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ABSTRACT
TUNING THE PERFORMANCE OF NANOCARBON-BASED
GAS SENSORS THROUGH NANOPARTICLE DECORATION

by
Shumao Cui

The University of Wisconsin-Milwaukee, 2013
Under the Supervision of Professor Junhong Chen

Tin dioxide (SnQ) is a well-known gas sensing material, but it lmees sensitive
only at elevated temperatures (e.g., above®@)0Nanoparticles (NPs) combined with
nanocarbons, such as carbon nanotubes (CNTs) apbagre, form a new class of hybrid
nanomaterials that can exhibit fascinating gasisgrzerformance due to tunable
electron transfer between NPs and nanocarbonsedduyg gas adsorption. Indeed,
sensors made of Sp@IPs-coated CNTs have shown outstanding room-teatyrer
sensing performance to various gases, includinggttioat are undetectable by either
SnG or CNTSs alone.

The objectives of this dissertation study are tatlsgsize various NP-nanocarbon
hybrid materials and to fabricate and charactese&resing platforms based on the resulting
hybrid nanomaterials. Two simple and efficient noelt have been used for the hybrid
synthesis. One is a simple NP synthesis and asgeaydtem for NP-nanocarbon hybrid
nanomaterials production through combining a misif@asma reactor with electrostatic
force-directed assembly. The other is a simplechetmical method for direct fabrication
of doped Sn@NP-decorated reduced graphene oxide (RGO) sHaqtarticular,

CNT/Ag NP and RGO/Ag NP hybrids have been proddoeéhst, sensitive, and



selective detection of NddFurthermore, a ternary hybrid of Ag NPs and $nO
NPs-decorated CNTs has been demonstrated and sthattedsensing performance than
CNT/SnQ NP hybrids likely due to the enhanced gas adsor@tnd electron transfer.
Additionally, hybrid sensors of In-doped Sn®Ps on RGO are shown to exhibit high
selectivity to NQ sensing. Finally, the sensing mechanism for thenBifocarbon system
has been extensively discussed.

Based on this study, we conclude that the sengrfginance (including sensitivity,
selectivity, and response time) can be fine-tuneddating nanocarbons with
carefully-selected NPs (pure or doped). An attelnast been made to compare the sensing
performance of hybrids based on various types nboarbons (e.g., multiwalled CNTSs,
semiconducting single-walled CNTs, RGO). Nanocasbwith superior semiconducting
properties as building blocks of hybrid nanomateréae shown to exhibit better gas
sensing performance. This study provides a scieriitiindation to engineer practical

room-temperature gas sensors with enhanced penicena
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CHAPTER 1 INTRODUCTION AND LITERATURE REVIEW

1.1 Introduction

Metal oxides (e.g., Srfpare attractive for low-cost chemo-resistive garssers and have
been widely used in various gas sensing applicatibhese metal oxide sensors typically
are sensitive with inadequate selectivity to vasiagases (e.g., NO NHz; O, and
ethanol). However, metal oxide gas sensors ardlysyzerated at elevated temperatures
to register sufficient sensitivity, which signifitly limits their practical applications. For
example, His a flammable gas and the detection process dfamalid high temperatures.
Carbon nanotubes (CNTs) of unique one-dimensiob@) tructure and huge specific
surface area have been demonstrated for room-tatopergas sensors; however, the
carbon-carbon bonds in CNTs are chemically stabtethe interaction between pristine
CNTs and gas molecules is relatively weak, resmlim limited sensitivity and poor
selectivity of pristine CNT gas sensors. Graphenatiracting growing interests for gas
sensing due to its unique structure and intrinsaperties. It was found that graphene is
sensitive to gas adsorption on its surface andngiatly can be used as gas sensors
because of its high specific surface area and tiginge carrier mobility. Unfortunately,
graphene has the same carbon-carbon bonds as QMITstsainteraction with gas
molecules is also weak. Fortunately, nanoparti¢i8s)-decorated CNTs or graphene
hybrids have been reported to show good sensinfprpgnce at room temperature.
These NPs could serve as additional active sitethemanocarbon surface to adsorb

target gas molecules and thus modify the electgoalductance of nanocarbons due to



electron transfer induced by the gas adsorptiorsoime cases, the NPs could not only
enhance the sensitivity but also improve the seigctand response time due to the
specific interaction between the NPs and gas mtdecisuggesting NP decoration can
tune the sensing performance of nanocarbon-basesdsgasors. In this dissertation,
various NP-decorated nanocarbon hybrids have bgehesized and integrated into gas

sensors to illustrate such a concept.

1.2 Literature review

1.2.1 Literature review on gas sensors

With the development of industry and human actjvéty pollution becomes a serious
problem. Hazardous gases, such as,NNP;, CO, HS, and S@ have harmful effects on
humans, animals, and plants. Therefore, developwfenighly sensitive gas sensors for
detecting harmful gases is extremely importantmproving environmental quality and
protecting humans from exposure to dangerous gdSas. sensor is a device that
transforms gas information (gas composition andcentration) into an analytically
useful signal. According to the operation princjpigs sensors can be classified into
several types: (1) Thermometric gas sensor,[1] Wwhiteasures the heat effect of a
physical gas mixing or a gaseous chemical reaciidh.Magnetic gas sensor, which
measures the change of paramagnetic properties afayzed gas.[2] (3) Mass sensitive
gas sensor, which transforms the mass change @eaally modified surface into a

change in the property of the support material. Thass change is caused by



accumulation of gas molecules. Generally, masstsgngas sensors can be divided into
two subtypes: (a) Piezoelectric gas sensor, whieasures the frequency change of the
guartz oscillator plate caused by adsorption afggases at the oscillator.[3] (b) Surface
acoustic wave gas sensor is based on the charmgepHgation parameter of a generated
acoustic wave affected by gas adsorption on thekingrsurface of a delay line or a
resonator.[4] (4) Conductivity gas sensors, which lzased on a change in the electrical
resistance of the sensing material resulting frotaraction with a gas.[5-8] Conducting
polymer and metal oxide semiconductor are two comlynosed sensing materials in
conductivity gas sensors.[9-12] (5) Optical gasseermeasures the changes in optical
properties, such as intensity change, spectrumgehdifetime change or wavelength shift,
which result from the interaction between gas malexand the sensing material.[13, 14]
Conductivity gas sensor is a dominant sensor typ@neonly used for various
applications. And metal oxide (e.g., SnH@nO) is a commonly used sensing material in a
conductivity gas sensor due to its relatively loastc SnQ is the most widely studied
material among all oxides for gas sensing appboat{15] because Sa@ sensitive to a
wide range of gases. Other popular sensing maenalude ZnO, TiQ WO;, Iny0Os,
Fe0s, CuO, NIiO, Ge@ Ga03;, and \LOs. According to the principle of gas sensitivity,
metal oxides can often be divided into bulk-sewsitind surface-sensitive materials. For
example, the conductivity of Tiincreases due to the formation of bulk oxygen
vacancies under reducing conditions and thus iegoaized as a bulk-sensitive gas
sensing material. Although bulk defects affect atnductivity, SnQ@ belongs to the

category of surface-sensitive material. The condncband with its minimum at the



I-point and the high mobility of charge carriers daad to a significant change in the
electrical conductivity of the material due to ttleange in charge carrier concentrations.
Therefore, gas adsorption-induced band bendingtlmaspotential to result in strong
conductivity changes in SpGand thus triggers a gas response signal. In &inffed,
has an indirect band gap and its conduction bandnmim is not at the/-point.
Consequently, band bending does not dramaticdkgathe conductivity of TiQ[16]

In recent years, nanomaterials have been drawargandous attention due to their
large surface-to-volume ratio and quantum sizecefféarious applications have been
developed based on nanomaterials, such as catfly$isolar cells,[18] biosensors,[19]
gas sensors,[20] and electronic and optoelectaeweces.[21] Among these applications,
gas sensing is an important one. Due to the higfaserto-volume ratio, nanosensors
normally exhibit a higher sensitivity than theiaditional counterparts. For gas sensors,
the well-known “3S” performance criteria are semgit, selectivity, and stability. Related
research has concentrated on various nanostructaoesr as nanoparticles,[22, 23]
nanorods,[10] nanowires,[24, 25] nanobelts,[26] atabes,[27, 28] nanosheets,[29]
nanocubes,[30] nanospheres,[31] and nanoflowelslf3addition, gas sensors based on
nanomaterials are much smaller than those usingrbaterials, leading to low cost, low

energy consuming, and high sensitivity.

1.2.2 Literature review on nanoparticles (NPs) andheir synthesis methods for gas

sensing applications

Nanoparticles are defined as a collection of atomolecules binding together forming



a particle with a radius of 2100 nm. Nanomaterials can be divided into different
categories by the number of dimensions. NPs areidered as 0-dimensional (0D)
nanomaterials; nanotubes, nanowires and nanoreddassified as 1D nanomaterials and
2D nanomaterials refer to nanosheets (e.g., graphétthough NPs are considered as a
modern discovery, they have already been used dremintime. For example, Au NPs
were used in pigment for ruby colored glass iff &&ntury.[33] In the past decades, NPs
have attracted huge interest due to their potentakl properties offered by their size
effect. Various applications were developed based\Bs, such as catalysis,[34] solar
cell,[35] gas sensor,[36, 37] biosensor,[38] andgddelivery.[39] Many technologies
have been developed to synthesize NPs, includimgyspyrolysis,[40] hydrothermal
methods,[41] pulsed laser deposition,[42] sputtef#8] flame method,[44, 45] and
thermal deposition.[46]

Wet-chemical method is widely used in materialgppration due to its capability to
produce NPs with well-controlled shape, size, amdcture. Zhenget al developed a
general strategy to synthesize oxide-supported InNfa as catalysts.[47] Besides the
versatility, the method could offer facile contosler metal NP properties, such as particle
size, patrticle distribution, and particle loadijei et al reported a new wet-chemical
route to synthesize FeCo nanocubes.[48] The shapdoe controlled by controlling the
concentration of the reaction agent and the readiioe. Luet al successfully prepared
core-shell structures of iron oxide NPs uniformbated with amorphous silica using a
sol-gel approach.[49] The coating thickness otailcan be well controlled by changing

the concentration of the sol-gel solution. HowewdBs maybe contaminated with the



reaction agents and in some studies with toxic etemused in the synthesis.

Preparing nanomaterials in dry and clean gaseou®wulings can potentially
minimize the sample contamination in contrast td-gfemical routes. Among various
gas-phase processes, the arc plasma method ifubmas¢hod for nanomaterial synthesis.
High temperature dc arc discharge technique hagodtlie discovery of fullerene and
carbon nanotubes.[50, 51] Besides carbon nanoralstesirc plasma techniques also have
demonstrated potential in synthesizing other matal metal oxide NPs, such as Sn-Ag
mixture,[52] Cu,[53] Au,[54] AlO3,[55] and TiQ.[56] Less research has been conducted
for the growth of 1D nanomaterials using plasmahoas$. Cvelbaet al synthesized
Fe,O; nanowires and nanobelts through oxygen plasmaatigid of bulk iron.[57] Onet
al. grew ZnO nanowires in the,r plasma with Zn as a source.[58] For NP syn#hesi
most of the arcs used are transferred arcs asateegffective in producing crystalline
nanomaterials by offering high temperature and kjgénching rate.

The small size of NPs increases the surface-torvelwatio, leading to many more
atoms sitting on the particle surface and highéiviac than larger particles having the
same mass. This is a huge advantage for sensacatppls. For metal oxide gas sensors,
the crystal size is very important to the sensiraperties. When the crystal size becomes
twice of the Debye length, the space charge regidhspread to the entire crystal,
leading to high sensitivity to gases, which hasnbpeoved by Ogawat al[59] For
example, the sensitivity of tin oxide NPs increagesmatically when the particle sized is
reduced to 6 nm. Various NPs have been developedjds sensor applications. For

example, W@ NPs were synthesized to detect ethanol ap8 Bases with a lower



detection limit of 200 ppb for ethanol and 20 ppb ,S.[60] ZnO NP-based gas sensors
have been shown high sensitivity and fast resptmd¢O,. Lu et al synthesized SnO
NPs as small as 5 nm using a mini-arc plasma mg8¥jdhe resulting SnONP sensor
showed fast response and high sensitivity to ethzayor.

Another way to improve the characteristics of semductor NPs for gas sensing
application is introducing dopants in the sensimgfamal. It was revealed that dopants,
such as Cu, Fe, Cr, Co, and Al, can enhance tli@cgdto-volume ratio of doped NPs by
decreasing the size and changing the shape.[61,M&nwhile, dopants also can
decrease the band gap of metal oxides due to réidosithe band gap.[63] Usually,
non-stoichiometric oxide has more oxygen vacantgegling to a semiconducting nature.
Literature has reported on most popular semicomdushQ doped with various metals
including Fe,[64] Pt,[65] Ni,[61] Pd,[65] Cu,[66]nd Ru.[67] Those doped SpO
nanomaterials were produced by thermal evaporatemhniques or wet-chemical

methods.

1.2.3 Literature review on carbon nanotubes (CNTsfor gas sensing applications

A carbon nanotube (CNT) can be visualized as aoholtylinder which is formed by
rolling up a sheet of graphite. CNTs were firstcdigered by lijima in 1991 in fullerene
soot.[50] The atomic structure of carbon nanotube be described in terms of tube
chirality, which is defined as the chiral vector,Y@nd the chiral angledY as shown in

Figure 1.1a.[68] The roll-up vector (Cdepends on two parameters, n and m, which are



the number of steps alotige zg-zag carbon bonds of the hexagonal latécel vector a
and a are unit vectors. Two limiting cases are referredaan-chair =3C°) nanotube
(Figure 1.1b) and zig-za@+%0°) nanotube (Figure 1.1c). Combined with chiral ves|

zig-zag nanotube is (n, 0), and &chair nanotube is (n, n). The chirality hesignificant
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Figure 1.1(a) Schematic diagram showing how a hexagonal sifegriaphite is rolled to form
carbon nanotube. (b) An armchair nanotube and zig-zag nanotube.[68]

effect on the property of CNTs. Considering eleetrproperty of a CNT, it can be eitt

metallic or semiconductingepending on the chirali[69] There are two ma types of



CNTs, single-walled carbon nanotube (SWCNT) and timalled carbon nanotube
(MWCNT) (Figure 1.2).[70] A SWCNT can be considerasl a single sheet of graphite
rolled up into a hollow cylinder. Meanwhile, MWCN$ much larger and consists of
many SWCNTs nested concentrically. The diameter Emgth of CNTs vary with

different synthetic methods. The length is gengrdépendent on the growth time, but
typically is tens of microns. The diameter of SWGNS between 0.7 and 3 nm.[71] For

MWCNTSs, the diameter ranges from 10 to 200 nm.[72]
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Figure 1.2 SWCNT (top left) and MWCNT (top right)itiv

micrographs below.[70]

mission electron

There are three commonly used methods to synth€&WEs: arc discharge, laser
ablation, and chemical vapor deposition (CVD). Tinet method used to fabricate CNTs
was arc discharge. In this method an electric @achdrge is generated between two
graphite electrodes under inert atmosphere of imetiuargon. A very high temperature is
obtained to allow the sublimation of the carbon1891, lijima reported the preparation

of MWCNTSs in the course of preparing fullerene,which the method used was arc
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discharge.[50] Later it was found that additionnoétal catalyst on one of the electrode
produced SWCNTSs.[73, 74] Laser ablation is the sdamethod that can produce high
qguality and high purity CNTs.[75] In this method,p&ece of graphite is vaporized by
laser irradiation under an inert atmosphere. Thispsoduce nanotubes containing soot
on the walls of a quartz tube.[76, 77] After thedurction, purification by gasification is
needed to eliminate the amorphous carbonaceousiatat®oth arc discharge and laser
ablation methods have the advantage of making yigjld SWCNTs (> 70%), but there
are also two disadvantages. One is that they reedaporate carbon atoms from solid
state source at a very high temperature (> 330 The other is that nanotubes are
tangled together which limits their applicationshefi, CVD method appeared as a
promising approach to prepare CNTs with large saal# ordered production.[78-80] In
this process, a layer of metal catalyst, commoidied, cobalt, or iron, was deposited on
the substrate. Then, a mixture gas (acetylene, anethor ethylene and nitrogen) was
introduced into the reaction chamber. After cheinieactions, nanotubes formed on the
substrate through the decomposition of hydrocarkain00-900°C and atmospheric
pressure.

CNTs have unique electrical, chemical, and meclanioperties due to their
particular 1D structure. CNT can be a good condueith very low resistance, and their
emission properties are far superior to traditior@drbon emitters. Theoretical
experiments showed that CNTs can carry current OL,0es higher than copper
wires.[81] So it can be used as CNT-based fieldtensi[82] Other electronic properties

of CNTs also have been exploited as chemicallyise@snaterials, including gases [83,
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84] and proteins,[85] which are gas sensors andebi&ors, respectively. Additionally,
supercapacitor and hydrogen storage are two patemtictical applications of CNTs.[86,
87] CNTs exhibit good mechanical properties as .wHtley are expected to have high
stiffnress and high strength owing to the strongbeascarbon sp bonding.[88]
Theoretical and experimental results prove thastrength of CNTs can be 4000 times
higher than the strongest steel at a fraction eélsiveight.[68] CNTs also have good
thermal and optical properties. Given the propsrté pure CNTs, composite based on
CNTs is a new class of material. Through the comtimm with polymers, metals or metal
oxides, electrical properties of CNT compositessagaificantly improved.

Gas sensor is one of the important application€Nifs. CNTs are promising gas
sensing materials because of two main aspects.i©Otimt their thin 1D nanostructure
makes them highly sensitive to very tiny externaityprbation. The other is their huge
specific surface area. Gas molecules adsorb o@Miesurface and act as dopants, which
shift the Fermi level of the nanotube or changelthrd structure of the tube due to the
orbital hybridizations for bond formation, thuslugncing the conductivity of CNTs.[89]
Many experiments have shown the evidence of CNBisgrno various gases, such as
0,,[90, 91] NQ,[92] N,,[83] NHs.[91] To enhance the sensing performance of CNTs,
hybrid structures based on CNTs were developedekample, CNTs were coated with
polymer or decorated with metal oxide NPs to enbahe sensing performance.[68, 93]
Investigations have shown that metallic or semicmhal crystals can interact with CNTs
and reorganize electron distribution, which finalhfluence the conductivity change

during exposure to gases.[94-96]
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1.2.4 Literature review on graphene-based material®r gas sensing applications

Graphene is a single atomic carbon layer with aefjloomb structure. In 2004,
Novoselovet al demonstrated a simple method of mechanicallyaetitrg single- and
few-layer graphene from graphite.[97] They alsovet how to use the graphene in
devices and measured the transport propertiesaphgne. Six years later in 2010, they
received the Nobel Prize in physics for the workic8 this groundbreaking work on
graphene, research in graphene has grown verylyapddcording to the Web of
Knowledge, the paper by Novoseleval has been cited for 13,284 times (accessed by
April, 20 2013), which indicates the level of irget in graphene research. In fact,
graphene could be regarded as a building blockewéral other carbon nanomaterials,

such as buckyballs (quasi 0D), CNTs (1D), and gtegBD) as shown in Figure 1.3.[98]

Figure 1.3 Graphene is the basic building blockotifer forms of carbon; buckyballs (left),
nanotubes (center), and graphite (right).[98]
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Various methods have been developed to synthesgehgne and graphene-based
materials, such as graphene oxide (GO) and redggzhene oxide (RGO). There are
challenges in preparing pure and homogenously disgesingle-layer graphene in
solvents. For example, a key challenge is the agdien of graphene. Because graphene
has high surface area and is hydrophobic, it téndaggregate into graphite in some
solvents. Therefore, prevention of aggregationrigcal because most of the unique
properties are from the unigue single-layer stmgctAmong those methods, three of them
are commonly used. The first one is mechanicalletfon of graphite to obtain pristine
2D graphene by using adhesive tapes.[97] This ndeitigust a simple peeling process
using a scotch tape from highly oriented pyrolgiaphite (HOPG). It was found that the
peeled flakes consisted of monolayer and few-layraphene. The second method is
chemical vapor deposition (CVD) which can grow fAlgyer or few-layer graphene on
metal surfaces, such as Ni and Cu.[99-102] Graphals® can be grown on
carbon-containing substrates such as SiC.[103] Weweoxidation and exfoliation of
graphite oxide, followed by chemical reductionais effective method to prepare large
quantities of graphene at a low cost. RGO is ugyakpared by this route.[104] GO has
a structure of graphene basal plane decoratedaxigfijen-containing functional groups
such as hydroxyl and epoxy (1,2-ether) groups.slyathesis of GO, Hummers method is
the most popular one because of its relativelytstearction time and absence of harmful
chemicals such as C¥PL05] Graphene itself is a semimetal.[106] In orte improve
the on-off current ratio of transistors based aapbene, graphene with narrow width was

synthesized, which was termed as graphene nanori@®R). It was reported that GNR
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with a width less than 10 nm exhibits semicondgrtirehavior and the on-off current
ratio of GNR-based field-effect transistors (FETsjuld reach about 10at room
temperature.[107]

In the past few years, many exciting propertiegy@phene were discovered. For
example, it has a large specific surface area (2/6%™") and extremely high carrier
mobility (200,000 crfiv*s %).[108, 109] The thermal conductivity of grapheses high
as 5,000 WK 1.[110] It only absorbs 2.3% of visible light, whicheans it has high
light transmittance. Therefore, graphene can be tsdabricate transparent conductive
electrodes (TCEs) because of its high conductigitg light transmittance.[111] These
TCEs can be used in solar cells and many othertgatvonic devices.[112] Because of
the large specific surface area and high carridsilityy graphene and RGO are promising
for gas sensors and biosensors.[113, 114] Duestoriique band structure, graphene FET
has been synthesized and investigated. For examaplgraphene FET operated at a
frequency up to 26 GHz has been reported.[115]d@ssivarious composites have been
synthesized based on graphene.[116, 117] For ioestant was reported that
MnsOs/graphene hybrid delivers a high capacity as anamdgerials for lithium-ion
batteries.[118]

RGO is promising for gas sensor applications bex#usre are functional groups on
the graphene basal surface, which could be versitsanto the gas interaction. Research
has been carried out on the use of RGO for detectio/arious gases, such as Nand
NH3.[113, 119] However, its sensitivity is limited atlde recovery time is very long.

RGO was also used for hydrogen gas sensing at teowperature;[120] however, the
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sensitivity is very low. Pd functionalized multijer graphene nanoribbon has been
synthesized and used as ¢hs sensors.[121] This hybrid structure greatlyaseed the

sensing performance compared with pure grapheneadtiition, graphene-based gas
sensors have been reported for detection £8 Hnd ethanol.[122, 123] Nevertheless,
there is still plenty of room for developing newustures based on graphene or RGO

toward gas detection.

1.2.5 Literature review on hybrid nanostructures fa gas sensors

As mentioned above, CNT and graphene are attratmiverarious applications due to
their excellent chemical and mechanical properfiégy have also been used as potential
building blocks of hybrid structures for variouspéipations including gas sensing.
Although bare CNTs have sensing responses to gad¢0piand NH;,[124-128] which
are two typical pollutants necessary to be monitareour living environment and in
industries, the sensing sensitivity and selectiarty limited.

To improve the sensor performance, much effort teently been devoted to
developing CNT-based hybrid structures for gas amsnsAmong the CNT-based hybrid
sensors, CNTs coated with NPs present a new bisgstem which shows enhanced
sensitivity and selectivity to various gases, suh CO,[129] HS,[130] H,[131]
CH,,[132] ethanol,[133] N@[134] and NH.[135] Besides some structural modification
by organic materials,[136] CNTs coated with metalnmetal oxide NPs are the vast

majority of binary systems reported so far becanfsthe beneficial interaction between
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NPs and the CNTs.[56,29, 130, 132, 133, 134-136] The decorated NPs have high
surface-to-volume ratio and act as the attractigena for particular gases, while the
underlying CNTs serve mainly as the conducting aeén Based on studies of binary
CNT-based sensors, carefully introducing anothex on more phases is expected to
further improve the sensing performance due to ftheetional combination of each
component and the potential interaction betweemthdowever, till now, few studies
were carried out on CNT-based sensor systems \githaty or even more phases.
Recently, Ning Du’s group used a layer-by-layereassly method to coat pristine
MWCNTs, forming Sn@AuU/CNTs ternary composites.[24] The as-preparethaty
system showed higher sensing performance to CQoat temperature than Au/Sp@nd
SnQJ/CNTSs.

Generally, a noble metal (e.g., Au, Ag) is introdddnto a semiconducting CNT
system because of its catalytic activity. Somehaflseé metals have beneficial selective
interactions with certain gases. For instance, Anighly active for low temperature CO
oxidization.[137] Two possible sensing mechanismsrewproposed for noble metal
additives, “chemical sensitization” and “electrorsensitization.”[138, 139] “Chemical
sensitization” proposes that noble NPs activatedissbciate the test gas, and the atomic
products diffuse to the surface of sensing semigotwd support (e.g., SnDby the
spill-over effect. Then the atomic products readthwhe negatively charged oxygen
adsorbates, accompanying a concentration changdsoirbed oxygen and hence charge
transfer. The alternative mechanism, “electronicnsgeation,” proposes that a

charge-depletion layer forms around the promoter., (inoble metal) through oxygen
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adsorption, and the oxidation state change of tbenpter directly affects the electronic
state of the semiconductor support, leading toaagé in electrical resistance.

Graphene decorated with NPs is a novel class aofniadd, and it gradually draws the
interest of researchers. Although graphene consigtarbon atoms which are the same as
in CNTs, its 2D structure is quite different frohmat of CNTs. Graphene has even higher
specific surface area than CNTs. However, FET basegraphene has low on-off current
ratio due to its zero bandgap in vacuum. Interghtirdefects on graphene surface can
greatly affect the electronic properties of gramhemherefore, it is possible to tailor
graphene’s electronic property by introducing naystals on the surface and use the
resulting hybrid structures for gas sensing. Swdshowed that hybrid structures
consisting of Pt and RGO have high sensitivity ydrogen.[140] In a few other studies,
NPs were also deposited on graphene for gas seagpigations. For example, gold NPs
decorated RGO was used to deteg® tdnd NG;[141] SnQ NPs were uniformly coated
on graphene, which showed selectivity to propab42] Till now, most of the methods
used for assembling NPs onto graphene surface atehemical methods. And the
research into hybrid structures based on graplensst at the beginning. There is much

room for developing graphene-based hybrid nanastres for gas sensing applications.

1.2.6 Summary and conclusions

In summary, CNTs, graphene, graphene-based mataria nanoparticles are promising

materials in various applications due to their umigstructures and properties. In
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particular, they exhibit significant potential irag sensing applications. However, the
sensing performance is limited when these materdaés used individually. Hybrid
structures combining nanoparticles with nanocanvaterials (e.g., CNTs or graphene)
can dramatically improve the gas sensing performamitie to not only the unique
properties of nanoparticles and nanocarbon magebat also the interaction between
them. Exploration on the use of the novel hybridigures of nanoparticle-decorated
nanocarbon materials for tuning the gas sensinfpymeance is still in its infant stage.
There is significant room in the synthesis of hgbriin a cost-effective and

well-controlled fashion for highly sensitive, sdige, and stable gas sensors.

1.2.7 Research objective and dissertation outline

The main research objective of this dissertaticio idemonstrate the tunability of sensing
performance of gas sensors based on various ndmmrsafe.g., CNTs and RGO) through
decorating their surfaces with desirable nanodesgicSpecific tasks of the study include
fabrication and testing of highly selective and siéve gas sensors based on
NP-decorated nanocarbon materials using two meth@as method is to synthesize NPs
using a mini-arc plasma source, followed ibysitu assembly of the resulting NPs onto
the surfaces of CNTs or graphene. The mini-arcnpéasnethod features a low cost,
minimal contamination, and flexibility in obtainirdesired NPs through tailoring reactor
parameters. Based on this technigue, various NRs Haeen synthesized and

characterized in Chapter 2, for instance, pure,;SAQ, and binary W@SnQ, NPs. The
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resulting NPs wer@ situ assembled onto the surfaces of CNTs or graphemajrig two
different sensing platforms. Chapter 3 presentgitiglof Ag NPs-decorated MWCNTSs
and SWCNTs for selective NHsensing. Chapter 4 describes a new ternary system
combining Ag NPs with SnONPs on MWCNTSs to demonstrate that Ag NPs can éuarth
enhance the sensing performance of MWCNTs/Sséhsors. Inspired from the above
studies, Ag NPs were decorated on RGO as a nowsirgeplatform for NH detection,
which is discussed in Chapter 5. Although the mam-plasma method has many
advantages in fabricating NPs, it is limited in gwoing NPs in terms of material types.
For example, Ru NPs are difficult to be producethwmini-arc plasma because of very
high melting temperature of Ru (2,333). To synthesize NPs that are difficult to produce
using the mini-arc plasma method, a wet-chemicathoe was used with its high
capability in the control of NP size and morpholoBgsed on this method, novel hybrids
of In- and Ru-doped SnONPs on RGO were produced for selective ,N§gnsing in
Chapter 6, together with discussions on possibisisg mechanisms. A summary of the

dissertation study and recommendations for futtudiss are presented in Chapter 7.
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CHAPTER 2 SYNTHESIS OF PURE AND BINARY
NANOPARTICLES

2.1 Experimental methods

Figure 2.1 shows a schematic of the experimentapsevhich is similar to that described
in our previous reports.[11@43] In brief, aerosol nanoparticles were produgsitig an
atmospheric mini-arc plasma source. The bottom @amoadde of graphite is machined to
form a groove to hold the precursor material. Dejoegn on desired products, the top
cathode could be tungsten or graphite. TungstedeoXPs were prepared using a
graphite cathode with no precursor material onlthtom anode. For Ag NPs synthesis,
bulk Ag was used as the source material. Ag nastals are easy to form with fast
cooling which has been studied before.[143] Forepur oxide NPs, a graphite cathode
was used with pure tin (99.998% purity, ESPI mateor SnO (99.9% purity, Alfa Aesar)
as the precursor. For tin oxide and tungsten ozaposite NPs, a tungsten cathode and
pure tin precursor were used. The tungsten catlae polished to remove the native
surface oxide prior to experiments. The arc wagetdrby a commercial tungsten inert gas
(TIG) arc welder (Miller Maxstar 150 STH). An eleastatic field was used to facilitate
the collection of charged particles on substratd8] Since the final product will be used
for sensor applications, the particles should hestatline. Therefore, amorphous NPs
produced from SnO were crystallized through anngailn a tube furnace. The samples
with amorphous NPs were introduced into a tubedcen(Lindberg/Blue M TF55035A-1)

through quartz tubing. All the samples were anrieale400°C. To investigate the effect
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of oxygen on the crystallization process, two défg atmospheres were used, Ar and O

Precursor Ar o Tungsten/Graphite

-| Material ___ Cathode
TIG Graphite
Welder Anode Substrate

+ 0,

= — —
Figure 2.1 Schematic of a mini-arc plasma reaconénomaterial synthesis and the setup for
subsequent assembly of as-produced nanomaterials.

a

To directly synthesize SnQ@rystalline NPs, a modified mini-arc plasma methas
used as shown in Figure 2.2. SnO powder (99.9%ypukifa Aesar) was used as the
source material for SnOsynthesis. SnO was evaporated by the mini-arcnaas
generated between two graphite electrodes, antdatownstream by pure Ar gas. Pure
O, was introduced afterwards and mixed with SnO vapbe mixture went through a
tube furnace with a high temperature (80@00 °C). Crystalline NPs were formed and
collected onto substrate using an electrostatidd figvhich helps the particle
collection,[143] because a fraction of NPs werecteigally charged by the mini-arc
plasma or thermionic emission of electrons fromMiRs surfaces.

The morphology and structure of as-produced NPsewdnaracterized by a
conventional (phase contrast) Hitachi transmissielectron microscope (TEM)

(H-9000-NAR) operated at an accelerating voltage30® kV. High-resolution TEM
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(HRTEM) and selected area electron diffraction (8A\Rvere carried out to verify the
nanostructure of the particles. Scanning electroerascope (SEM) was used to

characterize the morphology of the nanomaterials.

Graphite
Electrode Substrate
10, 950°C

l
T ]

Furnace

Welder

Figure 2.2 Schematic experimental setup for SNP synthesis.

2.2 Results and discussion

2.2.1 Effect of oxygen-to-argon flow ratio (Qyger!Qargon)

Although the reactor pressure was maintained at dtmospheric pressure, our
experiments indicate that oxygen can back flonh®rini-arc region in the reactor from
the inlet of the oxygen gas due to convection aiffligion. This is confirmed by
monitoring a tungsten cathode in the reactor urdiéerent synthesis conditions. The
tungsten cathode surface was polished before aergigon as shown in Figure 2.3. Table
2.1 lists the conditions of a series of experimel@signed for inspecting the influence of
oxygen on the reactor. No precursor was used snsiies of experiments. Only tungsten

cathode and graphite anode were present in théoreadl parameters were fixed except
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for the gas flow rates. The results show that ighér the ratio of Qyged Qargon Used, the
more seriously the tungsten cathode was oxidizeddisated by the color change of the
tungsten cathode surface. As shown in Figure 2itB, thre highest Qyged Qargon ratio of
2.5, the W surface is completely black except ittle ltip area. Because the temperature
around the tip was very high, tungsten oxide ort tiegion of the electrode was
evaporated to the gas phase since tungsten oxig®rizas significantly when
temperature is higher than 730.[30] As the ratio of QygedQargondecreased, the surface
of the W cathode became lighter, indicative of lesslation. With no oxygen introduced
into the system, the W surface has the lowest piitin degree, but the surface was still
oxidized when compared with the initial polishedhdsten likely due to the leakage of
oxygen into the reactor from the surrounding of slggstem as the reactor was not sealed
very well. So it is anticipated that oxygen concatibn is different in the reactor chamber
with different ratios of QygedQargon Which affects the formation and morphology of

nanomaterial products.

Table 2.1 Reactor parameters for preparation ofysiem oxide samples. Same gas flow
parameters were used for synthesis of mixed metdecsamples with addition of Sn precursor,
and for tin oxide samples with Sn or SnO precuraaswith C-C electrodes.

Sample Electrodes Precursor Ar flow 0, flow Flow Current Reaction
rate(L/min)  rate(L/min)  ratio of (A) time (min)
O,/Ar
A W-C NONE 2 5 25 38 5
B W-C NONE 2 3 1.5 38 5
C W-C NONE 3 3 1 38 5

D W-C NONE 2 0 0 38 5
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Figure 2.3Photographs of tungsten electrc (1/16 inch in diameter)lhe leftmost electrode is
polished tungsten electrode before experiment.righe four images are tungsten electrodes
experiments corresponding to samples A, B, C, aiin Table 2.1respectively, as marked in t
images.

2.2.2 Tungsten oxide anoparticles andnanorods (NPs and NRs)

It is possible to fabricate tungsten oxide nanosires even without any precurs
material when using a tungsten cathibecause of the nature of the electrode mate
In the present experimenthe tungstercathodeitself served as the source mate The
tungsten cathode surface was oxidized by the oxygéime reacto and then evaporate
by high temperature generated by the Upon cooling athe low temperature region, t
vapor forms tungsten oxidnanocrystals. Figure 2.4a israpresentativ SEM image
showing an overview of gsroduced NPs. Since the nanocrys arevery small,multiple
bright-field TEMimages witl a higher magnification were takénom each samp (such
as Figure 2.4b). Ae tungten oxide materials that were produckdve differen
morphologies depending on the synthesis parameététis. Qargon Of 2 Ipm, Qoxygen Of 5
IpMm (Qoxyged Qargor=2.5) and a current of 38 Atwo different morphologies of tungst

oxide, NPs as well as NRwgere observed simultaneou in sample A as showrby the
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TEM image in Figure 2.4b. The statistical results MPs and NRs are derived by
counting NPs and NRs that are clearly visible aamhsate in several TEM images. We do
not count within the agglomerated clusters to awailljective judgments and projection
errors. Both SEM and TEM images show that thesdoaggrates contain both rods and
clusters, allowing us to assume that measuremdaigsned from the dispersed particles
are representative for the overall samples. Forpgam, the percentage of NPs is
approximately 82% with about 18% NRs. The size astrNPs was between several
nanometers and 50 nm. Very few larger NPs aboutnib®®ere also found in the sample.
The inset of Figure 2.4b shows the SAED patterthefproduct mixture of NPs and NRs.
The continuous polycrystalline rings of the SAEDttpan clearly indicate that the
particles are crystalline and deposited in randoentations on the lacey carbon support
film. An HRTEM image of one NP is shown in Figurel@ illustrating that most of its
nanovolume consists of an ordered single crysttitda with a partially disordered region
at one end of the particle (bottom right in the g®ma The measured lattice spacings of
0.381 nm and 0.377 nm in the ordered region aragmeement with (002) and (020)
planes of monoclinic W¢) respectively. The defective region is dominatgdoRygen
vacancies in random sites, leading to separatidrr@tation of the sub-blocks of WQn
contrast to the NPs, the NRs appear well ordersalitfinout their volume, as shown in
the HRTEM image in Figure 2.4d. Tungsten oxide ol in this uniqgue NR
morphology has previously been identified as namchiometric monoclinic \W§040.[116]
The lattice spacing of the growth plane in thes@ds NR is 0.378 nm, corresponding to

the (010) plane. This result is consistent with fineing that WgO,49 is most likely to
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grow along <010> direction because of the relagivegher surface energy of the (0:

plane.[116]

Figure 2.4SEM image, TEM imag., and SAEDpattern of tungsten oxide produced w
Qoxyged Qargo=2.5 (sample A inTable 2.). (a) SEM image and (b) Bright field (BF) Ic
magnification TEM image of -produced tungsten oxide. The longagiht edge in image (b)
the lacey carbon film support. The inset in (bASAED pattern of agroduced NPs. (c) and (
HRTEM images of tungsten oxide NP and M

When Qrgon Was maintained at 2 Ig, but Quyygen Was reduced to 3 Ipi
(Qoxygerd Qargor=1.5), larger quantities of NI (about 61% of aproduced nanomateria
were produced as shown in the BFTEM micrograpsample B in Figur@.Ea. Based on
an HRTEM image of the Ns (Figure 2.5p the measured lattice spacings are
consistent with WgOs9. When the parameters of sample Qoxyge=3 IPM and Qargor=3

Ipm (Qoxyged Qargor=1)) Were used in thiNP synthesis, tiny crystalline tungsten ox
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proto-NRs was fabricated. HRTEM image of the NRshewn in Figure 2.5c. The NRs
are 23 nm in diameter and about 5 nm in length. Whepwas further reduced to
zero and @gon Of 2 Ipm (Quyged Qargo=0) Was kept in the system, almost all the tungsten
oxide product in sample D was of NR morphology.rrthe low magnification TEM
image in Figure 2.5d and HRTEM image in Figure 2t5an be seen that the NRs, quite
uniformly distributed on the substrate, have a slsis of 210 nm and a long axis
between several nanometer to tens of nanometer. SKieD pattern in Figure 2.5e
exhibits only two strong diffraction rings, whicheadentified as the (010) plane and (020)
plane of monoclinic WO4e. Similar SAED patterns were observed in otherargjiof the
sample. The lack of reflections corresponding to JW€dggests that all of the
nanostructures formed withoge=0 are oxygen-deficient ¥yOs9 NRS.

Clearly, decreasing the ratio ofyQedQargon l€ads to not only the change in the
stoichiometry of produced nanomaterials from WO W04, but also the transition of
product morphology from NPs to NRs. Since only,g» was changed and all other
synthesis parameters were maintained constargt,réasonable to conclude that oxygen
quantity affects the composition and shape of thedyct nanomaterials from the arc
reactor. In these experiments, the tungsten cathiedé served as the source material.
Tungsten oxide was first formed on the surface wfgsten cathode, and then was
evaporated to the gas phase. According to prestugies, WQ@can sublimate easily at
low temperatures[30] and decompose under high teatyre forming non-stoichiometric
WOs..[144] Crystallization of tungsten oxide occurretiem the vapor was quenched.

Higher QuygedQargon ratio results in more oxygen in the reactor chambeosting the
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nucleation of WQ rather than non-stoichiometric WQand leading to W@®spheres in
the gas phase, consistent with other studies.[14%] However, in a low oxygen
environment, oxygen loss would happen to 3@nd growth of a particular
non-stoichiometric tungsten oxide,; 0,9, is favorable. This x=0.272 sub-oxide phase of
WOs.«x has ordered oxygen vacancies, leading to differemt cell dimensions and
observed lattice periodicities. ¥Da4o prefers growing into one-directional NR in the gas
phase because of the anisotropic property of tiidibg blocks.[147]

The mechanism of NP formation in the gas phaseded nucleation, particle growth,
particle coagulation, and particle coalescence][l45s obvious that there was no
heterogeneous nucleation site around the sourceriaiatTherefore tungsten oxide NP
formation was a homogeneous nucleation and growdhegs, which is consistent with
the earlier study.[146] In our experiments, tungstxide vapor was quenched very
rapidly, leading to a supersaturated atmospheréhdonogeneous nucleation. Then the
particles grew to a larger size through coagulatidthen the concentration of the
condensed material is low, the molecule or NP siolti frequency is low, leading to very
fine NPs. A high quenching rate also can boost NiRs because of short growth time,
which can be evidenced in Figure 2.4c. Both ordened disordered region exist in the
same small NP, which also implies a short growtireti Since Ar flow was used in the
system to dilute and quench vapor, both of the abngchanisms are responsible for the
fine NP formation. A few large particles also fouiria the sample, which is ascribe to the
coalescence growth. Considering the growth mecharfr tungsten oxide NRs, it

appears to be vapor-solid (VS) growth. Vapor-ligeadid (VLS) growth mechanism has
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been used to explain tH¢R formation, which isevidenced by a droplet at the tip
NRs.[148] However, the morpholoc of NRs shown in Figure 2.4drd Figure 2.5

suggestshat there is no droplet or catalyst at NR tip.

Figure 2.5BF low magnification TEM (a) and HRTEM (b) imagek raromaterial produced
With Qoxyged Qargo=1.5 (Sample B irTable 2.). (c) HRTEM image of tungsten oxitproto-NRs
produced with parameterssed for preparing sample C Table 2.1. (d)BF low magnificatior
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TEM image, (e) SAED pattern and (f) HRTEM imageNRs produced with Qged Qargo=0
(sample D in Table 2.1). The lattice spacings emHHRTEM image and the diffraction rings in the
SAED pattern are consistent with,y,e.

2.2.3 Tungsten oxide and tin oxide NP mixture

The mini-arc synthesis system is capable of produtungsten oxide and tin oxide NP
mixtures with pure tin as the precursor and tungsie the cathode. Figure 2.6a shows a
BFTEM image of NP mixtures of tungsten oxide amdaxide synthesized with £gon Of

2 Ipm and QygenOf 5 IpM (Qixyged Qargo=2.5). As shown in the image, the particles are
mostly round with particle sizes between severalonzeters and about 30 nm. A few
large particles with diameters greater than 100were found. Compared with Figure
2.4b (prepared without Sn), the SAED pattern inukég2.6b has diffraction rings
(highlighted in green arcs) corresponding to $(f10) and (101), in addition to rings
(red arcs) from tungsten oxide. Figure 2.6c showsH&TEM image of a Wex NP
which is spherical and has lattice spacings of £.8% and 0.366 nm corresponding to
(022) and (200) planes of monoclinic \A/@espectively. Figure 2.6d shows the HRTEM
image of an NP mixture consisting of a bigger YW®IP (~10 nm) coated with smaller
SnG NPs (about 2 nm in diameter). The EDS spectrumgufei 2.6e) indicates that there
are only W, Sn, and O in the product, confirmingnture of tin oxide and tungsten
oxide NPs. Since W{and Sn were evaporated into the gas phase atthe 8me, a
mixture vapor formed. After reaction in the oxygatmmosphere at a high temperature
followed by crystallization, SnOand WQ NPs form a NP mixture in the gas phase.

Therefore, usually the two types of NPs mixed tbgetwvhen collected onto a substrate.
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These uniformly mixed NPs can be used to produsesgasors with enhanced sensing

performance.[149]
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Figure 2.6 BF low magnification TEM image (a), SApBttern (b), and HRTEM images (c, d) of
tungsten oxide and tin oxide NP mixture. The patenseused here are equivalent to those for
sample Ain Table 2.1 (Qge5 IPM, Qrgor2 IPM (Qxyged Qargo=2.5)), current of 38 Aand 5 min
collection time. (e) is the EDS spectrum of NPswaidn image (a), where C and Cu are from
TEM grid, and Al is from the TEM grid holder.
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When Qgon Was increased to 5 Ipm and other parameters remhaime sam
(Qoxygerd Qargor=1), the aproduced NPs are in random shape and the inteigabkiry
(Figure 2.7a). The resultifgAED pattern (inset of Figure 2.yadicated that mo of the
particles were amorphous, with just a few crystallparticle, as seen from the broi
diffuse rings and few sharp spots. Combined witifTBR characterizatic (Figure 2.7b),
these crystalline particles were determined 1 tungsten oxide (W§X). Thus it can b
concluded that a high flow rate of argon will adig&inder the crystallization of NPs

the gas phasa&ith stronger impact on tin oxide than on tungsigite.

Figure 2.7BF low magnification TEM image (a), and HRTEM ima@@ of NPssynthesizewith
Qoxyge=d Ipm and Qg5 IPM QoxygedQargo=1). The upperelectrode is tungsten and 1
precursor is tin. fie inset in (a) is thSAED pattern.

Several factors should kconsidered for the formation of amorphous NPs.
important factor is the vapor quenching rate. Qberg will saturate the aerosol vap
thereby initiating the crystal nucleation. Furtkeeystal growth and aggregation will for
larger particles and piale cluster.[143, 150]However, if the cooling rate is too fast, 1

vapor would have insufficient time to crystallizadaform lon¢-range order structure
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instead, it is frozen with the disordered status.our experiment, Ar gas carried the
aerosol flow from the arc region toward downstred@@onsequently, the temperature
decreased quickly because of the heat transfeaghrthe tubing. Increasing Ar flow rate
results in a shorter residence time and increasouling rate of aerosol vapor in the
reactor chamber. This means that the quenchingwditdbe too high to form aerosol

crystals, resulting in the amorphous structurerotipct NPs.

Oxygen partial pressure could be another factectfig the formation of amorphous
NPs. Until now, there have been no reports about dwygen partial pressure can affect
the formation or nucleation of oxide crystals, tbe materials synthesized here. Our
experiments suggest that oxygen indeed plays aartant role in the nucleation of oxide
in the gas phase. In the previous section it wasvehthat crystalline tungsten oxide
proto-NRs were synthesized with parameters of sar@p{Table 2.1 and Figure 2.5c) in
the absence of a precursor. However, after addimg in in the system as the precursor,
keeping other parameters the same as sample C,latetgpamorphous materials were
synthesized and tungsten oxide proto-NRs were hsemved. In this case, oxygen
concentration was the same before and after aditiegtin precursor in the reactor
chamber. But when tin was added, it competes fggen with tungsten, and tungsten
oxide got less oxygen than that in the case withioytleading to amorphous particles.
Therefore, oxygen concentration is another impartagpect in the formation of
amorphous phase, which is in agreement with previikerature.[151]

Finally, particle size may also contribute to tlmeoaphous phase. According to the

oxidation study of nano-sized tin NPs, oxidatiomluoed amorphization occurred in
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nanophas tin because of the ultrafine size of the pasiclewas reported that nucleati
of the crystalline oxide on the surface of nanophtas particles seems to be stron
suppressed since long-rangrdering of atoms is hindered by the lattice adigin
accompanying crystallographic imperfecti.[152] In our experiment, tin precursor w
evaporated into vapor, and was oxidized in an eNeafine phase. Consequently, due

the ultrafine size, theesulting material has a high clce of forming amorphous phas

2.2.4 Tin dioxide NPs

To produce pure tin dkide, a graphite cathode was used instead of tengkigure2.8a
shows the BFTEM image of -produced Sn®NPs using pure tin as the precursor.
particle size is less than 20 nm while some padidbrm clusters on the edge of
carbon film. An SAEDpattern of such a particle cluster is showlFigure2.&b. All rings
are consistent with tetragonal siture SnQ, which agrees with previous rep«.[153,

154]

. B &
Figure 2.8(a) low magnification TEM image of tin oxide NPsepared from pure tin wit
Qoxyger=3 Ipm and Qqo=2 Ipm. The current was 25A. (ISAED pattern of the tin oxidNP
clusters shown in (a).
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Interestingly, the particles on the interior of tabon film are amorphous, while the
crystalline particles form clusters attached arotinededge of the carbon film. The reason
of this phenomenon is not clear at present. Furihgestigation is warranted to
understand such a phenomenon. Low degree crystainQ particles have been
fabricated in gas phase condensation processeghby group.[155] Possible reasons for
amorphous NP formation were discussed already. @eve that the clusters were
formed in the gas phase, not as single particleacan on the substrate. To prove this,
we have performed experiments with significantlgueed NP concentration and a small
number of individual crystalline tin oxide particusters was still observed. If these
particles were individual particles before colleati(as-synthesized), they would have
distributed uniformly as single particles. This tpde aggregation in the gas phase has
also been observed by other groups.[156]

Several groups have reported on the use of SnO @scaarsor to produce SpO
because SnO can easily evaporate at relativelytdonperatures.[157-159] We also used
SnO as the precursor to synthesize SN®s with the mini-arc plasma. Compared with
NPs synthesized using pure Sn as the precursoly mare particles were obtained on
the substrate for the same assembly time as showigiure 2.9a. Some NP clusters form
because of the high concentration of particleshia gas phase. Figure 2.9b shows a
magnified view of the image in Figure 2.9a on tbgesof the substrate, and indicates that
the particle size is uniform and less than 10 nigufeés 2.9c and d show SAED patterns

of the particle clusters sitting at the TEM gridhman film edge and right on top of the
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carbon film, respectively. Interestingly, NP clust@re semi-crystalline, but the NPs on
the top of the carbon film are totally amorphousagreement with the result obtained
using tin as the precursor.

Since amorphous Sp@s insulating, it is not suitable for sensing aggions. Upon
annealing in a tube furnace for 1 h at 400 °C ithexi Ar or Q atmospheres, the
crystallinity of the particles was enhanced andakyggen effect on particle crystallization
was confirmed. Annealing in Ar caused the clusté¥&s at the edge of the lacey carbon
film to become more crystalline (Figure 2.9e), auine of the particles on the film
became crystalline (Figure 2.9f). The rings andspothe SAED patterns are all indexed
to rutile SnQ. Further annealing treatment with, @or another 1 h led to a well
crystalline structure as shown in Figure 2.9g andichinvestigate the effect of annealing
gaseous environment, another comparison experimagtcarried out using the similar
parameters (2 h at 40@C) but with argon instead of oxygen. The SAED patein
Figure 2.9i and j show that most particles becamystalline, but the presence of some
amorphous particles was evidenced by blurring efrihgs. In addition, the diffraction
rings are not as sharp as those in Figure 2.9ghasdggesting that oxygen could affect
crystallization in the annealing process. Thereftran the results above, the particles as
produced contain some crystalline SnMut are predominantly amorphous $nO
However, through annealing treatments, the amorpBnG NPs can become crystalline.
Annealing in oxygen atmosphere makes the cryssitin process faster and transforms

amorphous particles into better crystals.
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Figure 2.9(a) and (b) are low magnification TEM images of ¢ixide NPs prepared from Sn
The flow rates are Q4.3 IpM andQago=2 Ipm with a current of 25 A. (c) and (d) SAED

patterns of the particle clusters at the edgethe particles on the carbon film respectively. A
annealing in Ar (I Ipm) with 40°C for 1 h, those SAEDPatterns turned into (e) and (f). Af
another annealing in oxygen (1 Ipm) with 2°C for 1 h they changed to (g) and (h), respectiv
(i) and (j) are SAEDpatterns of another sample prepared with same pheasrbut annealed in ;
(I lpm) with 400°C for 2 hto illustrate the oxygen effe
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To get crystalline SnONPs directly at the collection, a modified minégslasma
setup was used, which includes a furnace in thiesyé-igure 2.2). The results show that
the crystallization of as-produced Sn@Ps is significantly affected by tube furnace
temperature. For a given variables except furnacgpérature, the initial particles are
amorphous with room temperature in the furnacesi®nyn in Figure 2.10a, there is no
clear ring in the SAED pattern of the particlesjelthmeans no crystal forms. Gas phase
condensation method has been used for amorphous §mthesis.[25, 160] Several
reasons are responsible for amorphous phase fammatcording to literatures, such as
guenching rate, oxygen concentration,[151] andafiite particle size.[152] But we
believe quenching rate is too fast for S@por to form crystals in our experiments,
because with annealing in gas phase by a tubedeyniae NPs became crystalline. When
800 °C was used in the tube furnace, the partfdies very tiny crystals, which suggest
that the crystals are at the status of nucleaBonthe SAED pattern shows thin and weak
rings (Figure 2.10b). With further increasing temgtere to 900 °C, the SAED pattern of
the particles is clear and the rings are much €manphich means relative bigger
crystalline particles formed (Figure 2.10c). 1,0@0was also used for particles synthesis.
From SAED pattern in Figure 2.10d, the particleseren better for crystallization. Both
SAED patterns (Figure 2.10c and d) are from rudthetctured Sng which is consistent
with other reports.[13, 29.61] Figure 2.10e and f are bright field TEM and THER/
images of NPs synthesized with annealing tempexaii®00 °C. As shown in the images,
the particles distributed uniformly and with songgl@meration. The single crystal size is

about 5 nm and the lattice fringe of 0.335 nm deied as (110) planes of rutile SnO
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Figure 2.10 (a-d) are SAEpatterns evolution of Sr, NPs synthesized by modified n-arc
plasma method with different furnace temperatueg.apd (f) are TEM and HRTEM images

SnQ, NPs synthesized with 9 °C of furnace temperature.

2.2.5 Silver NPs

Noble metal materials NPlike Ag, also can be produced using a nani-plasm source
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with both electrodesnade ofgraphite. A low magnificatiomEM image of a-produced
Ag NPs isshown in Figure 2.7a. The NP sizes are in the range 1@ nnm with good
uniformity. The continuous rings irthe SAED pattern (Figure 2.1) show gooc

crystallinity of the NPs and they are indexed to (111), (20@0)2nd (311) planes of

Figure 2.11Low magnification TEM image (a) arSAED pattern (b) of aproduced Ag NPs. (c
and(d) HRTEM images of Ag NPin the synthesis process, the flow rates asg,6=0 Ipm and
Qargor=3 Ipm with a current odC A.

nanocrystal from the center ring outwards. Some aliRgegatetogetheron the carbol
film support as shown in Figure 2.11c. There are possible reasons for this. One is 1
the particle collision in the gas phase becausamdom motion. The otherason is the

relatively longdeposition time. With long time deposition, the neaming NPs ma



41

deposit on top or next to previous ones, formingdi&ns. All individual particles have a
spherical shape because of homogeneous growtle igas phase. The lattice spacing of
0.235 nm from (111) plane of crystalline Ag candeen clearly in the HRTEM image of

Figure 2.11d.

2.3 Summary and conclusions

Several types of nanomaterials, including silvesNiBngsten oxide NPs, tungsten oxide
NRs, tin oxide NPs, and mixture of tungsten oxidel din oxide NPs, have been
synthesized using a mini-arc plasma source. Thasematerial products can potentially
be used for gas sensing applications. Oxygen wasdfdo be present in the mini-arc
plasma reactor through convection and diffusionmwbrygen was used as an oxidant to
synthesize oxide particles. And the amount of oryigethe reactor significantly affected
composition and morphology of product nanomateridlsan oxygen environment
produced more WOs9 NRs using tungsten cathode as the source matetide
amorphous particles were synthesized with a higbraflow rate and the presence of a
precursor material. Possible reasons for the amoiplparticle formation include high
guenching rate, low oxygen partial pressure, ardhfine particle size. Annealing in
oxygen atmosphere can more efficiently transformommmous tin oxide NPs into
crystalline ones than in argon atmosphere. Thidysprovides a thorough understanding
of the nanomaterial synthesis process using a anmplasma source and also sheds light
on gas-phase nanomaterial synthesis in gener#. dnticipated that results from this

study can be used to tailor reactor parameterddsired nanomaterial products.
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CHAPTER 3 SILVER NANOCRYSTALS -DECORATED CNTs
FOR AMMONIA SENSING

3.1 Experimental methods

3.1.1 Material synthesis and characterization

To synthesize hybrid structures of Ag nanocrystielserated carbon nanotubes
(MWCNTs/Ag, SWCNTs/Ag), Ag nanocrystals (NCs) wemeduced by physical vapor
deposition using a mini-arc plasma reactor.[147 Thini-arc plasma was generated
between two carbon electrodes, and small piecég¢purity: 99.999%) cut from an Ag
wire were used as the precursor material. Aftema&g vaporized by the mini-arc plasma
source, the Ag vapor was carried by an Ar flow (8] downstream and quenched
through natural cooling in the copper tubing tomioAg NCs in the gas phase. The
as-produced Ag NCs were directly deposited onto €Nl gold electrodes using an
electrostatic force-directed assembly (ESFDA) psedé62] After deposition, the
CNTs/Ag hybrid sensor was annealed at 2D@or 1 h in Ar flow (1 Ipm) to improve the
contact between Ag NCs and MWCNTSs.

The morphology and crystal structure of the MWCNG/WP hybrids were studied
with an SEM (Hitachi S4800) and an HRTEM (HitachPBO0-NAR) with 0.18 nm point

and 0.11 nm lattice resolution when operated acaelerating voltage of 300 kV.

3.1.2 Sensor fabrication and structural characteriation

Sensor devices were fabricated using a similargg®a@s reported before.[163, 164]
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Interdigitated gold electrodes with finger widthdaimter-finger spacing of 2 um and a
thickness of 50 nm were fabricated using e-beamditaphy on a silicon substrate with a
SiO, thin top layer. To bridge the gold electrodes WitilVCNTs, MWCNTs (20—30 nm
in diameter, Alpha Aesar) were first uniformly disped inN,N-Dimethylformamide
(DMF) by ultrasonication. Then a tiny drop (1 pf)MWCNTs suspension was drop cast
on the gold electrodes. After DMF evaporated, MWGNere left, connecting the gold
fingers. The amount of MWCNTSs on gold electrodes ba controlled by adjusting the
dispersion concentration. With a low concentrationly a few MWCNTs were found
bridging the gold electrode fingers. Further animgatreatment at 208C for 1 h in Ar
flow (1 Ipm) was carried out to remove the residDMF and to improve the contact
between MWCNTs and gold electrodes.

Semiconducting SWCNTs (s-SWCNTs) were assembledodah electrodes using a
dielectrophoresis process.[165] An arbitrary waueféunction generator (Keithley 3390)
was used to supply the ac voltage. First, s-SWQMTNanotubes-S, 98%, 0.01 mg il
Nanolntegris) was diluted in DI water and sonicaf@d10 min, forming a 0.2 pg il
uniformly distributed dispersion. Then a 3 pl detpbf the dispersion was drop cast on
the electrodes. An ac voltage of 2 V (sine waveg &iequency of 1 MHz was applied to
the electrodes for 3 min. After the dielectroph@ethe electrode was rinsed with DI
water and dried with an air gun. A further annegtiratment at 358 for 1 h in Ar flow

(1 Ipm) was carried out to improve the contact leetws-SWCNTs and gold electrodes.
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3.1.3 Ammonia sensing measurements

A sensor was placed into an air-tight sensing ¢eaimber with electrical feedthroughs
(Figure 3.1). A constant dc voltage was appliethtelectrodes bridged by CNT/Ag NP
hybrids. Ammonia was detected by monitoring andming the change of electrical
current passing through CNTs using a Keithley 260@rce meter (Keithley, Cleveland,
OH). One typical sensing test cycle has three nantis sequential steps: First, a clean
dry air flow (2 Ipm) was introduced into the semsithamber as a background. Then, a
test gas of Nkl diluted in air was injected into the chamber wiite same flow rate (2
Ipm) to register a sensing signal. Finally, a clelay air flow (2 Ipm) was introduced
again for sensor recovery. Multiple testing cyclesre performed by continuously
repeating the same test for several times. Theerdration of NH was varied between

0.125% and 1%.

Sensing test Chamber
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Figure 3.1 Schematic experimental setup for sensiegsurements.
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3.2 Results and discussion

3.2.1 MWCNTs/Ag hybrid ammonia sensors

Figure 3.2a shows the SEM image of a typical MWCAJTNP hybrid bridging a pair of
gold electrode fingers in a realistic sensor devid¢ee two gold electrode fingers acted as
source and drain electrodes during the electriedgurements, and the MWCNT/Ag NP
hybrid was the conducting channel as well as thigeasensing material. Since MWCNTSs
have relatively larger diameters than SWCNTs, tbesistance of MWCNTs is low.
MWCNTs typically show more metallic behavior thaWWSNTs because of the
decreasing energy band gap with the increasingetenfil63, 166] In this study, a small
number of MWCNTs was used. Figure 3.2b is a clgsedaw of the MWCNT/Ag NP
segment boxed in Figure 3.2a, showing the detailetphology of the MWCNT/Ag NP
hybrid structure. A TEM image of the hybrid strugtus shown in Figure 3.2c. It is
evident that Ag NCs decorate MWCNTs in a non-cardirs manner, and the NCs
distribution is quite uniform. The size of Ag NGages from several nanometers to about
10 nm. The inset in Figure 3.2c shows an SAED patiéthe hybrid proving that the Ag
nanoparticles are crystalline. Besides the innermiog, which belongs to MWCNTS, the
other four bright rings are indexed to cubic fcdl(l (200), (220), and (311) lattice
planes of Ag metal from the inside to the outsiti¥3] Figure 3.2d shows an HRTEM
image of an individual MWCNT decorated with Ag NO$ie measured lattice spacing of
0.235 nm for the NCs corresponds to (111) planAgfThe smaller nanoparticles are
single crystal, the larger ones exhibit stackingtéaoften seen in colloidal gold and silver

NCs. In addition to the rounded edges, the naniofest have some flat facets
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corresponding to the most densely packed {111}asgrfplane terminatio.

Figure 3.2 (3 SEM image of a single MWCNT decorated with Ag N&snecting two gol

electrode fingers. (b) SEM image of the ered view of theMWCNT/Ag NF structure as
marked in (a). (c) TEM image MWCNT/Ag NP hybridstructures. The inset is SAED pattern
of the hybrid demonstrating Ag crystallinity. (d)RAEM image of MWCNT/Ag NF hybrid

nanostructures. Thaset is the enlarged view of Ag structure as maudee the Ag NC

Figure 3.3ashows thel-V characteristics of MWCNTs before and after Ag I
deposition. The straight line(linear I-V relation) indicate that the contadietween the
MWCNTs and the golcelectrodes are Ohn, which is consistent with our previo
report.[163]In our experiments, annealing treatment at °C for 1 h in Arflow was
performed after thMWCNT deposition to improve the electrical conta&scording tc

the literature,[1L67]MWCNTs show more metallic behavior than SWCNTs, ahd
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outermost shell of MWCNT is responsible for thecalieal transport. Therefore, even
with a smaller contact area compared with the dsedditional Pt or Au deposition to
enhance the CNT-electrode contact, charge carcansstill flow smoothly between
MWCNTSs and gold electrodes after the annealing.

Therefore, the Schottky barrier (SB) between the GNT and the electrodes was
minimized in our sensor and the main mechanismeasisg is a direct charge transfer
between the adsorbed gas molecules and the MWCNT468] Based on the
measurements, the resistance of bare MWCNTs is kQ.,4indicating typical good
conductance of MWCNTs. After Ag NPs deposition ba MWCNTs and annealing in an
Ar atmosphere, the resistance of MWCNTs decreased talue of ~3.1 ®. Knowing
from microscopic images that Ag NPs do not fornetiobnnected conducting pathways
along MWCNTS, it is logical to attribute the deeadn resistance to a net charge transfer
between the Ag NPs and MWCNTSs. It is well knownttAg is a catalytic material and
can dissociate and chemisorb i@ the presence of oxygen molecules under atmosphe
conditions.[16] Thus, nano-scopic electron depfeiiones form around Ag NPs because
of surface oxidation, which gives rise to so-calleaho-Schottky barriers. The work
function of these regions (5.4 e¥.6 eV) [169] is higher than those of MWCNTs (4.7
eV-4.9 eV) [16] which allows a net electron transfer from MWCN®sAg NPs and
causes a decrease in the electrical resistancé.[170

Ammonia sensing tests were performed in an ait-tifamber at room temperature.
A constant dc bias of 2 mV was applied betweersthece and drain electrodes, and the

current passing through the MWCNTs/Ag was recordedshown in Figure 3.3b, theV
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characteristics of the sensor exhibit linear betrabioth in the airflow and in the NH
flow, indicating that the Ohmic contact between liybrid and the gold electrode is not
disturbed by the gas flow. The lineg#V curve in NH flow (dashed red line) has a
smaller slope than that in airflow (solid blue lnéndicating the resistance of the
MWCNT/Ag NP hybrid increased after exposure to ;Néle to the gas molecule
adsorption and a net charge transfer between gécuates and the hybrid. To compare
the sensing performance of MWCNTs before and afgr NPs deposition, bare
MWCNTs were tested first against NHThen the same sensor was tested again after
being coated with Ag NPs. The dynamic response ath bbare MWCNTs and
MWCNT/Ag NP hybrids to 1% NKis shown in Figure 3.3c. The sensitivity (S) is
defined as\R/R = (R-R)/R, where R is the average sensor resistandiair before test
gas exposure, whilegRs the sensor resistance after exposure to a&sstFrom Figure
3.3c, it can be seen that a maximum sensitivity 228% is achieved for bare MWCNTSs
with 10 min exposure to 1% NHFor MWCNT/Ag NP hybrids, however, the sensitivity
is ~9.0% with the same exposure time, and it remet®0% instantly. This sensitivity of
MWCNT/Ag NP hybrids for 1% Nkl exceeds that of Ag mesowire arrays for ;NH
sensing, which showed ~5% response tg; Midh >1% concentration.[171] For Ag film
prepared with the same method as Ag mesowires, sdmsitivity was <5%.[171]
Therefore, the MWCNTs/Ag sensor has high sensjtitatvard NH, and Ag NCs play a

critical role in enhancing gas sensitivity.
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Figure 3.3(a) I-V characteristics of MWCNTs before and after Ag Nfezoration. (b)l-V
characteristics of MWCNT/Ag NP hybrid sensors irflaiv and in 1% NH flow. (c) The room
temperature dynamic sensing resporsB/R) before and after Ag NPs decoration. (d) Five
sensing cycles of the MWCNT/Ag NP hybrid sensot% NH;, indicating a good stability.

The sensing mechanism of MWCNT/Ag hybrids was stddiPrevious theoretical
studies showed that Nhhteracts weakly with pristine CNTs with little @tge transfer, in
agreement with the low sensitivity results in twsrk.[168, 172, 173] Therefore, the Ag
NPs could strengthen the MiHdensing performance of the hybrid structure byngcas
the dominant active adsorption regions for ;R our hybrid sensor. For atmospheric
pressure and room-temperature operation of suamsos it is important to consider the
effects from oxygen, especially because silver isemiprecious metal. Based on the
literature, oxygen molecules can be dissociatedaaisdrb on a clean Ag surface resulting
in an oxide monolayer structure.[174] An extra riegacharge is taken by the oxygen
because the electro negativity of oxygen is highan that of Ag.[175] These oxygen

ions lead to electron depletion regions (nano-Skixdbarrier) at the Ag NP surfaces,
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providing more effective adsorption sites for ammorSince the electron affinity of
silver (2.6-2.5 eV) is high, NH (electron donor) is more likely to interact witlg Atoms

on the oxidized Ag surface.[175] Thus, the oxidatgiate of Ag was reduced by the
charge transfer, which leads to the electronicestiange and a conductance change in
the MWCNTs channel, which is called “electronic s&mation.”[138] Since the
MWCNT is a p-type semiconductor in atmosphere,di@ge transfer from Ag into the
MWCNT causes depletion of holes in MWCNTs and aaoréase in the electrical
resistance.

For gas sensors, sensing response time is one ghdist important properties. We
have extracted the sensing response time of owosday defining the response time as
the time needed for the sensor to change over 63R%e maximum sensitivity
(corresponding to one time constant in a first-ordgnamic system). An analysis of
Figure 3.3c shows that the response time for theQWs/Ag hybrid sensor is ~7 s. It is
comparable with that of an Ag mesowire Ngnsor (~5 s) for gas concentrations above 1%
[171]. It is also comparable with the ultrafast room-tengpure NH sensor made of
reduced graphene oxide (RGO), which has a respaonseof ~10 s.[176] But the RGO
sensor has to be gated with a positive voltage, (€49 V). Otherwise, the response is on
the order of minutes.[177, 178] In contrast, thepomse time is ~344 s for the bare
MWCNTs sensor. So it is clear that Ag NCs dramdltidenprove the sensing response.
MWCNTs have very high carrier mobility (>100,000 %¥%s),[179] and the electronic
state of MWCNTs would change rapidly with the cheangf the Ag oxidation state

(Otherwise, the response for any gas is slow). &fbes, the response time could be
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mainly determined by the charge transfer betweengds molecules and Ag NPs. The
fast response of our sensor suggests that &diH easily adsorb on an Ag surface with a
fast charge transfer. This also can be evidencedl t@jatively flat response plateau after
the rapid increase upon gas exposure, indicatiagttite Ag surface are saturated with
NH3 molecules after a short period of time.

The sensor recovery process was carried out iradryrrom Figure 3.3c, it can be
seen that the sensor can recover to the initige st&hin 5 min. We have analyzed other
sensing cycles, and the average time for full recpwas about 7 min, which is much
shorter than that (12 min) of the positively-gaR0O NH; sensor.[176] For an RGO
without a positive gate, it will take hours or dagscomplete the full recovery.[177, 178]
Here, we defined the recovery time as the time egdor the sensor to recover over 63.2%
of the maximum sensitivity. According to the datealgsis for our sensor, the recovery
times are ~15 s and ~410 s for the MWCNT/Ag NP td/kand bare MWCNTSs,
respectively. Generally, it takes a very long tirfraore than overnight with our
experiments) for the CNTSs to recover to its inigtte at room temperature, which could
be attributed to the high binding energy between Nidlecules and CNT defects and the
adsorbed oxygen.[168, 172] However, in the MWCNT/MB hybrid sensor, Ag NPs
could occupy these sites and become the dominaénging element. The fast recovery
speed suggests that the desorption barrier on theutface is low for Ngimolecules,
probably because of the low binding energy. Toythé stability of the MWCNT/Ag NP
hybrid sensor, five sensing cycles (as shown imurfeid.3d) to 1% NEwere performed

at room temperature. The sensing behavior appeéessrgpeatable.
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Figure 3.4a shows the dynamic responsB/R) of the MWCNT/Ag NP hybrid
sensor when exposed to different concentrationsofQYHs. The sensitivity increases
monotonically from ~5% — 9% with increasing gas aamtrations from 0.125% — 1%.
Figure 3.4b plots the derived sensor responsefasciion of NH; concentrations. It can
be seen that the sensor sensitivity increases lyapiien the gas concentration is
relatively low. At higher gas concentrations, itcbmes saturated probably because of
lacking Ag surfaces for further gas adsorption.sTtuirve can be well described by the

following equation:[180]

wherea = 0.1115, which is a constant without unit, ghd- 1.7148x10, which is a
constant with the same unit as concentration (%@ [lihear fitting of 1/S versus 1/C is
shown in the inset of Figure 3.4b, which can belarpd with the Langmuir
isotherm.[180, 181] When the concentration is ia kbwer region (about <0.4% in our
case), the equation could be simplified as Sof)(x C, which suggests that the
sensitivity and the concentration have a linearati@hship. Meanwhile, high

concentrations of ammonia tend to lead to a sadna@sponse behavior.
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Figure 3.4(a) The dynamic responsaR/R) of theMWCNT/Ag NP hybrid sensor when exposed
to different concentrations (C) of NHb) Curve fit of the sensor respona®(R) as a function of
NH; concentration. The inset is a linear fitting 08 IRAR) vs. 1/C.
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Selectivity is also an important property of a gassor. To understand the selectivity
of our sensor, we measured the sensing responge cfame MWCNT/Ag NP hybrid
sensor to several other gases, including reducemeg such as,Hand CO and an
oxidizing gas such as NOThe sensing test cycle is the same as that ofumieg NH.

Our results show that the MWCNT/Ag NP hybrid serisas excellent selectivity to NH
among all test gases. As shown in Figure 3.5, ens@ has negligible response to both 1%
H, and 100 ppm CO. This result indicates that;NdHreferable for our MWCNT/Ag NP
hybrid sensor among common reducing gases, whitlasaelectron donors. Nitrogen
dioxide is an oxidization gas and an electron ameefphe sensing response to 100 ppm
NO, shows that the resistance of the MWCNT/Ag NP hylsensor decreases, suggesting
a charge transfer from the hybrid to N@olecules. The sensitivity gradually increased to

an absolute value about 4% within 10 min expostire@n temperature.
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Figure 3.5 Comparison of sensing response to vaigases.
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The reliability of the MWCNT/Ag NP hybrid sensor svatudied by comparing its
original sensing performance with its performanéerafour-month storage in air. As
shown in Figure 3.6, the sensor still responded teglard NH; with slight degradation
after four months, which indicates that the sensorelatively stable in air. The same
sensor after four-month storage was also testemhstgaifferent concentrations of NH
The result (Figure 3.7) shows that the sensor edectla concentration as low as 10 ppm,
and the sensitivity gradually increased with insieg NH; concentrations ranging from

10 ppm to 10,000 ppm (1%).
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Figure 3.6 Comparison of sensing performance towl& NH; before and after four-month
storage in air.
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Figure 3.7 The dynamic sensing response of MWCNTNRY) hybrid sensor after four-month

storage in air when exposed to different conceintnatof NH,. The concentration unit of NHs
parts per million (ppm).

3.2.2 SWCNTs/Ag hybrid ammonia sensors

Based on the study of MWCNT/Ag NP hybrids, Ag caandatically enhance the sensing
performance of MWCNTs. However, MWCNTs exhibit mormetallic than
semiconducting behavior. It is well known that seoniducting SWCNTs have excellent
FET properties, and a small electron transfer ieduby gas adsorption can cause a
significant change in charge carrier concentratbr8WCNTs. Therefore, SWCNT/Ag
NP hybrids are expected to have even higher seitgiind SWCNT/Ag hybrids were

synthesized for ammonia detection in this study.

After SWCNTs were assembled on the electrodesmitiphology of SWCNTs was
characterized by SEM. Figure 3.8a shows an SEM éntddypical SWCNTs bridging a
pair of gold electrode fingers in a sensor devidee SWCNTs were also characterized

using HRTEM (Figure 3.8b), which shows that thed&CHNTs are about 2 nm in
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diameter as indicated by the red arrows. TH\é characteristic of SWCNTSs is shown in
Figure 3.9a, and the slightly non-linear curve ilelly due to the Schottky contact
between the semiconducting SWCNTs and gold eleescodhe work functions of
SWCNTs and gold are 4.5 eV and 5.3 eV, respectiiMég] The difference of the work
functions between SWCNTs and gold electrodes caaksdron transfers across the
interface, leading to an electric field formatioro@nd the interface thus a Schottky
barrier (SB). The resistance of the device isx918 Q. The FET characteristic indicates
p-type semiconducting behavior and a very high fireorrent ratio (80.5). The device

could be completely shut off at a gate voltageoWV2Figure 3.9Db).

Figure 3.8 (a) SEM image of SWCNTs bridging a gellectrode gap and (b) HRTEM image of
SWCNTSs.
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Figure 3.9 (a)-V and (b) FET characteristics of bare SWCNTSs.
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Figure 3.10 shows SEM images of SWCNTSs beforeadtedt A NP decoration. It is
evident that the Ag NPs distribute homogenouslyarnily on the surface of SWCNTSs.
The dynamic sensing responses for SWCNTs beforeafted Ag NP decoration are
compared in Figure 3.11a, and the results demdastinat the sensitivity of SWCNTs
decreased dramatically from 3.18 to 0.36 after Agedeposition for 15 min, which is
opposite to the sensitivity enhancement of Ag NRP8MWCNTs. Calculations have been
carried out to predict the interaction betweenaasigas molecules and the sidewalls of
pristine SWCNTs, and some molecules, such as, Neract weakly resulting in a
minimum electron transfer with the nanotube sidémfal73] However, experimental
observations indicated a significant charge transten ammonia to SWCNTs.[126] A
desorption energy of about 1 eV/molecule was foiomd\H; due to the defects on the
sidewalls of SWCNTs.[183] Therefore, the defecésiseem more active than pristine
sidewalls and contribute significantly to the olveer sensing response. Figure 3.11a also
demonstrates our SWCNTs have a significant resptoveard 1% NH likely due to the
defects on the sidewalls. However, the Ag NP ddjoosieads to a decreased sensing
response of SWCNTs, which can be attributed to &spects. One is that the AH
binding energy on Ag NPs (0.36 eV)[184] is loweairttthat on defect sites (0.53 eV)[185]
and the other is that some of the defect site®erapied by Ag NPs so that the number
of adsorption sites on SWCNTSs is reduced afterAgeNP deposition. Therefore, less

electron transfer occurs from Nkb SWCNTs through Ag NPs after adsorption, leading
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to less reduction in the charge carrier concewtnaitn SWCNTSs, thus less change in the

electrical conductance.

Figure 3.10 SEM images of SWCNTs before (a) aner dff) Ag NPs deposition.
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Figure 3.11 (a) Room-temperature dynamic sensisgoreses of SWCNTs before and after Ag
NPs decoration when exposed to 1% NHb) Dynamic sensing response to 1% ;Nbr bare
SWCNTSs sensor with low SWCNT loading density.

The effect of Schottky barrier at the interfacegold electrodes and SWCNTs on gas
sensing has been measured and it was found than&Hilation dominated the gas
sensing performance at room temperature.[168] Thek iunction of Au electrode is
reduced when NEImolecules are adsorbed on the SWCNT/Au interfadeen the
electric field at the interface is changed, leadmgn increase of SB. However, there was

also study reporting that the SB has a negligitffece on the conductance change of
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SWCNT networks for NElsensing.[185] In this study, we used SWCNT netwankthe
sensors, and both the SB- and gas-induced eletttnsfer between SWCNTs and NH
molecules is responsible for the sensing signatd&Binated sensor typically features
long recovery time and more signal noise.[168] Hesve our sensing signal is quite
smooth and the sensing response recovered fasigftdP-decorated SWCNTSs sensors,
which suggests that the electron transfer mechadisminates the sensing performance

for our sensors.

According to a previous report, when a small fl@aet(~2%) of carbon atoms in
SWCNT were oxidized to introduce defects, the chammgnsfer increased by 1,000%
upon gas adsorption.[172] This indicates that allsmenber of defects can significantly
modulate the gas sensing performance of SWCNTHyltkee to the high binding energy
on defect sites and high semiconducting properiywéver, the defects in MWCNTs
cannot obviously enhance the sensitivity whicheffected from our experimental results
that MWCNTSs have a low sensitivity for both hliind NQ.[186] An adsorption energy
of 0.173 eV was reported for NWbn MWCNTSs,[187] which is much lower than that on
Ag NPs (0.36 eV). Therefore, the Madsorption capability on MWCNTSs is enhanced by
Ag NPs deposition. Thus, Ag NPs on MWCNTs can enbaihe sensitivity, which is

opposite to Ag NPs on SWCNTSs.

Fortunately, the response time and recovery of $NéCNT sensor were both
improved by Ag NP decoration. Based on the analyke response times are 210 s and
12 s for bare SWCNTs and SWCNT/Ag hybrids. Themféyg NPs definitely improved

the response speed of SWCNTSs, which is consistéht MWCNT/Ag hybrid sensors.
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For the sensor recovery, the binding energy o NRlbare SWCNTSs is sufficiently high
so that the adsorbate remains attached to SWCNiTs feery long time in normal
atmosphere.[188] To further prove this, anotherganmvas assembled and tested against
1% NH; using the same process (Figure 3.11b). The sdrabra significant response
under exposure to Ny However, the recovery was negligible in air floaven after
several days, there was still no obvious recovéypically, ultraviolet light can be used
to accelerate the desorption of adsorbates.[189hik study, because Ag NPs occupy
defect sites on SWCNTs and become dominant acttes, ghe desorption energy is
dependent on the Ag surfaces. According to ourrdteal study, low binding energy
was found for NH on Ag surfaces,[184] resulting in a low desorptimarrier and thus
fast recovery. Therefore, the SWCNT/Ag hybrid sensgovered to its initial status in a

few minutes (Figure 3.11a).

Based on our results, the sensitivity of SWCNTs wagificantly influenced
(reduced) by the surface occupation of Ag NPs. Orthér investigate the effect of Ag
loading densities on the sensor performance, th&irsg responses were measured for one
sensor with two different Ag loadings of 5-min alistmin deposition time, respectively.
Figure 3.12 shows the SEM images of devices wifferdint Ag NP loadings. The
loading density obviously was increased with londgposition time. The images indicate
that Ag NPs distribute uniformly over the entirerfase of SWCNTs. The dynamic
sensing responses, shown in Figure 3.13a, indibatesensors with a higher loading
density of Ag NPs have lower sensitivity but impedwecovery, which is consistent with

the trend of the SWCNT sensing with and without MBs. It is also evident that the
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defects on the sidewalls of SWCNTSs play a significale in the sensing response. With
a higher density of Ag NPs, more defects are oexlpind a lower sensitivity results.
Here, the response times are 3 s and 6 s for SW@iBed with Ag NPs of 5-min and
15-min deposition time, respectively, which furthmnfirms the fast sensor response

after the Ag NPs deposition.

(R

Figure 3.12 SEM images of SWCNTs coated with dififerloadings of Ag NPs: (a) low loading
with 5-min deposition of Ag NPs and (b) high loagliwith 15-min deposition of Ag NPs.
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Figure 3.13 (a) Dynamic sensing evolution of SWCNigh different Ag NP loadings. (b)
3-cycle sensing performance of SWCNT/Ag hybridswig NPs deposition time of 15 min.

Although the sensitivity (0.83) for Ag NP loadirg 15-min deposition decreased
greatly compared with that (3.5) of 5-min Ag NP dsition, it is still much higher than
that (0.09) of MWCNT/Ag hybrid ammonia sensors with similar Ag loading

density.[184] This can be explained by the intenslectrical behavior of MWCNTSs and
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s-SWCNTs. Compared with MWCNTs, s-SWCNTs show d&oel semiconducting
behavior and have a much lower charge carrier ghatencentration. Therefore, the
Fermi level shifts caused by the electron transéerespond with a substantial change of
charge carrier densities in SWCNTs and thus a fa&gnit change in electrical
conductance. However, MWCNTSs exhibit more metdikhavior, and the same electron
transfer does not lead to a substantial changkerdénsity state at Fermi level and thus
the charge carrier concentration.[126] To study #t&bility of SWCNT/Ag hybrid
sensors, three-cycle sensing performance was nezh$ar 1% NH using the same
sensor with Ag NP loading of 15-min deposition (ki 3.13b). The sensing responses

are quite consistent and repeatable.

To further investigate the influence of defectstlom sensing performance, SWCNTs
were decorated with SRNPs synthesized by a physical vapor depositiorhatketising
a mini-arc plasma as the source as described ipt€h&. Figure 3.14 shows SEM
images of SWCNTs with and without Snp8Ps. The sensing response of SWCNT/SnO
hybrids was measured for 1% RhlENd the result indicates that SNOPs also reduce the
sensitivity of SWCNTSs (Figure 3.15a), which is sotprising because Sp@ relatively
insensitive to NH[186] The defect sites on SWCNTs are occupiedhgy $nQ NPs,
leading to the significant decrease in sensitivihO, is another pollutant that bare
SWCNTs are very sensitive t0.[126] We also fourat tBnQ NPs are sensitive to NO
and can enhance the sensitivity of MWCNTSs.[186] ldoeer, according to the sensing

response in this study, the sensitivity of SWCNTgrs lower than that of bare
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SWCNTs (Figure 3.15b), which suggests the adsormitergy of NQ on defects is also

higher than that of N©on SnQ NPs.

Our sensing results also show that SWCNTs arengitbee to B and CO. Figure
3.15c shows the dynamic sensing response of SWE&NTard 100 ppm CO and 1%;H
and there is no response upon exposure to thegéssis (Figure 3.15c). When the
SWCNTs are decorated with Sp@Ps, a response occurs with an increased reséstanc
(Figure 3.15d), indicating the electron transfeirisn gas molecules to p-type SWCNTSs.
Here, the SNn@NPs serve as the active sites to interact wighahtl CO, which agrees

well with our previous report.[164]

Therefore, we can conclude that the defects on STéCide very sensitive to NH
and NQ. The binding energy between the defects and/NB, is much higher than that
between NH/NO, and Ag/Sn@ NPs, resulting in decrease in sensing respondéHpo
after the NP deposition on SWCNTs. However, foregabat SWCNTSs are insensitive to,

such as hland CO, the active NPs on SWCNTs can enhancestisgng performance.

R Wik B M it ——— . | it e o B e

Figure 3.14 SEM images of SWCNTSs between a golctrelde gap before (a) and after (b) $nO
NPs deposition.
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Figure 3.15 Room-temperature dynamic sensing evolaif SWCNTs before and after Sn8Ps
decoration to (a) 1% Nand (b) 100 ppm N©O Dynamic sensing response of (c) bare SWCNTs
and (d) SWCNT/Snohybrids to 100 ppm CO and 1%.H

3.3 Summary and conclusions

We have demonstrated fabrication and applicationCBT/Ag hybrid structures for
room-temperature Nigas sensors. The as-produced MWCNT/Ag hybrid gestsowved
much higher sensitivity than MWCNTs alone. Fastsgemn response and recovery were
also achieved by the deposition of Ag NPs on MWCNIBe Ag NPs work as the
dominant active sites for NHadsorption in the sensing process. A net chamyester
from NH; to Ag quickly occurs after adsorption. The hybs&hsor also has an excellent
selectivity to NH because it prefers to respond to Nhstead of reducing gases such as
H, and CO. For ammonia sensors based on semicond MCNTs, Ag NP deposition
leads to decreases in the sensitivity of SWCNTs tdustronger binding between gas

molecules and defects on the SWCNT surface thanbitaveen gas molecules and Ag
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NPs. Compared with MWCNT/Ag hybrids, SWCNT/Ag hywi have much higher
sensitivity due to the excellent semiconductingperties of SWCNTs. The change in the
charge carrier concentration of SWCNTs caused bydlectron transfer between gas
molecules and SWCNTs results in a significant Fetfmiel shift of SWCNTSs,
corresponding to a significant change in the chaayeier concentration. Like Ag NPs,
SnQ, NPs decoration also reduces the sensitivity of SM&Cfor both NH and NQ,
again confirming a high binding energy between SWC&urface defects and gas

molecules and significant effect of defects on SW&dnsing.
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CHAPTER 4 TERNARY HYBRID STRUCTURES BASED ON
CNTS FOR GAS SENSING

4.1 Experimental methods

SnG, and Ag crystalline NPs were synthesized using ai-aric plasma setup as
introduced in Chapters 2 and 3.[162] SnO powde®s9® purity, Alfa Aesar) were used
as the source material for Spn@®ynthesis. The morphology and structure of the
as-produced NPs were characterized by a conveht{phase contrast) TEM (Hitachi
H-9000 NAR) operating at an accelerating voltag8@® kV. HRTEM and SAED were
carried out to verify the crystalline structuretbé nanoparticles. Sp@nd Ag NPs were
also collected onto MWCNTs forming hybrid nanostames. TEM and EDS
characterization were performed for the hybriddtites as well.

The sensing device assembly and sensing testspeei@med in several sequential
steps. Firstly, MWCNTSs were uniformly suspendeeétimanol by sonication. Then a small
drop (1 pl) of the suspension was drop cast onl@ igterdigitated electrode. Annealing
the samples at 200 °C for 1 h facilitated the Ohecaintact between MWCNTs and gold
electrodes. Electrical propertiels\( curves, FET measurements) and sensing tests were
carried out after annealing. The same annealing tasdcycles were conducted after
coating Sn@ and Ag NPs individually. Gas sensing measuremert® carried out by
sequentially introducing air flow and target gasalinto an airtight chamber in which a
sensor was mounted. Since the Ag NPs adsorb asdciise oxygen when exposed to air

at room temperature,[1674] the as-prepared Ag NPs will always be considdéo have
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chemisorbed oxygen for this study. The flow ratasbioth gases were 2 Ipm, which were
controlled by mass flow controllers. The resultinganges in current between the
electrodes were measured as a function of time fiteal bias (1 mV). The sensor
sensitivity (S) was evaluated asJRi|/R. where R is the sensor resistance in the target
gas and Ris the mean sensor resistance in initial air flavich was used as the

background/reference.

4.2 Results and discussion

The hybrid was synthesized bysitu, sequential assembly of discrete Srd Ag NPs
onto the surface of MWCNTSs (Figure 4.1a), whicldbd the gold electrode gaps (Figure
4.1b). An SEM image of such a device consistinghef hybrid structure is shown in
Figure 4.1c. The EDS spectrum (Figure 4.1d) cordithat the NPs consist of only Sn, O,
and Ag. HRTEM imaging was used to obtain the stmattinformation about the hybrid
structure (Figure 4.1e). According to the charastierlattice spacings, the particles can
be identified as the rutile (tetragonal) phase Sa@d Ag. The Sn@©nanocrystals are
about 5 nm in diameter, and Ag nanocrystals araitabh® nm in diameter. Figure 4.1e
also shows that both components in this hybridctine can contact each other. The
distinctive rings and spots on the SAED pattergFe 4.1f) further confirm that NPs on
the surface of MWCNTs are crystalline. The diffrantrings highlighted in red arcs
(from inside to outside) are indexed to rutile $A@10), (101) and (211) planes. The

rings highlighted in green arcs (from inside tosidg) are indexed to cubic fcc Ag (111),
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(200), (220) and (311) planes.

(a)

Au
electrode

SnO, or Ag
nanocrystals

DC Voltage
N
1t

C'ounts(a.u.)

Figure 4.1 Schematic view of a device used for ootmmetric measurements. (b) and (c) are
SEM images showing MWCNTs which are bridging twddgelectrodes before and after NPs
assembly, respectively. (d) is the EDS spectrurthefhybrid structure. Al and Si are from test
support stage and Si wafer, and carbon is fronCIH€&. (e) and (f) are HRTEM image and SAED
pattern of MWCNTs coated with both Spénd Ag NPs.

The FET measurement results on bare MWCNTs and MWéCidated with NPs are

shown in Figure 4.2. The linedrV relationships indicate Ohmic contacts between
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MWCNTs and gold electrodes (Figure 4.2a). It waanfb that the device electrical
resistance changed greatly after coating SNBs. MWCNTSs are p-type semiconductors
both before and after NPs deposition, which carsden from Figure 4.2b. For p-type
CNTs, resistance decreases with electrons tramgjeout of CNTs, while resistance
increases by electrons transferring into CNTs. Here resistance decreased which can
be explained as effective electron transfer from ®NVs into NPs owing to the
electron-depletion layer on the surface of $N®s through adsorption of,L63] Upon
deposition of Ag NPs, the device resistance shovitgther decrease. It is well known
that Ag can dissociate and chemisorp i@ the presence of oxygen molecules under
atmospheric conditions.[16] Therefore, nanoscofgcteon depletion zones form around
Ag NPs. The work function of these regions 5.4 eV)[169] is higher than that of SpO
NPs (4.7 eV)[190] and MWCNTSs (4-4.9 eV),[16] leading to a net electron transfenfro

SnG and MWCNTs to Ag NPs and a decrease in the CNiSteage.
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Figure 4.2 |-V curve evolution of MWCNTSs at different conditiofwgith and without NP coating).
(b) The dependence of current on gate voltage.

The dynamic sensing responses of MWCNTs beforeafted the deposition of these
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specific types of NPs were first measured towar@@ gpm NQ at room temperature
(Figure 4.3a). Clearly, functionalizing MWCNTs winQ alone or both Snand Ag
NPs can lead to an enhancement in sensitivity asdonse time compared with bare
MWCNTs (here the response time is defined as the tieeded for the device resistance
to change by 63.2% of the maximum difference dugrgosure to testing gas). For bare
MWCNTSs, the response time is-224 s, which is relatively long. This is not sugimg
since the interaction between Bénd the CNT is quite weak. After NPs deposition,
however, the response time was shortened-tt6 s and~77 s for hybrid structures of
MWCNTs/SnQ and MWCNTs/Sn@Ag, respectively. N@is a typical oxidizing gas and
withdraws electrons upon adsorption. Generally,dtieaction of NQ to metal oxides is
ascribed to the formation of a negatively charg€d Bomplex between N£and atomic
oxygen ions which are electron rich on the metad@surface. For Snapart from the
fact that exposure to oxygen molecules at high sratpre leads to some of the oxygen
dissociated and chemisorbed on the surface, superma (Q) is the dominated oxygen
ion species on the surface at room temperature.[139] These chemisorbed oxygen

ions are critical for the response of the sensgjy.[1
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Figure 4.3 Sensing responses for bare MWCNTs andOMWé with partially covered NPs to (a)
100 ppm NQand (b) 1% NH at room temperature.
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As shown in the experiment, Ag further enhancedsiesitivity to NQ. It is well
known that Ag is a commonly used catalyst in swfabemistry and can be easily
oxidized with exposure to air.[174] These surfagggen ions around the Ag NPs lead to
the formation of electron depletion zones (nanoeB&l barriers), which result in a
change in the work function of Ag. The change aflaiion state of Ag (upon adsorption
and desorption of the analyte) finally affects éhectronic state of the MWCNTSs, leading
to a resistance change. This sensing mechanisatiésl ¢electronic sensitization”, which
was proposed previously for promoters.[192]

With the above analysis, besides increasing thiaseirarea of MWCNTs/SniAg
structures, the deposited Ag NPs greatly raisetfamtity of chemisorbed oxygen on the
surface of the hybrid structure, which leads taeater and faster electron withdrawing
from the structure when exposed to N®his process shifts the Fermi level of the CNTs
further towards the valence band and finally itde#o the greater and faster resistance
decrease of MWCNTs. However, due to the high bipdinergies of N@on Ag and
SnQ, it is reasonable that the recovery of the seimoard NQ is quite slow as seen
from Figure 4.3a. The full recovery time is faithng, about 20 h. UV light has been used
to shorten the recovery time by decreasing thergéea barrier.[83] Figure 4.4 shows
the dynamic response of MWCNTs/Si#@g to 100 ppm N@ at room temperature for
three cycles. Although the sensor could not rectwets initial state in a short period of
time, it kept responding to NGand the sensitivity increased toward a saturaisds It

was reported that the adsorption energy decreagbsimreasing adsorbate coverage,
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meaning that molecular adsorption will graduallgm@@se to a steady state.[193]

0.12

MWCNTs/SnO,/Ag

0.08

a

a

RI/R

n° 0.044

s=|

0.00+

T T T T T T T T T T v T T T
0 1000 2000 3000 4000 5000 6000 7000
Time (s)

Figure 4.4 Representative sensing response of MVMI/Ag hybrid structures to 100 ppm
NO, at room temperature.

The sensing response of bare MWCNTs, MWCNTs/Sred MWCNTS/Sn@Ag
towards 1% NHis shown in Figure 4.3b. All the sensors showst fasponse to N¢at
room temperature. After deposition of Sn@h MWCNTSs, the sensitivity has no obvious
change. However, after deposition of Ag NPs on MWENhe sensitivity has a huge
increase, about 157% that of MWCNTSs. It is well Wmothat pure CNTs are sensitive to
NH3 based on both theory and experiments.[194, 19%ENeeless, the insensitivity of
SnG, to NH; at room temperature is not fully understood ana ftudies have been
reported. Hence, based on our experimental reaotisanalysis, we conclude that Ag is
the main promoter for Nfgsensing in our sensor.

Since the electron affinity of silver (2B.5 eV) is higher than that of tin (1.8 eV),
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ammonia is more likely to bond with silver.[175] &INH; sensing on the Ag surface
could be through the adsorption centef’AgO® forming on the surface of A@. The
unshared electron pair in the molecule could tems$d silver at room temperature,
forming Ag—N®".[175] An alternative mechanism suggests thag Ntdcts with adsorbed
oxygen ions, and is reduced int@, Miccompanying electrons donation.[196] To further
verify the interaction between silver and jlidensity functional theory (DFT) calculation
was carried out in our group. The results inditchtg NH; is adsorbed above the hollow

region with H atoms pointing downwards and attrd¢teAg atoms.
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Figure 4.5 (a) SEM image of MWCNTSs coated with ABN Inset is an SEM image showing the
hybrid structure bridging two gold electrodes. (bY characteristics of MWCNTs and
MWCNTs/Ag. (c) and (d) are sensing responses o BWCNTs and MWCNTSs/Ag structures
to 100 ppm N@and 1% NH at room temperature, respectively.

In light of report that MWCNTSs/Ag has better sedly than bare MWCNTSs for

NO,,[96] we also synthesized an MWCNTs/Ag hybrid senssing our method. SEM
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images of the structure are shown in Figure 4.5aNRs uniformly decorate the surface
of the MWCNTs. Thel-V characteristics in Figure 4.5b show that the tasce of
MWCNTs decreases after deposition of Ag NPs becafselectron transfer from
MWCNTs to Ag NPs. The sensing of N@as consistent with the previous report (Figure
4.5c). Furthermore, the sensing to Nias also carried out, and the result showed that
the sensitivity increased dramatically after dejasiof Ag NPs (Figure 4.5d). Therefore,
Ag NPs promote the sensing performance of bare MWWNward NQ and NH,.
Therefore, from experimental data, we can conclindé Ag enhances the sensing
performance by “electronic sensitization.” Thigrige when Ag is in direct contact with
MWCNTSs because of direct charge transfer betweemilt is also applicable to the case
when Ag NPs are on top of SpIPs supported by MWCNTs. The oxidation state
change of Ag with surrounding gases influencesetbetronic state of SnOwhich then
affects the electronic state of MWCNTSs, leadingatoesistance change for the hybrid
nanostructure. To further prove this, a control glenwas synthesized. For this sample,
bare MWCNTSs were tested for gases gNRH) first. Then Sn@NPs were deposited on
MWCNTSs such that they cover the whole surface of ®NV's (Figure 4.6). Sensing test
was carried out again. At last, Ag NPs were deedrain top of Sn®@NPs, and the
sensing test was performed. TRe characteristics (Figure 4.7) were measured foh eac
step and it shows that resistance keeps decreaginghe deposition of SnOand Ag
NPs, which suggests charge transfer from MWCNTAgMNPs after Ag deposition and a
subsequent resistance change in MWCNTSs. This isobriee evidences for “electronic

sensitization” mechanism because there is no assist change affected by metal
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promoter in “chemical sensitization”, which is dteeative sensing mechanism.[192]
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Figure 4.6 SEM image of MWCNTSs with full surfacevesage of Sn@NPs.
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Figure 4.71-V curve evolution of the control sample, which wdsamed by first coating
MWCNTSs with SnQ NPs at a high coverage followed by additional icgpdf Ag NPs.

The sensing responses of the control sample tdIpph NQ at room temperature

are shown in Figure 4.8a. The sensitivity of MWCNisreased with even full coverage
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of SnG NPs. It increased further after the Ag NPs depwsitindicating that charge
transferred out of MWCNTs and Ag NPs indirectly spad the resistance of MWCNTSs.
The control sample was also tested for 1%;N&t shown in Figure 4.8b, after covered
with SnQ NPs, the sensitivity decreased greatly, demomstr#thiat SnQ@is insensitive to
NHs. This is consistent with our previous experimerdaad theoretical calculations.
However, after deposition of Ag NPs, the sensiiviicreased dramatically because of

high sensitivity of Ag to NH
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Figure 4.8 Sensing responses of a control sampieoat temperature to (a) 1,250 ppm Nddd
(b) 1% NH. For the control sample, MWCNTs were first coateith SnQ NPs at a high
coverage and then coated with Ag NPs.

4.3 Summary and conclusions

In conclusion, Ag NPs can be used as a room-teriyeraensing promoter on
MWCNTs. Compared with MWCNTs alone and MWCNTs/Sr@brid structures, the
as-produced ternary MWCNTs/Spi@®g hybrid sensor exhibited higher sensitivity and
faster response towards both N&ahd NH at room temperature. The sensing mechanism

of Ag supported by MWCNTSs can be explained as ‘teteic sensitization.” The oxygen
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atoms on Ag surface play a critical role in the gassing. Meanwhile, NOcombines
with surface oxygen atoms to form an NiGn complex on the Snhanocrystal surfaces,
but SnQ nanocrystals are insensitive to Nkt room temperature. Therefore,
MWCNTs/Ag is the best hybrid sensor for fbkensing alone. These findings not only
cast insights into the mechanism of the Ag-proma@&d sensors toward N@nd NH,
but also provide guidance to engineer sensitivity selectivity of semiconductor sensors

for practical applications.
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CHAPTER 5 SILVER NANOPARTICLES -DECORATED
REDUCED GRAPHENE OXIDE (RGO) FOR GAS SENSORS

5.1 Experimental methods

5.1.1 Preparation of RGO

The RGO was obtained by chemically reducing GOedispn, which was prepared using
a modified Hummers method.[197] BrieflygNO-HCI was added into the GO dispersion
and the mixture was continuously stirred at°80for 30 h. Then, the black product was
filtered and washed with distilled water and acettmobtain RGO powders. Finally, the
RGO dispersion was prepared by distributing the RG@bwders in

N,N-Dimethylformamide (DMF) with sonication for 2 h.

5.1.2 Sensor fabrication and characterization

Figure 5.1 illustrates the complete sensor fakooatprocess. Interdigitated gold
electrodes were fabricated using e-beam lithography silicon substrate with a SiO
thin top layer. Then, a tiny drop (1 pl) of RGO mhssion was drop cast on the gold
electrodes, and RGO flakes bridged the gold fing#ter solvent evaporation. The
amount of RGO flakes on gold electrodes can berclbed by adjusting the dispersion
concentration. Further annealing treatment at ZDdor 1 h in Ar flow (1 Ipm) was
performed to remove the residual DMF and improwe dbntacts between the RGO and

gold electrodes.
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To synthesize the RGO/Ag hybrid, we produced Ag N§iag a previously-reported
physical vapor deposition process in a mini-arsipla reactor.[184, 186] The mini-arc
plasma was generated between two carbon electdrileasn by a commercial tungsten
inert gas (TIG) arc welder (Miller Maxstar 150 STt)hd small pieces of Ag (99.999%
purity) cut from an Ag wire were used as the sourzerial. The Ag pieces were first
vaporized by the mini-arc plasma source. Then Athevapor was carried by an Ar flow
downstream and quenched in the gas phase, formini2s. The as-produced Ag NPs
were directly deposited onto the RGO supporteddiyl glectrodes or a TEM grid using
an ESFDA process.[198]

The as-produced RGO was characterized in our quevireport.[197] The
morphology and crystal structure of the RGO/Ag Iybwere studied using a
field-emission SEM (Hitachi S4800) and an HRTEM tédhi H-9000-NAR) with 0.18
nm point and 0.11 nm lattice resolution operateaha&ccelerating voltage of 300 kV. The
surface chemical composition was characterizedrb)-aay photoelectron spectroscope
(XPS) (HP 5950A). Raman spectra were taken usiRaman spectrometer (Renishaw

1000B).

5.1.3 Ammonia-sensing measurement

The sensor device was placed in an air-tight chamiigh electrical feedthroughs. A
constant voltage was added to the electrodes, hedvariation of resistance was

monitored and recorded with the changes in theegagonment using a Keithley 2602
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source meter. Typically, a sensing-measurementeckiels three continuous steps: (1)
introducing dry air (2 Ipm) as a background, th2higjecting ammonia gas (2 Ipm) to

register a sensing signal, and (3) introducingadry2 lpm) again for sensor recovery.

Drying
—
Annealing
Drop RGO dispersion RGO flakes on electrodes
Ag NPs
Deposition

Gas
o

Sensing test RGO/Ag on electrodes

Figure 5.1 Schematic illustration of the proceséataricate RGO/Ag hybrid sensor devices and
the subsequent sensing measurements.

5.2 Results and discussion

After the RGO dispersion dried on the gold eleatrathie morphology was characterized
by SEM. Figure 5.2a shows an SEM image of one &@RGO flake bridging a pair of
gold electrode fingers in a sensor device; the kigiron the RGO flake is an intrinsic
characteristic.[199] Aftein situ deposition of Ag NPs on RGO, RGO/Ag hybrids formed
on the device (Figure 5.2b); it is evident that RBs distribute uniformly on the RGO
surface. Since the number of Ag NPs can be coattdlly deposition time, the loading
density shown in Figure 5.2b is relatively high #rdeposition time of 15 min. The

RGO/Ag hybrids were also characterized by TEM witsample prepared on a TEM grid.
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Figure 5.2c shows a TEM image of RGO/Ag hybridspeusling over the carbon film

hole. The size of the Ag NPs ranges from severabmeeter to 10 nm over the RGO
surface. Some larger NPs of about 20 nm anchorhenetige due to the stronger
electrostatic force during the ESFDA process.[ID8& inset in Figure 5.2c is an SAED
pattern of RGO/Ag hybrids, evidencing a single lrgERGO and good crystallinity of

Ag NPs, in which the first four bright continuousgs are indexed to cubic fcc (111),
(200), (220), and (311) lattice planes of Ag métain the inside to the outside.[184] An
HRTEM image (Figure 5.2d) further confirms the ¢ayline structure of Ag NPs, and the

measured lattice spacing of 0.235 nm is indexdd 1) plane of Ag.

O s

RGO/Ag -

S .Auélect‘r‘_od'é. .‘l.OD_tli;n 5

Figure 5.2 (a, b) SEM images of an RGO flake befoé after Ag NP deposition bridging a pair
of gold electrode fingers. (c) TEM image of an R@#&ke decorated with Ag NPs. The inset is an
SAED pdtern of RGO/Ag hybrids. (d) HRTEM image of RGO/Agbhnids.
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Figure 5.3(a) XPS spectra of RGO/Ag hybrids. (b) High-resolutXPS spectra of Ag 3d from
RGO/Ag hybrids.

The surface composition of the RGO/Ag hybrid nanagtire was examined using
XPS (Figure 5.3). The entire XPS survey spectrguié 5.3a) clearly show C 1s, O 1s,
Ag 3d, and Ag 3p peaks, indicating the hybrids winsf C, O, and Ag elements. The Si
peak in the spectra is from the silicon wafer, Whieas used as the support in the test.
According to our previous study, RGO mainly conités to the C 1s and O 1s signals
detected due to the graphene basal plane and tlgem:xontaining functional
groups.[197] A part of the O signal could be frdne toxygen adsorption in air. It was
reported that Ag 3d peaks of Ag NPs were composetganetal and A§ appeared at
368.3 and 374.3 eV.[200] In our study, the Ag 3dkseare centered at 368.8 and 374.8
eV (Figure 5.3b), which are close to the reporeslits, indicating metallic Ag and Ag
on the RGO surface. This is also consistent withtloeioretical calculation results that the
surface of Ag NPs is likely oxidized by oxygen whexposed to air.[186] The RGO/Ag
hybrids were also characterized using Raman sgetpy. Figure 5.4 shows the Raman
spectra of RGO before and after the Ag NP decarafitie spectrum of RGO, with a D
band to G band intensity ratio of 1.26, is consisteith that of chemically reduced

graphene oxide.[114] The similar spectra of RGOhwihd without the Ag NP decoration
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indicate that Ag NPs do not significantly modifethktructure of RGO.
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Figure 5.4 Raman spectra of RGO and RGO/Ag hybrids.

Figure 5.5a shows the electrical characteristicsa dield-effect transistor (FET)
device based on RGO/Ag hybrids. The straight linedrcurve indicates that the contacts
between the RGO/Ag and gold electrodes are OhnaignVestigate the effect of Ag NPs
on RGO, the resistance of the device was meas@fedeband after the deposition of Ag
NPs. We found the resistance of this sample inedeé®m 1.3x18to 1.4x18 Q, which
is the typical trend for all samples. Because th8ORin this study is a p-type
semiconductor (Figure 5.6), the increased resistaotld be explained by the fact that
Ag NPs led to hole depletion zones at their intfdetween the RGO and Ag NPs,
which is consistent with our previous results ofpagting Sn@ NPs on RGO
sheets.[201] However, the resistance of MWCNTs etsad when Ag NPs were
deposited on them (MWCNTs are p-type semiconductsasne as RGO), possibly

because of the oxygen-containing functional groopsRGO. The inset in Figure 5.5a
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shows the source-drain current curve of gate veltdgpendence for the FET device,
which demonstrates that the current decreases\shaith gate voltage sweeping from
-30 to 30 V, indicating that the RGO/Ag hybrids areype semiconductors and Ag NPs
did not change the semiconducting type of RGO.

To demonstrate the sensing enhancement of Ag Niesseénsing performance of
RGO was measured before and after Ag NP depositiespectively. To ensure
comparable results, bare RGO was first tested agalfs. Then, the same sensor was
tested again after depositing Ag NPs using the saamsing process. The dynamic
sensing responses of both bare RGO and RGO/Agdy/ha 1% NH are shown in
Figure 5.5b. The sensitivity is defined as theorafi resistance change with exposure to
the test gas to the initial resistance in aiR(R). The results demonstrate that the
sensitivity increased from 5.1+0.2% for RGO to #0.2% for RGO/Ag hybrids with the
same exposure time, which clearly indicates thaifiignt sensing enhancement of Ag
NPs. This enhancement also can be presented i tefrsignal-to-noise ratio (S/N) of
RGO and RGO/Ag hybrids. Here, S is defined as #tie 0f maximum sensitivity upon
NH3 exposure to the average sensitivity in air befdke exposure. N is defined as the
ratio of maximum sensitivity in air to the averaggnsitivity in air in the first sensing
cycle. According to the analysis, the S/N values A6 and 13.6 for RGO and RGO/Ag
hybrids, respectively, which suggests that RGO/#grials are better than RGO for NH
detection.

According to our previous study, Ag NPs act asdbminant active adsorption sites

for NH; and enhance the sensitivity of p-type MWCNTs byle¢&onic
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sensitization.”[184] NH is a typical reducing gas, acting as an electronod upon
interaction with sensors. A net charge transfemfrblH; to Ag was observed upon
adsorption that reduced the oxidation state of B&l] increased the hole depletion zones
in RGO, and increased RGO sensitivity. Ag NP ddmmsion RGO resulted in more
active adsorption sites and stronger adsorptiolityafor NH3, which may be responsible

for the significant sensing enhancement.
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Figure 5.5 (a)-V characteristic of RGO/Ag hybrids on gold elect®d@ad the inset is the FET
measurement of the sensor device. (b) The roomdashpe dynamic-sensing responses of RGO
before and after Ag NP deposition. (c) Dynamic oeses of RGO/Ag hybrids when exposed to
different concentrations of NH(d) Five-cycle responses of RGO/Ag to 1% JNkhdicating a
good stability of the sensor.

The sensitivity of RGO/Ag hybrids is also abowtce that of hybrids composed of
MWCNTs and Ag NPs (9%) with the same depositionet[iB4] The sensor’'s high

sensitivity can be attributed to the large spedficface area of RGO, which offers more
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surfaces for Ag NP dispersion and leads to morveasites for NH adsorption. The
results are consistent with a previous report ttexhonstrated Pt-decorated graphene
sensors are more sensitive than Pt-decorated MWGQbIF.[202] Other properties of
RGO may also play an important role in the enhamtgnsuch as high carrier mobility

(15,000 criv's™).[98]
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Figure 5.6 FET measurement of pure RGO.

To compare the response time of RGO before and AffdNP deposition, a response
time was defined as the time needed for a sensehamge more than 63.2% of the
maximum sensitivity, corresponding with a one-ticanstant in a first-order dynamic
system.[163] Analysis of Figure 5.5b shows the oesp times are 151 s and 6 s for RGO
and RGO/Ag hybrids, respectively. The response fon&®GO/Ag hybrids is comparable
with that of Ag NP-decorated MWCNTSs (7 s)[184] astter fast NH sensors, such as an
ultrafast room-temperature NHsensor made of RGO (10 s).[203] The dramatically

improved response by Ag NPs can be understood asa&mgilar mechanism with Ag NPs
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on MWCNTSs.[184] RGO has much higher charge carnesbility and acts as a
conducting channel in the sensor device. The @eitrstate of RGO can be rapidly
changed by the oxidation state of Ag NPs. Bothattieorption of NHon Ag NPs and the
electron transfer between NHind Ag are fast, as shown in our previous stuéy]1
Thus, the adsorption of Ndtan rapidly change the charge carrier density @ORand
lead to a faster response.

The recovery time of RGO was also improved by AgsNIRere, the recovery time
was defined as the time needed to recover moreGBa&¥ of the maximum sensitivity.
An analysis of Figure 5.5b demonstrates that an R@G@ensor can fully recover to its
initial state within 6.7 min, which is comparablé&mwthat of Ag NP-decorated MWCNTs
hybrids (7 min).[184] However, it took the RGO owight or days to obtain full
recovery, which is consistent with previous rep{it®7, 178] For our RGO/Ag sensor,
the recovery time is 10 s, which is also comparatith that of an Ag NP-decorated
MWCNTs ammonia sensor (15 s).[184] Therefore, theovery speed was greatly
accelerated by coating with Ag NPs. The long recpuene for the RGO could be
attributed to high binding energy between Nkholecules and RGO defects and
oxygen-containing functional groups. Nevertheléss,NPs occupied those active sites
and the direct interaction between Néhd Ag NPs dominated the sensing process. The
rapid recovery speed indicates the desorption drafrom the Ag surface for NH
molecules is low and the electron transfer fromtéd\NHs occurs quickly, which agrees
with our previous study.[184] For practical usesensor should have distinguishable

sensitivities to different gas concentrations.His study, different concentrations of BlH
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were measured using the same sensor device, andeghis suggest the sensor was
sensitive to concentration variations; the serigitincreased from 7.7+0.2% to 17.4+0.2%
with increasing gas concentrations ranging fronbQ® 1% (Figure 5.5c). To study the
sensing stability, five sensing cycles were meastmel% NH using the same sensing

process (Figure 5.5d). The sensing responses afgpkarquite repeatable.
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Figure 5.7 SEM images of RGO coated with diffeteatlings of Ag NPs.

According to the results, Ag NPs on the RGO surfaeeve as the dominating
sensing element; therefore, the NP density canifgigntly affect the sensing
performance. To investigate the influence, the isgneesponse was measured for one
sensor device with four Ag NP loadings of 5 min,mMi, 15 min, and 20 min deposition
time, respectively. First, the sensing performanes tested with Ag NPs with 5 min
deposition time. Then, the same sensor was measigad with another 5 min Ag NP

deposition, and this process continued until cgattim 20 min deposition time. Figure 5.7
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shows SEM images of the sensor with different Agldilings. The areal density of Ag
NPs increases with increasing deposition time,thadAg NPs distributed uniformly over
the entire surface of the RGO, even with a largaber of NPs, which is superior to the
wet-chemical method that typically causes Ag NP regation with a overly high
loading.[200] The sensing responses indicate tiatensitivity of RGO was dependent
on Ag NP density (Figure 5.8). The RGO loaded with NPs with 15 min deposition
time provided the highest sensitivity due to modsaption sites, whereas longer
deposition time (20 min) dramatically decreaseddbesitivity, which is consistent with

that of Pt-coated RGO.[140] A possible reasonfi@ its related to the high density of Ag
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Figure 5.8 Dynamic sensing evolution of RGO/Ag NBiiids with different Ag NP loadings on
the RGO.

NPs on the RGO surface, in which a continuous &g formed on the RGO. To further
confirm this, a bare gold electrode without RGO wlaposited with Ag NPs for 1 h and
the morphology was observed using SEM (Figure S5T8g electrical test showed the

electrode gap was still open, suggesting a nontuooiis Ag NP film. Until now, it is
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unclear why the sensitivity dramatically decreased more work is needed to obtain a
clear understanding. Nevertheless, a proper loadihghg NPs with about 15-min

deposition time could provide a maximum sensitivity

Figure 5.9 SEM images of Ag NPs on a gold electnile deposition time of 1h. Electrical test
showed the circuit was still open.

The response of the RGO sensors before and afteNRgdeposition was also
evaluated against NObecause of its strong cross-sensitivity for RG@7| 119] Figure
5.10a clearly demonstrates that the resistancegehah RGO during exposure to NO
decreased due to coating Ag NPs and led to a higklgctive ammonia sensor.
Interestingly, the sensitivity (real value in Figub.10a) kept decreasing for the RGO
sensor when exposed to phowever, the sensitivity of the RGO/Ag hybridpicty
decreased for a short time, and then graduallyeased in N@flow. For recovery in air,
the RGO recovered only a part of the entire restgtachange in 20 min, but RGO/Ag
hybrids recovered and exceed the resistance chimngdO, exposure in 5 min. The
following five-cycle response to NQwas stable and can recover to its initial stata in
short time (Figure 5.10b), and the sensitivityimikr with the first cycle. In this study,

to the best of our knowledge, this interesting exeeovery of RGO-based gas sensors is
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reported here for the first time. To further verifys behavior, another RGO/Ag sample
was prepared and tested using the same processembiag response to N@ similar to
that in Figure 5.10a, but the sensitivity greatigreased for the rising part when exposed
to NO,, demonstrating an even higher over-recovery (leighrlOc). This behavior
remained the same in the next several cycles, @srsin Figure 5.10d. To demonstrate
the sensing behavior to NHhe same sensor was measured with 1% fdHfive cycles

(Figure 5.11); the results indicate good sensiimgijar to that in Figure 5.5d.
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Figure 5.10 Dynamic sensing responses of RGO tg b&ibre and after Ag NP deposition. (b)
Five-cycle sensing behavior of RGO/Ag hybrids faoléal by the first cycle in (a). (c, d) First
cycle and the subsequent five-cycle sensing regpaaspectively, for another RGO/Ag sample
with the same Ag NP loading (15 min deposition).
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Figure 5.11 Dynamic sensing response to 1% féHanother RGO/Ag hybrid sensor.

Generally, NQ is an oxidizing gas and withdraws electrons updsogption in the
gas-sensing process. Ag NPs were found to imprbee response of MWNCTs to
NO,.[186] It is reasonable that the resistance of R@&O/Ag hybrids decreased at the
beginning, as indicated in Figure 5.10a and 5.10e& to its p-type semiconducting
property and an electron transfer from the hybtiolsNO,. However, the resistance
increased in the following major time for NM@xposure, suggesting that electrons
transferred into the RGO/Ag hybrids. The large éase in resistance shown in Figure
5.10c indicates an even larger number of electi@msferring from the gas to the hybrids,
and NQ acted like an electron donor. This could be relat the intrinsic property
change of RGO by decorating NPs. A similar inténgssensing-response behavior also
occurred to Sn@NP-decorated RGO hybrids for, Hetection. Hydrogen is a reducing
gas and donates electrons into sensors upon asorph SnQ@-decorated p-type
semiconducting MWCNTSs.[204] However, the resistanteSnGQ NP-decorated RGO
hybrids decreased after exposure t9 s$liggesting that electrons transferred out of the

RGO, which is the conducting channel for the senf05] Because of the possible
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property change, the real resistance of RGO/Ag itighidecreased less than pure RGO
with the same N@exposure due to fewer electrons transferring duthe RGO/Ag
hybrids. Further study is warranted to obtain aarcleinderstanding of such a

phenomenon.

5.3 Summary and conclusions

We fabricated new ammonia sensors using Ag NP-deéstdRGO hybrid nanostructures
in a simple and controllable fashion. Ag NPs arganmly distributed on RGO surface.
The RGO/Ag hybrid sensors show higher sensitivitgnt RGO alone due to the
enhancement of Ag NPs. Compared with MWCNTSs/Ag ldybensors, RGO/Ag hybrids
exhibit about twice the sensitivity with a similag NP loading density, which is likely
due to the high specific surface area of RGO. Beea the low binding energy between
NH3; and Ag, Ag NP decoration on RGO also achievesrizgtionse (6 s) and recovery
speed (10 s) to NHwvhich are much faster than pure RGO. The dens$ifyga\NPs affects
the sensitivity, and there is a maximum sensitifitlya proper loading density. Ag NPs
also decrease the response (reduced resistani€),taesulting in a better selectivity of
RGO to NR. In the hybrids, Ag NPs act as the dominant sensites and a net electron
transfer from NH to Ag reduced the carrier concentration in RG@glieg to an increase

in resistance.
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CHAPTER 6 DOPED SnG, NANOPARTICLES -
FUNCTIONALIZED REDUCED GRAPHENE OXIDE FOR GAS
SENSORS

6.1 Experimental methods

6.1.1 Synthesis of hybrids

GO was prepared by oxidizing graphite powder (BaybGn, SP-1 graphite) under acidic
conditions according to the modified Hummers metli®¥] In a typical process to
prepare In-doped SnNPs decorated RGO (RGO-IDTO), 8 mg GO was dispgears20
ml deionized water, and sonicated for 30 min. Tieeh ml InCk (0.05 M) aqueous
solution and 2.5 ml Sng(0.01 M) were added to the GO dispersion in secgienth
magnetic stirring (400 rpm). The mixture was sot@dafor 10 min to allow for uniform
ion adsorption on the GO surface. After that, 15NaBH, aqueous solution (30 mg/10
ml) was added drop-wise into the above solutiomwtirring. Finally, the entire solution
was kept at 56C on a hotplate for 1 h. The final product wasexittd by centrifugation.
Ru-doped Sn®NPs decorated RGO (RGRDTO) were also prepared using the same
method; 1 ml RuGI(0.05 M) was used as the dopant source, andealbtiner chemicals

and procedures were the same as those used ie0e-IDTO synthesis.

6.1.2 Characterization

The samples were characterized using a number abiniggues. The crystallographic
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structure of as-produced nanohybrids was investibdily X-ray diffraction (XRD).
Scanning electron microscope (SEM) was carriedvath a Hitachi S-4800 electron
microscope at an acceleration voltage of 10 kV. Stnecture of as-produced nanohybrids
was characterized by transmission electron micqps¢®EM) (Hitachi H-900G-NAR).
High-resolution TEM (HRTEM) and selected area etattdiffraction (SAED) (at an
acceleration voltage of 300 kV) were used to charae the crystal structure of the
nanohybrids. Energy-dispersive X-ray spectrosc&iyg Noran Si:Li detector) was used
to characterize the elemental composition. The aserfchemical composition was
characterized by using X-ray photoelectron spectopg (XPS) (HP 5950A). Raman

spectra were taken using a Raman spectrometerglemnil000B).

6.1.3 Gas sensor fabrication and sensing test

To prepare gas sensors composed of RGO-IDTO narideybgold interdigitated
electrodes with finger width and inter-finger spariof 2 pm and thickness of 50 nm
were fabricated by an e-beam lithography process siticon wafer with a top SiQJayer

of about 200 nm. The RGO-IDTO nanohybrids were atspd in
N,N-Dimethylformamide (DMF), and then a drop (0.1 gfithe dispersion was cast onto
the gold electrode. Low concentration dispersiors waed to avoid overlapping RGO
sheets. To purify the sensor and improve the étattcontact between the nanohybrids
and the gold electrodes, the sensor devices waieased in a tube furnace at 2Mfor 1

h before sensing tests.
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The gas sensing properties were tested in an ghit-ithamber with electrical
feedthroughs. A constant voltage was applied to dlextrode gap bridged by the
nanohybrids. Then the target gas with certified cemtrations was flowed into the
chamber, and the change in the current passingighrthe nanohybrids was monitored
and recorded using a Keithley 2602 source meteitl{leg, Cleveland, OH). A typical
sensing test cycle consisted of three sequengpbksFirst, a dry air flow was introduced
into the sensing test chamber to record a baselinen, a target gas diluted in air was
injected to register sensor signals. Finally, thessr was recovered in a dry air flow. All
the flow rates were controlled at 2 Ipm, and thrgdhigases were diluted in dry air. The
sensor sensitivity was defined as SAG/G, where AG is the change in the sensor
conductance before and after the gas exposure @isdtli® sensor conductance in dry air.
The resistance of RGO-IDTO nanohybrids was €2 (kr &G = 0.0005 S) in dry air

before target gas exposure.

6.2 Results and discussion

Figure 6.1 illustrates the preparation procedurB@0O-IDTO nanohybrids. First, indium
ions were introduced into the GO dispersion by agldin InC{§ aqueous solution under
magnetic stirring. Then, tin ions were slowly addetd the above mixture using SnCl
aqueous solution as the source. After sonicatiddaBH, solution was slowly dropped
into the solution mixture to reduce GO. The obtdim®lution was then continuously

stirred at 50C for 1 h and RGEIDTO nanohybrids were obtained after centrifugimgl a
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Figure 6.1 Schematic illustration for the prepamagprocess of RGO-IDTO nanohybrids.

The morphology of as-produced RGODTO nanohybrids was first examined by a
field-emission SEM. An overview of the RGIDTO nanohybrids is shown in Figure
6.2a and b, which clearly indicates that the nabdlyg retain the sheet structure typical
for graphene. The nanostructure was further ingatd using TEM (Figure 6.2c),
showing that the IDT@anostructures are uniformly coated on the RGOtslkesypical
magnified TEM image is shown in Figure 6.2d, dent@tig that a thin lacy network of
IDTO NPs is uniformly distributed on the surfacegofiphene. The inset of Figure 6.2d is
an SAED pattern of RGADTO with well-defined rings composed of two parfhe
rings marked with red arcs (from the inside to m&sare indexed to rutile Sh@110),
(101), (200), (211), and (112) planes. Meanwhhe, tings marked with green arcs (from
the inside to outside) are indexed to {100}- and.@} type reflections of graphene,
consistent with graphene and with the known stmectf RGO with disordered oxygen
functional groups. The IDTO nanocrystals anchoredtlte RGO sheets were further
analyzed using HRTEM. As shown in Figure 6.2e, IDi&nocrystals with clear lattice
fringes are observed with sizes of abod8 2m. The labeled lattice spacing of 0.335 nm
corresponds with the unique (110) plane of rutikOS To examine the elemental

composition of NPs, EDS was performed and the tésdicates that there is indium in
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the nanohybrid. Similar results were obtained f&UR-RDTO nanohybrids, as shown in
Figure 6.3. For substitutional doping, the diffevenn ionic radii should be less than the
Hume—Rothery limit (15%).[206] The ionic sizes ai*§ In**, and Rd" are 0.083 nm,
0.081 nm, and 0.076 nm, respectively,[207, 208hweitmaximum difference of 8.4%,
which lies within the Hume—Rothery limit. Thus, whim and Ru are doped in Spdn**
and Rd* can substitute for S forming an uniformly stable solid solution, caostent

with previous reports.[208, 209]

Counts (a.u.)

Energy (keV)

Figure 6.2 (a, b) SEM images of RGO-IDTO. (c, dMEnages of RGOIDTO nanohybrids.
The inset in image (d) is the SAED pattern of REIXO. The rings marked with red arcs are
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indexed to rutile Sng and the rings marked with green arc are indeaagtdphene. (e) HRTEM
image of RGGIDTO nanohybrids. (f) EDS spectra of RGDTO. Cu and Al are from the
sample holder.
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Figure 6.3 (a, c) low magnification TEM images d6@-RDTO nanohybrids. (b) SAED pattern
indexed to rutile Sngand G. (d) HRTEM image of RGO-RDTO nanohybrid3.HBS spectrum
of RGO—RDTO nanohybrids.

To obtain information about the average crystadpgic structure, the RGIDTO
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nanohybrid was characterized using XRD (Figure )6.Far comparison, RGE&nQ
without dopants was synthesized using a two-stethadepublished previously.[210]
Briefly, Sri** was introduced into the GO dispersion and adsodrethe surface of GO
bonded with oxygen functional groups (e.g., hydioand carbonyl groups) by
electrostatic force. Then the precipitate was ctdlé and washed with centrifugation.
The product was dried at 8C€ overnight, and RGE&nG, was obtained after annealing
treatment at 356C for 2 h under argon atmosphere. The XRD patterfigure 6.4a
demonstrates the presence of crystalline IDTO Nfsugh the diffraction peaks
corresponding with the (110), (101), (200), and1j2planes of rutile SnO(ICPDS
041-1445). The broad peaks indicate that the ngstads are tiny, consistent with TEM
results. There are no other peaks except for orad weak around 25 gorresponding to
the (002) plane of few-layer RGO, suggesting thaedDTO NPs are anchored on the
surface of RGO during the synthesis. The XRD pat#rRGO-IDTO is very similar to
that of RGG-SnQ, suggesting that there were no phase changesrimcciand no
nanoscale separation with indium doping in §n@hich is consistent with the previous
report.[211] The above results suggest that theudojpns are homogenously distributed
in the SnQ lattice. The XRD pattern of RG&®DTO shows similar characteristics

(Figure 6.5).
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The surface composition of RGO-IDTO was charazéetiby XPS. Figure 6.4b
shows the entire survey spectra of REDIO, showing the existence of C, O, In, and Sn
in the nanohybrid, consistent with the EDS resdltee C/O ratios were 1.8 for the initial
GO and 1.6 for RGO-IDTO hybrids based on the XP&yais. Although our electrical
measurements presented later suggest that GO leas diectively reduced to RGO
during the synthesis process, it is quite challeggio determine the exact degree of
reduction of GO because the oxygen signal in th& XPfrom both RGO and IDTO.
Figure 6.4c—e show high-resolution XPS spectra dsCSn 3d, and In 3d, respectively.
The complex C 1s XPS spectra can be fitted to tboeeponents with peaks centered at
284.6, 286.6, and 288.4 eV, corresponding with G280, and C(O)O, respectively. The
binding energies of C-O and C(O)O indicate the terie of oxygen groups in
RGO.[201] Figure 6.4d presents the Sn 3d level fil@hO, showing two symmetric
peaks due to spin—orbit splitting with binding agies of 495.2 and 486.8 eV for thg.d
and d, lines, respectively. Similarly, the In 3d leveid&re 6.4e) consists of two peaks
centered at 452.4 and 444.8 eV for thg dnd 4, lines, respectively. The as-produced
RGO-IDTO nanohybrid was also investigated by Raman tspgecopy (Figure 6.4f). The
peak at about 1,587 ¢m(G band) corresponds to the in-plane vibration spf
carbon-carbon bonds while the peak at about 1,380 (D band) is attributed to
disorders and defects of the graphitic layer.[Zl2¢ D/G intensity ratio (/lg) indicates
the extent ofti-conjugation and the defect density in the graplttyer.[213] The increase

of Ip/lg for RGG-IDTO (1.16) compared with that of GO (1.04) suggestdecrease in
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the average size of Spdomains and a high concentration of defects, plyssaused by
the sonication and reduction process. This increakgls also agrees with other reported
results.[214, 215]

Based on our experiments, we believe that the ddpaplays a critical role in the
nucleation of the doped tin oxide. For example, mvbely Sn and GO (no In) were used
in the reaction system with the same experimentatquure, the resulting product
consisted of aggregated NPs partially coveringR@® surface (Figure 6.6a). The SAED
pattern in Figure 6.6b demonstrates that the NPR®GO® have poor crystalline structure,
as evidenced by the broad blurry rings. When usinghe time when In is added is
important, affecting the final NP dispersion angstallization. It was found that similar
well-defined RGO-IDTO nanohybrid products were ot#d when mixing the two ion
sources and then adding them into the GO dispersi®rwell as when adding In first
followed by adding Sn using the same molar raticnéd®n=1:1 (Figure 6.2, Figure 6.7a,
b). However, when adding Sn before In, the resuétee similar to those obtained when
adding Sn only into the GO dispersion (Figure 6/8possible reason is that Sn adsorbs
on the GO surface, occupying most of the availabfe adsorption sites on the GO
surface. Therefore, limited sites are left for Ildsarption, resulting in the poor

nanoparticle crystallization and dispersion.
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Figure 6.6 TEM image (a) and SAED pattérn (b) adurct prepared by reducing Sp@Gh GO
using NaBH and the same procedure for preparing RGDTO nanohybrids.

Figure 6.7 TEM images and SAED patterns of RGO-IDWEDohybrids prepared with In/Sn=1:1
(a, b), 0.5:1 (c, d), 0.3:1 (e, f), respectively.
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Figure 6.8 TEM image of nanohybrids prepared byiregl®n into the GO dispersion followed by
adding In.

Both the presence and the amount of dopant ionysgtaitical role in the formation
of IDTO NPs on the GO surface. To investigate tfieceé of In on the final product,
different amounts of In were used in the synthe§iEDTO NPs while keeping the same
amount of Sn, i.e., molar ratios of In/Sn =1:1,:0,5and 0.3:1. The as-produced
nanohybrids were characterized by TEM and SAEDwshm Figure 6.7. It was found
that the samples with the largest amount of InSfha/1:1) produced the best crystalline
IDTO NPs on the RGO surface (Figure 6.7a, b), adeexed by the clear nanoparticle
distinction and bright sharp SAED rings. The samgymthesized with the smallest
amount of In (In/Sn=0.3:1) produced NPs over theCR€airface with broad diffraction
rings (Figure 6.7e, ), indicating poor crystaltioa of IDTO nanoparticles. Therefore, it
is reasonable to conclude that In can lower thdeation energy of NPs, which means

that well-defined IDTO nanocrystals would easilynfioon the GO surface with a higher
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concentration of In. We also investigated the fiomcof Ru in the nucleation of RDTO
NPs, and found that fine crystalline NPs formedtioe RGO when Ru is introduced
before adding Sn into the GO dispersion. With timease of Ru in the solution, a higher
density of RDTO nanoparticles formed on the RGCUasar (Figure 6.9). Because the
dopants encourage the final evenly distributedtati;se NPs on graphene, we propose
that the IDTO/RDTO nanocrystals form at positiortseve dopant ions are located on the

GO surface with low nucleation energy at a low teragure.

R v B it LY = 1_09!!!!! A

Figure 6.9 TEM images of RGO-RDTO nanohybrids pregavith different amounts of Ru by
adding different amounts of Rud0.05 M) solutions (e.g., 1.5 ml, 1.0 ml and 0.5 mto 8 mg
GO dispersion, while adding the same amount of SnCl

Our previous study showed that Sn@nocrystals enhance the sensing sensitivity of
RGO to NQ.[201] To prove dopants can further improve thessen performance, we
investigated the sensing properties of RGO-IDTON, at room temperature. The
dynamic sensing performance of the sensor was mexhsunder different N
concentrations (Figure 6.10a, b). The electricahdemtivity of the hybrid sensor
increases upon exposure to NQvhich is consistent with our previous results for

RGO-SnQ sensors. Because N@ an oxidizing gas, when NQOs adsorbed on SO
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surface, we proposed that there is electron trarisben SnQ to NO,.[201, 163] The
RGO usually behaves as a p-type semiconductor it &oom temperature and was used
as a conducting channel in our device.[197] Theteda transfer effectively increases the
charge carrier (i.e., hole) concentration in RG€gding to an increase in electrical
conductivity. The results also demonstrate that RIBDO nanohybrids show p-type
semiconducting behavior, and the semiconducting tfthe RGO was not changed after
the IDTO NP decoration.

The sensitivity of the sensor decreases upon expdsdower concentrations of NO
For the NQ concentrations investigated (from 0.3 to 100 ppim,sensing response can
be fitted well by an exponential curve, as showrrigure 6.10c. For low concentration
detection, the sensor can respond to a concemtrigtve! as low as 0.3 ppm, as shown in
Figure 6.10b, which is an order of magnitude lotin the EPA recommended exposure
limit (3 ppm).[216] Our sensor thus could be usemt foom-temperature low
concentration N@detection. The recovery process of the sensoretieryis slow, taking
overnight to completely recover to the initial stafurther sensor optimization is needed
to shorten the recovery time.

To prove the sensing enhancement of dopants to, Nl@ sensitivities were
compared for two types of RGO-Sn@ybrids fabricated using two different methods.
The first series of samples (RGO-Sn{) were synthesized using the hydrothermal
method described above.[210] The second seriesawiples (RGO-SnOIl) were
synthesized by loading SANPs on RGO using a mini-arc plasma source.[20H Th

sensitivity of the RGO-IDTO nanohybrids is much Heg than that of RGO-SnRO
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(Figure 6.10d), indicating that In doping in SNPs can greatly enhance the sensitivity.
This result can be attributed to the increase gfjer species (e.g.,°Gadsorbates) on the
nanoparticle surface by introducing indium as aahbdp As investigated by density
functional theory (DFT) calculations, the interaatibetween the SnGurface and N©
molecules can be described as follows:,Ngas) + O = NO;* (adsorption), where NO

is attached to O on the Sn@ surface, forming a N§ complex, with electron transfer
occurring from the nanoparticle to N{217] A higher sensitivity suggests more NO
molecular adsorption and more electron transfenftbe NPs to N@ Moreover, it has
been found that dopants in Sni@crease the number of oxygen vacancies,[218] lwimic
turn can easily dissociate oxygen molecules ands tfarm chemisorbed oxygen
species.[219] Since our samples were exposed tbedare testing, oxygen in the air
might be dissociated and chemisorbed on the IDTi@ase. This is also consistent with
other observations that the dopant facilitates guiem of oxygen molecules and
formation of oxygen ions on the Sp@®urface.[220] The high sensitivity might also be
attributed to the tiny size of IDTO nanocrystaleda their large surface-to-volume ratio,
which leads to ample adsorption sites in the s@ngirocess and thus an enhanced

sensitivity.
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Figure 6.10 (a,b) Dynamic sensing response of RGDOItoward different N@concentrations.
(c) Exponential curve of sensitivity as a functafNO, concentration. (d) Sensitivity comparison
of RGO—-IDTO and RGO-Snanohybrids to 100 ppm NO

In order to probe the selectivity of RGO-IDTO naylotid sensors, the same sensor
was measured against several other gases, inclt3idgCO, H, and NH. The sensing
test cycle was the same as that for measuring B the dynamic responses are shown
in Figure 6.11a. The sensor showed very weak resptm all gases except NOThe
device conductance decreased when the sensor waseskto N indicating electron
transfer from NH to the nanohybrids. However, the exposure to offaeses led to an
increase of the conductance, suggesting the etett@osfer is in the opposite direction,
i.e., from the nanohybrids to the gas molecules $ansitivity comparison shown in
Figure 6.11b demonstrates that the response to tetbiing gases is negligible compared
with that of NQ, indicating that our sensor has very good seliggtiMere, we suggest a

“superposition effect” as one possible mechanismttie high selectivity: Our previous
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experimental and theoretical studies showed thaD,Sselectively enhanced the
sensitivity of MWCNTs or RGO to NOat room temperature.[201, 217] It was also
reported that multiple b®3; nanowire can achieve selective detection of, M@h other
chemical gases such as NHD,, CO, and H[180] Therefore, the differential selectivity
of the RGO-IDTO hybrids was maximized by dopingiumad in SnQ for this study due
to the same gas selectivity enhancement. Howevere nwork is needed to better
understand the underlying mechanism.

For NGO, detection, other efficient graphene-based hybedsers have also been
prepared, such as G-W@nd RGO-CyO sensors.[221, 222] Compared to the sensing
performance of those hybrids, our RGO-IDTO sensmehcomparable detection limit
with RGO-CuyO sensor, which is better than that of G-YVBowever, the selectivity was

not reported for those hybrids, while the RGO-IDA¥Drids reported here have excellent

selectivity.
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Figure 6.11 Comparison of sensing responses (aj@msltivity (b) to various gases.
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6.3 Summary and conclusions

In summary, RGO-IDTO and RGO-RDTO nanohybrids wsrecessfully synthesized
using a simple one-pot aqueous method at low testyper The morphology
characterization results show that In- and Ru-ddpe@ NPs are evenly distributed on
the RGO surface, and that the dopants are sucdgssfoorporated into the SnO
nanocrystals. The size of the doped nanopartidegery small, about 2-3 nm. The
dopants lower the nucleation energy of the iongs@h and lead to crystalline IDTO or
RDTO NPs on the RGO surface. Such nanohybrids emg promising for sensitive and
selective detection of NO The as-prepared RGO-IDTO showed a much higher
sensitivity than RGO-SnQ indicating the sensing enhancement function afiuim
doping. The dopants also induced a large numbexygen vacancies in the nanocrystals,
leading to an increase in the number of surfacegemyion species that can react with
NO, gas molecules. The highly selective sensing to, M@ be understood as a
“superposition effect” of selectivity in the hybsidThis preparation method opens up a
simple one-pot approach to synthesize various ruetaed metal oxide
nanoparticle-graphene nanohybrids for a wide raofggpplications such as sensors and

catalysis.
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CHAPTER 7 SUMMARY AND RECOMMENDATIONS

7.1 Nanopatrticle synthesis using mini-arc plasma

Several types of NPs have been synthesized ugimg-arc plasma method. By adjusting

the parameters of the system, tungsten oxide Nipgsten oxide NRs, tin oxide NPs,

mixture of tungsten oxide and tin oxide NPs, amgesiNPs were successfully produced.
The amount of oxygen in the reactor significanfiigeted composition and morphology

of the as-produced nanomaterials. The control ¢lernanomaterial morphology and

structure was investigated, which provides a thgihounderstanding of the nanomaterial
synthesis process using a mini-arc plasma sourdea#so sheds light on gas-phase
nanomaterial synthesis in general. The results tlimstudy can be used to tailor reactor
parameters for desired nanomaterial products.

The reactor temperature plays a critical role ia $ynthesis process. However, the
exact temperature in the min-arc plasma reactatilisunknown or it is not precisely
controlled. If the temperature could be measureel,Manoparticle synthesis process can
be better controlled and more consistent resultsbeaobtained. To synthesize binary or
multi-component nanoparticles with a precise cdritracomposition is still challenging.
Therefore, controllable fabrication of multi-comgon nanoparticles may further expand

applications of mini-arc plasma reactors and narimpes.

7.2 Silver nanoparticle—decorated CNTs for ammoniaensing

Hybrid structures of silver nanoparticle-decorat€dTs, including MWCNTs and
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s-SWCNTs, have been fabricated and demonstratedoi@mm-temperature NHgas
sensors. The as-produced MWCNT/Ag NP hybrid sesbowed better sensitivity than
MWCNTs and Ag NPs alone. Fast sensing responseemadery were also achieved by
the deposition of Ag NPs on MWCNTSs. The Ag NPs waskthe dominant active sites for
NH3 adsorption in the sensing process. For ammonigsoserbased on s-SWCNTSs, the
SWCNT/Ag NP hybrids exhibit much higher sensitivitan MWCNT/Ag NP hybrids
due to the excellent semiconducting properties WCSITs. The electron transfer
between gas molecules and SWCNTSs resulted in ggnif changes in the charge carrier
concentration of SWCNTSs, leading to the high seérsit Therefore, the CNTs/Ag
hybrids are attractive for selective detection éfsMit room temperature.

The CNTs assembly on electrodes needs to be impho®eause the resistance of the
devices varies from one to another. Future wonkasranted to improve the method for
CNT assembly so that device variations can be niksich A precise control of Ag NP
loading density on CNTs and a further study onefffiect of the Ag NP loading density on
the sensing performance are also needed to optitheeensing performance of these

hybrid structures.

7.3 MWCNTs/SnO,/Ag hybrid gas sensors

A multi-component hybrid structure consisting of ,A§nQ, and MWCNTs has been
synthesized byn situ NPs deposition using a mini-arc plasma method. @ed with

MWCNTs alone and MWCNTs/SnOhybrid structures, the as-produced ternary
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MWCNTs/SnQ/Ag hybrid sensor exhibited higher sensitivity afaster response
towards both N@and NH at room temperature. The sensing mechanism oupg®@ted
by MWCNTs can be explained as “electronic senditiza’ The oxygen atoms on SpO
and Ag surface play a critical role in the gas sens

These findings provide general guidance to engirseasitivity and selectivity of
CNT-based sensors using binary nanoparticles. Hexwveawore understanding on the
underlying mechanism is needed in the future becthes synergistic interaction between
the two types of nanoparticles may have an evehenignhancement effect on sensing
than just a simple combination of the two materi@¢her metal catalyst nanoparticles
may be developed in the future to tune the sersetertivity of CNT-Sn@ hybrids; e.g.,

Pd NPs may be used to enhance the sensor perfarfand, detection.

7.4 RGO/Ag NP ammonia sensors

RGO/Ag hybrid structures were successfully synttesin situ by direct deposition of

Ag NPs onto monolayer RGO. Compared with RGO sendgtiese hybrid structures
showed enhanced sensing performance to ammon@oat temperature, evidenced by
very short response time, high sensitivity, andrislecovery time. Compared with
MWCNTs/Ag hybrid sensors, RGO/Ag hybrids exhibigier sensitivity with a similar

Ag NP loading density, which is likely due to thigtnspecific surface area of RGO. The
density of Ag NPs affects the sensitivity, and ¢hisra maximum sensitivity for a proper

loading density. Ag NPs also decrease the respond€,, resulting in a better selectivity
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of RGO to NH. In the hybrids, Ag NPs act as the dominant sensites and a net
electron transfer from NHo Ag reduced the carrier concentration in RG@gieg to an
increase in resistance.

Because the oxygen-containing functional groups R¥BO affect the electrical
properties of RGO, future studies may be direatednderstand the effect of such oxygen
groups on the sensing performance of RGO-baseddsybvarious RGO sheets with
different number of oxygen functional groups may used in the RGO/Ag sensing

system to understand their roles in sensing prareg®ptimize the sensing performance.

7.5 Doped Sn@-decorated RGO for gas sensors

RGO-IDTO and RGO-RDTO nanohybrids were successfyihthesized using a simple
one-pot aqueous method at low temperature. The hmotogy characterization results
show that In- and Ru-doped Sn®Ps are evenly distributed on the RGO surface, and
that the dopants are successfully incorporatedth#dSnQ nanocrystals. The size of the
doped nanoparticles is very small, 2-3 nm. Suclomgorids are very promising for
sensitive and selective detection of NDhe as-prepared RGO-IDTO showed a much
higher sensitivity than RGO-SaQindicating the sensing enhancement function of
indium doping. The highly selective sensing to -N©an be understood as a
“superposition effect” of selectivity in the hybsidThis preparation method opens up a
simple one-pot approach to synthesize various raetaéd metal oxide nanoparticle-

graphene nanohybrids for a wide range of applioatguch as sensors and catalysis.
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However, the nature of the doping in the resultmanocrystals and the exact
mechanism of doping in the enhancement of sensawrfpgmance are unclear. Future
studies should be directed to illuminate thesedspects to further understand the doping
effect. For example, nanocrystals with differentoaimt of dopants may be synthesized
and the influence of the dopant concentration om s$ensing performance may be

investigated to optimize the sensitivity and thiestvity.

7.6 Comparison of various nanocarbon-based materiglifor gas sensing

In this dissertation, several types of nanocard®h&/CNTs, SWCNTs, and RGO) were
used in the hybrid gas sensors through combiniegtivith various nanoparticles. The
intrinsic properties of both nanocarbons and narimes significantly influence the
tunability of sensing performance of these gas@snslable 7.1 shows a summary of
sensitivity values, response time values, and 8eigc (if available) of various
nanocarbon-based materials studied in this diggeriaogether with some results from
previous work by our group on RGO/SnhQybrids (marked with *). To ensure
comparability, all the materials are summarizedtfa@ir sensing responses to 100 ppm
NO; and 1% NH, which are typical oxidizing and reducing polluigrespectively. The
sensitivities are normalized as 85/Gy for NO,, and SAR/R, for NH; to ensure
positive values for the sensitivity. Note that M loading density may not be exactly the
same for all cases under comparison. Furthermdrthealisted sensitivity values are the

maximum values observed in the current study testithte the sensing potential of each
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material. Response times are normalized as therteeded for the sensor to change over
63.2% of the maximum sensitivity (correspondingotee time constant in a first-order

dynamic system).

Table 7.1 Summary of sensitivity, selectivity, aedponse time for various nanocarbon-based

materials
NO, (100 ppm) NH; (1%)
Materials S t(s)] SL Ref. Materials S t(s) SL Ref.
1 | SWCNTs 24.4 209 Ccw SWCNTs 60 210 CW
2 | RGO/In-SnQ 11 114| NQ | CW SWCNTs/Ag 3.5 6 CwW
over | [223]
NHa,
Ha,
CO,
H,S
3 | SWCNTs/Sn@ 8.8 234 Ccw SWCNTs/SnO 1.3 | 47 Ccw
4 | RGO/SnG* 1.87 60 NQ | [201] | RGO/SNG* 0.42 | 30 [201]
over
NH3
5 | RGO* 1.56 100 [201] | RGO/Ag 0.18| 6 NE | CW
over | [224]
NO,
6 | MWCNTs/SnQ/Ag | 0.43 | 77 Ccw MWCNTs/SnQ/Ag | 0.12 | 47 Ccw
[186] [186]
7 | MWCNTs/SnQ 0.31 126 Ccw MWCNTs/Ag 0.09| 7 NH | CW
[186] over | [184]
NO,,
Ha,
CO
8 | MWCNTs 0.19 224 Ccw RGO 0.05| 151 cw
[186] [224]
9 | RGO/Ag 0.07 15 CcwW MWCNTs 0.05| 387 cw
[224] [184]
10 | MWCNTs/Ag 0.04 76 Ccw MWCNTs/SnQ 0.05| 31 CwW
[184] [186]
11 RGO/In-SnQ 0.03| 203 Ccw
[223]

*denotes previous work from our research grougseBsitivity; t, response time; SL, selectivity;
CW, current work.

Through comparing the hybrid sensors with the s@ype of nanoparticles, e.g.,
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SnG for NO, and Ag for NH as highlighted in red in Table 7.1, semiconducting
SWCNTs-based sensors have the highest sensitifajowed by RGO- and
MWCNTs-based sensors, suggesting that semiconducB®/CNTs are the most
attractive for gas sensing and thus offer supeupability in sensing performance. This
can be attributed to the relatively low charge iearconcentration in semiconducting
SWCNTSs; a net electron transfer induced by gasratlea can result in a substantial
change in the charge carrier concentration and tteiglectrical conductance. However,
RGO and MWCNTs exhibit more metallic than semicarishg behavior and have
relatively higher charge carrier concentrationstisat small electron transfer cannot
significantly modify the electrical conductanceRIBO or MWCNTS.

A significant contribution of nanoparticles in theanocarbon-based hybrids is their
capability to tune the sensing selectivity and risgponse time. For example, hybrids of
Ag NP-decorated MWCNTs show selectivity for sensiNgls; In-doped Sn@ NPs
greatly improve the selectivity of RGO/In-Sp@ybrid sensors for NO Doped metal
oxides on nanocarbons could be an efficient pathweaymprove the hybrid sensor
selectivity as suggested from the sensing perfoomari RGO/In-Sn@ hybrid sensors.
Except when defects dominate the sensitivity of ocarbons (e.g., s-SWCNTSs),
nanoparticle decoration on nanocarbons typicallly ardy improves the sensitivity and
selectivity but also enhances the response timeekample, the response times for bare
SWCNTs, MWCNTSs, and RGO to 1% NlHdre all on the order of minutes. After Ag NPs
decoration, the response times are around 6 sefdrer carefully selected nanoparticles

have great potential to regulate the sensing pedaoce of nanocarbon-based gas sensors.
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