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Preface

The first International Workshop on Electrospinning for High Performance Sensing
(EHPS) was held in Rome on April 29-30, 2014, within a European Concerted
Research Action, designed as COST MP1206 and entitled “Electrospun nano-fibres
for bio inspired composite materials and innovative industrial applications”. The
workshop, organized and hosted by the Institute of Atmospheric Pollution Research
of the National Research Council (CNR-IIA), was intended to be the first one of a
series of forthcoming meetings devoted to share and spread novel ideas for inno-
vative and more attractive sensors. Some recent and encouraging results concerning
novel micro-nanofibrous sensors reported in literature confirmed a multitude of
supplies. Indeed the electrospinning technology, allowing an easy integration of
long fibres (organics, inorganics and composites) with microcircuits in different
configurations and on several substrates, seems to be a very promising strategy to
fabricate advanced sensing systems. Thus, world-renowned scientists, several com-
panies and young researchers from all over the world (19 countries) joined the
workshop. The general industrial potentials of electrospinning as well as the
limitations of such a technology were discussed by both scientists and enterprises.
In other presentations, mathematical models were proposed to control the
electrospinning process in designing and manufacturing high performing materials
for several applications, such as health and environmental monitoring, security,
food quality, etc. Electroactive and optical properties of the fibres were also
described, focusing on single fibres, 3D fabrics of polymers, polymer blends,
nanocomposites and metal-oxides, as well as on different types of structures
(hollow-fibres, core-shell) and on different functionalization. Several strategies in
technical customisation of the procedure were proposed and described by scientists
to obtain differently performing fibrous structures. Other issues of the workshop
focused on the state of the art of nanosensors, and the description of materials,
methods and advanced technologies to design and construct a plethora of
functionalized nanofibres with different features suitable for sensing. All contribu-
tion concurred to a unique “symposium of knowledge”. Briefly, all talks were
focused on very innovative, technological and smart issues, but in a friendly way,
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viii Preface

as well as in a comfortable environment, establishing a perfect synergy of intents, a
full immersion in debating and sharing scientific findings and thoughts. The main
subjects presented in that event and concerning both chemical and physical sensors
and biosensors based on electrospinning, and their related sensor market prospects,
have been collected in the present book hoping to give the reader the same exciting
atmosphere of those days.

Rome, Italy Antonella Macagnano
Wiener Neustadt, Austria Erich Kny
Rome, Italy Emiliano Zampetti
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Introduction to Electrospinning for High
Performance Sensors

A strategy to improve the sensing features of chemical sensors is to increase the
specific surface of the interacting material: the higher the specific surface area of a
sensing material the higher its sensor ability to interact, such as biological sensing
structures do. Indeed, in nature, surfaces and receptors are in essence a
macroscopical extension of the molecular structure of a material, where the prop-
erties of surfaces and receptors are directly related to their structure down to the
molecular level. Similar structures can be reconstructed ‘in vitro’ for sensor and
detecting systems of exceptional sensitivity and remarkable specificity. As a con-
sequence, many techniques have been used to augment the surface of sensing layers
with fine structures, especially to form controlled nanostructures, as it happens in
natural systems, taking advantage of the large specific area of nanostructured
materials. Accordingly nanostructured sensors, when compared to the conventional
ones, showed desired properties like faster adsorption and minimized bulk effects
(i.e. long diffusion—desorption time, analyte entrapment, etc.). From recent litera-
ture, electrospinning has been confirmed to be one of the best candidates among the
various nanotechnologies for designing and developing smart and ultra-sensitive
sensing systems, both for the uniqueness of the resulting nanostructures and for
production rate and cost. Parameters like the extremely rapid formation of the
nanofibres structure, which occurs on a millisecond scale, the large coverage in
continuous mode, the easy tuning of size and shape, and the nanofibres assembling
in situ have raised great scientific interest, confirmed from the number of publica-
tions over the last 10 years and reported in the following figure. Since the dimension
of fibres is roughly comparable to that of the interacting molecules, people may
exploit the tiny size with some size effects, such as quantization, and the single-
molecule sensitivity. About the morphology of the fibres, it depends on the solution
properties (system parameters), process conditions (operational parameters) and
environmental conditions. The resulting aligned or non-woven nanofibres, arranged
in 2D- or 3D-fibrous structures with tuneable porosity and high specific surface
area, can be placed directly onto suitable transducers, often without further expen-
sive refinement. Developments of electrospun nanomaterials have allowed chances

xi



xii Introduction to Electrospinning for High Performance Sensors

to fabricate more efficient interfaces with electronic components also due to their
compatibility with semiconductor processes. Since electrospinning is a technique
capable of continuously creating polymeric fibres, i.e. with no interruption during
the process, it sounds appropriate for the production of huge quantities of nanofibres
(micron size yarns consisting of nanofibres can be produced at high rates, up to
70 m/min), then also potentially appealing to the sensor market. Electrospinning
apparatus, using multiple nozzles, as well as needleless electrospinning processes
using a range of spinnerets, is able to increase further the production rate and to
control jet formation, jet acceleration and the collection of nanostructures.

Sensors based on electrospinning

60

50

40

30

Number of Publications

20

10

2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013
Year

Number of publications related to electrospinning technology for sensors (Source: Web of Science
accessed on 27 Apr 2014)

The further opportunity to customise and functionalise these micro-nanofibres
on a large-scale enables the electrospinning technique to match a wide range of
requirements for specific sensing applications, giving a benefit over other methods
commonly used for the production of micro-nanostructures. Another advantage of
this top-down nano-manufacturing process is the relatively low cost of the equip-
ment and its functioning compared to that of most bottom-up methods. Despite the
increased interest in sensors from scientists and the industrial potentials of the
technology, the percentage of the number of patents about electrospinning for
sensor was still about 0.3 % (2011, source EspaceNET) of all the patents related
to electrospinning. An apparent lack of interest of manufacturers, of both chemical
sensors and electrospun fibrous products, in this application is noticed. Some of the
challenges are supposed to be related to the difficulty in exploring the application
without significant funding, the perceived danger of working with nanofibres,
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which is worsened by the lack of clearly defined terms, the lack of control over
material supply as a result of the relatively small volume requirements for
electrospinning compared with other industries and the lack of involvement of
manufacturers in nanofibre development projects until the final stages of
laboratory-scale optimisation. However, nowadays the technology sounds mature.
It is progressing going beyond the laboratory and towards industrial setting, with
the rise of start-ups and the interest of large multinationals. Increasing dissemina-
tion and involving even further industries urgently need to proceed into the next
step, that is the actual manufacturing of high performing electrospinning based
sensors for answering to real requirements.

In this book, thanks to the significant cooperation of scientists and manufacturers
involved in a European Concerted Research Action, designed as COST MP1206
and entitled “Electrospun Nano-fibres for bio inspired composite materials and
innovative industrial applications”, and after the successful participation in the first
“Electrospinning for High Performance Sensors” workshop held in 2014 in Rome,
we collected some recent progress and predominant developments of several
electrospinning sensing approaches, including gravimetric, resistive, photoelectric,
optical, electrochemical sensors and biosensors. Thus the present book is the first
collection of chapters focusing on the potentials of electrospinning in several
specific sensing applications, through the usage of several transduction mechanisms
based on organic, inorganic and composite materials. Their crucial role in quickly
revealing molecules in traces, which are often the urgent needs in health, security,
environment and food monitoring, will be described in detail. Finally, the situation
of the electrospinning industry is discussed, including recent advances in
commercial-scale electrospinning. The opening shortly describes the aim of the
COST Action MP1206 that currently is the greatest platform of European scientists,
young researchers and industrials for fabricating, investigating and sharing the
potentials of such a technology. This Action is joined too by scientists, institutions
and companies from COST Near Neighbour Countries and International Partner
Countries thereby increasing the chances of succeeding. The book starts with a
detailed description about the manufacturing of facile and ultrasensitive sensors
based on synergic layers of electrospun polymer fibres added with electrospun-
nanonets and investigated through gravimetric and optical transducers. Then, an
accurate description of the polymer dynamics during the ejection process follows,
trying to analyze, through the image analysis and mathematical models, the distri-
bution and orientation of the charged molecules in the various segments of the
fibres, ranging between the Taylor cone and the grounded substrate. Therefore the
unique features of chemical sensors based on nanocomposite fibres are described,
where the performance of conventional to electrospun sensors have been compared
to detect gases in traces. The conductivity of the fibres has been explored too, both
in individual and crossed nanofibres, supposing that the improved gas sensing
performance were determined by diode effect. The photoconductivity of ceramic
fibres to develop gas sensors operating at room temperature represents a further
chance to get low cost sensors with low power consumption. Optical properties of
nanofibrous sensors with a collection of specific applications in security, health and
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food are the main topic of the following three chapters. They have been introduced
by an overview of the properties of fluorescent electrospun nanofibres reporting
illustrative examples of their application as optical sensors for the detection of
heavy metal ions, explosive compounds and bio-systems. Some of the latest
advances in bio-mimicking and biological sensors have been summarized, dealing
with the preparation, bio-immobilization and the role of nanostructures for electro-
chemical and gravimetric biosensing systems for protein biomarkers and DNA
detection. Two tremendously innovative and intriguing applications of
electrospinning have also been reported, dealing with smart nanofibrous textiles
and a brain mimicking system, respectively, before concluding with an overview on
electrospinning from a manufacturer’s perspective. Here the current state of the
electrospinning industry is debated, including recent advances in commercial-scale
electrospinning and other competing technologies. The challenges that are faced
by commercial electrospinning companies are highlighted, helping to explain
the limited commercialisation and uptake of electrospinning by industry. To finish,
some examples of nanofibre products that are currently available or being
commercialised are given, with an outlook on what the future may hold for
electrospun nanofibre technologies in the years to come, comprising smart
sensing systems.

Antonella Macagnano
Erich Kny
Emiliano Zampetti



Electrospinning and the COST
Action MP1206

Electrospinning, an electro-hydrodynamic process, has lately become an exciting
and versatile platform technology for the production of nanofibrous materials. The
electrospinning process takes place between a spinning head with a capillary
opening or a rotating drum and a collector counter electrode where a high voltage
is applied (typical 10-30 kV). The spinning head (nozzle or nozzle-less) is
connected with and (usually) pressure fed by a reservoir of a polymer solution.
The high voltage applied draws at very high speed a nano- to micron-sized fibre jet
out of the Taylor cone, which forms at the opening of the nozzle. The solvent is
rapidly evaporating in this process and the endless nanofibres are collected and
deposited at the collector. The electrospun nanofibres are deposited either in an
irregular and chaotic fashion to form a nonwoven web or as organized
(e.g. parallelized) fibre patches.

The uniqueness of electrospun nanofibres is due to their high surface-to-volume
ratio, high fibre interconnectivity and nano scale interstitial space, compared to
conventional fibrous structures. As a result, they are of high interest in a diverse
range of applications where highly porous structures or structures with a high
surface area are desirable making them potentially very useful for a range of
innovative biomedical and technical applications. Biomedical applications include
biomimetic scaffolds for tissue engineering, sustained/controlled drug release sys-
tems, regenerative medicine, wound dressings, implants, artificial skin and bio-
sensors. Other emerging applications of electrospun nanofibres are in the field of
textiles and of filtration for air and liquids and personal respiratory systems for
protection from biological and chemical agents. Electrospun nanofibres have been
established to be very good candidates for the development of advanced sensors
for environmental and biomedical applications (e.g. ultra-sensitive gas sensors,
electronic noses, halochromic sensors, flexible reversible low-cost pH-sensors,
biosensors, biomolecules microchip array). Indeed such a technique would be
compatible and well matching with common microelectronics processes and
is promising to be a non-expensive technique. Electrospun nanofibres play an
important role in the food area, which includes separation operations, enzyme
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immobilization, encapsulation of food bioactive compounds and microorganisms,
and the fabrication of sensor devices, and in food packaging applications to make
them active and intelligent. Other emerging uses are for energy applications
(batteries, fuel cells, photovoltaic), catalyst applications and for various electronics
and optoelectronics uses.

This topic is therefore very important and timely and presents numerous oppor-
tunities to contribute towards solving the pressing global challenges in health,
water, food, environment and energy issues.

The electrospinning technique, as a base tool for novel product development, has
gained outstanding relevance in many different research and technical fields. In the
same breath, the technique itself remains the same for all application areas. The
research done within a particular application area may be very relevant for the other
electrospun nanofibres-related areas.

Thus a COST networking Action was considered to be very appropriate to create
great benefit out of these many potential synergies. That makes this COST-
networking Action MP1206 an ideal forum to bring all researchers from the
different application areas together to exchange and merge the different approaches
of the electrospinning procedures. Other national or international funding programs
with a more focussed area cannot create these high synergistic effects among that
many different approaches and application fields. It is also crucial to strengthen all
the scattered research know-how on electrospinning nanofibres all over Europe as
to make Europe more competitive on this high value domain.

Electrospinning is at the borderline between pure basic research and industrial
implementations in many fields. When looking at the urgent need of European
industry (particularly the polymer processing, biomaterials, and the textile and
advanced technical systems such as energy, sensors, food packaging and filtering
systems) for higher competitiveness, it is of outstanding importance to lead
researchers towards the hot spots of research in terms of process and materials
improvement and innovative applications. In that way, research institutions as well
as European industry are profiting from a highly interconnected COST networking
Action and an improved knowledge base within the field of electrospinning.

By forming an interdisciplinary knowledge platform the COST Action MP1206
on Electrospinning will strengthen the European R&TD on electrospun nanofibrous
materials and nanofibrous composites and will generate fast progress in the state of
the art. The COST Action will cover scientific breakthroughs and innovations in the
electrospinning process itself, nanofibrous materials and nanofibrous composite
advancements and the post-treatment processing of electrospun materials. Appli-
cations in the biomedical and technical fields as well as health, societal and
environmental issues are considered.

The COST networking Action MP1206 on Electrospinning is also very advan-
tageous and beneficial for young researchers, to obtain a basic overview and
improved ideas in the field of electrospinning and the resulting materials
applications.
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By meeting the objectives of the COST Action MP1206 an important step
towards the creation of an innovative, knowledge-based and competitive
European industry will be accomplished. Moreover, the characteristic high added-
value of electrospinning nanofibres-based materials means that the related industry
would require highly qualified personnel to run the corresponding facilities, with
the creation of new professional skills for working within interdisciplinary teams.
The COST action will aim for maximal productive outcome by providing:

« New integrated experimental/theoretical methodologies for designing and pro-
ducing electrospinning nanofibres

» Databases of application relevant electrospinning nanofibres properties

¢ An improved and enlarged knowledge base by scientific articles on
electrospinning nanofibres

¢ Tutorial material for training young and more experienced researchers entering
the field

The COST Action MP1206 will devote special attention to electrospun
nanofibres of major technological interest and will disseminate its outcome to
academia, industry and to the general public. In conclusion the COST networking
activity MP1206 within the 36 COST countries will be the ideal instrument to gain
strength and speed in these latest and important scientific and industrial develop-
ments in the area of electrospinning nanofibres. The COST Action MP1206
will run till May 2017, and since COST is an open and flexible network new
participants interested in electrospinning will always be welcome, please consult
www.electrospinning-cost.eu.

September 2014 Erich Kny
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Chapter 1
Facile and Ultrasensitive Sensors Based
on Electrospinning-Netting Nanofibers/Nets

Yan Li, Jianyong Yu, and Bin Ding

Abstract Due to rapid growth of industrialization, urbanization and modern agri-
cultural development, there has resulted a heavy backlog of gaseous and liquid
pollution in all over the world and threated the health of human beings. Driven by
the actual demand, the sensors possess good portability, easy usability, excellent
selectivity and sensitivity for water and air pollution monitoring are highly desir-
able. Among versatile sensing platforms, quartz crystal microbalance sensors and
colorimetric sensor gained increasing attention for their easy accessibility, favor-
able expansibility and good associativity. Based on above two platforms,
nanofibrous materials have been choose as an idea substrate to either capture the
marker or amplify the signal associated with detection. In this chapter, we reviewed
recent progress in the development of electrospun nanofibrous materials having
applications in two predominant sensing approaches (quartz crystal microbalance
and colorimetric sensors), illustrate them with current examples showing how they
have been applied, optimized and discuss their intrinsic fundamentals and optimal
designs. Moreover, we will also highlight gaps requiring further research.

1.1 Introduction

Due to rapid growth of industrialization, urbanization and modern agricultural
development [1-4], there has resulted a heavy backlog of gaseous and liquid
pollution in all over the world, which include inorganic gases (NHs, CO,, SiO,,
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N(CHs3)3, etc.) [5-7], volatile and semi-volatile organic hydrocarbons, aldehydes,
and heavy metals (Hg(II), Pb(II), Cu(l), Cr(IV), etc.) [8—10]. As is known to all, the
air we breathe and the water we drink are essential ingredients for our wellbeing and
a healthy life [11, 12]. Unfortunately, we are all routinely exposed to a broad range
of pollutants that are present within the environment. Over the last three decades
there has been increasing global concern over the public health impacts attributed to
environmental pollution, in particular, the global burden of disease [13—16]. As the
World Health Organization (WHO) stated, one sixth of the world’s population,
approximately 1.1 billion people do not have access to safe water and 2.4 billion
lack basic sanitation [17]. Especially some trace heavy metals in polluted water are
seriously harmful to human health [9]. On the other hand, in a recent study, WHO
reports that in 2012 around seven million people died — one in eight of total global
deaths — as a result of air pollution exposure. This finding more than doubles
previous estimates and confirms that air pollution is now the world’s largest single
environmental health risk [18, 19]. Consequently, rapid detection of contaminants
in the environment by emerging technologies is of paramount significance [5, 12,
20]. A tool providing interactive qualitative and quantitative information about
pollution is essential for policy makers to protect massive populations.

Driven by the actual demand, various equipment have been built up for the
quantification of water and air pollution in the past decade, such as inductively
coupled plasma mass spectrometry [21, 22], atomic absorption spectrometry [23,
24], anodic stripping voltammetry [25, 26], and high performance liquid chroma-
tography [27]. Although these strategies provide accurate, ultrasensitive detection,
most of them require tedious sample pretreatment before analysis, and generally are
not amenable to be handled by unskilled personnel. Therefore, it is highly desirable
to develop a portable, easy use, selective and sensitive method for water and air
pollution monitoring. Compared with those sophisticated equipment, quartz crystal
microbalance sensors and colorimetric sensors gained increasing attention for their
easy-to-use, relatively low cost and no requirement for skillful technicians [28,
29]. Until now, considerable efforts have been devoted to the assay of hazard gases
and polluted water based on above two platforms. However, the sensitivity of those
previously reported QCM and colorimetric sensors are still not sufficient magnitude
to allow for practical applications [30-33].

In parallel, as one kind of the most important nanomaterials, electrospun
nanofibrous materials have gained an increasing of interest in the environmental
applications because of their unique chemical and physical properties, for instance,
small size, large specific surface area (SSA), three dimensional (3D) porous structure,
amenable to surface modification, etc. [34—36]. Under this circumstance, nanofibrous
materials are used to either capture the marker or amplify the signal associated with
detection [35]. Both of these capabilities are important for trace level pollution
detection which are also hardly realized by utilizing conventional materials. Benefit-
ing these unique properties, nanofibrous materials based sensors have be applied to
assay, degrade and scavenge pollutants in water and air in the past decades [37-39].

In this chapter, we will review recent progress in the development of electrospun
nanofibrous materials having applications in two predominant sensing schemes
(QCM and colorimetric sensors), illustrate them with current examples showing
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how they have been applied and optimized. Moreover, we will also discuss their
intrinsic fundamentals and optimal designs. Ultimately, we will also highlight gaps
requiring further research.

1.2 Electrospinning and Electro-Spinning/Netting (ESN)

1.2.1 Electrospinning

Amongst number of processing techniques have been used to prepare polymer
nanofibers, electrospinning is currently the most effective technique that allows
the fabrication of continuous fibers with diameters down to a few nanometers,
which shares characteristics of both electrospraying and conventional solution dry
spinning [40].

1.2.1.1 The Process of Electrospinning

Electrospinning, also known as electrostatic spinning, is a powerful, rather simple
and highly versatile technique which allows fabricating micro-and nanoscale fibers
from process solutions or melts using and electrically forced fluid jet [41]. A
schematic diagram to interpret electrospinning of polymer nanofibers in shown in
Fig. 1.1. During the electrospinning, a high voltage electric field, is applied to the
polymer liquid (a solution or melt), the repulsion among the charges on the surface
of the drop at capillary tip competes with the surface tension, which tends to
stabilize the drop [42, 43]. Once a critical condition is reached at which surface
charge repulsion dominates, the hemispherical surface of the liquid at the tip
elongates to form a conical shape known as the Taylor cone [44, 45]. Further
increasing the intensity of the electric field, a jet is drawn from the spinneret
under a constant flow rate. Before reaching the collector, the solution jet evaporates
or solidifies, and is collected as an interconnected mats of small fibers on the
oppositely charged grounded collector [46]. The diameters of polymer fibers are
around nanometers, from few tens nanometers to micrometers, a typical example of
polyacrylonitrile (PAN) nanofibers is displayed in Fig. 1.1.

1.2.1.2 Rich and Varied Electrospun Nanofibers

As a nanofabrication technique, electrospinning has been identified as a remarkably
robust and versatile method for fabricating fibers with diameters down to the
nanometer length scale by applying a high voltage on a polymer solution or melt.
A variety of materials such as polymers [47-50], ceramics [51-53], carbon [54—56]
and even metals [57] have been electrospun into uniform fibers with well-controlled
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Syringe driver
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— Fiber formation
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Typical nanofibrous membranes

= Collector

Fig. 1.1 Schematic diagram of fundamental setup for electrospinning

sizes, compositions, and morphologies. In most occasion, electrospun nanofibers
are usually smooth solid fibers and they are collected as nonwoven membranes with
randomly arranged structures, which have great limited their applications in various
areas, for instance, electronic devices, biomedical areas, etc. [58] Thus it is impor-
tant to have a basic understanding of the different group of materials and versatile
nanofibrous structures before selecting the most appropriate electrospun fibers for
sensing application. In order to fully explore the application of nanofibers, more and
more scientists try to fabricate nanofibers with rich and varied structures. Different
nanofiber structures and morphologies can be obtained via control of the processing
conditions, these structure regulations could be mainly divided into two categories:
single fiber structure and aggregate structure.

The single fiber structure is of significant importance as far as the packing of the
fibers is concerned in nonwovens-that is, the total porosity. Furthermore, the
structure is of significance with respect to the internal specific surface as controlled
by geometric effects, but also with respect to the shape of the pores controlled by
intersecting fibers as well as with respect to the flow of fluids or gases around the
fibers that is, the permeation properties [40, 59]. So far, by regulating different
parameters include the solution properties such as viscosity, elasticity, conductiv-
ity, and surface tension; governing variables such as hydrostatic pressure in capil-
lary tube, electric potential at the capillary tip, and the distance between the tip and
the collector; and the ambient parameters such as solution temperature, humidity,
and air velocity in the electrospinning chamber, the nanofibers with porous [60],
ribbon-like [61], helical [62], necklace-like [63], pine-needle-like [64], firecracker
shape [65], multi-channel tubular [66], nanowire-in-microtube [67, 68] are success-
fully fabricated, as shown in the Fig. 1.2.
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Regularelectrospun
nanofibers

Fig. 1.2 Various micro-and single nanofibrous structures fabricated by electrospinning. (a)
ribbon-like, reprinted with permission from [61]. ©2014 American Chemical Society; (b) porous,
reprinted with permission from [69]. ©2012 Royal Society of Chemical; (¢) necklace-like,
reprinted with permission from [55]. ©2012 American Chemical Society; (d) hollow, reprinted
with permission from [70] ©2004 American Chemical Society; (e) pine-needle-like, reprinted with
permission from [64]. ©2012 Elsevier Ltd.; (f) firecracker-shaped, reprinted with permission from
[68]. ©2014 Royal Society of Chemical; (g) inner porous, reprinted with permission from
[71]. ©2010 American Chemical Society; (h) wire-in-tube structures, reprinted with permission
from [68]. ©2010 American Chemical Society

Besides controllable fabricating versatile of single fiber structure, many groups
have demonstrated that electrospun nanofibers could be collected as uniaxial
aligned arrays since the collection of fibers aligned along a preferential direction
is a very relevant aspect to be considered for various applications [72, 73]. For
instance, Ding et al. use the high speed rotating roller as collecting electrodes, the
strong stretching of the roller makes the fiber to be aligned among the rotating
orientation, the highly alignment Poly(m-phenylene isophthalamide) (PMIA)
nanofibers have been successfully fabricated, as shown in the Fig. 1.3a. Here is
another typical example, Li et al. reported that nanofibers could be uniaxially
aligned by introducing insulating gas into conductive collectors [74]. The more
complex aggregate structure of nanofibers such as hierarchically organized
nanofiber composites could also realize. To electrospun nanofiber membranes,
lack of structural integrity is a persist problem and restrict its commercial viability.
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Fig. 1.3 Different aggregate structure of electrospun nanofiber: (a) alignment nanofiber, (b)
yarns, reprinted with permission from [81], ©2013 Springer Science + Business Media; (¢) 3D
assemblies, (d-h) patterning nanofibers, (d—g) reprinted with permission from [75]. ©2010 Amer-
ican Chemical Society; (h) reprinted with permission from [76]. © 2007 WILEY-VCH Verlag
GmbH & Co.; (i) glove sharp nanofibers, reprinted with permission from [76]. ©2014 American
Chemical Society; (j) tubular nanofibers structure, reprinted with permission from [82]. © 2011
IOP Publishing Ltd.; (k) 2D nanonets, reprinted with permission from [83]. © 2011 Royal Society
of Chemistry

Hierarchically organized nanofiber composites have great potential to solve this
problem because they allow for interfacing nanofibers with other structural sur-
faces, and therefore the advantages of both components can be utilized synergisti-
cally. For example, as shown in Fig. 1.3d-g, Cho et al demonstrated selectively
deposited architectures, well aligned fibrous architectures, and multilayered archi-
tectures [75]. Zhang et al fabricated the uniform mesh-like PLLA patterning
nanofibers by using electroconductive collector with woven structure, which is
displayed in Fig. 1.3h [76]. Furthermore, there are numerous hierarchically orga-
nized nanofiber composites, such as yarns, multiple interconnecting tubes, glove
shaped, 3D assemblies, etc. [77-80] It has been shown that the outstanding prop-
erties and multifunctionality of such nanofibers and nanofibrous aggregates are
highly attractive to numerous applications, including biological engineering,
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composite, filters, textiles, etc. Additionally, this technique has become particularly
powerful when combining other remarkable features with unique chemical, phys-
ical, and mechanical functions provided by adding other components with ease and
control. Last but not least, electrospinning opens a door to creating various micro-
or nanostructures for sensing application.

Notwithstanding the ability to fabricate micro- and nanoscale fibers of
electrospinning which provide great potential in different fields, it is still difficult
to electrospun polymer into uniform nanofibers with diameter as several nanome-
ters up to now [84]. On the other hand, enormous researches in the past 10 year have
indicated that the large average diameter (100500 nm) of common electrospun
fibers blocked their further applications in ultrafiltration, ultrasensitive sensors,
catalyst, etc. In a meantime, when the fiber diameter falls below 20 nm [85], the
extra SSA and porosity become more significant. Therefore, developing a robust
strategy for manufacturing large-scale and extremely small nanofibers (<50 nm)
has been a hotspot in the field of nanotechnology. As shown in Fig. 1.3k, a 2D soap
bubble-like structured nanonets are fabricated for the first time by Ding et al in
which the primary electrospun fibers acted as a support for the nanonets comprising
interlinked ultrathin nanowires with diameter of 5-40 nm. This new types of
aggregate structure was termed as “electrospun nanofibers/nets (NFN) membranes”
was obtained by employing the novel one-step “electro-spinning/netting (ESN)”
process which will be detailed introduced in the following part [86]. This inimitable
structure exhibits several amazing characteristics, such as an extremely large SSA,
high porosity and superior mechanical performance.

1.2.2 ESN Technique

In the past few years, significant progresses have been made in term of our
fundamental understanding of the ESN process, the controllable fabrication of
NFN membranes based on different polymer systems also have been explored.
ESN NFN membranes has undoubtedly risen as a shining star in the horizon on the
path of the scientists’ searching for new materials for future environment, energy
and healthcare applications [87]. Benefitting several fundamental properties of
itself, such as extremely small diameter, high porosity, Steiner tree network geom-
etry, controllable coverage rate, and controllable density, there is no doubt that
NFN membrane are also an attractive candidate as sensing substrate loaded with
receptors for ultrasensitive sensors. The following sections will fully illustrate the
strategies for the controllable fabrication of NFN membranes.

1.2.2.1 History of ESN

The origins of the NSN process can be traced to the year of 2006 through a research
article published in the journal of “Nanotechnology” by Ding and coworkers. An
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incompletely spited polyacrylic acid (PAA) spider-web-like or soap-bubble-like
structure were observed, then such unexpected unique structure was officially
named as “nanonets” on account of its fascinating features [87]. In the meantime,
the principles of structure control and a possible formation mechanism was also
preliminary studied. It is at this time, the concept of “ESN” was introduced. As a
variant of electrospinning process, ESN process involves the use of a high voltage
to induce the formation of a liquid jet. In addition to the formation of liquid jet,
the ESN process also comprise an electro-netting process, which defined as the
phase separation-induced splitting of a small charged droplet in a high electric field.
Since then, the research on exploration of spinnable polymers, influencing
parameter, morphology control, application optimize has grown exponentially.

1.2.2.2 Formation Mechanism of NFN Membrane

About 8 years after the fantastic ESN was demonstrated by Ding, a wealth of
researchers continued to expand the suitable application areas of NFN membranes
and fell over themselves to learn as much as they could understanding the formation
mechanism of NFN membrane on the other side. The questions keep arising during
the research process, such as where is this structure come from? What happens to
the charged polymer jets and droplet during their running in such small distance
between the capillary tip and grounded collector? All these questions have triggered
more rigorous experimental and theoretical work to reveal the secrets behind ESN
process [72]. We are very delighted to hear and see that more and more researchers
devoted themselves in this domain, but it is also worth to point out that the
formation mechanism of NFN structures is complex and consensus on the forma-
tion mechanism has not been reached.

Up till the present moment, there are four predominant mechanism to explain the
formation of NFN membrane which include the “ions initiated splitting up of the
electrospun fibers” that proposed by Kim et al [88]. According their recent work,
the nanonets are formed by the joints between many fibers and the possible joints
occur at the apex of Taylor cone. In addition of “ions initiated splitting up of the
electrospun fibers”, Kim and his coworkers have proposed the “hydrogen bond
formation” between nano-nets and PA6 nanofiber scaffold based on the investiga-
tion of PA6 and methoxy poly (ethylene glycol) (MPEG) oligomer/PA-6 NFN
membranes [89, 90]. Another plausible mechanism of nanonets is “intertwine
among branching jets”, which is put forward by Tsou et al. base on their theoretic,
the formation of nano-nets is associated with the complicated interaction between
the subsidiary jets [91]. The last one is a mechanization proposed by Ding
et al. That is “phase separation of charged droplets” theoretic which also has been
well known and we will emphatically introduces next [92].

Since Ding et al observed the defect PAA films and partly split PAA nano-nets
during 2006, they proposed the mechanism of “phase separation of charged drop-
lets” for the first time depended on those observation described above. According to
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Fig. 1.4 SEM images of PAA fibers formed in PAA solution combined with (a) H,O and (b)
ethanol at a concentration of 6 wt%, voltage of 30 kV, spinning distance of 15 cm and relative
humidity of 20 %. (c¢) High magnification SEM image taken from the sample shown in (b)
(Reprinted with permission from [92]. © 2006 IOP Publishing Ltd)

the mechanism, the formation of nano-nets is on account of the phase separation of
charged droplets generated during electrospinning. They suggested that during the
ESN process, in addition to the formation of polymer solution jet, it also splitted
some small charged droplets in a high electric field [93]. The discharged polymer
solution jet undergoes an instability and elongation process, which allows the jet to
become very long and thin and eventually form the polymer nanofibers. For small
charged droplet, it deforms significantly to a thin liquid film, which undergoes rapid
phase separation with the solvent rich domains to transform into pores. Actually,
the presumption of small charged droplets formation is not an idiosyncratic views.
The break-up of a jet and the formation of small charged droplets is a very old and
interesting problem and the relevant research can be trace back to last century. For
instance, in 2000, Hartman et al. presented a physical numerical model to describe
the harmonic perturbations on the jet surface based on a cylindrical coordinate
system, thereby to model the jet break-up process with analytical relations [94]
(Fig. 1.4).

A schematic diagram illustrating the possible formation procedure of nano-nets
is shown in Fig. 1.5. After the microsized charged droplets generated accompany-
ing with the electrospun jet, There are various forces act on the charged droplet
when it flights with a high speed in the electric field, including electrostatic force,
drag force, gravity, Coulombic repulsion force, surface tension and viscoelastic
force [95-97]. Above forces all play an important roles during the process of nano-
nets formation. The electrostatic force is response to carry the charged droplet from
capillary tip to collector. The drag force between the surrounding air and the
charged droplet is the main cause that deforms the droplets into films. As to the
Coulombic repulsion force, the main function is keep expanding the droplet. In
addition, the contraction of charged droplet is attributed to the surface tension and
viscoelastic forces. Since the electric field could be increased by increasing the
applied voltage within a constant distance, the electrostatic and Coulombic repul-
sion forces of charged droplet were reinforced with increasing of electric field
consequently. Then, the moving of charged droplet is further accelerated due to the
increased electrostatic force, which led to an increased drag force. This
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Fig. 1.5 (a) Schematic diagram of setup of electro-spinning/netting apparatus, reprinted with
permission from [98]. © 2011 Royal Society of Chemistry. (b—c) Show drawings of the forces
acting on the charged droplet and the possible process of nano-nets formation during ESN process
(Reprinted with permission from [92]. © 2006 IOP Publishing Ltd)

phenomenon of charged droplet distortion and expansion in the electric field was
also reported by Grimm and Beauchamp during their research on electrospraying
[95]. The further expansion could happen when the electric field increased further
to form thin films from droplets with the effect of increased Coulombic repulsion
and drag forces. Moreover, the increased radial charge repulsion force also has a
tendency to expand the charged films. As a result, the deformation of charged
droplet was strongly affected by the electric field.

1.2.2.3 NFN Membrane Based on Different Polymer Systems

As introduced above, much effort has been applied to NFN membranes to
comprehend the fundamental phenomena of fabrication process as well as the
physical and chemical properties from the material science viewpoint. Conse-
quently, ESN has been applied to numerous kind of polymer systems, including
polymers soluble and spinnable from water, biocompatible and biodegradable
polymers, polymer blends and polymers into which nanoparticles, salts, surfac-
tants and other functional materials have been incorporated. Here is a compre-
hensive summary of polymers that have been successfully ESN into NFN
structures to-date (Table 1.1).
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Table 1.1 Different polymers to have been ESN into NFN membranes

Polymer Molecular

system weight Solvent Applications Ref.

PA-6 18,000 Formic acid Filter; sensors [83, 99,
100]

PA-66 15,000 Formic acid Filter [101]

PAA 250,000 H,O/Formic acid/ | Sensors [92, 97,

Ethanol 102]
PVA 90,000 H,O Filter; sensors [88]
PU 180,000 DMF, DMF/THF | Filter; protective clothing; tissue | [96]
engineering
CS 210 KDa Acetic acid/H,O Tissue engineering; wound [103]
healing
Gelatin - Formic acid/ Tissue engineering; wound [104]
acetic acid healing

PAA/PA-6 - Formic acid Sensors [105]

CS/PA-6 - Formic acid Tissue engineering [106,
107]

PANI/PA-6 |- Formic acid Sensors [108]

PANI/PVB/ |- Formic acid Sensors [109]

PA-6

NC/PA-6 - Formic acid Sensors [110]

PA-6 polyamide-6, PA-66 polyamide-66, PVA polyvinyl alcohol, PU polyurethane, CS chitosan,
PANI polyaniline, PVB polyvinylbutyral, NC nitrocellulose, DMF N,N-dimethylformamide, THF
Tetrahydrofuran

As shown in the Fig. 1.6, the typical morphologies of NFN membranes based on
different polymer systems, such as PAA, PA-6, PMIA, gelatin, CS, and PU, which
have been synthesized in Ding’s laboratory. By regulating the different polymer
systems and optimizing the nano-nets morphology (e.g. fiber and nanowire diam-
eter, pore-width and coverage rate of nano-nets), they have found out that similar to
electrospinning, the ESN process is also influenced by many parameters, classified
broadly into solution parameters, process parameters, and ambient parameters.
Solution parameters include concentration, conductivity, viscosity, surface tension,
and solvent all influence the phase separation process during the ESN [86, 96, 98,
99]. As to process parameters, which include applied voltage and tip to collector
distance. Each of these parameters significantly affects the NFN morphology.
Except these influence factors, ambient parameters enclose the temperature and
humidity of the surroundings, which also play a significant role in determining the
morphology of NFN membranes. Although we already have a general knowledge
of formation mechanism and influence factors of NFN membranes as well as
successfully fabricated a broad range of polymers into NFN membranes, it is
worth pointing out that the relationship lie behind appearances between spinnable
polymers and NFN membranes is still waiting us to reveal.
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Fig. 1.6 Several typical electrospun nano-fibers/nets membranes based on different polymer
systems. (a) PMIA; (b) PAA; (c¢) CS; (d) gelatin, reprinted with permission from [104]. © 2011
Elsevier Ltd.; (e) PU, reprinted with permission from [96]. © 2011 WILEY-VCH Verlag GmbH &
Co.; (f) PA6

1.3 Sensors Based on Electrospun Nanofibers and ESN
NFN Membranes

In recent years, considerable efforts have been made to develop varied sensors for
the assay of environmental contaminants. Benefiting from the large surface-area-to-
volume ratio, tailored pore structures, large stacking density and ease to surface
modification of electrospun nanofibrous membranes, the nanofiber and NFN
membranes-based sensors achieve high sensitivity, fast response, and good revers-
ibility. In this section, we will review recent progress in the development of
electrospun and ESN materials based QCM and colorimetric sensors, illustrate
them with current examples showing how they have been applied, and discuss
their intrinsic fundamentals and optimal designs.
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1.3.1 QCM Sensors

In 1959, Sauerbrey demonstrated the dependence of quartz oscillation frequency on
the change in surface mass [111]. He coined the term QCM in late 1950s, and it was
his work that led to the use of quartz plate resonators as sensitive microbalances for
thin films. When voltage is applied to a quartz crystal causing it to oscillate at a
specific frequency, the change in mass on the quartz surface is directly related to the
change in frequency of the oscillating crystal, the mass-frequency shift relation for
quartz crystal resonators as follows [112, 113]:

Af = =25 Am/A(up)" (1.1)

Where Af the measured frequency shift, f; fundamental frequency of a bare QCM
chip, Am the mass change per unit area, A the electrode area, p the density of quartz,
and p the shear modulus of quartz crystal.

For QCM, the most unique feature is the change in frequency can determine the
mass of analyte adsorbed in ng/cm?® Consequently, enormous materials such as
metals, ceramics, polymers, self-assembled monolayers, lipids, and waxes, have
been used as sensitive coatings on QCM to improve the sensor sensitivity and
selectivity for chemical analytes [114, 115]. One major challenge lies in that the flat
electrode surface limits the immobilization degree of the absorbing sites per unit
area accompanies with the rapid development of QCM sensors [116]. Driven by the
actual need, increasing attention has been paid to the development of nanostruc-
tured coatings on QCM to improve the sensor sensitivity, for instance, nanofibers
[117]. Taking advantage of large specific surface area of the nanostructured sensing
materials, the performance of the QCM sensors is greatly enhanced. In this part, we
review recent progress in the development of electrospun and ESN nanomaterials
having applications in QCM sensing approaches.

Formaldehyde is one of the volatile organic compounds (VOCs) that are widely
used in household materials, which is associated with many health risk factors and
has been identified as a major cause of sick building syndrome [118-120]. Conse-
quently, the WHO has set a 30 min exposure limit of 0.08 ppm, while the US
National Institute for Occupational Safety and Health has established a maximum
long-term exposure limit of 0.016 ppm [121]. Considering the harmfulness of
formaldehyde, the fast, selective and sensitive detection seems extremely impor-
tant. Polyethyleneimine (PEI), a cationic polyelectrolyte, has been investigated not
only as an immobilization material for biosensors, but also as a sensing materials
for various gases and vapors. PEI has an affinity with formaldehyde, resulting from
the interaction between formaldehyde molecules and amine groups of PEI
[122]. Therefore, we are going to introduce a series of QCM formaldehyde sensor
utilizing the PEI as the sensing material.
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1.3.1.1 PEI Functionalized Polystyrene (PEI@PS) Nanofibrous
Membranes Based Formaldehyde Sensors

SSA as a vital factors of QCM surface which determines the immobilization degree
of the absorbing sites per unit area, thereby plays a decisive role in sensitivity. Since
developing materials with a porous structure is an accepted way to enhance the
available surface area, Zhang et al. [117] fabricated a formaldehyde sensors by
depositing the three-dimensional (3D) fibrous PS membranes with different porous
structure on the QCM surface (Fig. 1.7a). Then modified PEI solutions onto fibrous
PS membranes, through which fibrous PEI@PS membranes were obtained. The
resultant composite membranes were investigated as sensitive coatings on QCM for
formaldehyde detection at room temperature. As shown in Fig. 1.7b, BET surface
area test and N, adsorption/desorption isotherm demonstrated that PS fibers
electrospun from higher concentration of PS solution (13 wt%) tended to possess
larger pore volume and SSA (42.25 m%/g), offering an excellent sensing template
for the modification of PEIL. In this case, when exposed to 140 ppm of formalde-
hyde, QCM-based PEI@PS (13 wt%) sensors has achieved the largest response
value, approximately four times as much as PEI@PS (7 wt%) sensors. As it
displayed in Fig. 1.7c, the developed formaldehyde-selective sensors exhibited
fast response and achieved a detection limit of 3 ppm at room temperature.

In order to further improve the sensitivity of PEI@PS based sensors, Zhang
et al subsequently investigated the influence of PEI depositing quantity, as shown in
Fig. 1.7d, when exposed to 140 ppm of formaldehyde, the maximum frequency
shifts of the PEI@PS based QCM sensors with various PEI coating loads (1,000,
2,000, and 6,000 Hz) were 5, 33, and 75 Hz, respectively. It was observed that the
response of the sensor coated with 6,000 Hz PEI was almost 15 times as much as
that of the sensor coated with 1,000 Hz PEI. As expected, the detecting sensitivity
increased with the amount of PEI deposited on the QCM electrode due to more
absorbing sites. Unfortunately, the optimal quantity of PEI to achieve the best
performance of formaldehyde is not obtained here, because the QCM system
would overload when the coating load of PEI is above 6,000 Hz. Additionally,
from the Fig. 1.7e we can know that the developed sensors perform excellent
selectivity toward formaldehyde when exposed to other interfering VOC:s.

1.3.1.2 PEI Functionalized Titanium Dioxide (PEI@TiO2) Nanofibrous
Membranes Based Formaldehyde Sensors

On the consideration of semiconductor metal oxides fibrous materials’ advances in
facilitating rapid mass transfer of the analyte molecules to and from the interaction
region and requiring charge carriers to traverse any barriers introduced by molec-
ular recognition events along the entire fibers [123, 124]. Wang et al. [120] devel-
oped another nanostructured complex of PEI functionalized TiO, nanofiber
(PEI@TiO,) as sensing coating on QCM for formaldehyde detection. As shown
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Fig. 1.7 Schematic diagram of a gas testing system based on PEI@PS with different SSA for
formaldehyde monitoring (a). Nitrogen adsorption and desorption isotherm of fibrous PS mem-
branes with different concentration, the inset image shows the pore size distribution (b). Response
of QCM-based PEI-PS sensors formed from various concentrations of PS solutions (c). The
influence of PEI loading amount (d), and the frequency shift of QCM-based PEI@PS sensors
versus 30 ppm of various VOCs (e) (Reprinted with permission from [117]. © 2011 Elsevier Ltd)

in Fig. 1.8, the 3D porous TiO, fibrous membranes with porous structure were
successfully fabricated by calcining the TiO,/PS fibers at 450 °C. The porous
structure of TiO, fibers was also confirmed by the nitrogen adsorption—desorption
isotherm, the nitrogen adsorption—desorption isotherm of the TiO, fibers exhibits a
type IV adsorption branch with a combination of Hl1 and H3 hysteresis loops
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Fig. 1.8 The typical FE-SEM images of TiO, (a) and PEI@TiO, nanofibrous membranes (b), the
inset image of (a) shows the nitrogen adsorption and desorption isotherm of TiO, membranes. And
the (c¢) schematic represents the detecting platform of formaldehyde vapor based on PEI@TiO,
fibers (Reprinted with permission from [120]. © 2012 Elsevier Ltd)

characteristic of a predominantly mesoporous system [125, 126]. The calculated
BET surface area and average pore diameter are 68.72 m*/g and 28 nm, respec-
tively. All these versatile structures make the TiO, to be a candidate for applica-
tions of formaldehyde sensing.

The formaldehyde-sensing properties of PEI@TiO, porous fibers on QCM were
investigated by measuring the frequency changes when the fibers were exposed to
formaldehyde vapors. During the exposure process, the porous fibers on the QCM
act as sensing layers for target formaldehyde molecules and the interaction of
formaldehyde molecules with the sensing layer causes the frequency to decrease.
The sensor responses (AF) for each concentration were obtained from the frequency
differences between the corresponding QCM frequencies at the beginning and the
end of the exposure process. Figure 1.9a shows time courses of response of
PEI@TiO, sensors with different PEI coating loads upon exposure to increasing
formaldehyde concentrations (1-100 ppm) in a cell. The QCM sensor coated with
only TiO, fibers exhibited only 0.2 Hz frequency shift under exposure to 1 ppm
formaldehyde vapor. The AF of the TiO, fibers coated QCM sensors exposed to
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Fig. 1.9 Response of PEI@TiO, based QCM sensors with different PEI coating loads (i.e. 0,
2,700, 6,600 Hz) upon exposure to increasing formaldehyde concentrations (1-100 ppm) at
ambient temperature of 25 °C (a). The frequency shift versus formaldehyde concentration. The
coating load of TiO, was 1,300 Hz (b) (Reprinted with permission from [120]. © 2012 Elsevier
Ltd)

5, 15, 35, 70 and 100 ppm of formaldehyde were 0.3, 0.5, 0.9, 1.2 and 1.6 Hz,
respectively. It can be seen that the present PEI@TiO, based QCM sensor has not
only the lowest detection limit (1 ppm) but also the fastest time response (<120 s).
Figure 1.9b shows the AF values of sensors with different PEI coating loads
(0, 2,700, and 6,600 Hz) in sensing formaldehyde with various concentrations of
1-100 ppm. The QCM isotherm to formaldehyde shows a Henry-type sorption at
the concentration range [127]. This sorption behavior also proved the PEI@TiO,
sensor possess a good linear relationship between frequency shift and concentration
of formaldehyde which may give the sensors an extra advantage over their
opponents.

1.3.1.3 PEI Functionalized PA-6 NFN Membranes Based
Formaldehyde Sensors

Although the PEI@PS and PEI@TiO, membranes based QCM sensors have
presented good performance to formaldehyde sensing, the detect limitation of
above two sensors still cannot satisfy the WHO’s standard. Facing with this
obstacle, researchers turned their attention to explore new kind of substrates.
Benefiting to several attractive features of NFN membranes such as extremely
large specific surface area, high porosity, large stacking density and strongly tight
adhesive force to the devices, it can lead to further enhancement in the facilitation
of the analytes diffusion and oscillation transmission into the membranes, so as to
detect formaldehyde at lower concentration level [83]. Recently, an effective
formaldehyde detection system was developed by ESN depositing PA-6 NFN
membranes on QCM and then modifying sensing PEI onto the NFN membranes
(PEI@PA-6). As shown in Fig. 1.10d—f, the modification process did not disturb the
NFN structure. When exposed to 100 ppm of formaldehyde, PEI@PA-6 NFN
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Fig. 1.10 Schematic diagram illustrating the fabrication of sensing layers on QCM. (a) ESN
deposition of fibrous membranes onto the electrode of QCM. (b) Surface modification of NFN
with diluted PEI solutions. (¢) Illustration of PEI@PA-6 NFN on gold electrode and the reaction
mechanism between formaldehyde and PEI. Typical FE-SEM image of PA-6 NFN membranes (d)
and its corresponding samples modified with PEI (e). Responses of QCM-based PEI@PA-6 NFN
(30 kV) sensors upon injection of water and the dilute formaldehyde solution, respectively (f).
Response of the QCM sensor to formaldehyde (50, 150, and 300 ppb) (g), which derivate from (f)
and removes effects of water. The inset in (f) shows the frequency shift versus the formaldehyde
concentration (Reprinted with permission from [83]. © 2011 Royal Society of Chemistry)



1 Facile and Ultrasensitive Sensors Based on Electrospinning-Netting. . . 19

(30 kV) based QCM sensor has achieved the largest response value, approximately
three times as much as PEI flat film coated sensor. Subsequently, in order to detect
formaldehyde with very low concentration, a moisture-compensating-based
detecting method have been developed, i.e., firstly injected the dilute formaldehyde
aqueous solution (1 wt%) into the chamber and then eliminated the influence of
moisture. Figure 1.10f shows the responses of PEI@PA-6 NFN based QCM sensors
upon injection of water and the dilute formaldehyde solution. The response of
moisture-compensating QCM sensor exposing to formaldehyde was shown in
Fig. 1.10g, indicating that the PEI@PA-6 NFN based QCM sensors exhibits a
reduced detection limit for formaldehyde down to 50 ppb and a rapid response
time (<100 s). In comparison with aforementioned works using QCM platform for
formaldehyde sensing, the present PEI@PA-6 NFN based QCM sensors had not
only the lowest detection limit but also the fastest time response, implying a high
selectivity to formaldehyde and can be considered as an excellent candidate for gas
sensing applications.

In addition to formaldehyde sensors, various kinds of QCM sensors based on
electrospun nanofibers and NFN membranes have been developed such as sensors
for humidity [99], trimethylamine [97], HCI [87] assaying and so on. There is no
doubt that electrospun nanofibers have already become a desired substrate for QCM
construction. Although the nanofibers based QCM sensors have gained an increased
attention and achieved great progress. There is still a long distance from present
condition to practical applications. Here are some possible reasons, first of all, the
QCM system is still a little bit complex for people carrying around, so try to
simplify the system and achieve the feature of direct reading are very important.
Secondly, some performance of QCM system need further improve, including
response time, stability, and reproducibility. Apart from QCM system, there are
other structure features, such as viscoelastic, stiffness will influent the sensitivity
waiting us to explore.

1.3.2 Colorimetric Sensors

Colorimetric sensors on patterned paper, fibrous material or plastic were developed
as the least expensive, user-friendly alternative to conventional analytical instru-
mentations for ‘point-of-care’ medical diagnosis, environmental monitoring, and
food quality control [128—131]. These low-cost platforms have been integrated with
both colorimetric, and electrochemical detection systems. Such sensors are minia-
turized and disposable and can be used for on-site analysis. In this section, we
will focus on the application of electrospun nanofibers and NFN membranes on
formaldehyde and heavy metal ions colorimetric sensing.
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1.3.2.1 Colorimetric Strips for Formaldehyde Assaying

It goes without saying that the formaldehyde is one of most serious indoor air
pollutant, can cause serious health damage. Wang et al. [132] demonstrated a label-
free colorimetric sensor strip for real-time formaldehyde detection based on fluoral-
p decorated PAN nanofibrous membranes. When the sensor strip was exposed to
formaldehyde, the color of strips was dramatically changed from white to yellow
attributed to the formation of symmetrically substituted 1, 4-dihydropyridines
through the derived Hantzch reaction (Fig. 1.11a).

Because of selectivity is crucial for analytical chemistry grade, they systemat-
ically investigated the selectivity of the PAN/fuoral-p colorimetric strips by testing
various VOCs (1 ppm) involving acetaldehyde, acetone, ethanol, dichloromethane,
benzene, toluene, xylene, chloroform, ammonia, and DMF, which were possible
interference vapors to assay. It is clearly observed from Fig. 1.11b that only
formaldehyde induced a remarkable reflectance decrease at 417 nm and a distinct
color change from white to yellow, implying that the interferential vapors have a
negligible influence due to the specific reaction between formaldehyde and fuoral-
p. It is worthwhile to note that acetaldehyde also cannot cause the color change,
although acetaldehyde can also undergo the first stage with fuoral-p. This may be
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Fig. 1.11 The procedure for the fabrication of PAN/fluoral-p colorimetric sensor strips and the
corresponding color changes after exposure to different concentration of HCHO (a). The UV-vis
reflectance spectra of colorimetric strips after exposure to various VOCs (1 ppm) for 30 min (b).
The UV-vis reflectance spectra and photographs of the PAN/fluoral-p nanofibrous strips and filter
paper-based strips after exposure to 60 ppb formaldehyde (¢) (Reprinted with permission from
[132]. © 2013 Royal Society of Chemistry)
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due to the fact that acetaldehyde molecules contain three active hydrogen atoms,
the water molecule will be eliminated from methyl in the second stage which would
lead to the formation of different end products (Mannich base), and so it would not
induce the color change [133].

In corroboration of the superiority of electrospun nanofibers as the substrate,
Wang et al. further compared their strips with the filter paper based strips. After
espousing the PAN/fuoral-p nanofibrous strips and filter paper-based strips to
60 ppb formaldehyde under the optimized conditions. Figure 1.11c revealed that
the reflectance intensity decrease at 417 nm of nanofibrous strips, substantially
larger than filter paper strips which might be attributed to the large specific surface
area and high porosity of fibrous membranes. Additionally, the corresponding color
change of the nanofibrous membranes-based strips was much more obvious than the
filter paper-based ones. Moving forward, this work also promotes a strategy for the
design and development of versatile label-free colorimetric sensors toward various
analytes in the future.

1.3.2.2 Colorimetric Strips for Mercury (II) Ions

Mercury, one of the most toxic metals, has drawn much attention due to its toxicity
and impact on the public health. Mercury ions (Hg>") is released into the environ-
ment as a result of both natural processes and human activities, which can accu-
mulate in the human body and readily penetrate through biological membranes,
thus inactivating important cell functions and causing a wide variety of diseases
such as brain damage, serious cognitive, motion disorders and Minamata disease
[30, 134, 135]. Because of its high toxicity, Hg>* ions has been included on the list
of priority pollutants by U.S. EPA with a mandatory discharge limit of 50 nM for
wastewater and a maximum concentration level of 10 nM for drinking water [136,
137]. Among the numerous analytical methods that are available for the detection
of Hg*" ions, colorimetric strategies offer distinct advantages in terms of sensitiv-
ity, selectivity, response time, and local observation.

Si et al. [109] report a novel, ultrasensitive, selective and flexible sensor strip
based on PANI/PA-6/PVB NFN membranes for naked-eye colorimetric detection
of Hg?" ions in water. The sensing mechanism involves the transformations
between different oxidation and doping forms of PANI. Figure 1.12a, b presents
the changes of FE-SEM and optical images that accompany the treatment of PANI/
PA-6/PVB NFN membranes with hydrazine aqueous solution. During the process, a
series of redox and doping reactions took place. In the first stage, the benzenoid
segments in leucoemeraldine base (fully reduced, PANI-LB) are oxidized by Hg*
to form quinoid segment, yielding the emeraldine base (half oxidized, PANI-EB),
thus inducing the first “turn-on” singles assigned to the charge transfer from the
benzenoid to quinoid rings. Following, there are two competitive doping reaction of
PANI-EB, protonation doping and Hg** complexation doping, and thus the color
changed from green to blue vividly [138, 139]. Upon exposure to Hg** aqueous
solution, the sensors exhibit two significant reflectance intensity decreasing bands
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Fig. 1.12 FE-SEM and optical images of the PANI/PA-6/PVB NFN membranes (a) before (over)
and (b) after (down) treated with hydrazine aqueous solution (40 wt%) for 2 h. (c) Reflectance
spectra and (d) optical colorimetric response of the sensor strips after incubation for 20 min in Hg2+
aqueous solutions with concentrations of (0, 5 nM, 50 nM, 150 nM, 0.5 pM, 1.5 uM, 5 pM, 15 pM,
30 uM, 50 pM, 100 pM, and 150 pM) (Reprinted with permission from [109]. © 2014 Royal Society
of Chemistry)

at 440 and 645 nm which induce the color changes from white to blue dramatically
(Fig. 1.12¢, d). This new sensor shows colorimetric response specifically to Hg?*
ions (white-to-blue color change) over other possible interfering metal cations and
allows for detection of Hg”* in aqueous solution with a low detection limit of 5 nM
observing by naked eye.

The kinetic sensing response was also studied by continuously monitoring the
reflectance spectra of sensor strips as a function of time after the addition of Hg". Tt
was found that the reflectance intensity of 440 nm decreased gradually over the
entire time range, meanwhile the intensity of 645 nm showed a relatively stable
region (>7 min) after the first slight decrease (Fig. 1.13a), thus leading to a
continuous enhancement of the yellow/green color (Fig. 1.14c). This result suggests
that the oxidation of benzenoid segments would be slowly saturated due to the weak
oxidizability of the solution with low Hg*" concentration (e.g., 5 pM), while the
doping of quinoid rings (either protonation or Hg?* complexation) was a constant,
ongoing process. More interestingly, the dynamic responses upon exposure to high
Hg?* concentration (e.g., 150 pM) exhibited a dramatic difference from that of
5 pM. As shown in Fig. 1.13b, the reflectance intensity of 440 nm further decreased
owing to the strong complexation doping with a large amount of Hg**. A rapid
decrease of the intensity at 645 nm was also observed and it reached almost O after
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Fig. 1.13 The kinetic reflectance response of the PANI-LBNF sensor strips as a function of time
for different Hg>* concentrations: (a) 5 uM and (b) 150 pM. (c) The corresponding time dependent
visualization of CIELAB color changes versus Hg>" concentration (Reprinted with permission
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15 min, indicating a complete oxidation of benzenoid segments into fully oxidized
PANI-PB, and finally resulted in the vivid blue color [140].

1.3.2.3 Colorimetric Strips for Lead (II) Ions

Lead ion (Pb>") is another ubiquitous metallic pollutant in the environment and had
been used recklessly until very recently. Nowadays, lead pollution has become a
persisting problem and caused a long-lasting danger to human health. Even very
low level of lead exposure can correspondingly result in high blood pressure,
neurological, cardiovascular and hypertension developmental disorders, which
lead to particularly serious problems in children including slowed motor responses,
IQ decreasing and developmental disorders hypertension [141-143]. The Centers
for Disease Control and Prevention has defined that the whole blood lead concen-
tration >0.48 pM (100 pg/L) in children as indicative of significant exposure and
recommends chelation therapy [144]. Due to the toxicity of Pb**, it is highly
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Fig. 1.14 (a) Schematic illustration of the colorimetric detection of Pb** based on the PA-6/NC
NFN membranes and corresponding optical images of strips after incubated with different
concentration of Pb?* solution for 30 min at 60 °C. (b) The L*a*b* values converted from the
UV-vis absorbance spectra of colorimetric strips variation versus the concentration of Pb>*. (c)
AE,* (color-difference of adjacent detecting samples) and AE,,* (the color-difference between
detecting samples and free sample) calculated from L*a*b* values versus a series of Pb**
concentrations (Reprinted with permission from [110]. © 2013 Elsevier Ltd)

desirable to develop a portable, easy use, house-hold use on-site, selective and
sensitive method for Pb®* assaying.

Li et al. [110] developed a simple colorimetric strip for assaying Pb",
constructed by immobilizing bovine serum albumin (BSA) decorated Au NPs
(BAu probe) on PA-6/NC NFN membrane, which fabricated via multi-jet
electrospinning. As shown in Fig. 1.14a, the successfully spotting BAu probe on
PA-6/NC NFN membranes was confirmed by FE-SEM image. After the leaching
liquor (pH = 10, 0.27 M Na,S,03 and 0.25 M 2-mercaptoethanol) was spiked with
various concentrations of Pb** and incubated for 30 min, the color of strips
gradually fade away from deep pink to white which is attribute to the fact that
Pb>* ions accelerate the leaching rate of Au NPs induced by S,0;>" and
2-mercaptoethanol [145].

In order to further quantitatively investigate the color-difference between two
detecting samples as displayed in Fig. 1.14a, a converting method was used to
convert a UV-vis absorbance spectrum into L*a*b* values for given illuminant. In
this work, the CIE normalized D65 is used, which closely matches that of the sky
daylight. AE, * (the color-difference of two adjacent detecting samples) and AEyx*
(the color-difference between detecting samples to free sample), is calculated in L*,
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a* and b*. AE is defined as the Euclidean distance between these two sets of color
coordinates, were evaluated as [146, 147],

AEx, = \/ (L — Lieo1)” + (@, — axe1)” + (e — b))’ (1.2)

AEyx, = \/(L>I<,L — L*0)2 + (a*x — Cl*o)z + (b*‘ — b*o)z (13)

As shown in Fig. 1.14c, the values of AE,,* and AE,* versus Pb”* concentration
revealed in Fig. 1.14a, all the results obtained were higher than 3 CIE LAB units,
which could readily be identified by naked eyes.

The further, In addition, they compared two kinds of substrates here to evaluate the
performance of the NFN membranes. As shown in Fig. 1.15¢c, the UV-vis absorbance
spectra and photographs of NC based colorimetric film after incubated in optimized
leaching liquor (0.27 M Na,S,03, 0.25 M 2-ME) spiked with 1 pM Pb>*. The
colorimetric responses of film obtained were substantially lower than strip and it
was conspicuous that the AEy;,,* could hardly be appreciated by human eyes.
Because the strips have approximately one to two orders of magnitude larger
surface area than that of films, which supplied more active sites. Apart from that,
the morphology of film showed in Fig. 1.15a, b also gave a reasonably good
explanation of less BAu probes binding amount. After analyzing the FE-SEM
image, it was shown that the through-hole width distribute in range of 0.25-3 pm
(major in micropore range) within the film. Unlike NFN membranes, the nanofibers
overlap each other in a completely random manner during electrospinning proce-
dure, giving a rise to the silt-shape pore structure which is ideal for membranes
binding BAu probe.

1.4 Summary and Perspectives

In summary, this chapter presents a comprehensive review of the progress in QCM
and colorimetric sensors based on electrospinning-netting nanofibers/nets. In virtue
of the large surface-area-to-volume ratio, high length-to-diameter ratio, tailored
pore structure, large stacking density, nanofiber-based sensors achieved high sen-
sitivity, fast response and recovery, excellent stability. In further study, the follow-
ing aspects should be taken into consideration: for QCM sensors, the sensing
materials need further explore. Since the interfacial parameters, like roughness,
surface free energy and surface charge will confound the responses of sensors,
further regulate is also very important. In addition, there are other structure features,
such as viscoelastic, stiffness will influent the sensitivity waiting us to explore. For
colorimetric sensors, it still have a lot of problems need we to explore. How to
decrease the response time? How to achieve the long-term storage, and how to
improve the loading uniformity and fastness are still waiting for us to figure out.
Furthermore, the structure of nanofibers also need further regulate. For instance,
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Fig. 1.15 UV-vis spectra and colorimetric responses of the colorimetric strips and commercial
NC films having been incubated in two leaching liquors added with 0 and 1 pM Pb>*, respectively
(Reprinted with permission from [110]. © 2013 Elsevier Ltd)

high porosity and large SSA. Moving forward, it is reasonable to believe the
electrospun nanofiber-based sensors may throw a light on the development of
sensors in future.
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Chapter 2
Controlling the Nanostructure of Electrospun
Polymeric Fibers

Israel Greenfeld and Eyal Zussman

Abstract The high strain rate extensional flow of a semi-dilute polymer solution
can cause substantial stretching and disentanglement of the polymer network. In
this study, we conducted a theoretical and experimental investigation of the effects
of electrospinning, a flow governed by high strain rate and rapid evaporation, on the
polymer matrix of the resulting nanofibers. Modeling of the dynamic evolution of
the entangled polymer network in an electrospinning jet predicted substantial
longitudinal stretching and radial contraction of the network, a transformation
from an equilibrium state to an almost fully-stretched state. This prediction was
verified by X-ray phase-contrast imaging of electrospinning jets, which revealed a
noticeable increase in polymer concentration at the jet center, within a short
distance from the jet start. Additionally, polymer entanglement loss in consequence
of stretching was evidenced in jet fragmentation and appearance of short
nanofibers, affecting the entanglements density and molecular orientation of
as-spun fibers. The stretching model was expanded to semi-flexible conjugated
polymer chains, and scanning near field optical microscopy of electrospun
nanofibers of such optically active polymers revealed that the network’s dense
elongated conformation effectively remains after jet solidification. By tuning the
electrospinning conditions, the unique size-dependent properties of nanofibers can
be controlled and improved, potentially leading to novel applications in engineering
and life sciences.
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2.1 Introduction

Electrospinning has attracted considerable attention in the past decade as an
accessible and scalable process for creating nanostructures. An electrospinning jet
is created when a polymer solution is drawn from a capillary and stretched by the
force of a strong electric field (Fig. 2.1), producing very thin fibers — nanofibers — of
diameters ranging typically from 50 to 1,000 nm [1-4].

Electrospun polymeric nanofibers exhibit unique properties. For example, below
a certain crossover diameter, dependent on the polymer molar mass, the nanofiber
elastic moduli begin to rise sharply [5—11]. Similarly, in optically active polymers,
the effective conjugation length of chromophores increases as a result of
electrospinning, and their optical absorption and emission become polarized
along the fiber axis [12, 13]. Better understanding of the mechanisms behind
these phenomena can help improving the mechanical, electrical and optical prop-
erties of nanofibers, and can lead to novel applications in engineering and life
sciences.

Electrospinning is an extensional flow characterized by high strain rates of order
10° s~! [14-20]. Such stretching can potentially increase the structural order within
as-spun nanofibers and enhance their mechanical properties such as elastic modulus

b

a >
_ 5
High §_ Polymer .
voltage S solution | |
f
Taylor
Cone 5
Fig. 2.1 (a) Schematics of Electrified jet
the electrospinning setup i
and process. (b) Example of \ {
the rectilinear section of a |
jet (~5 mm length), imaged
by fast phase-contrast
Collector

X-ray. Conditions: molar
mass 600 kDa PEO, \\/

concentration 5 wt% in
water, electric field 0.6 kV/
cm, flow rate 3.2 mL/h, j:

electric field gap 6.5 cm

—— 1
)
ey



2 Controlling the Nanostructure of Electrospun Polymeric Fibers 37

(@)]
=
E_
S 2
o @©
= =
® 5

Fig. 2.2 Stretching and evaporation during electrospinning. (a)(b) SEM images of electrospun
nanofibers of 10 wt% PCL with molar mass 80 kDa, dissolved in DCM/DMF (75:25 wt%), under
an electric field of 0.63 kV/cm. (a) High flow rate of 20 ml/h resulting in heterogeneous fibers.
(b) Low flow rate of 3 ml/h resulting in homogeneous fibers. (¢) Illustration of stretching,
untangling and evaporation effects [21]

and strength [5, 8-11, 21, 22]. At the same time, rapid solvent evaporation during
electrospinning can lead to increased polymer concentrations at the jet boundary
[23-26], sometimes forming a solid skin and a heterogeneous and porous structure
[21, 25, 27]. The simultaneous effects of stretching and evaporation are illustrated
in Fig. 2.2. Hence, study of electrospinning polymer solution jets, and specifically
of the evolution of the polymer entangled network during electrospinning, is of
interest in clarifying the microstructure of as-spun nanofibers.

The presentation in this text is broadly based on [12, 13, 21, 28-30]. In this
study, modeling and random walk simulations of the dynamic evolution of the
entangled polymer network in an electrospinning jet predicted substantial longitu-
dinal stretching and radial contraction of the network, a transformation from an
equilibrium state to an almost fully-stretched state [21]. This prediction was verified
by fast X-ray phase-contrast imaging of electrospinning jets, which revealed a
noticeable increase in polymer concentration at the jet center, as well as a concen-
tration crossover within a short distance from the jet start [28].

Furthermore, modeling showed that polymer entanglement loss, due to network
stretching under very high strain rates, reduces the fiber diameter and enhances the
homogeneity and alignment of the nanostructure. This effect was evidenced by jet
fragmentation and appearance of short nanofibers during extreme electrospinning
conditions [29].
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To examine whether the compact stretched network conformation remains after
jet solidification, we electrospun MEH-PPV nanofibers. This conjugated semi-
flexible optically active polymer has high absorption in the visible waveband, and
is shown by the simulation to have a fast response to stretching owing to its long
rigid segments. Scanning near field optical microscopy (SNOM) of such nanofibers
at nano-resolution revealed a dense core with an increased elastic modulus [12], as
well as an axial molecular alignment that affects the polarization of optical absorp-
tion and emission, which can be tuned [13].

The following sections expand on these findings and explain their meaning in the
context of the question whether we can control and tune the nanostructure of
electrospun fibers for the benefit of improving their properties.

2.2 Polymer Dynamics During Electrospinning

The flow of an electrospinning jet is viscoelastic and consists of axial and radial
velocity components (Fig. 2.3). Analysis of electrically driven fluid jets has shown
that the axial jet velocity v, reaches an asymptotic regime sufficiently far from the
needle orifice, which can be described by a power law of the distance z:

b |,
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Fig. 2.3 (a) Illustration of the flow of an electrospinning jet. (b) Definition of an effective 1D
beads-and-springs system in the axial direction and (c) the radial direction [21]
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Y k? <i> 2/;, (2.1)

Vo r'o

where f varies between 1/4 and 1 [31-35], r¢ is the jet initial radius, and vy is the
initial velocity. Assuming volume conservation, the jet local radius
rifro = (v./ vo)fl/ % and the radial velocity v, can be derived.

We can obtain a rough approximation of the dimensionless parameter k by using
a simple scaling approach: the velocity gradient scales as Vv ~ vok?/ r3; the upper
bound for the electric charge surface density, assuming static conditions, scales as
s ~ oF, where o is the solution’s electric conductance and E is the electric field
intensity; the electric shear stress is therefore 7, ~ sE ~ ¢E>, producing a velocity
gradient Vv=1,/n~ aEzn’l, where # is the solution viscosity; hence,
k ~ V125 2rg or k ~ rhe'/2y71/2v;2EY . A more accurate calculation yields
k=2 vy el Ay S/ 1ESIS 1 [35].

Polymer chains dissolved in a sufficiently concentrated semi-dilute solution
create an entangled network (Fig. 2.3b), a prerequisite for the polymer solution
successful spinability. A chain section between two subsequent entanglements is a
strand, or a subchain, consisting of Ny rigid segments (Kuhn monomers), each of
size b ~ 1ym.

Given the solution concentration ¢ (in terms of the polymer volume fraction),
the network mesh size (i.e., average subchain length) is given by & ~ b~ ~ b
N SI/ 2 for ideal chains, allowing the modeling of the network as a 3D beads and
springs lattice, where each bead represents the mass m and size &4 of a subchain,
and the springs represent the linear entropic elasticity 7/&3 (T is the temperature in
units of the Boltzmann constant kg) of the subchains connected to each bead. Using
the known rheology of electrified jets, the hydrodynamic force acting on a subchain
can be defined, and the dynamics of the network can be described by difference-
differential equations [21]:

d’z, dz] T
m—Zz = feffn Vz(Zn) - i +—2{[Zn+1 — Zn — 50] - [Zn —ZIp—1— 50]}
dt . dt o (22)
éeﬁd’lvr(rn) +?{[rn+1 —I'n — éL] - [rn —TIn—-1— fL}} =0.
0

The solution of this equation in the axial direction z, depicted in Fig. 2.4, predicts an
affine stretching of the network

&uz) v:/vo ~ Vz(Z)7 (2.3)

&  1—1Ld(v:/w)/d(z/ro) o

where the dimensionless parameter @ >> 1 [21].
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Fig. 2.4 Universal plot of the polymer network conformation. Relative axial stretching, & /bNj,
radial contraction, £ | /&y, and molecular orientation O, vs. the normalized axial position, kz/ro. bN,
is the length of a fully extended subchain. The results were obtained by random walk simulation
and theoretical modeling. The point S indicates the criterion for ‘full” network extension [21]

Fig. 2.5 Forces acting on a Ju
subchain: external forces Frel
act at chain ends, and a
hydrodynamic force acts on
each monomer
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The dynamic conformation of subchains can be described by a random walk
simulation, where each step represents a single monomer. The probability to step in
a specific direction is determined by an effective potential, which arises from the
external forces acting at the subchain ends, which propagate along the subchain,
and the local hydrodynamic force acting directly on monomers (Fig. 2.5).

For a given force vector F acting on a monomer [normalized as f = Fb/(kgT)],
the probabilities for a random walk step are
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exp(£f,)
pPft=__ = =z,p,Q, 2.4
I A a4 (2.4)
in each of the 6 Cartesian directions [21]. The monomer forces in the radial and
axial directions are given by

fo=fo~3b/é ~3¢

E §f0+sz’yd = fo +7o(v: = vo)/b, 25)
i=1

where f; is caused by an effective stretching force acting on subchains in a network
at rest, and 7 ~ n,b>/(kgT) is the monomer relaxation time given the solvent
viscosity 7,. The hydrodynamic force in the radial direction is small compared to
the force in the axial direction, since f,/f, = v, /v, = p/z << 1, and was therefore
neglected.

Since the dominant force acts at the subchain ends, the stepping probabilities
remain uniform along the subchain, and the axial stretching and radial contraction
can be written using (2.4) and (2.5) [21]:

éll/gmax = Slnh(fz)/Q
é:L /§max = Slnh(fp)/Q (26)
Q = cosh(f,) + 2cosh(f,).

Shortly after the jet start, but before the network approaches full stretching (f < 1),
the relative longitudinal elongation of a subchain can be approximated by

&, Sovoo (V_> ~ (2.7)

& 30 \w/)  wo

as obtained by the dynamic model (2.3). The condition for affine stretching is
satisfied when the prefactor &yvozo/(3b*) = 1, in which case the vertical force
simplifies to f, = 3¢v. /vo.

The simulation allows expansion of the analysis to large chain elongations with
non-linear elasticity, and shows that subchains approach full extension not far
(<1 mm) from the jet start (Fig. 2.4). The criterion established for such full
extension [marked by point S in Fig. 2.4, using (2.3) or (2.7)] is when the jet
velocity rises above its initial value by a factor equal to the inverse of the polymer
volume fraction:

vis _&uis _ DN, 12 41

—rTx——r N/~ 2.8
Vo 50 b N 31 /2 s ¢ ) ( )
which occurs at a jet radius reduction ratio of ro/rs %N;/“ ~ (/)’I/ZNZ = 10.
Note that the relative velocity and radius at the stretching crossover point depend
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only on the solution concentration, and are completely independent of the
electrospinning materials and conditions (e.g., molar mass and electric field).

The transformation of subchains from a coil-like equilibrium state into a stretched
state occurs as a continuous crossover, and no phase transition is observed, in contrast
to the well-known coil stretch transition in unentangled chains described by de
Gennes [36, 37]. The dominant local force on a subchain is the elastic force arising
from the action of the linked subchains, whereas the local hydrodynamic forces,
whose accumulation along the network gives rise to the global elastic stretching, are
negligible. Theoretically, since a vertical sequence of subchains in a network is
analogous to a very long chain, a network stretch transition is possible if the jet
strain rate is very low; however, under such conditions, the flow will be dominated by
viscosity and network relaxation rather than elasticity.

The strong increase in the longitudinal mesh size, &, results in a decrease in the
radial mesh size, & | , due to redistribution of the random walk stepping probabilities
(Fig. 2.4). The result is a lateral contraction of the network toward the jet center
(Fig. 2.6), which is proportional to the decrease in the subchains radial mesh size.

An approximation for the decrease of the polymer network radius with respect to
the jet radius is given by

rp(z) = %(Z)rj(z) (2.9)
0
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Fig. 2.6 Typical simulated
conformation of a polymer
network during
electrospinning (left, diluted
x800), and a vertical
sequence of linked
subchains (right, not to
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Fig. 2.7 Universal plot of 1.0 4
the simulated polymer
network radius, rp/rg, vs. the
normalized axial position, §’ 0.8 1
kz/ry, compared to the jet &
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g
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(depicted in Fig. 2.7), showing the dominant effect of axial stretching on the radial
contraction [21]. This result allows predicting a significant increase of the polymer
concentration at the jet center. The concentration (in terms of the polymer volume

fraction) can be calculated by ¢, = BN,/ (&%) or by

r\’ &\ Lo ?
=¢|—| =¢(>=) == h( 3 2 2.10
h=0(i) o) =olm(0) o] e
using (2.6) and (2.9) and the relationship ¢ = b/&,, where ¢ is the solution initial
concentration. The right term assumes affine stretching by means of the vertical

force f, = 3¢hv,/vo. When full stretching occurs, the polymer at the jet core is fully
compacted (¢, = 1), and the corresponding jet radius can be approximated by

rs/ro & [3/1n(6/\/$)]1/2¢1/2 ~ ¢'/?, the same result as in (2.8). These predictions
were validated by X-ray absorption measurements of electrospinning jets, which
indicated a significant increase in polymer concentration close to the jet center (see
Fig. 2.12).

The validity of the network modeling is restricted to the initial stage of the jet
(first few millimeters), where elastic elongation is still possible, and therefore the
model does not describe the final state of the polymer matrix in electrospun
nanofibers. Additional processes, such as rapid solvent evaporation and polymer
entanglement loss, which can result in chain relaxation, are not accounted for in the
model, and are further addressed in later sections. Nevertheless, the results strongly
indicate non-equilibrium, ordered nanostructures that could remain in the
nanofibers after solidification, structures which may set a new internal scale, and
affect the nanofiber elasticity through confinement.

Vz
Vo
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2.3 X-ray Imaging of Electrospinning Jets

The theoretically predicted longitudinal stretching and lateral contraction of the
polymer network, as well as the additional effects of rapid evaporation, were
investigated experimentally by fast X-ray, phase-contrast, high-resolution imaging
of the first 10 mm of electrospinning jets, using solutions of PEO [poly(ethylene
oxide)] and PMMA [poly(methyl methacrylate)]. The experimental setup is shown
in Fig. 2.8.

The power law jet rheology (2.1), assumed in the theoretical model, was
validated by detailed measurements of the jet profile under a wide range of
electrospinning conditions and polymer solutions, demonstrating that the jet diam-
eter narrows faster under higher electric fields, lower flow rates, and lower polymer
concentrations (Fig. 2.9). The measurements validate the theoretical expression of
the parameter k£ defined in (2.1).

Comparison of velocity measurements obtained by particle tracing velocimetry
to estimates based on volume conservation assumption, showed an abrupt deviation
1-2 mm from the jet start, a possible indication for full extension of the network
that retards the jet velocity, as well as an indication for a substantial mass loss due to
evaporation (Fig. 2.10).

The flow regime inside the jet was found to be laminar, with observed stream-
lines and an almost uniform vertical velocity across the jet (Fig. 2.11).

The polymer concentration mapping along and across the jet makes use of the
different X-ray mass absorption coefficients of the polymer and solvent, ¢, and
&, respectively. The absorption coefficient of the polymer solution is given by

3.68 ps electrospinning
chamber
472 ns pulse LYSO:Ce
(exposure time) scintillator
electron storage ring \ (40 ns decay time)
A\
undulator ms &ps “HH
(30mm gap) shutters x10
1
10cm
CCD

1280H X 1024V
0.67 pm/pix
16 bit grayscale

Fig. 2.8 Experimental setup of X-ray imaging of electrospinning jets. A millisecond shutter was
set up in series with a very fast galvano-based shutter that opened the path for less than 100 ps each
second. The beam penetrated the jet, and was converted to a digital image by a scintillator. The
CCD camera was timed to capture the first released pulse [28]
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Fig. 2.9 Normalized jet radius kr,/r( at position z/ry along the jet, for the combined data of
13 electrospinning tests, where each test set was multiplied by the constant k pertaining to that test.
The power fit exponent /3 is shown in the inset. The measured dimensionless parameter kK compares
well with the theoretical prediction [28]
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Fig. 2.10 Example of vertical velocity measurement using silica microbeads (solid line), com-
pared to velocity estimation from the measured jet radius r; assuming mass conservation (dashed
line). Electrospinning of PEO 5 %, under an electric field of 4 kV/cm, at flow rate of 6.4 mL/h [28]

a(r,z) = g,cp(r,z) + €5¢5(r, z) [38], where ¢, and ¢, denote the mass concentrations
of the polymer and solvent, respectively, and the coordinates (r,z) are the radial
and axial position in the jet, respectively. Thus, the change in the local polymer
concentration, Ac,(r, z), is linearly dependent on the change in the local absorption
coefficient Aa(r, z):

Aa(r,z)p,

Ac,(r,z) = ,
o) =

(2.11)

where and p, and p; are the densities of the polymer and solvent, respectively
[28]. Aa(r, z) is calculated by comparing the measured X-ray transmission (exp) to
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Fig. 2.11 Typical flow
field during electrospinning
of PEO 5 % solution in
water, mixed with 0.9 vol %
silica microbeads, under an
electric field of 4 kV/cm and
flow rate of 6.4 mL/h.
Obtained by two-pulsed
X-ray imaging (73.6 ps time
interval) of a | mm-long jet
section [28]

a simulated transmission for a ‘still’ jet (sim), at a given beam travel distance
through the jet d(r, z) [28]:

atr2) = e ) @12)

The correction factor ag/ay;, filters out the effects of scattering in a homogenous jet,
and is used as an approximation for the non-homogenous electrospinning jet.

Concentrations were found to rapidly increase below a critical jet radius of
~25 pm (equivalent to radius reduction ratio of 0.2) (Fig. 2.12), a possible evidence
for full network extension and of rapid evaporation that occurs much earlier than
theoretical predictions found in the literature. When depicted versus the jet radius,
the concentration curves collapse into groups of common initial solution concen-
tration. The concentration crossover occurs at a lower radius for the lower solution
concentration, as predicted in (2.8). The concentration theoretical prediction (2.10),
depicted in the inset of Fig. 2.12, conforms well to the experimental results, hence
favoring the stretching premise over evaporation. These results confirm that the
stretching crossover position depends predominantly on the solution initial concen-
tration, and is invariant with respect to the electrospinning materials and conditions.
Note that the concentration increase is slightly slower in the experiment compared
to the theoretical curve, possibly accounting for the stretching and compacting
retardation caused by the untangling of chains.
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Fig. 2.12 Polymer volume fraction, ¢, vs relative jet radius, r,/ro, derived from the X-ray
absorption measurements at jet center, for 13 tests of PEO 3 % (black lines) and 5 % (red lines).
The predicted crossover radius from (2.8) is indicated for both solution concentrations at position
\/@. The inset depicts the corresponding theoretical prediction [28]

Concentration variation across the jet revealed high concentrations at the jet
boundary due to evaporation, as well as a concentration rise at the jet center within
~1 mm from the jet start (Fig. 2.13), in agreement with the model and simulation.

Evaporation becomes dominant when stretching is weaker [e.g. at lower electric
field and/or higher flow rate — see (2.1) and the definition of k], reducing or
canceling the concentration peaks measured at the jet center (Fig. 2.14). Such
tuning of parameters demonstrates the balance between the effects of evaporation
and stretching, which determines the polymer network non-equilibrium conforma-
tion during electrospinning, and explains the diversity of macrostructures and
properties found in solid nanofibers (see examples in Fig. 2.2). Specifically, dom-
inant stretching is expected to yield uniform structures with axially oriented
molecules and better mechanical properties, whereas dominant evaporation may
result in porous nonuniform structures.

The technique of X-ray imaging during electrospinning was specifically devel-
oped for this research, including the algorithms and methods for processing and
analyzing the recorded data. These experiments provided information on internal
flow and concentration variations unattainable by other in-situ measurement
methods. Fast X-ray phase contrast imaging provides high penetrability at very
short exposures, allowing absorption measurements of the unsteady jet, as well as
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Fig. 2.13 Typical relative polymer concentration change across the jet, Ac,/c, vs the relative
radial distance from the jet center, r/r(, for several axial positions z along the jet. The data are
derived from X-ray absorption measurements of PEO 5 %, under an electric field of 2.8 kV/cm and
flow rate of 1.9 mL/h [28]

enhanced phase boundary contrast, allowing high resolution viewing of the narrow
jet and embedded particles.

2.4 Entanglement Loss and Short Nanofibers

As already pointed out, the validity of the network modeling is restricted to the
initial stage of the jet, where elastic elongation is still possible and the network can
be assumed to maintain its degree of entanglement. However, the effects of
entanglement loss due to the high strain rate cannot be neglected when considering
the final polymer conformation. When carrying out the electrospinning process to
its extreme conditions, jet fragmentation (Fig. 2.15) was observed in the appearance
of short nanofibers (Fig. 2.16), allowing quantification of the polymer entanglement
loss under a high strain rate extensional flow.

Using PMMA of several molar masses, dissolved at different concentrations in
solvent blends of varying quality, and tuning the electric field intensities and flow
rates, the occurrence of short nanofibers, as well as of beads-on-string, was clearly
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Fig. 2.14 Comparison of the relative concentration change, Ac,/c, at the jet center (r = 0) to that
measured at a radial offset from the center (- = r;/2), presented vs. the relative jet radius r;/ro. The
data were derived from X-ray absorption measurements of PEO 5 %, with modulation of the flow
rate Q and electric field £ [28]

continuous jet break fragment

entanglement

Fig. 2.15 (top) Illustration of jet fragmentation as a result of untangling of the polymer network in
low-concentration solutions under high electric fields. (bottom) SEM micrographs of the fragmen-
tation of PMMA fibers [29]



50 I. Greenfeld and E. Zussman

Fig. 2.16 SEM micrographs of electrospun short PMMA fibers [29]

identified and mapped (Fig. 2.17). Also, the dependence of the short nanofiber
length and diameter on the material and process variables was characterized in the
form of empirical scaling expressions. Short nanofibers appeared at solution con-
centrations slightly above the entanglement concentration ¢,., when the electric
field intensity was high and the flow rate low. In other words, short nanofibers
appeared, and their length was shorter, when the polymer molar mass, concentra-
tion, and solvent quality were lower and the flow strain rate was higher. Under such
favorable low entanglement and high stretching conditions, the elastic extension of
the polymer network accelerates the entanglement loss, eventually leading to
separation of the network and fragmentation of the jet.

Using the known jet rheology and the premise of affine extension of the polymer
network, a disentanglement model was developed. The underlying assumption is
that the entanglement nodes are moving at the same velocity as the jet, while chains
are allowed to disentangle but remain highly stretched (Fig. 2.18). Thus,

/ v z %
kP 2.13
Tt () , (2.13)

where the initial end-to-end distance of a chain section between two entanglements

is given by [y ~ bgp~2/3 for a O-solvent [39], and the jet parameter k depends on the
material and process parameters (2.1) [29].
The short fibers modeled length for a #-solvent is given by
L ~ 5 k*2N7/2¢41/9
ro ro (2.14)
ko = 6‘m1/67'(2)/361/41’];5/12V62/3E5/6

where the semi-dilute solution viscosity was written explicitly [39] as 5 ~ n,N°

¢14/ 3 for a O-solvent [29]. The modeled diameter of short and continuous fibers for a
0-solvent is
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Fig. 2.17 Electrospun PMMA fibers, short fibers and beads, and measured conditions for their
creation, mapped over the electric field £, the relative polymer concentration ¢/¢,, and the degree
of polymerization N [29]
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Fig. 2.19 Experimental and theoretical short nanofibers dimensions. (a) Measured length L,
versus the theoretical length L. (b) Measured diameter D,, versus the theoretical diameter D [29]
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T~ \/4’—; ~ { ¢ °/N short fibers (2.15)

ro k' (d/ro)”AN34¢?/°  continuous fibers,

where the local condensed polymer diameter is reduced by the extension factor

\/l/_lo [29]. The experimental results and theoretical predictions for short nanofibers
correlate well, confirming the proposed disentanglement mechanism (Fig. 2.19).
Diameter measurements of continuous fibers [15, 40] also correlate well with the
model.

An important outcome of the analysis is the dependence of the fiber diameter on
the material and process parameters (Fig. 2.20). The diameter of short nanofibers
grows weakly with increasing the relative concentration, while their length grows
sharply. When the concentration is increased beyond a transition point, continuous
nanofibers are created and the diameter’s growth slope increases abruptly. The
transition point identifies the conditions that lead to a minimal possible radius in
continuous fibers.

While the diameter of a continuous nanofiber depends on the solution’s relative
concentration by a power of 2.4, the corresponding power in short nanofibers is only
0.17, marking a distinct difference between the two morphologies. The reason for
these differences is that in continuous nanofibers, the process of disentanglement is
not carried out until complete separation of the polymer network as in short
nanofiber, since it is terminated at the collector, and therefore the amount of
entanglement loss, and hence the diameter, depend on the flow dynamics and the
electrodes gap size.

The high elastic stretching and entanglement loss required to create short
nanofibers are likely to lead to an ordered, aligned solid nanostructure with
improved mechanical properties. At the same time, since fragmentation occurs
before full solidification, the polymer network may partially relax in solvent rich
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Fig. 2.20 Nanofiber length L/ro and diameter D/r, versus the relative concentration ¢/¢,. N is the

degree of polymerization, k; = ko+/d/ro, d is the gap distance between the electrodes, and ry is the
jet initial radius [29]

areas and leave voids in the polymer matrix. Hence, a nonuniform structure can
result in both the axial and radial directions, with regions of aligned rigid structure
and regions of amorphous porous structure. The prospect of nanofiber size tuning,
and hence their morphology, in accordance with the proposed model, can be
exploited to improve their as-spun mechanical, optical and thermodynamic prop-
erties, such as the elastic modulus and light polarization. Combined with the
possible biaxial nonuniform nanostructure, it may find interesting applications in
tissue engineering, drug delivery, composites reinforcement, filtration, electrical
and thermal conduction, and light amplification.

2.5 Fiber Nanostructure and Mechanical Properties

The gradual solidification of the jet during the advanced stage of electrospinning,
which results in viscosity increase, crystal growth, and partial relaxation of chains
from their non-equilibrium state back toward their coil state, raises a question
whether the beneficial outcome of stretching and molecular packing remains in
the solid fiber.

The opportunity presented itself in electrospinning of the conjugated polymer
MEH-PPV. This optically active, electrically conductive polymer is of high interest
because of its potential applications in semi-conducting devices such as field effect
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Fig. 2.21 Simulated ideal
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transistors, light emitting diodes, active layer in lasers, and sensors. Two properties
make this polymer an excellent candidate for examining the posed question. First,
MEH-PPV has high absorption in the visible waveband, specifically around the
wavelength of the laser used for radiation, lending itself to optical probing. Second,
unlike freely jointed chains, conjugated polymer chains are not flexible, but are
rather semi-flexible as a result of the high bending rigidity of the chain backbone,
which is composed of alternating single and double covalent bonds. Owing to
inherent bonding defects, which substitute rigid conjugated links by flexible tetra-
hedral links, the conjugated chains can be described as flexible chains having longer
Kuhn (rigid) segments (Fig. 2.21). Consequently, as shown by our generalized
modeling and simulation (more details later), the stretching and lateral contraction
phenomena should be more pronounced in this class of polymers.
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Fig. 2.22 SNOM scanning of a single fiber (/eft). SNOM map of the nanoscale variation of the
relative optical absorption coefficient of an MEH-PPV electrospun fiber (center). Fiber topography
(dashed line, measured by AFM) and the corresponding relative optical absorption, a/amax
(continuous line, measured by SNOM) along a transverse line (right). The polymer density is
proportional to the absorption coefficient [12, 13]

Fig. 2.23 Young’s
modulus map measured by
AFM indentation at the
cross section of an
MEH-PPV nanofiber
embedded in UV-cured
polymer (red). The modulus
at the fiber core (blue) is
more than twice the
modulus at its boundary
(vellow) [12]

Measurements by high resolution, scanning near-field optical microscopy
(SNOM) revealed a core-sheath structure, in which the fiber core has a higher
density, whereas closer to the fiber boundary the density is lower (Fig. 2.22).

This observation was strengthened by force-indentation measurements of the
elastic modulus at the cross-section of the fiber, using atomic force microscopy
(AFM), which showed a higher modulus at the fiber center with respect to the
boundary (Fig. 2.23), indicative of higher density and possibly molecular ordering
at the core.

These results confirm that the close-packed molecular conformation of the
polymer network in the liquid jet, demonstrated by the simulation of the semi-
flexible conjugated polymer (Fig. 2.24), is essentially retained in the solid fiber.

In perspective, the found graded-density internal structure can possibly improve
charge transport by the fiber core, whereas the lower density sheath can determine
the amplification of light guided in the fiber. Similarly, for scaffold applications, the
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Fig. 2.24 Simulated polymer network mesh, superimposed on an MEH-PPV electrospinning jet
(only the upper half is shown). Viewed mesh density is diluted x 300 in each direction. Conditions:
electric field 1.8 kV/cm, flow rate 10 pL/min, polymer volume fraction 0.025 [12]

core can provide the needed strength, rigidity, and conductivity, while the boundary
layer has enhanced material absorption and adhesion properties.

2.6 Chain Orientation in Fibers

A valid concern is whether the observed dense region at the fiber core consists of an
ordered structure or an amorphous structure. In an ordered structure, the mechanical
properties of the nanofiber should be improved with respect to bulk material.
Moreover, in conjugated polymers such as MEH-PPV, ordering and orientation
of chain sections results in a longer effective conjugation length, and consequently
longer chromophores (chain parts responsible for color absorption or excitation)
and improved optical and electrical properties. We exploited the unique optical
properties of conjugated polymers to investigate this concern by measurements of
optical absorption and polarization modulation.

The most common process used in producing conjugated polymer macrostruc-
tures is spincasting. Electrospinning of conjugated polymers is usually avoided due
to their low miscibility, or carried out by mixing other polymers in the solution or
by using the core-shell technique. However, while amorphous aggregation of the
polymer is favored in films, the elongational dynamics of electrospinning leads to
extended structures having interchain alignment. Measurements of the absorption
spectra of nanofibers, compared to those of spincast films, showed a peak red shift,
which indicates an increase of the effective conjugation length attributable to a
more ordered molecular packing. Additionally, the absorption and photolumi-
nescence linear dichroism spectrums, measured on uniaxially aligned MEH-PPV
nanofibers, evidence a predominance for light polarized along the fiber longitudinal
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Fig. 2.25 SNOM map of the nanoscale variation of the relative dichroic ratio of an MEH-PPV
electrospun fiber (left). Fiber topography (dashed line, measured by AFM) and the corresponding
relative dichroic ratio, y/ymax, Where y = (I;) —1.)/(I;; +1.) and I is the transmitted intensity
(continuous line, measured by SNOM with polarization modulation), along a transverse line
(right). The minimum indicates preferred molecular alignment in the axial direction, while the
maxima indicate preferred radial alignment [13]

axis, a fingerprint of a preferential alignment of the polymer backbones along the
fiber length.

The nanoscale mapping of the local dichroism of individual fibers, measured by
polarized near-field optical microscopy (Fig. 2.25), unveiled for the first time the
presence of an internal spatial variation of the molecular order. Specifically, these
results confirm the presence of a core (of width ~40 % of fiber diameter) with
axially aligned molecules, and a sheath (envelope) with almost radially oriented
molecules. The unexpected radial orientational preference in the fiber sheath is
attributed to relaxation of polymer chains in the lower density region, combined
with crystallic growth in the radial direction.

A key question is how and to what extent the process can be controlled in order
to achieve desired nanostructures within the fiber. For that purpose, the polymer
network dynamic model and simulation, described in Sect. 2.2, were generalized by
tuning the degree of chain flexibility with the segmental aspect ratio (i.e., the
number of monomers in a rigid segment, inversely proportional to the bonding
defects concentration). Thus, the generalized model applies to a wide range of
linear flexible polymers, including conjugated polymers with different bonding
defect concentrations, as well as fully flexible polymers that are a particular case
of the model in which the segmental aspect ratio is 1.

Given the aspect ratio n, polymer volume fraction ¢, and solution properties
expressed by Flory’s exponent v and Flory’s interaction parameter y, the number of
rigid segments in a single subchain in the polymer network, for a good solvent, is
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n 3(2v—1)/(3v—1) S —1/Gu-1)
= 2.1
vox (125) ()™, 2.16)

and the corresponding correlation length is &= b[(1 —2y)/n]*"'N ¢ [13]. The
exponent v is 0.5 for ideal chains, corresponding to #-solvents, and ~0.6 for real
chains, corresponding to good and athermal solvents. Note that when n = 1, the
equation converges to the classic expression for fully flexible chains, corresponding
to the polymer network mesh size.

When the aspect ratio is larger (lower defects concentration), the subchains
become shorter and more rigid, in other words the network mesh size is smaller
(Fig. 2.26a); specifically, the number of subchain segments is reduced by a power of
4 of the aspect ratio (ideal chain). At concentrations above the athermal limit at
point B, the chain conformation is always ideal (8-solvent condition). When the
polymer volume fraction is sufficiently high, subchains start to interact within a
single correlation volume, a condition not existing in fully flexible chains, thereby
enhancing the likelihood of nematic ordering and molecular orientation
(Fig. 2.26b).

The results of the model and simulation for a representative conjugated polymer
(10 % defects concentration) are presented in Fig. 2.27, and typical free and
extended chain conformations are depicted in Fig. 2.21, exhibiting a similar behav-
ior as in fully flexible chains (Fig. 2.4), but with a strong dependence on the aspect
ratio.

Full extension is approached when &, = bNj, i.e. at the axial position zg and a
corresponding jet radius rg. Using (2.8) and (2.16), the jet radius reduction ratio at
full stretching is expressed for good solvents by [13]:

ro sz> 12 ( n )“””/ Gl (/2Ge)
— ~ n . 2.17
( o 1 =2y () (2.17)

rs

Thus, ro/rs is reduced as the chain is stiffer (larger ), and the exponent of 7 is —1
for a #-solvent (v = 0.5) and —0.25 for good and athermal solvents (v = 0.6). Note
that when n = 1 and v = 0.5, the equation converges to the expression for fully
flexible chains in (2.8).

The axial position of full stretching can be obtained by substituting the radius
reduction ratio into (2.1), and using the known viscosity expressions for semi-dilute
solutions, 7 ~ 17SN3(/)3/ (=1 for an athermal solvent and 7 ~ ;1SN3(/)14/ 3 for a
6-solvent. Omitting the effect of n, the position scales as [13]:

§~N3/2 ¢2(§jfl) athermal solvent (2.18)
o qb“/ 6 @-solvent. '

In this calculation the approximate value of k was used. The exponent of ¢ for the
athermal solvent is approximately 13/8. Thus, the model predicts that full extension
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Fig. 2.26 Conjugated polymer conformation in a solution. (a) The number of subchain segments,
N, versus the polymer volume fraction, ¢, and the number of beads per segment, n, for different
solvent quality grades. The dotted lines constitute the upper and lower limits for ¢ = 0.025.
Polymer molecular weight is 380 kDa, equivalent to Nj,,ss = 730. Point B’ is depicted for Flory’s
interaction parameter y = 0.38. (b) Crossover [Point A in (a)] of the polymer network conforma-
tion with respect to the scale of the correlation length & (circles) and the segment length b:
(i) regular semi-dilute, & > b, (ii) crossover, &£ ~ b, and (iii) different chains intermix within a
single correlation volume, & ~ b [13]

of the network occurs at an earlier stage of the jet (closer to the orifice) when the
concentration, molar mass, and solvent quality are lower, accounting for lower
network entanglement (Fig. 2.28).

Under favorable stretching conditions that expedite full network extension, it is
more likely that the extended conformation, and the associated axial molecular
alignment, will partially remain in the polymer structure after solidification. Indeed,
the measured far-field, macroscale emission from MEH-PPV nanofibers was found
to be polarized along the longitudinal axis of the nanostructures, with a degree of
polarization dependent on process variables. Specifically, the photoluminescence
polarization ratio was raised up to five times that of amorphous polymer, by
gradually decreasing the solution concentration down to a volume fraction of
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Fig. 2.27 Simulated subchain length during electrospinning. The axial mesh size &, radial mesh
size £, and orientation parameter O are plotted versus the axial position z along the jet. The
simulated ), (solid line) is compared with the theoretical model (dotted line). The position close to
full subchain extension is designated by z,. Parameters used: ideal chain, ¢ = 0.025, n = 5 beads,
bead size d = 1.2 nm, &, = 20 nm, N; = 14 segments. Jet dynamics is derived from Fig. 2.24 [13]
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Fig. 2.28 Axial position where subchains approach full extension, z/ro, normalized by N** (N is
the chain’s number of segments), versus the polymer volume fraction ¢ and solvent quality.
Modeled for full chain flexibility (n = 1). The dotted line constitutes the lower limit imposed by
Ny < N. Prefactors are omitted, and all other influencing parameters (e.g. electric field and flow
rate) are assumed constant. Points B and B’ are explained in Fig. 2.26 [13]

0.03 (Fig. 2.29), a clear indication for the inverse dependence of the longitudinal
molecular alignment on concentration. Thus, the confirmed model provides tools
for tailoring of the photophysical properties of the fibers.



2 Controlling the Nanostructure of Electrospun Polymeric Fibers 61

Fig. 2.29 Polarization ratio
of an MEH-PPV fiber
versus the solution volume
fraction, ¢. An unpolarized
sample (sprayed film) has a
polarization ratio of

1, whereas values above

1 indicate a preferred
molecular alignment along
the axial direction [13]
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2.7 Controlling the Nanostructure

This research focused on the analysis of the polymer matrix evolution during a
strong extensional flow of a polymer solution, using the technique of
electrospinning as a test bed. When stretching is dominant, the structures revealed
in electrospun nanofibers are dense, stiff and ordered, with a preference for molec-
ular alignment along the fiber longitudinal axis. The observed structure is aniso-
tropic, with a core-sheath conformation that can be utilized for improving charge
transport, light amplification, and scaffolding (Fig. 2.30).

The study shows how the nanofiber diameter can be tuned by modifying the
electrospinning conditions. The diameter can be decreased to the point just before
fragmentation, resulting in the smallest achievable fiber diameter in given condi-
tions, and potentially yielding the highest mechanical properties possible for these
conditions, as well as enhanced electrical and optical properties.

The size dependence of these properties, well-documented by numerous exper-
iments, is the consequence of the fiber nanostructure, namely the level of polymer
entanglement and the degree of orientation in the solid structure, as well as the
existence of super-molecular structures created by correlation between aligned
molecules. It can be shown that these properties and the diameter are strongly
related by

D~ (<C";;“9>> 1/2, (2.19)

where 7., is the number density of entanglements and (cos#) is the average
molecular orientation. This relationship is illustrated in Fig. 2.31.

In conclusion, the nanostructure of electrospun fibers can be controlled by tuning
the material and process properties, such as the polymer type and molar mass,
solvent quality, solution concentration, injection velocity and diameter, intensity of
the electric potential, and the electrodes gap distance. Specific fiber properties can
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dense, axially aligned structure
with improved strength, charge
transport, and light guidance

porous, radially aligned structure
with amplification of guided light, also
suitable as soft substrate for cell
adhesion, contaminant removal, or
drug delivery

Fig. 2.31 Illustration of possible molecular structures in electrospun nanofibers. (a) Small fiber
diameter with highly aligned untangled chains, typical of short nanofibers. (b) Large fiber diameter
with partially aligned and partially entangled chains, typical of continuous nanofibers

be manipulated and tailored by making use of the trends learnt from the modeling
and experimental characterization.
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Chapter 3
Graphene-Based Composite Materials
for Chemical Sensor Application

11-Doo Kim, Seon-Jin Choi, and Hee-Jin Cho

Abstract This book chapter reports a comprehensive review of graphene-based
composite materials for application in chemical sensors. Recently, the attractive
electrical and physical properties of graphene-based materials, i.e., graphite, graphene
oxide, and reduced graphene oxide, have stimulated in-depth studies of chemical
sensors which exhibit interesting sensing capabilities. For a further improvement in
their chemical-sensing performances, graphene-based materials were functionalized
with different types of nanostructured sensing layers, such as nanoparticles (NPs),
nanorods (NRs), and nanofibers (NFs) prepared with various materials such as metals,
metal oxides, and polymers. A number of synthetic methods to obtain graphene-based
composite sensing layers were introduced, and they were categorized according to the
materials and structures involved. In addition, we summarize recent promising pro-
gress in the area of chemical sensor applications with graphene-based composite
materials, highlighting important sensing performance, such as those related to sen-
sitivity (response), selectivity, response/recovery times, detection limits, and operat-
ing temperatures. Furthermore, potential sensing mechanisms are thoroughly
analyzed in an effort to understand the characteristic sensing properties of graphene-
based composite sensors. Finally, future perspectives on the development of
graphene-based composite materials are discussed with regard to the realization of
high-performance chemical sensors.

3.1 Chemical Sensors

Numerous sensing materials have been developed to detect chemical species in
environments such as SO,, NO,, NH3, and CO,, as well as biomarkers from the
exhaled breath such as acetone (CH;COCH;), toluene (CgHsCHs), and
H,S. Sensitive and selective detection of low concentrations of ambient chemical
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species is important for chemical sensors. In this regard, sensing layers with large
surface area as well as high porosity are desirable considering that the sensing
performance depends on the diffusion of gas molecules and surface reactions
between the gas molecules and the sensing layers. For this reason, nanoparticle
(NP), nanorod (NR), and nanofiber (NF) structures have been intensively
researched in efforts to attain higher sensitivity compared to that of thin film
structures. In addition, catalytic functionalization with metallic catalysts such as
Pt, Pd, Au and Ag has been introduced to further enhance the gas sensing perfor-
mance. Recently, graphene-based composite materials are receiving much attention
due to their attractive electrical and physical properties. A number of composites
with graphene-based materials have been proposed and their sensing properties
have been demonstrated. In this chapter, we introduce several types of graphene-
based composite sensing layers developed for application in environmental moni-
toring and exhaled breath analysis. In particular, we highlight the studies on the
metal oxide nanofiber-graphene composite material as a new sensing layer for fast
responding and highly sensitive chemical sensors.

3.2 Graphene-Based Sensing Layers

The gas sensing characteristics of graphene were first investigated by F. Schedin
et al. in 2007 [1]. Since then, numerous studies have been carried out on highly
sensitive chemical sensors using graphene sheets [2—5]. The attractive electrical
and physical properties such as high carrier mobility (200,000 cm?/V s) and large
specific surface area (theoretically 2,630 m?/g) of graphene have motivated
in-depth studies in the field of chemical sensors. Table 3.1 summarizes recent
publications related to chemical sensors using graphene-based sensing layers.

Reduced graphene oxide (RGO) sheets prepared by chemical and thermal
reduction of graphene oxide (GO) have been widely investigated for gas sensing
applications. For instance, hydrogen plasma treatment for the reduction of GO was
performed and demonstrated high sensitivity to CO, at room temperature, where
the response, i.e., (Ryir — Rx)/Rair X 100(%), was 71 % and 15 % at 1,500 ppm in
N, (37 % RH) and air ambient (68 % RH), respectively [6]. In addition, ozone-
treated graphene exhibited improved sensing properties such as better response
(20 % response), limit of detection (1.3 ppb), and response time (<40 s) toward
NO,, which were attributed to optimized density of the oxygen functional groups by
the ozone treatment [14].

RGO arrays prepared by thermal reduction demonstrated highly selective proper-
ties in the presence of different alcohols such as isopropanol, ethanol, methanol, and
water [8]. Poor selective gas sensing properties of RGO are a major problem for
practical applications. In this regard, optimized thermal reduction conditions were
applied under vacuum (p =2 x 10 torr) at 150 °C for 3 min to obtain only slightly
reduced GO. The dimensions of GO flakes were in a range from hundreds of nm to
200 pm (Fig. 3.1a). The reduction proceeded with drop-casted GO flakes on a
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Fig. 3.1 (a) SEM image of prepared GO flakes, (b) optical microscopic image of the
multielectrode KAMINA chip. (¢) SEM image of the RGO coated sensor chip, (d) magnified
SEM image of (e) and dynamic resistive transient characteristics of the RGO-based sensor array
with multiple gas exposures such as isopropanol, ethanol, methanol and water with a concentration
of 1,500 ppm (Reprinted with permission from Lipatov et al. [8]. Copyright (2013), The Royal
Society of Chemistry)

modified KAMINA multisensor chip [21], as shown in Fig. 3.1b—d. Gas sensing
characteristics using isopropanol, ethanol, methanol, and water with a concentration
of 1,500 ppm were demonstrated at room temperature. Reproducible resistivity
changes were observed, exhibiting responses to the injection of analyte gases and
recovery by exposure to dry air (Fig. 3.1e). In particular, the response toward water
was significantly improved compared to other analyte gases due to easy penetration of
water molecules into the wide RGO interlayer (d =7.6 A), which was comparable to
the GO layers in terms of width (d=8 A). Regarding the other alcohol sensing
properties, only the top few layers participated in the reaction due to low penetration
of the alcohol molecules, which resulted in relatively low sensitivity. For this reason,
several parameters were involved in the sensitivity such as the size and geometry of
RGO sheets as well as defects for different alcohol sensing. However, these param-
eters can promote selective detection of alcohol molecules if the different properties of
RGO can be integrated by array type sensors. Hydrophilic GO and hydrophobic RGO
sensor arrays were proposed as well for selective and sensitive detection of tetrahy-
drofuran (THF) and dichloromethane (MC), even at a highly humid ambient (90 %
RH) with a gas concentration of 500 ppb at room temperature [22].

In general, functionalized graphene sheets exhibit improved sensing characteristics
because the gas molecules can be adsorbed strongly on doped or defective graphene
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sheets [15, 23, 24]. For this reason, highly oxidized and large flakes of GO were
employed as effective NO sensing layers with a very low detection limit of 20 ppb at
150 °C [9]. Chemically modified graphene sheets such as sulfonated RGO (S-RGO) or
ethylenediamine-modified RGO (EDA-RGO) were explored for high-performance
NO, sensors [18]. The synthesized S-RGO and EDA-RGO exhibited 4—16 times
higher responses compared to that of RGO. In particular, the NO, gas response of
S-RGO sheets was evaluated with respect to the current or conductance changes
(G/Gyp, where G and Gy are the conductance of the sensing layer in NO, and air
ambient, respectively) and S-RGO showed a response of 24.7 toward 50 ppm NO,,
corresponding with a more than 16 times higher response compared to that
(G/Gyp=1.5) of pure RGO. The selective property of S-RGO was investigated and
minor responses were observed toward interfering gases such as NH;, H,O, and
toluene.

Flexible sensing devices are among the fascinating applications that exploit the
flexible characteristics of graphene sheets. Several attempts to realize flexible gas
sensors using graphene-based sensing layers have been reported [25-27]. G. Yang
et al. reported graphene-based flexible NO, sensors on paper substrates [25]. First,
graphene sheets were prepared by a chemical vapor deposition (CVD) method on a
copper foil in a mixed gas ambient of methane and hydrogen at 1,000 °C.
Polymethylmethacrylate (PMMA)-graphene-copper foil stacks were formed with
size of 10 mm x 8 mm followed by O, plasma reactive-ion etching of the back-side
graphene on the copper foil (Fig. 3.2a). PMMA-graphene was then obtained by
chemically etching the copper foil using a 1 wt% solution of ammonium persulfate
for 6-8 h (Fig. 3.2b). The PMMA-graphene structure was transferred to a commer-
cialized cleanroom paper with a size of 2 cm x 2 cm (Fig. 3.2¢). Finally, silver
electrodes (1 mm x 3 mm in size and a 5 mm interval between the two electrodes)
were patterned on the graphene layer to investigate gas sensing performance
(Fig. 3.2d). Figure 3.2e shows camera images of the fabricated flexible gas sensor
using CVD grown graphene sheets and the measurement setup. The gas response
characteristics toward 200 ppm NO, simultaneously with the flexible property
of the sensor following two different bending directions were confirmed at
room temperature (Fig. 3.2f, g). The NO, response was evaluated as
R(%) = [(Rair — Rgas)/Rair] % 100 (%), where Ry;, and Ry, are the resistivity in air
and NO,, respectively. The results revealed that the fabricated graphene-based flexible
sensor showed reproducible NO, sensing properties in strained (0.5 %) and relaxed
states with minor response deviation (R = 32-39 %) (Fig. 3.2g).

Recently, graphene based materials with patterned structures such microbelts
and a nanomesh were investigated for chemical sensors. R. K. Paul et al. proposed a
graphene nanomesh as an effective NO, sensing layer using polymeric nanosphere
lithography and reactive ion etching methods [17]. The graphene nanomesh
exhibited a higher response (Ion/Iopr = 6) at room temperature compared to that
of film type graphene sheets, which showed a minor response. J. Zhang et al. also
reported highly oriented RGO microbelts array for the detection of NHj at an
operating temperature range of 20—100 °C [10]. The RGO microbelts array was
fabricated by a soft lithography technique using a PDMS stamp. The response
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Fig. 3.2 Schematic illustration of the fabrication processes for the graphene-based flexible sensor:
(a) formation of PMMA-graphene-Cu foil, (b) chemical etching of Cu foil, (¢) transfer of PMMA-
graphene to a cleanroom paper and formation of Ag electrodes, (d) concept of flexible gas sensors.
(e) Device images of the fabricated graphene flexible sensor, (f) strained state in the two different
directions and (g) NO, sensing characteristics in the strained and relaxed states (Reprinted with
permission from Yang et al. [25]. Copyright (2013), The Royal Society of Chemistry)

(R = (R, — R)/R,), where R and R are resistivity of the sensor during the exposure
of pure N, and the exposure of N, in NH; mixture, respectively) showed consistent
values of around 0.19 toward 1 % NHj gas in a temperature range of 20-100 °C.

3.3 Nanoparticle-Graphene Composite Sensing Layers

Recently, many researchers have reported graphene functionalized novel metals or
metal oxide NPs to enhance gas sensing performance, i.e., sensitivity, selectivity, or
response/recovery times. Although metal/metal oxide NPs have good electron
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transfer properties and large surface area, they suffer from degradation of sensitiv-
ity and long response/recovery times due to aggregation between particles, thereby
reducing the effective surface area for the reaction with gas molecules. Therefore,
combining NPs and graphene/RGO sheets to further increase the gas sensing
performance by inhibiting aggregation of NPs and graphene sheets, respectively,
is a powerful strategy. Thus far, several studies have reported that the sensing
performances were dramatically increased when graphene-based materials were
integrated with metal/metal oxide NPs. In this part, several examples of metal/metal
oxide NP-graphene composites are introduced and the sensing mechanisms are
discussed. Table 3.2 summarizes recent publications on chemical sensors using
NPs-graphene composite sensing layers.

3.3.1 Metal NP-Graphene Gas Composite Sensing Layers

Metal NP-graphene composites are widely applied in many research fields includ-
ing electronics, energy, and chemical sensors [42—45]. Various synthetic methods
of novel metal NPs functionalized with graphene-based materials have been
reported [46-48]. A well-known method to combine graphene based materials
with metal NPs is the in-situ reduction synthesis of metallic salts and graphene/
GO sheets using chemical agents. Briefly, defects or oxygen functionalities on the
graphene/GO surface behave as nucleation sites for metal NP growth from the
metallic salts (Fig. 3.3a). Another synthetic method is the ex-situ synthesis of metal
NPs, assisted by chemical reduction of the metallic salts followed by decoration
onto the graphene sheets (Fig. 3.3b) [29].

Decoration of metal NPs on graphene sheets or modified forms of this approach
(e.g., GO and RGO) has also been intensively researched to enhance gas sensing
performances. The gas sensing mechanisms of graphene-based sensors were inves-
tigated by measuring the resistivity changes, which were induced by adsorption or
desorption of target molecules. Graphene is known as a p-type sensing material
exhibiting a sensitive response to modulation of hole concentrations. Attaching
metal NPs to graphene sheets results in lowering of the Fermi level of graphene due
to the different work functions between metal NPs (e.g. Pt and Au) and graphene
sheets and the transferring of electrons to metallic salts during the reduction
process. Graphene is thus more likely to have p-type characteristics, i.e., it is
more sensitive to hole concentration [30, 49]. In other words, NPs act as an electron
transfer mediator between reducing gases and graphene when the hybrid structures
are exposed to reducing gases. The electrons are injected from the adsorbed gas
molecules to metal NPs, and this injection induces rearrangement of the Fermi level
at the interface between the metal NPs and graphene. This phenomenon results in a
reduction of hole concentrations and increased base line resistance. In contrast, the
oxidizing gases take electrons from the NP-graphene composites, which resulted in
hole doping, thereby reducing the base line resistance.
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Fig. 3.3 Schematic images of the synthetic method of metal NP-graphene composite structures
(a) in-situ reduction synthesis of Pt NPs on RGO (Reprinted with permission from Zhang
et al. [42]. Copyright (2013), Springer) (b) Decoration of ex-situ synthesized Pd NPs onto
graphene sheet (Reprinted with permission from Chung et al. [29]. Copyright (2012), Elsevier)

V. Tjoa et al. reported the behavior of Au NPs-RGO hybrid composites upon
exposure to H,S and NO,, respectively [30]. Au NPs-RGO exhibited p-type sensing
characteristics, resulting in a downward shifting Fermi level at the Au NP-RGO
interface due to the hole doping to RGO (Fig. 3.4a). Although pure RGO exhibited
minor resistivity changes during exposure to H,S, the Au NPs-RGO showed
improved sensing performance toward H,S (Fig. 3.4c). The adsorption of H,S
onto Au NPs occurs especially by the high chemical affinity of sulfur to Au. This
adsorption results in electron injection to Au, which readjusts the Fermi level at the
interface between the Au NPs and graphene by reducing the hole current due to the
recombination of electrons and holes (Fig. 3.4b). In contrast, the oxidizing gases
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Fig. 3.4 Schematic illustrations of theoretical energy band diagram of Au NPs/RGO contact
interface: (a) the equilibrium state when the RGO was combined with Au NPs, (b) the electronic
interaction among gas molecules (e.g., H>S), Au NPs and RGO. Injection of electrons to the Au
NPs and transfer to graphene by the adsorption of gas molecules. The response characteristics
toward (c) the reducing gas of H,S and (d) oxidizing gas of NO,, respectively (Reprinted with
permission from Tjoa et al. [30]. Copyright (2011), The Royal Society of Chemistry)

withdraw electrons from the Au NP-RGO composite, which resulted in hole
accumulations at the surface. Therefore, the hole current increased when Au
NPs-RGO was exposed to oxidizing gases such as NO and NO, (Fig. 3.4d).
Metallic alloys of Pd-Pt NPs were functionalized onto graphene sheets, as reported
by R. Kumar et al. [28]. The metallic alloy-graphene composite showed a remark-
ably fast response (<2 s) and recovery (18 s) times to 2 % hydrogen at 40 °C. Pd
and Pt are well-known catalytic materials exhibiting a catalytic sensing effect, i.e.,
electronic and chemical sensitization. These metals easily form hydrides (PdHj,
PtH) upon exposure to hydrogen, and in particular Pd-Pt alloys exhibit better
hydrogenation compared to pure Pd or Pt. The H, molecules are adsorbed on the
surface of Pd-Pt alloys followed by dissociation into atomic H forming MH, and
incorporation into interstitial sites of the Pd-Pt alloy. The incorporated MH; acts as
electron scattering centers, resulting in a decrease in carrier mobility. However, the
formation of MH, lowers the work function of Pd-Pt alloy, inducing resistivity
changes with fast response and recovery times. As mentioned above, a number of
studies on metal NP-graphene have been conducted in relation to sensing devices
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because it affords better electronic and optic properties than pure graphene [50]. It
is anticipated that metal NP-graphene hybrid composites will be further investi-
gated with various metal NPs in efforts to attain better chemical sensing
performances.

3.3.2 Metal Oxide NP-Graphene Composite Sensing Layers

Chemical sensors based on metal oxide NPs have attracted much attention due to
their highly sensitive gas sensing characteristics [32, 51]. Metal oxides, which show
significant resistance changes upon exposure to reducing or oxidizing gases, have
been intensively researched for chemical sensing. However, pure metal oxide NPs
are operated at an elevated temperature, which requires high power consumption. In
the case of graphene, excellent gas detection capabilities are observed due to the
defects or edges, where the gas molecules can be adsorbed and desorbed. However,
its gas detection capabilities depend on the number of layers and their dispersion,
and graphene/RGO sheets showed a tendency to aggregate, resulting in decreased
sensitivity to gas molecules. Experimental studies have shown that the adsorption
of gas molecules is too weak to effectively detect the gas molecules. For this reason,
a combination of metal oxide NPs and graphene has been explored to enlarge the
active area, resulting in enhancement of sensing properties by less agglomeration of
graphene sheets and metal oxide NPs and uniformly decorated metal oxide NPs on
graphene sheets (Fig. 3.5a and b) [38, 52, 53]. A number of reports on chemical
sensors using metal oxide NP-graphene composites to improve the sensing perfor-
mances have been reported. SnO, NP-RGO composites have been widely studied as
sensing layers [34, 36, 39]. A typical method for incorporation of metal oxide NPs
into RGO is hydrothermal reaction, where GO sheets were reduced to RGO while
Sn>* was oxidized to SnO, during the redox reaction. First, GO was prepared by a
modified Hummers method [54, 55]. The prepared GO solution was then mixed
with a Sn precursor (SnCly - H>O) in deionized water. The mixture was stirred using
sonication and then transferred into an autoclave and heated at 120 °C for 8 h
[35]. By combing SnO, NPs and RGO, the active surface area of SnO, NPs was
increased owing to their uniform dispersion. Generally, SnO, and RGO show
n-type and p-type sensing characteristics, respectively. When the amount of SnO,
is limited, SnO, NP-RGO showed p-type sensing characteristics, and a p-n junction
is formed at the interface of Sn0O,-RGO, exhibiting enhanced selectivity and
sensitivity compared to those of pure RGO toward NO,. S. Mao et al. explained
the sensing characteristics of SnO,-RGO [39]. The formation of a p-n junction at
the interface between SnO, NPs and RGO sheets generated higher sensitivity to
NO, gas while the sensitivity for NH; was suppressed compared to that of pure
RGO (Fig. 3.5¢ and d). During the exposure of NO, to the composites, a large
number of electrons were extracted from the RGO sheets toward SnO, due to the
depletion region formed by the p-n junction. This electron transfer generated
dominant hole current in RGO by modification of the Fermi level state. On the
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Fig. 3.5 (a) TEM and (b) HRTEM images of SnO, NP-RGO composite. The inset of (b) shows the
SEAD pattern of SnO, NP-RGO; The response characteristics of pure RGO and the SnO, NP-RGO
composite toward (¢) NO, and (d) NH;, respectively (Reprinted with permission from Mao
et al. [39]. Copyright (2012), The Royal Society of Chemistry) (e) Schematic illustration of sensing
mechanism: electron transfer process between the gas molecules and graphene (upper) and electron
transfer process between gas molecules and ZnO QD-graphene composites (lower) (Reprinted with
permission from Huang et al. [38]. Copyright (2012), The Royal Society of Chemistry)
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other hand, a reducing gas such as NH; donated electrons to the SnO, NP-RGO
composite, inducing decreased hole concentration and hole current in RGO due to
fewer injected electrons to RGO. These reduced electron injection is attributed to
the p-n junction and hole depletion zone. Another possible explanation of the
decreased sensitivity to NH; is a shadowing effect of SnO, NPs covering the
RGO functional groups, which can react with NH3 [39]. G. Neri et al. also further
evaluated the sensing behaviour of SnO, NP-RGO composites toward NO, at
various RGO concentrations [33]. The RGO concentration was controlled by the
amount of GO added to the solution. The SnO,-RGO type and gas detection
mechanism vary according to the SnO,/RGO ratio. When the density of SnO, is
low, Sn0O,-RGO composites show p-type characteristics and the resistivity
decreases upon exposure to oxidizing gas such as NO,. However, when the density
of Sn0O; is large, the SnO,-RGO composite acts like an n-type sensing material and
has more p-n junctions between SnO, and RGO. These p-n junctions are more
dominant than the high electrical conductivity of RGO, and the surface of SnO,,
where the reaction takes place, increases. Thus, at a particular ratio of SnO,/RGO
(the GO content in solution is 0.1 g when the tin precursor is 1.0 g), enhanced
sensitivity is observed for NO, owing to the effect on modification of the potential
barrier by p-n junctions and an increase of effective reaction sites of SnO,. The
highest response is ca. 850 for 8 ppm NO, at 150 °C, (the response is defined as
(Rg — Ro) /Ry x 100 (%), where R, and R, are the sensor resistivity before and
after target gas exposure, respectively).

In addition to SnO, NP-graphene, a number of different types of metal oxide
NP-graphene composites have been proposed for chemical sensors. For example,
Q. Hang et al. suggested ZnO quantum dot (QD)-graphene composites that showed
outstanding gas sensing performance to formaldehyde (HCHO) and good stability
after repeated exposure to 100 ppm of formaldehyde [38]. Here, the gas response is
defined as (G, — G,)/G,, where G, and G, are the conductivity in atmospheric
ambient and during target gas exposure, respectively. In the case of pure graphene
sensors, there are weak van der Waals interactions with the formaldehyde mole-
cules and graphene, thereby transferring electrons and thereupon generating con-
ductivity changes. In addition, the weak adsorption of formaldehyde was attributed
to the fast response/recovery times. When ZnO QDs were decorated with graphene,
ZnO promoted electron transfer from formaldehyde to graphene because the con-
duction band of ZnO is located between the LUMO of formaldehyde and the Eg of
grapheme (Fig. 3.5¢). Formaldehyde molecules showed stronger interaction with
chemisorbed oxygen species (O, O?7) on the surface of ZnO QDs compared to
that with graphene. Therefore, stronger interactions took place between ZnO QDs
and formaldehyde than interactions between pure graphene and formaldehyde. ZnO
QD-graphene exhibited better sensitivity than pure graphene for formaldehyde
sensing due to the synergistic effect of ZnO QDs and graphene; that is, ZnO QDs
on graphene sheets act reactions sites for the adsorption of detecting gases, and the
graphene provides conducting paths. At lower temperature (<100 °C), O, was
abundantly produced on the surface of ZnO QDs, which have lower oxidation
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ability than other chemisorbed oxygen species (i.e., O~, O*7) that can be produced
at higher temperatures. The metastable intermediate product (formate species) was
formed as a result of the formaldehyde oxidation reaction with O,~ on ZnO
QD-graphene composites, as shown below (3.1):

30,7 (ad) + 4HCHO « 4HCOO~ (intermediate product) + 2H,0 4 3e~ (3.1)

The electrons produced during the oxidation reaction change the conductivity
and reduce the energy barrier between formaldehyde and graphene by transferring
electrons to ZnO QDs and further transfer to graphene. When the baseline air was
injected to the sensors, a reversible oxidation reaction occurred where the formate
species was decomposed again to formaldehyde. The ZnO QDs act as reaction
centers with target gas molecules, resulting in enhanced selectivity and sensitivity
for formaldehyde relative to those of pure graphene.

Similarly, S. Liang et al. reported a a-Fe,O; NP-graphene gas sensor for ethanol
detection [31]. Hematite (a-Fe,Os) is an attractive sensing material due to its low
cost, environment-friendliness, and corrosion resistance under ambient conditions.
However, there have been many attempts to make composite based a-Fe,O3; NPs
for further enhancement of gas sensing characteristics [56]. For further improve-
ment in sensitivity and stability of hematite, S. Liang et al. combined a-Fe,O3; NPs
with RGO sheets [31]. It was also confirmed that the sensing properties were
affected by the concentration of RGO and the operating temperature. An optimized
response (Ra/R, =30 for 1,000 ppm ethanol) was presented with RGO content of
2 wt% at 280 °C (Fig. 3.6a). High sensitivity was achieved by the high electrical
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Fig. 3.6 The impact of graphene concentration of metal oxide NP-graphene nanocomposite; (a)
the response to 1,000 ppm ethanol of a-Fe,O; NP-graphene composite sensors at 280 °C
(Reprinted with permission from Liang et al. [31]. Copyright (2014), Elsevier) (b) The response
of Co304 NP-RGO hybrid sensors to 60 ppm NO, at room temperature (Reprinted with permission
from Chen et al. [37]. Copyright (2013), Elsevier) (¢) TEM image of a-Fe,O3; NP-graphene.
Schematic illustrations of possible diffusion method of target gas into (d) pure a-Fe,O; NP based
sensor (e) combined with the optimal amount of graphene to a-Fe,O3 NPs (f) combined with
excess graphene to o-Fe,O3 (Reprinted with permission from Liang et al. [31]. Copyright (2014),
Elsevier)
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conductivity of graphene and porous structures, which can facilitate the contact of
gas by diffusion (Fig. 3.6e). Another parameter for obtaining high sensitivity is the
junction state of the a-Fe,O3 NP-RGO composite. Schottky contact was formed
between a-Fe,O; NPs and RGO sheets, resulting in easy capture and transfer of
electrons. However, there is the appropriate amount of RGO that can help electron
transfer effectively (Fig. 3.6e). If the amount of RGO is too high, RGO sheets make
bridges to each other via contacts surrounding a-Fe,O; NPs. The RGO bridges
hinder the adsorption of target gases to a-Fe,Os, resulting in decreased sensitivity
(Fig. 3.6f). Therefore, optimized RGO concentration incorporated with a-Fe,O;
NPs is important for optimized sensing performance.

N. Chen et al. studied Co30,4 NP intercalated RGO composites showing enhanced
sensitivity for the detection of NO, as well as fast response/recovery times for
methanol sensing [37]. Co304 NPs exhibited p-type properties and catalytic prop-
erties when combined with RGO. The intercalated Co304 NPs in RGO generated
large active reaction area of RGO, preventing stacking of graphene sheets and
generating a coupling effect between the Co and RGO [57]. The coupling effect
induced more ionic binding of Co-O, and consequently the Co’* withdrew electrons
indirectly from the RGO, thereby reducing the resistance in the presence of NO,.
There was also an optimum concentration of RGO when mixed with Co3;04 NPs
where the highest sensitivity (Ry=80, where R, = [R; —Rg|/Rq x 100%) was
exhibited (5 wt% RGO was incorporated (Fig. 3.6b)). On the other hand, methanol
molecules reacted on the RGO sheets via weak interactions with sp? bonding of
RGO without reacting with negatively charged oxygen defects, because negatively
charged oxygen defects would be reluctant to receive electrons from a reducing gas
such as methanol. For this reason, the methanol molecules are more likely to be
adsorbed or desorbed by sp” bonding of the RGO surface due to the weak interac-
tions, resulting in faster response/recovery times. The active surface of the RGO
sheets was largely increased due to the intercalated Co3;O4 NPs, which promoted a
higher degree of exfoliation of the RGO with coupling effects, as discussed earlier.

A number of incorporated metal oxide NPs with graphene composites have been
reported in the literature, including Ni and NiO NP-GO composites for
photocatalysts in water splitting activity [58], SnO,-graphene, MnO,-graphene,
RuO,-graphene for supercapacitor electrodes [59], and ZnO-RGO optical gas
sensors [60]. However, they still have not been extensively studied for chemical
sensors and further characterization of the gas sensing performance with various
metal oxide NP-graphene composites is necessary.

3.3.3 Metal-Metal Oxide NP Hybrid-Graphene Composite
Sensing Layers

A few research groups have attempted to incorporate catalyst decorated metal oxide
NPs with graphene sheets for chemical sensors to demonstrate the sensitivity and
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response/recovery time characteristics. The addition of metallic NPs to metal oxide
NP led to improved sensing properties due to the Schottky barrier formation
between the metal NPs and metal oxide NPs as well as a catalytic effect in sensing
of metallic NPs [61]. A. Esfandiar et al. reported a hydrogen gas sensor composed
of Pd and Pt decorated TiO, NPs on RGO sheets [41]. The Pd-TiO, NP-RGO
hybrid structure was synthesized by three steps. TiO, NPs were prepared by a
sol-gel method and the dispersed GO suspension was prepared by a modified
Hummer’s method. UV radiation was illuminated to the mixture of the TiO,
solution and dispersed GO suspension. The UV radiation generated photoreduction
of GO as well as attachment of TiO, NPs on the RGO sheets. The TiO, NP-RGO
suspension was coated on alumina substrates followed by calcination in an argon
atmosphere for 3 h at 350 °C. A Pd precursor of 1073 M Pd(OAc), and a surfactant
of 0.1 M CTAB were then added into TiO, NP-RGO samples and this was heated to
60 °C for decoration of Pd NPs on TiO, NP-RGO. A 0.01 M NaBH, solution was
then added to samples for reduction of Pd NPs. Similarly, a Pt-TiO, NP-RGO
composite was synthesized via the same steps except for using a metallic precursor
of H,PtClg instead of Pd(OAc),. The sensitivity of different composites was tested
with TiO,, TiO, NP-RGO, Pt-TiO,, Pd-TiO,, Pt-TiO, NP-RGO, and Pd-TiO,
NP-RGO to investigate the role of RGO and metallic NPs. Here, sensitivity was
calculated as S = |(Rgas—Rair)/(Rair)| x 100 (%), where R,,s and Ry, are the
resistivity upon exposure to target gas and baseline air, respectively. Response
and recovery times were defined as the time required to reach 90 % of the maximum
resistivity value and 90 % of the initial value, respectively. The optimum sensitivity
towards 500 ppm hydrogen was achieved with Pd-TiO, NP-RGO, exhibiting
sensitivity of 92 % and a response time of 18 s at operating temperature of 180 °C.

Figure 3.7a, b show TEM images of Pd-TiO, NP-RGO. The thin RGO sheet
contained Pd NP-TiO, NPs (Fig. 3.7a). High magnifications of Fig. 3.7a shows Pd
NPs with size of less than 10 nm, and they were decorated onto TiO, NPs fixed to
RGO sheets (Fig. 3.7b). The RGO provided preferential pathways for electrons and
generated electron transfer, which resulted in enhancement of the electrical con-
ductivity. The RGO also hindered aggregation of NPs; the composite has a porous
structure that facilitated diffusion of the hydrogen molecules. In addition, metallic
NPs induced catalytic effects of chemical sensitization and electronic sensitization
[62, 63]. During the chemical sensitization, gas molecules dissociated into active
forms (here, the H, molecule was dissociated to H" or H") on the metallic NPs and
the active forms (i.e., H*, H") were diffused to the metal oxide surface to react with
chemisorbed oxygen species, leading to reduced resistance of the sensor. On the
other hand, electronic sensitization induced direct electron transfer between the
additive metal and metal oxide by dissolving hydrogen gas and changing the redox
state of the additive metal NPs. In the case of the Pd-TiO, NP-RGO hybrid
structures, Pd behaved as an electronic sensitizer due to the higher dissolution of
hydrogen, resulting in direct donation of electrons to TiO, NP-RGO. In the case of
Pt-TiO, NP-RGO hybrid structures, Pt acted as a chemical sensitizer at low
hydrogen concentration (below 2,000 ppm), but become an electronic sensitizer
at very high gas concentrations (over 2,000 ppm). This behavior of Pt is attributed
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Fig. 3.7 (a) TEM (b) HRTEM images of Pd-TiO, NP-RGO; (c) the response characteristics of
Pd-TiO, NP-rGO and Pt-TiO, NP-rGO to H; gas with a concentration range of 100—10,000 ppm at
180 °C (Reprinted with permission from Esfandiar et al [41]. Copyright (2012), Elsevier) (d) the
selectivity characteristic for NO, of IDTO NPs-RGO compared to interfering gases; the inset is
TEM images and the SEAD pattern of IDTO NPs-RGO (Reprinted with permission from Cui
et al. [40]. Copyright (2013), The Royal Society of Chemistry)

to Pt being a better oxygen adsorbent and hydrogen dissolution to Pt being lower
than Pd. At 500 ppm of H, gas, Pt acts as a chemical sensitizer, and an electronic
sensitizer show a faster response than a chemical sensitizer. Therefore, the Pd-TiO,
NP-RGO hybrid structures showed better sensitivity and response time compared to
the Pt-TiO, NP-RGO hybrid structure (Fig. 3.7c).

Besides decoration metallic NPs onto metal oxide NPs, doping in metal oxide
NPs also can enhance the sensing properties. A dopant can facilitate electron
transfer during the interaction with gases by increasing the concentration of charge
carriers in the metal oxide. Dopants also prevent the growth of metal oxide NPs in
the hydrothermal method, and as a result metal oxide NPs become small and have a
larger surface-to-volume ratio than pure metal oxide NPs. For example, in the case
of SnO,, many researchers have reported that the selectivity for a specific gas can
be enhanced depending on the dopant materials in SnO, [64, 65]. In particular, it is
well known that doping of indium and ruthenium into SnO, plays a crucial role in
improvement of the response and selectivity and lowering the operating
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temperatures for NO, gas sensing [66, 67]. Thus, S. Cui et al. reported that IDTO
NP-graphene hybrid composites have better sensing characteristics than SnO,-
graphene composites [40]. Uniformly distributed IDTO NPs on RGO (IDTO
NPs-RGO) were synthesized via a one-pot synthetic process. GO prepared by a
modified Hummers method was dispersed into deionized water with sonication
for 30 min. InCl; and SnCl, aqueous solutions were added into a GO solution
with magnetic stirring at 400 rpm and sonication for 10 min for uniform adsorp-
tion of ions onto GO. For reduction of GO, an NaBH, aqueous solution was
added and the resultant solution was kept at 50 °C on a hotplate for 1 h. The
samples were then subjected to centrifugation. The TEM image of IDTO
NPs-RGO revealed rutile SnO, (red arc in the inset of Fig. 3.7d) and reduced
graphene oxide (green arc in the inset of Fig. 3.7d). The IDTO NPs were well-
distributed onto the RGO, as seen from the TEM image. Through calculation of
the difference in ionic sizes (<15 %), it was confirmed that In doped SnO, and
Ru doped SnO, were uniformly stable solid solutions. The enhancement of
sensitivity was seen from the increase of oxygen adsorbates (O, O®", and
0O, 7) on SnO;, by introducing in as a dopant.

NO,(gas) + 0% (oxygen adsorbates) = NO3°~ (adsorption) (3.2)

As shown in the (3.2), the NO, gas reacted with oxygen adsorbates on SnO,,
resulting in electron transfer from SnO, to NO,. The large amount of adsorption
of oxygen adsorbates (O, O>~, and O, ") on IDTO resulted in higher sensitivity
for NO, than in the case of pristine SnO,. In addition, IDTO-graphene has high
selectivity for NO, and a negligible response to other gases such as H,S, CO, H,,
and NHj; (Fig. 3.7d). Furthermore, a ZnO@ZnS hollow dumbbell-graphene com-
posite shows outstanding selectivity and response rate to ethanol, as reported by
X. Yu et al. [68]. Owing to the unique microstructure of hollow dumbbells and
incorporation of the hetrostructured material ZnO@ZnS into graphene, the gas
molecules easily approach the active surface, leading to enhanced sensing prop-
erties. Studies on the incorporation of catalyst decorated metal oxide
NP-graphene composites are still at an early stage. These composites show
possibility for various fields including gas sensors.

3.4 1D Structure-Graphene Composite Sensing Layers

Several types of 1D-structured materials have been incorporated with graphene
based materials such as metal oxide NW-graphene and polymeric NF-graphene
composites for chemical sensor applications, as summarized in Table 3.3. In this
part, each type of graphene-1D structured sensing composite is introduced and the
role of graphene based materials in the sensing performance is discussed.
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3.4.1 Metal Oxide-Graphene Composite Sensing Layers

A number of 1D-structured semiconductor metal oxides (SMOs) have been
explored for application in gas sensing elements such as nanowires (NWs),
nanorods (NRs), and nanofibers (NFs) due to the higher sensitivity compared to a
thin film layer [78]. Numerous synthetic routes have been proposed to obtain
1D-structured SMO sensing materials, including hydrothermal growth, a vapour-
liquid-solid reaction strategy, and an electrospinning approach. Recently, compos-
ite sensing layers of 1D-structured SMOs with graphene based materials are
receiving much attention due to their improved sensitivity and selectivity as well
as fast response/recovery characteristics.

A two-step synthetic route is a general method to obtain metal oxide
NR-graphene composites, where the graphene sheets are first prepared and then
the metal oxide NRs are grown on the graphene sheets hydrothermally. Zhang
et al. reported highly aligned SnO, NRs on a graphene sheet using a nanocrystal-
seeds-directing hydrothermal method [73]. Briefly, chemical vapour deposition
(CVD) method was utilized to grow the graphene sheets [79]. The prepared
graphene sheets were dispersed into a SnCl; aqueous solution using
ultrasonication with a given concentration of 0.05 M. Hydrolysis was performed
with the suspension for 12 h followed by calcination at 100 °C, which
resulted in the formation of SnO, nanocrystal seeds by hydrolytic growth, i.e.,
SnCly 4+ 2H,0 — SnO; + 4HCI, on the graphene sheets. The SnO, nanocrystal
seeds anchored graphene sheets were then injected into a precursor solution,
which consists of 0.1 M SnCl,, 1 M NaOH, and 0.33 M SDS (sodium dodecyl
sulphate), and stirred to obtain a homogeneous solution. Finally, hydrothermal
growth of SnO, NRs on the graphene sheet was achieved with a reaction temper-
ature at 220 °C for 20 h followed by washing the precipitates. The SEM image
showed the obtained final product, which exhibited 3D array structures, i.e.,
vertically and densely aligned NRs on the substrate with length of 300—400 nm,
as well as a square shaped cross section with a width of 50 nm (Fig. 3.8a).

Gas sensing performances were investigated at an operating temperature of
260 °C using the synthesized SnO, NR-graphene composite and pure SnO, NRs,
which exhibited a radial flower structure without incorporation of graphene sheets
(Fig. 3.8b inset). The results revealed that the SnO, NR-graphene composite
showed almost a two-fold higher response compared to that of the pure SnO,
NRs in the presence of 50 ppm analyte gases, i.e., hydrogen sulfide (H,S) formal-
dehyde (HCHO), ethanol (C,;HsOH), methanol (CH;OH), acetone (CH;COCH3;),
and ammonia (NHj3) (Fig. 3.8b). In particular, the SnO, NR-graphene composite
exhibited the highest response (R,i/Rgqs) (more than 120) toward H,S. The
dynamic responses of the SnO, NR-graphene composite and the pure SnO, NR
were investigated with different diameters and density of SnO, NRs (Fig. 3.8c—f).
The optimum sensitivity toward H,S at a concentration of 50 ppm was achieved
with uniformly distributed SnO, NRs having 50 nm diameter and the highest
density of ca. 285 um~2 of SnO, NRs (Fig. 3.8¢), yielding a response value of
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Fig. 3.8 (a) SEM image of the synthesized SnO, NR-graphene composites (fop view) with the
cross sectional view in the inset. (b) Gas sensing performances of the SnO, NR-graphene
composite and the pure SnO, NRs at a gas concentration of 50 ppm with a working temperature
at 260 °C in the presence of the analyte gases. Dynamic response transient characteristics of (c¢)
optimized SnO, NR-graphene composite, (d) thin SnO, NRs (smaller than 20 nm in diameter with
the density of ca. 241 um™>)-graphene composite, (e) pure SnO, NRs with flower structure, (f)
thick SnO, NRs (greater than 200 nm in diameter with a density of ca. 40 pm™)-graphene
composite (Reprinted with permission from Zhang et al. [73]. Copyright (2011), The Royal
Society of Chemistry)

130 when forming a composite with graphene. Excessively thin SnO, NRs (smaller
than 20 nm in diameter with a density of ca. 241 um_z) and thick SnO, NRs
(greater than 200 nm in diameter with a density of ca. 40 um~?) with the composite
of graphene showed relatively weak responses to H,S, as presented in Fig. 3.8d, e,
respectively. Very short response and recovery times were achieved with the
optimized SnO, NR-graphene composites, exhibiting values of 7 s and 20 s,
respectively. Even though the pure SnO, NRs showed better response characteris-
tics compared to that of the thick SnO, NR-graphene composites (Fig. 3.8e and f),
very slow response/recovery time characteristics were observed. The improved



88 1.-D. Kim et al.

sensing characteristics of the optimized SnO, NR-graphene composite were attrib-
uted to the high surface area (25.261 m?g~') as well as to the open porosity
(3.539 cm®g 'nm™'). In addition, the high electrical conductive property and
chemical sensing characteristics of graphene promoted the H,S sensing perfor-
mance. High carrier transport capability, which resulted from the high mobility of
the graphene sheets, promoted rapid recognition of electrical changes during the
H,S exposure, thereby shortening the response/recovery times. Furthermore, elec-
trons are easily captured and migrated from the conduction band due to the
formation of a Schottky barrier at the interface of SnO, NRs and graphene, which
improved the sensitivity of the SnO, NP-graphene composites.

Similar approaches to synthesize ZnO NR-graphene [80] and WO; NR-graphene
[71] composites for H,S and NO, sensing materials, respectively, were reported.
The ZnO NR-graphene composites were fabricated by hydrothermal growth of ZnO
NRs on a graphene sheet. The obtained ZnO NR-graphene composite exhibited
improved sensitivity to H,S in nitrogen ambient at 270 °C. X. An et al. also reported
hydrothermal growth of WO3; NRs on graphene oxide (GO) sheets [71]. WO; NRs
with 3.5 wt% graphene composite exhibited highly sensitive NO, sensing charac-
teristics with a response (Rgas/Rair) of 202 at 20 ppm with an operating temperature
of 300 °C, which is 25 times higher than that (Rg,s/R,i; = 8) of pristine WO3 NRs.
The WO3; NR-graphene composite showed sensing capability down to 25 ppb.
Selective sensing characteristics were also investigated using a WO;
NR-graphene composite for practical application and increased NO, sensing prop-
erties were demonstrated with suppressed detection capability toward interfering
gases such as NHj, H,O, acetone, propanol, cyclohexane, methanol, SO,, Cl,,
ethanol, toluene, and butanol. The possible explanations of the improved NO,
sensing characteristics were discussed and the major reason was thought to be the
highly conductive property of graphene contributing to the sensing performance,
considering that the principle of the sensing composite is based on conductivity
variation. In addition, the high specific surface area of graphene could facilitate gas
adsorption and diffusion on the active surface, thereby increasing the sensitivity
[43]. Furthermore, the formation of a Schottky barrier due to the contact of WO;
NRs and graphene sheets generated specific capture and migration of electrons
from WOj3; NR to the graphene sheet. This facilitates electron transfer from WO;
NRs to NO, molecules, thereby inducing large electrical conductivity changes
[60]. The role of graphene in selective sensing properties was also investigated
and the composite of WO; NR-graphene exhibited a different sensing mechanism
where electron transfer from graphene to WO5; NR is not favorable. For this reason,
locally accumulated electrons released from the desorption of chemisorbed oxygen
ions on the graphene sheets had no effect on the conductivity changes of WO3; NRs.
Therefore, the WO5; NR-graphene composites exhibited high sensitivity to oxidiz-
ing gases such as NO, with minor responses toward reducing gases such as ethanol,
acetone, methanol, etc. A similar sensing role of reduced graphene oxide (RGO)
was reported while forming composites with hydrothermally grown Cu,O NWs for
NO, detection [72]. The Cu,O NW-RGO composite showed high sensitivity of
67.8 % with 2 ppm NO, at room temperature, which was higher than that of pristine
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RGO (22.5 %) and Cu,O NW (44.5 %) with the calculated limit of detection (LOD)
of 64 ppb. The improved sensing performance was attributed to larger surface
accessibility and increased conductivity of the Cu,O NW-RGO composite.

An electrospinning approach is one of the facile strategies to synthesize
1D-structured SMOs. Almost unlimited material selection and composition can
be achieved in the form of a 1D structure, making electrospinning a powerful tool
for developing optimized sensing materials and composites. Several examples have
been demonstrated using electrospun SMO sensors such as TiO, NFs [81], Pd
doped WO;5 NFs [82], Pt functionalized SnO, NFs [83, 84], and Pd loaded SnO,
NFs [85] as well as multicomposite sensing layers such as Zn,SnO,4 NFs [86] and
SrTig ¢sFep 3503 NFs [87]. A 1D structure of hollow nanotubes can be easily
achieved as well by using a sacrificial templating route assisted by electrospinning
of polymeric NFs, which are selectively removed after coating the outer shell.
Hollow WOj5 hemitubes [88], NiO tubes [89], and ZnO nanotubes [90] are exam-
ples of 1D structured nanotube structures, and they were fabricated by physical
vapour deposition (PVD) of electrospun polymeric NFs followed by high temper-
ature calcination to selectively eliminate the polymeric NFs.

Recently, Choi et al. reported electrospun SnO, NFs-RGO composites for
selective detection of H,S and acetone for application in diagnosis of halitosis
and diabetes, respectively [69]. The schematic illustration shows the fabrication
processes for the SnO, NFs-RGO composites (Fig. 3.9a). First, electrospun SnO,
NFs were obtained by preparation of the electrospinning solution, which consisted
of 0.2 g of polyvinylpyrrolidone (PVP, M,, = 1,300,000 gmol ") and 0.2 g of
polymethylmethacrylate (PMMA, M,, = 350,000 gmol ") dissolved in 2.831 g of
N,N-dimethylformamide (DMF). Subsequently, 0.4 g of tin(IV) acetate and 0.11 g
of acetic acid were added to the electrospinning solution. As-spun polymer/Sn
precursor NFs were obtained by electrospinning the solution by applying DC
voltage of 15 kV between the needle (21 gauge) and a collector plate. The collected
as-spun polymer/Sn precursor NFs were calcined at 500 °C to form SnO, NFs by
decomposition of polymer components and oxidation of the Sn precursor. SnO,
NFs were then homogeneously mixed with the GO dispersed solution followed by
heat-treatment in a reducing ambient (20 % H, in N;), which resulted in the
formation of SnO, NFs-RGO composites. Different RGO concentrations were
incorporated with SnO, NFs with RGO content of 0.01 wt% and 5 wt% with
respect to the content of SnO, NFs to investigate the gas sensing performance
depending on the RGO concentration.

Figure 3.9b shows the synthesized electrospun SnO, NFs with an average
diameter of 370 nm. The SnO, NFs were integrated with the RGO sheets (white
arrow in Fig. 3.9c) by homogeneously mixing them with GO followed by heat-
treatment at 500 °C for 1 h in a reducing ambient (20 % H,/N, gas mixture). A TEM
analysis revealed that the composite of SnO, NF-RGO was formed with multiple
SnO, NFs covered by graphene sheets. H,S and acetone sensing characteristics
were investigated in a highly humid atmosphere (90 % RH) to demonstrate the
suitability for application in exhaled breath sensors (Fig. 3.9¢ and f). Interestingly,
the H,S sensing performance was optimized at low operating temperature (200 °C)
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Fig. 3.9 (a) Schematic illustration of the fabrication process of electrospun SnO, NF-RGO
composite sensing layers. SEM images of (b) as-spun SnO, NFs and (¢) SnO, NF-RGO compos-
ite. (d) TEM image of SnO, NF-RGO composite. Dynamic sensing characteristics of pristine SnO,
NF, SnO, NF-RGO (0.01 wt%) and SnO, NF-RGO (5 wt%) toward (e) H,S at 200 °C and (f)
acetone at 350 °C in a concentration range of 1-5 ppm. (g) Ultraviolet photoelectron spectroscopy
(UPS) spectrum of SnO, NFs and the schematic energy band structure of RGO and SnO, NFs
before forming the electrical junction in the inset and (h) schematic illustration of band bending
after making a junction between RGO and SnO, NF (Reprinted with permission from Choi
et al. [69]. Copyright (2014), American Chemical Society)
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with the SnO NF-RGO (0.01 wt%) composite, which exhibited a 7.6 times higher
response (R,i/Rgas =32.9 at 5 ppm) compared to that (R,i;/Rg.s =4.3 at 5 ppm) of
pristine SnO, NFs. A suppressed H,S response (R;/Rgas=1.6 at 5 ppm) charac-
teristic was observed with SnO NF-RGO (5 wt%) (Fig. 3.9¢). In contrast, SnO
NF-RGO (5 wt%) showed the highest response (R,ir/Rges = 10.5 at 5 ppm) toward
acetone at high operating temperature (350 °C) among the sensors (Fig. 3.9f).
Based on the sensing characteristics of SnO, NF-RGO composites, highly sensitive
and selective sensing properties toward H,S and acetone were achieved by simply
modulating the operating temperature and controlling the content of RGO in the
composites.

To understand the sensing mechanism and the role of RGO in the SnO, NF-RGO
composites, an ultraviolet photoelectron spectroscopy (UPS) analysis was
performed to measure the work function of the SnO, NFs, thereby ascertaining
the band alignment and electron transfer (Fig. 3.9g, h). The UPS spectrum of
pristine SnO, NFs showed cut-off energy (E.u.ofr) of 16.66 eV and a HOMO
energy (Eyomo) of 3.37 eV (Fig. 3.9g), indicating that the work function and
electron affinity of the SnO, NFs are 4.55 and 4.32 eV, respectively. Considering
that the work function of RGO is 4.75 eV, a Schottky barrier of 0.2 eV is formed at
the junction of the SnO, NF-RGO composite while the electrons flow from the
SnO, NF to the RGO (Fig. 3.2h). The electron transfer characteristic was also noted
in a previous report where the electrons flow from TiO, NPs to RGO [91]. The
electrons flow and are trapped in the discrete RGO sheets, resulting in increased
base resistance (7.76 MQ at 200 °C) of the SnO, NF-RGO (0.01 wt%) composite
compared to that (66.49 kQ at 200 °C) of the pristine SnO, NFs. However, a reverse
trend in base resistance characteristics was observed: the base resistance of the
SnO, NF-RGO (5 wt%) composite showed a much lower value (3.93 kQ at 200 °C)
compared to that of the pristine SnO, NFs, which is mainly attributed to the
continuous percolation pathways of RGO at high RGO loading levels. The base
resistance changes and the configuration of RGO contributed to the sensing per-
formances significantly. When a small (0.01 wt%) amount of RGO was added to the
SnO, NFs, enhanced H,S sensitivity was observed, especially at low temperature
(200 °C). This can be explained as follows: the released electrons that were trapped
by the chemisorbed oxygen species (O~ and 0”") induced large surface conduc-
tivity changes, i.e., gas-modulated surface conductivity changes by exposure to H,S
[92]. In contrast, a different charge transport mechanism and sensing characteristics
were observed with a large (5 wt%) RGO loading level. In the SnO,-RGO (5 wt%)
composite, highly conductive RGO formed continuous percolation pathways,
which dominated the electrical transport and gas sensing properties. In this case,
the SnO, NFs sensitized the response of RGO to oxidizing analytes by donating
electrons that can be trapped in the RGO and transported to electron acceptor
species [93] such as acetone molecules [94]. Therefore, increased acetone sensi-
tivity with the SnO,-RGO (5 wt%) composite was achieved by the increased hole
concentration in p-type RGO, which was attributed to the electron accepting
characteristic of acetone from the RGO.
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A number of graphene based materials with electrospun SMOs composites have
been reported, such as Co3;0, NF-nonoxidized graphene nanoflakes for Li-O,
batteries [95], NiO NF-GO for glucose sensor [96], SnO, NR-graphene for lithium
storage [97], and TiO,-graphene for photovoltaic applications [98], as well as
Li-ion batteries [99]. With the emergence of SMO-graphene composites, there are
plenty of opportunities to develop optimized sensing layers to detect specific
analyte gases.

3.4.2 Polymer-Graphene Composite Sensing Layers

Polymeric fibers incorporated with graphene based materials have been developed
as gas sensing layers especially for application in room temperature operating
sensing devices. A polyaniline (PANI)-graphene composite was proposed as a
sensing layer of H, at room temperature [76]. PANI-graphene composites were
synthesized by chemical polymerization. First, GO sheets were prepared by oxida-
tion of graphite with sulfuric acid and potassium permanganate (H,SO4-KMnQ,).
The GO sheets were then reduced chemically to form graphene sheets using
hydrazine in DMF. The prepared graphene sheets were sonicated for 1 h in ethylene
glycol (10 mL) with a mixture of aniline (1 mmol) and N-phenyl-1.,4-phenylenediamine
(0.05 mmol). Finally, 0.25 mmol of APS in 10 mL of HCI (1.0 M) was added to the
mixture and stirred for 24 h to form a graphene/PANI nanocomposite.

SEM and TEM analyses revealed that PANI having a fibrous morphology with
diameters in a range of 25-50 nm was grown on the surface of the graphene sheets
(Fig. 3.10a, b). The mechanism for the formation of PANI on the graphene sheets is
as follows: electrostatic attractions induce adsorption of the aniline monomer onto
the surface of the graphene sheets. The PANI-graphene composite is then produced
during the oxidation of aniline by APS in the mixture of dimer and N-phenyl-1,4-
phenylenediamine. Here, the graphene sheets act as a support material, contributing
active nucleation sites for the growth of PANI [100].

H, sensing performances were investigated using pure graphene, pure PANI, and
PANI-graphene composites at room temperature with different H, concentrations
in a range of 0.06—1 % with baseline air. Here, the gas response was calculated as
the sensor sensitivity (S), i.e., S = [(Rgas—Ro)/(Ro)| x 100%, where R, is the
resistivity of the sensors during H; gas exposure and Ry is the resistivity during the
baseline air exposure. As shown in Fig. 3.10c, distinctive H, sensing characteristics
were observed and the PANI-graphene composite showed the highest sensitivity
(16.57 %) at 1 % H,, compared to that of graphene (0.83 %) and PANI (9.38 %).
However, almost the same sensitivities were observed with the sensors of PANI and
the PANI-graphene composite at lower H, concentrations (0.06, 0.12, and 0.25 %).
The two sensors exhibited the same sensitivity due to the same doping degree of
PANI. In the case of higher H, concentration (0.5, 1 %), pure PANI showed
saturated sensitivity, in contrast with the PANI-graphene composite, which is
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Fig. 3.10 (a) SEM and (b) TEM observation of the PANI-graphene composite. (¢) H, sensing
characteristics of pure graphene, pure PANI NFs and PANI-graphene composite with a gas
concentration in a range of 0.06—1 % at room temperature. Dynamic resistivity transient of (d)
pure graphene and (e) PANI-graphene composite with exposure to H, in a concentration range of
0.06-1 % (Reprinted with permission from Al-Mashat et al. [76]. Copyright (2010), American
Chemical Society)

attributed to degradation of the sensitivity due to H,O generated by the reaction of
chemisorbed H, and oxygen in the atmosphere [101]. The sensitivity saturation
characteristic disappeared in the case of the PANI-graphene composite sensor,
which is ascribed to the high specific surface area of graphene and its highly porous
nanostructure. The high porosity of the PANI-graphene composite was advanta-
geous regarding the release of H,O produced by exposure to H,, which resulted in
steadily increasing sensitivity at high concentrations of H, [102].

The resistivity changing mechanisms were discussed and are illustrated in
Fig. 3.10d, e. For pure PANI NFs, H, gas molecules might be adsorbed at the
charged amine nitrogen sites, forming N-H bonds by dissociation of H, on PANI
chains. Subsequently, charge transfer between amine nitrogen generated a
polaronic emeraldine salt state, which resulted in decreased resistivity of PANI
NFs. When the gas source was eliminated and the baseline air was exposed to PANI
NFs, the H, from the PANI chains was released, which resulted in increased
resistivity. Reverse resistivity transition was observed with graphene exhibiting a
p-type characteristic with exposure to a reducing gas such as H, and NH; [1, 20]
(Fig. 3.10e). The composite of PANI-graphene showed decreased resistivity fol-
lowing H, exposure. This is attributed to the dominant sensing characteristic of
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PANI NFs compared to graphene due to the large surface coverage with PANI NFs
inducing high accessibility to H, molecules.

Similarly, a polypyrrole (PPY) NF-RGO composite was proposed as well for
application in a NO, sensing layer [75]. The composite was synthesized by irradi-
ation of UV to pyrrole and a GO mixture in DI water to form PPY and RGO,
simultaneously. Gas sensing characteristics toward NO, were investigated using
pure RGO and a PPY NF-RGO composite in a gas concentration range of 1-50 ppm
at room temperature. The results revealed that the composite of PPY NF-RGO
showed four times higher sensitivity (R = (Rg—R,)/Ry x 100 (%)) compared to
that of pure RGO, even at a 1 ppm level.

Electrospun 1D polymeric NFs were integrated with graphene based materials
for applications not only for gas sensing layers but also in many research fields.
Several examples are nylon-6 NF-GO composite for air/water filtration [103]
(Fig. 3.11a), polyvinyl alcohol (PVA) NF-RGO, GO for biocomposite scaffolds
[104, 107] (Fig. 3.11b), polyamide 66 NF-graphene composite for a transparent
conductive thin film [105] (Fig. 3.11c), and a carbon nanofiber (CNF)-graphene
composite for supercapacitors [106] (Fig. 3.11d).

Fig. 3.11 A variety of electrospun 1D polymeric NFs-graphene composites: (a) Nylon-6 NF-GO
(Reprinted with permission from Pant et al. [103]. Copyright (2012), Elsevier) (b) PVA NF-RGO
(Reprinted with permission from Tan et al. [104]. Copyright (2012), The Royal Society of
Chemistry) (c) Polyamide 66 NF-graphene composite (Reprinted with permission from Huang
et al. [105]. Copyright (2011), IOP Publishing) (d) CNF-graphene composite (Reprinted with
permission from Dong et al. [106]. Copyright (2013), Elsevier) White arrows indicate the graphene
based materials
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3.4.3 Carbon Nanotubes (CNTs)-Graphene Composite
Sensing Layers

Carbon nanotubes (CNTs) show a one dimensional structure with a very high aspect
ratio. The exceptionally high carrier mobility (100,000 cm?/V s) of CNTs has
driven intensive research on the application in chemical sensors. To obtain syner-
getic sensing capability using CNTs and graphene sheets, a CNT-graphene com-
posite was proposed for NO, sensor by H. Y. Jeong et al. [77]. The composite
structure showed a vertically aligned CNT array on a graphene film substrate,
which was prepared on a polyimide flexible substrate containing a microheater.
The main feature of the CNT-graphene hybrid composite is stable sensing proper-
ties under an extremely bent (15 mm bending radius) condition. Indeed, the NO,
sensing performance was maintained without significant variation during the bent
state. The optimum sensing response (S), where S = (R — Rg)/Rg x 100(%), was
20 % toward 10 ppm NO, at room temperature. To address the slow recovery
process of the CNT-graphene composite, the operating temperature was controlled
using a microheater up to 350 °C. This facilitates the desorption process of gas
molecules on the CNT-graphene composite.

3.5 Summary and Future Prospects

The attractive electrical and physical properties of graphene have promoted inten-
sive research on sensing layers in chemical sensors. Different types of graphene-
based materials, i.e., RGO and GO, were prepared and their effects on chemical
sensing performances have been investigated. In addition, different reduction
methods of graphene oxide and post treatment to RGO sheets such as hydrogen
plasma treatment and ozone treatment were performed to modify the gas sensing
characteristics. Not only pure graphene-based sensing materials, but numerous
composite sensing layers have been proposed to achieve synergetic effects and
thereby optimize the sensing performance. Metals, metal oxides, and polymers
have been integrated with graphene-based materials to form composites. Further-
more, various structures such as nanoparticles, nanorods, nanowires, and nanofibers
have been synthesized and combined with graphene-based materials. With efforts
to optimize the material properties and structures, highly sensitive and selective
sensing performances have been achieved with graphene based composite sensing
materials. Based on current reports, the development of high performance chemical
sensing materials with graphene-based composites by optimizing the structures,
materials, and relative composition of base materials holds great promise. In
addition, new approaches for synthetic processes to obtain diverse graphene-
based composite materials will be explored for optimized chemical sensors in
specific applications such as environmental monitoring and exhaled breath gas
detection.
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Chapter 4

Electrospinning of Electro-Active Materials:
Devices Based on Individual and Crossed
Nanofibers

Nicholas J. Pinto

Abstract Electrospinning is a simple, cheap and rapid technique to fabricate fibers
of a variety of materials in air, under ordinary laboratory conditions. The diameters
of these fibers lie in the range of a few nm to several um. The thinner the fiber, the
greater is the surface area to volume ratio making it an ideal candidate for use in
sensors and low power devices. Fibers of electro-active polymers formed via this
technique are typically very long (~cm) and hence can be manipulated with relative
ease. The present work has focused on electrospinning polyaniline doped with
camphor sulfonic acid (PANiCSA), poly(3,4-ethylenedioxythiophene) doped with
(poly styrene sulfonic acid)-(PEDOT-PSSA) and a tin oxide (SnO,) precursor for
use in diodes and gas sensors. Individual PANiCSA fibers were used in gas sensors
and compared to sensors made with multiple fibers, while crossed SnO,/PEDOT-
PSSA fibers were used in the fabrication of diodes. For the sensor, exposure to
methanol vapors increased its resistance with a response time of 32 s while
exposure of the diode to UV radiation increased the current and made it possible
to rectify low frequency ac signals. Electrospinning is thus proposed as an inex-
pensive method of fabricating devices and sensors.

4.1 Introduction

Electro-active polymers and ceramic oxides are used in various applications rang-
ing from metallic interconnects to electronic devices and sensors. Such versatility,
combined with the ease of synthesis, high yield, and good environmental stability
have motivated scientists and engineers to explore new horizons in this field of
study. Polyaniline is one such polymer that has been investigated the most. It can be
doped during the chemical synthesis to directly yield the conducting emeraldine salt
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or it can be doped after synthesis by protonation of the insulating emeraldine base
[1]. The ability to process polyaniline in the conducting form has led to a significant
increase in its bulk conductivity with signatures of true metallicity down to 5 K
[2]. While most studies have focused on the use of polyaniline in the form of thin
films, recent advances in the fabrication of nanofibers have opened up new methods
to construct low power consumption devices and sensors based on these nanofibers.
The large surface area to volume ratio of nanofibers makes them ideal candidates
for use as ultrasensitive chemical sensors with the additional advantage of having a
faster response time compared to thin film sensors. Several methods have been used
in the past to obtain polyaniline nanofibers that include the use of a template [3] or
without a template [4], interfacial polymerization [5] and electrospinning [6]. Of
the aforementioned techniques, electrospinning is the easiest method of obtaining
isolated and relatively long polymer nanofibers. Tin oxide (SnO,) nanostructures
are also of considerable scientific interest as new ways are being sought to use them
in sensors and electronic devices. This material possesses two vital characteristics
that make it technologically attractive viz. it is optically transparent and semicon-
ducting [7, 8]. Tin oxide is a non-stoichiometric semiconducting material (oxygen
vacancies turns it n-type) with a large band gap (~3.6 eV) at room temperature and
hence can be used in transparent conducting electrodes for organic light emitting
diodes and solar cells.

In this work, we present results of the electrical response of individual
electrospun polyaniline nanofibers to methanol vapor and compare it to the
response obtained from multiple fibers and thin films. Methanol is an extremely
toxic alcohol that can result in blindness and even death in small concentrations in
humans. Because it is similar in appearance and odor to ethanol which is a common
alcohol in beverages, it is therefore important to be able to detect methanol in small
concentrations prior to consumption. Due to the small size, uniform diameter and
large surface area of the electrospun fiber, true saturation is seen in the resistance
changes upon exposure and removal of the alcohol vapor making them useful as
reliable sensors. Our results also show that the response of a single electrospun
polyaniline nanofiber is faster with bigger changes in the sensing current than for a
sensor made up of several fibers. In addition, we also present results on the
fabrication and testing of a Schottky diode via crossing an electrospun SnO,
nanoribbon with a PEDOT-PSSA nanoribbon. Diodes are the main electronic
components used in converting AC signals to DC which is commonly used in
consumer electronics like cell phones and computers. Making diodes with
nanofibers have the additional benefit of space reduction and higher operating
frequencies due to the associated lower capacitance of the fibers. The diode
characteristics were analyzed using the thermionic emission model appropriate
for Schottky junction. Exposure to UV radiation increased the diode on state current
making is possible to demonstrate proof of concept rectification of low frequency ac
signals for this simple device.
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4.2 Experimental

4.2.1 Electrospinning

Electrospinning is a simple, cheap and quick method of fabricating polymer
nanofibers with practically zero energy consumption [9]. The basic elements in
the electrospinning (or electrostatic) process are shown in Fig. 4.1. The experimen-
tal setup consists of a high voltage low current voltage source, a hypodermic needle
(anode) and a metal cathode. The polymer to be electrospun is dissolved in an
appropriate solvent (that does not have too high a boiling point) and filled into a
hypodermic syringe. The syringe is then mounted onto a syringe pump and the flow
controlled to have a flow rate of about one drop per 30 s flowing out of the syringe.
Typical distances for the cathode are 20-30 cm from the anode. The voltage to
the anode is then increased and the droplet at the end of the pipette deforms into a
shape of a cone called the Taylor cone. When the electric field reaches a critical
value (about 15 kV at separations of 20 cm) the charged polymer solution over-
comes the surface tension and a jet issued forth. This jet is seen to have a spiral
shape after emerging from the needle and is observed to get thinner, and as the
solvent evaporates fibers of ultrafine diameters are collected on the cathode as a
non-woven mat. This process can be controlled so that relatively long fibers
(anywhere from a few microns to a few centimeters) can be collected on the cathode
with average fiber diameters ranging from tens of nanometers to a few micrometers
depending on the electrospinning conditions. The fiber diameter was found to
depend on many factors like solution viscosity, molecular weight of the polymer,
electric field gradient and method of fiber collection. In order to capture isolated
nanofibers, the substrate is quickly put in the path of the electrospun jet in a
downward sweeping action. This results in a few fibers sticking to the substrate.

Polymer
solution Fibers

g

gl
[

High Voltage

Syringe pump Supply Cathode

Fig. 4.1 Basic components of the electrospinning apparatus
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4.2.2 Gas Sensor

100 mg of commercially available emeraldine base polyaniline was mixed with
129 mg of CSA and dissolved in 10 ml CHCI; for a period of 4 h. The resulting deep
green solution (doped polyaniline — PANiCSA) was filtered and 3.2 mg of poly-
ethylene oxide (PEO) having a molecular weight 2,000,000 was added to the
solution and stirred for an additional 2 h. PEO was added to assist in fiber formation
by acting as a plasticizer and the solution was then filtered again using a 0.45 pm
PTEE syringe filter. Part of this solution was filled into a hypodermic needle and
electrospun at a voltage of 8 kV. Individual fibers and several fibers were captured
on pre-patterned doped Si/SiO, wafers. In addition, a thin film of the above solution
before and after the addition of PEO was also prepared by drop casting on two
separate pre-patterned doped Si/SiO, wafers. The purpose of these films was to
compare the sensor results to that of the electrospun fiber to determine what role if
any the PEO had on the nanofiber sensor. Figure 4.2 shows an SEM image of a
typical PANiCSA nanofiber captured on a pre-patterned substrate.

4.2.3 Diode

Crossed nanoribbons of SnO, and PEDOT-PSSA were fabricated via the
electrospinning technique using sols that were prepared as follows: 2 ml of com-
mercially available tin(IV) isopropoxide, 10 % w/v in isopropanol/toluene (Alfa-
Aesar) was thoroughly mixed with 0.5 ml of a 0.7 wt% polyethylene oxide
(PEO-Aldrich) in chloroform. PEDOT-PSSA was purchased from Baytron
(Baytron P) and used as received. Since PEO is water soluble, a second sol of a

15kv X388 SBwnm

Fig. 42 SEM image of an isolated PANi-CSA nanofiber contacting pre-patterned gold
(Au) electrodes. For sensing measurements, the current passing through a single fiber was
monitored at a fixed voltage as a function of time while the sensing gas was allowed to flow
over the fiber in a closed chamber fitted with input and output openings for gas flow
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1 wt% PEO in PEDOT-PSSA which is an aqueous dispersion of the polymer was
prepared. The tin isopropoxide sol was first electrospun and ribbons of this were
captured in doped Si/SiO, wafers. The substrates were then annealed in air at
700 °C for 2 h to yield SnO, nanoribbons that were seen to firmly adhere to
it. The PEDOT-PSSA/PEO sol was then electrospun using the same electrospinning
parameters, and the substrates containing the annealed SnO, nanoribbons were used
to intercept PEDOT-PSSA nanoribbons by quickly passing the substrate in the path
of the electrospun jet in a downward sweeping motion, some of which were seen to
intersect the SnO, ribbons, each such intersection resulting in four “integrated”
Schottky diodes. They are Schottky diodes because SnO, is n-type and PEDOT-
PSSA is p-type (metal). The flexible and charged polymer ensured permanent
bonding with the SnO, nanoribbon and the substrate and which are then placed in
an oven at 70 °C for a few hours before being characterized. Figure 4.3 shows an
optical microscope image of one such device after the evaporation of contact pads
on each fiber, with an inset depicting the schematic external electrical connections
that could be made to the hetero-junction (SnO,/PEDOT-PSSA), the continuous
SnO, branch or the continuous PEDOT-PSSA branch. The advantage of using a
doped Si/Si0O, substrate is the convenience of using a back gate bias as is done in a
field effect transistor (FET) configuration to see what effect if any it had on the
diode performance.

SH02 /
.

$ e O < PEDOT-PSSA
75 um ‘

-~

L= j

Fig. 4.3 Optical microscope image of a typical device, showing an electrospun SnO, nanoribbon
crossed with a PEDOT-PSSA nanoribbon captured on a doped Si/SiO, wafer. Gold contact pads
were made using a TEM grid as a shadow mask. The inset is a schematic of the external circuit
used to electrically characterize the device. Vg is the back gate terminal. Current-voltage (I-V)
curves were asymmetric across a hetero-junction but symmetric otherwise
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4.2.4 Electrical Characterization

The sensor was electrically characterized by measuring the two lead resistance as a
function of time. The current voltage characteristic curves of the sensors in air are
linear indicating Ohmic contacts with the external metal leads. In all of the sensor
measurements, the resistance of the sensor was monitored while a constant flow of
dry N, gas (control) was passed over it in a homebuilt gas chamber. Once the
resistance stabilized then the control gas was bubbled at the same rate (930 &+ 10 ml/
min) into the alcohol at room temperature and allowed to flow into the gas chamber.
After the sample stabilized in the presence of the alcohol vapor, the gas flow was
then switched between pure N, and alcohol vapor in time intervals of 200 s for
several cycles after which the experiment was terminated.

The currents through the fibers (for the sensor and the diode) were measured
using a Keithley Model 6517A electrometer in air and in a vacuum of
~2 % 1072 Torr. For the diode, ultraviolet illumination was obtained by a UVP
model UVGL-25 source, a SRS model DS335 synthesized function generator was
used for AC signal excitation and that was recorded on a Tektronix model TDS
3012B digital storage oscilloscope.

4.3 Discussion

4.3.1 Gas Sensor

Figure 4.4 shows the time dependence of the change in the normalized resistance
for an individual isolated electrospun PANiCSA nanofibers (as seen in Fig. 4.2) and
for multiple PANiCS A nanofibers upon exposure to vapors of methanol, where Ry,
is the resistance of the fiber under a flow of dry N, gas [10]. The flow of N,
decreases the resistance while the flow of alcohol vapor increases the resistance.
Due to the larger surface area to volume ratio of a single nanofiber compared to
multiple fibers, the response time is seen to be slighter faster and the change in the
resistance is much larger for an individual fiber compared to many fibers. Since a
trace amount of PEO was used in the fabrication of electrospun fibers, a thin film of
the same polymer with and without the PEO was tested to see what effect if any the
PEO had on the fiber response. The inset to Fig. 4.4 shows the response of these two
sensors to methanol vapor. Although the response times were slower compared to
the fiber primarily due to a reduced exposed surface area of the thin film, never-
theless the response was qualitatively similar i.e. a decrease and an increase in the
resistance upon to exposure to N, gas and methanol vapor respectively. The film
with PEO had a slightly faster response time implying that while the PEO could
have enhanced the sensor speed by facilitating vapor diffusion into the polymer
the general response to methanol vapor was similar. From Fig. 4.4 we calculate the
response time of the fiber to methanol gas to be 32 s and the recovery time 20s.
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Fig. 4.4 Normalized resistance of individual (red) and multiple (blue) electrospun PANiCSA
doped polyaniline nanofibers to methanol vapors. The inset shows the normalized resistance of a
cast film of the same polymer with (green) and without (black) the addition of PEO. The films have
a slower response time but similar overall behavior compared to that of the nanofiber indicating
that PEO has no negative effect on the response to methanol

The percentage fractional change in the fiber resistance was 94 % in the presence of
methanol vapors.

The response of the electrospun nanofiber to methanol can be explained as
follows: The initial flow of N, gas for several minutes leaves the fiber relatively
free of absorbed moisture. The moment methanol vapor is introduced into the
chamber, the immediate increase of the resistance could be related to polymer
swelling due to adsorbed moisture (physisorption) leading to reduced crystallinity
followed immediately by the diffusion of the alcohol into the polymer and its
subsequent interaction with the nitrogen atoms of polyaniline resulting in an
extended chain formation facilitating charge transport and reducing the resistance.
The trace amounts of PEO in the nanofiber would be to enhance the speed of this
effect by facilitating vapor diffusion into the polymer and in addition, being a polar
polymer it would assist in trapping some water molecules. Once equilibrium with
the alcohol vapor is established, subsequent flow of N, gas will tend to remove the
trapped moisture (without affecting the chain conformation) increasing the crystal-
linity and bringing the polymer chains closer together reducing the resistance and
the addition of alcohol vapor would be to reintroduce the moisture level. Such an
assumption is consistent since the resistance changes follow the general trend set by
the equilibrium value reached after the first exposure to the alcohol vapor.

4.3.2 Diode

Figure 4.5 shows the current-voltage (I-V) characteristics of the device shown in
Fig. 4.3 with different back gate biases. In this experiment for external electrical
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characterization, the external contacts were made across a heterojunction and
involved a SnO, arm and a PEDOT-PSSA arm. Several devices were studied, and
for each heterojunction, in general, the I-V characteristic curves were asymmetrical
with a turn-on voltage in the range 0.1-0.4 V and a much reduced reverse bias
current [11]. A hysteresis is observed when characterized in air, with the current on
the downward voltage sweep being higher than the upward voltage sweep. The
observed hysteresis was smaller under reverse bias and is primarily due to the SnO,
arm of the device. This effect could be related to adsorbed moisture species that
increase the surface charge density lowering the nanoribbon resistance. This hys-
teresis effect is much reduced in vacuum confirming our hypothesis for the
observed hysteresis in air resulting from adsorbed moisture species. The device
rectification ratio (Ion/Iogg), defined as the ratio of the forward to reverse bias
current at £1 V and diode turn-on voltage (Vpy) obtained by extrapolating the
linear portion of the I-V curve in the first quadrant to intersect the voltage axis at
zero current are 17 and 0.31 respectively when the gate bias is zero volts. Since the
rectification ratio is higher in air, further characterization was carried out under
these conditions. Low values of Vgy are beneficial for polymer based devices that
typically operate at much higher voltages. By increasing Vg, the conductance of the
SnO, arm increases raising the rectification ratio and lowering Vgy in air.

In order to quantitatively analyze the diode characteristics, we assume the
standard thermionic emission model of a Schottky junction as follows [12]:
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where J is the current density, J; is the saturation current density, ¢ is the electron
charge, £ is the Boltzmann constant, T is the absolute temperature, ¢p is the barrier
height and n is the ideality factor which takes into account corrections to the
original simple model e.g. image-force barrier lowering. The Richardson’s constant

2
(A* = 4”‘7;2*]( > is calculated to be 120 A/K*-cm” assuming m* is the bare electron

mass. By extrapolating the linear portion of the semi-log plot of current vs. voltage
(in Fig. 4.5) in the forward bias regime to zero bias, the saturation current density of
the diode can be determined, and the ideality factor can be calculated from the slope
of the linear portion of the plot as follows:

_a(ov
" kT(@lnI) (43)

Using these equations, we can also calculate the barrier height ¢. These values for
the diode in air and with zero back gate voltage are 1.2 and 0.63 for n and ¢p
respectively. Values of n > 1 have been attributed to several factors that include the
recombination of holes and electrons in the depletion layer, the presence of an
interfacial layer and interface states at the polymer-semiconductor interface or even
a tunneling process.

Being transparent, the SnO, and PEDOT-PSSA nanoribbons conductance is
insensitive to visible light, the diode was therefore tested in the presence of a UV
light source (A =365 nm) and its response is shown in Fig. 4.6 in air, without a back
gate bias. The diode was first characterized in the absence of UV light (in the dark)
and had I-V characteristics similar to that reported earlier with a rectification ratio
of ~20. In the presence of UV light however, there is a noticeable increase in the on
state current. The rectification ratio increased to ~30. The increase in the on state
current of the diode in the presence of UV is dominated by the change in conduc-
tance of the SnO, arm of the device. The lower diode resistance in the on state in the
presence of UV light is related to the removal of adsorbed oxygen species that
release the surface bound electrons on the SnO, nanoribbon that contribute to the
observed current, and due to photoexcitation of electrons from the valence to the
conduction band. Since the bandgap is direct in rutile structures of SnO, and was
reported to be ~3.4 eV, it is not surprising that the UV light of wavelength 365 nm
with photon energies of ~3.4 eV is large enough to cause direct excitation of
electrons from the valence to the conduction band leading to enhanced carrier
concentration and hence higher conduction. We also found that there is an increased
charge mobility in the presence of UV that could be due to acquired photoenergy
that assist the charge carriers overcome scattering due to defects and the presence of
trap sites, features that hinder charge transport. Turning the UV lamp off resulted in
the device slowly returning to its original value thereby making it reusable as a
diode and as a light sensor (multifunctional). The increase of the diode on state
current under UV light exposure motivated us to test it as a rectifier by connecting a
2 MQ resistor in series with it, as shown in the upper inset to Fig. 4.6. A 10 Hz ac
signal was applied across the input terminals and the output voltage that developed
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Fig. 4.6 Current-voltage characteristics (measured in air and zero back gate bias) across a hetero-
junction of the device, in the presence of UV light. (a) No UV light-red (b) UV light present-green
(c) UV light turned off (measured after several hours).-blue. The device is reusable. Top inset:
External connections to the device when exposed to UV light. Bottom Inset: Oscilloscope trace of
the input 10 Hz signal (dark green) and the output rectified signal taken across a 2 MQ series
resistor (green)

across the resistor was monitored with an oscilloscope. The lower inset to Fig. 4.6
shows the oscilloscope traces of the input and the output waveforms. There is clear
evidence of waveform clipping in the negative cycle of the ac signal consistent with
the device output characteristics and shows that these simple devices are indeed
capable of low frequency rectification.

The two applications using isolated polymer nanofibers show why the
electrospinning technique is more attractive compared to other fiber fabrication
techniques like using templates or interfacial polymerization which only produce fibers
in bulk. By controlling the rate of fiber formation and its subsequent capture on a
rolling cathode, it should be possible to fabricate long fibers for continuous processing.

4.4 Conclusions

Sensors fabricated from isolated electrospun PANiCSA nanofibers, multiple
nanofibers and cast films were tested in the presence of methanol vapor. Due to
the large surface area, uniform diameter and small quantity of active material used



4 Electrospinning of Electro-Active Materials: Devices Based on Individual. .. 113

in the construction of electrospun sensors, they are comparable to or faster than
those prepared from multiple nanofibers or from thin films. In addition, Schottky
diodes were fabricated in air using the electrospinning process by simply crossing
individual SnO, and PEDOT-PSSA nanoribbons. The diodes operate in air with
low turn-on voltages and device parameters that are tunable via a back gate bias or a
UV light source. Higher rectification ratios are predicted if the back gate bias and
UV light are used simultaneously. The increase in the diode on state current in the
presence of UV light made it possible to test it as a half wave rectifier with
noticeable waveform clipping in the negative cycle at low frequencies. Connecting
such diodes in tandem expands the possibility of their use in more complex circuits.
Electrospinning is proposed as a cheap and easy technique to fabricate low power
consumption devices and sensors.
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Chapter 5

Photoconductive Electrospun Titania
Nanofibres to Develop Gas Sensors Operating
at Room Temperature

Emiliano Zampetti, Antonella Macagnano, and A. Bearzotti

Abstract The use of nanostructured materials, such as those based on metal or
metal oxides, has opened a new way to enhance the performances of chemical
sensors making them able to detect gases at ppb level. In this type of sensors, the
conductance is modulated by the presence of analytes that interact through
physical-chemical processes of absorption and desorption, inducing changes in
mobility or carriers density. The nano-scale dimensions of these materials enhance
the interaction phenomena in terms of time and responses. In order to activate the
physical/chemical interaction processes of the sensors based on oxide materials, an
high operating temperature (200—400 °C) is required, resulting in significant power
consumption. In this chapter, we report our recent studies on the possibility to
exploit the titania photoconduction to develop gas sensor devices working at room
temperature. We present the characterization of two different photoconductive
Electrospun sensing layers: the first one is composed of titania nanofibres (TiO,
NFs) and the second of TiO, NFs decorated with Pt nanoparticles (PtNPs) ranging
from 5 to 10 nm.

5.1 Introduction

Monitoring low concentrations of toxic gases and VOCs are desired for environ-
mental [1, 2] or biomedical applications [3]. Therefore this has led researchers to
focus their attention on materials that could improve the detection performance of
the sensors involved in such systems. In the last few years, many studies have
shown that one of the possible ways to enhance sensor performance is the use of
chemically reactive nanostructured materials able to detect gases at ppb level [4-8].
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These materials may vary significantly their physico-chemical properties when it
interacts with the analyte through adsorption/desorption phenomena. Several kind
of transducers [9-11] can be used to detect these interactions, providing an electri-
cal signal correlated to the analyte concentration. An important category of mate-
rials used in gas sensing devices are metal oxides [12], however, most of the sensors
based on these materials must work at high temperature (200-500 °C) to activate
the physical/chemical interaction processes, resulting in significant power con-
sumption. To reach these temperatures the sensor devices require the implementa-
tion of microheaters [13]. High temperature confined in a small volume (e.g. in
sensor package or in test chamber) reduces the possible applications, especially in
environments where there are flammable or explosive substances in particular at
high concentration level.

To detect gases at ambient temperature, many research groups have proposed to
use the photoconductivity of selected nanostructured metal oxides to develop
highly sensitive chemical sensors. When a photoconductive material absorbs pho-
tons with energies larger than its band-gap, the charge carriers are generated
[14]. Depending on the semiconducting material, its dimensions and stoichiometry,
these carriers can either diffuse into the bulk of materials or affect the surface. As
reported by Comini et al. [15], the experimental results have shown that the
employment of light (UV) in the development of gas sensors, based on tin oxide
thin films, is quite promising for the detection of nitrogen dioxide also at low
temperatures. Law et al. [16], have found that the strong photo-conducting response
of individual single-crystalline SnO, nano-ribbons makes it possible to achieve
good results, if compared with high temperature performances, in the detection of
NO, at room temperature by illuminating the devices with ultraviolet. Yang
et al. [17], described the possibility to develop an oxygen gas sensor based on Co
doped ZnO nanofibres working at room temperature under the illumination of a Xe
lamp. Gui et al. [18], have tested TiO, and TiO,-doped ZnO based sensors under
UV irradiation to detect ethanol at room temperature. Peng et al. [19], discussed
about the response of the copper-doped ZnO versus ethanol and acetone concen-
trations with and without the illumination of 355 nm light. They have found that the
ultraviolet light irradiation could enhance the gas response. A hybrid (GaN
nanowire)/(SnO, nanocrystals) sensor for selective alcohol sensing at room tem-
perature and under UV irradiation has been presented by Bajpai et al. [20].

5.2 Electrospun Titania Based Gas Sensors

Titanium oxide is a material which can easily structure at nanoscale level in order to
use it in applications such catalytic devices, solar cells and sensors [21-26]. This
material can be synthesised in various shapes, as nanoporous material,
nanoparticles, nanowires, nanorods, nanotubes and nanofibres, by different prepa-
ration methods such as sol-gel, hydrothermal synthesis, solvo-thermal synthesis,
micro-emulsion, anodization, vapour deposition and electrospinning [27-32].
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The electrospinning is a versatile technique capable of developing nanofibres
from a wide variety of organic and even inorganic materials [33-35], allowing the
fabrication of TiO, nanofibres by exploiting the sol-gel technique, as was first
reported in 2003 [36].

There are several scientific papers concerning the fabrication of gas sensors
based on Titania nanofibres deposited by electrospinning technique. As reported by
Ying Wang et al. in 2009 [37], highly porous polypyrrole (PPy)-coated TiO,/ZnO
nanofibrous was tested in presence of NHj; concentrations, the material has
exhibited a fast response over a wide dynamic range and high sensitivity with a
detection limit of 60 ppb. A detection limit of 0.268 ppm of ethanol was reached
using titania-doped chromium oxide operating at 400 °C, as reported by Zheng, Y
et al. [38], the device has shown also a long term stability. A comparison of ethanol
measurements performed at two relative humidity levels (15 and 50 %) put
in evidence the influence of moisture on resistance behaviour. Il-Doo
Kim et al. in 2006 [39], have presented a TiO, nanofibre sensors that showed a
limit of detection below 1 ppb for NO, at 300 °C. The fibres were hot pressed at
120 °C and then calcinated at 450 °C. The hot pressing procedure was able to improve
the adhesion between the TiO, fibre mats. Comparable results at ppb levels for NO,
and CO concentrations were found by Landau O. et al. in 2008 [40] developing a
sensor based on electrospun titania operating at high temperature (300400 °C).
The sensors showed fast and opposite responses (in terms of resistivity variations)
for the two tested gases. Titania nanofibres are also been used in composite
materials to detect oxygen concentrations at moderate temperatures (hundreds of
degrees) as recently reported in Frontera P. et al. in 2014 [41]. In particular the
authors have investigated about the sensing properties of multi-walled-carbon-
nanotubes/polyvinylacetate/titanium oxide (MWCNTs/PVAc/TiO,) composite
fibres with different MWCNT loadings. Highly sensitive gas sensor based on
non-woven mats of Pd-doped TiO, nanofibres has been reported in Jaehyun
Moon et al. [42]. The Pd doped TiO, nanofibres showed enhanced capability to
detect nitrogen dioxide compared to pristine material. The sensor exhibited excep-
tional sensitivity to NO, gas concentrations as low as 0.16 ppm working at 180 °C.
Heterostructure based on Titania nanofibres has been investigated as material for
developing gas sensors. In fact, as recently discussed by Jianan Deng et al. in 2014
[43], they presents a new type of quasi-1D nanofibre architecture with a
heterostructure of CuO-TiO,, prepared via a combination of electrospinning and
hydrothermal strategies and showed a high response and excellent selectivity to
formaldehyde and ethanol gases. Furthermore, S.S. Batool et al. in 2013 [44] have
investigated about the importance and the effect of metal (Ti, Ni, and Au) elec-
trodes on humidity sensing properties of electrospun TiO, nanofibres. The results
have shown that Ti-electrode sensor is found to have linear response, fast response
and recovery time and higher sensitivity as compared with those of Ni- and
Au-electrode sensors. Titania nanofibres are also often used as scaffold material
in hybrid structures employed in sensors developing. In fact as reported in our
previous work, Zampetti et al. [45], we have developed a NO, gas sensor based on
hybrid material consisting in TiO, nanofibres coated with an organic conducting
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polymer, PEDOT-PSS. In this case, the titanium nanofibres play two important
roles, the first relating to the increase of the surface to volume ratio and the second
related to the possible catalysis of the analyte.

5.3 Photoconductive Electrospun TiO, Nanofibres
Based Gas Sensors

We present a summary of a recently published results regarding the developing and
the study of a chemoresistor, based on titania nanofibres assisted by UV irradiation
and working at room temperature [46, 47]. Specifically, we report some detail
concerning the fabrication and the characterization of two type of chemoresistors
the first based on TiO, nanofibres (TiO, NF) and the second based on TiO, NF
decorated with Platinum nanoparticles (TiO, NF-PtNP).

5.3.1 Photoconductive Chemoresistor Based on TiO,
Nanofibres

In this section we presents some details concerning the fabrication of a photocon-
ductive chemoresistor, based on electrospun titania nanofibres. The developed
sensor consisted of an interdigitated electrodes (IDEs) transducer, where a TiO,
nanofibrous layer was deposited by electrospinning technique as reported in
Fig. 5.1. The sensor is a chemiresistor, where the photoconductive TiO,
nanofibrous layer acted as a chemically interactive material to detect analytes.
The photoconductive effect of the nanomaterial was revealed by the IDE acting
as transducer. IDE consisted of 40 pairs of platinum electrodes with a gap of 20 pm,
100 nm thick and 20 pm width, implemented on a passivated silicon wafer (SiO,/Si)
using a standard photolithographic process. A 20 nm thick sputtered titanium was

TiO, NanoFibers Layer

Pt Electrode b |
cClrode i v
UV Light

e
Si0,/Si Substrate o v

Fig. 5.1 (a) Sensor sketch where E |, E, are the sensor electrodes. (b) Sketch of the sensor working
principle
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previously deposited in order to enhance the platinum adhesion. The overall active
sensor area was about 1 cm?.

Electrospinning is one of the most useful techniques to produce titania
nanofibrous scaffold directly on the transducer, decreasing the number of steps
due to the sensor fabrication process. The fabrication requires two main steps: the
first one consists of the deposition of the nanofibrous layer composed of a TiO,
precursor polymer and the second one of a thermal treatment capable of removing
the organic material and allowing the materials crystallization. The TiO, precursor
solution (Tiip/PVP) was obtained by mixing a solution of polyvinylpyrrolidone
(PVP, Mw ~1,300,000) in anhydrous ethanol (EtOHa) with a 1:4 (w/v) solution of
titanium isopropoxide (TiiP, Aldrich) in a 1:1 (v/v) mixture of glacial acetic acid
(AcAcg) and EtOH. In order to deposit the precursor nanofibres, a 2-mL glass
syringe, with a stainless steel needle having an inner tip diameter of 480 pm was
filled with the previously prepared solution. In our electrospinning apparatus it is
possible to control the feeding rate by a syringe pump controller (KDS 200, KD
Scientific) to optimize the deposition process. A set of the IDE transducers were
fixed on the surface of the rotating grounded metal collector in order to coat them
with a layer of the precursor nanofibres. To draw the nanofibres from polymer
solution, the syringe tip, 15 cm away from the collector, was connected to a high
DC voltage power source. The parameters process was a: 100 pL/h of feed rate,
6 kV of high voltage and a collector speed of 500 rpm. The deposition, lasting
20 min, was carried out in a controlled chamber at 24 °C and at 45 % RH.

After the deposition of Tiip/PVP nanofibres, a thermal curing was carried out to
remove the organic material and to obtain TiO, nanofibres having nanocrystalline
form [46]. The calcination was carried out in air using a furnace, where the
temperature was increased from 25 to 550 °C with a rate of 1 °C/min. The
crystallization processes was completed maintaining the material at 550 °C for 4 h.

The morphology of the titania nanofibres was investigated by scanning electron
microscopy (SEM — Jeol JSM 5200), transmission electron microscopy (TEM-Jeol
JEM 2010 equipped with LaBg gun operating at 200 keV) and atomic force
microscopy (AFM-PSIA XE 100 NC-HR) techniques. In Fig. 5.2, SEM micro-
graph highlights that fibres lie both on the substrate of oxidised silicon and on the
platinum electrodes (20 pm wide and 100 nm thick).

The inset of Fig. 5.2 shows the AFM micrograph of the Titania nanofibres as
deposited. The gas permeation, during the adsorption/desorption processes, is made
easier by the presence of structured layer with a high surface to volume ratio and a
large amount of pores between nanofibres. Electron diffraction (SAED) analysis of
TiO, nanofibres revealed a poly-crystalline structure with grains size ranging from
5 to 40 nm and anatase form, known for the desirable properties of being chemically
stable, readily available and active as a photocatalyst for oxidation processes [48].

In order to investigate the absorption spectrum of the TiO, nanofibrous layer and
select the UV stimulus wavelength, a UV—Vis spectrometer (PerkinElmer Lambda
35 UV/Vis) has been used. The results have shown a broad absorbance near
ultraviolet range and a prominent peak at 340 nm Fig. 5.3a.
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Pt electrode

Fig. 5.2 SEM image of nanofibres on IDE. The inset reports the AFM micrograph of the Titania
nanofibres as deposited
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Fig. 5.3 Absorption spectrum of the TiO, nanofibrous layer

5.3.1.1 Sensor Responses Towards Humidity, Ammonia
and Nitrogen Dioxide

The sensors were placed in a test chamber made of stainless steel. On the top of the
chamber, a hole houses a low cost UV LED used during all the measures presented
in this experiment. The device was tested at increasing percentage of RH, ranging
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Fig. 5.4 Current variations stimulated by changes of relative humidity

from 5 to 80 % (Fig. 5.4). The relative change of the current, in terms of (I—Iy)/I,
where I was the current in dry nitrogen atmosphere, showed a decreasing trend for
increasing values of humidity. This effect could be attributed to the ability of water
to act as an electron scavenger to trap the conduction band electrons. The current
variations due to changes in RH were quite rapid and reversible, also due to the fact
that the dissociation of water on the surface of titania was completely reversible
according with literature [49, 50].

The device was also tested in presence of ammonia and nitrogen dioxide
concentration diluted in a flow (200 sccm) of dried nitrogen (@RT, under UV).
The behaviour of current variation in correspondence of one step of ammonia
concentration was characterized by a first segment, with high slope, which was
exhausted in a few seconds and then followed by a phenomenon with a higher time
constant. This trend could be associated to the ammonia adsorption on the
nanofibres surface, the second one to a deeper diffusion through in the material
having a high percolation coefficient due to its peculiar texture. The removal of
ammonia by flowing dry nitrogen in the test chamber, is a phenomenon slower than
the previous one [51]. The sensor response showed a drift of about 2 % after several
measuring cycles of ammonia and for a total measuring time of about 2 h. In order
to avoid damaging due to the doping effect when the gases concentrations were
larger than 1 ppm, the exposure time, both of NH; than NO, gases, were fixed at
5 min. Figure 5.5 shows the comparison of sensor responses towards NO, and NH;
concentrations, in terms of relative current variations.

5.3.2 Photoconductive Chemiresistor Based on TiO,
Nanofibres Decorated with Pt Nanoparticles

Metallic nanoparticles as gold, silver, platinum and palladium, deposited on the
surface of oxide materials, through their catalytic activity can split the hydrogen
molecules promoting the sensing mechanism [52-55]. The activity of Platinum
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toward H, is a topic of interest for the development of hydrogen sensors and has
been investigated by Lewis in 1967 [56, 57] and recently in nanotechnology [58]. In
agreement with the literature previously reported, we have used Pt nanoparticles to
enhance the sensitivity of photo-conducting gas sensors based Titania nanofibres
versus hydrogen at room temperature. In particular Platinum nanoparticles (PtNPs),
with diameters of 3—10 nm, were synthesized by water phase reduction, using
3-mercapto-1-propanesulfonate (3MPS) as hydrophilic capping agent. As depicted
in Fig. 5.6, the titania nanofibres (TiO,NFs) deposited on the IDE were decorated
with PtNPs by dip-coating [59]. In order to investigate the role of the amount of Pt
nanoparticles on the sensor performances, two water suspensions of Pt-3MPS-4
have been used to be absorbed on titania nanofibres: 400 pg/mL and 800 pg/mL.
The withdrawal speed of the IDE (covered by nanofibres) from the solution was
10 mm/min and the deposition was performed in a closed chamber where the
humidity and temperature were maintained at 40 % RH and 23 °C respectively.
After the decoration the samples were placed in a controlled oven at 37 °C
overnight to stabilize the material. Three different devices were prepared: the first
one with TiO, nanofibres dipped in 400 pg/mL (D1), the second dipped in 800 pg/
mL (D2) and the last one with TiO, nanofibres alone (DO0).
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Fig. 5.7 AFM images of (a) Pt NPs, (b) TiO,-NF and (c¢) Pt-TiO, hybrid system (D2)

Figure 5.7a depicts the AFM image analysis of PtNPs on silicon dioxide surface
deposited by dip-coating. AFM analysis of TiO,-NF and hybrid TiO,-NF decorated
with PtNPs (D2) was reported in Fig. 5.7b and in Fig. 5.7c respectively. TiO,-NF
(Fig. 5.7b) exhibits an average diameter of 80 nm and the AFM of PtTiO, hybrids
points out the presence of PtNPs on the nanofibres surface (Fig. 5.7¢c).

Before moving on to the characterization of the material in presence of hydro-
gen, electrical measurements have been performed to determine the I versus V
curves (I/V). These measures were carried out to change the voltage (Vp) across the
IDE electrodes and to measure the current (Ip) in a stream of dry nitrogen and in
presence of UV irradiation. As shown in Fig. 5.8, the I/V curve presents a
non-linear trend due to the presence of a Schottky barrier potential of about
0.6 V, probably due to the contact between the titania and electrodes (IDE/TiO,/
IDE).

The I/V curves point out that the presence of Pt nanoparticles on the nanofibres
surface play an important role in the conduction phenomena under UV irradiation.
In fact the conductance of the devices D1, D2 was greater than that DO. Anyway,
the presence of nanoparticles, without UV, did not produce measurable rise of the
nanofibres conductance. Furthermore, as might be expected, the conductance of the
devices (D1, D2) increase with increasing particle concentration (D2 curve is upper
than D1 and DO curves).
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5.3.2.1 Sensor Responses Towards Hydrogen at Room Temperature

After the morphological and electrical characterizations, the improvement offered
by the presence of PtNPs in the interaction of TiO,-NFs hybrid material with
hydrogen has been studied. As previously described in the Sect. 3.1 the devices
were placed in a suitable measurement chamber containing a UV light emitting
diode (A=365 nm). Sensor responses were recorded measuring the Ip current
(by Keithley 595) at a fixed voltage Vp =1 V. During the experiment to generate
controlled hydrogen concentration diluted in nitrogen carrier a gas delivery system
has been employed. All the measurements were carried out at 25 °C, with 200 sccm
of total gas flow and in dry condition. In order to preserve the sensor functioning,
we have fixed at 2 min the exposure to hydrogen while the exposure time in
recovery phase (cleaning), performed in nitrogen, was 6 min.

The sensor responses versus hydrogen concentrations (150, 400, 650, 900,
1,150 ppm) are reported in Fig. 5.9. The inset in Fig. 5.9 shows an example of
the devices (D2, D1, and D0O) dynamic response during the exposure to 700 ppm of
hydrogen. These results highlight that the presence of Platinum nanoparticles on the
titania nanofibres increases the response towards hydrogen gas, under UV irradia-
tion and at room temperature. Moreover, devices show an increasing sensitivity
towards hydrogen increasing the PtNPs quantity (Device D2 exhibits a response at
least two times higher than D1 and four times higher than DO). As reported in
literature titania shows n-type semiconducting properties due to presence of donor-
type defects (e.g. oxygen vacancies) [60, 61]. Several supported metals, and among
others Pt, have been studied in order to understand the spilt-over hydrogen [62]. For
these reason, it is possible to assume that a synergic role of titania and Pt allows the
hybrid Pt TiO, system to be able to dissociate gaseous hydrogen in to atomic form,
contributing to the n-type conductivity enhancement. Finally, defining the limit of
detection (LOD) as three times of the noise value with a response noise value of
0.2 %, we have obtained 75 ppm of LOD for hydrogen @RT.
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Fig. 5.9 Device responses towards increasing hydrogen concentrations. The device response has
been reported as percentage of relative current variation calculated as: (I — Ip) x 100/Iy = Al/Iy (%)
where Iy was the current in nitrogen atmosphere
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Chapter 6
Electrospun Fluorescent Nanofibers
and Their Application in Optical Sensing

A. Camposeo, M. Moffa, and L. Persano

Abstract Electrospun light-emitting nanofibers are attracting an increasing interest
for their potential exploitation in photonic applications, as miniaturized light sources,
detectors, waveguides and optical sensors. Fluorescent electrospun fibers can be
realized by embedding emissive systems (quantum dots, dyes and
bio-chromophores) in optically inert polymer matrices, and by using light-emitting
conjugated polymers. The peculiar properties of the electrospinning process allows
for obtaining fluorescent fibers featuring typically improved optical properties com-
pared to flat thin films, such as enhanced photoluminescence quantum yield and
radiative rates, polarized emission and self-waveguiding of the emitted light. These
properties, combined with a high surface area to volume ratio, make these nanostruc-
tured materials suitable for high performance optical sensing. This Chapter provides
an introductory overview of the properties of fluorescent electrospun nanofibers and
presents illustrative examples of their application as optical sensors for the detection
of heavy metal ions, explosive compounds and bio-molecules.

6.1 Introduction

Electrospun nanofibers are a class of materials currently exploited in many appli-
cations, some of which are nowadays close to industrial production and commer-
cialization [1]. In this framework, the use of electrospun nanofibers in photonics is
emerging as a promising research field aimed at developing novel microscale light
sources and detectors, lasers and optical sensors. This field is growing very fast,
since optically-active electrospun nanofibers with specific and tailored optical
properties can be produced by various approaches exploiting the unique properties
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of organic light-emitting materials (tunability of the emission, strong absorbance,
high quantum yield, large Stokes shift, etc.). The resulting fluorescent
nanostructures combine remarkable optical performances with high exposed sur-
face (orders of magnitude larger than flat thin films), a property that is particularly
appealing for sensing applications, where surface-interactions with the system to be
detected are especially relevant. Indeed, the increase of exposed surface in
nanofibers may strongly enhance the sensitivity of devices. The demonstration of
the possibility of using the quenching of the photoluminescence intensity of
electrospun fibers for sensing heavy metal ions and nitroaromatic compounds by
Wang et al. [2] has stimulated a lot of research efforts aimed at improving the
sensing performances of fluorescent nanofibrous systems and at enriching the class
of detectable species, as well as at investigating more in depth the optical and
photoluminescence properties of electrospun nanofibers at a fundamental level.

This Chapter provides background information and an overview of state of art
progress in the field of light-emitting and fluorescent electrospun nanofibers, and of
their use in optical sensing. The Chapter is organized in three main Sections: in
Sect. 6.2 some fluorescent electrospun nanofiber systems will be introduced, with
particular emphasis on the used active components. Section 6.3 introduces some
basic properties of fluorescent electrospun fibers. In Sect. 6.4, some applications of
photoluminescent fibers for optical sensing of metal ions, explosive molecules and
bio-compounds are presented.

6.2 Nanofiber-Based Light-Emitting Systems

The high flexibility of the electrospinning (ES) process, in terms of number and
typology of processable materials, is corroborated by the large variety of lumines-
cent nanofibers developed in the last 10 years. The number of demonstrated fiber
classes is continuously growing, with novel systems featuring emission of light
both by optical and electrical excitation [3]. Electrospun fluorescent nanofibers can
be realized by essentially two approaches: the first involves the use of transparent or
optically inert polymers which can be doped with luminescent systems (inorganic
quantum dots, organic chromophores and polymers, and bio-chromophores),
whereas the second is based on conjugated polymers, which are intrinsically
luminescent. The solubility, rheological and optical properties of these materials
feature a very broad variability, which requires the development of specific
approaches for obtaining electrospun nanofibers with uniform morphology and
fluorescence. In the following paragraphs, a brief overview of some relevant
examples of fluorescent electrospun fibers is presented, without entering into the
details of the ES process of the different presented systems. The reader can refer to
the original papers for more technical information.
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6.2.1 Quantum Dot- and Dye-Doped Electrospun Nanofibers

A very effective approach to obtain luminescent electrospun nanofibers uses trans-
parent thermoplastic polymers or polymeric photoresists as matrix, and inorganic
quantum dots (QD) or nanowires as fluorescent components (Fig. 6.1a-b) [4-6]. In
this way, composite fibers with diameters of few hundreds of nanometers can be
easily obtained starting from the well established procedures developed for the
matrix polymers, whereas the photoluminescence properties can be tailored by
means of the inorganic nanoparticles which feature emission in a broad spectral
range, from visible to near infrared. These nanoparticles, most often composed by
group II-VI elements such as CdS, CdSe, CdTe, have diameters of few nanometers
and, more importantly, electronic band gaps and photoluminescence wavelengths
tunable upon changing their size [7]. Indeed, in these inorganic systems, quantum
confinement effects can be appreciated for particle size approaching the exciton
Bohr radius, a,, which is typically of few nanometer (a,=~3 nm for CdS)
[8]. A blue-shift of the emission can be also observed by decreasing the particle
size below the Bohr radius. Fluorescent composite nanofibers can be produced
through two principal approaches: i) by adding colloidal QDs and nanowires, which
are synthesized ex-situ, to the ES solution or (if) by embedding suitable molecular
precursors in the polymer matrix, which enables the in-situ synthesis of the QDs in
electrospun fibers by precursor decomposition through thermal treatment [9], gas
reaction [10], or optical and electron beam exposures [11]. In the former approach,
the use of colloidal QDs allows for a precise control of the particles diameter and
size distribution, even though the presence of these particles may somewhat alter
the rheological properties of the ES solution [9, 12]. The varied rheology may even
lead to clogging of the ES spinneret and failure of the process. These problems may
be overcome by the in-situ synthesis, since the physical and chemical properties of
the polymer solution are minimally altered by the presence of molecular precursors.
Another advantage of in-situ synthesis is the possibility to spatially control the
formation of the QDs, by using patterning methods based on laser writing or
electron beam lithography [11, 13]. The main difficulty of QDs in-situ synthesis
is represented by the frequently limited control on the particle diameter and size
distribution. This is made complex by effects that characterize the molecular pre-
cursors decomposition, including the diffusion of the produced atomic elements and
their aggregation.

Alternatively to QDs, organic luminescent chromophores can be embedded in
polymer matrices in order to obtain light-emitting electrospun nanofibers
(Fig. 6.1c—d). Fluorescent organic molecules have emission from the ultra-violet
to the near infrared and can be easily added in polymers such as poly(methyl
methacrylate) (PMMA), polystyrene (PS), poly(vinyl pyrrolidone) (PVP) and
poly(ethylene oxide) (PEO) [14]. Particular care must be paid in preparing solu-
tions, since the emission properties of these organic molecules are very sensitive to
the used solvents and to their own resulting micro-environment. By this approach a
broad range of luminescent fibers have been realized, which are used for optical
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Fig. 6.1 Fluorescence microscopy images in bright (a) and dark (b) field, respectively, of a
PMMA electrospun nanofiber embedding core-shell CdSe/ZnS QDs. Scale bar: 5 pm (Adapted
from [6], Copyright © 2011, with permission from Elsevier). Scanning electron microscopy image
(¢) and fluorescence micrograph (d) of PMMA nanofibers doped with laser dyes. Scale bar in (d):
10 pm (Adapted with permission from [16], Copyright © 2009 of Wiley-VCH Verlag GmbH &
Co. KGaA). (e) Confocal microscopy image of luminescent nanofibers containing zeolites loaded
with a red light-emitting system. The inset shows a scanning electron micrograph of these fibers.
Scale bar: 1 pm (Adapted with permission from [18], Copyright © 2007 of WILEY-VCH Verlag
GmbH & Co. KGaA)
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sensing and in other photonic applications such as light sources [15] and
microlasers [16, 17].

Figure 6.1e shows an interesting example of hybrid luminescent system, where
organic luminescent dyes are loaded in inorganic zeolite L crystals, whose orien-
tation and assembly is controlled by their inclusion in polymer electrospun
nanofibers with diameters as low as 150 nm [18]. The hybrid nanofibers feature
bright localized emission, that is polarized due to the orientation of the zeolite
crystals induced by the ES process.

6.2.2 Nanofibers Embedding Bio-chromophores

Among the various systems that can be embedded in electrospun nanofibers,
bioluminescent chromophores deserve particular attention, due to their potential
applications in optical biosensing. One of the most studied luminescent
bio-molecules is the green fluorescent protein (GFP) from the jellyfish Aequorea
victoria [19, 20]. Unlike the most of fluorescent proteins which contain
fluorophores distinct from the amino acid sequence, the chromophore of the GFP
is internally generated by a reaction involving three amino acid residues. In
addition, GFP displays a correlation between its fluorescence properties and con-
formation changes [20], a property that has paved the way for the exploitation of
GFP in a variety of sensing applications [20, 21].

The use of bio-chromophores for the realization of fluorescent fibers requires
some particular care for engineering both the ES process and the fiber structure. In
general charges generated in the ES polymer jet may alter the functionality of
bio-macromolecules and of biological objects such as proteins, viruses and bacteria
[22]. The inclusion of GFP in electrospun fibers made by PEO dissolved in water
leads, in fact, to structures with diameters of several hundreds of nanometers which
do not show any fluorescence due to the denaturation of the GFP in the solid matrix.
The exploitation of co-electrospinning and the inclusion of GFP proteins in core-
shell structures [22, 23] is instead effective in preserving the functionality of the
protein and its fluorescence (Fig. 6.2). In the co-electrospinning process the elec-
trical charges are mainly located on the outer surface, whereas the inner solution
and the embedded systems are not charged, a condition that allows one to better
preserve the properties of the objects embedded in the core [22]. Moreover, a more
favorable micro-environment can be created in the core in order to maintain active
the fluorescence of the used bio-chromophores.

6.2.3 Nanofibers Made by Conjugated Polymers

Conjugated polymers are a class of organic materials, featuring many optoelec-
tronic properties typical of semiconductors [24]. In particular, their electronic band
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Fig. 6.2 Microscope image (a) and corresponding fluorescence micrograph (b) of core-shell
fibers embedding GFP in the core (Adapted from [22], Copyright © 2007, with permission of
The Royal Society of Chemistry)

gap structure can be finely controlled by chemical synthesis, a property that has
opened interesting scenarios for the realization of flexible systems with emission
from the UV to the near-infrared. Other properties of conjugated polymers include
high emission efficiency and large stimulated emission cross sections, and the
possibility to be processed by solution-based approaches [24]. The literature is
rich of examples developed for ES of light-emitting conjugated polymers [3]. The
main challenges arise from the frequently low molar mass, significant chain rigidity
and limited solubility of these polymers, which have stimulated the development of
specific ES methodologies. Similarly to QDs and organic chromophores, conju-
gated polymers can be blended with optically-transparent matrices such as PMMA
and PS, which can easily form fibers by ES. Figure 6.3a shows an example of
electrospun fibers made by a blend of PMMA and poly(9,9-dioctylfluoreny-2,7-
diyl) (PFO) [25], a blue-emitting conjugated polymer. The fibers display bright and
uniform fluorescence along their length, and phase separation between the two
polymer components, as evidenced by high resolution transmission electron
microscopy. Instead, pristine conjugated polymer nanofibers can be obtained by
using mixtures of different solvents (Fig. 6.3b) for the ES solution [26, 27]. In
particular adding of a non solvent such as dimethyl sulfoxide (DMSO), which is
less volatile and displays improved electrical properties with respect to the solvents
typically used for conjugated polymers (such as chloroform, toluene, tetrahydrofu-
ran) is effective for obtaining pristine conjugated polymer fibers.

Recently, blue-emitting fibers with mean diameters as low as 180 nm [28] have
been realized by ES, with a solution of a conjugated polymer dissolved in a good
solvent (chloroform) and the addition of organic salts (Fig. 6.4). The spectroscopic
investigation of the optical properties of the resulting fibers evidences that the
presence of the organic salt does not significantly alter the emission properties
(emission wavelength, efficiency and characteristic decay times) of the used con-
jugated polymer.
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Fig. 6.3 (a) Transmission electron microscopy image of a PMMA/PFO electrospun fiber. Inset:
confocal fluorescence microscopy image of the PMMA/PFO fiber. Scale bar: 1 pm. PMMA:PFO
weight ratio 2:1 (Adapted with permission from [25]. Copyright © 2007 American Chemical
Society). (b) Confocal fluorescence microscopy image of pristine poly[2-methoxy-5-
(2-ethylhexyl-oxy)-1,4-phenylene-vinylene] (MEH-PPV) electrospun nanofibers. Scale bar:
10 pm. Left inset: fluorescence image of an individual nanofiber. Scale bar: 2 pm. Right inset:
photograph of a MEH-PPV nanofiber mat realized by a rotating collector. Scale bar: 4 mm
(Adapted with permission from [27]. Copyright © 2013 American Chemical Society)

Finally, it is worth mentioning an approach that, similarly to the one used for the
inclusion of GFP in polymer fibers, exploits co-electrospinning to obtain fibers
made by conjugated polymers [29]. In this case core shell structures are electrospun
by using a PVP solution as the shell and a solution of conjugated polymers as the
core. Pristine fibers of conjugated polymers are than realized by dissolving the PVP
shell layer by ethanol extraction.

6.2.4 Luminescent Nanofiber Arrays

An important issue when dealing with luminescent fibers is represented by the
capability of producing ordered macroscopic arrays. This is becoming increasingly
relevant, since most of the emerging applications of electrospun nanofibers, includ-
ing optical sensing (see Sect. 6.5), need a precise control of both the fiber mor-
phology (in particular the diameter uniformity) and of the fiber positioning,
essential in order to connect the active fiber element to excitation sources and
detectors. An elegant approach developed for the control of fiber positioning and
for realizing ordered arrays exploits a patterned metallic system as collector [30,
31]. The simplest patterned collector is composed by two parallel metallic stripes, a
system which allows for collecting nanofibers uniaxially aligned perpendicularly to
the metallic stripes. More complex geometries have been also demonstrated, by a
proper design of the metal-covered regions of the collector [31].
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Fig. 6.4 Analysis of the size distribution of electrospun conjugated polymer nanofibers by
scanning electron microscopy (SEM). (a)—(b) SEM image and corresponding fiber diameter
distribution of nanofibers made of poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-(N,N’-diphenyl)-N,
N'di(p-butyl-oxy-phenyl)-1,4-diaminobenzene)] (PFO-PBAB) dissolved in a THF:DMSO mix-
ture. Scale bar: 100 pm. In the inset a SEM image of PFO-PBAB fibers obtained by using a single
solvent (CHCl;) is shown. Scale bar = 100 pm. SEM micrographs, (c¢) and (e), and fiber diameter
distribution, (d) and (f), of PFO-PBAB nanofibers produced by dissolving the conjugated polymer
in CHCI; with the addition of tetrabutylammonium iodide and tetrabutylammonium bromide,
respectively. Scale bar =20 pm. Continuous lines in (b), (d) and (f) are Gaussian fits to the data
(Reprinted with permission from [28]. Copyright 2013 American Chemical Society)
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Fig. 6.5 (a) Scheme of the NF-ES set-up used for the controlled deposition of light-emitting
nanofibers. 7 =500 pm. (b) Photograph of an array of nanofibers made by a blend of PEO and
MEH-PPV. Scale bar: 5 mm. (c)—(e) Confocal fluorescence microscopy images of parallel
nanofibers made by MEH-PPV, deposited by NF-ES. Scale bars: (¢)—(d) 50 pm, (e) 10 pm
(Adapted with permission from [36]. Published by The Royal Society of Chemistry)

The main drawback of the ES process for obtaining ordered arrays of nanofibers
are the instabilities that characterize the jet propagation from the needle to the
collector. Recently, near-field electrospinning (NF-ES) [32] has emerged has an
alternative approach for precise positioning of individual nanofibers and for realizing
arrays of nanofibers with almost arbitrary geometries [33]. This method exploits the
stable region of the ES jet, by positioning the substrate few mm or less far from the
needle, before the onset of the jet instabilities. This allows one to precisely deposit
individual nanofibers and to realize arrays of ordered nanofibers by moving the
substrate in a plane perpendicular to the jet propagation axis [32, 34]. The technique
has been applied to different materials such as PEO, polyvinylidene fluoride,
polycaprolactone, TiO,, SnO, [35] and also to light-emitting conjugated polymers
[36]. Arrays of parallel and crossed luminescent fibers composed by a blend of PEO
and poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV) have
been deposited on Si/SiO, substrate with micrometric spatial resolution (Fig. 6.5).

6.3 Emission Properties of Electrospun Nanofibers

The study of the emission properties of electrospun nanofibers and the comparison
with bulk and thin film properties is especially relevant for the development of new
applications. Most of organics used for the fabrication of light-emitting nanofibers
display emission properties which are very sensitive to the local microenvironment
and to the resulting conformation of molecules [37]. In fact, the photo-physics of
organic molecules and polymers in solution is rich of examples of changes of the
spectral properties (peak wavelength shifts, increase or decrease of the emission
efficiency and of the radiative rates, etc.) induced by the specific used solvents
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[38]. When dealing with solid-state samples such effects are complicated by the
influence of the processing conditions, which may induce particular conformations
in molecules and polymers [39]. In ES, such conditions are especially related to the
strength of the applied electric field, the used solvents, and the ambient humidity.

6.3.1 Spectral Properties of Photoluminescence
of Electrospun Fibers

Figure 6.6 shows a comparison between the absorption and photoluminescence
spectra of electrospun nanofibers and spincast films made of poly
[(9,9-dioctylfluorenyl-2,7-diyl)-co-(1,4-benzo-{2,10-3 }-thiadiazole)] (F8BT),
which is a conjugated polymer with emission at about 570 nm [40]. The main
difference between films and fibers is the blue-shift of the emission, by 10 nm.
Similar shifts of the photoluminescence peak wavelengths of nanofibers compared
to reference films have been reported also for other conjugated polymers and
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Fig. 6.6 (a) Chemical structure of the poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-(1,4-benzo-
{2,10-3}-thiadiazole)] conjugated polymer. SEM (b) and confocal microscopy (c) images of
F8BT electrospun fibers. (d) Normalized absorbance (left vertical scale) and photoluminescence
(right vertical scale) spectra of F8BT fibers (red continuous lines) and films (black open symbols).
(e) Photoluminescence time decay of F8BT fibers (black open symbols). The red continuous line is
a best fit to the data by an exponential function convoluted with the Instrumental Response
Function (IRF, dashed line) (Adapted with permission from [40]. Copyright © 2013, AIP
Publishing LLC) (color figure online)
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chromophores [29, 41, 42], both toward lower energies (red-shift) and toward
higher energies (blue-shift). It is worth mentioning that the variety of data available
in literature is also influenced by scattering and self-absorption effects, which may
cause broadening of the absorption and emission spectra as well as red-shifts of
photoluminescence, that are not related to the intrinsic optical transitions of the
used materials [43]. Therefore, special care must be paid to the optical character-
ization of absorption and emission properties of electrospun nanofibers.
Approaches include, for instance, the use of an integrating sphere which may
reduce the contribution of scattering and waveguiding [44], and of thin samples
in order to keep the self-absorption contribution as low as possible [41, 43]. In
general, the observed emission shifts can be rationalized by considering conjugated
polymer molecules as multi-chromophore systems, because the presence of twists
and kinks along the polymer chain breaks the conjugation length and form an
ensemble of conformational sub-units, which emit light [45]. Absorption of light
excites this ensemble of chromophores, and energy transfer mechanisms funnel the
excitation toward sub-units at lower energy (exciton migration), which determine the
wavelength and shape of the ultimate photoluminescence spectrum [45]. Such energy
transfer may be affected by the peculiar conformation of macromolecules in the
fibers, induced as a consequence of the high stretching rate of the polymer jet in
typical ES processes [46]. As shown in the following Paragraph 6.3.3, the ES process
can induce an alignment of the polymer molecules along the fiber axis. This config-
uration, depending on the structure of the chain of the used polymer, can enhance or
decrease the electronic energy transfer toward lower energy emissive subunits
[47]. Other effects that influence the emission spectra of fibers compared to films
are the generally reduced chain aggregation and increased conjugation length [29].

6.3.2 Emission Quantum Yield and Lifetime

For some applications in photonics and for optical sensing based on fluorescent
systems, the control of the photoluminescence quantum yield (PLQY) is a crucial
issue. Typically QDs, low molar mass organic molecules, and conjugated polymers
can show very high PLQY in solution, whereas their inclusion in solid-state systems
can adversely affect the yield by activating nonradiative channels through bulk and
surface defects and related trap states [8, 48]. Given the peculiar processing
conditions of the ES process [46], the measurement of the PLQY of polymer
electrospun nanofibers is relevant for determining the optimal parameters allowing
to preserve or enhance the number of emitted photons. Few reports have investi-
gated this issue in depth [25, 40, 49], demonstrating that PLQY can be significantly
enhanced in electrospun nanofibers compared to other solid state systems, such as
thin films. Kuo and co-workers [25] have measured the PLQY for electrospun
nanofibers made by PMMA, blended with different conjugated polymers, finding an
increase up to a factor 3 for poly[2,7-(9,9-dihexylfluorene)-alt-5,8-quinoxaline]
compared to spin-coated films. G. Morello et al. [40] have reported an increase of
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the PLQY of about 50 % in electrospun fibers of pristine FSBT compared to thin
films. The concomitant measure of the PLQY and of the photoluminescence
lifetime allows also to determine to what extent the radiative and nonradiative
lifetimes are influenced by the ES process. A typical time-resolved photolumi-
nescence decay profile for pristine F8BT electrospun fibers is shown in
Fig. 6.6e. The decays typically follow an exponential trend, with a characteristic
lifetime, 7p;, that is related to the intrinsic radiative (z,) and nonradiative (z,,.)
lifetimes:

1 1 1
S T (6.1)
TpPL Tr Tnr

Given the PLQY, ® = £, the measurement of ® and 7p;, allows the radiative and

nonradiative lifetimes to be determined. Interestingly, this analysis has evidenced
an increase of the radiative rate by 22.5 % in F8BT electrospun fibers compared to
spin-coated films. Therefore, ES provides a method for producing solid state
photoluminescent structures, featuring enhanced emission efficiency.

6.3.3 Polarization of the Emission

Many reports have evidenced that the strong stretching forces that characterize the
ES process may induce orientation of the polymer chains along the fiber axis [50]
and generate a complex internal nanostructure [27, 51]. These peculiar character-
istics of the ES process compared to other fabrication methods (spincoating,
casting) are also responsible of interesting anisotropic optical properties observed
in electrospun nanofibers. In particular, when dealing with electrospun nanofibers
containing conjugated polymers as the optically-active component, polarized emis-
sion is often observed (Fig. 6.7a). In conjugated polymers the emission dipole
transitions are mostly aligned along the polymer chain and, therefore, the chain
alignment in the electrospun fibers produce an overall photoluminescence polarized
along the fiber length [42, 52, 53].

Polarized emission has been observed both in ensemble of macroscopically
aligned electrospun fibers and in individual fibers, with a polarization ratio (the
ratio between the intensity of the photoluminescence with polarization parallel and
perpendicular to the long fiber axis) in the range 2-5 [15, 52, 53]. Post-processing
mechanical stretching has been demonstrated to increase the polarization ratio, up
to values around 25 [42].

The microscopic alignment of polymer chains in electrospun fibers has been
studied by different methods, including small-area electron diffraction, infrared,
and Raman spectroscopies [50, 53].

Transmission electron microscopy of nanofibers made by PMMA and poly
{[9,9-di(3,30-N,NO-trimethylammonium) propylfluorenyl-2,7-diyl]-alt-(9,9
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Fig. 6.7 (a) Polarized photoluminescence spectra of uniaxially aligned fibers made by blending
PMMA and the poly{[9,9-di(3,30-N,NO-trimethylammonium) propylfluorenyl-2,7-diyl]-alt-
(9,9-dioctylfluorenyl-2,7-diyl)} diiodide salt (PF*). Fibers are excited with a polarization parallel
to the fiber axis, whereas emission is collected with polarization either parallel (continuous line) or
perpendicular (open circles) to the fiber axis. Inser: SEM image of uniaxially aligned PMMA/PF"
fibers. Scale bar: 500 nm. (b) Transmission electron microscopy image of an individual
electrospun fiber made of PMMA/PF". Inset: laser confocal microscopy image of the PMMA/
PF" electrospun fibers. Scale bar: 5 pm (Adapted with permission from [52], Copyright © 2008 of
WILEY-VCH Verlag GmbH & Co. KGaA)

dioctylfluorenyl-2,7-diyl)} diiodide salt (PF") has evidenced the formation of
nanoscale domains composed by the active conjugated polymer, with well aligned
polymer chains (Fig. 6.7b) [52].

A recent study [53] has made use of polarized micro-Raman spectroscopy to
investigate the degree of chain alignment in pristine FSBT electrospun nanofibers
made by using different solvents (Fig. 6.8). In particular, fibers made by either
tetrahydrofuran (THF, good solvent for FSBT) solutions or mixtures of THF and a
non solvent (DMSO) have been investigated and compared. The fibers made by
THF feature a higher degree of polymer chain alignment, even though they are
often not continuous but show the presence of beads with a linear density around
10 mm ", Interestingly, fibers made by THF display an increase of polarization
ratio of about a factor two compared to fibers made by the solvent mixture.

6.4 Optical Sensing by Modulating Emission Intensity

The availability of various fluorescent electrospun nanofibers shown above, with
emission properties in many cases improved compared to thin films and increased
surface area, is stimulating a lot of research for the development of high-
performance optical sensors [54]. Optical sensors are generally preferred for their
high sensitivity, fast response time and low power consumption [55]. The most of
reported optical sensing systems are based on the analyte-induced quenching of the
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Fig. 6.8 Micro-Raman analysis of individual F8BT electrospun nanofibers. (a) Examples of
normalized Raman scattering spectra of fibers made by using THF (circles) and THF/DMSO
(squares) solvents, and of the corresponding reference films (solid line and triangles), respec-
tively. (b) Polarized Raman spectra of F8BT films, measured in the ZIZ (dashed line) and ZIX
(dashed-dotted line) configurations. Here the notation “incident polarizationlanalyzed polari-
zation” is used. Inset: schematic representation of the experimental geometry. X, direction
perpendicular to the fiber axis in the sample plane; Y, propagation direction of incident laser
light (arrow 1) and of backscattered light (arrow 2); Z, fiber axis. (c—d) Polarized Raman
spectra from individual F8BT fibers obtained by using THF/DMSO (c¢) and THF (d) measured
in the ZIZ (dashed lines), ZIX (solid lines), X|Z (dashed-dotted lines), and XIX (dotted lines)
configurations (Reprinted with permission from [53]. Copyright © 2011, American Chemical
Society)

fluorescence of electrospun nanofibers, an effect that may be induced either by
energy or electron transfer between the fluorescent molecules and the detected
element [2]. As reviewed in the following, this approach has been mainly applied to
metal ions, explosive molecules and bio-molecules, with remarkable results in
terms of detection limit and time response.
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6.4.1 Metal Ions

The sensing and detection of cations, in particular of heavy metals, is extremely
important for the enormous potential impact on environmental and health-related
issues. These ions can strongly quench the emission of conjugated compounds,
providing an efficient mechanism for optical detection [2, 56—59]. To this aim, mats
of electrospun fibers doped with fluorescent compounds, such as pyrene [2] and
1,4-dihydroxyanthraquinone [56], have been exposed to metal ions.

An elegant approach has been reported recently [57], developing methods for the
synthesis of ultra-small amounts of products (down to 10~2' mol, zeptomol vol-
umes) in the junctions of crossed polymer nanofibers [60]. Crossed electrospun
fibers containing the different reagents for the synthesis of fluorescent molecules
are deposited on a substrate, in a configuration that enables the synthesis of the
active chromophores only at the nanofiber junctions which have typical volumes of
the order of attoliters (Fig. 6.9a—c). In particular, the use of reagents for the
synthesis of fluorophore-polyamines, whose fluorescence is quenched upon binding
of metal ions, has been exploited for the realization of an array of nanoscale sensors
[57]. Optical sensing of a benchmark of ten metal ions (AI**, Fe**, Co**, Ni**, Cu?
* Zn**, Hg**, Cd**, Ca**, Mg”*) has been reported by this approach, with a
detection limit down to 2.0 ppm for Co®* in water (pH 5).

Such approach is also very powerful due to its reversibility (up to four cycles
demonstrated) and allows one to synthesize fluorophores with different emission
wavelength in the same mat, for parallel processing of multi-analytes. Moreover,
such mats exhibit good mechanical strength and are suitable for the deposition of
the sensor on a nitrile glove (Fig. 6.9d—g).

F. J. Orriach-Fernandez et al. have recently developed a highly selective optical
sensor for Hg?* in water [58]. Their system relies on electrospun nonwoven mats
doped with a spirocyclic phenylthiosemicarbazide Rhodamine 6G derivative (FC1),
showing a turn-on of fluorescence in presence of Hg** ions. The realized nanofiber
optical sensor exhibit response time and detection limit improved compared to solid
state films.

6.4.2 Explosive Compounds

Another issue in the field of optical sensing is the detection of explosive compounds
[61]. In this case, sensing should possibly occur without contact with the explosive,
most of which are very sensitive to friction, impact and shock.

Optical detection of explosive compounds exploits the quenching of the emis-
sion of fluorescent conjugated systems, induced by the interaction with the explo-
sive molecule [62]. Similarly to metal cations, nitroaromatic and similar explosive
compounds are electron-deficient systems, thus inducing quenching through photo-
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Fig. 6.9 (a)—(c) Schematic representation of the operational principle of the attoliter reactor. The
reactor is realized in the overlap volume of two crossed electrospun fibers, each embedding a
different reagent, such as dansyl chloride and polyamine (a), to produce fluorescent products (b) in
the fiber junctions (c). (d)—(g) Example of a wearable sensor made of an attoliter reactor mat. (d)
Fiber mat deposited through a shadow mask on a glove. (e) Image of fiber fluorescence excited at
365 nm. (f) Exposure of the wearable fiber sensor to a solution of Co* ions. (g) Photograph of the
fiber fluorescence upon UV excitation after exposure to Co" ions, evidencing the fiber emission
quenching in the region exposed to the metal ions (Adapted with permission from [57]. Copyright
© 2012 of WILEY-VCH Verlag GmbH & Co. KGaA)
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induced electron transfer from the excited state of the conjugated systems to the
lowest unoccupied molecular orbital of the explosive molecules [2, 63].

Different reports have demonstrated the potentialities of using electrospun
nanofibers doped with conjugated small molecules and polymers [64—66], leading
to improved sensing performances compared to thin films. In particular, Y. Long
et al. [64] have developed a reversible sensor based on PS electrospun nanofibers
doped with a conjugated polymer, whose photoluminescence intensity is efficiently
quenched by 2.4-dinitrotoluene (2,4-DNT), and recovered after immersion in
ammonia for 20 min. After 5 cycles of quenching/regeneration, a loss of 25 % of
the fluorescence intensity has been observed.

An interesting low cost system based on fluorescent electrospun nanofibers has
been proposed by Y. Wang and co-workers [63]. In this work the sensing element is
composed by a mat of electrospun fibers (thickness 1-15 pm) made by PS doped
with pyrene, an organic molecule showing bright cyan emission upon UV excita-
tion. The nanofibers have been electrospun by adding an organic salt (tetrabuty-
lammonium hexafluorophosphate, TBAH) to the solution, in order to obtain fibers
with uniform diameters of (120 £ 20) nm. For optical sensing the use of thin fibers
is especially useful, since studies on films of conjugated polymers exposed to 2,4,6-
trinitrotoluene (TNT) have evidenced that fluorescence quenching occurs within
the first few tens of nm, hence films with thickness >25 nm have shown a drop of
the fluorescence quenching, probably related to the limited TNT diffusion [67]. The
emission of the pyrene/PS nanofibers is characterized by two main bands. The band
in the range 370400 nm has been attributed to the singlet exciton emission,
whereas another, broad band at about 470 nm has been attributed to the excimer
emission due to possible m-n stacking. When fibers are exposed to equilibrium
vapors (about 193 ppb) of 2,4-DNT, a 90 % quenching of the emission is achieved
within 6 min, with a minimal dependence on the mat thickness. Interestingly, this
system can detect other nitroaromatic compounds (for instance 2,6-DNT and
1,2-dinitrobenzene), as well as non saturated vapors of nitramines and nitrate esters.
The authors have also demonstrated the possibility to detect buried 2,4-DNT
(Fig. 6.10a—d) in an open environment, and explosive particulate contaminated
handprint through direct contact (Fig. 6.10e). Overall, the sensing performances of
this simple and low-cost detection system are attributed to an amplification of the
quenching mechanism, due to the particular conformation of the pyrene molecule
and the PS phenyl pendants, allowing long range exciton migration [63].

6.4.3 Optical Biosensing

A biosensor can be defined as a device for the detection of analytes, combining a
biological recognition system with a physicochemical detecting component.
Enhanced biosensors have been developed using ES and incorporating a biological
or biomimetic sensing element [54]. Moreover, the optical detection in biosensors
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Fig. 6.10 (a)—(d) Above-ground detection of buried 2,4-DNT using electrospun pyrene-doped PS
mats. (a)—(b) Images of soil with (/eft) and without (right) buried 2,4-DNT in Petri dishes (a) and
of soil with buried DNT in a flower pot (b), respectively. (¢) Image of the fluorescence of the
sensing system after 30 min exposure to buried DNT, highlighting emission quenching due to the
leaked explosive molecules from the buried sample. The fluorescence is excited by UV light with
A =275 nm. (d) Image obtained from the pyrene-doped PS nanofiber sensing sample on 2,4-DNT
buried in the flower pot (b) after 30 min exposure. /nsets in (c) and (d) are the bright-field images
of the nanofiber samples after exposure. (e) Example of detection of explosive-contaminated hand
using the electrospun pyrene-doped PS nanofiber samples. The image shows the UV-excited
fluorescence of a pyrene/PS mat, after the contact with a clean (left) and contaminated (right)
handprint, respectively (Reprinted with permission from [63]. Copyright © 2012 of WILEY-VCH
Verlag GmbH & Co. KGaA)
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may offer different advantages including enhanced and fast response, immunity of
the signal to electrical or magnetic interference and potential for higher information
integration and processing [68]. In the following, some examples of biosensors
based on electrospun nanofibers are presented.

C. Zhou et al. [69] have proposed a nanofiber optical biosensor for glucose. A
transition metal complex, iridium(Ill) bis(2-phenylbenzothiozolato-N,C?)
acetylacetonate, whose emission is efficiently quenched by oxygen, has been
embedded as fluorescent probe in mats of randomly oriented electrospun PS
nanofibers, which are functionalized with glucose oxidases (GOD) (Fig. 6.11a).
When glucose is added to the solution, the oxygen present in the PS fibers is
consumed more efficiently than the oxygen dissolved out of the fibrous mat,
because of the fiber surface functionalization with GOD (Fig. 6.11a). The decrease
of the oxygen content in the fibers produces an increase of Ir complex fluorescence
(Fig. 6.11b—c), with a response time of about 1 s. The nanofiber mats feature about
70 % increase of photoluminescence intensity, much higher than the values mea-
sured in reference thin-films (about 15 %) (Fig. 6.11b—). The increase of
photoluminescence intensity is directly related to the concentration of glucose, as
shown in Fig. 6.11d, and the developed system features a detection limit as low as
1.0 x 107" M [69].

Core-shell nanofibers embedding GFP have been used for optical detection of
urea [22]. Immersion of a mat of these nanofibers in a solution containing urea leads
to a decrease of the GFP photoluminescence intensity, which is reversibly recov-
ered upon immersion of the nanofiber sensing mat in water. This reversible change
in presence of a denaturing agent is due to the switching properties of the GFP
between native and denatured conformations.

Solid-state optical biosensors based on electrospun fluorescent fibers have been
also developed for the detection of proteins. B. W. Davis et al. [70] have realized
cellulose acetate nanofibers by ES, which emit light at about 475 nm due to the
inclusion of an anionic fluorescent dendrimer. Cytochrome ¢ and hemoglobin have
been detected in solution through the decrease of the dendrimer emission intensity,
whereas bovine serum albumin induces an increase of the photoluminescence
intensity. This different response of the fluorescent fiber sensor to proteins has
been attributed to the interaction of proteins with the fluorophores, occurring
primarily by energy transfer, even though electron transfer has not been ruled out.
In particular, the quenching of the emission is suggested to be a consequence of a
static adsorption of proteins to the dendrimer molecules [71]. Interestingly, sensing
performances have been improved by creating evenly distributed secondary pores
through the backbone of the nanofibers, utilizing a deacetylation treatment
[72]. The authors demonstrated also the reusability of the nanofiber sensor, with a
decrease of the fluorescence intensity of 15 % over 5 sensing cycles.

Other examples of optical biosensors based on fluorescent nanofibers include the
detection of DNA plasmid by PFO-doped PMMA fibers [52], and of nucleic acids
by DNA-functionalized gold nanoparticles on electrospun nanofibers [73].
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Fig. 6.11 (a) Schematics of the glucose sensor based on fluorescent electrospun nanofibers. (b)—
(¢) Comparison of the different sensing performance of the electrospun optical fibrous (EOF)
membrane (b) and optical thin-film (OTF) (¢) functionalized with GOD. The emission spectra of
samples soaked in PBS buffer solution with (solid line) or without (dotted line) 1.0 mM glucose are
shown. (d) Typical response curves of the GOD/EOF sensing membrane to various glucose
solutions in PBS buffer (pH 7). Glucose concentration: (1): 3 x 10719 M; (2): 1.7 x 1072 M; (3):
441077 M; (4): 1.7 x 1075 M; (5): 4.8 x 1078 M; (6): 2.8 x 1077 M; (7): 2.6 x 107° M; (8):
2.5 107 M; (9): 6.2 x 1077 M; (10): 1.3 x 10~* M; (11): 2.6 x 10~ M. Inset: plot of the relative
fluorescence intensity increase vs. the logarithm of the glucose concentration (Cgjycose) (Adapted
with permission from [69]. Copyright © 2012, American Chemical Society)
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6.5 Other Optical Sensing Mechanisms: Waveguiding

An optical waveguide is essentially a microscale elongated material (known as the
fiber core) able to guide and trap light by total internal reflection, provided by the
refractive index contrast between the core and the surrounding material. Light can
be confined and guided in a polymer nanofiber (with refractive index ny) surrounded
by a medium with refractive index n,, < ny(for example air or water), because of the
internal reflections occurring at the interface between the polymer and the sur-
rounding medium. Among the different applications of electrospun fibers,
waveguiding has been extensively studied in the last 5 years [3]. The refractive
index of most of the polymers used for the production of electrospun fibers are
> 1.5, quite larger than air (n = 1) and water (n = 1.33), a condition that allows one
to observe efficient waveguiding in suspended or immersed electrospun fibers.
Waveguiding of light has also been found for fibers deposited on suitable substrates,
i.e. on substrates having a refractive index typically lower than 1.5, such as quartz
(n=1.46) and magnesium fluoride (n=1.37). In order to investigate optical
waveguiding, nanofibers can be doped with fluorescent systems (typically organic
chromophores or inorganic quantum dots), whose emission is excited by a tightly
focused laser beam, as schematized in Fig. 6.12a [4, 28, 74]. Part of the fluorescence
emitted by the active system embedded into the polymer fiber is coupled and
waveguided along the fiber and diffused by the fiber tip, appearing as a bright
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Fig. 6.12 (a) Schematics of the experimental setup used for the characterization of the
waveguiding properties of individual electrospun fiber (Adapted with permission from [28]. Copy-
right © 2013, American Chemical Society). (b) Emission intensity guided inside a single polymer
fiber vs. the distance, d, between the fiber tip and the exciting laser spot. The superimposed
continuous line is the best fit of the data to an exponential decay. Top-right inset: bright-field
micrograph of a single light-emitting fiber (bottom image) and corresponding fluorescence images
evidencing the bright spots corresponding to the fiber tip and the excitation spot for d =50 pm
(middle image) and 200 pm (top image), respectively. Bottom-left inset: Fluorescence micrograph
of a fiber excited by a focused laser beam (Adapted from [74], Copyright © 2010, with permission
from Elsevier)
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spot in fluorescence images (inset of Fig. 6.12b). The measure of the intensity
diffused by the fiber tip as a function of the distance, d, between the excitation spot
and the tip, allows the waveguiding losses to be estimated.

Alternatively, waveguiding losses can be measured by the intensity of fluores-
cence emitted by the fiber surface, at variable distances from the excitation spot
[28]. Such analysis is exemplified in Fig. 6.12b, for a PMMA fiber doped with
Rhodamine 6G [74]. Typical fiber losses are in the range 10—10° cm ™', depending
on the losses mechanisms. For electrospun nanofibers, the main losses effects are
attributable to self-absorption, scattering and coupling of the guided light to the
substrate. The former can be reduced by using polymers transparent at the wave-
length of interest, whereas decreasing the scattering effects requires a precise
control of the ES process in order to reduce instabilities of the polymer jets which
can cause the formation of morphological defects, variation of polymer density and
of fiber diameter, etc.. The choice of substrates with refractive index lower than that
of electrospun fibers allows one to significantly reduce the losses associated to the
partial coupling of the guided light into the substrate, as recently reported for
conjugated polymer nanofibers [26(a)].

The waveguiding of light with wavelength A can occur in nanofibers having a
diameter, dj, larger than a cut-off value, d., which can be smaller than 4 [75]. There-
fore, waveguiding can also occur in fibers with sub-wavelength size. In this case a
fraction of the injected light power couples in the surrounding medium as evanes-
cent waves, having a sub-wavelength spatial extension and an intensity highly-
sensitive to the variations of the local refractive indexes. For a cylindrical wave-
guide operating at a wavelength, A, with diameter dy, the fraction, p, of power
confined in the nanofiber is given by [75]:

p=1- [(2.4e‘/v)2/v3], (6.2)

where V = (ﬂdf / /1), /n? — n2,. A molecule at the fiber surface or diffusing into the

fiber can therefore induce a variation of the local refractive index properties, in turn
determining a change of the fraction of power confined in the fiber. In principle, this
effect can be exploited for sensing applications, by monitoring the intensity of the
guided light. The advantages of sub-wavelength nanofiber optical sensors rely
basically on the high spatial resolution combined with high sensitivity and fast
response time [76]. Moreover, compared to inorganic nanowires, polymer
nanofibers inherit the advantages of polymer in terms of biocompatibility, perme-
ability to small molecules and the possibility of hosting functional molecules,
which can be exploited to selectively tailor the properties of the sensing component.
This approach has been poorly investigated for electrospun nanofibers, even though
their waveguiding properties are well established. Some examples of optical sen-
sors have been reported for fibers which are physically drawn from solutions
[76]. In particular, a humidity sensor allowing for real time monitoring of relative
humidity with a time response faster than 90 ms has been realized by using a PS
nanofiber doped with CdSe/ZnS core-shell QDs [76].
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6.6 Conclusions and Perspectives

In summary, optically-active electrospun nanofibers constitute a novel class of
nanomaterials with intriguing properties. Currently, fluorescent mats made of
electrospun nanofibers can be realized by many approaches, which basically
include doping with fluorescent QDs, organic =-conjugated molecules and
bio-chromophores, or the use of conjugated polymers. In general, these nanofibers
are characterized by enhanced optical properties compared to bulk system or thin
films, and are also suitable for developing optical sensors for heavy metal ions,
explosives, and biomolecules. The systems developed so far have demonstrated
great potentialities in terms of detection limit, time response and associated low
production costs. In many cases the developed devices are very simple, they do not
need complex analytical systems and show performances comparable to other well
established technologies.

More research efforts are needed to improve the sensor specificity and to assess
interference issues with are typical of sensing components. In perspective, the
improved control of fiber composition, morphology and optical properties can
open new optical sensing paradigms and extend the number and typology of
detected systems. The photophysics of electrospun nanofibers is rich of interesting
phenomena, still poorly exploited, and may open new avenues in the growing field
of optical sensing.
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Chapter 7
Nanofibre-Based Sensors for Visual
and Optical Monitoring

Iline Steyaert, Hubert Rahier, and Karen De Clerck

Abstract Sensors supplying a change in optical properties, easily detectable with
the naked eye (visual) or inexpensive equipment such as compact spectrometers
(optical), are a very powerful tool to visualise a wide range of parameters, including
temperature, light, pH and concentration of chemical substances. Most of these
sensors rely on indicator compounds showing a change in optical absorbance
(colour) or fluorescence under the influence of a certain parameter. Halochromic
dyes, for instance, change colour with pH. Since the use of nanofibres improves
sensor sensitivity and response time due to their large surface area to volume ratio,
the incorporation of indicator compounds into nanofibres is one of the current
challenges in sensor design. This chapter discusses the production of colorimetric
and fluorescent nanofibrous membranes for visual and optical monitoring (Sects. 7.3
and 7.4), supplemented by some fundamental information on those sensing systems
(Sect. 7.2) and some interesting applications (Sect. 7.5).
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7.1 Introduction

It is clear that nanofibres can be used for several sensor applications due to the
inherent properties linked to their nanoscale diameters. Nanofibrous nonwovens are
characterized by small pore sizes, large specific surface area, high porosity and
good inter-pore connectivity. They have improved sensor sensitivity mainly due to
the large surface area to volume ratio, providing an increased number of sites for
analyte interaction or signal transduction. An increasing demand for highly sensi-
tive sensors in many sectors, including environmental monitoring, food inspection
and the biomedical field, has stimulated the research into nanostructured materials
for sensor applications. Among several types of nanofibre-based sensors, optical
sensors are gaining interest due to some advantages, such as absence of electro-
magnetic interference [1, 2]. In general, optical sensors yield information on
analytes through optical absorption/luminescence, other spectroscopic techniques
such as FTIR, or optical parameters including refractive index and reflectivity.
Since most analytes do not have measurable intrinsic optical properties making
direct optical sensing possible, most of the optical sensors are reagent-mediated.
This means that a change in optical response of an intermediate agent, usually an
analyte-sensitive dye molecule, is used to monitor analyte concentrations. The
interaction between the analyte and the sensing molecule is thus paramount and
can be optimized using a porous nanofibrous substrate with increased sensitivity
and response time [1, 3]. A wide variety of indicator dyes are available, resulting in
a colour change or luminescence under the influence of pH, O,, CO,, a wide range
of volatile organic compounds (VOC’s), metal ions, peptides, etc. [4—11] Lumi-
nescence is intrinsically more sensitive than absorption [7]; within a certain win-
dow, not only the presence but also the concentration of an analyte can be
measured, and measuring is possible at lower concentrations. Despite this advan-
tage of luminescence over absorbance-based sensing, a significant change in absor-
bance results in a colour change visible to the naked eye. This could be particularly
interesting for several applications, wound management or protective clothing for
instance, since no additional (electronic) equipment is necessary to measure param-
eters. This addresses the need for cheap, fast and easy to operate products, espe-
cially in the health sector [12]. Moreover, colorimetric nanofibrous membranes are
flexible sensor systems that can supply local information while monitoring a large
area, not only making them interesting for biomedical applications but also for
technical ones such as agricultural monitoring [13]. This chapter discusses the
production of colorimetric and fluorescent nanofibrous membranes for visual and
optical monitoring (Sects. 7.3 and 7.4), supplemented by some fundamental infor-
mation on those sensing systems (Sect. 7.2) and some interesting applications
(Sect. 7.5).
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7.2 Principles of Colorimetric and Fluorescence Sensing
Mechanisms

A colour change of a substance, whether it is due to absorbance or fluorescence, can
easily be detected by the human eye or by using simple spectrophotometric
instruments, resulting in visual and optical monitoring respectively. Below, it is
briefly explained how absorbance and fluorescence can be used in sensing mech-
anisms. For a more detailed description on colour chemistry and chromic phenom-
ena, the reader is referred to extensive works by Zollinger and Bamfield [14, 15].

7.2.1 Absorbance-Based Sensing

In general, a molecule will absorb electromagnetic energy if the energy of the light
is equal to the energy difference between the occupied and unoccupied molecular
orbitals. Molecules showing absorbance in the visual part of the electromagnetic
spectrum, are characterised by a linear or cyclic system of conjugated double bonds,
since the excitation of electrons from & to &* orbitals in a conjugated system does
not demand a lot of energy. This means that light of lower energy, i.e. light of
longer wavelength corresponding to the visual part of the electromagnetic spec-
trum, is absorbed. Every impulse causing significant changes to the energy levels of
this conjugated system, can be seen as a colour change since the absorbed wave-
length are changing too. These colour change phenomena are classified according
to the stimulus that causes the change: photochromism (light), electrochromism
(oxidation/reduction), thermochromism (heat), solvatochromism (solvent polarity),
ionochromism (ions), halochromism (pH), etc. In the electrospinning community,
pH-sensitive nanofibres are gaining attention. These fibres are mostly based on
halochromic dyes, characterized by a change in electron configuration upon pro-
tonation/deprotonation. The clearly visible colour change of halochromic dyes is
mostly based on a ring opening (Fig. 7.1) or a tautomerism (Fig. 7.2), illustrating
the significant changes of the conjugated systems.

HO. O g OH [oX O ‘ (o}
(o] _— A
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Fig. 7.1 Ring opening upon deprotonation of phenolphthalein halochromic dye (left: colourless,
right: red)
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Fig. 7.2 Shift from the ammonium to the azonium tautomer upon protonation of aminoazo dyes
resulting in a colour change

7.2.2 Fluorescence-Based Sensing

When a molecule absorbs energy and is brought to an excited state, one of the
possible ways to lose that energy is fluorescence, i.e. emission of visible radiation
from the lowest vibrational level of the excited state to any of the vibrational levels
of the ground state. The emitted light has lower energy and thus longer wavelengths
than the absorbed radiation due to a loss of vibrational energy in the excited state.
The difference in wavelengths between the absorption and the fluorescence spectral
peaks is called the Stokes shift. It is very important for a sensor system that this
Stokes shift is as large as possible to minimize the interference of the excitation
light with the fluorescence emission [16].

Unlike colorimetric sensors, most fluorescent sensors do not register a shift in
colour, but an increase or decrease in fluorescence intensity caused by an external
stimulus. A fluorophore can show increased/decreased fluorescence upon
(i) collision with the analyte, (ii) reversible binding with the analyte or (iii) analyte
recognition of a linked receptor group (Fig. 7.3a) [17]. The latter sensing mecha-
nism depends mainly on photoinduced processes, such as photoinduced electron
transfer (PET), and Forster resonance energy transfer (FRET) [18]. PET describes
processes that prevent the relaxation of the excited state electron due to the coupling
of an electron donor or acceptor moiety. The fluorescence that normally follows the
relaxation is therefore quenched. In first instance, PET can be used for sensing of
analytes efficiently quenching fluorescence via the PET process. Most explosives
and several biological materials (peptides, proteins, etc.), for instance, are electron-
deficient compounds preventing relaxation of excited state electrons of fluorescent
probes [19, 20]. A second way of using the PET process as sensing mechanism
consists of coupling a fluorophore and an electron donor/acceptor. When an analyte
prevents the exchange of electrons between the two, PET is cancelled and the
fluorescence is regained, also making analyte sensing possible (Fig. 7.3b). FRET
energy transfer occurs between two fluorophores with spectral overlap. Fluores-
cence of the donor fluorophore is quenched since it emits at wavelengths that
overlap with the absorption spectrum of the acceptor fluorophore, resulting in
acceptor emission. When the energy transfer is hindered in the presence of an
analyte, the fluorescence of the donor is restored (Fig. 7.3c).

Although the changes in fluorescence often can be seen with the naked eye, most
fluorescent sensors are not used for visual detection because of the need for a
specific illuminating source (at the exciting wavelengths) and possible spectral
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Fig. 7.3 Sensing mechanisms based on fluorophore-analyte interactions (a), with a focus on
photoinduced electron transfer or PET (b) and Forster resonance energy transfer or FRET (c)
(Sources: (a) [17] (b, ¢) [18])
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Fig. 7.4 Setup for optical monitoring of solid fluorescent sensors (Source [21])

overlaps. However, optical monitoring using solid fluorescent materials is possible
using relatively simple equipment such as LED light sources and CCD cameras or
compact inexpensive spectrometers (Fig. 7.4) [10, 21, 22]. Additionally, optical
monitoring of sites inaccessible to conventional setups or over longer distances and
several spots is possible using fibre optics [16, 23]. In order to compensate for
varying conditions, such as illumination intensity or presence of oxygen,
ratiometric detection of analytes can be applied [17, 24, 25]. This implies using
an indicator dye and a dye inert for the analyte, allowing a referenced measurement.

7.2.3 Materials for Colorimetric and Fluorescence Sensing

Dyes supplying a colorimetric or fluorescent signal are widely used in biochemis-
try, biology, medicine and analytical chemistry for biological staining, identifica-
tion of chemical structures and reactions, titration, ion detection, solvent
characterization, etc. [14] For sensor applications, the indicator molecules need to
be immobilized, either in liquid or in solid phase, to facilitate a measurable
interaction with an analyte. A lot of effort has been done to immobilize indicator
dyes on solid substrates for use in optical sensor systems, since a solid matrix
encapsulates the indicator while it remains accessible to the analytes [7]. Think of
the use of pH-indicator paper; rather than adding the dye itself to the solution, the
solid substrate provides information on the solution without contaminating it.

As mentioned in the introduction, electrospun nanofibres have received great
attention for their benefits in sensor applications due to their improved sensitivity
and response time in comparison to other solid substrates. Solvent electrospinning
is a relatively simple process to produce nanofibres from polymer solutions and is
therefore the most commonly applied [26, 27]. There are several ways to obtain
usable optical properties of nanofibres produced through solvent electrospinning,
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resulting in a material suitable for absorbance- or fluorescence-based sensing.
These include dye-doping, covalent bonding of dyes and use of conjugated poly-
mers. These methods are addressed in the following sections of this chapter. Within
this discussion, the use of nanoparticles is omitted.

7.3 Nanofibrous Sensors Based on Dye-Doping

7.3.1 Dye-Doping: A Fast and Easy Procedure
Jor the Production of Colorimetric and Fluorescent
Nanofibres

A lot of research has been focussing on the development of new and improved dye
molecules for sensor applications. Mohr, for instance, reviews developments in the
use of (reversible) covalent bonding to detect neutral and ionic analyte molecules
such as cyanide, formaldehyde, amino acids, peptides, proteins, etc. [8]
supplementing indicator dyes primarily based on hydrogen bonding, Coulomb,
Van der Waals and hydrophobic interactions. Incorporation of specific dyes into
nanofibrous structures allows us to combine the extensive knowledge on indicator
dyes with the advantages of the nanoscale diameters, leading to new and improved
sensors with extraordinary properties. Fantini et al. have studied dye, fluorophore
and pigment colouration of nanofibres through addition of powders to the polymer
electrospinning solution, i.e. doping of the solution. They have found that addition
of organic dyes and fluorophores does not significantly affect the electrospinning
process or the nanofibre morphology [28]. However, great alterations were
observed when pigments are used. Van der Schueren et al. concluded that this is
due to an insufficient solubility in the electrospinning solution, since the same
behaviour is observed for dyes that are not well dissolved in the solvent system
[29]. Functionalization of a wide variety of nanofibres with indicator dyes is thus
easily achieved by dye-doping when taking into account the solubility of the dye in
the electrospinning solution.

A major part of the research on nanofibres for visual and optical monitoring is
focussed on developing pH-sensitive membranes. pH plays an important role in a
diverse set of applications, including protective clothing and safety, environmental
pollution, agriculture and the biomedical field [13, 30, 31]. Moreover, a wide
variety of halochromic indicator dyes is available. Van der Schueren
et al. explored the feasibility of using commercial pH-indicator dyes for
dye-doping polyamide 6.6 (PA66) nanofibres [29]. This resulted in a wide range
of nanofibrous membranes showing halochromic behaviour, which could differ
from the indicator dyes in solution. The pH-range of the colour change shifts
and/or broadens and even the colour itself can be influenced, all depending on the
strength and mode of interaction between the polymer matrix and the dye. Two
follow-up studies, incorporating the commercial azo indicator Nitrazine Yellow
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(NY) in polyamide (PA) or in polycaprolactone (PCL) and PCL/chitosan
nanofibres, study the influence of a polymer nanofibrous matrix on the halochromic
behaviour of an indicator dye in more detail [32, 33]. From these studies, it can be
concluded that the changing microenvironment of an indicator dye due to incorpo-
ration into nanofibres influences the halochromic behaviour on three levels: (i) the
absorbance spectrum (i.e. the colours), (ii) the dynamic pH-range (pK,, broadening)
and (iii) the response time. For instance, NY-doping of PA6 and PA66 nanofibres
resulted in a slight shift of the acidic and alkaline wavelength maxima, and a shift
and broadening of the dynamic pH-range. When using PCL as the matrix polymer,
the halochromic behaviour of NY is even completely suppressed. Addition of
chitosan to this system restores the halochromic behaviour again. Moreover, the
PCL/chitosan nanofibres have superior wetting behaviour in comparison with the
PCL nanofibres, effectively lowering the response time from 3 h to 5 min. These
studies thus show that a well-considered choice of nanofibrous matrix is crucial.
Additionally, the dye systems can be studied. Agarwal et al. for instance, describe
the use of a combination of five commercially available indicator dyes in a specific
ratio for dye-doping of PA6 nanofibres, resulting in pH-sensitive nanofibrous
membranes capable of detecting pH values in de range of 1-10 by indicating a
unique colour code for each pH [34]. Also the design of new indicator dyes opens
up many possibilities. Trupp et al. for example, report on the development of
functional hydroxyazobenzene dyes with pK, values tailored by appropriate choice
of substituents for the para substituted phenols [35]. Kim et al. used an in-house
synthesized halochromic dye for doping polyacrylonitrile (PAN) nanofibres.

Also fluorophores, capable of sensing a wide variety of analytes, have been
incorporated into nanofibres by a simple doping technique. However, fluorophore
dye-doping is less straightforward since undesirable quenching phenomena can
complicate the process [28]. Liang et al. doped poly(diallyldimethylammonium
chloride) (PDAC) with fluorescein and three other fluorescein derivatives, produc-
ing nanofibrous membranes suitable for detection of pH variations and biomole-
cules. They found that the dye concentration was characterized by an optimum,
since the fluorescence signal increases in intensity with increasing concentration
only when self-quenching is not significant [36]. Not only the dye concentration
was found to affect the sensor performance, but also the fibre diameter and the pore
structure. Tao et al. found that porphyrin-doped silica nanofibres for detection of
TNT-vapours showed enhanced sensitivity when the fibre diameter is reduced
and/or pores are introduced [37]. They ascribed this to improved analyte diffusion
and a larger relative amount of quenched porphyrin molecules. Also Yang
et al. reported on improved sensor performance by introducing secondary porous
structures into nanofibres [38]. It should be noted, however, that fluorescent dye
molecules are sensitive to quenching by oxygen and that nanofibres with smaller
sizes are quenched more rapidly due to a higher oxygen diffusion, effectively
reducing the emission lifetime of the nanofibrous sensors [39]. Ner et al. report
on a different strategy for enhancing the fluorescence of dye-doped nanofibres,
namely the exploitation of a preferential interaction of the fluorophore with the
nanofibrous matrix minimizing quenching effects [40]. They dye-doped
deoxyribonucleic acid (DNA) nanofibres, since many fluorescent dyes are known
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for their ability to bind to or intercalate with DNA. When comparing DNA and poly
(methyl methacrylate) (PMMA) nanofibres and films containing such a dye, the
effect of both the nanofibrous structure and the preferential interaction could be
compared. The fibre morphology was responsible for a 5-6 fold amplification,
whereas the specific interactions between the fluorophore and DNA resulted in an
18-21 fold amplification. This result highlights the importance of dye-fibre inter-
actions, not only for colorimetric sensors but also for fluorescent sensors.

7.3.2 The Power of Molecular Modelling of a Dye
and a Dye-Doped System

The previous section clearly illustrates the importance of understanding dye-fibre
interactions and how they affect the sensing performance of dye-doped nanofibres. A
very powerful tool, supporting experimental results, is molecular modelling of the
dye and the dye-doped system. A combination of theory and experiment is, in first
instance, very promising to gain a detailed understanding of the nature of the sensing
properties of dye molecules. It is for instance paramount to understand the mecha-
nism causing a colour change in halochromic dyes, to be able to assess whether
incorporation into a nanofibrous matrix could affect this mechanism. De Meyer
et al. developed a theoretical procedure, based on molecular dynamic
(MD) simulations combined with time-dependent density functional theory
(TD-DFT), which can be applied to predict the properties of (azo) dyes in aqueous
environment [41]. It is thus possible to understand the structural differences at the
molecular scale on the origin of halochromism. Additionally, De Meyer
et al. demonstrated in a recent study that a computational study can provide crucial
information on the effects of substituents of a chromophore on its halochromic
behaviour [42]. This makes predictions possible for hypothetical dyes with the
same chromophore and for existing dyes in another environment, such as a
nanofibrous polymer matrix. Eventually, this opens up the possibility of future design
of tailor-made dyes for specific application or incorporation in a specific matrix.
Molecular modelling was used to explain the difference in halochromic behav-
iour of Nitrazine Yellow (NY) in aqueous solution and the three nanofibrous
polymer matrices described in Sect. 7.3.1 [32, 33]. Ab initio calculations of the
neutral and deprotonated dye molecules were used to confirm that the suspected
azo-hydrazone tautomerism (Fig. 7.5) is responsible for the halochromic behaviour.
These results indicate that changes at the azo group (N =N) induce the colour
change. Subsequently, model systems for PA, PCL and chitosan were constructed,
allowing the evaluation of the interactions of NY with the polymer matrices. This
revealed that the ester groups of PCL interact with the chromophore via long-range
interactions, shielding the NY azo group from any interaction with water mole-
cules, effectively prohibiting any halochromic behaviour. Interaction with chitosan,
however, is very different, showing hydrogen bonding and electrostatic interactions
between the sulphate groups of NY and the amino groups of chitosan. These
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Fig. 7.5 Azo-hydrazone tautomerism of Nitrazine Yellow (left: blue, right: yellow)

interactions do not shield the halochromic azo group and deprotonation in alkaline
environment is possible. Additionally, theoretical modelling allows for an estima-
tion of the Gibbs free energy of the interactions, resulting in a value of —35.6 kJ/
mol for PCL and —132.3 kJ/mol for chitosan. NY therefore preferentially interacts
with chitosan, explaining the restored halochromic behaviour of NY upon chitosan
addition to the PCL nanofibrous matrix. This example illustrates the power of
molecular modelling to supplement the experimental results, gain understanding
in sensor mechanisms and predict the behaviour of future dye-doped systems.

7.3.3 The Main Problem of the Dye-Doping Technique:
Dye-Migration

Although the dye-doping technique results in easy-to-produce nanofibrous sensor
membranes, dye leaching is a major problem [29, 32, 34]. This not only affects the
long-term sensitivity and stability of the sensor, but the toxicity of the leaching dye
may be of significant concern. Van der Schueren et al. showed that leaching could
be countered by adding a polycationic complexing agent (PDAC) to the
electrospinning solution, so that diffusion of the complexed dye molecule is
hindered [29, 33]. However, this does not always eliminate leaching effects
completely and for some dye molecules complexation is not possible. Covalent
linkage of the dye to a suitable matrix appears to be the most efficient immobili-
zation method, resulting in materials with negligible leaching [4, 9, 16, 17, 35,
43]. Since dye leaching is not a problem specific to nanofibrous sensors [7],
research into new dyes suitable for covalent bonding is quite extensive [4, 9, 16,
35,44, 45]. For instance, Mohr et al. report on the development of indicator dyes for
biomedical sensing applications, covalently linked through an ether bond that is
also stable in the presence of enzymes [4]. Today, the major challenge in the
development of nanofibrous colorimetric and fluorescent sensors is to apply the
present knowledge on dye immobilization to nanofibres, without compromising the
processability in the electrospinning process or the resulting nanofibre morphology.
It is also clear that, similar to incorporation through dye-doping, covalent bonding
of an indicator dye can cause significant changes in the sensing behaviour compared
to the free dye, since both the molecular composition and the microenvironment of
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the dye are changed [9, 35]. Even though it requires a more rigorous design than
dye-doping with commercially available dyes, some nanofibrous colorimetric and
fluorescent sensors based on covalently bonded dyes are reported in literature,
which will be reviewed in the next section.

7.4 Nanofibrous Sensors Based on Functional Polymers

As discussed in the previous section, leaching of the functional component providing
the colorimetric or fluorescent properties of the nanofibres can be a significant
problem. Using functional polymers, unable to leach out of the nanofibrous
membranes, is a valuable approach to this problem. In general, there are two types
of functional polymers suitable for the production of nanofibrous sensors for visual
and optical monitoring: (i) functionalized polymers containing a sensing molecule
covalently bonded to the backbone and (ii) polymer with a backbone consisting of a
conjugated system of m-bonds, showing inherent colorimetric or fluorescent properties.

7.4.1 Functionalized Polymers

Although the research on covalent immobilization of indicator dyes has resulted in
many applicable solutions to the dye leaching problem (Sect. 7.3.3), there are not many
studies reporting on the use of this technology to produce colorimetric and fluorescent
nanofibres. Wang et al. describe the use of pyrene methanol (PM), a fluorescent
indicator showing a large Stokes shift, high quantum yield, strong absorbance, and
excellent photostability and lifetime. PM was covalently attached to a polyacrylic acid
(PAA) backbone, which was subsequently used to electrospin together with a cross-
linkable polymer [46, 47]. The use of the functionalized polymer resulted in
nanofibrous membranes showing good sensitivity towards electron-deficient metal
cations (Fez+, Hg2+) or nitroaromatic compounds (DNT, TNT) by fluorescence
quenching, with a minimized self-quenching effect. Zhang et al. postulate that
functionalization after the electrospinning process would be beneficial, since the
indicator dye is then located on the surface of the nanofibres, resulting in a shorter
diffusion path of the analyte to the dye [48]. They produced pH-sensitive colorimetric
nanofibres with a response time of a few seconds by covalently bonding phenolphtha-
lein to polyacrylonitrile (PAN) nanofibres after the electrospinning process by first
aminating with ethylenediamine and a Mannich reaction. Ondigo et al. used a similar
approach for the production of Fe**-sensitive colorimetric nanofibres [49]. They
applied a surface modification of electrospun poly(vinylbenzyl chloride) (PVBC)
with an imidazole derivative. The derivative acts as a ligand for Fe** cations and
induces a clearly visible colour change. It can thus be concluded that both the use of
a functionalized polymer in the electrospinning process and the modification of
electrospun polymers can be of interest for the production of colorimetric and
fluorescent sensors, but the true potential of both methods has yet to be exploited.
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7.4.2 Conjugated Polymers

Polymers with conjugated double bonds in the main chain are characterized by
several peculiar properties. They are semiconductors or conductors and interact
with light [50], meaning that they can also be exploited for their optical properties.
In literature, only a few reports on the use of conjugated polymers for optical
monitoring can be found, probably due to the difficulties of processing the polymers
in the electrospinning process. Researchers of the Beijing National Laboratory for
Molecular Sciences have published a few paper on the use of novel polycyclic
conjugated polymers for the production of nanofibrous sensing membranes [19, 51,
52]. They are, however, not electrospinnable in pure form and are electrospun using
a mixture with polystyrene (PS). PS was chosen as a carrier polymer since it has
appropriate hydrophobicity leading to a well-dispersed phase of the conjugated
polymer, has negligible fluorescence emission in the measured wavelengths, and is
soluble in a common solvent. Through this blend electrospinning process, a
nanofibrous membrane showing excellent fluorescence quenching by explosive
vapours was produced. Similar to the effects of fibre morphology reported for
fluorophore-doped membranes (Sect. 7.3.1), both lowering the fibre diameter and
introducing secondary pores by adding a surfactant to the electrospinning solution
improved the fluorescence quenching significantly [19, 51]. Additionally, the
membrane showed good sensitivity towards some haemproteins due to a FRET
mechanism; the absorption maximum of the haemproteins is close to the emission
maximum of the conjugated polymer [52].

Another interesting approach, resulting in the use of nanofibres containing
conjugated polymers for sensing applications, comprises of using photopoly-
merizable monomers such as diacetylene (DA) in the electrospinning process. An
electrospinning solution containing DA monomers and a carrier polymer was
electrospun and irradiated after fibre formation, creating polydiacetylene (PDA)
with a conjugated backbone within the nanofibres. Several types of DA monomers
are commercially available, leading to PDA-containing nanofibres with a colori-
metric response (blue to red) to several organic solvents [53]. Also PDA-containing
nanofibrous membranes showing strong red fluorescence when in contact with
a-cyclodextrin and weak fluorescence for f- and y-cyclodextrins are reported
using this technique [54]. Functionalization of commercially available DA mono-
mers can lead to even more possibilities, such as colorimetric nanofibrous CO,
sensors [55].

A third and final strategy reported in literature, is based on coating nanofibres
with conjugated polymers. Wang et al. report on a layer-by-layer coating technique
for immobilizing a sensing layer on the surface of electrospun cellulose acetate
nanofibres [20]. This way, the high specific surface area of the nanofibres are
combined with localizing small quantities of the conjugated polymer on the surface,
which means the accessibility of the sensing element to the quencher is optimal and
a higher sensitivity can be obtained.

Although the synthetic routes for the production of conjugated polymers are
often difficult or time-consuming and the processability in the electrospinning
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process is often poor, the use of conjugated polymers can offer some advantages.
Foremost, no leaching of an indicator dye is possible, not even due to cleavage of a
covalent bond. Also, conjugated polymers can exhibit collective properties that are
sensitive to very minor perturbations [20], which could make them very interesting
depending on the application.

7.5 The Potential of Colorimetric and Fluorescent Sensors
for Visual and Optical Monitoring: Applications

In order to properly illustrate the potential of colorimetric and fluorescent
nanofibres, some applications are discussed in the following sections. For this,
also non-nanofibrous sensor systems showing interesting features are addressed.
In several cases, the approach can be translated to nanofibrous membranes, which
could show improved sensor sensitivity and response time due to the high specific
surface. Wolfbeis, for instance, reviews the extensive possibilities of sensor paints
[21]. He defines a sensor paint as a material that consists of a solvent, a polymeric
support and an indicator dye. This mixture can be sprayed onto a surface to produce
a thin film with sensing abilities. It is not hard to imagine that, if there is a similar
electrospinnable mixture, improved sensing performances could be obtained in
most cases. Also within the field of electronic noses, for example, there is a growing
interest in optical systems based on absorbance and fluorescence with enhanced
sensitivity [56]. Consequently, some broader applications of colorimetric and
fluorescent sensors for visual and optical monitoring are covered in this section.
Additionally, a short recapitulation of the application domains of the nanofibrous
sensors discussed in previous sections is given in Table 7.1.

7.5.1 Environmental Monitoring and Safety

Colorimetric and fluorescent sensors are more and more applied for environmental
monitoring and safety since they can visualize several harmful gases, volatile
organic compounds (VOCs), heavy metal ions and explosives. Especially highly
sensitive colorimetric and/or fluorescent sensor arrays, capable of identifying
closely related gases or organic compounds by creating a ‘fingerprint’ pattern
(Fig. 7.6) are of interest [5, 56]. Janzen et al. postulate that few technologies are
as advanced or as inexpensive as visual imaging (digital cameras and scanners),
making cheap and portable sensor arrays possible [5]. Moreover, they state that the
demand for increasingly sensitive systems can only be met in an economical way by
using disposable sensors that are not integrated in the readout device. For this,
colorimetric and fluorescent nanofibres could offer a great solution since they are
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Table 7.1 Overview of colorimetric and fluorescent nanofibrous membranes for visual and
optical monitoring reported in literature

Sensing
Dye-doped nanofibres mechanism® | Sensing of ... Ref
Silica + porphyrin F TNT vapour [37]
PDAC + fluorescein derivatives F pH, biological material such as | [36]
peptides, proteins, etc.
DNA/CTMA +hemicyanine dye F Not specified [40]
CA +9-chloromethylantracene F Not specified (model [38]
quencher)
PA6, PA66 + commercial pH C pH [29, 32,
indicators 34]
PAN + pyran-based dye C pH [30]
PCL, PCL/chitosan + commercial C pH [33]
pH indicators
Nanofibres containing
functionalized polymers
PAA functionalized with pyrene F Fe?*, Hg®*, DNT and TNT [46, 47]
derivative vapour
PAN functionalized with C pH [48]
phenolphthalein
PVBC functionalized with C Fe?* [49]
imidazole derivative
Nanofibres containing conjugated polymers
PDA C VOCs, CO,, cyclodextrins [53-55]
H-PURET F Methyl viologen, cytochrome ¢ | [20]
In-house designed conjugated F DNT vapour, haemproteins [19, 51,
polymer 52]

C colorimetric, through visual colour change, F fluorescent, through quenching of emission

highly sensitive and have no need for electronic coupling to the readout systems.
Yoon et al. illustrated the use of a colorimetric nanofibrous sensor array by
developing PDA-containing nanofibres based on four types of commercial
diacetylene (DA) monomers, showing a different response to several organic
solvents (Fig. 7.7). This type of material, i.e. colorimetric sensors for detection of
chemical gases and vapours, can also make a difference in protective clothing.
Table 7.1 illustrates that a major part of the research on colorimetric nanofibres is
focused on pH-sensitivity, making visual detection of acid or alkaline vapours
possible.

Another popular research topic within environmental monitoring and safety, is
the detection of explosives. It is possible to detect certain explosive vapours
containing electron-deficient nitroaromatic compounds able to quench
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Fig. 7.6 (a) Creation of a ‘fingerprint’ pattern of decylamine using a 36-dye colorimetric sensor
array, showing the colour pattern before and after exposure (left and middle resp.) and the
subtraction (right) yielding a difference vector in 108 dimensions (i.e. 36 changes in red, green
and blue colour values) (b) Illustration of the identification of several chemical substances using a
25-dye colorimetric sensor array (Sources: (a) [5] (b) [56])
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Fig. 7.7 Colour pattern of
four polydiacetylene-
containing nanofibrous
membranes in response
organic solvents. The
nanofibrous samples were
created with four different
commercial diacetylene
monomers with different
responses to the
investigated solvents,
resulting in a ‘fingerprint’
pattern (Source [53])
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Fig. 7.8 Fluorescence quenching in response to exposure to DNT vapour for 30 min of nanofibres
(a vs. b) and a dense spin-cast film (¢ vs. d) containing a fluorescent conjugated polymer.
Nanofibres show good quenching behaviour whereas the spin-cast film does not, indicating a

higher sensitivity (Source [51])

fluorescence. Long et al. demonstrated the large difference in sensitivity towards
explosive vapours between electrospun nanofibres and spin-cast films (Fig. 7.8),
illustrating the potential of nanofibrous sensors for this application.
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7.5.2 Biomedical Sciences

The amount of measurable parameters in biomedical sciences through visual and
optical monitoring is enormous. It is, for instance, possible to detect volatiles or
gases related to infections, intoxications, metabolic diseases, etc. [56] Also mea-
suring compounds of biological importance, such as haemoglobin [52], bacteria
[25], metabolites [57], ions [49] and proteases [58], has already been reported. A
major parameter being researched for biomedical purposes is pH, this because it is a
biological marker for processes such as wound healing and infection [31, 59, 60]
(illustrated in Fig. 7.9) and tumour metabolism [25]. In a recent review by
Dagarville et al. the importance of sensors and imaging for wound healing is
discussed [31]. They conclude that a sensor system monitoring wound parameters
such as pH can significantly aid wound management. For example, often wound
dressings are changed prematurely out of precaution, whereas the wound itself
would benefit from fewer disturbances. A nanofibrous wound dressing containing
an indicator molecule could give an indication of the condition of the wound,
adding some objectivity to wound management. Additionally, nanofibres are
known to aid wound healing. Indeed, nanofibrous nonwovens mimic the natural
structure of the native extracellular matrix (ECM) providing structural support for
cells in human tissue, making them ideal for fast and scar-free healing [61,
62]. They also allow for oxygen permeation, drainage of wound exudate, protection
against infection and dehydration, good wound covering, etc. [63, 64]. The use of
nanofibres could therefore give rise to dressings both stimulating and monitoring
wound healing.

40 55 65 75 90 40 55 65 75 90 40 55 65 75 90 40 55 65 7.5 9.0
pH pH pH pH

Fig. 7.9 Healing phases and pH during cutaneous wound healing (A/E: inflammation, B/F:
granulation, C/G: reepithelialisation, D/H: chronic venous ulcer). Decreasing pH values reflect
wound healing (Source [25])
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7.5.3 Others

There are several other domains in which sensing mechanisms could benefit from a
nanofibrous structure, including food technology, agricultural monitoring, moni-
toring of industrial processes and marine research [21]. Vu et al. report on a
UV-activated oxygen indicator for intelligent food packaging, enabling consumers
to evaluate the food quality through a visual signal [65]. The indicators are brightly
coloured until they are irradiated with UV-light, after which they only regain their
colour in the presence of oxygen. The recovery time of the spin-coated materials
was 4 h, which is significantly lower than other reported systems. It is feasible that
the recovery time would be even more reduced when using this indicator in
electrospun material, optimizing the use of sensor for food spoilage. An interesting
example of a more technical application of a fluorescent sensor is reported by
Nguyen et al. [16]. They describe the use of a fluorophore covalently attached to a
polymer network by copolymerization for the monitoring of pH in steel-reinforced
concrete structures. The embedded steels are only passivated at pH values higher
than 10, making monitoring of the pH in the alkaline region important. The
response time was sufficiently fast since the sensor was only used over longer
periods of time. However, the reported slow diffusion and response time could be
significantly improved using nanofibres, possibly making this a material suitable for
a wider range of application demanding pH-monitoring in the alkaline region. The
possibilities of colorimetric and fluorescent sensors are thus endless, taking into
account all the applications already using these types of sensors but that could
benefit from the nanofibrous structure.
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Chapter 8
Electrospun Fluorescent Nanofibers
for Explosive Detection

Anitha Senthamizhan and Tamer Uyar

Abstract Development of an instant on-site visual detection method for 2,4,6
trinitrotoluene (TNT) has become a significant requirement of the hour towards a
secured society and a greener environment. Despite momentous advances in the
respective field, a portable and reliable method for quick and selective detection of
TNT still poses a challenge to many reasons attributing to inappropriate usage in
subordinate areas and untrained personnel. The recent effort on the fluorescent
based detection represents as one of easy method in terms of fast response time and
simple on/off detection. Therefore, this chapter provides a consolidation of infor-
mation relating to recent advances in fluorescence based TNT detection. Further,
the main focus will be towards advances in the nanofibers based TNT detection and
their reason to improving the sensitivity.

8.1 Introduction

The last few decades has experienced extensive urbanization and industrialization,
resulting in the extraordinary mobilization of natural resources, ultimately causing
environmental pollution. The pollution caused by the harmful explosives 2,4,6
trinitrotoluene (TNT) has been regarded as a ruinous element, looked upon as a
security threat. TNT has been listed on the United States Environmental Protection
Agency (US EPA) priority pollutants: a known mutagen, causing pancytopenia as a
result of bone marrow failure [1]. One of the striking features of these aromatic
nitro compounds has been their resistance to chemical or biological oxidation and
hydrolysis attributed to the presence of electron-withdrawing nitro groups present
in them [2-4].
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Subsequently, owing to their resistance, their treatment and remediation tech-
niques pose a serious threat. In addition, TNT has a very low mobility once
adsorbed into the soil. As set by the US EPA, the maximum allowable concentra-
tion of these compounds in drinking water are about 2 parts-per-billion (ppb) and a
resident soil screening level of 19 milligrams per kilogram (mg/kg) and an indus-
trial soil screening level of 79 mg/kg [5]. Keeping in mind the security and safety of
the public and the environment, investigations of arson, post-blast residues and
locating the buried land mines is the need of the hour. This has grabbed the attention
and interest for the detection of nitroaromatic explosives in the recent years [6,
7]. Following the speculation and the need, numerous methods have been devised
for the detection of TNT, namely gas and liquid chromatography, mass spectrom-
etry, surface plasmon resonance (SPR), surface enhanced Raman scattering
(SERS), field-effect transistors, electrochemical methods and fluorescent and col-
orimetric methods [8—12]. These techniques, however, suppose to be time consum-
ing, requiring bulky equipment with a tedious way of preparing the sample and
usually require an expert operator. Apart from these methods, biological methods
such as bioreactors, bioslurry treatment, and passive subsurface biobarriers have
been put into use for developing efficacious method in reducing TNT concentra-
tions [3-6].

Further, most of the methods and systems have the disadvantage of not being
able to be downsized, lacking the ability to be performed in an automated high-
throughput analysis. This calls in for some improvement in the sensing techniques,
attracting considerable research efforts in recent years. Among the various tech-
niques, fluorescence-based sensors appear simple, cost-effective, and highly sensi-
tive detection modalities [13—17]. Adding to the list, miniaturized smart sensors
based on one-dimensional (1D) nanostructures have gained much attention owing
to their fast and high sensitivity towards enhanced adsorption. The large surface-to-
volume ratio and the high dispersivity of the nanostructured materials essentially
provide a large surface area for the adsorption and thus the enrichment of the
analyte. This also contributes to the stable immobilization of a large amount of
molecular recognition elements, resulting in the excellent improvement of the
sensitivity and selectivity of the sensor. Some such one-dimensional
(1D) nanomaterials are, silicon nanowires, metal oxide nanowires and carbon
nanotubes have been utilized to fabricate TNT sensors [18-23]. This chapter will
oversee the recent advances in the development of various techniques and
approaches designed for TNT sensors. Furthermore, we will concentrate on the
usage of electrospun nanofibers for the improved TNT sensing performance.

8.2 Colorimetric Detection

Colorimetric technique has received much attention due to its short response time,
excellent sensitivity, simplicity and most convenient to execute which highly
suitable for real time application. Until now, there have been a variety of quantum
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Fig. 8.1 Structure of the hybrid AuNR-QDs assembly and schematic illustration of FRET-based
operating principle [24a]

dots used because of its size tunable emission spectrum and apparent improvement
fluorescent dye molecules that they do not photobleach [15, 17, 19, 20]. The
quenching processes are believed to occur via analyte induced aggregation or
reversible electron transfer mechanism or chemical oxidation [21-23]. Recently
Yunsheng Xia et al. designed turn-on fluorescent TNT sensor, consisting of gold
nanorod (AuNR) and QDs for turn-on fluorescent sensing of TNT in near-infrared
region [24a]. Further, they have modified with short thiol-molecules such as
cysteamine and 3-mercaptopropionic acid (MPA), respectively to form hybrid
assembly through amine-carboxyl attractive interaction. The reported design is
shown in Fig. 8.1. In the presence of TNT, the preformed assembly gets broken
because they can replace the QDs around AuNRs, based on the specific reaction of
forming meisenheimer complexes between TNT and primary amines.

Thus, the forster resonance energy transfer (FRET) is switched off, and a more
than 10 times fluorescent enhancement is obtained. The fluorescence turn-on is
immediate, and the limit of detection for TNT is as low as 0.1 nM. Importantly,
TNT can be well distinguished from its analogues due to their electron deficiency
difference. Ellen R. Goldman demonstrated the self-assembled QD-based FRET
sensor for the specific detection of the explosive TNT in aqueous environments
[22]. The sensor consists of anti-TNT specific antibody fragments, appended with
an oligohistidine sequence, specifically immobilized on the surface of Cadmium
selenide- zinc sulfide (CdSe-ZnS) QDs. The use of an antibody fragment instead of
a full antibody provides a more compact QD conjugate and is better suited for
FRET, as distances between donor and antibody-bound acceptor are substantially
reduced. The assembled conjugate produced a substantial rate of FRET when
pre-assembled with a quencher-labeled TNT analogue. The unique optical proper-
ties of noble metal nanostructures have placed a vital role in the field of biological
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Fig. 8.2 (a) Colorimetric
visualization of TNT by
using Au NPs (containing
500 nm cysteamine). TNT
concentrations varied from
51072 2 t05%x10°m
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and chemical sensors and this has been known for long time [11, 22]. Ying Jiang
reported a simple and sensitive method for the colorimetric visualization of TNT at
picomolar levels by using gold nanoparticles [21]. In this study, cysteamine was
used both as the primary amine and as the stabilizer for Au NPs to facilitate the
Donor—Acceptor interaction between TNT and the primary amine at the Au NP
solution interface for direct visualization of TNT, based on the TNT-induced
colorimetric nano-gold aggregation phenomenon.

Figure 8.2 demonstrated the colorimetric visualization of TNT by using Au NPs.
Initially, the cysteamine-stabilized Au NPs were well dispersed in distilled water
and the color of the uniform suspension was wine red, because of the strong surface
plasmon resonance of the Au NPs. The addition of TNT to the dispersion essentially
leads to the aggregation of the cysteamine-stabilized Au NPs as a result of the
Donor-Acceptor (D-A) interaction between TNT and cysteamine, and the color of
the suspension is accordingly changed to violet blue. The clear change in the color
of the suspension could be used for the direct colorimetric visualization of TNT. As
such a color change can be readily seen by the naked eye.

Zhang K et al. prepared ratiometric fluorescence probe comprising dual-
emission QDs and the establishment of its utility for instant, on-site, and visual
identification of TNT particulates deposited on various package surfaces such as
manila envelopes, synthetic fabric bags, and rubber materials [24b]. They have
prepared two different sized Cadmium telluride (CdTe) QDs emitting red and green
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fluorescence’s, respectively; have been hybridized by embedding the red-emitting
one in silica nanoparticles and covalently linking the green-emitting one to the
silica surface, respectively, to form a dual-emissive fluorescent hybrid nanoparticle.
The fluorescence of red QDs in the silica nanoparticles stays constant, whereas the
green QDs functionalized with polyamine can selectively bind TNT by the forma-
tion of Meisenheimer complex, leading to the green fluorescence quenching due to
resonance energy transfer. The variations of the two fluorescence intensity ratios
display continuous color changes from yellow-green to red upon exposure to
different amounts of TNT.

The response of the dual-wavelength fluorescence intensity of the green emis-
sion from the reactive small QDs is gradually decreased by the addition of TNT,
whereas the intensity of the red emission from the encapsulated large QDs still
remains constant (Fig. 8.3a). The changes in the intensity ratio of the two emission
wavelengths result in a continuous fluorescence color evolution (Fig. 8.3, bottom
panel). Clearly, even a slight decrease of the green emission intensity leads to an
obviously distinguishable color from the original background with the naked eye.
The advantages of the ratiometric fluorescence for visual detection can be con-
firmed by the comparison with the single fluorescence quenching experiments
which are employed in most of the current fluorometry for TNT detection
(Fig. 8.3b). It can be seen that, unlike the ratiometric probe, the fluorescence images
of the pure green QDs are hard to distinguish among the other images by the naked
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Fig. 8.3 Dependence of the fluorescence spectra (A.x =365 nm) of (a) the ratiometric probe and
(b) the pure green QDs modified with polyallylamine upon the exposure to different amount of
TNT. (Bottom panel) Comparison between the fluorescence colors of the ratiometric probe
solutions (/eft) and the pure green QDs solutions (right) after exposure to TNT. The concentrations
of TNT from left to right are 0, 2x 107, 4 x 107, 6 x 107, 8 x 107, and 10 x 107> mol/L,
respectively. All the photos were taken under a 365 nm UV lamp [24b]
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eye. The comparison clearly shows that the ratiometric fluorescence method is more
sensitive and reliable for visual detection of TNT than a single fluorescence
quenching method, although the intensity of the green emission decreases at the
same level.

The collective oscillation of surface electrons on metal nanostructured materials
has been leveraged for the amplification of optical processes in Raman scattering.
The phenomenon of surface enhanced Raman scattering (SERS) is generally
explained by a combination of an electromagnetic (EM) mechanism describing
the surface electron movement in the substrate and a chemical mechanism related to
charge transfer (CT) between the substrate and the analyte molecules. The possi-
bility of observing raman signals, which are normally very weak, with enhance-
ments of the order of and the unique ability to obtain molecular recognition of an
analyte at very low concentrations in aqueous environment allow SERS to be
unique for ultrasensitive biological and chemical analysis and environmental sens-
ing. Based on unique SERS properties of cysteine modified gold nanoparticle,
Samuel S. R. Dasary reported cysteine modified gold nanoparticle based miniatur-
ized, inexpensive ultrasensitive SERS probe, for highly sensitive and selective
screening of TNT from aqueous solution in 2 picomolar (pM) level [25]. Due to
the formation of meisenheimer complex between TNT and cysteine, gold
nanoparticles undergo aggregation in the presence of TNT via electrostatic inter-
action between meisenheimer complex bound gold nanoparticle and cysteine mod-
ified gold nanoparticle illustrated in Fig. 8.4. The reported SERS assay is rapid and
takes less than 10 min from TNT binding to detection and analysis.

8.3 Smart Hybrid Sensor

The reported successful techniques being mostly solution-based have resulted in
stability problems, limiting their potential ability and practical applications. More-
over, the response towards analyte predominantly monitored in situ, with respect to
optical responses (color changes, intensity variation, shift in the emission spectra)
making the sensor inefficient. This necessitates a need to develop a novel and
modernistic method to fabricate a solid template-based sensor on a large scale for
technological applications. A very few methods effectively demonstrated the sens-
ing permanence of TNT in real time application [16, 26-36]. For example Daming
Gao reported a resonance energy transfer-amplifying fluorescence quenching at the
surface of silica nanoparticles for the ultrasensitive detection of TNT in solution
and vapor environments [17]. They have modified the surface of silica
nanoparticles with fluorescent dye and amine ligands. The formed hybrid can
specifically bind TNT species by the charge-transfer complexing interaction
between electron-rich amine ligands and electron-deficient aromatic rings.

The resultant TNT—amine complexes bound at the silica surface can strongly
suppress the fluorescence emission of the chosen dye by the FRET from dye donor
to the irradiative TNT—amine acceptor through intermolecular polar—polar
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Fig. 8.4 (a) Schematic representation of the formation of Meisenheimer complex between
cysteine and TNT, (b) Photograph showing how TNT changes the color when it forms
Meisenheimer complex with cysteine (10 mM cysteine + 1 mM TNT), (1) | mM only TNT,
(2) Meisenheimer complex after addition of 10 mM cysteine in 1 mM TNT. (c) absorption spectra
demonstrating new peaks at 520 and 630 nm due to the formation of Meisenheimer complex in
presence of 1 mM TNT. (d) Normal Raman spectra from 10 mM TNT and Meisenheimer complex
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Fig. 8.5 Regular array assembly of fluorescein isothiocyanate (FITC) -NH,-silica nanoparticles
on the silicon wafer with etched microwells. Confocal fluorescence images show the evolution of
the brightness and size of fluorescent dots on dropping 10 pL of TNT solution of different
concentrations [17]

interactions at spatial proximity. Figure 8.5 shows the colorful fluorescence images
under laser excitation on a confocal microscope. The fluorescent dot array is highly
regular and extremely bright, and all microwells are completely filled with the
fluorescent silica particles. The evolution of the brightness and size of fluorescent
dots is clearly observed by dropping only 10 pL of TNT solution of different
concentrations onto the 1 x 1 cm? sized chip. The brightness and size of fluorescent
dots become smaller and smaller and ultimately disappear with the increase of
concentration from 1 x 1077 to 10" M. However, the nanoparticle chip seems to
have a more sensitive response to the ultratrace amount of TNT than the nanopar-
ticle suspensions. As shown in the Fig. 8.5, 10 pL of 1 nM TNT can result in a
surprising reduction of the brightness and size of fluorescent dots under confocal
microscope. It is thus estimated that 2 pg of TNT can clearly be detected using the
nanoparticle-assembled chip. Moreover, one of the main advantages of the detec-
tion chips is that less amount of sample is needed for an ultratrace-level detection,
due to the collective effect of particle assembly in the microwells. Therefore, the
microchips can be used as a convenient indicator of TNT residues.

Kalathil K. Kartha reported that a fluorescent organogelator exhibits superior
detection capability for TNT in the gel form when compared to that in the solution
state [37]. The gel when coated on disposable paper strips detects TNT at a record
attogram (ag, 10™'® g) level (12 ag/cm?) with a detection limit of 0.23 ppq. The
contact-mode response to TNT by the filter paper strips was tested by placing TNT
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Fig. 8.6 Photographs of perfluoroarene-based gelator coated test strips under different experi-
mental conditions. (a) TNT and (b) RDX crystals on fop. (¢, d) Corresponding photographs upon
removal of the crystals after 5 s. (e) After dipping into solutions of TNT (/eft) and RDX (right) in
acetonitrile (1 x 10 M). (f) Thumb impression after rubbing with TNT crystals (All photographs
were taken under 365 nm UV illumination [37])

crystals over a test strip for 5 s, resulting in black spots upon illumination with a UV
lamp (Fig. 8.6a, c). The same experiment was repeated with 1,3,5-trinitro-1,3,5-
triazinane (RDX), and no spots corresponding to fluorescence quenching were
found (Fig. 8.6b, d).

In addition, the test strips were dipped into acetonitrile solutions of TNT and
RDX, and fluorescence quenching was observed only in the case of TNT
(Fig. 8.6e). In another experiment, a human thumb was rubbed with TNT, and
then all visible TNT particles were brushed off, followed by pressing the thumb
against a test strip. The fingerprint of the thumb could be seen as quenched
luminescence when illuminated with UV light (Fig. 8.6f). As a control experiment,
the thumb (gloved) which was not contaminated with TNT was pressed on the test
strip, and no fingerprint was seen. These images illustrate the utility of the
gel-coated test strips for the on-site instant visualization of trace residues of TNT
present on a specimen. Christina M. Gonzalez also reported the dodecyl groups
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PETN RDX

Fig. 8.7 Images of Si-NC coated filter paper under a handheld UV-lamp without the presence of
nitrocompounds and in the presence of solutions of TNT, PETN, and RDX, as indicated [38]

functionalized luminescent silicon nanocrystals (Si-NCs) for nitroexplosive detec-
tion [38]. They found that Si-NC luminescence was quenched upon exposure to
nitroaromatics via an electron transfer mechanism and a straightforward paper-
based Si-NC sensor was developed which is found to be sensitive to solution, vapor,
and solid phase nitroaromatics, as well as solution borne RDX and pentaerythritol
tetranitrate (PETN) as illustrated in Fig. 8.7.

The meticulous animals changes their skin color to communicate, to express
mood, for camouflage, or to respond to environmental changes due to their various
nano and microscale components in their tissues [39-41]. Inspired by nature,
sensors are being developed that change color in response to target chemicals by
employing biomimetic structures and mechanisms. Jin-Woo Oh reported the self-
assembly of genetically engineered viruses (M13 phage) into target-specific color-
imetric biosensors [42]. The sensors are composed of phage-bundle nanostructures
and exhibit viewing-angle independent color, similar to collagen structures in
turkey skin.

On exposure to various volatile organic chemicals, the structures rapidly swell
and undergo distinct color changes. Furthermore, sensors composed of phage
displaying TNT binding peptide motifs identified from a phage display selectively
distinguish TNT down to 300 ppb. As the concentration of applied TNT vapor
increased, the TNT—Phage litmus showed pronounced color changes due to struc-
tural changes induced by TNT binding illustrated in Fig. 8.8. Moreover they
confirmed that TNT binding to TNT-Phage litmus through Fourier transform—
infrared spectroscopy analyses. They analyzed the specificity of the phage matrices,
by comparing the sensing performance of DNT and MNT. On exposure to TNT
(20 ppm), DNT (20 ppm) and MNT (300 ppm) vapor, the TNT—Phage litmus
showed selective response to the TNT molecules, more than three and five times
higher compared with DNT and MNT, respectively (Fig. 8.8c).
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Fig. 8.8 (a) Two thousand and seven hundred copies of the TNT-binding receptor identified by
directed evolution are genetically engineered onto the surface of M13 phage (TNT phage). (b) Using
the iPhone-based analysis system, TNT is detectable down to 300 ppb in the gas phase. The dashed
redline indicates the sensitivity limit of the TNT—Phage litmus against TNT. (c¢) Photos and processed
color fingerprints from the TNT-Phage litmus after TNT, DNT and MNT exposure. The TNT-Phage
litmus selectively detects the target TNT (20 ppm) over other molecules with similar chemical
structures, such as DNT (20 ppm) and MNT (300 ppm). (d) Principal component analysis plot of
the color changes resulting from the exposure of the Phage litmus to TNT, DNT and MNT [42]

8.3.1 Fluorescent Electrospun Nanofibers for Explosive
Detection

Recently, much attention has been paid to the development of novel sensing
materials for explosives in terms of improved sensitivity and selectivity [43]. How-
ever, it should be notable that multiple procedures are still required to fabricate such
fascinating materials with controlled one dimensional structure. Compared with
various chemical and physical methods have been developed so far, fluorescence-
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based sensing performance attracts much consideration due to its high sensitivity
and simplicity. However, the required multi-step processes restrict their practical
applications in somewhat. To overcome this limitation, the researchers were
adopted electrospinning technique to prepare one dimensional nanofiber and
extended to incorporate various kinds of active materials in to them [44—
51]. Yanke Che reported that nanoporous nanofibers fabricated from carbazole-
based tetracycles allow for slow diffusion and strong encapsulation of TNT mole-
cules within the nanopores, thus resulting in postexposure fluorescence quenching
behavior, which enables selective detection of TNT among other common
nitroaromatic explosives and oxidizing reagents [52].

Feng Wang demonstrates a new electrochemical method for the detection of
ultratrace amount of TNT with synthetic copolypeptide-doped polyaniline
nanofibers [53]. The copolypeptide, comprising of glutamic acid (Glu) and lysine
(Lys) units, is in situ doped into polyaniline through the protonation of the imine
nitrogen atoms of polyaniline by the free carboxylic groups of Glu segments,
resulting in the formation of polyaniline nanofibers of emeraldine salt. The free
amino groups of Lys segments at the surface of nanofibers provide the receptor sites
of TNT through the formation of charge—transfer complex between the electron-
rich amino groups and the electron-deficient aromatic rings.

The schematic representation of the structure of poly(Glu-Lys)-doped
Polyaniline (PANI) nanofibers and their specific interaction with TNT molecules
is illustrated in Fig. 8.9. Adsorptive stripping voltammetry results demonstrate that
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Fig. 8.9 Schematic illustrations for synthesis and structure of poly(Glu-Lys)-doped PANI
nanofibers. The bottom-left inset shows the specific interaction between the doped nanofiber and
TNT molecules through the formation of charge—transfer complex [53]
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the poly(Glu-Lys)-doped nanofibers confined onto glassy carbon electrodes exhibit
a remarkable enriching effect and thus sensitive electrochemical response to TNT
with a linear dynamic range of 0.5-10 pM and a detection limit down to 100 nM.

It is well known that solid state sensing material for highly desired for vapor
detection. In most cases, the performance is readily depends on the film thickness,
which might be due to the slow diffusion of analyte vapors into the films. To reduce
the dependence of sensing performance on film thickness, a highly porous nano-
structure could be a solution, mainly attributed to their large surface to volume
ratio, inherently high porosity, and easy accessibility of sensing materials. In this
regard, electrospinning has emerged in recent years as a simple and cost-effective
approach to fabricate nonwoven nanofibrous polymer composite films with high
porosity and flexibility, which has great potential for enhanced explosives
detection.

Ying Wang developed the electrospun fluorescent nanofibrous membrane of
pyrene/polystyrene/tetrabutylammonium hexafluorophosphate (pyrene/PS/TBAH)
via electrospinning for the detection of ultra-trace nitro explosive vapors and buried
explosives by naked eye under UV excitation [54]. The schematic illustration of
experimental setup for evolution of electrospun pyrene/PS/TBAH films towards
nitro-explosive vapors is presented in Fig. 8.10. Under UV light, the fluorescence
q