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RESUMO

COMPOSITOS NANOESTRUTURADOS BASEADOS EM POLIMERO
CONDUTOR/CERAMICA COMO PLATAFORMA SENSORIAL PARA DETECQAO
DE GAS AMONIA. O desenvolvimento de novas plataformas nanoestruturadas para
aplicacdo como sensor de gases tem se intensificado ao longo das ultimas décadas.
Neste cenario, vale destacar a necessidade do sensoriamento de amonia gasosa
encontrada nas camaras de frango. A amdnia, que é produzida pela degradacéo
microbiana do acido Urico na cama de frango, além de causar significativas perdas
econbmicas para os criadores de aves, provoca danos a saude dos trabalhadores.
Apesar de estudos encontrados na literatura ja reportarem diferentes tipos de
sensores quimicos de aménia, ainda se faz necesséria a optimizacdo destes
dispositivos visando melhorar seu desempenho em termos de sensibilidade, limite
de deteccdo (LD) e confiabilidade das medidas. Assim, a presente tese visa
contribuir para o desenvolvimento de sensores com alta sensibilidade e baixo LD no
monitoramento de amobnia, através do estudo de diferentes plataformas
nanoestruturadas. Para tal, foram obtidas nanoparticulas de 6xido de zinco (ZnO)
por método hidrotérmico convencional com otimizacdo dos parametros de sintese e
nanofibras poliméricas produzidas por eletrofiagdo. As nanoestruturas obtidas foram
combinadas para a producdo de plataformas hibridas combinando nanoparticulas de
ZnO com polimeros conjugados. A sensibilidade e o desempenho de tais
plataformas foram avaliados frente a diferentes concentracdes de amonia visando
um melhor entendimento da influéncia do efeito de heterojuncéo, entre os materiais,
no desempenho das plataformas como sensor de amofnia em temperatura ambiente.
Tanto as nanoparticulas de ZnO quanto as plataformas compdésitas desenvolvidas
neste trabalho tiveram suas propriedades estruturais, morfolégicas e elétricas
estudadas de maneira detalhada. Os parametros de sintese das nanoparticulas bem
como os parametros de confecg¢do das plataformas foram otimizados em relacédo as
propriedades elétricas e morfologicas visando melhor desempenho do sensor de
amonia. Foram realizados testes frente a diferentes concentracbes de amoénia em
atmosfera controlada confirmando o melhor desempenho dos materiais compésitos
guando comparados com seus constituintes separadamente. Neste sentido, a
influéncia da composicéo das plataformas, bem como a sua conformacgéo estrutural
foi avaliada para auxiliar no entendimento das propriedades elétricas dos

dispositivos obtidos bem como nos possiveis mecanismos de deteccao.
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ABSTRACT
NANOSTRUCTURED COMPOSITES BASED ON CONDUCTING
POLYMER/CERAMIC AS A SENSING PLATFORM FOR AMMONIA GAS
MONITORING. The development of novel nanostructured platforms for application as
gas sensor has intensified over the last few decades. In this scenario, it is worth
mentioning the importance of monitoring ammonia gas in poultry farms. Such
environments are rich in ammonia, carbon monoxide, hydrogen sulfide, and organic
matter arising from the poultry waste decomposition, which remain in the air as
bioaerosol. Ammonia, which is produced by the microbial degradation of uric acid
present in the poultry waste, causes significant economic losses to poultry farmers
and is harmful to the workers. Although some studies found in the literature present
sensors capable to detect low concentrations of ammonia, it is still necessary to
optimize these devices in order to improve their performance in terms of the
sensitivity, limit of detection (LOD) and reliability. Thus, the present thesis aims to
contribute to the development of sensors with high sensitivity and low LOD for
detecting ammonia through the study of different nanostructured platforms. Zinc
oxide (ZnO) nanoparticles were obtained through the optimization of the synthesis
and treatment parameters using conventional hydrothermal method, while polymeric
nanofibers were produced by electrospinning technique. Both techniques allowed to
produce nanostructured platforms by a combination of ZnO nanoparticles and
conjugated polymers in the form of fibers, film and coating architecture. The
sensitivity and performance of such platforms were evaluated against different
concentrations of ammonia aiming to understand the heterojunction influence among
the materials on the performance of the platforms as an ammonia sensor at room
temperature. Both the ZnO nanoparticles and the composite platforms developed in
this work had their structural, morphological and electrical properties studied in detalil.
Synthesis parameters as well as the platforms deposition parameters were optimized
for attaining superior electrical and morphological properties that improved the
sensor performance regarding ammonia detection. Sensing tests were carried out
against different concentrations of ammonia under controlled atmosphere confirming
the best performance of the composite materials when compared to their constituents
separately. In this context, the influence of the platform composition, as well as
materials structural conformation were evaluated to help to understand the electrical

properties and detection mechanisms.
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1. Introduction

1.1 Composite Materials

The first composite materials obtained by men date back to ancient Egypt and
were related to straw and mud combination to obtain bricks! with good compressive
strength (mud property) and good tensile strength (straw property). In the following
centuries, civil construction advanced the use of concrete, also classified as composite
material?, as an important mark. A composite material is any material made up by two
or more constituent materials sharing a clear interface. Usually, the combined materials
present very different properties and their combination in one single material will result
in a composite with unique properties. The constituent material can be classified as
matrix, which is the continuous and often in larger amounts, or as reinforcement,
present in lower concentration. The matrix surrounds and supports the reinforcement,
which will impose its special properties to enhance the matrix properties. The
reinforcement may consist of particles (yielding particle reinforced composite), fibers
and whiskers and fabrics (yielding fiber reinforced composite) as represented in Fig.
1.1.1. Fiber reinforcement may yet consist of continuous and aligned fibers,
discontinuous and aligned or discontinuous and randomly oriented fibers®. The synergy
between matrix and reinforcement will produce unprecedented properties when

compared to the raw materials*.

The careful choice of the matrix and reinforcement materials will drive the
synergistic effect on the composite material guiding the resulting properties to meet the
right requirements for a specific application. Usually, the type of matrix material is used
to classify the composite. Metal matrix composites (MMCs) and ceramic matrix
composites (CMCs) are classified as inorganic composite combined with ceramic
reinforcement®>®°. Composites based on polymer matrix (PMCs) and reinforcements,
which provides high strength and stiffness, are classified as organic composites, and
according with their mechanical properties level they are divided in reinforced plastics or
advanced compositesi®12, Originally, the main applications of composite materials
were based on the improvement of the mechanical properties. Fiberglass can be
mentioned as the first revolutionary modern composite material followed by carbon fiber
materials, which is lighter and stronger than the first one3!3 and widely employed in



airplane structure and sports equipment!4. The new generation of composite materials
is based on carbon nanotubes, which are even lighter and stronger, but still presenting
a few drawbacks including the difficulty for dispersion, matrix compatibility and high
costs to be employed in industrial scale. The new generation of composite materials
extended the application field beyond the mechanical properties through electrical,
magnetic and optical properties!®>'8, Known as advanced composites, they are a
younger class of materials with properties not only dependent on the matrix and
reinforcement constituents, but also on the relative proportion, size of the particle
reinforcement and on the nature of the interactions that will lead the interface
connections. For instance, sensors, biosensors, catalysts, or even multifunctional and
smart materials with superior performance can be obtained using advanced

composites®23,

Particles

Whiskers Fabric

FIGURE 1.1.1: Composite reinforcement types. (Figure available in Eyring et. al.3)

1.2. Nanocomposites

Advanced composite materials having one of the phases in the nanometric
dimension (less than 100 nm), usually working as a reinforcement into the matrix, are
classified as nanocomposites. They are also classified according with their matrix
constituent, including metal matrix nanocomposites (MMNCs), ceramic matrix
nanocomposites (CMNCs) and polymeric matrix nanocomposites (PMNCs). As it has

been demonstrated in the literature, nanomaterials present enhanced properties when



compared to the same material in the micro- and macroscale due to the quantum
confinement effects and extremely high surface area?*2%. Therefore, when
nanomaterials are employed as a filler material in nanocomposites, the interfacial area
or interphase surface area will be proportional to the nanomaterial surface area and the
nanocomposite properties ruled by the dominant interactions on the interface?’?8. For
PMNCs, the nanofillers as reinforcement are commonly employed to improve the melt
strength and viscosity properties in recycled polymers. When compared to micro sized
fillers, a smaller amount of nanofiller is sufficient to achieve excellent properties without
reducing the light transmission properties of the polymeric matrix, neither substantially
increasing the density and cost of the PMNC?°. Another goal of PMNCs is the
production of fire retardant®. The inorganic nanometric reinforcement, especially in
exfoliated nanoplatelets shape, can act as a protective barrier and also increase the
melting viscosity, enhancing the nanocomposite structural stability at high
temperatures3'-33, In the case of CMNCs with matrix particles in the micron sized scale
and reinforcement in the nano sized scale, the nanofiller can occupy both inter- and
intra-granular positions and will be able to limit the matrix grain growth, enhancing the
hardness and strength properties34. When combined in similar volume fractions, matrix

and reinforced constituents will form interconnected structures hindering the growth of

each other.
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FIGURE 1.2.1: Scheme of common (nano)composite structures for ceramic materials
(a) nanoparticles occupying both inter- and intra-granular positions inside a micronic
matrix; (b) elongated nanoreinforcements embedded in a micronic matrix; (c) platelet-
like nanoreinforcements embedded in a micronic matrix; (d) containing both rounded

and elongated nanoreinforcements, embedded in a micronic matrix; (e) Bi-phasic



composite made by two immiscible ultra-fine phases; (f) Multi-phasic composite made

by three (or more) immiscible. (Figure available in Palmero et. al. %8)

1.3. Nanocomposite fabrication techniques

Three main methods have been adopted for polymer-based nanocomposites
preparation, as follows: i) nanocomposite constituent’s solution mixture; ii) polymer melt
intercalation and iii) in situ polymerization. A combination of two or more methods may
also be useful in the polymer-based nanocomposite fabrication.

In polymer melt intercalation method, the nanometric reinforcement is mixed with
the molten polymer. Intercalated or exfoliated nhanocomposites are generally obtained if
there is a great compatibility between the filler and the matrix within suitable processing
conditions®. Often a third component must be added to promote better compatibility
between the matrix and the reinforcement constituent3¢:37, Nanocomposites production
by polymer melt intercalation method has several advantages, such as the relative
simplicity of the process, large-scale production and the absence of organic solvents

that can be harmful to the environment.

For in situ polymerization process, the reinforcement is dispersed in a solution of
the polymer monomer. The monomer is expected to penetrate the intermolecular space,
causing its delamination. A good affinity between the constituent phases is essential for
a homogeneous dispersion of the system. The polymerization process is then started. It
is important that the all or part of the polymerization occurs within the filler so the
exfoliation takes place by the growth of the polymer chains within the interlamellar
space, allowing a greater dispersion of the nanometric reinforcement. This method is
very good for core-shell nanocomposite and coated nanomaterials preparation. Since it

occurs in situ, there is no limitation for the matrix geometry.

Nanocomposite solution mixture method consists on the dispersion of the
reinforcement particles in organic solution containing the polymer matrix followed by
evaporation of the solvent. It is important to use a solvent with good interaction with the
reinforcing nanoparticles to promote the disaggregation, contributing to the homogeneity

of the solution, enabling nanocomposites processing. Upon solvent evaporation, the



polymer chains are entrapped between the reinforcing particles forming multilayer
structures. The solution mixture process allows the fabrication of different platforms
conformed in specific shape, including nanofibers obtained by electrospinning technique
and thin films obtained by Layer-by-Layer technique38-40.

Electrospinning technique

Electrospinning is a fiber fabrication technique capable of producing functional
nanofibers for varied applications*—#¢, and is usually composed by a high voltage
supply, an ejection pump and a syringe as polymeric solution/melted polymer container.
In this technique, a droplet of the polymer solution contained in the tip of the spinneret is
submitted to a high electrical voltage. In this situation, the drop experiences a repulsive
electrostatic force that overcomes the surface tension forces, drawing charged threads
from the Taylor cone tip, yielding to the fiber*’ formation. Parameters such as solution
viscosity, chains entanglement, electrical conductivity and surface tension directly
influence the morphologies and geometry of nanofibers. The solution stretching is
affected by parameters including solution viscosity and electrical potential, which should
be properly selected allow the production of high quality fibers 4. The jet region is
influenced by bending and whipping instabilities that arise due to the charge-repulsion
between the excess of charges present in the jet which favors thinning and elongation
of the jet*®. While the jet travels between the needle and the collector, the solvent
evaporates producing nanofibers that are deposited on the collector®®. The fiber
formation, stabilization and collection is represented in Fig. 1.3.1.

Nanofibers mats are very interesting to be used as polymer matrix in composite
materials fabrication, since they present a high surface area and nanometric
dimensions®!. Although the most traditional application in composite materials for micro-
sized fibers is as structural reinforcement just a few works reported nanofibers as
structural reinforcement. Most of researches employing polymeric nanofibers have been
devoted to biomedical applications for slow release and cellular scaffold development
52-58 Another possibility is the incorporation of secondary phases to promotes improved
electrical and optical properties providing customized materials according with the

necessity®%-62,
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Figure 1.3.1: Electrospinning fiber formation scheme (Figure adapted from Costa et.
al.®0).

Layer-by-Layer (LbL) technique

Another convenient technique for developing nanocomposite based platforms is
the Layer-by-Layer (LbL) technique®®. LbL method is an alternative technique to
Langmuir-Blodgett (LB) technique® for thin film fabrication and it is based on multilayer
adsorption of polyelectrolytes onto a suitable substrate. LbL technique is a technique
that requires a simple experimental arrangement with low cost and scaled production.
Figure 1.3.2 represents the LbL technique procedure, which consists in alternatively
immersing a solid substrate in aqueous solutions of polyanion and polycation. The
charge of the first solution must be contrary to the substrate so the electrostatic
adsorption can occur. Between each assembly step, the non-adsorbed excess material
needs to be removed by a washing step, followed by a drying step. Next, the substrate
is then immersed into a solution of opposite charge, resulting in a nanoarchitecture
formed by alternate layers of cationic and anionic materials. The repetition of these
steps can lead to the formation of multilayer ultrathin films by physical adsorption and,

unlike the chemisorption processes, LbL method does not require the formation of



covalent primary chemical bonds. However, the self-assembling technique does not
provide the polymer chains with a high degree of organization. Srivastava, S. and
Kotov, N. A.%> presented an overview about efforts to fabricate high-quality
nanocomposites based polymeric thin films incorporating inorganic nanomaterials,
which LbL films assembly merge the properties of each isolated material resulting in
functional films. The authors also highlighted the possibility of manipulating this
functionality using inorganic nanomaterials with different geometries such as

nanoparticles, nanosheets and nanowires according with the desired property.
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Figure 1.3.2: Schematic Layer-by-Layer (LbL) self- assembly technique. (Figure
adapted from Correa et. al.®?)

Finally, for higher quality nanocomposite materials with more attractive
properties, two or more methods can be combined. The purpose of combining methods
is to take advantage of the individual methods. A good example of combined method for
nanocomposites preparation is the fabrication of nanocomposites with high
concentration of reinforcement (around 30%) widely used in the plastics industry as
color additives. They can be obtained by a combination of solution mixing methods and
in situ polymerization. Thus, the ease in prepare exfoliated materials by solution method
with the pragmatism and mass production capacity are combined®®. Another possibility

is the use of in situ polymerization method being employed for nanofibers mats coating.



A recent work presented by Chen et. al.®” reported the fabrication of a composite based
on polyimide nanofibers membranes as a template to in situ polymerization of
nanosized polyaniline particles . The as-prepared PANI/PI mats not only presented
excellent thermal and mechanical properties but also showed good electrical
conductivity, pH sensitivity, and significantly improved electromagnetic impedance when

compared with non-coated mats.

1.4. Nanocomposite application

Nanocomposite materials have been employed in a wide range of applications
including gas barrier, photovoltaic cells, heat exchangers, optically transparent
functional nanocomposite material, filtration systems, medical prostheses, tissue
template, drug delivery matrix, optoelectronics, catalysis, and electrical and optical

sensor applications!88-71 such reported by Sahay et. al.”? as illustrated in Fig. 1.4.1.
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FIGURE 1.4.1: Nanocomposites classification based on their applications. (Figure
idealized from Sahay et. al.”?)



Nanocomposites for gas sensing application

In the last few years’ great efforts have been made for developing sensitive and
selective gas sensors in order to monitor environmental pollution, industrial and public
safety and non-invasive diagnosis®®73-6, Such sensors are intended to detect low
concentrations of gas in the surrounding atmosphere at specific conditions, including
under distinct humidity and temperatures levels. Usually, resistive-type metal oxide gas
sensors are attractive once they present high sensitivity, low cost and simple operation.
However, they present poor selectivity and better performance at high temperatures.
Recent studies have reported the improvement of metal oxide gas sensors selectivity
using secondary phases to form composite materials’’. Mirzaei, A. et. al.”® reported the
greater gas sensitivity for Ag/Fe203 core-shell nanocomposite compared with the pure
Fe20Os semiconductor. Ag metallic nanoparticles was used as filling in Fe2Os ceramic
matrix. The Fe203 shell is showed to be thin enough to allow the chemical and
electronic sensitization of the Ag nanoparticles when in contact with NO2 gas. The
authors proposed two mechanisms for the nanocomposite sensitivity. In the chemical
sensitization (CS) mechanism the metallic nanoparticle catalytically activates the
dissociation of gas molecules followed by adsorbing on the nanoparticle surface,
capturing conductance band electrons. Another mechanism is the electronic
sensitization (ES), where they address the metallic nanoparticle sensitivity to their
interaction with the semiconductor matrix. Metallic nanoparticle in oxidized state accept

the matrix electrons, inducing to a depletion layer on the interface.

In nanocomposites, the combination of constituents with dissimilar types of
conductivity, such as p-type and n-type materials, sharing interfaces, can equilibrate the
Fermi levels to the same energy and form a p-n heterojunction. In this scenario, the
charge transfer is improved and allows the formation of a depletion layer followed by the
barrier potential build-up. Several studies have related the nanocomposites enhanced
properties and superior functional performance with the presence of p-n heterojunction.
Once the depletion layer is formed, the charge transfer is interrupted by the barrier
potential, which requires an extrinsic potential to be re-established. Thus, the production
of multifunctional composites depends directly on the understanding of how the
nanoscale structure influences the properties of the composite material. Once this
knowledge is acquired, the adaptation of the desired composite structures is an

additional challenging step in the manufacturing process, which requires innovative
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concepts for the stages of production, since the synthesis of nanocomposites until their
processing.

As mentioned, composites with dissimilar constituent results in a heterojunction
with a depletion layer. Therefore, in composite sensors, the detection process occurs
through a synergistic reaction where the analyte reacts with the most readily phase,
which in turn may react with the secondary constituent giving an improved response.
For instance, Narjinary et. al.” reported the fabrication of low-concentration-acetone
gas sensor for breath analyses to monitor diabetes. The fabricated nanocomposite
platftorm was obtained using MWCNT as substrate for SnO: nanoparticles and
presented much better performance than pure SnO:z with high sensitivity, stability, fast
response and good resolution. The better performance was attributed to the
heterojunction formation and high surface area, which increases the material adsorption
capacity. Conducting polymers also have been used as active layer in gas sensors due
to their high sensitivities, good mechanical properties and short response time”®-81, So,
heterostructure based in conducting polymer are also a good choice for gas sensor
applications.

A full comprehension on the heterojunction mechanism and how it influences on
the sensor activity is of great value for optimized experiments, saving time and lowering
costs. A composite formed by the combination of an organic material (p-type) with an
inorganic material (n-type) can be treated as a heterostructure with p-n heterojunctions.
The interaction between both materials and the improved performance of the composite
material for sensor applications will be presented for a specific case of a conducting
polymer, acting like a p-type material with excess of free positively charge, and an
inorganic semiconductor, acting as n-type material with excess of free negative charge.
Usually, n-type materials are more used for gas sensing applications than p-type
material because n-type material usually show more stability and robustness®?8s3,
However, a p-type material can play an important role for gas sensing when combined
with a n-type material. When materials with a specific Fermi energy level are in contact,
the electrons from higher energy levels tends to flow across the interface to free lower-
energy levels, equilibrating the Fermi energy for both materials and consequently
forming the depletion layer®. After the Fermi levels are equilibrated, a barrier potential
is formed due to the band bending caused by the difference in original Fermi energy
levels. It is worth to mention that heterojunctions can be classified into three different

groups according to the different combinations of conducting band energy and valence
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band energy alignment known as straddling heterojunction, staggered heterojunction
and broken-gap heterojunction®. Figure 1.4.2 present a staggered heterojunction

combination and the respective depletion layer formation.

a) Without contact interface b) With contact interface
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Figure 1.4.2: Schematic representation of the p-n energy levels a) before and b) after a
heterojunction formation.

The barrier potential formation will hinder the electron transfer, making necessary to
overcome this energy barrier. Considering a hypothetical n-type material in air, the
resistance will be higher for the pure material than for the composite material due to the
presence of a depletion layer in the last one. The exposure of this composite material to
oxidizing and reducing gases will reflect in a resistance variation for higher or lower
values according to the availability of free electrons®. Once the resistance variation
can be treated as the sensor response, considering the influence of the secondary
composite phase on the initial resistance value, composite materials behavior usually
provides better performance and variation for oxidizing gases. Furthermore, the
development of nanocomposite materials from two or more constituents should be
promising for improvements in gas sensor performance increasing their application in

field®2.
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1.5. The ammonia gas problem

Brazil has established itself as one of the world's largest food producers,
including chicken livestock production. Although this activity generates employment,
income and food for the population, there is a strong concern regarding the quality of
the environment in poultry farms, especially related to ammonia emissions. In poultry
farms, ammonia is formed from the microbial decomposition of uric acid (nitrogen
compound) wasted by poultry and its emission is dependent on high temperature, pH
variation, humidity, type of material used for bed and its handling®’-%%. Chicken litter is
the product resulting from the accumulation of poultry manure, feathers and food
wasted on the material used as flooring (rice husks or peanuts, corn cob, wood
shavings, paper, etc.). The chicken bed is the only basic byproduct of commercial
poultry, that is, it can be marketed for purposes of organic fertilization (natural fertilizer).
This material present high levels of nitrogen, phosphorus and potassium and has
traditionally been used as a source of nutrients for vegetable crops and in the
improvement of soil physical, chemical and biological conditions®?. However, the
ammonia released from the chicken waste affects animal and human health as it is
irritant to the mucous membranes of the eyes and respiratory tract, which predisposes
the entry of several disease agents®-%, High levels of ammonia can be observed at the

beginning of breeding in sheds that reuse the bed®?.

The levels of ammonia up to 50 ppm cannot be perceived as harmful, because
the human sense of smell does not detect the presence of ammonia at levels below 20
ppm89%_In addition, humans lose their olfactory sensitivity after long or repeated
exposures to the same odor. In this way, workers are affected long before the problem
can be identified. From 50 to 100 ppm, ammonia can be inhaled without major
consequences. From 100 to 200 ppm, ammonia induces drowsiness, salivation and loss
of the appetite. In many countries, the ammonia concentration leves are limited to 25
ppm in a period of 8 h / day of work and for short periods of exposure this level
increases to 35 ppm?’. In Sweden, the worker's maximum level allowed is 10 ppm. In
Brazil, legislation allows the maximum concentration of 20 ppm in the air, within the
industry during the shift of 8h / day of work. For Brazilian conditions of chicken livestock
production, a reduction in respiratory capacity in workers from low-mechanized farms it
is observed for more than 4 years of activity, where a maximum of 5h / day of exposure

limit for activities inside the warehouses is recommended . It is also known that
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ammonia formation in aviaries results from the combination of three factors: 1) waste, 2)
heat and 3) moisture. Thus, farmers tend to carefully manage chicken litter and
ventilation systems in the sheds to reduce the exposure of animals and workers to
ammonia gas emissions. Thus, the development of a sensor device that effectively can
determine ammonia concentrations is of great importance for improving livestock

production and guarantee the workers safety.
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2. Goals and Overview

The general goal of this thesis was to develop nanostructured ammonia gas
sensors using different platforms based on distinct composite materials (ZnO
nanoparticles, graphene oxide, conducting polymers and polyelectrolyte polymer), and
to study the adsorption interaction between ammonia gas molecules and the sensing
layer material. Since the referred interaction is the key for the development of new
ammonia sensor with remarkable sensibility and selectivity aiming environmental safety

for humans and animals in critical sites.

Specific goals:

v' Optimization of the synthesis conditions to obtain ZnO as dispersed nanoparticles
and ceramic nanofibers;

v' Optimization of the synthesis conditions to obtain Layer-by-Layer and
electrospinning platform based on the ZnO nanoparticles, previously obtained and
conducting polymers;

v Investigation of the performance of the ammonia sensors and the sensing
mechanism based on the interaction of ammonia molecules with the developed

platforms.

Chapters Overview

The main idea of this thesis was to explore the sensing properties of different
material combination, as composite materials, in distinct sensing platforms
configuration, with the purpose of detecting ammonia in low concentrations. The
materials choice for combination was based on the improvement of the charge transfer
effect.

Initially, the first platform obtained was based on a fluorine doped tin oxide
(FTO) electrode modified with polyamide 6/polyaniline (PA6/PANI) electrospun
nanofibers and decorated with ZnO nanoparticles, which was applied as
electrochemical sensing device. As a proof of principle, the modified electrode was
employed for hydrazine electrochemical detection, once the gas chamber system for

ammonia tests was not available at the time of the experiments. Hydrazine (Nz2Ha4) is a
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carcinogenic contaminant with chemical composition very close to ammonia. main
results are presented in Chapter | and indicate that the novel sensing platform can be
potentially harnessed for electrochemical sensors and biosensors applications.

The second platform was based on the fabrication of Layer-by-Layer
architecture composed by polyaniline, graphene oxide and ZnO in tetralayer
configuration deposited onto gold interdigitated electrodes. Impedance spectroscopy
was employed as sensing technique and useful information was obtained by
investigating the charge transfer process on the platform when exposed to ammonia

gas. The main results are presented in Chapter Il

A third device was obtained based on ZnO ceramic nanofibers coated with
Poly(styrene sulphonic Acid) (PSS) which were deposited on coated in gold
interdigitated electrode..

Finally, a fourth platform was obtained based on a glass fiber paper coated with
polyaniline layer by in situ polymerization, aiming the development of a low cost, flexible
and disposable device for ammonia detection in low concentrations at room
temperature.

General conclusions are presented in the sequence correlating the obtained

results and the sensing properties.
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3.1. Abstract

Heterostructured nanomaterials have attracted increasing interest because of
their novel and distinct optical and electrical properties, finding applications in devices
and chemical sensors. Here we report a new electrochemical platform based on the
modification of fluorine doped tin oxide (FTO) electrode with polyamide 6/polyaniline
(PAG6/PANI) electrospun nanofibers decorated with ZnO nanoparticles. The
nanoparticles were synthesized by co-precipitation method, followed by hydrothermal
treatment, which route was optimized in order to obtain particles of small average
diameter (45 nm). Polymeric nanofibers were obtained by the electrospinning technique
and further subjected to the ZnO modification by nanoparticle impregnation. SEM
images confirmed the uniform distribution of ZnO nanoparticles adsorbed onto the
nanofibers surface, which amount was estimated to be 4% w/w, according to thermal
gravimetric analysis (TGA). According to the electrochemical characterization, an
improvement in electron transfer kinetic and increase in electroactive area was
observed for the ZnO-modified electrode. As a proof of principle, the modified electrode
was employed for monitoring hydrazine, and yielded a detection limit of 0.35 pmol L.
Our results indicate that the novel sensing platform based on the adsorption of ZnO
nanoparticles onto the surface of electrospun nanofibers can be potentially harnessed
for electrochemical sensors and biosensors applications.

3.2. Introduction

Organic-inorganic hybrid materials have attracted increasing attention due to
their potential application in different areas, including optics and electronics.%-°° In most
cases, the combination of organic and inorganic materials can yield a high-performance
hybrid material with synergistic behaviors or complementary properties between the
polymer and the inorganic component.t09-194 |n fact, the combination of polymers and
inorganic nanoparticles displays advantageous electrical, optical and mechanical
properties, finding applications in opto-electronic devices and also as catalyst, which
depends directly on the choice of the organic and inorganic component.2.105

A huge variety of polymeric structures could be used for this propose and 1D

nanomaterials have been intensively investigated due to their unique properties.’®
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Various techniques have been developed to fabricate 1D nanostructures, including the
electrospinning technique, which is a versatile and low-cost method that can produce
large specific surface area nanofibers.#472 This relatively huge surface area can
potentially provide ultra-high sensitivity and fast response time for sensing
applications.61106-109 |n  particular, electrospun nanofibers containing conductive
polymer such as polyaniline (PANI) have attracted even more interest because of their
high conductivity and potential applications in electrochemical devices.''° In order to
improve their properties and to construct multifunctional hybrid nanostructures, more
recently considerable efforts have been directed towards attaching metallic and oxide
NPs onto electrospun nanofibers.11.112

Zinc oxide (ZnO) is a versatile n-type metal oxide semiconductor with a wide
band gap (3.36-3.39 eV) at room temperature, and present appealing features such as
biocompatibility, nontoxicity and inexpensiveness.1? It has been extensively used in the
fabrication of electronic and optical devices, heterogeneous catalysis and gas
sensing!'4. Furthermore, ZnO can be employed to facilitate the charge transfer and
enhance the electrochemical activity.!'> Therefore, functionalizing electrospun
nanofibers with NPs in order to combine the conductivity of the polymeric phase (PANI)
and the high surface area of the nanofibers with the unique properties of ZnO NPs, can
become an important strategy for the development of new electrochemical platforms.

In this context, herein we report an effective route to obtain fluorine doped tin
oxide (FTO) electrode modified with polyamide 6/polyaniline (PA6/PANI) electrospun
nanofibers decorated with ZnO nanoparticles. The hybrid nanomaterial combines the
semiconductor properties of ZnO nanopatrticles, synthesized by hydrothermal method,
the conductive properties of PANI and the mechanical properties of PA6 in the same
platform. X-Ray diffraction confirmed the ZnO formation, while the size and shape of
nanoparticles were analyzed by field emission scanning electron microscopy (FEG-
SEM). The efficient ZnO impregnation on the PAG6/PANI nanofibers surface was
confirmed by scanning electron microscopy (SEM). Electrochemical measurements
were carried out to confirm the improvement in charge transfer efficiency of the
PAG6/PANI- ZnO modified electrode, enabling futures applications as electrochemical
sensor. Electrochemical measurements were carried out to confirm the improvement in
charge transfer efficiency of the PA6/PANI-ZnO modified electrode. In order to confirm
the potential of this novel platform for sensing applications, we used hydrazine, a

carcinogenic contaminant found in trace amounts in the environment, as a model for the
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electrochemical measurements. The hydrazine sensor showed a linear range from 0.5
to 5000 mmol L and a detection limit of 0.35 mM.

3.3. Materials and Methods

3.3.1. Materials

Polyamide 6 (PA6, Mw = 20 000 g mol*), polyaniline (PANI, Mw = 20 000 g mol-
1), zinc nitrate hexahydrate, Polyethylene glycol (PEG400, Mw = 380-420 g mol?; PEG
4000, Mw = 3600-4400 g mol*; PEG8000, Mw = 7000-9000 g mol) were all purchased
from Sigma-Aldrich. Potassium hydroxide and formic acid were purchased from Synth
Chemical (Sao Paulo, Brazil). The dispersing agent, Liosperse 511, was purchased
from Miracema-Nuodex (Campinas, Brazil).

3.3.2. Synthesis of ZnO nanoparticles

ZnO synthesis was carried out by coprecipitation method followed by
hydrothermal treatment at 150°C for 1 hour.'® Initially, zinc nitrate and potassium
hydroxide were separately dissolved in deionized water (0,05 mol L and 2 mol L%,
respectively) under vigorously stirring. PEG solution (0,1 mol L) was added into the
zinc nitrate solution for each synthesis and stirred for 30 minutes. Subsequently,
potassium hydroxide solution was slowly added until pH 14 was reached. The
suspension containing the white solid precipitate was then submitted to the
hydrothermal treatment. The suspension was heated up at a rate of 10°C/min under
constant pressure (approximately 3.0 bar) until 150°C and maintained at this
temperature for 1 hour. Finally, the white solid was washed with deionized water several

times until the pH became neutral and then dried in an oven.

3.3.3. Electrospinning of PA6 and PA6/PANI nanofibers

PAG6/PANI solution was prepared by dissolving 20% (w/v) PA6 and 1% (w/w)
PANI in formic acid and stirred for 5h at room temperature. The electrospun nanofibers
were obtained by using an electrospinning apparatus at a feed rate of 0.01 mL h* and
an electric voltage of 25 kV. A working distance of 10 cm was kept between the syringe
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and the metallic collector. The inner diameter of the steel needle was 1.2 mm. The
produced nanofibers were directly electrospun onto fluorine doped tin oxide (FTO) glass
substrates to obtain the modified electrodes. The substrates were attached to the
collector at the same position in all experiments with an optimal collection time of 10
min. Control of the experimental conditions was crucial to ensure reproducibility
because both the diameter and length of nanofibers depend on the collecting time and

other experimental parameters.

3.3.4. Adsorption of ZnO nanoparticles onto the electrospun nanofibers

ZnO nanoparticles (1 mg mL™?) were dispersed in distilled water containing 0.5%
(w/w) of Liosperse 511. Ultrasonication at 20 kHz for 5 min was then applied for the
dispersion of the nanoparticles. After de dispersion, the electrospun nanofibers were
immersed into the ZnO solution, rinsed with distilled water and dried under ambient
conditions. Three different adsorption times were tested (12, 24 and 48 h) in order to

determine the best electrochemical response.

3.3.5. Physico-chemical Characterization

As-prepared samples of ZnO nanostructures were characterized by X-ray
diffraction (XRD) using a Shimadzu, XRD-6000 diffractometer at 30 kV and 30 mA with
Cu Ka radiation. Morphology and size characterizations were performed by field
emission gun scanning electron microscopy (FEG-SEM) (JEOL, JSM 6510). The
morphology of the fibers was evaluated using a scanning electron microscope (SEM,
JEOL 6510) operating at 10 kV, and the nanoparticles diameter was estimated by using
an image analysis software (Image J, National Institutes of Health, USA). In each
experiment, the average nanoparticles diameter and distribution were determined by
measuring 100 random particles using representative micrographs. To estimate the
amount of ZnO nanoparticles adsorbed onto the nanofiber surface, thermal gravimetric
analysis (TGA) was performed using a thermogravimetric analyzer (Q500 TA
Instruments) under nitrogen atmosphere, at a flow rate of 20 ml min~t. Samples in
platinum pans were scanned from room temperature to 1000°C at a heating rate of
10°C min2.
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3.3.6. Electrochemical Characterization

The electrochemical characterization experiments were carried out using a
PGSTAT30 Autolab electrochemical system (Metrohm) controlled with GPES software
using a 0.05 mol L* [Fe(CN)s]*’* containing 0.1 mol L KCI. The nanofibers-modified-
FTO electrodes were used as working electrodes. A Pt foil and Ag/AgCl (3 mol L KCI)
electrodes served as the counter and reference electrodes, respectively. Cyclic
voltammetry (CV) measurements were performed over a potential range from 0.2 to 0.6
V at a scan rate of 100 mV s™ and electrochemical impedance spectroscopy (EIS)
measurements were carried at a potential of 0.3 V over the frequency range from 0.1 Hz
to 100 kHz, using an amplitude of 10 mV.

3.4. Results and Discussions

3.4.1. Characterization of ZnO nanoparticles

Different molar weight PEGs were employed to optimize ZnO synthesis in order
to obtain nanoparticles with suitable shape and size for impregnation onto the polymeric
electrospun nanofibers. The long-range order of ZnO samples was deter- mined by X-
rays diffraction. Fig. 3.4.1 shows XRD patterns of ZnO synthetized using (a) PEG 8000,
(b) PEG 4000 and (c) PEG 400. All samples present the same diffraction peaks, which
are attributed to polycrystalline ZnO. The pattern is typical of the ordered hexagonal
wurtzite phase according to JCPDS Card no. 36-1451. Diffraction peaks related to
secondary phases were not found, indicating that ZnO without impurities was
successfully obtained for the three different molar weight PEGs tested.

As the desired phase of ZnO was successfully obtained for all tested samples,
they were analyzed by FEG-SEM to characterize the shape and size of the
nanoparticles. Surfactants have been employed to control the shape and size of
nanostructures, once features such as hydrophobic chains, headgroups, impurity ions

and concentration of surfactants exert direct effects on the nanoparticles properties'!’-
119
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Using PEGs with high molecular weight (PEG 8000 and PEG 4000),
agglomerated nanoparticles with a nearly spherical morphology and polydisperse nature
were obtained (see Fig. 3.4.2a and b). In hydrothermal conditions, the solubility of
amorphous particles is significantly increased and crystallization can occur concurrently
with redissolving and reprecipitation processes.'?%121 After the nucleation process, the
increased particle solubility could result in growth of an individual nanostructure
aggregation and/or coarsening.!16122123 PEG 8000 and PEG 4000 were not very
efficient as surfactants, yielding shapeless and large grain originated from random
aggregation process between small particles. Thus, our results indicate that the use of
PEG surfactant with longer hydrophobic chains leads to nanoparticles with larger
sizes.’?* On the other hand, PEG 400 a hydrophobic surfactant with shorter molecular
chain, yielded nanoparticles (see Fig. 3.4.2c) of low dispersion with homogeneous
distribution and smaller size (44 nm), adjusted by lognormal fit, as shown in histogram

of Fig. 3.4.2d, configuring the best- optimized process and the choice for the

subsequent studies.
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FIGURE 3.4.1: XRD patterns of ZnO synthetized with (a) PEG 8000, (b) PEG 4000 and
(c) PEG 400. (Figure available in Andre, R. S. et. al.'?d)



23

% Mean diameter =44 + 5 nm

N\

Frequency
S

.

50 60 7 0 90
Diameter / nm

FIGURE 3.4.2: FEG-SEM images of ZnO synthetized with (a) PEG 8000, (b) PEG 4000
e (c) PEG 400. (d) Histogram of size distribution of ZnO nanoparticles synthetized with
PEG 400. (Figure available in Andre, R. S. et. al.1?®)

3.4.2. Characterization of PA6/PANI nanofibers

To obtain uniform PAG6/PANI electrospun nanofibers, the electrospinning
parameters were optimized through variation of the flow rate, applied voltage, polymers
concentration, and collection distance. Under the improved experimental parameters,
smooth and uniform bead-free nanofibers were obtained with a mean diameter of 78 + 1
nm, as shown in Fig. 3.4.3a.

In order to improve the electrochemical properties of the fabricated nanofibers, a
further step was taken aiming at functionalizing them with ZnO nanoparticles. ZnO-
containing electrospun polymer nanofibers (PA6/PANI_ZnO) exhibit a huge variety of
potential applications, as the composite fibrous mats show flexibility, are freestanding
and display hybrid properties determined by the polymer and NPs.'?® The surface of
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PAG6/PANI nanofibers was efficiently modified with ZnO nanoparticles, as confirmed by
the FEG-SEM image in Fig. 3.4.3b and indicates that the coating on the nanofibers
surface appears to be uniform. Moreover, the adsorption was strong since the
nanoparticles remained on the nanofibers surface even after a washing process, which
consisted of repeated submersion in water. This suggests that the ZnO NPs are not
simply lying on the nanofiber surface, but instead, they are attached to the PA6/ PANI

nanofibers via H-bonding and electrostatic interaction

FIGURE 3.4.3: SEM images of (a) PA6/PANI and (b) PA6/PANI_ZnO nanofibers. The
inset in panel (b) shows the EDS spectra of PA6/PANI_ZnO. . (Figure available in
Andre, R. S. et. al.'?%)
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The adsorption of ZnO on nanofibers can occur through an interaction between
the negatively charged COO- groups from the surfactant Liosperse (based on
ammonium polyacrylate) present on the ZnO surface and the positively charged sites
from PANI present on the nanofibers.'?” H-bonding may take place between the
carboxylic groups (-COOH) of the surfactant and imine nitrogens and/or amine
nitrogens of PANI and amide groups from PA6.128 The Energy Dispersive Spectroscopy
(EDS) analysis of the modified PA6/PANI nanofibers was carried out in order to prove
the presence of ZnO on the nanofibers surface (inset Fig. 3.4.3Db).

The amount of ZnO nanoparticles adsorbed onto the nanofiber surface was
determined by thermal gravimetric analysis (TGA). Figure 3.4.4 shows TGA curves of
ZnO nanopatrticles (solid line), PA6/PANI (dashed line) and PA6/PANI_ZnO (dotted line)
nanofibers. Pure ZnO nanoparticles start to degrade only at 860 °C due its high
temperature stability. Both PA6/PANI and PA6/PANI_ZnO exhibit a substantial weight
loss, starting at 380 °C and extending up to 470 °C, resulting in the complete polymer
decomposition. Based on the TGA curve for PA6/PANI_ZnO nanofibers is possible to

estimate that the mass loading of nanopatrticles on the nanofibers surface is around 4
wt.%.
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FIGURE 3.4.4: TGA curves of ZnO nanoparticles, PA6/PANI

nanofibers and
PAG6/PANI_ZnO nanofibers. (Figure available in Andre, R. S. et. al.1?)
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3.4.3. Electrochemical measurements

ZnO is a metal oxide semiconductor with appealing electrical and optical
properties, finding applications in and photovoltaic devices, gas sensing and
electrochemical biosensor.114129.130 As demonstrated by microscopy analyses, ZnO
nanoparticles were successfully adsorbed onto PAG6/PANI electrospun nanofibers
surface, which suggests a novel and potential platform for sensing application. In order
to verify the ZnO influence on the conducting properties of PA6/PANI nanofibers,
electrochemical measurements were carried out.

Fig. 3.4.5(a) shows the Nyquist plots for FTO electrode modified with
PAG6/PANI_ZnO obtained with different ZnO adsorption times. Fig. 3.4.5(b) shows
Nyquist plots while (c) displays cyclic voltammograms for bare FTO, and FTO
electrodes modified with PA6/PANI and PAG6/PANI_ZnO measured in the presence of 5
mmol L [Fe(CN)e]3>/# in a 0.1 mol L KCI solution at a potential of 0.3 V. The Nyquist
plots obtained for PA6/ PANI_ZnO modified electrode obtained using different ZnO
adsorption times (12, 24 and 48 hours) were interpreted using a Randle's equivalent
circuit, shown in inset (i) of Fig. 3.4.5b. The Nyquist plot of EIS includes a linear region
at low frequency related to the diffusion-limited process, while the semicircular region at
high frequencies is related to the electron-transfer- limited process, where the diameter
corresponds to the charge (electron) transfer resistance (Rct).!'® The highest Rct value
(41 Q) was found to ZnO-modified PA6/PANI nanofibers electrode immersed for 12
hours in ZnO solution, while a similar Rct value of nearly 15 Q was found for electrodes
immersed for 24 and 48 hours, respectively. The results suggest that the adsorption of
ZnO nanoparticles on the PA6/PANI nanofibers tends to reach the saturation in 24
hours, and therefore this was the time chosen for the electrode immersion.

Fig. 3.4.5b presents Nyquist diagrams for FTO, PA6/PANI and PA6/PANI_ZnO
electrodes, whose data were again interpreted using the Randle's equivalent circuit (see
inset (i)-Fig. 3.4.5b). The Nyquist diagrams vyielded a Rc value of 15 Q for the
PAG6/PANI_ZnO electrode, while values of 36 Q and 39 Q were found for the bare FTO
and PAG6/PANI electrodes, respectively. The lowest Rct value for the modified PA6/PANI
electrode with ZnO nanoparticles was obtained as a consequence of a faster electron
transfer process. Such improvement in charge transfer process occurs thanks to the

conducting properties of ZnO nanoparticles.
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FIGURE 3.4.5: (a) EIS of PA6/PANI_ZnO electrode for different ZnO adsorption times
(b) EIS of bare FTO, PA6/PANI and PA6/PANI_ZnO electrodes in 5 mmol L [Fe(CN)e]
84 solution with 0.1 mol L1 KCI. The inset in panel b (i) shows the Randle’s equivalent
circuit model. (Figure available in Andre, R. S. et. al.1?d)

The voltammograms, displayed in Fig. 3.4.5c, show a quasi-reversible one-
electron redox behavior, where Ipa/lpc ~1, for all electrodes, with increase in anodic peak
current from 479 pA to 585 pA and cathodic peak current from 432 pA to 578 HA,
comparing the values for bare FTO and PAG6/PANI_ZnO electrode, respectively.
Furthermore, the reduction in peak separation (AEp) from 190 mV for bare FTO
electrode to 180 mV for PA6/PANI_ZnO modified electrode confirms the faster electron
transfer kinetic that is promoted by ZnO nanoparticles. On the other hand, lpa, lpc and
AEp values for the PAG/PANI electrode voltammograms was found to be 447 pA, 432
MA and 190 mV, respectively. Furthermore, the electroactive area of the electrodes, i.e.
the real area transferring charge to the redox probes, was estimated according to the

Randles-Sevcik equation®! using the cathodic peak current obtained from the
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voltammograms. The electroactive areas were calculated to be 0.41, 0.37 and 0.49 cm?
for FTO, PA6/PANI and PA6/PANI_ZnO electrodes, respectively. The voltammograms
show that the PAG6/PANI_ZnO modified electrode displayed an increase in the
electroactive area, which helps to enhance the electrochemical performance of the
electrode. Therefore, both EIS and voltammograms results suggest that modifying
electrodes with ZnO nanoparticles/ polymer nanofibers is a suitable strategy for

improving charge-transfer process aiming at chemical sensing applications.

3.4.4. Electrochemical Detection of Hydrazine (N2Ha)

In order to prove the potential application of the novel sensing platform,
chronoamperometric measurements were employed for hydrazine (Hy) detection. Fig.
3.4.6 shows amperometric response experiments using PA6/PANI_ZnO electrode with
successive changes of Hy concentration. The calibration curve was constructed with
concentrations ranging from 0.5 to 20 000 umol L%, and show a linear range following
the equation: | (uA) = 0.027 [Hy] (umol L) - 0.870 (R? = 0.994), corresponding to a
concentration range from 0.5 to 5000 umol L (inset). The limit of detection (LOD) was
estimated to be 0.35 umol L, based on a signal to noise ratio of 3 (S/N = 3). The
reproducibility of the PA6/PANI_ZnO electrode was tested by performing repeated
experiments with solutions containing 50 umol L of Hy. Good reproducibility was
reached for five successive measurements and the relative standard deviation (RSD)
was calculated to be 3.5% for a given electrode, while it was found to be 5.5% when
three identical electrodes were employed.

The selectivity of PA6/PANI_ZnO electrode for Hy detection was verified by
chronoamperometric technique using interfering compounds. The measurements were
carried out using 20-fold excess of glucose and 25-fold excess of CaClz, Zn(NOs)2 and
Cu(NO3)2 in 100 pmol L* of Hy solution in 0.01 mol L* PBS (pH 7.5), which are
considered potential interfering compounds for hydrazine detection.®?> The sensing
platform proved to be selective for Hy detection, as displayed in Fig. 3.4.7 with no
significant interference in current response from the compounds.

Furthermore, the PA6/PANI_ZnO electrode presented a Hy limit of detection

(LOD) and linear range of detection compatible to other sensing platforms (based on
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electrode modification) recently reported in the literature (Table 3.1). Our results show
that the as-prepared platform is suitable for Hy detection even in the presence of distinct
interferents, displaying good specificity and low limit of detection, which prompts it as a
promising platform for sensor and biosensor design.
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FIGURE 3.4.6: Amperometric current response of PA6/PANI_ZnO electrode in 0.01
molL-1 PBS (pH 7.5) for concentration range 0.5 to 20000 umolL-1 of Hy. The inset
presents the linear relationship between current response and Hy concentrations.
(Figure available in Andre, R. S. et. al.1?5)

TABLE 3.1: Comparison of Linear range and Detection limit between hydrazine sensors
based in similar ZnO structures.

Electrode Modification Linear Range LOD (umol L) Reference
(umol L-1)
ZnO Nanoparticles 0.5- 5000 0.35 This work
Zn0O Nanoparticlesti - 0.147 40
ZnOMicro/nanoarchiteture 0.8-200 0.25 41
ZnO NanoFilm 0.5- 14200 0.5 42

ZnO-RGO 1-33500 0.8 39
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FIGURE 3.4.7: Selectivity amperometric current response of the PA6/PANI_ZnO sensor
for Hy (N2H4) mixed with interferents in 0.01 mol L' PBS (pH 7,5). (Figure available in
Andre, R. S. et. al.1?)

3.5. Conclusions

A novel electrochemical platform was successfully fabricated by modifying FTO
electrodes with PAG6/PANI electrospun nanofibers and further decorating them with ZnO
nanoparticles. Our results indicated that the ZnO nanoparticles remained strongly
attached to the PAG6/PANI nanofibers surface via H-bonding and electrostatic
interaction. Electrochemical measurements revealed improvement in electron transfer
kinetic for the ZnO-modified electrode, yielding the lowest Rct value (15 Q) for the
PA6/PANI_ZnO electrode when compared to bare FTO (36 Q) and PAG/PANI
electrodes (39 Q), which is beneficial for electrochemical application. Additional
experiments revealed that the novel platform is suitable for monitoring hydrazine in the
presence of interfering compounds with a detection limit of 0.35 pmol L. Ultimately, our
results indicate that the ZnO decoration of PA6/PANI nanofibers provides a promising

platform for designing electrochemical sensors and biosensors.
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4.  Organic/inorganic Layer-by-Layer platform deposition*

* The content of this chapter is an adaptation of the
article entitled: “Hybrid layer-by-layer (LbL) films of
polyaniline, graphene oxide and zinc oxide to
detect ammonia” by Rafaela S. Andrea, Flavio M.
Shimizu, Celina M. Miyazakid, Antonio Riul Jr, Danilo
Manzani, Sidney J.L. Ribeiro, Osvaldo N. Oliveira Jr,
Luiz H.C. Mattosoa and Daniel S. Correa, published in

Sensors and Actuators B: Chemical.

Reference: Sensors and Actuators B. 2017, 238,
795-801.172
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4.1. Abstract

Reliable gas sensors operating at room temperature are in demand for
monitoring the environment for hazardous pollutants, such as ammonia (NH3) gas that
may become toxic to humans and animals above a threshold concentration. In this
paper, we report on the combination of three materials, namely polyaniline (PANI),
graphene oxide (GO) and zinc oxide (ZnO), to produce hybrid layer-by-layer (LbL) films
used for sensing NHs with impedance spectroscopy measurements. The deposition of
tetralayered PANI/GO/PANI/ZnO LbL films was confirmed with UV-vis. absorption and
Raman spectroscopies, while atomic force microscopy (AFM) served to investigate film
morphology. Exposure of these LbL films to NHs caused film roughness to vary, in an
effect that depended on the number of tetralayers. Because of synergy in the materials
properties, the films with 3 tetralayers were found to be the most adequate for detecting
NHs in the range from 25 ppm to 500 ppm with a response time of 30s. These
figures of merit are adequate for monitoring working environments regarding gas
exposure, and highlight the usefulness of the control of film architecture provided
by the LbL technique.

4.2. Introduction

Sensitive, reliable gas sensors have great importance in medical applications,
air quality supervision and environmental, health and safety monitoring60.95133-138
Ammonia is a colourless gas used in many industries, which may become toxic and
affect the health of humans and animals, such as in poultry farms®3139, For instance,
100 to 200 ppm of ammonia induce drowsiness, salivation and loss of appetite in
humans4%141 According to the regulatory agency in Brazil, the ammonia exposure level
at working places should not exceed 20 ppm within 48 hours/week'#2, while in England
the ammonia exposure should not exceed 25 ppm in 8 hours!*. The human olfactory
limit of detection for ammonia is 55 ppm, but loss of sensitivity occurs after long and
repeated exposure.44-146 Therefore, designing robust ammonia sensors with low limits
of detection is highly keen to increase safety and health in such environments'#’. The

working principle of gas sensors can be based on changes of electrical and optical
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properties, with those exploiting electrical signal variations the most used since stable,
reproducible sensors can be fabricated!*®. In particular, a myriad of materials can be
exploited to achieve such task, including metal oxide semiconductors, conducting
polymers, composite materials, carbon nanotubes and their derivatives 136:147,149-153

In this paper, we report on sensing units made with nanostructured layer-
by-layer (LbL) films®3104.108.154-156 containing the semiconducting polyaniline
(PANI), graphene oxide (GO) and zinc oxide (ZnO), all of them already used in
sensing applications. The main motivation is rationally combine different
materials in a single device originated from a possible synergy of the materials
properties. PANI has unique electrical behavior, easy fabrication process and
intrinsic redox reaction.’®1%7-162  7ZnO has remarkable semiconducting
properties,163-166 and GO has a porous structure, high surface area and good gas
barrier properties!®’-169  Different LbL film architectures were tested for NH3
sensing using impedance spectroscopy, which were also characterized using UV -
vis absorption spectroscopy, scanning electron microscopy, atomic force

microscopy and Raman spectroscopy.

4.3. Experimental

4.3.1. Materials

Polyaniline (PANI, Mw = 20000 g.mol?1) was purchased from Sigma-
Aldrich. ZnO nanoparticles were synthesized using the coprecipitation method
followed by hydrothermal treatment at 150°C for 1 h as described in ref.1?°
Graphene oxide (GO) was prepared by typical Hummers' method!’® with a
previous preoxidation step!’t. The dispersing agent Liosperse 511 was
purchased from Miracema-Nuodex (Campinas, Brazil). Gold interdigitated
microelectrodes (IDEs) comprising 50 pairs of digits having 10 pum width and 10
um apart from each other were fabricated by photolithography at the Brazilian

Nanotechnology National Laboratory (LNNano).
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4.3.2. Preparation of PANI/GO/PANI/ZnO LbL films

PANI solution (1Img/mL) was prepared by dispersing the emeraldine base in 1
mL of dimethylacetamide (DMAc) under stirring for 12 h. The solution was then filtrated
using a filter paper (80g/m? and pores with 8um) purchased from J Prolab. Next, PANI
solution was mixed with HCI excess (1:9 v:v) at pH = 3.0. GO was dispersed in the
same HCI solution in a concentration of 0.1 mg.mL* (pH = 3.0). The dispersion of ZnO
nanoparticles (1 mg.mL?) was prepared using distilled water and the dispersing agent
(0.5% in relation to total volume) (pH = 8.0). Layer-by Layer (LbL) films of
PANI/GO/PANI/ZnO were deposited onto quartz plates and IDEs by the sequential
alternating immersion into PANI (cationic solution), GO (anionic solution), PANI and
ZnO (anionic solution) until the formation of 2, 3 and 4 tetralayers (PGPZ2T, PGPZ3T
and PGPZ4T) was achieved.

4.3.3. Multilayer films characterization

The adsorption of LbL multilayers deposited on quartz slides was monitored by
UV-vis absorption spectroscopy using a Perkin-Elmer Lambda 25 spectrometer. The
morphology of the LbL films was evaluated using a scanning electron microscope
(SEM, JEOL 6510) operating at 10 kV. The topography, roughness (root mean square
value) and homogeneity of the LbL films were assessed by Atomic Force Microscopy
(AFM) using a Dimension V (Veeco) microscope. The Raman spectra of the LbL films
were taken at room temperature with a Horiba Jobin-Yvon micro Raman spectrometer

model LabRAM-HR equipped with a 632.8 nm laser delivering 30 mW power.

4.3.4. Electrical Measurements

Electrical characterization of the sensing units made with the LbL films
deposited on IDEs was performed using an impedance gain phase analyzer (Solartron,
model 1260). Data were collected in the frequency range from 1 Hz up to 1 MHz, using
an ac applied voltage of 25 mV. The sensors were tested for NHs detection, in
concentrations ranging from 25 ppm up to 500 ppm, in a closed chamber at room
temperature (24 £ 2°C) with relative humidity of 65 + 2% with a dynamic gas flow
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system in the homemade setup displayed in Fig. 4.3.1. High purity N2 was used as

carrying gas for NHs flux.

Sensor

x Chamber

Computer

Impedance

_ww iQ
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FIGURE 4.3.1: Schematic diagram of the experimental setup for NHs detection. (Figure
available in Andre, R. S. et. al.1’?)

4.4. Results and discussion

Fig. 4.4.1 shows the UV-vis spectra of tetralayered LbL films, with absorption
bands at 320 and 840nm, assigned respectively to the 1T-1m* electronic transition of the
benzene ring of amine groups and T-11* transition of graphene (at approximately 290
nm)*73, and polaronic band of doped PANI in its conductive emeraldine form¢l. The
linear increase in the 840 nm peak intensity with the number of tetralayers reveals that

the same amount of material was deposited at each deposition step.

The presence of GO and PANI was inferred in the Raman spectrum in Figure
4.4.2. The bands assigned to GO appear at 1333 cm™? and 1604 cm, due to the
breathing mode of k-point photons of Aig symmetry and Ezg phonon of sp? carbon
atoms, respectively!’3. The PANI Raman bands appear at 1470 cm™ assigned to C=N
stretching vibrations, while the band at 1222 cm™ correspond to C-N stretching in
polaronic units and at 1160 cm™? assigned to C-H in plane bending vibrations of
benzenoid ring'>3. The ZnO nanoparticles show only one weak Raman band at 416 cm™

assigned to phonons of ZnO compounds with hexagonal structures68.174,
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FIGURE 4.4.1: Absorption spectra of LbL films (PGPZ2T, PGPZ3T and PGPZ4T). Inset
displays the intensity at 840 nm versus the number of deposited tetralayers. (Figure

available in Andre, R. S. et. al.1’?)
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al.172)
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The frequency dependence of the impedance real part (Z’) is shown in Figure
4.4a for the three PGPZ LbL films with 2 to 4 tetralayers. The impedance spectra were
fitted with an equivalent electrical circuit shown in Figure 4.4c, comprising the resistor
R1 representing the ohmic resistance from the interdigitated electrode (IDE), Rz for the
film resistance and Ci for the capacitance of charge transfer across the multilayer film,
in addition to a phase constant element that was included to improve fitting. The data in
the form of Nyquist plots in Figure 4.4.3a for the three films in an inert atmosphere with
65% of humidity were fitted with the parameters in Table 4.1. Both resistances
decreased with the number of tetralayers, possibly due to the increase in PANI amount

since GO is insulating.
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FIGURE 4.4.3: a) real part of impedance (Z’) and b) Nyquist diagram for PGPZ2T,
PGPZ3T and PGPzZAT films, c) equivalent circuit model and d) schematic
representation of the PANI/GO/PANI/ZnO film deposited onto the IDE. (Figure available
in Andre, R. S. et. al.1’?)
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TABLE 4.1: Parameters of the equivalent circuit used to fit the impedance data with
ZView® software (Scribner Associates Inc.).

Film R1(Q) R2(Q) Ci(F) QPEin
PGPZ2T 437.6 5524 8.78x10713 0.0832
PGPZ3T 460.5 2419 9.14x101! 0.0850
PGPzZ4T 387.2 1133 1.23x10°%? 0.1410

The AFM images in Fig. 4.4.4 evidence two aspects: i) before NH3 exposure,
the film roughness increases with the number of tetralayers deposited from 35 nm
(PGPZ2T) up to 52 nm (PGPZA4T); ii) after exposure to the NHs, the film morphology
was clearly affected. Specifically, the thinnest PGPZ2T film was probably deeply
penetrated by ammonia, causing both dedoping of PANI and increase in surface
roughness. On the other hand, the thicker films with larger amount of PANI had their
roughness decreased after ammonia exposure, particularly for the thickest PGPZA4T,
whose roughness decreased by ~40%. Significantly, Figure 4.4.5 indicates that the
PGPZ3T was only weakly affected by ammonia. It seems therefore that opposite effects
to alter film thickness occur for PGPZ3T, which is associated with synergy in the
different materials properties. As it will be shown later, such synergy is responsible for
the higher sensitivity of PGPZ3T.

The sensor units made of 2, 3 and 4 tetralayers of PANI/GO/PANI/ZnO were
tested for detecting ammonia (NH3) in a relative humidity (RH) set as 65%. The humidity
value employed is quite satisfactory, once previous investigations reported in literature
90.175 indicated that the ideal relative humidity in broiler poultry houses should be in the
range of 50 and 70%, since lower values can result in a dusty house while higher values

could result in wet litter and higher ammonia concentrations.
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FIGURE 4.4.4: AFM 3D images of a) PGPZ2T, b) PGPZ3T and c) PGPZ4T films.
(Figure available in Andre, R. S. et. al.1’?)
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FIGURE 4.4.5: Film roughness (Rrms) calculated using Gwyddion® software for LbL

films (PGPZ2T, PGPZ3T and PGPZAT) before and after exposure to ammonia gas.
(Figure available in Andre, R. S. et. al.1"?)
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The relative response in terms of the impedance ratio (Eqg. 4.1) increased with
NHs concentration up to 500 ppm, as shown in Figure 4.4.6a. PGPZ3T exhibited the
most adequate response for all concentrations tested, which may be related to its
morphology being less affected by ammonia, according to the AFM results, combined
with the moderate resistive response of PANI/GO/PANI/ZnO sensitive layer (Table 4.1).
One would expect that the film with larger morphological changes upon NH3 exposure
would vyield the highest sensing performance. However, the sensing mechanism
appears to depend on a combination of the charge transfer property of each material,
since ZnO 147:176-179 s a n-type semiconductor and PANI a conductive polymer, both
allowing free electrons mobility, hindering the stable double layer formation on the
interface, while GO being an insulator provides the stability needed for the charge

transfer phenomenon in gas sensor application.
_ Z'nu,
Response = 7/ Eq. 4.1
air

It should be noted that for low NH3s concentrations the sensing units exhibited
similar responses, with low error associated to the measurements. That is an important
issue to develop sensors able to detect NHs below 50 ppm?44-146_ |n addition, the larger
errors at higher concentrations of NHs may be associated with the lower stability of the
measuring system, since gas injection can cause small turbulences in the airflow
system, as observed in the calibration curve of Fig 4.4.6b. The response time for each
NHs concentration range was calculated using Eq. 4.2 to fit the calibration curve in Fig.
4.4.6b, leading to values ranging from 10 to 30 s. It is worth mentioning that fitting
required the use of two exponential functions in Eq. 4.2, which points to more than one

process rulling in the sensing mechanism.

R(t) = yo + 44 (1 —e ) + 4, (1 - e_t/tZ) Eq. 4.2

R(t) is the resistance as a function of time (t), yo, A1 and Az are constants, and t1

and t2 are the response times.

Response times ranging values from 10 to 30s are suitable for a device
operating at room temperature, since NHs gas diffusion and sensing usually occur in a

time scale shorter than 30 s 149.180,
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FIGURE 4.4.6: a) Sensor responses at different concentrations of NH3 and b) change in
electrical resistance as a function of time upon NH3 exposure of a sensing device with
PGPZ3T. (Figure available in Andre, R. S. et. al.17?)

Statistical analysis of the impedance data was carried out using PEx-Sensors
software!8-183  implementing multidimensional projection techniques. Here we used
IDMAP (Interactive Document Map) with Euclidian distances between the data points
and employing real impedance data dimensionally reduced by the Fastmap technique in

the frequency range 10° - 10° Hz. The IDMAP plot in Figure 4.4.7 confirms that all the
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three sensors produced were effective to detect ammonia levels from 50 up to 500 ppm,
with a combined silhouette coefficient of 0.64 (separate values of 0.60 for PGPZ2T,
0.59 for PGPZ3T and 0.54 for PGPZTA4T), calculated according to Paulovich et. al.'®?
With this quantitative measure of the discriminating power of a sensing device, PGPZ3T

and PGPZ2T appear as the most adequate molecular architectures.

PGPZ2T .

PGPZ3T -

PGPZAT

150ppm N
S0ppm.

Oppm

500ppm

FIGURE 4.4.7: IDMAP plot obtained with the real component of the impedance data as
a function of frequency for PGPZ2T, PGPZ3T and PGPZ4T films. The axes have no
labels because what matters in this type of plot is the relative distance between data
points. The dashed lines linking data points for each of the sensing units were only
included to guide the eyes, and demonstrate the distinction between different NHs
concentrations. (Figure available in Andre, R. S. et. al.1’?)

Regarding to distinct ammonia sensors recently published in the literature,
Table 4.2 shows that the sensors made with tetralayer LbL films are competitive both in
terms of response time and magnitude of the detection. The limit of detection (LOD)
was estimated to be 23 ppm, based on a signal to noise ratio of 3 (S/N = 3).
Significantly, the figures of merit of the sensors presented here are an adequate choice
for target applications, such as monitoring work places for excessive NH3 exposure. It is
worth mentioning that the sensor response remained stable up to 15 days, while a
decay of 56% on response signal was observed 30 days later.



43

TABLE 4.2: Comparison of sensor performance for detecting NHs, where lists are given
of the material used in the sensing device, detection limit (DL), response time (RTime),
percentage of response. The values quoted for PANI/GO/PANI/ZnO correspond to
PGPZ3T.

. Detection Response Response
Material o _ Ref
Limit Time (%)

PANI/GO/PANI/ZnO 23 ppm 30s (100ppm) 38.31 This work

PANI/GO 1 ppm 50s (100ppm) 11.33 149
TiO2/PPy/GN 1 ppm 36s (50ppm) 36 e
PANI/aFe203 5 ppm 27s (100ppm) 39 185

PPy/SnO2 257 ppb 259s (5ppm) 30 186

PANI/SnO2 1.8 ppm  34s (100ppm) 29 187

Although one would expect that a platform based solely on PANI and ZnO
(PANI/ZnO) combination could be adequate for sensing application, once PANI
presents high sensibility at room temperature!® while ceramic materials may provide
suitable response time for sensing application15318° this was not the case. Subsidiary
experiments (not shown) employing solely PANI/ZnO platform (without GO) showed to
be sensitive to NHs but with an electrical response highly unstable, which is not
desirable for gas sensor application. Definitely, the GO addition to the nanostructured
platform can improve the sensor response!®®. Furthermore, PANI/GO/PANI/ZnO
platform showed not only improved sensitivity to NHs but also enhanced stability,
reproducibility and fast response. Such behavior can be explained in terms of the
electrical properties of the composing material: ZnO is a n-type semiconductor, while
PANI is a conducting polymer which increases the mobility of free electrons, and
impairs the formation of a stable double layer at the electrode interface. The addition of
an insulating layer (GO) to the platform tends to decrease the velocity of electrons

transport, providing higher stability for the electrical signal of the sensor tested under air
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and ammonia atmosphere. Therefore, the results demonstrate the importance of adding
GO to the PANI/ZnO platform, exploiting molecular combinations of three distinct
materials in the same platform, which allowed the sensor operation at room temperature

with fast response and high sensitivity.

45. Conclusions

Tetralayered LbL films could be produced with PANI, GO and ZnO, with the
presence of all components being confirmed with UV-vis. absorption and Raman
spectroscopies. The number of tetralayers for the PANI/GO/PANI/ZnO architecture
affected the electrical properties and morphology, according to impedance spectroscopy
data and AFM images, respectively. The overall electrical resistance of the film
decreased with the number of tetralayers owing to an increased amount of the
conducting PANI. In contrast, film roughness increased with the number of tetralayers,
as expected for nanostructured films. The roughness dependence, however, was not
monotonic when exposure to NHs was considered, since roughness decreased for
PGPZ2T, increased for PGPZAT, and remained practically constant for PGPZ3T. This
indicates synergy in combining the materials properties, which was indeed confirmed by
the higher performance of PGPZ3T for detecting NHs in impedance spectroscopy
measurements. The metrics of interest of the sensors made with the LbL films for use in
monitoring working environments, namely limit of detection, response time and
amplitude of response, were all adequate. Therefore, these PANI/GO/PANI/ZnO films
can be considered as an alternative platform for room temperature NHs sensors in

which synergy is achieved upon combining distinct materials.
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5. Ceramic nanofibers and polymeric coated paper — Additional
Studies*

* The content of this chapter is a compilation of the results obtained during an internship

abroad supported by a PDSE-CAPES sponsorship. The project was developed at the
University of Connecticut/Department of Chemical and Biomolecular Engineering
located in Storrs, CT, United States, under the supervision of Prof. Dr. Yu Lei. A

detailed studied of the obtained results is published as:
- Sensitive and Selective NHs Monitoring at Room Temperature Using ZnO Ceramic

Nanofibers Decorated with Poly(styrene sulfonate).19*

- A flexible and disposable poly(sodium 4-styrenesulfonate)/polyaniline coated glass
microfiber paper for sensitive and selective detection of ammonia at room

temperature.19?
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5.1. Introduction

Solid-state sensors emerge as an important candidate for gas and breath
sensor, once they are low-cost devices, portable and can be integrated to other devices
193-195 Nanofibers are solid-state nanomaterials with high specific surface area, good
flexibility and mechanical resistance, making them suitable candidates for a variety of
applications 1919 Among nanofibers, metal oxide nanofibers can be conveniently
prepared by electrospinning solutions containing a high molecular weight polymer and a
metal precursor, followed by heat treatment for crystallization of the metal oxide 199203,
Several metal oxides such as ZnO, SnOz2, In203, CuO, TiO2, CeO2, with different
morphologies have been studied as gas sensors to detect the concentration variation of
different gases at room and higher temperatures 294,205,

The goal of this work was to develop and characterize a nanostructured sensor
based on ceramic nanofiber, prepared by electrospinning through a solution containing
a polymer and a metal precursor, with subsequent calcination step. The performance of
the ceramic nanofibers sensor was investigated for ammonia gas, nitric oxide and
carbon monoxide. Specifically, ZnO metal oxide nanofibers was employed due to the

high sensitivity of this material to ammonia.

Besides the ceramic nanofiber platform, a second platform was obtained with
glass fiber based paper (GFP) employed as substrate for in situ polyaniline
polymerization aiming a low cost, flexible and disposable platform for ammonia
detection at room temperature. PSS was combined with PANI in two distinct

configurations and compared with pure PANI deposition on GFP substrate.

5.2. Experimental

5.2.1. Materials

Poly(vinyl pyrrolidone) (PVP, Mw= 1,300,000.00 g.mol?), zinc nitrate
hexahydrate (Zn(NOs)2:6H20), dimethylformamide (DMF) and poly(styrene sulfonic
acid) solution 30 wt. % in H20 (PSS, Mw= 200,000 g/mol)were all purchased from
Sigma-Aldrich. Glass microfiber paper (Whatman™ 934-AH™ Glass Microfiber filter)
was purchased from GE Healthcare Bio-Sciences Corp. Aniline (CsHsNH2, 99.5%) and
ammonium persulfate (APS - (NH4)2S20s, 99.99%) and poly(sodium 4-styrenesulfonate)
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(PSS - Mw~1,000,000) were purchased from Sigma Aldrich. The gas sensing
experiments were performed using synthetic dry air, ammonia gas mixture (NHs, 200
ppm in air), nitrogen dioxide (NOz2, 1000 ppm in N2), carbon monoxide (CO, 5% in
Argon) and high-purity nitrogen (N2, 99.998%) obtained from Airgas.

5.2.2. Ceramic Nanofibers

The procedure for electrospinning ceramic nanofibers was based on previous
works?’9:194.206 - 7n(NO3)2.6H20 and PVP (50:50 wt%) were dissolved in 3 mL DMF. The
precursor solution was stirred for 6 hours and then transferred to a plastic syringe with a
19-gauge needle for the electrospinning process. Electrospinning parameters were set
as 20 kV for applied voltage, a flow rate of 0.3 mL h-* over 15 cm of collecting distance.
The collected nanofibers were submitted to a heat treatment in a muffle furnace at
500°C during 3 h for the PVP matrix removal and formation of ZnO in crystalline phase
(ZNO_NF).

Three different concentrations of ZnO_NF suspensions were prepared
dispersing the ZnO_NF in PSS aqueous solutions (ZnO/PSS). The concentrations were
determined by weight percentage for ZnO:PSS as 94:6, 75:25 and 50:50, being the final
concentration for each suspension as 5 mg mL. A ZnO_NF aqueous suspension (5 mg
mL-1) without PSS was also prepared for comparative purpose. The suspensions were
sonicated for 30 minutes and then dropped in an interdigitated electrode (IDE)

composing the sensor device. The volume of suspension added in each IDE was of 2

pl.

5.2.3. Polymeric coated paper

The flexible devices were fabricated through an in situ polymerization process in
GFP substrate. Three solutions were prepared based on aniline, APS and PSS with
concentration of 0,04 mol L%, 0,05 mol L? and 0,1 mol L?, respectively. Then the
solutions were added separately on the GFP substrate in different sequences to
compare the sensibility to ammonia gas. The first device (GFP@PANI) was obtained by
APS addition as oxidant agent for in situ polymerization followed by aniline coating. In
situ polymerization was observed by the color change from colorless to green. The
second (GFP@PANI/PSS) was obtained as the first one with an additional step of PSS
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drop coating. Finally, the third device (GFP@PSS/PANI) was obtained by PSS drop
coating on GFP substrate followed by APS and aniline drop coating in sequence.
Solution volume was fixed in 50 uL for all solutions additions. The devices were left to
dry in ambient conditions for 12 hours. Carbon tape was used as contact channels with
4 mm of distance between then.

5.2.4. Physico-chemical Characterization
5.2.4.1. Ceramic nanofiber

Structural crystalline phase composition for ZnO nanofibers was characterized by
X-ray diffraction (XRD) using an Oxford diffraction Xcalibur TM PX Ultra with ONYX
detector. Morphology and size of the electrospun nanofibers after calcination were
observed through scanning electrons microscopy (SEM) analyses carried out in a JEOL
6335F field-emission scanning electron microscope. The nanofibers and nanopatrticles
diameters were estimated by using an image analysis software (Image J, National
Institutes of Health, USA). For further study the chemical composition and surface
characteristics of the obtained ceramic nanofibers X-ray photoelectron spectroscopy

(XPS) was carried out with a PHI multiprobe using Mg as the exciting source.
5.2.4.2. Polymeric coated paper

In order to confirm the successfully PANI polymerization and PSS adsorption
into the substrate surface, Fourier Transform Infrared (FTIR) spectra were recorded with
a Nicolet Magna-IR 560 spectrometer. The surface homogeneity and polymer
distribution into to the GFP were characterized through scanning electron microscopy
(SEM) analyses carried out in a JEOL 6335F field-emission scanning electron

microscope.

5.2.5. Sensing tests

All devices obtained were tested for several concentrations of NHz gas in a tube
chamber connected to a CHI 660D electrochemical analyzer (CH Instruments Inc.,
USA). The current output was optimized and fixed at 5 V DC bias for continuously
measurement of the ZnO_PSS platform and 1 V DC bias for GFP coated platforms.
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The performance of the devices as ammonia gas sensor at room temperature
(25°C) was evaluated by measuring the current change upon exposure to different
concentrations of NHs in a dynamic gas flow system and synthetic air was used as
carrier gas. The gas flow rate was set as 3 L min! for the carrying synthetic air and gas
mixtures (NHs/synthetic air) and regulated by a computer-controlled gas mixing system
(S-4000, Environics Inc., USA). Prior to the measurement, the carrying gas was purged

for 20 minutes in order to obtain a stable baseline.

5.3. Results and discussion

5.3.1. Ceramic Nanofibers

Long range order of the calcinated ceramic fibers was evaluated by powder X-ray
diffractometry (XRD) and characterized as pure ZnO by hexagonal wurtzite phase
diffraction pattern (JCPDS 36-1451), confirming the successfully elimination of the

polymeric matrix and crystallization of the ceramic phase.
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Figure 5.3.1: X-ray diffraction pattern of the as-prepared ZnO nanofibers. (Figure
available in Andre, R. S. et. al.1%)
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The ceramic nanofibers morphology was investigated by SEM. As it is possible to
observe in Fig. 5.3.1 a) the nanofibers are presented as interconnected spherical
nanoparticles in an oriented attachment process. Fig 5.3.1 b) obtained with higher
magnification shows the nanoparticles organization in nanofibers orientations. It is also
possible to observe the coalescence of the nanoparticles forming an interconnected
chain, occasioned by the thermal treatment. The nanofiber structure presents a mean
diameter of 215 nm (Fig. 5.3.1 b) while the nanoparticles presents a mean diameter of
75 nm.
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Figure 5.3.2: a) Scanning electron microscopy picture of ZnO nanofibers, b) higher
magnification and c) a Histogram of diameter size distribution of ZnONF. (Figure
available in Andre, R. S. et. al. 1%9%)

The ZnO_NF composition and chemical bond configuration were studied
through X-ray photoelectron spectroscopy (XPS). The XPS data was corrected with
respect to the standard peak of Cls at 284.6 eV, regarding to the high chemical purity
of the ZnO_NF sample, once it presents only Zn and O in the constitution. Figure 5.3.2
a) presents Zn2p spectra with two peaks at 1042.08 eV and 1019.08 eV of Zn2p12 and
Zn2pas2, respectively, indicating that all Zn ions in the sample are in Zn?* oxidation state
and correspond to a 2p binding energy of Zn (ll) ions 207208 The 23 eV of distance
between these two peaks agrees with the splitting energy reported in the literature for
Zn0O%%8, The O1s spectrum also shows its characteristics binding energy, and tree
distinct oxygen species could be well distinguished for the O1s state. The main peak at
528.95 eV correspond to the ions in the ZnO crystal lattice (Oa), while the peak at
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530.98 eV can be assigned to oxygen vacancies in the crystal lattices (Os). The peak
at 532.61 eV can be ascribed to oxygen adsorbed in the ZnO surface mainly as
hydroxide (-OH), but also as —COs, H20, and Oz species 299219,
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Figure 5.3.3: The high-resolution XPS spectra of a) Zn2p and b) Ols of ZnO_NF.
(Figure available in Andre, R. S. et. al. 1°1)

The as prepared devices (ZnO94/PSS6; Zn0O25/PSS75 and ZnO50/PSS50)
were tested for ammonia (NHs) sensitivity at room temperature. A device with pure ZnO
nanofibers without PSS (PZnO) was prepared and also tested for NHs sensitivity for
comparative purposes. The sensitive NHs test was carried out for all devices mentioned
for 100 ppm of NHsz at room temperature. The sensor response showed to be

proportional to the PSS concentration.

For all the NHs sensing cycle experiment, the sensor was exposed to NH3 for 4
minutes followed by synthetic air for 6 minutes to recover the sensor. The current in the
sensor was continuously measured during the gas flow cycles. The electric resistance
of the sensor was calculated by applying Ohm’s Law (R = V/I) and the resistance
variation observed could be directly related to the ammonia concentration and

normalized as

AR (%) = (Ro- R)/Ro x 100 Eq. 5.1
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where Ro is the electrical resistance of the sensor in synthetic air and Ry is the
measured resistance in NHs. Therefore, the resistance normalization corresponds to the

NH3s sensing performance of the sensor.
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Figure 5.3.4: a) Response-recovery profile of ZnO50/PSS50 device as function of time
for NHs concentration varying from 10 to 100 ppm and b) Sensing response as function
of NHs concentration for ZnO50/PSS50 and PZnO devices. (Figure available in Andre,
R. S. et. al. 199)
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Fig. 5.3.4 a) presents the current-recovery profile of ZnO50/PSS50 to various
NHs vapor concentrations in air as function of time. Figure 5.3.4 a) shows that NHs gas
flow causes a current increase typical of a n-type semiconductor sensing mechanism.
Fig. 5.3.4 b) shows the sensing response for different concentrations of NHs for PZnO
and ZnO50/PSS50. As can be observed, the ZnO50/PSS50 presents much better
sensing performance than PZnO, even for lower concentrations as 10 ppm. The better
performance can be related with the PSS presence. PSS is a well-known
polyelectrolyte, where ionic groups present in the polymeric chain enable/increase the
charge mobility. Therefore, PSS act improving the NH3 adsorption capability as well as
the sensing performance along with an improvement on the charge mobility between

the ZnO ceramic nanofibers and the substrate 211

The ZnO50/PSS50 sensor response presented a liner range for NHs
concentrations varying from 10 up to 100 ppm (Fig 5.3.4 b) with R square of 0.9807.
The limit of detection (LOD) was determined as 3.22 ppm considering signal to noise
ratio as 3 (S/N=3), which is considerably lower than 25 ppm, recommended limit for
long period of exposure for human and animal'#2143, The detection limit also indicates
that the platform developed here presents an outstanding performance compared with
further works from the literature with a LOD of a NHs concentration between 5 and 10

ppm for pure ceramic nanopatrticles platform also operating at room temperature 212213,

The ZnO50/PSS50 and PZnO selectivity were also investigated (see Fig. 5.3.5).
The devices were tested for 50 ppm of NO2 and CO, since the ammonia detection was
carried out in synthetic air presence and once NO2 and CO are potential interfering
compounds for ammonia detection in indoor environment in poultry farms %4138, |t is
possible to observe that the use of PSS improved the selectivity against NO2 when
compared to pure ZnO.
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Figure 5.3.5: Selectivity performance for 50 ppm of NO2, NH3z and CO for ZnO50/PSS50
and PZnO devices. (Figure available in Andre, R. S. et. al.'%?)

5.3.2. Polymeric coated paper

Polyaniline coated glass fiber paper was produced as described in experimental
section and combined with PSS layer. Recent studies have reported the development of
gas sensors using PSS in the composition and related better reversibility due to its
presence?4216, Therefore, PSS was combined as a coating layer on and under the
PANI layer for different unit devices. The device with PSS coating on PANI layer was
obtained to evaluate the PSS influence in the sensibility. A change color was observed
from colorless to green for all three devices, indicating the successful aniline
polymerization. The formation of PANI on substrate was further confirmed by the FTIR
spectra (Figure 5.3.6, traces b-d). The vibrational modes related to PANI were observed
for GFP@PANI, GFP@PANI/PSS, and GFP@PSS/PANI. The peak at 1487 cm is
ascribed to the stretching vibration of C=C benzenoid rings and the peak at 1128 cm™
to the stretching vibration of C=C quinonoid ring while the peak at 1011 cm™ is assigned
to in-plane benzene ring bending vibration?'’. The PSS coating layer on the substrate
was also confirmed by FTIR spectra (Figure 5.3.6, traces d-e) where PSS vibrational
modes were observed for GFP@PANI/PSS and GFP@PSS/PANI at 1184 cm
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corresponding to asymmetric stretching of SO3 group?*®. As a comparison, a sample of

GFP coated with pure PSS (Figure 5.3.6, trace e) was also presented.
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Figure 5.3.6: FTIR spectra of a) glass microfiber paper (GFP), b) GFP@PANI, c)
GFP@PANI/PSS, d) GFP@PSS/PANI and e) GFP@PSS, respectively. (Figure

available in Andre, R. S. et. al.1%?)

Figure 5.3.7: Scanning electron microscopy images of a) GFP substrate and b)
GFP@PSS/PANI device. The inset represents i) real device picture and ii) real device

mechanical flexibility. (Figure available in Andre, R. S. et. al.»®?)
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Figure 5.3.7 present SEM images for a) GFP paper and b) GFP@PSS/PANI,
showing the fiber structure and high surface area, which it is very important for gas
detection applications, once the gas can flow and diffuse into the fiber matrix. In
addition, no continuous film formation was observed on the paper fiber substrate,
indicating a homogenous coating on fibers. The inset (i) brings a real device
photography representing the green color provide by PANI and inset (ii)) demonstrates

the device mechanical flexibility.

Once the devices presented satisfactory morphology, the study moved on to their
electrical properties. At first, cyclic voltammetry curves were obtained for all devices in
atmospheric air (Fig 5.3.8 - inset), confirming the conductivity property and its
magnitude. The devices were exposed to 100 ppm of ammonia gas with synthetic air as
carrying gas at room temperature. Ammonia flow was turned on and off (cycle on-off)

three times.
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Figure 5.3.8: Dynamic response of a) GF@PSS/PANI, b) GFP@PANI/PSS and c)
GFP@PANI. The inset shows the I-V curves of different device performed in ambient air

conditions. (Figure available in Andre, R. S. et. al.1%)



57

In order to optimize the fabrication sequence of PSS and PANI, the as-prepared
devices (GFP@PANI, GFP@PANI/PSS, and GFP@PSS/PANI) were tested for
ammonia (NHs) sensitivity at room temperature, upon exposure to 100 ppm of NHs. As
it is possible to observe GFP@PANI device presented very low response to NH3 with
very poor reversibility. Meanwhile the GFP@PANI/PSS showed an increased response
at first but possesses poor reversibility. Whereas, the GFP@PSS/PANI device
presented obvious and constant signals with reasonable reversibility. Therefore, the
flexible and disposable ammonia sensor based on GFP@PSS/PANI is used for

subsequent experiments.

Therefore, the GFP@PSS/PANI device was tested for ammonia detection
through sensing tests varying ammonia concentration. The tests were carried out at
room temperature. Sensing property was recorded as real-time dynamic curves as a
function of time. The sensing properties, like current/resistance variation, showed to be
dependent on ammonia concentration, presenting a larger variation for higher
concentrations. Figure 5.3.9. shows the calibration curve of GFP@PSS/PANI device as
a function of NHs concentrations ranging from 10 ppm to 100 ppm at room temperature.
The response showed a good reproducibility for three “on-off’ cycles of the same
concentration of NHsz. The normalized resistance of GFP@PSS/PANI device shows a
29% change upon exposure to 10 ppm NHs. At a cut-off signal-to-noise ratio of 3, the
detection limit was estimated to be 125 ppb NHs, which is significantly lower than the
recommended threshold limit value of 25 ppm for human exposure?'®22° and better than
or at least on par with most of reported values based on conducting polymers or metal
oxides??1-2%6, The good performance and fast response can be attributed to the highly
porous structure and ultrathin PSS/PANI-coating layer on glass microfiber paper, in
which porous structure allows the free access of NH3s molecules to sensing material
while ultrathin PSS/PANI layer greatly reduces the diffusion resistance. It is worthy to
note that the NHs-induced PSS/PANI composite resistance increase shows reasonably
good recovery at high NHs concentrations, but in practical terms, low reversible at low
NHs concentration, even though a longer recovery time was used. This incomplete

reversibility in low NHs concentration range does not pose a problem in our system
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since the GFP@PSS/PANI films are accessed in a cost-effective manner such that they

could be used as disposable sensor strips??’.
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Figure 5.3.9: Gas sensor a) response for different concentrations of NHs gas and b)
selectivity test for ammonia sensing towards NO2 and CO gas. (Figure available in
Andre, R. S. et. al.1%?)

The selectivity of the GFP@PSS/PANI was also investigated and the
corresponding results were presented in Figure 5.3.9b. The sensor device was tested
against 50 ppm of NO2 and CO, which are potential interferents in ammonia detection in
indoor environment at poultry farms %4138, The sensor exposure periodically to 50 ppm
of NHs result in prominent and repeatable resistance change of the sensor device
though a slight baseline drift, which may be attributed to the incomplete recovery of the
sensing material after its interaction with NHs. As a comparison, the sensor response to
the same concentration of NO2 and CO is completely negligible, indicating the excellent

selectivity of the flexible GFP@PSS/PANI sensing materials.



59

5.4. Conclusions

In summary, two different ammonia sensors were successfully obtained.
Ammonia sensing tests for ZnO50/PSS50 device showed great sensitivity for
concentration varying from 10 ppm to 100 ppm and a LOD of 3.2 ppm at room
temperature. ZnO50/PSS50 presented great selectivity for NHs detection in presence of
potential interfering as NO2 and CO.

A flexible and disposable device for ammonia gas detection was also
successfully obtained and tested. The GFP@PSS/PANI showed to be a promising
platform for ammonia detection in low concentrations at room temperature with the
advantage of been flexible, disposable and low cost. The detection limit found was of
125 ppb while the response for a concentration as low as 10 ppm was of 29%.
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6. General Conclusions and Future perspectives

In the present thesis, it was possible to demonstrate the importance of the
combining distinct materials to produce nanocomposites aiming at designing chemical
and electrochemical sensors with superior performances. According with the results
presented here and based on the proposed goals it is possible to conclude that the
selectivity will be determined by the charge transfer, which is dependent on the analyte
free electrons capability. For polyaniline, the sensing mechanism is due to the
deprotonation process when n-type analytes are adsorbed. The interplay with the
distinct materials properties can lead to a better performance for sensor devices even
separated or in composite combination. Additionally, a few remarks deserve to be
highlighted:

»  Electrochemical measurements revealed improvement in electron transfer
kinetic for the electrode modified with polymeric nanofibers decorated with ZnO
nanoparticles, yielding the lowest Rct values, which is advantageous for electrochemical
detection application. Additional experiments revealed the sensitivity for nitrogen

species even in the presence of interfering compounds;

»  The materials properties synergy was indeed confirmed by the higher
performance of the tetralayer platform PGPZ3T for detecting NHs in impedance

spectroscopy measurements;

» A first-hand ZnO/PSS material combination was developed and explored

in the affording a promising device for ammonia detection at room temperature;

» The GFP@PSS/PANI was chosen as a promising platform for ammonia
detection in low concentration at room temperature with the advantage of been flexible,
disposable and low cost. The PSS/PANI combination in the specific configuration was

great in promoting an outstanding alternative for low concentrations ammonia sensor.

In terms of future work, such platforms can be integrated with portable and lab-
on-a chip platforms for simultaneous measurements and remote system operation to
monitor food quality and safety. Flexible substrates will be better exploited aiming one-

use disposable devices for integrated systems.
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Figure A.1: a) Capacitance and b) Resistance variation versus frequency for all three
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Figure A.3: Nyquist plots of a) PGPZ2T, b) PGPZ3T and PGPZ4T when exposed in

several concentrations of NHs.



a) ——0 ppm
e —=—50 ppm
10° \.\\- ——100 ppm
E " —e— 150 ppm
N —— 300 ppm

10° 10' 10 10° 10 10° 10°
Frequency / Hz
b) 10°
E ——0 ppm
4 \'\ ——e—50 ppm
1 \ ——100 ppm
1 \.\\'\. —— 150 ppm
N —e— 300 ppm
'\':‘% —*— 500 ppm
S N
‘| ""a‘?q:'\.
10" 4 St \.._..\.
= I i iy \-._.
; _.—u.‘qﬁ_._._‘*h-. \.\.
N Q\'
\-§.""\-
L
X
\§.
10° \\
T T oL | T T
10° 10 10° 10° 10* 10° 10°
Frequency / Hz
c) 10° -

—*—0ppm
——=— 50 ppm
——100 ppm
—— 150 ppm
—— 300 ppm
—=— 500 ppm

10°

Frequency / Hz

Figure A.4: Impedance spectra of a) PGPZ2T, b) PGPZ3T and c) PGPZAT film
exposed in several concentrations of NHs.

78

when



a) ]
| —e—0ppm
'\\. —+—50 ppm
8N . ——100 ppm
100 NS —=— 150 ppm
N \\\ —e—300 ppm
a \'\ '\.\ —=— 500 ppm
= N
o e, %
Q e __.‘N\_.‘__
c —e—s. ~e_g e
: BRI S
b g
& 10 =SS
‘-C_""‘“\\
10° T — - — et
10° 10' 10° 10° 10°* 10° 10°
b) Frequency (Hz)
—*—0ppm
—*— 50 ppm
—*— 100 ppm
—*— 150 ppm
—*— 300 ppm
——— 500 ppm

a

Q

o

[

8

[/}

2

4 .,

—— S
~%
e
N
NN
NN
10° T — T T T —
10° 10’ 10° 10° 10* 10° 10°
Frequency / Hz
c)
10* —\
N
\\ﬁ\‘

G =3 ~q.

8 ‘_‘_.""-—-___ "*-:-4\\1\-

% -._,__._-_‘_-. ~——.

:E ‘—'—0.._._.-._,_.‘__. .

] e

Q ..

14 ——0 ppm \'
——50 ppm \
——100 ppm \
—+— 150 ppm
——300 ppm \
—=— 500 ppm

10° AR g il o
10° 10° 10 10° 10°

Frequency / Hz

79

Figure A.5: Resistance variation of a) PGPZ2T, b) PGPZ3T and c) PGPZAT film when

exposed in several concentrations of NHs.



80

Appendix B

Publication rights and permissions

Sensor and Actuators B — Elsevier rights and permissions

- Rafaela S. Andre, Flavio M. Shimizu, Celina M. Miyazaki, Antonio Riul Jr, Danilo
Manzani, Sidney J.L. Ribeiro, Osvaldo N. Oliveira Jr, Luiz H.C. Mattoso and Daniel S.
Correa, Hybrid layer-by-layer (LbL) films of polyaniline, graphene oxide and zinc

oxide to detect ammonia, Sensors and Actuators B: Chemical, 2017, 238, 795-801.

Order Date: Mar7,2017

Order Number:4063800982213

Publication:  Sensors and Actuators B: Chemical

Title: Hybrid layer-by-layer (LbL) films of polyaniline, graphene oxide and zinc oxide
’ to detect ammonia

Type of Use: reuse in a thesis/dissertation

Order Total: 0.00 USD

View or print complete getgils of your order and the publisher's terms and conditions.

Sincerely,

Copyright Clearance Center

How was your experience? Fill out this survey to let us know.

Tel: +1-855-239-3415 / +1-978-646-2777 ‘ (Iup)'right y: . .
customercare@copyright com €¥_. Clearance F‘xl()} tsLink

https://myaccount.copyright com 8 Center



22018

81

May 02, 2018

This Agreement between Rafaela 5. Andre ("You™) and Elsevier {"Blsewier”) consists of your license detals and the terms and
condiions provided by Elsevier and Copyright Clearance Center.

License Mumber 408 38008Er213
License date Mar 07, 2017
Licensed Content Elsevier
Publisher
Licensed Conkent Sensors and Actuators B: Chemical
Publication
Licensed Content Title Hiybrid layer-by-layer (LbL) films of polyaniline, graphene oxide and zinc oxide to detect ammaonia
Licensed Content Author Rafaela 5. Andre,Flavio M. Shimizu,Celina M. Miyazaki Antonio Rl Danido Manzani Sidney JL.
Ribeiro, Cswaldo M. Ofiveira,Luiz H.C. Mattoso,Daniel 5. Comea
Licensed Content Date Jan 1, 2017
Licensed Content Volurme 238
Licensed Content Issue na
Licensed Content Pages T
Start Page 785
End Page ao1
Type of Use reuse in a thesis/dissertation
Porfion full article
Format both print and electronic
Are you the author of this ‘fes
Elsevier article?
Will you be translating? Mo
Title of your Manostructured composites based on conducting polymericeramic as a sensing platfiorm for
thesis/dissertation ammonia gas monitoring
Expecied complefion date  Apr 2017
Estimated size (number of 120
pages)
Requesior Location Rafaela 5. Andre
Rua XV deMovembro, 1452
Sao Carlos, 5P 13560-270
Brazil
Afin: Rafaela 5. Andre
Total 000 USD
Terms and Condifions.

INTRODUCTION

1. The publisher for this copyrighted material is Elsevier. By dicking "accept” in connection with completing this licensing
transaction, you agree that the following terms and conditions apply to this transaction (along with the Billing and Payment terms
and conditions established by Copyright Clearance Center, Inc. ("CGCC™), at the time that you opened your Righisink account and
that are available at any time at hiipimvaccount cogyright.com.

GENERAL TERMS

2. Blsewier hereby granis you permission to reproduce the aforementioned material subject to the terms and conditions indicated.
3. Acknowledgement: If any part of the material to be used (for example, figures) has appeared in our publication with credit or
acknowledgement to another source, permission must also be sought from that source. K such permission is not obtained then

that material may not be ncluded in your publication/copies. Suitable acknowledgement to the sowce must be made, either as a
fooknote or in a refierence st at the end of your publication, as follows:

"Reprinted from Publication tile, Vol fedition numbser, Author(s), Tille of article | tile of chapter, Pages Mo., Copyright [Year), with
pemission from Elsevier [OR APPLICABLE SOCIETY COPYRIGHT OWMER]." Also Lancet special credit - "Reprinted from The

hitips:/is 100, copyright comiMyAccountwedspiviewprnabielcensefmmmyorders jsp ref-dca3c2B-5360-4 101-0421-500300b0607 4R emall- 1



82

RSC Advances — The Royal Society of Chemistry rights and permissions

- R. S. Andre, A. Pavinatto, L. A. Mercante, Elaine C. Paris, Luiz H. C. Mattoso
and Daniel S. Correa, Improving the electrochemical properties of polyamide
6/polyaniline electrospun nanofibers by surface modification with 2ZnO
nanoparticles, RSC Advances Journal 2015, 5 (90), 73875-73881.

Improving the electrochemical properties of
polyamide 6/polyaniline electrospun nanofibers by
surface modification with ZnO nanoparticles

R. S. Andre, A. Pavinatto, L. A. Mercante, E. C. Paris, L. H. C. Mattoso and D. S. Correa, RSC Adv:.,
2015, 5, 73875
DOI: 10.1039/C5RA15588F

If you are not the author of this article and you wish to reproduce material from it in a third party non-RSC
publication you must formally request permission using RightsLink. Go to our Instructions for using

RightsLink page for details.

Authors contributing to RSC publications (journal articles. books or book chapters) do not need to formally
request permission to reproduce material contained in this article provided that the correct acknowledgement
is given with the reproduced material.



83

Sensors — MDP rights and permissions

- Rafaela S. Andre, Dongwook Kwak, Qiuchen Dong, Wei Zhong, Daniel S.
Correa, Luiz H. C. Mattoso and Yu Lei, Sensitive and Selective NH3 Monitoring at
Room Temperature Using ZnO Ceramic Nanofibers Decorated with Poly(styrene

sulfonate), Sensors 2018, 18(4), 1058. Open access journal.

Sensors 2018, 18(4), 1058: https://doi.org/10.3390/518041058 Open Access

Sensitive and Selective NH3 Monitoring at Room
Temperature Using ZnO Ceramic Nanofibers Decorated
with Poly(styrene sulfonate)

Rafaela 5. Andre 2% & pongwook Kwak # &, Qiuchen Dong ® &, Wei Zhong § &,
Daniel S. Correa 23+ 510 Luiz H. C. Mattoso %3 & and Yu Lei 1+ &

1 Department of Chemical and Biomolecular Engineering, University of Connecticut, 191 Auditorium Road,
Storrs, CT 06269, USA

2 Nanotechnology National Laboratory for Agriculture (LNNA), Embrapa Instrumentacio, SHo Carlos
13560-970, SP, Brazil

PPGQ, Department of Chemistry, Center for Exact Sciences and Technology, Federal University of S&o
Carlos (UFSCar), 330 Carlos 13565-905, SP, Brazil

4 Department of Materials Science and Engineering, University of Connecticut, 97 North Eagleville Road,
Storrs, CT 06269, USA

Department of Biomedical Engineering, University of Connecticut, 260 Glenbrook Road, Storrs, CT
06269, USA

Department of Chemistry, University of Connecticut, 55 North Eagleville Road, Storrs, CT 06269, USA

[

wn

(=1}

Authors to whom correspondence should be addressed.

Received: 13 February 2018/ Revised: 22 March 2018 / Accepted: 30 March 2018 / Published: 1 April
2018

(This article belongs to the Section Chemical Sensors)

[S) View Full-Text | Download PDF [21463 KB, uploaded 3 May 2012] | [sa) Browse Figures

This is an open access article distributed under the Creative Commons Attribution License which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
(CC BY 4.0).



Synthetic Metals — Elsevier rights and permissions

84

- Rafaela S. Andre, Jun Chen, Dongwook Kwak, Daniel S. Correa, Luiz H.C. Mattoso,

Yu Lei, A flexible and disposable poly(sodium 4-styrenesulfonate)/polyaniline

coated glass microfiber paper for sensitive and selective detection of ammonia at
room temperature, Synthetic Metals 2017, 233, 22-27.

"'@

Copyri

ght

Clearance

%

Center

SYNTHET]

Title:

Author:

Publication:
Publisher:
Date:

A flexible and disposable
poly(sodium 4-
styrenesulfonate)/polyaniline
coated glass microfiber paper
for sensitive and selective
detection of ammonia at room
temperature

Rafaela S. Andre,Jun

Chen,Dongwook Kwak,Daniel S.

Correa,Luiz H.C. Mattoso,Yu Lei
Synthetic Metals

Elsevier

November 2017

Copyright © 2017, Elsevier

Account
Info

Logged in as:
Rafaela Andre

Account #:
3001122151

[Melclolipy



12neRoy RighisLink Primaibie License

ELSEVIER LICENSE
TERMS AND CONDITIONS

Dec 18, 2017

This Agreement between Fafaela 5. Andre ("You') and Elsevier ("Elsevier™) consists of
your license details and the terms and conditions provided by Elsevier and Copymight
Clearance Center.

The publisher has provided special terms related to this request that can be found at the end of
the Publisher's Terms and Conditions.

85

License Mumber 4227660888503
License date Nov 14, 2017
Licensed Content Publisher Elsevier

Licensed Content Publication
Licensed Content Title

Licensed Content Author

Licensed Content Date
Licensed Content Volume
Licensed Content Issue
Licensed Content Pages
Start Page

End Page

Type of Uss

Portion

Format

Are you the author of this
Elsevier article?

Will you be translating?

Title of your
thesis/dissertation

Expected completion date

Estimated size (number of
pages)
Requestor Location

Billing Type
Billing Address

Synthetic Metals

A flexible and disposable poly{sodium 4-
styrenesulfonate)fpolyaniline coated glass microfiber paper for
sensitive and selective detection of ammonia at room temperature

Rafaela 5. Andre Jun Chen,Dongwook Kwak, Daniel 5. Correa,Luiz
H.C. Mattosao,Yu Lei

Nov 1, 2017

233

nfa

6

22

27

reuse in a thesis/dissertation
full article

both print and elactronic

Yes

No

MNanostructured composites based on conducting polymer/ceramic
as a sensing platform for ammenia gas monitoring

Apr 2017
120

Rafaela 5. Andre
Rua XV deMovemnbro, 1452

530 Carlos, SP 13560-970
Brazil
Arim: Rafaela 5. Andre

Inwvoice

Rafaela 5. Andre
Rua XV deMovemnbro, 1452

530 Carlos, Brazil 13560-370
Attni: Rafaela S. Andre

Inttps: s 1 00. copyright comiCustomerAdminPLF_jsp?ref=7 cohSbdil-cal 7-4501 -Soec-4c900 233224 5 146



