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Abstract

The properties of nanoparticle sensors intended for real- time monitoring of low
concentration of elemental mercury (Hg) vapor and volatile organic compounds (VOCs)
are presented and discussed. Nanosensors made of conducting polypyrrole (PPY) and
tin dioxide (SnO:z) on SWNTs were tested for the detection of volatile organics such as
benzene, methyl ethyl ketone (MEK), hexane and xylene. The greater sensitivity of these
two sensors to lower analytes concentrations compared to previous research studies was
demonstrated. Experiments were conducted at room temperature, and the response was
shown to be fast and highly sensitive to low concentration of VOCs. An attempt of using
PPY and SnO:2 sensors in a sensor array to quantify MEK and benzene in a mixture
partially failed, as it was not successful in accurately quantify both compounds in a
mixture. Sensing mechanisms of these two sensors to analytes are discussed in this
thesis.

Experiments were conducted with similar nanosensors for sensing elemental
mercury vapors. This sensor for mercury vapors is composed of gold (Au) nanoparticles
on single-walled carbon nanotubes (SWNTs) networks. Surface topography was
determined by scanning electron microscopy (SEM). The electrical resistance of Au-
SWNTs networks drastically increased upon exposure to mercury vapor. The

experiment result shows that higher deposition amounts of Au nanoparticles on SWNTs

iv



lead to higher sensing responses. A detection limit of this senor to vapor mercury
concentrations in the parts-per billion (ppb) was seen. Response features of current
mercury sensors are discussed concerning sensitivity, reproducibility and regeneration
at room temperature (25°C).

Further work to improve the sensors that were tested was identified. The main
challenge of this sensor is that the response and regeneration time is relatively slow at
room temperature, especially for Au nanoparticle sensors. Also, with respect to PPY and
SnO:2 nanosensors, a high reproducibility in the making of sensors is desired. This
improvement can help PPY and SnO: sensors to have better consistency. Finally, since
nanosensors that can detect VOCs are not very specific, array sensing and numerical
methods that can be used to quantify individual compounds in mixtures using

nanosensors array data are needed.



Contents

ADSETACE ...t iv
List Of TabIeS ......cooviiiiieiiicicictcc s viii
List Of FIGUTES ... ix
AckNOWIedgements...........coeuiiiiiiiiiiiiiii e X
1. Back@roUnd.........cuoviiiii e 1
1.1 Introduction to VOCs and sensors for VOCs ...........cccoiiiniiiiiiiniiiiiicccne 1
1.1.1. Source of Volatile Organic Compounds .........cccceeueirnieinniccnneccreeceeens 1
1.1.2. Toxicity and regulation of Volatile Organic Compounds...........cccccevvviiininncne. 2
1.1.3. Monitoring methods of Volatile Organic Compounds...........cccceevvivviininnnnnee. 3
1.1.4. SNO2 filM SENSOTS .....ovvviiiiiiiiiiiciicc e 4
1.1.5. Conducting Polymer Film SensSors ..........cccoceueveieieieieicicicccccccee 5

1.2 S0UICe Of MEICUIY ....viiiiiietetccccc s 6

1.3 Transport Of METCUTY ....c.ccuvuiuiiiiriiiiiiiectt ettt 7

1.4 Toxicity effects of mercury on human............ccccooviiiiiiniiinniciiccce, 10

1.5 Current mercury sensors for detection of elemental mercury ..........cccccceveururrunnnnes 11
1.5.1. Surface acoustic wave-based and piezoeletric Sensors ...........ccccoevvvvvevriririenennnes 12
1.5.2. Gold film/Nano-wire SENSOTS ..........ccvuriririririiiiiiiiiicicicicciccce e 13
1.5.3. Polymer-carbon composite SENSOT ...........ccceueveveieieieiciciciccccec e 14

1.6 Introduction to gas nanoparticle SENSOTS ..........ccoeueuirivirieiirieiiiirieeeeeeeeeeae 15

2. Objectives and hypothesis ..o 16

vi



2.1 OBJECHIVES. ...ttt s 16

2.2 HYPOtheSIS....ucucuiiiiiiiiiii e 16

3. Materials and methods........cccueeriririiiiiiiecce et 17
3.1 Preparation of materials .........cccooovoieieiiiiiiiiiii e 17
3.1.1 Fabrication of functionalized SWINT SENSOTS ........c.ceueuerieirueireinerinieiereneercneenens 17
3.1.2 Apparatus for mercury and VOC SeNSINg .........cccceveueuiviniiieininiincininiieininieeeens 23

4. Results and diSCUSSION .....cceuiiruiiiueriiiiriiiiieiieeette ettt ter ettt sttt ss 26
4.1 Response characteristics of SnO2 and PPY nanopartice sensnors to VOCs ........... 26
4.1.1 Responses of SnO2 and PPY SWNT nanosensors to VOCs...........cccceeiivininnnne 26

4.1.2 Response of dual sensor PPY and SnO-SWNT array to a mixture of VOCs...33

4.1.3 Nanosensors arrays to quantify and indentify different VOCs...............c.......... 34

4.2 SEM image of SWNTSs coated with Au nanoparticles..........cccccocevvivviiinnninnnnnn. 40

4.3 Performance of Au nanoparticle sesnor for mercury sensing..........c.ccccccecvveueucnnee. 42
4.3.1 Response of Au nanoparticle sensor for mercury vapor ...........c.cococeveverercueuennnee. 42
4.3.2 Sensing mechanism of Au nanoparticle SEeNSOr ..........cccoceveveveirieieieieieieieieicieiene, 43
4.3.3 Sensitivity of Au nanoparticle sensor with different deposition charges ......... 44

5. Conclusions and future WOrK..........ccociiiiiiiiiiiiiiic e 48
REfETENCES ...ttt 51

vii



List of Tables

Table 1: Fitting model characteristics of SWNT nanosensors functionalized with PPY and
SnO: to individual analytes. ..........ccceiiiiiii e 39

Table 2: Actual analyte value and predicted value by the fitting model and given
sensitivity from nanosensors functionalized with PPY and SnO: to a mixture of MEK

ATV DOIIZEIIO ..ottt ettt ettt ettt e ettt e s e bt e e sesabeeesesasaeeseabseessasseessnsaeessnsseessnsaeess

viii



List of Figures

Figure 1: Brief introduction of natural and anthropogenic mercury transportat in the
atmosphere and waterbodies...................... 9

Figure 2: Optical picture of sensor array on chip carrier and SEM image of SWNT

network across microfabricated gold electrodes. ...........cccoovviniiiiiiiiiiiiiii 18
Figure 3: The fabrication of Au nanoparticle SENSOT............cccoeueiviriiiiiiiniiiiiiiiiiiiccens 22
Figure 4: Schematic of mercury vapor sensing system............ccccceecceccencncnenenininineeiennes 24
Figure 5: Schematic of VOCs vapor sensing SyStem..........ccceeueueucccceeneninennineeee e 25

Figure 6: Real time response of the SWNT sensors functionalized with PPY to different
concentrations of benzene and MEK ... oottt eeeeeeeeeeeeareeeeeraeeessesaneas 27

Figure 7: Response of two different SWNT nanosensors functionalized with SnO: to
benzene and MEK ............cooiiiiiiiii s 31

Figure 8: Response of SWNT sensors functionalized with PPY to benzene and MEK.....32

Figure 9: Response of SWNT nanosensors functionalized with PPY and SnO: to 13 and
65 ppm both benzene and MEK ... 34

Figure 10: Response of SWNT nanosensors functionalized with PPY and SnO: to
benzene and MEK ..o 39

Figure 11: SEM image of Au nanoparticles on SWNTs network according to different
deposition ChAIZes .........ccoiiviiiiiiiiiii 41

Figure 12: Response of three deposited Au nanoparticle sensors to various concentration
Of MNETCUTY VAPOT ...uiuiuiiiiiiiiieietete ettt et a e b a e 44

Figure 13: Calibration plots of three deposited Au nanoparticles to various
concentrations Of VapOr METCUIY .......cccoiuiuiiiiiiiiiiiniiiiiiciieecnee e 45

Figure 14: Comparison of the responses of previous mercury Sensors...........cccccceeeueueuencne 47

X



Acknowledgements

I would like to express my sincere gratitude to my advisor--Dr Deshusses. His
industrious attitude to do research work and valuable recommendations on my research
has instructed me greatly. Without his supervision, it is impossible for me to finish my
research work and compose this thesis.

I would like to thank Dr. McNicholas for giving me valuable instructions on the
improvement of experimental methods and appropriate manners to make presentations.
I would also like to thank Dr. Hsu-Kim and Dr. Kabala for their opinions on my thesis.

Last but not least, I would like to thank God, all my family, my friends and my
girl friend, Siyao Zhang for their continuous support on my research. Their prayer, care
and encouragement enabled me to finish my research and enjoy an interesting life in the

United States.



1. Background

In recent decades, there has been an increasing demand for various gas sensors
devices to detect different gases or vapors for a large number of applications. Several gas
sensors can be regarded as warning signals in our daily life. For example, semiconductor
gas sensors coated with metal oxides serve as alarms as they are sensitive to flammable
gases such as CHs and Hzin domestic houses or industries. In the industry field, oxygen
sensors also play an important role for car emission control as well as metallurgical
process control. Humidity sensor functionalized polymers are capable of detecting water
vapor for automating food processing and air conditioning. Other gases sensors also
exhibit high sensitivity to toxic gases like H2S and NHs can be useful in either industrial
settings or agricultural applications. A growing demand exists for sensitive sensors in
homeland security, health, and food security areas. These examples show the
importance of gas sensor technology related to environmental monitoring and process

control [1, 130].

1.1 Introduction to VOCs and sensors for VOCs
1.1.1 Source of Volatile Organic Compounds

VOCs emissions include natural processes and anthropogenic activities. Natural
volatile organic compounds result from oceans, plant foliage, forest and animals [1].
Among them, VOCs emitted from animal facilities include a wide variety of VOCs, some

of which presenting environmental health risks and/or odor nuisances. These VOCs



include acids, alcohols, aromatic compounds, etc. Frequently, odors from animal
production facilities related to the storage and decomposition of manure. Manure odors
are a complicated mixture of acids, aromatic compounds, heterocycles and amides [1].
Anthropogenic sources of VOCs include vehicles emission, industries using volatile
solvents, industrial sources [1, 2]. Research has also shown that traces of VOCs are the
main indoor air pollutant, usually released from building materials. The VOCs are
emitted from these materials by several mechanisms such as oxidation, decomposition,
and desorption processes [3]. Although they exist at very low concentrations (ppb or
lower), these VOCs can cause adverse effects to human. These effects include nose and
throat discomfort, nausea, dizziness and headache [1]. Some VOCs such as benzene,

toluene, and ethylbenzene, have been shown to be carcinogens to humans.

1.1.2 Toxicity and Regulation of Volatile Organic Compounds

Hazardous VOCs need to be regulated to decrease toxic effects to whoever is
exposed to dangerous levels of these compounds. In an industrial environment, workers
can be at high risk near vents and stacks, or during manipulation of the chemicals.
Therefore, a series of limits are enforced to protect workers. For example, Occupational
Safety & Health Administration (OSHA) sets permissible exposure limits (PEL) to keep
workers away the adverse effects from toxicants. PEL are warning levels concentration
of a specific substance in the air for occupational exposure [4]. For example, PEL for

xylene is 100 ppm of air, which is a fairly high level, indicative of the fact that xylenes



will only cause moderate adverse health effects even at ppm levels. PEL for MEK,
hexane and benzene are 200, 500 and 1 ppm, respectively, which illustrates the greater
concern about benzene and its carcinogenicity. Regulations for VOCs emissions are

complex, and depend on the compound and specific local, state or federal regulations.

1.1.3 Monitoring Methods of Volatile Organic Compounds

Volatile organics encompasses a very broad range of substances, which end in
the environment as a result of natural processes and industrial and anthropogenic
activities. For the purpose of this thesis, we will only be concerned with industrial and
anthropogenic activities and low molecular weight VOCs. Such VOCs are mainly
produced from anthropogenic activities such as painting production facilities, oil
processing plant, metal and plastic foundries, etc. [4]. VOCs can be seen as hydrocarbon
compounds with a boiling point below 200 °C and higher vapor pressure and often a
low water solubility; moreover, they can exist in atmosphere, soil, ground water and
surface water [6, 7]. The U.S. Environmental Protection Agency (EPA) has shown that
carcinogenic nature of VOCs can cause adverse human health effects in the indoor
environment, which aggravate illness such as asthma, allergies and cancer [6-10].
Studies have shown that principal toxicants that draw people’s attention include some
VOCs, such as benzene, toluene, acetone, xylene and ethylbenzene [5, 7]. The
requirement of high-performance sensors is needed to monitor and detect these gas

species at ambient temperature. Gas analyzers like gas chromatography (GC) and mass



spectrometry (MS) can help quantify and detect these gas samples. However, they are
expensive and convenient for use only in the laboratory [7, 11, 12]. Existing methods
should allow an easy monitoring and be stable in various environments [11]. Some
sensors that exist include devices based on bulk materials such as metal oxides (SnOz)
[12-16] and conducting polymers (PPY) [5, 10, 13, 17-19].
Typical concentrations of interest for monitoring VOCs vary broadly:
e  Ultra low trace concentrations (ppt or lower) for ambient monitoring.
e Low concentrations (roughly 1 ppb to 1 ppm) for some ambient air studies, personal
exposure or trace emissions.
e Low ppm to tens or hundreds of ppm, for most industrial emissions, and some
chemical alarms.
e High concentrations (hundreds of ppm) for industrial exhausts, concentrated

emissions, spill response, high level chemical alarms.

1.1.4 SnO, film Sensors

Probably the most used VOC gas sensor is the SnO: film sensor, which has been
shown to be broadly sensitive to various groups of analytes including VOCs and
greenhouse gases [20-22]. Research studies have shown that SnO: sensors display high
sensitivity to polar analytes. Researchers hypothesized that polar compounds are
adsorbed to a greater extent on the surface of SnO: than non-polar compounds [20].

Much effort focused on developing SnO: gas sensors including thin film sensors and



semiconductor gas sensors sensitive to VOCs like xylene, methanol, methyl ethyl ketone
(MEK), benzene and hexane. These sensors usually have detection limits in the ppm
range. However, the main drawback of SnO: film sensors is their needed to operate at
higher temperature (between 200°C and 500°C) and their lack of specificity in

distinguishing different VOCs [13, 20].

1.1.5 Conducting Polymer Film Sensors

Conducting polymers (CPs) such as PPY, polyaniline (PANI), oxyacetylene (PAC)
and polythiophene (PTH) have attracted a lot of research interest as they are promising
sensing material with interesting tunable electrical properties [10, 13, 23]. Among these
conducting polymers, PPY has been considered as a good candidate for high electrical
conductivity, room temperature operation and real-time monitoring sensors [24]. PPY
sensors have mainly been used to detect NHs and show high sensitivity at room
temperature [5, 10, 25, 26]. Analytes may have physical interaction with PPY which then
changes the electrical conductivity directly because of adsorption of the analyte or
indirectly via swelling and morphological changes [5, 13, 27]. For example, NHs
molecular adsorption into PPY polymer films may lead to a repulsive force between PPY
chains resulting in a swelling of PPY films. This swelling may reduce holes in the PPY
and increase the resistance of the resistance of the film [11, 13, 25, 27]. PPY film and PPY
composite sensors are shown to be sensitive to VOCs like benzene, xylene, ethylbenzene

and toluene. The response behavior of PPY film sensor with 40 minutes exposure to



these vapors (above 50 ppm) was presented [5]; moreover, the response time for PPY
composite sensors ranged from 3 to 8 minutes when exposed to more than 100 ppm [7,

10, 23]

1.2 Source of Mercury

Global mercury emissions have been an increasing concern over the past century;
they are stemming from natural sources and anthropogenic sources [29-33].

The natural emissions of mercury come from land and water-body surface;
however, the natural content of mercury varies highly because of unstable
environmental situations [30, 34]. The mercury emitted from volcanogenic source,
evaporation from land and water body surfaces, burning of crop residue and forest fires
[30, 31, 35-37]. In these cases, the main form of mercury is elemental mercury. Mercury
emission from surface waters pertains to main natural resources. Current studies show
that the evasion of mercury vapor is caused by the difference in temperature and
mercury concentration at the air/water interface. In addition, the UV radiation present in
sunlight has also been shown to help increase the mercury emission [31, 38-40]. Overall,
mercury emission from lakes and oceans surface dominates the natural sources,
followed by the biomass burning and volcanogenic sources. They have been estimated
to range from 500 to 5000 tons per year [30, 31].

Mercury emissions from industrial use is the main source released to the

atmosphere, including coal-fired electric utilities and municipal waste incineration [32-



34, 41-44, 45], caustic soda production [31, 33, 41, 46, 45], non-ferrous metals
manufacturing facilities [31, 33, 47, 45], and cement plants [31, 33, 41, 45, 48]. Mercury
emission from coal and fire combustion is the major anthropogenic source in the world
with an estimated release of 810 tons per year [31, 32, 41, 42, 44, 49]. Recently, China has
been the largest coal energy consumption country, around 213.8~268.0 Mg yr! over the
past twenty years [31, 41, 50]. Researchers suggest that coal energy has been the
dominant power supply in China’s domestic energy consumption; In addition, limited
dust control devices in coal-fired power facilities in also increases the mercury emission
to the atmosphere [33, 41]. Intensive anthropogenic sources have released a huge

amount of mercury to the atmosphere for decades [29, 31, 32, 34].

1.3 Transport of Mercury

As seen in figure 1, the mercury emissions released from anthropogenic and
natural sources undergo chemical and physical reactions. Figure 1 shows schematic of
mercury emissions from combustion and natural sources as well as describes the
mercury transport in the atmosphere and aqueous system [32].

Mercury is released into atmosphere from coal-fire facilities and waste
incineration plus natural sources such as forest fire and volcanic eruptions in figure 1.
Elemental Mercury (Hg?) released from these sources [31-33, 41] was shown to stay in
the atmosphere for 0.5-2.0 years because of a high vapor pressure and low water

solubility [32, 34, 51, 52]. Hg? undergoes oxidation and dry as well as wet deposition [32,



53-56]. Due to the existence of strong oxidizing agents such as hydrogen peroxide (H20:)
and ozone (Os), the Hg’is oxidized to divalent mercury (Hg (II)) at pH<7 [32, 55, 56];
moreover, chlorine (Clz) in coal [32, 57] also reacts with Hgto form Hg (II) as Hghas
been shown to be the fast reaction between these two compounds [32, 58]. Dry
deposition including fallout and interception may be an important factor to precipitate
airborne Hg passing over trees canopies [32, 59]; in addition, water-soluble Hg (II) may
tend to be removed by wet deposition including rainwater and excess water from leaves
to the ground [32, 59, 60], or be reduced to Hg? in the presence of sulfite (50s*) [32, 61].
Recent attention has drawn to the transport of mercury in aquatic system due to
the existence of highly toxic methylmercury (MeHg) [62-66] in figure 1. Hg (II) may be
formed when Hg?from point source pollution [32, 34, 64] or the evaporation from the
surface of water bodies [31, 37], undergoes oxidation due the Osor other photogenerated
oxidants. Sulfate-reducing bacteria play an important role in transforming Hg (II) into
MeHg in anaerobic sediments [62, 67-72]. MeHg is the main bioaccumulative mercury
species that is taken up by biota and accumulates in fish [42, 73-75]. Consumption of Hg-
containing fish has been linked to high MeHg concentrations in the human body like

blood [42, 76].
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1.4 Toxicity Effects of Mercury on Human

Numerous researchers in recent years have investigated the toxicity of mercury
on the human body. Mercury exists in three chemical forms, elemental form (Hg?), the
divalent inorganic form (Hg (II)) and organic compounds, mostly as MeHg. MeHg has
been shown to be especially toxic to human health by animal experiments and previous
events.

Hg? poisoning has been observed after exposure to Hg? vapors for example in
occupational labor [77-83]. Inhalation of Hg? vapors exceeding 500 pg/m?® may cause
toxicity to central nervous system (CNS), inducing numerous symptoms like loss of
memory, fever, malaise, cough and neurocognitive disorders [29, 42, 77, 84]. In addition,
several medical documents also show infants who inhale of high concentration of Hg®
may develop lung disorder [85-87]. Main pathway of Hg?exposure in children includes
exposure to mercury dust and powder by either crawling on the floor or accidently
ingesting objects such as thermometers [29, 88, 89].

Hg (II) is found in the human body through the oxidation of Hg’binding with
red blood cells in the lungs [29, 90]. Accumulation of Hg (II) in kidneys is higher than
that in brain and liver [29, 91]. Moreover, low puM concentration of Hg (II), which
showed strong thiol-binding activity, blocks DNA binding as well as cause cell death [42,
92]. For example, chloralkali workers exposed to mercury have been demonstrated to

have impaired kidney functions [42, 93].
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MeHg is the most toxic mercury form and easily absorbed into body tissues [77,
94]. In addition, MeHg is prone to accumulate in aquatic living organisms and has been
shown to accumulate to high concentration in specific species of fish [42, 76, 95-98].
Those who consume large amounts of these fish are at high risk to MeHg poisoning [42,
77]. Previous accidental events and animal experiments have revealed that significant
response of MeHg intake induced central nervous system toxicity, caused by MeHg
transport across the blood b-brain barrier and disrupting the brain function [77]. For
instance, animals tests have shown that MeHg was found in the rat’s brain after injection
[29, 99-101]. In addition, MeHg can cause severe damage to the developing brain,
resulting in decreased activity of cell and neuron [102-104]. Hg chronic exposure is an
increasing problem in modern societies, and has been considered as a serious problem.
But for this to be solved, reliable and fast monitoring methods that can detect low

concentrations of mercury are needed.

1.5 Sensors for Detection of Mercury Vapor

In the past decade, one has seen an explosion of interest in sensors to detect all
kinds of air pollutants, including mercury vapor. Research has shown that metallic gold
films are highly sensitive to vapor mercury vapor, produced an increased resistance
upon exposure to mercury vapor due to the formation of an amalgam [105-107].

Currently available sensors for monitoring mercury vapor include surface acoustic

11



wave-based sensor (SAW-based sensor) [106, 108], piezoelectric sensor [108, 109],
nanosensors [44, 107, 108-111], and polymer-carbon composite sensor [107, 112, 113].
Desirable features for gas sensors include low energy and material consumption,
high sensitivity and specificity to various analytes, regeneration or reversibility at room
temperature, commercially available materials and simple manufacturing using existing
techniques, low cost, stable quality in different environments, and continuous
monitoring of analytes for mobile applications [44, 107, 113]. In the next sections,

selected mercury sensors are reviewed.

1.5.1 Surface Acoustic Wave-Based and Piezoelectric Sensors

Surface Acoustic Wave (SAW)-based sensors provide high sensitivity to mercury
vapor [106, 108, 114]. This sensor is mainly composed of a high frequency acoustic dual
delay line oscillator and an angstrom thin gold sensing film deposited on one delay
path. The other delay line can represent as a reference to diminish environmental effects
such as humidity and temperature vacillation. The amalgamation due to the exposure to
mercury causes a different frequency between the sensing and reference delay line
oscillators. The concentration of mercury vapor can be determined according to the
difference of oscillation frequency. In addition, SAW-based sensors offer high sensitivity
of detecting vapor mercury at parts-per-million (ppm) and parts-per-billion (ppb) levels
[107, 108]. The sensing mechanism of piezoelectric sensors is based on the lower

vibration frequency of thin quartz plate coated with metallic gold films on both sides

12



within the actual sensor. Good responses of this sensor to mercury vapor levels in the
ppm range was been presented [108, 109]. The disadvantages of these two sensors are
that they show sensitivity to mercury vapor over a limited temperature range and that

regeneration can only be completed at high temperature (i.e., 200°C) [106, 109]

1.5.2 Gold Film / Nano-Wire Sensors

Recently, there has been an increase in studies of ultrasensitive sensors based on
nanoscale materials. Often, these nanosensors provided enhanced sensitivity toward the
analytes, less energy-consumption, and could be developed in small portable devices for
continuous on-site monitors [115, 116]. Recently, NASA has shown the interest in
sensors to detect mercury vapor inside spacecrafts for when mercury would be released
from a broken light. Sensors to detect concentration as low as ppb Hg concentrations are
required to monitor astronauts” health [107, 117]. For example, gold film sensors have
been proven to be standard applications used in laboratory and commercial instrument.
The abraded gold films are prepared in vacuum, with high speed abrasive particles
thinning and roughening films. Gold films are made around 15 nm thick and show
pronounced sensitivity to mercury vapor in the ppb range at room temperature.
However, gold film sensors regeneration can only be achieved at high temperature up to
200°C [105, 107, 118, 119]. The intense interest in nanowire sensors has been shown in
scientific research such as biosensors [115, 120]. The gold nanowires were fabricated

with the e-beam lithography/ lift-off process or template electrodeposition. Nanowire

13



sensors also show significant sensitivity to mercury vapor because of nanoscale
properties including elevated surface area to volume ratio (SAVR). A recent research
paper showed that nanowire sensors are competitive with existing gold film sensors
upon exposure to mercury [44]. The nanowire sensors’ detection limits are at low
concentrations of 5 ppb. However, the main drawback of nanowire sensor can not be

regenerated after use [110].

1.5.3 Polymer-Carbon Composite Sensors

Sensor arrays composed of polymer-carbon composite films have been broadly
responsive to low concentration of volatile organic compounds (VOCs) and showed that
arrays can detect and distinguish various gas analytes. Polymer mixtures combined
carbon black, the stable and conductive element, with organic polymers that provide
various chemical properties have been proven to be quite stable under a long-term use
[121, 122]. Gold films on polymer-carbon composite films have been proposed for
mercury sensing. They are composed of polymer films deposited with 10 nm thick gold
films [107]. Mercury will amalgamate gold, which either spread on or penetrate beyond
polymer-carbon composite films. Amalgamation formed both on and through composite
films influences the conductivity. In addition, composite polymer films can also respond
to different organic vapors. Research has shown that this composite mercury sensor can
detect 10 ppb levels of mercury vapor and can regenerate adequately at moderate

temperature for use [107].
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1.6 Introduction to gas nanoparticle sensors

Novel nanosensors based on functionalized SWNTs were developed jointly by
the research groups of Dr. Nosang V. Myung at University of California Riverside (UCR)
and Dr. Marc Deshusses, when still at UCR. The sensors are based on functional
nanoscale materials possessing unique properties such as higher surface area accessible
for sorption and reaction [123, 124]. The functionalization technology that was selected is
electrodeposition, which provides easy fabrication, cheap and powerful way of
decorating nanoscale sensing materials onto materials such as SWNTs [125]. The
research work in my thesis includes two parts. The first part is concerned with the use
arrays of gold, conducting polymer and SnO: functionalized SWNT sensors in an
attempt to detect low concentrations of VOCs. Both sensing of individual analytes and
of mixtures is attempted. The second part deals with the results of my assistance with
mercury sensing experiments done by Dr. Thomas McNicholas. These experiments are
the first attempt to use SWNTs decorated with gold nanoparticles to test the sensing
sensitivity of mercury. It is my hope that my thesis can be helpful for researchers who
are focusing on the development of nanosensors for low concentrations of toxic gases

and vapors.
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2. Objectives and hypothesis
2.1 Objectives

The goal of my research is firstly to provide data on individual VOC sensing and
mixture of VOCs sensing using sensor arrays that include bare SWNT, Au, PPY and
SnO:z nanoparticles deposited on SWNTs. A second objective is to discuss the response
characteristics of novel mercury vapor nanosensors. Several aims discussed in this thesis
include the investigation on feasibility to use nanosensors arrays to quantify and
discriminate various VOCs, the relationship between deposition charge of Au
nanoparticles and sensitivity, the characteristics of the sensors. Hopefully, this sensor
arrays functionalized with PPY, SnOz2and Au can be developed later as wearable sensors

to detect vehicle exhaust and serve as indoor air quality monitoring device.

2.2 Hypothesis

My research is based on the hypothesis for the VOCs experiments is that each
VOC or VOC mixture will be generating different sensing responses on sensor arrays
made of SWNTs with functional groups such as Au, PPY and SnOz. Furthermore, the
hypothesis is that the resistance changes will result from the reaction of mercury and Au
nanoparticles on SWNTs networks and that these Au nanoparticle sensors will provide
high sensitivity, reproducibility and reversible properties compared to current mercury

Sensors.
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3. Materials and methods
3.1 Materials and Methods

3.1.1 Fabrication of functionalized SWNT sensors

The synthesis method is shown in figure 2. For this research, the sensors and
sensor arrays were made by several researchers in the group instructed by Dr. Nosang
V. Myung at UCR. The electrodes for the sensors were microfabricated on silicon
substrate using standard lithographic patterning. Using chemical vapor deposition
(CVD), one micron thick SiO2 film was first deposited on a (100) oriented silicon wafer to
insulate the substrate. After photo lithographically defining the electrodes, a Cr
adhesion layer and a ~3000 A-thick Au layer were e-beam evaporated. Finally, the
electrodes were defined using lift-off techniques. The gap distance between electrodes

was fixed at 3 pum.
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Figure 2: Optical picture of sensor array on chip carrier and SEM image of
SWNT network across microfabricated gold electrodes (SEM acquired by Dr.
McNicholas)

The fabrication steps of the Au nanoparticles decorated SWNTs are shown in
Figure 3. Sensors Purified SWNTs-COOH, 80-90% purity, produced by Carbon Solution,
Inc. Riverside, were dispersed across micofabricated gold interdigitated gold electrodes
by positioning a 500 nL drop of aqueous solution with soluble SWNTs (1pg/ml) onto the
interdigitated electrodes and allowing it to air dry to form an SWNT network bridging
the electrodes. After formation of the SWINT network, some sensors were annealed at
300 °C for 30 minutes in an inert environment (i.e. 5% hydrogen and 95% Nz) to

minimize the contact resistance between the CNT network and the gold pads.
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Electrodeposition of gold nanoparticles on the SWNT networks was performed
using three electrode electrochemical cell configurations. Commercially, available ready-
to-use gold electroplating solution from Technic INC. (Techni-gold 25 ES, CA) was used
as electrolyte. For gas studies, first, a 3 pL droplet of Au electrolyte solution was placed
on top the SWNT network bridging electrode gap. Au alkaline cyanidefree gold
electrolyte (pH=7.5) was selected to prevent the dissolution of a Cr adhesion layer which
can be readily attacked in an acidic environment. Next, platinum and Ag/AgCl wires
were positioned inside the droplets using a micropositioner. The annealed SWNT
networks along with the gold electrodes served as the working electrodes, while
platinum and Ag/AgCl wires served as the counter and pseudo reference electrodes,
respectively. All depositions were carried out in a potentiostatic mode (constant
potential) at 25 °C and ambient pressure, with deposition charge as the stopping criteria.
After deposition, the electrodes were rinsed with deionized water and acetone to
remove any metal salt residues and impurities [126].

The electrochemical studies for coating tin oxide on SWNTSs was carried out
using two electrolyte solutions. First 100 mM of NaNO3 (299.0 %, Sigma-Aldrich, MO) is
added to 75 mM of HNO3 (70%, Sigma-Aldrich, MO) under constant stirring. 20 mM of
SnCl2.5H20 (298%, Sigma-Aldrich, MO) was then added, and the solution (pH ~ 1.3) was
aged for 12 hours under constant stirring prior to use. Solution B was prepared using 20

mM of SnCl2.5H20 in the absence of nitrate. The pH of the solution was adjusted to 1.3
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using HCI (37%, Sigma-Aldrich, MO), and the solution was aged for the same amount of
time. The electrodes were then immersed in the precursor solution and electrochemical
studies were carried under quiescent conditions. SWNTs which were AC di-
electrophoretically aligned between two gold electrodes separated by a 3 um gap,
served as the working electrode. Linear sweep voltammetry (LSV) and
chronoamperometry measurements were carried out at room temperature for both
device configurations in a three electrode electrochemical setup using a commercial
potentiostat/galvanostat (EG&G, Princeton Applied Research 263A Potentiostat /
Galvanostat, NY) with Pt wire (99.99%, Sigma-Aldrich, MO) and chlorinated Ag/AgCl
wire (home made) as auxiliary and reference electrodes. An electrochemical cell was
formed by dispensing a 3 uL drop of electrolyte solution on top of the aligned SWNT
network and platinum and Ag/AgCl wires were positioned inside the droplet using
micropositioner. For time dependent studies, a suitable cathodic potential (-0.4 V vs.
Satd. Ag/AgCl for solution A and -0.6 V vs. Satd. Ag/AgCl for solution B) was
applied for a defined period of time. It should be noted that after deposition, the
working electrodes were immediately rinsed with water in order to prevent any
undesirable residues and chemical precipitation. A control experiment was carried
out in the same conditions for both the solutions but with no applied potential, to
confirm the absence of any undesirable side reactions or chemical precipitation
happening on the substrate [127].

20



The electrochemically functionalized PPY-AWNT based sensor was
fabricated as follows: First, interdigitated gold electrodes with a 5 um gap were
microfabricated in-house using standard lithography. Using chemical vapor
deposition, one micron thick SiO: film was deposition on a (100) oriented silicon
wafer to insulate the substrate. After photolithographically defining the electrode
area, a Cr adhesion layer and a ca. 3000 A-thick Au layer were e-beam evaporated.
Finally, the interdigitated gold electrodes were defined using lift-off techniques.
Next, SWNTS (SWNT-COOH 80-90% purity. Produced by Carbon solution, Inc.
Riverside) were dispensed across microfabricated gold interdigitated gold electrodes
by positioning across microfabricated gold interdigitated gold electrodes by
positioning 0.5 uL drop of aqueous solution with soluble SWNTs (1 ug/ml ) onto the
interdigitated gold electrodes and allowing it to air dry to form an SWNT network
bridging the electrodes. After formation of the SWNT network, some sensors were
annealed at 300 °C for 30 minutes in an inert environment (i.e. 99.999% argon) to
improve the contact between SWNTs and electrodes. 5 puL of tetraethylorthosilicate
(TEOS), 50 mL of ethyl alcohol (EtOH), and 1 mL of 1M HCI were mixed for 5
minutes and left to sit for 1 hour to stabilize. Two different methods were used for
electropolymerization of aniline on the SWNTs. The first consisted of a two-

electrode configuration and application of 1.5 VDC for 5 minutes across selected
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individual channels of the sensor chip to electropolymerize aniline. The second
method, allowing more precise control over the electropolymerization, involved a
three-electrode configuration in which the SWNT network on the interdigitated gold
electrodes, a stainless steel tip, and a Ag/AgCl wire were used as the working,
counter, and reference electrodes, respectively. The Polypyrrole was deposited on
the SWNTs potentiostatically (constant potential mode) at 0.8 V vs. wire. The coating

thickness of Polypyrrole was adjusted by controlling the deposition time [124, 128].

a) Microfabricated Electrode b) Assembling of SWNT on Electrode

c) Assembling of SWNT on Electrode d) Electrochemically functionalized SWNT
Reference
Counter Electrode
Electrode
-~ - AN _—
— —

Figure 3: The fabrication of Au nanoparticle sensor. a): Preparation of electrode on
silicon substrate; b) Assembling of nanotubes network between electrodes; c) of
electrochemical functionlization of SWNTs; d) Deposited functional material (here
shown as continuous film) onto the SWNTs (presentation figure from Dr. Deshusses)
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3.1.2 Apparatus for the mercury and VOC sensing

The apparatus for the experimental set up used for the gas sensing is shown in
Fig 4 and 5. A load resistance was selected to be as close as possible to the original
resistance of the sensor to increase the accuracy of the measurements. A fixed voltage
was applied to the circuit and the electrical resistance of the sensor was calculated from
the value of the voltage over the load resistor and applying Ohm’s law. The actual
sensor test chamber was fitted with inlet and outlet tubes for gas flow-through over the
sensor chip. Gas flow through the test chamber was controlled via mass flow controllers
(Alicat Scientific Incorporated, Tucson, AZ). The air flow rate, set by a mass flow
controller, was 200 cm®min!. The electrical resistance of the load resistor was
continuously monitored by using Fieldpoint analog input and output modules (National
Instruments, Austin, TX) with a custom Labview program.

All experiments on Hg sensing were conducted by Dr. Thomas McNicholas in
Dr. Deshusses laboratory. The sensors were first exposed to zero-grade air to achieve the
baseline, then to a selected concentration of mercury gas. One test cycle was completed
after the sensor’s response reached a steady value. All experiments were conducted at
room temperature [125, 126, 128].

All VOC sensing experiments were conducted by myself during the summer
and fall of 2009. Analytes, such as benzene, hexane, MEK and xylene (purity of all

compounds at least 99%), initially existing as a liquid phase were introduced in gas
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sampling bag at appropriate amounts to produce the desired concentrations. The bags
(figure. 5) were pressurized and the flow of VOC loaded air was regulated by mass flow
controllers (Alicat Scientific Incorporated, Tucson, AZ) and diluted as needed with zero
grade air. Zero-grade air was used to as a carrier gas and air flow rate was 200 cm®min-.
Electrical signals of VOCs sensors were continuously monitored and measured using
Labquest (Vernier, Beaverton, OR) dataloggers. In all experiments, sensors were first
exposed to zero grade air for at least 30 minutes to obtain the baseline, then to the

selected concentrations of analytes until the response reached a steady value.
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Figure 4: Schematic of mercury vapor sensing system
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Figure 5: Schematic of VOCs vapor sensing system
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4. Results and Discussion

4.1 Response characteristics of SnO, and PPY Functionalized
SWNT to VOCs

4.1.1 Responses of SnO, and PPY SWNT sensors to VOCs

Sensing of benzene, MEK, hexane and xylene was conducted with PPY and SnO:
decorated SWNTs. Typical real-time results are shown in Figure 6. In general, a
relatively rapid response was observed after introducing the target VOC, with resistance
changes observed as soon as within a few minutes. Steady state values were generally
observed within 30 min. Similar to sensing of mercury vapor discussed later (see Section
4.3.2), self-regeneration of the sensors was observed at room temperature, although the
recovery of the sensors was slower than the response after exposure to VOCs. The
reasons for this were discussed by Strano [129] and are mainly due to the energy change
in the adsorption process influenced by several mechanisms such as dipole-induced
dipole interactions, the steric effects of nanoscale curvature, etc., although this remains

partly speculative at this time.
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Figure 6: Real time response of the SWNT sensors functionalized with PPY to
different concentrations of benzene and MEK. Concentrations of MEK for the
different exposure phases were: 1) air purge, 2) benzene 13 ppm, 3) benzene 65 ppm,
4)MEK 13 ppm, 5) MEK 65ppm, 6)benzene 13 ppm and MEK 13 ppm 7) benzene 65
ppm and MEK 13 ppm, 8) benzene 13 ppm and MEK 65ppm, 9) benzene 65 ppm and
MEK 65ppm

For VOCs sensing, the variability of measurements between experiment and
between sensors was important. Variability between sensors was clearly the results on
the manufacturing process by the researchers at UCR, where the sensors are produced.
The making of the sensors is very prone to variations, e.g., drop placement during the
position of the SWNT network, or differences in electrode placing during
electrochemical functionalization. Variations within one experiment and drifts are more
difficult to explain. Still, these drifts may lead to low reproducibility and low data
quality. Errors between experiments may be from different factors. Different
temperatures and humidity in the laboratory may cause variable responses. Also, after a
series of experiments, the sensors may not function as well as usual, even after they are
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baked in the vacuum oven for a long time. These interferences can exist if gases
molecules interact with sensors surface so strongly that an irreversible chemical reaction
or adsorption occurs. Some experimental uncertainties exist. The concentration of
analytes may be affected by the bags for VOCs. These bags are repeatedly used for
different VOCs and, although great care is used to prevent contamination, VOC
residuals may exist in these bags by adsorption on bags surfaces even after purging with
air for many times. Moreover, impurity in air may also influence the performance of gas
sensors. Another variability of measurements may also be seen between the sensors.
Same fabricated method will not produce two identical sensors. Different concentrations
of substrates, densities of SWNTs between electrodes and thickness SiO: film would
influence the response of same sensing material gas sensors. To address these issues,
more experiments need to be conducted with replicate sensors. For example, duplicate
experiments and controlled environment can help decrease the discrepancy caused by
the environment and sensors themselves.

Figure 7 shows the nanosensors functionalized with SnO: exhibit broad
responses to VOCs at low concentrations of benzene, MEK, hexane, and xylene. As it can
be seen, SnO: sensors showed a higher sensitivity to MEK than to benzene, which is
consistent with previous research [12, 14, 16, 20]. This result may be explained by the
fact that MEK features a carbonyl group (C=0O) as this group shows polar properties

because of the electronegativity difference between the oxygen and carbon atoms.

28



Benzene is a non-polar molecular [23]. However, SnO: sensors exhibited higher
sensitivity to hexane which is also non-polar. This result is not consistent with previous
observations and hypothesis of polarity role. This would then indicate that polarity, if it
plays a role, is not the only factor in generating a response on the nanosensors.
Elucidation of the exact mechanisms would require extensive research with a variety of
substances and possible development of structure-activity relationships.

Compared to previous researches, SnO: functionalized SWNT sensors show
sensitivity to low concentration of VOCs at room temperature. Usual working
temperatures for SnO: film sensors can be higher than 300°C, and even so higher
concentrations of VOC are needed to observe significant signals in these studies [12, 14-
16]. In summary, nanosensors with SnO: displayed excellent sensing properties towards
VOC vapors.

Figure 8 reports the response of PPY-SWNT nanosensors upon exposure to
various concentrations of four analytes; benzene, MEK, hexane, and xylene. Saturation
was observed at MEK and benzene exceeding 13 ppm. It can be seen that PPY sensors
exhibited higher sensitivity to MEK than benzene. Again, this could possibly be
explained by the fact that ketones have a C=O bond, i.e., some polarity. This functional
group may play a role altering the resistance of the sensors. This result is consistent with
the research conducted by using nanowire PPY sensors [7]. In this research, it was

shown that alcohol vapors, which all have hydroxyl functional group (O-H), can change
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the resistance more than benzene type gases. Besides the greater sensitivity, the
functionalized SWNT sensors showed a quicker response time than nanowire sensor.
The previously reported nanowires sensor required more than 40 hours reaction time
and had a sensitivity, which ranged from -0.15 % to -1.1%, to benzene with concentration
ranging from 300 ppm to 1000 ppm [7]. With the current functionalized SWNT sensors,
the sensitivity for benzene was higher than -2% for concentration of 13 ppm to 65ppm. It
could be that our nanosensors have a greater functional group to surface area ration for
VOCs adsorption and electrical resistance effect generation.

For xylene and hexane sensing, an increase in the resistance of the functionalized
SWNT sensors to hexane and xylene vapors are observed (Figure 8 e and f). This result
may be due to the swelling effect mentioned in the introduction. Nonpolar analytes may
be adsorbed or absorbed into the PPY matrix, increasing the distance between PPY
molecules and then lowering the conductivity. Earlier research also presented the same
result in which increasing resistance for polymer sensors occurred upon exposure to
nonpolar vapors [5, 13]. However, here, a decrease in the resistance of sensors to xylene
and hexane vapors was observed in (Figure 8 d). The reasons for this and associated

mechanism are still unclear [13].
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Figure 7: Response of two different SWNT nanosensors functionalized with SnO: to
benzene and MEK (a, b); and one SnO2-SWNT sensor to xylene and hexane(c)
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4.1.2 Response of a dual PPY and SnO,-SWNT array to a mixture of
VOCs

Figure 9 shows that nanosensors made of SWNTs coated with PPY and SnO:
exhibited different sensitivities to a mixture of MEK and benzene. The result displayed
somewhat additive effects, especially obvious in Figure 9 b and d. This observation is
consistent with the result mentioned above that PPY films exhibit higher affinity to MEK
than benzene. This observation shows that PPY films show higher sensitivity to polar
compounds and the resistance decreases after exposure to them. Besides, additive effects,
increasing the resistance, observed when SnO: sensors exposed to a mixture of xylene
and hexane may result from more molecules into films, lowering the conductivity. In
brief, PPY sensors showed almost ten times higher sensitivity toward MEK and benzene
than SnO:2 sensors. This may be relevant to distinguish between MEK and benzene with
this particular sensor. According to previous research studies [16, 128], 10-fold
difference in sensitivity is enough to distinguish between the target analytes. Thus
sensors arrays that include different SnO: sensors may be differently sensitive to polar

and nonpolar VOCs such as MEK and benzene.

33



cone of M EX{ppm]

PR a) PPY b)
\\ i T R e
I e
\\\:\\. T | 21 \ e
E | — —EitnE % 5 BlnniE)
= — —
) aoncof WEXpom conc of Ben{opm)

$n0; 0 $n0; d)

" e
S A
S s | e

1/ _. f

[
2

wone of Bam(pm |

Figure9: Response of SWNT nanosensors functionalized with PPY and SnO: to 13 and
65 ppm both benzene and MEK.

4.1.3 Nanosensors arrays to quantify and indentify different VOCs
In this section, an attempt is made to discriminate between MEK and benzene in

a mixture of the two analytes in air using a two sensor array. Figure 10 shows that the

response relationship of different sensors to different VOCs can be fitted to simple
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mathematical models. Here, a Langmuir-like relationship is used which is consistent
with the shape of the sensor response and hypothetical sensing mechanism. This was
accomplished, although sensing data suffered from having only a limited number of
points. Hence, it is possible that sensing characteristics of the sensors were only poorly
described, despite excellent fit, with three points only. The “isotherm” or sensor
response equation was determined by minimizing the square of the residuals by using
trial and error (solver from Excel). As it can seen, the response (AR/Ro) the Langmuir-like
model appears to give a reasonable trend when applied to the fitting of SnO:
functionalized SWNT sensors exposed to MEK and benzene. Similarly, a good fit was
obtained when PPY functionalized sensors exposed to MEK; a linear model was used for
benzene on PPY. Next, it was assumed that the mixture effect is purely addictive, and in
this case the response equation for each sensor can be written as

Rerv= a*[MEK]/ (1+b*[MEK]) + [Ben]*(vex/ rry) 1)

Rsnoz= c*[MEK]/ (1+d*[MEK]) + e*[Ben]/ (1+f* [Ben]) (2)

Where, R means the response of a given sensor to the analytes, [analyte] is the
concentration of the analyte and m represents the slope of the response of the given
sensor upon exposure to the single analyte assuming a linear response. These
parameters a through e are constant in the Langmuir equation and are listed in Table 1.
Using the best fit values for the responses to individual compounds, the respone

equations can be written as:
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Reev= (-2.1402)*[MEK]/ (1+ (0.2643)*[MEK]) + [Ben]*(-0.562) 3)
Rsnoz= (0.0499)*[MEK]/ (1+ (0.1510)*[MEK]) + (0.0173)*[Ben]/ (1+ (0.0974)* [Ben])  (4)
Equations 3 and 4 show that, if indeed individual responses are additive, the responses
of a two sensor array made e.g., with PPY and SnO: should allow to discriminate MEK
and benzene, as Equations 3 and 4 form a system of two non-linear equations with only
two unknowns, i.e., the concentrations of the two analytes.

Let us take the example of the responses of PPY and SnO: functionalized SWNT sensors
to benzene and MEK in table 2. Four different mixtures of MEK and benzene were
subjected to the above analysis and the predicted concentrations were compared to the
actual concentrations. After solving the equations, most the predicted concentrations of
benzene are somewhat close to their actual values. However, only one predicted
concentrations of MEK is close to its actual value. Thus, this result shows that there is a
significant discrepancy between the actual values and the predicted ones. This
difference in the results from the individual analyte may result from the non-linearity of
the calibration slopes and/or possibly from the non-additivity of the sensor responses.
Better calibrations from more concentrations of analytes need to be performed in follow
up work. Besides, residuals for the trial and error are mostly on the PPY sensor. This
may be related to the fact that the PPY sensor had a lower response to the analytes,
hence that a small difference in the PPY response correspond to a large concentration.

Another possible reason may be the unstable quality of PPY sensor because of the
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oxidation of PPY film after long exposure to air. Oxygen atoms may compete with H
atom attached with nitrogen atom on the film surface. This adverse effect may lead to
the discrepancy between the predicted and actual value by using PPY functionalized
sensors. Even so, the approach illustrated in this example can offer a means to identify
and quantify analytes within a mixture after proper calibration, possibly with actual

mixtures to discern non-ideal behavior, and proper validation.
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Figure1l0: Response of SWNT nanosensors functionalized with PPY and SnO: to
benzene and MEK. A Langmuir-like fit (a~c) and linear fit (d) were taken to model the
responses of each sensor to individual analyte.

Table 1: Fitting model characteristics of SWNT nanosensors functionalized with PPY
and SnO: to individual analytes

Individual Fit C C
Effect relationship ! ?
PPY to MEK Langmuir a/-2.1402 b/0.2643

PPY to Linear m/-0.0562
Benzene
SnO:to MEK | Langmuir c/0.0499 d/0.1510
Sn0Q: to Langmuir e/0.0173 £/0.0974
Benzene
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Table 2: Actual analyte value and predicted value by the fitting model and given
sensitivity from nanosensors functionalized with PPY and SnO: to a mixture of MEK
and benzene.

Actual mixture Measured sensitivity of sensor | Predicted mixture
concentrations (ppm) to the mixture gases concentrations (ppm)
MEK w/ Benzene PPY sensor SnO:q sensor MEK w/ Benzene
13 13 -8.721 0.346 177 13
13 65 -12.08 0.358 57 63
65 13 -11.051 0.435 114 7
65 65 -14.424 0.393 54 6

4.2 SEM image of SWNTs coated with Au nanoparticles

Figure 11 shows the SEM images of sensors coated with Au nanoparticles at
different deposition charges keeping the electrodeposition potential constant at 0.8V. At
lower level of deposition charge (1 uC and 5 uC), relatively few Au particles can be seen
on the SWNTs. As deposition charge increases (50 pC and 100 puC), aggregation of Au
nanoparticles takes place and Au nanoparticles are more obvious. At the highest level of
deposition charge (500 pC), Au nanoparticles are most dense and the largest particle size
of all experiments can be seen deposited between the microelectrodes. In addition, the
extended deposition of Au nanoparticles may result in the continuous growth of Au
forming a film or a wire. The SEM images taken for all decorated samples illustrate that
the morphology and size of Au nanoparticles can be regulated by the electrodeposition
method by varying the electric deposition charges. As the morphology of the sensors is

expected to affect the sensing properties, a series of experiments for mercury sensing
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was conducted to define the relationship between deposition charge and electrical

conduction in the following sections.

Figurell: SEM image of Au nanoparticles on SWNTs network according to different
deposition charges. a): 1uC; b): 5 uC; ¢): 50 uC; d); 100 uC; e): 500 uC (SEM acquired
by Dr. Thomas McNicholas)
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4.3 Performance of Au nanoparticle sensor for mercury sensing
4.3.1 Response of Au nanoparticle sensor for mercury vapor

The response of the Au nanoparticle sensor done in our laboratory by Dr.
Thomas McNicholas to successive exposures of 2, 5, 10, 30, 50, and 100 ppb at room
temperature is shown in Fig 12. After exposure to zero-grade air for around 20 hours to
achieve a stable baseline, this sensor has a visible response to mercury vapor in the 2-
ppb to 100-ppb range after exposure to mercury vapor. The sensor resistance increased
upon exposure to mercury vapor, gradually approaching steady state. After exposure to
zero-grade air the resistance of the sensors decreased slowly to ultimately reached the
baseline again (see e.g., at 2700 min). When nanosensors were exposed to low
concentrations ranging from 2 to 10 ppb, the response of Au nanosensors decorated with
low and high deposition charge (5 uC and 100 uC) showed no difference. Both sensors
exhibited higher response to 10 ppb mercury than nanosensors decorated with 1 uC.
After exposure to low concentrations of mercury, nanosensors decorated with 100
displayed better regeneration at room temperature. Partial regeneration can be observed
in nanosensors decorated with 1 uC. No regeneration can bee seen in nanosensors
coated with 5 uC. When exposed to high concentrations of mercury ranging from 30 ppb
to 100 ppb. A nanosensor coated with 100 pC exhibited better response than
nanosensors coated with low deposition charge (1 uC and 5 uC). Saturation was

observed at mercury concentration exceeding 100 ppb in a nanosensor decorated with 1
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uC. After exposure to high concentrations of mercury, all nanosensors exhibited low
regeneration at room temperature. A nanosensor coated with 100 pC may need longer
time to show better regeneration at room temperature. The sensor response or sensitivity
is defined as (R-Ro)/Ro, where R is the steady-state resistance after exposure to mercury
vapor and Rois the baseline resistance of the sensor in zero-grade air. As shown on
Figure 12, the sensitivity had a significant increase with increasing Au deposition.
Mercury vapor adsorption relies on the number of Au nanoparticles on SWNTs network.
It can be seen that higher density Au nanoparticle sensors exhibit higher magnitude of
response. In addition, for the sensor decorated with a high deposition charge (100 uC),
there is strong recovery response after exposure even at room temperature. However,
the sensor decorated with median density (5 uC) showed relatively weak regeneration.

The reasons for the difference were not investigated.

4.3.2 Sensing mechanism of Au nanoparticle sensor

More fundamental work concerning the sensing mechanism of gas nanosensors
has been done by others [106, 107, 122]. Previous research has demonstrated that the
resistance increase resulting from Hg vapor exposure to Au film. This increasing
resistance can be explained by several mechanisms. One research showed that resistance
increases may result from the number of conducting electrons. However, this is not
applicable because there is a strong interaction between the gas molecules and the

surfaces [105]. Another published report showed that the mercury overlayer has a much
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shorter mean free path than the initial Au film. Another research presented that the
overlayer can be regarded as individual islands of surface assumed to have total diffuse
scattering [105]. Various reports converge to suggest that the sensing mechanism for the
Au nanosensor is probably due to the formation of Au-Hg amalgam, resulting in an
increase in the electrical resistance of the Au-SWNT assembly. Several papers have
shown that large adsorbed Hg atoms on Au nanoparticles may lead to the scattering of

conduction electron [44, 105-107].
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Figure 12: Response of three deposited Au nanoparticle sensors to various
concentration of mercury vapor (data acquired by Dr. Thomas McNicholas)

4.3.3 Sensitivity of Au nanoparticle sensor with different deposition
charges

As shown in figure 13, the sensitivity plot of AR/Ro shows a somewhat of a linear

relationship for concentrations ranging from 2 ppb to 50 ppb, with possible saturation
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above 50 ppb for the sensors decorated with different amount of Au nanoparticles. The
Au nanosensors coated with 1, 5 and 100 uC respectively showed a linear response
0.02%, 0.09% and 0.13% per ppb Hg. The response of sensors decorated with highest
amount is about 6 times higher than that with lowest amount. This result shows that the
sensitivity of Au nanosensors is improved by greater amount decorated Au
nanoparticles. These results also reveal that the sensitivity can be adjusted by different
deposition charges. Additionally, this result also is consistent with previous research
[125] and indicates that high-density of Pd nanoparticles on SWNTs result in higher

sensitivity to hydrogen.
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Figure 13: Calibration plots of three deposited Au nanoparticle sensors to various
concentrations of vapor mercury (data acquired by Dr. Thomas McNicholas)

A comparison of the responses of mercury sensors reported in the literature to

the sensor reported in this study is shown in figure 14. All sensors displayed enhanced
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sensitivity to mercury vapor in the ppb range; however, PdClz sensors showed no
difference in response magnitude above 10 ppb. Among all sensors, Both Au
nanosensors with different deposition charges and PdCl: sensors had the lowest
detection limit near 2 ppb. Additionally, Au nanoparticle sensors with 1 uC deposition
charge exhibited a response of at least 1.0% per ppb better than PdCl. sensors, which
was near 0.6 % per ppb mercury vapor. At room temperature, polymer composite
sensors showed regeneration time within 1 hour, which is much shorter than our Au
nanoparticles sensors which required close to 15 hours. However, lower regeneration
can be observed when PdCl: sensors are exposed to mercury vapor and no regeneration
of the abraded gold film sensors are found. In all cases, it appears that each type of
sensor can have repeatable responses, thus displaying good reproducibility of response
at ppb concentrations levels. In summary, Au nanoparticles sensor exhibited higher
sensitivity and reproducibility as well as had a lower detection limit; it can also be
expected that this sensor could be more cost-effective compared to other sensors because
of the simple manufacturing techniques [106, 107]. The major drawback of abraded gold
film sensors is lack of regeneration at room temperature. Research has shown that
regeneration would be improved at high temperature [105, 107]. As for PdCl2sensors,
the restrictions of narrow working temperature are important [107, 109]. Higher
temperature may decrease the regeneration time; however, may lead to both the leakage

of substrate material and the lower sensitivity. The polymer-carbon composite sensors
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have been broadly responsive to various analytes, are easily fabricated, benefit from

strong regeneration and are cost effective; nevertheless, the detection limit of this sensor

may not be low enough to meet the requirement of 3 ppb, for toxicological studies or

NASA'’s need in spacecraft.
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Figure 14: Comparison of the responses of previous mercury vapor. a): Abraded gold
film sensors [107]; b): PACl: sensors [107]; c): Polymer-carbon composite sensors [107];
d): Au nanoparticle sensors ([107], d) Au nanoparticle sensors (same as Figure 12)
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5. Conclusions and future work

PPY and SnO: functionalized SWNT sensors were shown to be broadly sensitive
to VOCs including xylene, MEK, hexane and benzene. Compared to current sensors,
these nanoscale sensors showed a medium response time and higher sensitivity to low
concentration of analytes at room temperature. This result indicates nanosensors have
area high affinity to low concentrations of the target VOCs. SnO: films may exhibit polar
interactions with the adsorbate, resulting in higher sensitivity to MEK. Additionally,
swelling and adsorption effects could have occurred between PPY and some of the
analytes contributing to the sensing response. Hexane and xylene absorption into PPY
films may increase the distance between PPY molecules, resulting higher electrical
resistance. However, increasing conductivity of the PPY sensor to xylene and hexane
was also observed. The details of the exact sensing mechanisms are not clear. A non-
linear and additive sensor response approach was used in an attempt to discriminate
between MEK and benzene in a mixture, but a large difference was observed between
predicted and actual concentrations when nanosensors upon exposure to MEK. PPY
sensor may contribute to this discrepancy because of interfere of oxygen atoms
attracting hydrogen atom attached on nitrogen atom. Further refinement of the method
is needed before one is capable of discriminating mixtures of volatile with arrays of

functionalize SWNT sensors. Even so, the result indicates that sensor arrays can be good
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candidates for identifying analytes in mixtures, especially for polar and nonpolar
compounds.

The responses of mercury vapor and VOC nanosensors have been presented and
discussed. The sensor was fabricated at UCR by electrodepositing Au nanoparticles on
SWNTs and tested at Duke. The sensors were found to be able to detect 3 ppb of
mercury vapor in air at room temperature. The results showed that high sensing
sensitivity result from high deposition charge of Au nanoparticles on SWNTs networks.
The Au-SWNT sensors further showed excellent regeneration and reproducibility
compared to current mercury sensors. In comparison, gold film sensors, PdCl.and SAW-
based sensors all require elevated temperatures for regeneration. Polymer-carbon
composite sensors have been shown to respond reproducibly to vapor concentration
from 10 to 45 ppb, and have good regeneration capability at room temperature.
However, their detection limit may not meet the requirements for either occupational
health or NASA’s needs.

Future work on these sensors should focus on several aspects. SWNTs with PPY
and SnO: sensors need an improvement in reproducibility. Short reaction and recovery
time are desired to make Au-SWNT sensors more robust and useable in different
environments. Advanced fabrication technology should address these problems by
inventing new platform to offer e.g., high temperature to increase recovery rate and

decrease response time. Furthermore, the sensing mechanism of PPY and SnO: sensors
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to polar and nonpolar VOCs should be investigated by a variety of tools such as Atomic
Force Microscope and X-ray Photoemission Spectrometer, to understand the interaction
of analytes and sensing materials” surfaces. This work can help researchers make
suitable sensor arrays that will ultimately allow to identify and quantify various

compounds including VOCs and greenhouse gases by using PPY and SnO: sensors.
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