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Abstract

The research work described in this thesis concerns materials for both energy storage and
sensoristics applications. Firstly, the synthesis and characterization of magnetite (FesO4)
functionalyzed with [3-(2-propynylcarbamate)propyl]triethoxysilane (PPTEQOS) capable to
reduce the gold precursor chloroauric acid (HAuCls) without the need of additional
reducing or stabilising agents is described. These nanoparticles were tested to improve

performances of symmetric capacitors based on polyaniline and graphite foil.

Energy storage applications were investigated also during six months stay at EPFL
University of Lausanne where an investigation about different tailored catalysts for Oxygen

Evolution Reaction in a particular Redox Flow Battery was carried out.

For what concerns sensing applications, new materials based on cellulose modified
with polyaniline and poly(2-acrylamido-2-methyl-1-propanesulfonic acid) (PAAMPSA)
were synthesized, characterized and applied to monitor pressure, humidity, heart rate and

lastly, bread fermentation in collaboration with the University of Fribourg and Zurich.

The characterizations of all the materials investigated compriseed numerous
techniques such as infrared attenuated total reflectance spectroscopy (IR-ATR),
thermogravimetric analysis (TGA), scanning and transmission electron microscopy (SEM
and TEM), alongside linear and cyclic voltammetry (LSV and CV), electrochemical

impedance spectroscopy (EIS) and chronoamperometric analyses.

The thesis organisation and the content of each chapter can be summarized as

follows:



Chapter 1. General introduction on the topic of nanotechnologies, followed by an
overview on their applications in energy storage devices, with a particular focus on
pseudocapacitors and redox flow batteries. In this perspective, a brief discussion on
polyaniline as electroactive material is reported. Lastly, the same conductive polymer for

sensing applications as paper-based material was investigated.

Chapter 2. Synthesis of magnetic FezOs (magnetite) nanoparticles in different alkaline
environments (NHz or NaOH) and successive functionalization with PPTEOS to promote
the nucleation and stabilisation of gold nanoparticles to obtain Au/FezO4+@Y ne composites.
The characterization was carried out using different and complementary techniques and a

comparison among the materials obtained was performed.

Chapter 3. Magnetite nanoparticles described in the previous chapter were used to prepare
pseudocapacitors based on polyaniline electrodepositated on graphite foils. The obtained
electrodes were firstly characterized from the chemico-physical and electroanalytical point
of view in order to choose the best one that was, successively employed to assemble a
prototype of symmetric gel state supercapacitor. Lastly, the performances of the

supercapacitor were investigated.

Chapter 4. An industrial paper process to prepare sheets of cellulose covered with
polyaniline was presented. The material was fully characterized and its properties were
demonstrated assembling a capacitive touch sensor. Different geometries were tested and
the best one was chosen in terms of response time and pressure-stimuli behaviour. A
description of the material as sensor to detect the state of fermentation of bread is also

carried out.

Chapter 5. The synthesis and characterization of a new material based on cellulose

modified with polyaniline and poly(2-acrylamido-2-methyl-1-propanesulfonic acid)



(PAAMPSA) is presented. After the characterization, the material was studied as humidity
sensor to be applied in museums with a relative humidity range between 30% and 50 %
and compared with a cheap and commercial sensor. A comparison between the new
material and the already presented PANI-modified cellulose was carried out. In addition, a
brief discussion about the PANI-PAAMPSA-modified cellulose as electrode for ECG

monitoring is conducted.

Chapter 6. The possibility to synthesize catalysts for OER with a new technique called
photonic curing was investigated. Firstly, a study of the reaction condition and the machine
paramenters to produce IrOx was carried out in comparison with a well-known pathway.
Moreover, the synthesis of Mn-doped RuO- and Zn-doped RuO> was carried out with the
same technique and their performances were evaluated electrochemically. Once the best
synthesized catalyst was chosen, it was applied in a dual circuit Redox Flow Battery where
the electrolyte was used as electrons mediator together with the catalyst to produce oxygen

via water splitting reaction.
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1 General introduction

1.1 Nanotechnologies and nanomaterials

Nanotechnology is the science that deals with the development and application of materials
with at least one size at the nanometric scale (1 — 100 nm). Nanomaterials display a high
surface to volume ratio which allows applications in several different fields, such as

chemistry, engineering, medicine, biotechnology, environmental science, etc 13,

Contrary to what one might believe, nanotechnologies are not new, since the first
examples of the production of nanostructured materials can be dated back to ancient
history, when for example gold, silver and copper nanoparticles were used as coloured
pigments in stained glass and ceramics 4. The natural world also presents many examples
of nanoscale structures, from milk (a nanoscale colloid) to more sophisticated

nanostructured proteins 2.

However, the ideas and concepts at the base of nowadays nanotechnologies were
first discussed in 1959 by the physicist Richard Feynman during the famous talk entitled
“There’s plenty of room at the bottom”, in which the possibility to manipulate and control
individual atoms and molecules was described, though the term “nanotechnology” was

coined by Prof. Norio Taniguchi only several years later.

One of the most important developments that gave a boost to the studies in this field
was the invention of the scanning tunnelling microscope by Gerd Binnig and Heinrich

Rohrer in 1981, which allowed scientists to “see” individual atoms for the first time.



Looking fast forward to last two years in which | competed my PhD studies, it is
impossible not to think about the social disaster represented by Coronavirus infection that
changed all our lives. Improvement in nanotechnologies, made possible thanks to
researches, plays an important role also in combat against this disease®>. For example,
graphene oxide nanosheets, thanks to their two-dimensional shape, are able to play an
antiviral impact on the virus disturbing their plasma layer or creating reactive oxygen
species to activate oxidative reactions®. Moreover, the colorimetric detection of Covid-19
is possible due to the capacity of AuNPs to absorb particular filaments of nucleic acids on
their surface’. Lastly, SARS vaccine nano-delivery system is disclosed in the Korean patent
where a SARS-CoV2 DNA vaccine encoding the spike protein was complexed with a
polymer polyethyleneimine (PEI) for effective delivery into cells. That intranasal
immunization with nanoparticles stimulates antigen specified humeral and cellular immune

responses®.

Nanomaterials in general are synthesized by two main approaches, depending on
the end-user demand. The first one is top-down, in which the size of larger molecules
makes smaller to nanoscale and the other is a bottom-up approach, in which small
molecules or atoms are combined to produce nanomaterials. These approaches involve
several synthesis methods and four major categories like chemical, physical, mechanical,
and biological. Generally, the top-down approach involves methods like high-energy ball
milling, etching, mechanical alloying, lithography, reactive milling, and micromachining
methods. Whereas bottom-up includes molecular self-assembly, sol-gel, electron (or ion)
beams, metal-organic chemical vapor deposition, vacuum arc deposition, inert gas

condensation, electrodeposition, and ultrasonic dispersion °.



1.2 Nanotechnologies and renewable energy

An increase in global economy implies a growth in energy demand. Unfortunately, the
world energy supply relies mainly on non-renewable sources, such as petroleum, coal and
natural gases that are non-environmentally friendly*®!. A representation is shown in

Scheme 1.

e

L

Renewables

Scheme 1: pie chart of main world energy supplies

In addition, the production and transmission of energy coming from fossil fuels are causes
of global conflicts and also lead environmental degradation. In fact, combustion of them
generates air pollutants such as sulphur oxides and heavy metals, but also COg, the

greenhouse gas responsible of global climate change®?.

Hence, the transition to the alternative and renewable sources (nuclear power, solar
energy, wind power, geothermal energy, biofuels, hydropower, etc.) represent a possible
solution coupled with the increasing the efficiency in production, transmission and

utilization of the remaining non-renewable sources*1°,



Energy storage technologies can help to meet the demand for supply at the point of
consumption, allowing the production of energy at a different location'®. Different types of
energy storage devices are currently in use, depending on the specific energy and power
requested from the end-user. Among them, capacitors, batteries, flywheels,
superconducting magnetic energy storage (SMES) systems and solid oxide fuel cells

(SOCF) are present and shown in Fig. 17,
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Fig. 1: specific power against specific energy of different electrical devices?'.

Development on nanotechnologies of the last two decades has demonstrated that
these materials with superior properties could give a huge inprovement in the energy sector,
starting from the elaboration of primary energy sources to the end-user devices. Some

examples of utilization of nanotechnologies for energy applications is given in Fig. 2.
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Fig. 2: examples of nanomaterials for energy applications

1.3 Nanomaterials and Redox Flow Batteries (RFB)

Electrochemical energy storage techniques which can balance the intermittent production
and smooth consumption are effective routes to fulfil the highly penetration of renewable
energy sources. Among them, redox flow batteries (RFBs) are one of the most promising
large-scale energy storage technologies ascribed to the decoupled energy capacity and
power output, long lifetime, full charge and discharge capability, high safety and

environmental-friendly%-2,

As depicted in Fig. 3, RFBs comprise three main components: electrolyte, electrode,

and ion exchange membrane.



()\l | N
. f L j
l - Red] i

lo—r

Fig. 3: typical schematic of a redox flow battery®

Electrolyte is the energy storage media in which electroactive materials are
dissolved. Electrode is the component that fulfill electron transfer between external circuit
and electrolytes. The material constituting the electrode also provides sites for redox
reactions of electroactive species and a key role in accelerating electrochemical reactions
rates and reducing charge transfer overpotentials ensuring the reversibility of redox
reactions. A desirable electrode exhibits high chemical stability and electrocatalytic

activity, large specific surface area and low cost?.

Carbon materials with large three-dimensional porous structures such as carbon felt
(CF), carbon paper (CP) and graphite felt (GF) have been widely used as electrodes. These
carbon materials are commonly made of smooth carbon fibers which interlace with one
another. To balance the electrochemical activity, hydrophilicity and porous structures of
carbon materials still remains a big challenge which significantly affects the polarization
and overall cell performance (e.g., voltage efficiency, energy efficiency, and output

power)?-%,

Nanomaterials with abundant oxygen-containing groups can increase the

electrode/electrolyte contact area and numbers of adsorption sites for redox reactions, offer



shortcuts for mass transfer and optimize electrocatalysis activities. Thus, the application of
nanomaterials in the preparation of advanced electrodes for RFBs can not only promote the
reversibility of redox couples, but also accelerate redox reactions, mass transfer and proton

transport process?®.

lon exchange membrane is employed to separate the catholyte and anolyte of RFBs
to prevent short circuit caused by the crossover of active species. Meanwhile, balance ions
can transfer through the membrane to complete the circuit and maintain electroneutrality
of the cell. Hence, an ideal ion exchange membrane should possess good chemical stability,
high ion selectivity (eg., high ionic conductivity, low permeability of active species), and
low cost. The widely used commercial ion exchange membrane in aqueous RFBs is a kind
of perfluorosulfonic acid membrane, known as Nafion membrane with merits of high
chemical stability and conductivity. The ion transport channels of Nafion membrane are
constructed by the hydrophilic groups which are branches of the hydrophobic backbones.
And the ion transportation process can be efficiently fulfilled through Grotthuss and
vehicular mechanisms?’. Both nonfluorinated polymer membranes and porous membranes
which contain the hydrophilic/hydrophobic phases have also been applied in RFBs. The
three-dimensional nanochannels of membrane can be modified by the contents and size of
hydrophilic or hydrophobic groups. Recently, intensive attention has been attracted on the
modification of membrane structures to decrease the ionic permeability and cost.
Application of nanomaterials as nanofillers into different polymer matrix can reshape the
structure of composite membrane, alter the interaction between nanofillers and polymer
chains, and tune ions transport channels via introducing functional groups?®-=3°. A summary

of nanomaterials currently used in RFBs is reported in Table 1.



Table 1: some nanomaterials currently used in RFBs.

Compmonent Materials Energy efficiency Cycle numbers Current density
application %) (mA cm?)
Electrodes  Cu nanoparticles® 84 50 50

Bi nanoparticles® 87 50 200
MnO, % 75 50 50
MWCNTs 82 50 50
Membrane  ZrNT/Nafion composite3® 78,5 100 40
TiO, nanotubes® 84,4 1400 120
nanoporous PES®¥ 78,4 200 80
nanoporous PBI38 88,7 200 80

1.4 Nanomaterials and capacitors

A capacitor is a device that can store electric charge when a voltage is applied in the circuit
and release on demand. As shown in Fig. 4, a capacitor consists of two usually planar
electrodes and a dielectric between them. When a voltage is applied, the plates produce
positive and negative charges and the dielectric material doesn’t allow them passing

through, resulting in storage polarization®,
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Fig. 4: schematic representation of a typical capacitor

Electrochemical capacitors (ECs) can be fully charged or discharged in few seconds; as a
consequence, compared to batteries, their energy density is lower (about 5 Wh kg™), but a
high power uptake (10 kW kg™) can be reached for shorter times. That is the reason why

batteries and capacitors can be considered as complementary*°.

Depending on the charge storage mechanism or on the materials used, ECs could

be divided into different categories:

e Electrical double layer capacitors (EDLCs), the charge is stored only

electrostatically, no faradaic reactions occur;

e Pseudo-capacitors or redox capacitors, characteristics for their fast and reversible

surface or near-surface reactions for charge storage;

e Hybrid capacitors, devices that combine a pseudocapacitive electrode with a battery

electrode.

The major shortcoming of ECs is the low energy density compared to batteries, wich results
in less than a minute discharge time, strongly limiting their application*!. Research efforts
about the use of nanomaterials to overcome that problem has been made principally in the

past few years*,



Graphitic carbon represents the best candidate because of its high conductivity,
electrochemical stability and open porosity*. Activated, templated and carbide-derived
carbons, carbon fabrics, fibres, nanotubes, onions and nanohorns have been tested in ECs,**
47. Because of ECs store charge in the first few nanometres of surface, decreasing the
particle size can help to improve the performances of the active material. Transition metal
oxides nanoparticles represent valid alternatives for carbon-based materials, such as RuO:
or FesO4 that combine an high surface exchange area typical of nanoparticles and faradaic

behaviour of metals in the case of pseudocapacitors*.

Among the pseudocapacitive materials, also conducting polymers have been studied
and have shown high pseudo-capacitance in various non-aqueous electrolytes. When used
as bulk materials, conducting polymers suffer from a limited stability during cycling that
reduces the initial performance. Research efforts with conducting polymers for
supercapacitor applications are nowadays directed towards hybrid systems combining them

with metal oxides nanoparticles or graphitic materials*®-2,

1.5 Conductive polymers and polyaniline

Conductive polymers (CPs) are a class of organic molecules with particular electrical
properties that find a wide range of applications in batteries, supercapacitors,

electrochromic devices, solar cells, sensors, and biomedical applications®-°,

The first study of CPs was reported by Letherby in 1862 with the electrochemical
preparation and characterization of polyaniline formed by the oxidation of aniline on a
platinum electrode in diluted sulfuric acid. CPs did not recieve much interest until the end

of 1970, when Shirakawa, together with MacDiarmid and Heeger discovered that the
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polyacetylene (structure shown in Scheme 2) can be made conductive after exposing it to
the oxidizing agents like chlorine, bromine or iodine which made polyacetylene 10° times
more conductive than the pristine polyacetylene for which they were awarded Nobel Prize
in 2000%. This breakthrough gave the rise to the development of new kind of materials

with combine the properties of plastic and electrical conductivity.

Scheme 2: chemical structure of polyacetilene

Unlike plastic, conducting polymers have alternating single and double bond with sp2
hybridized structure in conjugated sequence along the chain backbone of the polymer,

which acquires delocalization of w-electron and consequently leads electrical conduction.

Various CPs were studied, such as polypyrrole (PPy), polyazulene, polyfluorene,

polythiophene, polyterthiophene, and polyaminonaphthalenes®’.

The CP investigated in this thesis is Polyaniline, which have the chemical structure

presented in Scheme 3, where 0 <y <1.

Scheme 3: chemical structure of polyaniline

Depending on the value of y, polyaniline could have different states of oxidation: if y =0,
polyaniline is in the fully-oxidized state and called pernigraniline base, if y = 1 polyaniline

is in the fully-reduced state called leucoemeraldine and half oxidized state is gained when

11



y = 0,5 and called emeraldine base. Doping the pernigraniline and emeraldine bases,

respective salts can be obtained>®%°. A schematic representation is given in Scheme 4.

Blue pernigraniline base Blue pernigraniline salt

OO OO 22 OO O0+04

2¢ || +2¢ 2¢ || t2e
-2HA || +2HA 2HA|| +2HA
Violet emeraldinebase Green emeraldine salt
<©H©H© C}HHA ECHCHC }
* N N N Nj—* _— =« N N N N+
h -2HA o < > A
+2¢ +2¢
+2HA +2H
Iy -2¢
2HA -2HA

Colorless leucoemeraldine
K > H < > H < ; H < > H>‘
* N N N Nt—*
Scheme 4: different states of oxidation of polyaniline

Leucoemeraldine is a colorless form of polyaniline. It is not conductive, but can
slowly oxidize at air. Pernigraniline form is composed of aminobenzene and

quinonediimine fragments that rapidly decompose in water and air due to the presence of

nucleophiles.

Emeraldine salt is the most interesting form of PANI because shows electrical
conductivity. It is formed by protonation of the emeraldine base with organic and inorganic
acids. This process is conventionally called doping and results in the formation of
polycations due to the interaction between protons and imine atoms of nitrogen.
Accordingly electrons undergo redistributions over a certain conjugation lenght providing

the electrical conductivity of the polymer ©*.

Cation radicals in PANI could be delocalized also by an intramolecular mechanism.

The so called & stacking is based on the Van der Waals interactions between benzene and

12



quinoid rings of different chains of PANI oriented in one direction. The electron

conductivity of such a structured polyaniline is reported to be about 10° S cm™ 2,

Structure, morphology and oxidation state of polyaniline can be tailored varying the

synthesis conditions in an electrochemical or chemical route.

The electrochemical polymerization of aniline is conducted on the surface of a
conductive working electrode usually in aqueous solution containing acids. Different
methods can be used: potentiostatic with a fixed potential around 0,7 — 1,2 V vs SCE,
potentiodinamic varying the potential from -0,2 to 1,2 V vs SCE or galvanostatic, with a
fixed current density of about 10 mA cm™. This type of polymerization leads to the
formation of PANI with controlled morphology and high purity®®. A schematic

representation of the electrochemical polymerization mechanism is given in Scheme 5.
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Scheme 5: electrochemical polymerization mechanism of aniline
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The chemical polymerization of aniline is possible due to the presence of an oxidant,
commonly ammonium persulfate (Scheme 6). Polymerization is conducted in acidic
solution at 1 < pH < 3 to have the emeraldine salt form. Using that method, PANI result in
the highest yield (more than 90%) and a conductivity of about 1.2 S cm™. The main

advantage of this method is that a conductive substrate is not needed®>°.

- . .
OO O
l-zw
. t 2 H
N NH, <=— N NH,
Wt

2

_H+

-H* H

e

-2¢7, -2H*
H H%
n
Scheme 6: mechanism of chemical polymerization of aniline

Among the conducting polymers, PANI is known for having probably the best
combination of stability, conductivity and low cost®®. Despite having versatile use in large
scale industrial applications, many of the potential use of PANI yet need to be explored.
One of the major drawbacks of PANI is the lack of its processability, its conductivity
unstable at neutral pH and its insolubility in water. The most promising approach to
overcome this problem of PANI is the formation of composite with using nonconducting
polymers as matrix. Adding water-soluble polymers for example, hydrogen bonds could be

formed improving not only water dispersibility, but also thermal stability®’. Polymerization
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with these template materials is performed for example in the presence of strong polyacids,
such as poly(4-styrenesulfonic acid) and poly(2-acrylamido-2-methyl-1-propanesulfonic
acid), as well as weak polyacids, such as poly(vinylphosphonic acid) and poly(acrylic

acid)®e.

In addition, the creation of composite CPs with metal/metal oxides nanoparticles
such as Au, Pt, Pd, Ni, Cu, TiO2, MnO2, ZnO, and FesO4 have been intensively studied.
CPs and metal NPs can prevent agglomeration and restacking of metal NPs by steric
hindrance and electrostatic interactions. Moreover, in electrochemical devices, these
composites can increase the electron transport rates between the electrolyte and current

collectors or electrode materials®®-"2.

A particular emphasis on the application in the sensoristic field, where
polyaniline represent an interesting material due to its easiness to be synthesized and

tailored, its light weight and its low cost, is given in this thesis.

1.6 Polyaniline as electrochemical sensor

An electrochemical sensor is a material that is able to convert chemical reactions that a
target species makes on its surface, into an electrical signal that exibit changes in current,
potential and conductivity. Thus, depending on the type of response, sensors can be divided

into voltammetric/amperometric, potentiometric or impedimetric categories’,

Voltammetric/amperometric sensors, in a typical three electrode cell, measure
the current while a potential is applied between the working and the counter electrode. The
response is the result of electrochemical reactions that occur on the surface of the electrode

and the interface between electrode and electrolyte. The mass transport of active species on
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the surface is the rate determining step in this case’®. Voltammetric methods include linear
sweep voltammetry, cyclic voltammetry, hydrodynamic voltammetry, differential pulse
voltammetry, square-wave voltammetry, polarography, and stripping voltammetry’. The
only difference between voltammetric and amperometric sensors is that the second one
lacks a potential sweep, instead using a potential step. The resulting current at a given
potential is proportional to the concentration of the electroactive species in the sample, and
the current is given by Cottrell’s equation”:

nFAc;’\/ﬁj
Vin

1=

Where i is the current (A), n is the number of electrons to reduce or oxidize one molecule
of analyte j, F is the Faraday constant (96485 C/mol), A is the electrode’s area in cm?, ¢/
is the initial concentration of analyte in mol cm?, t is the time in s and D; is the diffusion
coefficient for the analyte j in cm? s*. Amperometric sensors have more sensitive and

selectivity because the oxidation or reduction potential used for detection is characteristic

of the analyte species’®.

Potentiometric sensors measure the potential difference between the working
electrode and the reference electrode when no significant current is flowing. The potential

difference is given by the Nerst equation:

0 RT
Ecen = Ecen — ﬁln Qr

Where E,.;; is the observed cell potential at zero current, E2,;, is the standard potential of
the cell, R is the universal gas constant (8,314 J KX mol™), T is the temperature in K, z is
the number of electrons transferred in the cell reaction, F is the Faraday constant and Q,. is

the reaction quotient of the cell in terms of activities of the oxidized and reduced species.
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The lowest detection limits of potentiometric devices are currently often realized with ion-

selective electrodes (ISE)™.

Impedimetric sensors are based on surface changes caused by adsorption and
desorption of target species that cause a modification of the conductivity of the material.
The experimental approach is to perturb the cell with a small-magnitude alternating
potential and to observe the way in which the system reacts to the perturbation in the steady

state’®.

In any case, electrochemical methods allow very low detection limits, high
selectivity and a small active area and consequently a very small volume of analytes. In
this framework polyaniline is widely studied as material for electrochemical sensors
because of its high sensitivity and selectivity to a large numbers of target molecules thanks
to its easiness to be tailored. For example, a glucose-sensor made of PANI and NiCo0204
is reported®. The catalytic active sites in NiCo,Os4 with conductive PANI played a
synergetic role in the oxidation of glucose and exhibited good sensitivity and a lower
detection limit. Moreover, a surface with PANI deposited upon is used for the sensitive
detection of nucleic acids., gene sensing is a very powerful tool for the diagnosis of a wide
variety of diseases, from common viral infections to cardiovascular diseases and cancer.
For the purpose a new method was developed for the sensitive detection of nucleic acids
using it. In this case, the polymer was deposited by enzyme-catalyzed formation and
template-guided deposition in which a reporter enzyme catalyzed the deposition of PANI

onto the analyzed nucleic acid molecules by forming an intramolecular complex’®’",
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1.7 Paper-based sensors

Cellulosic materials are valuable owing to their chemical uniqueness, shape flexibility, ease
of processing, mechanical strength, and biodegradability’. it is found in many plants and
is also bio-synthesized by some certain microorganisms like the Acetobacter xylinum. In
addition, via a simple carbonization process, cellulosic materials can be transformed into
electronically conductive carbon materials with high specific surface areas and rich pore
structures. These characteristics make cellulosic materials suitable for use as
flexible/transparent substrates, separators, electronic—ionic conductors, electrolytes, and
electrochemical electrode materials in flexible circuits or sensors, conductive transistors,
organic light-emitting diodes (OLEDs), organic thin-film transistors (OTFTSs),
supercapacitors, batteries, triboelectric nanogenerators (TENGS), tissue bioelectronics, and
other flexible electronics. At present, different substrate are used for sensors, such as
polyimide (PI), polydimethylsiloxane (PDMS), polyester (PE), and polyethylene
terephthalate (PET). Despite their excellent flexibility and stability, they are difficult to
degrade, resulting in electronic pollutants and that is why paper as substrate represents a

valid alternative’®.

The evolution and development of cellulosic materials, as shown as Fig. 5,
demonstrates their potential for use in emerging sustainable, flexible, and portable

intelligent electronics.
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Fig. 5: timeline of cellulosic materials™

Cellulose consists of linear B-1,4-linked D-glucose units, and has abundant
hydroxyl (—OH) active groups that can form inter and intramolecular bonds between

polymeric chains, resulting in strong hydrogen-bond networks (Fig. 6).

Fig. 6: SEM image and scheme of cellulosic network®
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Purified cellulose can be obtained by removing lignin and hemicellulose from plants
via chemical pretreatments®®8L, Within these cellulose fibers, there are regions where the
macromolecular chains are arranged in a highly ordered (crystalline) structure, and regions
where the chains are messy and disordered (Fig. 7). The structure and distribution of these

crystalline and disordered domains depend on the raw materials and pretreatment methods.

Cellulose can be processed to obtain various morphologies. Cellulose nanofibers
(CNFs) for example, have a web entangled morphologies and an high specific moduli; they
are obtained by mechanical nanofibrillation methods such as high-pressure
homogenization, high-intensity ultrasonication, high-speed stirring or ultrafine grinding
[34]. In contrast, cellulose nanocrystals (CNCs) are obtained by acid hydrolysis of

disordered and polycristalline regions of cellulose® &,

¢ \
&

.\P.,-

Crystalline Disordered

ALiRAIT A

Configurations of molecular arrangement

Fig. 7: crystalline and disordered macromolecular structure of cellulose®

Flexible sensing devices have received tremendous attention because of their
valuable applications in human health monitoring, human-machine interaction, and
wearable devices. Unlike synthetic polymers, cellulose materials are biocompatible and
renewable, which increases the recyclability of wearable sensors®4. Functional inorganic

and organic materials such as metal oxides, carbon materials, and conductive polymers can
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be incorporated into cellulosic materials to develop conductive electrodes and dielectric

layers for the fabrication of flexible sensors®86,

For example, regenerated cellulose was combined with poly(3,4-ethylene
dioxythiophene)—poly(styrene-sulfonate) (PEDOT:PSS) to protect silver nanowires
(AgNWs) from oxidizing and falling. Subsequently, a flexible and conductivity-stable
hybrid film was fabricated. The synergy of coordination complexation and hydrogen
bonding of cellulose and PEDOT:PSS significantly improved the robustness of the
interfaces and the structural stability of the hybrid film. The hybrid film had a stable
conductivity, even when subjected to severe conditions (90% relative ambient humidity
and 65 °C for 60 days) and repeated bending and peeling tests. This hybrid film was used
to construct a strain-to-electricity sensor that showed excellent flexibility and
biocompatibility. The sensor had a high sensitivity of 23.35 kPa™* and could detect different

mechanical strains including pressing, touching, bending, and even breathing airflow®.

For the fabrication of complicated “bottom-up” nanostructures, CNFs possess
distinct advantages, making them ideal electrode components for piezoresistive sensors.
Guo’s group assembled a conductive CNF/AgNWs-coated polyurethane (CA@PU) sponge
using a dip-coating process. The application of CNFs helped to disperse the AgNWSs and
provided strong adhesion between the layers. The CA@PU sponge-based sensor exhibited
a high piezoresistive effect and could record slight sounds and detect when an object was

placed onto its surface®’.

Cellulose-based carbon materials have also been explored for constructing strain
sensors. CNF/TizC, MXene hybrid aerogels and their corresponding sintered carbon
aerogels exhibited high structural stability and could undergo a high strain of 99% for more

than 100 cycles. As sensors, these carbon aerogels showed high sensitivity and very low
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detection limits for small pressures and strains. Due to the scalable piezoelectric responses
of cellulose, self-standing CNF films can be used as functional sensing layers in
piezoelectric sensors, with a high piezoelectric sensitivity of up to 6.4 pC N in ambient
conditions. This is comparable to that of commercial poly(vinylidene fluoride) (PVDF)
piezoelectric polymer sensors. The capacitive sensing of metallized cellulose materials
provides a low-cost solution for integrating electronic interfaces into “smart” packaging®.
For example, Whitesides’ group developed a paper-based intelligent packaging device that
integrated sensing and alarm functions to ensure seal integrity and prevent theft from

containers®.

Finally, a PANI nanorod-based gas sensor via in situ co-doped with 5-sulfosalicylic
acid (SSA) on a 3D interconnected cellulose network substrate was presented as ammonia
sensor with a high response (21.3 for 50 ppm ammonia) and quick response/recovery time
(4.1 s/16 s). Furthermore, the sensor also demonstrates excellent ammonia selectivity
among different interfering agents, with a lower detection limit (LOD) of 10 ppb at room

temperature, and the limit sensing temperature even below -10 °C*.
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2 Synthesis and characterisation of
Au/Fe3z04 nanocomposites

2.1 Aim of the chapter

Magnetic Fe3O4 (magnetite) nanoparticles were synthesized via a chemical precipitation
route in different alkaline environments (NH3z or NaOH) and subsequently functionalised
with PPTEOS, with the aim of promoting the nucleation and subsequent stabilisation of
gold nanoparticles to obtain Au/FesOs@Yne composites. The morphology, structure,
composition and AuNPs binding capacity of the modified Fe3Os nanoparticles were
investigated by means of complementary characterization techniques. Moreover, their
magnetic properties were studied as a function of the adopted processing conditions. Part
of the work reported in the present chapter was published by my research group in Ceramics

International®.
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2.2 Introduction

2.2.1 Magnetism in materials

In materials, every atom possesses a magnetic dipole that is generated by two different

phenomena:

1. The spin movement of the electrons around their axis;
2. The orbital movement of electrons around their nucleus.

Neighbouring atoms spins could be aligned in a parallel or antiparallel way due to a
quantum exchange force; the magnetic moment oriented in a particular direction generated
by a spin movement is neutralized by a moment oriented in the opposite way; only the

unpaired electrons are responsible for the magnetism in the material as result?2,

When a material is inserted in an external magnetic field H, the magnetic response B

(intrinsic magnetic field) can be expressed as:
B=py(H+M)

where Lo is the magnetic permeability under vacuum, and M is the magnetisation of the
material. Magnetisation can be described as the vectorial measure of the magnetic dipole

moment by volume unit in all the considered volume, and is represented by:
M= m/V = nuB/V

where m is the total magnetic moment, which corresponds to the number of atoms (n) that
have unpaired electrons multiplied by the elemental magnetic moment uB and divided by

the volume V occupied by the material. The proportionality between magnetisation M and
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exciting field H is described by the magnetic susceptibility y and is characteristic of each

substance, at a given temperature?.

Based on the magnetic behaviour, it is possible to make a distinction between
materials that do not have permanent magnetisation and exhibit a linear response to a
moderate applied field, and materials that have an intrinsic magnetisation and exhibit a non-

linear response to the applied field (Fig. 1)*.

bbb

of individual atoms alig

i > b b b b

Moments alternating from atom to atom

e P b D D

Unequal moments alternate

Spontaneous domain formation

Paramagnetism No long-range order; alignment with applied field

Diamagnetism No long-range order; alignment opposes field

No domains

Fig. 1: different type of magnetic behaviour®.

In general, all materials display a weak repulsion to an applied magnetic field, known as
diamagnetism, due to the motion of electrons which generates atomic current loops to
oppose the external field (y < 0). Typically, diamagnetic materials, such as quartz SiO, and
calcite CaCOs, are characterised by filled electronic subshells where the magnetic moments
are paired and overall cancel each other. Since diamagnetism is very weak, any other form

of magnetic behaviour that a material may possess usually overpowers the effects of these

current loops.
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Paramagnetism is associated to materials whose atomic magnetic moments are
uncoupled, resulting in a small positive susceptibility in the presence of applied external
fields (x ~ 0). In ferromagnetic materials (Fe, Ni, Co) the parallel alignment of atomic
magnetic moments of equal magnitude causes a spontaneous permanent magnetisation,
while in the case of antiferromagnetism the antiparallel coupling of these moments results
in a zero net magnetisation. Finally, ferrimagnetism is a property exhibited by materials,
such as Fe304, in which two types of atoms or ions with moments of different strengths are

arranged in an antiparallel way, generating a net magnetisation®.

Furthermore, the magnetic behaviour also depends on the size of the material, as
indicated by the shape of the magnetic susceptibility curve. In the case of ferromagnetic
and ferrimagnetic bulk materials, a hysteresis loop can be observed, due to the multidomain
structure in which regions of uniform magnetisation are separated by domain walls. The
application of a sufficiently large magnetic field causes the spins within the material to
align with the field. The maximum value of the magnetisation achieved in this state is called
the saturation magnetisation (Ms). As the magnitude of the magnetic field decreases, spins
cease to be aligned with the field and the total magnetisation decreases, however a residual
magnetic moment at zero field remains (remanent magnetisation, Mr). The coercive field
Hc is the magnitude of the field that must be applied in the negative direction to bring the

magnetization of the sample back to zero (Fig. 2).
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Fig. 2: Magnetisation M as a function of the applied magnetic field H °.

On the contrary, when the sample size is reduced under a critical value at the
nanometre scale, the formation of multi-domains is not favourable and the particles remain
as a single domain so that their magnetic moments could be visualized as one large
magnetic moment. In this case, the application of a magnetic field gives rise to the
phenomenon of superparamagnetism, in which no hysteresis is observed since no energy
is dispersed in the motion of domain walls (Mr ~ 0, Hc ~ 0). Superparamagnetic
nanoparticles are strongly attracted to an applied magnetic field, due to the contribution of
large magnetic moments within the individual particles, however they behave as non-
magnetic materials in the absence of external fields. Indeed, repeated cycles of separation

and dispersion are possible because of the absence of “magnetic memory”’?.

In the past two decades, the growing interest in the synthesis and application of
magnetic nanoparticles has resulted in an advanced understanding of their properties and
the demonstration of their great potential in a wide range of applications®’. Nowadays,
magnetic nanosystems find application in catalysis®°, biotechnology and biomedicine!?,

magnetic resonance imaging*?, data storage!® and environmental remediation®.

34



2.2.2 Magnetite nanoparticles

Magnetite (FezO4) is a mixed iron oxide with an inverse spinel structure, in which Fe(lll)
ions occupy 1/4 of the octahedral coordination sites, while Fe(lll) ions are equally

distributed in 1/8 of the tetrahedral and 1/4 of the octahedral holes (Fig. 3).

Fig. 3: Unit cell of magnetite [Fe(l11)oct and Fe(ll)oct: green, Fe(lI1)tetr: blue and O?: red]®.

The electron spins of Fe(l1l) ions in the tetrahedral sites are aligned antiparallel to
those in the octahedral sites, so that no net magnetisation is observed form these ions.
However, the parallel alignment of Fe(Il) and Fe(l11) spins in the octahedral holes generates
a net magnetisation due to electron exchange, making bulk magnetite a ferromagnetic
material®®. On the contrary, Fe304 nanoparticles display a superparamagnetic behaviour

when their size is approximately below 25 nm?®,

Since the properties of magnetic nanoparticles are strongly related to their
dimension and shape, extensive efforts have been made to develop synthetic methods which

allow to finely control these two parameters.

35



The co-precipitation method is an easy and convenient way to prepare iron oxides
from Fe(11) and Fe(l11) salt solutions, by addition of a base under inert atmosphere. The
type of salts used (e.g. sulphates, nitrates, chlorides), the Fe(ll)/Fe(lll) ratio, the reaction
temperature, the pH value and the ionic strength of the media are all factors which influence
the size, shape and composition of the obtained magnetic nanoparticles’. In order to obtain
monodispersed NPs, the synthesis is often carry out in the presence of organic additives,
such as poly vinyl alcohol (PVA), as stabilising agents®. With this procedure, once the
synthetic conditions are optimised, the quality of the magnetite nanoparticles is fully

reproducible.

Another way to synthesize monodispersed magnetic NPs is by thermal
decomposition of organometallic compounds, such as iron acetyl acetonates, in highboiling
organic solvents containing stabilising surfactants (e.g. fatty acids, oleic acid,
hexadecylamine)'®?°, In this case the ratios of the starting reagents, i.e. organometallic
precursor/surfactant/solvent, the reaction temperature, the reaction time and the aging

period are the crucial parameters for the precise control of size and morphology.

In the sol-gel method, also known as chemical solution deposition, a sol of
nanoparticles is obtained by hydroxylation and condensation of metal precursor solutions,
with formation of a three dimensional metal oxide network. The crystalline state is then
obtained upon heat treatment. The pH, the temperature, the nature and the concentration of
the precursors and the nature of the solvent have been described to influence the synthetic

process?!??,

Finally, other known strategies for the preparation of FezOs nanoparticles are
gasphase deposition?®, hydrothermal method?*, electrochemical method® and

sonochemical decomposition?®.
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2.2.3 Functionalisation of magnetic nanoparticles

The functionalisation of the surface of magnetic nanoparticles is an important step
in the design of supported magnetic materials, since it allows the immobilisation of a wide
range of molecular catalysts, biocatalysts, organocatalysts and metal NPs>?’. The surface

modification can be performed following three main approaches:

1. non-covalent absorption of bifunctional molecules, surfactant or polymers,

2. formation of core-shell structures by coating with other oxides, carbon,

polymers or metallic layers,

3. grafting with organic or inorganic functional molecules, such as carboxylic

acids, phosphonic acids or alkoxysilanes (Fig. 4).

R
O0 jo(\/ Ry
R-0-% q s
do S0 DR, \
s O N
N
HaN O MNP@SIO,
o o” ~NH
H KXOH MNP=Magnetic Nanoparticle

(a) (b) (¢)

Fig. 4: different approaches for the functionalisation of magnetic nanoparticles (MNPs): a) grafting with

inorganic/organic functional molecules, b) silica coating and c) carbon coating?.

The binding of bifunctional carboxylate molecules to the metal oxide surface, by
strong bidentate metal-carboxylate bonds, can easily afford surface functionalised Fez04

nanoparticles. In this regard, oleic acid is often attached to the iron oxide surface so that
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the hydrophobic tails can provide steric hindrance to stabilise NPs in solution?,
Furthermore, it is possible to introduce —SH terminal groups by immobilisation of 3-
mercaptopropionic acid?, as well as functional acids containing multiple bonds, such as
linolenic and linoleic acids, or pyridine moieties, such as 6-methylpyridine-2-carboxylic

acid®.

However, the most studied strategy for the functionalisation of magnetic
nanomaterials consists in the condensation of the —OH groups of the oxide surface with the
-OR terminal groups of alkoxyorganosilanes, which can be exploited both for bare
magnetite nanoparticles and for silica-coated Fe3O4 NPs. For instance, Wang et al. reported
the synthesis of magnetite NPs functionalised with 3-aminopropy|(triethoxysilane) for the
further immobilisation of a Pd-based catalyst®!, while Yi et al. employed the same
organosilane for the preparation of highly dispersed PdNPs on silica-coated FezOs .
Furthermore, Rossi et al. described the synthesis of very small supported Pd NPs by an
impregnation-reduction process using an amine and an ethylendiamine functionalised

silica-coated magnetic support33.
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2.3 Results and discussion

2.3.1 Synthesis of Au/FezO4 @Yne and Au/FesO4 nanocomposites

The synthesis of magnetite nanoparticles was carried out via a co-precipitation method
using two different basic media, i.e. NH3 and NaOH (Fe3Os.nHz and FesOsnaon). In
particular, the amount of ammonia used was twice the equimolar amount given by the
stoichiometry of the reaction (Scheme 1a), in order to achieve a basic pH. On the contrary,
when the synthesis was performed in the presence of NaOH, the addition of the

stoichiometric 8 equivalents of base led to a final pH value of 13.4 (Scheme 1b).

a) FeSO4 + F92(804)3 + 8NH3 + 4H20—> Fe3O4 + 4(NH4)2804

b) FeSO, + Fe,(SOy4)3 + 8NaOH —— Fe30, + 4Na,SO, + 4H,0

Scheme 1: Synthesis of magnetite in the presence of a) ammonia and b) sodium hydroxide.

Afterwards, the obtained FezOs4 nanoparticles were functionalised with PPTEOS and
decorated with AuNPs®. Briefly, the first step consisted in the coupling of the silane
PPTEOS to the magnetite surface hydroxyl groups to yield FesOs@Yne. Successively in
the second step, the addition of aqueous HAUCIs led to the in-situ formation of
Au/Fes04@Yne (Scheme 2a). The amount of Au(l11) precursor was chosen in order to have
a nominal total gold amount in the range 4.5 - 5.0 wt %. The formation of metallic gold
nanoparticles was obtained even on bare FesO4 (Au/ Fe3sO4 composites, Scheme 2b). This
finding is in line with the results reported by Alorro et al., according to which Au(lll)

chloride complexes are spontaneously reduced to metallic gold on FesO4 surfaces®’.
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Scheme 2: Synthesis of a) Au/FesO4@Yne and b) Au/Fe30s.

2.3.2 Characterisation of Fe3O4 and FesOs@Yne

Firstly, the morphology and nano-organisation of the synthesized magnetite

nanoparticles was investigated by TEM analyses. In line with reported literature data, the

material obtained in the presence of ammonia (Fe3Os.nH3) presented spherically shaped

nanoparticles with an average size of 12 nm (Fig. 5a), whereas a different particle shape

was observed for FesOs-naoH, alongside a larger mean particle diameter of 23 nm (Fig.

5b)38—41_
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Fig. 5: Bright field (BF) image and particle size distribution of a) Fe30s.nn3 and b) FesOu-naon.

The Select Area Electron Diffraction (SAED) patterns of Fe3Oas-nHz and FeszOa- naoH
samples, recorded on a 200 nm? area, showed distinct diffraction rings indexed as

magnetite (FezO4, cubic, space group Fd-3m) (Fig. 6, Table 1).
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(a) (b)

Fig. 6: Selected Area Electron Diffraction (SAED) recorded on 200 nm2 area of a) FesOa-nns and b)
Fe3OanaoH.

Table 1: SAED reflection indexes for FesOs.nH3

Reflection N° hkl d* (nm) measured d? (nm?)?
1 111 2,1 2,066
2 220 34 3,374
3 311 4,0 3,956
4 222 4,1 4,131
5 400 4,8 4,770
6 331 - 5,199
7 422 59 5,843
8 511 -333 6,2 6,198
9 440 6,8 6,745

a)JCPDS N°01-075-0033

The functionalisation of the magnetite support with the organic moieties was
confirmed by the presence in the ATR-FTIR spectra of the two characteristic bands at
1700 and 1523 cm™ associated to the C-O stretching and the N-H bending of the

propynylcarbamate group.
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Furthermore, the organic functionalisation had no significant influence on the size
of the magnetite nanoparticles, nor on the crystalline structure of the materials, as
evidence in the XRD spectra reported in Fig. 7. All samples patterns showed the

presence of magnetite as the sole crystalline phase.

.MA'J 'y,..: FL‘ (.‘).,.,JL)‘ B lJ \ M
| Fe3OsNma@Yne
Fe304-Na0H@ Yn]
T T
20

intensity (arb. units)

T v T v 1
40 60 80
2theta (°)

Fig. 7: XRD patterns of Fe3Os-nn3 and FesOa- naon Samples as-prepared, and after surface

functionalisation.

On the contrary, the introduction of the organic capping resulted in a shift of the zeta
potential of magnetite (Table 2)*2. Indeed, the zeta potential (measured for a suspension
in a 10.0 mM NacCl solution) of FesOs.nn3 was initially 28.0 mV (at spontaneous pH 5-
6) and decreased down to 8.0 mV for FesOs.nH3@Yne, whereas the zeta potential of

Fe304-naon Was decreased from 6.5 mV down to -0.4 mV (FesOs- naoH@Yne).

43



Table 2: Zeta potentials of bare and functionalised magnetite.

Sample Zeta potential (mV) Spontaneous pH
FesOs-nH3 28.0+£1.0 5,14
FesOsnrz@Yne 8.0+0.6 5,24
FesO4-naoH 6.5+0.9 6,03
Fe30s-NaoH@ YN -0,4+0,2 5,63

Moreover, the TGA analysis of Fes0.@Yne showed three regions of mass loss,
attributed respectively to the evaporation of adsorbed water and ethanol (30 -170 °C),
organic material degradation (170 — 570 °C) and transformation of Fe3Os into Fe;Os
(500 — 710 °C) (Fig. 8). Specifically, the weight loss associated to the organic

functionalisation was found to be 5.0 wt % for both FesOsnnz@Yne and FesOs.

NaoH@ Y ne3,

-~
N

1] ] @ H

Derivalive Weight % (%nin)

€0
%8 100 20 X0 &0 @0 50 0 50 )
Tempersture [C.

Fig. 8: TGA analysis of Fes04.nn3@Yne. The red line represents the weight loss percentage while the

dotted line is the derivative of weight loss percentage
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Characterisation of Au/Fe3sOs @Yne and Au/Fe3O4

The gold content determined by AAS spectroscopy was found to be around the 5.0 wt %
for all the prepared samples, independently from the presence of the organic
functionalisation (Table 3). Furthermore, the deposition of gold nanoparticles on magnetite
did not influence the particle size and crystallinity of the support, as shown from

comparison of the data reported in Table 3.

Table 3: TEM, XRD and AAS data for Fe304, Fe;0,@Yne, Au/Fez04@Yne and Au/FesOq4

Sample Fe304 Au Fes04 Au Au°
drem® drem? crystal size®  crystal size® (Wy%%)
(nm) (nm) (nm) (nm)

FesOs.nHz 12+1 - 16 £2 - -

FesO4nHz@Yne 12+2 - 18+2 - -
Au/FesOsnmz@Yne 12+3 15+3 18+1 24 +3 44+0,1
Au/Fez04-nH3 13+3 74 £ 20 19+2 385 46+0,1

Fe30s-naoH 23+3 - 231 . -

Fe30s-naoH@YNe 22+2 - 21+1 . -
Au/Fe304-na0n@YNe 195 30+4 21+1 32+2 48+0,1
Au/Fe30s-naoH 232 42+8 21+1 362 48+0,1

a)Estimated on STEM images measurement using a confidence interval of 99%; b)calculated by scherrer
equation; c)determined by AAS spectroscopy.

In particular, Bright Field (BF) and HAADF TEM images showed the presence of
spherical shaped gold nanoparticles, whose mean diameter underwent a two-fold

increase from Au/Fe3OsnH3@Yne (15 + 3 nm) to Au/Fes3Os-naon@Yne (30 = 4 nm)

(Fig. 9).
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Fig. 9: Representative BF-TEM and HAADF-STEM micrographs of a) Au/FezO4.nns@Yne and b)
Au/Fe304.NaOH@Yne.

This difference in the AuNPs size could be tentatively explained by the presence of a
higher concentration of adsorbed OH-groups on the FesOs-naoH@Yne magnetite
surface, responsible for the further aggregation of gold nanoparticles*. Furthermore, in
the absence of the propynilcarbamate functionalisation, the average diameter of the
anchored AuNPs turned out to be higher (74 + 20 nm for Au/Fe3Os.nn3 and 42 + 8 for

Au/ Fe3Ou-naon, Fig. 10).
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Fig. 10: Representative BF-TEM and HAADF-STEM micrographs of a) Au/FesOsnnz and b)
AU/Fe304Na0H.

These findings confirm the influence and importance of the pendant organic group
in the reduction and successive stabilisation of the attached gold nanoparticles. Finally,
the AuNPs particle diameter obtained from the TEM images of Au/FesOsnnz and
Au/Fe304-na0n Was significantly larger than the crystalline domain size measure by
XRD. This discrepancy can be explained with the agglomeration of crystalline domains
to form larger nanoparticles but also with the presence of partially crystallized particles

and defects.
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The XRD patterns of Au/ FesO4 composites showed, beside FesO4 peaks, additional
reflections located at 38.2 °, 44.4 °, 64.6 ° and 77.7 °, related to (111), (200), (220) and

(311) crystallographic planes of cubic Au (Fig. 11).

AuwFeaOyNm3@Yne

*

intensity (arb. units)

LL LT

* * *

* AuwFe:Osxa0H

Lk

AwFe304.N108@Yne

20 40 60 80
2theta (°)

Fig. 11: XRD patterns of Au/ FesOs.nnz, Au/ Fe3Oannz@Yne, Au/ FesOsnaon and Au/ FesOs- naon@ YNe.
Peaks indicated by (*) are referred to metallic gold. All the other peaks are due to Fe3O..

Moreover, the surface chemical composition of the target systems was analysed by
XPS. The wide-scan spectra of the NaOH-based samples are reported as a representative
example in Fig. 12. The spectra displayed the presence of C, O and Fe photopeaks, along

with N and Au, depending on the adopted processing conditions.
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Fig. 12: Wide-scan X-ray photoelectron spectroscopy analyses of Fe3s0.-NaOH, Fe;0s,-NaOH@ Yne,
Au/Fe304-NaOH and Au/Fe;04-NaOH@Yne

XPS analyses confirmed the formation of FesOa, as evidenced by the slight shift of the Fe2p
component [BE(Fe2p3/2) = 710.9 eV] to lower BE values with respect to the ones reported
for Fe2Oz (Figure 5.13a).44,45 The O1s signal (Fig. 13b) was located at BE = 530.3 eV, in
line with the occurrence of lattice oxygen in FesOs. In addition, the tailing at higher BEs
indicated also the presence of surface hydroxyl groups on the oxide surfaces. Due to the
presence of the latter, the calculated ratio between O and Fe atomic percentages (O/Fe =
1.45) was slightly higher than the value expected for stoichiometric FezO4 (O/Fe = 1.33).
The N1s signal could be decomposed by means of two different contributing bands, a main
component due to N in amino-groups (BE = 399.5 eV) and an additional higher BE one

(BE = 401 eV) related to NH-CO(O)- moieties (Fig. 13c).

Regarding gold photopeaks, both Au containing samples showed similar spectral
features [BE(Au4f7/2) = 84.0 eV] and no signals related to Au(l) and Au(l11) species could
be clearly identified, indicating the formation of pure metallic Au aggregates (Figure

5.13d)4647,
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Fig. 13: Surface a) Fe2p b) O1s, ¢) N1s and d) Au4f XPS spectra of Fe3Ou-naon, FE304-Naon@ Y NE,
AU/F8304.N30H and Au/Fe304.NaOH@Yne.

Independently from the preparative conditions, the gold surface concentration was
close to 0.2 at.%. The samples functionalised with the propynilcarbamate pendant revealed

also the presence of nitrogen with a mean content of 2.0 at.%.
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2.3.3 Magnetic properties

The magnetic properties of the synthesized materials were also investigated. The specific
moment o as function of the applied magnetic field (Fig. 14) was used to calculate some
characteristic quantities: the remanent specific moment Mr, which is the specific moment
at 0 applied field, the coercive field Hc and the specific moment at an applied magnetic

field of 1000 Oe (c1000 oe).
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Fig. 14: Specific moment o as a function of the applied magnetic field, measured at 300 K. In a)
and b) curves refer to Fe3O4 and FesO4@Yne samples, respectively. In ¢) and d) curves refer to

Au/Fe;04 and Au/Fe;O4@Yne samples, respectively.
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The magnetic properties of nanoparticles are influenced by the concurrence of
various factors, which include the particle size and contributions from their shape and
surface functionalisation*®“°. In particular, FesOs nanoparticles with an average size
lower than 25 nm display a superparamagnetic behavior, with no magnetic hysteresis,
at variance with bulk FesOs. To evaluate the superparamagnetism of the target
materials, we considered Mr/c1000 0e and Hc, whose values should be close to O for

superparamagnetic nanoparticles®%°L,

The data reported in Table 5 indicate that the organic/inorganic modification did
not affect magnetic properties although FesOs-nH3-based samples showed consistently
smaller Hc and Mr values (av. values of 7.4 Oe and 0.8 emu/g) than those observed for
Fe304-naoH-based ones (av. values of 28 Oe and 2.8 emu/g). The specific moment at
1000 Oe (o1000 0e) Was ca. 45 emu/g in both cases, in agreement with previous literature

data®%53

Table 2: Magnetic properties of Fe;0., Fes0.@Yne, Au/FesO4 and Au/FesOs@Yne.

Sample 61000 Oe Hc Mr Mr/ 61000 0e
(emu/g) (Oe) (emu/g) (x 10%)
Fe3Oanh3 44 £2 6,0+0,7 0,60 + 0,07 14 +2
FesOsnnzs@Yne 49+2 7509 09+0,1 18+2
Au/FesOsnnzs@Yne 45+ 2 8+1 0,60 £ 0,07 13+2
Au/Fe304-nH3 4812 8x1 10+£1.2 21+3
Fe3Os-naoH 45+2 35+4 3,004 679
Fe30s.naoH@Yne 44 +2 24+3 28+0,3 64 +8
Au/Fe30s-non@Yne 40+2 27+3 28+0,3 70+9
Au/Fe304-naoH 50+ 2 26 +3 2,8+0,3 56 £ 7
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The obtained values Mr/c1000 0e (<70 -107%) and Hc (< 35 Oe) are compatible with a
behavior dominated by superparamagnetism®. Furthermore, the difference in magnetic
behavior between FesOsnnz-based and FesOsnaon-based samples could be explained
by the fact that the FesO4-nH3 Nanoparticles are on average smaller than those in Fe3Oa.
naoH Samples. The broader size distribution and higher shape anisotropy observed for
FesOsnaon samples implies a greater number of nanoparticles that exceed the
superparamagnetic limit of 25 nm and that have a non-zero coercive field. In addition,
their shape anisotropy produces a magnetic anisotropy which, in turn, contributes to the

obtainment of a higher coercive field®.
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2.4 Conclusions

Gold nanoparticles were successfully immobilised on alkynyl-carbamate
functionalised FesOs nanosystems by a straightforward procedure, without additional
reducing and stabilising agents. Indeed, the organic functionalisation was found to promote
the in situ formation of AuNPs without affecting neither the dimensions nor the magnetic

properties of the initial superparamagnetic supports.

Furthermore, when FesOs was prepared with ammonia (Fe3Os.nn3) instead of
sodium hydroxide (FesOs-naoH), the average size of the supported gold nanoparticles was
found to be significantly different (15 £ 3 nm for Au/FezOs.nvz@Yne and 30 = 4 nm for
Au/Fe30s-naon@YnNe). In the latter case, the larger dimensions of AuNPs could be
tentatively explained by the presence, even after the organic functionalisation, of a higher
concentration of adsorbed OHgroups on the magnetite surface, responsible for the further

aggregation of gold nanoparticles.

The addition of HAuCl, to bare magnetite resulted in the immobilisation of AuNPs,
large aggregates were observed (av. AUNPs diameters: 74 £ 20 nm for Au/Fe3zOas.nHz and

42 £ 8 nm for Au/ Fe3Os-naoH).

On the base of the obtained results, the most appealing perspectives for future
development of the present research activities will concern the use of these nanocomposites
with polyaniline, exploiting their magnetic nature for an easy and efficient separation from

the reaction mixture.
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2.5 Experimental section

2.5.1 Materials

Iron(I1) heptahydrate sulphate (Fe2SO4-5H20, 95%), sodium hydroxide (NaOH) and
triethylamine (TEA, 99%) were purchased from Carlo Erba. Hydrocloric acid (HCI, 37 %),
nitric acid (HNO3s, 65%), iron(111) pentahydrate sulphate (Fe2(SO4)3-5H20, 97%), ammonia
(NHs, 28-30 %, d = 0.9 g/cm®) were purchased from Sigma-Aldrich. Toluene was
dehydrated by distillation under nitrogen on Na/K amalgam and stored under nitrogen on
4 A molecular sieves. PPTEOS already synthesized from my research group and
chloroauric acid (HAuCls-3H,0) was prepared following a literature procedure®.
Ultrapure water purified with the Milli-Q plus system (Millipore Co, resistivity over 18

MQ cm) was used in all cases.

2.5.2 Synthesis of Fe3O4s.nH3 and Fe3Os.naoH

The synthesis of FesO4.nn3 Was carried out following a previous protocol®®. FeSO4-7H,0
(2.788 g, 0.010 mol) and Fe2(SO4)3-5H.0 (5.131 g, 0.010 mol) were dissolved in 100 mL
of water and the yellow-orange solution was degassed with three vacuum/nitrogen purging
cycles. Subsequently, an excess of ammonia (13.0 mL, 0.200 mol) was added dropwise, up
to a final pH value of 10.4.56 The black suspension was then continuously stirred for 2 h
at 60 °C and finally cooled down to room temperature. Magnetic nanoparticles were first
separated from the supernatant solution using an external magnet and then thoroughly
washed with water and ethanol, dried at 60 °C and then under vacuum for 12 h. The final
material (2.220 g, yield = 96%) was stored under nitrogen. The synthesis of Fe3Os-naoH Was
carried out following the same procedure, by dropwise addition of a stoichiometric 1.0 M

solution of NaOH (80 mL, 0.08 mol) to the water mixture of Fe(Il) and Fe(lll) sulphates,
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reaching a final pH of 13.4. The obtained material (2.199 g, yield = 95%) was stored under

nitrogen.

2.5.3 Synthesis of FesO4-nH3@Yne and FezsOs-naon@Yne

In a typical procedure, Fe304 (1.011 g), toluene (10 mL) and TEA (20 pL, 0.14 mmol) were
mixed with PPTEOS (0.499 g, 1.65 mmol) dissolved in toluene (20 mL) under vigorous
stirring. The reaction mixture was stirred for 23 h at 60 °C, and subsequently maintained at
100 °C for 1 h. The obtained Fez0s@Yne was magnetically separated by the supernatant
and then washed three times (3x20 mL) with toluene. The samples were first dried at 60 °C
for 12 h and then kept under vacuum to remove the residual solvent, finally yielding 0.888

g of black powder.

2.5.4 Synthesis of Au/FesO0snn3@Yne and Au/FesOsnaon@Yne Yne

In a 500 mL three-necked round bottom flask under nitrogen atmosphere, a suspension of
0.897 g of Fe3Os @Yne in 50 mL H>O was heated to 90 °C. Subsequently, a solution of
HAuUCI4-3H20 (0.088 g, 0.22 mmol) in 170 mL of water was rapidly added, in order to
have a 1.00 mM final concentration of chloroauric acid. After stirring for 1 h, the obtained
Au/FesOs@Yne was magnetically separated from the colorless supernatant solution,
thoroughly washed three times with water, and dried at 60 °C for 12 h and finally under
vacuum. The brownish-black powder (0.80 g) was stored under nitrogen. The synthesis of

Au/Fe304 was performed following the same procedure but using bare magnetite.

2.5.5 Instruments and methods

TEM analyses were performed by a TECNAI F20 FEG apparatus operated both in
transmission (TEM) and in scanning mode (STEM) at 200 keV. For the target analysis,
samples were dispersed in isopropyl alcohol and sonicated for 15 min. A few drops of the

solution were then deposited on a holey carbon film supported by a copper grid and dried
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at 80 °C. High Angle Annular Dark Field (HAADF, Z contrast) images were formed by
collecting only Rutherford scattered electrons with an annular dark-field detector. The

image intensity is proportional to the mean atomic number Z? and the thickness®® t:
I(x, y) « Z2

ATR-FTIR analysis were performed with a Perkin Elmer Spectrum Two
spectrophotometer, equipped with an Universal ATR accessory, in the range 4000-400 cm’
1 with a resolution of 0.5 cm-1. Pristine and modified Fe3Os powders were directly

analyzed after being ground in a mortar performing 40 scans for each analysis.

XRD was performed by a Philips X'Pert Pro instrument equipped with a fast
X’Celerator detector, working at 40 mA and 40 kV and using CuKa radiation. For phase
identification, the 26 angle range was from 10° to 80° (step size 0.1°; time/step 100
seconds). The peak broadening was used to evaluate the crystal size (thkl), which was

calculated from the widths at half maximum intensity (B1/2) using the Scherrer equation®:
Thet = k A/ B2 cosO

where A is the wavelength, 6 the diffraction angle and K a constant depending on crystal
habit (chosen as 1). For crystal size calculation, the most intense reflections for each
crystalline phase were taken into consideration. i.e. peak (310) for magnetite and (111) for

AU.

Zeta potential was measured using Electrophoretic Light Scattering (ZetasizerNano;
Malvern Instruments). In each analysis, 5 mg of powder sample were suspended in 50 mL
of a 10 mM NaCl solution and sonicated for 4 minutes before measurement. Each analysis

was performed in triplicate®.
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TGA characterization was carried out using a Perkin EImer TGA-7 instrument. In
each analysis, 5-10 mg of the target sample was heated in a platinum crucible from room

temperature to 900 °C, at a rate of 10 °C/min.

The overall amount of gold present on the different samples was determined by
means of flame atomic absorption spectroscopy (AAS, Thermo Scientific) in air-acetylene
flame with a wavelength of 242.8 nm and a spectral band width of 0.5 nm. The analyses
were conducted by comparison with six calibration standards (2.0, 4.0, 6.0, 8.0, 10.0 ppm)
prepared by dilution to 50 mL of different amounts of a concentrated HAuCI4-3H.0
aqueous solution (100 ppm). The samples of Au/ Fe304@Yne and Au/ Fe3O4 were prepared
by dissolving the solid (ca. 10 mg) in 2 mL of aqua regia under sonication. Subsequently,

the solution was diluted with HCI 0.5 M up to a final volume of 50 mL.

X-ray photoelectron spectroscopy (XPS) analyses were conducted on a
PerkinElmer ® 5600ci spectrometer using a standard AlKa excitation source (hv = 1486.6
eV), at a working pressure lower than 108 mbar. The reported binding energies (BEs;
uncertainty + 0.1 eV) were corrected for charging effects by assigning a BE of 284.8 eV to
the C1s line of adventitious carbon®. After a Shirley-type background subtraction®?, atomic
percentages (at. %) were calculated by signal integration using Perkin-Elmer sensitivity
factors (@ V5.4A). Whenever necessary, peak fitting was performed adopting

Gaussian—Lorentzian peak shapes by means of the XPS Peak software (version 4.1)%,

A custom-built Faraday magnetometer was used to measure the sample specific
moment o (i.e. the magnetic moment per unit mass) as a function of the applied field at 300
K.The magnetometer is based on a Sartorius ME235S analytical balance and a NdFeB
permanent magnet, with a maximum applied magnetic field of approximately 0.12 T. The

experimental uncertainties were calculated based on the performance of the Faraday
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magnetometer. For the value of 1000 ce, @an uncertainty of 5 % of the measured value was
considered, while for the mr and He an uncertainty of 12 % of the measured values was used.
For the uncertainty on the Mr/c1000 0e ratio, the rule of the composition of uncertainties was

applied:

M, 1 ) M, )
A ( ) = |( AM; )%+ ( 3 801000 0¢)
F1000 Oe T1000 0e T1000 e

where 4 (L) is the uncertainty on the Mr/c1000 ce, AMr is the uncertainty on Mr and

01000 Oe

Ac1000 0e IS the uncertainty on the specific moment at 1000 O.
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3 Investigation on PANI/Aunps-supported
Magnetite Nanoparticles as a Composite
Material for high performance energy
storage.

3.1 Aim of the chapter

A flexible graphite current collector suitably modified with polyanialine (PANI, a
conductive polymer) and nanoparticles based on FezO4 functionalized with gold for their
use in the preparation of pseudocapacitors is investigated in this chapter. The optimal
conditions for the electrosynthesis of these nanocomposite films was studied.

The obtained films, called PANI, PANI/Fe3Os, PANI/Au/Fe30s4 and
PANI/Au/Fes0s@Yne, are characterized by CV, SEM, TGA and infrared spectroscopy
(ATR IR). A galvanostatic charge-discharge test (C/D) and impedance test (EIS) are also
performed to verify their efficiency.

The best performing electrodes PANI/Au/FezO4 and PANI/Au/FesOs@Yne are
finally employed to assemble a prototype of gel-state symmetric supercapacitor, consisting
of two electrodes made with the same active materials separated from a polymeric gel
electrolyte. C/D, EIS tests and longtime resistance of the device are investigated.

Part of the work reported in the present chapter was published in Electrochimica Actal.
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3.2 Introduction

Electrochemical energy storage (EES) systems, including batteries and electrochemical
capacitors (ECs) or supercapacitors (SC), have attracted intense interests in these last years
owing to the tremendous need for energy consumption at every step in our modern daily
lives>®. Among EES, ECs present a high energy storage capacity and power density,
portability, high efficiency, fast charge—discharge capability and long lifecycle stability that
make them very promising for applications ranging from portable electronics to large
industrial scale power and energy managements. Based from the different charged
mechanism two different types of ECs have been proposed: i) the electric double layer
capacitors (EDLCs), mainly made of high surface-area materials, such as porous carbon or
carbon aerogels in order to maximize the surface area of the double-layer in which only ion
adsorption/desorption take place between the electrode/electrolyte interfaces; and ii) the
pseudocapacitors based on Faradic process where the energy storage is achieved by
electrons transfer that follows redox reaction in the same materials?®,

Metal oxides, such as RuO2, NiO, MnOz2, Fe3O4 as well as conducting polymers
(polypyrrole, PPy, and polyaniline, PANI) are classic examples of redox pseudocapacitive
materials’*8, Compared to EDLCs, pseudocapacitors possess higher specific capacitance
(Cs), higher energy density but lower cycle stability. Moreover, pseudocapactive reactions
occur only on surface layers that are in contact with the electrolyte with the inner part
inactive. Therefore, increasing the active sites exposed to the electrolyte is of great
importance for increasing the utilization efficiency and the specific capacitance,
particularly when PANI is used'®?!, PANI has received special attentions among the
conductive polymer because it has the highest specific capacitance due to multi-redox

reactions, good electronic properties due to protonation, and low cost for its infinite
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abundance, better thermal stability and can be easily synthesized by chemical or
electrochemical methods, resulting in powder or thin film?224,

Despite all these positive features, a major problem of using PANI-based materials
is that they exhibit poor stabilities during the charge/discharge process. A great number of
studies have been therefore devoted to improving the utilization efficiency and specific
capacitance of PANI. One common strategy is to modify PANI with inorganic
nanoadditives such as graphene or metal oxides nanoparticles that can drastically modify
the electrical, optical, and dielectric properties of the resulting nanocomposite
pseudocapacitors (CPs)*21%-23,

The presence of inorganic nanoparticles into the prepared polymers nanocomposites
confers high specific surface area and/or shorter diffusion path due to the higher porosity,
allows faster transport of electrolyte ions and may enhance the adsorbtion/desorption of
electroactive species, hence increasing the current and leading to improved performances
for supercapacitor applications "*°.

Among the metal oxides/hydroxides employed, Fe3O4 is one of the most attractive
materials because of its natural abundance, low cost, and low toxicity®11?1.252% Moreover,
to enhance its capacitive performance, FesO4 can be coupled with metal nanoparticles or
conductive carbon. Although several studies concerning the preparation of capacitors (CPSs)
via chemical synthesis have been reported'®?>-3 few are dedicated to their synthesis via in
situ electropolymerization, a process that presents significant advantages, such as enhanced
homogeneity and electrode stability!%-23,

We have recently reported the preparation of gold nanoparticles (AuNP) supported
on Fes0s systems covalently functionalized by a propynylcarbamate group (hereafter
labelled Au/Fes0:@Yne, Yne = propynylcarbamate). This organic functionalization

promotes the in situ nucleation, growth and stabilization of anchored AuNP having an av.
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diameter of 15 nm, without affecting neither the dimensions nor the magnetic properties of
the superparamagnetic core3L,

We herein employed the Au/FesOs@Yne system as component for PANI
nanocomposite electrodes to be used for energy storage and compared its electrochemical
behavior with that of Au/Fe3zO4 in which the supported AuNP on bare magnetite have a
larger diameter (74 nm). The PANI nanocomposite electrodes have been obtained by
electrochemical synthesis in acid aqueous media of aniline on flexible graphite foil (GrF)
current collector'®?22432. The resulting films termed PANI/Au/FesOs and PANI/Au/
Fe304@Yne were characterized with Attenuated Total Reflectance Infrared spectroscopy
(ATR-IR), Scanning Electron Microscopy (SEM), Molecular PlasmaeAtomic Emission
Spectroscopy (MP-AES) and Cyclic Voltammetry (CV). For comparison, electrodes based
on electropolymerized PANI and PANI/FesOs were also studied. The charge storage
properties of all the electrodes were investigated with galvanostatic Charge/Discharge
curves (CD) and Electrochemical Impedance Spectroscopy (EIS) measurements in 0.5 M
H2SO4 + 0.1 M LiCIO;4 electrolyte solution. PANI/Au/Fe304 and PANI/Au/FezO0s@Yne
electrodes were then employed to assemble gel-state symmetric devices whose
electrochemical behavior (CD and EIS) as well as the long-term stability has been even

investigated.
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3.3 Results and discussion

3.3.1 Electrochemical deposition of PANI and PANI-nanocomposites on graphite foil

The deposition of conductive films on graphite foil was conducted
electrochemically using a cyclic voltammetry technique with potential range of —0.20 to +
0.89 V (vs SCE) and a scan rate of 50 mV s * for 40 or 60 cycles’!°. A representation of a

PANI-nanocomposite electrode obtained is reported in Scheme 1.

Au/Fe;0, Fe;0, Au/Fe;0,@Yne
o\slr/\uOMN:

Q/ = Fe;0,@Yne = PANI
Ny

Scheme 1: representation of an example of a PANI-nanocomposite electrode and different materials used.

The growth of the electrodeposited film on graphite foil was followed by multi-sweep CVs,
as shown in Fig.1. For all samples an increase in current was always observed during the
cycling and a steadystate electrochemical signal was never reached neither after 60 scans.
The typical PANI oxidation and reduction peaks were observed at ~0.2 V (I/I’ in Fig.1A)
that refers to the transformation of the leucoemeraldine base to emeraldine salt, ~0.8 V
(/1) characteristic of the formation of fully oxidized pernigraniline salt and ~0.4 V
(II/1II”) corresponding to the formation of degradation quinone-like soluble species and

hydrolysis products®3+40,
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Fig. 1: cyclic voltammograms registered during the formation of PANI (A), PANI-Fe;04 (B), PANI-
Au/Fe304 (C) and PANI-Au/Fe;04@Yne (D)

The effect of the presence of metal nanoparticles (FesO4, Au/Fe3O4 or Fezs0:@Yne)
on the electropolymerization process of aniline can be observed in the initial CVs of the
monomer (Fig.2): the first reverse scan indicates that trace crossing, that occurs at Esce =

0.772 V for aniline alone, was moved towards higher values.

3.0x10° 1
2.5x10° 1
2.0x10° 4
_1.5x10°

<
—1.0x10°
5.0x10™ -
0.0

-5.0x10™

020 000 020 040 060 080 1.00
E(V)

Fig. 2: first cycle of voltammograms registered during the formation of PANI at 50 mV s potential sweep

rate.
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As the number of cycles was raised from 40 to 60, the current density also increased,
indicating that the growth of the electrochemically active surface area is due to formation
of electrically conducting PANI film. A dark green colored coating was formed on the
surface of the working electrode during all the electrochemical syntheses. The complete
CV data set is reported in Table 1 and all the following electrodes characterizations have
been made on films growth up to 60 cycles. The increased current of the 111 redox couple,
observed in the presence of FesO4 Fig.1 B, C and D, is originate from the redox between
Fe?* and Fe*® during the in situ electropolymerization of PANI/Fe;Oa4. This observation
was confirmed via cyclic voltammetry measurements of FesO4 dispersed in 0.5 M H2SO4

+ 0.1 M LiClOg4 on bare GrF.

Table 1: CV data recorded for all the electrodes.

PANI PANI/FesOs PANI-AU/FesO;  PANI-Au/Fe;0.@Yne
AE; (mV) 191 191 241 242
Ea (V) 0.141 0.131 0.161 0.161
Ear (V) -0.050 -0.060 -0.080 -0.081
AEy; (mV) 50 82 151 121
Eam (V) 0.413 0.434 0.463 0.453
Eein (V) 0.363 0.352 0.312 0.332
AE; (MV) 105 101 151 151
Ean (V) 0.695 0.705 0.735 0.725
Een (V) 0.584 0.604 0.584 0.574

Ea = anodic potential and Ec = cathodic potential vs SCE; 40" cycle.
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3.3.2 Characterization of PANI and PANI nanocomposites electrodes

Firstly, the PANI and PANI nanocomposite electrodeposited samples (PANI/Fez0s4,
PANI/Au/Fe304 and PANI/Au/FesOs@Yne) were characterized by TGA analyses. As can
be observed in Fig.3, three regions of mass loss could be attributed respectively to the
evaporation of adsorbed water and ethanol (up to about 170 °C), PANI degradation (about
170-550 °C), and transformation of FezOs into Fe2O3z which is thermodynamically stable

above 570 °C in phase diagram of the Fe—O system*143,
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Fig. 3: TGA curves for PANI, PANI-Fe304, PANI-Au/Fe;0,4 and PANI-Au/Fe;O4@Yne

The amount of FesO4, Au and PANI, defined as wt% with respect to 1.0 g of

graphite and deposited material, is calculated by MP-AES and reported in Table 2.

Table 2: amount of PANI, Fe304 and Au in the electrodeposited films

Electrode PANIP Fes0,4° Auc
(wt %) (wt %) (wt %)
PANI 24+01 e
PANI-Fe304 1.0+0.2 3.410%2+02102%2 e
PANI-Au/Fe304 3.3+0.1 17.0102+0.1 107 2.0102+0.1102
PANI-Au/Fe;0,@Yne 1.1+£0.2 6.0102+0.2 1072 0.6 102+ 0.2 107

b)Weight loss by TGA. c)Determined by MP-AES.
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The ATR-FTIR spectra of the samples, reported in Fig.4 shows the presence of the
characteristic peaks of PANI in its conjugated emeraldine form*+*6, Due to the preparation
of FesO4 and Au/FesOs in aqueous environment, spectral bands at around 1630 cm™ and
3400 cm?, corresponding to surface-sorbed water or hydroxyl groups are observed in
PANI-Fe304 and PANI-Au/Fes04 films (Fig. 5b,c). PANI-Au/FesOs@Yne spectra, not

reported, is similar to PANI-Au/Fez04 one.
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Fig. 4: ATR-FTIR spectra of PANI (a), PANI-Fe;04 (b) and PANI-Au/Fe;04 and an enlargement on the

bottom.
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The SEM images of PANI and PANI nanocomposite electrodes are shown in Fig. 5; in all

samples the morphology is found to be porous in nature.
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Fig. 5: SEM images of PANI (A), PANI-Fe;04 SE (B), PANI-Au/FesO4 in-lens (C) and PANI-
Au/Fe;04@Yne SE (D)

Fig. 5A shows the surface structure of PANI collected in SE mode. EDX analysis (Fig. 6)
of PANI detected the presence of S and Cl, deriving from the electrolyte used during the
electrodeposition, while cross sectional observations allowed to estimate a total layer
thickness of about 130 um. The surface structure of PANI/Fe30s is shown in Fig. 5B (SE
mode). Although the Fe3O4 nanoparticles are not visible, the EDX analysis taken on a large
area of sample evidenced a low intensity Fe peak, confirming the presence of magnetite in
the sample (Fig. 7); the thickness of the PANI-Fez04 layer measured in cross section SEM
images is around 170 um (Fig. 6). SEM image of PANI-Au/Fe3O4 were taken by the in-
lens detector (in-lens) in order to highlight the compositional contrast (Fig. 5C). In this
case, Au-Fes04 nanoparticles with overall size around 70 nm are clearly visible in bright
contrast. EDX analysis evidenced the presence of Au (Fig. 8), while the Fe peak is always
faint; the layer thickness is around 130 um. Finally, Fig. 5D shows the SEM image of the
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PANI-Au/Fe30s@Yne sample. The widespread presence of nanoparticles with a whole
average size of 20 nm is evident only in the low magnification SEM image in Fig. 9. The
layer thickness is about 150 pum, while EDX analysis shows only a low intensity Au peak

without any contribution from Fe.

(N

= ¢ / 'l\'-" . >
PANI S PANI/Fe3§5_}4‘;-;§.‘.

-

Map data 2231 " &
MAG: 609 X“HV:120.0 KV WD:'9.2 mm

PANI/Fe,0,

Fig. 6: SEM analyses of samples cross-sections: elements profile and element map of C, S, Cl; the

deposited film is on the left edge.
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10849
SE_MAG:753 X _HV:20.0 kV..WD: 5.4 mm

Fig. 7: surface image (A) and microanalysis on sample PANI/FesO4 (B). EDX (B) is performed on the

green cross spot (A).

10851

SE_MAG: 17508 x HV: 20.0 KV WD: 5.9 mm

Fig. 8: surface image (A) and microanalysis on sample PANI/Au/FesO4 (B). EDX (B) is performed on the
green cross spot (A) and confirms the presence of Au in the bright spot.
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The nanoparticles distribution in the PANI-Au/FezOs@Yne sample is shown in the low
magnification SEM image in Fig. 9 obtained by backscattered electrons to evidence

compositional contrast; the nanoparticles are visible in bright contrast.

20 um EHT = 15.00 kv Signal & = AsB Mag= 806X
WD = 5.4 mm Aperture Size =30.00 um

Fig. 9: Nanoparticles distribution over the surface of the PANI-Au/Fe;04@Yne sample.

3.3.3 Electrochemical properties of single electrodes

CV curves of PANI, and PANI nanocomposite electrodes are shown in Fig. 10. In
order to evaluate the scan rate-dependent performance of the samples, the CVs were
performed in 0.5 M H>SO4 + 0.1 M LiCIlOg electrolyte solution at scan rates ranging from
5mV s?to 50 mV s? at a fixed potential range from -0.2 to +0.89 V (vs SCE)*213, The
peak current rises along with scan rate increase hence demonstrating the high-power
capability and reversibility of the material under examination. The redox peaks of PANI
are due to the transformation during the Faradaic process of PANI from the half-doped

emeraldine form to the fully-doped pernigraniline form®2,
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Fig. 10: CV curves at various scan rates of PANI (A), PANI/Fe3O4 (B), PANI-Au/FesO4 (C) and PANI-
Au/Fes0s @Yne.

The higher current response observed for PANI-FesOs (Fig. 10B) was exhaustively
described by Prasankumar et al. and was explained with the coupling of two Faradaic
reactions that occur at the electrode surface and enhance the electrode performance with
respect of pristine PANI:
e the doping and de-doping that PANI experiences during the charge and discharge
process and
o a preferential oxidation of Fe(ll) to Fe(lll) during the intake of electrolyte anions
into the composite and their expulsion in the discharge step due to the reduction of

Fe(111) back to Fe(ll).
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Overall, the lower resistance and better capacitance of the nanocomposite films depends on
the strong interfacial interactions between PANI, magnetite and the support. About the
gold-containing composites, the lower current response observed for PANI-
Au/Fe30:@Yne (Fig. 10D) compared to PANI-Au/Fez04 (Fig. 10C) can be explained with
a lower Au/Fe30Os ratio (shown in Table 3) and the presence of the organic
functionalization; the enhanced capacitance performance shown by PANI-Au/FesO4 may
be attributed to the synergistic effect of the three components. Indeed, the presence of

AuNp increase the overall electrical conductivity of the composite electrodes?®,

Table 3: Amount of magnetite and gold.

Electrode Fe3O4/PANI (Wt%) AU/PANI (wt%) Au/Fe30;4 ratio
PANI - -
PANI-Fe304 0.10 -
PANI-Au/Fe304 0.16 0.020 0.125
PANI-Au/Fe;0,@Yne 0.26 0.026 0.100

The galvanostatic charge—discharge (CD) and electrochemical impedance
spectroscopies (EIS) studies of PANI and PANI nanocomposites electrodes were
performed in 0.5 M H2SO4 + 0.1 M LIiClO4 electrolyte. The specific capacitance of PANI
and PANI nanocomposites were obtained by CD measurements performed at a constant

current density of 0.5 mA cm within the potential window 0.00 - 0.89 V vs SCE (Fig. 11).
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Fig. 11: CD curves of PANI and PANI nanocomposites in 0.5 M H,SO4 + 0.1 M LiCIO,

Nonlinear and asymmetrical charge-discharge curves resulting from redox reactions at the
electrode/electrolyte interface are observed!®?’. When the current reversed from charge to
discharge an omhic drop (IRdrop) Occurred due to internal resistance. As expected, the
presence of AuUNP reduce the internal resistance with regard to pristine PANI (IRgrop 0.395
V vs 0.439 V) but a higher value is obtained when Yne organic functionalization is present
(IRdrop 0.500 V). In Table 4 are shown the energy efficiencies and areal capacities in terms

of mC cm™ or mAh cm2 343640,

Table 4: areal capacity and energy efficiency (1))

Electrode Avreal capacity Avreal capacity Il %
(mC cm?) (mAh cm?)
PANI 39.5 11.0 98
PANI-Fe304 735 20.4 98
PANI-Au/Fe30q4 164.0 45.6 97
PANI-Au/Fes0:@Yne 167.5 46.5 98
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In agreement with what observed in the CV studies, the areal capacity of the single
electrode PANI increased after the addition of magnetite and these values become
significantly higher in the presence of the magnetite modified with the high conductive
AUNPA*42,

EIS measurements were performed under open circuit potential (OCP) in the ac

frequency range 1x10° and 1x1072 Hz with an excitation signal of 10 mV 6141543,
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Fig. 12: Nyquist plots of PANI, PANI-Fe304, PANI-Au/ Fes04 and PANI-Au/ Fes0.@Yne (A) and an
enlargement (B).

The Nyquist plots reported in Fig. 12 display a depressed semi-circle at the high frequency
region, whose diameter confirms the charge transfer resistance in the film, ending up to a
quasi-vertical line in the low frequency region due to the pseudocapacitance
impedance!?*1°, The smaller semicircles observed for all the PANI nanocomposites in the
higher-frequency region compared to those found for PANI only, are due to the lower
resistivity and higher diffusion of ions at the electrode-electrolyte interface during the

electrochemical reaction (i.e. significantly lower interfacial charge-transfer resistance).
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Moreover, for PANI-Au/Fe3s04 and PANI-Au/Fe304@Yne the slopes of the vertical lines
in the low-frequency region Nyquist plot are ~70°, indicating the nearly ideal capacitive

behavior of these nanocomposites?.

Rs Ra CPE2
VAVA >
CPE1
A

Scheme 2: equivalent circuit model obtained from EIS measurements

Scheme 2 shows the equivalent circuit model that simulates the capacitive and
resistive elements of the electrodes. It consists of a solution resistance (Rs), a charge
transfer resistance (Rct) and two constant phase elements CPE1 and CPE2 employed
considering the deviation from the ideal capacitor behavior (exponent n = 1)**. Rs is
mainly arising from the electrolyte, the intrinsic resistance of the active material and the
contact resistance at the active material current collector interface. Rct represents the
resistance at the electrode/electrolyte interface; CPE1 can be used to describe the double
layer capacitance at the electrode/electrolyte interface (Cdl) and CPE2 the
pseudocapacitance (Cp) in the film. The EIS results are reported in Table 5 and x2 values

of 1 10* obtained in all cases indicate good fitting procedures.
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Table 5: EIS data

Electrode Rs (Q) Rer (Q) CPE1 (Q1s") CPE2 (Q1s")
PANI 3.8 3.70 0.0002 0.085
PANI-Fes04 4.3 2.50 0.006 0.107
PANI-Au/Fes04 2.9 0.57 0.137 0.214
PANI-Au/Fe30:@Yne 2.9 0.96 0.033 0.237

More specifically, Rs values are lower when AuUNP are present; this behavior can be
attributed to a decrease in the resistance of the materials, which is in good agreement with
the CV and CD measurements. In PANI nanocomposite materials the lower Rct values is
due to a lower resistance and higher capacitive behavior'?. The dramatic decrease of Rct
observed in the presence of AuNP can be explained with a more facile interfacial electron
transfer process that improves their capacitive performance of the electrode®!. In
agreement with the results previously discussed, when the organic moiety Yne is present,
the Rct value slightly increases indicating the effect of this component on the electronic
properties of the composite electrode. All the nanocomposite electrodes exhibit a CPE2
much higher than CPE1, suggesting a predominance of the pseudocapacitor contribution®.

In consideration of the results discussed in the previous paragraphs, PANI-
Au/Fes04 and PANI-Au/FesOs@Yne electrodes were chosen to prepare gel-state
symmetric cells made of two identical electrodes separated from a polymeric gel electrolyte

(based on 0.5 M H,SO4 + 0.1 M LiClO4 and PMMA, Fig. 13)%.
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Fig. 13: Symmetrical solid state pseudocapacitor preparation: A) electrodes with active surface area of 1

cm? (A); gel electrolyte (B); assembly of the device and electrical connection (C and D).

The obtained devices were tested with CD analyses with a current density of 5.0
mA cm, EIS analyses and stability tests were performed for 1000 cycles (Fig. 14). The
areal capacities values obtained from CD analyses are equal to 360.0 mC cm™ (100.0 mAh
cm2) for PANI-Au/Fes04 and 265.0 mC cm? (73.6 mAh cm2) for PANI-Au/Fes0s@Yne.
Additionally, for the devices made of PANI-Au/Fes04 @Yne an higher IRdrop was found
in line with the results obtained for the single electrodes. The EIS results show a CPE2
value of 0.196 Q! s" for PANI-Au/FesO4 and 0.137 Q* s" for PANI-Au/Fes0.@Y ne (Fig.
15). The highest areal capacity and stability obtained for the device based on PANI-Au/
Fe304s@Yne electrodes were probably due to the good adhesion between gel-state
electrolyte and electrodes surface. The presence of Yne induces an open microstructure on
electrode surface (see SEM analyses Fig. 5D) that improves the gel-electrolyte penetration

and finally enhances the charge storage mechanism.

86



Stability tests showed a drastic drop in the performances of both devices within 200
cycles that we mainly ascribed to the assembling method chosen for their fabrication that
leads to a variation in the physicochemical properties of the gel electrolyte. Nevertheless,
the device based on PANI-Au/Fe:0:@Yne was able to retain a 30% of the initial

capacitance after 1000 cycles.
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Fig. 14: CD curves at 5.0 mA cm (A) and capacity retention behavior of the different devices at a current

density of 5.0 mA cm? (B).
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Fig. 15: Nyquist Plot of different devices in 0.5 M H,SO4 + 0.1 M LiClOy solutions and equivalent circuit*
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Lastly, energy density (E) and power density (P) values were calculated for the gel-
state symmetric devices from CD analyses: E equal to 9538 and 4533 mWh cm (124 and
68 mWh cm) and P equal to 131 and 85 mW cm™ (1.70 and 1.28 mW cm2) were found

for PANI/Au/Fe304and PANI/Au/FesOs@Yne, respectively.
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3.4 Conclusions

In summary flexible PANI nanocomposite-based electrodes and gel-state symmetric
supercapacitors were fabricated. The electrochemical properties of the electrodes have been
investigated. The PANI gold/magnetite nanocomposites were believed to possess a
synergistic effect for improving the electrochemical performance; an areal capacitance
around 340 mF cm, resulting 3 times higher than the PANI value has been calculated.
Moreover, the PANi/Au/FesOs and PANi/Au/Fe:0:@Yne nanocomposite present

favorable properties for assembling a gel-state symmetric supercapacitor.
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3.5 Experimental section

3.5.1 Materials

Flexible graphite foil, GrF, (GRAFOIL GTJ, GRAFTECH International), used as current
collector, was generously donated by VED company (https://www.ved.it). Electrodes of
4.0 x 2.0 cm dimension was obtained by cutting with scissors; a side of the graphite foil
was treated with sandpaper (2000-2500) and then washed in ultrasonic bath for 3 min in
water and then in methanol. Then a free conductive surface of 1.0 cm? was obtained by
Teflon tape mask. Ultra-pure UPP water used during all synthesis was obtained with a
Milli-Q plus system (Millipore Co., resistivity 18 MQ-cm). Aniline (analytical grade) was
purchased from Aldrich and used as received. The materials: FesOs (drem = 121 nm),
Fes04@Yne (drem = 1212 nm), Au/Fe3Os (Au drem = 7420 nm; FezO4 (drem = 13£3 nm)
and Au/Fe30s@Yne (Au drem = 1523 nm; FesOs drem = 1243 nm) were prepared following

a recently reported protocol?® summarized in Table 6.

Table 6: Parameters for the nanoparticles employed.

Fes04 AUNPs Yne Au
drem (Nm) drem (nm) (wWt%) (wt%)
Fes0. 12+1 - -
Fes;0,@Yne 1242 5
Au/Fe;04 13+3 74120 - 4.4+0.4
Au/Fe;0.@Yne 12+3 15+3 5 4.6x£0.4
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3.5.2 Preparation of PANI electrode

In a typical procedure, 0.5 M H2SO4 solution containing 0.1 M aniline and 0.1 M LiCIO4
was first degassed with N for 10 min and then stirred for 20 min in an ultrasonic bath. The
electrochemical synthesis of PANI on GrF was performed by potential cycling from -0.20

V to +0.89V vs SCE at potential sweep rate of 50 mV s* for 40 or 60 cyclest’*°,

3.5.3 Preparation of PANI-nanocomposite electrodes

The preparation of magnetic nanoparticles has been described in Chapter 2314849,
Electrosynthesis of nanocomposite electrodes were performed in the same conditions
previously described. Briefly, depending on nanocomposite electrode prepared, 0.05 g of
Fe304 or Au/FesO4 or Au/FesOs@Yne (in all the cases the concentration was equal to 2.0
g L) were weighed and brought to volume with 25 mL of a previously prepared 0.1 M of
aniline in 0.5 M H2S0O4 + 0.1 M LiClO4solution. The suspension was placed in an ultrasonic
bath for ca. 15 min to increase the oxide dispersion. The electrodeposition on GrF was
carried out stirring the suspension with a glass-coated magnetic bar (0.5 cm) and cycling
the potential from -0.20 V to +0.89 V vs SCE for 40 or 60 scans at v 50 mV s 1°. The final

electrodes were rinsed thoroughly with Milli-Q water and dried in air atmosphere.

3.5.4 Gel-state supercapacitor device fabrication

The final device was obtained with introduction of the gel electrolyte between the two
electrodes and closed them with a metal clamp?3. The gel-state electrolyte based on 0.5 M
H>SO4 + 0.1 M LiClO4 electrolyte and PMMA was prepared following a procedure
previously reported*®*. In brief, a mixture of poly(methyl methacrylate) (PMMA, average
MW 120000 g mol, Sigma Aldrich) polyethylene glycol (PEG200, Merck) as plasticizers,
propylene carbonate (PC 98 %, Sigma Aldrich) as ionic conductor was created using

acetone as a solvent in order to simplify and accelerate the gelation process. The final
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composition of the dry gel was PMMA 25 wt %, PEG200 35 % and PC 40 wt %. After a
complete components dissolution, the solvent was evaporated overnight and the obtained

gel-electrolyte was applied for the preparation of the symmetrical supercapacitors.

3.5.5 Instruments and methods

TGA characterization was carried out using a Perkin Elmer TGA-7 instrument. In
each analysis, 5-10 mg of the target sample was heated in a platinum crucible from room
temperature to 900 °C, at a rate of 10 °C/min.

For the determination of the amount of Fe and Au in the electrode deposition, an
Agilent Technologies 4210 Molecular Plasma — Atomic Emission Spectroscopy (MP-AES)
instrument is used. For the best signal/noise ratio, two wavelengths for Au are chosen
(242.795 nm, 267.595 nm) and three for Fe (373.486 nm, 385.991 nm and 371.993 nm).
The samples for the analysis are prepared as follows: the 1.0 x 1.0 cm deposited electrode
section has been cut, weighted, and put into a 5 mL flask with 2 mL of HNO3/HCI 1:3 and
heated at 200 °C for 5 min. After cooling, the suspension was filtered and diluted to 5 mL.
For the calibration curves, five standard solutions were prepared diluting a stock solution
containing 100 ppm Fe and 4 ppm Au.

ATR-FTIR analysis was performed using a Perkin Elmer Spectrum Two
spectrophotometer, equipped with a Universal ATR accessory, in the range 4000-400 cm-
1 with a resolution of 0.5 cm™. The electrodes were directly analyzed performing 40 scans
for each analysis.

Scanning electron microscopy (SEM) observations were performed by a Zeiss
Supra 40 field-emission SEM, equipped with a Bruker Z200 energy dispersive
microanalysis (EDS) system for semi-quantitative chemical analysis. SEM observations

have been carried out by secondary electrons (SE) to obtain topographic information and
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backscattered electrons (BSE) for compositional imaging. Furthermore, SEM cross
sectional observations have been carried out to measure thickness of the deposited layer.

All electrochemical experiments were carried out on a potentiostat/galvanostat
Autolab PGSTAT128 N (Metrohm-Autolab) controlled by NOVA 2.10 software.
Electrochemical characterizations (cyclic voltammetry, galvanostatic charge/discharge
curves end Electrochemical Impedance Spectroscopy) on single electrode were done in a
three electrodes system where a bare or composite film modified graphite foil was used as
the working electrode, a platinum wire as the auxiliary electrode and a saturated calomel
electrode (SCE) as the reference electrode. The analyses were performed in a quiescent or
stirring solution at room temperature, after nitrogen purging for 10 minutes. Aqueous 0.5
M H2SO4 + 0.1 M LiCIO4 were used as the electrolyte, whereas, in the case of the gel- state
device, the PMMA-H,SO, + LiClO4 gel electrolyte was used.

Regarding the single electrodes, Cyclic voltammetry (CV) was conducted at sweep
rates of 5, 10, 25, 50 and 100 mV s to track the redox reactions of the deposited films and
galvanostatic charge/discharge curves (CD) were carried out at 0.5 and 5.0 mA cm™
between 0.00 and 0.89 V vs SCE to measure the capacitance of the deposited films. The
specific capacity, C (C cm, or if divided by 3.6, in mAh cm units) can be calculated from

the discharge curve of CD measurements:

Specific capacity = %

where | is constant current (mA); At is discharge time (s); A is the effective area of the

active materials (cm2)%1:3435,

The energy efficiency, n, can be calculated from the galvanostatic CD experiments as:

_ 100 = Atd 100
n= Qc ~ Atc

93



where Qq and Q¢ are the electric charges for discharging and charging (Coulomb),
respectively. Atcand Atqy are the times of charging and discharging (s), respectively.

The capacitances of the electrode materials were obtained from CD measurements,
the volumetric capacitance (Cy, F m™®) is expressed as®?->:

_ IAt
vV AV

where | is the charge/discharge current (Ampere), 4t is the discharge time (s), m is the
weight of the electrode material in the electrode layer (g), v is the volume of the deposited
materials (cm®), 4V (V) is the discharge branch of the voltage profiles avoiding the ohmic

drop (IRarop)** . Alternatively an areal capacitance (Careat, MF cm2) can be used®®:

IAt
C = —
areal AAV

where A is the areal of the electrode in cm?.
Energy density (E in Wh cm™ or Wh cm3, and power density (P in W cm™ or W

cm3) were calculated from equations®®:

1
E= 2 AV? Careal

P=2
At

About symmetrical gel-state supercapacitors, CD analyses were done in the same
conditions described before and pseudocapacitor cycle life was tested by measuring
capacitance change over the course of 1000 charge—discharge cycles. Electrochemical
impedance spectroscopy (EIS) studies were performed on both single electrodes and
symmetrical devices in the frequency range of 100 kHz to 0.01 Hz with signal amplitude

of 0.01V.
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4 Polyaniline-modified cellulose as
electroactive material for a touch sensor

4.1 Aim of the chapter

A simple, inexpensive, and easily scalable industrial paper process to prepare sheets
of conductive cellulose fibers coated with polyanilines is presented. First, bare fibers were
coated by in situ oxidative polymerization of polyaniline then, the resulting composite
fibers were used to fabricate electroactive sheets. The material was characterized from the
chemical-physical and electrical point of view thanks to the use of different techniques such

as ATR-FTIR, TGA, SEM, EDX and four probe tester.

The electronic properties of this composite material were investigated by
assembling touch sensor devices with various geometries and in two different versions: the
capacitive or resistive one. The tests carried out allowed us to choose the best shape and
configuration in terms of response time and behaviour towards a pressure-stimuli.
Moreover, a study about the performances of the material as sensor for monitoring the
fermentation process of bread was conducted during a week stay ad ZHAW Zurich

University of applied sciences.

Part of this work was published on Carbohydrate Polymers?.
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4.2 Introduction

In the current world, several daily life actions are eased by the presence of electrical devices
but only 20 % of these appliances is correctly recycled. Many landfills continue to be
stuffed with unwanted electronics and workers are exposed to hazardous and carcinogenic
substances during informally recycling processes in developing countries. As new products
are consumed by hungry customers wanting the latest and greatest technology, the sheer
volume of these daily produced discarded materials makes this task apparently

insurmountable (EU Report, 2020).

Research efforts are focused on the development of an alternative to traditional
electronics that should be low-cost, degradable, compostable, and made from
environmentally nontoxic substances. As a candidate, cellulose is one of the most
investigated raw materials, mainly because of high abundance on Earth, biocompatibility,
porosity, high flexibility and light-weight?2. In addition, its low price (about 0.1 cent dm"
2)4 and its recyclability make cellulose an economically very viable option>’. Despite its
high surface resistivity at relative humidity of 2040 % (typically 1011-1015 Q sq})4, it
can be used as support to produce conductive paper that can be exploited in a wide range
of applications, including supercapacitors, microfluidic systems, diagnostic devices,

actuators and sensors®8°.

Two different approaches to prepare conductive paper are described in literature. In
the first one, organic or inorganic conductive, semiconductive and dielectric printable
materials is deposited on paper employing screen, inkjet printing or flexographic
techniques®. The second approach consists in embedding conductive materials such as

functionalized multi-walled carbon nanotubes, inorganic nanoparticles and conducting
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polymers (CPs) in cellulose fibers making them conductive'®1® 52 Conducting cellulosic
fibers produced by coating with CPs (i.e. polyaniline (PANI), polypirrole (PPY), poly(3,4-
ethylenedioxythiophene) (PEDOT) etc.) are being explored for various applications
including supercapacitors, batteries, transistors, conductive wires, actuators and touch

sensors?%214

In this scenario PANI is particularly interesting because of its low cost, easy
preparation, good environmental stability and tuneable electrical properties by varying its
oxidation state*?2-2*, In situ polymerization is the most popular way of depositing PANI on
cellulosic fibers. Different methods can be employed depending on the types of fiber,
oxidants, medium, dopants, monomers, concentration used, processing steps and

parameters 4252123,

The preparation of cellulose/PANI fibers (Cell/ PANI-F) is reported in which PANI,
in the form of protonated conductive emeraldine salt, was obtained by a simple in situ
oxidative polymerization of aniline on bare cellulose fibers in acidic media?!?2,
Successively, the fibers were assembled to give electroactive sheets (Cell/PANI-S) with
different thickness and resistivity: 1.25 mm with a resistivity of 14 £ 1 Q sq* (0.5 S cm™)
or 0.4 mm with a resistivity of 237 =9 Q sq* (0.1 S cm™1). Finally, differently from those
reported in the literature which are normally of resistive type?’?8, capacitive touch sensors
(Cell/PANI-TS) with an optimized geometry were assembled. Both electroactive sheets
and touch sensors were prepared using an industrially and easily scalable paper process
provided by the industrial group Cromatos s.r.1.2°. The capacitive touch sensors were finally
interfaced with Arduino UNO developed board to investigate their dynamic response. All
measurements have been conducted at room temperature and in natural environment
humidity after that the Cell/PANI-S or the Cell/PANI-TS were kept in air at room

temperature for 24 h.
102



4.2.1 Capacitive or resistive sensors

Despite mechanical devices, touch sensors do not contain moving parts, that allow them to
be more durable, robust, and less subject to tear generated by dust*°. Touch sensors could

be divided into two categories: capacitive and resistive.

Capacitive touch sensors are widely used in most of the portable devices such as
mobile phones, but they are present even in home appliances, automotive and industrial
applications®. In this kind of devices, the electrode represents one of the plates of the
capacitor. The second plate is represented by two elements: one is the environment of the
sensor electrode which forms parasitic capacitor C1 and the other is a conductive object
like a human finger which forms touch capacitor C2. A schematic representation of a

capacitive touch sensor is shown in Fig. 1.

—V’ 1

Sensor Capacitance=C1

B

m T T
///'
|

Sensor Capacitance=C1+ C2

Fig. 1: schematic representation of a capacitive touch sensor

The sensor is connected to a measurement circuit and the capacitance is measured

periodically. The output capacitance will increase if a conductive object touches or

103



approaches the sensor electrode. The measurement circuit will detect the change in the
capacitance and converts it into a trigger signal. The size of the sensors but also the covering

material or the geometry will influence the sensitivity of the sensor.

Resistive touch sensors require an easier technology, because they are not
dependent by the properties of capacitance. Thus, conductive materials (i.e. fingers) are not
required to make the sensor works®. Simply, a conductive material is interposed between
two connections and the variation of resistance between touched and untouched material is
detected. The resistance of the material decreases if the distance between the connections

is lower. A representation of a resistive touch sensor is given in Fig.2.

CONNECTION
ﬁ

Fig. 2: a schematic representation of a resistive touch sensor

In summary, the main characteristics of the sensors are reported in Tablel.

Table 1: advantages and disadvantages of capacitive and resistive sensors

Advantages Disadvantages
Capacitive  Excellent sensitivity The size limits the accuracy
Multi-touch capability The price is higher
Durable with glass front designs Can’t be used with gloved hands or not sophisticated
drivers
Resistive  Lower price No availability for multi-touch
Can be used with gloved hand or Not very sensitive
stylus

Better for rugged environments
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4.3 Results and discussion

4.3.1 Characterization of PANI-modified cellulose fibers and sheets

The modification of bare cellulosic fibers with PANI was obtained via a simple in situ
oxidative polymerization of aniline in acid media, as described in the experimental section.
Firstly, fibers were characterized by SEM images. Pure Cell-F (Fig. 3A) displayed a very
clean and smooth morphology, whereas the Cell/PANI-F displayed a relatively rough
surface (Fig. 3B) due to the presence of PANI. The PANI layer showed a relative compact
morphology and is homogeneously wrapped around the cellulose fibers with a thickness

around 4.4 um, as observable in Fig. 3C.

Fig. 3: SEM images of bare Cell-F (A, A’, A””) and Cell/PANI-F (B, B’, B>*) at 1000X, 6000X and 5000X
magnification, respectively; C) Cross-section of Cell/PANI-F at 10000X magnification.
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SEM image and EDS element mappings of Cell/PANI-F sample are presented in
Fig. 4. Within the elemental maps, the C signal originates from the cellulose fiber and
PANI; O signal comes from cellulose fiber and the N signal, homogeneously distributed

on the cellulose fibers, uniquely indicate the PANI regions.

The PANI average amount on cellulose fibers was measured using the Kjeldahl

method after digestion of the Cell/PANI-F sample and resulted 22.3 wt%.

Fig. 4: SEM image (A) and EDS elemental map of CELL/PANI-F for Carbon (B), Oxygen (C) and
Nitrogen (D).

The conductive sheets Cell/PANI-S were prepared from the Cell/ PANI-F, using a
protocol commonly employed for colouring paper with acid dyes®. Briefly, a dispersion of
1:100 w/w in water (pH ca. 3.0 to maintain the polyaniline in the oxidized state, emeraldine
salt) was drained on a flat sieve to obtain a sheet. With the help of a press, the half content
of water was removed. Lastly, the sheets passed through a series of rollers at 100 °C to

reach the complete dryness.
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Depending on the quantity of fibres dried in the sieve, the thickness of the sheets
could be varied. Sheets of 200 g for square meter (200 gsm) and a thickness of 0.40 mm
were obtained. Alternatively, thicker sheets (1.25 mm; 630 gsm) were prepared in a similar

fashion.

The ATR-FTIR spectrum of Cell/PANI-S (Fig. 5) shows all the characteristic peaks
attributed to PANI: the stretching vibrations of benzoid N-B—N and quinoid N=Q=N
structures show up at 1443 and 1564 cm™, separately. The absorption band at 1290 is
ascribed to protonation of PANI. Bare cellulose shows the characteristic absorption peaks
at ca. 3300 cm™ ! attributed to the stretching of hydroxyl groups (— OH) and 2900 cm™ !
attributed to the stretching of C—H groups; moreover, in the region of 1300 cm™ ! the — OH
bending and the C-O antisymmetric bridge stretching are present and the strong bands

around 1000 cm™ ! due to the C-O—C pyranose ring skeletal vibration are observed*,
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Fig. 5: ATR-FTIR spectra of bare Cellulose (black), PANI (red) and Cell/PANI-S (blue); inset:

enlargement in the range 1900— 700 cm™ ..
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4.3.2 Cell/PANI sheets electrical features

The Cell/PANI-S conductivity was evaluated by 4-line-probe measurements to avoid the
contribution due to contact resistances. To evaluate the reproducibility of the influence of
the environmental conditions during the real use, the electrical characterization was
performed, for each thickness, at different times, on three different paper sheets at room
temperature and balanced with the surrounding atmosphere. As expected, it was found that
the conductivity of Cell/PANI-S depends on the sheet thickness being 0.105 +0.004 Scm™
for a thickness of 0.40 mm and 0.56 + 0.06 S cm™* for a thickness of 1.25 mm; in the latter
the value is only one order of magnitude lower than the highest values reported for pristine
PANI. It is important to underline that the preparation method allows to obtain single
cellulose fiber well covered with PANI which led to higher conductivity values (or similar,
depending on the thickness) than those achievable by all the conductive papers presented

in literature, as evident from the data reported in Table 2.

To clearly demonstrate the excellent conductivity of Cell/ PANI-S, two 1.25 mm
thick paper sheets were successfully used as wires to transport the current necessary to

power a LED with an applied voltage of 2.0 V (Fig. 6).

Fig. 6: Experimental setup with Cell/PANI-S (1.25 mm): preparation of sheets and connection with a LED.
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Table 2: comparison of the conductivity of different samples based on PANI.

Material Synthesis Conductivity (S cm?)

Cell/PANI-S! In situ synthesis on the cellulose pulp 5.6 +0.6 107
(1.25 mm thickness)
Cell/PANI-S! In situ synthesis on the cellulose pulp 1.05+0.04 10!

(0.4 mm thickness)

Rice pulp/PANI¥ In situ synthesis on the cellulose pulp 2510%
Pineapple fibers/PANI® In situ synthesis on the cellulose pulp 3.010*
Cellulose pulp/PANI®® In situ synthesis on the cellulose pulp. 1.5107

Chemiometric optimization
CA electrospun/PANI4 In situ polymerization onto electrospun 1.010?

cellulose membrane

Cellulose/PANI* Dispersed Cellulose + PANI 4710
Ink-jet printed PANI4 Ink composed by PANI nanoparticles 4.010*
Thin PANI film on filter In situ polymerizzation on masked paper sheet 1.010%
paper*?
PANI bulk® 1-5

4.3.3 Capacitive Cell/PANI-TS assembling

Cell/PANI-TS was prepared by an industrial assembling method coupling a Cell/PANI-S
(0.4 mm, 200 gsm) suitably cut with scissors in the required shape and a cellulose sheet
(0.4 mm, 200 gsm), as described in the experimental section. By maintaining the composite
under a 50 bars pressure for 10 s, a device with a thickness of 0.80 mm has been obtained
as reported in Fig. 7. Dimensions and shape of the built circuit can be easily varied as

reported in Fig. 8.
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PREPARE THE PULP

CUT THE DESIRED SHAPE

I

ADD A CELLULOSE SHEET
AS SUPPORT

Fig. 7: sketch of fabrication process

Fig. 8: Different shapes for Cell/PANI-TS
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The tensile strength of the Cell/PANI-TS has been measured and the resulting data
compared with those obtained for Cell/PANI-S and bare Cell-S. The average value,
obtained with three different samples, are: 11.5 + 0.4 MPa, 1.2 £ 0.4 MPa and 5.0 £ 0.3

MPa, respectively.

4.3.4 Home-made setup for electrical measurements of the sensors and their
performances

Home-made equipment for electric measurement of the capacitive sensors is
reported in Fig. 9. It consists of three parts that are interconnected, controlled and managed
by a program developed on the Arduino open-source platform:

1. a Capacitance Meter (CM), an electronic circuit capable of measuring the
sensor capacity at each pressure increase;

2. a Weight Force Generator (WFG), a mechanical force-weight actuator
capable of exerting a gradual and constant pressure on the sensor surface;

3. a Weight Force Meter (WFM), a force-weight meter necessary to measure in

real time the pressure exerted on the sensor.
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Fig. 9: home-made equipment for the sensor’s electrical measurements

This home-made equipment allows to exercise and control the pressure given on the
touch sensor with a step-by-step motor. The pressure was applied by keeping the position
unchanged, and the whole area of the touch sensor was stimulated. Then the force-weight
at each single advance step of the motor was measured and the capacity was recorded at

the same time with Arduino UNO board.

Three Cell/PANI-TS samples with different geometries were tested (Fig. 8). For
each, the capacitive component was measured without any touch interaction and during the

dynamically induced increasing pressure up to a maximum value of 22 kPa (saturation
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level). The Cell/PANI-TS was excited by a square wave through the Weight Force
Generator (WFG) while the out-put signal was observed with the oscilloscope and acquired
with Arduino UNO development board. All three touch sensors have a starting capacity of
about 93— 94 pF and different saturation capacity depending on the geometry employed,

however an increase of 3—4 % of the initial value after pressure exertion is always obtained.

>
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Pressure (kPa)

Fig. 10: Cell/PANI-TS with different geometries and related change of capacity with pressure curves.
Shapes were chosen considering the highest surface area to be touched by the dielectric material.

Fig. 10 shows the results of the tests reporting AC/Co % vs pressure, where AC is
(Cp-Co), Cp and Co correspond to the capacity with and without pressure*. From the data

comparison, it can be observed that the geometry heavily affects the response.

A-type sensor shows two different linear trends with a sensitivity, defined by (Cp-
Co)/Co/P where P is the used pressure? 1”4 of 0.66 kPa ! in a small pressure range (0-2

kPa) and 0.012 kPa™ ! in a large pressure range (2—20 kPa) (Fig. 11).
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Fig. 11: Pressure response curve for A-type touch sensor.

On the contrary, the C-type sensor curve follows a logarithmic trend (Fig. 12) and
shows sensitivities of 2.34 (0.45 6%), 1.37 (0.44 6%) and 0.19 (0.44 %) kPa™* at pressures
of 0.5, 2 and 20 kPa, respectively (average of five different measurements). Under each

pressure both sensors display a good and stable response.
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4.0
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Q
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<
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10 R = 0,9542
0,0
0 10 20 30 40

Pressure (KPa)

Fig. 12: Pressure response curve for C-type touch sensor.
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Finally, B-type sensor present a different behaviour which cannot be traced back to
a simple mathematical expression. Due to its logarithmic behaviour, we have chosen to
carry out the repeatability and stability tests only on C-type sensors, recording, for each
device, six independent AC/Co % vs pressure curves, at different periods. The results shown
in Fig. 13, indicate a good reproducibility under all pressure range without a noticeable
degradation of the performances. Finally, a pressure around 6 kPa was used to examine the

sensors time response revealing a response time of 52 + 1 ms.

Average data (6 measurements)
=-=- Confidenfial limit

0.0 . T - |
0 5 10

Pressure (kPa)

Fig. 13: Pressure response curve for C-type touch sensor obtained as average of six different measurements.
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For what concerns resistive sensors, a simple test was performed connecting a
sensor with the dimension of 1 cm? with an Arduino Uno board and putting and removing

a weight of 50g on it. The setup of the system is shown in Fig. 14.

Fig. 14: setup for the resistive measurement
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Fig. 15: response curve of the resistive sensor

As shown in Fig. 15, the sensor exhibited a good response time (50 = 2 ms) and the

repeatability, considering the home-made equipment used, is considerable.
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4.4 Conclusions

An easily scalable industrial paper process was proposed to produce conductive paper
sheets with excellent electrical performances as demonstrated by the success of their use in
the fabrication of capacitive and resistive touch sensors. This method can provide an
enormous improvement in the field of low-cost electronic technology. The electroactive
sheets exhibit a conductivity around five times higher than those reported in literature for
similar systems and can be employed to light a LED with an applied potential of 2.0 V,
highlighting the outstanding electrical performances of these composite materials. The
capacitive touch sensors show a very quick response time (52 ms), and a sensibility that
can be easily modulated by changing the geometry of the device. Just few tests were
performed on a resistive sensor made of the same material, but the response time is

comparable with the capacitive one and the repeatability is promising.
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4.5 Experimental section

4.5.1 Materials

All chemicals and solvents are ACS reagent grade, were purchased from commercial
vendors and used directly unless otherwise stated. Sulfuric acid (H2SOa4, 95.0-98.0 %),
ammonium persulfate [(NH4)2S20s), > 98 %] and aniline (> 99 %), were purchased from
Sigma-Aldrich (now Merck KGaA, Darmstadt, Germany); aniline was distilled under
nitrogen prior to use. Citric acid (= 99.5 %) was purchased from VWR Chemicals (Vienna,
Austria); a solution of ca. 25 wt% of Alx(SOs)s in water (commercial name FLOCLINE
S8C) was purchased from Bio-Line s.r.l. (Milano, Italy). Bare cellulose fibers (pine tree

long fiber with sulfate treatment) were kindly provided by Cromatos s.r.1. (Forli, Italy).

4.5.2 Preparation of Cell/PANI-F

InalL round bottom flask, 2.5 g of bare cellulose fibers were dispersed in demineralized
water (250 mL) for 30 min; successively a solution made of 2.5 mL of aniline in 150 mL
of 1.0 M citric acid (CsHsO7) was added to the fiber suspension and stirred for 3 h at room
temperature. In turn, the oxidative polymerization was carried out adding dropwise to the
stirred suspension, previously cooled to 0 °C in an ice bath, a solution of 7 g of (NHa4)2S20s),
dissolved in 200 mL of 1.0 M citric acid. After 24 h the coated fibers were filtered in a
Buchner funnel and washed several times with 1.0 M citric acid solution. The conductive

fibers were dried in air atmosphere for 24 h.

4.5.3 Preparation of Cell/PANI-S
In a typical procedure, 10 g of Cell/PANI-F were added to 1.0 L of an acid solution (ca.
pH 3.0, 25 wt% Alx(SO4)3 in demineralized water) and stirred for 5 min. The fibers were

partially dried in a square sieve (21.0 cm x 14.8 cm size). The sheet was pressed at 50 bar
118



pressure (P50 AXA manual hydraulic press) for 10 s to obtain the Cell/PANI-S (200 gsm,

0.40 mm thickness). Similarly, a 1.25 mm thick sheet was prepared by using 30 g of fibers.

4.5.4 Preparation of capacitive Cell/PANI-TS

The wet coupling method employed in the paper industry to produce sheets of paper with
variable thicknesses or with greater resistance was used to prepare the Cell/PANI-TS
samples. A Cell/PANI-S of 0.40 mm thickness was cut in the desired shape and coupled
with a cellulose sheet (thickness 0.40 mm) moistened with water. The two sheets were then
pressed (50 bar, 10 s) and dried at 80 °C for 10 min. The electrical connections were made

afterwards with copper adhesive tape and silver glue.

4.5.5 Preparation of resistive Cell/PANI-TS

A Cell/PANI-S of 0.40 mm thickness was cut in a square shape of 1 cm?2. Upper and lower
connections were made covering the surface of the active material with aluminium foil
sticked with commercial glue for paper. Two copper wires were fixed on the aluminium

foil using silver glue to form the connections for the Arduino board.

4.5.6 Instruments and methods

ATR-FTIR analyses were performed using a Perkin Elmer Spectrum Two
spectrophotometer, equipped with a Universal ATR accessory, with a resolution of 0.5 cm™
Lin the range 4000-400 cm™ 1. The samples were directly analyzed performing 40 scans for
any analysis.

The determination of PANI amount in Cell/PANI-F was performed with an
automatic Kjeldahl Nitrogen Analyzer (Gerhardt Bonn). The Kjeldahl analysis was carried
out on four Cell/PANI-F samples and a blank sample (cellulose bare fibre treated exactly
as the Cell/PANI-F) using the following protocol: 1.0 g of each sample was put in a glass

weighing flask and placed in a Kjeldahl test tube. A catalyst tablet (1 tablet contains 3.5 g
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of K»SOs and 3.5 mg of Se) (Kjeldahl tablets, 1.18649 Supelco, Merck), 20 mL of
concentrated H2SO4 (sulfuric acid 95-98 %, ACS reagent, 258105 Sigma-Aldrich) and 4
glass spheres were then added. The test tubes were heated to 350 °C for 5 h. The final
solution must be clear and colourless. Finally, the test tubes were inserted in the Kjeldahl
titration instrument and the potentiometric titration automatically start with 0.100 M HCI
in presence of an acid basic indicator (a mixture of methyl red and bromocresol green).

SEM images were recorded at 25 KV with a Sem Zeiss EVO 50 EP equipped with
Oxford INCA 350; EDS Spectrometer equipped with a Bruker Z200 energy dispersive
microanalysis (EDX) system was used for semi-quantitative chemical analysis and
mapping.

Tensile strength measurements have been carried out on a LBG UDI24Pro
Instrument with a traction speed of 1 mm min~*. The samples have been prepared following
the TAPPI method reported in the literature®® (Muchorski, 2006) by cutting the different
sheets (cellulose, Cell/PANI-S and Cell/PANI-TS) into rectangles with a central size of 2
x 15 cm and 2.5 cm for each side for the crimping points.

Cell/PANI-S resistance was measured with a keysight B2902A source meter units
in a 4-line-probe configuration by exploiting a home-made holder that is composed by 4
parallel copper electrodes on a glass slide (Fig. 16). The sample was prepared with a
rectangular shape and was held down with an insulating material by exerting a uniform
pressure on the whole surface. The inner electrodes measure the difference of potential
while a constant current flow was forced between the two outer electrodes. The
measurements were performed at different current values (100, 200, 300 pA) and a line

passing from the origin was always obtained.
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Fig. 16: Sample holder for Cell/PANI-S resistance measurements.

The resistance (R) was calculated with the Ohm’s law and the sheet resistance (Ra)

is equal to:
w
R. =R T

Where W and L are the width and the length, respectively.

The specific resistance (p) can be calculated by:
p= Rgt

Where t is the thickness. The specific conductance (k) is calculated by:

K= —
p

To standardize the measurements, a nitrile rubber (Buna-N, Perbunan - NBR) was

chosen as dielectric material and was interposed between the pressure generator and the
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sensor. The sensor was housed in the appropriate seat apparatus and a force-weight was
exerted with an increase step of 1.0 g (subsequently converted into Pascal) on the whole

sensor surface and the capacity was recorded at the same time.

The Capacitance Meter (CM) (Fig. 17) was designed using a square wave generator
(SQG)*" connected to Arduino Digital Input board. SQG is an astable multivibrator

designed using an Op-amplifier*8° (Scheme 1A).

JirL Arduino

board

is equivalent to —L’Cx
—>

Touch Sensor

Fig. 17: Capacitance meter design.
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Scheme 1: A) Square Wave Generator: C = Capacitor (Farad); f = frequency (Hertz); R = Resistor (Ohm);
R1 and Rz = determine the reference voltage (Ohm); +Vcc = positive supply voltage (V); -Vcc = negative
voltage (V); GND = grounding. B) Theoretical value of RC charge, discharge and SWG signal.

The astable multivibrator circuit (Scheme 1A) works as an analogue comparator (Texas
Instruments, 2003) that compares the voltages measured in the two inputs points with a
reference value (Vrer) and gives a positive or negative output depending on the measured
value is greater or lower than the reference one. The multivibrator output waveform period
is determined by RC time constant of the two-timing components (T1 and T2 Figure S5B)
and the feedback ratio established by R: and R: reference voltage®. The multivibrator
output frequency (inverse of the period T) is inversely proportional of the charge and

discharge time of the capacity C through the resistance R according to the equation:

1
S = 2R
. ko §
2RC - 1,(1 + Rz)
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where C = Capacitor (Farad); f = frequency (Hertz); R = Resistor (Ohm); R: and R:
determine the reference voltage (Ohm).

Finally, the SWG output is read by Arduino UNO which measures the frequency
and calculates the corresponding sensor capacitance value by inverse of equation 1. Figure
S6 shows as example the RC charge and discharge and SWG output measured by an
oscilloscope.

The weight force generator (WFG) allows us to exercise and control the pressure
given on the touch sensor and is shown in Scheme 2. It consists of a step by stepper motor,
a power driver and a mechanical rotary-linear conversion system which, connected to a
screw with step M8, allows for each revolution an advance of 1.25 mm. Since the motor
performs 200 steps per revolution, each single step generates a linear feed of 6.25 um. The

WEFG is controlled by Arduino board.

Arduino
board

Motor Driver

Scheme 7: Weight force generator
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The weight force meter (WFM) (Scheme 3) consists of a Wheatstone bridge load cell
connected to a 24-bit Analog/Digital converter via Arduino which measures the force-

weight at each single advance step of the motor®2.

Whe:?tstone Analog to Digital Arduino
bridge Converter
board

Scheme 8: Weight force meter.
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The SEMMELLI project: PANI, bread and
breadboards

The work presented in this section represents the beginning of a project carried out in
collaboration with prof. Marco Loschi, ZHAW (Zucher Hochsch fur Angewandte
Wissenschaften) and and prof. Marco Mazza HEIA-FR (Haute Ecole d’Ingenierie et

d’ Architecture de Fribourg).

The aim of this collaboration is the monitoring of the fermentation process of
Semmelies, characteristic Swiss little breads of a particular round shape. Nowadays, no
monitoring is performed during the production, the amount of yeast and the temperature
monitored during the fermentation process is enough to guarantee a bread with the desired
characteristics. Sometimes perhaps, variation of environmental conditions causes mistakes

in production and a huge quantity of bread must be discarded.

More generically, a dough of bread is a particular multiphase system composed by
proteins, lipids, carbohydrates, water and air. Its ingredients and the processing conditions
determine the macroscopic structure of baked products which, in turn, is responsible for
their appearance, texture, taste and stability. To build up this structure, the ingredients are
mixed and kneaded, the dough leavened and baked. Great structural changes take place

during the bread making operations®,

When ingredients are mixed, a three-dimensional network is formed giving the
material viscoelastic properties. Afterwards, the metabolism of yeasts transforms
carbohydrates into carbon dioxide and ethyl alcohol, that influence the interfacial tension
within the dough. In addition, carbon dioxide, which partly dissolves in the aqueous phase

of the dough, causes their growth.
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It is important to distinguish between gas production and gas retention in fermented
doughs®. The first factor is controlled by the yeast performance and the last one depends
on the bubble characteristics. The desirable loaf volume of yeast-fermented products is
achieved only if the dough provides a favourable environment for yeast growth and gas
generation and, at the same time, possesses a gluten matrix capable of maximum gas

retention®®.

Gas retention is most conveniently determined by measuring the volume increase
of fermenting dough, whereas gas production can be estimated by any of the several
available procedures such as the oven rise recorder®®, alveograph method and pressure
meter methods®’. Yeast-fermented doughs are difficult to study because they are very
complex, and the dimensions and physical properties of the dough change with time®.
Furthermore invasive, continuous measurements on dough are generally not adequate as
they may provoke dough collapse. The choice of the most appropriate analytical procedure

is thus crucial for the full comprehension of the underlying mechanisms of leavening.

As just underlined, he most apparent physical change related to the development of
fermentation in the dough is the increase in its volume®. Although, an extensive the
literature exists dealing with the control of the leavening process®® and mathematical

models and equations for expression of microbial growth in food®:.

However, a simple, inexpensive, and easy to be appliable in a large-scale production
device to monitor the fermentation of Semmeli could simplify the optimization of the
bread-making process. With this mind, a PANI modified cellulose sensor could be a valid

candidate.
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The industrial Semmeli’s preparation process consists in different steps outlined in
detail in Scheme 4. Briefly, the flour is mixed with water and rest and left for 12 min. then,
the dough is portioned into two bulk of 2 kg and a first fermentation is performed for about
20 minutes. Finally, the dough is portioned into the typical Semmeli shape of 70 g each and
left to ferment in controlled atmosphere for 30 minutes. After this step, the breads are baked

but this will not be subject of the study.

Fermentation

Mixilfg Resting Portioning Dulk . Fartioning at 28 °C and
Flour kneading e K il fermentation (70g RH 85%
(12 min) (5 min) (2Kg bulk) (20 min) Semmeli)

(30 min)

Scheme 4: principal steps of an industrial Semmeli’s preparation process

This first screening has also included the study about two different recipes with a
different protein content as seen in Table 3. In fact, it is shown that varying the protein
content of a dough, the rheological properties of the finished material will be different in

terms of texture, elasticity, gas retention and roasting during the baking phase®?%,

Bread with formula A was prepared as standard Semmeli recipe without addition of
wheat gluten. In bread formula B, two percent of the wheat flour were substituted with

wheat gluten, therefore increasing the overall protein content.

Table 3: description oft he two different recipes used

Bread Formula A Bread Formula B

[a] [bakers %] [a] [bakers %]
Wheat flour, Typ 550 (Gruninger
Muhlen, Flums, Switzerland, Lot: 7689) 2690 100 1614 80
Wheat gluten, 80 % protein (Pistor ) )
AG, Rothenburg, Switzerland) 1076 20
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Water 1749 65 1749 65
Salt 54 2 54 2

Yeast, compressed (Hefe Schweiz

AG, Stettfurt, Switzerland, Lot: L224) 108 4 108 4

Total 4600 171 4600 171

Investigating the sensor response also regarding the type of flour used could be interesting
to add an in-line, easy and inexpensive characterization of the dough during the process.
The measurements on the doughs were performed during three different steps of

fermentation:

1. After the first portioning (called step BF, duration 20 minutes);

2. After the Semmeli’s shape portioning (called step P, duration 30 minutes);

3. After the last fermentation until baking (called step AF, duration 5 minutes).

For each measurement, a dough of 70 g was taken and put on the sensor, one made of

PANI-modified cellulose and another mad of Cu tape as reference.

In addition, a continuous measurement was performed taking 70 g of dough after
the first portioning and leaving on sensors for all the time until baking (estimated time 55

minutes). Every batch measurement was repeated 7 times for reproducibility.

For what concerns the sensors, a 4-wire electrical impedance measurement was
performed. The choice of the shape of the sensors was influenced by the kind of
measurement to be conducted. As shown in Fig. 1, they were obtained simply cutting with
scissors the sheets of PANI-modified cellulose. Stripes of the dimension of 5 mm x 100
mm were sticked with vinyl glue on an acetate sheet to have a non-conductive support.
Sensors made of copper tape of the same dimensions and shape were formed as reference

electrodes.
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The 4-wires electrical impedance measurement was performed on dough samples
of 70g via the EVAL-AD5940BIOZ Evaluation Board (Analog Devices Inc., Product Nbr.:
EVAL-AD5940BI0Z). The evaluation board was connected to the Cu electrode and the
PANI electrode following the schema on Fig. 18 (the signals name from the Eval board are
F+, F-, S+, S-). For the measurements, four boards were used, two of them connected to

the PANI electrodes, and two to the reference electrodes in Cu.

5 mm

S+

S-
F-

20 mm

3 mm

Fig. 18: the PANI-modified cellulose sensors on acetate support. On the right their foldability is showed.

During the setup of the system, it was noticed, that the magnitude of the impedance [Ohm]
was too low for our system (the system we are using is set up to use an internal resistance
Rria of 200 Ohm, that's the lowest R for the system without modification) as the value
measured was lower than our Rria and therefore the system is not able to measure the
impedance correctly. To solve this issue, a 1.5 kOhm resistor was added in series to raise

the measured impedance magnitude as shown in Fig. 19. This added resistor will be then
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taken out in the data analysis part, to recuperate the real dough impedance value. The
AD5940 will measure the current [A] and the voltage [V] on the dough and the software
on the evaluation board will calculate the impedance magnitude [Ohm] based on the read

values and the internal component of the chip itself (Rria resistor).

Fig. 19: schematic representation of a reference electrode with the additional resistance of 1.5 KQ

The code was modified to allow to set how much time needed to pass between each
measurement (in our case 10 s) and the frequency at which the measurement is made was
changed from the default 50 kHz to 1 kHz. Moreover, to allow an easier recording of the
data generated by the evaluation Board, a Python code (using Python 3.7) was created that
read the serial signal sent by each card and saved it in a CSV file to be easily used later for
the data analysis. Lastly, a computer with 4 USB ports (one for each evaluation board) or
a USB-Hub with 4 ports it's needed to connect the four systems to the PC on which the

python code for the recording of the data will run, visible in Fig. 20.
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Fig. 20: setup of the breadboards and the pc connected

A typical response curve obtained changing the dough at every step of fermentation is given
in Fig. 21. Spikes were obtained when the dough was removed and replaced with the new
one to be measured. Each step was fitted whith an exponential curve (EXP.dec) and two

main values were extrapolated:

1. The average of the impedance values in the linear part of the curve, when the signal

was stable. This value of impedance could be related to the fermentation step;

2. The response time T, that is the speed of decreasing of the exponential curve. It is

an indication of what the sensor is measuring.
1600 ~

—— reference
PANI

1400

1200

1000- \“‘
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Fig. 21: a typical response curve of a discontinuous measurement
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On the other hand, an example of continuous measurement is given in Fig. 22.
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-500 0 500 1000 1500 2000 2500 3000 3500
Time (s)

Fig. 22: a response curve of a continuous measurement

In this case, no spikes were observed because the dough was not changed. In addition, a
drift in current was noticed both for the PANI-modified cellulose and the Cu-reference,
suggesting that the sensors measured principally the change in humidity of the dough.
Polyaniline could act not only as a conductive material, but it could be active for example
as carbon dioxide sensor due to its simple cycle response through doping-dedoping®®®’. In
dough fermentation, CO: is produced by the metabolism of yeasts, so it is possible that the
drift, accentuated for the PANI-modified cellulose sensor, is caused also by CO; sensing.

More tests are intended to be performed about that topic.

The magnitude trend obtained for discontinuous measurements for recipe A (gluten

free) is shown in Fig. 23.
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Fig. 23: magnitude trend for discontinuous measurements (recipe A)

For the first two steps, the response of the PANI-modified cellulose is comparable with the
Cu-reference, while the third step was different. It is to be considered that the last steps
lasts less than the others because measurements time are dictated by industrial procedures
of making bread and not by the stabilization time of the sensors, this may cause more errors
in the data treatment. Magnitude trends registered for recipe B (with gluten), result more
comparable for PANI and Cu sensors, as observable in Fig. 24, but no substantial

differences were observed between the two recipes.
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Fig. 24: magnitude trend for discontinuous measurements (recipe B)

Considering the response time t for the discontinuous measurements, the results obtained

are summarized in Table. 4.

Table 4: time responses for the discontinuous measurement

Recipe A reference PANI
T4 468 + 305 148 £ 114
T, 425 + 265 68 £ 25
T3 66 + 49 41+9

Recipe B
T 403 +116 216 + 143
T, 333+ 145 106 + 77
T3 57 +23 45+ 19
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Preliminary results show a correlation between the fermentation step and the impedance
value was present; nevertheless, the variation of the data registered was too high and a
better setup of the system was certainly needed. Moreover, the results obtained with
continuous measurements (not reported) shown a high variability suggesting the need of

more investigation on a topic that remains still very interesting for a possible application.
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5 Poly(2-acrylamido-2-methyl-1-
propanesulfonic acid) (PAAMPSA) and
Polyaniline modified cellulose as new
material for humidity sensing and ECG
monitoring.

5.1 Aim of the chapter

A new material based on cellulose coated with polyaniline and poly(2-acrylamido-
2-methyl-1-propanesulfonic acid) (Cell/PANI-PAAMPSA) is synthesized in a simple way
and shown in this chapter. The morphology, structure and electrical properties were
investigated by means of several complementary techniques. Moreover, the material was
studied for different possible applications:

1) As humidity sensor with particular attention towards the humidity conditions
within museums and buildings holding collections of cultural heritage. The performances
of this new material were compared with the ones of an already discussed material in this
thesis: cellulose covered with polyaniline (Cell/PANI).

2) as electrode for electrocardiogram monitoring (ECG monitoring).
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5.2 Introduction

In recent decades, cellulose has been used in various highly value-added
applications due to its insolubility in water and in most organic solvents, such as in the food
packaging industry, in the development of innovative batteries, supercapacitors,
electrochromic materials and biosensors'3. Indeed, cellulose has greatly captured the
interest of scientists because of its large availability, biodegradability, low density,
sustainability, good mechanical properties, and non-toxicity*. Moreover, the mechanical
properties and processability of cellulose composites are significantly improved by the
incorporation of different polymeric materials, which can self-assemble into 2-D or 3-D
super strong architectures through hydrogen bonding. Between these, cellulose-based
materials show great potential in applications of polyaniline (PANI) composites®.

Compared to other conducting polymers, polyaniline has a unique doping-dedoping
mechanism and redox chemical structure. PANI remains one of the most investigated
conjugated polymers because of its high electrical, its multiple electronic states, electrical
tuneability, nontoxicity, low manufacturing costs and relative environmental stability®?®,
The dopants normally used for doping PANI are small molecule organic or inorganic acids
that can evaporate at room or higher temperature, causing a depression of the conductivity
of the acid-doped polymers. This drawback can be overcome by using polymeric acid
dopants®°, In addition, polymeric acid with a glass transition temperature (Tg) lower than
that of PANI can be expected to enhance the flexibility of the polymeric film®22,
Consequently, the microstructure of the polymeric acid doped PANI and therefore its
properties are expected to be different from that of small size protonic acid-doped one.
Among the polymeric acids that can be used, the poly(2-acrylamido-2-methyl-1-

propanesulfonic acid) (PAAMPSA) confers several advantages on the materials. Firstly, as
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shown in Scheme 1, PAAMPSA contains amide groups in its repeating units that can
provide additional hydrogen bonding swich should enhance water dispersibility of the
material. In addition, both the monomer and the polymer are strong acids in aqueous
solution, so the pH of aniline polymerization medium could be maintained around 2 which
is crucial for the synthesis of the conductive form of PANI, preserve the electrical

conductivity and improves the flexibility of the final material®*3,

n
J<\SO3H

9 N

H

Scheme 1: chemical structure of PAAMPSA

Finally, it is known that the conductivity of PANI-PAAMPSA depends on the molecular
weight of the PAAMPSA template. More specifically, the conductivity increases
monotonically with the decreasing of PAAMPSA molecular weight ranging from 0,4 to 1,1
S cm for a PAAMPSA that is lower than 800 Kg mol* 415,

Among the applications that a conductive material based on cellulose could have,
humidity sensing is interesting due to its crucial role in the maintenance of drug storage
areas, hospitals, food storage and packaging, electronic device fabrication and air
conditioning systems®”8, Moreover, the preservation of artefacts in museum collections is
profoundly affected by fluctuations in temperature and relative humidity (RH)¥*22. To
ascertain seasonal, architectural and visitor’s impact on the local microclimate inside the
buildings often it is necessary to obtain information on the dynamics of the environmental

fluctuations in a comprehensive way throughout long periods of time. The humidity is
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usually recorded in the atmosphere surrounding the objects, without an evaluation of water
interaction with the artefacts or the materials to be preserved.

The commercially available humidity sensors based on conventional inorganic
semiconductor have high fabrication and maintenance costs, significant power
consumption and require high temperature fabrication process??* Therefore, they can
hardly be exploited to monitor the real exposure of objects (artefacts, drug, food packaging
etc..) to humidity and estimate its effect on their conservation. Moreover, materials used to
produce commercial sensors exhibit mechanical features (stiffness, flexibility, porosity)
that hinder the embedding of the transducer inside real-life objects. Hence, considerable
efforts have been directed towards the development of humidity-sensitive organic materials
(phthalocyanine along with doped conductive polymers like polypyrrole, polythiophene),
organic-inorganic composites (i.e. Nickel phthalocynine, copper oxide, poly-N-
epoxypropylcarbazole), etc. that answer these demands®>2’.

Recently we have investigated on a composite material based on conductive
cellulose fibers coated with polyaniline (Cell/PANI® herein a new material, the
Cell/PANI-PAAMPSA, synthesized in a simple way, starting from cellulose fibers and
PANI using PAAMPSA as dopant is presented. The morphological features, mechanical
properties, thermal stability and electrical conductivity of the Cell/PANI-PAAMPSA
composite were investigated. The applications of this new composite materials as humidity
sensor were examined and compared with those of Cell/PANI. Moreover, a possible

application as ECG electrode has been tested.
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5.3 Results and discussion

5.3.1 Characterization of PANI-PAAMPSA modified cellulose compared with PANI

modified cellulose

The morphological properties of the synthesized PANI-PAAMPSA modified cellulose
were evaluated by SEM microscopy. Fig. 1 presents the SEM micrographs of Cell/PANI-
PAAMPSA (Fig. 1 B) compared with pristine cellulose and Cell/PANI (Fig. 1 A and C
respectively). It was observed that PANI and PANI-PAAMPSA coatings were uniformly
deposited on cellulose fiber substrates, but no significant differences between PANI and

PANI-PAAMPSA coatings were observed.

Fig. 1: SEM micrographs of pristine cellulose (A), Cell/PANI-PAAMPSA (B) and Cell/PANI (C).
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In addition, ATR-FTR spectra of cellulose, Cell/PANI and Cell/PANI-PAAMPSA
were studied (Fig. 2). All of them show the characteristic tapes of PANI emeraldine salts
at the wave numbers of 1560-1570 cm™, 1480-1490 cm* (attributed to the C=C stretching
vibration bands to the quinonoid and benzenoid units appeared respectively), 1302-1304
cm?, 1243-1245 cm™, 1108-1119 cm™ 2830, The characteristic absorption peaks for
PAAMPSA are visible in the Cell/PANI-PAAMPSA spectrum as shown in Fig. 2: 1654
cm?® (=S=O vibration), 1188 cm™ (asymmetric S(=0). stretching, =C—H in-plane
deformation, and twisting and rocking of the methylene groups), 1042 cm™ (symmetric
S(=0); stretching), 923 cm™ (S—O stretching), and 795 cm™ (C—S stretching and C—H out-

of plane bending)®".

— PAAMPSA
— Cell/lPANI-PAAMPSA

M T T , T T T 1 T ’ T T T T T
4000 3500 3000 2500 2000 1500 1000 500

wavelenght (cm™)

Fig. 2: IR-ATR spectra of Cell-PANI/PAAMPSA (red) and PAAMPSA (blue)
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The TGA curves of the Cell/PANI-PAAMPSA and Cell/PANI are reported in Fig.
3. Due to the highly hygroscopic nature of cellulose and polyaniline, a first stage of mass
loss (about 5%) from room temperature to 160-180 °C can be attributed to the loss of
volatiles, such as water. The second stage that starts at around 160 °C (lower in the case of
PAAMPSA: 57.6 vs 65.2 % for PANI) is due to loss of dopant and low molar mass
oligomers, cross-linked fragments of chains and the initiation of polymer degradation. The
last stage of mass loss that occurs at around 500 °C corresponds to the total rupture of
polymer bonds (polyaniline and cellulose), as well as heavier fragments in even smaller
fractions and gaseous by-products. The residues remaining at 900 °C for Cell/PANI-

PAAMPSA (24.3 %) are inert materials, such as fragments of carbonized polymer chains?®.
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Fig. 3: TGA curves of Cell/PANI and Cell/PANI-PAAMPSA
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Cell/PANI and Cell/PANI-PAAMPSA electrical resistance were measured with a
Keysight B2902A source meter units in a 4-line-probe configuration by exploiting a home-
made holder that is composed by 4 parallel copper electrodes on a glass slide. The data are
reported in Table 1 and represent averages from five measurements each with the

transmission.

Table 1: Conductivity values for Cell/PANI and Cell/PANI-PAAMPSA

Samples Scm't
Cell/PANI 3.45+0.01 101
Cell/PANI-PAAMPSA 0.537+0.001 10

As expected, the conductivity of Cell/PANI-PAAMPSA is lower than the Cell/PANI
because PAAMPSA is inherently insulating. The results obtained are still suitable to obtain
a sensor that is reasonable to study.

To better investigate the mechanical properties of the materials, the tensile strength
of the Cell/PANI-PAAMPSA samples has been measured and compared with Cell/PANI
and pristine Cellulose. The results reported in Table 2 and shown in Fig. 4, are the average

of the measures made for three different samples for each type of material.

Table 2: Tensile strength values obtained after mechanical tests for Cell, Cell/PANI and Cell/PANI-
PAAMPSA

Sample Tensile strength (MPa)
cellulose 9,38 £1,08
Cellulose/PANI 3,95+0,82
Cellulose/PANI-PAAMPSA 157+12
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It is clearly visible that PAAMPSA imparts an improvement in mechanical properties of
the modified cellulose, resulting in a tensile strength that is more than three times higher

compared to the one of cell-PANI. Reasonably, the hydrogen bonds and electrostatic
interactions between PAAMPSA and PANI construct a homogeneous dynamic network,
which contribute to the elasticity and soft compliant nature of the as-prepared electronic

polymer material with high omni-directional stretchability32-*°.

20

cellulose
——cell-PANI
cell-PANI/PAAMPSA

18

16
14
12

10 4

Strain (MPa)

'2 T T T T T T
0 2 4 6 8

Stress %

Fig. 4: stress-strain curves obtained for Cell (black), Cell/PANI (red) and Cell/PANI-PAAMPSA (blue)

The bending properties of a material appliable in different conditions and substrates are
very important. To study the behaviour of Cell-PANI/PAAMPSA in comparison with Cell-
PANI, a homemade 3d-printed support is built to fold pieces of paper in a reproducible way
(Fig. 5). The behaviour of materials was studied in terms of conductivity (measured with a

4-probe tester) before and after a certain number of foldings.
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Fig. 5: bending angles for mechanical tests

As shown in Fig. 6, the conductivity of PANI-modified cellulose decreased progressively
during the foldings, and the material broke in the middle after 200 foldings. On the coutrary,
the cell-PANI/PAAMPSA remained practically unchanged, demonstrating better

properties in terms of possible applications.

—— cell-PANI
cell-PANI/PAAMPSA

1,54
e
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gl 1,0 H
>
=
°
o |
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. .
100 200
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Fig. 6: conductivity graphs for Cell/PANI (blue) and Cell/PANI-PAAMPSA (red) before and after bending
tests.
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The conducting behaviour of emeraldine form of PANI exists when the polymer is
doped with counter anions?®2. Unlike of the use of PAAMPSA, when the counter anion is
a small molecule acid, such as hydrochloric acid, this could be released during the aging
time. To investigate the stability of the materials we tested Cell/PANI and Cell/PANI-

PAAMPSA in a close chamber in the presence of a pH tester paper for 72 h.

ell/PANI-PAAMPSA /
W

Fig. 7: close chamber tests for Cell/PANI and Cell/PANI-PAAMPSA

As observable in Fig. 7 when exposed in proximity to Cell/PANI the pH tester paper turns
in red colour in about 48 h indicating an acid release. No change in colour occurs with
Cell/PANI-PAAMPSA exposure. The experiment repeated on Cell/PANI after it had been
equilibrated for 67 h under vacuum exhibited no more acid release. This behaviour was
confirmed even measuring the drift of the current with time registered at room temperature
and 60 %RH before and after the vacuum treatment, as observed in Fig. 8 a stable signal
was obtained after 67 h. So, we decided to deal Cell/PANI samples under vacuum for 67 h
before their use. Similar treatment, even if not need, was applied at Cell/PANI-PAAMPSA

with the aim of being able to compare the two samples for later tests.
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Fig. 8: drift of current at different hours under vacuum for Cell/PANI

5.3.2 Humidity Sensing Studies

The pulse-stimuli characteristics of the sensors were analysed based on a series of
current responses on dynamic switches between two different % RH range:

i) dry and wet nitrogen (N2) flow (2-44 % RH);

i) two different wet N flow (22 and 44 % RH)
employing the homemade controlled set-up and a flow rate of 3 ml st with long and short
cycling time (see Scheme 2). During the tests a commercial digital-output relative humidity

and temperature sensor (DHT22) was employed, in parallel, for comparison.
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Potentiostat

Analysis chamber

Scheme 2: Set-up of the homemade controlled-humidity enclosures used.

As shown in Fig. 9 for the 2 - 44 % RH stimuli, as the Cell/PANI and Cell/PANI-
PAAMPSA were exposed to the wet flow, the current of the sensor promptly jumped (4 -
5 s) since reached a relative stable equilibrium value. Once the moist flow was switched to
dry nitrogen, the current rapidly (4- 5 s) returned to the initial value. Similar behaviour was

observed for the 22- 44 % RH range (see Fig. 10).

PANI —— PANI-PAAMPSA

0,060 g s 923 3632

0,055 - 0,0040

0,050
1 0,0035 4
0,045
0,040 0,0030

0,035

current (mA)
current (mA)

1 0,0025
0,030

90205, 0,0020 4

0,020

0,015 T T T T T T 0,0015 T T T T 1
0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000

time (s) Time (s)

Fig. 10: Response and recovery times of the Cell/PANI and Cell/PANI-PAAMPSA under pulse stimuli
obtained by switching between dry (2 % RH) and wet (44 % RH) N flow. All test were conducted under bias
voltage of 0.1 V at stable 25°C temperature.
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Fig. 11: Response and recovery times of the Cell/PANI and Cell/PANI-PAAMPSA under pulse stimuli
obtained by switching between dry (22 % RH) and wet (44 % RH) N, flow. All tests were conducted under

bias voltage of 0.1 V at stable 25°C temperature.

The recovery times defined as the time required to reach the 90% of the final

equilibrium value® as well as the orders of magnitude in the current change registered

before and after the stimuli, were reported in Table 3.

Table 11: Recovery time and magnitude current change for Cell/PANI and Cell/PANI-PAAMPSA in the two

different humidity range.

Order of magnitude

Recovery time up

Recovery time down

of current change

2 - 44 %RH
() ()
Cell-PANI 430 900 2.8
Cell-PANI/PAAMPSA 932 3932 2.1
Recovery time down | Order of magnitude

Recovery time up

of current change

22 - 44 %RH

() ©)
Cell-PANI 464 1618 1.3
Cell-PANI/PAAMPSA 494 2694 1.1
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It is noteworthy that the humidity sensor based on PANI-PAAMPSA showed slightly
response and recovery times. The negative effect of the acid doping agents on the sensor’s
response and recovery times would be ascribed to the enhanced hydrophilicity of the
interfacial PANI surface by the doping because the sensor requires the prolonged time to
absorb higher amount of water until establishing a new equilibrium state®. In any case both
the sensor’s responses result effective in both wide and narrow humidity ranges.

The humidity sensors displayed good dynamic reproducible responses on pulse
moisture stimuli (obtained switching N flow between 2, 22 and 44 % RH), as observable

in Fig. 11 for Cell/PANI.

0,012 44 % RH

0,010

22 % RH
0,008

Current (mA)

0,006

0,004

0,002 T T T T T T T T T T T T T T T 1

Time (h)

Fig. 11: The cycling behaviour of Cell/PANI sensor under switching between 2, 22 and 44 % RH. The test
was conducted under an applied voltage of 0.1 V at 25 °C.
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Sensors were tested also at short cycling time, switching the relative humidity from
2% to 44% using dry and wet nitrogen flow. Switches were made every two minutes. Also
in this case the response time (t 90) were good both for cell-PANI and cell-
PANI/PAAMPSA that were about 100s every time. The detailed results are reported in
Table 4 and represent an average of 10 different switches in the same conditions (0.1V

applied at 25°C), shown in Fig. 12.

Cell-PANI Cell-PANI/PAAMPSA
™ 7.50 4 =
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Fig. 12: switches for Cell/PANI and Cell/PANI-PAAMPSA performed at 0.1 V

Table 4: Recovery time and magnitude current change for Cell/PANI and Cell/PANI-PAAMPSA in the 2-
44 % humidity range with short cycling time.

2 - 44 %RH Recovery timeup  Recovery time down  Order of magnitude
(s) (s) of current change

Cell-PANI 96,8 101 1,10

Cell-PANI/PAAMPSA 97,5 111 1,02

Finally, to investigate a possible real application, the Cell/PANI and cell-
PANI/PAAMPSA have been tested in a climatic chamber at a fixed temperature of 21°C
following the current response of the humidity sensor at an applied potential of 0.100 V,
under a set step uphill (5 %) from 30 up to 50% RH; each step was maintained for 1 h and
15 min that is time needed to stabilize the chamber and followed with the climatic chamber

internal sensor.
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The RH range and temperature were chosen in accordance with the restrictions in which
museums and buildings holding collections of cultural heritage objects are often maintained
(50 £ 5 %RH and 20 or 21 £ 2°C) to provide safe and stable conditions for hygroscopic
artifact®”3, As previously reported, during the tests a commercial digital-output relative
humidity and temperature sensor (DHT22) was employed in parallel with those internal of
climatic chamber and with our systems, for comparison; in this case the measurements were

directly in % RH. A schematic representation of the used setup is shown in Fig. 13.

Potentiostat

e

Climatic chamber

Fig. 13: set-up for climatic chamber

The current vs time curves for Cell-PANI and cell-PANI/PAAMPSA sensors and % RH vs
time curves registered with DHT22 are shown in Fig. 14; the oscillation in the signal,
observed with all the sensors employed are due to the fluctuations present in the chamber
for each % RH variation (in order to remain as close as possible to the programmed % RH
ramp, inside the climatic chamber occurs a variation of the temperature and a nebulization

of water, to adjusts the climatic conditions).
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Fig. 14: current vs time curves and %RH vs time curves registered uphill and downhill for Cell/PANI-

PAAMPSA and Cell/PANI.
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As shown in Fig. 14., Cell/PANI and cell-PANI/PAAMPSA have been tested even going

down in the same conditions, that means at a fixed temperature of 21°C following the

current response of the humidity sensor at an applied potential of 0.100 V, under a set step

downhill (5 %) from 50 up to 30% RH. In particular for cell-PANI/PAAMPSA, even if the

trend is clear and comparable to the DHT22, it was difficult to observe a plateau and make

a calibration curve accordingly. The study is ongoing in my research group, so only the

uphill study will be treated further on in that section.
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Current (uA)

From the response values obtained (considering the values in the middle of the
plateau registered for each step, the current vs % RH curves have been calculated, as shown

in Fig. 15.
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Fig. 15: Current versus % RH response curves characteristic for Cell/PANI and Cell/PANI PAAMPSA.
Equations: y = 1.41x +156.18 (R? = 0,999) and y =0.11x + 10.28 (R?= 0.996).

A linear trend was observed in both the case; the slope of response for Cell/PANI results
about one order of magnitude higher than that of Cell/PANI-PAAMPSA, which was 1.41
and 0.11 (uA/%RH), respectively. Overlapping the data with a simple elaboration shown
in “Materials and Methods” of this chapter, a very similar response is observed between

the DHT22 signal and our sensors, as shown in Fig. 16.
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Fig. 16: Comparison between the response of the Cell/PANI and Cell/PANI-PAAMPSA and DHT22 under
pulse stimuli obtained by switching between 30- 55 % RH in a climate chamber. The test was conducted
under an applied voltage of 0.100 V at 21+1 °C.

The response vs RH relationship of the Cell/PANI and DHT22 sensors are reported in Fig.
17, also Cell/PANI-PAAMPSA present a good linearity (R?> = 0.9979) in the RH% range
investigated. The comparison of the slope of the curves for Cell/PANI-PAAMPSA (0.30+
0.12) with Cell/PANI and DHT22 (3.34 £ 0.11 and 3.44 + 0.03 respectively) show that the
rate of change response of the three sensors is clearly statistically equal. The distinction of
the slope of the curves for Cell/PANI and Cell/PANI-PAAMPSA (0.70 £ 0.02 and 0.87 +
0.05 respectively) shows that the rate of change response of Cell/lPANI-PAAMPSA sensor

results higher than that of Cell/PANI.
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Fig. 17: Response vs RH relationship of Cell/PANI-PAAMPSA (calibration function = y= 3.30 x -101.09
(Cell/PANI and DHT22 sensors calibration functions: y=3.34 x -102.10 and y = 3.44 x -103.31 respectively).
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5.4 Conclusions

The humidity sensing performance of conductive cellulose fibers coated with polyaniline
and PANI-PAAMPSA were explored. The current which flows in the material due to an
applied potential is recorded while sensors are placed in a climate chamber (30 — 50 % RH,
21+1 °C), used to vary humidity and simulate a real application. The sensors showed a
linear and rapid response and a stability in the signal for short and long-time humidity
cycling. Moreover, the rate of change response of devices results perfectly comparable with
that of a commercial digital-output of a relative humidity and temperature sensor
highlighting the promising performance in low-cost humidity monitoring. Finally, the use
of paper as substrate could give the way to new applications in packaging with a potential

improvement of the storage conditions of preserved goods.
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5.5 Experimental section

5.5.1 Materials

All chemicals and solvents are ACS reagent grade, were purchased from commercial
vendors and used directly unless otherwise stated. Sulfuric acid (H2SO4, 95.0-98.0%),
ammonium persulfate [(NH4)2S20s), > 98%, APS] and aniline (> 99%), were purchased
from Sigma-Aldrich (now Merck KGaA, Darmstadt, Germany); aniline was distilled under
nitrogen prior to use. Chloridric acid (> 37%) was purchased from VWR Chemicals
(Vienna, Austria); a solution of ca. 25 wt% of Al>(SOs)s in water (commercial name
FLOCLINE S8C) was purchased from Bio-Line s.r.l. (Milano, Italy). Bare cellulose fibers
(pine tree long fiber with sulfate treatment) were kindly provided by Cromatos s.r.1. (Forli,
Italy). Poly(2-acrylamido-2-methyl-1-propanesulphonic acid) (PAAMPSA), M.W.
~800,000, 10% (w/w), was purchased from Acros Organics. Universal pH paper test

(Jovitec).

5.5.2 In Situ Syntheses of the PANI-Paper Composites

Firstly, the cellulose-PANI composites were fabricated. In a 1 L round bottom flask, 2.5 g
of bare cellulose fibers were dispersed in demineralized water (250 mL) for 30 min;
successively a solution made of 2.5 mL of aniline in 150 mL of 1.0 M hydrochloric acid
(HCI) was added to the fiber suspension and stirred for 3 h at room temperature. In turn,
the oxidative polymerization was carried out adding dropwise to the stirred suspension,
previously cooled to 0 °C in an ice bath, a solution of 7 g of (NH.)2S.0g dissolved in 200
mL of 1.0 M hydrochloric acid. After 24 h the coated fibers were filtered in a Buchner
funnel and washed several times with 1.0 M citric acid solution. The conductive fibers were

dried in air atmosphere for 24 h.
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To obtain a 0.25 mm thickness sheet, 10 g of Cell/PANI fibers were added to 1.0 L of an
acid solution (ca. pH 3.0, 25 wt% Al2(SO4)s in demineralized water) and stirred for 5 min,
then the fibers were partially dried in a square sieve (21.0 cm x 14.8 cm size). Finally, the
sheet was pressed at 50 bar pressures (P50 AXA manual hydraulic press) for 10 s. The
coating of the fibers was determined by Kjieldahl analysis and resulted in 22,3% of PANI.

The fabrication of PANI-PAAMPSA modified cellulose was similar. Briefly, ina 1
L round bottom flask, 2.5 g of bare cellulose fibres were dispersed in demineralized water
(300 mL) for 30 min, then 2.54 mL of aniline and 58.0 g of PAAMPSA were added to the
fibre suspension and stirred for 1 h at room temperature. Successively, 5.8 g of APS in 25
mL of distilled water was slowly adding dropwise to the stirred suspension, the flask was
cooled to 0 °C in an ice bath for 6 hrs. After 24 h the coated fibres were filtered in a Buchner
funnel and washed several times with 1.0 M citric acid solution. The conductive fibres were
dried in air atmosphere for 24 h. To obtain a 0.25 mm thickness sheet, 5 g of Cell/PANI-
PAAMPSA fibres were added to 1.0 L of demineralized water and stirred for 5 min, then
the fibres were partially dried in a square sieve (21.0 cm x 14.8 cm size). Finally, the sheet

was pressed at 50 bar pressures (P50 AXA manual hydraulic press) for 10 s

5.5.3 Fabrication of the Humidity Sensors

To increase the mechanical resistance of the conductive sheets we employed the
industrially wet coupling method: a Cell/PANI sheet of 0.25 mm thickness was coupled
with a bare cellulose sheet (thickness 0.40 mm), previously prepared, moistened with water.
The two sheets were then pressed (50 bar, 10 s) and dried at 80 °C for 10 min. A similar
procedure was used for Cell/PANI-PAAMPSA sheets. Finally, sensors of 2.2 x 0.9 cm

dimension were obtained from the conductive sheets.
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5.5.4 Humidity Sensing set up

A simple controlled-humidity enclosures constructed using a sealed container, connected
with a different saturated salt solution in which it will be fluxed nitrogen (N>) at a fixed
flow and temperature (25 °C) to obtain different % RHSs (i.e. 44% and 22%) was used to
make preliminary stability tests of our humidity sensors. A commercial Digital-output
relative humidity & temperature sensor/module DHT22 (DHT22 also named as AM2302,
Guangzhou Aosong Electronics Co.,Ltd, China) was used to monitor the % RH and
temperature inside the sealed chamber. A potentiostat/galvanostat was used to monitor the
chronoamperometric response of the humidity sensor at an applied potential of 0.1 V. The
used salt saturated solution (SS) were potassium acetate (CH3COOK, 22 % RH) and
potassium carbonate (K2COs, 44 % RH) [20]; the 2 % RH was obtained with dry No.
Alternatively, a climate chamber has been used. In this case the tests have been conducted
at a fixed temperature of 21 £ 1 °C following the chronoamperometric respond of the
humidity sensor at an applied potential of 0.1 V. For the tests with 0.4 mm thick Cell/PANI
and Cell/PANI-PAAMPSA sensors we set steps uphill from 5% up to 55% RH, each step

maintained for 1 h and 15 min (total time for each measure: 7.5 h).

5.5.5 Instruments and methods

SEM images were recorded at 25 kV with a Sem Zeiss EVO 50 EP equipped with Oxford
INCA 350; EDS Spectrometer equipped with a Bruker Z200 energy dispersive
microanalysis (EDX) system was used for semi-quantitative chemical analysis and
mapping. TGA characterization was carried out using a Perkin EImer TGA-7 instrument.
In each analysis, a piece of weight ca. 4.0 mg of the target electrode was heated in a
platinum crucible from room temperature from 38 °C to 950 °C (or 800 °C for cellulose),

at a rate of 10 °C min, under N, atmosphere. ATR-FTIR analyses were performed using

166



a Perkin Elmer Spectrum Two spectrophotometer, equipped with a Universal ATR
accessory, with a resolution of 0.5 cm™ in the range 4000-400 cm™. The samples were
directly analyzed performing 40 scans for any analysis.

The determination of PANI amount in Cell/PANI-F was performed with an
automatic Kjeldahl Nitrogen Analyzer (Gerhardt Bonn). The Kjeldahl analysis was carried
out on four Cell/PANI-F samples and a blank sample (cellulose bare fibre treated exactly
as the Cell/PANI-F) using the following protocol. 1.0 g of each sample was put in a glass
weighing flask and placed in a Kjeldahl test tube. A catalyst tablet (1 tablet contains 3.5 g
of K2SO; and 3.5 mg of Se) (Kjeldahl tablets, 1.18649 Supelco, Merck), 20 mL of
concentrated H>SO4 (sulfuric acid 95-98%, ACS reagent, 258105 Sigma-Aldrich) and 4
glass spheres were then added. The test tubes were heated to 350 ° C for 5 h. The final
solution must be clear and colourless. Finally, the test tubes were inserted in the Kjeldahl
titration instrument, and the potentiometric titration automatically start with 0.100 M HCI
in presence of an acid basic indicator (a mixture of methyl red and bromocresol green).

The  chronoamperometric  measurements were  performed using a
potentiostat/galvanostat Autolab PGSTAT128N (Metrohm-Autolab) controlled by NOVA
2.10 software.

A cooling incubator with controlled humidity (climatic chamber, ClimaCell 111
comfort, MMM Group) was used for the humidity tests at a fixed temperature of 21+1 °C
following the chronoamperometric response of the humidity sensor at an applied potential
of 0.100 V. For the tests with 0.40 mm thick Cell/PANI-PAAMPSA sensors we set steps
uphill (5 %) from 30 % up to 50 %RH, each step maintained for 1 h and 15 min (total time
for each measure: 7.5 h).

A commercial digital-output relative humidity & temperature sensor/module

DHT22 (also named as AM2302, Guangzhou Aosong Electronics Co.,Ltd, China) was used
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to monitor the % RH and temperature inside the climatic chamber at each measurement,
for comparison.

Tensile strength measurements have been carried out on a LBG UDI24Pro
Instrument with a traction speed of 1 mm min~*. The samples have been prepared following
the TAPPI method reported in the literature by cutting the different sheets (cellulose,
Cell/PANI-S and Cell/PANI-TS) into rectangles with a central size of 2 x 10 cm and 1.5
cm for each side for the crimping points®.

Using the equations 1 and the parameters of the linear curves of both the sensors, it
is possible to transform the current signal into an RH% signal, so that it became possible

directly compare the DHT22 response with those of our sensors.

RH% Signal — i(”A)_inteTCiPt(uA) (l)
slope(R‘;_I%)

In order to contract the humidity sensitivity between Cell/PANI and Cell/PANI-
PAAMPSA, the current signal was treated as the normalized response, which is defined as

eq. 2 [28][29]:

S_SO
So

= 06 =22 100 @)
0

where So is the signal of the sensor at 30 % RH and S stands for the signal at targeted RH

environment.
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Cell-PANI/PAAMPSA: an electrode for
monitoring heart rate

Bioelectric signals coming from the human body could give important information
about physiological functions and have been widely studied in medicine and other scientific
fields***1, One of the most investigated technologies in this field is Electrocardiogram
(ECG) that, collecting bioelectrical signals with electrodes on the surface of the body, could
give not only a clinical diagnosis of various heart diseases, but also a simple but effective

tool to explain arrhythmia and conduction disorders*>44,

The mechanism of these electrodes is based on the polarization and depolarization
of myocardial cells that generates electric current*#. An important criterion for suitable
electrodes is low impedance to limit the noise generated during signal recording. The
stratum corneum (SC), which is the top layer of the skin has a high impedance®’, that is
why a wet gel is often used: the gel hydrates the SC creating an ionic path between the
metal part of the electrode and the skin below the SC layer, which makes the transduction
of ionic current into electric current easier. Therefore, the gel lowers the skin-electrode
impedance. Furthermore, the flexible gel stays in good contact with the skin during

movement, hence the impedance also remains low when the subject is moving*.

Sometimes, the conductive gel will cause allergic symptoms on the skin and dry in
a short time causing noise in the electrical signals obtained*®. To avoid this problem, also
dry electrodes have been commercialized, but they need to be fixed on the skin with medical

tape, that incur in uncomfortable feeling of the patients®®°2,
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Among the possible candidates, cellulose modified with PANI- PAAMPSA could
be a valid option, dude its high sensitivity, biocompatibility and low cost®. In addition, the
gel needed in that case could be simply water, because PANI remains in the conductive
form thanks to the presence of PAAMPSA template. Finally, its excellent flexibility and
mechanical stability confers to that material the potential to be regarded as structural

support for wearable devices™.

Just a few measurements were performed in my laboratory about this application
because the study is at the very beginning stage. Briefly, while the subject was sitting on a
chair and not moving, two electrodes made of cell-PANI/PAAMPSA with the dimensions
of 3 cm were positioned as shown in Fig. 18 and connected to a CHI660C potentiostat. The
electrodes were wet with water before recording signals. The results obtained are reported

in Fig. 19.

Potentiostat

Fig. 18: positioning of electrodes oh human subject
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Fig. 19: output ECG obtained with that homemade setup.

Even if the baseline was not linear due to the approximate setup of the system (it was the
very first measurement), the heart rate was clearly visible, allowing us to calculate a rate of
about 86 beats per minute, that is aligned with a healthy subject®®. A lot of other
measurements and studies must be conducted about this topic, but these results were very
promising to obtain ECG electrodes of new generation that could be low cost, of light

weight, and disposable to preserve hygiene during monitoring.
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6 An investigation on different catalysts
for Oxygen Evolution Reaction to be
applied in a dual circuit Redox Flow
Battery

6.1 Aim of the chapter

The work described in the present chapter is part of a project carried out during a six-month
stay at EPFL (Ecolé Polytechnique Fédérale de Lausanne) Sion under the supervision of

prof. Hubert Girault.

At first, the possibility of synthesizing IrOx by using a novel technique called
photonic curing was investigated by varying the pH of Iridium salt precursor and
parameters of the Xe flashing lamp. Then, the synthesis of Mn-doped RuO; and Zn-doped
RuO> was carried out with the same technique and performances towards oxygen evolution
were evaluated electrochemically. Chosen the best synthesized catalyst, it was applied in a
dual circuit Redox Flow Battery where the electrolyte was used as mediator together with

the catalyst to produce oxygen via water splitting reaction.
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6.2 Introduction

6.2.1 A new concept of Redox Flow Battery

One of the biggest challenges all over the world regards the transition from fossil fuels to
a hydrogen driven energy economy. Today, most of the hydrogen is produced by steam
reforming of CH4 . A green alternative consists of producing hydrogen by water
electrolysis as shown in equation (1). As an advantage, also oxygen could be produced in

the meantime.

1) 2H,0 - 2H, + 0,

Amstutz and co-workers proposed in 2014 the idea to couple a system for water electrolysis
to a Redox Flow Battery (RFB). In this dual circuit, as schematized in Scheme 1 the species
present in the battery could also act as redox mediators (electron donors or acceptors) to
make the water splitting °. The main advantage of this system is the possibility to carry on
HER and OER separately in two outer reservoirs on the negative and positive side of the
battery, avoiding the recombination of water molecules®. Moreover, every reaction can be
conducted independently from the other in terms of speed of the reaction and choice of

catalyst.
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Scheme 1: dual circuit redox flow battery based on Vanadium and Manganese for water splitting.

Focusing on the positive side, the redox couple Mn""/Mn"" represents a valid candidate as a
mediator for the OER, with a potential of 1.51 vs SHE. This couple is of great interest also
in the battery because of the higher energy density compared to the well-known all
Vanadium RFB’. The main disadvantage of having manganese in the system is its

instability in solution and its disproportionation reaction as shown in equation (2):

2 2Mn3* + 2H,0 - Mn?* + MnO, + 4H*

To avoid this side reaction, one solution is to use high acid concentrations for displacing
the equilibrium to the left and stabilising the Mn3* species. For this reason, an acid-resistant
electrocatalyst is needed for the redox mediated OER. Many studies were conducted in the
past decades on this topic. Earlier in 1966 for example, Damjanov et al. studied the catalytic
behaviour of different metals, showing activities in the following order:
Ir~Ru>Pd>Rh>Pt>Au>Nb. Moreover, oxides of each catalyst exhibit oxygen

overpotentials much lower than their respective metallic elements®,
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In the water splitting, oxygen evolution reaction (OER) mechanism has been
extensively studied and numerous pathways have been proposed, but it is still an enigma in
the field of electrocatalysis due to the possible presence of non-insulatable intermediates.
Moreover, it is kinetically limited due to its four electrons transfer redox reaction that
requires a higher overpotential than HER. Thus, the need of an active electrocatalyst for
this reaction is of great interest among researchers®*. A representation of OER is given in

Scheme 2.

2H,0

0,+4e+4H*

e +H*

0,+e +H* M-OOH \%

Oxygen Evolution
Reaction
%\ Lo sy
e+

L —

H,0 0,

Catalyst (M)

Scheme 2: representation of OER mechanism

Considering their higher activities, Ir and Ru oxides are the most widely used catalysts for
OER. In particular, RuO; is often more active than IrO,, but the problems related to

instability (corrosion) limit its use in acidic media®.
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6.2.2 Iridium oxides for OER

Iridium chemistry deals with a wide range of species in which the metal is present in
oxidation states that vary from 0 to +6, although only the +1, +3 and +4 compounds are
commonly formed and studied. The +3 and +4 states form complex ions in aqueous
solutions with a coordination number equal to 6. Different suggestions have been presented
about the chemical nature of iridium(IV) oxides, because it’s easy to form different species
during the synthesis, varying from 1rO; *** to Ir(OH)4 *2 to mixture of the two '3, This is the
reason why in literature the label IrOx is often reported*. Moreover, as shown in Fig.1,
Iridium amorphous oxides were demonstrated to have a higher catalytic activity towards
OER compared to the rutile IrO,*; the enhanced activity was found to be related to the

presence of electronic defects in the near-surface region of the catalyst?®.
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potential vs. SHE / V

Fig. 1: LSV curves of amorphous IrOx and rutile IrO;

Hence, as well-known, the availability of certain edge atoms is improved decreasing the
particle size of the catalyst!’. The most reported method in literature for the synthesis of
nanoparticles of IrOy is that of Mallouk and co-workers. Briefly, K2IrCls is firstly converted
into hexahydroxoiridate(111) (Ir(OH)e>") by a ligand exchange reaction, and finally oxidized

into iridium oxide'®°, Starting from the same potassium salt, some others pathways are
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reported using for example microwave® or plasma® assisted techniques. Briefly, the

reaction is presented in Scheme 3 below.

,. OH
[rClg]* —— [IOH)g]*" + [rO#nH,0

+CIr

|
ou| | H

[rOy*nH->0O

Scheme 3: reaction pathway for the hydrolysis and condensation of 1rOx

After the hydrolysis in alkaline conditions, [Ir(OH)s]*" partially polymerizes to form IrOx
* nH0, stabilized by OH™ groups. These became anionic clusters that get protonated and
they made a condensation with [Ir(OH)s]>, protonated too. This condensation reaction is
very slow, only 30% yield in alkaline media. If H* is added, the yield is completed to 100%.
If the pH is increased, the reaction is pushed towards the hydroxyde form of Ir'V, and the
yield decreases again?'. The large-scale production of IrOy, and possibly low-cost, is of
great interest, but not many researches are conducted on a particular technique called
photonic curing, which can provide also fastness and low temperature heating of the

samples.
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6.2.3 Ruthenium oxides for OER

In the acidic conditions, it is well known that RuO2 can exhibit much higher catalytic
activity than iridium oxides, while it is unstable because of the formation of soluble RuO4
at anodic potential. Therefore, tremendous endeavours have been made to the design and
development of highly efficient RuO. catalysts with great success, and many effective
strategies have thus been well developed, such as morphology design, electronic structure

engineering, defect engineering, enhancing conductivity, and heterostructure engineering?*-

28

Metal doping is considered as an effective strategy to improve the electrocatalytic
activity of RuO., since the incorporation of suitable foreign metal atoms can effectively
enhance the conductivity and alter the electronic structures®®3l. Furthermore, the
defects/vacancies in ultrasmall nanoparticles are expected to enhance the intrinsic activity.
Hence, engineering ultrasmall and defective RuO nanoparticles is a promising strategy to

achieve excellent OER activity in acidic media.

Replacing Ru ions with divalent Zn ions for example, can induce some oxygen
vacancies and reduce the crystallinity of RuO.. Correspondingly, is reported that the size
of Zn doped RuO: nanoparticle can be reduced. Lastly, the Zn species can be readily
removed by means of acid treatment so some defects would be created and the particle sizes

are further reduced. A representation is given in Fig. 2.
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Fig. 2: a) side view and b) top view of defective RuO, structure®

Doping RuO2 with different atoms gave interesting results not only with Zn. For
example, is reported that partial charges of Ru atoms in Cu-doped RuO. become less
positive, resulting in a more moderate binding strength toward oxygen intermediates and

thus substantially improved OER activity®.

The doping of Mn ions in RuO; can effectively increase the performance of OER
through impairing oxygen binding and heightening hydroxyl binding toward
electrocatalysts. According to the density functional theory (DFT) calculation, the p-band
center of O and d-band center of Ru increase the gap between the Fermi level, hence,
improving the performance of oxygen evolution because of the optimized energy level. In
comparison with RuO, nanocrystals, Mn-doped RuO2 nanocrystals exhibit larger current
density at the same overpotential with an unprecedented electrocatalytic activity and

excellent durability in the process of OER as shown in Fig. 3.
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Fig. 3: LSVs of doped RuO,*
6.2.4 Photonic curing
The photonic curing (also known as flash light annealing or intense pulsed light
sintering) is a technique of heating and sintering thin films by using an intense light pulse
generated by a Xenon flash lamp. The first and still most common application of this
technique is the sintering of Ag and Cu nanoparticles to fabricate conductive paths on
thermally sensitive substrates for printed electronics®. In addition, it is employed also in

synthesis of thin-film transistors®, solar cells*” and RFID components®8,

Intensity I a.u.

200 400 600 800 1000
Wavelength | nm

Fig. 4: emission spectrum of a Xenon flash lamp with 750 V of blank voltage and 220 ps pulse length
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The lamp emits a broad spectrum of wavelengths (i.e. 190 — 1100 nm, spectrum
shown in Fig. 4) as micro to milliseconds pulses that the materials receive in comparison
with their specific absorption of energy and result in a contactless heating of the samples.
Meanwhile, the energy density varies as a function of the applied voltage (reaching up to

30 J cm2 per light pulse). Facilities for printed light synthesis is shown in Fig. 5%,

Control stand for the Xenon flash lamp

Light sintering chamber

Inkjet printer

Reflector

Power controller

Fig. 5: printed light synthesis facilities.

Depending on the optical properties of the samples cured, many various reactions
(such as sintering, thermal decomposition or redox reactions) could take place during the

very short period of time of a flash and hundred degrees of temperature could be reached.
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Substrates that are poorly absorbing light or non-absorbing at all, are not directly affected
by this technique, but can play a role in the reaction in any case because of the heat transfer

of the absorbing species eventually present *°.

More specifically, the fundamental principle of photonic curing is the light
absorption by metal-based thin films, promoting electrons from the valence to the
conduction band. If electrons have more than the required energy from the conduction band,
the excess is released as phonons leading to localized heating of the material?®. Hence, the
thermal energy generated is a consequence of the light absorbed and it is attributable both

to the absorptivity of the film and to the thickness.

Irradiating materials with high energetic photons as, in our case, with a Xenon flash
lamp, the so called hot-electrons are generated. Hot electrons are essentially electrons that
are not in thermal equilibrium with their immediate environment (generally, the atoms
comprising a material). They have a very high effective temperature (as high as several
thousand Kelvin) compared to room temperature, due to their kinetic energy. This excess
can be dissipated within free electrons via an electron-electron scattering mechanism. This
process is known as thermalization as it leads to the formation of a hot electron gas with a
well-defined electronic temperature. In case of a system composed of the metal
nanoparticle or nanoparticle/adsorbate, the electron-molecular vibration scattering is
transferred into adsorbates. Hence, immediately after the absorption of the energy pulse a
nonequilibrium distribution of nascent nonthermal electrons is created. The non-
equilibrium electron is temporarily transferred into an empty electronic level, in the
adsorbate with an energy, leading to the creation of an intermediate negative ion state. The
electron then could scatter back with an energy into the metal conduction band or induce

chemical transformations in the adsorbate molecule (i.e. reduction).
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The role of the substrate is very important in the degradation of the adsorbates,
besides the convection of heat because of light absorption. The chosen substrates promote
initial generation of the hot-electrons. This effect has been described in literature by
Clavero®. If the substrates would be uncoated the hot-electrons would decay in the material
and only a local temperature heat would be generated. If the substrates are coated with
precursor salts, during the excitation hot-electrons enter the LUMO of the adsorbate
molecule and decay inside the adsorbate energy level before returning to the initial state in
the substrate. Such can lead to the generation of heat in the precursor molecule and initiate
the thermal degradation step of the precursor. The initial degradation will lead to a cascade
of events, where, after the first cluster of metallic nanoparticles is generated, the reaction

will expand. Such mechanism can explain the initial degradation of the precursor salts?.

6.3 Results and discussion

6.3.1 Influence of pH on the flashed synthesis of 1rOy

Firstly, nanoparticles of IrOx to be used as reference were synthesized following a chemical
method reported by Zhao and co-workers 2. The formation of IrOx was confirmed by a
change in colour of the reaction mixture from brown to dark blue, which occurred after few
minutes from the beginning (Fig. 6). Afterwards, the reaction mixture was aged for 24 hours
in static conditions (without stirring) before proceeding with the characterization of the

product.
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Starting solution pH 7 Starting solution pH 13 After 20 min 90°C After HNO: adding

Fig. 6: reaction steps of the chemical synthesis of IrOx

The same precursor salt KaIrCls was dissolved in solutions at different pH and
flashed varying the reaction conditions. To follow the reaction, UV-Vis was used as first
characterization. Three absorbtion peaks are important in the spectrum of the iridium salt

before and after the reaction?:

A =313 nm: [Ir(OH)c]*" strong, in the UV region. It increases with temperature
with a maximum at 90°C. After the hydrolisis step, it decreases due to the formation of IrOx
but it is still present due to the low yield of the reaction. It disappears when nitric acid is
added due to the complete yield of the reaction and appears again increasing the pH. (nitric

acid is an interference in this region)

A = 580 nm: IrOx * nH;O, in the visible region, due to the formation of Ir-O-Ir
bonds, both of the colloidal and of the bulk material. It is present after the hydrolysis step
but low. It increases after the condensation step. It decreases increasing the pH after the

condensation, because the reaction reverses.

A =420 nm, not well described. Probably an intermediate step in the formation of
the oxide. Probably due to the protonation of [Ir(OH)s]%". It becomes larger and decreases

with time and conversion. It is probably a slower condensation step.
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For the characterization of the flashed materials, only the absorbance peak at 580 nm is
considered and it is compared with the one obtained following the reaction used as
reference. The maximum absorbance peak for IrOx is found to be precisely at 578,298 nm

in the reported spectra. The absorbance values are referred to that.

First, a qualitative screen is performed in the liquid state to see if some reactions
occur varying the pH of the iridium salt solution to be cured. Under alkaline conditions, the
presence of OH™ groups is necessary to perform the hydrolysis of the Ir-Cl bonds and the
consequent formation of the [Ir(OH)s]*>~ complex. The condensation of that complex lead

to the formation of Ir'V-O-Ir'"Y bonds.

As a demonstration that the reaction occurs following the path described, no
changes are observed in the UV-Vis spectra until pH 7 was reached. The analysis was
repeated 4 times and the samples were cured with 20 pulses at 575 V. As shown in Table
1, the absorbance at 580 nm is not negligible at pH 7, but it has the same value of the

starting material, so it is not attributable to IrOx.

Table 1: UV-vis analyses of sample at pH7. PC: photonic curing.

Absorbance at 580 nm

Sample
Before PC After PC
1 0,22 0,23
2 0,20 0,19
3 0,21 0,21
4 0.19 0,21

189



Successively, solutions of KaIrCls from pH 7 to 13 were prepared and studied. As
shown in Fig. large variations in the colour of the solution were observed without flashing,
from light yellow to pink. The colours also changed with time but the solution at pH 7 was
still the same even after 48 hours. The spectra reported were recorded after 48 hours. The
peaks around 400 - 450 nm suggest that the first step of the reaction described in Scheme
3 occurs rapidly, leading to the formation of protonated [Ir(OH)s]> even whitout any
change in the environment. Only time is not enough for the formation of 1rOx with a high
yield, in fact no significant absorbance was observed at 580 nm not even after 48 hours

(Fig. 7).
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Fig. 7: Uv-vis spectra and colour changes of Iridium salt precursor at different aging time.

The hydrolysis step is necessary for the formation of nanoparticles of IrOx because
no reaction occurred if the pH is less than 10. The maximum of absorbance at 580 nm was
obtained with the starting solution at pH 13. Considering the absorbance of the reference
IrOx chemically prepared as 100% (in addition, the value is comparable with the method

followed) , a yield of 80% was obtained with photonic curing technique.
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The effect of the photonic curing conditions was investigated on the sample at pH
13. The charging voltage of the capacitors in the instrument and the quantity of pulses given
to every sample were changed. The yield of the formation of IrOx nanoparticles was
determined by Uv-Vis absorbance at 580 nm also in this case. The results are shown in Fig.
8. Five pulses were not enough to suggest any change in the samples even if the voltage
was increased. It is reasonable to think that the temperature raised in the samples during
the pulses was insufficient to lead to the formation of the complex [Ir(OH)s]>~ in high yields
and the consequent condensation step. The absorbance obtained was directly dependent by
the number of pulses and the voltage applied and the highest absorbance was obtained at

575 V with 20 pulses.
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Fig. 8: Flashing condition study about the synthesis of 1rOy

6.3.2 Physical and electrochemical characterization of 1rOx
The SEM analysis of the chemically synthesized IrOy as reference, revealed the presence
of white clusters with an inhomogeneous pattern of dimensions ranging from flakes of 80

— 100 nm to larger agglomerates of more than 2 um as visible in Fig. 9.
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Fig. 9: SEM analysis of 1rOx chemically synthesized.

Besides, the SEM images of the flashed IrOx revealed the presence of two population of
particles. In particular, the average size of the bigger population with a sea-urkin like shape

is around 2,0 — 2,5 um, while for the smaller particles an average size of 0,20 — 0,25 pum

was observed (Fig. 10)
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Fig. 10: SEM image of flashed IrOx
Both the dimensions declared for the chemically synthesized and the flashed 1rOx
was confirmed by DLS analyses, suggesting that the dimensions obtained were not in

nanometric scale as expected and described in the reference article?.
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Given the ambiguous results obtained with SEM analyses revealing different
morphologies and the XRD patterns that were not satisfactory, more analyses were
suggested and the physical characterization of IrOy is currently under examination. On the

contrary, electrochemical performances towards OER of both IrOy obtained via chemical

route and by photonic curing gave good and comparable results. Particles solution obtained
were firstly sonicated for 15 minutes and used in a three electrodes cell setup with a glassy
carbon as working electrode. 1.4 V vs Ag/AgCl were applied for 60 minutes to deposit IrOx

on the electrode and then tested by LSV technique.
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Fig. 11: LSVs comparison between flashed and chemically synthesized IrOx
Both the materials show an onset potential around 1.3 V vs Ag/AgCl as seen in Fig. 11,
suggesting that the material synthetized by the new route is the same of the reference. The
tests were repeated three times using materials synthesized in different times and they gave

the same results aiming that the synthesis of the material is reproducible.

6.3.3 Zn and Mn doping of RuO;
Considering the previously described state of the art, a step towards the evolution of the

here described electrocatalyst was taken by depositing Zn-doped and Mn-doped RuO; on
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carbon cloth by photonic curing technique instead of annealing, were the substrate dark
colour helps to increase the amount of the electromagnetic radiation absorbed. In addition,
a supported catalyst is much more versatile in terms of application and removal when used

in an RFB.

The photonic curing conditions were previously optimized for the synthesis of 1rOx
and have been kept unchanged for RuO.. Briefly, every sample received 20 flashes at 575V,
13 ps pulses. The obtained catalysts were studied and compared with the annealed ones

synthesized following a previous reported procedure®.

Firstly, CC/RuO2 and Zn-doped RuO; were analyzed by means of SEM images
(Fig. 12 and 13). It is clear that the addition of Zn and subsequent etching resulted in an

increased material porosity, which equals to a greater surface area.
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Fig. 12: RuO; obtained by photonic curing
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Fig. 13: Zn-doped RuO; obtained by photonic curing

Moreover, EDX analyses on Zn-doped RuO. before and after etching were
performed to confirm that treating samples in 1M H>SO4 for 18 hours after flashing was
necessary to remove all Zn species present in samples. As shown in Fig. 14, the peak

attributable to Zn atoms was not present after etching.
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Fig. 14: EDX analyses of Zn-doped RuO; before and after etching

Electrochemical performances towards OER were studied for both annealed and
flashed Zn-doped catalysts through LSV. As shown in Fig. the performances obtained were

very similar, both annealed and flashed catalysts shown an onset potential of 1,25 V vs

Ag/AgCI and the slope is even better for the flashed sample.
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Fig. 15: LSVs comparison between annealed and flashed Zn-doped RuO-
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Electrochemically Active Surface Area (ECSA) is a determintaion of mass activity
of a given catalyst. A detailed description of the calculations is reported in “Materials and
Methods” section of this chapter, but the obtained results are shown in Fig. 16 and Table

2. Also Mn results are included in this section.

Table 2: ECSA calculations of different samples. Cqi: double layer capacitance, RF: roughness factor

Sample Cal (MF) ECSA (cm?) RF
Carbon Cloth (CC) 3,28 93,770 478,2
CC/RuO; 6,74 192,82 983,8
CC/Mn-doped RuO; 8,69 240,24 1266
CC/Zn-doped RuO; 10,5 301,44 1538
5 Carbon cloth (CC) 185 . CC_RuO2
ie * ? o 7 4
055 0.60 - A;ﬁ:gm - 0,70 075 g " ’E i Ag/Ag'CI & . A
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Fig. 16: CVs of different catalysts for ECSA calculations.
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As reported in Table. Zn-doped RuO. shown an higher ECSA compared to the simple
RuO., confirming what already declared with SEM images. Contrary to what was expected
from the images, the ECSA of Zn-doped material is only 1,5 times higher of RuO.,
suggesting that the activity is probably emphasized more on the surface of the catalyst than

in the bulk of the material.

Considering Mn-doped RuO., calculations revealed also in this case an increase in

the active surface area, confirmed also by SEM analysis as shown in Fig. 17.

<%> : det 'mode HV WD fré HFW
X 6500 x ETD SE  20.00 kV 51 nA 9.8 mm 1.3 min 63.8 ym

Fig. 17: SEM analysis of Mn-doped RuO;

In this case, the surface of the catalyst presented cavity and grooves even if not accentuated
like the Zn-doped material. An explanation was probably found in the presence of Mn
atoms inside the cristallyne structure of RuO.. Nevertheless, phisical properties of those

catalysts are still ongoing.

In addition, LSVs of flashed and annealed CC/Mn-doped RuO, were compared.
Performances towards OER were found to be comparable also in this case, and a lower

onset potential was found for the flashed sample (Fig. 18).
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Fig. 18: LSVs comparison between annealed and flashed Mn-doped RuO-

All the flashed catalysts were compared via LSV technique in order to choose the
best one. Of course, in this case as for ECSA calculations, the molar amount of RuClz-xH>0O
was equal to the total amount of RuClz-xH20 and MnSO4-xH20in the Mn-doped catalyst
because Mn was not etched after being cured. It was not the same in the case of Zn-doped
catalyst because Zn was used only to produce porosity in the RuO; structure and then
removed. In Fig. 19 all the LSVs were summarized and reported. Although it possessed a
lower onset potential, CC/Mn-doped RuO2 had worse performances in terms of production
of oxygen than CC/Zn-doped RuO, as evidenced by the lower slope of the curve, even if

they were very similar.
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Fig. 19: LSVs of different catalysts

Finally, chosen CC/Zn-doped RuO: as the best catalyst of the present study, a test
in the RFB was performed. Considering the dimension of the battery available, a catalyst
of the dimension of 10 cm? was prepared and a mass load of 12.5 mg cm was determined
using a high precision microbalance. The electrolyte in the RFB was composed of \V** and
Mn®* both in 1M concentration and H2SO4 3M was used as solvent. It was studied that V°*
act as stabilizer despite disproportionation reaction of Mn species. The discharge of the
electrolyte solution was followed by Uv-vis where Mn®* had a maximum absorbance peak
at 475 nm. As shown in Fig. 20, starting from 40 mL of electrolyte solution at 75% of state

of charge, after 150 min of reaction Mn3* could be considered mostly reduced.
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Fig. 20: UV-vis spectra of Mn-containing electrolyte at different times of reaction

Accordingly, discharging the electrolyte, oxygen was produced because Mn®* acted as
mediator for OER on the catalyst synthesized. As a demonstration, the amount of oxygen
produced was detected with a flowmeter and reported in Fig. 21, (about 14 mL in 150

minutes of reaction).
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Fig. 21: oxygen produced during OER and decreasing of Mn?* concentration
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6.4 Conclusions

The synthesis of IrOx was carried out via photonic curing and the flashing conditions were
investigated. Firstly, the pH of the precursor salt solution was studied and monitored by
Uv-vis analyses. It was found that the best condition to synthesize IrOx in a yield of about
80% was to operate at pH 13. The reaction was studied also in terms of power, duration
and number of pulses of the Xe flash lamp used and the most promising results were

obtained with 20 pulses at 575V, 13us length.

Furthermore, an investigation on another good catalyst for OER, that is RuO2, was
conducted. In particular an investigation on doping RuO2 with different metals by annealing
was found in literature and used to synthesize Zn-doped and Mn-doped RuO; on carbon
cloth. These catalysts were used as reference to the newly synthesized ones using photonic
curing technique. The best result was obtained with the Zn-doped RuO- that exhibited a

higher porosity in comparison with non-doped RuO:..

In conclusion, the best catalyst obtained was tested in the RFB and studied in terms
of discharging of the electrolyte and production of oxygen demonstrating that a catalyst of
the dimension of 10 cm? and a mass load of 12.5 mg cm™ was able to product 14 mL of O,

in 150 min.
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6.5 Experimental section

6.5.1 Materials

All chemicals and solvents are ACS reagent grade, were purchased from commercial
vendors and used directly unless otherwise stated. Potassium hexachloroiridate (KzlIrCle,
99.99%), Ruthenium(lll) chloride hydrate(RuClz-xH20), Manganese(ll) sulphate
monohydrate (MnSO4-xH20), Zinc chloride (ZnCl2), Hydrochloric acid (HCI 36% wit),
Nitric acid (HNO3 68% wt), Sodium Hydroxyde (NaOH pellets) and Sulfuric acid (H2SOa,
95.0-98.0 %) were purchased from Sigma-Aldrich (now Merck KGaA, Darmstadt,
Germany). The CC substrate is commercially available and was treated at 120 °C for 4 h

to enhance the hydrophilicity. Deionized water was used throughout all experiments.

6.5.2 Synthesis of 1rOx

Briefly, 50 mL of 2 mM K:IrCls was adjusted at pH 13 by adding NaOH 10%. The solution
was heated at 90 °C for 90 minutes. After cooling down, the solution was put in ice bath
with vigorous stirring for 20 minutes. 1 mL of HNOs 3M was added rapidly and the solution
stirred for 80 minutes. The solution was left overnight to perform the complete
condensation of IrOx. For the photonic curing, samples were prepared adjusting 2 mM

KzIrCle at desired pH by adding NaOH 10%. NMR tubes were used for flashing samples.

6.5.3 Synthesis of doped RuO

Generally, 1.20 g RuCls -xH20, and 0.40 g of ZnCl; or 0,5 g of MnSQ4-xH20, and 0.5 mL
of hydrochloric acid (36% wt) were dissolved into 10 mL of deionized water under
magnetic stirring. The resulting precursor solutions were stored under dark for further use.

A piece of CC (1 cm % 2 cm) was dipped into the precursor solution for =5 s and was
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subsequently taken out. After drying under 60 °C, the obtained carbon cloth was annealed
at 350 °C for 3 h (ramping rate: 10 °C min) in air. Zn-doped RuO, samples were then
immersed in 1.0 M H>SO4 for 18 h. The final products were obtained after washing and
drying. 1,20 g of RuClz -xH20 and 0.5 mL of hydrochloric acid (36% wt) were dissolved
into 10 mL of deionized water under magnetic stirring and used to prepare CC-RuO.. The
typical loading masses of defective RuO2/CC and RuO,/CC were determined to be 0.94

and 1.25 mg cm, respectively, using a high precision microbalance.

6.5.4 Photonic curing

Four repetitions of KaIrClg solutions 9,40 mM are cured adjusting the pH from 7 to 13 with
NaOH 0.5 M. A PulseForge 1300 system (Novacentrix, USA) integrated in a X-Serie
CeraPrinter (Ceradrop, France) was used for the study. The energy of the flashes was
adjusted by controlling the lamp driver charging voltage, which were 575 V long pulse
profile, 13 pp of length, 20 pulses every sample excluding the photonic curing conditions

study. The solutions were neutralized with H2SO4 after the process.

6.5.5 UV-Vis characterization

The photonic curing reaction was monitored by UV-Vis. The characteristic peak of iridium
oxides is set at 580 nm according to literature?®. The absorbance value of the reference was
considered as 100% vyield and the other values were related to that. All the images and the
spectra reported below are referred to the neutralized samples and obtained after a baseline

correction.

6.5.6 Electrochemical characterization
Electrochemical characterizations of the samples were performed in a three-electrode cell.

To be characterized, 1rOx was deposited on GC applying 1.4 V vs Ag/AgCl for 60 minutes

204



using acidic colloidal solution previously prepared. Rotating disk with the diameter of 5

mm tested in H,SO4 1 M via Linear SweepVoltammetry (LSV), rotation rate 900 rpm.

6.5.7 Instruments and methods

The photonic curing of the samples was performed with a PulseForge 1300 system
(Novacentrix, USA) integrated in a X-Serie CeraPrinter (Ceradrop, France). The energy of
the flashes was adjusted by controlling the lamp driver charging voltage, which were 575
V long pulse profile, 13 pp of length, 20 pulses every sample. UV-Vis analyses were
performed with an Ocean Optics FLAME-S spectrometer with a 1 mL disposable
methacrylate cuvette. Electrochemical characterizations of the samples were performed
with a PGSTAT 204 Autolab potentiostat (Metrohm, Nederlands) in a three-electrode cell
using a GC-RD electrode modified as working electrode (WE), an Ag/AgCl (3M KCI) as
reference electrode (RE, CHI111, CH Instruments) and a carbon felt as counter elecrode
(CE). The dimension of the particles synthesized were determined using a Zetasize
Dynamic Light Scattering (Malvern Panalytical, United Kingdom), in a disposable 1 mL
methacrylate cuvette. Electrochemically active surface area (ECSA) is calculated from
measurements of double layer capacitance (CpL) with cyclic voltammetries (CVs) at
diffenrent scan rates. This procedure is particularly convenient because it involves the use
of an easily accessible equipment and a small number of analyses, facilitating the screen of
a large number of catalysts in a reduced period of time. GC was chosen as the electrode
support due to its relative inactivity for Oxygen Evolution Reaction (OER) at moderate
overpotentials*®. 3 M H;SO4 is chosen as acidic electrolyte. Also carbon cloth was
investigated as background. CV measurements were conducted in static solution by
sweeping the potential across the non faradaic region from the more positive to the negative
potential and back at six different scan rates: 0.1, 0.2, 0.3, 0.4, 0.5 and 0.6 V s. The

working electrode was held at each potential vertex for 5 s before beginning the next
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sweep*l. The electrochemical capacitance was determined by measuring the non-Faradaic
capacitive current associated with the double layer charging from the scan rate dependence
of cyclic voltammograms. All measured currents in this non-Faradaic potential region is
assumed to be due to the double layer charging. The charging current ic is measured taking
the Cvs at different scan rates. The double layer charging current ic is equal to the product
of the scan rate v and the electrochemical double layer capacitance Cqi as shown in equation

below*?.
ic = UCdl

Thus, a plot of ic as function of v yields a straight line with a slope equal to Cqi. The cathodic
(red open circle) and anodic (blue open square) charging currents measured at —0.05 V vs
SCE plotted as a function of scan rate. The determined double-layer capacitance of the
system is taken as the average of the absolute value of the slope of the linear fits to the data.

The ECSA of a catalyst was calculated according to the equation:

Cdl
ECSA = —
Cs

where Cs is the specific capacitance of the sample or the capacitance of an atomically
smooth planar surface of the material per unit area under identical electrolyte conditions
(Cs = 0.035 mF cm for those calculations). While ideally one would synthesize smooth,
planar surfaces of each catalyst to measure Cs and estimate ECSA, this is not practical for
most electrodeposited systems. The roughness factor (RF) is calculated by taking the
estimated ECSA and dividing by the geometric area of the electrode, 0.195 cm?2. Moreover,
in estimating the ECSA from Cqi, we do not take into account other possible contributions
to the measured capacitance including pseudocapacitance due to ion adsorption and

intercalation or chemical capacitance due to the population of electron trap states. The
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double-layer capacitance measurements assume that the metal oxide catalysts are equally

conductive, which is another potential source of error in these measurements.
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