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ABSTRACT OF THE DISSERTATION

Synthesis and Characterization of Hybrid Metal-Metal and Metal-Oxide Nanostructure
Decorated Single Walled Carbon Nanotube Devices

by

Sandra Catalina Hernandez

Doctor of Philosophy, Graduate Program in Chemical and Environment Engineering
University of California, Riverside, December 2010
Dr. Nosang V. Myung, Co-Chairperson
Dr. Ashok Mulchandani, Co-Chairperson

The overall objective of this work is the development of a high density sensor
array using singe wall carbon nanotube (SWNT) hybrid structures as the platform
material for the realization of highly sensitive, selective and discriminative gas sensors
for monitoring of industrial and automotive emissions in the environment. To conceive
such desired sensor characteristics SWNTSs were surface functionalized with metal and
metal oxide active materials [i.e. ZnO, Ag, Pt, Pd, Au] to target specific analytes.
Detailed analysis of ZnO electrodeposition on to SWNTs was performed to investigate
structure property relations between ZnO particle size, density, material quality, catalyst
type, and combination thereof, towards the sensing performance and analyte specificity.

Room temperature gas sensing performance of environmentally significant gases
such NHs, SO,, H,S, NO,, CO, CO, benzene derivatives, alkanes, and alcohols was
evaluated using the metal and metal oxide hybrid structures. The ZnO-SWNT hybrid
structures exhibited characteristic selectivity towards H,S, with enhanced sensitivity,
response and recovery time contingent of crystal orientation; additionally as synthesized

ZnO-SWNT hybrid structures displayed conductance response cognizance of xylene
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isomers (ortho, para, meta). Furthermore, at the hand of sequential incorporation of a
metal catalysts (Au, Ag, Pt, and Pd), the ZnO-SWNT system showed distinct charge
dependant pattern recognition towards less detectable analytes such as SO, and NOy;
metal-SWNT hybrid structures with Pd as the second deposited metal demonstrated
enhanced sensitivity towards NO, and NH3 due to the enhanced dissociation of the
molecular adsorbate on the catalytically active Pd nanoparticle surface.

Understanding of the deposition process was then extended to the deposition of
binary metals Au, Pd, Pt, followed by sequential deposition of a combination of metals.
Emphases was placed on both the gas sensing aspect of the resultant hybrid structures,
and also on the ability to site specifically control the deposition of the second metal. A
detailed examination of these hybrid nanostructures and the nature of their responses
towards different gaseous environments was studied and compared with the performance

of unfunctionalized carbon nanotubes.
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CHAPTER 1:

INTRODUCTION

1.1 Introduction

Sensors are existing and emerging components in a spectrum of fields, ensuring
emission compliance of greenhouse gases in the industrial sector as well as worker safety.
On the homeland security front gas sensors can provide an early warning to vaporized or
aerosoled toxins, and they can also be used to ensure the freshness of perishables,
detecting alcohols, aldehydes, and other volatile organic compounds (VOCs)
characteristic of food and produce decomposition. With higher level analysis we can use
gas sensors as a screening tool for early medical diagnostics and equally important,
increase our understanding and predicting power of fate and transport for emission in our
environment by making these sensors ubiquitous components.

Chemical sensors are devices that can detect the presence or absence of of
analytes in a qualitative and / or quantitative manner by changing a material property
when the material interacts with the analyte of interest. When a sensor interacts with
gaseous chemical compound it then changes its electrical property in term of resistance,
or current, mass, color, to output signals that can be quantified directly or in directly.
Figure 1.1 shows important components of a thin film based gas sensor. The main
components consist of a sensitive layer and a transducer material. The sensitive material
directly interacts with the gaseous compound and is responsible for recognizing the

analyte gas while the transducer, interfaced with proper electronics, will transfer the



material property change of the sensing element to a measurable signal. Throughout the
longevity of this work, efforts were made in engineering the sensory element of a gas
sensor. A typical sensor response is depicted in figure 1.1, where key sensor
characteristics are defined as the following:

1. Sensitivity: The change in measurement signal per concentration of the
analyte.

2. Selectivity: The ability to discriminate or preferentially detect/ interact with a
specific compound.

3. Response Time: The time required for the sensor to respond to an exposure of
gaseous compound.

4. Recovery Time: The time required for the sensor to return to 90% of the
original state of the measurable signal.

5. Upper Detection Limit (UDL): The maximum concentration of an analyte gas
that can be reliably detected by the sensor.

6. Lower Detection Limit (LDL): The minimal analyte concentration that
produces a signal change 3X greater than the sensor’s intrinsiC noise.

7. Dynamic Range: The concentration range where the sensitivity shows a linear
behavior between the lowest possible detection limit to the upper limit
concentration.

Metal oxide semiconductors have found their niche in today’s society owing to

their diverse properties and functionalities. For example, metal oxide semiconductors

have a broad range of electronic, chemical and physical properties that are sensitive to



changes in their chemical environment rendering them good candidates as a sensing
material. Past research has focused on exploiting the material’s sensitivity towards
differing analytes to make simple, robust, solid-state sensors whose operation is based on
a measurable signal created from the interaction of an analyte with the sensing material;
where the output signal is in the form a change in the resistance, capacitance, temperature
or luminescence. The idea of implementing metal oxides as semiconducting sensors
dates back to the 1950’s and the realization of these sensors has been labeled as Taguchi-
type sensors. Traditional semiconducting sensors have been made of pristine or doped
polycrystalline, thin or thick films, and compressed powers of metal oxides most,
commonly SnO,, however other important metal oxides for sensing applications are listed
in figure 1.2. Figure 1.3 provides images of commercially available metal oxide gas
sensors, the typical operation properties are described in figure 1.4. Although available
commercially, highly selective and sensitive sensors are not yet attainable.

The underlying problem hindering metal oxide sensor selectivity and sensitivity is
that when synthesizing sensors with bulk material in the form of films and compressed
powders, there is little control over the particle size, crystallinity and phases that
constitute that sensor. To aggravate the situation, commercial metal oxide sensors
operate at elevated temperatures and thus the different phases and crystallites translate
into different reactivities within one sensor. Consequently the resultant sensor response
to a certain analyte can be a median of individual responses. If desired material
conditions are known, the sensor response can be improved by engineering the metal

oxide sensing element with optimal material characteristics. Therefore, knowledge of the



interplay between material properties and sensing characteristics is crucial in developing
an enhanced sensor. Traditional thin film based sensors also have inherent limitations in
terms of the sensitivity. When a charged analyte binds to the sensor surface, a zone of
charge accumulation or depletion is created. When the current flows through the thin
film, the current can bypass the region of charge accumulation or depletion because the
affected region is a small fraction of the total cross sectional area. This leads to
attenuation in the signal and lowers the sensitivity of the sensor.

To overcome these challenges, one dimensional nanostructures have been
proposed and rigorously investigated in recent years for a number of reasons. The first
being the exponential increase in the percentage of surface atoms as we decrease the
diameter of a wire into the nanoscale regime. This is important because there is a larger
fraction of atoms involved in the surface processes whether it be adsorption or catalytic in
nature. And with these diminutive structures, particularly in the case of semiconductors,
carriers become increasingly sensitive to fields produced by charged entities, as depicted
in figure 1.5. Since these nanomaterials are so small, it is also easier to synthesize single
crystalline structures with controlled orientations and faceting, which opens up a slew
possible studies. Furthermore, sensors based upon more crystalline materials provide
greater long tern stability compared to their thin film counterparts, due to the reduction of

instability associated with hopping conduction .



1.2 Zinc Oxide

ZnO is an n-type semiconductor that has gained interest as a nanostructured gas
sensor due to its sensitivity to small molecules and volatile organic compounds (VOCs).
Although numerous metal oxides have been studied for gas sensing, ZnO has also
attracted attention as a nontoxic, abundant material that can be easily synthesized with
well controlled nanoscale morphologies. ZnO is an n-type material with a large direct
band gap of ~3.3 eV at room temperature. Electron mobility of ZnO strongly varies with
temperature and has a maximum of ~2000 cm?/(V-s) at 80 K, hole mobility values have
been reported in the range 5-30 cm?/(V-s). Advantages associated with a large band gap
include higher breakdown voltages, ability to sustain large electric fields, lower
electronic noise, and high-temperature and high-power operation.

Zinc oxide crystallizes in three forms, hexagonal wurtzite, cubic zinc blend, and
the rarely observed cubic NaCl type. The wurtzite structure is most stable at ambient
conditions and thus most common, schematic of the structure is represented in figure 1.6.
The zinc blend form can be stabilized by growing ZnO on substrates with cubic lattice
structure. In both cases, the zinc and oxide centers are tetrahedral, typical growth
morphologies of nanostructured ZnO are demonstrated in figure 1.7. The hexagonal
structure has a point group 6 mm (Hermann-Mauguin notation) or Cg, (Schoenflies
notation), and the space group is P6smc or Cg,. The lattice constants are a = 3.25 A and ¢
=5.2 A; their ratio c/a ~ 1.60 is close to the ideal value for hexagonal cell c/a = 1.633.

Additionally, improvement of electronic properties and enhancement of

selectivity towards VOCs can be achieved with selective doping. This opens up the
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possibility of multiple ZnO sensing elements with dopant tailored selectivity and
selectivity for analysis of analyte mixtures with real time detection. Furthermore, the low
cost, wide, direct band gap (3.35eV) and large exciton binding energy (60 meV) of ZnO
have roused interest in developing light emitting diodes, solar cells, and UV detectors ***,
applications of one dimensional ZnO structures are summarized in figure 1.8.

These devices typically exploit nanostructured ZnO, including nanowires,

nanoparticles, and hierarchical nanostructures *

. Demonstrations of more complex
constructs have been fabricated to enhance the surface area of ZnO across multiple length
scales, however hierarchical ZnO nanostructures do not exhibit designs that maximize
both nanoscale surface processes and electronic signals. ZnO nanowires are perhaps the
most studied as their small diameters produce significant enhancement and their lengths
enable two point electrical contact with relative ease. Alternatively, nanoparticles provide
the greatest potential for size imposed enhancement with confinement in three
dimensions, but are more difficult to electrically interface. However, hybrid materials

that utilize the advantages of both metal oxide nanoparticles and ultra high aspect ratio

carbon nanotubes is promising route to advanced sensing systems.

1.3 Single Walled Nanotubes

Single walled carbon nanotubes (SWNT) are promising nanomaterials largely
responsible for the “nano-revolution” due to their small size, incredibly high aspect ratio,
unique electronic properties, thermal stability, and mechanical flexibility. SWNTSs

consist of a single grapheme sheet seamlessly wrapped into a cylindrical tube while



multiwalled carbon nanotubes (MWNTS) are composed of an array of such concentric
nanotubes figure 1.9 shows a representation of SWNTs and MWNTs. SWNTSs are an
important variety of carbon nanotube because they exhibit electric properties that are not
shared by the multi-walled carbon nanotube (MWNT) variants. In particular, their band
gap can vary from zero to about 2 eV and their electrical conductivity can show metallic
or semiconducting behavior, whereas MWNTSs are zero-gap metals. The existence of a
crystallographic defect affects the material properties, which can occur in the form of
atomic vacancies. Another form of carbon nanotube defect is the Stone Wales defect,
which creates a pentagon and heptagon pair by rearrangement of the bonds.
Crystallographic defects also affect the SWNT’s electrical properties, with a common
result being a lowered conductivity through the defective region of the tube. A defect in
armchair-type tubes (which can conduct electricity) can cause the surrounding region to
become semiconducting, and single monoatomic vacancies induce magnetic properties.
Although, carbon nanotubes are composed entirely of surface atoms and have an
exceptional high surface area available for interaction with molecular adsorbates their
chemical inertness limits their role as stand-alone gas sensors. Dai, Kong et al and Collins
et al demonstrated the conductance change of SWNTs with exposures to NH3 and NO,
gaseous compounds, attributing the detection to direct charge transfer between the
gaseous molecule and the p-type semiconducting SWNT. Later Snow et al. demonstrated
capacitance based gas sensing using SWNT networks with lithographically patterned top-
contact interdigited electrodes. The group’s reported capacitance based detection

resulted in high sensitivity with fast response and recovery times towards polar alcohols,
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ketones, and non-polarizable hydrocarbons. But even more, it demonstrated the high
potential for SWNT based electronics and sensitive gas sensing devices.

Moreover, work developed by Star et al. demonstrated that the sensitivity and
selectivity towards certain analytes can be induced when the carbon nanotubes are
covalently or non-covalently functionalized *****°. Therefore, SWNTSs can be powerful
transducing elements for gas sensors as functionalization can impose nanoparticles
dependent sensitivity and selectivity upon the electronic structure of SWNTSs.
Furthermore, several groups have reported utilizing semiconductor nanoparticles for

optical sensitization of SWNT networks.



1.4 Research Objectives

The global objective of this work is to develop a high density sensor array using
ZnO and metal nanostructure decorated SWNT networks as the platform material for the
realization of highly sensitive, selective and discriminative gas sensors. To conceive
such desired sensor characteristics, an electrochemical route was developed to synthesize
ZnO nanostructures with optimized structural and electrical properties. The specific aims

of this work were the following:

1. Establish a simple and scalable method to fabricate hybrid ZnO/SWNT network
devices for room temperature detection of small gaseous molecules. Characterize
the structural features of these composites based on the ZnO electrolyte
composition, temperature, and deposition potential. Investigate the sensing
performance as a function of particle size/density and particle crystalline quality.

2. Study the performance of ZnO/SWNT networks for the detection of volatile
organic compounds. Elucidate the impact of molecular functional groups on the
sensing response of ZnO/SWNT devices. Explore the ability to distinguish
isomers or structurally similar compounds in a conductometric fashion.

3. Investigate the potential of ZnO/SWNT networks as UV photodection systems.
Ascertain the effect of ZnO functionalization with electrical measurements of bare
and decorated SWNT networks. Describe the impact of crystallinity and

nanoparticle size/density on the conductometric response of these devices.



4. Formulate conditions to electrochemically decorate SWNT networks with Au, Pt,
Pd, and Ag catalysts. Measure the electrical properties of these devices before
and after catalyst coatings. Explore selectivity and sensitivity modulations to
gaseous compounds induced by catalyst overlayers.

5. Study the influence of ZnO nanoparticles on the site-selectivity of catalyst
electrodeposition on the SWNT networks. Investigate the effect of applied
potential on the site-selectivity of catalyst electrodeposition on ZnO/SWNT
networks.

6. Investigate synthesis conditions to selectively control the positioning of sequential

metal nanoparticles, as well as the effect of sequence in metal deposition.
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1.5 Thesis Organization

The presentation of this thesis is as follows:

Chapter 2 will detail the development of a bath and electrodeposition conditions
to synthesize ZnO on the surface of SWNTSs with precise control over particle formation,
size and density. Chapter 3 will follow with more detailed real time room temperature
gas sensing performance of the ZnO/SWNT hybrid structures towards gaseous
compounds of interest. In chapter 4, UV photoconduction behavior of electrochemically
synthesized ZnO-SWNT hybrid structures will be presented.

Sequential functionalization of ZnO/SWNT hybrid structures with metal
catalyst (Au, Pt, Ag and Pd) is described in chapter 5, where the surface morphology,
growth mechanism and room temperature sensing performance were investigated as a
function of charge, and presence or absence of seeded metal oxide.

Chapter 6 will deal with the deposition of multiple metals to understand the
behavior of binary/dual metal catalyst and metal catalyst sequence on sensing
performance. Furthermore, manipulation of site specific electrodeposition to control the

positioning of the sequential metal catalyst will be explained.
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Figure 1.1. Properties of a sensor.
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Commercially available sensors:

=Metal oxide on sintered ceramic

=Incorporated heating element
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Figure 1.3. Image showing conventional commercially available gas sensors.
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TGS2600 TGS2602 TGS2620 TGS2442

Voltage 50V 50V 50V 50V

Current 42 mA 56 mA 42 mA 203 mA 10mm
Sensor 10-90 KQ 10-10 KQ 1-5 KQ 6.81-68.1

Resistance KQ %

. - N
Pre-Heating 7 days 7 days 7 days 7 days 3]
Duration ) ¥ 3

. — 3

Applications Air Alcohols, Solvent Carbon 1

Contaminants  Organic Vapors Monoxide

Vapors |

Analytes Methane, Ammonia, Methane, Ethanol,

Ethanol, Iso- Ethanol, Ethanol, CO, Methane,

butane, CO, Toluene, H, CO, H,,

Hp HzS, Hy

Figure 1.4. Table showing operation requirements of commercially available metal oxide
gas Sensors.

15



/

Figure 1.5. Schematic depicting 1-D nanostructure versus 2D thin film, where arrows
represent the charge carriers and density, blue sphere denotes the analyte and cone shapes
correspond to the depletion region.
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Figure 1.6. Schematic showing typical ZnO wurzite structure.
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Figure 1.7. Typical growth morphologies of one dimensional ZnO nanostructures and
their corresponding facets.
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Figure 1.9. Schematic representation of single and multiwalled nanotubes.
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CHAPTER 2:

SYNTHESIS AND CHARACTERIZATION OF ZnO

FUNCTIONALYZED SINGLE WALLED CARBON

NANOTUBES HYBRID GAS SENOSRS

Abstract

In this work we exploit ZnO nanostructures as a sensitizing material for SWNT
network gas sensors. Electrochemical synthesis conditions were explored to tailor the
structural properties of the ZnO nanoparticles and correlate these features with sensing
performance. Room temperature conductometric detection of low molecular weight
molecules of interest (i.e. CO, CO;, NO,, NHs, SO,, H,S) with ZnO/SWNT hybrid
structures exhibited enhanced sensitivity, selectivity, and response/recovery time
contingent upon ZnO crystallinity. Optimal devices show a doubling in sensitivity over
bare SWNT networks from 2.54 % per ppm to 4.96% per ppm with a maximum response
of ~80% for 500 ppb H,S, suggesting a lower detection limit well into the double digit
ppb range. Additionally these hybrid sensors demonstrated uncharacteristic selectivity

towards H,S with little to no response for other analytes examined.
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2.1 Introduction

Gas sensors are existing and emerging components in a spectrum of fields with
longstanding utilization for the recognition of toxic substances, operational /process
control, and monitoring of effluent streams. Recent research has focused on the maturity
of a simple, robust sensor whose operation can be based on a measurable signal created
from the interaction of an analyte with the sensing material and output in the form of a
change in resistance, capacitance, temperature or luminescence. In particular,
conductometric sensors are amenable to development for higher level analysis of gas
mixtures and compact, portable platforms required for ubiquitous deployment. To
overcome current challenges in sensitivity, power consumption and response/recovery
times, 1-dimensional nanostructures, such as singe wall carbon nanotubes (SWNTS),
have been rigorously investigated as transducing and sensing elements for gas sensors
due to their promising electronic properties, thermal stability, and chemical inertness.
Since SWNTs are composed entirely of surface atoms, interactions with adsorbing
molecules can substantially alter their electronic properties, however highly specific and
sensitive sensors are not readily attainable with stand alone SWNT devices.

Prior work has shown that the sensitivity and selectivity towards certain analytes
can be significantly enhanced when the carbon nanotubes are covalently or non-
covalently functionalized with appropriate materials *****°. Efforts include the surface
decoration or occlusion of SWNTSs with metals, metal oxides, polymers, and other active

143, 146, 148-161

materials . In particular, the incorporation of metal oxides on the periphery

of nanotubes combines the advantages of well developed metal oxide sensors with
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nanoengineering providing a more sensitive and stable platform for sensing purposes, of
which SnO; is the most habitually demonstrated. Investigation of other metal
oxides/SWNT elements is limited with little knowledge of structure-property
relationships demonstrated. A dearth of information also resides in the numerous metal
oxide/dopant combinations available for hybrid sensing systems along with synthesis
dependent variability in morphology, crystallinity, and particle size/density, creating
significant opportunity.

Nanostructured metal oxides have been of technological interest in gas sensing for
nearly two decades due to enhanced sensitivity from trapped surface states and carrier

162

depletion within nanocrystallites Furthermore, the high degree of crystallinity

achieved in some metal oxide nanostructures can also provide greater long term high

temperature stability desired for commercial devices **.

Among nanostructured metal
oxides, ZnO is one of the most widely studied nanomaterials largely due to its low cost,
tunable properties and ease of synthesis, which have been extended to various vacuum
techniques, chemical routes, so-gel process, spray paralysis and electrochemical

deposition 04199,

This n-type direct, wide band-gap semiconductor, 3.35eV, has
excellent chemical and thermal stability with optoelectronic properties and a strong
piezoelectric effect. These features along with its sensitivity to several small molecules
have motivated several studies on ZnO nanostructure gas sensors. While significant
improvements in sensing performance utilizing ZnO nanowires have been demonstrated

they preclude the transduction potential of a truly one-dimensional material, SWNTSs.

Furthermore, the only ZnO hybrid gas sensors studied to date utilized sol gel and
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chemical routes to coated multiwalled carbon nanotubes  resulting in hybrid
nanocomposites *>* 1.

Herein we investigate the synthesis and characterization of ZnO nanoparticle
decorated SWNT networks. ZnO nanoparticles were electrochemically deposited on
SWNT networks, a process that permits intimate contact of the nanoparticle with the
SWNTs by site specific nanoparticle decoration, utilizing a simple electrolyte with charge
and temperature variation to tune nanoparticle size/density and crystallinity. Electron
transport properties were probed with low temperature measurements. Bare SWNT
networks and hybrid ZnO-SWNT devices were also challenged with several small
molecules at room temperature. The ZnO nanoparticles crystallinity was shown to have a
large impact on selectivity and sensitivity towards H,S. Highly crystalline (002) oriented
ZnO nanoparticles on SWNT networks exhibited a response of ~80% to 500ppb H,S,

which to the best of our knowledge is the highest reported room temperature sensitivity,

showing significant promise for advanced detection systems.

2.2 Experimental Details

2.2.1 Electrodeposition of ZnO and ZnO coated SWNTs

ZnO synthesis was studied in a conventional three electrode cell. The working
electrodes were gold-silicon and SWNT-coated silicon with areas of 1cm? a Zn sheet
(99.99%) and a saturated Ag/AgCI electrode were used as the counter and reference

electrode, respectively. The electrolytes were comprised of XM Zn(NQO3), + (0.2-2x)M
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NaNO; [where 0<x<0.1] using analytical grade reagents. Experiments were performed in
50 mL of electrolyte in the absence of N, bubbling or agitation in order to preserve the
pH gradient. Electrodeposition was carried out under potentiostatic mode at 25°C and
70°C using a CH Instruments Electrochemical Analyzer CHI604c. Material analysis of
the electrodeposited thin films was performed by X-ray diffraction (Bruker AXS Baltic
Scientific Instruments D8 Advance) with Cu K, radiation over a scanning range of 20°-
90° in 0.1° increments. Microstructure and surface morphology were imaged by
scanning electron microscopy (Leo SUPRA 55, Model 1550).

A carbon nanotube suspension was prepared by addition of 0.2 mg of
commercially available carboxylated SWNTSs obtained from Carbon Solutions Inc., to 20
mL of N,N-dimethylmethanamide (DMF). The contents were sonicated in a glass vial for
90 minutes using a VWR model 50D sonicator. All 20 mL of the SWNT suspension
were transferred to a 50 mL Teflon centrifuge tube and centrifuged for 90 minutes at
15000 RPM and 23°C using a Beckman J2-HS centrifuge. Immediately after
centrifugation, 10 mL of the supernatant was carefully removed and placed in a glass
vial. The supernatant was additionally sonicated for 60 minutes prior to use.

Lithographically patterned Si chips with 16 electrode pairs (Ti/Au 20/180 nm)
were utilized as substrates and contacts for sensor assemblages. The electrodes contained
a 3 um gap and large contact pads that enabled individual addressability for
electrochemical functionalization. SWNTs were aligned across the electrode gaps via
alternating current dielectrophoretic alignment by adding a 1.5 uL drop of SWNT

suspension, applying 1 Vp, and 4 MHz (Keithley 3390 AC generator, 50 MHz arbitrary
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waveform generator). The device resistance was controlled by the alignment time. After
alignment, electrochemical functionalization of the SWNT network was performed by
addition of a 2 pL drop of 0.1 M Zn(NOs3), electrolyte, using the gold pads as the
working electrode, a Pt wire as the counter electrode, and a Ag/AgCI wire as a pseudo
reference electrode. Electrical characterization was performed in a two point probe
configuration using Keithley 2636 System. Temperature dependent electrical resistance
was measured between 10 and 300 K in intervals of 10 K using CTI-Cryogenics (Helix

Technology Co.) system in combination with a Keithley 2636 measurement system.

2.2.2 FET and Gas sensing Measurements

For gas sensing studies, the functionalized chip was integrated onto a pin chip
holder by wire bonding (West Bond Inc. Model 7443A) and was subsequently loaded on

181 Each sensor was

a custom made bread board designed for the sensing system
subjected to 1.0 V DC potential and the current was continuously monitored, the
electrical resistance was then determined by applying Ohm’s Law. A base line was
achieved with exposure of dry air as the carrier gas and different analyte concentrations
were attained by subsequent dilutions with the carrier gas. Exposure times were limited
to 15 minutes and recovery time to 20 minutes; total gas flow rate was kept constant at
200 sccm for all experiments. Analyte and carrier gas flow rates were regulated by mass

flow controllers (Alicat Scientific Incorporated) -,
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2.3 Results and Discussion

2.3.1 Material Synthesis and Characterization

Among the various metal oxides deposition approaches, electrochemical synthesis
was selected for advantageous control over size of structures, site specificity, and
material quality. There are three different electrochemical routes for the deposition of
zinc oxide; in each of the reaction pathways a precursor, either O,, NO3', or H,0, is
needed as an oxygen source. The electro-precipitation of zinc oxide material occurs by
two sequential steps. First, the precursor is electrochemically reduced to form OH". This
process occurs at the cathode surface creating a localized increase in pH. The second
step is chemical precipitation of ZnO. In this reaction Zn ions interact with the hydroxide
ions forming a zinc hydroxide complex, which then precipitates as zinc oxide. Because
the stability of the hydroxide complex is highly dependent upon the solution pH, where
higher pH values make the complex less stable, precipitation of ZnO occurs preferentially

at the surface of the cathode, possibly according to the mechanism 64 16> 172:

H,0+NO, +2e~ < NO, +20H" (1)
Zn* +20H~ <> Zn(OH), 2)
Zn(OH), <> ZnO+H,0 3)

In this work a nitrate bath was developed for ZnO deposition as previous studies

have demonstrated facile crystallographic control by manipulation of the oxygen

precursor (NOs™ concentration), applied voltage, solution temperature and pH % 16> 17

%% Furthermore, a NOj electrolyte permits systematic variation of [Zn?*] while

maintaining a constant oxygen source concentration. The bath in this work maintained a
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high concentration of the oxygen precursor in solution, 0.2 M NO3’, while varying the
[Zn?*] from 0.0 to 0.1 M to investigate the solution behavior as a function of [Zn?*] and
applied voltage. The linear sweep voltammograms (LSVs) of x M Zn(NO3), + (.2-2X)
NaNOg;, represented in Figure 2.1, show the absolute current density increasing nearly
monotonically as the applied potential increased for every electrolyte, with the exception
of a OH" reduction peak. Electrolytes with [Zn®"] exhibited a slight negative shift in
reduction potential as well as an increased deposition rate with greater [Zn?*]. More
concentrated solutions were also tested however LSV behavior depicted current
fluctuations due to the competition between the reduction of the nitrate ions and the direct
deposition of zinc metal (Appendix 2), thus further characterization of electrolytes
containing > 0.1 M Zn(NO3), were not pursued.

Material crystallinity was manipulated by changing the solution temperature from
25°C to 70°C. Figure 2.2 (A) shows an increase in cathodic current at an earlier potential
of -0.54 V vs Ag/AgCl and an overall general increase in current for both the 0.1 M
Zn(NOs),; and 0.2 M NOjs solutions when performed at 70°C. In the nitrate electrolytes,
sans Zn®*, current increases at a smaller cathodic potential indicate an escalated OH"
generation by the reduction of nitrate ions at 70°C compared to the rate at 25°C. The
LSV curve of 0.1 M Zn(NO3), at 25°C, figure 2.2 (B), shows distinct regions correlating
to the reduction of nitrate ions (1), the electrochemically induced precipitation of zinc
hydroxide to ZnO (2), and deposition of metallic zinc (3). The LSV data consequently

indicates a potential window for ZnO deposition from -1.0 to -1.4 V at 25°C shifting to -
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0.6 to -0.8 V when operating at the elevated temperature due to the early onset of nitrate
reduction.

Thin films were subsequently deposited at -1.2, -1.3 and -1.4 V on 1 cm? Au/SiO;
substrates with a constant charge density of 6 C cm™ at 25°C to confirm material quality
at the prescribed potential window. The XRD patterns for films deposited at each
potential and plane view SEM images corresponding to the diffractograms reveal
structural and compositional information of the deposits (Appendix 2). Polycrystalline
ZnO thin films were obtained at -1.2 V with average grain size of 16.8 nm (Appendix 2).
At more cathodic deposition potentials metallic zinc was incorporated and the average
grain size was increased. SEM images reveal degradation in film quality at higher
potentials, with a rough, porous morphology containing a dendritic surface layer. Thus,
from analysis of LSV curves in conjunction with XRD patterns, the optimal potential for
ZnO deposition is -1.2 V with the aforementioned conditions.

While the Au substrates provided well defined working areas for clarity in cyclic
voltammetry features observed for temperature and electrolyte variation, the intention of
this work is development of a ZnO electrolyte for decorating SWNT networks. For a
more accurate crystallographic picture of ZnO deposition on carbon nanotube networks,
SWNT thin films were spray coated on Si wafers for subsequent ZnO electrochemical
functionalization and characterization. When thin films were deposited onto SWNTs
(figure 2.3), polycrystalline ZnO deposits were observed at -0.6 V, with effete peaks at
(100), (002), and (101). Although the substrate was changed from gold to SWNTSs, the

films deposited at 25°C showed little difference in the crystalline coordination indicating
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that the ZnO thin films exhibit similar bulk growth mechanisms, independent of the
substrate. Moreover the growth rate was maintained at ~ 1.6 um/hr for both substrates.
ZnO deposits synthesized at 70°C on SWNT displayed a preferred orientation in the
(002) direction as well as weak reflections at (100), (101), (102), and (110) planes,
corresponding to ZnO hexagonal wurtzite structure, (figure 2.3 (D)). The average grain
size for deposits at 25°C was determined to be 64.3, 38.7, and 42.0 nm and decreased to
37.5, 15.05, and 34.1 nm for (100), (002), and (101) crystal orientations, respectively, for
thin films deposited at 70°C. Although a higher synthesis temperature produced smaller
grains, the substantially larger peak intensity with respect to the low temperature
synthesis is indicative of greater crystallinity with less defects. From the X-ray
diffractograms of the ZnO thin films, it is evident that a preferred crystalline direction
can be imposed by simply tuning the deposition temperature while maintaining all other
parameters constant, i.e. substrate, solution concentration, deposition voltage.

The substrate and process for fabrication of ZnO-SWNT sensors are illustrates in
Figure 2.4. The sensor architecture consists of 16 individually addressable Au electrode
pairs with 3 um gaps along a 50 um edge, as shown in Figure 2.4 (A). This chip design
enabled multiple devices and synthesis conditions to be investigated in a single sensing

trial.  Further details have been provided elsewhere .

SWNTs alignment was
performed through dielectrophoretic alignment by adding a 1.5 upL drop of SWNT
suspension and applying 1 Vp, and 4 MHz. The device resistance was tuned by adjusting

the alignment time, as described previously *"°. After SWNT alignment, electrochemical

functionalization on the surface of the SWNT network was performed by addition of a 2
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uL drop of 0.1 M Zn (NOs3), electrolyte, using the gold pads as the working electrode, an
inserted Pt wire as the counter electrode and a Ag/AgCl wire as a pseudo reference
electrode, as depicted in figure 2.4 (B). All ZnO deposition were performed with a fixed
applied potential of -0.6 V as determined from cyclic voltammograms on SWNT thin
films. The final structure consisted of ZnO nanoparticles on a SWNT network bridging
two gold electrodes (Figure 2.4 (C)).

Other groups have performed surface functionalization of single and multi walled
carbon nanotubes (MWNTS) with ZnO by other approaches for example, Zhang et al
generated ZnO beaded MWNTSs by first sputtering Zn particles followed by oxidation in
ambient air; their resultant structures were cylindrical ZnO particles with hollow
interiors, the sputtered time predetermined the particle size [1-7 min produced ~19 to ~70
nm particle size] and quantum confinement effects were observed where the energy gap
was enhanced with decreasing particle size *’’. Jiang et al coated sodium dodecyl sulfate
(SDS) surface treated MWNTSs with ZnO via a sol process and produced a composite
with average particle size of 6 nm. The group attributed their ZnO-coated MWNT
composite formation to an electrostatc interaction mechanism where the MWCNT
restricted the size of the ZnO particles due to the controlled negative functional groups on
the side of the graphitic walls brought about by the SDS surface treatment ***. Yu et al
synthesized ZnO/MWNT composites by dispersion of thermally evaporated ZnO
nanowires on an ITO substrate which was later employed as the cathode in an
electrophoresis deposition process. Grinded MWNTSs were added to the suspension and

deposited on the cathode containing adhered ZnO nanowires, various composites were
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formed by controlling the deposition conditions (i.e. current voltage and time) and their
field emission properties were investigated "®. Gonzalez-Campo et al reported the in situ
synthesis of ZnO particle coating on MWNTSs by using a diethyl zinc chemistry resulting
in nanocomposite of ZnO MWCNTSs **® and finaly, Zhu et al covered MWCNTSs with a
dense layer of ZnO nanaparticles with average particle size of 20 nm by a sol process *"°.
The advantage of an electrochemical method is the ability to rapidly deposit ZnO particle
in-situ with good control over size and structural features on a device in which contact to
the transducing SWNTSs is already established.

As observed for many different deposition techniques, the size and density of
ZnO particles is directly related to the quantity of material deposited. Therefore, control
over ZnO particle size was achieved by regulating the charge passed during the deposit.
Although charges ranging from 0.5 to 500 uC were investigated, charges below 40 uC
imparted the greatest control over nanoparticle size and distribution, as shown by the
SEM images in figure 2.5 (A-D). The specified deposition conditions produced ZnO
particle size spanning ~10 nm to 55nm for applied charges from -0.614 to -33 uC (figure
2.5). Based on the SEM images, ZnO particles grow by instantaneous nucleation with
few or no nucleation sites with the progression of time only continued growth of existing
nuclei. Moreover particle nucleation is believed to initiate at Stone-Wales defect sites, as
these locations have been shown to exhibit greater electrochemical activity 1® ¥, This is
further substantiated by observation that the number of particles on the SWNTSs decreases
with increasing charge due to coalescence of adjacent small particles to form a larger

particle, figure 2.5 (E-F). Thus the size and density of ZnO nanoparticles can be
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manipulated starting from particle formation to continuous coating along the SWNT
networks by controlling the deposition conditions, i.e. applied charge. The extent of
SWNT coverage by ZnO is one parameter that plays a significant role in sensor
performance as it dictates electrical transport properties and the surfaces available for

interaction with the analyte.

2.3.2 Electrical Characterization of ZnO-SWNT Structures

The impact of ZnO nanoparticle deposits on the electron transport behavior of the
SWNT network devices were examined by current-voltage (I-V) scans and activation
energies extracted from low temperature measurements for bare and functionalized
SWNTs. Since the electrical behavior of SWNT networks can vary significantly
depending on the SWNT density and alignment, samples were selected to have similar

initial resistances for a more direct comparison 8.

To maintain comparable ZnO
coverage for the two deposition temperatures a charge of 20 uC was used in both cases.
In general, the resistance increased after ZnO functionalization with the higher deposition
temperature (70°C) resulting in a greater resistance (figure 2.6.B). Low temperature I-Vs
permitted the activation energy, which is a measure of thermal energy required for charge
carrier transport, to be obtained from an Arrhenius temperature dependence of the
resistance (figure 2.6.B). The temperature dependent variation in the slope of the
activation energy implies that different conduction mechanisms take place due to the

shallow donor levels of and defect sites of ZnO. The activation energy was determined

by the linear portion (slope) of the natural log of the resistance versus the inverse
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temperature at the low temperature region (20-120 K) and was determined to be 5.26 +
0.16, 9.13 = 0.67, and 7.25 £ 1.05 meV for the bare, ZnO/SWNT (25°C), and
ZnO/SWNT (70°C), respectively [n=3] (figure 2.6). These activation energies are
comparable to previously reported carboxylated SWNT networks (6 meV) and ZnO thin
films (8 meV) ¥ 8 A larger activation energy was measured for the ZnO particles
deposited at 25°C relative to those deposited at 70°C, possibly due to the increase in
donor density of the more crystalline material obtained at the higher deposition

temperature.

2.3.3 Gas Sensing Studies

Room temperature sensing performance of individual sensors was investigated as
a function of charge towards H,S to determine charge dependence on the sensing
response for an optimal ZnO/SWNT sensor, the above analyte were chosen based on

previous reports 84186

The dynamic responses of the sensors synthesized at 25°C at
various charges towards H,S are shown in figure 2.7 (A), and histograms of compiled
responses towards 20 ppm of H,S are summarized in figure 2.8 (B) and shows that an
optimal ZnO/SWNT sensor can be conceived at 20 uC; hence forward, all sensors were
synthesized at 20 uC. Optimized sensors were tested towards low molecular weight
compounds of interest (humidity, CO, CO,, NO,, NH3, SO,, and H,S) at concentration

ranges abutting OSHA’s permissible exposure limit (l/g, Ya, Y2, 1, 2X PEL). Figure 2.8

summarizes the ZnO/SWNT hybrid sensor’s sensitivity, functionalized at 25°C, towards
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the analytes at OSHA’s PEL level. The ZnO/SWNT hybrid sensors are more sensitive
than the bare SWNTSs across the board, with the exception of reduced sensitivity towards
NO,.

Khanderi et al synthesized ZnO-MWCNT nanocomposites by an in situ thermal
decomposition single source precursor route. The resultant nanocomposites contained
average agragates consisting of individual paricles of 3-5 nm in diameter. At higher Zn
oximate concentrations, the surface of CNTs were more densely enveloped with ZnO
nanoparticles, in addition at higher concentrations, particles agglomerated and grow as
larger scattered particles. The group investigated the sensing application of their
composite system towards CO, wherein the sensing was performed in the absence of
atmospheric oxygen, and found the lowest detactable concentration to be 20 ppm
(OSHA’s PEL 50ppm,). Conjointly, the group showed that their ZnO/CNT system
outperformed pristine multiwall CNTs and ZnO particles synthesized by the same route,
attributing their enhanced performance to addition of receptor sites introduced by surface

functionalization **.

Thus the lack of response towwards CO with our hybrid system
could arise from the use of dry air as the carrier gas and room temperature operation.
Clearly the ZnO/SWNTSs hybrid sensors were most sensivite towards H,S with
sensitivity of 2.54 resistance change per ppm of H,S, compared to the bare SWNT which
has sensitivity of 0.33 resistance cahnge per ppm of H,S (determined from the slope of
linear section of the change in resistance over concentration). Zhang et al synthesized

ZnO 3-dimensional dendrites composed of prottruding nanorods with diamet ers of 60

to 800 nm via a Cu catalytic vapor-liquid-solid growth process. The group addressed a
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single dendrite by physically contacting the macrostructure with conductive sylver paste
and investigated the sensing performance of the dendrite towards various analytes (H,S,
NHs, Hz, NO;, and H,0) and found that ZnO dendritic macrostructure had the highest
selectivity towads H,S and was also extremely sensitive to humidity. The H,S specificity
is attributed to a larger affinity of H,S towards the adsorbed oxygen ions on the surface of

the structures described by H,S +30,,, —H,S+S0,+3e . The sensing mechanism is

heavily attributed to the energy barrier being the more dominant factor in effecting the
sensitivity of the sensors as opposed to the depleation layer; higher concentrations of H,S
effect the transport of electrons more fervently thus further modulating the energy barrier
187.

Past groups have experimentally investigated the dependence of the sensing
ability on the grain size (available surface area), surface states (electronic contribution)
and test molecule chemical affinity. Rout et al. investigated the sensing response of
individual nanowires of three metal oxides [ZnO, TiO, and WO,7,] via CAFM and
compared the performance of the metal oxides based on oxide type and diameter size.
Although direct size comparison between the different oxides was not well performed,
the group determined that a 40 nm diameter WO, 7, nanowire had higher sensitivity than
a 16 nm diameter WO, 7, nanowire, speculating that the larger diameter seized a longer

18 Lin and

depletion layer path thus providing a broader available surface area
Rodriguez et al both independently investigated the surface decomposition/surface
poisoning of H,S on ZnO (0001) film surfaces by variable-energy photoelectron

spectroscopy and first principles density functional study, respectively, and determined
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that the exposed Zn metal centers on the single crystal material play a larger role in the
interaction with H,S, while the O vacancies dominate the H,S interaction in
polycrystalline ZnO 819,

SWNT sensors decorated with ZnO nanoparticles synthesized at a higher
temperature (70°C) displayed a drastic enhancement in sensitivity, a faster
response/recovery time as well as a decrease in detection limit towards H,S, figure 2.9.
The sensitivity increased to 4.96 AR/R, per ppm of H,S and a response to 500 ppb H,S of
~80 % AR/R, compared to 12% AR/Ro for the polycrystalline ZnO particles. This
difference is indicative of a significant increase in the lower detection limit, very likely
the double digit ppb range, suggesting promise as a low cost, room temperature H,S
sensor. The enhancement is a consequence of the highly crystalline ZnO phase and grain
refinement. The reduced defects allow for greater numbers of electrons to be trapped in
surface states of the particle by adsorbed oxygen ions, reducing the charge density of the
particle. This charge carrier drop is hypothesized to create a low resistance state in the
SWNT as the gating effect at the ZnO-SWNT interface is reduced. During H,S exposure,
the ZnO nanoparticle is reduced by displacement of the adsorbed oxygen ions increasing
the charge density and space charge region induced in the SWNT, ultimately decreasing
hole mobility transport through the SWNT.

Sensing mechanism of H,S on ZnO/SWNT networks was investigated by using a
ChemFET configuration, with an applied back gate. Typical FET transfer characteristic
are the sensors are shown in figure 2.10, there is only a slight gate dependency on the

current behavior of the sensors after exposure to the carrier gas and different
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concentrations of H,S and sensors show no clear on-off state. The drain source voltage
drops with higher concentrations of H,S, more significantly for ZnO functionalized
sensors than the bare SWNTs at similar resistance range, consistent with the

chemiresistive sensor response.

2.4 Conclusions

Synthesis and material characterization of ZnO/SWNT hybrid structures is
performed by a facile electrochemical route, with precise control over particle formation,
size and density. Gas sensing performance of the ZnO/SWNT hybrid structures was
investigated and exhibited uncharacteristic selectivity towards H,S, with enhanced
sensitivity, response and recovery times contingent upon crystallinity. Optimal sensors
show a sensitivity increase from 2.54 % per ppm to 4.96% per ppm by tailoring the ZnO
deposition temperature with a ~80% response at 500 ppb. These ZnO/SWNT hybrid gas
sensor demostrate a clear structure-property realationship indicating material crystalinity

has a large impact on metal oxide/SWNT hybrid sensor performance.
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Figure 2.1. Linear sweep voltammetry of electrolytes at for SWNT thin film from open
circuit potential to -2.0V vs Ag/AgClI at 10mV/s in electrolytes of (a) 0.0 M Zn(NO3)2 +
0.2 M NaNO3, (b) 0.02 M Zn(NO3)2 + 0.16 M NaNO3, (c) 0.05 M Zn(NO3)2 + 0.1 M
NaNO3, (d) 0.1 M Zn(NO3)2 + 0.0 M NaNO3. All electrolytes are at 25°C and pH of
5.5.
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Figure 2.2. (A) Linear sweep voltammetry of (a) 0.0 M Zn(NO3), + 0.2 M NaNOj at
25°C, (b) 0.1 M Zn(NO3), + 0.0 M NaNOQ3 at 25°C, (c) 0.0 M Zn(NQO3), + 0.2 M NaNO3
at 70°C, (d) 0.1 M Zn(NOs), + 0.0 M NaNO3 at70°C and (B) detailed LSV of 0.1 M
Zn(NOs), at 25°C; all electrolytes were at pH 5.5. SWNT thin film substrates were swept
from open circuit potential to -2.0V vs Ag/AgCl at 10mV/s.
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Figure 2.3. XRD diffraction pattern of (A) randomly oriented SWNTs, (B) as-
synthesized ZnO thin film deposited at -0.6 volts and 25 °C and (C) ZnO thin film
deposited at -0.6 volts 70 °C. ZnO crystal orientations are labeled and the substrate is
indicated by “S”. Films were deposited from solution 0.1 M Zn(NO3),, and pH 5.5.
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Figure 2.4. (A) Image of chip containing 16 prefabricated microelectrode pairs and
cartoon representation of single electrode pair. The Cr/Au electrodes are 20/180 nm tall,
deposited on Si/SiO, of 525/0.3 um. (B) The electrochemical set up for ZnO
functionalization consists of a 3uL 0.1 M Zn(NOg), droplet on a single electrode pair
with aligned SWNTSs as a working electrode (WE). A Pt wire counter electrode (CE) and
Ag/AgCI wire pseudo reference electrode (RE) are submerged in the droplet to complete
the cell. The completed ZnO functionalized SWNT hybrid network is depicted in (C).
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Figure 2.5. SEM images of aligned SWNT networks (A) unmodified and (B-D)
functionalized with ZnO by electrodeposited at -1.1V vs Ag/AgCl and 25°C for applied
charges of (B) -0.614, (C) -5.58 and (D) -33.6 uC. (E) The average particle size and (F)
number of ZnO particles per bundle of SWNT is shown as a function of applied charge.
The size and number distribution are represented by the error bars in (E-F). The error
bars represent a set of 10.
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Figure 2.6. Activation energy determined from temperature dependent resistance
behavior of bare SWNTs and ZnO-SWNTs functionalized at 25°C and at 70°C.
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Applied Charge uC)
Figure 2.7. Sensor optimization (A) real time sensing behavior of (a) bare SWNTs, (b)

ZnO-SWNT at 0.5 uC, (c) ZnO-SWNT at 20 uC, (d) ZnO-SWNT at 500 uC towards
various exposures H,S, (B) histogram of average sensor response towards 20 ppm of

H,S. All samples were synthesized at 25°C.
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Figure 2.8. Mean response and standard deviations for bare SWNT and the ZnO/SWNT
hybrid system to several light molecular weight molecules. The concentrations were
determined by exposure limits set by OSHA. Standard deviations were taken from ten
samples. The ZnO/SWNT hybrid system was synthesized at 25°C and 20uC.
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Figure 2.9. (A) Typical transient sensing response of ZnO-SWNT functionalized at 20
uC at (2)25°C, (b) 70°C. The normalized responses are all scaled to the left axis and the
concentration level of the exposure profiles are indicated on the right axis. (B) Sensitivity

of SWNT and ZnO-SWNTs systems towards H,S. All ZnO/SWNT hybrid sensors are
synthesized at 20 uC.
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Figure 2.10. Back-gated FET I-V sensing responses to dry air, 0.5 ppm, 2.5 ppm, 5
ppm, 10 ppm, 20 ppm, and 40 ppm H,S for Vps = 1 V. (A) The bare SWNT network
shows little sensitivity by comparison to the (B) ZnO decorated SWNT network. The

ZnO/SWNT hybrid sensors is synthesized at 20 uC and 70°C.
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CHAPTER 3:

RECOGNITION OF XYLENE ISOMERS USING

ZnO-SWNT HYBRID STRUCTURES

Abstract

In this work the sensing performance of ZnO-SWNTs hybrid structures was
investigated. The devices consisted of ZnO nanoparticles electrodeposited on the surface
of SWNT networks, and were challenged with a host of potential VOC biomarkers
including benzene derivatives, ketones, alcohols, and alkanes. Conductometric responses
for a range of gaseous analytes were established with room temperature operation,
including the detection and distinction of xylene isomers (ortho, para, meta). The
enhanced sensitivity towards p-xylene is the first demonstration of isomer selective gas
sensing with a metal oxide based system. Further mechanistic investigation of the sensor

behavior was performed by field effect chemiresistive measurements.
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3.1 Introduction

Alveolar breath analysis of human patients has revealed the presence of alkanes,
benzene derivatives, alcohols and keytones, whose presence and concentrations have
been correlated to a host of diseases and physiological conditions such as asthma,

diabetes, periodontal disease, as well as lung and breast cancer %

. Volatile organic
compound (VOC) breath signatures are consequently promising biomarkers for a non-
invasive approach to earlier medical diagnostics in addition to a complementary method
for current medical testing **”.  However, to avoid misdiagnosis, high specificity of a
single biomarker is desirable and at the same time challenging due to the difficulty in
differentiating structurally similar compounds. Specifically, the ability to distinguish
between a single isomer of xylene could mean a difference in diagnosis between asthma,
with high levels of p-xylene, versus lung cancer, which has been correlated to o-xylene
192,193,198.1%9 - Although, gas chromatography-mass spectrometry (GC-MS) can be used to
accurately detect and quantify isomeric VOCs in breath samples, a more rapid detection
system based on a simple, cost effective, portable design is desirable for standardized
screening tools.

One dimensional nanostructures are strong candidates for such a platform as the
diminutive sizes of these materials have demonstrated enhanced sensor performance,
including previously demonstrated utility for medical diagnosis, differentiating simulated
gas mixtures of lung cancer patients from healthy subjects *°* 19329210 " From a structure

standpoint, SWNTSs can be considered ideal nanosensor materials as they are composed

entirely of surface atoms. Unfortunately, unmodified SWNT are quite stable, displaying
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limited interaction in most chemical environments. Nevertheless, they are promising
nanomaterials as the transducing elements for gas sensors due to their exceptional
electronic properties, mechanical rigor, and thermal stability. Moreover, their small sizes
make them ideal conduits for interfacing arrays of nanoparticles, entities that maximize
quantum confinement effects with characteristic lengths well below the Debye length.
Prior work has shown that the sensitivity and selectivity towards certain analytes can be
enhanced when the carbon nanotubes are covalently or non-covalently functionalized
with desirable materials, especially metals and polymers 147 149 160, 161, 211-215

On the other hand, SWNT gas sensors with integrated metal oxide materials have
been limited, despite the well established stability, longevity, and library of metal oxide
gas sensors. In particular, ZnO has gained favor as a nanosensor due to its low cost, ease
of synthesis and sensitivity to some VOCs. Nanostructures of this n-type semiconductor
(band gap of 3.35eV) have also been explored for room temperature gas sensing
significantly reducing power consumption ¥ ?!® Thus, the incorporation of zinc oxide
nanoparticles on the periphery of carbon nanotubes offers the advantages of

nanoengineering with a robust, marketable metal oxide *****°

. Although several groups
have studied the sensing performance of ZnO nanowires, to date, the performance of ZnO
decorated SWNTSs have not been scrutinized.

In this work the gas sensing performance of electrodeposited ZnO-SWNTs hybrid
structures, consisting of ZnO nanoparticles on the surface of SWNTs, towards a pool of

potential VOC biomarkers, including benzene derivatives, alcohols, ketones, and

hydrocarbons, was investigated. Bare SWNT networks were similarly challenged with
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VOCs to determine the effect of ZnO functionalization on sensor behavior.
Chemiresistive responses revealed sensor cognizance of xylene isomers (ortho, para,
meta), with strong selectivity towards p-xylene, displaying significant utility for
advanced sensor systems such as electronic noses. Field effect transistor measurements
were implemented to provide insight on the mechanism of isomer selectivity. To the best
of our knowledge, this is the first demonstration of xylene isomer recognition with a

simple metal oxide based chemiresistor *.

3.2 Experimental Details

3.2.1 Synthesis and Characterization

Sensor arrays were prepared on dies containing sixteen lithographically fabricated
Au microelectrode pairs with 3 um gaps. The substrate architecture allowed for
individual addressability and sensor assembly/synthesis without cross contamination
between adjacent devices, the details of which have been described elsewhere .
Commercially available carboxylated single walled carbon nanotubes (SWNTSs) were
obtained from Carbon Solutions Inc. and dispersed in dimethylformamide (DMF).
SWNTs were aligned across the electrode gaps via alternating current dielectrophoretic
alignment by placement of a 1.5 puL drop of SWNT suspension across the electrodes,
applying 1 Vy, and 4 MHz (Keithley 3390 AC generator, 50 MHz arbitrary waveform

generator), and the device resistance was monitored by administering the alignment time.

Following SWNT alignment, the sensors were rinsed with DI water twice to remove
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residual DMF and annealed at 300°C for 60 minutes under reducing environment (5% H,
1 95% Ny) to reduce contact resistance.

A solution based electrochemical synthesis approach was used for the deposition
of ZnO on SWNTSs due to its operational simplicity and flexibility of process parameters.
Electrochemical functionalization of the SWNT network was performed by addition of a
2 uL drop of 0.1 M Zn(NOs), electrolyte at pH of 5.5, using the gold pads as the working
electrode, an inserted Pt wire as the counter electrode and a pseudo Ag/AgCl wire as the
reference electrode. The deposition potential was kept constant at -0.6 volts versus
pseudo Ag/AgCl reference electrode, and the applied charge was varied from 0 to 500
uC, optimized sensors were synthesized at 20 uC. Electrodeposition was carried out
under potentiostatic mode at 25°C, and ambient pressure using CH Instruments
Electrochemical Analyzer CHI604c. Following the deposition, sensors were lightly
rinsed with DI water by placing a 10 uL drop over the deposited area and removal with
N, gas. Verification of ZnO nanoparticle decoration on the surface of SWNTs was

verified by scanning electron microscopy (SEM).

3.2.2 FET and Gas Sensing Studies

Room temperature gas sensing studies were performed on the functionalized
sensor array by integration of the sensor chip with a pin IC adapter via wire bonding
(West Bond Inc. Model 7443A) and subsequent electrical connection to a bread board in

a custom made sensing system ®'. Each sensor was subjected to 1.0 V (DC) and the

54



resistance was continuously recorded every 0.2 seconds simultaneously for the sixteen
sensors by use of Keithley 236 source measurement unit controlled by a LabView
program. A base line was achieved by continuous exposure to dry air and the various
analytes were introduced by bubbling through high purity chemical grade liquid forms of
the desired analyte with the carrier gas. Analyte concentrations were attained by
subsequent dilutions with the carrier gas, flow rates were regulated by mass flow
controllers (Alicat Scientific Incorporated) and total gas flow rate was kept constant at
200 sccm for all experiments % '™ A field effect configuration was used with the
current sensing set-up by applying a back gate potential sweep from -20 to 20 volts with

1 volt increments under the presence of the desired analytes and carrier gas.

3.3 Results and Discussion

3.3.1 Sensor Characterization

Figure 3.1 shows a schematic representation of the fabricated ZnO-SWNT hybrid
sensor, in which SWNTSs were first AC aligned across the 3um gap of a gold electrode
pair and then electrochemically functionalized with ZnO. A typical SEM micrograph
shows that the resulting hybrid structures are nanoparticle surface decorated SWNTSs with
average particle size of 51.0 = 5.16 nm and average particle density of 5.4 £ 0.5, where
particle density is defined as number of particles per bundle of SWNTSs and determined
from 5 different sensors. The energy dispersive X-ray spectrum of the corresponding

SEM image identifies the main elemental components to be ZnO, SiO; and Au where the
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latter two constitute the silicone chip and gold electrode pads. The resulting optimized
charge for the sensor was determined from exposure to 75 % saturated vapor of methanol
to sensors synthesized at charges varying from 0.5 to 500 uC. From which it was
observed that the maximum sensor response was obtained from sensors synthesized at 20
uC, the average sensor response was determined from n=10 sensors (included in
supplemental information).

Room temperature sensing performance of the SWNTs and ZnO-SWNT hybrid
structures was investigated towards saturated vapors of water/humidity, BETX
compounds (benzene, ethyl-benzene, toluene, xylenes), alcohols (methanol, ethanol
isopropanol), ketones (acetone, methylethylketone), cyclohexane, n-hexane, n-octane and
dichloromethane at exposure percent saturations (p/p” x100) of 2.5, 5, 10, 20, 50, 75, and
100. Xylene encompasses ortho-, meta-, and para- isomers of dimethyl benzene

(denoted by o-, m- and p-) and signify to which carbon atoms on the benzene ring the two

methyl groups are attached to. The o- isomer has the IUPAC name of 1,2-
dimethylbenzene, the m- isomer has the IUPAC name of 1,3-dimethylbenzene, and the p-
isomer has the IUPAC name of 1,4-dimethylbenzene. Based on prior work within our
group, sensor devices of both the SWNTs and hybrid structures were chosen to fall
within a resistance range of 10-100 kQ to maximize sensor response while minimizing
the signal noise **> ?*. Typical sensing responses towards structural isomers of xylene
are shown in figure 3.2, with responses of the bare SWNTs depicted in figure 3.2 (A),
(D), (G) and responses from ZnO-SWNT hybrid system depicted in (B), (E), and (H)

towards o-xylene, m-xylene and p-xylene, respectively. Sensor response is determined
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by the resistance change and is defined as 100*(R+R,)/Ro; where Ry is final resistance at
95% of the peak height and R, is initial resistance from the base line before any
exposures. There was a slight change in device resistance of the bare SWNTSs network in
the presence of xylene isomers, where p-xylene had the most notable effect causing a
resistance change of 9.6% when exposed to 75% saturated vapor (~30,000 ppm), shown
in figure 3.2 G. While o- and m- isomers had a clear sensor response, the resistance
change was less than 2.5% when exposed to 75% saturated vapors (~23,500 and ~29,300
ppm, respectively) figures 3.2 D and G. The ZnO-SWNT hybrid sensors had a stronger
and distinct detection towards xylene isomers compared to the bare SWNTs. Most
notably is the response of ZnO-SWNT hybrid structures towards p-xylene responding
with 116.5% resistance increase towards 75% saturated vapor, an order of magnitude
increase in sensor response from bare SWNTs (figure 3.2 H). ZnO-SWNT had a
decrease in resistance of -6.3% at 75% of saturated vapor in the presence of o-xylene,
however the hybrid sensors did not begin to respond until exposure to 75% saturation of
the o- isomer. This change in conductance direction is believed to be contributed by the
presence of ZnO nanoparticles since the same behavior was not observed in the bare
SWNT sensors. In the presence of m-xylene the ZnO-SWNT hybrid structures had an
increase in resistance change of 9.8 % at 75% saturated vapor, an enhancement compared
to the SWNT response (figure 3.2 E). The corresponding calibration curves depict the
overall sensor performance at the various exposed percent saturations and illustrates that
the combination of ZnO-SWNT hybrid system increases the overall sensor response and

change in resistance cognizance of xylene isomers (figure 3.2 C,F,I).
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Sensor performance of the SWNTs and ZnO-SWNT hybrid structures towards
75% saturated vapor of water, BETX compounds, alcohols, ketones, alkanes and other
hydrocarbon compounds are summarized in figure 3.3. Based on the response of the bare
SWNT and ZnO-SWNT sensors towards the analyzed VOCs, it is evident that the
sensitivity is introduced by incorporation of ZnO in the hybrid structures, more notably
towards benzene derivatives [BETX group]. Within the benzene and benzene derivatives
that were analyzed it was observed that ZnO-SWNTs structures had little detection
towards benzene however additional methyl groups on the benzene ring increased the
sensor activity. In addition it was observed that the sensitivity of the ZnO-SWNT hybrid
structures was strongly dependent on the number of methyl side groups and can be
summarized as benzene (CgHg) < toluene (C;Hg) < ethyl-benzene (CgHs) < xylene
(CgH1p). To better understand the discriminating sensor response of ZnO-SWNT hybrid
structures towards p-xylene, the effect of polarity, chain length and compound shape
were investigated.

The effect of polarity on sensing response cyclohexane was examined as a non-
polar analyte and the sensing response was compared to benzene. Polarity is observed to
play a small role in sensor detection for both bare SWNTs and ZnO-SWNT hybrid
structure showing a response of ~3.3% for bare SWNT and ~3.97% AR/R, for ZnO-
SWNT under exposure of 75% saturated vapor of benzene and no response under
exposure to cyclohexane. The effect of chain length, without contribution of an induced
dipole, was explored by analysis of hexane (C¢Hi4) and octane (CgHig) compounds.

SWNT sensors had no response for either compounds while ZnO-SWNT hybrid sensors
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responded with -4.7% AR/R, towards hexane and 19.5% AR/R, for octane, indicating that
longer chain length also influences the sensor behavior of the hybrid structures. Shape,
on the other hand, has little effect on the sensing performance of ZnO-SWNTSs as evident
from the sensing behavior of cyclohexane compared to hexane. Based on the alcohol
compounds that were analyzed, a decrease in hybrid sensor response from 22.7% to 4.7%
AR/R, was observed as the carbon chain increased from one carbon to three. Although
the ZnO-SWNT sensors were more sensitive than bare SWNTs towards alcohols, the
general trend of the hybrid sensor sensitivity was methanol (CH3OH) > ethanol
(C2Hs0OH) > isopropanol (C3H7OH), suggesting that ZnO-SWNTs hybrid structures may

have a stronger chemical activity towards methyl groups over carbon chain length.

3.2.2 FET Studies

To further investigate the sensing mechanism of the xylene isomers towards bare
SWNTs and ZnO-SWNT hybrid structures, a field effect configuration was adopted with
an applied back gate. Typical FET transfer characteristics of the sensors under exposure
to dry air and to o-, m- and p- xylene isomers at 10, 50 and 75% saturated vapors are
shown in figure 3.4. The bare SWNT sensors demonstrated p-type behavior as expected
with no clear on-off state and no gate dependency sensing current with only a slight
change in Ips when exposed to increasing Xxylene isomer concentrations (figure 3.4 A, C
and E), which is consistent with the transient chemiresistive responses. The FET
behavior of the ZnO-SWNT hybrid structures was characteristic to the specific xylene

isomer that was tested. When exposed to dry air, the ZnO-SWNTs structures

59



demonstrated an “on” state at gate voltages more negative than -5V, as seen in figure 3.4
B, D, and F. Under exposure to o-xylene, the ZnO hybrid structures showed an increase
in drain source current at higher concentrations of the isomer, with a more pronounced
change at more negative gate voltages. The overall responses to all three xylene analytes
IS consistent with a gating or mobility mechanism, with the most notable
transconductance change occurring with increasing p-xylene concentrations.

Despite the chemical diversity in the analytes probed and the FET results, the high
selectivity for p-xylene is still difficult to reconcile. It is hypothesized that the enhanced
transduction of p-xylene arises from a reduced dipole moment and increased
displacement of adsorbed oxygen on the metal oxide nanoparticles. Since p-xylene is a
symmetrical molecule it has no dipole moment, whereas m-xylene and o-xylene have
dipole moments of 0.30 and 0.62 D, respectively, due to their structural configurations
217 The dipole moment is believed to partially compensate for some of the free electrons
generated by the displaced oxygen on the ZnO nanoparticle surface, which is further
offset by an induce dipole moment or polarizability, resulting in a small overall resistance
change for the m- and o- isomers. Additionally, the monolayer adsorption isotherms of
these two xylene isomers on ZnO have been shown to be nearly half that of p-xylene. The
difference in coverage has been attributed to repulsive forces introduced by the dipole
moments when these molecules are oriented in the same direction and steric hindrance

from the larger cross section *®

. Therefore, the large p-xylene response can be
rationalized by the higher adsorption isotherm for p-xylene, and the lack of dipole

moment and very low polarizability. The collective result of which displaces extra
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adsorbed oxygen with mitigated charge compensation, liberating more electrons into the
ZnO nanoparticle bulk. The increased electron density creates a stronger depletion layer
for an augmented gating effect that directly reduces hole transport and conductivity

through the SWNTSs.

3.4 Conclusions

In summary, we have developed a hybrid ZnO-SWNT based sensor capable of
distinguishing between different xylene isomers. This sensor shows high selectively
towards the p-xylene isomer and demonstrates the capability of discriminating
structurally similar chemical compounds. Furthermore this investigation provides useful
insight into the interaction of VOCs and ZnO based nano gas sensors, demonstrating
promising applications for detection of volatile organic biomarkers for early medical
diagnostics. The effectiveness of electrochemically synthesized ZnO-SWNTs hybrid
sensors demonstrates the ability to fabricate stable and selective nano-gas sensors in a
facile and cost effective route, a process that can be extended to other metal oxide

materials.
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Figure 3.1. Schematic view of the ZnO-SWNT hybrid sensor containing aligned
SWNTSs across two gold electrodes with ZnO nanoparticles on the periphery of the
SWNTs. SEM image depicting a typical sensor and corresponding EDAX graph
showing the presence of ZnO.
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Figure 3.2. Typical real time responses of bare and ZnO/SWCNT systems towards o-

xylene (A and B), m-xylene (D and E),

p-xylene (G and H) and the corresponding

calibration curves (C,F, and I). Open circles correspond to bare SWNTSs and solid circles
represent ZnO-SWNT hybrid system, error bars are determined form n=6 sensors.
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Figure 3.3. Response of bare SWNT and ZnO-SWNT hybrid system towards humidity,
BETX, alcohol, ketone, and hydrocarbon compounds. Average responses are determined
from n = 6-10 sensors.
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Figure 3.4. FET characterization of bare SWNTs (A, C, E) and ZnO-SWNT (B, D, F)
sensors while exposed to xylene isomers. (A) and (B) towards o-xylene , (C) and (D)
towards m-xylene, (E) and (F) towards p-xylene, at VDS of 1volt.
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CHAPTER 4:

LIGHT INDUCED CHARGE TRANSFER IN

ZnO-SWNTS HYBRID SYSTEMS

Abstract

Photocurrent responses of electrochemically synthesized ZnO-SWNT hybrid
structures were demonstrated. The hybrid structures are composed of ZnO nanoparticles
on the periphery of the SWNTs. The effects of particle size, particle density and material
quality on photoconduction were also investigated. The photoconduction studies were
performed in ambient conditions and the current behavior was monitored in the dark and
under UV irradiation. Transient photocurrent responses reveal that the current change,
Alll,, was strongly dependent on material quality, with Al/l, of 136.4+29.2% for devices
synthesized at 20uC and 70°C, and less dependent on surface coverage of SWNTSs, while
the current of SWNTSs was unaffected by the presence or absence of the UV light. The
increase in conductivity indicated m-SWNTs dominated charge transport. Field effect
measurements substantiate these results with flat gate sweeps and no measurable thresh-

hold voltage.
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4.1 Introduction

Hybrid fullerene-based organic/inorganic materials have been the focus of
numerous studies for energy conversion and storage, from novel electrodes materials for
batteries and fuel cells to active components of photovoltaic devices?*??!. These efforts
are largely motivated by the ideal mechanical properties, thermal stability, and chemical
inertness of fullerenes, with particular focus on carbon nanotubes (CNTSs) as their one-
dimensional structures are excellent conduits for long range charge transfer. Moreover,
CNTs are attractive as scaffolds for interfacing other nanostructures, particularly
nanoparticles as they are more difficult to address, that exhibit confinement effects or size
related enhanced performance. These features of CNTs may also enabling more complex
optoelectronic designs such as those targeted to improve upon thin film technologies by
operating in three dimensions to reduce charge recombination in particles. In the case of
single wall nanotubes (SWNTSs), which are comprised entirely of surface atoms, the
potential for extremely high nanoparticle loadings have provoked several efforts for
covalent and non-covalent attachment of nanoparticles to SWNTs. Recent work has also
elucidated charge transfer mechanisms of SWNT/nanoparticle ensembles for several
semiconducting materials upon illumination %2222,

Although numerous I1-VI semiconductor materials have been reported in CNT
composites, ZnO has also attracted attention as a nontoxic, abundant material that can be
easily synthesized and doped for tailored sensor, optoelectric, piezoelectric, magnetic and

electric properties. Furthermore, the low cost, direct wide band gap (3.35eV) and large

exciton binding energy (60 meV) of ZnO have roused interest in developing light
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emitting diodes, solar cells, and UV detectors **.

These devices typically exploit
nanostructured ZnO, including nanoparticles, nanowires, and hierarchical nanostructures
12 The impetus for utilizing the ZnO nanostructures stems from their surface dominated
behavior, augmented specific surface/interfacial area and well controlled crystallinity.
For instance, the characteristic length of these nanoparticles is comparable to the Debye
length resulting in surface interactions that fully penetrate the electronic structure of the

particle %°.

This is important because a larger fraction of the atoms are involved in
surface processes, whether it is adsorption or catalytic in nature, to enhance the overall
device performance. Furthermore, the low number of defects generally observed in these
nanocrystals permits longer carrier lifetimes and more efficient absorption and emission
of photons, including significantly enhanced photoconductive gain in single nanowire
deViCGS 140, 231, 232.

Composite ZnO/CNT devices have consequently attracted attention as light
harvesting assemblages by auspicious use of ZnO as the photosensitive constituent and

142, 28323 These demonstrations have identified

CNTs as the electron acceptors
ZnO/CNT hybrid architectures as promising components of next generation solar cells
while opening a large parameter space meriting greater understanding of interfacial
quality, structure-property relations and fabrication procedures. Herein we investigate the
photocurrent dependence on surface coverage and semiconductor material quality by
surface functionalizing single walled carbon nanotubes (SWNTs). ZnO nanoparticles

were deposited on SWNT networks with a facile electrochemical technique based on a

simple Zn(NOs), electrolyte. Charge and electrolyte temperature variation were utilized

68



to tune ZnO nanoparticle size/density and crystallinity, respectively. This approach
permitted intimate contact between the ZnO particle and SWNTs as opposed to non-
covalently attachment by linker molecules. Charge transfer behavior was studied with
current-voltage (I-V) scans and photocurrent transients of both bare SWNT networks and
ZnO-SWNT hybrid structures in the dark and under UV illumination. These results
suggest metallic SWNTs (m-SWNTs) dominated charge transport in these networks.

This was further corroborated by back gated field effect transistor (FET) measurements.

4.2 Experimental

Lithographically fabricated arrays containing sixteen gold electrode pairs with 3
um gaps were used as the substrate architecture, which permitted individual
addressability of each device. The electrodes are arranged such that all sixteen devices fit
within 1cm? area and can be subjected to the same conditions simultaneously '*°. Further

details of the substrates has been described elsewhere *©°.

Commercially available
carboxylated single walled carbon nanotubes (SWNTs) were obtained from Carbon
Solutions Inc. and dispersed in dimethylformamide (DMF). SWNTs were aligned across
the electrode gaps via alternating current dielectrophoretic alignment by placement of a
1.5 pL drop of SWNT suspension across the electrodes, applying 1 V,, and 4 MHz
(Keithley 3390 AC generator, 50 MHz arbitrary waveform generator), and the device

resistance was tuned by the alignment time ™.

Following SWNT alignment, the sensors
were rinsed with DI water twice to remove residual DMF and annealed at 300°C for 60

minutes in a reducing environment (5% H, / 95% N) to lower contact resistance.
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A solution based electrochemical synthesis approach was used for the deposition
of ZnO on to SWNTs due to its operational simplicity and flexibility over process
parameters. Electrochemical functionalization on the surface of the SWNT network was
performed by addition of a 2 uL drop of 0.1 M Zn(NOs), electrolyte at pH of 5.5, using
the gold pads as the working electrode, an inserted Pt wire as the counter electrode and a
pseudo Ag/AgCI wire as the reference electrode. The deposition potential was kept
constant at -0.6 volts versus pseudo Ag/AgCI reference electrode, and the applied charge
was set to 20 or 100 uC. Electrodeposition was carried out under potentiostatic mode at
25°C and 70°C, at ambient pressure using CH Instruments Electrochemical Analyzer
CHI604c. Following deposition, the devices were lightly rinsed with DI water by placing
a 10 pL drop over the deposited area and removal with N, gas. Verification of ZnO
nanoparticle decoration on the surface of SWNTs was verified by scanning electron
microscopy (SEM).

Room temperature photocurrent studies were performed on the functionalized UV
photodetector array by integrating the die onto a pin IC adapter via wire bonding (West
Bond Inc. Model 7443A), which was then electronically connected to a bread board of

our custom made system °%,

An ultraviolet (UV) mercury lamp source was utilized as
the photo irradiation source (Mark 560, Martronics Co.). For the time resolved
photocurrent studies, each sensor was subjected to 1.0V DC potential and the resistance
was continuously recorded every 0.1 seconds simultaneously for the sixteen sensors by

use of Keithley 236 source measurement unit controlled by a custom made LabView

program. A field effect configuration was employed by applying a back gate potential
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sweep from -20 to 20 volts with 1 volt increments to each devices individually, under the
presence and absence of UV light. Scanning electron microscopy (SEM) image were

obtained with a Phillips XL30-FEG.

4.3 Results and Discussion

Electrochemical deposition parameters (applied potential, temperature, etc.) are
known to strongly influence the deposit microstructure and morphology and were
consequently studied for ZnO. From the X-ray diffractograms of the ZnO thin films, it is
evident that improved crystallinity can be imposed by simply tuning the deposition
temperature while maintaining all other parameters constant, i.e. substrate, solution
concentration, deposition voltage, deposition charge (figure 2.3). Deposits synthesized at
70°C were highly crystalline and displayed a preferred orientation in the (002) direction
corresponding to the ZnO hexagonal wurtzite structure, while polycrystalline deposits
were produced at 25°C. As shown in Figure 4.1 (A), this temperature differences, as well
as total charge passed, has little influence the device resistance. The resistance of the
devices is shown to be nearly unaffected for samples decorated at 25°C (square symbol)
and increased slightly for the samples decorated at 70°C (triangle symbol) and 20uC.
After decoration at 70°C sand 100 uC the device displayed a weak decrease in resistance.
The resistance decrease at higher temperature is consistent with the more crystalline ZnO
behaving as stronger scattering sites that disrupt the flow of holes in the SWNTs and the
decrease in resistance at higher charge may be due to nearly continuous ZnO coatings

that permit concomitant charge transfer.
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The extent of ZnO coverage is qualitatively shown for bare SWNTs and ZnO
loadings of 20 uC and 100 uC at 70°C by SEM images in Figure 4.1(B-D). Nanoparticle
formation is clearly visible with average ZnO nanoparticle sizes of 30.3+7.6 and 53.7+3.4
nm for 20 and 100 uC respectively. Although the two charges display drastic differences
in coverage, from well isolated particle formation to near continuous coatings along the
SWNT networks, the nanoparticle densities are very near to one another with particle
densities generally decreasing slightly as more charge is passed due to coalescence of
nanoparticles. ZnO particles are believed to grow by instantaneous nucleation in which
original nuclei continue to grow with little to no new nucleation sites as time progresses.
Moreover, particle nucleation is assumed preferentially initiate at the Stone-Wales defect
sites due to higher electrochemical activity *® %,

Photocurrent measurements were performed in ambient conditions on bare
SWNTs and hybrid ZnO-SWNT structures functionalized at 20uC, with solution
temperature at 25°C and 70°C (Figure 4.2). These I-V characteristics show linear
behavior around the zero applied bias which indicates that the bare SWNTs make good
ohmic contact with the gold pads. Under UV illumination, the current of bare SWNTSs is
slightly altered by less than 6% while that for the hybrid system increases dramatically by
~147% Al/l, defined as the difference between the illuminated and dark current value
divided by the dark current value. Thus, there is a 30 fold increase in the current
behavior by the incorporation of ZnO nanoparticles on the surface of SWNTs upon UV
illumination. However, these results are contradictory to similarly functionalized SWNT

devices and implicate m-SWNT as the primary charge conducting elements in these
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networks 2%

This is not surprising considering the preferential m-SWNT alignment
obtained for the solvent and dielectrophoretic conditions used and low resistance of the
devices %'

Upon exposure to UV light two processes have been reported to occur in ZnO:
photons exceeding the band gap of ZnO photogenerate electron-hole pairs (Equation 1)
and holes recombine with electrons to discharge adsorbed O, (Equation 2) "% 23 This
process has been demonstrated to yield significant internal photoconductance gains in
ZnO nanowires. After turning off the UV light, both the recombination of the electron-
holes and the adsorption of oxygen gases (Equation 4.3) from the ambient atmosphere
reduce the carrier density leading to a decrease in current. In ZnO/SWNT ensembles
electron transfer has been shown to occur from nanoparticle to SWNTs by both
spectroscopy and electrical measurements. In the case of semiconducting SWNTS (s-
SWNTSs) the donated electrons decrease or scatter holes for an overall increase in
resistance. In contrast, this system observes an increase in current upon UV illumination,
indicating that m-SWNTs or electrons dominate charge transport, in which case
photogenerated electrons donated by the ZnO nanoparticles would increase the
conductivity of these networks . After terminating UV the exposure free electrons are
consumed by transfer to the m-SWNT and association with O, adsorbates on the ZnO

surface for a decrease in conductivity of the ZnO/SWNT network.

hvo—>e +h* Equation 1
O, (ad)+h" - 0,(9) Equation 2
0,(9)+e” —> 0O, (ad) Equation 3
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Further device interrogation was performed by measuring the transient current
behavior of the ZnO-SWNT hybrid systems in the dark and under UV illumination with
ambient conditions. An external bias of 1.0 volt was applied to all sensors with the gate
voltage at Vg = OV. Measurements were conducted simultaneously for 6-8 sensors per
set of synthesis conditions with exposure and recovery times of 10 and 20 min,
respectively. The spot size of the UV source was adjusted to completely cover the 1 cm?
as to ensure that all devices were illuminated equally. Typical dynamic photocurrent
responses of bare SWNTs (figure 4.3 A), and the ZnO/SWNTs hybrid structures are
shown in figure 4.3 B-D. The current of the bare SWNT network was almost unaffected
when exposed to UV light, increasing slightly. If the bare SWNT network charge
transport characteristics were dominated by p-type semiconducting tubes with holes as
the charge carriers, the device conductance might be anticipated to decrease in response
to photodesorption of oxygen species; however, it is worth noting that the device
configuration, consisting of SWNT on top of Au electrodes, would mitigate these effects
240 241 " Here the opposite trend is observed, with slight reprieve in conduction upon UV
illumination, which, if due to photodesorption of oxygen, supports electron charge
transfer in m-SWNT. Also in accord with the observed I-Vs, the transients for ZnO-
SWNT hybrid structures exhibited an increased in current upon UV illumination. The
ZnO-SWNT hybrid structures synthesized at 25°C and 20 uC had average current change

of 71.1+20.83% Al/l,. The ZnO-SWNTs synthesized at 70°C and charges of 20 uC and

100 uC showed a larger current increase under the UV irradiation with Al/l, of
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136.4+29.2% and 121.5+15.9%, respectively, suggesting good interfacial quality between
ZnO and the nanotube surface .

These results also identify two main variables affecting the photocurrent behavior
of the ZnO-SWNT hybrid structures, the first is the material quality of ZnO determined
by the functionalization temperature, and the second is the extent of surface coverage on
the perimeter of the SWNTs. Comparison of the photocurrent response for the hybrid
structures synthesized at 20 uC and 20°C (figure 4.3 B) and the hybrid structures
synthesized at 20 uC and 70°C (figure 4.3 C) reveals a threefold increase in Al/l,. This is
attributed to the better crystallinity of ZnO which translates to less defect sites at the
higher temperature since the particle size and density remain roughly the same.
Secondly, the surface coverage of the SWNTs with ZnO did not improve the device
performance as noted by evaluating the hybrid devices fabricated at 20 uC and 70°C
(figure 4.3 C) to the one synthesized at 100uC and 70°C (figure 4.3 D). Instead the
major difference arises from the recovery of the two structures illustrated in figure 4.4 A,
with the one synthesized at 100uC reaching half of its original current value in the time
allotted. Since the underlying conduction pathway is through the SWNTs there is a
ceiling on the extent of effect of SWNT conductivity, thus more ZnO on the periphery of
the nanotubes contributed no further enhancement in photoconduction 2.

The photoresponse dynamics show a rapid increase in current upon illumination
with UV light and a slow decay when the UV source is turned off, summarized in figure
4.4. This trend is characteristic of a photogenerated response and an adsorption like

recovery consistent with the low power density of the lamp, 16 uW/cm? #*. Immediately
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after turning on the UV light rapidly generates electron-hole pairs for quick desorption of
oxygen, which reduces electron scattering from the hole induced depletion layer. Free
electrons may also contribute a small portion of charge carriers to the SWNT for an
overall expedited increase in conductivity. After exposure free electrons remain in the
ZnO particles permitting electrons in the conduction channel of the m-SWNT to continue
to flow freely until oxygen re-adsorbs to the surface to consume them. This process is
slower as it is an adsorption process as opposed to the photogeneration dependent
desorption of oxygen. This also explains the lag in response for smaller ZnO
nanoparticles and less coverages as smaller particles have larger surface to volume
rations requiring more time for bulk generated electron-hole pairs to compensate surface
bound electrons. Similarly, the prolonged recovery for larger ZnO nanoparticle or greater
coverage is also expected as the larger volumes require more complete readsorption for

complete consumption of free electrons 2%

The generally slow recovery of initial
conductance has also been reported on ZnO NWs after exposure of UV light and was
attributed to the effects of surface chemistry and or surface interactions of the holes to
other negatively charged species in the ambient, such as humidity? 2%,

The field effect transfer characteristics of ZnO-SWNT hybrid systems synthesized
at 20uC and 70°Care demonstrated in figure 4.5. As was the case with the dynamic
responses, there is a significantly enhanced current in the FET gate sweep when samples
are illuminated with the UV light. However, both the dark and UV irradiated gate scan

nearly horizontal on linear scale supporting the m-SWNT conduction. A very weak

transconductance, Al/AV, defined as the changed in current divided by the change in
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voltage, increase from 266.2 nS to 509 nS in the dark and excited state, respectively, and
lack of measureable threshold voltage also allude to metallic conduction. The carrier
mobility (u) doubled from 7.71 to 14.75 cm?Vs, while the carrier concentration
decreased slightly from 4.80x10'°® to 3.24x10% cm™ with exposure to UV light. Thus
exposure to UV light had a greater influence on the rate of electron-hole recombination of
the ZnO-SWNT hybrid system, since largest effect on electronic properties was on the
mobility and transconductance. The bare SWNT network showed similar gate

independent behavior and a negligible current response when exposed to UV light.

4.4 Conclusions

We report the synthesis and photoconduction behavior of electrochemically
synthesized ZnO-SWNT hybrid structures. An increase in conductance upon UV
irradiation supports m-SWNT dominated networks. The hybrid structures are composed
of various degrees of surface coverage (i.e. particle size and particle density) and material
quality. The photoconduction studies were performed in ambient conditions and the
current behavior was monitored in the dark and presence of UV irritation. Dynamic
photocurrent responses reveal that the current change of the hybrid system was Al/l, was
more strongly dependent on material quality and response/recovery rates were dependent
on surface coverage of SWNTSs, while the current of bare SWNTs was unaffected by the
presence or absence of the UV light. Field effect measurements corroborate metallic

conduction for SWNT networks and demonstrate that the UV source has the largest
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contribution to electron-hole recombination by showing increased changes in carrier

mobility transconductance.
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Figure 4.1. (A) Resistance change distribution after functionalization of SWNTs with
ZnO at 25°C and 20uC (square symbol), 70°C and 20uC (triangle symbol), 70°C and 100
uC (star symbol). SEM images of (B) bare SWNTSs, ZnO-SWNTs functionalized at 70°C

and (C) 20 uC (D) 100 uC.
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Figure 4.2. 1-V characteristics of (A) bare SWNTs and (B) ZnO-SWNT hybrid system
synthesized at 20uC and 70°C in the dark (open symbol) and upon UV illumination
(close symbol).
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Figure 4.3. Typical transient photocurrent response of (A) bare SWNTs, ZnO-SWNT
hybrid system synthesized at 20uC and (B) 25°C, (C) 70°C and (D) 100uC at 70°C.
Exposure to UV light is indicated as the shaded area of the bar graph.
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Figure 4.4. (A) Histogram of percent change in current and (B) response (square
symbol) and recovery time (circle symbol) of nanostructures when exposed to UV light
depending on material conditions.
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Figure 4.5. Field effect transfer characteristics of ZnO-SWCNT hybrid system
synthesized at 20uC and 70°C upon the absence (off) and presence (on) of UV light with
an applied Vs of 1 volt.
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CHAPTER 5:
SEQUENTIAL CATALYSTS
INCORPORATION ON TO ZnO/SWNT

HYBRID STRUCTURES

Abstract

Sequential incorporation of metal catalyst on to ZnO/SWNT hybrid was
investigated. Metal catalysts of interest include Au, Pt, Ag and Pd and were deposited at
charges ranging from -0.5uC to -500uC on the surfaces of ZnO/SWNT sensors. The
surface morphology, growth mechanism and room temperature sensing performance were
investigated as a function of charge, and presence or absence of seeded metal oxide. In
the case of the Au and Ag catalyst, there was a charge dependent sensing behavior and
specificity towards H,S and NO,. The metal-SWNT structures were most sensitive at
smaller charges and the metal-ZnO/SWNT hybrid structures experiencing higher
sensitivities when the metal is deposited at larger charges. With incorporation of the Pt
catalyst, the sensing behavior was dramatically suppressed for H,S, where Pt/SWNT
structures outperformed the Pt/ZnO/SWNT sensors towards H,S and NHs. Interestingly
the sensing performance was independent of the applied charge for both sets of hybrid

structures.
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5.1 Introduction

Single wall carbon nanotubes are promising nanomaterials as the transducing
element building block for gas sensors due to their electronic properties, thermal stability,
and chemical inertness. Since carbon nanotubes are composed entirely of surface atoms
and have an exceptional high surface area available for interaction, molecular adsorbents
can substantially alter their electronic properties making these entities increasingly
sensitive to their chemical environment. Prior work has shown that the sensitivity and
selectivity towards certain analytes can be further enhanced when the carbon nanotubes
are covalently or non-covalently functionalized *****°.  To this respect, | will
functionalize single wall carbon nanotubes (CNTs) with zinc oxide nanoparticles to
increase the sensitivity and selectivity towards selected volatile organic compounds and
hazardous chemicals.

ZnO is naturally an n-type semiconductor due to the presence of intrinsic defects,
oxygen vacancies and Zn interstitials, a slight alteration in the purity of the original
material can produce dramatic changes in electrical and chemical properties. The
motivation behind utilizing the ZnO nanostructured entities as conductometric sensors
stems from the idea that one dimensional oxide nanostructures are expected to possess
novel characteristics such as large surface-to-volume ratio and comparable Debye length
to the radius of the wires, which translates to an exponential increase in the percentage of
surface atoms available for surface reactions as we decrease the diameter of a wire into

this nanoscale regime; together with a decrease in electron-hole recombination time and
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ability to modulate material properties along the axial direction of the wires . This is
important because we have a larger fraction of the atoms involved in surface processes
whether it is adsorption or catalytic in nature and a decreased time for the entities to
respond to the changes in their environment which combined can enhance the overall
senor performance. Furthermore, the stability of sensors built upon better defined entities
with greater level of crystallinity can be heighted, compared to their thin film
counterparts, due to the reduction of instability associated with conduction hopping **.
Appreciable amount of work describing the doping of ZnO with group Il elements to
enhance n-type conductivity, group V elements to generate p-type behavior, and
magnetic elements (Fe, Co, Ni, Mn) to synthesize dilute magnetic materials is available
140, Recently, detection of various chemicals has been reported with a variety of
nanowire sensor configurations. To summarize, ZnO nanostructure networks (ribbons,
rods, wires) synthesized by thermal evaporation, liquid-solid method, and epitaxy (MBE)
have been analyzed towards CO, NO,, NH3, Hy, H,S, ethanol, O, and O;. However there
has been no clear correlation between the synthesis method, material properties, quantity
of nanostructures, and effect of dimensions towards the sensing performance of the ZnO
NW networks, the reports mostly address the sensing efforts towards the different

analytes 184 185, 244247

In spite of the sensitivity, selectivity of the sensors remains a
challenge, thus the strategic introduction of specific dopants or catalysts can potentially

enhance selectivity and/or impart selectivity towards specific analytes.
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5.2 Experimental

5.2.1 ZnO Nanoparticle Deposition

A carbon nanotube suspension was prepared by addition of 0.2 mg of
commercially available carboxylated SWNTSs obtained from Carbon Solutions Inc., to 20
mL of N,N-dimethylmethanamide (DMF). The contents were sonicated in a glass vial for
90 minutes using a VWR model 50D sonicator. All 20 mL of the SWNT suspension
were transferred to a 50 mL Teflon centrifuge tube and centrifuged for 90 minutes at
15000 RPM and 23°C using a Beckman J2-HS centrifuge. Immediately after
centrifugation, 10 mL of the supernatant was carefully removed and placed in a glass
vial. The supernatant was additionally sonicated for 60 minutes prior to use.

Lithographically patterned Si chips with 16 electrode pairs (Ti/Au 20/180 nm)
were utilized as substrates and contacts for sensor assemblages. The electrodes contained
a 3 um gap and large contact pads that enabled individual addressability for
electrochemical functionalization. SWNTs were aligned across the electrode gaps via
alternating current dielectrophoretic alignment by adding a 1.5 uL drop of SWNT
suspension, applying 1 Vp, and 4 MHz (Keithley 3390 AC generator, 50 MHz arbitrary
waveform generator). The device resistance was controlled by the alignment time. After
alignment, electrochemical functionalization of the SWNT network was performed by
addition of a 2 uL drop of 0.1 M Zn(NOs), electrolyte at pH of 5.5 and solution

temperature of 70°C. Using the gold pads as the working electrode, a Pt wire as the
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counter electrode, and an Ag/AgCl wire as a pseudo reference electrode, chrono-
coulometry controlled experiments were terminated at 20 or 100 uC of ZnO deposition.
After functionalization, the sensor array was lightly rinsed with nanopure water and dried

with purified nitrogen gas.

5.2.2 Catalyst Deposition

Electrodeposition of the catalyst metal nanoparticles was performed by sequential
electrochemical functionalization in a three electrode system. Unitizing the sensor
architecture as the functionalization cell, where the gold pads and ZnO/SWNTSs networks
were employed as the working electrodes, a Pt wire as the counter electrode and a
chlorinated Ag/AgCl wire as the reference electrode. Deposition of gold nanocatalysts
was performed by using a commercially available ready to use electroplating electrolyte
from Technic Inc. (CA), with neutral ph. A 5 uL drop of the Au plating solution was
placed across the two electrodes completely covering the Au pads and ZnO/SWNT
networks, a potential of -1.0 volts vs. pseudo Ag/AgCl was applied and deposition was
terminated by controlling the charge passed through the system from 0.5 to 500 nuC.
Deposition of platinum nanoparticles was performed by using a commercially available
ready to use electroplating electrolyte from Technic Inc. (CA), with pH between 7.5 and
8. A 5 uL drop of the Pt plating solution was placed across the two electrodes
completely covering the Au pads and ZnO/SWNT networks, a potential of -1.0 volts vs.
pseudo Ag/AgCl was applied to the system and experiment was as terminated by

controlling the charge from 0.5 to 500 uC. For deposition of palladium nanoparticles a 5
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uL drop of electrolyte composed of 0.47 M Pd(NHj3),Cl, + 58 mM NH,CI at pH of 7 (US
Patent number 4487665) was utilized as the Pd source, -0.5 volts versus the Ag/AgCl
reference electrode was applied and the charge was varied from 0.5 to 500 uC. Silver
nanoparticles were electrodeposited by use of ready to use electroplating electrolyte from
Technic Inc. (CA), at a potential of -0.3 volts vs. pseudo Ag/AgCl, with applied charge of
0.5 to 500 puC. After functionalization, the sensor array was lightly rinsed with nanopure
water and dried with purified nitrogen gas.

Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy
microanalysis (EDAX) was used for verification of catalyst deposition and nanoparticle

visual quantification.

5.2.3 Gas Sensing Studies

Room temperature gas sensing studies were performed on the functionalized
sensor array by integration of the sensor chip with a pin IC adapter via wire bonding
(West Bond Inc. Model 7443A) and subsequent electrical connection to a bread board in
a custom made sensing system ®'. Each sensor was subjected to 1.0 V (DC) and the
resistance was continuously recorded every 0.2 seconds simultaneously for the sixteen
sensors by use of Keithley 236 source measurement unit controlled by a LabView
program. A base line was achieved with exposure of dry air as the carrier gas and
different analyte concentrations were attained by subsequent dilutions with the carrier

gas. Exposure times were limited to 15 minutes and recovery time to 20 minutes; total
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gas flow rate was kept constant at 200 sccm for all experiments. Analyte and carrier gas
flow rates were regulated by mass flow controllers (Alicat Scientific Incorporated) **-17*
A field effect configuration was used with the current sensing set-up by applying a back
gate potential sweep from -20 to 20 volts with 1 volt increments under the presence of the

desired analytes and carrier gas.

5.3 Results

5.3.1 Metal Catalyst Verification

Since ZnO can easily dissolve in both acidic and basic conditions, it was
imperative to determine whether the selected deposition electrolytes for the metal catalyst
had a dissolution effect on the zinc oxide nanoparticles. For the purpose of deposition
verification of the metal catalysts onto the ZnO/SWNT system, ZnO was deposited at 100
uC with average particle size of 53.7£3.4, and imaged under SEM prior to metal catalyst
incorporation (figure 5.1 A, C, E, G). Due to de various deposition rates of the metal
catalysts Au, Pt, Pd and Ag were subsequently deposited at 500uC, 100uC, 50uC and
100uC, respectively. The SEM images in figure 5.1 B, D, F and H verify the deposition
of the metal catalyst initiating at the surface of the ZnO nanoparticle. Nucleation of the
metal catalyst is preferential to the ZnO particle due to its higher surface energy; the
images show a drastic increase in the initial particle size with different morphological
appearances intrinsic of the deposited metal and little to no new nucleation sites along the

SWNT wall. From these SEM images it can be concluded that the positioning of the
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catalyst is on the metal oxide surface, and that that the growth morphologies is
predetermined by the ZnO material quality.

Most evident is in the gold catalyst system (figure 5.1B), where Au nanoparticles
grew in star like structures, suggesting preferential growth of Au along ZnO crystalline
(002) face. On the other hand Pt, Pd and Ag had more of a nodular peripheral growth
around the ZnO nanoparticle. For Pt, the growth seemed governed by a smooth radial
deposition along the initial particles, while Pd began to show nodular growth upon its
palladium shell. Ag also had nodular deposition with very high surface roughness. In
addition to revealing the deposition preference of the metal catalysts, the SEM images
also verified the presence of initial ZnO nanoparticles shown in areas where the catalyst
did not grow (figure 5.1 F), thus expelling the possibility of ZnO nanoparticle dissolution

with the selected electrolytes.

5.3.2 Au Catalyst Effect on the ZnO/SWNT Hybrid System

Gold nanoparticles were electrodeposited on to SWNTs and ZnO/SWNT hybrid
structures with ZnO deposited at 20uC. Figure 5.2 A shows the average deposition time
of Au deposition on to ZnO/SWNT hybrid structures at various charges. As expected,
the deposition time linearly increased with increasing charge, resulting in larger amounts
of incorporated Au. Figure 5.2 B depicts the change in resistance when ZnO, Au, and
Au/ZnO are functionalized on to SWNTs, illustrating that when Au is deposited on
SWNTSs the tendency is for the resistance to decrease, while when Au is deposited on to

ZnO, the resistance generally increases. While it is reasonable for the of metal
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nanoparticles to decrease the resistance of the SWNTSs, the increase in resistance when
Au is sequentially added on the ZnO nanoparticles is indicative of intimate contact of the
Au with ZnO thus altering the electronic pathway.

To analyze the morphological effects that Au has upon the incorporation to
ZnO/SWNT, SEM images of Au/SWNTs and Au/ZnO/SWNTSs at Au deposition charges
of 1, 5, 50 and 500uC are shown in figure 3. When Au is deposited on bare SWNTSs,
there is an immense dense particle formation and with small particle size, as seen in
figure 5.3 A-D. At all charges, Au deposition initiates on the SWNTs and progresses
through nanoparticle growth, at 500 uC the morphology of the Au nanoparticles appears
to be “popcorn” like in structure, bridging across the gold electrodes along the periphery
of the SWNTSs. In contrast to the deposition growth observed of Au on SWNTSs, the
growth mechanism was vastly different when Au was deposited on to ZnO/SWNTs. As
demonstrated in figure 5.3E-H, at the same applied charges Au nanoparticles deposited
less densely with larger particle sizes. On the ZnO/SWNT hybrid structures, Au particle
nucleation initiates on the ZnO nanoparticles, with the progression of charge particle size
is increased followed by nodular growth on the Au coated ZnO nanoparticles, eventually
the budding nods turn into protruding limbs giving the final structures star-like
appearances. Thus the presence of ZnO influences the growth of Au to be concentrated
around the oxide surface and developing Au facets at energetically favored positions.

Particle size and distribution of Au on bare SWNT and ZnO/SWNTSs are shown in
figure 5.4. Extracted from various SEM images taken of multiple samples, the average

particle size (for Au on SWNT) increased linearly from 18.3+6.2 nm to 139.2 +38.7nm

92



with increasing applied charges of 1 to 500uC, as demonstrated in figure 4 A. When Au
is deposited on ZnO/SWNTSs, there is an exponential increase in particle size from
67.02+19.06nm to 354.1+61.4 nm as the charge increased from 1 to 500uC substantiated
by the explicit morphological differences in particle growth at the highest charge (figure
5.4 A). The particle density for Au deposited on SWNTs had a Gaussian distribution
indicating progressive nucleation with new Au nuclei being formed with applied charge.
Au on ZnO/SWNTs had a constant particle density throughout the whole applied charge
rang suggesting instantaneous nucleation of the initial Au nanoparticles followed by
progressive particle growth, illustrated in figure 5.4 B.

Room temperature sensing performance of the Au/SWNT and Au/ZnO/SWNT
hybrid structures was performed against H,S, SO,, NO,, NH3, CO, CO, and water vapor.
For comparison purposes, all charges were analyzed to determine optimal sensor
performance and to obtain a finger print response towards all desired analytes.
Demonstrated in figure 5.5 are the dynamic sensor responses towards NO; (figure 5.5 A
& C), and their corresponding calibration curves, most notably, the Au had opposite
charge dependent sensing behavior built upon on whether the catalyst was deposited on
to bare SWNTs or ZnO/SWNTSs. In the absence of ZnO, the sensor sensitivity towards
NO; is diminished as the charge is increased, with the highest AR/R, of -39.7+3.4 at 5
ppm of NO, arising from Au deposited at 1uC, consisting of average particle size and
density of 18.02+6.2 nm and 28.3+2.6 particles/SWNT bundle, respectively. This could
be the effect of particle size on sensing performance, mainly the smaller particles being

more chemically active and high particle density which collectively provide larger
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number of available sites with high surface area available for analyte interaction. On the
other hand, when the Au catalyst is incorporated on to ZnO/SWNTSs hybrid structures, the
increased charge of Au nanocatalysts enhances the overall senor performance with AR/R,
of -49.1+24.1 at 5 ppm of NO,. Under these synthesis conditions, the average particle
size and density of the Au/ZnO/SWNT hybrid structures is 163.49+£49.8nm and 12+0.82,
respectively, indicating that particle size and density are not the sole players responsible
for the detection. The inverse sensing phenomena dependent on applied charge of the Au
catalysts advocate geometrical differences between the two systems to be the stronger
factor for the observed sensing performance. In the case of Au on SWNTSs, the resultant
sensor architecture consists of nanoparticles templated along the surface wall of the
SWNTs, with neighboring particles coalescing to form larger units, resulting in a
decreased sensitivity with progression of charge. Whereas for Au on ZnO/SWNTs, the
resulting hybrid structures first creates a gold shell around the ZnO nanoparticles
followed nanoparticle nodular formation with progression of charge, thus increased
sensor performance with increased charge.

Of the gaseous species analyzed (H.S, SO,, NO,, NHj;, CO, CO, and water
vapor), Au/SWNTs and Au/ZnO/SWNTs hybrid systems had notable responses towards
H,S and NO,, little response towards water vapor SO, and NHs, and no response towards
CO ad CO,. Figure 5.6 summarizes the mean sensor response towards detectable
analytes at concentrations set by OSHA’s permissible exposure limits. H,S and NO;
showed similar charge dependent trends where the single metal is more sensitive towards

H,S and NO; at increasing charges and reduced response at increasing charges when Au
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is incorporated on to ZnO/SWNTSs. Interestingly the addition of Au catalyst to the
ZnO/SWNTs hybrid system suppressed the response towards H,S possibly due to the
surface coverage of ZnO allowing less ZnO surfaces to interact with the H,S molecules,
as a result Au/ZnO/SWNTs hybrid structures behaved more like Au/SWNTSs sensors.
The sensor response towards SO, and NHj, was unaffected by the addition of Au
catalysts, and humidity had little to no effect on the sensing performance of the resulting
hybrid structures.

FET mechanistic sensing towards NO, of Au/SWNTs with Au deposited at (A)
1uC, (C) 50uC and Au/ZnO/SWNT hybrid network with Au deposited at (B) 1uC and
(D) 50uC is demonstrated in figure 5.7. ChemFET configuration was investigated by
applying a back gate, sweeping the gate voltage from -20 to 20 volts in intervals of 1 volt
under the presence of various NO, concentrations. The sensors show the drain source
current increasing at higher concentrations of NO,, more significantly for the Au/SWNT
functionalized sensors as well as no clear on-off state, consistent with the chemiresistive
sensor response. The sensing mechanism towards NO, was difficult to examine due to

high metallic contribution and nature of the current behavior.

5.3.3 Pt Catalyst Effect on the ZnO/SWNT Hybrid System

Platinum nanoparticles were functionalized on the surfaces of bare SWNTs and
sequentially on the surface of ZnO/SWNT hybrid structures at charges of 1, 5, 50, and
500 uC. Morphological images of the resulting hybrid structures are demonstrated in

figure 5.8. When Pt is electrodeposited on the surface of bare SWNTs, small
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nanoparticles grow on the periphery of the SWNT networks; consistently the
nanoparticles appear round and spherical in shape, shown in figure 5.8 (A) - (D). The Pt
nanoparticle size decreased from 34.9+8.9nm to 6.0+2.6nm, while the particle density
increased from 2+0.8 to 23.5£5.1 particles per SWNT bundle with the progression of the
applied charge of 1 to 500uC, figure 5.9 (A). The simultaneous decrease in particle size
and increase in particle density suggests that the Pt nanoparticles nuclease continuously
throughout the functionalization process. With the incorporation of the Pt metal catalyst,
the resulting Pt/ZnO/SWNT structures progressively developed from small nanoparticles
to fully encapsulated ZnO core surrounded with a rough Pt shell, illustrated in figure 5.8
(E) — (H). On the other hand, for the Pt/ZnO/SWNTSs structures both particle size and
density of the incorporated Pt structures increase from 51.1+18.14 nm to 201.1+44.9 nm
and 3.2+0.9 to 7.8+2.04 particles per bundle of SWNTSs, respectively, with increasing
applied charge of 1 to 500uC (figure5. 9 (B)). The SEM images indicate that the growth
of the Pt structures is concentrated on the origins of ZnO nanoparticles, since there is a
small increase in the density of Pt/ZnO nanoparticles and bare sections of SWNTS. In the
absence of ZnO, Pt deposits ubiquitously on the surface of the SWNTs and with the
progression of time particle growth is not observed, instead the additional energy
provided to the system causes creation of new nucleation sites, resulting in high density
of small nanoparticles.

Room temperature sensing performance of the Pt/YSWNTs and Pt/ZnO/SWNTSs
hybrid structures was investigated towards low molecular weight molecules of interest as

previously described above. For comparison purposes, all charges of the Pt/SWNT and
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Pt on ZnO/SWNTs were analyzed to determine optimal sensor performance and to obtain
a finger print response towards all desired analytes. The comprehensive sensing response
towards OSHA’s permissible exposure limits of H,S, SO,, NO,, NH3, and water vapor
are demonstrated in figure 5.10. It should be noted that no response was observed
towards vapors of CO and CO; and little sensitivity was detected towards SO, with a
positive resistance increase for the Pt/SWNT system and negative resistance decrease for
the Pt/ZnO/SWNT structures. The sensing performance of the hybrid structures towards
H,S was generally improved compared to the bare SWNTs (4.4+3% AR/R,) with higher
sensitivity originating from the Pt/SWNTs system possessing an average response of
38.9£3.6% AR/R,, independent of applied charge. Unexpectedly, when Pt is sequentially
added to the ZnO/SWNT hybrid system the sensing response was suppressed to
12.2+1.5% AR/R,, over an order of magnitude decrease from that of ZnO/SWNT hybrid
structures (139.9+41.9% AR/R,) and a 3-fold decrease from Pt/SWNT structures.
Interestingly, both Pt/SWNTs and Pt/ZnO/SWNT hybrid structures had an
increased detection towards NO, vapors, compared to both bare SWNTs and
ZnO/SWNTs. The P/SWNTs and Pt/ZnO/SWNT hybrid structures responded similarly
both in magnitude of response and autonomous of applied charge with the Pt/SWNT
structures having an average AR/R, of -28.5£3.6% and Pt/ZnO/SWNTs an average
resistance change of -32.7+2.3% AR/R, Suggesting that since ZnO/SWNT hybrid
structures had little response towards NO,, the sensing behavior could originate from the
introduction of the Pt catalyst. The sensor sensitivity towards NH3; was also increased

with the introduction of Pt structures, however the effect was more pronounced in the
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absence of the native ZnO nanoparticles. All sensors had limited interference from

humidity with response averaging below AR/R, of 10%.

5.3.4 Ag Catalyst Effect on the ZnO/SWNT Hybrid System

Surface functionalization with Silver metal catalyst was performed at 0.5, 1, 5, 50,
and 500uC on bare SWNTSs and ZnO coated SWNTSs, where ZnO was first deposited at
20uC. Silver depositions were fast, lasting less than 5 second for the largest charge,
when deposited at charges from 0.5 to 5uC the resistances of the SWNT and ZnO/SWNT
networks were relatively unchanged due to the small amount of material incorporated on
the surface of the SWNTS, represented in figure 5.11. However, when Ag was deposited
at charges of 50- 500uC, the final resistance of the device decreased due to the complete
bridging of the metal across the gold electrodes. Figure 12 (A) - (H) displays SEM
images showing the morphological differences and providing a snapshot portrayal of the
growth progression of the Ag/SWNTs and Ag/ZnO/SWNT structures with increasing
applied charge. When Ag is deposited on bare SWNTSs, the growth begins with multiple
particle formation, with increasing charge new nuclei are formed, and at even larger
applied charges the existing particles rapidly grow coalescing together until bridging
across the electrode gap, as demonstrated in figure 5.12 (A) — (D). Figure 12 (D) clearly
shows the large Ag grains and multitude of particles adhering and interconnecting across

the gold pads.
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When Ag was sequentially deposited on to ZnO/SWNT structures, there was first
small particle formation throughout followed by coalescence of neighboring particles
until bridging occurred at the largest charge. By comparison of the SEM images, the
growth rate of the Ag catalyst appeared slower with the existence of ZnO, and the
surface morphology was drastically rougher with a flake-like nodular appearance and the
particle size/grain size was dramatically smaller in size compared to the singular
deposition of Ag, demonstrated in figure 5.12 (E) — (H). The average particle size for the
AQ/SWNT system increased from 56.8+27.9nm to 1098.3+518.9nm while the particle
density decreased from 20.3+2.9 to 1.7+0.6 particles per bundle of SWNTs with
increasing applied charge from 1 to 500uC. When Ag was deposited on the surface of
ZnO/SWNTSs, the particle size had a similar effect as the singular metal with an increase
from 73.9£1.3nm to 1297.8+461.5nm while the particle density decreased from 7.8+1.3
to 1.41+0.5 particles per SWNT bundle with increasing charge. In the case where Ag
was sequentially added, initially the particle density was ~2.5 times lower than in the
absence of ZnO, suggesting a variant growth mechanism due to the differing surface
energy provided by the metal oxide.

Room temperature sensing performance of the Ag/SWNT and Ag/ZnO/SWNT
hybrid structures was performed on low molecular weight molecules of interest. Typical
sensor responses are demonstrated in figure 5.14 (A) and (C) for Ag/SWNT and
Ag/ZnO/SWNT hybrid structures deposited at various charges, respectively. The
corresponding calibration curves towards NO; are shown in figure (B) and (D). Most

notably, there is charge dependant sensitivity towards H,S and NO, from both the

99



AQ/SWNT and Ag/ZnO/SWNT hybrid structures. In the absence of ZnO, hybrid
structures are more sensitive at smaller charges, while when incorporated with ZnO, the
AQ/ZnO/SWNT hybrid structures are most sensitive when Ag is deposited at larger
charges. Figure 5.15 portrays the compiled sensing performance of all the various hybrid
structures towards H,S, SO2, NO,, NH3 and 75% humidity, where the concentrations of

the low molecular analytes are displayed at OSHA’s permissible exposure limits.

5.4 Conclusion

Sequential functionalization of ZnO/SWNT hybrid structures with metal
catalyst (Au, Pt, Ag and Pd) was performed at charges ranging from -0.5uC to -500uC.
The surface morphology, growth mechanism and room temperature sensing performance
were investigated as a function of charge, and presence or absence of seeded metal oxide.
In the case of the Au and Ag catalyst, there was a charge dependent sensing behavior and
specificity towards H,S and NO,. The metal-SWNT structures were most sensitive at
smaller charges and the metal-ZnO/SWNT hybrid structures experiencing higher
sensitivities when the metal is deposited at larger charges. With incorporation of the Pt
catalyst, the sensing behavior was dramatically suppressed for H,S, where Pt/SWNT
structures outperformed the Pt/ZnO/SWNT sensors towards H,S and NHs. Interestingly
the sensing performance was independent of the applied charge for both sets of hybrid

structures.

100



Figure 5.1. SEM micrographs of (A) Au/SWNT , (B) Au/ZnO/SWNT, (C) Pt/SWNT,
(D) Pt/ZnO/SWNT, (E) Pd/SWNT, (F) Pd/ZnO/SWNT, (G) Ag/SWNT, and (H)

Ag/ZNO/SWNT hybrid structures. The scale bar represents 500 nm.
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500 nm

Figure 5.3. SEM micrographs of Au/SWNT hybrid system at (A) -1.0 uC, (B) -5.0 uC,
(C) -50 pC, (D) -500 puC; and Au/ZnO/SWNT hybrid system at (E) -1.0 uC, (F) -

5.0 uC, (G) -50 uC, (H) -500 uC. The scale bar represents 500 nm.
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Figure 5.8. SEM micrographs of Pt/SWNT hybrid system at (A) 1.0 uC, (B) 5.0 uC, (C)
50 uC, (D) 500 uC; and Pt/ZnO/SWNT hybrid system at (E) 1.0 uC, (F) 5.0 pC,

(G) 50 uC, (H) 500 uC. The scale bar represents 500 nm.
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Figure 5.12. SEM micrographs of Ag/SWNT hybrid system at (A) -1.0 uC, (B) -5.0 uC,
(C) -50 pC, (D) -500 pC; and Ag/ZnO/SWNT hybrid system at (E) -1.0 uC, (F) -

5.0 uC, (G) -50 uC, (H) -500 uC. The scale bar represents 500 nm.
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CHAPTER 6:
METAL-METAL SEQUENTIAL SURFACE
FUNCTIONALIZATION OF SWNTS

STRUCTURES

Abstract

Multiple metals were strategically deposited to understand the behavior of
binary/dual metal catalyst and metal catalyst sequence on sensing performance.
Sequential electrochemical functionalization of silver and palladium catalyst was
performed on gold nanoparticle-decorated carbon nanotube networks in an attempt to
improve sensitivity and impart selectivity towards analytes of interest. Chemical
functionalization with mercaptohexanol was performed to passivate the native gold
nanoparticles and thus allow side by side functionalization of the secondary metal
catalyst. However it was observed that the MCH preferentially adhered on to the SWNTSs
instead of the gold nanoparticles and thus forcing sequential deposition to encapsulate the
original gold nanoparticle creating Ag/Au/SWNTs and Pd/Au/SWNTs hybrid structures,
in addition to suppressing new metal nuclei to form on the surface of bare SWNTSs.

The sequence in electrochemical deposition of gold, silver and palladium revealed

morphological differences and distinctive sensing behavior stemming from the order of
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deposition and sequence pair.  Furthermore, site specific electrodeposition was further
exploited by controlling the applied potential of the second material to advantageously

control the positioning of the sequential metal catalyst.
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6.1 Experimental

6.1.1 Metal Nanoparticle Deposition and Material Characterization

Sensor arrays were prepared on dies containing sixteen lithographically fabricated
Au microelectrode pairs with 3 um gaps. The substrate architecture allowed for
individual addressability and sensor assembly/synthesis without cross contamination
between adjacent devices, the details of which have been described elsewhere .
Commercially available carboxylated single walled carbon nanotubes (SWNTSs) were
obtained from Carbon Solutions Inc. and dispersed in dimethylformamide (DMF). The
SWNT suspension was prepared by addition of 0.2 mg of SWNTs to 20 mL of N,N-
dimethylmethanamide (DMF). The contents were sonicated in a glass vial for 90 minutes
using a VWR model 50D sonicator. All 20 mL of the SWNT suspension were
transferred to a 50 mL Teflon centrifuge tube and centrifuged for 90 minutes at 15000
RPM and 23°C using a Beckman J2-HS centrifuge. Immediately after centrifugation, 10
mL of the supernatant was carefully removed and placed in a glass vial. The supernatant
was additionally sonicated for 60 minutes prior to use.

SWNTs were aligned across the electrode gaps via alternating current
dielectrophoretic alignment by placement of a 1.5 uL drop of SWNT suspension across
the electrodes, applying 1 Vp, and 4 MHz (Keithley 3390 AC generator, 50 MHz

arbitrary waveform generator), and the device resistance was monitored by administering

the alignment time. Following SWNT alignment, the sensors were rinsed with DI water
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twice to remove residual DMF and annealed at 300°C for 60 minutes under reducing
environment (5% H, / 95% N) to reduce contact resistance.

Surface functionalization of the metal nanoparticles was performed by
electrochemical functionalization in a three electrode configuration, unitizing the pair of
gold pads as the working electrodes, a Pt wire as the counter electrode and a chlorinated
Ag/AgCl wire as the reference electrode. Deposition of gold nanocatalysts was
performed by using a commercially available ready to use electroplating electrolyte from
Technic Inc. (CA), with neutral ph. A 5 uL drop of the Au plating solution was placed
across the two electrodes completely covering the Au pads, a potential of -1.0 volts vs.
pseudo Ag/AgCl was applied and deposition was terminated by controlling the charge
passed through the system at 5uC For deposition of palladium nanoparticles a 5 uL drop
of electrolyte composed of 0.47 M Pd(NHj3),Cl, + 58 mM NH,CI at pH of 7 (US Patent
number 4487665) was utilized as the Pd source, -1.0 volts versus the Ag/AgCl reference
electrode was applied and the charge was controlled at 5uC. Silver nanoparticles were
electrodeposited by use of ready to use electroplating electrolyte from Technic Inc. (CA),
at a potential of -0.3 volts vs. pseudo Ag/AgCI, with applied charge of 5uC. After
functionalization of the first metal, the sensor array was lightly rinsed with nanopure
water and dried with purified nitrogen gas. Sequential electrodeposition of a second metal
was then performed using the same conditions and solutions described above.
Mercaptohexanol (MCH) was prepared by adding of MCH in ethanol (EtOH) resulting to
mixture concentration of 1mM MCH. In the experiments where chemical

functionalization of the system was used, the Si chip was immersed in 10 mL of 1mM
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MCH solution for 12 hours prior to the addition of the second metal deposition.
Following the incubation and before sequential electrodeposition of the second metal, the
Si chip was rinsed lightly with EtOH to remove residual MCH, and allowed to dry.
Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy
microanalysis (EDAX) was used for verification of catalyst deposition and nanoparticle

visual quantification.

6.1.2 Gas Sensing Studies

Room temperature gas sensing studies were performed on the functionalized
sensor array by integration of the sensor chip with a pin IC adapter via wire bonding
(West Bond Inc. Model 7443A) and subsequent electrical connection to a bread board in
a custom made sensing system ®'. Each sensor was subjected to 1.0 V (DC) and the
resistance was continuously recorded every 0.2 seconds simultaneously for the sixteen
sensors by use of Keithley 236 source measurement unit controlled by a LabView
program. A base line was achieved with exposure of dry air as the carrier gas and
different analyte concentrations were attained by subsequent dilutions with the carrier
gas. Exposure times were limited to 15 minutes and recovery time to 20 minutes; total
gas flow rate was kept constant at 200 sccm for all experiments. Analyte and carrier gas

flow rates were regulated by mass flow controllers (Alicat Scientific Incorporated) %1%
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6.2 Results and Discussion

Multiple metals were systematically investigated to understand the behavior of
binary/dual metal catalyst and metal synthesis sequence on sensing performance.
Furthermore, site specific electrodeposition was exploited as to advantageously control

the position of the second metal catalyst.

6.2.1 Chemical Functionalization of SWNTs and Metal Catalysts:

Silver as the Sequential Catalyst

Gold nanoparticles were functionalized on the surface of SWNTs at 5 puC,
demonstrated in the SEM images of figure 1 A and C. Sequential electrodeposition of the
second metal catalyst was performed on as-synthesized Au/SWNT structures and
AU/SWNT structures incubated with mercaptohexanol (MCH). AuU/SWNT structures
were treated with MCH in an attempt passivate the Au nanoparticle and selectively
deposit the second metal catalyst alongside the first. Upon sequential addition of Ag at 5
uC on the Au/SWNTs and in the absence of MCH, there is notable increase in particle
size of the initial Au particle, demonstrated in figure 6.1 B. The SEM images taken
before and after the addition of the second metal at the exact sample location show the
sequential addition of Ag to occur preferentially on the surface of Au, indicative by the
increase in particle size and the absence of new nucleation sites. Un-expletively, the
same deposition behavior was observed when Au/SWNT structures were surface treated

with MCH, where the second Ag nanoparticle deposited on the surface of Au and not on
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SWNTs, demonstrated in figure 6.1 D. Suggesting either the complete removal of MCH
during the post rinse with ethanol or adherence of MCH to the surface of the SWNTs
instead of the Au nanopatrticles.

The particle distribution of the Ag/Au/SWNTSs was unaltered while the difference
in particle size was slightly affected by the chemical treatment with MCH. Ag
nanoparticles grown in the absence of MCH had an overall particle size increase of 32.43
+ 2.80 nm, while in the presence of MCH, the overall particle size increased by 37.79
+0.28 nm, demonstrated in figure 6.2. The surface roughness and growth mode appeared
independent of the chemical treatment. Although the chemical treatment with MCH did
not preferentially passivate the Au nanoparticles to allow side by side nanoparticle
decoration, it did interact with SWNTs forcing the Ag metal nanoparticle to selectively
deposit on top of the Au. Additionally, MCH chemically functionalize SWNTSs providing
a different form of surface functionalization, most notably seen in the device sensing
performance.

Figure 6.3 is a histogram depicting the average sensing performance of bare
SWNTs, Au/SWNT, Ag/SWNT, and Ag/Au/SWNT hybrid structures with and without
MCH. The responses displayed are towards OSHA’s permissible exposure limits of H,S,
NO,, NHs;, and SO,, and the average sensor performance was determined from 4-8
simultaneously tested sensors. The two main variables affecting the sensing performance
were the presence and absence of the sequential catalyst and the chemical treatment with
MCH. Ag/SWNT and Au/SWNT structures showed increased sensitivity towards H,S

and NO, compared to bare SWNTSs. In the absence of chemical treatment, the sensitivity
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of Ag/AU/SWNT hybrid structures was nearly doubled towards H,S and slightly
enhanced towards NO;, while unaffected towards NH; and SO, when compared to
AQ/SWNT and Au/SWNT hybrid structures. Thus the addition of the sequential catalyst
had an additive sensing behavior towards H,S, possibly due to the combine interaction of
H,S with Ag and Au particles since the individual metal-SWNT structures independently
interact with the analyte.

In the presence of MCH, the sensing behavior of unfunctionalized SWNT
changed dramatically when compared to untreated bare SWNTs. For instance, the
sensitivity towards H,S and SO, was suppressed while the sensitivity was tripled for NH3
and increased six fold towards NO,, indicating that the chemical surface modification of
the SWNTs with MCH effects sensor behavior. Interestingly, with either gold or silver
nanoparticles followed by MCH incubation, the sensing response towards H,S is
decreased by half compared to unmodified Ag/SWNTs or Au/SWNT systems. For NO,,
the response of MCH/AU/SWNT and MCH/Ag/SWNT structures is doubled while no
response is observed towards NH3; and SO,, compared to the unmodified structures.
When the silver catalyst was incorporated in the presence of MCH, the sensing
performance of the Ag/MCH/AU/SWNT hybrid structures showed distinct selectivity and
synergistic response towards H,S with AR/R, of 121.9+19.9 %, about a ten-fold increase
from the single metal/SWNT networks and binary metal-metal/SWNT hybrid structures.
In summary, the chemical modification of the SWNTSs structures with MCH improved
the sensitivity towards NO, independent of the metal or sequential catalyst. On the other

hand, the combination of both MCH and the sequential catalyst dramatically improved
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the sensing sensitivity towards H,S, a small response was observed for NH3, while little

to no response towards SO, demonstrated in figure 6.3.

6.2.2 Chemical Functionalization of SWNTs and Metal Catalysts:

Palladium as the Sequential Catalyst

Beginning with gold nanoparticles deposited at 5 puC, palladium nanoparticles
were subsequently sequentially deposited as the second catalyst at 5 uC in the presence
and absence of mercaptohexanol (MCH), as previously described for the silver catalyst.
Figure 6.4 shows SEM images are taken on the exact location before and after the second
metal catalyst in the absence and presence of MCH. Figure 6.4 (A) shows the gold
nanoparticles deposited on SWNTs and figure 6.4 (B) shows the sequential deposition of
palladium catalysts in the absence of chemical treatment. In the absence of MCH the
SEM images demonstrate the growth of new palladium nucleation sites as well as
deposition over the pre-existing gold nanoparticles.  Thus palladium does not
preferentially deposit on either gold or on the bare portions of the SWNTSs, and instead
deposits continuously throughout. Similarly as before, when Au/SWNTs were incubated
with MCH the deposition of the sequential catalyst preferentially grew on the previous
gold nanoparticles with no new nucleation sites on the bare sections of the SWNTSs.
Indicative from an increased in particle size and nodular particle growth, substantiating
the idea that MCH preferentially adsorbs on to SWNTSs passivating the bare sections of

the nanotubes, as demonstrated in figure 6.4 (C) and (D).
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With addition of the second metal catalyst, the average particle size increased
from 76.11+16.23nm to 116.67+26.87nm in the absence of MCH and from
64.86+£11.98nm to 118.37+24.74nm in the presence of MCH, the large error bars are due
to the increased surface roughness shown in figure 6.5. Sequential deposition of the
palladium catalyst in the presence of MCH caused a larger particle increase by
53.51+12.45nm than in the absence of chemical treatment. We speculate that the rough
nodular growth evident from the SEM images demonstrate a patchy evolution by
palladium originating from multiple nucleation sites on a single gold nanoparticle.

Figure 6.6 is a histogram displaying the typical sensor response of SWNTs, MCH,
Au, Pd, and the combination thereof towards H,S, NO,, NHs, and SO, at OSHA’s
permissible exposure limits. When looking at the Au and Pd nanoparticle hybrid
systems, the senor response of the single metals is mostly enhanced towards NO; and
NH; compared the bare SWNT networks. Most notably, with the introduction of
palladium as the sequential catalyst, there is an overall increase in sensor response
towards NH3 from AR/Ro of 6.71+1.4% by bare SWNT to 27.2+3.5% for Pd/SWNTSs,
followed by a synergistic sensor response increase of 42.2+7.6% for Pd/Au/SWNTSs. In
the presence of chemical treatment, the sensor response of PA/MCH/AU/SWNT hybrid
structures towards H,S was enhanced possibly due to the nodular nanoparticle growth of
the palladium catalyst in the presence of MCH which offers larger surface area available
for analyte interaction. Since other hybrid structures show a suppression of sensitivity
towards H,S in the presence of MCH, the chemical treatment does not appear to play a

role in the sensor behavior of PA/MCH/AU/SWNT hybrid structures towards H,S other
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than modifying the surface morphology of the catalyst. As previously observed,
chemical modification with MCH resulted in enhanced sensor sensitivity towards NO»,
regardless of the metal or metal-catalyst combination.

In summary, sequential electrochemical functionalization of silver and palladium
catalyst was performed on gold nanoparticle-decorated carbon nanotube networks in an
attempt to improve sensitivity and impart selectivity towards analytes of interest. The
Pd/AU/SWNT hybrid structures were most sensitive and selective towards NHs.
Chemical functionalization with mercaptohexanol was performed to passivate the native
gold nanoparticles and thus allow side by side functionalization of the secondary metal
catalyst. However it was observed that the MCH preferentially adhered on to the SWNTSs
instead of the gold nanoparticles and thus forcing sequential deposition to encapsulate the
original gold nanoparticle creating Ag/Au/SWNTs and Pd/Au/SWNTs hybrid structures,
in addition to suppressing new metal nuclei to form on the surface of bare SWNTs. The
sensing performance of the chemical treated hybrid structures was investigated and
compared to its un-treated counterparts, and revealed that MCH has preferential
interaction with NO, regardless of the accompanying metal catalysts, while

Ag/MCH/AU/SWNTSs hybrid structures showed a synergistic effect towards H,S vapors.

6.2.3 Sequence of Metal Catalysts

To further investigate the metal interaction with the chemical analytes, the
sequence of deposition of the functional metals varied and the sensing behavior of the

resultant hybrid structures was analyzed. Figure 6.7 (A) & (B) shows SEM images of

126



AU/SWNTs before and after sequential deposition of the Ag catalysts at the same
location, resulting in encapsulated core-shell nanoparticles where the core is the Au
particle and the shell is composed of the Ag catalyst. The Ag catalyst preferentially
deposited on the surface of Au, with little to no nucleation sites on the exposed surfaces
of the SWNTs. When Ag nanoparticles are deposited first, followed by the sequential
deposition of Au, the growth primarily originates on the Ag surfaces and grows in a
porous rough flower-like manner with few additional nucleation sites on exposed bare
SWNTSs, demonstrated in figure 6.7 (C) & (D).

The sensing performance of the Ag/Au/SWNTs and Au/Ag/SWNTs hybrid
structures was tested towards H,S, NO,, and NH; at concentrations of /g, ¥4, ¥, 2 times
the recommended OSHA permissible exposure limit for that particular analyte. The
Ag/AU/SWNTSs and Au/Ag/SWNTSs were analyzed to determine the dominating effect of
the metal responsible for the sensor response towards certain analytes. Figure 6.8 shows
the calibration curves obtained for the hybrid structures and demonstrate side by side
response of the two systems response to (A) H,S, (B) NO,, and (C) NH3. Both systems
have similar sensitivity towards the electron donating analyte NO,, and differing
responses towards electron withdrawing analytes indicating distinct affinities to either
H,S or NH3 dependent on the outermost catalyst or on the combination there of.

Figure 6.9 is a histogram depicting the compiled sensor responses of
Ag/AU/SWNTs, Au/Ag/SWNTSs hybrid structures and their single metal counter parts
towards various analytes at OSHA’s PEL limit. Looking at the Ag/Au/SWNTSs hybrid

sensors where the silver catalyst is on the exterior, the sensitivity of Ag/AU/SWNT hybrid
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structures was nearly doubled towards H,S and slightly enhanced towards NO,, while
unaffected towards NHs; and SO,, when compared to Ag/SWNT, Au/SWNT hybrid
structures and bare SWNTs. Therefore the addition of the sequential catalyst had an
additive sensing behavior towards H,S, possibly due to the combined interaction of H,S
with Ag and Au particles since the individual metal-SWNT structures independently
interact with the analyte. Interestingly, the Au/Ag/SWNTSs hybrid structures where Au is
the outermost catalyst and Ag is the core nanoparticle, the sensing behavior towards H,S
is suppressed to AR/R, of 7.45+4.1% while the hybrid response is dramatically increased
to 84.47+15.5% AR/R, towards NHj3 sensitivity values are determined at OSHA’s PEL.
The reduction in sensitivity towards H,S was unexpected since other works have
demonstrated the a strong gold-sulfur interaction, however our sensing results
demonstrate that the outer most layer is not the sole contributor to the sensing behavior,
instead the sensor response originates from the combination of the dual metals.

The second combination of metal catalysts that was analyzed was the gold-
palladium system, figure 6.10 (A) shows SEM images of Au/SWNTSs system before and
(B) after the sequential deposition of Pd, while figure 6.10 (C) has SEM images of
Pd/SWNTs before and (D) after sequential deposition of Au catalyst. For the
Pd/Au/SWNTs system the SEM images demonstrate the growth of new palladium
nucleation sites as well as deposition over the pre-existing gold nanoparticles,
demonstrating that palladium deposits without choice on either gold or on the bare
portions of the SWNTSs, instead depositing continuously throughout. On the other hand,

when Au is sequentially added to Pd/SWNTSs to form Au/Pd/SWNTs hybrid structures,
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gold preferentially nucleated on the preexisting palladium nanoparticles, demonstrated in
figure 6.10 (D). Gold deposited on the surface of palladium by multiple nucleation points
evident from the multiple small gold nodules on the palladium nanoparticles.

The sensing performance of the Au/Pd/SWNTs and Pd/Au/SWNT hybrid
structures are summarized in figure 6.11 (A) - (C), it should be noted that there was little
to no response towards SO,, CO and CO; therefore the corresponding calibration curves
were not shown. From the selected analytes, the Pd/Au/SWNT hybrid structures had the
highest sensitivity towards NH; with a AR/R,, of 42.23+7.58% at the PEL compared to
NO; or H,S. When the sequence is reversed and gold is the outer most layer of the
nanoparticle, the Au/Pd/SWNT hybrid structure’s sensitivity towards NHjz; was
dramatically enhanced to AR/R, of 105.5+28.2% at the PEL. Similar to the
AU/Ag/SWNT system, the sensor performance of Au/Pd/SWNTSs sensors towards HjS
was suppressed to ~1.40+£0.2% AR/R, at the PEL, less than that of bare SWNTSs, figure
6.12.

The sequence in electrochemical sequential deposition of gold, silver and
palladium revealed morphological differences and distinctive sensing behavior stemming
from the order of deposition and sequence pair. For example, in the gold-silver system,
the second deposited metal, whether it is gold or silver, preferentially deposited on the
first nanoparticle with little to no new nucleation sites along the bare portions of the bare
nanotubes. On the other hand, for the gold-palladium system with palladium deposited
second, Pd deposited both on the surface of the native gold nanoparticle and on the bare

sections of the SWNTs. However when gold was deposited second, it preferentially
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nucleated on the surface of the palladium nanoparticles only. The sensing behavior
towards H,S, NO,, NH3, SO,, CO and CO; was investigated for all of the sequence pairs.
Generally, there was no response for CO and CO,, and minimal response towards SO, for
all pairs of hybrid structures. It was observed that when silver or palladium was on the
outermost surface, the sensing behavior was enhanced compared to the single metal-
SWNT structures however no selectivity was imparted. Interestingly, when gold was
sequentially deposited on the outermost surface of either gold or silver native
nanoparticles, the sensing behavior was synergistically improved towards NH; and

dramatically suppressed towards H,S.

6.2.4 Controlling the Position of the Second Metal Particle

Containment of the second metal catalyst was further investigated by controlling
the applied deposition potential of the sequential catalyst. For the previous experiments,
the deposition conditions for Au, Ag, Pd and Pt were determined from the LSV behaviors
on the SWNT networks, however further exploration of smaller and larger applied
potentials revealed the ability to consistently and reproductively selectively deposit the
second metal. The two hybrid systems that were explored were the Ag/Au/SWNT and
Pd/AU/SWNT hybrid structures where Ag and Pd were sequentially deposited at
potentials bordering -0.3 V and -0.8 V, respectively.

Figure 6.13 shows SEM images of Ag/Au/SWNT before and after the sequential
deposition of Ag deposited at -0.5 V, -0.3 V and -0.1 V versus a pseudo Ag/AgCl

reference electrode, the SEM images are taken at the exact location before and after the
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subsequent Ag metal catalyst. When deposited at the larger voltage of -0.5 V, evident
growth on the primary Au nanoparticle is observed as well as new near equal size Ag
nanoparticles, whereas when Ag is deposited at -0.3 V deposition is observed only on the
surface of the first metal particle with absence of new nucleation sites. The lower
potential of -0.1 V indicated insufficient energy to promote growth since no deposition of
Ag is observed. Similarly, when Pd is deposited at potentials larger than -1.0 volts, the
density of new nucleation sites and the size of existing nanoparticles increases until
complete bridging is observed, demonstrated in Figure 6.14. When palladium is
deposited at -1.0 V, there is an increase in both the size of the existing particles and
introduction of small Pd nanoparticles on the SWNTSs, indicating non-preferential
deposition of Pd on both the native Au nanoparticles and un-functionalized sections of
the SWNTs. With increasing deposition potentials of -1.1 V and -1.2 V, the size and
thickness of the Pd shell increased until beaded like structures bridged through the
periphery of the SWNTs, with the larger particles consisting of encapsulated Au
structures. When deposited at potentials smaller than -1.0 volts, the Pd deposition is
confined to the native promoter Au nanoparticle. Evident from figure 6.14 (H) and (J),
the deposition of Pd between -0.8 to -0.6 V results in an increase in particle size with
nodular/flower like growth of Pd on the outer surface of Au nanoparticles. New particles
are not observed under the highest SEM magnification at the described deposition range.
At an even smaller applied potential of -0.4 V, there is no noticeable Pd deposition on the

Au nanoparticles.
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Elemental mapping of Pd/Au/SWNT structures where Pd is deposited at -1.2 V
was performed to delineate the positioning of Au and Pd structures. Figure 6.15 (A) is an
SEM image of the area of interest for elemental mapping, the corresponding secondary
electron (SE) image is described in figure 6.15 (B). Elemental mapping of Pd (displayed
in green) demonstrates Pd incorporation throughout the periphery of SWNTs and
densifies over the larger particles, consistent with the growth development of Pd at
incremental deposition potentials demonstrated in the SEM images of figure 6.14.
Overlapped images of the elemental mapping with the SE image agree with the location
of the palladium nanoparticles. The elemental mapping of gold is not shown due to the
large amount of interference contributed from the gold electrode pads. Further in depth
elemental analysis was achieved by performing EDAX along a thread of Pd-Au
nanoparticles, the line scan is demonstrated in yellow in figure 6.16 (A). Tracing along
small nanoparticles and three joint large particles, the line scan showed larger number of
counts for gold (red line) than palladium (green line) along the large particle cluster,
indicating a larger incorporation of gold while verifying the presence of a thin shell of
palladium, figure 6.16 (B).

The sensing performance of the Ag/AU/SWNT and Pd/Au/SWNT structures,
where the second metal was deposited at different voltages, was investigated towards
H.S, NO,, NH3, and SO,. The compiled sensing behavior of the various hybrid structures
is displayed in figure 6.17. Generally, the sensor response was improved towards NH3
and NO, with addition of the second metal catalyst with little difference steaming form

the applied voltage of the second metal catalyst. Compared to the single metal-SWNT
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networks, the response is enhanced two fold for NO,, and 3 fold for NH3;. Both Ag and
Pd dual metal systems responded similarly towards the analytes tested, with higher
sensitivity than their single metal catalysts suggesting that the combination of the metal

catalyst has larger affinity towards gaseous compound than the single metal structures.

6.3 Conclusion

Multiple metals were strategically deposited to understand the behavior of
singular/dual metal catalyst and metal catalyst sequence on sensing performance.
Sequential electrochemical functionalization of silver and palladium catalyst was
performed on gold nanoparticle-decorated carbon nanotube networks in an attempt to
improve sensitivity and impart selectivity towards analytes of interest. The Pd/Au/SWNT
hybrid structures were most sensitive and selective towards NH3;. Chemical modification
of the Au/SWNTSs structures with mercaptohexanol (MCH) was performed in an attempt
to passivate the Au nanoparticle to allow selective deposition of the second metal catalyst
alongside the first. However it was observed that the MCH preferentially adhered on to
the SWNTSs instead of the gold nanoparticles and thus forcing sequential deposition to
encapsulate the original gold nanoparticle creating Ag/Au/SWNTs and Pd/Au/SWNTSs
hybrid structures, in addition to suppressing new metal nuclei to form on the surface of
bare SWNTs. The sensing performance of the chemical treated hybrid structures was
investigated and compared to its un-treated counterparts, and revealed that MCH has
preferential interaction with NO, regardless of the accompanying metal catalysts, while

Ag/MCH/AU/SWNTSs hybrid structures showed a synergistic effect towards H,S vapors.
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The sequence in electrochemical sequential deposition of gold, silver and
palladium revealed morphological differences and distinctive sensing pattern stemming
from the order of deposition and sequence pair. It was observed that when silver or
palladium was on the outermost surface, the sensing behavior was enhanced compared to
the single metal-SWNT structures however no selectivity was imparted. Interestingly,
when gold was sequentially deposited on the outermost surface of either gold or silver
native nanoparticles, the sensing behavior was synergistically improved towards NH3 and
dramatically suppressed towards H,S.

Furthermore, site specific electrodeposition was further exploited by controlling
the applied potential of the second material to advantageously control the positioning of
the sequential metal catalyst. At potentials higher than -0.3 and -1.0 V for Ag and Pd
respectively, there is deposition both on the native gold nanoparticle and on the bare
sections of the SWNTSs, evident by complete encapsulation of the gold nanoparticle and
formation of new particles on the SWNTs. Whereas at smaller potentials, the deposition
of Ag and Pd is confined to the pre-existing gold nanoparticle, here the coating-shell
thickness of the second metal is monotonically decreasing with smaller potentials. The
sensing behavior of the hybrid structures synthesized at different potentials of the second

catalyst was similar in performance.
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Figure 6.1. Typical SEM images of 5uC of Au on SWNTs (A) and (C). Sequential
addition of 5uC of Ag (B) without chemical functionalization with MCH and (D) with
chemical functionalization with MCH. SEM images are taken of the same sample and

exact location before and after sequential deposition.
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Figure 6.3. Histogram portraying typical sensor response of Ag and Au hybrid systems

towards various analytes at OSHA’s PEL limit, determined from n= 4 sensors.
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Figure 6.4. Typical SEM images of 5uC of Au on SWNTs (A) and (C). Sequential
addition of 5uC of Pd (B) in the absence and (D) presence of MCH. SEM images are

taken of the same sample and exact location before and after sequential deposition.
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Figure 6.7. SEM images of (A) AuU/SWNTs at 5 uC, (B) sequential deposition of Ag at 5
uC to create Ag/AU/SWNT hybrid system, (C) Ag/SWNT at 5uC and (D) sequential

deposition f Au at 5 uC to create Au/Ag/SWNT hybrid structures.
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Figure 6.10. SEM images of (A) Au/SWNTs at 5 uC, (B) sequential deposition of Pd at
5 uC to create Pd/AU/SWNT hybrid system, (C) Pd/SWNT at 5uC and (D) sequential

deposition of Au at 5 uC to create Au/Pd/SWNT hybrid structures.
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Figure 6.11. Calibration curves of the sensor performance of Pd/Au/SWNTSs (circle
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Figure 6.13. SEM images (A), (C) and (E) of Au/SWNTSs at 5 uC, following sequential
deposition of Ag at 5 uC deposited at (B) -0.5V, (D) -0.3V, and (F) at -0.1 V versus a

pseudo Ag/AgCI.
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Figure 6.14. SEM images (A), (C), (E), (G), (1), and (K) of Au/SWNTs at 5 uC, and 5
uC of sequential deposition of Pd deposited at (B) -1.2 V, (D) -1.1V, (F) -1.0V, (H) -
0.8V, (J)-0.6V,andat (L) -0.4V versus a pseudo Ag/AgCl.
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Figure 6.15. SEM image of (A) Pd/Au/SWNT hybrid structures where Pd is
functionalized at -1.2 V versus a pseudo Ag/AgCl, (B) secondary electron image of area
of interest, (C) overlapped elemental mapping of palladium (green) with SE image, and

(D) individual elemental mapping of palladium.
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Figure 6.16. Secondary electron image of (A) Pd/Au/SWNT structures, with palladium
sequentially deposited at -1.2 V versus pseudo Ag/AgCI reference electrode the yellow
line indicates the location of the line scan, (B) EDAX along the line scan indicating the
composition distribution of gold (red) and palladium (green) nanoparticles. The scale bar
represents 500 nm.
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Figure 6.17. Histogram portraying typical sensor response towards various analytes at

OSHA'’s PEL limit, for Ag and Pd systems deposited at various potentials.
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Chapter 7:

Conclusion and Future Directions

Gas sensors are existing and emerging components in a spectrum of fields,
ensuring emission compliance of greenhouse gases and worker safety in the industrial
sector, providing early warning of toxins for homeland security, and monitoring the
freshness of perishable foods and produce. Recent research has focused on the maturity
of a simple, robust sensor whose operation can be based on a measurable signal created
from the interaction of an analyte with the sensing material and output in the form of a
change in resistance, capacitance, temperature or luminescence. In particular,
conductometric sensors are amenable to development for higher level analysis of gas
mixtures and compact, portable platforms required for ubiquitous deployment.

To overcome current challenges in sensitivity, power consumption and
response/recovery times, 1-dimensional nanostructures, such as singe wall carbon
nanotubes (SWNTs), have been rigorously investigated as transducing and sensing
elements for gas sensors due to their promising electronic properties, thermal stability,
and chemical inertness. Since SWNTs are composed entirely of surface atoms,
interactions with adsorbing molecules can substantially alter their electronic properties,
however highly specific and sensitive sensors are not readily attainable with standalone
SWNT devices.

This dissertation tackles further application of the use of strategically engineered

nanostructures towards the development of advanced sensors. By utilizing key metal
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oxides and catalytic metal nanoparticles, the effect of material quality, particle size and
density, dopant kind, and material sequence were investigated both from a synthesis
nano-engineering stand point but also from the resultant sensor performance point of

view.

7.1. Summary:

The presentation of this thesis was first by Chapter 1 which provided a general
introduction to sensors, applications of metal oxides and SWNTSs, which lead to the
objectives of this work. Chapter 2 then followed with the development of a bath and
electrodeposition conditions to synthesize ZnO on the surface of SWNTs. Synthesis and
material characterization of ZnO/SWNT hybrid structures was performed by a facile
electrochemical route, with precise control over particle formation, size and density. Gas
sensing performance of the ZnO/SWNT hybrid structures was investigated and exhibited
uncharacteristic selectivity towards H,S, with enhanced sensitivity, response and
recovery time contingent upon crystallinity. These ZnO/SWNT hybrid gas sensor
demostrate a clear structure-property realationship indicating material crystalinity has a
large impact on metal oxide/SWNT hybrid sensor performance.

Chapter 3 followed with more detailed investigation of the ZnO/SWNT hybrid
sensors towards a different pool of analytes. It was observed that the hybrid ZnO-SWNT
based sensor was capable of distinguishing between different xylene isomers, showing
high selectively towards the p-xylene isomer and demonstrating capability of

discriminating structurally similar chemical compounds. Furthermore the investigation
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of ZnO/SWNTs provided useful insight into the interaction of VOCs and ZnO based
nano gas sensors, demonstrating promising applications for detection of volatile organic
biomarkers for early medical diagnostics.

In chapter 4, other material relevant properties were investigated such as the
photoconduction behavior of electrochemically synthesized ZnO-SWNT hybrid
structures.  An increase in conductance upon UV irradiation supports m-SWNT
dominated networks. The hybrid structures are composed of various degrees of surface
coverage (i.e. particle size and particle density) and material quality. The
photoconduction studies were performed in ambient conditions and the current behavior
was monitored in the dark and presence of UV irritation. Dynamic photocurrent
responses reveal that the current change of the hybrid system was Al/l, was more strongly
dependent on material quality and response/recovery rates were dependent on surface
coverage of SWNTSs, while the current of bare SWNTSs was unaffected by the presence or
absence of the UV light.

Sequential functionalization of ZnO/SWNT hybrid structures with metal
catalyst (Au, Pt, Ag and Pd) was performed in chapter 5 in an attempt to impart
selectivity. The surface morphology, growth mechanism and room temperature sensing
performance were investigated as a function of charge, and presence or absence of seeded
metal oxide. In the case of the Au and Ag catalyst, there was a charge dependent sensing
behavior and specificity towards H,S and NO,. The metal-SWNT structures were most
sensitive at smaller charges and the metal-ZnO/SWNT hybrid structures experiencing

higher sensitivities when the metal is deposited at larger charges. With incorporation of
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the Pt catalyst, the sensing behavior was dramatically suppressed for H,S, where
Pt/SWNT structures outperformed the Pt/ZnO/SWNT sensors towards H,S and NHa.
Interestingly the sensing performance was independent of the applied charge for both sets
of hybrid structures. Thus a finger print pattern sensing behavior was obtained with the
incorporation of metal catalysts towards the analytes of interest.

Chapter 6 dealt with the deposition of multiple metals to understand the behavior
of binary/dual metal catalyst and metal catalyst sequence on sensing performance.
Sequential electrochemical functionalization of silver and palladium catalyst was
performed on gold nanoparticle-decorated carbon nanotube networks in an attempt to
improve sensitivity and impart selectivity towards analytes of interest. The Pd/Au/SWNT
hybrid structures were most sensitive and selective towards NHz;. Chemical modification
of the Au/SWNTSs structures with mercaptohexanol (MCH) was performed in an attempt
to passivate the Au nanoparticle to allow selective deposition of the second metal catalyst
alongside the first. However it was observed that the MCH preferentially adhered on to
the SWNTSs instead of the gold nanoparticles and thus forcing sequential deposition to
encapsulate the original gold nanoparticle creating Ag/Au/SWNTs and Pd/Au/SWNTSs
hybrid structures, in addition to suppressing new metal nuclei to form on the surface of
bare SWNTs. The sequence in electrochemical sequential deposition of gold, silver and
palladium revealed morphological differences and distinctive sensing behavior stemming
from the order of deposition and sequence pair.  Furthermore, site specific
electrodeposition was further exploited by controlling the applied potential of the second

material to advantageously control the positioning of the sequential metal catalyst.
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7.2 Future Directions

The  effectiveness of  electrochemically  synthesized  ZnO/SWNTSs,
M/ZnO/SWNTs, and M/M/SWNTs hybrid sensors demonstrates the ability to fabricate
stable and selective nano-gas sensors in a facile and cost effective route, a process that
can be extended to other metal oxide materials, metals and combination of materials.

With higher-level analytical capabilities, such as pattern recognitions, multiple
analyte sensing, gas sensors could also be used as screening tools for medical conditions
by detecting compounds whose presence can be correlated to a host of diseases and
physiological conditions such as asthma, diabetes, periodontal disease, as well as lung
and breast cancer.

Electrodeposition is a facile and cost effective route that allows for site specific
deposition of desired materials however, to better control sensor synthesis reproducibility
a different architectural design that allows for serial depositions should be implemented.
Most of our efforts have focused on engineering the active material on the surface of
SWNTs, however o enhance sensor stability and sensitivity, investigation of other
transducing elements should be investigated. Currently carboxylated SWNTSs have been
heavily and thoroughly investigated within our group but even within the SWNT family,
there are metallic, semiconducting and other surface functionalized nanotubes that have
the potential to enhance the overall sensor performance. Furthermore, implementation of
grapheme sheets as the transducing element could prove to be a strong sensing platform

to investigate.
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Appendix 1:

Template Free Synthesis of ZnO Nanowires

Al.1 Introduction

There are three different electrochemical routes that allow for electrochemical
synthesis of zinc oxide. In this work O, was used as the source for the hydroxide ion,
where the formation of zinc oxide material occurs by two sequential steps. First is the
electrochemical reduction of the precursor to form hydroxide ions, in this scenario O; is
continuously bubbled through the solution e creating a localized increase in pH at the
forefront of the cathode. The second step consists of the chemical precipitation of ZnO
as the Zn ions interact with the hydroxide ions. The general process is described by the

equation 1, and the overall process is summarized in equation 2.

102+H20+2e‘ — 20H"
2

Zn*" + 20H" <> Zn(OH), Equation 1
Zn(OH), <> ZnO + H,0

Zn** +%O2 +H,0+2¢" - Zn(OH), <& ZnO+H,0  Equation 2
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A.1.2 experimental

Glass covered with Indium Tin Oxide (ITO) was used as the substrates for ZnO
nano-coulomb growth. 1TO surfaces with approximate areas of 1 cm? were cleaned by
washing with nanopure water followed by acetone prior to use. Once clean and dry, the
ITO substrates were placed on a hot plate with the ITO surface face up and heated to
160°C. A zinc acetate seed later was added to the surfaces of ITO while heating at
160°C, by evenly placing a single drop (~50 uL) of 5 mM Zn(CH3COO),*2H,0.
Additional drops were placed after the prior one had completely evaporated, this was
repeated ten times to ensure complete coating f the ITO substrate with the Zn seed later.
The ITO substrate with the Zn seed later was then annealed at 350°C for 15 minutes by
using conventional tube furnace under ambient conditions. ZnO nanocoulombs were
electrodeposited on the surface of the Zn seed later by using a three electrode
electrochemical system where the ITO/Zn substrate was used as the working electrode, a
Pt sheet as the counter electrode, and a commercially available Ag/AgCl reference
electrode. The deposition electrolyte consisted of 30 mM ZnCl, + 0.1 M KCI + 10uM
AICI; and saturated with O, by continuous bubbling of dry air to the electrolyte. The
solution temperature was held at 80°C throughout the deposition process, a voltage of
was -0.95 volts versus the reference electrode was applied, and experiment duration was
3600 seconds. After deposition, the ITO substrates containing the ZnO nanocoulombs
were further annealed at 160°C for 15 minutes in a tube furnace under ambient

conditions.
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Material characterization was performed by use of X-ray diffraction (XRD), and
Scanning Electron Microscopy (SEM). Room temperature gas sensing studies were
performed on the ZnO nanocoulombs array by integrating the ITO substrate and
establishing electrical contact by use of conductive silver paste to our custom made

sensing system ®%,

Each sensor was subjected to 1.0 V (DC) and the resistance was
continuously recorded every 0.2 seconds simultaneously for three ITO/ZnO arrays by use
of Keithley 236 source measurement unit controlled by a LabView program. A base line
was achieved by continuous exposure to dry air and the methanol analyte was introduced
by bubbling through high purity chemical grade liquid with the carrier gas. Analyte
concentrations were attained by subsequent dilutions with the carrier gas, flow rates were
regulated by mass flow controllers (Alicat Scientific Incorporated) and total gas flow rate

was kept constant at 200 sccm for all experiments *°% "%,

A.1.3 Results and Discussion

Figure A.1.1 illustrates the process for the growth of template free ZnO
nanocoulombs (ZnO NCs), demonstrating that the ZnO NCs grow perpendicular to the
surface of the ITO substrate, beginning at the Zn seed layer which acts as a growth
initiator. From the SEM images shown in figureA.l. 2, it is evident that there is a high
yield of densely packed ZnO NCs produced by the hydrothermal-electrodeposition
process and further confirms that the NCs growth originates at the base of the Zn seed

later. The NCs have hexagonal cross section with average diameters of 51.79 + 13.4 nm,
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and ZnO NC length less than 1 um. The non-planer uniformity visible on the SEM
images, indicated by the patchy growth, could be contributing to various NCs length and
is speculated to be overcome by spin coating of the zinc acetate solution instead of drop
casting.

The XRD patterns of ITO glass with the Zn seed later, ZnO NCs attached to the
ITO grown for one hour [indicated by ZnO 1], and ZnO NCs attached to the ITO grown
for 4 hours [indicated by ZnO 1] are shown in figure A.1.3. Interestingly, the Zn seed
layer has peaks indicative of ZnO formation even though there has been no
electrodeposition of ZnO NCs on the surface. Following the electrodeposition, the ZnO
peaks become slightly stronger in intensity, and introduction of hydroxide peaks are
clearly visible for the sample deposited for one hour. A longer deposition time of four
hours eliminated the zinc-hydroxide peaks; however the ZnO peaks remained unaffected,
in both intensity and position. Since the SEM images indicate that the lengths of the NCs
are less than 1 um, it also suggest that stronger XRD peaks are not attainable due to the
lack of sample. Thus the substrate peak could contribute the most to the XRD pattern.

Sonicating the ITO containing ZnO NCs samples was initially anticipated as a
way to detach the nanostructures fromm the ITO substrate however, since the length of
the ZnO NCs was far smaller than electrically addressable by lithographic approaches,
the full array of ZnO NCs was used as a devise for preliminary sensing studies and for
proof of concept. Figure A.1.4 illustrates how the ITO substrates were utilizes as the
sensing architecture for methanol sensing. The perimeter and top edges of the ITO

containing ZnO NCs was insulated by applying non-conductive electrical tape and
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securing it with dielectric liquid adhesive (Microstop, Pyramind Plastics, Inc.). Electrical
contact to the surface of ZnO NCs was established by applying conductive silver paste on
the top surface of the substrates and extending it to the gold pads of the sensor
architecture.

Gas sensing performance of the ZnO NCs was investigated by exposing the
nanostructures to various concentrations of methanol. The initial resistance of the ZnO
NC structures was stable at 26.6 kQ2, upon exposure to methanol vapors, the resistance
increased linearly to the alcohol concentrations. Figure A.1.5 A demonstrates a typical
sensing behavior, and figure A.1.5 B shows the corresponding calibration curve for the

sensor performance.
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Figure AL1.1. Illlustration of the growth procedure for the template free ZnO
nanocoulombs.
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Figure Al1.2. SEM micrographs of ZnO nanocoulombs demonstrating the high thorough
put of the process and the resulting average diameter of the ZnO NCs.
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Figure Al.4. lllustration depicting electrical contact to ZnO NCs for gas sensing.
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Appendix 2:
Synthesis of ZnO nanowires with tailored material

properties

A2.1 Introduction

The objective of this work was to develop a high density sensor array using ZnO
nanowires (NWSs) as the platform material for the realization of highly sensitive, selective
and discriminative gas sensors. To conceive such desired sensor characteristics, ZnO
nanowires with optimized material and electrical properties were utilized. Different
electrochemical routes were investigated for the synthesis of ZnO nanowires in order to
find an avenue that allows for manipulation of the structure dimensions and properties.

ZnO nanowires were be fabricated by conventional template directed
electrodeposition where optimal deposition parameters such as solution composition,
applied voltage, applied charge and operating temperature were investigated.
Manipulation of the deposition parameters were employed to regulate material properties
such as nanowire length, crystalline quality and dopant concentration. Furthermore, the
diameter of the nanowires was adjusted by controlling the pore size of the polycarbonate

membranes used as the deposition templates.
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A2.2 Experimental

In an attempt to optimize the electrolyte composition, two solutions regions where
investigated. In the first, the NOs;* was kept constant at 0.2M while varying the Zn**
from 0.0 to 0.1 M. In the second, the NO3* was kept constant at 2.0 M while the Zn**
was varied from 0.2 to 1.0 M all solutions were kept at constant pH of 5.5. Experiments
were performed using the conventional three electrode system, using a Zn sheet was as
the soluble anode, and Au/Si wafers with working areas of 1cm? as the cathodes and a
standard Ag/AgCI reference electrode at room temperature in the absence of N bubbling
or agitation in order to preserve the pH gradient.

Nanowire synthesis was performed using the same solution based route by a
bottom up approach. Using an electrolyte with composition of 0.1 M Zn(NO3),, at 25°C
and pH of 5.5, ZnO nanowires were synthesized within the pores of the polycarbonate
templates, the electrochemically induced chemical precipitation mechanism is described
by equation 2.  Commercially available (Whatman Anodisc Nuclepore Track-Etch
Membrane) polycarbonate membranes with average pore diameters of 15, 30, 50, and
100 nm were used as the templates for nanowire fabrication. A gold seed layer was
sputtered on one side of the template using an Emitech K550 sputtering machine. The
template was then fixed on to a glass support using double sided conductive copper tape,
by attaching the face of the template with the seed layer on to the copper tape. In
addition, single sided conductive copper tape was used as a lead to the glass slide.
Finally, dielectric liquid adhesive (Microstop, Pyramind Plastics, Inc.) was applied over

the copper tape and the whole glass support (front, back and edges), ensuring that
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everything but the desired deposition area and copper lead were insulated. Embedded
nanowires were released from the polycarbonate template by introduction of 1mL of 1-
methyl-2-pyrroinode in a 1.5 mL microcentrifuge tube. The contents were manually
mixed and then allowed to sit for 15 minutes followed by centrifugation for 25 min at
5000rpm. The supernatant is then removed and more solvent is introduced, this washing
procedure was performed four times or until template residue was eliminated.

Material characterization was performed by use of X-ray diffraction (XRD),
scanning electron microscopy (SEM) and High Resolution Transmission Electron
Microscopy (HR-TEM) in order to determine the morphology and crystal orientation of

the structures.

A2.3 Results and Discussion

A2.3.1 Synthesis of ZnO Thin Films

Conventional production of metal oxides films can be divided by their synthesis
environment, mainly vacuum based or solution based. A solution based synthesis
approach was taken due to its operational simplicity and flexibility over process
parameters. There are three different electrochemical routes described by the following

equations that allow for electrochemical synthesis of zinc oxide.

%OZ+ H,0+2e" — 20H"

Equation 1
Zn*" + 20H™ <> Zn(OH),
Zn(OH), <> ZnO + H,0
NO, +H,0+2e" > NO, +20H"  Equation 2

Zn* + 20H™ <> Zn(OH),
Zn(OH), <> ZnO + H,0
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H,0, +2 — 20H"

Zn*" +20H" < Zn(OH), Equation 3
Zn(OH), <> ZnO + H,0

In each of the above reaction pathways, a precursor either O,, NO3, H,0,, is
needed as the source for the hydroxide ion. The formation of zinc oxide material occurs
by two sequential steps. First is the electrochemical reduction of the precursor to form
hydroxide ions. This process locally occurs at the forefront of the cathode creating a
localized increase in pH, illustrated in figure A.2.1. The second step consists of the
chemical precipitation of ZnO. Here Zn ions interact with the hydroxide ions forming a
zinc hydroxide complex which then precipitates to zinc oxide. Because the stability of
the hydroxide complex is highly dependent upon the solution pH, where higher pH values
make the complex less stable, precipitation of ZnO occurs preferentially at the surface of
the cathode >, The beauty of this process is that the rate of ZnO growth can be
manipulated by controlling:

1. Precursor ion concentration (limiting reactant)
2. Applied voltage

3. Solution temperature

As demonstrated in figure A.2.2, the behavior of the linear sweep voltagrams
(LSVs) for the two solution regions were very different. For the solution set of x M
Zn(NOs), + (.2-2x) NaNO; (figure A.2.2 A), the absolute current density increased
monotonically as the applied potential increased for every electrolyte. The rate of current
density as a function of potential increased for electrolytes with higher Zn?* concentration

and exhibited a slight shift in reduction potential towards less negative values. For the

188



solution set of x M Zn(NOs), + (2-2x) NaNOs (figure A.2.2 B), absolute current densities
also increased with larger potentials, however there were more fluctuations indicating
deposition instability. Since both nitrate and Zn®* are present in larger amounts, the
observed fluctuations were probably due to the competition between the reduction of the
nitrate ion and the direct deposition of zinc metal. From these experiments it was
deducted that a nitrate solution with Zn** concentration in the range of x M Zn(NOs), +
(.2-2x) NaNO3 was optimal.

A nitrate based electrolyte was analyzed with solution composition of 0.1 M
Zn(NOs),, pH of 5.5 adjusted with HCI or NaNO; using the same electrodeposition
conditions as described above. Cyclic voltagrams were performed on the solution at
room temperature and 70 °C in order to determine the potential window for ZnO given
the prescribed conditions. As shown in figure A.2.3, there are differences in key
characteristics of the deposition process when comparing the room temperature cycle to
the one performed at higher temperature (arrow corresponds to the direction of the
potential sweep) mainly a shift in deposition potential. For the system at 25 °C, there is
no current with increasing potentials until voltages reach -1V and material can be
deposited from -1. At 70 °C a small current is measured at -0.54 V and material can be
deposited from thereafter. In both cases there is a nucleation potential difference,
meaning that the forward sweep and reverse sweep don’t match up, and at this potential
difference there is a simultaneous deposition and dissolution of the material. From the
CV results we were able to determine a deposition potential window for the two

operating temperatures (-1.3 to -1.4V for 25 °C and -1 to -1.4 V for 70 °C).
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Films were deposited at -1.2, -1.3 and -1.4 volts versus a Ag/AgCl reference
electrode at a constant charge density of 6 C cm™ in 0.1 M Zn(NOs),, 25°C and pH of
5.5. Although the potential window was determined to begin at -1.0 volt, the nucleation
potential difference spans form -1.0 to -1.19 volts and consequently no films were
obtained within that potential range. Illustrated in figure A.2.4 are XRD patterns that
correspond to the films deposited at different voltages. At potentials between -1.2 to less
than -1.3 V, only ZnO was deposited while at higher potentials Zn metal was
incorporated in the films. From the XRD pattern it is evident that at 25°C we obtain
polycrystalline ZnO films (-1.2V). The SEM images show the porous quality of the films
obtained at the described deposition conditions. The purpose of the thin film
depositions was to obtain knowledge of the deposition characteristics of the system and
determine electrolyte concentration, proper anode (Zn vs. Pt), deposition potential

window, and finally to obtain confirmation that ZnO was deposited at selected potentials.
A2.3.2 ZnO Template Directed Nanowires

Although the thin film studies showed a potential window of -1.2 to -1.3V
versus Ag/AgCl at 25 °C, nanowires were obtained within the potential window of -0.6 to
-1.0 V vs. Ag/AgCI, due to the differing mass transfer effects. In order to determine the
growth rate of ZnO within the pores of the membranes, depositions were systematically
investigated in the 30nm nominal pore diameter templates at 25°C and the suspended
nanowires were imaged and measured by SEM (figure A.2.5). Nanowires were deposited
at constant charge and time to determine the most effective and reproducible deposition

route, and found that constant charge gave better control over the nanowire length. As
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depicted in figure A.2.6, regardless of the deposition voltage, the average NW length was
dependent on the applied charge density with an average growth rate of 0.013 pm hr™.
For example, ZnO nanowires were ~1 um when deposited at 1 C cm™, and ~4.5 um when
deposited at 2 C cm™. The inset in figure A.2.6 shows a typical image of a high density
network of nanowires deposited at -1.0 volts, and 2 C cm™.

As suggested by the SEM image in figure A.2.6, even though the nominal pore
size of the polycarbonate templates was reported to be 30 nm, the nanowires adopted a
larger diameter size due to pore swelling effects of the polycarbonate template during
deposition. It has previously been reported that nanowires deposited from polycarbonate
templates assume the inner structure of the pore, generally resulting in a more “cigarlike”
with tapered ends and increased diameter at the middle section of the wire **®,  The
swelling of the pores is even more pronounced when depositing at elevated temperatures,
such as 70°C. As illustrated in figure A.2.7 A, the actual nanowire diameters were
observed to be larger than the template nominal pore diameters with about a 20 nm
increase in nanowire diameter when deposited at 70°C. The SEM images (figure A.2.7 B
and C) correspond to ZnO nanowires deposited at -1.0 V at 25C and using a 30 nm
template with the resulting NW diameter of ~ 70 nm and when using a 100nm template,
the resulting NW diameter was ~ 230 nm. This work shows that the nanowire diameter
can be manipulated both by varying the template pore diameter and deposition
temperature allowing for size range of 70 to 240nm.

In addition to using the deposition temperature to modulate the dimensions of the

nanostructures, temperature can be used to control the material crystallinity. Represented
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in figure A.2.8 are the effects of deposition temperature on the ZnO nanowire crystalline
quality. The TEM images show that while polycrystalline ZnO nanowires were obtained
at 25°C, single crystal nanowires with (002) orientation can be obtained at 70°C.
Although more thorough work needs to be performed to fully understand the mechanism
and the extent to which crystallinity can be manipulated, these preliminary results
demonstrate the ability to tailor the crystallinity of ZnO nanowires by controlling the

solution temperature.

A2.4 Conclusions and Future Directions

ZnO is naturally an n-type semiconductor due to the presence of intrinsic defects,
oxygen vacancies and Zn interstitials, a slight alteration in the purity of the original
material can produce dramatic changes in electrical and chemical properties. Appreciable
amount of work describing the doping of ZnO with group Il elements to enhance n-type
conductivity, group V elements to generate p-type behavior, and magnetic elements (Fe,

Co, Ni, Mn) to synthesize dilute magnetic materials is available *°.

Recently, detection
of various chemicals has been reported with a variety of nanowire sensor configurations.
To summarize, ZnO nanostructure networks (ribbons, rods, wires) synthesized by thermal
evaporation, liquid-solid method, and epitaxy (MBE) have been analyzed towards CO,
NO,, NH3, Hy, H,S, ethanol, O, and O;. However there has been no clear correlation
between the synthesis method, material properties, quantity of nanostructures, and effect
of dimensions towards the sensing performance of the ZnO NW networks, the reports

184, 185, 244-247

mostly address the sensing efforts towards the different analytes . In spite of
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the sensitivity, selectivity of the sensors remains the challenge, thus strategic introduction
dopants of interest that have been associated with the enhanced selectivity towards
specific analytes can be beneficial.

The synthesis of ZnO nanowires by a combination of electrochemically induced
chemical precipitation route with template assisted synthesis has been investigated in this
work. The growth characteristics of undoped ZnO NWs and the parameters dominating
over the NW geometry and material crystallinity were analyzed. It was established that
the diameters of the NWs can be adjusted by the nominal pore diameter of the template,
and that the crystallinity can be tailored by the deposition temperature. The following
step would be the optimization of material properties to enhance sensitivity, institute

selectivity, and ameliorate sensor reproducibility.
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Figure A2.8. TEM and SAED images of ZnO nanowires deposited at (A) 25 °C and 70
°C using 0.1 M Zn(NQO3); at 25°C and pH 5.5.
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Appendix 3:
Single Polypyrrole Nanowire Ammonia Gas

Sensor

This is the pre-peer reviewed version of the following article: “Single Polypyrrole
Nanowire Ammonia Gas Sensor” Electroanalysis, Volume 19, Issue 19-20, pages 2125-

2130, October 2007.

Abstract

We report the synthesis, electrical characterization and ammonia gas sensing with
single nanowire of conducting polypyrrole. Three hundred nanometer in diameter and 50
to 60 Pm long polypyrrole nanowires were synthesized by chemical polymerization
inside SiO, coated alumina membranes. Temperature dependent electrical resistance
studies established that the chemically synthesized nanowires were more ordered
compared to electrochemically synthesized nanowires. We further demonstrated that gas
sensors based on single polypyrrole nanowire exhibited good sensitivity towards

ammonia, and provided a reliable detection at concentration as low as approximately 40
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A3.1 Introduction

Over the last few decades, conducting polymers have come a long way from
being a new class of materials with interesting electron-transport behavior to a material
with immense potential in technological applications. Their ease of processing together
with their chemically tunable properties makes them especially useful in electronic,
optoelectronic and electromechanical devices. One such area where the conducting

249-252 .
9232 Delocalized

polymers have shown great promise is in sensory applications
electronic states combined with the restriction on the extent of delocalization leads to the
formation of a large energy gap making most conductive polymers behave like p-type
semiconductors. The fact that these polymers are redox-active, allows one to alter its
conductivity by altering the electron count on the backbone by means of
doping/dedoping, interactions of ions, functional groups, lone pairs, or charge transfer
between polar molecules. A great deal of sensing applications is designed by exploiting
the very nature of conducting polymers. The interaction of volatile components, gases,
and liquids with conductive polymer films have shown to produce changes in color,
mass, work function or electrical conductivity of the polymer, analyzable by
photoluminescence, photocurrent, surface acoustic wave, quartz microbalance,

253-259  past research work

conductometric, voltammetric, potentiometric measurements
has focused on using conducting polymer, polypyrrole in particular, thin film based
conductometric sensors for detection of volatile organic components (VOC), where it was
shown that the polypyrrole thin film sensors were sensitive with good response to VOC

showing larger responses to polar than nonpolar compounds **°
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Reliable sensing of ammonia (NH3) is required in several situations like detecting

261 262

leaks in air for environmental analysis ©°°, explosives and fertilizer industries

. .. 2 . . . 264 .
compressor of air-conditioners 2, breath analysis for medical diagnoses ***, and animal

. 265
housing .

Further, its high toxicity also warrants a rapid detection at very low
concentrations. However, one of the serious bottlenecks in using conducting polymers for
sensing lies with the poor diffusion of the analyte molecules to the bulk of the polymer,
thereby reducing the entire response to a surface effect. To alleviate this problem and
increase the sensitivity of the device, several approaches have been taken to increase the

effective surface area of the polymer. These involve using monolayer thin films,

. 2
coating polymers on porous substrates, >’

and synthesis of nanostructured conducting
polymers *°®. However, to further improve the sensitivity, there is an obvious need to
develop sensors based on single polymer nanowires. While several groups have
demonstrated the enhanced sensitivity of conducting polymer nanowires **, there have
been very few reports on developing single nanowire sensors " In this work we report
an ammonia sensor based on single nanowire of highly conducting polypyrrole. Being

one of the most stable conducting polymers under ambient conditions, we selected

polypyrrole for our studies.

A3.2 Experimental

A3.2.1 Materials

Alumina membranes of 200 nm nominal pore size and 60 pum thickness were purchased

from Whatman International Ltd (Maidstone, England). Pyrrole was obtained from
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Sigma-Aldrich (St. Louis, MO, USA) and tetracthylorthosilicate was purchased from
Gelest Inc. (Mossisville, PA, USA). Hydrofluoric acid, ferric chloride, hydrochloric acid,
ethanol and sodium acetate were purchased from Fisher Scientific (Fair Lawn, New
Jersey, USA). All reagents were analytical grade and solutions were prepared in double

distilled deionized water.
A3.2.2 Apparatus and Procedure

A3.2.2.1 Polypyrrole Nanowire Fabrication

Alumina membranes, used as template for nanowires growth, were heated overnight at
150 °C (the polymer ring on the circumference of the membranes were removed prior to
heating) in an oven (Model 281A, Fisher Scientific, Tustin, CA) to avoid swelling of
templates and thus maintaining pore diameter throughout the process. 5 mL of
tetraethylorthosilicate (TEOS), 50 mL of ethyl alcohol (EtOH), and 1mL of 1 M
hydrochloric acid (HCI) were mixed for 5 min and left to sit for 1 hr to stabilize.
Alumina membranes were individually placed in the TEOS solution for 1 min and then
sonicated for an additional min. Following sonication, the templates were pat dried with
tissue paper (Kimwipes, Kimberly-Clark, Roswell, GA), washed with EtOH, air dried for
2 hrs and incubated in an oven overnight at 150 °C. The templates were then immersed
in a freshly prepared and cooled (on ice for 30 min prior to use) 0.2 M pyrrole solution in
0.2 M sodium acetate followed by addition of an equal volume of cold 0.2 M ferric
chloride solution in deionized water. The resulting mixture was placed on ice for 1 hr
followed by 24 hrs of incubation at 4 °C. Subsequently, the content was sonicated to

release membranes from the container walls followed by rinsing with deionized water
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aided with sonication for five times. Polypyrrole embedded alumina membranes were
then placed in a 10% (v/v) hydrofluoric acid (HF) over night to dissolve the template to
release the nanowires. HF was removed by washing with nanopure water until pH
showed non acidic conditions as indication removal of residual HF and then nanowires
were rinsed with EtOH. The EtOH was then evaporated under vacuum to obtain dried
nanowires.

A.3.2.2.2 Characterization of Nanowires

Morphology and Crystal Structure

X-ray diffraction patterns were obtained by using the dried post-ethanol rinsed
polypyrrole nanowires on an evaporated gold substrate with Cu K, radiation and a
scanning range of 10 to 80° with 0.1° increments (Bruker AXS Baltic Scientific
Instruments D8 Advance). Nanowires were then imaged by scanning electron
microscopy (SEM, Leo SUPRA 55, Model 1550).

Electrical Properties

A dilute solution of dispersed polypyrrole nanowires was made by suspending ~0.1 mg of
dry nanowires in 1 mL of ethanol and sonicating the mixture until contents were fully
dispersed. A 5 uL drop of well suspended nanowires was dispersed across
microfabricated gold electrodes on SiO,/Si substrate and a flow of nitrogen gas was
passed over the electrode (parallel to the chip) until the ethanol evaporated. The nitrogen
gas provided a preferred orientation for nanowire alignment. Optical microscopy (Hirox
HI-Scope Advanced KH-3000, River Edge, NJ, USA) was used for visual verification of

single nanowire bridging two gold electrodes. A two point probes method was used to
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measure |-V characteristics for the nanowires bridging the two electrodes via sweeping
the potential between -1 V to +1 V D.C.. Temperature dependent electrical resistance of
nanowires was measured between 8 and 300 K with a physical property measurement
system (PPMS) from Quantum Design (San Diego, CA, USA) in combination with the
semiconductor parameter analyzer (Hewlett Packard Model 4155A, Austin, TX, USA) to
obtain the I-V characteristics at each set temperature.

A3.2.2.3 Gas Sensing

For gas sensing studies, electrodes with an aligned PPy nanowire were connected to a
chip holder by wire bonding (West Bond Inc. Model 7443A, Anaheim, CA, USA).
Subsequently, single nanowire PPy sensor was connected in series with a load resistance
of comparable value to the resistance of the nanowire sensor in order to optimize

resolution 2°.

The sensor arrangement was subjected to 0.5V D.C. potential and the
current was continuously monitored with sample rate of one sample per second.
Electrical resistance of the sensor was determined by continuous monitoring the voltage
over the load resistor and applying Ohm’s Law. A 1.3 cm? glass chamber with inlet and
outlet ports was positioned over the microfabricated chip with a sandwiched O-ring and
sealed by using a clamp. Gas at 150 std. cm® min™ flowed through the glass chamber.
Argon (purity: 99.998%) and ammonia (purity: 99.99%) were used as the carrier and
analyte gases, respectively (Airgas Inc., Riverside, CA, USA). The carrier gas was
diluted with the analyte gas to obtain different ammonia concentrations. Analyte and

carrier gas flow rates were regulated by mass flow controllers (Alicat Scientific

Incorporated, Tucson, AZ). A custom LabView computer program was developed to
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control a Field Point circuit system from National Instruments which combined were

used to monitor the voltage of the nanowire circuit (Austin, TX, USA) **'.

A3.3 Results and Discussion

A3.3.1 Synthesis and Characterization

Figure 4.3.1 shows the schematic of the strategy employed for synthesizing polypyrrole
nanowires. The technique employed in this work is slightly modified from that reported

. . . 271
previously using porous alumina templates >’

. In the present work, instead of growing
the nanowires inside as-is alumina membrane pores a thin layer of SiO, was first
deposited on the inner walls of the alumina pores. This was followed by the chemical
polymerization of pyrrole using FeCl; as the oxidizing agent. The average diameter of the
polypyrrole nanowires was ~300 nm (Fig. A.3.2B), which was larger than the
manufacturer reported average pore diameter (200 nm) for the membrane. As evident in
SEM images (Fig. A.3.2), the surface of nanowires made using SiO, modified pores were
smoother compared to unmodified pores. The smoother surface morphology in the SiO;
coated pores can be attributed to the anionic sites on silica that act as molecular anchor to
nascent cationic providing preferential nucleation for polypyrrole along the pore walls
and producing a continuous coating. The rough and irregular blob morphology obtained
from unmodified pore was in accordance with the literature report and is hypothesized to
the absence of molecular anchors on the alumina pores causing nucleation to happen at

random positions within the pores as opposed to along the walls in case of silica coated

pores >".
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The XRD pattern reveals that the resulting polypyrrole nanowires were
amorphous (Fig. A.3.3) showing a broad band in the region of 15° < 26 < 30 ° indicating
that short-range chain arrangement dominates as has been similarly observed for

electrochemically synthesized polypyrrole nanowires 2’2,
A3.3.2 Electrical Characteristics

To be used as a conductometric gas sensor, the nanowire should be semiconducting and
have good quality, i.e. low degree of disorder. Figure A.3.4a shows the I-V characteristic
of a single polypyrrole nanowire as a function of temperature. The inset shows the
corresponding SEM micrograph of the nanowire bridging the gold electrodes. The
current-voltage plot is fairly linear about the 0 V bias, revealing an ohmic contact
between nanowire and electrodes. A decreasing current response upon lowering the
temperature is indicative of the inherent semiconducting nature of these nanowires. The
room temperature conductivity estimated from the ohmic part of the I-V curve (between -
0.1to 0.1 V) was determined to be 5.1 S cm™. This is in good agreement with previously
reported value for chemically synthesized polypyrrole 7.

To further corroborate the fact that the polypyrrole nanowires are of superior
quality, effect of temperature on the single nanowire resistance was analyzed between 8
and 300 K. As shown in Fig. A.3.4B, over this temperature range the resistance of the
nanowires increased with decreasing temperature. This is a typical behavior for doped
semiconducting materials and is in accordance with the observations for

electrochemically and chemically synthesized polypyrrole nanowires within pores of

alumina and polycarbonate membranes >’ %, The degree of disorder in a sample is
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another parameter for the evaluation of the nanowires quality. It is well known that the
rate of increase in resistivity at lower temperatures is higher in the case of disordered

2
samples *7°.

Therefore, by monitoring the ratio of low temperature to room temperature
resistivity, it is possible to obtain an indication of the degree of disorder in the sample.
The ratio of the conductivity between 75 and 300 K for single nanowire synthesized in
this work was found to be ~7. In comparison, the electrochemically synthesized chloride
doped single polypyrrole nanowire exhibited a conductivity ratio of ~15, suggesting that
the nanowires synthesized in the present work are much ordered. The difference in the
degree of disorder is also reflected in the corresponding activation energies calculated by

fitting the high temperature (100-300 K) resistivity data of the two samples to Arrhenius

behavior, as per the following equation,
10 = IOO exp[Ea / kT]

The activation energies (E,) for single polypyrrole nanowire synthesized by chemical
(present study), and electrochemical *”> polymerization were 19.4 and 25.9 eV,

respectively.
A3.3.3 Gas Sensing

Conductometric sensing of ammonia was carried out with a single polypyrrole nanowire
and the results are presented in Fig. A.3.5. Argon was chosen as the carrier gas in order to
achieve a faster stabilization of the background signal. Ammonia concentration was
varied from 40-300 ppm by diluting ammonia gas with argon. After each exposure, the

sensor resistance was recovered by purging with argon. The time required for a stable
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base line to be obtained upon the first imposition of the bias potential was 30 minutes
(data not shown). The recovery time, defined as time required for the resistance to return
to the original value upon switching to 100% carrier gas, was ~15 min. It is important to
note that although the recovery was near-complete for lower concentrations, it was not
the case at higher concentrations, thereby suggesting some irreversible binding between
polypyrrole and NHj. This observation is consistent with previous studies on polypyrrole-

. 269
based ammonia sensors

, and the mechanism has been explained in terms of an
irreversible electron transfer from ammonia to the doped polymer 27 The response time,
defined as the time to reach 90% of the total resistance change, of the sensor was found to
be 15 min and 10 min, for the lower and higher ammonia concentrations, respectively.
The slower response and recovery times in our samples could be due to the fact that the
nanowire has very smooth surface morphology. Smoother surface morphology translates
to less surface area for ammonia to diffuse into.

The sensitivity, determined from the slope of the linear range, was determined to
be 0.06% per ppm of ammonia in the concentration range of 40-300 ppm (correlation
coefficient, r* = 0.9827). The lower detection limit of the single polypyrrole nanowires
sensor was 40 ppm, which is close to the recommended threshold limit value for human

exposure (25 ppm) 2’

. The sensitivity and lower detection limit of the sensor can be
improved by operating the sensor in a field effect transistor mode with a back gate and

changing the dopant to one that can promote enhanced changes in current due to the dual

interaction of the dopant with the hydrocarbon chain and charged analyte.
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The sensor exhibited an excellent selectivity towards ammonia with no detectable
response to nitric dioxide (NO;) even at concentration as high as 100 ppm. The absence
of response to NO; is attributed to the highly doped state of the polypyrrole and therefore
the inability for an electron acceptor like NO, to extract further electrons from the
backbone. Polypyrrole-based gas sensors are reported to be sensitive to humidity with as
much as 75% decrease in response resulting from a 5% increase in relative humidity *’*,
The problem of humidity can be resolved by passing the sample through a desiccant

before analyzing or replacing the chloride with a more hydrophobic dopant such as p-

toluene sulfonate.

A3.4 Conclusion

To conclude, high quality polypyrrole nanowires were prepared by template directed
chemical synthesis. Temperature dependent electrical transport measurements showed the
sample to be semiconducting with low degree of disorder. Single nanowires-based
sensors showed good limit of detection and sensitivity and excellent selectivity for

gaseous ammonia.
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Figure A3.1. Schematic of polypyrrole nanowire synthesis.
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Figure A3.2. Scanning electron micrographs of polypyrrole nanowires synthesized (A)
inside as obtained, unmodified alumina templates and (B) inside alumina templates
modified with an inner layer of silica.
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Figure A3.3. X-ray diffraction pattern of polypyrrole nanowires.
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Figure A3.4. (A) Temperature dependent I-V characteristics of a single polypyrrole
nanowire. The inset shows the SEM image of a single nanowire bridging across the gold
microelectrodes. (B) Low temperature to room temperature resistance ratio
R(T)/R(300K), as a function of temperature.
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Figure A3.5. Conductometric response of a single polypyrrole nanowire to ammonia at
an applied D.C. bias of 0.5 V. Arrows indicate a 15 minute exposure time.
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Figure A3.6. Calibration for ammonia of a single polypyrrole nanowire at an applied D.

C. bias of 0.5V. The error bars show the standard deviation from the average values
(n=5).
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Apppendix 4:

Molecularly Imprinted Polymers

Abstract

Polymer nanowires synthesized by chemical polymerization of pyrrole into
alumina templates were investigated for applications in biosensing. The nanowires were
imprinted with various bio-molecules via a novel approach. Preliminary biosensing is
demonstrated in steady state and transient modes. In addition, several contact routes
were addressed to establish good electrical conduction while simultaneously anchoring

the nanowires.

A4.1 Experimental

A4.1.1 Template Preparation

Commercially available Whatman and in-house fabricated alumina membranes with 200
nm and 80nm pore diameters, respectively, be were used as templates for nanowire
growth. Alumina membranes were heated in a Fisher Scientific Isotemp Vacuum Oven
(Model 281A) overnight at a temperature of 150 °C (if membranes have a polymer ring

on the circumference, then the ring should be removed prior to heating).

A4.1.2 Silica Tube Deposition on Alumina Membranes

219



A TEOS solution was made by mixing 50mL of ethyl alcohol (EtOH), 5mL of
tetraethylorthosilicate (TEOS) and 1mL of 1 M hydrocloric acid (HCI). The contents
were stirred for 5 minutes and solution was left to sit for 1 hour to allow it to stabilize.
Alumina membranes were individually placed in the TEOS solution for 1 minute and
then sonicated for an additional minute. Following sonication, the templates were pat
dried with Kimwipes, washed with EtOH, air dried for 2 hours and then placed in an oven

overnight at 150 °C.
A4.1.3 Addition of Aldehyde Groups

The addition of aldehyde groups was performed via surface modification of the silica
tubes by immersion of alumina membranes (containing SiO, tubes) into an alcohol based
aldehyde solution. The solution consisted of 5% of 0.1M acetate buffer, 5%
triethoxysilbutyraldehyde, 5% TEOS and remaining ethyl alcohol, the solution was then
deoxygenated prior to use by bubbling of nitrogen for 10 minutes. Alumina membranes
with SiO; tubes were submerged in to the solution for 10 minutes under vacuum followed
by 20 minutes in nitrogen environment. The resulting surface modified aldehyde
membranes were rinsed with ethyl alcohol and placed in nitrogen environment over
night.

A4.1.4 Binding of Protein (BSA) on the Aldehyde Modified Silica Tubes

The aldehyde-modified membranes were placed in a solution of 4 mg/mL of BSA in PBS
buffer. The membranes were incubated in the BSA solution under vacuum for 1 hour,

followed by 12 hours at 4 °C, and an additional 24 hours at room temperature. The
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resulting BSA modified membranes were then rinsed with PBS buffer several times and

placed under nitrogen environment for 24 hours.
A4.1.5 Fabrication of Polypyrole Nanowires

A 0.2 M pyrrole solution containing 0.2 M sodium acetate was prepared from a freshly
distilled pyrrole solution, in addition, equal volume of 0.2 M iron chloride solution was
made, both solutions were placed in ice for 30 minutes prior to use. The pyrrole solution
was placed in a 50 mL centrifuge tube and the BSA modified membranes were then
immersed into the solution. Steps 3 and 4 are omitted for Non-Imprinted nanowires.
Finally, the iron chloride oxidant solution was then added, the solutions were mixed and
the resulting mixture was placed in ice for 1 hour followed by 24 hours of incubation at 4
°C.

A4.1.6 Removal of Alumina Membrane and Silica Tubes

After 24 hour incubation period, the 50 mL centrifuge tube containing the alumina
membranes with embedded polypyrole nanowires was sonicated to remove membranes
from the container walls. The membranes were filtered out and rinsed five times with de-
ionized water aided with sonication. Following the washing procedure, polypyrole
embedded membranes were placed in a 50 mL centrifuge tube containing 10% vol.
hydrofluoric acid (HF) over night. Special precaution should be taken when working
with HF since it is a highly toxic and corrosive acid and it is notoriously known to

dissolve glass by reacting with SiO..
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A4.1.7 Removal of Imprinting Protein (BSA)

BSA surface imprinted nanowires were washed three times with 5 mL of 10% vol.
Sodium Dodecyl Sulfate (SDS) and 10% vol. Acetic Acid (HAc). Following the SDS &
HAc washings, the nanowires were then washed with nano-pure water at least 5 times,
and finally rinsed with ethanol. To evaporate ethanol out of the wires, the ethanol

containing nanowires were placed under vacuum overnight.

A4.2 Results

Figure A.4.1 shows the schematic representation for the synthesis of MIP PPY
NWs. The multiple step process results in a high yield of surface imprinted (MIP) and
non-imprinted (NIP) nanowires. The surface of the nanowires can be modified with
different biomolecules such as cytochrome-C, horse radish peroxidase, human bovine
serum, and BSA. Demonstrated in figure A.4.2 are SEM images depicting the high yield
of the nanowires and typical geometries. Despite differences in their synthesis methods,
the surface of both the MIP and NIP nanowires are smooth, average lengths are ~ 60 um
and average diameters are 250 nm.

Biosensing was performed by various routes. The first was steady state binding
which was performed by traditional Bradford Protein Assay Procedure (Micro assay
procedure for <50um/mL protein), illustrated in figure A.4.3. NWs (MIP and NIP) were
suspended and sonicated with PBS buffer + TWEEN 20 (as the control sample) and PBS
buffer + TWEEN 20 + desired protein in 1.5 mL microcentrifuge tubes, in triplicates.

Incubation was performed for three hours, under continuous rotation, after the allotted
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incubation time, the microcentrifuge tubes and its contents were centrifuged at 15rpm for
10 minutes. 0.2 mL of the supernatant was removed and an equal volume of Bio-Rad
Protein Assay die was added, the contents were mixed in a clean microcentrifuge tube
and mixed for 5 minutes. UV-Vis measurements were performed at a fixed wave length
of 595 nm, first of standards to establish a calibration curve, followed by the control
samples, and samples, all measurements were performed in triplicates to obtain
appropriate error bars. Based on the OD reading and the calibration curve, the
concentration of the protein left behind in the supernatant was correlated to the amount of
protein that interacted with the pockets on the surface of the nanowires. Unfortunately,
this method gave inconclusive results suggesting that non-specific binding had a large
contribution to the interaction of the proteins to the surface of the wires, in addition to the
inability to precisely measure the exact amount of NWs for each trial, and the quality of
NWS (bundle vs. single) that were introduced to the protein.

The second route of sensing was performed by electrical probing of NIP and MIP
PPY NWs. PPY nanowires were assembled across gold electrodes by drop casting a 10
uL drop of suspended NWs in ethanol. After complete evaporation of the ethanol
solution, optical imaging was performed to verify presence of NWSs bridging across the
electrodes, followed by the measurement of electrical resistance via two probe method.
After addition of water, a base line was achieved and subsequently 2 uL of 1.50 uM BSA
were added until saturation. At each addition of solution the solution was allotted to
interact with the NW, then removed followed by a resistance measurement. The voltage

was swept from -1 volt to 1 volt using conventional 2 probe method. 1-V characteristics
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are of a single NW is demonstrated in figure 4 as water and BSA are introduced to the
system. The I-V sweep was performed after the liquid solution (water or BSA) was
removed. The initial resistance of the dry NW was R = 4.7 kQ, and decreased to 3.9
kQ after addition of water. After addition of 1.50 uM of BSA, the resistance increased to
R =5.8 kQ, a 20.51 change in resistance.

FET measurements were performed on a single 200 nm PPY nanowire that was
aligned on Au electrode pads that were used as the source and drain and Ag/AgCI
electrode wire was used as the gate. 2uL of 0.01 M NaCl solution with a pH of 5.8 was
placed on the electrode (isoelectric pH of BSA is ~ 4.6). The gate voltage was varied
from -0.8 to +1.0 volts. The I-V curves at various gate voltages are demonstrated in
figure 5 A, and the calculated FET behavior is demonstrated in Figure A.4.5B.

Transient biosensing was performed by the same route as mentioned earlier,
where non-imprinted and MIP PPY NWs were aligned and tested for BSA sensing. A
bias potential of 100mV was applied while the resistance of the nanowire was
continuously monitored. Once a base line was achieved, 2uL of water were added to the
NIP or MIP wire and subsequently 2 puL of 1.50 uM BSA were added until the sensor
showed saturation, as demonstrated in figure A.4.6. Encouragingly enough, there was a
continuous increase in resistance with subsequent addition of BSA aliquots for the MIP
single nanowire. The NIP nanowire, on the other hand showed an inconsistent response
to BSA aliquots (shown in the insert of figure A.4.6).

In an attempt to further transient biosensing and eliminating NW movement with

the addition of protein solutions, various approaches to establish good electrical contact
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to the NWS were investigated. Among the few include focused ion beam (FIB) to
anchor NW at specific locations, shadow masking by use of a TEM grid and evaporation
of Cu and Au metals to establish top contact on the nanowires, and maskelss
electrodeposition. FIB locally added metal contacts on the surface of the NW, however
as evident from figure A.4.7, the NW deformed during the writing process and was later
confirmed by optical imaging that there was local heating/melting of the polymer
nanowires. The FIB process destroy the nanowire, also confirmed by diminished
electrical resistance and thus the method proved detrimental to our process since the
purpose was to advantageously use the nano imprints on the surface of the nanowires.

The use of TEM grids as masks for shadow masking was investigated. In this
process TEM grids are placed on the surface of randomly drop-casted NWs on glass
slides, and metal contacts are evaporated on the surface, thus making top contact to the
NW and anchoring it simultaneously. The custom tailored set up is illustrated in figure
A.4.8, and the resultant optical images show the gap distance dependence on sample
location with respect to the evaporation source. There were two main problems with this
method; the first is that the TEM grids could not make physical contact to the NWs, and
thus allowing for metal evaporation throughout the whole surface of the NWs. Secondly,
the inability to evaporate an adhesion layer prior to the metal evaporation made the top
contacts useless as they effortlessly were removed when trying to electrically address
NWs bridging the electrodes.

Parallel to the contact efforts, an approach for microfluidics was explored. The

idea was to use an ink jet printer to print out patterns that would serve as a mold for
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microfluidic channels. The designs demonstrated in figure A.4.9, were printed on to
plastic transparencies where the ink would offer a different height. The patterns were cut
out, placed on petri dishes, the inlet and outlet channels were secured in place by adding
small diameter fishing wire, and PDMS was poured over the transparencies. The
resulting disposable microfluidic channels could then be cut out and placed over the
silicone chips contacting NWs providing a well-defined area for biosensing, shown in
picture in figure A.4.10. Again since the NWs were unable to be anchored via the routes
that were investigated, the microfluidic configuration was not furthered past the described

initial stages.
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Figure A4.1. Schematic of molecular imprinting process for polypyrrole nanowires

within alumina templates.
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Figure A4.3. Schematic of steady state binding process of imprinted and non-imprinted
polypyrrole nanowires.

229



0.20

— !n|t|§I B A
0.154|——in situ
—— after C

0.10 1

0.05 -

0.00 -

Current (mA)

-0.05 |

-0.10 1

-0.15 1

-0.20 . T . T . .
-1.0 -0.5 0.0 0.5 1.0

Voltage (V)

Figure A4.4. I-V characteristics of imprinted nanowires taken (A) before addition of
BSA, (B) Addition of 2 uL of 100 ug/mL (BSA dissolved in DI water) and (C) After
drying of BSA.

230



— o8V
0.002 — | -o7v
06V
——-05V
P 04V
__ 0.0011 - -03V
< ——-02V
Z 0.1V
é ——— | ooV
= i ——— — —— 0.1V
c 0.0004 oy
= 0.3V
S - 04V
O 001l oy
-~ —— 0.7V
] / —— 0.8V
- 0.9V
'0002 - T T T T 10V
-0.10 -0.05 0.00 0.05 0.10
Source Drain Voltage (V)
1000 )
| = PPy Blank nanowires
800 .
o) .
X 600- .
8 .
c
s 400 - -
s
)
» — | |
D .
X 200 - .
| |
g
0 g g " e,
0 — T T — T T — T — T T — T T
-0.8 -0.4 0.0 0.4 0.8

Gate Voltage (V)

Figure A4.5. (A) Current Voltage response of the source and drain at the different gate
potentials and (B) calculated resistance as the gate voltage was varied for the blank PPY

NW.

231



130

~—
G
\ved
N
(D]
o
c
o
e
%
wn
(D]
nd
50 '_ —— MIP PPy NW
Blank PPy NW
40 T T T T T T T T T T T
0 600 1200 1800 2400 3000 3600

time (s)

Figure A4.6. Real time response of a single BSA molecularly imprinted polypyrrole
nanowire to addition of 2 uL of 100 ug/mL BSA. The inset corresponds to the response
of the non-imprinted nano wire towards the same BSA concentrations. The addition
point is indicated by the arrow.

232



|
- |
= !
i B B
g - :

i

I System Vacuum = 6.68¢-006 Torr Mag = 10.37 KX WD= 5mm
ZEISS Stage at T= 540° FIB Mag= 225 KX EHT =10.00 kv Titt Corn. = OF

FIB Image Probe = 50 pA FIB Lock Mags = No Signal A= SE2 Tilt Angle= 00 °

7

Figure A4.7. SEM image of molecularly imprinted NW after anchoring with focused ion
beam, the inset is an optical image of the same sample showing local burning at the
contacts after the FIB anchoring.

233



Gap ~14.8um

Cu Target

Au Target
Gap “4.41um

Gap~4.93um

i Gap ~11.40um
Gap ~3288Um
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Figure A4.10. Optimal images and pictures of resulting PDMS molds and their
compatibility to the silicon chip architecture.
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