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Abstract

This work is aimed to evaluate the optical gas sensing properties of carbon nanomaterial. In
particular it is focused on two materials, Carbon Nanotubes (CNTs) and Graphene Oxide
(GO).

The comprehension of the mechanisms of interaction of these materials with the gas
molecules is fundamental for a future application of these materials as sensors targeted to a
specific specie or capable to distinctly detect several dangerous species. On this purpose
nanostructures based on GO and CNTs have been produced and tested as optical gas sensors
toward oxidizing/reducing gases (H,, CO, NO,) and aromatic volatile Organic Compounds
(benzene, toluene, xylene).

Gold nanoparticles (Au NPs) have been used as optical probe thanks to the peculiar
Localized Surface Plasmon Resonance feature in the visible range, which is extremely
sensitive to the variation in optoelectronic properties of the surrounding media, such as
refractive index and the variation in charge carrier involved in plasmonic excitation in the
Au NPs.

Not only amplify the Au NPs the variation in optoelectronic properties of the layer of carbon
nanomaterial, but also the electromagnetic coupling with carbon nanomaterials may induce
an enhancement in response and a lowering of the limit of detection of the sensors to the
target species.

Moreover, the GO and CNTSs are provided of a large possibility of functionalization, which
can be used to tailor the gas sensing properties of the nanostructures toward specific species.
CNTs have been combined with the Au NPs, Pd NPs, Ni NPs and fullerenes. Pd and Au NPs
increase the response toward H,, meanwhile Ni NPs and fullerenes appear specific to CO. It
is also suggested the opportunity to monitor the features of the absorbance plot of fullerenes
and CNT in the NIR as optical probes, with the carbon nanomaterials playing both the role
of sensing element and optical probe.

The presence of the different functional groups in GO was investigated. The increase in sp?
conjugation has a profitable effect for the sensing of H,. Instead, the removal of the oxidized
functional groups hinder the response of the films toward CO and NO..

The reduction and functionalization of the GO with para- Phenylene Diamine induces the

detection of NH3; without Au NPs as optical probe.



The sensors produced are characterized by high transparency in the visible range and may be
incorporated as non-invasive sensors on transparent surfaces.

Most of the sensors worked at 150°C and 300°C. Test of gas sensing have been conducted at
low temperatures, at 80°C for CNTs in fullerene matrix and good results were achieved. The
possibility of sensors active at room temperature is suggested by the positive tests conducted
with CMG, paving the way for future developments in active optical material sensitive to

gases at room temperature.



Abstract

Il presente lavoro e focalizzato sullo studio di sensori ottici basati su nanomateriali di
carbonio, nell’ottica di un’applicazione di questi materiali come sensori di gas. Il lavoro
prende in analisi due materiali, i nanotubi di carbonio (CNTS) e il grafene ossido (GO).

La comprensione dei meccanismi di interazione di questi materiali con le molecole di gas e
fondamentale per le applicazioni future di questi materiali nel rilevamento di diverse specie
nocive di gas. A tal proposito, nanostrutture a base di GO e CNTs sono state sviluppate e
studiate come sensori ottici verso gas ossidanti-riducenti (H,, CO, NO;) e nei contronti di
composti volatili organici aromatici (benzene, toluene, xylene).

Le nanoparticelle di oro sono state utilizzate come sonde ottiche grazie alla loro peculiare
caratterista di risonanza plasmonica di superficie localizzata, la quale e estremamente
sensibile alle variazioni di proprieta ottico-elettroniche del mezzo che le circonda, come
I’indice di rifrazione, e alle variazione di densita di portatori di carica che sono coinvolti
nell’eccitazione plasmonica nelle nanoparticelle di oro.

Quindi, le nanoparticelle di oro, non solo amplificano le variazioni optoelettroniche del film
di nanomateriali di carbonio a cui sono state accoppiate, ma interagiscono con questi
inducendo un miglioramento della risposta ai gas e un abbassamento del limite di
rilevamento ai gas in analisi.

Inoltre, GO e CNTs presentano una vasta gamma di possibili funzionalizzazioni, che,
possono essere sfruttate per una progettazione mirata delle proprieta di gas sensing delle
nanostrutture di carbonio.

I CNTSs sono stati abbinati a nanoparticelle di Au, Pd, Ni e a fullereni. Pd e Au portano ad un
miglioramento delle prestazioni dei sensori verso il gas H,, nanoparticelle di Ni e fullereni
sembrano avere un’azione specifica verso il gas CO.

In questo lavoro viene anche suggerita la possiblita di monitorare le proprieta di assorbanza
di fullereni e CNTs nel range del vicino IR. I CNTs, in tal caso, avrebbero la duplice
funzione di sonde ottiche e di materiale sensibile.

Oltre all’effetto delle nanoparticelle di oro sulle proprieta di gas sensing del GO, & stata
valutata I’influenza dei diversi gruppi funzionali. L’estensione dei domini sp2 sembra
favorire il rilevamento di Hy, mentre una forte rimozione di gruppi funzionali inibisce la
risposta del GO verso CO e NO,.



La riduzione e funzionalizzazione del GO con para - fenilene diammina induce proprieta di
gas sensing verso NHs senza la necessita di utilizzare nanoparticelle di oro come sonde
ottiche.

| sensori prodotti sono caratterizzati da elevata trasparenza nel campo del visibile e possono
essere incorporati come sensori non invasivi su superfici trasparenti.

La maggior parte dei sensori sono opertivi a 150 ° C e 300 ° C. Test di gas sensing sono
stati condotti a basse temperature, a 80°C per CNT in matrice fullerene e buoni risultati sono
stati raggiunti. La possibilita di sensori attivi a temperatura ambiente e suggerita dai test
positivi condotti con CMG, aprendo la strada per i futuri sviluppi in materiale ottico attivo

sensibile ai gas a temperatura ambiente.
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Chapter 1 - Overview on optical gas sensors

1.1 Introduction

The interest in the detection of gases is increasing and involving many areas of application.
In industrial processes, gas like CO and H,S can be emitted in process stream and pipeline,
methane in refinement of oil, and their concentration is a key parameter to be monitored.

In the medical field, the breath analysis is a non invasive technique to acquire information
on the clinical condition of a person by simply recording the concentration of Volatile
Organic Compounds (VOC) like ethanol, acetone,carbon dioxide and urea. This instrument
allows the diagnosis of disease due to a direct correlation of the substance in the blood.
Another application of gas sensing is the monitoring of air in public spaces or also in private
houses or cars considering the concentration of gases in the view of comfort (i.e. with the
control of humidity).

Keeping in mind the peculiar condition for each application the sensor device has to be very
precise and has to be operative in situ with adequate resistance to the specific operating
conditions, such as temperature and without interference from other species.

A gas sensor has two fundamental components at the base of its functioning. Basically, the
sensor convert a variation in a physical or chemical property into a processable signal.
Hence, a sensing element interacts with the gas molecules and such interaction can be of
different nature, like charge transfer, swelling, adsorption or chemisorptions of the
molecules. The transducers converts the modification in properties of the sensing elements
ina clear and distinguishable signal, like a change in resistance or in light beam intensity.
Different types of transducer can be employed like resistive[1], Field Effect Transistors[2]
[3], acoustic[4], mass sensitives[5] and optical[6] [7] .

Optical sensors operate thank to a modification of an optical property of the sensitive
element induced by the interaction with the gas molecules. Meanwhile, in largely diffused
resistive sensors a scalar quantity is varied by the gas molecules, optical sensors can rely on
several parameters, such as light intensity, wavelength, light polarization and phase of
transmitted or reflected beam. This wide range of operating parameters confer an

extraordinary flexibility and selectivity of the optical sensors: the variation in intensity of the



light beam is dependent on the wavelength of analysis, so picking the proper wavelength a
selective response to the target specie can be achieved.

The exploitation of the different parameters carried to the possibility of different modality of
optical gas sensing. The absorbance-based, emission-based and surface-plasmon

resonance-based are the most studied among them.

1.2 Absorbance-based sensors

In the absorbance based sensors the target molecules provoke a variation of the optical
absorbance of the sensor. The light beam can be acquired in the transmission or in the
reflection mode depending on the position of the detector and whether the sensor is

deposited on transparent or reflective substrate.

Optical
windows
Light
source
Active
material

Detector

Figure 1.1 — Scheme of operation in transmission mode of an optical gas sensor.

In the transmission mode light (see figure 1.1)is emitted by a source (LED, light bulb, etc).
The light beam intensity is affected by the variation in absorbance of the sensor when
exposed to the gas target. The detector records the change in optical transmission, which is
generally dependent on the wavelength. The selection of a proper wavelength may render
the sensor selective to a specific specie even if it may be responsive to more gases at others
wavelength, depending on the specific properties of the sensing element.

In the reflective mode the sensor is on reflective substrate and the reflected beam is acquired
by a sensor at a fixed angle and the mechanism is the same as for the transmission mode.
The main advantage is the possibility of applying the sensing element on an optical fiber.
The fiber has the double function of illumination of the sensing element and collection of the

light beam to the detector at the same time.



The emission based sensors employ the excitation of the electrons of the sensing element
and their photoemission once they return to the ground base. Depending on the origin of
the light emission from the material, the phenomenon at the ground of the gas sensing can
be photoluminescence or chemoluminescence.

In photoluminescence the electrons are excited by the incident light and then the electrons
emit light at higher wavelength, meanwhile in the chemoluminescence the emitting
properties of the material are activated by a chemical reaction.

The core of this work focus on the Localized Surface Plasmon (LSPR) resonance sensors for

the detection of reducing/oxidizing gases and aromatic-VOC (a-VOC).

1.3 Localized Surface Plasmon Reseonance sensors

The surface plasmon is a coherent oscillation of the conduction electrons of a material due
to excitement with electromagnetic radiation. This is possible at the surface of a material
with a negative real refractive index and small positive imaginary dielectric coupled with a
dielectric material with positive dielectric constant[8] . Plasmonic is the study of the
interaction of such matter-light interaction and is applied in this work for developing optical
gas sensors.

The Surface Plasmon Resonance (SPR) has been exploited for the production of thin metal
films for sensing application[9] . The plasmon resonance can propagate on the surface for
distances of tens or hundreds of microns and is defined surface plasmon polariton. The
polariton decays evanescently in the direction normal to the surface on length in the order of
200nm and is extremely sensitive to variation of the refractive index of the surrounding
media [8] .

When a surface plasmon is localized in a particle of size comparable with the wavelength of
the incident light beam, the free electrons of the particles participate to the collective
oscillation, and it is termed Localized Surface Plasmon Resonance (LSPR).

As for flat surfaces, this phenomenon causes a strong localized amplification of the electric
field close to the particles and the particle’s optical extinction has a maximum at the
plasmon resonant frequency, which occurs at visible wavelengths for noble metal

nanoparticles[10] .



LSPR is influenced by the size and shape of the particles. The extinction spectrum of the

particles is given by:

2411Na383/2 [ &) ]
Aln(10) (er+xeq)?+ei(1)?

(1) = (1)

Here, ¢ and & are the real and imaginary components of the metal dielectric function,
respectively. Eq is the dielectric constant of the external environment. N are the finite
polarizable elements, each of which can interact with the applied electric field.

The function is dependent on the wavelength and on y. x is 2 for the case of a sphere, but it

takes on values as large as 20 to account for particle geometries with high aspect ratios.

Figure 1.2 - Schematic diagrams illustrating a localized surface plasmon.

This extinction peak depends on the refractive index of the surrounding medium and is the
basis for the sensing application.
The wavelength of the LSPR maximum is sensitive to the optoelectrical properties, i.e. the
refractive index of the surrounding media:

ALspr = Abm 2)
Here nq is the bulk refractive-index of the dielectric, A spr IS the LSPR peak wavelength and
A is the wavelength corresponding to the plasma frequency of the bulk metal.
As mentioned above in equation (1) the LSPR absorbance peak is also affected by the

variation in electron density, according to Drude theory[11] :

Ne?
w =
LSPR my&o(Ex + keg)



With m, the effective mass of the electron, N the number of free electrons in the particle,
further tuned by the geometry of the nanostructure (k) and the medium surrounding the

particle g4, €4 IS a high-frequency contribution_of dielectric function to Drude theory [12].
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Chapter 2 - Carbon nanomaterials

2.1 Introduction

Carbon is the element at the base of life on earth and is extensively employed for drugs and
technological production. Indeed, carbon can bind with almost all the elements of the
periodic table conferring an incredible versatility of  production of species with
heterogeneous physical and chemical properties thanks to the organic chemistry.

The interest toward carbon materials has lively increased in the last decades with the
discovery of fullerene in 1985 [1]  and of carbon nanotubes in 1991 [2] and the synthesis
of graphene in 2004 [3] .

The peculiar electronic, mechanical, thermal, optical and chemical properties render these
material attractive for several application i.e. catalysis[4] [5] , biosensing[6] [7] and sensing
application[8] [9] , electrical devices[10] [11] [12]

The wide fashion of allotropies available, like 0D (fullerefene), 1D Carbon NanoTubes
(CNTSs) and 2D materials as graphene, have attracted most of the interest but also structures
as nanoparticles, diamonds, fibres, cones, scrolls, whiskers, graphite polyhedral crystals
and nanoporous carbon can be exploited for different applications. Differently to diamond,
which is composed of sp® carbon, with a C-C bond distance of 3.574, graphite is a layered
material composed of sheets with sp? carbon with C-C distance of 1.42 A and stacking
among sheets of 3.35 A. The other allotropes mentioned above are composed of sp? and/or
sp® carbon too.

The connection of the sp? carbons forming different networks leads to the nanostructures

this chapter will focus on.

2.2 Fullerene

Cso Was named buckminsterfullerene for its resemblance of the Buckminster Fuller’
Geodesic dome architecture.

Fullerene can be visualized as an irregular graphene sheet curled to form a sphere, including
pentagons in its structure and comes in various forms and sizes ranging from 30 to 3000
carbon atoms[9]

Each molecule of fullerene consists of 12 pentagons and m hexagons, with m=(n-20)*2".



Ceo was the first of this class to be discovered, in 1985, by laser ablation of graphite in
helium flow by Kroto et al[1] .

Different synthesis techniques were set up for the synthesis including electric arc discharge,
electron beam ablation[13] , sputtering[14] , plasma synthesis[15] and wet chemistry
techniques[16]

The synthesis of large quantity of material in 1990 and the discovery of superconductive
behavior of an alkali-doped fullerenes, increased the interest for fullerene considerably.
Fullerenes can be considered a large molecules of sp® carbon. However, the curvature of the
compound creates strong strains that causes a rehybridization with a partials sp® character,
sp*2’® and confer a minor thermodynamic stability of fullerene compared to graphite[17]
The prevalent sp® character of the constituting carbon leads to a conjugated m-electron
system. The delocalization of the electrons and the size of a molecule confer peculiar
electrical structure to Cgp, an electrical semiconductor nature with mobility edge of 2.25 eV
and optical gap of 1.65 eV[18] .

The possibility of modification of the material can be used to tailor the final properties.
Fullerene can be treated with the method of organic chemistry (arylation, halogenation,
hydroxylation, alkoxylation, osmylation) [19] obtaining a substance with intermediate
properties of the starting reagent. It can also be combined with metals in the synthesis
process with the possibility of a fine-tuning of the electric properties of fullerenes[20]
Fullerene demonstrated also interesting properties in the generation of photoinduced
current[21] photocatalysis field[22] and as optical liming material[23]

2.3 Carbon nanotubes

The studies on the properties and synthesis of fullerenes led to an increasing interest toward
accessible graphitic materials. In 1991 Ijima discovered carbon nanotubes (CNTSs) with a
technique derived from the synthesis of fullerenes[2]

CNTs consist in a graphene sheet closed in tubular shape, that may be capped or not. They
can be divided in Single Wall Carbon Nanotubes (SWCNTSs) or in Multiwall Carbon
Nanotubes (MWCNTS) if composed respectively of a single layer or more concentric
sheets.

The science developed on the production of fullerene was transferred to carbon nanotubes

leading to the synthesis based on evaporation of metal and graphite [24] and generation of a



plasma[25] . Later development allowed a higher yield using as starting materials metal
embedded in graphite[26] [24] and the production of high quality Single Wall Carbon
Nanotubes and Multiwall Carbon Nanotubes with Chemical Vapor Deposition (CVD) as
vertical aligned arrays[27] [28] [9] .

Up-to-date the synthesis of carbon nanotubes reach commercial production, even if further
development for a cheaper and larger production would be appreciable.

In addition to the synthesis, a procedure of purification is followed to remove impurities as
metal catalysts and adducts on the surface of the CNTs. The procedure may require high
vacuum annealing, air oxidation or be based on acid etching followed by thermal treatment
to remove the oxygen defects formed by acid treatment[29] .

The advance in production techniques is amply justified by the extraordinary properties of
CNTs, like elevated mechanical properties[30] thermal and electrical conduction_[31,32]
The electrical properties were found to vary with the structure [32] . The diameter and the
angle of wrapping give a measure of the helicity and small variations of this parameter can
cause a variation from semiconductive to metallic behavior [33] .

In the next chapter the differences in properties of metallic and semiconductive SWCNTs
and MWCNTSs will be discussed.

2.3.1 Single Wall Carbon Nanotubes

SWCNTs are graphene sheets wrapped such that the two equivalent sides of the hexagonal
lattice match each other. The wrapping vector C is defined with the pair of integer number
(n,m) defining the relative position of these two points in respect of the relation C=na,+ma,.
A tube is called armchair if n=m, zigzag for m=0. All the others are chiral tubes with a
wrapping angle 0°<@< 30°[33] . A schematic of the possible wrapping vectors of a
graphene sheet is visualized in Figure 2.1.

The correlation between the building structure of the CNTs and the electrical properties is
observed with the electron bands of the CNTSs related to the Fermi energy of the single type
of SWCNT. The armchair have metallic behavior, meanwhile chiral and zigzag tubes are
metallic if it is verified the relation n-m=3l, | integer number, otherwise they are
semiconductive SWCNTSs with a band-gap E¢g~0.5eV [33] .

The electronic properties of carbon nanotubes presents unique properties due to the one

dimensionality and short sizes with spike-like electron density states, called Van Hove



singularities [31,34] [35] . A third of the CNTSs types are metallic carbon and exhibit a wider
first energy gap between the spikes than first van Hove transition of semiconductor carbon

nanotubes.

Figure 2.1 - Schematic of a two-dimensional graphene sheet illustrating lattice vectors a,
and a,, and the roll-up vector c,=na;+ma,. The limiting cases of (n,0) zigzag and (n,n)
armchair tubes are indicated with dashed lines. As represented here, the angle between the
zigzag configuration and cy is negative[36]

The electron transitions between the singularities in the valence and conduction bands of
SWCNTSs produce the characteristic features of SWCNTs in UV/vis/NIR range. In the
visible-NIR range the semiconductive SWCNTs present two electronic transition
S11(~0,68eV), S22(~1,2eV), while metallic only one, M11(~1,7eV). The position of the
optical transitions are dependent on the diameter and the chirality so that an experimental
correlation between diameter and band position in the absorbance spectrum of CNTs can be
traced with Kataura plots[37] .

Metallic SWCNTs present ballistic conduction[31] and also semiconductive SWCNTSs, if
sufficiently pure, can exhibit ballistic conduction of carriers in valence and conduction
bands [38] .

To exploit this properties, CNT Field Effect Transistor (FET) have been studied. It was
observed that the devices suffered of limited conduction due to Schottky barrier between
the semiconductive SWCNTs and the metal electrodes. The absence of dangling bonds
allows the coupling with dielectrics with high dielectric constant, k, value. Techniques of
deposition at room temperature have been developed allowing the deposition of thin
transparent film in non-aggressive condition and applicable on plastic, for flexible and
stretchable devices[39]
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CNT transistors have been proved sensitive to low concentrations of gases observing
changes in electrical resistance of the film [40] [41] .

The electrical conductivity of the SWCNTSs can be degraded by the presence of a defect on
the wall. Its 1D structure make CNT mechanical, electrical properties and chemical
reactivity strongly sensitive to the presence of defects site on the wall .

Efforts are going in the direction of obtaining pristine carbon nanotubes [42] [43] and in the
exploitation of the enhanced reactivity of the defect sites for specific applications, as gas
detection [44]. Oxidation defects were induced on the surface of SWCNTSs to enhance the
sensing response toward H,[45] . An alternative functionalization is the addition of metallic
catalytic nanoparticles[46] [47] , metal oxide nanoparticles[48] and polymers with the
target of exploiting the specific reactivity of the added material[49] [50]

Several mechanisms have been proposed for the gas sensing with SWCNTs and they are
mostly based on the electrical conductivity of semiconductive SWCNTs. A mechanism
foresees the adsorption of the gas molecules on the walls of SWCNTSs with a charge transfer,
causing an alteration of the electrical conductance_[51] . In a second possible mechanism
a molecular gating of the polar molecules create a depletion area where the molecules are
adsorbed with the modulation of the electrical resistance of the CNTs[52] . Another
possible mechanism relies on the formation of a Schottky barrier between the CNTs and the
electrodes or with the particles[47]  used to increase the sensitivity of the SWCNTSs film

and alteration of the conductivity[53]

2.3.2 Multi Wall Carbon Nanotubes

Multi_Wall Carbon Nanotubes (MWCNTSs) are constituted of a concentric shells of
SWCNTs of various helicity. Hence, the electrical conduction depends on the coupling of
the adjacent shells, but the outer shell is predominant to dictate the electrical properties of
the whole MWCNT. The resistivity perpendicularly the tube is very high, layers insulated
one by the other and consequently the conductance is related to the external tube because of
the weak inter-shell interactions [54]. One third of the layers should conduct and the rest
presents a band gap which inhibits the conduction. If the next to the outer shell is insulating,
no contribution is carried by the inner layers to the conductivity of the whole MWCNT _[54]
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Different studies report the MWCNTSs as semimetallic 2D conductors when they have a
large diameter [55] . In general, mats of MWCNTSs are mainly composed of metallic

MWCNTSs with semiconductive tubes present amid the metallic.

For this reason their normalized response to gases has appeared less intense than with
SWCNTSs mats, that exhibit a stronger presence of semiconductive SWCNTs[53] . The gas
sensing response is ruled by the change in p-conductivity in MWCNTSs and the formation of
Schottky barrier with the metallic ones in impendance sensors. The first step is the sorption
of the gas molecules on the surface of semiconductive MWCNTS, occurring with a charge
transfer from them to the CNTs. The capacitive sensors displayed superior performance
since they better exploit the charge transfer and the presence of metallic and semiconductive
CNTs composing the sensor[53,56] .

The sensing properties of MWCNTS has been investigated[57] , but they have been
subjected to functionalization to improve their sensing performance. On this purpose ,
oxygen functional group_[39] and metallic nanoparticles (Au, Pt) NPs[58] [59] have been

exploited with encouraging results[50]

2.4 Graphene oxide

Graphene is a 2-dimensional of sp? carbon that was isolated for the first time in 2004 by
Novoselov and Geim [3] . Before their discovery, this material was not thought to be
possible for thermodynamic reasons. The quasi-2D epitaxial material produced were
stabilized by the substrate which also alters its electrical properties[60] . Exfoliated single-
and few-layer graphene can be stable pinned on the substrate by simple Van der Waals
interactions [61] .

Graphene was amply studied theoretically and practically and displayed new extraordinary
properties[62] , paving the way for new concepts of electrical devices[61] .

Graphene is a zero band-gap semiconductor or semimetal, in which the Highest Occupied
Molecular Orbital (HOMO) touches the Lowest Unoccupied Molecular Orbital (LUMO) in
a single Dirac point, as depicted in Figure 2.2. The interaction of electrons with periodic
carbon lattice give rise to quasiparticles, called Dirac fermions with an effective speed of

light v ~10°m™s™. They can be seen as electron with no mass[62] .
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Figure 2.2 — Schematic diagram showing the band structure and resulting ambipolar field
effect in graphene. Conduction and valence bands meet at the Dirac point without an
external field. Under gate bias, the Fermi level moves above or below the Dirac point to
introduce a significant number of free carriers[62] .

For stacking of multiple layers, the density of states (DOS) turns in an overlap of the
conduction and valence band with a consequent metallic behavior.

The electrical properties of graphene are related to the high purity of the material and the 2D
lattice[63-65] [66] , removing the scattering of the carriers, conduction values over
200000cm?/(V s) can be achieved[67]

A strong limit of graphene is the production. The highest purity is achieved by mechanical
exfoliation of graphite. The routes for a large production of this nanomaterial leaded to the
discovery of graphene oxide.

Graphene oxide (GO) was synthesized far before the interest in graphitic materials. the first
synthesis were carried by Brodie[68] , Staudermeier[69] , in the XIX century and
Hummers[70] in 1959.

The Hummer method was then replicated to obtain a precursor of graphene. The graphite
stacks were etched in a solution of KMnO4 and HNO3. These two compounds form Mn, 0O,
which is more aggressive compound and attacks carbon double bonds. The final product is
hydrophilic GO. The hydrophilic character is given by isolated graphitic clusters surrounded
by oxygen functional groups, i.e. hydroxyls, lactones, carboxylic and epoxy groups[71]
[72] . The disrupture of the sp? conjugation and the presence of oxidized groups render GO
a new material with properties different than pristine graphene[73] [74] : he hydrophilic
nature eases the manipulation of these compound with the wet chemistry techniques[75]

but the disrupture of the sp? conjugation renders GO an electrical insulator[73]  [74]
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Hence, the different chemical structure is followed by new properties and GO can be

considered a new distinct material from pristine graphene.

2.3.1 Reduced Graphene Oxide

In order to recover, at least in part, the properties of graphene different treatment of
reduction of GO have been studied and reported in literature. They can be divided in thermal
annealing in vacuum, chemical reduction in reducing atmosphere and elevated temperature
and chemical reduction in a solution with a reducing agent.

The reduction by thermal annealing in vacuum leads to the removal of oxygen functional
groups, but there is not a complete recovery of the sp? lattice. Residual functional groups
remain, since they cannot be removed without heavily damaging the structure. Moreover,
the removal of the functional groups leads to holes, Stonewales defects, and disorder in the
lattice[76]

An improvement in thermal reduction can be achieved using a reducing atmosphere: the
employment of hydrogen may heal the structure of GO leading to a recovery of the sp?
conjugation[76] [77] . Similar results were observed with NHj3 but the reduction was
accompanied by N doping of graphene sheets[77] .

Treatments of chemical reduction have been carried with different reagents. The reduction
with hydrazine is simple and it has been largely exploited[78]. The procedure is simply
based on the addition of hydrazine to a water solution of GO and the batch may become
scalable for industrial production. The reduced graphene oxide (rGO) so obtained tends to
agglomerate because of the minor hydrophilic character of the rGO. NaBH, is the most
efficient reducing agent but has low action on epoxy and hydroxyl groups, so other reagents
have been tested. Ascorbic acid has been used as chemical reducing agent. C/O ratio of 12.5
can be achieved and the ascorbic acid stabilized the rGO in solution since no traces of
aggregation were observed.

Among the advantages of the chemical reduction the process can be conducted at low or
moderate temperature and the reagent may be selective toward specific functional
groups[78] .

rGO was obtained also with photocatalytic reduction, electrochemical reaction and
solvothermal treatment. The different methods of reduction can be combined to obtain the
desired structure or a stronger reduction[78] .
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Differently to graphene oxide, rGO is a semiconductor material. The band gap is related to
the o states of the sp* carbon still present after the reduction treatments.

Its properties of semiconductor material render it an interesting material for sensors and
photocatalysis. Indeed, theoretical studies showed that photocatalytic behavior of rGO can
be tailored with the chemical structure[39] .

Novoselov and co-workers reported graphene-based gas sensing devices for detecting single
molecules [3]. This pioneering work inspired research on graphene based gas sensors and a
large interest in graphene-based sensors has emerged [79] . rGO has proved an effective
sensor alone or in combination with metallic nanoparticles [80] , semiconductors
nanoparticles [81,82] and polymers with non-covalent functionalization [83] .

The GO offers a wide range of functionalization thank to the presence of defects as reactive
sites. Molecules and polymer can be grafted with the organic chemistry techniques[84] [85] .
The functionalization allows a higher and/or preferential sensitivity toward dangerous gas
species or target molecules. The high possibility of functionalization of GO donates an
incredible flexibility of tailoring the properties of the material toward a specific specie target
or further applications[86] [85] [87] .

The production of thin film transistor with chemically rGO has been pursued too. A device
with ambipolar characteristics were achieved in vacuum condition. However, the
conductivity is affected by the scattering at defects sites and at junction among sheets and
the device exhibit p-doping by oxygen adsorption on the surface[88] .

Thus, the possibility offered by rGO are extremely wide thank to the high freedom of
tailoring this material toward the requirements of the desired application in several

technological fields.
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Chapter 3 - Optical gas sensor based on graphene oxide

3.1 Enhancement of optical gas sensing properties of nanoplasmonic sensor
based on graphene oxide coupled with gold nanoparticles
3.1.1 Introduction

In the last decade graphene and graphene oxide have attracted large interest for their
peculiar properties. Graphene consists of a single graphite sheet and present unique property
such as high mechanical properties, thermal conductivity (~5000 Wm™K™) [1] , elevated
specific area(calculated value, 2630 m°g™) [2] and more interestingly is zero-band gap
semiconductor with ballistic conduction [3] .

The effort of a cheap and large scale production of graphene leaded to the synthesis and
study of graphene oxide (GO) as a new material with properties differing from pristine
graphene[4] [5].

GO differs for the presence of oxidized groups that reduce the m-conjugation to isolated
graphitic clusters[6] . The presence of oxygen functionalities confer hydrophilic behavior
and so processability of the material with wet chemistry techniques[7] , but the presence of
functional groups strongly affect the electrical properties making GO an insulator.

In the attempt to recover the electrical properties of graphene oxide different ways have been
considered in literature, i.e. chemical reduction, thermal annealing, electrochemical
reduction in attempt to restore the m-conjugation[8] .

Reduced graphene oxide (rGO) presents hybrid features of the conducting & states and large
energy gap, between the o-states of its sp>-bonded carbons with the presence of disorder
and defects like holes, Stone-wales defects (5-7-7-5 carbon rings), and residual oxygen
group that cannot be removed without the destroying of the graphene basal plane[9] .
Theoretical studies showed that the thermal reduction in an atmosphere containing H, can
reduce the defects and also carry to a partial healing of the lattice[10] and also reported a
dependence of the chemical structure with the photocatalytic activity of the GO[11] that
make it an interesting material for optical gas sensors.

The aim of the study is a progressive reduction of GO in an atmosphere of H,(5%v/v Argon)
at different temperature (150°C, 250°C, 350°C and 500°C) to investigate the chemical
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structure of graphene oxide obtained for each treatment and relate the changes in functional
groups with the optical gas sensing properties of reduced graphene.

To this purpose the GO was coupled with Au NPs to exploit the characteristic LSPR peak of
the Au NPs as optical probe sensitive to the variation of optoelectrical properties of the rGO
layer. Moreover, Au NPs displayed the ability of extending the photocatalytic properties of
GO thank to a strong interaction between the two nanomaterials[12] .

At the best of our knowledge, rGO has been widely employed in gas sensing but poor
attention has been paid to the influence of the reduction process and structure of rGO to its
gas sensing performance. This work is focused on the correlation between gas optical
sensing properties and functionalization of graphene oxide.

3.1.2 Experimental section
3.1.2.1 Gold nanoparticles monolayer

Au NPs were prepared with the procedure described in Appendice A2.1 and the
monolayers were produced with the procedure illustrated in Appendice A2.14.

The Au NPs monolayers were treated at 650°C in air for one hour and at 600°C in Hy(5%v/v
Argon) for one hour in order to reduce the alteration of the Au NPs monolayer with the later

treatments at high temperature in H,(5%v/v Argon) atmosphere.

3.1.2.2 Graphene oxide deposition

GO was synthesized with a modified Hummer synthesis by Favaro et al. [13].

700ul of a solution 1Img/ml in DI water was deposited by spincoating on substrates of
1cmx2cm of Au NPs on quartz. The films were annealed at 70°C for few minutes to remove
the solvent.

Film of GO were deposited on Silicon substrates with the same procedure.

Then the film have been progressively reduced with treatments of reduction for 15°, 30°, 45°
minutes at 150°C, 250°C, 350°C, 500°C. The films reduced with any of these treatments are
referred as <TT>x<tt>, with <TT> the temperature of treatment and <tt> the permanence at

that temperature.
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3.1.2.3 Film characterization and gas sensing measurement

The thin films have been characterized with UV/Vis and FTIR spectroscopy, X-ray
diffraction analysis, Scanning Electron Microscopy and Atomic Force Microscopy,
illustrated respectively in Appendix Al.7, Al.1, Al.1.2 and Al1.6

The gas sensing tests have been performed at operating temperature (OT) of 150°C and
300°C toward H,(10,000ppm), CO(10,000ppm), NO,(1ppm). Two modes of gas sensing
test have been conducted, the static and dynamic measures. The detailed description of the

gas sensing set-up and modality of analysis are reported in A3.

3.1.3 Gold Nanoparticles monolayer characterization

The heat treatment of the Au NPs monolayer affects the shape and position of the LSPR
peak as can be noticed in Figure 3.1.1. Both the annealing in air and the annealing in H2(5%
v/v Argon) lead to an increase in the size of the NPs, leading to a blue-shift of the LSPR that
states an increase in the distance among nanoparticles with a reduction of the coupling of the
LSPR effect among the particles[14] [15].

As deposited
—— Treated at 650°C in air
0,07 - —— Treated at 650°C in air+ 600°C in H,

0,06

0,05+

Absorbance

0,04

400 ' S(I)O ' G(I)O ' 700 ' 800
Wavelength (nm)

Figure 3.1.1 — Evolution of the plasmon peak of the gold NPs as deposited (black line), after

a thermal treatment at 650°C for 1 hour and after treatment at 600°C in H,(5%v/v Argon)

flux for a 1 hour (red line).

The XRD analysis of the substrates with Au NPs shows a variation in size with the heat
treatment as reported in Table 1. The size of NPs have been estimated with Scherrer

equation[16] [17], considering the particles as single crystals.
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Nanoparticles diameter (nm)

As deposited on substrates 10,6
After TT at 650°C 11,4
After TT at 600°C in H, flux 14,6

Table 1 — Mean diameter of the of Au NPs as deposited, after the thermal treatment at
650°C and after the treatment at 600°C in atmosphere of H,(5%v/v), estimated from XRD
pattern.

The effective size of the nanoparticles can be observed in the pictures acquired with SEM
and shown in Figure 3.1.2. The nanoparticles as depositedhave a mean size of 13nm (Fig.
3.1.2a). The thermal treatments of stabilization of the Au NPs monolayer lead to the growth
of NPs due to coalescence, which can be noticed in Fig. 3.1.2b. After the thermal treatments,
the average diameter of the Au NPs is of 40nm. With the increase of the size of NPs, the
distance between them is enlarged, causing to the blue-shift of the LSPR peak observe in
Figure 3.1.1.

Figure 3.1.2 — SEM images of the monolayer of Au NPs a) as deposited and b) after the

heat treatments at 650°C in air and 600°C in Hy(5%vV/v).

3.1.4 Thin film characterization

The position of the LSPR peak is further affected by the deposition of the GO layer and the
following treatments of reduction at different temperatures. The plasmon peak undergoes a
red-shift once the GO is added on it due to the high refractive index of this material.

The reduction at 150°C provokes a further red-shift of the LSPR peak position, due to the

rise in value of the index of refraction of the graphene oxide layer, caused by the increase in
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interaction among the sheets with the removal of water molecules among the stack of
GO[18].
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Figure 3.1.3 — a) Evolution of the absorbance of the films of GO and Au NPs and of b) the
plasmon peak of the stabilized monolayer of gold nanoparticles after deposition of graphene
oxide and the later treatments of reduction in H,(5%v/v Argon) at increasing temperature.

The refractive index increases from a value of ~2 toward a value of ~2.25 with the removal
of water molecules and becomes higher as the interlayer interactions are extended with
reduction, with an intermediate value between the one of GO and bulk graphite (~3)[18] .

The subsequent treatments of reductions are conducted at higher temperature and
coalescence phenomena of the Au NPs may occur in spite of the previous treatment to
achieve a stability to the following treatment. Thus, an appreciable blue-shift (~5nm) of the

LSPR peak of the Au NPs can be noticed in Figure 3.1.3b.
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The difference in intensity of the absorbance for the transition n—=n* at 240nm and n—oc*
at 290nm may be ascribed to a non homogeneous film of rGO and so different cross sections
of active material are met by the incident beam. With the reduction treatments the peak at
240nm shifts toward the visible, becoming a shoulder at 275nm for GO treated at 500°C.
The shift of the peak related to the m=—n™* transition underlines an increase in the conjugation
of the sp? domains.

Figure 3.1.4 shows the effects of the reducing treatments on the stacking distance among the
GO layer.

1,04

0,8

0,6 4

0.4 ]

Normalized intensity

02

35

26 (°)
Figure 3.1.4 — XRD patterns of graphene oxide as deposited and after the reducing
treatments in Hy(5%v/v Argon) at increasing temperature. The intensity of the diffraction
peaks has been normalized to better visualize the shifts.

The peak of the (002) plane moves from 11,10° to 23,44° with the reduction at 150°C. The
following reducing treatments approaches the position of the (002) peak narrower to that
relative to graphite, at 26,63° (JCPDS No. 75-2078) for each step of reduction.

The decrease in spacing at 150°C can be related to the removal of residual water molecules
among the sheets. Table 2 reports the position of (002) peak and relative stacking of rGO
with the different treatments. The further shifts of the (002) peak suggest the removal of the

functional groups and eventual remaining water molecules[18] .
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Temperature of 20(°) Stack distance

treatment (°C) (A)
RT 11,10 8,0
150 23,45 3,8
250 24,49 3,6
350 24,72 3,6
500 25,84 3,4

Table 3.2 — Variation of the stacking distance with the temperature of reduction

Figure 3.1.5 -SEM image of a) an isolated flake of graphene oxide and Au NPs; b) thin film
of GO.

The morphology of the rGO s depicted in Figure 3.1.5. The GO forms stacking covering
the monolayer of Au NPs as can be seen for the isolated flake in Figure 3.1.5a. The GO
sheets have size ranging from hundreds of nanometers to few microns and gives a good

coverage of the surface., as shown in Figure 3.1.5b.

3.1.4.1 Characterization of thin films reduced at 150°C

The treatment of reduction at 150°C leads to a partial desorption of most of the water
trapped among the sheets with the dumping of the peak at 1424cm™ and ~3200cm™, as can
be noted from the FTIR spectra reported in Figure 3.1.6. The presence of adsorbed water
after the treatments can be ascribed to the reaction of H, with hydroxyl and epoxies resulting
in the formation of water molecules[10] .

The increase in the reduction period leads to a stronger reduction, with the rise of the peak
relative to the aromatic carbon (~1587cm™). This is accompanied by a strong reduction of
hydroxyl groups and a slighter decrease in epoxy and ether species(~1230cm™). The
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carbonyls groups don’t appear significantly affected by the reduction treatments at 150°C,
independently by the reduction time. A weak shoulder at ~2800cm™ can be attributed to

methyl groups as a minor part of the sp® defects in the basal plane of GO.
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Figure 3.1.6 — FTIR plots of graphene oxide reduced at 150°C for 15’(black line), 30°(red
line), 45” (green line) and not treated GO(blue line) as reference.

To evaluate the influence of the chemical structure on the optical gas sensing properties the
Optical Absorbance Change (OAC) parameter is considered. It is defined as the difference
between absorbance during gas exposure and absorbance in air (OAC = Absgss - Absair) and
is an useful tool to a clear visualization of how the target gases affect the optical properties
of the films.

The modification in chemical structures are reflected in a sensitization of the films toward
gases, as can be seen in Figure 3.1.6. In particular a longer treatment of reduction is
associated to an enhanced response toward H,(1%). This is expressed by the blue-shift of the
LSPR peak under exposure to hydrogen, visible in Fig.3.1.6d, and is reflected in the
appearance in the OAC plot relative to Hy(1%) of a peak and a valley in proximity of the
position of the LSPR peak of the Au NPs.

The interaction of CO and NO, and the nanostructures didn’t produce a noticeable variation

in absorbance.
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Figure 3.1.7 — a) OAC plots of the sample 150x15 at OT=100°C; b) OAC plots of the
sample 150x30 at OT=100°C; c¢) OAC plots of the sample 150x45 at OT=100°C; d)
Absorbance plot of the LSPR peak of the Au NPs in the film150x45 in air and H2(1%) .

The time resolved scans have been acquired at the wavelengths where the strongest
difference in absorbance values was observed in the OAC plots due to exposure to the gas
analyte. The three sensors have been tested at the negative peaks in the OAC plots at 550nm
for150x15 and 570nm for 150x30 and 150x45.

Figure 3.1.8 shows the dynamic resolved scans of the films toward the gas analyte. The
responses toward Hy(1%vV/v) becomes sharper with a more prolonged treatment.

This is stressed by the reduction of the response time: 195s and for a change in relative
absorbance value of 6*10” for the sample 150x15, 103s with a change in relative
absorbance of 4*10™ for 150x30, 67s with a change in relative absorbance of 5*10™ for
sample 150x45.

The increase in reduction time leads to a more reduced structure, as expected with resulting

improvement in optical gas sensing for rGO on Au NPs. The longer treatment reduces the
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response period, giving sharper variation. The variation in absorbance is similar for the three

samples.
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Figure 3.1.8 —Time resolved scans at OT= 100°C of the films of GO on Au NPs a) treated
at 150°C for 15° at A=550nm; b) treated at 150°C for 30” at A=570nm; c) treated at 150°C
for 45 at A=570nm.

3.1.4.2 Characterization of thin films reduced at 250°C

The comparison of the FTIR spectra obtained after the treatments of reduction at 250°C and
the structure of the 150x45 is represented in Figure 3.1.9.

The treatments of reduction at 250°C leads to the complete removal of adsorbed water, with
the disappearance of the peaks at ~1424cm™ and ~3200cm™. This is accompanied by a
strong loss of hydroxyls (~1090cm™),a reduction of epoxies (~1220cm™) and carbonyls

(~1750cm™) and a subsequent increment of aromatic carbon.
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The time of reduction doesn’t influence remarkably the structure: slight differences in the
height of the hydroxyls groups can be noted . The longer treatments with H, may lead to the
reaction of hydrogen with a larger number of sites of epoxies and carbonyls, causing the

formation of water and hydroxyl functionalities [10] .
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Figure 3.1.9 — FTIR plots of graphene oxide reduced at 250°C for 15’(black line), 30’(red

line), 45’ (blue line) and graphene oxide reduced at 150°C for 45°(green line), reported as
benchmark.
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Figure 3.1.10 - a) OAC plots of the sample 250x15 at OT=150°C; b) OAC plots of the
sample 250x30 at OT=150°C; c¢) OAC plots of the sample 250x45 at OT=150°C; d)
Absorbance plot of the LSPR peak of the Au NPs in the film250x30 at 150°C in air, in
H2(1%),in CO(1%) and air. The last two plots are slightly stacked from the previous for a
better visualization.

Figure 3.1.10 illustrates the OAC plots of the samples treated at 250°C. The reduction at
250°C leads to a variation in absorbance toward H(1%).

The sample at 250x30 displays a sharper variation toward hydrogen and a mild response
also toward CO related to a remarkable blue-shift and a slight shift of the LSPR peak of Au
NPs respectively in H, and CO atmospheres, visible in Fig 3.1.10d. A weak response to NO,

can be noted in Figure 3.1.10c.
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Figure 3.1.11 - Time resolved scans at OT= 150°C of the film of GO on Au NPs at a)
treated at 250°C for 15° at A=560nm; b) treated at 250°C for 30’ A=510nm; c) treated at
250°C for 45’ at A=510nm.

Figure 3.1.11 shows the dynamic scans of the films treated at 250°C.

The dynamic tests confirm what observed with OAC plots: an increase in reduction
improves the optical sensing performance toward H,(1%v/v). Indeed, the dynamic response
becomes more relevant and sharper than the one displayed by the sensors treated at 150°C.

It is noticed that a longer period of treatment provides a finer sensitivity to H,, making even
possible the detection of this gas in concentration of 100 ppm.

250x15 is tested at A=560nm, meanwhile 250x30 and 250x45 are at A=510nm. At these
wavelengths the stronger variations in absorbance are observed in the OAC plots.

The responses are of 1*107 in 84s for 250x15, 9*10 in121s for 250x30 and 4*10™ in 190s
for 250x45. The nanocomposites are responsive toward H,(100ppm) with a variation of
1*10™* in 41s for 250x30 and of 2*10™ in 211s for 250x45.

250x30 and 250x45 are weakly responsive to CO(1%v/v) and NO,(1ppm). The slight
increase in hydroxyls in the structure of rGO may play an important role in the attraction of
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CO and NO, due to the establishment of weak interaction between the functional oxidized
groups and the polar gas molecules.
At the same time it is observed a variation in the structure with a diminution of intensity of

the peak of the hydroxyl groups at increasing time of reduction at 250°C.

3.1.4.3 Characterization of thin films reduced at 350°C

Figure 3.1.12 displays the chemical structure obtained by the samples treated at 350°C with
FTIR investigation.

The reduction in hydrogen at 350°C generates an increase of the aromatic carbon peak
compared to those of the oxidized groups.

Little variation can be noted in the FTIR plots of 350x30 and 350x45 compared to the plot
of 350x15: a weak increase of hydroxyl(~1120cm™) groups is accompanied by a slight

increase in aromatic carbon (~1580cm™).
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Figure 3.1.12 — FTIR plots of graphene oxide reduced at 350°C for 15°(black line), 30’(red

line), 45° (blue line) and graphene oxide treated at 250°C for 45°(green line), reported as
benchmark.
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3.1.4.3.1 Gas sensing tests at 150°C OT

In Figure 3.1.13, the nanocomposites display similar change in absorbance for prolonged
exposure to oxidizing/reducing gases. H2(1%) causes a strong variation in absorbance which
is evident for all the films and is clearly represented in the relative OAC plots as reported in
Figure 3.1.13. A weak variation in optical absorbance, caused by weak blue-shift of the
LSPR peak of Au NPs, is observed also toward H,(100ppm), in Figure 3.1.13d and is
stressed in the OAC plots of H,(100ppm) in Figure 3.1.13. Instead, the entity of the position
change of the LSPR peak with the exposure to the higher concentration, H,(1%) is
conspicuous.

CO(1%) and NO,(1ppm) don’t significantly alter the optical properties of the films.
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Figure 3.1.13 - a) OAC plots of the sample 350x15 at OT=150°C; b) OAC plots of the
sample 350x30 at OT=150°C; c¢) OAC plots of the sample 350x45 at OT=150°C; d)
Absorbance plot of the LSPR peak of the Au NPs at OT=150°C of the film 350x30 in air
and Hy(1%) and H, (100ppm) and air slightly stacked from the previous for a better
visualization.
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The dynamic scans of the films treated at 350°C are reported in Figure 3.1.14.

From OAC plots we draw two possible wavelengths for the time resolved scans: A=500nm,

where the samples detect multiple H, concentrations and varieties of gases and A=560nm,

where the difference in absorbance is maximized due to exposure to Hy(1%v/v), but the

other gases don’t induce a remarkable variation in absorbance, as can be noted in Figure

3.1.13.

The dynamic scans outline the considerations drawn from OAC plots.

The strongest response to H, is pursued at A=560nm with a value in relative absorbance

0f1*107, but poor results toward H,(100ppm) and CO(1%) are obtained.

Setting the wavelength at 500nm, a more net response to H,(100ppm) is obtained.
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Figure 3.1.14 - Time resolved scans OT= 150°C and of the film of GO on Au NPs a)
treated at 350°C for 15” at A=510nm; b) treated at 350°C for 30’ at A=560nm; c) treated at

350°C for 45’ at A=500nm.
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The samples show faster responses to H, than the films treated at 250°C. The response

becomes more rapid with a longer treatment of reduction, but the change in relative

absorbance is similar in intensity to what obtained at 250°C. These intensities appear to be

dependent on the wavelength chosen for dynamic tests as mentioned above.

The film treated at

350°C for 45 minutes lose the mild sensitivity toward CO(1%v/v),

0.8*10™, and NO,(1ppm) 0.8*10™, that was present in 350x15 and 350x30.

The step at 350°C reduces the further the carboxyl and hydroxyl groups, a correlation

between this groups and the adsorption of CO and NO, may exist.

3.1.4.3.2 Gas sensing tests at 250°C OT
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Figure 3.1.15 - a) OAC plots of the sample 350x15 at OT=250°C; b) OAC plots of the
sample 350x30 at OT=250°C; c) Absorbance plots of the LSPR peak of the Au NPs in the
film 500x15 in air and H,(1%) and H, (100ppm) at OT=250°C.
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The samples 350x30 and 350x45 have also been tested at 250°C. The results of the static
tests are displayed in Figure 3.1.15.

The OAC plots related to H»(1%) are similar in shape to the analogous recorded at 150°C,
but the intensity of the peaks and dips is sensibly higher indicating a stronger blue-shift of
the LSPR peak of metallic NPs also for the lower concentration,H,(100ppm).

CO and NO; are not observed with the OAC plots.
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Figure 3.1.16 - Time resolved scans OT= 250°C and of the film of GO on Au NPs a)
treated at 350°C for 15° at A=500nm; b) treated at 350°C for 30° at A=500nm.

Raising the temperature of the sensing tests at 250°C produces superior performance than
what achieved at operating temperature of 150°C also in dynamic tests, see Figure 3.1.16.

In fact, the response to H, (1%v/v) gives 1,11*107 in 43s for 350x30 and in 33s for 350x45.
The response to H,(100ppm) is enhanced too with a variation in analysis property of 5*10
in39s for 350x45, comparable to the results toward H»(1%) obtained at 150°C OT.

The recovery steps are faster and sharper than their counterpart at OT=150°C. The higher
temperature can ease the desorption of the gases from the surface and their replacement with
oxygen.

A faint response to CO was observed (~ 1*10™) without a clear recovery step switching
back to air. Similar results were obtained with 350x30 toward NO2(1ppm), meanwhile

350x45 was not responsive to these two gases.
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3.1.4.4 Characterization of thin films reduced at 500°C

Figure 3.1.17 compares the structure obtained at 500°C for 45° with those obtained at
500°C for different period (15°, 30°,45”) in Hy(5%v/v Argon). The plots of FTIR spectra
appear similar among them, except for an increase in hydroxyls at 500x30. The treatments at
500°C don’t appear to enhance the reduction of the GO beyond what gained at 350°C.
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Figure 3.1.17 - FTIR plots of graphene oxide reduced at 500°C for 15’(black line), 30’(red
line), 45” (blue line) and graphene oxide treated at 350°C for 45°(green line), reported as
benchmark.

3.1.4.4.1 Gas sensing tests at 150°C

The samples treated at 500°C present similar behavior to the analogous treated at 350°C.
The exposure to H,(1%vV/v) leads to strong change in optical properties of the films.

500x45 present a more marked dip in the OAC plot than those exhibited by 500x15 and
500x30.

Similar trend is observed with the OAC plots of the films toward H,(100ppm).

The samples have been tested at 300°C and have been degraded so 500x45 was freshly
prepared. The Au NPs monolayer is not affected by the repeated cycles of thermal
treatments and presents a stronger LSPR absorbance peak. Figure 3.1.3 shows a dumping of
intensity of LSPR peaks with the repeating of high temperature cycles.

The strong reduction and the higher coverage of Au NPs may cause the stronger variation
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of film 500x45 toward H,(1%). The absorbance plots of the peak of the Au NPs of 500x15
(Figure 3.1.18d) show the change in position of the LSPR peak under different concentration
of hydrogen and under CO(1%) fluxing. The change in absorbance in CO atmosphere is
weak. Differently, in H,(100ppm) the LSPR peak of 500x15 presents a discrete blue-shift,

that is converted in an appreciable peak and valley in the OAC plots.
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Figure 3.1.18 - a) OAC plots of the sample 500x15 at OT=150°C; b) OAC plots of the
sample 500x30 at OT=150°C; ) OAC plots of the sample 500x45 at OT=150°C; d)
absorbance plots of the LSPR peak of the Au NPs in the film 500x30 in air and H»(1%), H»
(100ppm) and CO(1%), at OT=300°C
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Figure 3.1.19 - Time resolved scans at OT= 150°C and of the film of GO on Au NPs a)
treated at 500°C for 15° at A=500nm; b) treated at 500°C for 30’ at A=500nm; c) treated at
500°C for 45° at A=560nm.

Figure 3.1.19 illustrates the dynamic tests at 150°C of the samples treated at 500°C.

The sensing tests carried on 500x15 and 500x30 present similar results to the performance
of 350x45. The change in relative optical absorbance is of 810 in 52s for 500x15 and 82s
for 500x30.

500x15 showed an increase in variation under atmosphere of H,(100ppm) with a value of
3*10 in 157s.

The performance of 500x30 toward H,(100ppm) are not so brilliant and a strong drift can be
recognized.

The best results were achieved with 500x45 with a large variation in relative absorbance,
with 3*10 in 79s.

On the contrary, 500x45 appears less performing toward H,(100ppm) with a variation of
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No response was achieved with the films toward CO(1%). The lower performance can be
related to the different wavelength at which the dynamic test was carried for such sensor.

3.1.4.4.2 Gas sensing tests at 300°C

As reported in Figure 3.1.20, the variation toward H,(1%) are more pronounced at 300°C
OT. The blue-shift of the LSPR peak is more intense, see Fig. 3.20d.

The OAC plots of Hy(1%) present peaks at A=500nm and a dips at A=560nm remarking a
strong variation in optical absorbance for the films. The same peaks, but less intense are
clearly visible for H,(100ppm) for all the three films.

In Figure 3.1.20d, the absorbance plots of the film 500x45 in CO(1%) shows the poor
sensing properties toward this gas of the nanostructures treated at 500°C.
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Figure 3.1.20 - a) OAC plots of the sample 500x15 at OT=300°C; b) OAC plots of the
sample 500x30 at OT=300°C; c) OAC plots of the sample 500x45 at OT=300°C.
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In Figure 3.1.21, the dynamic sensing tests at higher operating temperature report better

performances toward H, gas in both the concentrations of analysis: the responses to
H,(1%v/v) are of 1.3*10° in 38s for both 500x15 and 500x30.
The higher OT plays a positive action also for the detection of H,(100ppm) with a variation

of relative absorbance of 6 *10™,

The sample 500x45 was tested at a wavelength corresponding to the dip in the OAC plot of

H2(1%v/v). The higher coverage of the surface with Au NPs and the different wavelength of

analysis induce a sensible increase in performance of the sample. The variation of relative
absorbance are of 1.2*102 in 60s and 3*10™ toward respectively H,(1%) and H2(100ppm),

an order of magnitude superior than what achieved.

All the sample are not affected by exposure to CO(1%).
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Figure 3.1.21 - Time resolved scans at OT= 300°C and of the film of GO on Au NPs a)
treated at 500°C for 15° at A=500nm; b) treated at 500°C for 30° at A=500nm; c) treated at
500°C for 45° at A=560nm.
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3.1.4.5 Reduction of GO and H; gas sensing

The evolution of the chemical structure as a function of the temperature of reduction is
portrayed in Figure 3.1.22 As evidenced above, changes in chemical structure of rGO can
be seen varying the length of the treatments, but the chemical structure is more sensitive to
the different temperature profiles of reduction.

In Table 3.3 the areas of the peaks of hydroxyl (~1095cm™), epoxy (~1230cm™),
carbonyl/carboxyl groups (~1730cm™), adsorbed water (~1424cm™) and aromatic carbon
(~1587cm™) are reported as a ratio Ci/Car Where Cs is the area relative to the specific

functional group f and Cax, the area of the aromatic carbon.
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Figure 3.1.22 — FTIR plots of graphene oxide after the treatments at different temperatures.

GO 150 250 350 500
C-OH 9,23 4,66 1,04 0,76 0,94
C-0-Cc. 386 2,71 1,35 1,21 0,93
H-OH 285 0,78 0,07
-C=C- 1 1 1 1 1
-C=0 0,40 0, 44 0,32 0,23 0,09

Table 3.3 — Presence of functional groups related to aromatic carbon obtained from the ratio
C+/Car Where Csis the area relative to the specific functional group f and Cx, the area of the
aromatic carbon-
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A general reduction of the functional groups is achieved with the reduction treatment at
150°C and is accompanied with the increase of the aromatic carbon signal. The structure
presents a large amount of hydroxyl yet, which may also be the result of the interaction of
hydrogen with ethers and epoxies leading to the formation of hydroxyl[10] , meanwhile the
carbonyls and hydroxyls may be converted in water molecules[10] and finally evaporated.
The reduction at 250°C lead to a strong loss of hydroxyl groups and a reduction of the
epoxy functionalities and the complete loss of adsorbed water.

The sequent treatments (350°C and 500°C) lead to a further loss of hydroxyl and epoxy
groups, meanwhile the C=0 functionalities are poorly affected. The treatment at 500°C
apparently don’t lead to a significant improvement of the reduction of the GO film.

The increase in intensity of the peak of the aromatic carbon peak is noted for each
temperature of reduction, gaseous hydrogen can restore the sp? lattice with the healing of the

holes formed by hydroxyl and carbonyl pairs[10] .
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Figure 3.1.23 —XPS spectra of graphene oxide after the treatments at different temperatures
of the samples RT, 350x30, 500x45.

intensity (arb. units)

In Figure 3.1.23, XPS surveys confirm the reduction of the structure observed with FTIR.
The C/O ratio are drawn from the XPS survey and the value moves from 1,06 for the GO to
2,69 for GO treated at 350°C and 2,56 for the GO film treated at 500°C. The reduction

treatment carried at the highest temperature, 500°C can be considered equivalent to a
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reduction carried at 350°C. This may imply that treatments at higher temperatures won’t
lead to an increase in the reduction of the graphene oxide.
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Figure 3.1.24 — a) Optical absorption spectra in air and in Hy(1%) of a)150x30 at OT=
100°C; b) of 250x30 at OT=150°C; c) of 350x30 at OT= 150°C; d) of 500x15 at OT=
150°C. In the insets are reported the OAC in Hy(1%) of the nanocomposites structures, bare
Au NPs monolayer and rGO alone, heat treated with the same treatment of the composites.

The reduction of graphene oxide is fundamental to activate the gas sensing properties of the
material. A preliminary test was conducted with GO and Au NPs at room temperature, but a
positive response was not reached.

Figure 3.1.24 shows the optical gas sensing properties of the nanocomposites in static
measurements toward H,(1%). The treatment at 150°C triggers the optical gas sensing
properties of the nanostructure: the LSPR peak of the Au NPs presents a weak blue-shift
when the material is exposed to H,(1%) as shown in Figure 3.1.24a.
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The increase in reduction of the structure leads to a stronger blue-shift of the LSPR peak as
reported in Figure 3.1.24.

The insets in Figure 3.1.24 report the OAC plots of the Au NPs, rGO on Au NPs and rGO
reduced in the same conditions as the corresponding nanocomposite structures of rGO and
Au NPs. Au NPs proves to be fundamental for the optical gas sensing of the nanostructure,
even if the Au NPs alone are not responsive to H,(1%).

The performance of the sensors toward H»(1%) are summarized in Table 3.4, where the

relative changes in absorbance and the response and recovery time are reported.

0T=150°C Aabs/Abs,; air Time of Aabs/Abs,;, Time of
to Hy(1%) response H,(1%) to air recovery
150x30 0.5*10° 1245 0.3*10° 105 s
250x30 0.7*¥10° 125s 0.6*10° 243 s
350x30 1*10° 67.s 0.9*%10° 204 s
500x30 0.8*¥10° 81s 0.6*10° 294 s

Table 3.4 — Optical responses/recoveries entity and times of the films of Au NPs and GO
reduced at different temperatures
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Figure 3.1.25 — Comparison of the dynamic scans of GO and Au NPs after reducing
treatments at different temperature after different.
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The time resolved scans have demonstrated an increase in performance with the increase in
reduction. The response to H,(1%) becomes faster and more intense with the higher
temperature of treatment. The films treated at 350°C and 500°C present similar performance
to Ha.

The variation in optical absorbance increases with a remarkable diminishing of the periods
of the response as reported in Figure 3.1.25. In this image a direct comparison of the
dynamic performance of the nanocomposites treated at progressively increasing temperature
is depicted, suggesting a correlation between the reduction degree of the GO and the optical

gas sensing performance.

3.1.4.5.1 H; gas sensing tests at 300°C

The gas sensing tests carried at 300°C have showed encouraging results toward Hz(1%).
Figure 3.1.26 display the OAC plots relative to H,(1%) of films 350x30, 500x45 and Au
NPs monolayer tested at 300°C. The behavior of the Au NPs to static gas sensing tests at
300°C is surprisingly strong and more intense than the change in absorbance exhibited by
the nanocomposites of rGO and Au NPs.

Hence, at high temperatures the response of the nanocomposite sensors appeared ruled by
the behavior of the Au NPs and rGO may act as a limiter in interaction of the between Au

NPs and H, molecules.
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Figure 3.1.26 — OAC plots of bare Au NPs, 350x30 and 500x45 and
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Figure 3.1.27 — Absorbance plot of Au NPs monolayer recorded in air-H(1%)-air cycle. In
the inset OAC plot of bare Au NPs.

Figure 3.1.27 reports the optical absorbance of the LSPR peak of the Au NPs monolayer
exposed to an air-H,(1%)-air cycle.

The exposure to H, has a double effect, a slight decrease in intensity of the LSPR peak and
the blue-shift of this peak. The behavior of the Au NPs appear similar to what observed with
nanohemispheres of Au NPs at room temperature in atmosphere of H,(10%) by Sil at al[19] .
They observed the splitting of H, on Au nanohemispheres and the formation of hydride on
the surface provoking an increase in transmittance of the material and the blue-shift of the
LSPR peak, due to the different refractive index of the hydride.

At the best of our knowledge, this phenomenon has not been observed with spherical NPs so
far. The high temperature, 300°C, employed in the gas sensing tests may induce the
formation of hot electrons and catalyze the formation of the Au hydride, even with a
concentration inferior than the one used in[19] .

More studied have to be carried for a better understanding of the response of Au NPs at

300°C and the possible development of sensors of bare Au NPs.

3.1.4.6 Sensing mechanism for rGO and Au NPs nanocomposites

The Au NPs have the only function of optical probe at the lower profile of OT(150°C), but
become an active material for the detection of H, above 250°C. A threshold temperature

between this behavior may be reasonably located in the range 200-250°C.
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The interaction of gases occurs with the oxygen adsorbed on rGO or directly on the surface
of rGO[20] [21] . The H, molecules interacts with the oxygen adsorbed on the surface of
rGO with a charge injection to the rGO.

The presence of the metal nanoparticles may play a crucial role in the performances of the
nanocomposites of rGO and Au NPs in comparison to the behavior of the chemoresistor of
bare rGO prepared H, by Zhang et al[22] . They observe the influences of the functional
group and conductivity on the interaction between H, molecules and rGO, which manifest
with a decay of the response of the sensors toward H, beyond a certain degree of reduction,
due to the removal of functional groups.

The nanostructures we developed rely on the synergic behavior of Au NPs and GO flakes.
The Au NPs highlight the variation in charge carriers in the rGO layer: the strong
electromagnetic coupling allows a facile movement of the carriers to the Au NPs[12]
leading to the blue-shift of the LSPR peak.

The reduction of graphene oxide strengthen the interaction between Au NPs and sp?
domains with a subsequent enhancement of the photocatalytic activity of the
nanostructures[25]. Moreover the Au NPs extend the photocatalytic activity of the rGO
thank to the Resonant Energy Transfer effect till the visible range[23] [23] increasing the
capability to excite electron-hole pairs with the visible light in the rGO layer [24] [21,25] .
Au NPs can also increase the sensitivity of the compound with the subtraction of electron to
rGO due to the difference in work function, W¢[26] : Wt is -5.3 eV for gold and -4.6eV for
rGO[27] . The Au NPs may act as p-dopant and extend the responsitivity of the
nanocomposites to lower concentrations thank to the withdrawal of the electrons from rGO
to Au NPs, leading to the shift of the LSPR peak of the metallic NPs.

The Au-rGO nanocomposites were sensitive also to CO(1%) and NO,(1ppm) if treated at
intermediate temperature, 250°C. The more reduced structure, obtained with treatments at
higher temperatures, inhibits the reactivity of the films toward these species.

The loss of the capability of detection of CO and NO, may lay in the interaction of the gas
molecules with the oxidized groups, where a stronger interaction than at the sp®[20] [28]
domains with rGO can occurs due to possible H-bonding or polar interaction between
oxygen groups and polar molecules[29] [30] .
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Hence, the interaction of rGO with CO or NO, may be reduced with the progressive removal
of oxidized group of GO and the detection of these gases may be inhibited.

3.1.5 Conclusions

The treatments of nanostructures with H,(5%v/v Argon) leaded to the reduction of graphene
oxide at ambient pressure and moderate temperature, with a good level of reduction at
350°C. The thermal treatments in Hy(5%v/v Argon) has a healing effect on the chemical
structure of GO, partially restoring the m-conjugation. The treatments at 500°C don’t lead to
a remarkable variation in structure than the treatments at 350°C.

The GO don’t display sensing properties and the reducing treatments are fundamental to
activate the response to the gases. Hence, the extension of the m-conjugation appear related
to the optical gas sensing properties of the nanostructures to H,(1%), the increases in sp
domains rises the response of the nanocomposites to H,, allowing the detection of lower
concentration of hydrogen.

Thus, the most reduced structures appear as the most performing sensors and are
characterized by a fast and sharp response to H»(1%) and can also detect H,(100ppm) at a
moderate operating temperature, 150°C. The freshly prepared sensor reduced for 45° at
500°C showed the best gas sensing properties thanks to the highly reduced chemical
structure and the higher coverage in Au NPs, which have not been subject to the coalescence
of the NPs in the previous cycles of high temperature treatments of reduction.

The higher OT enhances the capability of the sensor to perceive gaseous H; with a sharper
and more intense reponse. However, at 250-300°C the Au NPs become an active sensing
material toward H, and may heavily contribute in the gas sensing response interacting
directly with the gas molecules.

The interaction with CO and NO;, is initially triggered with the recovering of m-conjugation.
However, the subsequent loss in functional oxygen groups may inhibit the response toward
CO and NO,, with the loss of the ability of sensors to detect CO and NO, once treated at
high temperature.
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Chapter 3 - Optical gas sensor based on graphene oxide

3.2 Chemically modified Graphene for room temperature optical gas
sensor

3.2.1 Introduction

Different methods for the production of graphene have been covered, with mechanical
exfoliation [1] , chemical vapor deposition [2] , epitaxial growth [3] and the route of wet
chemistry with graphene oxide (GO) [4] .

The ease in handling and processability in GO led to several attempts to recover the
structure of the pristine graphene by the defective and oxide structure of GO [5] . Among the
techniques employed to reduce GO, chemical reduction retains the advantages of the
manipulation of GO. In fact, Chemically Modified Graphene (CMG) is synthesized by GO
in solution and is soluble in different solvents, conferring high versatility and closing
graphene to industrial and scaling-up processes.

The loss of functional oxidized groups makes CMG less soluble in polar solvents, but the
solubility can be maintained by regulation the pH of water solution [6] [7], use of surfactant
[8] and the grafting of functional groups [9,10] .

CMG attains another advantage to GO reduced with other techniques: meanwhile, the latter
is often employed in combination of other materials to achieve an elevated sensitivity and/or
selectivity to gas species, the former can be provided, in the reduction step, with covalent
[11] [9] or adsorbed [12] [13] functionalization improving its sensitivity to target species.
Hydrazine-based CMG has captured large attention and has been extensively studied as a
material [14] [15] and chemoresistor [16] [11], but low attention was directed toward CMG
obtained with para-phenylenediamine (PPD). Previous studies evidenced the accomplished
reduction and the grafting of PPD on GO [17] and suggested the possibility of a CMG
competitive to the hydrazine based ones [18].

The target of the following work is the chemical reduction of GO with PPD and the
evaluation of the sensing properties of the material toward dangerous species.

Gold nanoparticles (Au NPs) are used for their peculiar characteristic of the Localized
Surface Plasmon Resonance (LSPR) effect. The LSPR enhances the variation in
optoelectronic properties of the surrounding media, more precisely regarding the refractive

index of the surrounding media or by charge injection/subtraction [19].
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On the purpose of analyze the optical gas sensing properties of CMG, thin films of
chemically reduced GO have been fabricated and tested as gas sensor and the response to
gases have been assessed for the CMG alone and also for the nanostructure of CMG and
gold nanoparticles.

Gas sensing tests have been run to study the optical gas sensing properties of the

nanostructures at room temperature

3.2.2 Experimental
3.2.2.1 Graphene oxide synthesis

GO was synthesized with a modified Hummers synthesis [20] . A synthesis carried at
temperatures close to room temperature, (35-40°C) and without the aid of HNOj3 has been
set-up by Chen et al [21] in order to remove the formation of dangerous NO, fumes during
the reaction.

0.5g of graphite flakes were mixed with 3g of KMnQ, in a round flask in ice-cold bath.
Then,30ml of concentrated H,SO,4 (98%) were slowly added in the flask.

The slurry obtained was slowly carried at 40°C in 2,5h to achieve the homogenization of the
compound. The reaction was carried at 40°C for 24h, then the solution was quenched by
dilution with 60ml of water. Finally, a solution of 5ml H,O, (30%) in 70ml water was
added to the batch.

The resulting brown slurry was dispersed in water containing HCI(37%) in ratio 1:9 of
HCI:H,0O and centrifugated to remove the metal ions. GO was then further centrifugated in

water solution till pH 7 was reached.

3.2.2.2 Chemically modified graphene synthesis

Chemically Modified Grafene was obtained by reaction with Para-PhenyleneDiamine
(PPD). A solution of 3mg/ml of PPD in ethanol was added to a solution of GO 1mg/ml in
water , and the reaction occurred at room temperature for 24h. The product of the reduction
was an ammine terminated graphene referred as CMG.

CMG was extensively purified with ultrasound bath for 10’ and centrifugation in solvent of
H,0:EtOH in ratio 1:1. This procedure was cycled till the obtained surnatant was transparent,

indicating the accomplished removal of the PPD.
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The synthesis of CMG was conducted also at higher temperature,_95°C, with a reduced
PPD:GO ratio. A synthesis with a simpler purification step and a shorter reaction time was
also attempted, with a GO:PPD ratio of 0.3:1 and a reaction period of 3h. The lower
concentration and reaction time were compensated with a higher temperature, 95°C. The
material obtained in this way is referred as 0.3CMG.

The purified CMG was dissolved in EtOH in concentration of 0.3mg/ml.

HzN

Figure 3.2.1- Schematic of the mechanism of reduction and functionalization of GO with
reduction with PPD [22] .

3.2.2.3 Au NPs

Au NPs were prepared with the procedure described in Appendice A2.1 and the
monolayers were produced with the methodillustrated in Appendice A2.14.

3.2.2.4 Sample production

GO thin films were produced on SiO, substrates functionalized with Ammino propyl
triethoxy silane (APTES). GO was deposited with dropcasting and spincoating.

Dropcasting technique is similar to that explained in A2.15: GO solution is dropped on the
substrate and is left to sediment for 10° and then the film is rinsed with water and dried with
air flow. The deposition with spincoating was run at 2000rpm and 60s.

CMG was deposited with spincoating with 4 steps of deposition at 500rpm for 30s.
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3.2.3 GO characterization

Figure 3.2.2 displays the UV/Vis spectra of graphene oxide. It presents the typical features
of GO with a peak at 224nm and a shoulder at 292nm. The former is related to the

electronic transition m—n*, the latter to the transitions c—n* of carbonyl groups [23] .
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Figure 3.2.2 -UV/vis absorbance plot of GO in water solution in a quartz cuvette.

The analysis of the chemical structure was conducted with FTIR and confirms that the
oxidation of graphite has occurred. Hydroxyls (~1074 cm™), epoxy (~1220 cm™), carbonyls
(~1625 cm™) and carboxyls (~1728 cm™) can be noticed in Figure 3.2.2.

The peaks at 1388 cm™ and the broad band at 3300 cm™ are attributed to water molecules
that can be adsorbed on the surface of GO or intercalated among the planes.
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Figure 3.2.3 — FTIR spectrum of graphene oxide in KBr disk
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The XRD pattern of GO is reported in Figure 3.2.4. The (002) peak of graphitic material is
shifted to 10°. The stacking distance was drawn with Bragg equation [24] and the distance

among planes of GO has a value of 9A.
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Figure 3.2.4 —XRD analysis of GO thin film. In inset is reported the XRD scan of a GO thin
film in the range of 20 of 5-35°.

3.2.4 Film production

Films of GO have been deposited with spincoating and dropcasting. The amount of material

deposited by spincoating is superior than by dropcasting with a high concentration, 1mg/mi.

—DO0.1
—D1
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—— Quartz
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Wavelength (hm)

Figure 3.2.5 — Comparison of the absorbance plot of GO thin films deposited by
dropcasting (D0.1 and D1) and spincoating (S0.1 and S1), with different concentration of
GO in water solution: 0.1mg/ml for D0.1 and SO01 and 1mg/ml for D1land S1.
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At inferior concentration (0.1mg/ml) the film obtained with dropcasting are more dense of
material, displaying a minor transparency (see Figure 3.2.5). Spincoated GO at 0.1mg/ml
concentration has not enough time to sediment at the surface and is washed away by the
solvent flux with the spinning of the substrate.

Due to the low amount of material on the substrates the dropcasting technique have been
discarded.

The morphology of spincoated GO is depicted in Figure 3.2.6a. The sheets are wrinkled and
scrolled by the flux of solvent during spincoating. Few sheets are spread on the surface.
Figure 3.2.6¢c shows the height profile of a flake. The variation in height in the order of nm
can be ascribed to the scrolled sheets adsorbed on the flakes.

In Figure 3.2.6b the GO flakes can be recognized without the presence of scrolled and
corrugated sheets. The film was obtained by spincoating followed by rinsing with water.

Only the flakes spread on the surface had a sufficiently extent of weak interactions with the

functionalized substrate and remained attached on the surface.
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Figure 3.2.6 — a) AFM image of the thin film obtained with spincoating of 0.1mg/ml of GO
on quartz substrate; b) AFM image of the thin film obtained with spincoating of 0.1mg/ml of
GO, then rinsed with water; c) height profile of line in 6a; d) height profile of line in 6b.
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The sheets are displaced in flakes ranging from 5 to 10nm in height and large from
hundreds to few microns in side length, as can be seen by profile in Figure 3.2.6b and

related height profile in 6d.

3.2.5 CMG optical characterization

The UV/Vis spectra of the chemically reduced graphene oxide (GN) and GO are compared
in Figure 3.2.7. The reduction with excess of PPD causes modification in the optical
properties of GO. The optical transition 1—n* moves from 224nm to 248nm implying the
extension of the @ conjugation in CMG sheets.

In addition, CMG shows an absorbance band at 550nm which is a signal of the presence of
PPD on the sheets of GO, this is reflected in the pinkish shade of of the solution of CMG in
Figure 3.2.7b.

This peak may be related to the grafting of the PPD on the graphene layers in form of dimers
or oligomers [25] [26], since it is associated to the excitonic transition of quinoid rings [25]

of the dimers/oligomers of PPD.
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Figure 3.2.7 — a) UV/Vis absorbance plots of GO and CMG deposited on silica substrates;
b)Pictures of a solution of 0.05mg/ml of GO at the left and a solution of 0.3mg/ml of CMG
at right.

The FTIR plot of CMG is compared to GO in Figure 3.2.8. The chemical reduction leads to
a sharp rise of the peak at 1510 cm™, and dramatic suppression of the peaks of hydroxyl and
epoxy functionalities, which are visible in GO plot respectively at 1080 cm™ and 1220 cm™.
The peak related to aromatic carbon increased in intensity at ~1609 cm™ .

Instead, the peaks relative to the carbonyls and carboxyls have been altered by the chemical
reduction with PPD at 1737 cm™ and 1630 cm™ can be correlated to the C=0 stretching
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vibration of (C=0)NH-R groups [22] . This appear confirmed by the peaks at 1515 cm™ and
730 cm™ of the N-H stretching and swagging bond [22] . The peaks at ~1250 cm™ and
~1300 cm™ concern the C-N [17] [12] bond with aliphatic and aromatic carbon, suggesting
a connection between the sp* carbon of the functional group of GO and the aromatic carbon
of the PPD ring.

The presence of quinoid carbon and nitrogen is suggested by the shoulders at ~1480 cm™
and ~1570 cm™ [27] .
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Figure 3.2.8 — FTIR spectrum of GO(black line and) and CMG(red line)

The synthesis conducted at room temperature for 24°C with a large excess of PPD (GO/PPD
mass ratio 1/3) proved to be reliable in repeatability. The plots of the absorbance in UV/Vis
(Figure 3.2.9a) and IR (Figure 3.2.9b) of two batches produced in the same condition are
very similar and exhibited the same peaks.

The RT2 sample display pronounced slightly lower absorbance at 1000 cm™ and 1050cm™

corresponding to C-H vibration.
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Figure 3.2.9 — a) FTIR absorbance plots of CMG synthesized at room temperature in excess
of PPD in two different synthesis: RT1 has been produced with batch 1 and RT2 has been
produced with batch 2; b) UV/Vis absorbance spectra of RT1 and RT2 and GO.

Three synthesis of 0.3CMG have been prepared, and the resulting material are labeled
0.3CMGBL1, 0.3CMG B2, 0.3CMGBS3. The FTIR plots of the material obtained with the
three synthesis are reported in Figure 3.2.10. The scans of the material obtained by the
different batches is heterogeneous, with a partial reduction, i.e.the peaks of hydroxyls and
epoxy are predominant respectively in plot0.3CMG B2 and 0.3CMG B3. Moreover, the
functionalization is not well expressed with a partial correspondence between the bands
observed in CMG (stressed by vertical yellow lines) and the bands of 0.3CMG.

The trial of synthesis using a minor amount of PPD and rising the temperature to
compensate the minor amount of reducing agent reveals to be unsatisfying and not

reproducible.
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Figure 3.2.10 — FTIR absorbance plot of the 0.3CMGB1, 0.3CMG B2, 0.3CMGB3.

3.2.5.1 Morphological characterization of Chemically Modified Graphene

TEM images of the CMG have been acquired and the size of the sheets of CMG were
evaluated. CMG ranges roughly from 500nm to 2um per side. Corrugation and folding at the

edges of the sheets can be recognized.

Figure 3.2.10 — TEM images of the sheeets of CMG at a) high and b) low resolution.

The morphology of the thin film of CMG is investigated in Figure 3.2.11.

A good coverage of the surface by CMG can be noted in Figure 3.2.11a. The film is not
homogeneous. A close-up image (Figure 3.2.11b) displays the disposition of CMG in flakes
of variables heights ranging from few nanometers to 100nm. Corrugated and scrolled sheets
are present also in CMG thin films.

The average thickness of the thin film of CMG is 50nm.
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Figure 3.2.11 — a) AFM profile images of the CMG deposited by spincoating on quartz and
b) close-up.

3.2.5.2 Optical gas sensing properties of CMG film

Figure 3.2.12 reports the UV/Vis spectra of CMG deposited on bare quartz and deposited
on a monolayer of Au NPs. The spectrum of the Au NPs is showed for reference. The
nanocomposites present the characteristic features of both the nanomaterials, the
cromophore group of CMG is masked by the overlapping strong absorbance of the LSPR
peak of Au NPs
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Figure 3.2.12 — UV/Vis plot of a Au NPs monolayer (black line) CMG deposited on bare
quartz (red line) and deposited on a monolayer of Au NPs (blue line).
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Figure 3.2.13 — OAC plot of a) CMG and b) CMG on Au NPs.

Both the films have been tested as optical gas sensor. The static tests produced the OAC
plots toward H,(1%), CO(1%), NH3(1000ppm). The results of the static measures are
reported in Figure 3.2.13.

NH;3 produces an appreciable variation of the optical properties of CMG. Similar variation
is observed for CMG on Au NPs, the metal NPs are not necessary for the detection of
gaseous NH3, suggesting that they are not involved in the sensing mechanism of ammonia.
The sensing mechanism toward NH3 can be ascribed to the chromophore group at 550nm.
Previous studies described the polymer of PPD as an analogous of the conductive form of
Polyaniline, emeraldine salt, with cationic N present in the polymer chain [27] .

The presence of p-doped dimers/oligomers of PPD can be raised by the n-m interaction
between the rings of the oligomers and the sp? domains of CMG, due to the p-doping effect
of the @ cloud toward the PPD abducts [28] .

Hence, ammonia acts dedoping the PPD oligomers, with a acid/base reaction with the Pani-
like strucutures [29] [30] [31] .
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Figure 3.2.14 — Visible Absorbance of CMG in air and in NH3(1000ppm) atmosphere.

Thus, the electronic band at 550nm of PPD can be considered the analogous of the band at
500-800nm of the PANI [30] . Such optical band is sensitive to the extension or diminishing
of N cation in the polymer chain, i.e. doping and dedoping, of the polymer. The dedoping is
manifested with a shift of the band to the blue (visible in Fig. 3.2.14) with an increase of
absorbance intensity at shorter wavelength, alike to what is observed in the optical
absorbance properties of CMG exposed to NH3 [30] .

Besides the doping action, the interaction between CMG sheets and the PPD oligomers has
a further function. Previous studies have demonstrated that the m-m interaction allows a
charge transfer from the oligomer to the graphene sheets enhancing the response of the

hybrid and accelerating the recovery step [32] [31].
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Figure 3.2.15 - Time resolved scan of CMG carried at room temperature and A=510nm.
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In Figure 3.2.15 the dynamic response of CMG toward NH3 shows the encouraging results
obtained with the tests at room temperature.

An appreciable variation in relative absorbance, in the order of 3*107, is obtained and is
repeated in two cycles._The response take place in less than 5 minutes and the recovery is

partial in 500s.

In Figure 3.2.13b a small variation in absorbance of CMG on Au NPs can be noted in
atmosphere of CO(1%). The absorbance spectra in Figure 3.2.16 of the Au LSPR of the
nanocomposite structure shows a weak blue-shift of the LSPR peak.

The interaction of CO with CMG appears different respect to the interaction with NH3,

CO can interact with the oxygen adsorbed on the surface or directly with  CMG sheets and
inject electrons in CMG, without inducing the dedoping of PPD dimers/oligomers.

The ability of CO to donate electrons may result enhanced also by the interaction of CO
with functional PPD groups [9] . The interaction of CMG with CO may be eased by the
presence of polarized and charged groups that may have a stronger attracting action on the
CO molecules than H, molecules.

The charge introduced to CMG are finally transferred to the Au NPs, thank to the strong
electromagnetic coupling between reduced graphene oxide and Au NPs [33] causing a blue-
shift of the LSPR peak noted in Figure 3.2.13b.

0,268 €o
' — Air
0,266

0,264

0,262

Absorbance

0,260

0,258

0,256

T T
500 520 540 560 580
Wavelength (nm)

Figure 3.2.16 — Absorbance spectra of CMG on Au NPs acquired in air and in CO(1%).
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3.2.5 Conclusion

Chemically reduced graphene was produced with reaction with PPD. The reaction of
reduction decreases the presence of hydroxyl and epoxy groups and the grafting of
oligomers of PPD to basal graphene sheets appear suggested by its optical properties in
visible and IR range.

CMG was tested as optical sensor at room temperature and revealed a promising material for
the development of optical sensors working at room temperature.

In fact, the thin films of bare CMG and CMG coupled with Au NPs produced positive
results toward NHs.

The addition of Au NPs appear to increase the range of gas detected and CO may be
detected. The correlated OAC plots indicate a different mechanism of sensing for NH3 and

CO which may lead to the development of sensors capable of discriminating between them.
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Chapter 4 - Optical gas sensors based on carbon nanotubes

4.1 Transparent carbon nanotube film as sensitive material for surface
plasmon resonance based optical sensors
4.1.1 Introduction

Carbon nanotubes (CNTS) present properties that are unique with high electrical and thermal
conductivity [1] elevated mechanical properties [2] . The high surface/volume ratio, the
strong sensitivity of the electrical properties to the external ambient [3] make them ideal
material for many kind of sensors such as strain sensors [4] , FET sensors [5] ,
electrochemical biosensors [6] and gas sensors [7] . Moreover CNTSs are also interesting
since they conserve their electrical properties also in thin transparent films [8] , suggesting
the possible application for optically sensitive transparent films.

The CNTs can be divided in two categories: Single Wall Carbon Nanotubes (SWCNTSs) and
Multi Wall Carbon Nanotubes (MWCNTSs). The former consist of a single tubular graphene
sheet, the latter display a concentric arrangement of such tubes along the longitudinal axis
with a interlayer spacing of 3.4 A [9].

SWCNTs differentiate in two categories due to their electrical properties. The different
chirality and diameter affects the behavior of the nanotube and they can be discriminated to
semiconductor or metallic [10] . The chirality (n,m) rules the electrical behavior, if |[m-n|=3k
is metallic, if [m—n|=3kx1 the tube is semiconductive [11].

The properties of MWCNTSs are ruled by the chirality and diameter of the outer tube because
of the weak inter-shell interactions [12] . Hence, a mat of MWCNTSs is usually composed
of metallic and semiconductive MWCNTSs [13] .

Previous studies suggest a different behavior of metallic SWCNTs (m-SWCNTSs) and
semiconductor (s-SWCNTSs) toward gases [14] , [15] , [16] , meanwhile MWCNTSs display a
semiconductive behavior [17] [18] [17] . The s-SWCNTs and MWCNTSs have been largely
employed for their p-type conductance, meanwhile it is theorized that the molecule
adsorption can induce a local charge fluctuation in the contact region of the nanotube [19] .
The addition of metallic nanoparticles (NPs) to CNTs is largely exploited to improve the
sensitivity of CNTs toward a wider range of gases. In particular for hydrogen sensing,
palladium [20] and platinum [21] [22] are largely employed, while the coupling with gold

NPs is less exploited.
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The gold NPs interact weakly with pristine SWCNTSs [23] and tend to bond to the defective
sites of the SWCNTSs [24] . Theoretical [23] and experimental [14] studies of interaction of
gases with gold nanoclusters demonstrate a weak interaction between Au clusters and CNTSs,
without a deep exploration of the specific gas sensing properties of the coupled
nanomaterials. In addition, Au NPs play an amplification role of the interaction between the
gas molecules with the sensitive material due to the Localized Surface Plasmon resonance
(LSPR) [13], increasing the interest in optical gas sensing properties of the nanocomposites.
In the following we demonstrate the possibility to develop transparent optical gas sensor
based on CNTs coupled with Au NPs. The coupling between the CNTs and the Au NPs has
the aim of combining the reactivity of the nanotubes towards hazardous gases, such as H,
CO, NO; and aromatic Volatile Organic Compounds (VOC) with the LSPR of gold NPs.
The LSPR is known to be extremely sensitive to the changes in the dielectric properties of
the surrounding medium, a characteristic that has been widely exploited for the preparation
of sensing devices.

While the use of SWCNTs and MWCNTSs for gas sensing has been covered in multiple
reports, little attention has been directed in exploring the different behavior of the metallic
and semiconductive carbon nanotubes as optical sensing materials and, to the best of our
knowledge, this is the first time that m-SWCNTSs are used as sensing materials within optical
sensors for the detection of reducing and oxidizing gases.

4.1.2 Experimental section
4.1.2.1 Preparation of gold monolayers

Au NPs were prepared with the procedure described in Appendice A2.1 and the
monolayers were produced with the procedure illustrated in Appendice A2.14.
Then, a stabilization treatment at 400°C was accomplished to achieve structural stability at

high temperature.

4.1.2.2 Deposition of carbon nanotubes by dropcasting

The preparation strategy for the CNTSs layer is given in Figure 4.1.1. The substrates were
first functionalized with Poly-L-Lysine. Then, dropcasting of a water solution of CNT is

dropcasted and left to sediment for a period ranging from 3 to 24hours. Rinsing of the
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samples with water and drying with air flow follow. The detailed description of the

deposition technique is reported in A.2.15.

The deposition period was varied from 3 to 20 hours for the different solutions of CNTs in

order to achieve a coverage of the surface homogeneous among all the samples prepared.
Washing with DI water

Deposition of

a monolayer of —( i
Poly-L-Lysine o ]
Deposition of the film of SWCNTs
Washing
with DI water ) u—

lcm

Figure 4.1.1 - Deposition procedure with dropcasting technique.

At first, the depositions were conducted on soda-lime substrates to draw the parameters for
the deposition of the finals sensors. Hence, the concentration of the solutions and the
deposition period were adjusted to achieve a uniform value of electrical resistance of the
samples.

The material used for deposition were purchased from Nanointegris (IsoNanotube-S and
IsoNanotube-M) and from NanoLab (Nink-1000).

The SWCNTs were deposited also by ink-jet printing using a SonoPlot Microplotter GIX I1.
The printing procedure is reported in ref. [25].

The SWCNTs and MWCNTSs films were heat treated in air at 300 °C for one hour.

4.1.2 Optical gas sensing measurements

Optical gas sensing measurements were carried at operating temperature (OT) of 150°C and
300°C. All the samples were tested with H,(10000ppm), CO(10000ppm), NO,(1ppm) in

synthetic air.
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The detailed description of the gas sensing apparatus is reported in appendix A.3.

The samples deposited by dropcasting were tested also toward the aromatic volatile organic
compounds, such as toluene(10000ppm), Xxylene (10000ppm) and benzene(10000ppm) in
nitrogen carrier at 150°C and 300°C OT.

4.1.3 Set-up of the parameters for dropcasting of SWCNTSs

The first set of depositions was conducted for a period of 6h, with the solutions as
purchased:

1. Semiconductive SWCNTSs of 0;.01mg/ml
2. Metallic SWCNTs of 0.01_mg/ml
3. MWCNTSs of 0.5 mg/ml
No conductivity was recorded from the films obtained. To increase the thickness of the film

the starting solutions were diluted down with a solution of Sodium Dodecyl Benzen Sulfate,
SDBS (10%uv/v) in water. The SDBS acts as a surfactant for CNTs in water and enhances
their affinity to the polylisine, allowing an increase in thickness of the final films [26].

As a rough measure of thickness of the samples the electrical resistance was measured with
an electrical tester. The resistance obtained is in a short range of value for the samples, that
can be considered of similar thickness.

The final sensors were prepared with the parameters presented in Table 1.

Solution Concentration Time Resistance (MQ)
(Mg/ml)

Semiconductive 3.3 20h 0.5

SWCNTSs

Metallic SWCNTs 3.3 20h 5-30

MWCNTS 170 5h 3

Table 4.1.1 — Parameters of deposition for the final sensors and resistance measured with a

tester.
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4.1.4 Optical characterization
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Figure 4.1.2 - a) UV/Vis absorbance spectra of a) m-SWCNTSs; (b) s-SWCNTs; (c)
MWCNTs on Au NPs and on bare silica substrates.
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The samples prepared with dropcasting were characterized by UV/Vis/NIR absorption
spectroscopy and reported results are reported in Figure 4.1.2. The M11 (~ 700nm) of
metallic SWCNTs and S11 (~980nm) and S22(~ 1740nm) peak of the semiconductive
carbon nanotubes are clearly present in the spectra 4.1.2a and 4.1.2b [27] . MWCNTs
display a broad band at transition at ~ 1150nm of the S22 transition (see Figure 4.1.2c)..

The optical spectra of the sensors obtained with ink-jet printing are reported in Figure 4.1.3.
The features of metallic SWCNTS, can be recognized in the spectra. The S11 and S22 peak
of semiconductive SWCNTSs are not visible since they lay in the NIR. The presence of Au
and Ag NPs is confirmed by the presence of their characteristic LSPR absorbance peaks
respectively at 530nm and 390nm.

The samples produced with the dropcasting method and with the ink-jet printing present a
remarkable transparency in the visible range. In Figure 4.1.4 two samples of m-SWCNTSs
deposited on Au NPs are showed: the film on the left is obtained with dropcasting technique
and that on the right with the ink-jet printing. The dropcasting method allows a facile and
transparent covering of all the surface of the substrate, which is pink due to the absorption of
the Au LSPR. The ink-jet printer permits the deposition of the film in a localized area as the
slightly dark transparent square on the sample on the right side of Figure 4.1.4a. The slightly
dark color of the area suggests the presence of a higher quantity of carbon nanotubes with

respect to the sample on the left.

a) (b o0 —
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Figure 4.1.4 — a) image of m-SWCNTs on Au NPs: dropcasted on the left side and ink-jet
printed on the right side. The printed area is highlighted by a dotted square. b) UV/Vis
absorbance spectra of m-SWCNTs on Au NPs: ink-jet printed (black line) and dropcasted
(red line).
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Figure 4.1.4b shows the UV/Vis spectra of the two samples presented in Figure 4.1.4a. The
sample with the printed film has a stronger absorbance in the whole range of analysis due to
a larger cross section of the m-SWCNTs layer interacting with the incoming beam. In
addition, the absorbance spectrum of the printed film displays evident characteristic features
of the metallic SWCNTSs with a more intense absorbance in the UV range and the peak due
to the VVan Hove transition at ~700 nm [28].

The presence of the gold NPs is confirmed by the presence of the LSPR peak at ~530 nm.
The LSPR peak is less evident in the ink-jet printed sample due to the larger thickness of the
carbon material above the Au NPs with respect to the drop casted film.

Figure 4.1.5 reports the absorbance spectra of the film of Au NPs alone, printed m-SWCNTSs
and m-SWCNTs printed on Au NPs. The spectrum of the sample with both the
nanomaterials presents the characteristic features of both Au NPs, with the LSPR peak at
530nm and the UV/Vis peak of the @ conjugation and the Van Hove transitions at 400 nm
and 700 nm [28] ' [29], respectively.

0.20

Au NPs
—— printed m-SWCNTs
— Au NPs+printed m-SWCNTs

Absorbance

0.05 _\k—

T T T T T T T T T T T T
300 400 500 600 700 800 900
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Figure 4.1.5 — UV/Vis absorbance spectra of the samples with Au NPs (black line), printed
metallic SWCNTSs (red line) and of printed metallic SWCNTs on Au NPs (blue line).
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4.1.5 Morphological characterization

SEM image of the nanostructure of Au NPs with dropcasted s-SWCNTSs is reported in
Figure 4.1.6a. The film is composed of a monolayer of gold NPs with a high coverage of the
substrate. The carbon nanotubes layer is thick and partially masks the quartz substrate
below. The Au NPs stand out among the bundles of s-SWCNTSs. This implies that the
thickness of the layer of s-SWCNTSs is lower of the dimension of the Au NPs. Similar image
have been collected also for the Au monolayer coated with m-SWCNTs. From SEM images
it is possible to note Au NPs with a diameter ranging from 20 up to 40 nm, in accordance
with [30] . XRD measurements also confirmed the presence of crystalline Au NPs in the
nanocomposites (see Figure 4.1.6Db).

Spectroscopic ellipsometry was used to estimate the refractive index of both thickness s-
SWCNTs and m-SWCNTSs deposited by drop casting. Considering the SEM image reported
in Figure 4.1.6b, we assumed a continuous film composed of a fraction of air and a fraction
of carbon nanotubes. The thickness of both SWCNTSs layers was estimated to be 8 nm and

the refractive index at A=630 nm was n=1.37, in agreement with [31].
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Figure 4.1.6 — a) SEM picture of s-SWCNTs on Au NPs obtained by drop casting. b) XRD
pattern of Au monolayer coated with ink-jet printed s-SWCNTSs.

AFM measurements were conducted to have a confirmation of the thickness evaluated by
ellipsometry. In Figure 4.1.7 the printed metallic SWCNTs form bundles covering the
whole surface. The carbon nanotubes appear not homogeneously distributed with areas of
higher accumulation with a value of the average thickness of 29nm. Instead, the thickness of
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the dropcasted films of m-SWCNTSs is ~10 nm, confirming the data of the ellipsometric
analysis.
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Figure 4.1.7 —a) AFM image of m-SWCNTSs by ink-jet printing.

4.1.6 Optical gas sensing measurements

Optical gas sensing measurements were carried at operating temperature (OT) of 150°C and
300°C. All the samples were tested with H»(10000ppm), CO(10000ppm), NO,(1ppm) in
synthetic air.

The detailed description of the gas sensing apparatus is reported in appendix A.3.

4.1.6 Gas sensing of dropcasted CNTs toward aromatic VOC

The samples obtained with dropcasting techniques have been tested toward aromatic volatile
organic compounds, Benzene(10000ppm), Toluene(10000ppm), Xylene(10000ppm)
balanced in N,. The tests were carried at 150°C and 300°C and are showed in Figure 4.1.8,
4.1.9,4.1.10.

All the films don’t show any variation with the introduction of the aromatic VOC in the

chamber.
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Figure 4.1.8 - OAC plots of dropcasted s-SWCNTs toward aromatic VOC compounds: a)
on bare SiO; at OT=150°C; b) on Au NPs at OT=150°C; c) on bare SiO, at OT=300°C; c)

on Au NPs at OT=300°C;

Aromatic VOC gases don’t cause an appreciable variation in optical properties of the CNTs.

CNTs have proved sensitive as chemoresistors with two mechanism, the adsorption on the

surface and direct charge transfer, and the adsorption in intertube junctions enhancing the

hopping mechanism of conduction [32]

These mechanisms significantly alter the

conductivity of the mats of CNTs but appear to have low impact in the optical gas sensing of

CNTs toward aromatic VOC.

82



(a) 0,0012 (b) 0,0012

—1E0° —1E0°
m-SWCNTs at OT=150°C Benzene m-SWCNTSs at OT=150°C Benzene
0,0010 4 —— Toluene 0,0010 —— Toluene
— Xylene — Xylene
0,0008 0,0008
0,0006 0,0006
] ] o] ]
g 00004 g 00004
(@) (@)
0,0000 M 0,0000 - - - - -
-0,0002 -0,0002
-0,0004 . . . -0,0004 . . .
400 500 600 700 800 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

(C) 0,0012 (d) 0,0012

m-SWCNTs at OT=300°C ~ —___ _'?sl’:f;‘;e m-SWCNTSs on Au NPs at OT=300°C —— Benzene
0,0010 - X 0,0010 - —— Toluene
— Xylene
— Xylene
0,0008 0,0008
0,0006 0,0006
Q 2 Q .
b4 0,0004 b4 0,0004
(@] (@]
0,0002 0,0002
0,0000 4o - oo — 0,0000
-0,0002 -0,0002
-0,0004 . . . -0,0004 . . .
400 500 600 700 800 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

Figure 4.1.9 — OAC plots of dropcasted m-SWCNTs toward aromatic VOC compounds: a)
on bare SiO; at OT=150°C; b) on Au NPs at OT=150°C; c) on bare SiO, at OT=300°C; c)
on Au NPs at OT=300°C,;
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Figure 4.1.9 — OAC plots of dropcasted MWCNTSs toward aromatic VOC compounds: a) on
bare SiO, at OT=150°C; b) on Au NPs at OT=150°C; c) on bare SiO, at OT=300°C; ¢) on
Au NPs at OT=300°C;

4.1.7 Gas sensing properties of CNTs toward oxidizing/reducing gases
4.1.7.1 Gas sensing tests at 150°C of printed SWCNTSs.

The OAC plots of the films obtained by ink-jet printing are pictured in Figure 4.1.10.

The semiconductive SWCNTs alone don’t display a remarkable variation of absorbance.
The film of m-SWCNTSs shows a slight increase in absorbance in correspondence of the
M11 transition at ~700nm, when exposed to H,(1%), visible in Figure 4.1.10b.

Metallic SWCNTs coupled with silver nanoparticles present poor variation in optical
absorbance in proximity of the LSPR peak of the Ag NPs, as can be observed in Figure
4.1.10.d. In Figure 4.1.10.c, the s-SWNCTs on Ag NPs presents similar variations for
oxidizing (NO;) and reducing gases (H,, CO).
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Figures 4.1.10e and 4.1.10f display the improvement in sensitivity of the SWCNTSs with the
addition of Au NPs. Both the films display a variation in absorbance in the wavelength
range of the LSPR peak of Au NPs in H,(1%) atmosphere.
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The OAC plot of m-SWCNTs on Au NPs present a more intense variation in the range of
wavelength around 550nm. It is possible to recognize the increase in absorbance at ~700nm
in Figure 4.1.10f analogous to what observed with bare m-SWCNTs in  hydrogen
atmosphere, in Figure 4.1.10b.

4.1.7.2 Gas sensing tests at 300°C of printed SWCNTSs

The tests effectuated at 300°C highlight better what is observed at the lower operating
temperature.

In Figure 4.1.11b we observe a variation in absorbance of the samples with Ag NPs during
the exposure to different atmospheres. This is related to a lack of stabilization of the Ag NPs
at high temperature and in particular at 300°C due to NPs oxidation and coalescence.
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Figure 4.1.11 — OAC plots of printed SWCNTSs tested at OT=300°C: a) m-SWCNTs; a) m-
SWCNTs on Ag NPs; a) m-SWCNTs on Au NPs.
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In Figure 4.1.11c, m-SWCNTs on Au NPs exhibit a remarkable change in absorbance when
exposed to Hy(1%) .

Au NPs reveals to be necessary for the gas sensing response of the m-SWCNTSs. The rising
in operating temperature appear to increase the photoactivity of the nanostructure. Also at
300°C we can note an increase in absorbance at 700nm, where the electron transition of m-
SWCNTSs lays.

It was not possible to run measures on printed semiconductive SWCNTs at 300°C.
Consequently, fresh thin films of SWCNTs were produced (as reported above in 4.1.22) to
investigate the sensing properties of SWCNTSs.

They were prepared with dropcasting method to investigate the effect of the deposition

technique on the sensing properties and MWCNTSs have been also taken into account.

4.1.7.3 Gas sensing tests at 150°C of dropcasted SWCNTSs

The OAC plots of SWCNTs deposited by dropcasting obtained at 150°C are shown in
Figure 4.1.12.

The thin films of only mats of s-SWCNTs, m- SWCNTs, and MWCNTs don’t display a
significant change in optical absorbance. The thin films of m- SWCNTSs, in Figure 4.1.12c,
don’t display an increase in absorbance under H,(1%) exposure, as observed with printed
films.

Similar considerations can be drawn for the samples composed with Au NPs. The spectra
have no alteration in the range of wavelength close to the LSPR peak of the metallic NPs.
The thickness of the films may not be thick enough to have an extensive interaction of the
gas molecules with the carbon nanotubes to record an appreciable change of the
optoelectonic properties of the CNTs mats.
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4.1.7.3 Gas sensing tests at 300°C of dropcasted SWCNTSs
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Figure 4.1.13 displays the optical response of the CNTs to oxidizing and reducing gases at
high temperature, OT=300°C.

The changes in absorbance observed for s-SWCNTs and MWCNTSs alone or coupled with
Au NPs are not significant and related to drift in optical absorbance at 300°C.

Figure 4.1.13c shows that m-SWCNTSs are not affected in their optical properties when used
alone, but after the addition of Au NPs they show a remarkable response to hydrogen gas,
with an elevated variation to H,(1%) and discrete change to H,(100ppm) in optical property
in the portion of visible light close to the LSPR peak of Au NPs. A variation smaller than the
one related to the low concentration of H, can be noticed for CO(1%), as pictured in Fig.
4.1.13d.

As observed for printed samples the Au NPs activates the sensing properties of metallic
SWCNTs and the high OT enhances the response of the nanocomposites in the static tests.
Furthermore, the active role of Au NPs in H; detection, previously considered in section
3.1.4.5.1, has to be taken into account for a better understanding of the sensing mechanism
at OT=300°C.

4.1.8 Gas sensing properties of the SWCNTSs to hydrogen

To better understand the interplay between Au NPs and SWCNTSs is necessary to focus on
the gas sensing responses of the film at 150°C. The gas response provided relevant
information about the gas sensing performances of the materials and about the two
deposition techniques.

The best gas sensing response obtained was with the ink-jet printed samples and only those
samples will be discussed.

Figure 4.1.15 shows the optical absorption spectra of m-SWCNTs and of s-SWCNTs on Au
NPs acquired in dry air and in H,. A blue-shift of the LSPR peak occurs for both the
samples, and the variation is more accentuated in the case of m-SWCNTSs.

The inset in Figure 4.1.15a displays the different behavior to H; of the bare Au NPs, the bare
m-SWCNTSs and the Au NPs covered with m-SWCNTSs. Both bare Au NPs and bare m-
SWCNTSs did not show adequate sensing properties and the coupling of m-SWCNTs with
Au NPs is fundamental to activate the optical sensing property of the material.

Figure 4.1.15b displays the results of similar tests with s-SWCNTSs. Also in the case of s-
SWCNTSs the coupling with Au NPs is essential for getting a detectable variation of the
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absorbance in the presence of Hy, but it is evident that the sS-SWCNTSs are less effective than
the m-SWCNTs.

From the OAC spectra reported in the insets of Figure 4.1.15 it is possible to note that the
maximum variation of the absorbance is obtained at A=540 nm for s-SWCNTs and at
A=570nm and A=700 nm for m-SWCNTSs, which have been selected for the dynamic test.
The differences observed in the optical absorbance and OAC spectra are reflected in a
sharper and faster variation in absorbance for the m-SWCNTs sample (see Figure 4.1.16)
with respect to the s-SWCNTSs sample (see Figure 4.1.17). Moreover the s-SWCNTSs sample
displays an evident drift (see Figure 4.1.17). Both s-SWCNTs and m-SWCNTs samples are
almost insensitive to NO, and CO, while for the m-SWCNTSs it was possible to detect a

variation in absorbance also for 100 ppm of H; (see Figure 4.1.16).
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Figure 4.1.16 — Dynamic response of m-SWCNT deposited on Au NPs at A = 570 nm and
OT=150°C exposed to different air/gas cycles.
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Figure 4.1.17 — Dynamic response of s-SWCNT deposited on Au NPs at A=540 nm and

OT=150°C exposed to different air/gas cycles.

The interaction of hydrogen in principle can occur directly on Au NPs, at the interface
between them and the SWCNTs and on the SWCNTSs itself. The first hypothesis implies a
response to hydrogen of the lone Au NPs monolayer. However the response is negligible
compared to the one observed for the sample made of Au NPs coated with SWCNTSs, as
reported in the insets of Figure 4.1.15. This implies a direct interaction of hydrogen with the
SWCNTSs. On the other hand, the bare SWCNTSs did not show any relevant variation in
absorbance when exposed to H,, so we can suppose that the interaction between H, and the
SWCNTSs is probed by the Au NPs. In particular such interaction is more effective in the
case of m-SWCNTs for which it is evident a blue shift of the Au LSPR peak (see Figure
4.1.15). Such blue shift can be due to a decrease of the refractive index of the medium
surrounding the Au NPs or to an increase of the oscillating electrons in the Au NPs [34] .
Spectroscopic ellipsometry measurements on SWCNTs film under H, exposure did not
show any variation of the refractive index, so the charge transfer appears as the most
plausible mechanism behind the blue-shift of the Au NPs. This is also confirmed by the
increase of the peak related to the M11 transition at 700 nm that can be related to an increase
in density of electron in the SWCNTs [35] , [36].
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As already reported in literature, hydrogen molecules can be split on CNTs [37] , [38] [39]
and atomic hydrogen can also spillover allowing charge transfer from hydrogen to carbon
nanotubes [38] ' [40] . In addition, atomic hydrogen can react with oxygens that are adsorbed
on the surface of SWCNTs when exposed to air [41] . In the case of SWCNTSs in contact
with Au NPs, electrons exchange can occur, as already reported for conductometric gas
sensors [42] .

It is plausible to suppose a more efficient transfer with m-SWCNTSs due to the ohmic contact
at the interface between m-SWCNTs and the Au NPs. The s-SWCNTs present a localized
Schottky barrier at the interface with the Au NPs that may hinder the charge transfer and the
coupling with the Au NPs [23] . This phenomena may be the cause of the negligibly low
sensing efficiency of the s-SWCNTSs.

The interaction with CO and NO, was ineffective. The chemisorptions of NO, is favored in
carbon nanotube but the low concentration (1ppm) can present a severe limit to the detection
[43], on the other hand CO interacts weakly with carbon nanotubes [44] . Moreover the heat
treatment at 300 °C could remove the preferential adsorption sites for CO, such as defects or

functional groups [44].

The results obtained at 300°C OT are now considered. As for the tests at OT=150°C, the Au
NPs activate the sensing response to H,(1%), see Figure 4.1.20.

The time resolved scans of the films of SWCNTs on Au NPs, in Figure 4.1.18 and 4.1.19,
exhibit strong variation in the entity and period of the signal of the relative absorbance
variation, when exposed to H,(1%).

In addition, 300°C OT allows the sensitization of the films deposited by dropcasting as
reported in Figure 4.1.19. The performance achieved by the thin film of SWCNTs on Au
NPs are inferior than those relative to the analogous printed film in Figure 4.1.18. Both
exhibit a fast and sharp response, but the lower thickness of the film appear to penalize the
performance of the dropcasted nanostructures .

%94



1,004

Printed m-SWCNTs on Au NPs, OT=300°C

1 Air H Air H, Air Hy Air CO . Air
1,000 s 100ppm

1,002

0,998
0,996

0,994 ]

0,992 — Ao
0,990

0,988 ]

0,986 ]

0,984 ]

0,982

air0

Abs/Abs_.

0,980 ; ; .
0 1000 2000 3000 4000 5000

Time (s)
Figure 4.1.18 — Dynamic response of printed m-SWCNT deposited on Au NPs at A = 570
nm OT=300°C.

(a) 1,004 (b) 1,002 :
—— Metallic SWCNTs on Au NPs, OT=300°C —— Metallic SWCNTSs and Pt NPs on Au NPs, OT=300°C
10024 AIr H, Air H, Air Air H, Air H, Air
1,000 -w
1,000 _M
33 mﬁ 0,998 -
i Q
< 0,998 2
a @
o Q
< 0,996 — < 0,996
0,994 -
! 0,994 -
0,992 T - : T T T
0 1000 2000 0 1000 2000
Time (s) Time (s)

Figure 4.1.19 — Dynamic response of a) dropcasted m-SWCNT deposited on Au NPs at A =
570 nm OT=300°C; b) dropcasted m-SWCNT and Pt NPs deposited on Au NPs at A = 570
nm OT=300°C.

To increase the performance of the drop casted film, platinum nanoparticles (Pt NPs) were
added to the sample. Pt NPs have been used with CNTs sensors because of their catalytic
action toward Hy, increasing the gas sensing properties of the structures they are combined
with [45] [17] .

The results of the dynamic tests of the film with Pt NPs are showed in Figure 4.1.19b. Pt
nanoparticles don’t lead to the expected improvement.

Both dropcasted and printed films have been proved sensitive also to H,(100ppm), with a

fast and noticeable response.
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The absorbance plots of the films in air and H,(1%) and the relative OAC plot are reported
in Figure 4.1.20.

The films with metallic SWCNTs and Au NPs are characterized by a blue-shift of the LSPR
peak under Hy(1%) atmosphere, as can be seen in Figure 4.1.10b and 10c. The films with
semiconductive SWCNTSs on Au NPs don’t show such behavior.

The OAC plots of the nanocomposites of dropcasted and printed m-SWCNTs (Figure
4.1.20b and 4.1.20c) are compared to the OAC plot of Au NPs in Figure 4.1.10d.

The OAC plot of Au NPs shows that the Au NPs are responsive to H,(1%) with a variation
of absorbance higher in intensity than changes related to the films with printed and
dropcasted SWCNTS.

The m-SWCNTs may mediate the interaction between the H, molecules and Au NPs, as
happens at 150°C: with s-SWCNTs the charge transfer to Au NPs is limited and don’t
causes an appreciable blue-shift of the LSPR peak, m-SWCNTSs transfer the electrons to Au
NPs causing the blue-shift of the LSPR peak. The presence of SWCNTSs film limit the direct
interaction of H, with Au NPs, inhibiting the response mechanism based on the bare Au

NPs, may act as a barrier to interaction of hydrogen molecules to gold nanoparticles.
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Figure 4.1.20 - Absorbance of SWCNTs on Au NPs in air and H,(1%) at OT=300°C and for
the sensors with a) dropcasted s-SWCNTSs; b) dropcasted s-SWCNTSs; c¢) printed s-
SWCNTs; d) OAC plots toward H2(1%) of printed m-SWCNTS on Au NPs, dropcasted m-
SWCNTS on Au NPs and Au NPs alone.

4.1.9 Conclusions

Optical transparent SWCNTSs films were obtained by ink-jet printing with good optical gas
sensing properties.

The coupling between Au NPs and m-SWCNTSs has been demonstrated to be essential for
the devolvement of transparent optical sensor without the need of an elevated operative
temperature. The s-SWCNTs displayed poor sensitivity to oxidizing/reducing gases,
meanwhile the nanostructure composed of Au NPs and m-SWCNTs displayed very good

performance toward hydrogen detection at 150 °C OT..
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The thickness of the film plays a crucial role. The gas sensing performances of dropcasted
films suffer of a limited cross section of active material to interact with the gas species, and
require high operating temperatures to activate the gas sensing properties.

At 300°C the detection of H; of the films is enhanced in response, but the Au NPs alone are

also sensitive toward H; as reported in detail in section 3.1.4.5.1.
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Chapter 4 - Gas sensing of carbon nanotubes-based nanostructures

4.2 Carbonaceous films as sensitive material for optical gas sensors
4.2.1 Introduction

The search for sensors relying on cheap materials and processing encourages the
experimentation of new materials and new synthesis processes.

Nickel is a transition metal that possesses well-know catalytic activity[1] [2] and
present a lower cost than Platinum or Palladium.

Its catalytic activity has been exploited for the production of Carbon Nanotubes (CNTSs) [3]
[4] and its interaction with gas species[5] [6] can be exploited for the design of new
sensors[6] [7]

Fullerene (Cgo) and CNTs have proved to be endued with photocatalytic properties in
combination with metal oxides[8] [9]. Nanostructures of carbon nanomaterial and Ni
nanoparticles (Ni NPs) have been realized [10] [11] exploiting also the capability of
Nickel to catalyze the synthesis of CNTs with Ni NPs particles encapsulated in CNTs[12]
[13].

The aim of this work is the study of the optical gas sensing film of CNTs with encapsulated
Ni nanoparticles grown in a carbonaceous matrix of fullerenes with multistep synthesis
process.

Finally, the influence of Palladium Nanoparticles (Pd NPs) has been considered on the gas
sensing properties of the film. Palladium is a transition metal largely employed to confer or
improve the sensitivity of nanomaterials to gaseous hydrogen[14][15].

The addition of Pd nanoparticles will be considered in terms of gas sensing performance of
the composites nanostructures of fullerene and Ni NPs in CNTSs.

4.2.2 Film deposition

The films were spplied by Department of Nanotechnology, Tele&Radio Research Institute
from Warsaw.
The fullerenes, carbon nanotubes and metal particles were deposited in a multistep process
here reported.
Stepl. In the first step the Physical Vapor Deposition (PVD) of Nickel acetate and fullerite
Ceo was carried. In PVD deposition method, the parameters such as current flowing through
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sources (lcg, Ini), duration time (t) and the sources-substrates distances (d) affects the quality
of structure and thickness of obtained films.

The parameters used are lce,=1.9A and Ini=1.1 A , t =60s and d= 60mm. The sample
produced with this method is referred as A. The sample produced with the same parameters
except reaction period t=90s is referred as B.

Step2. Then Chemical Vapor Deposition (CVD) with Xylene followed. The feed of xylene
was 0.05ml per minute and the reaction was carried at 650°C for 15 mintues under Argon
flow of 0,67 liters per minute. The sample obtained are referred as Al and B1.

Step3. Finally, a PVD deposition of Pd acetate was conducted in the same condition as
Stepl for the two samples. The samples produced with this method are referred as A2 and
B2.

4.2.3 Optical characterization of the films

The sample obtained with only the first step of deposition have been characterized with

UV/Vis/NIR spectroscopy.
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Figure 1 — Absorbance spectra of sample A and B.

The deposition of the first layer gives a thick film with high absorbance in the UV/Vis
range. In the UV, the optical transitions of fullerenes at 210nm, 265nm, 350nm are related
to the electronic transitions [16] and at 430nm the excitonic transition occurs[17]

The shoulder at 350nm can be related to the LSPR of spherical Ni grains [18]
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Absorbance plot of sample A shows two broad band at 900nm and the second from 1600 till
beyond 2500nm. For sample B a single broad band from 900nm to 2500nm is visible. This
can be correlated to the elevated thickness of the films generating thin film interference and
an estimate of the thickness to roughly 400nm can be drawn from the studies conducted on
similar films in ref. [4].

The variation in optical absorbance consequent to the depositions of the layer of CNTs (Al
and B1) and the final layer of Cgoand Pd NPs (A2 and B2) are reported in Figure 2.
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Figure 2 — a) Absorbance spectra of sample A, Al, A2. b) Absorbance spectra of sample B,
B1, B2.

With the deposition of the second layer the fringes of interference disappear. The deposition
of the third layer stresses the features of the fullerenes for the final film, indicating that
further Cgp is deposited during step 3 of the film production.

Pd spherical NPs have features in UV range and decaying absorbance in visible and NIR
wavelengths[19], so they cannot be recognized with the spectroscopy in the range of
analysis employed. No fringes of thin film interference are observed for sample A2 and B2,

too.

4.2.4 Morphological characterization

The morphological characterization of the samples were carried with Scanning Electron

Microscopy (SEM) after the steps of deposition 2 and 3.
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The topography of the surface of the films was imaged using secondary electrons (SE)
detector. Low angle backscattered electrons (LABE) detector enabled to define samples
morphology by observing changes of the contrast composition. The contrast depends on the
atomic number of elements of the observed microstructure.

No SEM images are present for sample A and B, but previous studies on these systems
confirm the formation of a porous layer of fullerenes and no Ni particles are observed[20] .
Detail studies (in SE and LABE modes) of A1 sample showed that it is composed of short
and broad nanotubes placed in carbonaceous matrix while the sample B1 contains longer
and more defected nanotubes. Both the samples display high coverage of the surface with
metallic grains, labeled in Fig. 3a and 3b by brighter emission electron for the higher Z than
carbon.

Shapes characterized by smoother intensity can be recognized and are attributed to the
CNTs. In their boundaries they show bright features of few tens of nm in size, visible in
back scattered electrons SEM image, indicating that the Ni nanoparticles are incorporated in
the carbon tubes.

The high temperature of the CVD process (650°C) leads to partial deterioration of the
fullerenes present in the samples and to coalescence of Nickel forming the particles[4].

The SEM images of the samples A2 and B2 (respectively Figure 3c and 3d) shows that
covering with palladium is accomplished and provokes the smoothing of the features of Ni
NPs and CNTs visible in Al and B1 films. The coverage with Pd grains is not as extensive
as with Ni deposition. Figure3c shows large metallic particles, that may be caused by
agglomeration of nanoparticles, meanwhile sample B2 shows a more homogenous
distribution.

Generally, all four samples display heterogeneous size and shape distribution of the metallic

particles.
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Figure 3 — SEM images of the samples a) Al; b)B1; a) A2; b)B2.

4.2.5 Gas sensing results

For all the samples it was first measured the transmittance in air and then in gas in order to
determine the wavelengths at which the absorbance variation was larger. For such
wavelengths, dynamic measurements have been performed in order to compare the response
time for the different gases.

The films obtained after every step of deposition have been tested toward oxidizing/reducing
gases. In particular, H,(10000ppm), CO(10000ppm), NO,(1000ppm) balanced in dry air

have been used as gas target.
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Figure 4 — OAC plots at OT=80°C of a) sample A and b) sample B; dynamic scans at
OT=80°C of c)sample A at A=750nm and d) sample B at A=2325nm.

The samples deposited with the first step of deposition present broad peaks in the OAC
plots at ~550nm and at 1100nm when exposed to Hy(1%) and CO(1%). CO shows an
additional peak at 2325nm in the plots of both the films.

The increase in absorbance of the samples when exposed to reducing gases may be related to
the interaction with fullerenes. The absorbance bands at 550nm is strengthened and at
1100nm have been observed in fullerene and are respectively strengthened and activated by
the action of a doping agent[21] [22].

The increase in absorbance at 2325 may be related to the filling of the band gap with two
bands located at ~0.5eVand ~1.3eV caused by the doping of the fullerene films[22].

The dynamic scans of sample has been run at A=750nm, where a dip in the OAC plots

appear. The samples is not sensitive to the gases at such wavelength.
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Sample B is tested at A=2325nm and proves a discrete response toward CO(1%), no

variation is obtained under H, flow.

(@) b
Sample A1 —H, ( ) 0,0010 Sample B1 —H,
0,002
0,0005
0,001 +
] Q
< <
(@) @)
0,0000 '
0,000 —
-0,0005
-0,001 T T T T T T T T T T T T T T
600 800 1000 1200 1400 1600 1800 2000 2200 2400 500 1000 1500 2000 2500
Wavelength (nm) Wavelength (nm)
(©) ) (d)
1,0010 4 ample Al . Sample B1

air

Air CO | Air H, Air | CO | Air Alr | H, | Ar 1 CO . Ar i NOx | Air
1,0005 ‘
1,000 ;
1,0000 %V M’\/“ 3

0,9995 —
0,9990 —
0,999 —
0,9985 —
0,9975 \\M\ 0,998 |

0,980 K\'\V\»\,\,‘
T T T I‘ T T T
0 500 1000 1500 2000 2500 3000 3500 0 500 1000 1500 2000 2500 3000 3500 4000

Time (s) Time (s)

5

ADS/ADS
Abs/Abs

Figure 5 — OAC plots at OT=80°C of a) sample Al and b) sample B1; dynamic scans at
OT=80°C of c)sample Al at A=2325nm and d) sample B1 at A=2325nm.

The gas sensing properties of the films obtained in the second step of deposition are pictured
in Figure 5.

A rise in absorbance in the NIR is observed for sample B1 under exposure to the gases, in
particular for H,(1%) and NO,(1000ppm).

The increase in absorbance can be related to the interaction of the gas molecules with carbon
nanotubes.

The strong absorbance of OAC plot of NO, in the range of 400-700nm is caused by the
characteristic absorbance properties of the gas itself.

Both the samples show a peak at A=2325nm in CO(1%).
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The dynamic test of samples B1 has been carried at A=2325nm and exhibits the response of
the film toward CO and a saw-tooth like response to NO,(1000ppm).
The more damaged structure of CNTs in sample B1 can increase the response toward NO,.

but doesn’t look effective enough to enable the dynamic response toward Ho.
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Figure 6 — OAC plots at OT=80°C of a) sample A2 and b) sample B2; dynamic scans at
OT=80°C of c)sample A2 at A=1000nm and d) sample B1 at A=1050nm.

The final films present OAC plots similar to those obtained by the film A and B, with bands
at ~500nm and ~1000nm. As expected, the response to H; is strongly enhanced by the
presence of Pd NPs. No response was observed with CO and NO,.

The OAC plots of samples A2 and B2 toward NO, are similar to the OAC of Al and B1,

implying the interaction of the gas is the same after the deposition of Pd.
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Sample A2 presents a strong variation in relative absorbance in Hy(1%) atmosphere. The
large size of the Pd NPs noted in Figure 3c may cause the slow recovery to H, observed in
Figure 6c.

The reason of the opposite trend for sample B2 with a decrease in absorbance is not clear.
CO and NO; don’t lead to dynamic variations at the wavelength tested. The static variation
observed for CO may be caused by the incomplete desorption 1 hour later the exposure to
H2(1%) and not be related to the variation of CO on the optical transitions of carbon

nanotubes.

4.2.6 Discussion

The difference in response between samples A, B and the analogous sample A2 and B2 is
related to the interaction of the gas molecules with the different nanomaterials.

The interaction of the films toward CO is already activated by fullerene and Ni NPs, but
appear enhanced and extended in the IR range with the addition of carbon nanotubes and Pd
NPs. The action of Pd is even stronger for H,, as expected. Hence, Pd particles play a better
catalytic effect on gas sensing properties toward H;, than Ni NPs do, this was already
observed for electrical sensors [23][24].

Ceo is a n-type semiconductor and is subject to the formation of traps states due to
interaction with the oxygen present in air[21] . H, and CO can remove adsorbed oxygen by
chemical reaction and Ni may play a stronger catalytic action on CO[25][26], leading to the
presence of the dynamic response observed in Figure 4d, 5c, 5d.

The stronger catalytic action of Nickel toward CO may lead to a n-doping effect on C60,
with the appearance of absorbance bands at 2350nm and 1100nm[22].

The interaction with Pd increases the charge transfer from the gas molecules to the metal
particles and then to the CNTs/Cg nanostructures [23][27], reflected in the emergence of
absorbance bands in the NIR, due to improved electronic transitions (S11 and S22) of
nanotubes and optical transition of Cg, [28] [22].

The addition of Pd NPs in carbon matrix enhances the static optical response to H,, but the
Kinetics of gas desorption and recovery appear extremely long.

NO, is electron-acceptor specie and the charge transfer occurs in the opposite direction,
from carbon nanomaterial to Nickel particles and is finally to NO, molecules [7]. The
oxidation action of NO, may cause a heavy p-doping of the carbon nanotubes with the effect
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of a general increase in optical absorbance accompanied by the rise of a new peak at
1.07eV(1160nm) [29] .

4.2.7 Conclusion

A method for the production of a sensing element has been proposed and the evolution of its
sensing properties has been followed.

The layer of fullerene and Ni particles prove sensitive to CO and the successive progressive
stratification of the samples modifies the sensing properties of the nanostructures improving
the response to the oxidizing/reducing gases.

The CNT-Ni-Pd system reveals an effective film for sensing application and the
understanding of the gas sensing mechanism of the nanostructures may lead in the future to

a careful design of thin films provided with finer performances in gas detection.
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Chapter 5 - Conclusions

In the following, a general comprehensive look is taken on the data and results discussed so
far. The scope of this doctoral project is the study of gas sensing properties of carbon
nanomaterial through the production of thin films and the monitoring of their optical
properties when exposed to dangerous gas species

The work is divided in two main chapters. In the first part, optical sensors based on
graphene oxide are evaluated. In section 3.1, the influence of the chemical structure of
graphene oxide is related to the gas sensing properties of the material. The GO is coupled
with Au NPs as optical probe and is progressively reduced in H,(5%v/v Argon) in cycles of
reduction of 15°, 30°, 45’ at 150°¢c, 250°C, 350°C and 500°C. An appreciable reduction of
the structure is obtained with a recovery of the sp? lattice at 350°C. The treatments at 500°C
don’t lead to a remarkable variation in structure than the treatments at 350°C. The GO don’t
display sensing properties and the reducing treatments are fundamental to activate the
response to the gases. The increase in reduction enhances the performances toward H(1%)
and lower the limit of detection allowing the detection of H,(100ppm).Weak response to CO
and NO; is observed with a mild reduction, leading to a partial recovery of the graphitic
lattice, but with consistent presence of oxidized groups, yet. The sensors were responsive at
150°C and 300°C. The higher OT leads to faster and sharper sensing performance toward
H,. However, the Au NPs play an active role as sensing elements above 250°C and the
response to the H, may be not caused by the interaction of the gas with the only rGO layer.
In section 3.2, GO is chemically reduced with excess of PPD in a solution of water and
ethanol. The FTIR spectroscopy confirms the reduction of the material and suggests the
grafting of dimers/oligomers of PPD on the sheets of chemically modified graphene (CMG).
The synthesis at high temperature with minor concentration of PPD, respectively 95°C and
weight ratio GO:PPD of 1:0.3 don’t appear reproducible, with different chemical structures
of the reaction products.

CMG was tested at room temperature alone and with Au NPs. The material alone shows
promising results toward NHs, thanks to the interaction of the gas molecules with the grafted
PPD oligomers. The CMG coupled with Au NPs displays a variation in absorbance also
toward CO, suggesting the versatility of this material for optical gas sensing.

In Chapter 4 the attention is directed to the optical gas sensing properties nanocomposites of

CNTs. In 4.1 a systematic study is conducted to evaluate the differences in optical gas
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sensing of MWCNTSs, metallic SWCNTSs, semiconductive SWCNTSs. Thin films of CNTs
have been produced Dby ink-jet printing and dropcasting on bare silica and Au NPs
monolayer on silica substrates. The samples were prepared in collaboration with the group
of prof. Kos Galatsis in UCLA.

The two deposition techniques produced films with different thickness that have been tested
at 150°C and 300°C as optical sensor. The film deposited by dropcasting presents low
thickness, which hinders the gas sensing properties of the nanostructures. As a consequence,
the best results are achieved with the printed films. At 150°C OT, the gas sensing properties
of CNTs are activated by Au NPs through a synergic behavior with CNTs and in particular
with the metallic SWCNTSs. These last exhibit the best results toward H,. Also the film
composed of semiconductive SWCNTSs on Au NPs showed to be responsive toward H,. The
rise in operating temperature to 300°C leads to an increase in gas sensing performance in
terms of time and variation of analysis property for metallic SWCNTSs.

The films were produced in three consecutive steps allowing to distinguish the effect of the
different nanomaterials. The detection of CO is preserved after each steps of deposition and
has been related to the interaction of the gas molecules with fullerenes and Ni nanoparticles.
Besides to CO, Ni@CNTs in fullerene matrix are sensitive to NO,. The last step of the
production of the films trigger the sensing response of the film toward H,, with the
deposition of Pd NPs in fullerene matrix.

The optical gas sensing mechanism of the materials used have been investigated and this
work may be a valuable starting point for the implementation of the nanocomposites in
commercial sensor devices.

The optical properties of GO and CNTs and the low thickness of the films confer high
transparency to the deposited films. The development of transparent sensors may lead to the
development of non-invasive sensors integrated on transparent surfaces.

Concluding, different functionalization of GO and CNTs have been conducted and they
showed the possibility of tuning the sensing properties of the carbon nanomaterials. This
work has considered just a small part of the wide range of possibilities of the physical and
chemical functionalization for both CNTs and GO and future work may explore further this
argument, leading to a deeper knowledge and comprehension of the gas sensing properties

of these nanomaterials.
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Appendix: Materials and Methods

A.1l Instrumentation
A.1.1 X-Ray diffraction

The crystalline phases of the thin films were characterized by X-Ray diffraction (XRD)
using a Philips PW1710 diffractometer equipped with grazing incidence X-Ray optics. The
analyses were performed at 0.5° incidence, using CuKa Ni filtered radiation at 30 kV and
40 mA. The thin films were deposited on Silicon substrates for this type of investigation.
The average crystallite size Aw, as calculated from the Scherrer equation:

B KA
"~ cosOAwW

after fitting the experimental profiles with Lorentzian functions: in this relationship, A=1.54
A is the Cu ka wavelength, 0 the diffraction angle, Aw the full width at half
maximum (FWHM) of the diffraction peak, and K=0.9 is the shape factor.

A.1.2 Electron Microscopy

Scanning Electron Microscope (SEM) was used to evaluate the surface morphology of the
nanocomposites using different microscopes: low resolution images were taken on a

Philips SEM equipped with Energy Dispersive X-ray (EDX) spectroscopy for elemental
analysis. High resolution images were taken on a JSM-7500F Field Emission Scanning
Electron Microscope (SEM) at 2kV and on a XT Nova NanoLab SEM operating at

5kV and 0.4nA.

Transmission Electron Microscopy (TEM) analysis on films deposited from colloidal
solutions deposited on carbon-coated copper grids were performed with a JEOL 100keV

system.

A.1.3 Spectroscopic Ellipsometry

Ellipsometry quantities ¥ and A have been measured using a J.A. Woollam V-VASE
Spectroscopic Ellipsometer in vertical configuration, at two different angles of incidence
(60°, 70°) in the wavelength range 300-1700 nm. Optical constants n and k of CNTs film
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have been evaluated from ¥, A and transmittance data using WVASE32 ellipsometry data
analysis software, fitting the experimental data with Cauchy dispersion.

A.1.5 X-ray photoelectron spectroscopy

The surface composition of thin films deposited on a Si wafer was analyzed by X-ray
Photoelectron Spectroscopy (XPS) using a modified VG ESCALAB MK Il (Vacuum
generators, Hastings, England) where a twin (Mg/Al) anode x-ray source, a sputter gun, and
a hemispherical electrostatic analyzer with a five channel detector are mounted. The XPS
data reported were obtained using Al-Ka radiation (1486.6 €V) as an excitation source.
A.1.6 Atomic Force Microscopy

Atomic Force Microscopy (AFM) was exploited to investigate the thickness and
morphology of the samples. The measures were acquired with a Veeco Digital D5000 with a
silicon tip in air.

The recorded images were analyzed using Gwyddion 2.41 image analysis software.

A.1.7 Optical Spectroscopy

Optical absorption spectra of samples were measured in the 200-900 nm range using a Jasco
V-570 spectrophotometer. UV-Vis-NIR absorption spectra were taken using a JASCO V-
570 spectrometer.

Absorption measurements of liquid samples was performed with quartz cuvettes (1 cm
optical path), while thin films on quartz substrates were analyzed placing the substrate
perpendicularly to the light beam.

Fourier transform infrared spectroscopy (FTIR) measurementshave been performed in

the 400-4000 cm™ range using a Jasco FTIR 6300 instrument using a resolution of 4cm™

on thin films deposited on a silicon substrate.

A.2 Materials Recipes
A.2.1 Recipe for the synthesis of 15 nm Au nanopatrticles

280 mg trisodium citrate in 24 ml Milli-Q water preheated at 70 °C was quickly added to a

400 mL boiling aqueous solution containing 80 mg HAuUCI,. After the solution turned red-
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wine colored, itwas stirred at boiling point for an additional 15 minutes and then
was cooled down to room temperature.

If the particles were to be redispersed in ethanol, PVP-10K was dissolved in water (200 mg
in 4 mL) and this solution was mixed with aqueous gold colloids under constant stirring.
After 2 hours the solution was concentrated in a rotary evaporator to about 100- 150
mL and Au NPs were precipitated with excess acetone, centrifuged at 4000 rpm for 5

minutes and re-dispersed in ethanol leading to a 30 mM concentrated solution.

A.2.6 Recipe for the synthesis of 10 nm Pt nanoparticles

In a typical synthesis, 67 mg of H, PtClsand 18.7 mg of NaCl were dissolved in 3
mL ethylene glycol, degassed and kept under inert atmosphere (nitrogen). Separately, 150
mg NaNO3 and 55 mg PVP were dissolved into 13 mL ethylene glycol, degassed, and
brought at 160 °C under intert atmosphere. After 20 minutes, the former solution was
quickly injected into the latter: a change in color from pale orange to black was observed
within few minutes. The Pt colloidal solution was kept at 160 °C under nitrogen for 30
minutes, then cooled down to room temperature, precipitated 168 with excess acetone,
centrifuged at 4000 rpm for 5 minutes and redispersed in ethanol leading to a 30 mM

nominal concentration.

A.2.7 Recipe for the synthesis of 15 nm Ag nanoparticles nanoparticles

In a typical synthesis 17mg of AgNO3 were dissolved in 100ml of ethanol. Two solutions of
103mg of aminopenthanol in 25ml of ethanol and of 100mg PVP in 25ml of ethanol are
poured in the solution of AgNO3. After homogenization, the solution is progressively heated
to the boiling point. After the solution becomes bright yellow, the reaction is quenched by

cooling down to room temperature.

A.2.8 Recipe for the synthesis of GO

0.5g of graphite flakes were mixed with 3g of KMnQ, in a round flask in ice-cold bath,
resulting in a dark green powder.
Then,30ml of concentrated H,SO, (98%) were slowly added in the flask. The solution is

stirred in ice-cold solution and turns dark red after 40minutes.
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After a good homogenization of the solution, in 2,5h the temperature of the solution is raised
to 40°C.

After 24h and the material in the round bottom flask is a dark brown paste-like compound,
the reaction is quenched by dilution. At first,60ml of water are added slowly in 25minutes,
than a solution 5ml H,O, (30%) in 70ml water is added to the batch, causing a change in
color from dark brown to yellow.

Batch is transferred to a becher and twice the volume of water is added and the compound
is sedimented night long, and the separation of a water phase on the top and a slurry on the
bottom takes place. The top is removed and slurry of GO goes toward purification.

The solution is washed with HCI(37%) in water in ratio 1:9 and centrifugated to remove the

metal ions. GO was then further centrifugated with water till pH 7 was reached.

A.2.9 Recipe for the synthesis of CMG

A solution of 10ml of 3mg/ml of para-Phenylene Diamine in ethanol is added to a solution
of 10ml of Img/ml of GO in water. The resulting solution is kept at room temperature under
stirring and the reaction occurs in 24 hours.

The CMG is purified by mild sonication and centrifugation at 4000rpm for 1h. This
treatment was reapeated till the removal of adsorbed para-Phenylene Diamine was achieved.

The CMG is dispersed in ethanol in a solution of 0,3 mg/ml.

A.2.14 Recipe for the synthesis of Au NPs monolayers

Au monolayers have been prepared on fused silica slides. The substrate was first
functionalized with (3-aminopropyl) trimethoxysilane (APTMS) via immersion into a
solution composed of 0.3 mL APTMS in 30 mL toluene at 60 °C for 5 minutes in a
controlled environment (R.H. < 20 %). Alternatively to APTMS, 1ml of 3-amminopropyl
triethoxysilane (APTES) in 30ml of benzene solution can be employed.

Substrates were then extracted and immediately washed thoroughly with fresh toluene,
dried in a nitrogen stream and then placed on a hot plate at 70 °C for 5 minute to remove
adsorbed toluene molecules. These substrates were used within the day, in order to prevent
amines oxidation.

Au NPs monolayer was obtained by spincoating of a solution 30mM of Au NPs PVP capped

on the substrates functionalized as described above. The parameter of deposition used are
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3000rpm and 30s. The substrates were than stabilized at 100 °C for 15 minutes, and
subsequently used as substrates themselves.

A.2.15 Recipe for preparation of dropcasted CNT films

The preparation strategy for the CNTs layer is given in Figure 1. The substrates were first
functionalized with Poly-L-Lysine. A solution 0.1%(w/v) of Poly-L-Lysine is dropcasted on
the substrate and kept 10 minutes to sediment on the surface. Then, the substrate is washed
with distilled water and dried with air. After that the CNTSs solution is dropcasted on the
substrate and the sedimentation occurs in a closed box with a water supply to avoid the
drying of the SWCNTSs solution. The period of deposition ranges from 3 to 24h according to
the desired thickness. Then, the exceeding liquid is removed by washing with distillated
water and the sample is dried.
Washing with DI water
Deposition of |

a monolayer of S ——
Poly-L-Lysine o ]

Deposition of the film of SWCNTs

Washing
with DI water { u—

o

Figure A.1 - Deposition procedure with dropcasting technique.

A.3 Gas sensing set up

Optical gas sensing tests were performed by conducting optical absorption measurements in
the 200-900 nm and in the 200-2500nm wavelength ranges on films deposited on SiO,
substrates using a Harrick gas flow cell (with 5.5 cm path length) coupled with a Jasco V-
650 and Jasco V-570 spectrophotometers used respectively for tests in UV/Vis and
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UV/Vis/NIR range. The tests conducted in the UV/Vis/NIR range were performed with a
spectrophotometer. Different operating temperature profiles have used (OT) ranging from
20°C to 300°C. The sensor was tested for both reducing and oxidant gases, (H2, CO, NO,)
all balanced with synthetic air, with a flow rate of 0.4 L/min. In particular, the concentration
of H, was set at 10000 and 100 ppm; the concentration of CO was set at 10000 ppm; the
concentration of NO, was set at 1000ppm for the tests in the NIR range and at 1 ppm order
to minimize the effects related to its optical absorption in the visible range. Tests with the
aromatic Volatile Organic Compounds (benzene, toluene, Xylene) in concentration of
10000ppm in nitrogen carrier have been also conducted.

The substrate size was approximately 1 x 2 cm and the incident spectrophotometer beam
was normal to the film surface and covered a 9 x 1.5 mm area of the film.

The time spent by the sensor on achieving 90% of the total absorbance change is defined as
the response time in the case of gas adsorption or as the recovery time in the case of gas
desorption.

Figure A2 — Pictures of the set up employed for optical gas sensing.

122



