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Motivation and aim of theaesearch

The main aim of my Ph.D researalasthe development of novel sensors for
clinical and environmental analyses. Nowadays, the concepts of smart cities,
smart houses anHomo Deus (potential next stage in human evoluficare
taking more and more attentidi-2-3-4]. Sensors have &ey role in this
context recording different parameters, such as pahytitraffic jam, blood
pressureplood compositionbrain activities or the functioning of orgariswill

be possible talesign citiesable to manage efficiently all the resources or to
warn people if a particular kindf disease, such as cancerdabetes, is taking
place. Current way of detecting theparameters ommolecules are often
laborious and expensive and cannetused as in situ and real tifg. In this
scenarig the development of new kind of sensors, able to fit to these new
necessities is of great importanc&lectrochemical sensors, especially nano
sized sensors, are perfect candidateadiresghesechalenges Indeed, these
sensorglo not requirespecial instrumentatiorte work butjustan usual battery,

so that this technologys really cheap and suitable for in sitaction.
Furthermore, the signal, which is an electrical signal (current, potential or
resistance), can be recorded over time aad beacquired and managead
remote[6]. The main challengef this technology is to achieva Limit Of
Detection (LOD)low enough tanake the use of these sensors competitivie
other analytical techniques, such as Inductively Coupled Plasma Mass
Spectrometry (ICRMS) or Enzyme Linked ImmunoSorbent Assay (ELISA)
and, at the same time, to achieve a good reproducibility and stability when used
with real samples like blood, urine or sea/river wgi#@r These goals can be
achievedby nanoesized materia becausdhey enhance mass trgmst and

electron transfer rate. In addition, dace foundhe rightsensingmaterial it is



possible to selecthe electrochemicaldetection technique giving the best
performances dependencen the analyte that has to be detec@&id |

During my 3 years of Ph.D | studied different electsod® detect,
electrochemically 3 different analytesi) heavy metalsji) proteins and iii)
hydrogen peroxideHeavy metals are the main source of water pollufidrey

have been extensively usdd various applicationsdue to their specific
properties. The main problem using these chemicals is that they are non
biodegradable and thus thegnaccumulate in the huam bodythrougheither

the food chairor respiratory functionAmong heavy metalsyne ofthe most
dangerous is mercutyecausgust the exposure to some ppb (ug/l) can cause
several problems to human body. Lead, cadmium, zinc, arsenic and copper are
considered toxic and dangerous as wlerefore,their monitoringis really
important[9-10-11]. H,O; is a widely used chemicagmployed as bleaching
agent in textile and paper industry, for medical and pharmaceutical applications
and to remove organic compounds from waste water and contaminated soil.
Furthermore, KO, has a key role in the human body as well. For instatse,
detection can be useful because can give indications about the glucose
concentration and so it could beeful for dialetic patients. Furthermore, & &
biomarker of oxidative stress that is a pathological condition due to breakdown
of the antioxidantdeferse system. [12-13-14]. Detection of poteinswas also
investigatedduring my Ph.D. In ordeto detect these biocompoung it is
mandatory to use some bio recognition elements (such as antibodies, DNA or
aptamers¥o that the sensors are usually namiedensorsDuring my studies, |
developed a biosensors towards Human Immuna@ilobG (H-IgG) and
ParaThyroid Hormone Like Hormoné&THLH). H-IgG is a protein always
present inthe human fluids (blood, urine, sweat) and its detection has not any
particula relevancelt can be used as a modedcausas a cheap protein that

has the biechemical propeies of many other proteindnstead, PTHLH is
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overproduceawing to different kind of cancer, consequentlgan be used as a
biomarker. This kind of applicatiors really of great valuebecause PTHLH
stars to be produced at the beginning of the disgasedhat its detectionis

useful forearly diagnosis[15-16-17].
Summarizing, the main goals of this Ph.D wark:

1. To develop new and innovative ways to fabricate electrodes with high
surface area such as nanowires, nanotubes, thin film, microbands and
porous substrates;

2. To find new and cheap electrochemical sensors featured by fast response
in real time, highselectivity, low LOD, and able to work in situ, for
detecting hydrogen peroxide, heavy metals, and proteins was the
challenge of the research. It has been addressed with the proper
development of nanostructured materials easy to be prepared. ;

3. Validate thee sensors using real sample such as real water sample, cell

cultures or body fluids.
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2. General Introduction

2.1 A monitored world

A sensor is a device able to detect a change in its environment and convert this
change into a readable signal that can be electrical, optical, thermal, mechanical
and so on. A sensor is formed by two separate parts, nanselysay element

able to detect the parameter of interest atrdrssducerto get a reliable reading

of the signal. This signal can have different forms: it could be binary (yes/no) or
a numeric value (for example temperature, light, wind, humidity, precipitation
position, composition) and it provides us the desired information. We actually
live surrounded by sensors, often without even noticing. Just to make an
example, a car from 2013 has installed at least 70 sensors, while, a luxury car of
the same period, Baup t0300 [1]. These numbers are expected to grow and
grow over time. Another sensor application is for the environmental monitoring:
an interesting example can be found in @reen WatchHProject In this case,

200 sensors have been distributed amtrg people living in Paris. These
devices were able to detect air composition and the level of noise pollution
while people | ived their oOnor mal I 1 f €
drastically reduce the city pollution (and so to save money)gpptying a
network of sensors that work in real time and in sy Dne of the main
challenges in the field of sensors is the real time and in situ analysis. These
functions will allow the personnel/citizens to trigger a corresponding action in a
fast aml efficient way. Let us think about a city where air, seawater, river water,
drinkable water, traffic jam and so on are regularly monitored over time: this
can save a lot of money and, at the same time, it can improve the citizens quality

of life, over andbver.
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FIGURE 2.1CONCEPT OF SMART CITY [3]

Another interesting application of sensors is in the field of healthcare. In the last
510 years, Apple and Go GmgdrtdVatchesl eadd ed t «
tell you how long and how good do ysleep, what is your blood pressure over

a day, your heartbeat and so on. In this scenario, electrochemical sensors can
play a key role: let us think about a wearable device that, regularly over time, or
oncel/twice in a day, make a chagh of your blood, tine or sweat and alerts

the person about the plausible onset of disease. Again, this system can save a lot
of people and money.

FIGURE 2.2NEW GENERATION OF WE ARABLE SENSORS[4-5]
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In the last year, Wang et al. developed a 1.5um thick, gold basaitioo sensor

that can be directly pasted on human skin. They tested it under different
mechanical stress, like compression, stretch and twist and they found a good
performance under these conditions. Thitateoo sensor is able to measure
electrocardigram, body temperature, skin hydration, heart and respiratory rate
in a noninvasive way §]. Similarly, Ameli et al. developed a graphemased
electrode, with a sub-meter thickness (less than 500nm thick). The aim of this
work is to decrease the cosff the etattoo sensor replacing gold, a
biocompatible and expensive material, with a cheaper material like graphene.
Different graphendased sensors have been developed but they require
expensive fabrication process, such as photolithography. Here, dpbege

el ectrodes were fabricated by a Owet
cheaper and minimizes the chemical contamination of the electrode, providing a
more reproducible and biocompatible sensor. Furthermore, this kintatbe
sensor ook totally transparent and can be applied on visible part of the body,
such as face or armg3][ In the same way, Kim et al. developed a wearable
temporary electrochemical sensor, made of Bismuth/Nafion, that detects zinc
cation trace in sweat, from 100 2000 ppb, with a constant scanning rate of 5
minutes B]. Zinc is an important component of many biological proesasd

its concentration in bio fluids, such as sweat, is an indicator of many
physiological states. Main problems are related with a zificielecy owing to

a loss in resistance and muscular damage. Moreover, athletes need a continuous,
norrinvasive and in situ monitoring of many parameters during the training.
Lactase, sodium, chloride ions, pH, can be used as markers to estimate the
guality of the training or, for example, to warn the athlete of a possible muscular
cramp. In 2017, Anastasova et al. developed a +platiorm system able to
detect, simultaneously, NaLactase and pH during the trainimghuman sweat,
directly onbody. A continuous sampling of sweat is achieved using a flexible

microfluidic system that brings sweat, with a constant flow rate, into thersens
13



trough microneedles of 50m of diameter. §] These examples are referred to
electrochemical sensors and show hows ipossible to improve human being
using an appropriate, efficient and easy to use network of sensors. All the data
are transferred directly, through a wireless connection, to our mobile phone that,
just using an App, alerts us about a possible problenteraing our sport
activity or about the water we use to drink or about our healthcare. Among the
clear advantages that these new technologies may bring to the users, there is
another one, maybe more hidden and less obvious: the patient care will move
from the hospital to the home, drastically reducing the health care costs.

In this scenario, electrochemical (bio)sensors are perfect candidates being cost
effective, small, portable, wearable, user friendly and providing an electrical
output signal that canebeasily controlled in remote. As a proof of that, the
global market of electrochemical sensors and biosensors is expected to grow,
with a Compound Annual Growth Rate (CAGR) of 9.7%, to USD 23707 million

by 2022 [L0]. Among all the applications of these sers, the market of
electrochemical sensors for healthcare will be by far the fastest growing,
reaching USD 12689 million by 2022.

A B

AutoSensor

GlucoWatch®
Biographer

FIGURE 2.3 A) WEARABLE SENSOR FOR GLUCOSE MONITORING B ) EXAMPLE OF
PORTABLE POTENTIOSTA T WIRELESSLY CONNECT ED WITH A MOBILE PHO NE
FOR HEAVY METAL DETE CTION
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This huge and fasirowing market is taking more and more place due to the
development of nanotechnology. &etl, sensitivity, selectivity andimit Of
Detection (LOD)of these sensors are highly affected by surface area and so,
nanostructures like NanoWires (NWs), NanoTubes (NTs) and NanoParticles

(NPs), can drastically enhance these features.

2.2 Electrochemical sensors and effect of
nano-sized electrodes

The American National Standard Insitute defines a sensor as a device which
provides a usableutput signal(V) in response to a specifirneasurandM (or

input) [11]. The output signal is often an electrical signal while the input one
could be every kind of quantity or property. When the input is a concentration of
a chemical present in an environment, the sensor is nantett e mi ¢ a | s e
There are different kindef chemical sensors, depending on the chemical
reaction that occurs at the sensing surface. When the reaction is a redox reaction
the electrode is nameédlectrochemical sensorA typical electrochemical
sensing element is composed of three partsking dectrode where the redox
reaction of interest occurgpounter electrodewhere a second redox reaction
occurs to close the circuit, andreference electrodenecessary to polarize the
working electrode by applying a known and fixed potential.

The mainfeature of an electoemical sensor, and in genesélevery kind of a
sensor, is thealibration curve This is the mathematical function between the
input and the output, V=f (M)The main feature of an electrochemical sensor,
and in general of every k@l of a sensor, is the calibration curve. This is the
mathematical function between the input and the output, V=f (M). It is possible
to find different trends of the calibration curve such as logarithm, exponential or

polynomial. Besides, electrochemicansors quiet often show a behaviour
15



typically evidenced by the plot of Figure 2.4 where, at low value of M (the
parameter to be detected) the calibration curve has a linear &erdgher
analyte concentration, the calibration curve shows a transiéigion, where
different linear correlation can be found. At the highest analyte concentration,

the calibration cur ve bugfacasataratiodl. mo s t f

/. Saturation

Output
Ty

Linear range

Input d

FIGURE 2.4 STANDARD CALIBRATION CURVE FOR AN ELECTRO CHEMICAL
SENSOR

In the caseof a linear dependengcéhe sensors calibrated in the linear range,
where the input and the output are related by a linear equation:

w Y © (2.1)

EQ 2.1 GENERAL EQUATION TO C ALIBRATE AN ELECTROCHEMICAL SENS OR

WhereV,, is the output in the linear rangethe intercept at M=0, i.e. the value

of the blank, andis the slope of the linear interval, also namsedsitivity This

iIs a very important feature because it is the increment in the output due to an
unitary increment of the input: higher is the sensitivity, higher is the resolution
of the sensor. As it is evidenced in Figure 2.4, the sensitivity is maximum in the

first linear range. This is why is usual to calibrate the sensor just in this range of

16



concentration. Another important feature of the sensor isithé Of Detection
(LOD). This is defined as the lowest concentration that, statistically, the sensor
is ableto detect with a reliable precision. A more precise and accurate definition
of the LOD is provided by IUPAC according whiclit represents the
concentration that provides an output equal to the blank plus 3 times the
standard error of the blank2]. Subsituting this definition into the equation
(2.1):

®w Y ™YMO)Ow (2.2)

00 00— (2.3)

EQs. 2.2-2.3: MATHEMATICAL PROCEDUR E TO CALCULATE LOD

Where S is the sensitivity and iS the standard error of the blank.

Other important features araccuracy and reproducibility. They are often
confused despite have totally different meanigscuracyinvolves how close

you get to the correct result; insteaglproducibilityis how consistently you can

get the same resultsing the same method. Figure 2.5 shows how a sensor is
reproducible but not accurate or vice versa. A-aocurate sensor simply needs

of a new calibration, probably due to some modification of the sensing element;
instead, reproducibility is often relatdo some random phenomena occurring

during the sensing process that modify the system itself.

Yes Accuracy Yes Accuracy No Accuracy No Accuracy
Yes Reproduc. No Reproduc. No Reproduc. Yes Reproduc.

FIGURE 2.5 SCHEME OF ACCURACY AN D REPRODUCIBILITY
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Another important parameter is the selectivity. It involves how much the sensor
can be affected by theresence of other compounds in the environment. This
feature is highly important working with real sample such as blood, urine or sea
water. For instance, electrochemical detection of dopamine (DA) is highly
affected by the presence of ascorbic acid (Ad aretic acid (UA) because the
redox potentials of these compounds are close to the dopamine one.
Unfortunately, these three compounds are present all together in the blood,
where DA is normally detected, consequently, it is crucial to check the effect of
these compounds on DA detection.

Briefly, other important features are:

1 Drift: it represents the life time of the sensor. The electrode surface
can change over time, so that a new calibration could be necessary.
The drift time is the average time duringhich a calibration is
reliable;

1 Reversibility it depends on how a sensor responds to the same
stimulus over time. It is possible to distinguisayersible semi
reversibleanddisposablesensors.

All these features can be drastically enhanced usingpstaictured based
electrodes. The properties of nanostructures, such as NWs, NTs or NPs, are
widely known and studied. Briefly, several novel properties appear as a
dimension goes down, in addition to the surface enhancement. For instance,
materials witha dimension less than 100 nm show also dramatic change of the
chemical reactivity due to change in density and distribution of electrons in the
outermost energy level. These changes lead to novel optical, electrical, magnetic
thermal properties. A nanopa&te of about 10 nm contains about 100 atoms and

1i 5% of them are on the surfacEg]. Thus, compared to a massive material, the

sur face area and t he number of 60edog
18



Electrochemical (bio)sensors at naseale benefit arisinffom enhanced mass

to volume ratio, electron transfer rate, reduced capacitive charging, and lower
signal to noise ratiold-15]. For instance, when the critical dimension of the
electrode goes down to 10 nm, standard Bil@mer (BV) equation is not
valid anymore, or not totally. Indeed, the effective thickness of diffusion layer,

Uer, linearly depends on the nominal electrode radius, as shown in Figure 2.6.

0024 electrode radii: 110
1nm

L

0.0 ' 0.1 ' 0.2
(r-r-u)lo

FIGURE 2.6 CONCENTRATION PROFILE AND DIFFUSION LAYER OVER 1NM AND
100NM SCALE

When theradius is higher than 70m, the diffusion layer and the Electrical
Double Layer (EDL) are completely separate (dotted line of Figure 2.6). When
Uer decreases up to 5nm the EDL and the diffusion layer start to overlap,
enhancing mass transfer at naswed electrodes (continuous linefFogure 2.6)

[16]. Such an effect explains the faster electron transfer kinetics atsnaat
electrodes. Formallyhe BV equation cannot be used anymore and it has to be
replaced by the Marctidush or MarcudHush-Chidsey model17].

Furthermore, nanscale can improve performances of (bio)sensors owing to

steric hindrance: indeed, most of biomolecules, like proteinshankbic acids,

19



have dimensions of about1D0 nm, and so the interaction and/or reaction
between them is much easier.

All these issues characterize a lot of applications, not only in the field of sensors
and biosesors [18-19], but also in the field of engy storage 20] and energy

conversion®l], catalysis 2], ultra-capacitors23] , and so on.

2.3Malin electrochemical technigues

The major advantage of the electrochemical sensors consists also in the
opportunity to select the most suitable detecting technique in dependence on the
type of analyte. Indeed, it is possible to polarize the sensing electrode by
applying different potersii and/or current waveforms for controlling
molecules/ions reactions.

In this chapter, the main electrochemical techniques are briefly described.
Primarily, it has to be highlighted the effect of the presence of water in the
media. 90% of the solutions pfactical interest in sensing field use water as a
solvent. Water can interfere with electrode reactions through the Water Splitting
Reaction (WSR):

¢O0 © ¢O (2.4)

REACTION 2.1.WATER SPLITTING REACTION
This reaction is the resultant of two semactions:
TO 1Q (O O m m8tupPOow

¢O0 U T1TO 1Q O p& o ML POW

REACTIONS 2.2-3. CATHO DIC AND ANODIC REACT IONS OF WSR
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For example, at physiological pHydrogen evolution occurs at potentials more
cathodic than0.413 V, while molecular oxygen is produced at potentials more
anodic than 0.817 VThese two reactions have e always considered to
properly study an electrochemical cell.

Cyclic voltammetry is one of the most used electrochemical technique to
investigate the electrochemical behaviour of a materials acting as a working
electrode. The electrode is polarized tlylowa triangular potential waveform
applied between reference and working electrode. The slope of the triangular
waveform gives the polarization rate of the working electrode, which can be
selected in dependence of the application. The current responsepotelgial
polarization is recorded and usually plotted vs. potential. Figure 2.7 shows a plot
of reactant concentration vs. distance from the electrode (Figure 2.7 A) and

typical CV curves at different scan rates (Figure 2.7 B).
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FIGURE 2.7 CONCENTRATION PROFILE DURING A CV (A) AND TYPICAL CV IN
PRESENCE OF FE®*/*" IONS AND POTENTIAL W AVEFORM (INSET) (B)

When the potential is far away from the formal redox potential of the couple, E

the current flowing through the cell is a nfamadiccurrent. When the potential

is close to & a faradic current starts with a consequent increase in the total

current, i. This faradic current leads to a consumption of reactant and when the

reactant concentration at the electrode/solution interface igtddplowing to

higher reaction rate than mass transport one, the electrode process goes under
21



diffusion control and a peak appears in the CV curves. For a diffusion controlled
electrode process, the peak current is related to the scan rate by the -Randles

Sevick equation:

0V MMtz ®ozd z —— 8 (2.6)

z

EQ 2.4. RANDLES-SEVICK EQUATION

Where } is the peak current, n is the number of electrons that take place in the
redox reaction, F is the faradic constant, A the area of the working electrode, C
the concentration of the redox couple, R the gas constant, T the temperature, D
the diffusion coeftient of the reactant in the media, anthe scan rate.

Since A is referred to the total working electrode area, CV can be used also for
determining the real electrode surface when either porous or nanostructured
electrodes are used. In addition, theedirity of the j vs. n°° is revealing of
diffusive control of the electrode process. The reversibility of the electrode
reaction can be estimated by the anodic and cathodic peak separation which has
to be constant with the scan rate, and equal to 0.059TVWerefore, CV analysis

is a valuable technique, because can provide many useful information, but it is
not reliable for electrochemical sensing because gives a LOD in thendM
range. p4-25-26-27-28

A more precise and useful electrochemical technique @nsisg is the
chronoamperometryA general compound Ox is present in the media and the

following redox reaction can occur, with a general formal potentfal, E

Ox + ne = Red (2.7)

REACTION 2.4GENERAL REDOX REACTIO N

A fixed potential is applied and, alectrode potential more anodic thafi E
reduction of Ox occurs, therefore, its concentration at the electrode/solution

interface decreases up to depletion. The thickness of the depletion layer
22



increases over time up to a limit value of current density. As the depletion layer
is established undéine potential scan, the current density decreases because the
depletion layer increase. Of course, the current density depends on the bulk

concentration of the oxidized species in otherwise identical condition.

Ela B C
— Sampling
!/ time

—_—
— N WO
i (faradaic)

pAN

0 ¢ 0 1 ‘ - E (=) —

FIGURE 2.8 (A): APPLIED POTENTIAL VS. TIME PLOT ; (B): FARADIC CURRENT
V'S. TIME PLOT FOR DIFFER ENT APPLIED POTENTIA L; C: CURRENT DENSITY
SAMPLED AT THE TIME t OF FIG. 2.8B VS. POTENTIAL

Figure 2.8 well schematizes this behaviour. Figure 2.8A shows differergsvalu
of applied potential for a generic reduction process. In particular, level 1
represents a potential value more anodic than the thermodynamic one of the
reduction process. Consequently, the faradic current at this potential is zero
(Figures. 2.8B and C).evel 2, and 3 of Figure 2.8A represents two potential
values at which the oxidised species concentradiothe electrode surfads
lower than the bulk one but higherath zero. Level 4and 5 correspond at
potential values at which the oxidized species depleted at the
electrode/solution interface. The current density at a tirmkeows a sigmoidal
trend as a function of the applied potential (Figure 2.8C). This last figure clearly
evidences how is needles to apply a potential more cathodic than the level 4 for
detecting the species Ox, because the current density does not iragaase
limiting value is attained at a less cathodic level. Furthermore, a potential higher
than level 4 can just decrease #lectivity of the sensor because, if other
species are present in the mediagy can start to react at more cathodic

potentias. A theoretical explanation of this behaviour can be found by second
23



Fickdos | aw, with the appropriate boul

equation is obtained:

8

Q — (2.8)

EQ 2.5.COTTREL 5 EQUATION

Cottrel equation shows how it is possible to use chronoamperometry as a
sensing technique due to the linear dependence of i figpWith this technique

lower LOD can be achieved, in the ApM range, as shown in the literature.
[29-30-31-32]

Chronoamperometry can be used in many cases but is not suitable for some
analytes, such as heavy metals. In this case, a more effective and precise
technique is th&quare Wav&/ oltammetry(SWV), discovered by Ramaley and
Krause and further developed by Osteryoungs and theivockers. The
strength of this technique is based on the application of the square waves. A
typical sequence of potential waveforms to be applied toethgirsy electrode is

shown in Figure 2.9.
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FIGURE 2.9 WAVEFORM OF POTENTIAL IN SQUARE WAVE VOLTAMMETRY
(SWV) [35]
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During the scan, the potential is swept from cathodic to anodic potential but not
linearly, like in the CV. The main parameters of tieishnique are:

1 oE: Step Potential
1 mE Step Amplitude
1 frequency: number of cycle per second.

As a consequence, the scan rate is not a parameter of the process but is
automatically calculated by these 3 parameters. During the process, two current
density values are recorded: a forward currenatithe beginning of the pulse)

and a reverse current,(iat the end of the pulse). At the end, the difference

betweensiandj( i ) i s plotted vs. potential,

100 —

{ar)
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POTENTIALV{SCE)

FIGURE 2.10 TWO EXAMPLES OF PEAK ENHANCEMENT AND BACKGROUND
DEPRESSION USINGSWYV [35]
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Let s consider a gener al reversible r
to Red. When the potential is more anodic than the thermodynamic’ obetl
the reverse and forwad current wi | | be non farad
zero. This is the first advantage of SWV: the background current is depressed
almost to zero, because non faradic current are very low. When the potential
goes next to E°, Ox reduction starts withmation of Red, close to the electrode
surface. A faradic current is circul a
Redis oxidized back to Ox producing a current peak opposite at the previous
one. The net current will be so the difference betwaenoxidation and a
reduction peak. This is the second advantage of SWV: the peak current in the
Di-E plot is enhanced compared to the one coming from the forward or reverse
current. Peaks in the differential current vs. applied potential plahdieative
of redox processes, and the magnitudes of the peaks in this plot are proportional
to the concentrations of the various redox active species according to:

3Q (2.9)

8

EQ 2.6.SWV EQUATION [24]

w h e r (gis tlggidifferential current peak value, A is the surface area of the
electrode, ¢ is the concentration of the species, D is the diffusivity of the
species,ti s t he pul s g iswa idichénsionless padimetgrQwhich
gaugestie peak height in SWV relative to the limiting response in normal pulse
voltammetry.
The main application of this technique is for heavy metals detection. Here, an
heavy metal cation is dissolved in the media arel fllowing reaction can
occur:
0 aQ 0 (2.10)
REACTION 2.5.METAL DEPOSITION REAC TION
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For heavy metals detection, SWV is slightly modified and takes the name of
Square Wave Anodic Stripping Voltammegi®yWASV). Here, before tapply

SWYV, a fixed cathodic potential is applied for a certain time t. During this time,
heavy metal is deposited on the electrode surface, according to the Reaction
2.10. Then, SWV is applied, starting from a cathodic potential higher than E

an anodicone. The deposited metal will be stripped off from the electrode
surface, giving a current peak that is related to the metal concentration. By this
technique, it is possible to detect heavy metals also in trace, up-tivpidnge

as shown in the literater [33-34-35-36-37]

Another valuable and useful technique is the Electrochemical Impedance
Spectroscopy (EIS). An electrochemical cell can be seen as an electrical circuit,
including resistances (resistance of the electrolyte, the electrode, charge transfer

andso on) and capacitances (first of #lle double layer capacitance).
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FIGURE 2.1 A): TYPICAL EQUIVALENT C IRCUIT OF AN ELECTRO CHEMICAL
CELL; B) :TYPICAL ELECTROCHEMICAL |MPEDANCE SPECTROSCOPY (EIS)
DIAGRAM

Figure2.11A shows a typical equivalent circuit wherg, R, Cy and Z, are the
resistance of the solution, the charge transfer resistance, the capacitance of
double layer and the Warburg impedance, respectively. The last one is kind of a

resistance related tbe diffusive mass transport. In a typical EIS measurement,
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the total impedance of the cell/electrode is calculated over a frequency range
and by this way, it is possible to check the interfacial properties of an electrode
in terms of resistance and capanite with high precision. The most common
EIS plots show the real part of the impedance vs the imaginary one (Figure
2.11B). This curve is made of a semicircle and a straight line. By the
semicircles, it is possible to calculate the resistances of thetciecause it is
possible to demonstrate that the radius is equal 2 RThe intersect of the
straight line with the »axes represents the double layer capacitance. EIS is an
hard and difficult method, highly affected by many parameters bptpgerly

used, can be really useful. For example, if the detection method requires
physical interaction of the analyte with the electrode surface (for instance, for
protein detection, where the protein has to bond with its antibody), it is possible
to detet also a single molecule by this method, reaching low LOD, in the order
of fM-pM. [38-39-40-41]
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3.Sensors for hydrogen peroxide

Abstract

In this chapter, the development of two nanostructured sensors to detect H202
are described. This has relevance for both environmental and clinical
applicationsindeed, its concentration in human body fluids (mainly in blood) is
related to glucose concentration and can be used to evaluate the oxidative stress
of our body. Today, there is not any device able to detect this compound in a
easy, portable and cheap w&urrently, the sample has to be collected, moved
into a laboratory, tested and, often after several days, the result is sent to the
patient. The possibility to make this process shorter and easier, using
electrochemistry, has been studied in this chaftee high surface area of the
electrode allowed to reach low limit of detection, in the uM range (less than 1
mg per liter). We also found that the electrode material plays an important role
because a noble metal, such as palladium, has high selettighystability and
reproducibility, while a less noble metal, like copper, has good features but is
less performing. On the other side, the copper based electrode is 10 times
cheaper than the palladium one so the applicability of these sensors are
differert: the copper one can be used for a qualitative analysis, when minor
precision is accepted, while palladium has to be used for a more precise and
reliable analysis. In order to check its technological applicability, we used it to
evaluate the oxidative sss by detecting hydrogen peroxide produced by
different cellular culture under stressing conditions. The good results support the
conclusion that just stimulated macrophages release hydrogen peroxide, whose
amount can be easily detected by these sensors.
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3.1 Introduction

Hydrogen peroxide is the simplest peroxide, with a chemical formy@a. A
covalent bond links the hydrogen atoms while a polar covalent bond links the
oxygen and hydrogen atoms. It is a non planar molecule, with a bond angle of
111°. Atroom temperature, it is an uncoloured liquid and is diluted in aqueous
solutions. Due to the low activation energy (49 kcal/mol), it spontaneously

reacts, producing water and molecular oxygen:
00 00 U (3.1)

REACTION.1. HYDROGEN PEROXIDEDKPOSITION REACTION

It is an exothermal reaction98.3 kJ/mol). The main peculiarity of hydrogen
peroxide concerns the oxidation state of oxygen, equdl. th makes hydrogen

peroxide both a reducing and an oxidant agent:
0 U ¢O ¢Q (3.2.1)
O ¢O cQ ¢O0 (3.2.2)

REACTIONS.2. HYDROGEN PEROXIDIRESUCING3.2.1)AND OXIDIZING AGE(B.2.2)

Both these reactions produce O6green
water, therefor e, hy dr o gea oxidipirgireducingd e ¢
agent 0. This is why, in the | ast y e e
hydrogen peroxide to minimize the environmental impact of the factory.

H,O, was discovered in 1818 by Louise Jacques Thénard, by the reaction
betweemitric acid and barium doxide[1]. Today, the main process to produce
hydrogen peroxide is the oxidation offll-antrachinone to-2alchilantrachinol

producing a quiet concentrated solution (close to 40% in volume). In order to
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obtain more concentratesblutions, a vacuum distillation is required, drastically
increasing the pricg2]. Actually, hydrogen peroxide concentration unit is the
Ovol umebd. It represents the volume of
solution of hydrogen peroxide, at rooamtperature. It is possible to convert the

Ovol ume c on c e iytby thetfollowingdequatondlmo | a r
0 TBLY wo@ (3.1)

EQ. 3.1 CORRELATION BETWEEBLMR AND VOLUME CENTRATION

At low concentration, BD, is a non toxic and dangerous compound, but it

became really aggressive at concentration higher than 40%.

The world production of this compound is about 2.2 Mton/year and is mainly
employed as bleaching agent in textile and paper indugirybut also in
pharmaceutical and medical applications and for chemical synthéges [
Another important application concerns treatment of waste water and
contaminated sail[6-7] to remove organic i mpuri-t
which hydrogen peroxide is used tongeate highly reactive hydroxyl radicals,
able to destroy aromatic and halogenated compounds which are difficult to
remove by other methods. For many of these applications (e.g., the use as anti
pathogen agent), it is important to detect the exact comtiemtrof hydrogen
peroxide in the given environment either before or after its reaction. For
i nstance, during Fentonos reaction,
concentration of hydrogen peroxide for ensuring efficient degradation of the

organic corpounds.

In the field of health, hydrogen peroxide is a marker of oxidative stress, a
pathological condition due to breakdown of the antioxidant defense system with
consequent imbalance between production and elimination of oxidizing
chemicals. During theourse of this disease, hydrogen peroxide is released so it
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can be used as a biomarker for a rapid and noninvasive detection of the disease
[8]. Furthermore, hydrogen peroxide sensors can be used to detect glucose, for
diabetic patients. When glucose reacdtith its enzyme, glucose oxidase,

hydrogen peroxide is produced:
006 WED Q08 6 GO EHVBOU (3.3)
REACTIONR.3. REACTION BETWEEN GDEE AND GLUCOSE @§IP

Hydrogen peroxide detection is faster and more efficient tlanose one,
therefore, a more reliable, rapid and sensitive detection can be actdel@d |

as demonstrated by different commercial devices already in the madfet |
Hydrogen peroxide is also a secondary product of many other enzymes (alcohol
oxidase, &ctate oxidase, urate oxidase, cholesterol oxidase, and so on),
therefore, its detection igf value in many other fieldgl2]. Besides its well

known cytotoxic effects, ¥D, plays an important role in living organisms,
because it act s bidogicalaprocesses) sach asimnwrie catha n 'y
activation, vascular remodeling, apoptosis, stomatal closure and root growth.
[13-14]

Therefore, reatime and reliable monitoring of 0, concentration ismportant

The most used methods for detection of hydrogen peroxide are IR spectroscopy,
spectrophotometrycitometry and redox titration. These methods are often
expensive or require very high detection time. Besides, are just qualitative
methods and cannot be uskxt in situ and real time analyse$5]. Instead,
electrochemical sensors are cheap with detection time lower than 3s. Besides, it
is highly reliable and easy to produce. Among electrochemical sensors, the
amperometric ones are the most used because aee asse. Another great
advantage of the amperometric sensors is that the managing costs are very low
because they can work under an applied potential close toTh/ ftandard
potential of hydrogen peroxide i E 1.87 0.066 pH V (NHE))[16-17-18].
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Eledrochemical sensors detect the presence of hydrogen peroxide owing to a
redox reaction occurring at the electrode/solution interface. Consequently,
performance of the sensor will be improved by increasing the surface area. For
this reason, the use of natrostures, such as nanowires, nanotubes or
nanoparticles, is of advantage owing to the high surface to volume ratio which
considerably improves the performance of the sensor.

Electrochemical sensors for hydrogen peroxide can be classified-kéied

and norrenzymatic sensors.

Bio-labeled electrochemical sensaase often more selective owing to the -bio
recognition of the hydrogen peroxide by peroxidase (HRP). The high selectivity

iIs due to the structure of the HRP (and in general to the enzyme sjuctur
enzymes have an active site with a stereospecific interaction that allows just to
the right substrate to penetrate and react. When the active site and the substrate
react, the products will leave the site and regenerate the active site, therefore, the

enzyme is not consumed over time.

On the other hand, the immobilization of these compounds into the electrode
surface is often unreproducible and unstaldlf].[For these reasons, these
electrodes generally have a shelf life often lower than 7 days. The other severe
drawback is the electron transfer between the enzyme and the electrode. This
kind of transfer generally occurs by tunneling effect. In many preteime

active site is shielded by a thick layer of polypeptides that make this transfer
hard owing to the long distance [19].

In this field, Jonsson et al2(] developed a graphite electrode with absorbed
peroxidase for hydrogen peroxide detection. Thietaioed a LOD of 0.5 uM

with a wide linear range but they confirmed the scarce stability. They found that
just after 10 sample injections (10 measurements) the elettrseiabout 10 to

15% of its initial response and more than 40% after 300 measurermeotder
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to decrease this effect, Zhang et all][modified an Indium Tin Oxide (ITO)
electrode with magnetic NPs of &, the main compound of peroxidase
enzyme. They found a longer stability but the features are not so good, having a
LOD of 200 uM anda linear range up to 2mM. In 2013, Xin et &2]slightly
modified this process, by modifying a Screen Printed Carbon Electrode (SPCE)
with Fe;O4-Au nanoparticles coated with horseradish peroxidase and graphene.
In their work, they obtained an excellestability over time (decrease of 10% of

the current density after 28 days of storage) with a 10 times lower LOD (12
pMM). Ferric hexacyanoferrate or Prussian blu (PB) is a compound
mor phol ogically simil ar attficial gdRoRidaséo. t h a
Its polycrystalline structure allows small molecules to reach the active side,
increasing the selectivity in comparison withs®g Big molecules, such as
Ascorbic Acid (AA), Uretic Acid (UA), Potassiun®xalate (POX), glucose
(GLU) cannot react with thelectrode. Du. et al2B] used electro caleposited
Prussian Blu and carbon nanotubes (CNTs) on the surface of a planar gold
electrode. Due to the presence of both the CNTs and PB a LOD of 23 nM has
been achieved with high sensitivity (almost 1 pA/nM)o@a al. 4] developed

a graphene based electrode with a PB layer chemically deposited via wet
process. The results are really interesting, reaching a LOD of 45 nM with an
extremely high stability over time. After 100 consecutive cycles, the signal
remainel highly stable (the current density decrease was less than 5%) while the
current decrease was of about 9% over 2 weeks of storage. The main drawback
of this material is its stability in neutral and alkaline media. The reduced form of
PB, named hdRreuws siiasn swl ubl e in these ¢
this problem, other kinds of metal hexacyanoferrates (copper, lead, nickel) have
been investigated. This aspect has been confirmed by Garjonite 2%] ahdt
developed a copper hexacyanoferr&élffH) based electrode. They compared

the electrecatalytic stability of PB electrodes with CHFH electrodes and found

interesting results. Operating at pH5, PB based electrodes are stablgfor H
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detection, but when the pH arises to 7 (physiological pH@, PB based
electrode losg 45% of its sensitivity from the ™. to 3" cycle. This drop
diminishes a little bit by working at anodic potential (0.6V instead2V) but

it is still present and deep. Using CHFH electrode, the sensitivity at low pH (=5)
is lower than PB electrode, but it drastically increases (+25% wor&ing
cathodic potentials and +100% at anodic potential) working at pH 7. Al
Eftekhari R6], developed an aluminum electrode covered with cobalt
hexacyanoferrate film and they demonstrated how it is possible to work at

neutral pH, achieving a LOD of 200 nM.

In the case ofonenzymatic sensormetals, metallic oxides, and carbonaceous
materials has been investigated, each with different morphologies such as NWs,
NTs and NPs. fie reduction of hydrogen peroxide to water occurs on these
materials through an aoiption mechanism where the Rate Determining Step
(R.D.S.) is the formation of adsorbed OH (H[27].

(1 (1 (3.4.1)
(1 A 1 ( 1 (3.4.2)
I ( AT ( (3.4.3)

¢ ( ¢ «<c(/ (3.4.4)

REACTIONS.4. MECHANISNDF ELECTRO REDUCT®MYDROGEN PEROXIDE
Metallic atoms such Ag, Pd, Cu, and their alloys can act as active sites for OH
adsorption, suggesting that the use of rsinoctured sensors based on these
metals should imply an increase of the reaction kisgtigth consequent better
performance of the sensor. Sinperformances of the sensor can be improved
considerably by enhancing active area, the use of different shaped
nanostructures, such as nanowires, nanotubes or nanoparticles is of great

advantageNasirizadeh et al.48] have shown that multiwall carbon nanotubes
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on glassy carbon electrode have excellent catalytic activity and reproducibility
for detecting hydrogen peroxide, reaching a LOD of 0.27 uM and an excellent
stability. They were also able tietect HO, in orange juice. About metdlased
electrode, Nie et al2f], developed a Pd nanocube modified electrode to detect
H.0,. They found good features, with a LOD of 7.4 uM and a wide linear range
up to 24mM. Furthermore, the interference from ottfmenpound was negligible

and the standard deviation was lower than 9%. Nevertheless the good features of
this enzymdree sensor, palladium is an expensive material. Selvaraju 80jl. [
fabricated a CANPs modified glassy carbon electrode and they foun@@ of

0.5 uM. Anyway, the good result in term of LOD was not supported by stability
and linear range. In fact, the linear range was really narrow, from 0.5 to 8 pM.
In addition, the electrode properly worked just for 1 week. Furthermore, they did
not te$ the nanostructured electrode against any interference compound, that is
mandatory for an enzyrieee electrochemical sensor. In recent years,
bimetallic nanomaterials have attracted great attention for application in many
fields, including detection ofydrogen peroxide. Xiao et al3]] modified in

2008 a chitosan film with AuFRMIPs, using an electrodeposition method.
Chitosan has the property to adsorb different material so that has been used to
trap the metal ions that were cathodically electrodepositedally low LOD of

0.5 nM has been reached. They tested the electrode with real samples, as well
(honey, milk, urine and plasma) obtaining excellent results as confirmed by a
standard photometric method. The good features of this electrode should come
from the combination of Au and Pt: Pt is an excellent electroactive material but
OH groups hardly desorb from it. The authors suggest that gold decrease this
effect, increasing the electro activity of the electrode. Table 3.1 summarizes

most of the exampleeported.
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TABLE3.1. EXAMPLES OF ELECTREMIBAL SENSORS ANDSENSORS FOR HYDROBEROXIDE

N.S.NOT STUDIEBLBIO LABELLEMEAMIMICENZYMATIACTIVITYNLNOT LABELLED

LOD- Stab. | Select. Real sample Type of
ULR Days sensor
(uM)
HRP/graphite | 0.5-500 300 N.S. N.S. BL 20
cycles
Fe304/Au/ 12-2500 28 UA,AA,GLU Lenscare sol. BL 22
HRP
Fe304NPs 10-2000 30 UA, AA N.S. MEA 21
Graphene/PB| 0.045120 100 N.S. N.S. MEA 24
cycles
PB/CNTs 0.0235000 | N.S. N.S. N.S. MEA 23
Go-HCF 0.2-1700 120 K, Cl, Br,I, Na | Seawater MEA 26
CNTs 0.27-28 N.S UA,AAOXA,DA | Orange Juice NL 28
Cu-NPs 0.58 7 N.S. N.S. NL 30
Cu-NWs 13.83700 7 AA, AU, GLU N.S. NL This
work
Pd-NPs 7.4-24000 N.S N.S. N.S. NL 29
Pd-NWs 13.34400 30 AA, UA, GLU,| N.S. NL This
POX work
AuPtNPs 0.0030.35 | 30 Metals, Milk,  honey, urine,| NL 31
cysteingetoh plasma

AMT Analysenmesstechnik Gmiaidd Dulcostest[32-33], already developed

two prototypes of electrochemical sensors for hydrogen peroxide, that are
available in the market (Figure 3.1-@). The AMT sensor has a wide linear
range (8mM4200 mM) but with a quiet high LOD (8 mM). It is able to make a
measuremeneach 2 seconds and is stable in a wide range of pHL)OIf
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properly used, it has a shelf life of abou® Snonths. The Dulcostest sensor has
similar features in terms of stability and pH range but its linear range is shifted
towards pM range (28500 M) and it can work also with high temperature (up

to 50°C). Furthermore, they developed three different systems, able to detect
H,O, in different concentrations ranges (UM range BER TmAS50 ppm mM

range thePER TmA-200 ppmand molar thePER ImA-2000 ppm). On the

other hand, it has a longer response time, close to 7 minutes.

A 9

FHGURE3.1A) DULCOTESH,O, SENSORB,C)ATM PROTOTYPE

In my Ph.D work, | developed two nanostructured electrodes for sensing
hydrogen peroxide. This part of my Ph.D work has been carried out in the
Applied Physical Chemisry Lab at University of Palermaunder the
supervision of Prof. Carmelo Sunseri, ProRosalinda Inguanta and Prof.
Salvatore PiazzaBoth electrodes, made of copper and palladium NWs, were
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fabricated through galvanic deposition into the pores a-semea polycarbonate
membrane acting as a template. Galvanic deposition does not require any
external power supply, because the electromotive force for the deposition
reaction arises from the galvanic coupling of a noble metal sputtered on the pore
bottom of the template and a less noble one acting as a sacrificial Bydties
technique, whichis novel for this applicationstructure, composition, and
morphology of the deposit can be adjusted through a strict control of the
operative parameters such as solution composition, pH, anodic to cathodic area

ratio and so on.
The aims of this researetere:

1. Assesthe effect of the surface area, by comparingssive Cu and Pd
electrodes and nanostructured ones with different nanowires length;

2. Assesthe wettability of the nanostructures. Despite the high surface area of
the NWs, the wettability of these electrodes can be a limiting factor,
hindering the permeation of the porous structure of the nanowires by the
agueous solution containing the analyte;

3. Tocompare the features of a copper electrode made of a cheap material with

a Pd one, made klaynoble and expensive material.

Briefly, we found that the LOD does not depend strongly on the surface area,
likely because, at low analyte concentration, the number of active sites is not the
limiting factor. On the contrary, the upper limit of the linear range strongly
depends on theusface area, for both copper and palladium based electrodes.
Comparing the two materials, we found that-H2ded electrodes are more
performing and more stable than Cu ones. Furthermore, Pd based are more
selective towards potassium oxalate, whereas Cugtreties are slightly
influenced. On the other hand, we estimate that Pd sensor is more than 10 times
more expensive than a copper one (abo
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these nanostructures are highly hydrophobic and the use of a wettingliagent,
ethanol, improves the performances of the sensor

3.2 Experimental

Electrode Synthesis

Commercial polycarbonate membranes (PoreticsTM PCTETM Filter
Membranes) having a nominal mean pore diameter of about 200 nm, a pore
density of 3 x 1®pores m ?and a thickness of 6 pmvere used as a template

for the galvanic deposition of the nanostructures. The Poretics membrane
consists of interconnected cylindrical pore as shown in Figure 3.2, where SEM

micrograph of the crossectional and top views are st

AGURE3.2 A) TOP VIEW AND)EEROSSECTION OF POLYCARSTE MEMBRANE USEDA
TEMPLATE FOR GALV@REPOSITION OF METWNOSTRUCTURES

By SEM analysis, we found that real mean pore diameter is close to 210 nm,
pore density is hidthidkness & &boy 8 pra.sThismi 2 ,
morphology has been found for all membranes SEM examiNedowire

growth was performed according to previous w@4#].[ Briefly, one surface of
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the membrane was sputtered for 3 minutes with gold in order to make it
condictive; then a thin copper layer (about 12 um thick), acting as a current
collector, was deposited on this surface. Copper deposition was performed in a
two-electrode cell using a Pt mesh as a counter electrode, at room temperature
from an aqueous solutioof 0.1 M CuSQ-5H,0 + 0.2 M HBO; having
pH=3.9. Deposition was carried out at the constant cathodic current of 8
mA/cn? for 1 h, using a PAR potentiostat/galvanostat (PARSTAT, mod. 2273).
Then, nanostructures were deposited inside the template channels by a galvanic
processGalvanic deposition is a spontaneous process where a sacrificial anode
(in this case aluminium) iglectrically coupled with the copper current collector
and the bimetallic couple was immersed in a solutioPafNHs)4(NOs), and

boric acid (0.05 M BBO3) or CuSQ 5H,0 and boric acid (0.05 M 4B0O5) for

Pd and Cu deposition, respectively. The pH was &sfjusrough either nitric or
sulphuric acid addition. A scheme of the galvanic cell used for the fabrication of
Pd NWs is reported in Figure 3.3.

Pd* +2¢ |1 Pd Al = AlY 43¢

Pd(NH;),(NO,),
H;BO;

%.
2
7

\

Pd
Nanostructured
array

Q

arbon
aste

o

Cu current
collector

Aluminium tube

OO

i

HGURE3.3 SCHEME OF GALVANICICEOR PALLADIUM DEFTION INSIDE THEABINELS OF THE
POLYCARBONAWVEEMBRANE OF FIB.1. SMILAR SCHEME FORPEER DEPOSITION
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The sacrificial aluminium anode works as a reducing agent that, dissolving into
the solution, produce electrons that are consumed by the metallic ions that
spontaneously deposit into the pores d¢ie tmembrane. The energetic

thermodynamic scale is schematized in Figure 3.4.

Higher electrode
potential
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Displacement
E, deposition:
M +z07 — M,
M:+ fMy ¥ ¥
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Flow of
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E, Substrate metal
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MM, M, =M +ze”
)

Lewer electrode
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HGURE.4 ENERGETIC SCALE OF GALVANIC COUPLIBIETWO DIFFERENT WES WITH
DIFFERENT NOBILITY

The Gibbs energy of this process is:
w0 02 (3.2)

EQ. 3.2FREE ENERGY OF ANCHEOCHEMICAL PROCESS

Where n is the number of electrons e>
constant and- is the electromotive force (e.m.f), equal@ O . Using Al

as an anode and Cu as a cathode, the electromotive force is positive (negative
Gibbs energy), therefore, a spontaneous reaction occurs. Table 3.2 shows the
standard electrochemigaotertial of different metals
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TABLE3.2 STANDARD POTENTIALMFFERENT METMETAL IONS COUPLE

Metal /metation Electrode Reaction Standard Value (V vs NHE)

Au/AU AU +e =Au 1.69

Cu/Cu* C¥ +2e=Cu 0.35

Pd/Pd* Pd* + 4¢ = Pd 0

Fe/Fe* Fe** + 3¢ = Fe -0.037

Pb/PIF* PW?* + 2¢ = Pb -0.126

Ni/Ni2* Ni?* + 2¢ = Ni -0.26

Col/Cd* Co* +2e =Co -0.28

zZn/zrt* Zr** + 2 =2Zn -0.762

Al/AR AP + 3¢ = Al -1.66

In order to grow either Pd or Cu nanostructures by galvanic deposition, an
aluminumtube was previously polished with 320, 800 and 1200 grade emery
paper, washed with distilled water and rinsed ultrasonically in pure acetone. The
gold film sputtered on one side of the template was electrically coupled with the
aluminum tube through carb@onductive paste. Prior to starting the deposition,
the assembled galvanic couple was immersed in pure ethanol for 5 min in order
to favor template wettability. The galvanic coupling of two metals with different
nobility leads to deposition of either Pd©u into the polycarbonate pores with
simultaneous dissolution of aluminum. Deposition time, concentration of metal
ions, and cathodic to anodic area ratio were optimized to grow an array of
nanowires uniformly distributed on the surface. After NWs dejposisamples

were etched in pure -@hloromethane in order to dissolve the template. Then,
nanostructured electrodes were assembled with a copper tape and insulated with
a lacquer (Lacomit Cousins UK) to have a geometric area of about 0.05 cm
Morpholagy was characterized through scanning electron microscopy (SEM),
using a FEI FEGESEM (mod. QUANTA 200) equipped with an Energy
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Dispersive Spectroscopy (EDS) detector. Samples were also characterized by X
ray diffraction (XRD) using a RIGAKU diffractometémodel: DMAX 25600

HK) . Al I the diffraction specuftorladjwere
with a step of 0.00%nd a measuring time of 0.067 s for step, using the copper
KU radiation (&= 1.54i). Diffraction
ICDD database3o).

Electrochemical tests

Cyclic voltammetrywas carried out at a scan rate of 50 mV/s in the patenti
range from 10.6 to +&leckdde celwith aAPtrheshg C I
as a counter electrode. Sensor calibration curves were obtained by means of
chronoamperometric tests carried out in aerated stirred solution at the constant
pot ent i alvs. ad/Agdl. Eled@rdthemical tests were carried out in
aqueous phosphate buffer soluti@2(M PBS) and hydroalcoholic electrolyte
prepared by mixing PBS with ethanol. In this case, a given volume of 0.4 M
agueous PBS was added to an identical volumguod ethanol, so that 0.2 M

was the final concentration of PBS in the electrolyte. The chronoamperometric
curves were obtained by adding the desired amount,©f kb the solution at
concentration up to 1 M. Selectivity tests were carried out using 4reatitfe
electroactive species (glucose, ascorbic acid, potassium oxalate and uric acid)
at two different concentrations (1 mM and 10 mM) in the presence of hydrogen
peroxide at a concentration an order of magnitude lower than that one of the
interfering speies (0.1 mM and 1 mM). Accuracy tests were also conducted by
analyzing 4 different concentrations (0.2, 0.7, 1, and 2 mM) after different time
of aging of nanostructured electrode and using the calibration line obtained

previously.
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3.3 Results andliscussion

Electrodes fabrication

Figure 3.5 shows theomplete fabrication process.

HGURE3.5A) POLYCARBONATE MEMBEAPOLYCARBONATE MEMREASPUTTERED WITH.GO
(B) AND WITH ELECTRODEAEGD CURRENT COICRC (C); (D) ELECTRODE AFTER
NANOSTRUCTURE DEP@SITANDDISSOLUTION OF TEMPE

The polycarbonate membrane (Figure. 3.5A) has been sputtered withingold
order to make conductiyene side of the template (Figure. 3.5B). A thin and
uniform layer of gold (about 10 nm thick) is obtained after 3 min of sputtering.
Due to the high aspect ratio (over)lOvertically aligned NWs/NTs are highly
unstable if not properly attached to a bdseorder to give a mechanical stability

to the nanostructures, a copper current collector has been deposited on the
sputtered gold film (Figure 3.5C). The current collector was deposited applying
a constant current density of 8 mAfciior 1h, using a sakion of boric acid
(0.2M) and copper sulphate (0.1M), and a Pt mesh as a counter electrode in a
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two electrode cell. A uniform layer of about 11 um was obtained. Figure 3.6
shows the cell potential vs. time plot during the copper deposition.
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HGURE.6 TYPICAL TRENIF POTENTIAL DURIBGPPER CURRENT COLOR DEPOSITION

The depositiorof the copper current collector initially occuns a gold film,

while, it continues as a deposition of copper on copper. This explains the
potential drop athe beginningof the experiment that reaches a s@iateau

after 500 s, when a uniform qogr layer is already deposite@he current
collector was deposited in a two electrodes cell, therefore some scattering of the
results was found owing to impossible control ofgpaeters such as electrodes

distance or anodic surface, and so on

Galvanic deposition is a spontaneous process where a sacrificial anode (in this
case aluminium) is electrically coupled with the copper current collector and the
bimetallic couple issimmersed in a solution containing either Pd or Cu ions
(Figure 33). During the galvanic deposition, the membrane colour moves from
white to black and brown for dablium and copper respectivelyhe last step
concerns the dissolution of the template lmhigtg the electrode several times in

a solution of pure DCMFigure 3.9D).
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The morphology of the electrode highly depends on the deposition parameters,
such as batch composition, pH, deposition time and anodic to cathodic area ratio
[34, 36-37]. All these @mrameters were varied in order to find the best conditions
to obtain an array of metal nanostructures uniformly distributed over the current

collector.

Due to the change of template and type of galvanic cell in comparison to what
used previously 38], here it was necessary to optimize the deposition
conditions. In particular, the new cell permitted to reduce drastichky
deposition time using an aluminium tube that provided a large anodic area.
Initially, a cell with a cathodic/anodic area ratio equad@55, and containing
either 7 mM Pd(NH)4(NO3), or 0.1 M CuSQ@ 5H,O0 was used. The first
investigated parameter was pH that is fundamental because it influences the
process thermodynamics. Initial attempts for metal deposition were carried out
at pH valueof the asprepared bath (6.8 for Pd and 4 for Cu). The deposition
was slow and the membrane colour changed slightly towards black/brown after
2 days. In Figure 3.7 SEM images of the copper (A) and palladium (B)
electrodes, obtained under these conditisashown.

HGURE3.7 A) COPPER NANOWIRHSWS) AFTER2 DAYS OF DEPOSITIONAN 4; B) PALLADIUM
NWSs AFTER DAYS OF DEPOSITIONAN 6.8
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Really short Cu NWs were visualized. Surprisingly, the same NW height was
observed with the electrode immersedtive Pd bath (Figure 3.7 B). This
suggested us that the galvanic deposition did not occur at this pH, and the NWs
shown in Fig. 3.7 came from the current collector deposition because, at the
beginning of the copper current collector deposition, the coppesalution can
penetrate inside the membrane pores forming a copper deposit with a
nanostructured shape. This hypothesis has been confirmed by EDAX analysis of

these samples (Figure 3.8).

Cu

Au

Au

1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 keV

HGURE3.BEDS\NALYSIS OF SAMPLERIG3.6 A (A) AND3.6B(B)
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Carbon, oxygen, gold, and copper peaks are present in both spectra. The last one
is due to the copper current collector, while C, and O come from some residual
of polycarbonate. It is important to highlight that Pd is not present in the
sampls (Figure 3.7B), confirming that galvanic deposition did not occur.
Furthermore, during the deposition in these conditions, a white gel deposit over
the aluminium tube was found, probably an aluminium hydroxide. In fact, at
pH>3 (Figure 3.9) the stable cpound is not A" but ALOs; 3H,O (white
hydrargillite).
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FAGURE3.9 POURBAI® DIAGRAM OF ALUMUNM

In order to favour dissolution of the Al sacrificial anode, bath pH was lowered to
2 for both types of electrodes. At this pH, upon immersiothe electrolyte
containing the desired metal ions, we observed precipitation of either Pd or Cu
into the pores of the membrane that changed colour just after 20nrtie. case

of Pd deposition, the following reaction occurs

Pd(NH,)?" +2€ +4H,0=Pd +4NH; +40H" E°=0.0V(NHE) (3.5)

REACTION.5 GALVANIC DEPOSITION TETRAMINE PALLARIU
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During galvanic deposition, pH was increasing owing to the side reaction of
base electr@eneration in nitrate solution, which occurs simultaneously to that
of Pd NW deposition [389]:

NO, +H,0+2e - NO; +20H" E°=0.01 V(NHE)  (3.6)

REACTION.6 BASE ELECTREENERATION IN NITRASOLUTION

The electrons necessary to these reactions were supplied by aluminum

dissolution:
Al- A*+3¢ E°=-1.7 V(NHE) (3.7)

REACTION.7 GALVANIC DISSOLUTIOR ALUMINUM
The electron transport from the anodic area (Al surface) to the cathodic one
(pore bottom) occurs through the carbon conductive paste, electrically
connecting the sacrificial anode with the copper curcetiector grown on the
template surface. Similar reactions occurs for copper deposition, except reaction
3.6. In these deposition conditions, nanostructures reach the top of the
membrane (length 8um) after about-80 minutes but the deposition was not

reproducible, as can be seen from Figure 3.10 A and B.

HGURE.10PD-NWs AFTEROMIN OF GALVANIC DERDION OF TWO DIFEER SAMPLES
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Furthermore, the deposition was not uniform over the entire membrane surface,
because nanostructures with differlmgth were measured in different areas of

the same sample (Figure 3.11).

HGURE3.11LENGTH OBU NWS IN DIFFERENT REG@F THE SAME SAMPLE

In order to eliminate these drawbacks, metal concentration in solution was
halved (3.5 mM for Pd an80 mM for Cu), and the ratio between anodic and
cathodic area was set to 0.065, at the aim of decreasing the driving force for
nanostructures growth. Under these new conditions, the deposition of
nanostructures was uniform and reproducible and in panjculaas possible to
control the length of nanowires through deposition time. SEM images of Figure
3.12 show morphology of Pd and Cu nanostructures after 20 to 40 minutes of
deposition. Fom these micrographs, it appears that length of the nanostructures
was increasing with deposition time.

TABLE3.3NANOSTRUCTURES HEISND MORPHOLOGY BB ANDQU AFTERO, 30 AND40OMIN
OF DEPOSITION

Deposition time Cu-NWs height/ Pd-NWs/Nts height/
min Morphology Morphology

20 1.6um / NWs 1.7um /NTs

30 2.1uym / NWs 2.1um / NWsNTs
40 3.0pum / NWs 5.1um / NWs
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HGURE3.12 A),B),C)PD NWs AFTER(0-30-40 MIN OF GALVANIC DERDION D),E),F)Qu
NWs AFTERO-30-40MIN OF GALVANIC DEFDION

Table 3.3 summarizes the average height of the nanostructures with different
deposition time and theimorphology (either NWs or NTs)t is clear from

Table 3.3 and from Figure 3.12 that nanostructures height increased (not
linearly) with the depositionihe. From Fig. 3.12 we have also calculated a
mean nanowire diameter of about 220 nm, close to the mean pore diameter of
polycarbonate membrane. Besides, these images show the interconnection of
nanostructures with fregpace between nanostructures of 2QL@3 pum.

Furthermore, copper nanostructures always show a NW morphology, while Pd
electrodes changed their morphology from NTs to NWs over time. NTs
morphology can be due to the concurneatction of hydrogen evolution:
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2H* +2¢ - H, E° = 0.00.059pH V(NHE) (3.8)

REACTION.8 HYDROGEN EVOLUTIOME&HON

Development of gas bubbles into the template channels forces Pd deposition
toward the pore walls. For longer deposition times, as the local pH increases
owing to the reaction 3.6, thdriving force for hydrogen evolution decreases
and reaction 3.8 slows down, so that morphology of the nanostructure switches
from nanotubes to nanowires. These phenomena did not occur during copper
deposition because the copper standard potential is imameOt3 V nobler and

so hydrogen evolution cannot happen. To fully characterize nanostructures, EDS

and XRD analyses were carried cag shown in Figure 3.13.
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HGURE.13EDSA)ANDXRD(B)ANALYSIS dPb NWs

EDS spectrum of Figure 3.13A showseak of Pd arising from the galvanic
deposit, whilepeaks of Cu is due to the current collector, peaks of Au, C and O
are due to sputtered gold layer and residual trace of polycarbonate membrane,
respectively. Som¥RD peaks of Figure 3.13 B correspond to Pd faeatered

cubic phase (card 8§37 of the ICDD database [35]), the other ones are
attributable to copper (card8B6) and Au (card-#84) coming from the current
collector and gold sputtered layer. At all deposittone, Pd nanostructures are
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polycrystalline with the most intense peak along the plane (111). Using
Scherr er 649], ae gverage grannsize of about 34 nm was calculated.

Similar results were found for Cu NWs.

For the sake otomparison, also nanostructured thin films of Pd and Cu were
fabricated by ga&anic depositionin the same conditions of Pd or Cu NVifgo

a commercial copper follSEM pictures obtained after 40 min of deposition
(Figure 3.14 AD) show the formation of thin layer of either Cu or Pd,
uniformly covering the Cu substrate (grooves due to the abrasion with abrasive
paper are clearly visible) and consisting of nanoparticles with 114+2.6 nm and

260£3.8 nm size for Pd and Cu, respectively.

HGURE.14 SEMIMAGE OFPD (A,B)ANDQU NPS(C,D)
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Sensor calibration

In order to analyze the sensing behavior of Pd and Cu nanostructures, CV and
chronoamperometric tests were carried out. Cyclic voltammetry were conducted
in the absence amatesence of 0.1 mM 4, in PBS to found the potential to be

applied for the subsequent chronoamperometric test. Figure 3.15 shows CV

curves of Pd NWs obtained after 40 minutes of deposition.
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HGURE3.15 CVOF40 MIN DEPOSITEED NWS IN PURPBSBLACKCURVEAND
WITHIMM HYDROGEN PEROX(RED CURY&TO0.05 vs'

In the presence of 1 mM B, the CV curve shifts toward higher currents
confirming the electrocatalytic properties of Pd NWs. The difference between
reduction current values of these two ONsreases from 0 teD.2 V. and then,

it remains constant fron0.2V to-0.4V. Greater is the difference between the
blank current and that one recorded in the presence,0%, Hbetter are the
electrocatalytic  properties of the sensor; thus the subsequent
chronoamperometric tests were performedda? V (vs Ag/AgCl). To work at

this low potential is of value for guaranteeing the selectivity of the sensor,

because many biological systems contain electroactive species such as ascorbic
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acid, uric acid and ber ones, which can interfere with the eleetduction of
H,0, [17-18]. The same experiment was carried out using Cu NWs, and we
found a lower signal compared to Pd NWs. Anyway, an applied potential of

0.2V vs Ag/AgCI has been selected also in this case.

Also, the sensing behaviour of a nanostructured thin film wasstigated in
comparison with a planar electrode. This investigation led to valuable results
concerning not only the influence of the active surface area on sensor

performance but also the wettability of the nanostructures.
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HGURE3.16 SENSING CALIBRION LINE OPD NPS(RED LINEANDPD NWs
(BLACK LINEN PUREPBS

Initial tests carried out with in a PBS solutishowed Figure 3.16)similar
electrocatalytic behavior of nanoparticle thin film (red plot) and Pd NWs (black
plot). NPs based electrodows a wider linear range but a lower sensitivity.
Furthermore, the nanostructured electrode starts to saturate faster (ImM vs 100
mM). Considering the high surface area of NWsomparison to that of planar

NPs, these results are very surprising. Wenkhihat the neexcellent
performances of the nanostructured electrodes are attributable to their scarce
wettability. Likely, the solution does not soak fully into the porous mass because

the NWs are hydrophobic, as evidenced by contact angle analysigwe Fi
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3.17. Owing to the high surface tension, only the top of the NWs is wetted by
the aqueous solution, therefore the working surface area is lower than the total

one.

Angle = 102.83 degrees
Base Width = 3.1131mm

HGURE.17CONTACT ANGLE OF WRTEROP ORD NWs

To overcome this problem, we foutitht electrochemical tests must be carried
out in a hydrealcoholic solution that ensures the wettability of the
nanostructures. In fact, we have found a contact angle of about 100° when only
PBS was used, while in the case of hydlooholic solution nalrop was visible

on the electrode surface because the porous mass was permeated
instantaneously. Ethan¢EtOH) was selected because in advance we checked

that it does not interfere with the electeduction of HO..

In hydroalcoholic solution, very googberformances of the nanostructured

electrodes (both Pd and Cu) were found.
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HGURE3.18 (A) CHRONOAMPEROMETRIGTEAD NWS IN HYDROALCOHOLIC
SOLUTIONB) CALIBRATION LINE

Figure 3.18Ashows the fast response of Pd NWs after injection £,HA
sudden increase of cathodic current is observed, followed by a fast (less than 4
seconds) stabilization to a new value. Figure 3.18 B shows the calibration curve
obtained from the test of Figure 3.18A. A linear response from 53 uM to 4400
MM was found (inset figure 3.18 B). At higher concentration of hydrogen
peroxide, there is a linear dependence but with lower and lower sensititity (1
HA mM™ cmi? from 0.15 to 1 M and 0.5 umM™ cm? from 1 M to 1.6 M).
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Limits of the linear range were selected in oreobtain a calibration line with
a R greater than 0.99 The LOD of these sensors is highly limited by the

current noise, as shown in Figure 3.19.
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HGURE3.19NOISE IN THE CHRONGPRROMETRIC TESTRODINWS IN HYDROALCOHOLIC
SOLUTION FROBITO6 uM OFHYDROGEN PEROXIDE

When small amount of #, was injected into the cell, a sudden increase of
current is visualized but, when the system goes back to a steady state value, the
noise is higher than the current change due to this small increasgOef H
conceantration. We think it is possible to decrease the LOD using a more precise

reading system, such as, for example, a digital/analogical filter.

Figure 3.20 shows the effect of the active area on the sensor performance. In
detail, the calibration lines of ettrodes with nanostructures of different length
are shown. For the sake of comparison, also the calibration lines of nanoparticle

thin films and planar Pd sensors are shown. For a better comparison, in Figure
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3.20 all calibration lines are referred to theaxis intercept, that is almost
coincident with the blank current density.

0

T T |

o -200 —¥— 5.1 ym PdNWs -
IE —o— 2.1 ym PdNWSs/NTs

o L —A— 1.7 pm PdNWs /NTs |
< -400 —»— PdNPs

S —«— Pd Thin Film

-600 : -
-800 -

=

2 1000 .
@

Q 1200 -
)

=

® 1400 - -
[

=

O -1600 —

-1800 1 1 1 1
0 1000 2000 3000 4000

H,0, Concentration / pM

HGURE3.20EFFECT OF SURFACEAABN CALIBRATIONEIOF PD BASED SENSI
ELECTRODES

It can be observed a noticeable increase of the sensing performance when a
nanostructuredd is used in place of planar Pd surface, owing to the increase of
the sensing surface. Table 3.4 shows Linear Range (LR), LOD, and Sensitivity
values of Pd based sensing electrodes: a significant increase of the upper limit of
the linear range is observedth increasing NWs length, while the lower limit
remains almost constant. Thus, the increase of active sites number guarantees a
linear sensing of kD, up to higler concentration without reaching saturation.

On the contrary, the lower limit does not degeon surface area, because the
number of active sites is always high enough for the electrochemical reduction

of small amount of hydrogen peroxide. Table 3.4 also shows that LOD slightly
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decreases and sensitivity increases with nanowires length, comfithengood
electracatalytic behavior of the nanostructured electrodes.

TABLE3.4LINEAR RANGHER) LODAND SENSITIVITY BF BASED SENSING HIEFIDES

Sample LR LOD Sensitiv.

Tyl iy PA mM? em?
Pd thin film 202780 21 0.078
Pd-NPs 104951 18.8 0.136
1.72um PdANWSs 60-1600 17.7 0.173
2.1pm PdNWs 60-2400 15 0.299
5.1um PdANWSs 534400 13.3 0.368

The standard deviation of these measurements was lower than TI#9%.
increase of sensitivity is not linear with nanostructures length, probably due to a
nonlinear relationship between the nanostructures length and electrochemical
active area, because of the interconnections between the channels visible in the
SEM images of Figure 3.2. Furthermore, ethanol improves the wettability of the
NWs but there is ngertainty that the NWs are totally wetted, especially when
are longer. Similar conclusion was reached by Li edd] in the case of Pt
nanowires grown electrochemically in anodic alumina template. According to
these results, we can conclude that 5 umglmanowires exhibit the better
performances, therefore, the selectivity, accuracy and stability tests were carried
out by employing these sensing electrodes. Similar results were obtained using
Cu electrodes. In this case, the best results were found3with long NWs
(Figure3.21A-C and Table 3).
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HGURE3.21PERFORMANCES OFNWS ACTING AS SENSELGECTRODES IN HIDRTHOLIC
SOLUTIONA) CHRONOAMPEROMETRUREZESB) CALIBRATION CURYESINFLUENCE OF THE
SURFACE ARE ON CRABON LINE

TABLE3.5 LINEAR RANGEODAND SENSITIVIDFQU BASED SEING ELECTRODES

Sample LR/ uM LOD / uM Sensitivity / pA uM! cm?
Cu thin film 145780 19.4 0.168
Cu-NPs 114-863 16.6 0.202
1.6pm CuNWs 1041600 154 0.285
2.1um CuNWs 61-3000 14.8 0.308
3umCu-NWs 61-3700 13.8 0.507

We found that the sensing stability highly improves if the electrode is stored in
PBS. In detail, when the electrodes are storedirinthe open circuit potential
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changes over time almost randomiyhile, when stored in PBS, is almost
constant (0.08 Ws Ag/AgCI for the copper sensing electrodes and 0.27 V vs
Ag/AgCI for the palladium ones). Furthermore, we found that when the
electrodes (both Cu and Pd) are in contact wig®higher concentration than
0.5M, the open circuit potentiaklightly modifies. The origin is due to the
mechanism of hydrogen peroxide detection which is based on an adsorption
step, which, likely, is the rate determining step (r.d.s.): as fde ¢dncentration

is high, some OH groups remain adsorbed on theretixtwith consequent
alteration of the electrode surface state, leadirmgptn circuit potentiathange.

It is important to highlight that this isnainvertible phenomenon, because it
disappears after 24h of storage in PBS. Furthermore, such a highofevel
hydrogen peroxide is not usual in the practice and anyway, is far away from the

linear range of both Pd or Cu sensing electrodes.

Selectivity, Accuracy and stability

In order to investigate selectivity of the nanostructured sensors, some
chronoamperomnidac tests were carried out in the presence of four relevant
electroactive species (glucose, ascorbic acid, potassium oxalate and uric acid) at
two different concentrations (1 mM and 10 mM) in PBS/EtOH solution
containing HO, at concentration an order ofagnitude lower than that of the
interference species. In particular, the contaminants were introduced after
stabilization of the current following the addition of 0.1 mM (first step) and 1
mM (second step) of #D,. Figure 3.22 shows the results using agstructured

Pd electrode.
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HGURE3.22 SELECTIVITY & NWS BASED SENSING EREBDE AGAINST ASCIORACIDAA),
POTASSIUM OXALAEOX) URETIACID(UA),AND GLUCOSELU)

Negligible response to the injection of 1mM of these species is evident. When
10 mM of electroactive species were added, an instantaneous variation of sensor
response was observed for glucose, ascorbic acid and potassium oxalate, after
which the current got back to the original value. This transient is probably
related to the instaaneous change of the composition at the electrode/solution
interface following the addition of the electroactive species close to the sensing
electrode. On this basis, it is possible to conclude that the sensing electrode is
selective toward hydrogen perde. Such a significant selective behavior is due

to the low applied polarization potential hindering the reaction of other species
at the sensing surface. It is interesting to note that a further injectidsOpfto

the solution containing electroactiepecies produces a stepwise increase of
current, suggesting that the presence of interferent species does not affect
detection of hydrogen peroxide. Eig3.23 shows the same experiments carried
out using a 40 min long deposited Cu NW based sensingaslect
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HGURE3.23 SELECTIVITY @) NW BASED SENSING ELBIDERAGAINST ASCORRGID(AA),
POTASSIUM OXALAFEOX) URETIACID(UA)AND GLUCOSELU)

It is possible to observe thtite copper based sensing electrode is still selective
towards glucoseascorbic acid and uric acid, but it is not towards potassium
oxalate. When 1mM and 2mM POX was injected into the solution, a fast and
stable increase of the current signal occurred. Anyway, it is important to
highlight that also in the presence of high @amiration of POX, the electrode is
still able to detect hydrogen peroxi@eee last injection of Figure 3.23)

In addition, accuracy was evaluated by testing the nanostructured sensors after
about 1 month of storage in PBS solution. Four different coratems of
hydrogen peroxide (0.2, 0.7, 1, and 2 mM) were tested with 3 different

electrodes and accuracy was calculated by the following equation:

Zp M (3.3)

EQUATION3.3 EQUATION USED EYALUATE SENSOR ARALY
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where U i s t he,isahe daiectedacgnceptratiorc agdfee real
one. Figure 3.24 shows the results of these tests with 40 min long growth of Pd
NWs.

2500 1 T T T

Experimental Values (0.2 mM)

Experimental Values (0.7 mM)

Experimental Values (1 mM)

Experimental Values (2 mM) m
—— Correct Values

2000

T
BErqeo

1500

1000

500 ~

0 1 1 1 1
0 500 1000 1500 2000 2500

Measured H,0, Concentration / pM

Real H,0, Concentration / pM

FAGURE3.24 ACCURACY &©MIN LONG DEPOSITEDNWS INHYDROALCHOLIC SODWITI

At concentration close to both upper and lower limits of the linear range,
accuracy decreases. In particular, an error of ab&Mit Wwas calculated at low

and high concentration, respectively. A good agreement between measured and
real values was found for intermediate concentration inside the limit values,
with a calculated error of about 5%. After 1 month long storage, the
nanostructured sensing electrode is less precise when the concentration to be
detected approaches the limitstioé range of linearity. This result suggests that
after 1 month, a new calibration of the electrode is necessary. After
recalibration, accuracy tests revealed errors less than 5%, that means a very

good precision of the Pd nanostructured sensing.

The same experiment was carried out with Cu NWs based sensing electrode

stored for 7 days in PBS. Tablé&3hows the results of this experiment.
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TABLE3.6 AGCURACY OBU NWS AFTER DAYS OF STORAGHEPIRS

Real concentration Average Experimenta| Accuracy
uM Value uM

198.5 98.6 50 %
695 144.3 80%
1042.6 180.1 82%
1996.8 253 87%

Here, the accuracy of the sensing electrode is really scarce. After these tests, the
sensing electrodes have been calibrated again and the tests were carried out after
1 day ofstorage in PBS. The results are shown in TalMeaBd evidence that

the accuracy is now highly improved.

TABLE3.7 ACCURACY @& NWS AFTER RICALIBRATANDL DAY OF STORAGERBS

Real concentration Average Experimenta| Accuracy
uM Value pM

198.5 112 41 %
695 495 28%
1042.6 706 28%
1996.8 1150 41%

Therefore, it is possible to conclude that the drift time of a nanostructured Cu
electrode is less than 1 week.

70



Economic Analysis

The results of these experiments clearly indicate thapém®rmances of Pd

based sensing electrodes are much better compared to the Cu ones. Indeed, the
LOD is slightly lower, the linear range is wider, the stability is longer and the
selectivity is higher. On the other hand, the cost of these electrodes lis muc
higher. We carried out an easy and fast economic analysis taking into account

all the steps to develop the electrode. All the costs are summarized in Bable 3.

TABLE3.8 GOST OF DIFFERENTPSTEORU ANDPD NWS DEPOSITION

Price (cents/electrode) Cu Pd

Polycarbonate template 10 Yes Yes
Sputtering 22 Yes Yes
Current collector 13 Yes Yes
DCM 10 Yes Yes
Assembly 10 Yes Yes
Copper for NWs deposition 10 Yes No
Palladium for NWs

651 No Yes
deposition
Total Price per electrode 0.75 7.4

In this analysis, we did not consider the cost of the power energy, aluminum
tube, and reagents, and those to assembly the cell for the galvanic deposition
(Lacomit, carbon conductive paste). These costs are small compared to the other
ones and so the tdteost should not change a lot. The result of this analysis is
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clear: 85% of the cost of a Pd based sensing electrode is due to the purchase of
the Pd precursor. Therefore, the copper based sensing electrode, nevertheless the
less performances, can be wsdbr a qualitative analysis as an accurate and

precise quantification is not madatory, being 10 times cheaper.

In order to emphasize the low price of these prototypes, we asked for a price
quotation of theDulcotestand AnalysenmesstechnjB2-33] but they did not

answer so this comparison was not possible.

Real samples

In the last part of the Ph.D. activity, a collaboration with Ri.Med Foundation
(Ricerca Mediterranea) started for a research project aimed to detect hydrogen
peroxide inbiological medium to safely diagnose the oxidative stress. In Ri.Med
laboratories, different cellular cultures simulating oxidative conditions (both anti
oxidant and prepxidant) were prepared. They studied the release©f i two
different cellular mei: in epithelial and macrophages cells. The main
differences is the amount of hydrogen peroxide released by these cells: epithelial
cells release less hydrogen peroxide compared to macrophages. The project

started recently, so that just preliminary resghin be shown.

The concentration range of hydrogen peroxide in these media was unknown,
because from the literature study it can vary from nM to mM. Furthermore, in
the cellular medium many different compounds are present (such as Glucose,
Glycine, Aspatic Acid, Glutamic Acid), which can interfere with detection of

hydrogen peroxide.

As widely known, Pt is an excellent material for hydrogen peroxide detection

[41], therefore, we tested a Pt wire as a sensing electrode (with Pt mesh as a
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counter and Ag/8Cl as a reference), just to have a fast responsat ahe
possibility to use electrochemical techniquegth this particular and
heterogeneous medium. The first attempt has been carried out using the cellular
culture of macrophages cells. The calibratime of the sensing electrode (Pt

wire) in this medium is shown in Figure 3.25BA
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HGURE3.25 TEST OF AT WIRE AS A SENSIEGECTRODE IN MACRABHS MEDIUMA)
CHRONOAMPERONMBT CURVB)CALIBRATION LINE

It shows that the electrode &ble to quickly detect hydrogen peroxide. We

found a linear range from 50 to 2000 puM, confirming that Pt is much more
effective in comparison with Pd or Cu thin film (200 and 100 uM respectively).

Four different samples were tested: (1) normal macrophédee al t hy 6 g1
(NT, not treated), (2) macrophages grown with LPS, (3) macrophages grown
with LPS and Nigicerin and (4) macrophages grown with LPS, Nigicerin and
Epox. Ri.Med l&oratories tested these sampl@sgure 3.26) with flow
citometry, a qualitatig technique, and they found that the amount gb,H
increase from sample (1) to sample (3) and then it drops when sample (4) was

tested, accordingly with the biochemistry of the process.
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The results of our experiments are shown in Fig 3..0. A
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Figure 3.27 A shows that when 750 pl of NT sample were added to 3 ml of
solution current density did not change. When 900 pul of sample (2) were added,
a slightly increase of signal is visualized (Figure 3.27 B)orher to confirm

that the sensing electrode is able to detect hydrogen peroxide, 200 pupdof H
has been injected successively. Figure 3.27 C shows that addition of 750 pl of
the sample (3) determined a significant increase in current density, in
comparise with Figure 3.27 B. When sample (4) was tested, a really small
increase, almost comparable with the noise, is visualized (Figure 3.27 D). This
trend agreeswith the resultsof Fig 3.26. A quantification analysis is shown in

Fig 3.28.
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HGURE3.28 CONCENRATION OF HYDROGHNROXIDE OF MACROBHS SAMPLE DIFFERENT
TREATED

Being just preliminary study, just 3 experiments for each type of sample were
conducted Details on macrophages are not available because owned by the
Ri.Med Lab. These are highlgatisfying preliminary results because show that
the Pt sensing electrode is able to detect hydrogen peroxide also in this
heterogeneous medium and can be used to quantify tidatioe stress in

human beings.
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Comparison with the literature

From the aboveesults, it can be concluded that it is possible to fabricate Pd
and/or Cu nanostructured electrodes for sensing of hydrogen peroxide through
galvanic deposition. Their performances are highly satisfying if compared either
with those of other materials \iag the same nanostructured morphology or

with those of identical materials (Pd or Cu) withe&r morphologies (Table 3.

TABLE3.9 COMPARISON BETWEERFERENYON LABELLEIANOSTRUCTURED BASED

ELECTROCHEMICAL ER&SFOR HYDROGENMHRE DETECTION

Sensor type | Detection Linear Sensitivity Stability Interf. Ref.
potential Range gAeM? Days
\Y uM cm?
Pd -0.45 VSCE 1-820 n.a. 60 GLU, AA, [42]
nanoparticles AP, UA
Pd hollow -0.4Vyvs 10024000 0.2877 n.a. n.a. [29]
nanocubes SCE
PdCu 08 Vvs 500-8000 n.a. 30 n.a. [43]
nanoporous NHE
Pd -0.25V vs 0.1-1000 n.a. 7 AA, GLU, [44]
nanoparticles SCE DA
/ graphene
nanosheets
Pd NWs -0.2Vvs 53-4400 0.368 30 GLU, AA, This Work
array Ag/AgCl UA, POX,
(5 pm long) EtOH
Cu NWs -0.2Vvs 60-3700 0.509 7 GLU, AA, This Work
array Ag/AgClI UA, POX,
(3 um long) EtOH
Pt-Cu NPs +0.2Vvs 0.51280 0.051 n.a DA, UA, [45]
Ag/AgCl AA
MoS2-Cu -0.3V vs 85-38000 n.a. 12 DA, UA, [46]
NWs Ag/AgCI AA
AuCu-NWs 0.484 vs 0.0020.36 2.71 14 DA, UA, [47]
SCE AA
CuFe,0, 0Vvs 5002500 0.219 14 DA, UA, [48]
NTs Hg/HgO AA
Ag NWs -0.2Vvs 100-3100 0.0329 42 GLU, AA, [17]
array SCE UA, POX,
(300 nm EtOH, OA,
long) SO
Pt NWs -0.2Vvs 10-4000 0.654 n.a. CA, GLU, [41]
array Ag/AgCI AA, UA
(12 pm long)
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3.3 Conclusions

Hydrogenperoxide sensor has been successfully fabricated growing regular and
uniform array of metallic Pd and Cu nanostructures. In particular, the array was
fabricated through metal displacement deposition in template. The galvanic
method is advantageous becaageernal power supply is not required, and, in
addition, it is easy to be conducted, and quite fast. Results obtained here showed
that

1. an accurate control of the nanostructure length can be achieved by
adjusting pH, solution composition, deposition tinsd anodic to
cathodic area ratio;

2. sensing performances depend on the electrochemical active surface
area. Electrochemical tests were carried out in a hgbthwholic
solution that allows to overcome the hydrophobicity of the
nanostructured electrodes;

3. Both Pd and Cu sensing nanowires exhibit good features for detecting
hydrogen peroxide, with a wide linear range, low LOD, and high
selectivity. The best performance was obtained with array of Pd
nanowires about 5 ym long. This sensor has a sensitivity306B ¢ A
€ M1 cm2 in a linear range from 53 to 4400 pM, with a limit of
detection of 13.3 uM.

4. Pd NWs are highly selective for H202 detection as evidenced by the
negligible response after injection of potassium oxalate, glucose,
ascorbic acid, and uric acid.Cu NWs are also selective towards
hydrogen peroxide showing a negligible response towards glucose,
ascorbic acid and uric acid but there is a slight change in the response

after addition of potassium oxalate.
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5. After 1 month of storage in phosphate sanfi the palladium
nanostructured sensor is less precise when the concentration of H202
approaches either upper or lower limit of the range of linearity, while it
holds a good precision for intermediate concentrations. After
recalibration, accuracy testsvealed errors less than 5%, suggesting
that operational stability of the nanostructured sensors is about 1 month.
Copper based sensing electrode is less stable, having a shelf life of
about 7 days, because more than 40% of its original accuracy is lost
after this time.

6. Copper based sensing electrodes are ten times cheaper than palladium
one, therefore, they can be useful for qualitative measurements, when
high precision and accuracy are not mandatory.

7. Hydrogen peroxide released by macrophages has beanedetsing a
Pt wire as a sensing electrode showing that it can be used to monitor

oxidative stress in humans.
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4.Sensors for heavy metals

Abstract

In this chapter, the development of two nanostructgextsors to detect heavy
metals are described. Heavy metals pollution is highly dangerous for human life
because these compounds are highly toxic and carcinogenic. Nowadays, the
only way to detect them is to use KMS. This technique is expensive, hard to
use and needs of skilled personnel to carry out an analysis. Moreover, due to the
big dimension of the analytical apparatus, it is just a laboratory technique. It
means that the heavy metal pollution can be detected just after many days that
occurred. Thepossibility to develop an easy, cheap and portable device to detect
heavy metals has been studied in this chapter. Using a thin film of Nickel Oxide,
500 ppt (less than 1 millionth of gram per liter) of mercury were detected after
less than 15 min of anals. The main problem of this technique is the
acidification of the sample for reliable results, so that itstig&ment is
mandatory. This drawback makes the in situ and real time detection harder (but
not impossible). To overcome this issue, | devealo@a electrochemical
procedure for modifying the local pH just in proximity of the electrode surface.
By this way, even if the original pH is about the sam& (6r either river or sea
water), locally it is made more acidic and the analysis can be cauiedhis is

a huge improvement and allowed us to detect, simultaneously, copper, mercury
and lead in real sample (river water) avoiding any samplérgagment. This

work clearly shows that it is possible to conduct a real time and in situ water
analyss allowing to alert people promptly about a heavy metal contamination

prior to reaching them.
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4.1 Introduction

Heavy metal are described as metals wittensity higher than 5g/chrand
include lead, copper, arsenic, cadmium, mercury, nickel and many others [
Heavy metals contamination has become a theme of primary importance in the
last two/three decades: the rapid technological progress has led to a sharp
increase of the emissicof thesemetals. Heavy metals are natural constituents
of e ar tahddherefarer they tan pass into the food chain through natural
phenomena such as erosion, wind, and rain. However, today heavy metal
emission by natural processes is almost ndgégcompared to those due to
anthropologicalactivities: for instance, in the 80s and 90s, when the peak of
heavy metal emission by human activities occurred, the emission of lead from
production processes exceeded the natural ones by a factor 28, while fo
mercury this factor was 1.2][ Due to the toxicity of these metals, European
legislators have tried to reduce the emission of chemical contamination by
setting the limits of metal concentration in food and water: in particular, the
European Commission, n 2000, Méhite epaper eod FoodhSafétyd
which confirmed the high priority of the matter in the light of the damger
concerning heavy metals in food and wa8gr [

Metals can have different effscbn the organism depending on the taken
amount and how lonig is taken An high quantity intake in a short time is called
acute poisoningwhile if absorption takes place over long time and it concerns
small quantities, that individually would not giveyaproblem, we talk about
chronic intoxication In particular, in this last case, there is bioaccumulation: it
is due to the progressive accumulation over time in our organism of heavy
metals, because it is able to eliminate only modest quantity or nahadtf4].

The metals do not all have the same degree of toxiCaplé 4.1classify the

metal toxicity depending on therovisional Tolerable Weekly Intake, PTWVI
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the tolerability level by the human body depends on the amount necessary for
propermetabolic activity. Therefore, the massive ingestion of some heavy metal
leads to the above mentioned bioaccumulation. Metals that are not part of the
metabolism, or required in modest amount, are the most dangerous, because

they easily cause bioaccumutati

TABLE4.1 LISTOF HEAVY METALS GRIREED ACCORDINGTHEIR TOXICITY LEVEL

Heavy metal Toxicity

Nickel, Arsenic, Mercury, Lead, Antimony, Cadmium, Chromiy High

Manganes, Copper, Zinc Medium

Alluminium, Silver, GoldTin Low

Also trace (parts per billion, ppb) of heavy metals can cause serious problems,
depending on the amount and on the heavy metal. Table 4.2 shows some effects

of different heavy metals on the organism, in dependence &4

TABLEA.2 PTWIAND EFFECTS OF DRENET HEAVY METAG$

PTWI Acute Poisoning Chronic Intoxication
(mg/kg)
Cu 3.5 - Kidney and liver damages - Dementia
Pb 0.025 - Renal and brain failure -block in the synthesis of the heme groy
- irreversible aplastic anemia - cognitive deficits in children
- intestinalcramps -accumulation in the bones
Hg 0.004 -changes in brain development of the fet -neurological changes
-destruction of the nervous system - impotence
- abortion -DNA damage
Sn 14 - irritations to the skin and eyes -depression
- general malaise and dizziness -damage to the chromosomes, liver,
- urination and breathing problems central nervous system, immune systen
- strong sweating -anemia
Zn 2.1-7 - damage to the pancreas -stomach spasm
-protein metabolism disorder -skin irritations
- arteriosclerosis

Food contamination can occur throughout the food chain, from production to the
end users. The contamination occurring during the production is qaladry
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contaminatio, while the contamination in the subsequent phases
(transformation, distribution, conservation) is caledondary

The primary contaminations are those that occur directly in the field or breeding
and also due to the natural high content of metals in the environment in which
the agricultural or breeding takes place. The main source of contamination is
represented by docand water, or better, by the amount of metals they contain.
However, the contamination can come from many other different sources,
including irrigation water, use of urban or industrial biomass, manure, and so
on.As above mentioned, for the humans albthe amount of metals introduced
with the diet is assimilated by the animal body, because it is partially eliminated
through urine, faese bile and sweat. However, the repeated accumulation of
metals in animal tissues can reach dangerous levels tonhieeth: this
process is thdiomagnification i.e. bioaccumulation in living beings of toxic
and harmful substances whose concentration in organisms is growing from
bottom to top of the food pyramid. The biomagnification is very serious in the
case of mecury accumulation in fishes: owing to many microorganisms present
in the water, mercury undergoes transformation into organic compounds, such
as methylmercury, and enters into the food chain through the plankton. Then it
passes, through invertebrates digh, to large predators where the higher
concentrations are found and finally reaches human &#uagarethe last link

in the food chairg).

Secondary contaminations are those occurring during processing, distribution
and conservation of foodstuffs. The technology has allowed the development of
optimal systems and materials for the transformation and storage processes,
which prevent contaminatin from metals in the food or beverage. For example,
aluminum cans, widely used in the beverage sector, are internally enameled with
special polymer resins in order to prevent the metal to pass into the solution. In
the past, there have been numerous prabl concerning secondary

contamination which have led to the release of specific regulatory standards
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concerning the transformation, distribution and conservation of food. Now, it is

mandatory for the food industry to meet consumer expectations in terms of
safety and to meet legal requirements. The food industries rely on modern
quality control systems to guarantee the quality and safety of the manufactured

products. The three main systems currently used are:

1 GoodManufacturingPractices they indicate thevorking conditions ath
procedures which, on the basiklong experience, have proven to offer
high quality and safety;

1 Hazard Analysis Critical Control Points this is a recently proactive
technique, focused on the assessment of potential probleprsvities
the control during the production process instead on the final product;

1 Quality assurance standardsompliance with the standards set by the
International Standards Organization (ISO 9000) and the European
Standard (ES 29000) ensures that foodustries, catering companies
and other companies operating in the food sector comply with
established procedures. The effectiveness of these programs is regularly

analyzed by external experts.

Some cases of secondary contaminations from metals arercitieel literature:

at the beginning of 1900 in Britain, there was a poisoning of about 6000 people
due to the use of arsenical pyrite, usually employed for the production of
sulfuric acid, for the hydrolysis of starch in the beer production; while in 1955 i
Japan, another arsenic poisoning occurred when about 12000 children ingested
sodium phosphatstabilized baby products obtained as apbgduct from the
aluminum production industry. In the 1970s, in Iragq, wheat treated with
mercurial compounds to preserthem from fungal attacks were used for bread
making, causing thousands of cases of intoxication, about a hundred of which

turned out to be mortal. Other problems occurred in foodstuffs with acidic pH,
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such as carbonated drinks: the zinc present in #heagized containers was
transformed into its soluble salts and then ingested with the drink. Similar
problems were found with tin present in the welds of tin plated cans: due to the
low pH, tin can be abundantly released into the food or beverage alteeing
organoleptic characteristics without causing problems of health origin.
Leadcontamination is probably the most common and famous. As evidenced in
Table 4.2, exposure to lead can cause neurological, hematological, renal, liver,
and kidney diseases [4The use of gasoline containing tetraethyl lead, as an
antiknockdown agent, characterized the last century and led to the diffusion of
lead in the atmosphere to levels never achieved before. Fortunately (but, almost
always, for other reasons), the list @aountries that have banned the use of
tetraethyl lead in gasoline is continually lengthening: currently about 80% of the
fuel circulating in the world is of the type, so called, "Green", i.e. without lead.
Between the 80s and the 90s, it was calcultétatithe emissions of this element
have been reduced by two thirds, due not only to the transition to green gasoline,
but also to the optimization of incineration treatments, water purification
technologies, and the progressive reduction of the use ofidepdints and
batteries. Despite the significant reduction of the lead emission, it continues to
be present in the environment owing to the high quantities emitted in the past.
Another very dangerous source of contamination is due to lead in water pipes:
for instance, lead is added as a stabilizer to PVC. Urban environments are highly
exposed to lead contamination: it has been extensively used as building material
for pipes and as fitting material and as active material in the battery industry.
The main lad contamination comes from the old pipes for drinkable and
wastewater, made by lead: depending on different parameters, like pH,
temperature or mineral content, these pipes can release lead into the water. For
this reason, the Safe Water Drinking Act ilspd the maximum amount of lead

in the pipes system to 0.25% of all the pipes system, including pipes, pipes

fitting and soldersT].
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Mercury is probably the most dangerous one because a short exposure to low
concentration can cause problems to brain, hé&ahey, lungs and immune
system §] . The worl ddés health organizatio
of the ten most dangerous chemical for human health [8]. Mercury pollution is
due to several sources: it naturally exists in coal, so all thefioe@lpower

plants are a huge source for mercury polluti®ph For the same reason, it is
possible to have a mercury leakage from cement kilns. Furthermore, different
chemical plants (bleach, PVC and so on) use mercury as a reagent, essentially as
a catalyzerproducing huge amount of mercury waste that can pass directly into
the environment if not properly treated. Last but not least, huge amount of
mercury is used for gold extraction: the Environment Protection Agency (EPA)
stated that more than 11.5tons pealyof mercury waste are produced from
gold mining [LO]. Mercury is an excellent example of biomagnification: once
introduced into the environment through vapors or waste liquids, it contaminates
soil, passes into the groundwater whengersinto the foodchain. The toxicity

of the mercury is greatly amplified by the bacteria that inhabit the water and the
intestinal microflora of many animal species, including fishes. These
microorganisms transform inorganic mercury into its organic forms, among
which the most widespread and dangerous is methylmercury. The high
liposolubility gives these compounds the ability to trace the food chain,
accumulating mainly in the nervous tissue of smaller fishes, which in turn
transmit it to their predators. Thus, in genetfad, greater the size of the fish and

the greater its mercury content. In this context, it is worth mentioning what
happened in Japan in 1952: large amounts of waste containing mercury were
released in the Bay of Minimata since 1932. The accumulation imenar
creatures determined the entry of mercury into the food chain of the inhabitants
of the bay and in 1952, the first case of poisoning appeared. A total of 500 cases
were ascertained in the 1950s, all of them fatal. Between 1971 and 1972 in Iraq,

there vere 6530 hospitalizations with 4599 deaths due to the consumption of
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contaminated fish. Finally, again in Japan, in the city of Nijgata, at the end of
the 1970s, there was another case of mercury contamination contained in fish.
Despitecopperis an esserdl element for human body, high leself copperare
dangerous for humans causing hepatitis, jaundice and liver diseases [5]. The
main copper pollution source is the mining of Cu containing earths. During this
process, powders containing copper compounds, like sulfide, are produced.
These compounds tend éxidase in contact with air producing sulphate salts,
which are highly soluble in water, so releasing copper into the environfirignt [
Copper is used for fabrication of electrieguipmen{60%). In the construction

field, copper is used for roofs andupibing (20%), and for heat exchangers
(15%) and alloys (5%). Even in agriculture, it is widely used, because it is
contained in the formulation of some plant protection products. Copper is ideal
for electrical connections, because it is easily machinable,be extruded in
wires and has a high electrical conductivity. Copper production is constantly
growing in the world, and consequently its diffusion in the environment is
constantly increasing: there is continuous deposition of contaminated sludge in
rivers owing to the discharge of wastewater containing copper. Even in the air,
the presence of copper has increased due to the use of fossil fuels. Because of
precipitation, copper is deposited in the soil, from which it can be absorbed by
plants where it caaccumulate even in large quantities. In heavily contaminated
soils, only a few plants survive: this is why copper contamination of the soll
poses a serious threat to agricultural lahlde absorption by the plants of this
element causes its intake by theonsumers and therefore, enters into the food
chain directly, if the primary user is the man, or indirectly, if the plant is used as
fodder in animal husbandry.

The EPA settled the maximum concentration of these metals in drinking water
as 2 ppb for meray, 15ppb for lead and 1.2ppm for copp&g][ Considering

all these hazards, the detection of heavy metals in water samples is of great

urgency and importance. The most commonly used techniques for this purpose
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are the Atomic Absorption Spectroscopy (AASHraphite Furnace Atomic
Absorption Spectroscopy (GFAAS) and Inductively Coupled Plasma Mass
Spectroscopy (ICIRIS). They are highly efficient in terms of sensitivity,
selectivity, LOD and accuracy, but they have different drawbacks: first of all,
they areextremely expensive due to both equipment and operational costs,
require highly skilled personnel, are time consuming and, above all, these are
big machines that cannot be used for in situ and real time analysis [4].
Electrochemical methods, like Cyclico\fammetry (CV), Differential Pulse
Voltammetry (DPV), Square Wave Anodic Stripping Voltammetry (SWASV),
are perfect candidates for the analysis of trace heavy metals, being highly
sensitive and selective. Furthermore, electrochemical sensors based on
nanastructures or nanomaterial, provide brilliant performansemilar to the
classical analytical methods, mostly due to the high surface area of the
electrodes. In addition, electrochemical sensors based on nanostructured present
the advantages of miniataed dimensions, low power consumption, friendly
use. Besides, they can also be used in situ and for isimealanalysis, so
overcoming most of the drawbacks of the current detection metiGdsA].
Electrochemical sensing techniques for detection of heastals is suggested

by USEPA [8], confirming the big advantages of such techniques. In the last
years, different materials, like polymeE5f16], metals nanostructured7-18],

DNA and enzyméased electrodesl$-20], carbon R1-22], together with
different electrochemical methods (SWV, LSV, DP\VJ)3f24-25 have been
investigated, achieving very low LOD. Among these methods, stripping
methods are preferable because of the high sensitivity due to the pre
concentration stef2p).

Li et al. [18] made an extensivad excellent study on heavy metals detection
by different techniques, including electrochemistry. In this study, it is easy to
understand the importance of the electrode size. They cite Lee2& abput

the development of an electrode made of Bismutk &R they found that the
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LOD highly depends on the NPs size, moving from 2 ppb with a bulky electrode
to 0.51, 0.32 and 0.17 ppb using smaller and smaller NPs. In the same review, Li
et al. focus the attention on the effect of the active material. Carbous
materials, such as Carbon NTs, and graphene are good materials for this goal
because are able to sorb heavy me@#. [On the other hand, carbon NTs are
hydrophobic and suffers of high background current, therefore, they are often
modified with different compounds, such as epo2y|[or hiacalixarene JQ].

They also focus on gold based electrode: reined gold sensing electrode can
improve the features of glassy carbon electrodes, eliminating the memory effect,
and improving the LOD towards mercunydaarsenic of one order of magnitude
[31-32]. Furthermore, using gold based electrodes, Under Potential Deposition
(UPD) can take place. This phenomenon is of advantage because allows to reach
really low LOD. During the preoncentration step, heavy metahsodeposit on

the surface of the electrode: at the beginning of the deposition, a bond between
the active material of the sensing electrode and the metal has to be created
while, when the first layer of metal has been deposited, a-metal bond has

to be formed. If the affinity of the metal is higher with the electrode than with
itself, UPD occurs. In this way, two different stripping peaks will appear: one
due to the stripping of the bulky deposited metal and the other one due to the
stripping of the fist metal layer. This second peak is highly sensitive and can be
used to detect low concentration of metals. This phenomena has been
extensively studied3(3-34] and occurs in detecting lea8336], mercury B7],

copper B8] and zinc B9 by gold based electrodes

Many heavy metal ions can selectively bond with certain DNA bases and form
stable base pairs that sometimes are even stronger than the \Watsopair.

For example, mercury can interact with two thymine (T) bases [19]. Taking
advantage from this effecit is possible to detect mercury using different
techniques based on opticadQ], fluorescent[41], calorimetric, [41] and

electrochemical properties. Zhang et al. modified a glassy carbon electrode with
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reduced graphene oxide and DNA, fabricating proleesmercury detection
which reached a LOD of 1 ppb with a linear range up to 200 ppb, using
[Ru(NHs)¢]®* as indicator 42]. Wu et al. used the same indicator and the same
electrochemical technique for reaching a LOD of about 50 ppt using gold as
substrate 43]. This approach is very interesting because it provides low LOD
with a good selectivity but, on the other hand, it suffers of all the drawbacks of
the biosensors discussed in Chapter 2.

Microbands Arrays Electrodes (MAE) have been widely studied dugaeo
properties of microelectrodes, such as high mass transport, high current density
and low ohmic drop. The main problem in the working with microelectrodes is
the low current due to the small surface area. In order to overcome this problem,
a MAE contais different parallel microbands that allow to increase the current
and maintain the characigiics of micresized electrodd4]. Zhao et al. 45
developed a gold based MAE with a 45 um gap to detect copper, zinc, cadmium
and lead. They found that the bavlAE is not able to detect zinc and cadmium.
Therefore, a thin film of mercury has been deposited on théVlAE to
increase the sensitivity of the electrode, so they were able to detect cadmium,
lead and copper up to 0.3 ppb, 1 ppb, 1 ppb, respectivelgpii2 the good
results, this technology is not suitable forsitu analysis due to the presence of

a highly toxic material such as mercury. Zaouok et 46] fleveloped a new
generation of MAE sensing electrodes cutting a Screen Printed Carbon slice to
fabricate a single microband electrode, 20pum width and 1.2mm long, for
cadmium detection. The carbon microband electrode was covered with a thin
film of bismuth to increase the sensitivity of the electrode. A LOD of 1.3ppb
was achieved.

Metal oxide baseelectrodeshave attracted great attention because they have
unique optical, electrical and molecular properties and can be easily
functionalized #7-48]. The electrochemical performance of an electrode highly

depends on the nature of the materials. Various Inogide based electrodes
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with different morphologies and sizes have been investigated as sensing
materials #9]. Wu et al. modified aGCE with chitosan and copper oxide
nanoparticles and they were able to detect mercury ions at almost neutral pH
reaching a quiet high LOD of 0.2 ppr{. This high LOD is probably due to
the high pH that doesno6t all owickel prop
oxide is a cheap material, easy to obtain from a nickel substrate and is
environmental friendly. Due to these properties, nickel(ll) oxide electrodes have
been largely investigated in the last years as catalygtsqupercapacitorsbp)

and activematerial for electrochemical sensing§3{54]. Again Wu et al.
calcinated a Ni(OH) nanesheet and obtained a NiO mesoporous electrode,
which was used to detect mercury at neutral pH, achieving a LOD of 160 ppb
[54]. A LOD of 50 ppt has been achieved by Arnasal.[53] modifying a
screen printed carbon electrode with polystyrene sulfelNade and carbon
nanopowder, and working in a solution at pH 2.7, so demonstrating that metal
oxide based electrodes, especially nickel oxide, can be used to detect sglectivel
low concentration of mercury.

The main drawback of these techniques is the necessity to use solutions at acidic
pH, betweerl and4 (depending on the active material and analyte), so that acid
has to be added to the solution. Consequently, the useloteusing electrode

for in-situ and real time analysis is questionable.

When an anodic potential higher than the thermodynamic value is applied to an
electrode in contact with an aqueous electrolyte, the secondary reaction of

oxygen evolution will occur aording to

€ 'E 'E g H
REACTION.1 OXYGENEVOLUTIONREACTION

Due to this reaction, £and H are produced at the electrode/electrolyte

interface and the local pH decreases. Read et al. took advantage of such reaction
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to detect mercuryons in water by using a Boron Doped Diamond (BDD) ring
electrode $5]. The sensing electrode was made of two concentric BDD rings
with a gap of 440um. The external electrode generafediétreasing the local

pH, while the internal one was used as a sensing, using a stripping method.
Since pH was locally adjusted, it was possible to operate with a solution at
neutral pH.

Table 4.3 summarizes most of the examples reported above.

TABLE4.3. EXAMPLES OBE_LECTROCHEMICAL SERSAND BIOSENSORR HEAVY METALSIOT

STUDIERD**R IVERWATER

Metal LOD-ULR Dep. Time pH Real Sample
Bi-NPs [27] Zn 0.6-50 ppb 10 min 5 N.S*
Cd 0.1-50 ppb
Pb 0.1750 ppb
rGO-AgNPsp6] Pb 28-500 ppb 150 sec 5 N.S*
Cd 28-390 ppb
Cu 11-220 ppb
Hg 55-600 ppb
GCE-DNA [42] Hg 0.5-200 ppb 40 min 7.4 sewage
samples
Au-DNA [43] Hg 0.050.2 ppb 60 sec 7.2 N.S. *
Au-NPs 7] cd 0.11 2.7 ppb N.S. * N.S.* N.S. *
Hg 0.1/ 2.7 ppb
Pb 0.1 2.7 ppb
Au/Hg-MAE [45] Cd 0.3 ppb 120 sec 4 N.S. *
Pb 1 ppb
Cu 1 ppb
C-MAE [46] cd 1.3-45 ppb N.S. * 4.5 RW **
CuO [50] Hg 0.2-40ppm N.S. * 6 N.S. *
SPCENIO [53] Hg 0.052 ppb 300 sec 2.7 RW **
BDD [55] Hg N.S. * 60 sec 6 N.S *
NiO Thin Film Hg 0.5 ppb 12 min 3 Tap Water
(this work)
Au Microbands Hg 1-75 ppb 3 min 6 RW **
(this work) Pb 10-100 ppb
Cu 1-100 ppb

Steroglass and Metrohm already developed two commercial devices of
electrochemical sensors for heavy metal, that are available in the market. The
Steroglas device (Figure 4.1 A) is made of glassy carbon as a sensing electrode
and is able to detect many metals (Zn, Al, Cd, GoH4, Cu, Pb, Sn) with limit

of detection of about 0.1 ppb depending on the matrix, but is able to analyze
many liquids, from milk to wine, from water to oil. The whole analysis requires

just some minutes and the sample does not has to fieepted. Fuhermore, it
94



is quiet small (20*23*35 cm) and light (less than 10 kg), therefore, it can be
moved from lab to lab even if it needs an external power sufdy The
Metrohm (Figure 4.1 B) sensob9] is able to detect copper, mercury and
arsenic with LOD o600 pt. It can also work witHifferent water matrixegap,
drinkable, river, lake and sea water). It is smaller and lighter than the Steroglass
device and it can work with an external battery, making possible to wikuin
Furthermore, in the case &s, it is able to distinguish between different
oxidation state (As(lll) and As(V)): this is very important because As(lll) is a
very unstable compound and could be easily oxidized if the sample should be

transported to a laboratory

HGURHE.1 STEROGLA%A) ANDMETROHMB)ELECTROCHEMICAL DESIFOR HEAVY METAL
DETECTION

During my Ph.D, | developed two different sensing electrodes for heavy metals
detection: a nickel oxide based electrode (either thin film or nanostructured) for
mercury detection and an interdigitated gold microband electrode for copper,
lead and mercuryeatection. The activity on Ni oxide has been carried out at the
Applied Physical Chemistry Lab of University of Palermander the
supervision of Prof. Carmelo Sunseri, Prof. Rosalinda Inguanta and Prof.
Salvatore Piazzawhile the other one has been cadrout atTyndall National
Institute, Cork, Ireland in the Lab of Nanotechnologysupervised byDott.

Al an OO0 adDott. Bierne Lovera
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4.2 Nickel oxide based electrode for mercury
detection

4.2.1 Experimental

Sensing electrode synthesis anodaracterization

Fabrication of NiO thin film and synthesis of NIO@Ni NWs was performed
by annealing in an air oven of either a commercial Ni foil (Alfa Aesar
Product, 127um thick, purity higher than 99%) or-pyathesized Ni NWs,
respectively. Even electrochemical oxidat of the nickel substrate was

investigated using a solution of 1M KQi borate.

In order to obtain a thin film of nickel oxide, a commerciakel foil has

been annealeds bought, without any pteeatment

Prior to synthesize Ni NWs, a Ni currentleator was deposited on one side

of a polycarbonate membrane (the same procedure like Chapter 3) at a
constant potentialofL . 25V (vs. SCE) wusing the tyj
g/l of NiSO,A 6,8, 459/l of HBO; and 45g/ of NiC}). Then, Ni nanowires

deposition was carried out applying pulsed potential between the open

circuit potential and1.5V (vs SCE) for 90 cycle$()]. Also in this case, the
precursor solution was t he Wattos
nanostructures, the template was dissolvagalime dichloromethane in order

to expose the nanowires, in the same way used to grow Pd and Cu

nanostructuresf Chapter 3

Mohanty et al. $1] obtained 200nm of NiO NPs after@hours of annealing
at 500ecC . On t he o 62 showahhatjust 3 hoMraa |l | a d a

of oxidation at 350eC were enough tc
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commercial nickel foil. Because of this discrepancy, in this work, Ni folil

was oxidized for 120 min at three di

700¢eC) asively clatacterized by XRD, using a RIGAKU-ray
diffractometer (model: EMAX 25600 HK), and SEM, using a FEI FEG
ESEM (mod. QUANTA 200) equipped with a detector for EDS (Energy

f

Di spersive Spectroscopy). XRD pattern

10°to 100° with a sampling width of 0.004° and a scan speed of 3 deg./min,

using Nif i | tered Cu KU radiation (&= 1.

analyzed by comparison with ICDD database (International Centre for
Diffraction Data, Power Diffraction File2007), Pennsylvania USA).

Electrochemical measurements

The procedure for revealing Hgions consists of two successive steps, as
described in Chapter 2. Briefly, Hg is initially potentiostatically deposited on
NiO electrode, and then, it is polarized through square waltammetry
recording the current response, and, in particular, themustripping peak

due to Hg dissolution. Through a calibration curve, the stripping current
intensity can be correlated to thefigoncentration in solution. NiO works

as a cathode during the enrichment step (first step), while, it works as an
anode inthe second step (SWV). The first step is very challenging because
NiO is a ptype semiconductor therefore it tends to block cathodic current.
For a correct working as a sensing element, it has been necessary to find a
satisfying value of NiO thickness, vah was sufficiently thin to avoid block
effects in working as a cathode, and significant ohmic drop in working as an
anode, and also, sufficiently high to avoid fast dissolution under repeated
SWASYV cycles, due to the low pH. In order to achieve thislehging
compromise, two annealing times were investigated: 15 and 120 minutes,

finding the second one as the best. After annealing, NIO@Ni was sealed
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with an insulating lacquer to expose a NiO geometric area of about 6.1 cm
that was tested as an electreghical sensing for mercury ions.
Electrochemical experiments were conducted in a 50ml-#iemtrode cell,
where NIO@Ni was the working electrode, a Pt mesh was the counter
electrode, and Ag/AgCl worked as a reference electrode. rsgliition was

used asn analyte (solution containing the substance to be measured), which
was buffered with citric acid and N4PO, in different ratio depending on

the desired pH and was stirred at 600 rpm during deposition. Both deposition
and square wave polarization paraens, such as deposition potential and
time, frequency, potential step increment and duration were changed in a
large range in order to find the best combination giving the highest stripping
peak current. After optimization of the different parametersaléoration

curve was established, in order to find sensitivity and LOD that are the key
features of a sensor. For reliability purpose, the calibration curve was
repeated for 3 times, at least, and the results here presented are averaged on

3 determinations

Selectivity tests were carried out against copper, zinc, cadmium and lead

ions in a concentration at least 10 times higher than the mercury one.

Real samples analysis

Two kind of real samples were tested: tap water from a public fountain of
undrinkablewater in Palermo and sea water from Mondello beach, Palermo.

Prior to test, the samples have been acidified to pH 3 by nitric acid.
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4.2.2 Results and discussion

Electrode synthesis and characterization

Features of NiO thin film as a sensing matedigbend on the quality of the NiO
film, in particular, on annealing time and temperature. NiO is-gpe
semiconductor wi t h a resistance of
measurements, a good electrical conductivity is mandatory; consequently, it is
veryimportant to select a configuration where pure Ni allows easy electron flow
to nickel oxide that is the active material for detection of the mercury ions.
Besides, NiO is quite soluble in acid medium, therefore it is important to have a
thickness sufficiet to evenly cover the Ni substrate during electrochemical
measurements. In order to achieve this goal, it is very important to control the
thickness of the NiO producedhe first attempt to obtain NiIO@Ni electrodes
was to electrochemically oxidize theckel substrate in an alkaline solution.
Different papers suggest to use either KOH or NaOH solution to oxidize Ni in
NiO or Ni(OH), or in the oxihydroxy form§3-64-65-66-67].

A constant potential 60.1 V vs Ag/AgCl was applied for 2h and thedurve is
shown in Figure 4.2 together with SEM analysis.
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HGURE4.2 A): I-T CURVE DURING ELROCTHEMICAL OXIDATIORNI FOI. B) AND C): SEM
IMAGES ONlI FOIL AFTER ELECTREMICAL OXIDATION
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The current of Figure 4.2A is always positive (oxidation current) and noisy,
suggesting that the process doesnot
images of Figure 4.2B and C show that the oxidation didhappen,or the
thickness of the oxide/hydroxide film is too thin. Indeed, the low magnification
picture (Figure 4.2B) shows that the morphology of the electrode is still the
same of the bare nickel foil. At higher magnification (Figure 4.2C) some small
dots are isible, but the film is not uniform enough. Therefore, the electrolyte
was changed from KOH to MBO, but the results were still not satisfying
(morphology not showed). We do think that electrochemical techniques were
not suitable for this application, wieea thick layer is mandatory, and so we

gave up and we tried to obtain a NIO@Ni using a thermal process.

In this case, the NiO thickness depends mostly on temperature and time. If the
temperature is not in the right range, other kinds of nickel oxidesbean
produced (like NiOsz of NiO,). In addition, by adjusting the oxidation time, it is
possible to control the oxide thickness that must be adequately thin in order to

have an efficient transport of electrons.

Figure 4.3 shows XRD patterns of Ni foil antezhin different conditions. For

comparison, the pattern of a not annealed Ni foil is also shown.
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Figure 4.3 shows that the lowest temperature leading to visitoieation of NiO

I's 350eC, but the kinetics of the pro
period of 120 minutes of annealing, the NiO peak was very weak. On the
contrary, as annealing was conducted at 700°C, the Ni oxidation was very
severe wih formation of other oxidized species. The best annealing condition
was found to be 120 minutes at 500°C, because the morphological analysis (see
below) together with the successive tests as a sensor showed that NiO film
thickness grown at 500 °C for 12flinutes is the best compromise between
electrical conductivity and stability under SWASV. Only one NiO peak is
shown in Figure 4.3 because the 2d sc
for clarity purpose. Figure 4.4 shows three SEM images of a Nifacguafter

Ni oxidation (nickel foil) at 500°C for 120 minutes, and EDS analysis. For

comparison, also the morphology of the nickel foil annealed at 700 °C is shown.

FHGURH.4 SEMIMAGES ONIl FOIL ANNEALED FRIRAT700°C A), B); AND500°CC),D); E):
EDSANALYSIS d¥l FOIL ANNEALED BO0°C; F):CROSS SECTION VIBWINOFOIL ANNEALED AT
500°C
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Figure 4.4 A, and B show the morphology of the electrode annealed at 700°C. It
Is clear that the electrode is not uniform, having different cradgsif@ 4.4A)

and exposing Ni substrate (Figure 4.4B). On the contrary, the electrode annealed
at 500°C looks much more uniform (Figure 4.4C) and, despite some cracks are
still visible, these are not deep enough to show the substrate (Figure 4.4D). The
ridges visible in the micrographs, likely, reproduce the initial Ni surface, so
indicating that the film is thin. EDS analysis of Figure 4.4E confirms the
presence of an oxide layer by the presence of the oxygen peak that is absent
when the bare nickel foil hdseen examined (not showed) and confirms also the
purity of the NiO based electrode. Figure 4.4 F shows the cross section view of

NiO grown at 500 °C having a thickness of about 1um.

Ni NWs has been fabricated using the same procedure to grow Cu and Pd

nanostructures described in Chapter 3. Figure 4.5 shows SEM images of Ni

NWs before and after the annealing (500 °C for 120 minutes).

HGURE.5 SEMMAGES ONI-NWs BEFOKE’\)AND AFTER20MINUTES S OF ANNEMGIAT
500°C(B)

Figure 4.5 shows that as prepared Ni NWs are smooth and uniform in length

while, after annealing, are rough and some heads stuck together.
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XRD and EDS analysis of this electrode are similar to the NiO thin film,
therefore are not shown. The conductivitly this electrode was really poor
probably because the diameter of the NWs is of about 220 nm, therefore, 120
minutes of annealing might be excessively long. In order to improve electrode
conductivity, NiNWs has been annealed for 15 min. By this way, lbetrede
conductivity was enhanced without variations in the morphology and XRD/EDS

spectrum ( see Figure 4.6)

HGURH.6 SEMMAGES ONIO@N NWs ANNEALED A00°CFORL5MIN

Electrochemical tests

For testing the NiO sensing performancedetecting HG" ions through the
SWASV method, different parameters were investigated according to Armas et
al. [53]. Figure 4.7 shows the influence of analyte pH (A), and Hg deposition
potential (B) on SWASW curves of a NiO thin film thermally grown at 800

for 120 minutesThe graphs show the mean value of#Besamples
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HGURH.7 B-FECT OF-HA),AND DEPOSITION POTENL(B)ON STRIPPING PEAKATFPM OF
MERCURY IONS

We have prepared different buffered solutions of citric acid antHR@;.

Figure 4.7A shows that the current peak at 0.45 V increases as pH

di mi ni shes accor di nGg. The optilhanu pHb o x 6 s A
detecting Hg was estimated to be 3 because NiO is unstable at lower pH and
tends to dissolve.

Therefore, the deposition potel of Hg on NiO was investigated at pH 3. In
detail, deposition was conducted at different potentials for 3 minutes from a
solution containing 4ppm of H{ After deposition, the sensing element was
polarized through SWASV, and the current vs. potentialves showed in
Figure 4.7B were recorded. It can be observed that the stripping current peak at
0.45 V is almost constant in the interval frén9.4 to-0.8V, while the stripping

peak for deposition a0.2 V is shifted at a few higher potential withaaver
intensity. When deposition was conducted at a so high potential.2sV,

likely, the reduction of Hions strongly interfere with Hg ones lowering Hg

mass deposited on NiO. As a consequence, the stripping peak was weaker.
According to these findms,-0.4 V was selected as the best deposition potential,
because the lower potential guarantees higher selectivity of deposition and
higher lifetime of the NiO film.
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Figure 4.8 shows the effect of the step frequency, amplitude, and potential on
mercury ektection.
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HGURH.8INFLUENCE OF FREQUHEMQ, POTENTIAL STE®),AND STEP AMPLITU(E)ON
STRIPPING PEAK4FPM OF MERCURY IONS

It can be observed that the frequency and potential step have a huge effect on the
stripping peak, while step amplitudees not affect. In detail, frequency higher
than 60 Hz and step amplitude higher than 0.06 V start to distort the signal,
making it impossible to be read.

Figure 4.9 shows the influence of deposition time on SWASV curves.
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FGURH.9INFLUENCE OF DERTSN TIME ON STRIRB PEAK OfPPM OF MERCURY IONS
The deposition was conducted &4V from a 4ppm Hg solution, at pH 3.
According to the literature6p], the SWASV peak current vs. deposition time
should be a sigmoid that reaches a plateau when ¢btraele surface is totally
covered by the analyte. Figure 4.9 shows that after 350s of depositiA\At

the peak current doesnodét increase any
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the optimum one. Table 4.4 summarizes the optimized values oftiopata

parameters controlling the analytical determination of Hg traces in water.

TABLE4A.4 OPTIMIZED PARAMETERLVES FOR ELECTROUOEKL DETECTION OERCURY IONS BY
NIO@N FoIL

Parameter Selected as an optimization
pH 3
Deposition potential -0.4 vsAg/AgClI
Frequency 50 Hz
Step Amplitude 60 mV
Step Potential 1 mV
Deposition time 350 sec

Sensor calibration line was established by applying these parameters. Different
HgCl, concentrations, from 6ppb to 5ppm, were investigated, and curves

relative to only six concentrations are shown in Figure 4.10, for the sake of
clarity.

T o I e s
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FHGURE.10 CALIBRATION LINE FO@N SENSING ELECTREGDR MERCURY IONS BETON
ANDINFLUENCEFRMERCURY CONCENTBN(INSETEFROMG PPB T2 PPM
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Figure 4.10 shows a linear dependence of the peak stripping current on mercury
concentration in a range from 15ppb to 1.8ppm with a sensitivity pAlppb™*

cm? and a limitof detection (LOD) of 4.4ppHn order to reach a LOD lower

than 2ppb (EPA limit), the deposition time was increased to 12 minutes with 0.5
to 30 ppb of H*. Figure 4.11 shows the stripping steps in this condition and a
peak of 20uA appears for 0.5 ppb.

450 . i

——0.5 ppb|
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400 | —7.5ppb|

Current density / pAcm®

250 ! L

0.2 0.3 04 0.5
Potential vs Ag/AgCl

HGURHE.11INFLUENCE OF DIFFERERNCENTRATION OERCUR{FROMO.5TO30PPB AFTER
12MINUTES OF DEPOSNIO
Therefore, it is possible to use faster or slower deposition times, for higher or

lower concentration of analyte, respectivelysing NIO@NiNWs sensing
electrode annealed for 15 min, the peak current for 3ppm of mercury is smaller
than that one obtained with the thin film electrode (Figure 4.12), even if the
current baseline decreased from 190 to 31 pA, and the peak appears better
structured.Likely, the weaker peak due to Ni@NIO NWs in comparison with
flat NiO sensing electrode can be attributed to the excessive oxide thickness of
the coreshell NWs.
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This hypothesis is confirmed by Figure 4.13, which shows the stripping step
of 3ppm of mercury, in the same condition of Figure 4.12, but using an

electrode annealed for 120 minutes.
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HGURE.13STRIPPINGEAK OB PPM OF MERCURY AFBERN OF ACCUMULATIGNN A
NIO@N NWSs ELECTRODE ANNEATEBRL20MINUTES

Despite the high mercury concentration (3ppm), a small peak is present,
located at above 0.35 V vs Ag/AgCI. This suggests that the annealing time,

and therefore the NiO thickness, has a huge effect on mercury detection.
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Anyway, this behavior is still under study, but we think that it is possible to
increase the peak current by a proper decrease of the oxidation time.

Selectivity tests

Selectivity tests were carried out against copper, lead, cadmium and zinc. Figure
4.14A shows the stripping step of 50 ppb of mercury deposited for 6 minutes in
the presence of 50 ppb of the other heavy metals. Figure 4.14B shows the result

of the same teéxonducted with 500 ppb of the interfering ions.
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HGURE4.14 INTERFERENCE SF-PPB(A) AND 500 PPB(B) OF COPPEREAD CADMIUM AND
LEAD ON THE DETE®T@IF50PPB OF MERCURY

Figure 4.14 shows a slight increase in the mercury peak current (12%)
demonstrating that the electrode is quite selective towards these chemicals.
Furthermore, the peak of copper is clearly present, suggesting that it is possible

to use this sensing eleatte for copper detection as well.
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Real samples analysis

In order to evaluate the ability of the sensor to work with real samples, two
different water samples were collected and tested after acidification to pH 3 with
nitric acid. Sea water from Mondelb®ach, Palermo, Italy, was collected. Using
this sample, mercury detection was not possible because the NiO layer, after
polarization, immediately dissolve and a huge peak at 0.25V vs Ag/AgCI
appears, probably due to the uncovered Ni exposed to theosolatien in the
absence of externally added mercury (Figure 4.15). We think that this

phenomena could come from the high content of chlorine of the sea water.
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FGURH.15ANALYSIS OF SEA WAFRRM A MONDELLO BEABALERMOITALY

Undrinkable watefrom a public fountain of Palermo, Italy, has been collected
and tested, after acidification. In this case, mercury detection worked properly as
shown in Figure 4.16, confirming that the failure with the sea water was due to

the high chlorine content.
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HGUREL.16 ANALYSIS OF UNDRINKEBVATER FROM A PUUBEOUNTAIN dPALERMO

When the sample was tested, after 6 min of deposition, a flat CV curve has been
obtained (black curve of Figure 4.16), suggesting that mercury was absent or
below the LOD of the gesing electrode. We tried to deposit for 12 min as well,
but the curve was still flat (not shown). When 20 and 40 ppb of copper were
added, a peak appears proportional to mercury concentration. The results in

terms of recovery are shown in Tabl&.4.

TABIE4.5 RECOVERY ANALYSISHGR/RE. 16

Mercury Added (Q) Mercury Found (G) Recovery (§Cq4 *100)
0 0 -
20 ppb 18 ppb 90%
40 ppb 44.7 ppb 111%

The results show that the sensing electrode is able to work with this kind of
water sample even if an errof about 10% is obtained using the calibration line

of Figure 4.10. This error could be due to a matrix interference therefore, a new
calibration should be done in order to eliminate the error, using the sample

instead of the buffer solution.
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Comparison with the literature

According to these findings, it can be concluded that NiO based sensing
electrode can be efficiently used for mercury detection. Its performance is
excellent in comparison with other nickel oxide based electrodes as shown in
Table 46. Since few researches have concerned nickel oxide as working sensing
electrodes, other types of electrodes with similar morphology (metallic thin

film) are shown in Table 8.

TABLE.6 COMPARISON OF SENSBEHAVIOR OF DIFFEREMNIN FILM ELECTRESIFOR MECURY
DETECTION

Electrode material and Deposition time| Linear Range | Ref

morphology (sec) (ppb)

Ir microdisck 360 1-9 [70]

SPCEAU thin film 60 1-1000 [77]

GCEBi thin film 300 0.00:0.01 | [77]

NiO-Carbon Nanopowder 300 2-75 [53]

Mesoporous NiO N.S. 160-10° [54]

NiC0,04 180 160560 [73

NiO thin film 360 6-1800 This

720 0.530 work
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4.2.3 Conclusios

For the first time, it has been shown that Nii@ thermally grown on Ni can be
used as a sensing element for detecting’ ity water by square wave anodic
stripping voltammetry60]. Ni was oxidized in air at 500°C for 120 minutes
leading to a NiO film thickness of about 990nm suitable for the desired purpose.
The optimization of the sensing process parameters using a 4ppweana
concentration gives a straight calibration line from 15ppb to 1800 ppm with a
LOD of 4.4 ppb. The possibility to decrease the LOD by increasing deposition
time was confirmed by a deposition time of 12 minutes, so detecting as less as
500 ppt. The NiObased sensing electrode is also selective for mercury
detection, having a deviation of about 15% when 500 ppb of copper, zinc, lead
and cadmium are present all together. Additionally, the sensing electrode can
also detect mercury in a real undrinkable waample without any issue. In
addition, (D nanostructured NiO@Ni NWs were synthesized and tested
showing a more sharped peak with a lower baseline. Anyway, the optimization
of this sensing electrode is still under study but we think that, due to ther high

surface area, it should be possible to drastically decrease the LOD of the sensor.
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4.3 Gold microband array for mercury,
copper and lead detection

4.3.1 Experimental

Electrode Fabrication

On-chip device formed by i) an interdigitated goldnowire electrode arrayi, ii)

a gold counter, and iii) a platinum pseudderence electrode was fabricated
using a combination of electrdream and photolithography processes on
Si/SiO;, substrates as described in detail previougH].[In brief, interdigitated

gold microbands were patterned in resist by direct beam writing and metal
evaporation (Ti/Au 5/50 nm) followed by standard -6ff techniques.
Alignment marks were patterned along with this first metal layer to facilitate
accuate positioning of subsequent optical lithography masks. Similarly,
photolithography, metal evaporation (Ti/Au 10/90), anddiftprocedures were
then employed to overlay electrical interconnection tracks including peripheral
probe pads. Two macroscaleld electrodes were also deposited during this
process. A further metal deposition step (Ti/Pt 10/90 nm) onto one of these
macroscale electrodes was conducted to create arhipnpseudaeference
electrode. Finally, a silicon nitride passivation layer O(50m thick) was
deposited to passivate the entire chip and windows selectively opened to allow
exclusive contact between the gold nanowires, the gold counter and platinum
pseudereference electrodes and the solution of interest. Openings were also
patterne above peripheral contact pads to permit electrical connection. Each
chip contains 6 interdigitated electrodes. Each electrode consisting of
interdigitated gold microbands can be separately polarized. In order to
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distinguish between these two electrodedy ey have been name

and 6coll ector 6.

Electrochemical measurements

Nitric andic (35%), Sodium Chloride, Ferrocyanide, Phosphate Buffer Solution
(PBS), lead stock solution for ICP analysis (1000ppm), mercury chloride and
copper chloride powdewere purchased from Sigma Aldrich and used as
received. Al I solution were prepared -
! Heavy metals solutions were prepared by adding different amount of the stock
solutions in deionized (DI) water with 20mM of Nia@ll the electrochemical
measurements were carried out using a CHI92folentiostat in a three
electrodes cell comprising of a Ag/AgCI as external reference electrode and a on
chip gold counter electrode, at room temperatrr to stripping experients,

the chip was washed with pure isopropanol and DI water in order to remove any
contaminants from the electrode surface. After that, a CV (scan rate 100mV/s)
was carried out in a solution containing 1mM of ferrocyanide in 10mM of PBS
pH 7.4 in order tccharacterize the electrochemical behavior of the electrode.
Collector electrodes typically exhibit a peak current of 13nA, as shown in Figure
4.17.

Current / nA

1 1 1 1 1 1 1
0.0 0.1 0.2 0.3 0.4 0.5 0.6
Potential vs Ag/AgCI

HGURH.17TYPICAICVOF ATHE COLLECTBIRECTRODE WIZM GAP IN THE PRESENOHOMM =S
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Stocksolutions were prepared by adding different amount of heavy metal stock
solutions to a solution of 10mM NacCl in DI. Nitric acid was added to change the
pH from 2 to 6. Different pH and deposition potentials were tested. To be sure
that the metal was totgllstripped out from the surface, multiple SWVs were
carried out sequentially in DI with 20mM NaCl after each stripping step, until a
flat CV curve was obtained. When high concentration of heavy metals were
tested (in the ppm range), a cleaning step wasssecy in order to regenerate

the sensing electrode. The cleaning has been carried out by applying a fixed
potential of 0.5V vs Ag/AgCl, in 0.1M }$0,.

-15 T T T T T T

Standard CV

After Stripping

-10 | After 2 mins of treatment
—— After 8 mins of treatment

Current / nA

00I0,1l027 03I04‘0,5k06
Potential vs Ag/AgCI

FGUREL. 18INFLUENCE OF CLEANINGH SULFURIC ACIB ©VIN THE PRESENCELIOMM FE/FE™

Figure 4.18 shows the influence of the cleaning step: the electrode after the

SWV is definitely poisoned and not able to generate a good peak in the presence

of ferrocyanide, while the CV is almost regenerated after 8 min of treatment.

The calibration cure was obtained by 3 triplicates, starting from the lowest

concentration to the highest. In order to understand the influence of the

pol arization of Oprotonator &6 onthet he

protonatornas been polarizeat a fixed potetial and a CV on the collector has

been carried out simultaneously.
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Chip holder fabrication

A custom built chip holder was fabricated to permit electrical contact between
the electrodes and the potentiostat without the requirement for PCB packaging
and wire bonding. The lower part of the holder was fabricated from a
polytetrafluoroethylene (PTFE) base fixed to an aluminum tray onto which the
chip was mounted. The tray into which the chip was placed was designed in
order to be only 0.1mm larger than tHapcedge dimensions to guarantee that
the chip would remain firmly placed during measurement. The PTFE cap
comprised apertures to mount spring loaded probes to contact the on chip
peripheral bond pads and also a central low volume sample reservoir, sealed
from beneath with an ®ing (James Walker Ltd.), to accommodate the sample
volume. The inner diameter (4.5 mm) of thei@g was large enough to ensure
that all electrodes on the chip had equivalent access to the analyte without
impeding diffusion processe Springloaded probes with rounded tips
(Connector Solutions Ltd., U.K) were selected with a typical tip diameter 0.51
mm, (Series S Duraseal:(®-J-1.3-G-DS-36-1), guaranteeing a good electrical
contact to the contact electrodes (1.5 mm in diametenenAtompleted with
microband electrode chip, the cell was fully waight with a sample volume of
300 €L, (see Figure 4.19).
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M2x6 Probes
O-ring

Cap— in: 4.5mm

out:8.0mm

Rack—~ | L hip

Base —ammmmsssmm—n I 6%16m™

HGURHE.19 SCHEME OF CHIP HOLDER
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Real Sample Analysis

Three river water samples, from Lee River, Cork, Ireland, named A, B, and C
were collected in three different days and acidified with nitric acid to pH 3.5
after a sedimentation process to eliminate any particulate. The standard addition
method was carriedut for the quantification of copper, lead and mercury. A

minimum of five repetitive scans were carried out.

4.3.2 Results and discussion

Electrode Characterization

Gold microband array electrodes were fabricated using photolithography
process at silicon wafer substrates bearing a 300 nm layer of thermally grown
silicon dioxide, (see experimental section). Standard optical lithography was
employed to overlay electricacontacts and interconnection tracks onto
microband arrays, followed by metal deposition and liftoff. Electrical contact to
all onchip electrodes was established by contact pads located at the chip
periphery and connected to the microband using intessdiam tracks traced by
photolithography. Unwanted electrochemical reactions occurring between metal
interconnection tracks and electrochemically active species were prevented by
the deposition of a silicon nitride layer. A lithographically patterned krén80

x 30 nm) was selectively opened in the insulating silicon nitride layer directly
above the microband array to allow exclusive exposure of the microband array
to the electrochemically active species. By this way, selective openings over the
onchip counter and reference electrodes were employed to achieve a fully

functional naneelectrochemical device echip. Therefore, 6 interdigitated gold
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based electrodes, a gold counter and a silver reference were present in one chip.
Each interdigitated electredvas made of two distinct interdigitated microband
electrodes with a gap of 1, 2 or ih. Microband electrodes were characterized
using optical microscopy. Figure 4.20 shows the final electrode and optical
micrograph of an interdigitated microband armgvice afér silicon nitride

passivation.

HGURH.20A) DEVICE AFTER FABRIOATAND OPTICAL IMAGEE® (B),2(C)AND1(D)uMm
GAP INTERDIGITATRIAE

Optical characterization performed on fabricated devices showed selective
removal of the silicon nitride, exposing the underlying interdigitated microband
electrodes. The length of the electrochemically active microband was typically

45 em witRuma width of
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Mechanism of detection

To demonstrate the mechanism of detection, dQéf a solution containing 10
ppm of copper has been dropped into the electrode and a portable potentiostat
was used to carry out the experiment, as shown in Figure 4.21. The electrode has

been isolated using a piece of silicon with a thickness of 2 mm.

HGURHE.21CONNECTION OF THEELRODE WITH A PORIBBPOTENTIOSTAT

The as prepared electrode was put under an optical microscope, and the SWASV
was carried out. During the experiment, a video was recorded and five frames of

thevideo are shown in Figure 4.22.
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In Figure 4.22A, the experiment is not started yet, showing that the electrode is
clean with a yellowish color typical of gold. When the deposition starts (Figure
4.22B) the electrode starts to become black, due to the coppesitaapantil,

after 20 sec of deposition, the yellow color is definitely disappeared (Figure
4.22C). When the stripping step starts, the black color starts to disappear (Figure
4.22D) due to the stripping of copper and when theffeopper is reached the
electrode become yellow again with the same morpholafgfFigure 4.22A
(Figure 4.22E).

Optimization of deposition time, deposition
potential, and pH

To optimize sensing performance, some parameters such as pH, deposition time
(dt), and deposition potential (dV) were investigated for each metal, employing
gold microbands separated by 1pum gap. The metal concentration was fixed to
100 ppb for copper an@ad while 10 ppb was selected for mercury, due to its
higher toxicity. The optimization of more than five experiments were averaged
and the resulting values are plotted. An error of about + 10% has beengblund.
significantly affects the process, as aonkd by the literature7p]. A pH range

from 1 to 5 was investigated for copper deposition while a range from 2 to 5 for
mercury and lead. After 3 minutes of deposition-@4V vs Ag/AgCl, the
current peak increased in more acidic media and reached enumat pH 3.5

for mercury and lead, and pH 2 for copper (Figure 4.23).
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The influence of the deposition potential was investigated in a famge0.8V
to OV (vs. Ag/AgCl) in a solution with the optimized pH in dependence on the
metal. Moving from anodic to more cathodic potential, the output signal
increased to a maximum &2.4V for copper and lead an@.5V for mercury

(Figure 4.24). The cuent peak starts to decrease more cathodic potentials,
likely due to the start of hydrogen evolutiofe]
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Figure 4.25A shows the effect of the deposition time, in a range from 1 to 300 s,
at the optimal pH and Vd with 100 ppb of copper. Increasing the deposition
time, the current peak increases because the coverage on the electrode surface
increases. Howeveafter 180 s of deposition, the current peak reaches a plateau,
probably due to the surface saturation [53]. A similar behavior was found for

lead and mercury (Figure 4.25B, C).
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Table 4.7 summarizes the optimal parameters for each metal. In the perspective

of simultaneous detection, when only one deposition time bsamsed, the

calibration line of copper and mercury were carried out with 180 s of deposition

as well.

TABLE.7 PARAMETERSELECTED AS OPTIRIZER LEACCOPPER AND MERCURY
DEPOSITIONTRIPPING

Lead Copper Mercury
pH 3.5 2.0 3.5
ty 180s 120 s 120 s
A -0.4 V vs Ag/AgCI| -0.4V vs Ag/AgCIl| -0.5V vs Ag/AgCl
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SWASV analysis of Lead, Copper and Mercury

In order to check the presence of some peaks due to the blank solution, SWASV
was carried out in a solution containing 10mM NaCl and nitric acid. #ss it
possible to see in Figure 4.26, a peal0atV vs. Ag/AgCl, due to the dissolved
oxygen, is presenf[/-78-79]
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HGURE.26 SWAS\OVER GOLD MICROBARIIEECTRODE WITM GAP INLOMM NAQL

Using the optimized conditions, SWASV analysis was conducted with

increasing concentrations of each metal. Figure 4.27 shows a CV in the presence
of 10 ppm of lead.
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Three different anodic peaks #.6V, -0.3V, and-0.17V vs. Ag/AgCl were
observed due to the bulk deposition0(6V), and under potential deposition
peaks {0.3V, and-0.17V). This behavior is consistent with previous papers
published about lead stripping from gold electrodes and corresponds to the
formation, and consequent strippinfa monolayer of lead at potentials more
positive than the Nernst on8(81-82-83] Indeed, at low concentration of lead
only the peak at0.17V vs. Ag/AgCl was observed, confirming that it is related

to an under potential deposition.

Figures 4.28 A, B shovhe experimentst increasing lead concentration from
10 to 1000 ppb and the related calibration liBach concentration was tested at
least 3 times and the mean value is plotted in the calibration line with the

corresponding standard deviation.
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FHG4.28SWASWITH INCREASING CENCRATION OF LE(D) AND CORRESPONDINGIBRATION LINB)

It is clear that, the oxygen peak overlaps with the lead stripping peak from 10 to
50 ppb of lead, drastically decreasing the sensitivity of the electidds.is
confirmed by Figure 4.29 where a solution with 10 ppb of lead has been
degassed for 30 min with,N
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After 300s of deposition in a degassed solution, the cupesit is more than

twice, increasing from 80 pA to 210 pA, so confirming that it is possible to

acheve a lower limit of detectionFigure 4.30 shows the stripping step at
increasing concentration of mercury and the calibration llaeh concentration

wastested at least 3 times and the mean value is plotted in the calibration line

with the corresponding standard deviatiés. it is possible to see, the mercury

UPD is at 0.55V vs. Ag/AgCI and, increasing the concentration up to 500 ppb
the bulk depositiongpears at 0.45V vs. Ag/AgCI.
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Similar results were found increasing copper concentration, as shown in Figure
4.31. In this case, the butleposition starts at 0.5 ppm at almost 0V vs Ag/AgCl
(not shown) Here again, each concentration was tested at least 3 times and the
mean value is plotted in the calibration line with the corresponding standard

deviation.

FG4.31SWASWITHINCREASING CONCENMRA OFQU (A) AND CORRESPONDINGIBRATION LINB)

In this context, it is important to highlight that for lead and copper the LOD is
lower than the concentration limit settled by EPA, while for mercury, an
improvement is necessaifyor this reason, the concentration range from 1 to 5
ppb has been investigated by increasing the deposition time from 3 to 6 minutes.
Figure 4.32 shows the stripping step from 1 to 5 ppb of mercury evidencing that
it is possible to reach lower concentratiacreasing the deposition timeable

4.8 summarizes all the features of the electrode in terms of linepe, ran

sensitivity and LOD.
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