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Activity report and list of
Pubblications

The research activity carried out by the PhD student involved all the key aspects
regarding the study and the realization of solid state devices for gas sensing. The
work was mainly devoted to the production of chemoresistive gas sensors based on
innovative nanostructures, such as two dimensional materials, and to the deepening of
the understanding of the properties of the well-known metal-oxides in diverse field of
applications; In parallel with the work presented in this thesis some other project have
been followed. In particular, during the first two years of PhD period the research was
also dedicated to the development and validation of a technology platform consisting
of a hardware for monitoring gaseous emissions, such as Volatile Organic Compounds
(VOCs), from the soil-plant-atmosphere system of intensive crops, i.e., tomato and
maize, in order to evaluate the water content of these systems. We have analyzed
experimental data acquired in-situ by portable sensing units based on metal-oxide gas
sensors, thus comparing the results with meteo-sat data and farming operations (e.g.
irrigations, rainfalls or pesticide based treatments). The experimentation has proved a
dependence of gaseous emissions on the hydric/metabolic status of the plants together
with a correlation between sensor signals collected and significant events for the crops.
In addition, a contribution was given in developing a micro-electromechanical sensors
(MEMS) for gas measurement based on metal oxide semiconductor film using back-end-
of-line (BEOL) compatible inter-metal dielectric films deposited by Plasma Enhanced
Chemical Vapour Deposition (PECVD). Articles and proceeding published during the
PhD alongside with national and international conference contributions are listed to
follow.
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Introduction

In 1938, Wagner and Hauffe discovered that atoms and molecules adsorbed onto the
surface of a semiconductor influences its electrical properties (1). Brattain and Bardeen
have extended this knowledge with their study about germanium properties when ex-
posed to electrolytes and gaseous molecules (2). Afterwards, studies provided by Hei-
land (3), Bielanski et al. (4) and Seiyama et al. (5) about reaction effects between metal
oxides and gaseous analytes, laid the basis to a possible development of a commercial
device. Thus, the decisive step was taken when Taguchi introduced chemoresistive sen-
sors based on metal-oxide semiconductors in an industrial product (Sajama-Taguchi
sensors (6)). From then on, research about chemoresistive sensors and, more generally,
solid-state gas sensors has been increased. This growing interest has been enhanced
by an increased awareness about substances that are hazardous to health resulting in
pollution (7). Indeed, in the last years, air pollution has revealed to be a major con-
cern caused by many inhaled substances that are known to have adverse effects on our
long-term health. The known effects of air pollution have further highlighted hazards
in industrial environments (e.g. mining, chemical and manufacturing industries) and in
urban/domestic environments (8), which has led to extensive research to determine the
recommended safe levels of known airborne hazardous substances (9). Legislation has
implemented some important constrains regarding industrial activities introducing gas
exposure parameters, such as Threshold Limit Value (TLV) and Short-Term Exposure
Limit (STEL) as law references for human safety (10). Hence, there has been a sudden
growth in the number of applications requiring accurate detection of a wide variety
of gases and vapours. In many cases, suitable methods to control or monitor these
atmospheres were limited by sensor technology or high costs of analysis methods. For
this reason, companies and researchers paid special attention about chemoresistive gas
sensors and their peculiar advantages, such as very low detection limit (in the range
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of ppb-ppm of gas concentrations), low manufacturing costs, small size and simple im-
plementation on portable devices (11). These advantages allowed chemoresistive gas
sensors to get a market share, despite the existing higher performance sensors such as
optical sensors, which, anyway, are very expensive, bulky and technologically complex.
Nowadays, there are many companies offering this type of sensors, such as Figaro,
FIS, MICS, UST, CityTech, AppliedSensors, NewCosmos, Alphasense, Sensirion etc.
(12). Over the years, the chemoresistive gas sensor technology focused mainly on the
development of devices provided with a Metal OXides (MOX) semiconductors as re-
ceptor/sensing material and alumina substrates as mechanical support. Indeed, this
coupling allows to develop sensors with excellent properties, i.e. high sensitivity, fast re-
sponse and recovery time, robustness, easy and relatively low-cost production (13, 14).
The research about chemoresistive gas sensors allowed broadening knowledge of the
capabilities of these devices, thus leading to an increase of their properties control and
a refinement of the production process. Moreover, the ever-greater awareness of the
sensing worth of these devices allowed the development of increasingly technologically
advanced systems, such as the electronic nose, which let extended application fields
of the chemoresistive gas sensors from the environmental monitoring, to safety and
security, quality control of food production and medical diagnosis (15, 16, 17). How-
ever, despite such great advantages, the in-depth study of these devices has highlighted
some important unsolved drawbacks that still limit their use in many application fields.
Among these disadvantages, the incomplete selectivity and lack of stability sometimes
result in unreliable responses (18, 19). Moreover, these devices often need a significant
amount of energy to support chemical reactions at the MOX surface, activated at high
temperatures (20).

The need to overcome these limits give us the opportunity to expand knowledge
on chemoresistive gas sensors and to explore new frontiers about technological devel-
opment of this device, introducing studies about new kind of substrates and sensing
materials. In this sense, two-dimensional (2D) materials have attracted great scientific
attention due to their unusual and fascinating properties for use in electronics, spintron-
ics, photovoltaics and medicine. Graphene, transition metal dichalcogenides (TMD),
phosphorene, etc., have shown great promise for gas sensing applications due to their
tunable band gap, high surface-to-volume ratio, room temperature operations (RT),
low noise and sensitivity of electronic properties to the changes in the surroundings.
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The aim of this thesis is to contribute to the innovation of chemoresistive gas sen-
sors with the employment of novel 2D materials. Different approaches are exploited to
face the challenge, including studies of not conventional semiconductors sensing ma-
terials such as graphene, graphene oxide and exfoliated black phosphorous analysing
their performance as pristine material and as a starting point for the synthesis of new
nanocomposites in conjunction with different classes of chemical compounds like metals,
metal oxides and organic functional groups.

An introduction to the generalities of 2D materials, including the gas-sensing mech-
anisms known so far and a description of their operational principles, as well as the
main factors influencing their performance, are given in Chapter 1. Moreover, advan-
tages in using 2D materials instead of traditionally employed MOX semiconductors as
chemoresistive gas sensing materials are explained.

In Chapter 2 materials and methods employed for chemical, structural, morpho-
logical characterization of prepared 2D materials are reported. Afterwards, electrical
characterization at RT of sensing materials used are showed and discussed.

Graphene and Graphene Oxide based sensing films are presented in Chapter 3 with
materials and electrical characterizations of Niobium doped Graphene and aza-crown
ethers functionalized graphene oxide.

In Chapter 4 Nickel decorated black Phosphorus is introduced as potential candidate
for sensing NO2 at RT. After a brief introduction, material and electrical characteriza-
tion are described.

The main conclusions of every single study are presented, as well as the outlooks
for future projects, are summarized in the last chapter, Conclusions and Outlook.
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Chapter 1

2D materials in gas sensing

1.1 State of the art

An atom-thick layer of sp2 carbon atoms, named graphene, was firstly conceptualized
in 1947 (21) and synthesized in 2004 (22). Its outstanding morphological characteristics
and its excellence electronic properties such as zero band-gap, high room-temperature
carrier mobility (200,000 cm2V-1s-1), a high carrier density of ∼1012 cm-2, and it has
low resistivity at room temperature immediately attract the attention of the researchers
worldwide (23, 24, 25). A small concentration of gas adsorption on a graphene sheet can
cause a sensible change in resistance, which suggested its use as sensitive material for
various gas detection applications. Therefore, graphene, graphene oxide (GO), reduced
graphene oxide (rGO), and their functionalized materials have been widely used for
gas-sensing applications.

The easy exfoliation routes to obtain graphene sheets leads to the wide use for fab-
rication of gas sensing devices. Recently, the layered inorganic analogues of graphene,
such as transition metal dichalcogenides (TMDs) including MoS2, WS2, MoSe2, WSe2,
ReS2, and ReSe2, as well as layered metal oxides (MoO3 and SnO2), layered group
III–VI semiconductors (GaS, GaSe, and SnS2), phosphorene, h-BN, etc., have also
attracted attention due to their thickness-dependent physical and chemical properties.

Their 3D counterparts of the aforementioned materials are formed by many layers,
weakly bonded by van der Waals forces, allowing an easy mechanical or wet chemical
exfoliation. The 2D materials field is now one of the main topic in the material science,
physics of matter, chemical engineering and sensing.
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In Figure 1.1, the number of published papers with the word “graphene oxide”,

“MoS2”, WS2” and “phosphorene” or “exfoliated black phosphorus” is reported. In the

last decade, it can be observed a dramatic increase of interest.
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Figure 1.1: Number of published papers vs. year of publication for “graphene oxide”,
“MoS2”, “WS2” and “phosphorene” or “exfoliated black phosphorus”. (Source: Scopus,
November 2019).

Due to their morphological properties, 2D materials appear soon as promising candi-

dates for gas sensors, having an intrinsically high surface-to-volume ratio. In addition to

having a large surface- to-volume ratio like graphene, these layered inorganic analogues

also have semiconducting properties with an appropriate band gap, which is attractive

for modulating the transport characteristics to enhance the sensing performance (26).

Graphene oxide has been the first graphene-like 2D material investigated and the

research on its gas sensing properties and performances had a tremendous increase in

the last years.
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1.2 Chemoresistors

Chemoresistor constitutes one of the most investigated gas sensing devices; its operat-

ing mechanism is that the gas molecules adsorbed on the surfaces of the gas sensing

material induce a change of its electrical conductance, and by measuring this con-

ductance change, the sensitive gases can be effectively detected. Chemoresistors have

their own advantages, such as simplicity of operation and fabrication, low cost and

power consumption, ability to reuse and also offer advances in miniaturization (27).

The sensitive layer is deposited between two or more interdigitated metal electrodes on

an insulating substrate (alumina, silicon dioxide, quartz, etc.) Figure 1.2. supported

by an inert substrate and two metallic electrodes or interdigitated electrodes. These

sensors are widely used also for metal oxide semiconductors based layers, which need

high operating temperatures to operate , therefore many chemoresistors are equipped

with a heater (usually a metal coil exploiting the Joule’s effect) or the sensing layers

are deposited on a micro-hot plate to heat the device up to the optimal operating

temperature.

Figure 1.2: Schematic representation of alumina (left) and silicon (right) substrates pro-
duced respectively at University of Ferrara and Bruno Kessler Foundation in Trento, silicon
substrates figure reprinted with permission from (28).
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1.3 Gas-sensing mechanisms

1.3.1 Surface adsorbed oxygen ions mechanism

In conventional metal oxide based gas sensors (ZnO, SnO2, etc.), the sensing mechanism
is related to their surface adsorbed oxygen ions. In the normal operating temperature
range (200 ◦C - 500 ◦C), oxygen negative ions such as are adsorbed on the surface of
metal oxides, charging them negatively (29). Various gases adsorbing on metal oxides
will interact with the oxygen negative ions, and change the conductivity of the metal
oxides. After exposing to a reducing gas, it releases a negative charge due to the oxida-
tion, increasing the conductivity of metal oxides. Taking reducing CO as an example
(30).

CO(g) + O– (ads) −−→ CO2(g) + e–

CO + 2 O– −−→ CO3
2– + e– −−→ CO2 + 1

2 O2 + 2 e–

If an electron-accepted gas is present, it will accept the charge, which decreases the
conductivity of metal oxides. For example,

NO2(ads) + e– −−→ NO2
– (ads)

1.3.2 Charge transfer mechanism

The gas sensing mechanism of 2D layered inorganic analogues of graphene is mainly
based on the charge transfer processes, in which the sensing materials act as acceptors
or donors for charge carrier. When exposing to target gases, the charge transfer reaction
occurs between the materials and adsorbed gases at surface, accompanied by different
transfer directions and quantities of charges, which leads to a change in conductance of
the material. If the sensing materials are re-exposed to air, desorption of gas molecules
can occur, causing the sensing MoS2, and the adsorbed gas molecules include O2,
H2O, NH3, NO, NO2, CO, etc. shows the charge density difference images for the
aforementioned gases interacting with monolayer MoS2, the red region represents the
charge accumulation, while the green region is the charge depletion. (32)
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Figure 1.3: Schematic representation of the gas sensing mechanisms of (a and b) n-type
MOX and (c and d) p-type MOX. Reprinted with permission from (31). Copyright 2014
Elsevier.

1.4 Advantages of Two-Dimensional Materials for Gas Sens-
ing

Two-dimensional materials, other than graphene, have a band gap that can be tunable
by thickness, which makes them ideal channel materials for sensing. Capabilities of
sensitive material such as high carrier mobility and high on/off ratio are also important
for the implementation of gas sensors. The number of layers of the two-dimensional
material is directly associated with the stability and it is inversely proportional to
the response time. The main gas sensing mechanism is the charge transfer reaction
between the gaseous species and the two-dimensional material. Other advantages that
two-dimensional materials offer in gas sensing are higher thermal stability and wider
operation temperature range.

2D nanostructures can provide some additional advantages including more active
sites, facile surface functionalization, good compatibility with device integration, pos-
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Figure 1.4: Charge transfer process and density difference plots for (a) O2, (b) H2O, (c)
NH3, (d) NO, (e) NO2, and (f) CO interacting with monolayer MoS2. Reproduced with
permission from Yue et al., Nanoscale Res. Lett. 8, 425 (2013). licensee Springer. 2013.

sibility to be assembled into 3D architectures, etc. which are critically important for

developing high performance gas sensors. Further, hybrid structures based on two-

dimensional materials can be designed to optimize the performance of the gas sensors.

Gas sensors based on heterostructures overcome the inherent disadvantages of gas sen-

sors based on simple materials such as poor selectivity and insensitivity to the low

concentration of the gas to be detected. Moreover, 2D materials can be easily fab-

ricated as chemoresistive field effect transistors (FETs) that consume less power and

offer good safety. Thanks to these last capabilities, the two-dimensional materials are

distinguished from conventional metal oxides in that they offer an excessively sensitive

platform and ideal for portable applications due to the reduced power consumption.



1.5 Factors Influencing the Gas Sensing Characteristics of 2D
Nanostructures 7

1.5 Factors Influencing the Gas Sensing Characteristics
of 2D Nanostructures

The performance parameters of gas sensors can be influenced by several factors, such as
properties of sensing materials, working temperature, humidity, gas flow rate, length-to
width of sensing materials, etc. Temperature is an important factor for gas sensors. For
example, some chemoresistor gas sensors usually operate at temperatures higher than
200◦C, which accelerates the adsorption/desorption processes of gases and increases
reactivity between sensing materials and gaseous molecules. However, work capability
of gas sensors at lower or room temperatures is required in some applications, such
as explosive and harsh environments. These room-temperature sensors do not need
a heater and can be easily integrated into other structures to realize low-cost sensing
units. Thus, it is important to find a way to reduce the operating temperature of
gas sensors. Humidity is another important factor influencing the performance of gas
sensors. The sensitivity of gas sensors will be significantly affected in the presence
of water vapours, complicating the detection of target gases under exposure to high
levels of water vapour. Therefore, minimizing the impact of humidity is a key aim
in developing gas sensors. It is important to design gas sensors which have very low
response to water vapour, such as water-insensitive chemoresistors. Alternatively, when
the humidity levels are not determined, an ambient air can be chosen as a reference, or
if the level is relatively constant, some solutions can be used to remove humidity (33).

The total flow rate also has a significant effect on the sensing performances of sensors
to target gases. For example, Zhou et al. investigated the gas-sensing mechanism of
chemoresistors based on rGO which was airbrushed onto interdigital electrodes. The
sensitive performances of rGO chemoresistors showed that the total flow rate had a
significant effect on their initial electric resistance and their sensing responses to target
gases. The electric resistance of the rGO film decreased at a larger total flow rate and
increased at smaller one (34).

In gas sensing applications, dimensionality of the nanostructure undoubtedly plays
a key role for efficient monitoring. Many factors associated with the general character-
istics of thin 2D nanostructures. are responsible for this. The ultrahigh thickness and
its very high associated surface area is one of the most important factors that helps to
enhance the gas sensing performance of thin 2D nanostructures (Figure 1.5).
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Figure 1.5: Specific surface areas of 2D metal oxide nanosheets. Specific surface areas
of the 2D metal oxide nanosheets (individual symbols with error bars) together with the
reported specific surface areas (individual bars with numbers) of the conventional metal
oxide nanoparticles.

The high surface area makes them highly sensitive to the adsorption of gaseous
molecules on the surface (35). In the case of monolayer 2D nanostructures, the whole
surface is theoretically exposed to the gas influence and it is potentially promising for
ultra-high sensitivities. Furthermore, on their surfaces, the atoms are unsaturated due
to the lower coordination number. Because the adsorption of gaseous species on solid
surfaces usually occurs on the low coordinated steps, edges, terraces, kinks, and corner
atoms, the number of chemisorbed gaseous molecules will be high. In the atomically-
thin two-dimensional sheets, owing to their high fraction of these sites with highly
reactive sites, an improvement of the sensing performance can be expected with respect
to their higher dimensional material counterparts (36). The sensing properties of thin
2D-sheets of inorganic materials derive also from their unique electronic structures. It
is expected that the electrical properties of these materials differ substantially from



1.5 Factors Influencing the Gas Sensing Characteristics of 2D
Nanostructures 9

that of their bulk counterparts. The essential factors of a material for gas sensing
applications include high charge carrier mobility, high conductivity, and a suitable
band gap energy. Compared to graphene, which has high charge carrier mobility and
conductivity but presents some limitations because of the lack of an intrinsic band
gap, thin 2D inorganic layered materials appear to be the most promising due to an
appropriate band gap (Figure 1.6).
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Figure 1.6: Intrinsic band gap of graphene-like thin 2D inorganic layered materials.
Comparing all these 2D materials, it can be noted that graphene is characterized by zero
intrinsic band gap energy, whereas regarding the other thin 2D inorganic layered materials
of interest for gas sensing (TMDs and MOX), they exhibit an increasing band gap going
from TDMs to MOX.

Interestingly, the band gap can be modulated by tuning the layer numbers. As
an example, referring to bulk and few- to mono-layer MoS2, a group 6 TMDs with a
trigonal prismatic structure, the bulk material is an indirect-gap semiconductor having
a band gap of ≈1 eV. In contrast, an isolated monolayer of the same material is a direct-
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gap semiconductor. In addition, there is an indirect-to-direct band gap transition going
from a bulk to a monolayer material which arises from quantum confinement effects,
as probed by high photoluminescence in the monolayers of MoS2, whereas only a weak
emission is observed in the multilayered form. In general, in the case of group 6 TMDs,
the monolayer band gap is typically 50% larger than that of the bulk materials (37).
Thus, the electrical characteristics of practical gas conductometric sensors can be tuned
up by the appropriate modulation of the number/thickness of the two-dimensional
sensing layer.

Furthermore, by examining the electronic structures of such thin 2D materials,
such as the density of states (DOS), important information can be acquired which is
essential to understand their intrinsic charge transporting characteristics. It has been
demonstrated that changes in interlayer coupling, the degree of quantum confinement,
and symmetry elements lead to dramatic differences in the electronic structure of single-
layer materials, i.e., increases at the valence band edge with respect to the bulk material
(38). The electronic structure of single-layer material is furthermore strongly influenced
by adsorbed species.

1.6 Electronic Band Structure for 2D Materials

The electrical properties of a solid are determined basically through its electronic band
structure, which establishes the range of energy states that electrons may or may not
have within their crystalline structure. The allowed electronic states are represented
by the valence band (states within the atom) and the conduction band (stable states
with freedom of movement). Between the valence band and the conducting band, there
is a set of electronic states that are not allowed or prohibited for electrons, since these
are intermediate and unstable. The electronic band theory predicts these bands by
solving the Schrödinger equation for a periodic crystal structure making use of the
quantum mechanical wave functions or Bloch functions of the electrons. Particularly,
solid state devices based on semiconductor materials owe their electronic behaviour to
the exploitation of these electronic bands. A summary describing the design process
of a gas sensor through the electrical properties of the sensing material is illustrated in
Figure 1.7
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Figure 1.7: Design process of a gas sensor through the electrical properties.

The solution of the Schrödinger equation, in addition to describing the changes
in the time of the behaviour of electrons, also relates the state vector of its quantum
system (ψ), its position vector (r), and the periodicity function of the crystal (u). This
can be mathematically expressed as:

ψnk(r) = eikrunk(r)

where k is called the wave vector and n represents a band index. Therefore, its
multiple solutions En(k) represent the n energy bands evaluated for each wave vector k
that establish the energy dispersion relationships of the electrons in the crystal lattice.
According to the crystalline establishes the states within the electronic band structure.

1.7 Correlation between Gas Sensing Characteristics and
Electronic Band Structure

Since the selectivity of a gas sensor is related to its ability to respond to a gas in the
presence of others, then the design of a gas sensor implies that the gas to be detected
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must be adsorbed by the sensing material, exclusively, and this is achieved, if the
necessary catalysts are added to this material. The catalytic materials must be based
on metallic nanoparticles. These materials modify the band gap and, in this way, only
those gases with ionization energy like the band can be adsorbed. The adsorption
energy (Ea) of the gases is calculated using the following mathematical expression (39):

Ea = Esensing material+gas − (Esensing material + Egas)

where Esensing material+gas implies the total energy of the system formed by the sens-
ing material and the sensed gas. On the other hand, Esensing material and Egas represent
the punctual energy of the two-dimensional material based system and gas molecules,
respectively. Since the sensitivity of a gas sensor expresses the change in the out-
put signal per unit gas concentration, it is necessary to design a material capable of
detecting levels up to below parts per billion of gas present in the sensing material.
Two-dimensional materials have a high sensitivity due to their high surface-to-volume
ratio and their semiconductor properties. Both the dimensions of the sensing material
and the semiconductor properties of the material can be tuned; in this way, the sensitiv-
ity of a gas sensor based on two-dimensional materials can be designed. The band gap
of the sensing material plays a major role in adjusting the sensitivity of the gas sensor.
Besides, the doped two-dimensional materials show higher selectivity and sensitivity to-
ward gas molecules compared to pure two-dimensional materials (39). The sensitivity
and selectivity of a semiconductor two-dimensional material based gas sensor depend
on any change in its electronic properties. Another of the important performance pa-
rameters of gas sensors is reversibility, which implies that the sensor must be capable of
being used during a cyclic operation without qualitatively or quantitatively modifying
its response to the target gas (40). This is committed to selectivity, since when the
latter is high; the reversibility is low due to the high bond energies involved. There-
fore, complete reversibility is achieved when weak interactions between the gas and the
sensing material are present (41). Then, a two-dimensional material with a band gap
without catalysts may have better reversibility. This can be appreciated when there
are no intermediate bands or levels between the valence band and the conduction band.
Gas sensors require a response time to react to the presence of the target gas whose
concentration changes from zero to a certain concentration value (40). This response
time is directly related to the type of band gap that the two-dimensional material has,
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since being a direct band gap would be expected to have a shorter response time than

a material with an indirect band gap. Although the path between the valence band

and the conduction band that the electron should travel energetically was straight,

the magnitude of the band gap should be short to reduce the response time. A small

response time is directly associated with a high sensitivity of the gas sensor, which is

linked to a reduced band gap (42). In any physicochemical process such as gas sensing,

stability represents the ability of the sensor to keep reproducible its performance, in a

specific period of time, before various physicochemical variables (40). Since gas sensors

are susceptible to being modified by various variables such as temperature, then the

band gap of the two-dimensional material must remain stable before any event pre-

sented. Some gas molecules in contact with the sensing material tend to dissociate and

chemically absorb into it. Other gases tend to be physically absorbed stably on the

sensing material, which leads to different interaction strengths. These latter molecules

induce different modifications in the forbidden band of the material, which can be ob-

served in the energy band diagram (43). Key performance scores for gas sensors based

on two-dimensional materials are illustrated in Figure 1.8.

1.8 Sensitization

The effects that cause increased sensor response are often grouped into two cate-

gories: electronic sensitization and chemical sensitization. In electronic sensitization,

the charge carrier concentration is altered this modifies the position of the Fermi level.

In chemical sensitization, gas adsorption and dissociation onto the sensor surface is

enhanced. These concepts are closely linked, and they may both happen simultane-

ously. Both doping and heterojunctions from noble metals and transition metals can

cause these effects. Understanding how these sensitization processes cause resistance

modulation requires knowledge on charge transfer in semiconducting materials because

charge transfer occurs between the sensor and analyte gas as well as across a hetero-

junction. A concept known as “Debye length” is used to describe charge transfer depth

and indicates how this charge redistribution might affect sensing.
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Figure 1.8: Key performance scores spider chart comparing the performance of gas sensors
based on 2D materials and those based on other materials.

1.8.1 Debye length

When materials with different Fermi levels are in contact, electrons will transfer from
the material with the higher Fermi level to the material with the lower Fermi level.
This process will create a net positive charge in the material that has lost electrons and
a net negative charge in the material that has gained electrons. The electron transfer
will continue until the negative charge buildup raises the energy of the electrons to pre-
vent further electron transfer. This process is what controls Fermi level equilibration.
The ability of a material to hold the resulting electric field depends on the carrier con-
centration. When a material contains a large number of mobile charge carriers, these
will move to balance electrostatic charges in the material. Therefore, the penetration
depth of this charge gradient will be inversely related to the number of charge carriers
because mobile electrons will move to areas with positive charge and vice versa for
holes. In covalent semiconductors, such as silicon and germanium, donors and accep-
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tors are added to increases the concentration of electrons and holes, respectively. In
oxide semiconductors, dopants can also be added to increase the carrier concentration.
However, oxygen vacancies and cation vacancies are the primary source of conducting
electrons and holes. The Debye length is a property that indicates the penetration
depth of charge carrier redistribution. The Debye length may be calculated as follows.

LD =
√

εkT

q2Nd

As shown in the above equation, the Debye length varies directly with a material’s
dielectric constant, ε, and temperature and varies inversely with the number of mobile
carriers. The dielectric constant of a material describes how well charge separation
can occur in a given material. For this reason, the Debye length will increase as a
material’s ability to hold higher electric field increases. As discussed above, the donor
concentration, Nd , varies inversely with the Debye length because as the number of
mobile charger carriers increases, dielectric screening from these mobile charge carriers
will act to compensate the electric field and decrease the depth of the accumulation or
depletion. This accumulation or depletion layer width can be calculated as follows:

x = 2LD

√
qV s
kT

where Vs is the potential barrier height due to the electric field created at the interface.
In terms of gas sensing, the Debye length is used to describe charge carrier transfer
between base materials and heterostructure materials as well as the charge carrier
transfer between sensor materials and adsorbed gas species. While improved sensing
due to heterostructure formation has been attributed to many mechanisms covered in
this review, depletion layer formation is one of the most useful and well-studied of
these effects in terms of gas sensing. This concept has been successfully utilized by
decorating lower Fermi energy level materials onto higher Fermi energy level materials.
In core-shell structures, these effects can be utilized by adjusting the radius of the core
to be approximately equal to the Debye length One way of increasing sensitivity to
reducing gasses of a core-shell structure is choosing n-type materials so that charge
carriers transfer from the shell layer to the core layer. This reduction in charge carrier
concentration allows for adsorbed oxygen to completely deplete the remaining carriers
in the shell layer and cause a large change in sensor resistance when reducing gasses



16 2D materials in gas sensing

are introduced. The optimal thickness for these core-shell type sensors must be found
based on the Debye length of the two materials. The concept of the Debye length is
important to explain electronic sensitization since a heterostructure’s ability to alter
conduction in the base material is a function of the Debye length.

1.8.2 Electronic sensitization

Electronic sensitization occurs when the number of charge carriers available for conduc-
tion is altered, as a result, the Fermi level will also be altered. This phenomenon has
also been referred to as “Fermi level pinning” because if one material has a significantly
larger number of carriers (such as a metal-oxide heterojunction) the Fermi level will be
fixed at the level of the material with the larger number of charge carriers. As discussed
above, charge transfer from a heterojunction material to a base material can cause this
redistribution of charge carriers. Restriction of the number of mobile charge carriers
in the major conducting channel backbone can benefit gas sensing because when fewer
carriers are present, gas adsorption will localize the few remaining charge carriers near
the surface and the bulk resistance will change dramatically. In turn, this charge car-
rier redistribution increases the charge carrier density in the heterostructure material.
The synergistic relationship between increased resistance modulation from electron de-
pletion in the backbone material and increased surface activity in the heterostructure
material allows for improvement opportunities in both sensitivity and selectivity.

1.8.3 Chemical sensitization

The buildup of negative charge that occurs when electrons flow from the metal oxide
to the noble metal causes a local negative charge in the noble metal. Oxygen can
then adsorb on the noble metal, dissociate into chemisorbed monatomic oxygen and
“spill-over” onto the base metal oxide surface. This process is known as “the spill-over
effect”. In some cases, this effect is specifically attributed to increased adsorption of
oxygen, however this effect has been used in literature to explain increased adsorption
for many analyte gasses. In either case, increased coverage of adsorbed gasses can
facilitate measurable changes in captured charge at the surface which, for nanoscale
materials, controls bulk conduction.

The synergistic effect of the chemical sensitization from these adsorption processes
and the electronic sensitization from electron depletion in the base material worked
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together to increase selectivity and sensitivity, respectively. In this case, chemical
sensitization involved desorption of reaction products and sequestration of interfering
gasses which allowed for more surface activity of the desired analyte gas. The ability
to organize and predict the relationship between these factors remains a huge challenge
for creating a bottom-up approach for sensor design; the addition of platinum has been
utilized in many studies that did not find similar results in selectivity improvements.

1.9 Pristine graphene

Graphene has been widely applied for gas-sensing applications mainly due to its high
specific surface area, fast electron transport, and high conductivity. In addition, the low
electrical noise of graphene makes it exhibit very high gas adsorption performance. In
2007, Schedin et al. used mechanically stripped graphene for the detection of individual
gas molecules (44) . In the experiment, the response of graphene to 1 ppm of ammonia
(NH3), carbon monoxide (CO), nitric oxide (NO) and water vapor was measured and
the change of resistance was recorded. The electron transfer to the graphene material
from the gas molecules adsorbed on the surface of graphene resulted in reduced con-
ductivity, which increased resistance, for NH3, CO and NO. The opposite happened
after the injection of oxidizing gases such as water vapor and nitrogen dioxide (NO2).
In 2012, Hwang et al. from Yonsei University studied the response of graphene to NH3

with different layer number and length-to-width (l/w) ratio (45). The graphene was
prepared from highly oriented pyrolytic graphite (HOPG) through mechanical cleavage
in order to produce graphene with high crystal quality. Different layers of graphene
have similar responses to NH3, indicating that the graphene layer (mono-, bi- and tri-
layer) has does not impact on the sensitivity of the gas sensing film. Moreover, they
find out that response time and response intensity changes with the change of L/w.
To sum up, the key factor that affects the sensing behaviour of graphene towards NH3

is the aspect ratio of the sheets rather than the number layers. Micro-mechanical ex-
foliation method is inefficient, time-consuming, and cannot meet the requirements of
wholesale industrialization. chemical vapour deposition can fill this gap and achieve
relatively large area preparation of high quality graphene. Following this route, in 2012,
Fazel Yavari et al. detected trace amounts of NO2 and NH3 at room temperature and
using graphene films synthesized by CVD (46). The LOD were 100 parts-per-billion
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(ppb) for NO2 and 500 ppb for NH3, which were markedly superior to commercially
available NO2 and NH3 detectors. It is observed that the pristine graphene has rapid
response and low detection limit to NO2, NH3 and some organic gas. Theoretically,
even a single molecules can be detected. However, the sensitivity is not high, and it
must be accurately detected by precision instrument. There are a few structures of gas
sensor being proposed, such as wearable gas sensor, gas sensor based on micro-heater
and so on, which brings some limitations to the application of graphene in carious field.
Above all, shortening the adsorption process is difficult and this is also one direction
to enhance gas sensor performance in the future.

1.10 Graphene oxide and reduced graphene oxide

Graphene Oxide features diverse functional groups that make its chemical and physical
properties largely different from those of pure graphene. These properties, such as high-
carrier mobility, tunable band gap, high mechanical strength and thermal conductivity,
have naturally attracted the interest of the researchers, allowing extensive application
in the field of nanoelectronics, supercapacitors, sensors, H2 storage, drug delivery, fuel
cells, transistors, and polymer nanocomposites (47, 48, 49, 50, 51, 52, 53, 54). GO-based
gas sensors have been widely investigated by researchers and the number of publica-
tions has increased considerably over the last years. Indeed, its large specific surface
area makes GO a promising material for applications where functionality is magnified
by the extension of the surface exposed for interaction with the environment. At the
same time, the high charge-carrier mobility enhances the transduction of the chemo-
physical conditions variation, e.g. as occurs in chemoresistive gas sensors. Contrary to
graphene and reduced graphene oxide, widely used for gas sensing applications both as
pristine material and in functionalized arrangements (55), GO is proton conductive and
hydrophilic, which makes it a promising material for moisture sensing (56, 57). The in-
teraction with certain gases, e.g. water vapour, NO2 and H2 (58), can be controlled by
tuning the physical properties of GO sheets by reduction and/or chemical functional-
ization approaches (59). By removal of oxygen and recovery of aromatic double bonded
carbons in GO using a reducing agent, the conductivity can be recovered to several or-
ders of magnitude. Even so, instead of using pristine graphene, some remaining oxygen
groups may be present after long exposure to reducing agents; simultaneously, some
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vacancies and structural defects can be introduced as well. Therefore, rGO is highly
conductive and has chemically active defect sites, making it a promising candidate for
gas sensing. Hydrazine is the most commonly used reducing agent for reducing GO.
Robinson et al. reported the molecular sensors based on hydrazine-reduced GO thin-
film networks.(60) The specific fabrication process was as follows: First, GO powder
was resuspended in a solution of methanol and water and then cast onto a SiO2/Si
substrate to form GO thin films. . Subsequently, the device was reduced by exposing
to a hydrazine hydrate vapour. The reduction process can be tuned by varying the
exposure time to hydrazine hydrate vapour; thereby, the oxygen defect density can be
changed. Recently, Sodium borohydride (NaBH4) was demonstrated to function more
effectively than hydrazine as a reductant of graphene oxide. Though NaBH4 is slowly
hydrolyzed by water, this process is kinetically slow enough that freshly prepared so-
lutions, having a large excess of reducing agent, still function effectively as reductants
of graphene oxide. The scalability of such an approach, given its inherent inefficien-
cies, remains uncertain, however. The use of borohydride has the additional advantage
of introducing few, if any, heteroatoms to the graphene structure following reduction.
Consistent with its demonstrated reactivity in other organic reactions, NaBH4 is most
effective at reducing C=O species, while having low to moderate efficacy in the reduc-
tion of epoxides and carboxylic acids. Additional alcohols are the principal impurities
that are generated during this reductive process (as a result of the hydrolysis of the
boronic ester). This is reflected in the relatively high heteroatom content of the C 1s
peak in the XPS spectrum (13.4% for NaBH4; 14.5% for hydrazine). The very low sheet
resistance of these products suggests that heteroatom content may be a minor concern
in producing useful graphene samples, however. For graphene structures that are con-
taminated with large amounts of alcohols (such as those obtained after borohydride
reduction), this is a particularly useful workup procedure. The use of multiple chemi-
cal reductants has also been demonstrated as a route to rigorously reduced graphene,
though the benefit of this approach appears limited given the effectiveness of hydrazine
and NaBH4 on their own. Guha et al. developed the NaBH4 reduced GO based gas
sensors on ceramic substrates and reported their performance for NH3 detection at
room temperature.(61) The reduction time of GO can optimize the sensing response
to NH3, along with the response and recovery time. The response of rGO sensors lay
between 5.5% at 200 ppm and 23% at 2800 ppm of NH3, and the resistance recovered
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quickly without heating. Moreover, the rGO sensor exhibited high selectivity for NH3.
Ascorbic acid (Vitamin C) is another nontoxic reducing agent and its efficiency in the
reduction of GO is matched by hydrazine (62). Reduction with vitamin C can be car-
ried out in water and some common organic solvents. Therefore, vitamin C is an ideal
substitute for hydrazine in the large-scale production of rGO. For example, Manohar
et al. developed a flexible sensor based on rGO reduced by vitamin C, which was fabri-
cated through using the inkjet printing technique on the poly(ethylene terephthalate)
(PET) substrate (63). The rGO sensor can be used to reversibly detect NO2 and Cl2
vapours adopting an air sample at room temperature. Other reductants have been used
for the chemical formation of graphene including hydroquinone, gaseous hydrogen (af-
ter thermal expansion), and strongly alkaline solutions.Reduction by hydrogen proved
to be effective (C:O ratio of 10.8-14.9:1), while hydroquinone and alkaline solutions
tend to be inferior to stronger reductants, such as hydrazine and sodium borohydride,
based on semiquantitative results. Sulfuric acid or other strong acids can also be used
to facilitate dehydration of the graphene surface (64).

Except for chemical reduction of GO to rGO using a reducing agent, GO can be
reduced through other methods, such as thermal reduction or laser reduction. For
example, Sinitskii et al. demonstrated an array of thermally reduced GO-based in-
tegrated sensors, where each rGO sensor had a unique response due to the irregular
structure of rGO films ranging from nanoscale to macroscale (65). Laser irradiation can
also directly reduce and pattern GO films, which is a mask free method to large-area
fabricate rGO. For example, Kaner et al. reported all-carbon gas sensors fabricated
directly by laser reducing and patterning of GO on various flexible substrates (66).
This laser ascribed GO sensor showed good, reversible sensing for NO2, and the easy
fabrication process made it quite advantageous for gas-sensing systems. In another
report, the laser reduced and patterned GO was used to produce a flexible humidity
sensor (67). Hierarchical rGO nanostructures introduced through the laser reduction
held great promise for gas adsorption and increased their sensing performance. The
oxygen functional groups could be changed by tuning the laser reduction degree, and
subsequently, the conductivity of the rGO film could also be changed. As a result,
the laser-reduced GO sensor showed not only excellent sensitivity to humidity at room
temperature but also a fast and tunable response/recovery time.
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1.11 Chemical modification of graphene oxide and reduced
graphene oxide

As proposed by the Lerf-Klinowski model (68), GO nanosheets have chemically reac-
tive oxygen-based functionality groups, such as carboxylic acid on the edge, hydroxyl
and epoxy groups on the surface. An ideal approach to the chemical modification of
graphene oxide would utilize reactions of these groups to selectively functionalize one
site over another (69, 70). chemical modification of rGO can introduce some foreign
groups or atoms to change the surface properties of to change the surface properties
of rGO, and the chemically modified graphene (CMG) showed enhanced sensing per-
formances. As an example, Yuan et al. reported optical NO2 gas sensors using sulfo
group-modified high-temperature-reduced GO (S-hrGO). (71) The S-h-rGO sensor ex-
hibited excellent NO2 sensing performance due to the polarization absorption effect of
graphene, including high sensitivity and low detection limit with fast response, good
linearity, and reversibility. Recently, we have proposed a humidity sensing mechanism
based on H-bond interaction between the film and water molecules. The sensing unit
holds all the fundamental properties for a good-quality gas sensor. Furthermore, We
have also demonstrated significant enhancement in performance vs. pure graphene
oxide (72).

1.12 Metal decorated graphene

Compared to pristine graphene or GO and rGO, gas sensors based on metal decorated
graphene have demonstrated high sensitivity and selectivity, which was attributed to
the large changes in the electronic properties of graphene/rGO upon exposure to gases
due to the diverse functionalities and synergistic effects of metal and graphene (73).
Metal nanoparticles (NPs) including Pt, Au, Pd, and Ag were used to decorate graphene
and rGO to form hybrid composites, which exhibited enhanced sensing performance
(74).
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1.12.1 Pd/Pt -graphene nanocomposites

Palladium forms hydrides (PdHx) on its surface upon hydrogen adsorption and sub-
sequent dissociation. Diffusion and high sticking coefficient and high selectivity for
hydrogen makes palladium the most ideal material for hydrogen gas sensing (75). How-
ever, dramatic increase in cost of bulk palladium in recent years has rendered its use
in gas sensors economically unviable (76). Moreover, pristine graphene and even rGO
are shown to have insignificant sensitivity towards hydrogen (77). Thus, palladium in
the form of decorated nanostructures on graphene sheets is an attractive option as a
selective gas sensing material. Furthermore, it has been shown that palladium sur-
face exhibits lattice expansion and contraction on hydrogen adsorption and desorption,
respectively. Therefore, given the mechanical strength of individual graphene sheets,
palladium-graphene nanocomposite is expected to provide enhanced mechanical and
topographical stability to the sensing material (78). A detailed study of sensitivity,
selectivity, and stability done by Phan and Chung (79) reveals that PdNP/rGO based
chemo-resistive gas sensors are sensitive up to 0.2 ppm concentration of H2 in the at-
mosphere. The sensor fabricated on SiO2/Si substrate showed appreciable stability for
more than 6 months. It was shown that the Pd nanoparticle size of 70 nm was best
suited for H2 sensing application and showed a linear response within a range of 1-1000
ppm. Furthermore, they showed that the H2 response for Pd nanocube/graphene com-
posite increased with increasing particle size due to bigger spill over zone and increased
penetrability of the material (80).

Figure 1.9: Schematic representation of spill over zone formation in Pd-Graphene
nanocomposites upon H2 exposure depicting transfer of hydrogen atoms to graphene via
Pd nanostructure.
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Hydrogen response of sensor systems involving Pd is governed by the spill over effect.
Hydrogen spillover effect, as depicted in Figure 1.9, can be defined as the dissociative
chemo-sorption of hydrogen into the metal nanoparticles and their subsequent transfer
to the adjoining adsorbate surface upon saturation. The larger the nanoparticle size, the
bigger the spill over zones formed, which leads to greater H2 response.(81) However, too
large particle size would reduce the surface-area to weight ratio, which will drastically
affect the catalytic property of Pd.

1.12.2 Ag-graphene nanocomposites

Silver has long been known to exhibit high affinity for elements with lone pair of elec-
trons in their valence shells, such as O, S, and N due to which, gases such as H2S,
NH3, and O2 are readily adsorbed on the surface of silver. Although functionalization
of graphene with Ag nanostructures can theoretically result in improved sensing prop-
erties for these gases, yet weak binding of Ag ad-atoms to pristine graphene remains
an issue to be addressed. Henceforth, studies have shown that structurally strained
sites in graphene act as favourable binding sites for transition metals (82). Such sites
readily occur in GO and rGO or may be created by mechanical straining of graphene
sheets. Qin et al.(83) calculated that binding energy for Ag atoms on graphene can be
increased by 44% at a tensile strain of 8%. Also, it was shown that binding energy of
H2S for such a composite was six times to that compared to pristine graphene. This
makes graphene viable for H2S sensing which was not possible without Ag atoms due
to weak interactions of H2S with graphene. It was also reported that AgNPs reduce
the sensitivity of graphene toward NO2 due to some reversal in electron withdrawing
behaviour of NO2 gas, thus improving selectivity (84).

1.12.3 Au-graphene nanocomposites

Au decorated carbon materials based gas sensors have been shown to elicit high re-
sponse due to the spill over effect (catalytic action of noble metal interface for gaseous
dissociation and subsequent spreading of charged gaseous ions on anchoring substrate,
due to free electrons and high conductivity of these particles) at these nano-particles
(85). For instance, Cittadini et al.(86) reported appreciable response to extremely low
H2 (100 ppm) and NO2 (1 ppm) concentrations with selectivity over CO exposure
for the above material. In this study, the semiconducting and photocatalytic activity
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of partially reduced graphene oxide was enhanced by the Localized Surface Plasmon
Resonance (LSPR) of the Au-NPs.

1.13 Metal oxide decorated graphene

The development of gas sensors based on metal oxides decorated graphene or rGO
has been proved to be an effective method for achieving high-performance detection of
gases, including NO2, H2, liquefied petroleum gas (LPG), H2S, ethanol gas, etc. In-
deed, some typical metal oxides, such as SnO2, ZnO, TiO2, WO3, In2O3, CuO, NiO,
Ga2O3, and V2O5, have been successfully used for enhancing the sensing properties
of graphene and rGO based gas sensors.(87, 88, 89, 90, 91, 92, 93, 94, 95, 96) How-
ever, it is still a challenge for preparation of graphene or rGO-based gas sensors with
high sensitivity, fast response, and recovery times at low operating temperature. Some
studies have used several methods to improve the performance of these sensors. In the
past two decades, a tremendous improvement has been demonstrated in the perfor-
mance. There are many reports on the gas sensing properties of nanostructured metal
oxides. However, a much smaller number of papers address the feasibility of Nb2O5

for gas sensing (97, 98, 99). Nb2O5 is known as a wide band-gap n-type metal oxide
and has desirable properties such as good chemical stability, low film stress, and a high
refractive index (n = 2.4 at 550 nm) (100). We report in this work the use of niobium
oxide (Nb2O5) nanoclusters deposited onto few-layers graphene powder by magneton
sputtering showing good sensing performance vs. ppm concentrations of NO2 at room
temperature.

1.14 Transition metal dichalcogenide sensors

Transition metal dichalcogenides (TMDs) are a class of materials with chemical formula
of MX2, where M indicates a transition metal element (including Ti, Zr, Hf, V, Nb, Ta,
Mo, W, Re, etc), and X represents a chalcogen (Se, S or Te) (101). Bulk crystals of
TMDs have been long studied, but in recent years the isolation of their 2D structures
has led to renewed interest in this field. 2D layered TMDs consist of a plane of metal
atoms covalently bonded to the chalcogen atoms. To date, several inorganic 2D TMDs
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layered materials including MoS2, WS2, MoSe, WSe2, and III-VI group semiconduct-
ing layered materials GaS and GaSe, have been reported and identified for possible
gas sensing applications. So far, disulfides play the key role for gas sensing among
the variety of TDMs materials due to their unique physical and chemical properties,
including semiconducting property, high surface-tovolume ratio, sizable bandgaps, high
absorption coefficient, and availability of reactive sites for redox reactions (102).

In this specific class, MoS2 is the most dominating thin 2D non-graphene material
in gas sensor applications owing to its ability to differentiate between a charge donor
and an acceptor analyte. The MoS2 crystal (Figure 1.10) consists of a metal Mo layer
sandwiched between two S layers, with these triple layers stacking together to form a
layered structure (103).

Figure 1.10: Simulation of the atomic-layered MoS2. The quasi-2D MoS2 was occupied
by one Mo(a trigonal prismatic structure) and two S atoms (hexagonal planes) top view
(a), side view(b)
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1.15 Phosphorene sensors

The increasing demand of new materials in the field of gas sensing have constantly
pushed forward the research in material science and technology in the recent years.
In particular, the needs of high selective materials over a single analyte and room-
temperature (RT) operation are key feature to possess for any high-performance gas
sensing device. In the majority of currently employed materials for gas detection, such
as metal-oxide semiconductors (MOX), the lack of selectivity and the need of high op-
erating temperature, typically ranging within 250-650 ◦C, are typical drawbacks that
prevent the wide use of MOX in harsh or industrial environments. At room or low
temperature, MOX sensors lack sensitivity, stability, and ultimately reversibility of the
detection process at the surface. In recent years, two-dimensional (2D) materials such
as graphene, transition metal dichalcogenides (TMD) and phosphorene have attracted
the interest of the research community due to their unique chemical and physical charac-
teristics, showing kinetics of reaction as rapid as for heated conventional material-based
devices, through their sensitivity and stability still remains significantly lower. In fact,
the atomically thin geometry makes their electronic properties highly susceptible to
the environment changes. Phosphorene is a monolayer of black phosphorus with a
puckered honeycomb structure, which possesses unique direct and tunable band gap
ranging from 0.3 eV (bulk) to 2.0 eV (monolayer) and its high carrier mobility (104) (up
to 6000 cm2 V-1 s-1) but also for its high chemical adsorption energy, less out-of-carrier
conductance, and large adsorption sites caused by its corrugate surface structure (105)
as well as anisotropic electrical, optical, and thermal properties, making it a promis-
ing candidate for various applications, including FETs, solar cells, photodetectors, and
sensors (106, 107, 108). The sensing characteristics of phosphorene to various gases
have been investigated by both theories and experiments. For example, Zhang et al.
investigated the noncovalent interaction between phosphorene and physisorbed small
molecules, including CO, H2, H2O, NH3, NO, NO2, and O2 through the first-principles
calculations.(109) They also evaluated their energetics, charge transfer, and magnetic
moment by the dispersion corrected DFT. The physisorbed gas molecules significantly
altered the electronic and magnetic properties of phosphorene. O2, NO2, and NO acted
as strong acceptors while CO, H2, H2O, and NH3 molecules donated electrons to phos-
phorene. Specifically, NO2 had the strongest interaction with phosphorene in these
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molecules. The distinct charge transfer and strong binding energy between phospho-
rene and these physisorbed molecules provided phosphorene as a promising candidate
for application in gas sensors. In addition, the moderate adsorption energy of H2

on phosphorene implied stable H2 storage at ambient conditions. As another exam-
ple, Kou et al. studied the adsorption of CO, CO2, NH3, NO, and NO2 molecules
on a monolayer phosphorene by first-principles calculations (110). They first deter-
mined the optimal adsorption positions, the corresponding binding energy, and the
charge transfer between phosphorene and the adsorbed molecules, resulting in that the
strength of binding was highly dependent on the amount of charge transfer. NO and
NO2 exhibited the strongest binding among the considered gas molecules, suggesting
that phosphorene was more sensitive to these toxic gases. Furthermore, they calculated
the current voltage I-V relation with and without the gas molecule adsorption using
the nonequilibrium Green’s function (NEGF) formalism. The transport calculations
not only showed the different changes in the current of phosphorene by different gas
molecule adsorption but also exhibited large anisotropy of the I-V relation along the
armchair or zig-zag directions depending on the type of molecules. Such sensitivity and
selectivity to gas molecule adsorption made phosphorene a desirable candidate as a su-
perior gas sensor, promising high-performance and wideranging applications. Abbas et
al. experimentally demonstrated NO2 gas sensing performance of multilayer phospho-
rene based FETs (111). The phosphorene sensors exhibited increased conduction upon
exposure to NO2 and excellent sensitivity even to 5 ppb NO2. To study the stability
of phosphorene sensors, they compared the Raman spectra before and after exposure
to NO2, which revealed no apparent change, indicating the multilayer phosphorene
maintained its relative stability after sensing. When the phosphorene FET exposing
to varying concentrations of NO2 (5, 10, 20, and 40 ppb), it showed a systematic in-
crease in conductance, which followed the Langmuir isotherm for molecules adsorbed
on a surface, confirming the charge transfer from phosphorene to NO2 as the dominant
sensing mechanism. Moreover, the sensors showed a good recovery to the original con-
ductance after argon flushing, suggesting a reversible adsorption and desorption of NO2

with the rate constants in the range of 130–840 seconds. Comparing the three main
allotropes (white, red, and black) of phosphorus, the bP has merits including thermo-
dynamic stability and insolubility in most solvents and lesser chemical reactivity and
non-flammability. Recent density functional theory (DFT) studies conducted on the
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molecular adsorption energy of bP have suggested its use as a high-performance chem-
ical sensor confirming its superior adsorption energy, even higher than that of other
2D materials (110). In particular, bP is selective for the detection of paramagnetic
molecules, e.g., NO2, in addition to high sensitivity at a limit of detection (LOD) of
ppb levels (112). Despite this, stability remains an issue in practical uses of bP based
gas sensors and it is of great interests to develop proper passivation schemes that can
preserve the intrinsic properties and sustain the long-term environment stability. To
achieve this goal and further improve the performance of the bP-based sensing devices,
it results functioning to effectively tune material properties by n- or p-type function-
alization, as already proved for other sensing materials such as graphene and reduced
graphene oxide (113, 114, 115). In this way it is possible to control and modify bP with
different chemical species.(116, 117) If the concentration and chemical sensitization lev-
els are efficiently controlled, the selective analysis of target chemicals can be realized
(118, 119). Commonly, the sensitivity of p-type material can be enhanced by tuning the
morphology of the nanostructures,(120) doping with additives to electronically sensi-
tize the oxide semiconductor,(121) or loading noble metals(119) to chemically sensitize
the active surface. Among these methods, doping with additives can modulate the
concentration of charge carriers, which can have a subsequent effect on the sensitivity.
We propose here the study and the electrical characterization at room temperature of
black phosphorus nanoflakes decorated with nickel nanoparticles (Ni/bP). The latter
resulted highly selective to to different concentrations of NO2 in a dry air environment
highlighting fast and stable response over the time.



Chapter 2

Materials and Methods

2.1 Experimental Setup

A wide range of experimental measurements with different techniques covering many
aspects of material characterizations have been employed during the PhD period. In
this chapter, a brief overview of morphological and elemental techniques exploited will
be covered. All the performed measurements were possible thanks to the collaboration
between different research center. In particular, the Department of Physics and Earth
Sciences of the University of Ferrara, the Structural Characterization Department of the
CNR IMM in Bologna, the IMM department of Bruno Kessler Foundation in Trento,
the Department of Industrial Engineering University of Trento and the ICCOM-CNR
in Florence.

2.1.1 SEM-EDX

The scanning electron microscope exploits a focused beam of primary electrons to hit
the sample. The primary beam is not fixed, but it scans the surface of interest: it is
controlled in sequence, point by point and line by line, over a small rectangular area
of the sample. During the interaction between the primary beam and the atoms of
the sample, secondary electrons and other particles are emitted. Secondary electrons
are captured by a detector and converted into electrical impulses, which are sent to a
monitor in real time. The result is a high-resolution black and white image, with high
field depth, which is similar to a normal photography. For this reason SEM images
are immediately intelligible and easy to understand. The resolving power of a normal
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electron microscope with tungsten cathode is about 5 nm, but some models can reach
1 nm. The sample is kept under high vacuum (105 Torr), as the air would prevent
the beam emission since secondary electron have low energy. Besides, the sample must
be conductive (or metallized), otherwise it could produce electrostatic discharge that
would disturb the detection of secondary electrons. Other signals that the sample could
emit after the primary beam incidence are: backscattered electrons, X-rays, electron
channeling, cathode luminescence, currents induced by the beam and, only for certain
samples, transmitted electrons. The sample region from which the interaction signals
are emitted is called textitinteraction volume. As regards the microanalysis (EDX
spectroscopy), the instrument exploits the X-rays emitted by sample upon the incidence
of the accelerated electron beam. These are detected by a special detector that can
be a Wave Dispersive spectrometer (WDS) or an Energy Dispersive one (EDS). The
resulting image consists of an X-rays spectrum, from which it is possible to obtain
the chemical composition of the analysed material, since every peak of the spectrum
corresponds to a precise atomic species. The X-radiation comes from the ionization
of the inner orbits of atoms by the incident beam. A primary electron can remove
an electron belonging to the K, L or M atomic orbit, losing the correspondent energy
EK, EL or EM. The ionized atom can acquire more stability by going down to a lower
energy level or, alternatively, through the occupation of the hole by an outer electron
with the emission of an X-photon. The released energy can be absorbed by another
electron, which can jump out of the atom (Auger electron emission). The emitted X-
radiation is characteristic of the atom and gives information about its chemical species.
However, the electron beam generates not only a characteristic spectrum, but also a
continuous one (background radiation), due to the interaction between electrons and
the atomic nuclei. Therefore the system must be able to analyze and separate the
different energies. We have mainly used two different type of SEM in our analysis:

• A Jeol JSM-7401F, available at IMM department of Bruno Kessler Foundation,
was produced by Joel and is equipped with a Bruker EDX detector to perform
composition analyses. The instrument (installed in February 2005) is equipped
with a cold field emission source, with Secondary Electron detectors (SE) and
Backscattered Electron Detectors (BSE) both “in the lens” and “in the chamber”,
which offers a nominal resolution of 0,8nm at 30kV and 1,5 nm at 1kV. A special
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sample bias reduces the effective beam energy and enhances the resolution at low
kV (0.1 kV), thus improving performances while charging effects are minimized.
An EDS system (Oxford INCA 350) with the ultra-thin window is also available
for elemental detection starting from Boron. This instrument offers a state-of-
the-art capability for microstructural surface characterization using an electronic
beam.

• SEM Zeiss EVO 40 (available at the microscope centre of Ferrara), which al-
lows analysing surface morphology or topography from zooming in very large
areas (one-millimetre side) up to sub micrometric dimensions. The microscope is
provided with a LaB6 source with a maximum acceleration voltage of 30 kV. Iden-
tification of the chemical elements present in user-selected areas and particle sizes
not smaller than micron is possible thanks to the energy dispersion spectrome-
ter (EDS), coupled with the instrument, and suitable for X-ray microanalysis.
The microscope can operate both conventionally in high vacuum or with variable
pressure (SEM XVP), with a maximum pressure of 6 torr.

Figure 2.1: SEM Zeiss EVO LS10, located at the Structural Characterization Department
of the CNR IMM, Bologna (left) and its schematic representation (right).

2.1.2 TEM Analysis

Transmission electron microscopy (TEM) is a microscopy technique in which a beam of
electrons is transmitted through an ultra-thin specimen, interacting with the specimen
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as it passes through it. An image is formed from the interaction of the electrons
transmitted through the specimen; the image is magnified and focused onto an imaging
device, such as a fluorescent screen, on a layer of photographic film, or to be detected
by a sensor such as a CCD camera.

TEMs are capable of imaging at a significantly higher resolution than light mi-
croscopes, owing to the small de Broglie wavelength of electrons. This enables the
instrument’s user to examine fine detail even as small as a single column of atoms,
which is thousands of times smaller than the smallest resolvable object in a light micro-
scope. TEM forms a major analysis method in a range of scientific fields, in physical,
chemical and biological sciences. TEMs find application in cancer research, virology,
materials science as well as pollution, nanotechnology, and semiconductor research. At
smaller magnifications TEM image contrast is due to absorption of electrons in the
material, due to the thickness and composition of the material. At higher magnifica-
tions complex wave interactions modulate the intensity of the image, requiring expert
analysis of observed images. Alternate modes of use allow for the TEM to observe
modulations in chemical identity, crystal orientation, electronic structure and sample
induced electron phase shift as well as the regular absorption based imaging.

In this work we have used a FEI Tecnai F20T microscope, available at CNR-IMM
centre of Bologna. The instrument is provided with a Field Emission Gun (FEG) cath-
ode, and it is equipped whit EDS x-ray microanalysis, PEELS detector and HAADF
detector for STEM operation. It is possible to carry out conventional analysis of mate-
rials, such as conventional diffraction contrast imaging, HREM imaging and analysis,
micro- and nanodiffraction, STEM imaging and quantitative analysis, EDS X-ray ele-
mental microanalysis and mapping in STEM mode
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Figure 2.2: TEM FEI Tecnai F20 ST, located at the Structural Characterization Depart-
ment of the CNR IMM, Bologna (left) and its schematic representation (right).

2.1.3 XPS Analysis

X-ray photoelectron spectroscopy (XPS), also knows as electron spectroscopy for chem-
ical analysis (ESCA), is the most widely used of the contemporary surface character-
ization methods. A large amount of information is acquired from each spectrum and
the technique is flexible enough to be used on a large variety of sample types.

Each atom on the surface of a material (except for hydrogen) is made of valence
electrons that are involved in chemical bonding along with core electrons. These core
electrons possess a unique binding energy which is characteristic of the type of atom
to which it is bound. By analyzing the binding energies of the electrons and the peak
areas, quantitative elemental surface analysis is possible. Because the electrons can
only travel a short distance through the sample without undergoing inelastic collisions
resulting in a drastic loss of energy, XPS is considered to be highly surface sensitive.
Usually only the upper 50 Å to 100 Å of the sample is analyzed using this technique.
Surface analysis by X-ray photoelectron spectroscopy begins by placing the sample in an
ultra-high vacuum environment (≈ 10-10 torr) and then irradiating the material with
a source of low-energy X-rays. If the frequency of the excitation X-rays are greater
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than the binding energy for each element, photoemission will occur. The resulting
photoelectrons are emitted from the surface having a kinetic energy (Ek) measured by
a hemispheric analyzer. Using the known x-ray energy (hν), the binding energy (Ec)
is calculated using the Einstein relation seen in 2.1 where Φ is the work function of the
spectrometer.

Ec = hν − Ek − Φ (2.1)

XPS spectra were recorded using a Scienta Esca-200 system equipped with a monochro-
matized Al Kα (1486.6 eV) source. The powders were attached to the sample holder
using a double-sided carbon tape. An overall energy resolution of 0.4 eV was routinely
used. The emission angle between the axis of the analyser and the normal to the sample
surface was negligible. For each sample, Charge compensation was achieved using a
flood gun and all core level peak energies were referenced to the saturated hydrocarbon
in C 1 s at 285.0 eV. We have also used a Kratos AXIS UltraDLD instrument equipped
with a monochromatic Al Kα (1486.6 eV) X-ray source. The emission angle between
the axis of the analyzer and the normal to the sample surface was 0◦. For each sample,
surveys and high-resolution scans of the O 1s, N 1s and C 1s core levels were collected.
XPS quantification was performed using the atomic sensitivity factors and the high-
resolution scans. Charge compensation was achieved using a charge neutralizer located
at the bottom of the electrostatic input lens system and all core levels were referenced
to the C-C/C-H component of C 1s at 284.5 eV. Both the instruments are available at
IMM department of Bruno Kessler Foundation. The XPS instrument used is available
at IMM department of Bruno Kessler Foundation.
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Figure 2.3: Scienta Esca-200, located at the IMM department of Bruno Kessler Founda-
tion, Trento (left) and its schematic representation (right).

2.1.4 AFM

The atomic force microscope (AFM) is part of a larger family of instruments termed
the scanning probe microscopes (SPMs). These also include the scanning tunnelling
microscope (STM) and scanning near field optical microscope (SNOM), amongst oth-
ers. The common factor in all SPM techniques is the use of a very sharp probe, which
is scanned across a surface of interest, with the interactions between the probe and the
surface being used to produce a very high resolution image of the sample, potentially
to the sub-nanometre scale, depending upon the technique and sharpness of the probe
tip. In the case of the AFM the probe is a stylus which interacts directly with the sur-
face, probing the repulsive and attractive forces which exist between the probe and the
sample surface to produce a high-resolution three-dimensional topographic image of the
surface. The AFM was first described by Binnig et al. as a new technique for imaging
the topography of surfaces to a high resolution. It was created as a solution to the
limitations of the STM, which was able to image only conductive samples in vacuum.
Since then the AFM has enjoyed an increasingly ubiquitous role in the study of surface
science, as both an imaging and surface characterisation technique, and also as a means
of probing interaction forces between surfaces or molecules of interest by the application
of force to these systems. The AFM has a number of advantages over electron micro-
scope techniques, primarily its versatility in being able to take measurements in air or
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fluid environments rather than in high vacuum, which allows the imaging of polymeric
and biological samples in their native state. In addition, it is highly adaptable with
probes being able to be chemically functionalized to allow quantitative measurement
of interactions between many different types of materials – a technique often referred
to as chemical force microscopy. At the core of an AFM instrument is a sharp probe
mounted near to the end of a flexible micro-cantilever arm. By raster-scanning this
probe across a surface of interest and simultaneously monitoring the deflection of this
arm as it meets the topographic features present on the surface, a three-dimensional
picture can be built up of the surface of the sample to a high resolution. Many different
variations of this basic technique are currently used to image surfaces using the AFM,
depending upon the properties of the sample and the information to be extracted from
it. These variations include ‘static’ techniques such as contact mode, where the probe
remains in constant contact with the sample, and ‘dynamic’ modes, where the cantilever
may be oscillated, such as with the intermittent or non-contact modes. The forces of
interaction between the probe and the sample may also be measured as a function of
distance by the monitoring of the deflection of the cantilever, providing that the spring
constant of the lever arm is sufficiently calibrated.

Figure 2.4: Solver P47H, located at the IMM department of Bruno Kessler Foundation,
Trento (left) and its schematic representation (right).
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2.1.5 Infrared spectroscopy

Vibrational spectroscopy is one of the most important tools to investigate molecular
adsorbates that form on metals in the course of surface chemical reactions. Among the
different vibrational techniques, infrared spectroscopy (IR) is nowadays probably the
most suitable method to study catalytically relevant adsorption systems on surfaces.
In comparison with other surface techniques, such as high-resolution electron energy
loss (HREELS) or Raman spectroscopy, IR spectroscopy has a high resolution ( ≈1
cm-1) and high sensitivity (typically 0.1% of a CO monolayer) and can be employed on
a variety of surfaces, (from single crystals to supported catalysts and complex real cat-
alysts), both under UHV and under more realistic pressure conditions. The principle of
infrared spectroscopy is based on the vibrational excitation of molecules by absorption
of infrared light. The information of these vibrational spectra is related to the chemical
nature of the adsorbed molecules and also to the substrate and adsorbate-adsorbate
interactions.

Figure 2.5: Nicolet Avatar 330, located at the Department of Industrial Engineering
University of Trento (left) and its schematic representation (right).
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2.1.6 X-Ray Powder Diffraction

A powder of a crystalline material contains a high number of crystallites, whose size
is of the order of 0.01 nm. Since the population of crystallites is statistically oriented,
surely there would be some of them arranged in the correct way to satisfy the Bragg’s
diffraction condition:

λ = 2d sin θ (2.2)

An experiment of diffraction of X-ray from powders essentially requires: an X-ray
source, the sample to be investigated and a detector able to detect the diffracted X-
rays (Figure 2.6). The X radiation commonly used is that emitted by copper (whose
characteristic wavelength of the K radiation is 1.5418 Å). The end result, developed by
the software, is a diffraction spectrum or diffractogram constituted by a series of peaks
having different intensity and angular position and relative to the various crystalline
phases present in the sample. From it, the following characteristics of the sample can
be read: chemical characterization, existing crystalline phases and their percentage
compared to the overall crystalline phase, the average size of crystallites. In order to
correctly interpretate the diffractogram, a comparison with the reference database of
crystalline substances is done.

The XRD instrument used in our work is a power Bruker X-Ray Diffraction model
D8 Advance diffractometer, with an X-ray tube operating at 40 kV and 40 mA, and
equipped with a Si(Li) solid-state detector (SOL-X) set to measure CuKα1,2 radiation.
Powder samples were side-loaded on an aluminium holder, and zero-background holder
respectively. Measuring conditions were from 5 through 95◦ 2θ range, 0.02◦ 2θ scan
rate, counting time per step 4 and 6 s for all powders analysed. The phase identification
was achieved by search-match using the EVA v.14.0 program by Bruker and the Powder
Diffraction File database (PDF) v. 9.0.133. The crystallite size of the as-synthesized
nanopowder was determined by the Rietveld method, as implemented in TOPAS v.4.1
program by Bruker AXS.



2.1 Experimental Setup 39

Figure 2.6: Bruker D8 Advance DaVinci diffractometer, located at Department of Physics
and Earth Sciences, Ferrara (left) and its schematic representation (right).

2.1.7 Micro Raman spectroscopy

Raman scattering spectroscopy has proven to be a powerful technique for studying
materials. The fact that solids, liquids and gases are able to scatter light through the
Raman effect has made possible the application of this technique in a wide variety of
cases ranging from monocomponent to multicomponent samples, which in turn may
consist of both organic and inorganic materials. The case of pure metals has been
a difficult experimental matter for Raman scattering spectroscopists due to extremely
short penetration of the electromagnetic radiation in a metal, limited by the skin depth,
and also to their low-Raman scattering efficiency, probably due to the small values of
the Raman tensor components, whose values to date remain undetermined. The energy
of the Raman scattered photons may be changed in two ways: energy lost caused by
the creation of a phonon (Stokes process) or energy gained by the photon caused by
the absorption of a phonon (anti-Stokes process). In either case, the energy change
of the scattered photon is discrete and is directly related to the vibrational properties
of the specimen. Each peak in a Raman spectrum, thus, corresponds to a particular
atomic vibrational mode in the sample, and its energy measures the frequency of the
corresponding atomic normal mode.

Raman scattering is a very sensitive technique to probe local atomic environments.
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Figure 2.7: Energy-level diagram showing the states involved in Raman spectra.

Indeed, the properties of the vibrational modes are basically determined by the mass,
bond type and symmetry of the constituting atoms in the elemental unit of the gas
or liquid (molecule), or solid (primitive unit cell). In this fashion, the surroundings of
a particular atom have a strong influence on its dynamics; therefore, the appearance
of any physical factor affecting the short-range order, such as defects or impurities,
have a direct impact on the atom vibrational properties. Such modifications in the
vibrational characteristics of the moving atoms are readily noticeable in the Raman
spectrum features. This is reflected, for instance, in the striking differences between the
spectrum of a crystalline sample and that of an amorphous material of the same kind.
For the interpretation of Raman spectra, the knowledge of the symmetry properties of
the molecule or crystal under study is a relevant aid. Indeed, group theory applied to
such systems allows one to determine the symmetry, number and activity of the atomic
vibrational modes in a particular sample.

Raman measurements were performed by LabRam HR800 spectrometer (Horiba
Jobin Yvon, France), coupled with an Olympus BXFM optical microscope (Olym-
pus, Tokyo, Japan). The spectrometer was equipped with air-cooled CCD detector
(1024x256 pixels) set at -70◦C, and with 600 and 1800 grooves/mm gratings. The
laser beam was concentrated in a spot with 1 mm diameter and the spectral resolution
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was approximately 4 cm-1. The He-Ne laser line at 632.82 nm was used as excitation
source and was filtered to keep the laser power varying from 0.2 to 10 mW. Exposure
time, beam power and accumulations were optimized for each sample in order to obtain
sufficiently informative spectra but ensuring to avoid alteration of the sample.

Figure 2.8: LabRam HR800 spectrometer, located at the Department of Physics and
Earth Sciences, Ferrara (left) and its schematic representation (right).
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2.1.8 Mechanical Profilometry measurements

The stylus instrument, through half a century of development, is one of the most widely

used techniques for surface morphology measurements. The stylus profilometer can be

used to measure surface morphology with a diamond stylus probe that touches the

surface. Height variations are measured as either the stylus or the sample is being

moved. The mechanical movements of the stylus are converted to electrical signals,

which are then amplified to give DC output signals. Most modern stylus systems use

digital data recording methods.

All of the stylus profilometry techniques have the following components: a gear

box, a pickup, a datum, a stylus, a transducer, a sample holder, a control unit, and

a data acquisition system. The pickup comprises the stylus, stylus holder mechanism,

transducer, and any signal conditioning associated with the transducer. The pickup is

driven by a gear box, which draws the stylus over a surface at a constant speed. As

the system is scanned across a sample, the z-axis displacements of the stylus are sensed

by the transducer (usually a linear variable differential transformer), which converts

linearly the mechanical motion to the electrical signal. The signal, after being magnified

by an electronic amplifier, is collected by a data acquisition system to generate the

surface profile. The lateral length of a stylus profilometer is limited by how far the

pickup can traverse. Generally this length can be as large as 300 mm. The lateral

resolution depends on the shape and size of the stylus tip. It also depends on the load

on the stylus. The vertical range depends on the dynamic range of the transducer and

can reach as much as 6 mm. The vertical resolution is limited by the noise in the linear

variable differential transformer, the airborne acoustic noise, the mechanical noise, the

accuracy of the traversing mechanism, and the thermal drift. For a single-profile stylus,

the noise has been measured to be as small as 0.05 nm under certain conditions. The

accuracy of a stylus profilometer is limited by the accuracies of standards used to

calibrate the vertical transfer and the linearity of the transducer used. The latter is

typically better than 1%, i.e., the variation in measured step heights is less than 1%

over the height range of the transducer.
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Figure 2.9: KLA-Tencor P-6 stylus profilometer, located at the IMM department of
Bruno Kessler Foundation, Trento (right) and its schematic representation.

2.1.9 Total Reflection X-Ray Fluorescence

Total reflection X-rays fluorescence (TXRF) is a surface elemental analysis technique
often used for the ultra-trace analysis of particles, residues, and impurities on smooth
surfaces. TXRF is essentially an energy dispersive XRF technique arranged in a special
geometry. An incident beam impinges upon a polished flat sample carrier at angles
below the critical angle of external Total reflection for X-rays, resulting in the reflection
of most of the excitation beam photons at this surface. The sample, which is a small
residue deposited in the sample carrier, is seen as a very thin sample under a very small
angle. Due to this configuration, the measured spectral background in TXRF is less
than in conventional XRF. This reduction results in increased signal to noise ratio.

TXRF can be classified according to its application scope:

• Bulk chemical analysis: Samples are subjected to more or less intense processes of
chemical treatment for suspension, dissolution, mineralization, pre-concentration
and separation.

• Micro analysis: Minute amounts of sample (usually few grains) are analyzed. In
this aspect TXRF is a valuable tool in archaeometry and forensics.

• Surface analysis: The chemical quality of flat surfaces is ready analyzed by TXRF.

One of the causes limiting the signal to noise ratio in EDXRF techniques based
in the use of direct X-ray tube excitation is the presence of a significant background
contribution in the measured spectra. This background is due to the scatter of the x-ray
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tube Bremstrahlung. Scattered high energy photons not only increase the background
in the high energy region of the measured spectra, but also can undertake multiple
scatter acts and appear as background in the low energy region. Contrary to the
behaviour of the visible light photons, for X-rays any medium is less dense than vacuum
and any solid is optically less dense than air. This results in a refracted beam deflected
toward the interface. Following this logic, one can see that there is a minimum critical
angle α1 = αcrit for which refraction is just possible. For angles α1 smaller than αcrit no
beam enters the medium 2. The interface behaves like an ideal mirror and completely
reflects the incident beam back into the medium 1. This phenomenon is called Total
Reflection.

There are several designs of TXRF spectrometers, but for general laboratory use
they are normally based on the utilization of X-ray tubes. The polychromatic collimated
beam of a conventional X-rays tube is deflected by the first reflector, which alters
the primary spectrum. For most applications, a quartz flat polished glass block is
sufficient, acting as a low pass filter for the removal of the high energy photons of the
bremsstrahlung continuum (cut off). Alternatively this first reflector can be substituted
by a device acting as monochromator. Some single crystals or multilayer structured
devices are used, acting as Bragg reflectors. Only the reflected beam at this spectrum
modifier is allowed to hit the sample carrier under grazing incidence at an angle lower
than that ensuring total reflection of the main excitation energy. The sample holder
may be loaded with some sample material or may be the actual object of analysis itself.
The x-ray radiation emerging from the sample is measured using an energy dispersive
solid sate detector, usually a Si(Li) detector. Since scatter cross sections are minimal
at 90 degrees, the detector is mounted with its entry window parallel to the sample
carrier plane, in order to obtain spectra with the minimum scattered background. The
distance to the sample is reduced to about 1 mm in order to secure the detection of
the fluorescence radiation within a large solid angle. The measured signal is sorted by
amplitude (proportional to the energy of the x-rays) in a multi-channel analyzer, leading
to an energy dispersive spectrum. Measurements can be carried out in air ambient, but
more sophisticated sample chamber can be designed as to perform measurements under
vacuum or helium flush to reduce attenuation of the low energy characteristic emission
radiation in the air.
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TRFX measurements were performed by an in-house build spectrometer based on a
Phoenix-TNX theta-theta diffractometer modified by DFP (Italy) and equipped with
a Silicon Drift Detector (SDD) having an active area of 50 mm2 (Ketek, Germany),
was used to acquire the X-ray fluorescence photons emitted by the sample at grazing
incidence. The SDD was mounted at 90 degrees with respect to the 0 degree incidence
angle (theta = 90). The instrument is equipped with a Mo tube, which was operated
at 40 kV and 30 mA and a parabolic graded multilayer monochromator (AXO, Ger-
many) aligned to select the Mo Kα radiation. Aliquots of 5 µL of the solutions were
deposited on a Si substrate, dried in vacuum and analyzed at 0.08 degrees incidence.
The quantification was performed by ab initio simulation of the fluorescence spectrum
through the GIMPy code — a software for the simulation of X-ray fluorescence and
reflectivity of layered materials (122).

Figure 2.10: In-house build spectrometer based on a Phoenix-TNX theta-theta diffrac-
tometer modified by DFP, located at the IMM department of Bruno Kessler Foundation,
Trento (left) and its schematic representation (right).

2.1.10 Radio Frequency magnetron sputtering

The preparation of nanostructures using sputtering is a method in which accelerated
high-energy inert gas ions are incident on the target material to eject, or sputter, atoms
or small clusters from the surface, which are subsequently deposited on the substrate
in high pressure. In sputtering, two electrodes are used, one electrode is the target
material and the other is the substrate, and in between are inert gas ions. Depending
on the process of formation of ions and the focusing of ions, sputtering is subdivided
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into direct current (DC) sputtering, radio frequency (RF) sputtering, or magnetron
sputtering. In DC sputtering a high DC voltage is connected to the electrodes; usually
high negative voltage is connected to the target material and positive or ground to
the substrate. When the required vacuum level is reached, inert gas is introduced. In
between the electrodes, due to the high electric field, energetic electrons impact the gas,
creating ions. These ions then contact target material, resulting in the sputtering of
nanoclusters, which are then deposited on the substrate (Figure 2.11). DC sputtering
is mainly used for metal/conducting target deposition. RF sputtering, on the other
hand, is mainly used if the target is insulating or near insulating materials. In this
process, high-frequency alternative current (high voltage) is applied between cathode
and anode, to sustain the ion production. Deposition of insulating materials is not
possible in DC sputtering as it requires very high voltage to maintain discharge between
the electrodes. Hence, high frequency, mostly 13.56 MHz, is used to adequately ionize
the gas. In magnetron sputtering, a magnetic field is applied along with the electric
field generated by DC/RF sputter, to increase the impact of ionization and also increase
the focusing of the ions toward the target material. Sputtering is used to easily produce
nanostructures of metals, semiconductors, and alloys, and by adding gases, such as O2,
N2, and NH2, metal oxides, nitrides, and carbides may also be produced.

Figure 2.11: RF magnetron sputtering, located at the IMM department of Bruno Kessler
Foundation, Trento (left) and its schematic representation (right).
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2.1.11 Sensing films preparation and deposition techniques

The techniques for film preparation can be grouped into two categories depending either
on the method used for material synthesis, i.e. whether physical or chemical, or on the
fashion used for film deposition, that is, thick film or thin film technology (27). But
mainly it has to consider if the material is soluble or not soluble. The Table 2.1 presents
deposition and patterning techniques for solution and not processable materials

Table 2.1: Deposition and patterning techniques.

Solution processable materials Non soluble materials
Deposition Patterning Deposition Patterning
Drop casting Screen printing Vacuum Thermal Evaporation Shadow masking
Spin coating Soft Lithography Organic Vapour Phase Deposition Vapour Jet Printing
Dip coating Photo-patterning Organic Molecular Beam Deposition
Spray coating Ink-jet printing

Figure 2.12: Representation of drop coating process.

Drop coating consists in application of a thin cover to a sample by depositing
consecutive drops of a solution on its surface, and allowing the solvent to evaporate.
With 2D materials suspensions is possible in order to use drop coating. This is an easier
method than screen printing avoiding a considerable waste of material. However, this
technique presents some limitations, such as small area coverage, difficult thickness
control with poor uniformity. Nevertheless, these limitation can be ridded out with the
use of spin coating to improve film morphology.
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Figure 2.13: Representation of spin coating process.

2.1.12 Sensor substrates and packaging

Substrates used in gas sensing production act as mechanical support for the sensi-
tive layer and as electric insulator between the functional compound and the circuit
elements. The most commonly used substrates are made of Al2O3 (also known as alu-
mina), owing to its good thermal stability, resistance to corrosion, reliability in use,
excellent dielectric properties and low production costs. Alumina powder is obtained
from Bauxite (the main source of aluminum in nature). It is grounded together with
other oxides (SiO2, NaO, MgO) in order to obtain a substrate with desired chemical-
physical properties. Grinding is effected in a mill with blades to ensure a good mixing
level. Then, the obtained compound undergoes two treatments at different pressures
depending on the desired thickness. Then, after imposing a form to the substrate,
firing process can occur for 12-24 hours; this thermal treatment is composed by two
principal steps: pretreatment and sintering. The modulation of temperatures and of
total firing times is the key point in order to optimize physical-chemical characteristics
of materials. On upper alumina support interdigitated gold electrodes are deposited,
whereas on the bottom side there is a platinum heating coil covered by dielectric layer
(see Figure 2.14). The alumina substrate is pre-cut in square modules of 2.54 mm side
by the means of laser cutting.

The substrate should not play an active role in the sensing activity, moreover, a
certain compatibility between the sensitive layer and the support must subsist, in order
to avoid the possible creation of tensions as a result of possible thermal expansion.
Substrates undergo superficial characterization to ensure the lowest number of possible
visible surface defects. Furthermore, the substrate material must have chemical and
physical compatibility with deposited sensing film. Thefinal device must be assembled
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Figure 2.14: Exploded-view drawing of alumina substrate for produced sensors.

by means of bonding, which involves the connection of the sensor substrate with a ded-

icated support, by the means of four pins. These are welded, by thermo-compression,

to the heater and to the interdigitated gold electrodes where the film is deposited. This

connection involves the use of golden wires (99:99%) with a diameter of 0.06 mm and

is carried out via the apparatus shown in Figure 2.15.

Figure 2.15: Example of gas sensor produced at Sensors Laboratory of Ferrara (on the
left) and instrument for the packaging (on the right).
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2.1.13 Electrical characterization setup

In order to evaluate the response of a sensor is mandatory to perform experimental
measurements on dedicated instruments, allowing to work in ideal conditions, enabling
as it the possibility to perform repeatable measurements. The apparatus, showed in
Figure 2.16, used consists of:

• flow meters for gas mixing:

• test chamber;

• data acquisition system;

Gaseous molecules are fed by certified bottles into a proper pneumatic system based
on mass-flow meters. This flow is then sent to the measuring chambers, at which are
connected through teflon tubes. To know which flow is to be set, the following relation
must be used.

F = FTot × C

Cbot
(2.3)

where Ftot is the total flux in the flow meter, C is the gas concentration that one
wants to send to the chamber and Cbot is the gas concentration in the bottle (certified
by the supplier).

Gaseous molecules are fed by certified bottles into a proper pneumatic system based
on mass-flow meters. A dedicated test chamber (volume of 2000 cm3) was controlled by
a circuit based on an operational amplifier (OA). The voltage values V in and V out are
connected at the ends of sensor resistor RS and applied load resistor Rf , respectively.
Then, the gain is given by V out/V in = −Rf/RS . The expression for sensor conductance
GS results equal to:

Gs = 1
Rs

= V out
Rf · V in

Sensor response is defined as:

Response = Ggas −Gair
Gair

where Ggas and Gair are the steady-state conductances in gas and in air, respectively
(123). The acquisition system must manage all phases regarding the sensor electronics
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Figure 2.16: Schematic representation of the gas mixing and data acquisition system.

and is composed of a Keitheley K2000 Multimeter, to convert output voltages from
analog to digital, and a management/acquisition software consisting of an acquiring
software, at regular intervals, the input channel of the multimeter (gas sensor, tem-
perature sensor and humidity sensor). The sensing measures were performed in either
dry or wet air, gas from certified synthetic air bottles (20% O2 and 80% N2) were
fluxed through mass-flow controllers with a fixed flow of 500 cc/min. A fixed fraction
of the total flux came from the gas bubbler filled with distilled water to simulate hu-
midity condition, the relative humidity in the test chamber has been controlled with a
commercial Honeywell HIH-4000 humidity sensor.

For any new sensing material, the performance needs to be proved through the
so-called 3S-rule (93):

• Sensitivity is the slope of the calibration curve, that is, how large is the change
in the sensor signal upon a certain change in the analyte concentration,



52 Materials and Methods

• Selectivity is the ability of a sensor to respond primarily to only one chemical
species (specific sensor response) in the presence of other species (interferants),

• Stability is the ability of a sensor to provide reproducible results over a certain
period of time; it depends on drift of the baseline signal, drift of response, and
regeneration after interaction with analyte. In particular, long-term stability is
related to aging of the sensor materials.



Chapter 3

Graphene Based Materials

3.1 Niobium Oxide decorated Graphene

With the aim of coupling the characteristics of pristine graphene with the well know
sensing capabilities of Nb2O5 we investigated the gas sensing performance of nanoclus-
ters decorated few layer-graphene (Nb2O5/graphene). This composite material was
obtained by using magnetron sputtering technique, in which a mixing system allow to
deposit homogeneously Nb2O5 nanoclusters on graphene powder. Two different sam-
ples were prepared to investigate the influence of sputtering power deposition effect on
the final Nb2O5 decorated graphene samples. The electrically characterization high-
lighted that Nb2O5/graphene sensors showed good and selective sensing properties vs.
NO2 both in dry and wet air, at room temperature.

3.1.1 Synthesis Process

Nb2O5 deposits were grown at room temperature on graphene powder of 1.5 nm thick-
ness purchased from Graphene Supermarket, by means of RF magnetron sputtering
of a commercially available high purity Nb2O5 disc (99.99%) with 5 cm diameter. A
powder vibration set up was employed to uniformly coat the graphene powder with
Nb2O5. The deposition was carried out at a 6 Pa gas pressure, with a powder vibration
frequency of 10 Hz, a deposition time of 30 min and varying the electrical power at
the target (50 and 80) Watt. Nb2O5, graphene and Nb2O5 nanostructured materials
were mixed with ethanol and deposited onto alumina substrates, provided with gold
interdigitated electrodes and platinum heater, by means of drop coating technique.
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Table 3.1: Niobium content in samples 1 and 2, calculated ad Nb/C ratio through XPS
analysis.

Sample Power
(W)

Vibration
frequency (Hz)

Deposition time
(min)

Nb/C
atomic ratio (%)

Sample 1 50 10 30 3.2
Sample 2 80 10 30 7.3

3.1.2 Characterization

Chemical, structural and morphological characterizations were carried out on sam-
ples. The morphology was analysed by SEM, cold cathode JEOL Microscope, model
JSM 7401-F). The chemical characterization was performed by using a Kratos AXIS
UltraDLD instrument equipped with a monochromatic Al Kα (1486.6 eV) x-ray source.
In the Figure 3.1 SEM and TEM characterizations are shown. In Figure 3.1 (left)
is reported an image of the graphene flakes before the Nb2O5 deposition, meanwhile
Figure 3.1 (right) highlights the change of the sample morphology after the magnetron
sputtering deposition, due to the formation of Nb2O5 clusters over the graphene flakes
surface. The average flake thickness is 1.6 nm and the specific surface area is 510 m2/g.

Figure 3.1: SEM images of (Left) graphene and (Right) graphene decorated with Nb2O5

nanoparticles (deposition power 80 Watt).
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XPS analysis was carried out to investigate elemental composition and how the
deposition parameters influenced the Nb2O5 concentration on samples (Table 3.1).
Typical Nb 3d peak assignable to Nb2O5 can be see at ≈207 eV Moreover, symmetric
peaks shapes undoubtedly identify Nb2O5 on Graphene surface. The C 1s spectra
highlight C-C peak at binding energy of ≈284 eV. Little humps at ≈289 eV and ≈291
eV are characteristic pf pristine graphene, assignable to plasmon loss feature of graphene
and C=O group, respectively. The presence of carboxylic group peak is mainly due
the slight oxidation of the edges of graphene nanosheets. O 1s binding energy highlight
≈530 peak corresponding to metal oxide presence, due to Nb2O5 nanoparticles and two
deconvoluted peaks at ≈532 and ≈ 533 eV corresponding to Organic C-O and C=O on
the edges of graphene sheets, respectively.

Figure 3.2: Schematic representation of the synthesis process of aza-crown-functionalized
graphene oxide.

As it can be seen in Table 3.1, the change in the deposition electrical power strongly
affected the Nb2O5/graphene concentration in the material, giving a major concentra-
tion by using 80 Watt compared to 50 Watt.

3.1.3 Electrical characterization and gas sensing performance

Electrical characterization, in dry air, highlighted that Nb2O5/graphene sensors
were insensitive to all gases tested, except for NO2, at room temperature. The same
measurements were repeated in presence of wet air, showing that the selectivity of the
sensing material to NO2 was not affected by the presence of moisture. Furthermore, the
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response values obtained in dry and wet air were comparable up to a relative humidity
of 40% (Figure 3.3).

Figure 3.3: % Sensing response of a Nb2O5/graphene sensors and pristine graphene vs.
3, 5, 10, 20 ppm of NO2, in wet air (RH%=40%, T=23 ◦C).

The response of sensors was strongly influenced by the concentration of Nb2O5 on
the surface of the graphene flakes. Indeed, the sensor obtained by depositing the sample
with the highest concentration of Nb2O5 showed responses 1.5 times higher than the
less concentrated one (Figure 3.4).
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Figure 3.4: Sensitivity of Nb2O5/graphene sensors vs. NO2 concentrations (RH%=40%,
T=23 ◦C).

3.1.4 Proposed sensing mechanism

The sensitivity of the Nb2O5/graphene composites towards NO2 is tentatively ex-
plained from the following aspects. First, the introduction of Nb2O5 prevents the
graphene sheets from restacking, thus leading to a good surface accessibility and effec-
tive gas diffusion between parallel layers of graphene, which may contribute to the gas
sensing enhancement. Second, electrons should flow from the n-type material to the p-
type conducting backbone. This should cause electron-hole recombination which would
decrease conductivity in the p-type metal oxide backbone. When an oxidizing gas is in-
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troduced, less electrons would be introduced into the p-type conducting channel, further
enhancing the number of conducting holes. This could improve resistance modulation
in the same way as synergistic effects with n-type conducting channels. Decoration of
n-type metal oxides such as Nb2O5 onto p-type materials such as graphene has been
used to improve sensing response and selectivity.

3.2 Aza-crown-functionalized graphene oxide composite

As proposed by the Lerf-Klinowski model (68), GO nanosheets have chemically reac-
tive oxygen-based functionality groups, such as carboxylic acid on the edge, hydroxyl
and epoxy groups on the surface. An ideal approach to the chemical modification of
graphene oxide would utilize reactions of these groups to selectively functionalize one
site over another (69, 70). In particular, the GO platelets feature chemically reactive
epoxy groups on their basal planes. The amount of these groups depends on the GO
oxidation degree. They can easily be modified under various conditions through ring-
opening reactions (124), an effective mechanism, which involves the nucleophilic attack
at the α-carbon by the amine group, i.e. aza-crown ether composites amine site (125).
Cyclic ether functionalities provide a potential acceptor site for chemical species due
to charge distribution and to their consequent affinity to some chemical species (e.g.
polar molecules and cations). Thus, being interested in straightening the properties
of reversible and controlled interaction of the surface with different chemical species,
we functionalized GO with 1-aza-15-crown-5 ether via chemical route synthesis and ex-
plored two possible applications of the functionalized graphene oxide (FGO) We probed
the possible use of FGO for gas sensing, especially for selectively sensing humidity un-
der room temperature conditions, and as cation membrane. In order to achieve these
goals, we prepared FGO by tuning different synthesis parameters, then we compared
the functionalized material to pristine GO from a morphological, structural and chem-
ical point of view. FGO and GO films were deposited and comparatively probed vs.
detection of gaseous molecules.

3.2.1 Synthesis Process

The synthetic procedure adopted for the preparation of aza-crown-functionalized graphene
oxide composite is shown in Figure 3.5.
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Figure 3.5: Schematic representation of the synthesis process of aza-crown-functionalized
graphene oxide. Reprinted with permission from (72). Copyright IOP Publishing.

Aza-crown-functionalized GO was obtained starting from commercial GO (4 mg/mL)
(Sigma-Aldrich), 1 mL of GO solution was diluted to 10 mL with deionized water in a
beaker, thus stirred to obtain a clear homogeneous brown dispersion (0.4 mg/mL). 1-
Aza-15-crown-5 (TCI Europe) and tetrabutylammonium hydroxide (TBAOH) (Sigma-
Aldrich) were added to the GO solution at room temperature. The role of the latter
in the reaction mechanism is to deprotonate the nucleophile in order to increase its
nucleophilicity and hence the rate with which the nucleophilic substitution takes place.
The mixture was stirred and heated gradually up to 80 ◦C. Then, the temperature was
kept constant for 20 h and thermalized to room temperature.



60 Graphene Based Materials

3.2.2 Morphological and structural characterization

AFM was used to determine the thickness and size of GO and FGO nanosheets. AFM
data were acquired in semi-contact mode with a silicon tip NGS10 (resonant frequency
140-390 kHz, force constant 3.1-37.6 N/m) with a nominal radius of less than 10 nm.
The scan areas range between 30x30 µm2 (not reported) to 10x10 and 5x5 µm2 and 3x3
µm2. Samples were dispersed in deionized water and deposited onto silicon substrates.
In this way GO and FGO monolayer can be recognized and analyzed. Thickness and
size of GO and FGO nanosheets resulted to be in the range of 1 to 8 µm wide and
≈1.7 nm thick for the GO. The lateral dimensions of FGO were of the order of 1-4
µm in widness and ≈1.8 nm in thickness and present elongated shape. Multi-layer
stacking in FGO prevail over single sheet, which is presumably caused by the basal
plane functionalization.

Figure 3.6: AFM images in semicontact mode of (a) GO and (b) FGO 2.5x2.5 µm and
10x10 µm scanned area, (c) GO and (d) FGO nanosheets and corresponding height profiles.
Reprinted with permission from (72). Copyright IOP Publishing.
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Figure 3.7: SEM images of (a) GO and (b) FGO 1:1 sheets. TEM images of (c) GO
and (d) FGO 1:1 sheets. SAED of (e) GO and (f) FGO 1:1 sheets (diffraction spots are
labeled with Miller - Bravais indices). Reprinted with permission from (72). Copyright
IOP Publishing.
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SEM, TEM images and the Selected Area Electron Diffraction (SAED) of GO and
synthetized FGO 1:1 films presents similar smooth featureless surface patterns. In
Figures 3.7c and 3.7d TEM images do not show markable differences between GO and
FGO films. In particular, in the bottom left of Figure 3.7c and in the upper right of
figure 3.7d overlapped sheets can be observed by the different contrast. SAED patterns
of GO and FGO (Figure 3.7e and 3.7f) show characteristic crystalline order diffraction
spots of the 6-fold rotation symmetry, consistent with the hexagonal lattice accordingly
to the Miller - Bravais hk-il indexing. Figure 3.7f shows two identical hexagonal patterns
rotated by an angle of 14.5◦, this angle corresponds to a misorientation between two
FGO sheets. Typically, FGO maintains the hexagonal symmetry of an unmodified GO,
besides, FGO sheets are not completely amorphous and adjacent layers are not orderly
stacked when deposited by drop-casting.

Figure 3.8: XRD pattern of (a) pristine GO, (b) FGO 1:1, (c) GO mixed with TBAOH
and (d) GO with 1-Aza-15-crown-5. From the bottom of every sample plot: single fitted
gaussian peaks, XRD data and fitted results and residual plots between experimental and
fitted data. Reprinted with permission from (72). Copyright IOP Publishing.
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Figure 3.8 shows the XRD pattern of pristine GO, FGO 1:1 composites, GO with
only TBAOH and GO in solution with 1-aza-15 crown-5. The last two samples were
produced while maintaining all the reaction conditions (i.e. reagents concentration and
temperature) used for FGO 1:1 sample, in order to study the interaction of GO with
every single reagents in the process, to allow a more straightforward interpretation of
the reaction. Figure 3.8a shows the typical peak of the GO placed at about 12.0◦ 2-
theta, due to 0001 reflection (126). FGO sample (Figure 3.8b) shows a diffraction peak
at 12.0◦ 2-theta that is along with previously cited GO peak. In addition, there are
two new peaks at 7.6◦ and at 22.5◦ 2-theta. The peak at lower angle is ascribed to an
increase in interlayer separation from 7.9 to 11.5 Å due to the functionalization of GO
with bulky aza-crown ligand, whereas, the higher-angle peak is assigned to disordered-
graphitic system (127). GO-TBAOH (Figure 3.8c) shows, other than the previously
cited peaks of FGO at 12,0◦ and 22,5◦ 2-theta, a peak at 5.4◦ 2-theta, which is to
be ascribed to the presence of TBAOH in GO interlayers. GO-1-aza-15-crown-5 ether
mixture (Figure 3.8d) presents peaks at 25.5◦ and at 38.0◦ 2-theta not overlapping
with the previous patterns. In conclusion, the pristine GO, GO-TBAOH, GO-1-aza-
15-crown-5 ether mixture and FGO show well defined XRD fingerprint peaks, which
could be used to discriminate reaction products.

Figure 3.9 shows the FTIR spectra for GO and FGO films. According to previous
FTIR studies of pure GO (128), various peaks were observed at ≈ 3385, 1720, 1600, 1220
and 1052 cm-1, which correspond to the hydrogen-bonded O-H stretching, carbonyl
(C=O) stretching, C=C stretching, O-H deformation and the C-O stretching of the
epoxides (C-O-C), respectively. In the FGO composite, the peak at 3200 cm-1 is due
to the presence of the -OH groups. Skeletal C=C vibrations are observed at 1570 cm-1.
It is also observed that some new peaks at 1230 and 1030 cm-1, corresponding to C-N
stretching (tertiary amine) and C-O stretching vibrations, have appeared. These results
confirm that aza-crown molecules in FGO react with the oxygen-containing functional
groups of GO, generating C-N covalent bonds through the nucleophilic addition reaction
of amine on the epoxy group (129).

Moreover, the FTIR results are helpful to estimate the bond length, thus, the force
constant of 5.8 N/cm for the C-N linkage, calculated from FTIR stretching frequency,
can be correlated with the average C-N bond length by the ”Badger′s Rule”, resulting
in ≈ 1.4 Å (130). Details of the full calculations are provided below.
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Figure 3.9: FTIR spectra of GO (left) and FGO 1:1 (right). Reprinted with permission
from (72). Copyright IOP Publishing.

The vibrational frequency of C-N bond can be determined by:

ν = 1
2πc

√
k

µ

where ν is wave number, c is the speed of light in vacuum, k is average force constant
of the C-N bond and µ is the reduced mass given by the relation:

µ = MC ·MN
MC +MN

where MC and MN are atomic weight of carbon and nitrogen, respectively. The force
constant of 5.8 N/cm for the C-N linkage, calculated from FTIR stretching frequency,
can be correlated with the average C-N bond length by the ”Badger′s Rule”, resulting
in ≈ 1.4 Å.
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Figure 3.10: Raman spectra of GO and FGO 1:1. Reprinted with permission from (72).
Copyright IOP Publishing.

In order to retrieve useful information about the composite structures, Micro-
Raman analysis have been performed on GO and FGO samples (Figure 3.6). GO
exhibits two main bands: G band at ≈1597 cm-1 corresponding to the first-order scat-
tering of the E2g phonon of in-plane vibration mode of sp2 carbon atoms and the D
band ≈1335 cm-1 assigned to the vibrations of sp3 hybridized carbon atoms of disor-
dered graphene such as partially disordered structures of the sp2 network and structural
defects. In aza-crown functionalized GO, the G band is red-shifted to 1590 cm-1. Such
shift of the binding energy of G band has also been reported by Banerjee et al(129).
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Figure 3.11: High resolution XPS spectra of GO and FGO 1:1 materials for carbon (C
1s-left), oxygen (O 1s-centre) and nitrogen (N 1s-right), showing the fit and the resulting
components.

XPS spectra of GO (Figure 3.8, bottom) show clearly C 1s and O 1s core levels
(left and centre panels) and a small amount of nitrogen, probably due to impurities
(right panel). The carbon spectrum (Figure 3.8, left) exhibits three peaks, the C-
C/C-H component at ≈284.5 eV, C-O at ≈287 eV, and carboxylic group at ≈288 eV
(128). The oxygen spectrum (Figure 3.11, centre) shows a single peak at ≈532.4 eV.
XPS spectra of FGO (Figure 3.11, top) show C 1s, O 1s and N 1s core levels. The
carbon spectrum shows the C-C/C-H peak at ≈284.5 eV and COO at ≈288 eV and
a shoulder at 285.8 eV originated from a combination of C-N and C-O bonds. One
can observe that the previous C-O peak of GO (287 eV) is diminished as a result of
the reduction of GO during the functionalization reaction (131). The oxygen spectrum
of FGO shows two peaks at 532 eV and 529 eV, originated from the C-OH and C=O
bonds, respectively. The nitrogen spectrum of FGO shows two peaks at 401.5 and 398
eV, assignable to tertiary amine N atoms in the aza-crown ether accompanied by some
imine N atoms. As previously suggested by Ballesteros et al. the imines peak at 398
eV could be formed by the condensation of a 1-aza-15-crown-5-ether with GO C=O
groups (125).
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Table 3.2: Elemental percentages in GO and FGO samples.

Sample %C %O %N
GO 68.4 30.6 1.0

FGO 1:1 81.0 14.4 4.6

Multiple XPS analyses were performed on different spot and on different produced
samples also to quantify the elemental composition of GO and FGO. The percentage
amounts of C, O and N are reported in Table 3.2 as the results of the elaboration of
elemental survey XPS spectra. The analysis shows that the amount of oxygen decreases
during the functionalization reaction, providing a reduction of GO. FGO carbon to
crown-ether ratio can be determined by using the atomic percentage difference between
nitrogen atoms in GO and FGO (125). This difference depends on the added functional
groups of the aza-crown moiety, which amounts to 3.6% (C10H21NO4) equivalent to an
average CGO:aza-crown-ether ratio of 12.5.

The characterizations results reported gave a sufficient insight to model the FGO
structure through simulation. Indeed, performing MMFF94 energy minimization with
a modified MM2 with Truncated-Newton-Raphson method force field, we propose a
simulated FGO structure starting from GO layers (Figure 3.12), taking into account
the formation of the C-N bond with the consequent increase in interlayer separation, as
obtained from XRD pattern, and the previously calculated CGO:aza-crown-ether ratio.
Structural characteristics of simulated nanocomposite are comparable to experimental
characterizations confirming the coherence between experimental and simulated data.
Indeed, energy minimization distances from the simulation are consistent with experi-
mental data, i.e. 8 Å and 12 Å for interlayer separation of GO and FGO, respectively,
1.4 Å for C-N bond for FGO.
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Figure 3.12: Simulation of stacked GO (left) and FGO (right) layers: Carbon atoms
in grey, Oxygen atoms in blue, Hydrogen atoms in white and Nitrogen atoms in red.
Reprinted with permission from (72). Copyright IOP Publishing.
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3.2.3 Electrical characterization and gas sensing performance

GO-based gas sensors have been widely investigated by researchers and the number
of publications has increased considerably over the last years. Indeed, its large spe-
cific surface area makes GO a promising material for applications where functionality
is magnified by the extension of the surface exposed for interaction with the environ-
ment. At the same time, the high charge-carrier mobility enhances the transduction of
the chemico-physical conditions variation, e.g. as occurs in chemoresistive gas sensors.
Contrary to graphene and reduced graphene oxide, widely used for gas sensing applica-
tions both as pristine material and in functionalized arrangements (55), GO is proton
conductive and hydrophilic, which makes it a promising material for moisture sensing
(56, 57). The interaction with certain gases, e.g. water vapour, NO2 and H2 (58),
can be controlled by tuning the physical properties of GO sheets by reduction and/or
chemical functionalization approaches (59). Among eight diverse gases tested at room
temperature (methane, acetaldehyde, ammonia, acetone, toluene, ethanol, benzene and
humidity), prepared FGO films resulted selective only to water vapours. Figure 3.13a
shows the response of FGO 1:1 film at 25% RH in comparison to pristine GO and rGO.
Unlike GO and rGO, FGO 1:1 film appears to be selective toward humidity and demon-
strated good stability during repeated measurements (Figure 3.13b). The response and
recovery times of the tested films, calculated as the time necessary to attain 90% of
steady-state sensor response and as the e-folding response, respectively, ranged from
500 to 900 s. The response time exhibited by FGO sensors are comparable with the
response time of the commercial HIH-4000 Honeywell capacitive humidity sensor used
to control Relative Humidity (%RH) in the test chamber.



70 Graphene Based Materials

Figure 3.13: Electrical characterization at room temperature of (a) GO, rGO and differ-
ent GO:1-Aza-15-crown-5 rate devices vs. 25% RH. (b) Stability and complete reversibility
of the sensing reaction, (c) Dry-wet cycles from 10% RH to 80% RH. FGO 1:1 based sensor
present better stability and sensitivity and (d) humidity calibration curve of FGO sensors.
Reprinted with permission from (72). Copyright IOP Publishing.
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In order to evaluate the role of the 1-aza-15-crown-5 in humidity detection, different
sensing films with different GO:1-aza-15-crown-5 weight rate were produced (Table S1).
Figure 3.10c shows the dependence of the sensing performance on graphene:aza-crown-
ether rate. Produced FGO devices showed different responses while exposed to a fixed
humidity of 25% RH. Among the FGOs synthetized, best performing devices were
provided by 1:1 GO:aza-crown-ether concentration rate, confirming that cyclic ether
acts as receptor in the sensing mechanism. Functionalization plays a crucial role in
improving the sensing performance of the device. Indeed, as it can be seen in Figure
3.13c, at low humidity concentrations all the FGO films exhibit the same sensing trends.
On the contrary, by increasing the concentration of water molecules, the sensing films
response increases for highest functionalized film (FGO 1:1), since all the active sites
of the 1-aza-15-crown-5-ethers tend to become saturated. The stability of the sensing
film and the repeatability of its response vs. humidity (Figure 3.13b) were not affected
by any memory effects in the material during the dry-wet cycles. The normalized
responses of sensors prepared under the same procedure were investigated over a wide
RH% range (Figure 3.13c).

The demonstrated high selectivity of the sensing film alongside with room tem-
perature operation without employing any thermo- or photo-activation makes FGO a
promising graphene oxide-based gas sensor, even in comparison to those obtained with
other functional GO, pure GO or defected graphene films prepared by various methods,
not only in the chemoresistive domain (132, 133, 134).
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3.2.4 Proposed sensing mechanism

Figure 3.14 illustrates the proposed sensing mechanism of FGO. In our assumption,
the interaction between the functionalization and water molecules causes a change
in conductance, which is due to hydrogen-bonding interaction via proton-electron ex-
change between FGO and the adsorbed molecules. Previous deepened study by Carnegie
et al. (135) demonstrated that the crown-ether structure presents two primary binding
sites, both exposed in a Cs symmetry. Theoretically, even an individual water molecule
can change the conformational distribution of aza-crown structure. Water molecule(s)
take advantage of the oxygen-rich character of the aza-crown ether, donating its OH
groups to H-bonds to the crown oxygens. The formation of hydrogen-bonded networks
facilitates the rapid transport of protons, in this way, hopping between adjacent water
molecules occurs easily employing the Grotthuss mechanism, which can cause an in-
crease of conductance (136, 137). Furthermore, the fact that the aza-crown possesses
multiple oxygen sites in proximity to one another raises the possibility that bound wa-
ter molecules could interact with more than one site simultaneously. Water bonded
molecules can interact via H-bond with other water molecules, forming clusters, then
affecting still more the film conductance. In addition, with further increase in humid-
ity, the large number of existing functional groups in FGO could aid proton migration
between layers. All of these factors would lead to a sudden increase in conductance,
leading to a quite high sensitivity humidity sensor.
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Figure 3.14: Scheme for the humidity sensing mechanism proposed for FGO. Reprinted
with permission from (72). Copyright IOP Publishing.

3.2.5 Impact of aza-crown-ether cycle size on the sensing performance

In order to investigate the influence of aza-crown-ether cavity dimension on the sens-
ing performance three different aza-crown-ethers (1-Aza-12-crown-4, 1-Aza-15-crown-5
and 1-Aza-18-crown-6) were used to functionalize GO with the same reaction route pre-
sented before. Obtained materials have been deposited by spin-coating onto alumina
substrate with built-in interdigitated gold electrodes with the aim of better controlling
film thickness. Uniformity of the film has been confirmed by profilometry measure-
ments, with an average thickness of 10 µm.
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Figure 3.15: Schematic representation of 1-Aza-12-crown-4, 1-Aza-15-crown-5 and 1-Aza-
18-crown-6 structure.

As it can be seen in Figure 3.16 and 3.17 sensor response is cavity size dependent.
In fact, 1-aza-12 functionalized graphene oxide performed better at low RH% value
than 1-Aza-15-crown-5:GO and 1-Aza-18-crown-6:GO composites. This behaviour can
be ascribed to the more proximal oxygen sites in the aza-crown moieties that facilitate
the H-bonding with water molecules. Further increasing RH% in gas sensing chamber
1-Aza-12-crown-4 based material saturate faster than 1-Aza-15-crown-5:GO and 1-Aza-
18-crown-6:GO composites since the availability of oxygen sites is increasing with the
functionalities dimensions and active sites concentration.
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Figure 3.16: Dynamic response at room temperature of GO:1-Aza-12-crown-4, GO:1-
Aza-15-crown-5 and GO:1-Aza-18-crown-6 devices vs. different RH% values.

Figure 3.17: Humidity calibration curve of GO:1-Aza-12-crown-4, GO:1-Aza-15-crown-5
and GO:1-Aza-18-crown-6
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Chapter 4

Nickel decorated black
Phosporous

With the aid of first-principles calculations, a systematic study on binding energy,
geometry, magnetic moment, and electronic structure of several metal ad-atoms ad-
sorbed on phosphorene has been carried out, predicting that the immobilization of
transition on the surface of phosphorene is feasible, while preserving its structural
integrity.(138, 139, 140, 141) Despite the importance of adopting a customized decorat-
ing strategy, only few materials, e.g. Au, Pt(119), TiO2(141) , SrTiO3(142), Cs2CO3

and MoO3(118) have been incorporated into bP. Research has remained confined to
the investigation of the carrier concentration and the n- or p-decorating level of bP
with a simple device structure. The effects of decoration on the chemoresistive gas
sensing ability of a bP system have not been widely investigated. Nickel appears to
be a good candidate for bP functionalization due to the first-principles calculated high
adsorbition energy (Ea) of -4.09 eV 14 , this value is much larger than Ea of Ni adatoms
on graphene (143), and the well-known gas sensing capabilities in various structures
and under diverse conditions (120, 144, 145, 146). In this work, made in collaboration
with CNR-ICCOM in Florence, by applying a multiscale characterization approach we
demonstrated a stability and functionality improvement of Nickel-decorated bP (Ni/bP)
films for gas sensing prepared by a simple, reproducible and affordable deposition tech-
nique. Furthermore, we studied possible electrical activity of these films for their em-
ployment as functional layers in gas sensors by exposing them to different gaseous
compounds (NO2, CO2, H2, NH2, CO, Benzene, ethanol, ethylene, Formaldehyde) in



78 Nickel decorated black Phosporous

different relative humidity (RH%) conditions. Moreover, the influence in sensing per-
formance of nickel nanoparticle (NP) dimensions in related to the decoration technique
and the film thickness were investigated. In particular, the sensing performance of the
films was studied in room-temperature operation mode in order to highlight possible
technological advantages for this completely novel application of Ni/bP material.

4.1 Synthesis process

4.1.1 Synthesis of black phosphorus and liquid phase exfoliation.

Crystals of black phosphorus (bP) were prepared according to a published procedure
(147). The liquid phase exfoliation was carried out suspending bP microcrystals in
dimethysulfoxide under the action of ultrasounds in inert atmosphere. The prepared
2D bP was suspended in dry tetrahydrofuran (4.0 mg/1.0 mL) and was used as a
reference in the device later described.

4.1.2 Synthesis of Ni/bP (1). Nickel nanoparticles deposited on bP

To solid Ni(acac)2 (50.0 mg, 0.194 mmol), oleylamine (640 µL,1.362 mmol) and tri-
octylphosphine (70 µL, 0.152 mmol) were added under nitrogen. The mixture was
heated up to 220◦C in 15 minutes under nitrogen and kept at this temperature for two
hours. Then, to a freshly prepared suspension of few-layer BP in THF (1.2 mL, 1.2
mg, 0.0387 mmol “P”) a black colloidal solution of nickel nanoparticles dispersed in
toluene (0.29 mL, 0.018 M, 0.00531 mmol “Ni”, P/Ni = 8) was added drop-wise under
nitrogen at room temperature. After stirring for 30 minutes, degassed acetone (10.0
mL) was added, and the mixture was centrifuged at 8000 RPM for 20 minutes. The
black residue was washed once more with acetone (10 mL), dried under a stream of
nitrogen and re-suspended in THF.

4.1.3 Synthesis of Ni/bP (2). Nickel nanoparticles grown directly on
bP

To a suspension of 2D bP (5.0 mg, 0.161 mmol) in 6.0 mL of dry tetrahydrofuran, 40
mL of dry methanol were added. The suspension is stirred at RT for 10 minutes, after a
solution of NiCl2*6H2O (5.08 mg, 0.0214 mmol) in 255 µL of methanol was added and
the resulting mixture was stirred for ten minutes. Afterwards, the addition of NaBH4
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as a solid (10.0 mg, 0.265 mmol) turned out the suspension from grey to black and the
stirring was kept at maximum speed for five minutes. At this point, the mixture was
centrifuged (9000 RPM for 20 minutes), the surnatant was discarded and to the black
residue methanol (5 mL) and tetrahydrofuran (2 mL) were added to wash it by another
centrifugation cycle. The resulting black solid was dried under vacuum.

4.1.4 Device fabrication

Three samples in suspension of tetrahydrofuran, all with the same concentration, 4.0
mg in 1.0 mL, were used to prepare the films: 2D bP, Ni/bP(1) and Ni/bP(2). The
gas sensing films were prepared by dropping 50 µL of each solution and spin coated,
at 3000 RPM for 20 seconds, on Al2O3 substrates with built-in interdigitated gold
electrodes followed by drying at RT for 15 min. The deposition was repeated 4, 8 and
16 times in order to obtain different film thickness. In this way, 3 different films with an
average thickness of 2, 4 and 10 µL were prepared, film thickness was measured by the
means of a KLA-Tencor P-6 stylus profilometer. The sensor substrate was subsequently
packaged on commercially available TO-39 support via thermo-compressing bonding
for electrical characterization.

4.2 Characterization

TEM analysis showed well-dispersed nickel nanoparticles on the surface of black phos-
phorus nanosheets for both the synthesis. After immobilization, Ni nanoparticles pre-
served their size, average diameter of 11.9±0.8 nm for Ni/bP (1) and 3±0.8 nm for
Ni/bP (2). Moreover, no aggregation took place.

On the same sample AFM was measured. Looking at smaller structures, which are
likely to be single flakes or few flake-aggregates, see Figure S11 (ESI), we found their
typical size to be a few hundred nanometers, and their thickness up to 50 nm. A typical
flake is shown in Figure 6(a), and two cross-sections are shown in Figure 6(b) and (c).
Knowing that a single Ni nanoparticle has a diameter around 12 nm, and using the
same approximation as in Hersam’s paper (149) we can roughly estimate the BP flake
thickness. The object in Figure 6(a), with a thickness of 14–32 nm, corresponds to a
BP flake thickness of 2–20 nm, and having the BP layer spacing of 0.53 nm, the number
of layers ranges from 4 to 38.
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Figure 4.1: TEM image of Ni/bP (1) (Left) and Ni/bP (2) (Right) supported on few-
layer black phosphorus, P:Ni molar ratio 8:1. Inset: Size distribution histogram of Ni NPs.
Reprinted with permission from (148) Published by The Royal Society of Chemistry.

The new nanohybrid was further characterized by Raman spectroscopy. Figure 4.4
compares the Raman spectrum of a freshly prepared sample of 2D BP (blue curve) with
the same batch of 2D BP after functionalization with nickel nanoparticles (red curve).
The spectrum of the nickel functionalized material reveals the three typical Raman
bands of black phosphorus at 360, 435 and 460 cm-1, attributed to the A1

g, B2g, and A2
g

vibrational modes respectively,(150) confirming the orthorhombic crystalline structure
of 2D BP. Since nickel is silent in Raman, the crystalline nature of the nanoparticles was
confirmed by SAED and powder XRD, see Figure 4.3 and 4.5, which showed that the
nanoparticles have the characteristic cubic face centred structure of crystalline nickel.
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Figure 4.2: (a) AFM image of a typical flake and (b and c) profiles along the two lines
displayed in (a). Reprinted with permission from (148) Published by The Royal Society of
Chemistry.

Figure 4.3: SAED (selected area electron diffraction) pattern of Ni NPs. The diffrac-
tion rings correspond to face-centered cubic nickel. Reprinted with permission from (148)
Published by The Royal Society of Chemistry.
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Figure 4.4: Comparison of the Raman spectra between (a) pristine few-layered bP (blue
curve) and (b) Ni/bP (1) (red curve). The strong peak at 520 cm-1 is due to the silicon
substrate.

Powder X-ray diffraction of Ni/bP (1) (Figure 4.5) shows the characteristic peaks
of black P and additionally a broad peak at 2θ equal to 44.41◦ revealing the presence of
nickel NPs. The other peaks at 51.81◦ and 76.41◦, also characteristic of nickel, are too
weak to be identified. Thus, the surface functionalization with Ni NPs did not affect
the structure and the crystallinity of 2D bP.
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Figure 4.5: Powder X-Ray diffraction of Ni NPs. Reprinted with permission from (148)
Published by The Royal Society of Chemistry.

4.3 Gas sensing performance

To determine the effects of decoration on the gas sensing properties of Nickel deco-
rated bP, the conductance variation of the films was investigated as a function of the
Ni nanoparticle dimensions, direct consequence of different employed decoration tech-
nique, and compared to pristine bP. The measured conductance in dry air (Figure 4.7a)
for the prepared films (4 µm-thick) was 2.26 ·10-4 µS for pristine bP, 2.2·10-2 µS for
Ni/bP (1) and 1.29·10-3µS for Ni/bP (2). The introduction of Ni nanoparticles increases
carrier mobility of the film with further increase in conductance in the nanocomposite
system, a desirable quality for any functionalized material for gas sensing applica-
tion. The increase in the electrical conductance in function of the diameter size of the
Ni nanoparticles is probably related to conformational change in the bP induced by
nanoparticles formation. The dynamic sensing responses of pristine bp, Ni/bP (1) and
Ni/bP (2) based sensors were investigated exposing the devices to several gaseous mix-
ture in air at room temperature (methane, acetaldehyde, ammonia, acetone, ethanol,
ethylene, benzene, nitrogen dioxide, carbon monoxide, carbon dioxide, sulfur dioxide
and hydrogen). Among diverse gases tested, prepared Ni/bP nanocomposite demon-
strated a high sensitivity and selectivity only toward NO2 with a Low Detection Limit
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of 100 ppb, whereas pristine bP sensor exhibited a negligible response to all tested
gases. Fig 4.7a shows the dynamic response of Ni/bP(1), Ni/bP(2) and pristine bP
with various concentration of NO2.

As previously reported, pristine bP can exhibits a sensitive response to NO2 and
many researchers have theoretically predicted and experimentally observed that the
adsorption of the NO2 molecules on the bP surface can take place via non-covalent
interactions (111). However, stacked layers of 2D pristine bP, with 5 Å interlayer
distance, can be considered as a porous system. In this way, the number of active
sites of the material is significantly reduced and, alongside with the fast and severe
degradation process occurring under employed ambient conditions, makes pristine bP
difficult to use in real life applications. Furthermore, Nickel decorated bP exhibited a
highly stable baseline resistance with ultralow noise level (≈0.002%) and response only
to NO2 with a positive conductance variation. The baseline noise level is drastically
improved with Ni/bP (2) compared to that of Ni/bP (1) (≈0.4%) and pristine bP (≈
0.25%).

Figure 4.6: Baseline noise level of bP, Ni/bP (1) and Ni/bP (2) devices in dry conditions

Functionalization with Ni induced significant chemical sensitization of the bP sur-
face for the sensing of NO2 molecules caused by the highly catalytic properties of Ni.
The slow and incomplete recovery of the base line, showed by Ni/bP (1), was previ-
ously observed in few layers reduced graphene oxide(151) and, recently, for few layer
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phosphorene in both dry air and N2 atmosphere (112, 152). Indeed, as reported in
(112, 153) the existence of irreversible sites where target gas molecules may strongly
bind, physically represented by defects, inhibits a complete desorption in the time scale
of a sensing cycle. The response and recovery times of these films, calculated as the
time necessary to attain 90% of steady-state sensor response and as the e-folding re-
sponse, respectively, ranged from 25 to 40 min. Therefore, the characteristic times of
Ni/bP-based sensors are perfectly comparable to those of other bP-based gas sensors
(111, 112).

The calibration curve shown in figure 4.7b display Ni/bP(1) and Ni/bP(2) response
versus NO2 gas concentrations. The presented plot show typical fit with Langmuir
Isotherm for molecules adsorbed on a surface (111) further suggesting that charge
transfer is the sensing mechanism for NO2 sensing in multilayer bP based devices.
Moreover, in order to investigate the influence of humidity in the response, sensors
have been exposed to different RH% conditions (from 2% up to 60%) to 1 ppm of NO2

(Fig 4.7c). Ni/bP (2) based sample show a small decrease of the response value with
RH% increasing highlighting good humidity resistance. On the contrary, Ni/bP (1)
film showed a rapid decline in sensing performance and an irreversible degradation of
the film at 30%RH, for 60RH% measure a twin device has been used and irreversibly
compromised after the water vapours injection. In order to demonstrate the stability
of these sensors and investigate the influence of the film thickness in the sensing per-
formance, three sensors (2, 4 and 10 µm thick), based on each Ni-decorated bP film,
were produced and tested with 1 ppm of NO2 for a four weeks period in dry condition
(Fig 4.7d). The conductance in dry air highlights an inverse correlation between film
thickness and conductance value. Interestingly, despite the initial higher response, the
Ni/bP (1) material suffers performance degradation only after one week under a dry
air flux, this phenomenon is impeded and slowered in thicker films. Ni/bP (2) high-
light better stability over the measurement period, and after several months, even if
the response value is well below the Ni/bP (1) initial one. A possible explanation of
the aforementioned behaviour resides in the morphological characteristics of the em-
ployed materials. In particular, nickel nanoparticles in Ni/bP (1) present an average
diameter of 12 nm, which increases the interlayer separation with respect to Ni/bP
(2) which possess a four times smaller diameter of ≈3 nm avoiding, in this way, the
restacking of bP sheets. This fact drastically enhances the specific surface area exposed
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to NO2 in the case of Ni/bP (1), resulting in a more effective initial sensor response.
On the other hand, this separation exposes a more extended sensing area to ambient
adsorbates which, as suggested by Wood et al (153), irreversibly react with bP forming
oxidized phosphorus species compounds (POx), fundamentally altering electronic and
material properties of bP. Moreover, in situ grown Ni/bP (2) shows stable response
during all the four weeks measurements period with no dependence of the response on
the film thickness. Ni decoration effectively suppress ambient degradation, for at least
1 week in Ni/bP (1) and over 4 weeks in Ni/bP (2) in ambient conditions. This result
highlighted that Ni/bP (2) sensor can be practically used under ambient conditions for
a reasonable period without performance degradation of the devices.

Figure 4.7: Electrical characterization at room temperature of (a) bP, Ni/bP (1) and
Ni/bP (2) devices in dry conditions with five different concentration of NO2. (b) Calibra-
tion curve of Ni/bP based sensors (c) Response to 1 ppm of NO2 at different RH% values,
(c) Response values for different thickness of the film during a four-week testing to 1 ppm
of NO2 in dry condition.
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4.3.1 Proposed sensing mechanism

By using adsorption chemistry on Nickel decorated bP composite surface it is possible
to propose a sensing mechanism in order to understand the change in conductance in
presence of NO2. After Ni decoration of bP surface, the sensor response to NO2 gas
molecules is markedly enhanced with respect to pristine bP-based sensor and the gas
sensing mechanisms involved are supposedly different. It is reasonably to assess that
NO2 molecules interact more intensively with Ni and the synergic effect with bP plays
an important role in sensing performance. In our assumption Ni atoms act as a cat-
alytic reaction centre in the reaction with NO2 molecules at surface. The adsorption
of NO2, which is an oxidizing gas, on the Ni nanoparticles leads to the formation of
NO2-. This process traps electrons from the conduction band or the donor level of the
nanocomposites, which leads to an increase of hole density that finally results in an
increase of conductance. First, the oxygen molecules from the air is chemisorbed on the
Ni surface. After this first interaction, the chemisorbed O2 molecules can react with the
electrons at surface and transform into O2- at RT, thus decreasing the concentration
of electrons at surface and forming a depletion layer. As follows:

O2(ads) + e– −−→ O2
– (ads)

Then, the generated oxygen adsorbent (O2) at the Ni surface, when exposed to an
oxidizing gas (NO2), the co-adsorption and mutual interaction between the gases and
the adsorbed oxygen result in reduction at surface and a decrease in the chemisorbed
oxygen concentration. This process is represented in equations:

NO2(ads) + e– −−→ NO2
– (ads)

NO2(gas) + O2
– (ads) −−→ NO2

– (ads) + O2(gas)

The desorption process can be controlled by the surface desorption related to the
binding energies reported in Kou et al. (110) and/or by the desorption of the NO2

molecules previously diffused between the nanocomposite layers. It is reasonable to
assume that the fastest process involved is the surface desorption, being related just to
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the charge transfer. Therefore, it is very likely that NO2 slow desorption rate is princi-
pally dependent on the diffusion phenomena inside material layers. When the sensing
film is exposed to the gas, the NO2 molecules tend to diffuse between the bP layers
and the interlayer desorption results in slower process than the one from the exposed
Ni/bP surface. This behaviour has been reported for pristine bP sheets and in other
similar 2D systems like graphene.(154) Therefore, we think that the enhanced sensing
properties of the Ni/bP nanocomposites should be attributed to the synergism between
bP and Ni nanoparticles. Compared with pristine bP, the active sensing area of the
Ni/bP was increased. According to the literature reported in recent years, a relatively
weak and unstable sensing response is the challenge when employing 2D materials alone
for high performance sensing applications. Composites of inorganic materials and bP
as gas sensing materials have demonstrated good response for the detection of NO2,
H2 (112, 119). In our case, the Ni nanoparticle growth on bP plays a crucial role as
active center in the charge carrier trans-mission to adsorb NO2 molecules with strong
electron-withdrawing power. The electron transfer from bP via Ni nanoparticle to
adsorbed NO2 molecules produces a hole enrichment in p-type hole-transport-driven
composite and con-sequently increase its conductance. In the same gas environment,
the sensing performance was enhanced with increased effective adsorbance of NO2 for
the chemoresistive gas sensor. This means that the effective load of Ni on bP could
affect the response of composites to NO2. The scheme of the proposed gas sensing
mechanism is shown in Figure 4.8.
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Figure 4.8: Schematic representation of the proposed NO2 sensing mechanism for Ni/bP
Nanocomposite
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Chapter 5

Conclusions and future
perspectives

This PhD thesis work, carried out at the Department of Physics and Earth Sciences of
the University of Ferrara, is focused on the exploration of the fascinating properties of
some 2D materials in the field of chemoresistive gas sensing. Their outstanding morpho-
logical and electronic properties have been widely investigated and their exploitation
leads to the fabrication of many types of gas sensing devices, in order to detect different
gases. Gas sensors based on 2D materials have demonstrated high sensitive detection of
different gas molecules at low concentrations, due to the maximum sensor surface area
per unit volume, low noise and superior ability to screen charge fluctuations compared
to conventional systems, in addition to their favourable electrical properties for gas
adsorption. Even though pristine graphene, GO and rGO present a very promising gas
sensing platform for room temperature gas detection, they get strongly affected by a
range of different gas species and also suffer from slow recovery and poor electrical sta-
bility under different environmental conditions. Chemical modification of graphene or
graphene oxide, functionalized with defects, dopants, metal, metal-oxide nanoparticles
and organic compounds have proven to provide promising solutions for improving the
sensing performance with high specificity, enhanced sensitivity and low detection limit.

Towards this direction, it was presented an innovative method to homogeneously
decorate graphene with Nb2O5 nanoparticles by the means of an RF magneton sput-
tering instrument equipped with a powder mixing system. Nb2O5/graphene showed
good sensing properties with a low detection limit of 100 ppb towards NO2 at room
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temperature in both dry and wet air conditions. Moreover, synthesis procedure, charac-
terizations and structure simulation of 1-aza-15-crown-5 ether FGO with a high cover-
age of crown-ether functional molecules has been proposed. With the aim of exploring
the physical and chemical properties of the material, in particular the reversible and
controlled interaction of the surface with diverse chemical species, we employed FGO
in two different fields of application, both exploiting the highly specific properties of
the employed functionalization. A gas sensing device, by depositing FGO onto alumina
substrates via drop casting technique, was produced. The films showed chemoresistive
behaviour with relevant selectivity to humidity and fast response time. A humidity
sensing mechanism based on H-bond interaction between the film and water molecules
has been proposed. The sensing unit holds all the fundamental properties for a good-
quality gas sensor, and makes them competitive with respect to the traditional MOX
sensors. Furthermore, the FGO sensors accomplish sensing performance at room tem-
perature without employing any thermo- or photo-activation stimulation to attain full
reversibility of the sensing process occurring at surface. Finally, FGO has been func-
tionalized with different aza-crown-ethers in order to further understand the role of the
functionalization moieties in the humidity sensing mechanism. FGO was also tested
as potential multifunctional material in cation sorbent application (Appendix A) with
a simple, time-efficient and reagent-saving method. The results highlighted possible
usage of FGO as a filter for heavy metals polluted water or preconcentrator of trace
amount of metals. In this way, any additional treatment, such as the elution of an-
alytes, is unnecessary, thereby reducing the sources of contamination as well as the
sample preparation time. Using FGO may be an efficient alternative to the classical
sorbent such as active carbon. Indeed, the conducted studies reveal the great poten-
tial of FGO towards Ni(II), Cu(II), Cr(III) as excellent sorbent material in analytical
chemistry. The method proposed in aza-crown-ether functionalization of GO is quite
flexible. Indeed, with an appropriate selection of specific crown ethers, it is possible to
tailor molecules with cavities whose size, shape and donor properties would allow the
capture of any desired guest in order to prepare a wide range of other crown-ether-GO
nanocomposites for gas sensing as well as sorbent materials.

The desorption of gases on 2D materials such as rGO, MoS2, phosphorene, etc., is
observed to be slow due to the strong adsorption of gas molecules on these materials,
which usually require external assistance such as UV light exposure or high temperature
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annealing after gas exposure. This drawback of 2D material based gas sensors, which
limits their practical use need to be addressed as it degrades the sensing performance
in terms of sensitivity, detection limit and repeatability.

Most of the gas sensing experiments already reported using 2D materials had to
be performed under a controlled environment, as the sensitivity values were found
to be affected by the presence of other gases in practical environmental conditions.
Hence future works need to concentrate on achieving ultra-high selective gas sensing
devices under practical conditions using 2D materials. This issue can be addressed
by modification of the material surface with suitable modifiers such as metal or metal
oxide nanoparticles. The functionalization scheme could be extended to TMDs and
phosphorene, which had already proven to be highly successful for graphene based
materials. Exfoliated black phosphorus nanoflakes decorated with nickel nanoparticles
(Ni/bP) have been prepared and characterized with particular attention to the role of
Ni nanoparticle dimension in the sensing mechanism. Electrical activity towards differ-
ent concentrations of NO2 at RT in a dry air environment highlighted fast and stable
response over the time. This latter characteristic is particularly relevant since environ-
mental instability of exfoliated BP has been an issue so far, under ambient conditions
few-layer bP degrades completely in less than a week, preventing its applications in
several fields.

This thesis work has explored different approaches in the use of 2D materials as a
building block for the synthesis of completely new nanocomposites. The employment
of these materials as gas sensing films has been proved for real life applications with
room-temperature operation and high selectivity maintained over the time.

In conclusion, the results of this thesis envisage great potential for further refine-
ment and investigation in order to fabricate gas sensors satisfying the 3S: sensitivity,
selectivity and stability. In these last years, many researchers pave the way to the fab-
rication of 2D materials-based gas sensors, suggesting that they can substitute metal
oxides gas sensing devices. The deep understanding of the gas sensing mechanisms,
with the help of theoretical calculations and in-situ operando analysis, can help to
design and produce more selective 2D materials-based gas sensors.

First-principles calculations on the adsorption of gas molecules using different 2D
materials could enable the identification of the suitable modification of these materials
for enhanced sensor performance. The gas sensing mechanisms of devices based on
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newly discovered 2D materials are not completely explained till now. Once the above
mentioned shortcomings are addressed, 2D materials could revolutionize the field of
gas sensing so that they could emerge as ideal sensing elements with ultrahigh sensi-
tivity, surprisingly high selectivity, fast response, good reversibility, room temperature
operation, outstanding stability, etc., for gas sensing systems in the near future.

The effect of the humidity on the responses needs to be minimized and the response
stability through months is a crucial point for the fabrication of everyday life sensors.
2D materials can degrade and oxidize in ambient air (phosphorene and WS2, for ex-
ample, can oxidize at RT and their responses can change through days of operation).
Therefore, capping the 2D materials with metal oxide, or polymers films, can prevent
this effect.

Lack of large scale manufacturing of 2D materials with large area, high and uniform
quality is yet another challenge. Flexible electronics could benefit from the mechanical
compatibility of 2D materials with the device fabrication due to their excellent me-
chanical properties. 2D heterostructures obtained by the combination of different 2D
materials provide a suitable sensing platform for developing future wearable electronics.
Modelling of nano sensing devices based on 2D materials is receiving great importance
now-a-days, as it could enable the study of underlying sensing mechanisms and the
analysis of the sensor performance before going for expensive experimentation.



Appendix A

Multifunctional capabilities of
FGO

A.1 Cation trapping measurements

The use of graphene oxide as a ionic membrane was developed by Nair et al. (154). In-
deed, graphene-based materials have recently emerged as potential candidates for heavy
metal absorbent (155) and desalinator with excellent characteristics (131, 156, 157).
FGO synthetized in this work combines the high affinity for cations of the aza-crown-
ether, that could not be used as is owing to its solubility in water, with the mechanical
properties of graphene oxide. Indeed, it is well known that crown ethers form strong
bonds with certain cations, generating chemical complexes (158, 159, 160). The oxygen
atoms are well situated to coordinate with a cation located inside the ring thus the den-
ticity of the polyether influences the affinity of the crown ether vs. various cations, as
schematized in Figure 3.12. We tested the absorbent capabilities of FGO and pristine
GO with some cations of environmental interest, such as Ni(II), Cu(II) and Cr(III)
by the means of Total Reflection X-Ray Fluorescence (TXRF) analysis, measuring the
cation concentration before and after interaction with the FGO membranes in aqueous
solution.

For cation trapping measurements 10 mg of GO and 10 mg of FGO were placed
in different test tubes, each one containing a 10 mL solution of one of the following
cations: Cu(II), Ni(II) and Cr(III), all at the nominal concentration of 40 ppm. Then,
through a centrifugation process of 30 minutes at 5000 rpm, GO and FGO materials
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Figure A.1: Schematic rapresentation of FGO sorbent capabilities. Reprinted with per-
mission from (72). Copyright IOP Publishing.

were separated from the suspension. 0.01 mL of an internal standard solution (Gallium
1000 ppm) were added to 0.99 mL of the supernatant solutions for each samples. TXRF
was used to quantify the amount of cations before and after the interaction with GO
and FGO at Micro Nano Facility of Bruno Kessler Foundation.

TXRF analyses were carried out to quantify the amount of three selected cations
via internal standard method, using Gallium as reference, on initial sample and after
its interaction with GO and FGO 1:1.

The amount of cations for every sample solution was determined by:

ci = I i · cs
Si · Is

where ci is the cation concentration (ppm), I i is the count number of the cation
of interest, cs is the concentration of the internal standard (10 ppm), Is is the count
number of the internal standard and Si is the relative sensitivity.

Figure A.2 shows the energy spectrum of one of the performed measurements on
Cr(II) containing solution. The energy of the peaks identifies the elements present in
the sample by their characteristic Kα and Kβ emission lines, whereas the intensity of
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the peaks is strictly related to the cation concentrations. Reference internal standard
peaks of Gallium are easily recognizable, Kα ≈ 9250 eV and Kβ ≈ 10250 eV. Indeed,
peaks at ≈ 5400 eV and ≈ 5900 eV correspond to Kα and Kβ of the Cr(II) emission
lines, respectively.

Figure A.2: TXRF analysis of trapped Cr(II) sample in GO and FGO.

Table A.1 reports TRXF analysis results, i.e. the cation concentrations before and
after the interaction with GO and FGO 1:1 materials. The nominal cation concentration
was 40 ppm for each solution, whereas the real values were slightly different. The
percentage recovery for GO and FGO 1:1 were 45.0% and 99.4% for Cu(II) solution,
32.4% and 96.0% for Ni(II) solution, 22.8% and 86.5% for Cr(II) sample. In each sample
GO layer plays a role in cation adsorption (155), but a comparison between GO and
FGO 1:1 highlights an outstanding activity of the aza-crown-ether moieties. Indeed,
the absorption capability of the adduct is more than the double with respect to our
tested pure GO.
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Table A.1: Concentration (ppm) of the initial experimental cation solutions, pristine
GO and FGO 1:1 after treatment.

Sample Cu (ppm) Ni (ppm) Cr (ppm)
Initial solution 43.05 ±0.01 37.52 ±0.20 41.74 ±0.04

GO 23.67 ±0.01 25.36 ±0.19 32.22 ±0.05
FGO 1:1 0.24 ±0.01 1.51 ±0.19 5.62 ±0.05

The remarkable stability of crown ether complexes with cations is enthalpic in origin
(161). However, such a complex system depends on various factors. Stability decreases
in the same order as electronegativity of heteroatoms included in the cycle. Moreover,
cation affinity of aza-crown ethers depends on the type of substituent attached to the
nitrogen, GO in our case of study. In order to explain the different behaviour of FGO 1:1
in sorbtion capability, it is useful to apply to the utilized transition metals the "hard and
soft acids and bases" (HSAB) theory (162) and taking into account the cation valence.
Within the same category of cations, the most stable complexes are formed when the
ratio of cation size and cavity diameters is close to one. Any deviation from the perfect
fit results in a loss of stability and, consequently, in a loss in binding capacity (158). For
Ni(II) (0.166 nm of ionic diameter) and Cu(II) (0.174 nm of ionic diameter), the ratio
of cation diameter over aza-crown cavity (whose size is ≈ 0.175 nm), corresponds to
0.948 and 0.994, respectively. In this way, the better affinity of the aza-crown moieties
for Cu(II) with respect to the Ni(II) cations is well justified. The behavior of FGO
with an "hard" cation like Cr(III) is different from that with "intermediate" cations, as
Ni(II) and Cu(II). This evidence demonstrates the better affinity of the aza-crown site
of FGO for relatively easy polarizability of transition metal cations, since cation-dipole
interactions are thought to provide the binding energy of crown-ether complexes with
"hard" cations. Prepared FGO material showed excellent results in cation adsorption
capabilities, as can be seen in Table A.2 FGO sorbing performance are comparable with
other carbon-based nanomaterials for determination / preconcentration of metal ions.
Moreover, the direct interaction between the cations and the sorbent material allows
one to reduce the time of sample preparation in comparison with a classical Solid Phase
Extraction (SPE) method (163).
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Table A.2: Comparison of the presented method with published procedures based on
solid-phase extraction and determination of Cr, Cu and Ni ions.

Sorbent Method Element Recovery, % Ref.
GO EDXRF Ni(II) 94 (164)

Cu(II) 97
GO-EDA EDXRF Ni(II) 93 (165)

Cu(II) 96
GO-Gly EDXRF Cr (III) 98 (166)

Cu(II) 99
FGO 1:1 TRXF Cu(II) 99.4 This work

Ni (II) 96.0
Cr (III) 86.5
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