ZnO polycrystalline -43.7 Potentiometric [43]
(RF sputter
deposition)
Pure zinc oxide -27.1 Potentiometric  This work
NWLs
(Hydrothermal)
Zinc hydroxynitrate -83.7 Potentiometric  This work
NWLs
(Hydrothermal)
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It is clear from Ref. [21] and [22] that even a little amount
of aluminum oxide into the zinc oxide nanostructure can
significant modifies the slope of pH response. The reported
slope value varies from -27.1 to -83.7 mV/pH, depending in
some cases apparently on the nanostructure shape. However,
in this work the as grown NWLs and the annealed one have
the same nanostructure shape, but different chemical
structure. According, the pH response of the as grown NWLs
is about three times larger than the annealed one. The value of
-27.1 mV/pH for zinc oxide nanowalls found in this work is in
good agreement with that obtained by Fulati in the case of zinc
oxide nanorods of -26.9 and -28 mV/pH [19]. Then, it is clear
that shape and size of nanostructures cannot account for the
pH response variation. Possible explanation of these findings

is discussed in the Paragraph 2.3.4.
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2.3.3 Nanoelectrode surface characterization

XPS analyses were performed on both as grown and
annealed NWLs electrodes after three cycles of potentiometric
test at pH 7, 4 and 9. Figure 2.3.5 reports the survey XPS
spectra in the binding energy region of 0-1100 e€V. Both
spectra show the signals assigned to Zn, Al, O and C. Table
2.3.2 summarizes the positions of the Zn2ps,., O1s, C1s and
Al2p (unresolved) peaks with the corresponding assignments
and the atomic concentrations as extracted by XPS spectra.
The assignments to the various species were based on

literature data [44, 45].
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Figure 2.3.5 Survey X-ray Photoelectron spectra of annealed and as
grown NWLs after 3 cycles of potentiometric test.
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Table 2.3.2 XPS line positions and quantitative surface compositions
of as grown and annealed NWLs after 3 cycles (pH 7, 4, 9) of
potentiometric test.

Sample As grown Annealed
Element Position (eV) % atomic Position (eV) % At. conc.
conc.
7Zn 2py)» 1023.1 0.7 1023.3 8.8
Zn(OH). Zn(OH),
O1s 531.3-531.5 57.7 531.3-531.5 53.2
Zn(OH). Zn(OH).
532.5-532.8 532.5-532.8
Al(OH), Al(OH),
Cis 285 21.1 285 27.5
C adventitious C adventitious
Al 2p 74 Al(OH), 20.5 74 Al(OH), 10.5

Annealing seems to induce a significant variation of the
surface chemical composition, as the signal of Al and O clearly
gets down while the Zn peaks increase after annealing. Figure
2.3.6a reports the high resolution Zn2ps/. spectral regions.
The binding energy of the Zn2ps,. was found at 1023.1 eV for
the as grown NWLs and at 1023.3 eV for the annealed NWLs.
Both binding energies can be assigned to zinc hydroxide specie

present in the zinc hydroxynitrate and hydroxidized zinc
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oxide, respectively. The binding energy of Zn2pss. of zinc
oxide is comprised between 1020.7 eV to 1021.2 eV, depending
on the morphology of the nanostructures [46]. Then, I can
rule out the presence of zinc oxide components in the
investigate systems at least in the surface region. The zinc
hydroxide in the annealed NWLs can be formed during the pH
test, by interaction with the buffer solutions. The Al2p spectra,
centered at around 74 eV, can be assigned to AI(OH);. The
aluminum signals in the XPS spectra of both as grown and
annealed samples are ascribed to the underlying hydroxide
aluminum surface [12] and are detected from the not covered
spaces in between vertically aligned NWLs.

Figure 2.3.6b reports the corresponding high resolution
O1s spectral regions. Both spectra show a high full width at
half maximum (FWHM) (around 2.7 eV) that clearly indicate
the presence of at least two components; the first can be
centered at 531.3-531.5 eV of binding energy, which is
assigned to Zn(OH). [44-46]; the second centered at 532.5-

532.8 eV is assigned to AI(OH); [44, 45].
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Figure 2.3.6 a) Zn2ps». and b) Ois high resolution X-ray
Photoelectron spectra of as grown (line) and annealed (dashed line) NWLs
after potentiometric test.

In particular, the centroid of the spectrum of annealed
sample is slightly shifted towards the lower side of binding

energy scale. This can be thought as the results of the highest
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intensity of the component assigned to zinc hydroxide with
respect to the as grown sample. Such XPS data confirm the
results reported in the Reference [35], as NWLs after the
hydrothermal synthesis are mainly composed of zinc
hydroxynitrate, while annealing induces a full transition to

zinc oxide.
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2.3.4 pH response modeling

The observed difference in the pH responses of as grown
and annealed NWLs is explained by assuming the formation of
H+*/OH- complex in specific sites of the crystal structures
(Figure 2.3.7). For the =zinc hydroxyinitrate based
nanoelectrode, the simultaneous and independent absorption
of the H* ion on two different sites is proposed, while no
adsorption of OH- ion occurs because the structure presents
several OH- termination groups. In the case of zinc oxide
nanoelectrode 1 assume that it is sensitive to both the
adsorption of H+ ions and of OH- ions.

The pH response is then explained using the generalized
model developed for ionophore-based selective electrodes
(ISEs) by Amemiya [47, 48], considering the equilibrium
phase boundary potentials, and the simultaneous and
independent formation of complexes with two ions, I and J
(i.e., H* on two different sites for zinc hydroxynitrate, or H+

and OH- for zinc oxide). The response depends on the charges
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of the ion (z1 or z5) and on the stoichiometry of the complex

(1:n1 or 1:ny). The response slope S is then:

RTIn10 1
Emeasurea = E + S-logay, S= ZII; (W) (eq. 2.3.1)
n]zI

where the constant E includes the contributions rather than
the phase boundary potential and the contributions that do
not depend on the activity of H* ions in solution. Equation
2.3.1 shows that a linear response occurs among the measured
open circuit potential and the pH value, and that the response
slope depends on the charges of the ions (z: or zy) and on the
stoichiometries (n: or ny). It should also be noted that Eq. 2.3.1
does not depend on the charge of the electrode material.

For the zinc hydroxynitrate NWLs, I assume the
independent and simultaneous formation of two complexes
with H+ ions:

n1 Zng(NOs)2(OH)s-2Hz0 + H* 2 {[Zns(NO3)2(OH)s-2H:O]n1 : H}*(2.3.2)

nJ Zns(N03)2(OH)8’2H20 + H+ 2 {[Zn5(N03)2(OH)3-2H20]nJ : H}+

(2.3.3)
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Figure 2.3.7a illustrates the formation of these two
complexes. The H atoms of the hydroxynitrate structure are
not shown to facilitate visualization. By -crystallographic
considerations I derive that there are two different sites where
H+ can be accommodated: within the octahedral site (zi=+1,
ni=1) or forming a bridge between two NOj- groups (z;j=+1,
ny=3). The structure of the zinc hydroxynitrate can be
considered a structural variation of the Zn(OH). structure,
where one fourth of the octahedral Znz2+ cations are removed
from the layer. Every octahedral site occupied by a Zn2* cation
shares edges with two empty and four occupied octahedra,
producing a layer with a residual negative charge
([Zn3(OH)gl2") [49, 50]. In this configuration, the layer is
positively charged [Zns(oct.)(OH)sZno(tet.)(H.0).]2+, where
oct. and tet. represent the Zn2+ cations located in octahedral
and tetrahedral sites, respectively. To neutralize the residual
positive charge of the layer, nitrate anions intercalate between
the layers [49, 50]. Considering the crystallographic structure

of zinc hydroxynitrate reported in Figure 2.3.7a, there is 1
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empty octahedral cavity for each formula wunit of
7Zn5(OH)s(NO3).-2H.O where one hydrogen ion can be
allocated. Moreover, in the structure I assume that there is
only 1 site every 3 formula units Zn;(OH)s(NOs).-2H>O where
H+ ions can form hydrogen bonds bridged between two NOj-
groups coming from two vicinal
[Zns(oct.)(OH)sZno(tet.)(H20).]2+ layers.

For the zinc oxide NWLs, I assume the independent and
simultaneous formation of a complex with H* ion and a
complex with OH- ion:

niZnO (s) + H* 2 {[ZnanOwmi-n(OH) I} (s) (2.3.4)

n; ZnO ) + H.0 2 {[ZnnJO(nJ—1)(OH)]}'(S)+ H+ (2-3-5)

Figure 2.3.7b illustrates the formation of these two
complexes. By crystallographic considerations I derive that I
can have 1:1 complexes in any case, with z=+1.

Given these hypothesis for the two materials, Table 2.3.3
reports the pH response slopes using the Eq. 2.3.1. A super-
Nernstian slope of 87 mV/decade is expected for zy = z1 = +1

and stoichiometries n1 and ny of 1 and 3, respectively. I got an
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experimental value of +83.7 mV/decade for the as grown
sample that is in very good agreement with the employed
model. Sub-Nernstian slope of +29 mV/decade descends
when zi=+1, z; = -1 and stoichiometries ni=nj=1. The
experimental slope of +27.1 mV/decade obtained in the case of

annealed sample fits very well with the proposed model.
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Table 2.3.3 pH response slopes calculated according to the proposed
model assuming the simultaneous and independent formation of
complexes with two ions. z; or z; represents the charge of the two ions
while 1:n; or 1:n; is the stoichiometry of the two complexes.

Structure  Charge Stoichiometry Response slope
mV /decade
Z1 A n ny Model  Experimental
As grown +1 +1 1 3 +87 +83.7
Annealed +1 -1 1 1 +29 +27.1
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2.4 Conclusions

The involved microscopic mechanisms that influence the
sensitivity of pH sensors based on zinc oxide nanostructures
have been studied. By chemical bath deposition I grew
nanowalls made of zinc hydroxynitrate or ZnO structures and
evaluated the potentiometric response to pH 4, 7 and 9
standard solutions. Zinc hydroxynitrate showed a super-
Nernstian behavior (+83.7 mV/decade) with transient
response depending on the pH value. This was explained with
the insertion of H+ into octahedral empty sites and with a
secondary simultaneous and independent complexing of H+*
that forms bridging bond between two NO5- groups from two
vicinal zinc hydroxide layers. Zinc oxide NWLs showed a sub-
Nernstian behavior (+27.1 mV/decade) with transient
response almost independent of the pH value. In this case a
simultaneous and independent response to H* and OH- of zinc
oxide explain the evidenced sensitivity. In a similar manner

here reported, the described model could explain the different

63



Chapter 2. Zinc oxide and zinc hydroxynitrate nanowalls pH sensors

literature data, if all the involved parameters are fully taken
into accounts. From a practical point of view, zinc oxide
nanowalls confirm their sensitivity toward H+ activity in
solution and their great potential to be used as disposable, low

cost, environmental friendly nanoscale pH sensors.

64



Chapter 3. Gold nanostructures

for glucose and fructose sensing

3.1 The challenge of non-enzymatic
electrochemical sensing of glucose and

fructose

Glucose and fructose determination by fast and reliable
and user friendly method is still a challenge in several
scientific and technological fields including health [52], food
[53], environmental monitoring [54], and genomics [55]. In
particular, dating to 2014 it was estimated that over 422

million people throughout the world suffer from diabetic
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pathologies [56]. In this regard, in the insulin-dependent
diabetes up to 300 monitoring of glucose per month are
needed for the patients. To make the patient life acceptable, in
the last year continuous non-invasive glucose monitoring and
self-monitoring glucose systems have been developed [57].
Applications include clinical, hospital and home settings,
where the major cost is represented by the sensor [58]. The
global glucose biosensor market was estimated at USD 15.3
billion in 2015, which account for approximately 85% of the
biosensor industry, making the glucose sensors a highly active
area of sensor research. Figure 3.1.1 reports the global glucose
monitoring system market forecast 2019-2028 [58, 59]. For a
continuous glucose monitoring applications (Figure 3.1.2),
among to the sensors based on spectroscopy [60],
chromatography [61] or colorimetry [62] principles,
electrochemical sensors are attractive due to low-cost,

simplicity, and reliability [63].

66



3.1
The challenge of non-enzymatic electrochemical sensing of glucose and
fructose

SELF-MONITORING OF BLOOD G

Hol s Strips

APPLICATION - T APPLICATION
\ Clinical ‘ ‘R

® Hospital

TOP COMPANIES

. DEVELOPMENT OF HIGH-QUALITY WEARABLE DEVICES

. MOBILE HEALTHCARE MAKING THE DEVICES MORE USER-FRIENDLY

. INCREASING EFFORTS TOWARDS SPREAD OF AWARENESS

. INCREASE IN NON-INVASIVE DEVICES

. ENERGY HARVESTING TECHNOLOGY FOR UNINTERRUPTED USAGE

www.inkwoodresearch.com

Figure 3.1.1 Global glucose monitoring system market forecast 2019-
2028 source: Ref. [58]. Available online at: www.inkwoodresearch.com
(accessed on May 14, 2020).
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Figure 3.1.2 Example of typical continuous glucose monitoring system.
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Figure 3.1.3 Scheme of various types of glucose biosensors.

The glucose electrochemical sensors can be divided into
two main categories: enzymatic and non-enzymatic (Figure
3.1.3). Although glucose oxidase (GOx) has been widely used
to fabricate various kinds of enzymatic amperometric
biosensors for detection of glucose due to its specificity, the
enzymatic modified electrodes have some drawbacks such as
high price, limited conditions of use (easily affected by
temperature, pH, humidity, and toxic chemicals) and complex

immobilization procedures [64-69].
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The non-enzymatic electrochemical sensors provide
several advantages, such as higher stability, lower production
costs and tolerance to broader range of operating conditions
[70, 71]. Several classes of nanomaterials such as 3d block
metal oxides/hydroxides-based nanostructures supported
onto carbon nanotubes, nanowires, graphene and polymers,
are widely investigated to make biosensors with fast response,
high sensitivity, high stability and user-friendly [72-76]. In
these devices the enzymatic activity of the enzymes is
mimicked by the catalytic activity of inorganic nanomaterials,
such as copper or nickel oxides being more stable and
versatile. Numerous recent works reported that glucose
molecules are oxidized on the electrode surface by CuOOH or
NiOOH species to radical intermediates that are rapidly
converted to gluconolactone [77]. The produced Cu(OH). or
Ni(OH). species are reconverted into CuOOH or NiOOH by
applying a specific potential. This class of sensors has been
demonstrated to work for the detection of fructose too [78]. In

particular, copper oxide-hydroxides based sensors are
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characterized by significant sensitivity. Copper oxide
nanowires supported unto copper foam structures showed
sensitivity up to several thousand of pA-mM--cm=2 [79].
Despite the high sensitivity, this class of sensors is
characterized by relatively high oxidation potential, in the
range of 0.4-0.7 V, with very broad faradic peaks up to 0.7 V.
These characteristics could cause lack of specificity in
presence of interfering redox active species. Usually, the
preparation procedures are complex and produce a lot of
dangerous waste.

Other class of non-enzymatic electrochemical glucose
sensors is based on nanostructures of 4d and 5d blocks metals
such as palladium, platinum and gold, being the latter the
most used for its high electro-catalytic activity capable to
mimic the enzymatic activity of GOx [80-82]. It has proven
that the electro-catalytic activity towards glucose oxidation is
presented by nanostructured gold surfaces, conversely to flat
gold surfaces that do not exhibit activity [83]. Electro-catalytic

activity of gold is based on the reaction:
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AuOH + glucose — Au + gluconolactone

OH- ions in alkali media strongly adsorb to the surface of
gold nanoelectrode and mediate the conversion of glucose.
Electrodes based on gold nanostructures present a low
oxidation potential of glucose, around 0.2 V, which is
preferable to obtain high sensor specificity and low
interference by other organic redox active materials.

In recent years, many nanostructured and porous gold
surfaces [83, 84], gold nanoparticles [85], nanocomposites
[86, 87], graphene and carbon nanotubes based
nanostructures [88, 89] have been prepared for the glucose
electro-oxidation and sensitive detection. The most common
fabrication methods of nanostructured gold electrodes include
chemical [90] and electrochemical etching [91],
electrochemical dealloying [92], direct electrochemical
deposition and electro-deposition in pores of the template
[93], electrochemical deposition in hydrophilic gel templates—

gelatin and agarose [80].
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Solid state dewetting of gold thin films has several
advantages for producing metal nanostructures with respect to
the former fabrication methods [94]. In particular, solid state
dewetting, obtained at temperature below the metal melting
point, is suitable for producing nanoparticles arrays over a
large area [95]. The average size and separation of metal
nanostructures can be controlled with the initial thickness of a
thin metal film. However, the simultaneous fabrication of
narrow spaced and large size area of nanostructures still
remains challenging. In fact, as the film thickness increases,
both the average nanostructures size and the interstitial
spacing simultaneously increase after solid state dewetting
process. Solid state dewetting in metals depends, in addition
to the initial film thickness, on many factors, including the
high melting point of most metals, thermal diffusivity and self
diffusion coefficient. Dewetting of thin films is caused by a
hydrodynamic instability which occurs when attractive
intermolecular forces overcome the stabilizing effect of

interfacial tension [96]. Moreover, metal dewetting under
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conventional long-time annealing is complicated and
influenced by additional phenomena such as surface processes
including metal-substrate chemical interactions and metal
diffusion into the substrate. Thus, the reproducibility of
thermal dewetting processes is guarantee by proper
optimization of the experimental parameters (film thickness,
temperature and duration of dewetting). The experimental
parameters of thermal process influence the particles size, size
distribution and surface density [97, 98]. On the other hand,
temperature dewetting above the melting point of electro-
active metal films such as Ag, Au, Cu, and Ni is a challenging
task. High temperatures amplify the effects of interfacial
interactions and metal diffusion, which further complicate
dewetting. In order to overcome this difficulty, nanosecond
pulsed laser heating technique to raise the temperature, in a
controllable and rapid manner, has been proposed. In this
experiment, the solid metal film can be melted and
subsequently undergo morphological changes due to

dewetting. In several cases, dewetting with characteristics
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similar to that for spinodally unstable polymer systems was
observed [99, 100]. In this regards, the substrate used for the
realization of the nanoelectrode represents an important
issue. The advantages of carbon materials used as substrate
include low cost, wide electrochemical potential window, and
the possibility of a variety of chemical functionalization [101].
Furthermore, the use of carbon materials, which are
characterized by relatively poor electrochemical activity with
respect to metal substrates, reduces the interference in the
detection of the analyte. In particular, graphene-based
materials are very promising for their high electrical
conductivity and large electrochemical potential window (~2.5
V in 0.1 mM phosphate buffered saline) [102]. Recently, a
number of works have demonstrated that graphene-
nanoparticle hybrid structures can act synergistically to offer a
number of unique physicochemical properties that are
desirable and advantageous for sensing applications. They
display the individual properties of the nanoparticles and of

graphene, but they can also exhibit additional synergistic
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properties thereby enhancing the achievable sensitivity and
selectivity using a variety of sensing mechanisms [103].

Wan, described the preparation of large sized graphene
sheets to fabricate lightweight and flexible graphene paper
with remarkable performances of electromagnetic interference
shielding, higher electrical conductivity and strength [104].
Large sized graphene sheets compared to the smaller sized
show fewer defects and more conjugated carbon domain size
as well as better alignment. Large sized graphene sheets were
obtained by reduction process of graphene oxide sheets, which
were first separated from as prepared graphene oxide solution
by centrifugation with different rotating speed. After filtration
and chemical reduction process, the graphene paper was
subjected to a typical annealing at 1600 °C for 60 min.

Herein, I used graphene paper as substrate to prepare
graphene-gold nanostructured electrodes for glucose and
fructose detection. The material possesses a high electrical
conductivity, similar to that of metals, and is characterized by

enhanced electron transfer at the electrode surface. These
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properties make direct electronic conduction without the use
of an additional conductive path material. The fabrication
processes and the characterization of nanoelectrodes for
glucose and fructose monitoring are presented and discussed.
The fabrication processes consist on the solid state dewetting
(thermal) or liquid state dewetting (laser) [105] of 1.6 and 8
nm layer of gold deposited onto graphene paper. The main
difference exhibited by the solid state and liquid state
dewetting process lies in the size and shape of the resulting
gold nanoparticles: liquid state dewetting originate smaller
particles than that obtained by solid state dewetting. In
addition, the particles obtained by liquid state dewetting are
almost spherical, while those obtained by the solid state
process present a characteristic faceting. The electrodes were
characterized by SEM, Micro Raman Spectroscopy, XRD, RBS
and Cyclic Voltammetry. The electro-catalytic activities toward
glucose and fructose oxidation in alkali phosphate buffer

solution are presented and discussed.
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3.2.1 Fabrication of nanoelectrodes for the

determination of glucose and fructose

D-(+)-glucose, D-(-)-fructose, phosphate buffer solution at
pH 12 and graphene paper foil 240 um thick (XG Sciences)
were purchased from Sigma Aldrich, Milan, Italy. Others
reagents were also of analytical grade and used as received,
and all aqueous solutions were made using Milli-Q water.

Electrodes consist of gold nanoparticles prepared onto
graphene paper (GP-AuNPs). Graphene paper is suitable for a
wide variety of applications to optimize thermal conductivity,
thermal spreading, electrical properties, corrosion resistance
and sensing. Graphene paper is a thin, flexible, and
lightweight sheet, obtained by tailoring the composition,
density and manufacturing process. The main physical
properties are (data sheet supplied by the producer and

available online at: www.sigmaaldrich.com):
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« Thermal conductivity: 550 W/mK (in-plane), 3 W/mK
(through plane).

« Electrical conductivity: 3700 Scm (in-plane).

« Electrical resistivity: surface 0.06 Q/sq, sheet 2.7 uQ-m.

« EMI shielding: 53 dB @ 30 MHz, 58 dB @ 1.5 GHz.

In this research activity graphene paper was used with
multi-functional scopes, as support, active material and
conductive path for the realization of electrochemical sensors.
The high electrical conductivity of graphene paper avoids the
use of an additional conductive path for the realization of the
Sensors.

Pieces of graphene paper of measuring 1 cm x 2.5 cm were
used. Au films (1.6 or 8 nm thick) were sputtered onto 1 cm x 1
cm of the support area, leaving the remaining surface not
metalized (Figure 3.2.1a). The gold films were deposited by
sputtering using the Emitech K550X sputter coater. The
conditions of 50 mA, 40 s and 10 mA, 60 s of plasma current
and time deposition were used for 8 nm and 1.6 nm of Au,

respectively. Molten-phase dewetting of gold layer was
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obtained by nanosecond laser annealing using a pulsed (10 ns)
Nd: yttrium aluminum garnet laser operating at 532 nm
(Figure 3.2.1b). To irradiate surface area of 1 cm x 1 cm on the
sample, several nearby single beam spots were overlapped

(Figure 3.2.1¢).

Solid state dewetting (thermal dewetting) of gold layer
was done by a tubular horizontal oven Carbolite Gero. The
annealing was done at the conditions of 300, 400 and 500 °C,

N, 1 hour.

Laser treat. 532 nm

Graphenepaper_gnm or16nm Au . 2

thermal treat. 300, 400
12 ns, Nd: yttrium aluminum garnet YAG laser and 500 °C, 1 hour, N,
operatingat 532 nm Quanta-ray PRO-Series pulsed

Nd:YAG laser
mirror C)

Actlve Au electrode

-

Conductivé part for the
connection to the

8nmorl.6 nmAu e C Isolated region ;
— potentiostat
Graphene paper

Figure 3.2.1 a) Scheme of the procedure used for the laser or thermal
dewetted electrodes; b) laser irradiation of samples; c¢) photo of the
electrodes used for the glucose and fructose sensing.

b)

lens
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3.2.2 Instrumental characterizations

Cyclic voltammograms and current responses were used
to investigate the electro-catalytic oxidation properties of GP-
AuNPs nanoelectrodes towards glucose and fructose. The
measurements were done in phosphate buffer solution at pH
12. The presence of buffer guarantees the pH value that would
be modified by the neutralization reaction with gluconic acid
to gluconate. Before the acquisition of glucose and fructose
voltammograms, the electrodes were cleaned by 5 cycles
between -0.5/+1 V, in phosphate buffer solution at pH 12.
Cyclic voltammograms were obtained at a scan rate of 0.020
Vs1. XRD measurements were done by a D8-Discover Bruker
AXS diffractometer equipped with a Cu-Ka source/Goebel
mirror and soller slits at the primary beam, and with variable
slits and detector at the secondary pathway. Symmetric and
grazing incidence configurations are used for a complete
characterization of the layers.

XPS characterization was obtained by VG Microtech

CLAM4 instrument equipped with a multi-channeltron
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detector (MCD) and a hemispherical electron analyzer. Mg kq«
X-ray source of 1253.6 eV was used. The line positions were
corrected for surface charging up assuming the Au 4f ;. line at
84 eV.

For the description and characteristics of the other

instrumental characterizations see Paragraph 2.2.2.
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3.3 Results and discussions

3.3.1 Micro Raman and XRD characterization of

graphene paper

Figure 3.3.1 reports the micro Raman spectra of pristine
graphene paper and after thermal treatment at 500 °C, 1h in
N., and laser irradiation at fluence of 1.5 Jem-2. The sample
treated at 500 °C was analyzed in a flat region and over a
bump, which is likely produced by thermal blistering. The
spectrum of pristine graphene paper shows a first order peak
centered at 1581.4 cm?, assigned to G-peak, and a second
order broad signal centered at about 2689.9 cm, assigned to
2D-peak. Similar assignments were done for the spectra of
thermally and laser treated samples. These results indicate
that significant structural disorder of the substrate can be
ruled out under the explored conditions. In graphene-based

materials, there are three main peaks that are
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characteristically observed in the micro Raman spectrum

[106].

Laserirr. 1.5 Jem” |
AR i e’

500 °C, 1h N, bump J
bttt |

|
500 °C, 1 h N, flat
I

/
Pristine :l"‘
F,W.,«wwmmw

Raman intensity (a.u.)

1300 1400 1500 1600 ‘2500 2600 2700 2800
Raman shift (cm'1)

Figure 3.3.1 Micro Raman spectra of pristine graphene paper (red
line), after thermal treatment at 500°C, 1h in N, (blue line) and after laser
irradiation at fluence of 1.5 Jem-2 (magenta line).

Specifically, these are known as the D-peak, G-peak and
2D-peak. The G-peak is a first order transition assigned to the
in-plane carbon-carbon bond stretching, while the existence of
D-peak at about 1350 cm™ indicates the presence of impurities
or structural disorder e.g. in graphene oxide or doped material
[106, 107]. The 2D-peak is produced by second order two
phonon process. The G and 2D Raman peaks change in shape,

position and relative intensity with number of graphene
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layers. This reflects the evolution of the electronic structure
and electron—phonon interactions [108-111]. The Raman
shifts of G and 2D peaks observed in this study are close to
that of highly oriented pyrolytic graphite (HOPG). The Raman
spectrum of HOPG consists of two main peaks at 1581 and
2687 cm-1, which are assigned to the G-peak and 2D-peak,

respectively [108-111].
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Figure 3.3.2 X-ray Diffraction patterns in (a) symmetric geometry and
in (b) grazing incidence geometry of pristine sample (red line), after
thermal treatment at 500°C, 1h in N, (blue line) and after laser irradiation
at fluence of 1.5 Jem= (magenta line). (¢) Rocking curve taken at 29 =
26.54° with FWHM = 10.24°.
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Figure 3.3.2 shows the XRD patterns acquired in
symmetric geometry (a) and in grazing incidence geometry (b)
of pristine sample, after thermal treatment at 500°C, 1h in N,
and after laser irradiation at fluence of 1.5 Jcm=. In both
diffraction geometries, only one peak at 23 = 26.54° is
observed i.e. the main graphite contribution (symmetric group
P63/mmc) corresponding to the (0002) -crystallographic
planes, with growth axis along the [0001] direction. The
patterns in Figures 3.3.2a, and 3.3.2b, according to Johra
[112], do not contain specific features to be attributed to single
graphene layers or graphene oxides. Figure 3.3.2c shows the
rocking curve taken at 29 = 26.54° as representative of all the
analyzed samples. The full width at half maximum (FWHM)
along the (0002) plane is 10.24° and represents the spread of
the growth axis. All the samples analyzed share similar lattice
structure. According to the Raman spectra, the XRD
characterization is consistent with a material having a high

degree of structural order.
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3.3.2 Morphology characterization of laser

irradiated graphene paper

Figure 3.3.3 reports typical SEM pictures of pristine
graphene paper (a, b) and after laser irradiation at fluence of
0.25 Jem~2 (¢, d), 0.5 Jem2 (e, f) and 1.5 Jem—2 (g, h),
respectively. The picture of pristine sample shows overlapped
flat layers with different orientation. In addition, defects
consisting of cracks and voids are present. The laser
irradiation induces the graphene paper exfoliation, visible by
the presence of numerous nanosheets. Moreover, some bright
spots with a size of about 50 nm can be observed. These spots
can be ascribed to the presence in some regions of surface
blistering. No significant differences have been found within
the explored range of fluence. Thermal treatment at 400 °C of
graphene paper does not produce significant modifications of

the morphology (Figures 3.3.3i, 1).
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Figure 3.3.3 Scanning Electron Microscopy images of graphene paper
(a, b) pristine; laser irradiated at fluence of (¢, d) 0.25 Jem=2; (e, f) 0.5
Jem~2; (g, h) 1.5 Jem~2; (4, 1) thermal treated at 400 °C, 1 h in N,.
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3.3.3 Electrochemical characterization of

graphene paper modified by laser irradiation

Carbon-based materials, conversely to other substrates,
reduce the interference in the detection of the analyte in
electro-analysis. In particular, graphene-based materials offer
high electrical conductivity and large electrochemical working
potential [113]. The exfoliation of graphene paper induced by
laser irradiation and the subsequent formation of nanosheets
increase the real area of the nanoelectrode. The
electrochemical characterization of laser modified graphene
paper was carried out by cyclic voltammetry, using
ferricyanide complex as probing molecule. The electro-active
surface area Ag-s, the heterogeneous rate constant k° and the
capacitance C of electrode-solution interface were determined
by cyclic voltammetric curves. Figure 3.3.4 reports typical
cyclic voltammograms of pristine graphene paper (untreated)
and after laser irradiation at 0.25, 0.5, and 1.5 Jcm-2.
Voltammograms are characterized by the presence of

ferrocyanide anodic and cathodic peaks, whose position is
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influenced by the laser surface treatment. The two peaks are
superimposed to significant capacitive current. The high
electrode-solution capacitance is likely produced by potassium
ions intercalation in between graphene planes. The
intercalation is favored by the applied potential and proceeds
via adsorption of potassium ions on the graphene paper
surface and absorption of potassium ions below the top
graphene layer, then further exposure to potassium ions leads
the intercalate structure [114]. Voltammograms curves shown
in Figure 3.3.4 were employed for the quantitative analysis of
Ar-s, ko, and C. The active electrode area was determined
using the Randles-Sevcik equation valid in quasi-reversible
electron transfer processes [115]:

Lyear = 2.686 x 10% X V3 Ap_g ¢y YDV (See Paragraph
1.1)

where n represents the number of electrons participating
in the redox process (n = 1 for ferricyanide), D is the diffusion
coefficient (7.6x10¢ cm?2s1!) [116], cpux (1 mM) is the

concentration of the probe molecule, v is the scan rate (0.02
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Vs1) and I, is the anodic peak current. According to the

experimental condition adopted by us, the working area was

calculated using the following Equation (3.3.1):

L, [A]
Ap-s [em?] = Toe 107 (eq.-3.3.1)

The heterogeneous rate constant, k°, was estimated using

the Nicholson model [117]:

nkFv

0 = nnFvDox (Dox )'(m)
B RT Dred

(eq. 3.3.2)

In Equation (3.3.2), the heterogeneous rate constant k° is
related to (V¥), which is a kinetic parameter depending on the
anodic-cathodic peak separation AEp (Ea-Ec), according to
the working curves [117]. Dox is the diffusion coefficient of the
potassium ferricyanide, Dred is the diffusion coefficient of the

potassium ferrocyanide Fe(CN)es4 (6.3x10° cmz2s?) [116],

a= % = 0.78 is the transfer coefficient, while R, T, n, F

represent the wuniversal gas constant, the absolute
temperature, the number of electrons involved in the redox

reaction, and the Faraday constant, respectively. Basing on the
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experimental conditions here adopted, the heterogeneous rate

constant k° was calculated according to the following Equation
(3.3-3):

k=W x4 x 103 (eq. 3.3.3)

Table 3.3.1 reports the data of the various parameters
obtained for the graphene paper based nanoelectrodes. The
real electro-active area, Areq, which is described also as the
‘roughness factor’, provides information on active surface area
and on the presence of inactive regions over the electrode

area, was calculated by the following Equation (3.3.4):

AR—S

(eq. 3.3.4)

Areqr = 2
geo

where Age, is the geometric area of the electrode. The
graphene paper reference shows a high real area, which is
much greater with respect to that of screen printed carbon
paste electrodes, typical of about 0.6 [118]. The laser
irradiated samples show an increase of the real area, which
achieves a maximum in the case of a fluence of 0.5 Jem~2. This

result is in agreement with SEM analyses that revealed the
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presence of numerous flakes on the surface, as consequence of
graphene paper exfoliation. Moreover, the trend observed for
the real area in laser irradiated samples maybe due to
balancing effects of air trapped at interface (that decreases)
and of graphene edges (that increase) the number of sites for
the electron transfer of the reaction: Fe(CN)e¢3- + 1 e 2
Fe(CN)e#

The peak separation, which is related to the reversibility of
the electrochemical process, is low for untreated graphene
paper and increases with the fluence. According, the
heterogeneous rate constant k¢ decreases for irradiated
samples with respect to the untreated, indicating a rising of
the irreversibility of the process. This finding could be
attributed to the partial oxidation of the laser irradiated
surfaces. Another interpretation may be based on the presence
of very thin air layer trapped at the electrode-solution
interface, which is formed for the presence of graphene flakes

structures. Moreover, the air trapped at electrode-solution
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interface maybe the consequence of reduced wettability of
highly wrinkled surface.

The capacitance of electrode-solution interface has been
calculated using the following equation:

Jy (B)dE

- _ (eq. 3.3.5)
2v(E, — E;)

where v is the scan rate dV/dt, i(E) is the instantaneous

current, fEE1 i(E)dE is the absolute area obtained by

integration of positive and negative portion of
voltammogramm, except the faradic peak portions. (E. — E;) is
the potential width. The capacitance of the electrode-solution
interface, which provides an indication on the electrode-
solution interface extension, increases in laser irradiated
samples. However, slight diminution with fluence on going
from 0.25 to 1.5 Jecm=2 has been observed. The latter
experimental finding does not have a straightforward
explanation nevertheless air trapping at the highly wrinkled
electrode-solution interface could influence the capacitance.

The parameters reported in Table 3.3.1 and the size
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distribution of gold nanoparticles (see next Paragraph), were
used for the selection of the optimal laser fluence in the
realization of the GP-AuNPs sensors and for further

investigations.

Graphene paper laser irradiated

-04 02 00 02 04 06 08 10

Potential vs SCE (V)

Figure 3.3.4 Cyclic voltammograms of graphene paper as received and
after laser irradiation recorded at 0.02 Vs™!, obtained using
Fe(CN)s3-/FeCN)s4~ 1 mM in KCl 1 M as supporting electrolyte.

Table 3.3.1 Electrochemical parameters of laser irradiated graphene
paper obtained by cyclic voltammetry.

Working AEp =

§ _ . ko(x1073) C
Sample AT?ELLASR—S Aveal —AR—S/AGeom Iéilg)c (cms-l) (chm-Q)
Pristine 0.764 1.70 84.4 4 35.3
0.25 Jcm~2 0.477 1.91 101 2 69.1
0.5 Jecm—2 0.954 3.82 128.8 1.2 60.7
1.5 Jcm—2 0.582 2.32 134 1.1 53.3

@ calculated by the Randles-Sev¢ik equation using anodic peak current.
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3.3.4 Characterization of GP-AuNPs

nanoelectrodes

The surface morphology of pristine graphene paper
analyzed by SEM is characterized by packed flat layers
presenting different orientations (Figures 3.3.3a, b). To
facilitate visualization and comparison with metalized
samples, Figures 3.3.5a, b reports once again the SEM pictures
of pristine graphene paper at comparable magnifications.
Figures 3.3.5¢, d report representative SEM pictures, acquired
at two magnifications, of the gold layer as deposited onto
graphene paper. The gold layer is conformal to the surface
morphology of the graphene paper. Moreover, a fine structure

with the presence of holes can be observed.
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Figure 3.3.5 Scanning Electron Microscopy images of: a)-b) graphene
paper pristine; c¢)-d) Au layer as deposited onto graphene paper; e)-f)
thermal dewetted at 500 °C; g)-h) laser dewetted at fluence of 0.5 Jem-2.

The gold morphology reflects the nucleation and growth
mechanisms of thin films at room temperature [119]. Figures
3.3.5e and 3.3.5f report representative SEM pictures of

graphene paper-gold nanostructures obtained by thermal
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dewetting at 500 °C. The surface shows the presence of typical
gold faceted nanostructures. The structures have wide
distribution, where the typical size is around 200-400 nm.
Moreover, the presence of very small AuNPs with typical size
less than 100 nm can be observed. The dewetting conditions at
300 and 400 °C gave similar gold nanostructures (data not
shown). Figures 3.3.5g and 3.3.5h report representative SEM
pictures of the gold layer after the laser dewetting at fluence of
0.5 Jem=. Laser dewetted surfaces are characterized by the
presence of gold rich regions consisting of platelets covered
with spherical AuNPs. Typical size of AuNPs, which
distribution depends on the laser fluence, is in the ranges of
10-150 nm.

The dewetting process is driven by the total surface free
energy minimization of the system. Gold thin films deposited
on non-metal substrates are, typically, thermodynamically
unstable at elevated temperatures, and dewetting, well below
the melting temperature (1337.33 K) [120] will occurs upon

heating. The entire transformation occurs in the solid state.
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This is the case of performed furnace dewetting. Calculation
based on the bond-orientational order parameters show that
the shape of an assembled gold structure is found to change
from spherical to hexagonal, with a marked propensity
towards an icosahedral structure [121]. Conversely, laser
dewetting induces an increase of temperature that depends on
pulse power and duration, heat loss and substrate thermal
diffusivity. Typical temperature increase is around 2000 K
[105]. Then, laser dewetting occurs at temperature above the
gold melting point and the obtained nanoparticles are almost
spherical. Moreover, laser pulse produces the curling of the
graphene paper and nanoplatelets, which increases the real
area of the sensor. Briefly, the main differences exhibited by
the solid state (furnace) and liquid state (laser) dewetting
process lies in the size distribution and shape of the resulting
nanoparticles. Thorough discussion of the involved
phenomena in the dewetting was reported by Ruffino [105].
The gold content on the nanoelectrode surfaces was

measured by RBS. Figure 3.3.6 reports the spectra of pristine
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graphene paper and of gold nanostructures obtained by
thermal (500 °C) and laser (0.5 Jcm2) dewetting. The spectra
show the signals assigned to C, O, Na and Au, which in the
configuration used in this work, are located at 170, 245, 340
and 660 channels, respectively. Oxygen and sodium can be
ascribed to the residues of the preparation process of
graphene paper. The spectra were best fitted (simulation not
reported) with SIMNRA software assuming an Au volumetric
density of 5.9 x 1022 at.cm3. In the spectrum of laser dewetted
electrode the gold profile shows a tail at the lower side of
channel scale, which is attributed to the gold diffusion into the

graphene paper.
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Figure 3.3.6 Rutherford Backscattering spectra of pristine graphene
paper and of gold nanostructures obtained by thermal (500 °C) and laser
(0.5 Jem) dewetting.
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Table 3.3.2 Determination of gold content on the electrode surfaces at
various numbers of voltammetry cycles between -0.5 / +1 V in presence of
glucose at pH 12.

Whol ber of
Sample 0 ec;l(ggsl ero Qau (cm) x1016
As deposited o) 4.69
300 °C 52 3.25
10 4.28
400 °C
25 3.54
10 4.69
500 °C
25 3.74
10 1.45
0.25 Jcm2
15 1.47
0.5 Jem2 52 1.17
1.5 Jem 10 0.38

Table 3.3.2 reports the gold content measured on the
electrode surfaces prepared by different dewetting conditions
and after ageing. In thermal dewetted electrodes the gold
content is partially reduced as increasing the number of cycles,
as consequence of partial dissolution and/or debonding from

the substrate. However, the electrode shows a high stability
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even after 50 cycles. The laser dewetted electrodes show less
gold content by increasing the fluence, which is related to a
partial ablation during laser irradiation. Moreover, they
exhibit a high stability towards the electrochemical

measurements, compared to the thermal dewetted electrodes.

104



3.3
Results and discussions

3.3.5 XPS characterization of GP-Au

Nanostructures

XPS analyses were performed on pristine graphene paper
(GP) and on gold metalized electrodes. The survey spectra
(not reported) show the signals of carbon, oxygen and gold.
Figure 3.3.7a reports the Cis core-shell spectra of pristine GP
and of GP-Au as deposited and after 400 °C thermal and 0.5
Jem—2 laser dewetting. The main line is centered at 284.5—
284.7 eV [122] and is characterized by high asymmetry, largely
because the material is good electric conductor. Additional
contribution to the asymmetry originates from the presence of
C1s component at about 286.6 and 288 eV (deconvolution not
shown) that are assigned to C—O and C=0 functional groups,
respectively. The features of the main line are in agreement
with sp2 hybridized carbon atoms, associated to 7t type valence
electrons free-like present in the GP. On the high binding
energy side of the Cis spectra, ;t type shake-up satellites are

present.

105



Chapter 3. Gold nanostructures

Figure 3.3.7b reports the enlarged spectral regions of
these satellite structures normalized to the intensity of the Ci1s
main peak, after linear background subtraction. In the spectra
of pristine GP and as deposited GP-Au the satellite features
are observed at about 5 eV from the core-shell peaks, which
are assigned to the m* « m transition. Similar shake-up
structure was found at 4.4 eV in the case of HOPG [123]. In
the thermal and laser dewetted electrodes, the main satellites
are found at 6 and 6.4 eV respectively, from the core-shell
peaks. These satellites are assigned the dipole like * «— m
shake-up transition (AL = 1). The significant intensity and the
binding energy shift of the shake-up features observed in the
spectra of dewetted samples can be attributed, at least in part,
to the interaction of mt valence electrons with plasmon
excitations in the nanostructure form of gold. Additional
satellite with minor intensity was found at 10 eV from the
main peak.

The spectrum of laser dewetted sample shows a less

intense shake up feature that can be attributed to a partial loss
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of m conjugation of the outermost graphene layers. Figure
3.2.7¢ reports the corresponding Au 4f core-shell spectra. The
Au 4f;/. peak is centered at 84 eV in the case of as deposited
and thermal dewetted samples, which is assigned to gold in
the metallic state Au(o), whereas the spectrum of laser
dewetted sample shows the peak centered at 84.2-84.3 eV
that can be assigned to Au(I), likely in the form of Au-O, as
consequence of partial gold nanoparticles oxidation [124].
Figure 3.3.7d reports the corresponding O 1s core-shell
spectra. The spectra were deconvoluted using Gaussian
components centered at 531.6—531.8 and 533 eV (Gaussians
1—2) that are assigned to C=0 and C—O groups, respectively.
Moreover, the spectrum of thermal dewetted electrode shows
two additional components centered at about 534.6 and 536.3
eV, respectively (Gaussians 3—4), which can be assigned to
adsorbed water and adsorbed oxygen [125]. The component in
the O 1s spectrum of laser dewetted electrode that would be
assigned to Au-O, which is expected weak and centered at

529.4 eV [126], maybe masked by the tail of the components at
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531.8 eV. For these reasons, it was not distinguished in the
spectrum. It has been proven that gold in the form of
nanoparticles can be easily oxidized still maintain the high
catalytic activity toward oxidation of organic molecules [126].
Table 3.3.3 reports typical quantitative surface compositions
of the as deposited GP-Au and thermal and laser dewetted
electrodes measured by XPS. The amount of gold detected on
the surface of dewetted electrodes is lower than that
deposited, according to the minor exposes surface area by the

former, to minimize the surface energy.
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Figure 3.3.7 (a) Cis X-ray Photoelectron core-shell spectra of
pristine GP and GP-Au as deposited and after 400 °C thermal
dewetting and 0.5 Jem—2 laser dewetting. The vertical line has the
function to facilitate visualization. (b) Enlarged spectral regions
showing the satellite structure normalized to the Cis core-shell peak,
after linear background subtraction; (c) corresponding Aug4f spectra;
(d) corresponding O1s spectra.

Table 3.3.3 Elemental composition of gold metalized nanoelectrodes
(Atomic concentration %).

Sample Au C 0
As deposited 12.3 77.4 10.3
00°C, 1h,
By 5.3 67.3 27.4
0.5 Jecm—2 3.9 86.5 9.6
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3.3.6 Glucose and fructose electrochemical

sensing

Figure 3.3.8a reports the voltammograms of glucose 30
mM in phosphate buffer solution at pH 12, registered by
thermal dewetted at 300, 400 and 500 °C GP-AuNPs
nanoelectrodes, respectively. For  comparison, the
voltammogram obtained by the 300 °C dewetted electrode in
absence of glucose was reported (blank). In the
voltammogram of blank one substantial weak broad peak in
the forward scan is observed at -0.1 V, corresponding to the
adsorption of OH- ions on the surface and gold oxidation.
Furthermore, no separate peak was observed for gold
oxidation, maybe it is broad and overlapped on the
background capacitive current. In the backward scan, the gold
oxide becomes reduced (broad peak around 0.1 V) and the
gold hydroxide layer (AuOHags) is desorbed (-0.25 V). The
peaks assigned to the OH- adsorption and desorption were
observed by Pasta at higher potential in presence of chlorine

or fluorine ions and using flat gold electrode [127]. The
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voltammograms of glucose shows two peaks at 0.25 V and

0.45 V in the forward scan.
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Figure 3.3.8 Voltammograms of glucose 30 mM in phosphate buffer
solution at pH 12 detected by GP-AuNPs electrodes: a) thermal dewetted at
300 °C; b) laser dewetted at 0.5 Jem-2.
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The peak at 0.25 V is assigned to gold hydroxide forming
on the electrode surface and the adsorbed glucose
intermediate is oxidized to gluconolactone. Proceeding further
to more positive potentials, the peak at 0.45 V is assigned to
the oxidation of the gold hydroxide layer that became oxidized
to gold oxide, and the glucose oxidation is inhibited. In the
backward scan, the gold oxide was reduced back to gold
hydroxide. The peak attributed to the second oxidation of
glucose (located at 0.19 V for the 300 °C and at 0.15 V for the
400 and 500 °C) is observed. This very intense and sharp peak
is assigned to two-electron process resulting in substantially
higher current than in the case of two single electron oxidative
reactions observed in the forward scan [68].

Figure 3.3.8b reports the voltammograms of glucose 30
mM in phosphate buffer solution at pH 12 obtained by laser
dewetted GP-AuNPs electrodes at 0.25, 0.5 and 1.5 Jem=2 of
fluence, respectively. The voltammogram in absence of
glucose (blank) was obtained by the 0.5 Jem2 electrodes and

is similar to that observed by the thermal dewetted electrode.

112



3.3
Results and discussions

In the forward scan of glucose voltammogram two peaks are
observed. The first, centered at 0.19 V is assigned to gold
hydroxide forming on the electrode surface and the adsorbed
glucose intermediate is oxidized to gluconolactone. The peak
is slightly shifted towards lower potential with respect to that
observed at 0.25 V for thermal dewetted electrodes, which
would indicate slightly better electro-catalytic activity of laser
dewetted electrodes. The second peak at 0.45 V, proceeding
further to more positive potentials, is assigned to the oxidation
of the gold hydroxide layer. In the backward scan, the peak
corresponding to the second oxidation of glucose is located
around 0.17 V.

I hypothesize that the significant intensity and sharpness
of peak corresponding to the second glucose oxidation can be
ascribed to the combination of the electro-catalytic properties
of gold nanostructures with the electronic properties of high
structural order graphene paper. It has been demonstrated
that the electronic structure, charge neutrality point and

electron-phonon coupling of graphene remain nearly intact
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upon gold deposition. The charge carrier density at a
graphene-gold contact is not pinned [128]. These properties
can favor the electron transfer from the gold nanoparticle
towards the graphene paper and, then, the two electron
process of glucose oxidation resulted with very high efficiency.

Table 3.3.4 reports the peak current density,
corresponding to the two electrons oxidation of glucose 30
mM, measured by different nanoelectrodes. The peak current
density depends on the real area of the whole gold
nanostructures, which, in turn, depends on the gold content
present on the electrode surface. Figure 3.3.9 reports the ratio
of the peak current density to the gold content reported in
Table 3.3.2. Laser dewetted electrodes show a significant
increase of the analytical performance compared to the
thermal dewetted electrodes, when referred to the same gold

content.
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Table 3.3.4 Current density of the anodic peak corresponding to the

two electron oxidation of glucose.

Sample Jpeak (MA-cm-2)
300 °C 6.13 £0.37
400 °C 5.7+0.19
500 °C 4.9+0.07
0.25 Jem=2 2.8+0.12
0.5 Jcm-2 3.0£0.23
1.5 Jem 2.740.26
8r Glucose 30 mM PBS pH 12
15Jcem”
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Figure 3.3.9 Ratio of the current density corresponding to the two
electron oxidation of glucose to the sensor gold content.

The electro-catalytic activity is significant even at very low

gold content as 3.85x10%5 Au cm (electrode dewetted at 1.5

Jem2).
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The electro-catalytic activity towards the oxidation of
fructose was investigated in phosphate buffer solution at pH

12.
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Figure 3.3.10 Voltammograms of fructose 30 mM in phosphate buffer
solution at pH 12 detected by GP-AuNPs electrodes thermal dewetted at
300 °C and laser dewetted at 0.5 Jecm-2.

Figure 3.3.10 reports the voltammograms of fructose 30
mM measured by GP-AulNPs electrodes dewetted at 300 °C
and at fluence of 0.5 Jem=2. In forward scan, single well
defined oxidative peak located at 0.43 V or 0.38 V was

observed for thermal and laser dewetted electrodes,
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respectively. The peak can be assigned to the direct anodic
oxidation of fructose. In the backward scan peak located at
0.15 V or 0.13 V, respectively, were observed. In alkali solution
D-fructose tautomerizes to D-glucose and D-mannose, the
peak observed in backward scan can be assigned to the two

electron oxidation of glucose and mannose.
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Figure 3.3.11 Current density calibration of glucose detected by
GP-AuNPs electrodes obtained by thermal or laser dewetting.
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Figure 3.3.11 reports the current calibration curves for
glucose obtained at a potential of 0.19 V (thermal electrode)
and 0.17 V (laser electrode). The response to glucose was
determined in the concentration range of 2.5 uM to 30 mM.
There is little influence of dewetting temperature in the range
300-500 °C on the nanoelectrode response. In this
temperature range there is no significant variation of gold
content (see Paragraph 3.6). Moreover, Figure 3.3.11 reports
the response of the sensor obtained by dewetting at 400 °C a
gold layer 1.6 nm thin. The thickness of 1.6 nm was chosen to
have a final average gold quantity comparable to that of the
0.5 Jem—2 laser dewetted sensor (see Paragraph 3.3.4). The
response to glucose of the 400 °C 1.6 nm gold sensors was
found similar to that of the 0.5 Jem-2 laser dewetted sensor
obtained by gold layer 8 nm thick. Based on this finding, the
amount of gold present in the form of nanostructures on the
sensor surface determines the nanoelectrode response. In fact,
gold is not just a catalyst, but participate in the oxidation

reaction of glucose. The response of the nanoelectrodes
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reflects the gold concentrations at surface reported in Table
3.3.3. According, the apparent lower response of the laser
dewetted electrode can be attributed to the lower gold content.
The presence of Au(I) in the laser dewetted electrodes seems
to influence the peak position of the two-electron oxidation,
but not the sensor current response.

The errors bars, calculated as the relative standard
deviation on five measurements, are reported only for the
concentrations of 4 and 16 mM to facilitate visualization. The
highest error was within the 10 % of the mean value. In the
concentration range from 20 uM to 8 mM a quasi-linear
current response was obtained by both types of
nanoelectrodes. Not linear response was observed in the range
of concentration 8-30 mM, where the diffusion controlled
mechanism limits the sensitivity of the nanoelectrodes.
Highest sensitivities of 1240 pA-mM-t.cm2 and of 675
HA-mM--cm, were obtained in the concentration range of 2-4
mM by thermal and laser dewetted electrodes, respectively.

Table 3.3.5 reports the analytical performance of the
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nanoelectrodes. The limit of detection (LOD) and the limit of
quantification (LOQ) have been calculated by using a current
value corresponding to 3 or 10 times of the background
current Irms = 177 pA, measured without glucose analyte,
respectively (3xS/N or 10xS/N method). The equations of
least square regression line with the coefficient of
determination R2 were also reported. For comparison, the
Table reports recent literature results concerning carbon-
AuNPs and enzymatic based glucose biosensors. The results of
sensitivity, detection limit and linear range present good
values compared to recent studies related to the detection of

glucose on gold nanostructured based materials [68, 129-131].
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Table 3.3.5 Comparison of the analytical performance of Au
nanoporous and carbon-AuNPs to enzymatic based glucose biosensors.

Material Detection Sensitivity Linear range Ref.
limit
(uM) (LA'‘mM-cm)
Gelatin-templated 90 1165 32 uM-10 mM [68]
gold nanostructures
Glucose oxidase 13.6 626.06 0.16-4.32 mM [120]
(GOx)/carbon
quantum dots
(CQDs)-gold
nanoparticles
(AuNPs)
Carbon 4.1 2.77 4.1 uM-25 mM [130]
nanotubes/AuNPs
CQDs/AuNPs 17 47.24 50 uM-2.85 [131]
mM
Graphene 2.5 1240 15 uM-8 mM  This work
paper/AuNPS AJ = 4.97x100
dewetted 300 °C +0.664 C
R2 0,997
Graphene 2.5 675 20 uM-8 mM  This work
paper/AuNPs laser AJ = 4.67x10°
dewetted 0.5 Jem + 0.497C
R20.996
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Figure 3.3.12 Current density calibration curves of fructose at 0.4 V
vs. SCE obtained by GP-AuNPs electrodes thermal dewetted at 300 °C
(black square) and laser dewetted at 0.5 Jem (red circle).

Figure 3.3.12 reports the current calibration curves of
fructose detection obtained at a potential of 0.4 V by both
thermal and laser dewetted electrodes. Table 3.3.6
summarizes the analytical performance. The thermal dewetted
electrode shows a linear response in the range suM-4 mM, a
detection limit of 2.5 uM and a sensitivity of 394

HA-mM--cm2. Whereas, the laser dewetted electrode shows
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linear response in the range 40 uM-4 mM, a detection limit of
20 uM and a sensitivity of 32 pA-mM-.cm=2. Table 3.3.6
reports, for comparison, recent literature data for the
electrochemical detection of fructose [132-135]. It is worthy of
note that in the cited references the electro-active materials

are of enzymatic/non-enzymatic hybrid type.
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Table 3.3.6 Comparison of the analytical performance of GP-AuNPs
sensor to fructose biosensors reported in the literature.

Material LOD Sensitivity Linear range Ref.
(uM) (MA-mM--cm-2)

2-carboxy-6- 1.2 3.7 50 uM-0.3 mM  [132]
naphtoyl
diazonium-
fructose
dehydrogenase
(ND-FDH)
modified
AuNPs

SAM of MPS + 2.5 20.1 10 uyM-1mM [133]
FDH/TTF on
Au (%)

Os-polymer 0.8 2.15 0.1-8 mM [134]
modified FDH
on screen
printed
graphene

FDH 50 1.2 0.1-1 mM [135]
immobilized
on
ferrocyanide/
SPCE (8)

Graphene 2.5 394 5 uM -4 mM This

paper/AuNPS AJ =3.24 x 106  work
dewetted at +0.394 C
300 °C R20.989

Graphene =20 32 40 uM-4 mM This
paper/AulNPs AJ =6.19 x 106 work
laser dewetted +0.032C

0.5 Jcm R20.986

(*) self-assembled monolayer (SAM) of 3-mercaptopropionic acid
(MPA) on which fructose dehydrogenase (FDH) and the mediator
tetrathiafulvalene (TTF) are co-immobilized by cross-linking with
glutaraldehyde on dealloyed Ag-Au alloy. (§) Screen printed carbon
electrode.
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3.3.7 Interference study

The response to interferences was examined at
concentration of glucose and fructose 8 mM in presence of
ascorbic acid (AA) at 0.25 mM and uric acid (UA) at 0.1 mM in
buffered pH 12 solutions. The employed concentrations of
interferents are comparable to that present in human serum of
adult. Table 3.3.7 reports the current density variation (mean
value) for the detection of glucose and fructose in presence of
AA and AA+UA. There is significant interference in the
sensing of glucose and fructose, with a reduction in the
current density on addition of AA and UA. The most
significant effect was observed with UA. The glucose and
fructose responses are almost entirely restored by electrode
washing in water. The observed interference effect, according
to Branagan [130], is attributed to electrode surface fouling
produced by surface adsorption of UA. Oxidation potential of
UA on gold-nafion modified screen printed carbon electrodes
was found at 0.5-0.6 V [136], which is far from the potential

used by us in the detection of glucose and fructose. In fact,
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very low operating potential offered by GP-AuNPs sensors is
beneficial regarding a lower effect of direct electrochemical
interferences in real sample matrixes [68, 130-132]. The
results indicate high electrochemical selectivity of the
proposed sensors toward the detection of glucose and fructose
in comparison to the normally co-existing electro-active

interfering species.

Table 3.3.7 Current density (mAcm=) measured at potential of: 0.19 V
(electrode dewetted at 300 °C) and 0.17 V (electrode laser dewetted at 0.5
Jem2) for the detection of glucose 8 mM; 0.4 V for the detection of
fructose 8 mM in presence of AA 0.25 mM and UA 0.1 mM. The error is
represented by the standard deviation calculated on five measurements.

GP-AuNPs % of GP-AuNPs % of
300 °C variation 0.5 Jem2 variation
Glucose 6.1+0.07 3.9+0.10
Glucose + AA 5.3+0.05 -13 4.2+0.06 +7
Glucose+AA+UA 3.3+£0.12 -46 2.5+0.11 -35
Fructose 0.47+£0.02 0.22+0.02
Fructose + AA 0.46+0.05 -2 0.20+0.05 -9
Fructose+AA+UA 0.47+0.1 0 0.18+0.05 -18
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3.3.8 Electrode stability

The stability of laser dewetted in comparison to the
thermal dewetted electrodes was studied at pH 12 employing
glucose solutions at different concentrations. Figure 3.3.13
shows the most significant modification of nanoelectrode
response observed by glucose solution 30 mM. In the Figure
the 15t and the 50t cycles of voltammograms registered by GP-
AuNPs sensors dewetted at 400 °C and at fluence of 0.25
Jem—2  respectively, are compared. The laser dewetted
electrode shows almost identical voltammograms, indicating a
huge stability under the adopted conditions, whereas the
thermal dewetted electrode shows a modification of the shape
of the voltammogram. In particular, the two electron
oxidation peak is reduced in intensity and sharpness and
shifted to lower potential on going from the 1st to the 5oth
cycle. Simultaneously, an increase of the peak at 0.45 V was
observed. These findings can be ascribed to a reduced and/or
modified electro-catalytic property of the gold nanostructures.

Figures 3.3.144a, 3.3.14b show the SEM pictures of the sensor
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obtained by thermal dewetting at 400 °C before and after 50
voltammogram cycles between —0.5 to 1 V, respectively. The
morphology of the gold faceted nanostructures is, clearly,
heavily modified. Conversely, the laser dewetted sensor at 0.5
Jem~2 of fluence shows almost unmodified morphology after
50 voltammogram cycles between —0.5 to 1 V (Figures 3.3.14c,
3.3.14d). According to XPS data, the high stability of laser
dewetted electrode can be attributed to the presence of Au(I)
in the AuNPs. The presence of bonds with oxygen blocks the
self-diffusion of the gold atoms and preserves the
nanostructures. Figure 3.3.15 reports the gold content
measured by RBS as function of voltammogram cycles for
various nanoelectrodes. In thermal dewetted electrode the
gold content decreases with the number of voltammogram
cycles. This is related to a partial gold dissolution during the
cycles. Conversely, laser dewetted electrodes show an almost
unmodified gold content. The gold content in laser dewetted
electrodes is related to the fluence, and is reduced by partial

laser ablation.
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Figure 3.3.13 Cyclic voltammograms of glucose 30 mM detected by
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Figure 3.3.14 Scanning Electron Microscopy images of electrodes
prepared by thermal dewetting at (a) 400 °C and (b) after 50
voltammogram cycles between —0.5 to 1 V; (c) laser dewetting at 0.5
Jem~2 of fluence and (d) after 50 voltammogram cycles between —0.5

to1V.
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Figure 3.3.15 Gold content measured by Rutherford Backscattering
Spectrometry as function of initial thickness and the number of
voltammogram cycles (buffer solution at pH 12) for: 8 nm layer
thermal dewetted at 300 °C, 400 °C and 500 °C; 1.6 nm layer thermal
dewetted at 400 °C; 8 nm layer laser dewetted at 0.25, 0.5 and 1.5
Jem—2 of fluence.
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The work presented here demonstrates the feasibility of
stable and disposable electrochemical sensors with
nanostructured gold onto graphene paper substrate for
sensitive glucose and fructose detection. The nanoelectrodes
have been prepared by furnace or laser dewetting of 1.6 and 8
nm thick gold layers onto graphene paper.

One of the main difference exhibited by the solid state
(furnace) and liquid state (laser) dewetting lies in the size and
shape of the resulting nanostructures. Laser dewetting
originates particles with size in the ranges of 10-150 nm.
Furnace dewetting originates faceted nanostructures with
typical size of 200-400 nm. The particles obtained by laser
dewetting are almost spherical, while those obtained by
furnace process present a characteristic faceting. Moreover,
laser dewetted electrodes show a high electro-catalytic activity
even at very low gold content as 3.85x1015 Au cm-2.

Both type of nanoelectrode exhibited a high sensitivity for

glucose detection up to 1240 pA-mM*-cm?, low detection limit
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down to 2.5 uM and wide linear range (15 uM- 8 mM). The
nanoelectrodes show good response for the detection of
fructose, and good stability (possibility of reusing the test
stripes tested up to 50 times even after 6 months).

The electro-catalytic oxidation of glucose on gold surface
is highly pH dependent, and is favored in alkali media. This
has been interpreted considering the significant role of
negatively charged reaction intermediates, such as the crucial
step of OH- adsorption. Graphene based support can act
synergistically with gold nanoparticles, enhancing the
sensitivity and selectivity of gold alone. This enhancement can
be interpreted by the efficient charge transfer from the Au
nanostructures to the m delocalized orbitals in the graphene
paper. This phenomenon may explain the significant
sensitivity of the proposed sensors. The electrode sensitivity is
related to the total amount of gold present on the surface,
according to the fact that gold is not just a catalyst, but
participates to the oxidation reaction of glucose. The

exfoliation of graphene paper produced by nanosecond laser
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irradiation leads to an increase of the nanoelectrode real area
up to about a factor two. This phenomenon increases further
the sensor analytical performances. XPS analyses of laser
dewetted electrodes evidenced the formation of gold oxide.
Oxidized gold nanoparticles are characterized by high
morphology stability under the alkali glucose detection test
and unmodified electro-catalytic activity.

The proposed fabrication methods are characterized by
few simple and fully dry steps, compared to the other
methods, which are, however, based on multi-steps solution
processes and/or on the use of enzymes. In particular,
compared to the methods reported in literature, our
fabrication methods are characterized by low cost if compared
to the high throughput, simplicity, high purity of the electrode,
absence of toxic materials and low generation of dangerous
waste during the production. The proposed nanoelectrodes are
expected to be biocompatible and highly tolerated by the skin,
thanks to the absence of metals such as nickel or copper.

Moreover, the absence of wet chemical processes and, then, of
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ion contamination, makes more easy the integration of the
proposed nanoelectrodes with microelectronic silicon chip for
the data acquisition and processing. The resulting analytical
performances for the glucose and fructose detection are very
promising since comparable or better than the actual state of

art for nanostructured gold electrodes.
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Chapter 4. Bismuth-nafion
nanoelectrode for metal trace

analysis

4.1 Trace analysis of heavy metal

contamination

Lead and cadmium are two of the most poisonous
cumulative metals that affect multiple body systems. The two
metals are particularly harmful to young children, because
affect cognitive functions and intellectual development [137].
Both metals in the human body are distributed to the blood,
brain, liver, kidney and bones. They are stored in the teeth and

bones, where accumulate over time. Human exposure is

135



Chapter 4. Bismuth-nafion nanoelectrodes for metal trace analysis

usually assessed through the determination of the metals in
blood [138, 139]. Lead in bone is released into blood during
pregnancy and becomes a source of exposure to the
developing fetus. There is no known level of lead exposure that
is considered safe. Fortunately, lead and cadmium exposure is
preventable. Cadmium possesses toxic effects on the kidneys
as well as the skeletal and respiratory systems. Moreover, it is
carcinogen [138]. Usually, natural concentrations of cadmium
and lead in the ground water are less than 0.5 ppb [138, 139].
Human activity has greatly increased levels of both lead and
cadmium in environmental media relevant to population
exposure [138, 139]. Exposures potential of particular concern
for human include, but not limited to mining, disposal and
recycling of lead acid car batteries, ethyl-leaded fuels,
electronic and electrical waste, Ni-Cd batteries, as well as toys,
jewelry and plastics containing cadmium, emissions from
municipal solid waste incineration, fossil fuels. Corrosion of
zinc plated water containers as well as soldered pipes are

additional significant sources of lead and cadmium
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contamination. The aforementioned contamination sources
have a potentially impact on drinking water as consequence of
aquifers contamination. U.S. Environmental Protection
Agency (EPA) established in the Drinking Water
Requirements for lead and cadmium that actions have to be
taken at level of 15 and 5 ppb, respectively [140]. The
European Directive on the quality of water intended for
human consumption established that action have to be taken
at level of 10 and 5 ppb for lead and cadmium, respectively
[141]. Among the analytical techniques for the detection of
heavy metals at sub-ppb level such as inductively coupled
mass spectrometry (ICP-MS) [142] or high performance liquid
chromatography (HPLC) [143], square wave anodic stripping
voltammetry (SWASV) is one of the most powerful, being
characterized by sensitivity below the ppb level [144, 145],
combined with low cost of the sensors and light
instrumentation, which give the possibility of on-site
measurements [146]. SWASV combines an accumulation step

of the analyte on the electrode surface, by in-situ or ex-situ
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method, with a high sensitivity electro-analytical detection
technique. About two decades ago, bismuth thin film electrode
has been proposed instead of mercury drop electrode for the
alloying of heavy metals. Lu compared the sensing
performance of four kinds of nanomaterials capable to replace
mercury that are based on metallic nanoparticles, metal
oxides, carbon nanomaterials and their nanocomposites and
chelating additives for analyte metal ions [147]. However,
among the various kinds of nanomaterials, bismuth based
electrodes are the most promising substitutes in the analysis
of lead and cadmium by SWASV for their suitable working
potential window and not-poisonous properties [148-152].
Numerous works described the realization of electrodes by
electro-deposition of bismuth on substrate consisting of
modified glassy carbon [153, 154], graphene oxide [155],
modified multiwalled carbon nanotubes [156] and screen
printed carbon paste [157, 158]. Carbon based materials used
as substrate exhibit some advantages, which include the

absence of interfering metal ions, the possibility of a variety of
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chemical functionalization, the low cost, the high electrical
conductivity and the large amplitude of working potential
[159, 160]. To further improve the electrode sensitivity, in the
last years, adsorptive electrode or hybrid adsorptive-Bi
alloying based electrodes have been described in literature
[161]. Three-dimensional graphene-carbon nanotubes hybrid
nanomaterials have been described with improved selectivity
and detection limit to 0.1 and 0.2 ppb for cadmium and lead
respectively [145]. In particular, nafion was reported in
literature as capping layer, binding material, in combination
with bismuth and glassy carbon electrode [162-164], or
forming dispersion of bismuth nanoparticles supported on
graphene [165]. The use of nafion alone or in combination
with a chelating agent improves further the selectivity and
sensitivity towards detection of cadmium and lead with
respect to bismuth coated carbon based materials alone. Zhao
proposed a multi-walled carbon nanotube-emeraldine base
polyaniline-nafion composite modified glassy carbon

electrode, obtaining the sensitive detection of trace Pb(II) and
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Cd(II), with a detection limit of 0.06 ppb for Cd(II) and 0.08
ppb for Pb(II) [153]. Segura proposed a glassy carbon
electrode modified with nafion, 1-nitroso-2-naphthol and
bismuth film for adsorptive stripping voltammetry
determination of Pb(II) and Cd(II) in tap water. The detection
and quantification limits were 0.08 and 0.29 ppb for Pb(II)
and 0.07 and 0.24 ppb for Cd(II), with a linear detection range
from 10 ppb to 70 ppb [161]. Mau Thanh proposed a glassy
carbon electrode modified by in-situ co-deposition of bismuth
and 8-hydroxyquinoline as chelating agent, obtaining
detection limits of Pb(II), Cd(II), and Zn(II) of 0.45, 0.17, and
0.78 ppb, respectively, in the range from 2 ppb to 110 ppb
[166]. However, some of the electrodes described in literature
present weak points, the most important are related to the
complex preparation and the use of many reagents. These
facts lead to not reproducible and costly electrodes. Thus, an
increasing demand for low-cost, sensitive and easy reading
electrodes still exists, despite the several efforts that have been

done by the scientific community [156-170].
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In this activity I studied a simple procedure for the
fabrication of high performances, stable, environmentally
friendly, low cost nano electrochemical sensors for high
sensitive Pb2+* and Cd2* detection in solution. The
nanoelectrode consists of graphene paper, nafion and bismuth
composite materials. The novelty of the proposed
nanoelectrode consists in the combined use of the graphene
paper that acts as support, substrate and electrical conductive
path, with nafion and bismuth nanostructures. Moreover, a
key process step consisting in the H+ ion exchange with Bi3+ in
the ionomer has been proposed. The step is aimed to increases
the accumulation of bismuth in the nafion film during the

electro-deposition.
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4.2 Experimental

4.2.1 Fabrication of graphene paper-nafion-Bi

nanoelectrode

Sodium hydroxide, acetic acid, graphene paper 240 pum
thick (XG Science), nafion (perfluorosulfonic acid ionomer) 5
% wt. solution (Figure 4.2.1), Bi3+, Pb2+ and Cd2+ respectively,
at 1 g dm=3 reference standard material (RSM) traceable to
National Institute of Standards and Technology (NIST)

solutions were purchased from Sigma Aldrich, Milan, Italy.

F F
s
FC" 100 S-OH

Figure 4.2.1 Chemical structure of nafion (picture available online at:
www.sigmaaldrich.com).
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All reagents were of trace analysis grade and all aqueous
solutions were made by Milli-Q water. Solutions of Bi3+, Pb2*
and Cd2+ at various concentrations were prepared diluting the
stock solutions by 0.1 M acetic buffer solution at pH 4.5.

Strips of graphene paper 1 cm x 3 cm were used with the
function of support, electrical conductor and active material of
the electrode. About 15 pl of nafion solution was casted onto 1
cm? on both side of graphene paper and dried at 70 °C, 10 min
in air. The remaining part of strip of graphene paper was
isolated from the solution and represents the conductive path
of electrode. Casted amount of solution corresponds to a
thickness of nafion layer of about 0.5-0.7 pm. Then, a first
batch of electrodes was overnight soaked into buffer solution
at pH 4.5 with Bi3* 100 mg dm-3, (GP_naf ex_Bi), according
to the procedure reported in Figure 4.2.2 and summarized in

Table 4.2.1.
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Experimental
Table 4.2.1 Nanoelectrode structures used in this work.
Electrode name Nafion layer Bi electro-deposition
GP_Bi Not present yes
GP_naf Bi Overnight soaked yes
without ion exchange
GP_naf ex Bi Overnight soaked with yes

Bi3+ ion exchange

/\
»
EEEEEEE—— ., e — ———

Drop casting of 5 % nafion solution Drying at 60-70 °C, 10 min
Overnight soaking ~_—* No ion exchange
into buffer solution pH 4.5~ lon exchange with 100 ppm Bi**

Figure 4.2.2 Scheme of nanoelectrodes preparation.

The latter method was employed to ensure a thorough
exchange of the H* ions of the sulfonic groups in the ionomer
with Bi3+:

3 [R-SO5- H*] + Bis+ 2 [3(R-SO5") Bi3+] + 3H+

For comparison, to study the effects of overnight ion
exchange a second batch of electrodes was overnight soaked
into buffer solution in absence of bismuth ions (GP_naf Bi).

Bi was electrochemically deposited at room temperature
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through the nafion layer at — 1V vs. SCE for 600 s in stirred
solution at 250 rpm. To study the effect of nafion on the
electrode analytical performance, in a third batch of electrodes
bismuth was deposited directly onto graphene paper (GP_Bi).
Table 4.2.1 summarizes the structure of electrodes employed

in this work.
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4.2.2 Instrumental characterization

Characterization @ by  Electrochemical = Impedance
Spectroscopy (EIS) was done in potentiostatic mode at 10 mV
RMS (Root Mean Square) employing a 100 ppm Bi3+ into 0.1
M acetic buffered solution at pH 4.5. This solution acts both as
electrolyte and bismuth deposition bath. Pb2+ alone or Pbz2+
and Cd2+ were concentrated on the electrode surface at — 1.2V
vs. SCE for 1200 s in stirred solution at 250 rpm. SWASV was
done after a quiet period of 30 s (see Fig. 4.2.3). All the
measurements were performed in acetic buffer solution 0.1 M
at pH 4.5, which enhances Pb and Cd deposition and stripping
response [167]. The electrodes were cleaned for successive
measurements applying a potential of -0.4 V vs. SCE for 200 s
to strip residual Pb and Cd present on the electrode surface.
The analytical parameters were chosen on the basis of the
literature data [145, 162], whereas the instrumental
parameters of SWASV were optimized experimentally (see

Figures 4.2.4a, b). Figure 4.2.3 reports the typical waveform of
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potential used in the SWASV. The experimental parameters
consist of pulse height (Epuise), step (Estep) and frequency. The
values used in this work were Epuse 75 mV, Esep 2 mV and
frequency 2 Hz. In the experiment, the potential is scanned
over the range that comprises the peaks corresponding to the
analytes. The current is measured twice during each cycle,
once at the end of the forward pulse (Ir), and again at the end
of the reverse pulse (Ir). The differential value is plotted

versus the applied potential.

a F
) (frequency)” t Forwardi —
— _
— ﬁ
Deposition  Quiet time puse
— | time
©
=
[
[0
-+
o
o
l sep
| _? """""""" A
] IR
Reverse
Time

Figure 4.2.3 Typical waveform of potential used in Square Wave

Anodic Stripping Voltammetry.
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The instrumental parameters of SWASV have been
optimized to obtain anodic stripping peak with highest
symmetry and lowest full width at half maximum (FWHM).
Figures 4.2.4a and 4.2.4b report the effect of pulse height and
frequency, respectively, studied by a Pb2+ 100 ppm buffered
solution at pH 4.5. Pulse height was explored in the range of
25-100 mV at constant step increment of 2 mV and frequency
of 10 Hz. The peak current intensity increases significant with
the pulse height. The frequency was explored in the range of
2-25 Hz at constant pulse height and step increment of 75 and
2 mV, respectively. The best peak shape was obtained at a
frequency of 2 Hz, which corresponds to a pulse period of 0.5
s. The step increment was explored in the range of 5-20 mV.
The best combination of parameters was pulse height 75 mV,
frequency 2 Hz and step increment of 2 mV, which
corresponds to a scan rate of 4 mV s*. A FWHM of about 100
mV was obtained for the peak of lead. The selected parameters

values are closest to that used by other authors [145, 162].
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1 0 | Epulse 25 mV, Estep 2 mV, f 10 Hz
. —— Epulse 50 mV, Estep 2 mV, f 10 Hz

Epulse 75 mV, Estep 2 mV, f 10 Hz

—— Epulse 100 mV, Estep 2 mV, f 10 Hz

-0.9 -0.8 0.7 -0.6 0.5 -0.4

b ) —— Epulse 75 mV, Estep 2 mV, f 25 Hz|

Current (mA)
o
o

—— Epulse 75 mV, Estep 2 mV, f 10 Hz|
—— Epulse 75 mV, Estep 2 mV, f 5 Hz
0 8 —— Epulse 75 mV, Estep 2 mV, f 2 Hz

0.6

0.4

0.2

0.0 A — :
09 08 07 06 -05 -0.4

Potential vs. SCE (V)

Figure 4.2.4 Square Wave Anodic Stripping Voltammograms of Pb2+

100 ppm obtained at pH 4.5: a) effect of Epuse and b) effect of frequency (f)
on the shape and intensity of peak.
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The AFM analyses were performed by a Bruker-Innova
microscope operating in high-amplitude mode and ultra-
sharpened Si tips were used (MSNL-10 from Bruker, with
anisotropic geometry, radius of curvature ~2 nm, tip height
~2.5 um, front angle ~15°, back angle ~25°, side angle 22.5°).
The Si tips were substituted as soon as a resolution loose was
observed during the AFM images acquisition. The AFM
images were analyzed by using the SPMLABANALYSES V7.00
software (Veeco Corp., Santa Barbara, CA, USA). The surface
roughness was quantified by the RMS parameter defined as
RMS=<z(x, y)2>1/2 being z(x, y)=h(x, y)-<h(x, y)> with h(x, y)
the height function and <z(x, y)> the spatial average over a
planar reference surface.

XPS characterization was obtained by VG Microtech
CLAM4 instrument (see Paragraph 3.2.2). The binding energy
scale has been corrected for surface charging up, assuming the
Cis core-shell which originates from adventitious carbon

contamination, at 284.8 eV. For the description and
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characteristics of the other instrumental characterizations see

Paragraphs 2.2.2 and 3.2.2.
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4.3 Results and discussion

4.3.1 Morphology characterization

Figures 4.3.1a and 4.3.1b report the SEM images of the
GP_Bi nanoelectrode acquired in the centre and at the edge,
respectively, showing a significant amount of Bi
nanostructures. In the centre of the active area small bismuth
crystals were detected. Conversely, on the edge the growth of
large dendritic (or nanowalls) crystals of bismuth was
observed. The findings may be related to the presence of the
step edges that are numerous at the cut edge of the graphene
paper. Step edges of graphene planes favorite the bismuth
nanoparticles growth. Some authors exploited the graphite
step edge to grow selectively nanoparticles by modulating the
potential in a pulsed electrode-position [168, 169].
Furthermore, a possible cause of the different bismuth content
observed may be related to the inhomogeneity of the potential

along the large active macroscopic area of the nanoelectrode.
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Potential is expected higher on the borders, leading to an
increased rate of bismuth electro-deposition. The ratio of the
centre to edge areas is roughly 70 to 30; both types of regions
are representative of the nanoelectrode. The pictures reported
in Figure 4.3.1c refer to the edge of the sample GP_naf ex_Bi.
In this region, once again, dendritic crystals of bismuth were
detected. The bismuth crystals are larger and more
homogeneous with respect to the GP_Bi case. Figure 4.3.1d
reports the SEM image of GP_Bi in the edge of the active area
and the corresponding EDX chemical maps showing the
specific contribution of bismuth and oxygen are reported in
Figures 4.3.1e and 4.3.1f, respectively. The presence of oxygen
signal is likely due to the surface oxidation of air exposed
electrode. The SEM picture of the centre of GP_naf ex_ Bi
(Figure 4.3.2) does not show features related to the bismuth

nano-crystals, being formed mainly of porous film of ionomer.
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AT

Figure 4.3.1 a) Scanning Electron Microscopy images of: a) GP_Bi in
the centre; b) at the edge of the active area; ¢) GP_naf_ex_ Bi at the edge of
the active area; d) Scanning Electron Microscopy image and e-f)
corresponding chemical maps obtained by Energy Dispersive X-ray
Spectroscopy images of bismuth and oxygen of GP_Bi at the edge of the
active area.

Figure 4.3.2 Scanning Electron Microscopy image of the
GP_naf ex_Bi in the centre of active area. The surface morphology is
characterized by significant porosity that is useful to improve the
nanoelectrode sensitivity.
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Rms 0.6 nm

; 583nm
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Figure 4.3.3 Atomic Force Microscopy images of a) GP_naf ex_Bi
before Bi electro-deposition; b)-d) GP_naf ex_Bi in three different
representative regions.

AFM analyses have been performed to further
characterize this region (Figure 4.3.3). The AFM analysis with
a lateral scan of 1 um of the GP_naf ex_Bi before the Bi
deposition (a) shows that the nanoelectrode surface is flat with
a roughness characterized by a rms of 0.6 nm. After bismuth
deposition the surface of GP_naf_ex_Bi shows three different
representative regions. The first (b) is characterized by
absence of significant features and by a roughness with RMS
of 0.6 nm. The second (c¢) shows very small structures, with a
lateral size in the range of few nm, with height of 1-1.5 nm

homogeneously distributed on the surface. The roughness has
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an RMS 0.6 nm. The third region (d) shows aggregated
structures that exhibits a lateral size of about 100 nm and
height of about 10-20 nm (roughness 6.8 nm). I attributed the
structures to the bismuth nanoparticles. The characterization
of the GP_naf_Bi was not reported because this electrode does
not show improvements of the analytical performance (see
next Paragraph). The results of SEM and AFM investigations
show the presence of a high density of bismuth nanoparticles
whose morphology depends on the different nanoelectrode

structure (presence of nafion).

157



Chapter 4. Bismuth-nafion nanoelectrodes for metal trace analysis

4.3.2 Analytical performance

Figure 4.3.4 reports typical voltammograms obtained by
GP_Bi nanoelectrode of Pb2+ at concentrations of 25 (red line)
and 200 (black line) ppb, respectively. The voltammograms
show two peaks centered at about -0.67 and -0.22 V vs. SCE
that are assigned to Pb2* and Bi3*, respectively [151]. The
anodic stripping peak corresponding to Bi3+ is typically broad
and exhibits asymmetry that may be attributed to different Bi
phases, structures or partial bismuth oxidation. Broad Bi peak
was observed by Zhao using a double Bi deposition technique
and MWCNT-Nafion/glassy carbon electrode [151]. The peak
of Pb2* at concentration of 25 ppb is slightly shifted and

centered at about -0.70 V.
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-1.0 -0.8 -0.6 -0.4 -0.2 0.0

Potential vs. SCE (V)

Figure 4.3.4 Square Wave Anodic Stripping voltammograms of Pb2+ at
concentrations of 200 and 25 ppb, respectively, obtained at pH 4.5, pulse
height 75 mV, step 2 mV and frequency 2 Hz, by GP_Bi.

Afterwards, the case of simultaneous detection of cadmium
and lead has been considered. Figure 4.3.5a shows the SWASV
of simultaneous detection of Pb2+ and Cd2* at concentration of
200 ppb by GP_Bi (red line), GP_naf Bi (blue line) and
GP_naf ex Bi (black line) nanoelectrodes, respectively.
Voltammograms show well-defined, intense and resolved

peaks corresponding to Cd2+ and Pb2+ and Bis+.
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Figure 4.3.5 Square Wave Anodic Stripping voltammograms of Cd2+
and Pb2+ at concentration of: a) 200 ppb obtained by GP_naf ex_Bi,
GP_Bi and GP_naf Bi nanoelectrodes; (b) 12.5 and 5 ppb obtained by
GP_Bi and GP_naf ex_Bi nanoelectrodes. Conditions: pH 4.5, pulse
height 75 mV, step 2 mV and frequency 2 Hz.
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The characteristic peaks of Cd2+ and Pb2+ are observed at
-0.93 V and -0.65 V vs. SCE for GP_Bi, at -0.95 V and -0.67 V
vs. SCE for GP_naf_ Bi and at -0.91 V and -0.63 V vs. SCE for
GP_naf ex_Bi, respectively. The values of stripping peaks of
lead and cadmium are very close to that reported in literature
[151, 161]. The observed variations in the stripping
potentials of Pb2+ and Cd2+ may be related to the variation of
impedance modulus of the nanoelectrodes (as discussed later
on). The GP_naf ex_Bi nanoelectrode shows a significant
increase of the response towards the Cd2+ detection, with
respect to the other two nanoelectrodes. Conversely, the
GP_naf Bi nanoelectrode shows a reduced response of both
Cd2+ and Pb2+ detection compared with the other
nanoelectrodes. The explanation of this finding is not
straightforward. The experimental finding may be attributed
to a minor number of active sites in the GP_naf Bi with
respect to GP_naf ex Bi nanoelectrode. Further
considerations will be discussed later on. The analytical

performance of GP_naf_ Bi is worst also compared with the
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GP_Bi nanoelectrode, because shows the lowest peak current
intensity both for lead and cadmium stripping. Figures 4.3.5b
shows the voltammograms of simultaneous detection of Pb2+
and Cd2+ at concentrations of 12.5 ppb and 5 ppb by GP_Bi
and GP_naf ex Bi nanoelectrodes, respectively. In the
voltammogram of the latter nanoelectrode, the peaks are well
defined and centered at -0.97 V and -0.72 V vs. SCE,
respectively. The shift of the stripping potentials of Cd2+ and
Pb2+ at low concentration with respect to that observed at
concentration of 200 ppb occurs because the amount of
deposited and, then, of stripped metals is different, as
previous reported by other authors [170, 171]. Figure 4.3.6a
reports the calibration curves for simultaneous detection of
cadmium and lead by GP_Bi, in the concentration range of
12.5-200 ppb. The response curve of lead alone was also
reported. The calibration curves were constructed from the
voltammograms by measuring the intensity of the anodic
peaks of cadmium and lead at various analyte concentrations,

by subtracting the baseline. The error bars represents the
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standard deviation calculated on five measurements. The
simultaneous co-deposition and stripping of cadmium and
lead does not worsen significant the current responses. The
GP_Bi nanoelectrode shows a linear response in the overall
range with good linear fittings I(uA) = -19 + 3.99c (ppb)
characterized by linear correlation coefficients R2 of 0.983 (Pb
alone), I(nA) = -35.6 + 3.56¢ (ppb), R2 0.814 and I(pnA) = -27.4
+ 3.43c (ppb), R2 0.917 for Pb2+ and Cd2+, in simultaneous
analysis, respectively. Calibration curves for simultaneous
detection of Cd2* and Pb2* obtained by the GP_naf ex_ Bi
nanoelectrode are reported in Figure 4.3.6b. Linear response
has been observed in the concentration range of 5-100 ppb
I(1A) = -14.7 + 7.36¢ (ppb) with R2 of 0.984 and I(pA) = -18.4
+ 7.41c (ppb) with R2 0.988 for Pb2+ and Cd2+, respectively.
The fitting lines are very close together and not
distinguishable in the plot. The slopes of current responses by
GP_naf_ex_Bi nanoelectrode are higher than that observed
by GP_Bi nanoelectrode. In particular, 3.56 and 3.43 pA/ppb

by GP_Bi and 7.36 and 7.41 pA/ppb by GP_naf ex_Bi for
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Pb2+ and Cdz2+, respectively, are observed. Table 4.3.1 reports
the limit of detection (LOD) of Cd2+ and Pb2+ by the GP_Bi
and GP_naf_ex_ Bi nanoelectrodes calculated by the lest
square regression line method and the linear detection range.
LOD was estimated by the least square regression line method
LOD = 3 S y/x - b, where S y/x represents the uncertainty of
slope of the regression line and b is the slope of the
signal/concentration functional relationship, obtained by least
squares regression [172]. For comparison, Table 4.3.1 reports
some of the most performing literature electrodes used in
SWASV and differential pulse anodic stripping voltammetry
(DPASV), for the detection of cadmium and lead. Moreover, in
the third column of Table 4.3.1 numbers of fabrication steps of
the electrode employed by various authors are reported.
According, our results are encouraging and competitive with
many studies for the Cd2+ and Pb2*+ detection. The best
performing nanoelectrode is the GP_naf ex Bi one,

demonstrating the efficient Bi ion exchange step.
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Figure 4.3.6 a) Current -calibration curves for Pb2+ and for
simultaneous Cd2+ and Pb2+ determination by GP_Bi nanoelectrode, in the
concentration range of 12.5-200 ppb; b) current calibration curves for Cd2*
and Pb2* determination by GP_naf ex_Bi nanoelectrode in the
concentration range of 5-100 ppb. Conditions: pH 4.5, pulse height 75 mV,
step 2 mV and frequency 2 Hz.
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Table 4.3.1 Limit of detection (LOD) and linear detection range of
Cd2+ and Pb2* by the GP_Bi and GP_naf ex_Bi nanoelectrodes obtained
by the least square regression line method. For comparison, some of the
most performing electrodes described in literature are reported.

Analyte Electrode Steps of LOD (ppb) Method Linear Ref.
structure production® detection
range
(ppb)
Cd2+ Pb2+
Pb+Cd Bi dendritic 2 0.4 0.1 SWASV 5-50 170
on glassy
carbon H.
template
Pb+Cd + Nafion 5 0.17 0.17 DPASV 4-36 163
Zn coated Bi
electrode
Pb+Cd Mesoporous 5 0.5 0.1 DPASV  0.5-110 155
graphene
Pb +Cd MWCNT + 16 0.1 0.2 DPASV  0.5-30 145
graphene
oxide
Pb + Cd Bi PSS 5 0.1 0.27 DPASV 5-40 157
composite
Pb + Cd Graphene 7 0.33 0.42 SWASV  2.4-70 162
oxide +
nafion +
BMIM-PF,
()
Pb Bi electro- 1 - 0.15 SWASV 12.5- This
deposition 200
work
on graphene
paper
Pb + Cd Bi electro- 1 0.25 0.12 SWASV 12.5- This
deposition 200
work
on graphene
paper
Pb+Cd nafion 3 0.1 0.1 SWASV  5-100 This
deposition
work
on graphene
paper, Bis*

ion exchange
+ Bi electro-
deposition

1) Graphene paper, graphene or graphene oxide preparation steps are
not included.
2) 1-Butyl-3-methylimidazolium hexafluorophosphate.
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4.3.3 Electrode stability

The stability of GP_naf ex Bi nanoelectrode was
evaluated measuring the current response 75 days after the
preparation. The test has the aim to estimate the storage time
at room temperature of the electrodes for their reliable use.
Before the use the aged electrodes were re-hydrated by
soaking overnight into acetic buffer solution. Alternatively,
they can be stored in wet condition into a sealed sachet. Figure
4.3.7 reports the histogram of the current response for the
simultaneous detection of Cd2+ and Pb2+ at the concentrations
of 200 and 5 ppb, registered by fresh and 75 days stored
electrodes, respectively. Little variation, within the
experimental error, in the current response was observed by
the aged electrodes, indicating, however, good stability. The
stability is competitive with that of some literature references,
e.g. tested after only 15 days of storage at 5 °C, which retain

about 96 % of initial response [162].
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Figure 4.3.7 Current response for Pb2+ and Cd2+ at concentrations of
200 and 5 ppb, respectively, by fresh and 75 days aged at room
temperature GP_naf_ex_Bi electrode. Conditions: pH 4.5, pulse height 75
mV, step 2 mV and frequency 2 Hz.
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4.3.4 Electrochemical impedance spectroscopy of

nanoelectrodes

The EIS were done before (GP, GP_naf, GP_naf ex
electrodes, respectively) and after the electro-deposition of Bi
(GP_Bi, GP_naf Bi, GP_naf ex Bi  nanoelectrodes,
respectively).  Figure 4.3.8a reports the Bode plot of
impedance (modulus). The impedance was measured in the
frequency range of 10! - 104 Hz. Figure 4.3.8b reports the
corresponding Bode plot for the impedance phase. The
presence of bismuth reduces the modulus of the impedance
and values of phase in the explored frequency range, in all
electrodes. Figure 4.3.8c reports the Nyquist plot of the
imaginary impedance component (Zim) as function of real
impedance component (Zre). The plot shows that the lowest
values of both Zim and Zre impedances are exhibited by the
GP_naf_ex_Bi nanoelectrode (see inset in Figure 4.3.8c).
According to our findings, low impedance of the electrode is

expected to improve the analytical performances in SWASV,
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both in the metal accumulation step as well as increasing the
stripping current.

The observed variation in the impedance modulus and
phase can be related to the physico-chemical properties of the
nanoelectrodes. The GP_naf Bi nanoelectrode shows an
increase of the impedance modulus and phase with respect to
GP_Bi. This may be related to the presence of ionomer layer
not completely saturated by Bi3* and Bi° nanoparticles. In fact,
the duration of bismuth electro-deposition (1200 s) may be
insufficient for the complete diffusion of Bi3+ into the nafion
layer. Ion exchange step in the preparation of GP-naf_ex_Bi
nanoelectrode produces a reduction of impedance modulus
and phase, in particular at low frequencies. In this case the
overnight soaking into bismuth solution allows to the Bi3+ ions
to completely diffuse into the ionomer layer. Moreover, Figure
4.3.8d reports the histogram that compares the modulus of
impedance and phase measured at a frequency of 0.1 Hz, to
facilitate visualization. This frequency is close to that adopted

in the SWASV. Low electrode impedance is expected to
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improve the detection sensitivity, thus the combination of ion
exchange and Bi deposition in the electrode preparation

allows an improvement of the electrode performances.

171



Chapter 4. Bismuth-nafion nanoelectrodes for metal trace analysis

10° 400

—=—GP
GP 350 1 c) / —+—GP_Bi
GP_Bi . . A —a— GP_naf
6P naf 300 | Increasing ﬁ'equency/ —v— GP_naf_Bi
| . A —4— GP_naf_ex
gg_na:_Bl = 50l 4/ —>—GP_naf_ex_Bi
_naf_ex
102 L .:<< . GP_naf_ex_Bi 2

»
v A 4P

|Z | (ohm)

. . . . 10 ‘12 1l‘ 18 ,l 2
0 50 100 150 200 250 300 350 400
Z re (ohms)

Frequency (Hz)

500
0.1 Hz
400[ d) ]

300} J
200 - [ ]

Iy
\
¥

-]
o

,b)

g
- [2]
S _©o
[Z | (ohm
o 3 B

N

o
~
o

Phase of Z (de

o2}
o

o

(%)
o

10° 10" 10° 10
Freaquency (Hz)

e

[=]
N W A
o O O

-Phase of Z (deg)
3

o

GP

GP_BI
GP_naf

><
[}
'
=
1R
O]

GP_naf_BlI

GP_naf_ex_BI

Figure 4.3.8 a) Modulus of impedance as function of frequency for
different electrodes, measured before and after Bi deposition; b)
corresponding phase spectra; ¢) corresponding Nyquist plot; d) impedance
modulus |Z| (ohms) and phase of Z (deg) of electrodes measured at a
frequency of 0.1 Hz. Solution: 100 ppm of Bi3+ in 0.1 M acetic buffer at pH

4.5.
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4.3.5 XPS characterization of the electrode surface

XPS analyses were performed on the most performing
GP_naf ex Bi nanoelectrode, to better understand the
chemistry of Pb and Cd detection. Survey XPS spectrum (not
shown) exhibits the F, O, C, Na, S and Bi signals. Figure 4.3.9a
shows the XPS C 1s core-shell spectrum that was deconvoluted
by four Gaussian components centered at 293, 292, and 288
eV that are assigned to CF;-, -CF.-, -CF(CF3)O- functional
groups, respectively, characteristics of the nafion structure
[172]. The weak component centered at 284.8 eV can be
attributed to adventitious carbon. Figure 4.3.9b shows the
XPS spectrum in the 180-150 eV of binding energy regions,
which comprises the S 2p and Bi 4f core-shell signals. The
spectrum was deconvoluted using four Gaussian components
centered at 154.7 €V (assigned to Bi° 4f;/2), 159.4 eV (Bi° 4f5/2),
160.4 eV (Bi(IlI)-sulfone 4f;.) and 166 eV (Bi(III)-sulfone
4f5/2). Moreover, two additional components at binding energy

of 164 eV and 172.3 eV (each formed by not resolved S 2p/.
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and S2ps/». doublets) were assigned to R-SH/R-S-R’ and
sulfonic groups, respectively [173]. The R-SH/R-S-R’ groups
maybe formed during electrochemical reduction at the
bismuth deposition step. The —SH group has a high binding
affinity towards lead and cadmium ion, which acts as chelating
specie, further improving the electrode sensitivity [174]. The
XPS spectrum suffers of differential charging up, due to the
insulating nature of nafion in the dry condition. As
consequence of the differential charging up, the binding
energy assigned to Bi® 4f ;. and R-SO;~ S 2p are slightly
different with respect to the literature references. The
differential charging up effect, often, is a powerful tool and
helps in the structural study of nanomaterials [175, 176]. The
observed differential charging up between the Bi° and Bi(III)
components present in the spectrum of Figure 4.3.9 may be
attributed to the presence of bismuth in the forms of Bi(III) as
well as in the metallic Bi°. Component peak areas were used to
calculate the concentration of bismuth in comparison to the

sulfur groups, as far as the chemical composition of the first
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layers can be measured relatively to the technique resolution.
Atomic sensitivity factors of 9.19 and 0.668 for Bi4f and S2p
respectively, were used [177]. The relative composition of Bi®,
Bi(III) and sulfur containing groups is reported in Table 4.3.2.
The overall amount of bismuth is about one third of the

amount of sulfur containing groups.

a) Experimental b)

—CF,-
——-CF,-
——-CF(CF,)O-
——c-C.C-H

—— Experimental
—— BI° (Bi 4f)
—— Bi (III) (Bi 4f)
R-SH/R-S-R' (S 2p)
—— Sulfone (S 2

Intensity (a.u.)

, \J

- A . T T T T
300 295 290 285 280 180 175 170 165 160 155 150
Binding energy (V) Binding energy (eV)

Figure 4.3.9 a) C 1s and b) S2p and Bi 4f X-ray Photoelectron core-
shell spectra of GP_naf ex_Bi.

Table 4.3.2 Elemental composition (atomic concentration %)
corresponding to Bi°, Bi(III), R-SO;- and R-SH/R-S-R’ of GP_naf ex_Bi
nanoelectrode.

Bi° Bi(I11) R-SO5 R-SH/R-S-R’

GP_naf_ex_Bi 16.2 11.2 39.5 33.1
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4.3.6 Interfering species and application to real sample

analysis

The applicability of the proposed nanoelectrode to the
analysis of real sample of drinking water could be, in
principle, affected by the presence of interfering species.
Interfering species maybe expected by metal ions that can
compete with Pb2+ or Cd2+* for the active sites on the electrode
surface. Zhao [153] has identified Cu2+ as the most common
interfering ion in the detection of Pb2* and Cd2* in soil
analysis. However, this interfering agent can be eliminated by
precipitation with ferrocyanide before Pb and Cd analysis.
Segura [161] for an electrode similar to ours found that Fes3+,
Mo3+, Cu2+, As3+, Al3+, Zn2+, Co2+, and Ni2+* ions do not cause
significant interfering effect in the analysis of water real
samples. Additionally, interference can also be due to species
present in real samples that complex the metal ions such as
CN-, oxalate, NH;. As good practice, it is recommended to

eliminate the interfering species before performing the
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analysis. On the other hand, the analysis of drinking water still
requires the use of pH buffer reagents (acetic acid and sodium
acetate) using the standard addition method, which provide
the buffering of pH and also the stabilization of ion strength,
limiting the matrix effects of potential interfering ions.
According to previous studies performed by electrodes similar
to ours [161, 170], the proposed nanoelectrode can be
successful applicable to the analysis of real samples of

drinking water.
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4.4 Conclusions

Facile, reproducible, stable and low cost sensor for ultra-
trace and simultaneous analysis of Cd2+ and Pb2* by square
wave anodic stripping voltammetry has been proposed. The
sensor consists of graphene paper, a film of nafion and
dispersed bismuth particles few nm large. The adopted ion
exchange step allows the bismuth ions to be readily available
for the electrochemical reduction inside the ionomer. Ion
exchange and electro-deposition steps produce a finely
dispersion of bismuth nanoparticles in the ionomer film.

During the electro-deposition of bismuth, the sulfonic
groups are partially reduced to —SH and organic sulfides,
which further improves the electrode sensitivity, particularly
towards cadmium. EIS shows that the GP_naf ex_Bi
nanoelectrode presents the lowest impedance over the entire
explored frequency range. In the latter nanoelectrode a
combination of adsorptive and alloying-based mechanisms is

active in the accumulation of heavy metals. Three main
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mechanisms can be taken into account to explain the high
sensitivity of the nanoelectrode: a) negative charges of sulfonic
groups —SOs;  in the nafion attract the positive ions and
repulse the negative counter ions; b) the sulfonic and its
reduced group thiol —SH bind the Cd2+ and Pb2+ ions
increasing the accumulation; c) finely dispersed metallic
bismuth binds the reduced cadmium and lead to form metallic
alloys. The sensor shows good stability and unmodified
response to both Cd2+ and Pb2+ after almost three months
from its preparation. The analytical performance is very
competitive to the state of the art concerning electrodes for the

detection of heavy metals by SWASV.
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Nanomaterials have great potentials of development and
application for the fabrication of facile, low cost and reliable
nanoelectrodes for electro-analysis applied in human health
and environmental monitoring. Despite the large effort done
by the scientific community, an increasing demand for low-
cost, sensitive, easy reading and friendly user electrodes still
exists.

The demand of sensors is of significant evidence in the
monitoring of physico-chemical parameters of interest in
human health and environmental monitoring, such as pH of

Earth's water and human body fluids, glucose and fructose
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detection in human blood and industrial applications and
heavy metals detection at sub-ppb level in drinking water.

In this PhD thesis, I presented three research topics
concerning the potential applications of some classes of
nanomaterials for the fabrication of nano electrochemical
sensors; the first topic is related to the microscopic
mechanisms that influence the sensitivity of pH sensors based
on zinc oxide nanostructures. Nanowalls made of zinc
hydroxynitrate or ZnO structures have been prepared by
chemical bath deposition and the potentiometric response to
pH 4, 7 and 9 was evaluated. Zinc hydroxynitrate showed a
super-Nernstian behavior (+83.7 mV/decade) with transient
response depending on the pH value. This was explained with
the insertion of H+ into octahedral empty sites and with a
secondary simultaneous and independent complexing of H+*
that forms bridging bond between two NOj- groups from two
vicinal zinc hydroxide layers. Zinc oxide NWLs showed a sub-
Nernstian behavior (+27.1 mV/decade) with transient

response almost independent of the pH value. In this case a
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simultaneous and independent response to H* and OH- of zinc
oxide explain the evidenced sensitivity. In a similar manner
here reported, the described model could explain the different
literature data, if all the involved parameters are fully taken
into accounts. From a practical point of view, zinc oxide
nanowalls confirm their sensitivity toward H+* activity in
solution and their great potential to be used as disposable, low
cost, environmental friendly nanoscale pH sensors.

In the second research topic, I show the feasibility of
fabrication of non-enzymatic electrochemical sensors based
on nanostructures of gold onto graphene paper substrate for
sensitive glucose and fructose determination. The proposed
fabrication methods are characterized by few simple and fully
dry steps, compared to the literature methods, which are,
however, based on multi-steps solution processes and/or on
the use of enzymes. The nanoelectrodes have been prepared
by furnace or laser dewetting of 1.6 or 8 nm thick gold layers
onto graphene paper. One of the main difference exhibited by

the solid state (furnace) and liquid state (laser) dewetting lies
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in the size and shape of the resulting nanostructures. Laser
dewetting originates particles with size in the ranges of 10-150
nm. Furnace dewetting originates faceted nanostructures with
typical size of 200-400 nm. The particles obtained by laser
dewetting are almost spherical, while those obtained by
furnace process present a characteristic faceting. Moreover,
laser dewetted electrodes show a high electro-catalytic activity
even at very low gold content as 3.85x10%5 Au cm=2.

Both type of nanoelectrode exhibited a high sensitivity for
glucose detection up to 1240 pA-mM--cm=2, low detection
limit down to 2.5 uM and wide linear range (15 uM- 8 mM).
The nanoelectrodes show good response for the detection of
fructose, and good stability (possibility of reusing the test
stripes tested up to 50 times even after 6 months). Compared
to the methods reported in literature, the fabrication methods
here proposed are characterized by low cost if compared to the
high throughput, simplicity, high purity of the electrode,
absence of toxic materials and low generation of dangerous

waste during the production. The proposed nanoelectrodes are

184



Conclusions

expected to be biocompatible for the absence of metals such as
nickel or copper. Moreover, the absence of wet chemical
processes and, then, of ion contamination, makes more easy
the integration of the proposed nanoelectrodes with
microelectronic silicon chip for the circuit conditioning, data
acquisition and processing. The resulting analytical
performances for the glucose and fructose detection are very
promising since comparable or better than the actual state of
art for nanostructured gold electrodes.

Finally, I described facile, reproducible, stable and low
cost sensors for ultra-trace and simultaneous analysis of Cd2+
and Pb2+ by square wave anodic stripping voltammetry. The
sensor consists of graphene paper substrate, a film of nafion
deposited onto graphene paper containing dispersed bismuth
particles few nm large. The adopted ion exchange step allows
the bismuth ion to be readily available for the electrochemical
reduction inside the ionomer. Ion exchange and electro-
deposition steps produce a finely dispersion of bismuth

nanoparticles in the ionomer film. During the electro-
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deposition of bismuth, the sulfonic groups are partially
reduced to —SH which further improves the -electrode
detection limit, particularly towards cadmium. EIS shows that
the GP_naf ex Bi nanoelectrode presents the lowest
impedance over the entire explored frequency range. In the
latter electrode a combination of adsorptive and alloying-
based mechanisms is active in the accumulation of heavy
metals. Three main mechanisms can be taken into account to
explain the low detection limit of the electrode: a) negative
charges of sulfonic groups —SO;  in the nafion attract the
positive ions and repulse the negative counter ions; b) the
sulfonic and its reduced group thiol —SH bind the Cd2+ and
Pb2* ions increasing the accumulation; c) finely dispersed
metallic bismuth binds the reduced cadmium and lead to form
metallic alloys. The sensor shows good stability and
unmodified response to both Cd2* and Pb2+ after almost three
months from its preparation. The analytical performance is
very competitive to the state of the art concerning electrodes

for the detection of heavy metals by SWASV.
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The scientific literature and the research activity of this
PhD thesis shows that the best performances in several fields
of electro-analysis are obtained by nanostructures formed by
carbon based matrices in combination with nanostructures of
metals as oxides-hydroxides or in the metallic state. In future
perspectives, the use of nanomaterials in electro-analysis is
expected to further increases. In particular, hybrid
nanostructured carbon materials and metal nanoparticles
obtained by non-conventional fabrication methods still

deserve further investigation of potential fields of application.
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