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The synthesis of metal-oxide nanowires (i.e. J%Qn0O, CyO, and FgO,) and
nanoplates (i.e. Mog is examined experimentally with metal-substrate pahserted
into counter-flow diffusion flames (CDFs) at atmosphgiressure. The quasi-one-
dimensional flow field allows for correlation betweemrphologies and local growth
conditions, as well as the tailoring of the flameusture, through computational
simulations with detailed chemical kinetics and transgorprovide conditions suitable
for gas-phase growth of nanostructures. Comparisonsodfipts synthesized between
methane and hydrogen flames, as well as between lnsgifobed on either the fuel side
or the air side of the reaction zone, permit evaluaticthe roles of @versus HO versus
CO, in the oxidative route(s) involved. The as-synthesizenostructures are
characterized by field-emission scanning electron mics¢6ESEM), high-resolution
transmission electron microscopy (HRTEM), and epeatgpersive X-ray spectroscopy
(EDXS).

Tungsten oxide nanowires are grown with diameters ngnfyjom 50 to 200 nm
at 1720K. The crystal structure is tetragowdd, o, but the growth directions vary with

flame conditions. Single-crystal ZnO nanostructures farmed at 1000, 1300, and



1600K. All growth mechanisms are possible based on Gibbsfregy calculations.
Molybdenum oxide nanoplates are grown in the methameeflat 2000K on both the air
and fuel sides, where similar amounts gOHand CQ are found. In the hydrogen flame,
oxidized structures are grown on the air side, and misized plates are synthesized on
the fuel side. GO nanowires are grown only on the air side of the arethand
hydrogen flames, where large amounts of oxygen are predéme. fuel sides of both
flames show nucleation sites on the surface but no nemogvowth. Iron oxide
nanowires are formed on the air side of the methantk lgydrogen flames. Carbon
nanotubes and nanowires are grown on the fuel sideeofndthane flame, while iron-

oxide nodules are formed on the fuel side of the hydrogerflam



ACKNOWLEDGEMENTS

| would like to thank my advisor, Professor Stephen ©sdnis guidance on this project.
Without him this would not have been possible, and | ateful for all of his help. He
always seemed to have a solution to the many obstlatdesd during my research. |

also appreciate the time Prof. Lin and Prof. Pelegntspiewing and editing this work.

Many people have contributed to this work, and | am vieaylkful for their help. Dr.
Fusheng Xu helped me understand this project and gave met insighall of the
experimental aspects of the research. Megan, it veastaihave another girl in the lab.
We definitely figured out quite a bit about research togretand you helped me learn
where everything is kept in the lab. Alex, thanks farags keeping the lab exciting and
the trips we took to Princeton together. Thanks to fédo keeping me company during
many late nights working. Thanks to Xiaofei and Hadi foeirt laser diagnostics and
analysis. Thank you Dr. Geliang Sun for your help whigh materials science aspects of
this project. | would like to thank Dr. Jafar Al-Sharfor his sample analysis and
characterization on the TEM. Thanks to Prof. Greerdng John Yaniero for their
invaluable help and expertise in microscopy, as well axadvihanks to John Petrowski

for his general knowledge in everything and his willingriedselp solve any problem.

The financial support of the Army Research Office (tigio Grants W911NF-07-1-0425
and W911NF-08-1-0417), the National Science Foundation (througimt GCBET
0755615), and the Rutgers Mechanical and Aerospace Engineeringr Ralgbwship is

gratefully acknowledged.



Finally, I would like to thank my family, who helped mmamensely in too many ways to
count. Thank you for the physical and emotion support andrstageing during this.

Thank you Mom, | never would have been able to do this witymuut



Abstrac ii

Acknowledgemen iv
List of Table: viii
List of Figure: X
L1 gT=T o] = S USRI 1
INEFOAUCTION ... 1
1.1 Motivation and ObjeCtiVe aNd SEFALEIES. ......eeuun ettt e e et e e et e e aeeea e eaeees 1
2@ Y[ 1=, PR 3
RSO N 1 [T (=X o) M I 1= E T 6
EXPEI IMENTAI SELUPD ..ottt bt b et ab e e st e e e be e e sbee e saee e sabe e s abeeeabeeeanneesnbeaas 7
2.1 Experimental Setup CONTIQUIALTION. ........un ittt e et e e e e et eeaeeeens 7
P2 W R O 0 0 (= i (o TV o 10 1 T =TT 7
2.0.2 GASAEIIVENY SELUD -..eettiieeieei ettt e e et e e e ettt e e e e e et e e e e eetaa e e e eetban e aennnnaaaees 8
2. 1.3 EXPEriMENT NOUSING ...ttt et e e ettt e e ettt e e e e e eaa e e e ennaa s 10
B N | o1 1 = <P 11
2.1.5 Three-axistransator and CatNELOMELET ...........oouiiuiiiiiiie et ee e e r e eaas 12
2.2 Operating conditions and PrOCEAUIES ...........iiieiiti ettt e et e e e e et e e e et e eaaeeaan s 13
2.2.1 Experimental procedurefor methane counterflow diffusion flame...............ccccoeeiiinnnnn. 13
2.2.2 Experimental procedurefor hydrogen counterflow diffusion flame.................eeiiii. 15
2.3 Ex-situ characterization MELNOS. .........c.uiiei et e e e e e 18
2.3.1. Fidd emission scanning electron microscope (FESEM) .....cooovuiiiiiiiiiiiiiiiiii e 18
2.3.2 Transmission electron microscope (TEM ) ....couuu i 18
L0 gT=T o] 1< g RSP R PR 20
FIamME SETUCLUI €. 20
I =T (TS 0 [ (< 20
RIS 0 [V F=1 o o 21
B3 SIMUIALION RESUILS. ... eeiiiei et e e e e et et et e et e et et s e s s e e s et s e s ee s ssnsanannss 24
L0 gT=T o] = S RPN 31
TUNGSLEN OXITAE NBNOWIT ES.....cceeieeieeiiteeetee ettt ettt ettt et e bt e et e e sbe e e sbee e sateesabeesabeeeabeeesaseesnbeesabessnneeenres 31
g I g 0o [0 T o o 32
A (o< 11110 | TP UPPPRTN 33
4.3, RESUITS AN DISCUSSION ...euititii et ettt ettt e e e e e e e e et e et e st s e e e e e ea e et s ea st s s ssn s e enneasses 36
R Y N TS o [T 36
A =T 1 s o [T 40
N o (o 11 o] 1 43
L0 gT=T o] 1< g TR RP TR 44
ZINC OXIAE NANOSIT UCTUI B anan 44
LT g oo 18 T 1o o T 44
A (o< ] 0= | PRSPPI 45



vii

LSRRG 5= U | 47
LTI N TS Lo [T 47
ORI S U< IS Lo [T 54

LY o g To: 1T 1= o F= T 57

L0 gT=T o] 1= S ¢ RSP RR TR 58
Molybdenum OXide NANOPIBLES ..........ii ittt et sae e st e s be e e sbee e sane s 58

(ST R g 0o 18 Tox 1o o T 58

A o< ] 0= | PP UPPPRTN 59

LSRRG = | = 61
LSRRI N TS Lo [T 61
SRS S U< IS Lo [T 64

(SR @0 g To: 1T IS0 o £ 66

L0 gT=T o] = S RPN 67
Copper Oxide and 110N OXidE NANOWIT ES........ccuiiiiiiiiieeiteeerieesieeeieeestee e sieeesbe e sbeessaee e saeeesabeesreesees 67

7% R 1 0o 18 T 1o o 67

A (o= ] 0= | PR UPPPRTN 68

RS (== | 70
A N TS Lo [T 70
WA S U< IS Lo [T 74

A @0 g To: 1T 1= T o o T 78

L gT=T o] 1= g S SRR 79

CONCIUAING REMAIKS ... ittt ettt ettt ettt e e ebe e e sabe e s abe e s abe e e abe e e saeeesabeesnbeeenres 79
8.1 REVIEW OF RESUILS. ...ttt ettt e e e et e et e ea e et e e s s s em e raeetsaennen 79
I UL L0 T ST AY o 81



LIST OF TABLES

Table 2.1 MFC data. .......ccooeeiiiieeeie et e e e e 10
Table 2.2 Gas QUAIILIES .......uiieiii e e 10
Table 2.3 Substrate diameters and SUPPLIEIS. ... 12

Table 3.1 Flame simulation information...............occooeiiiiiiiiiiiiii e 24

Table 4.1 Concentrations of species in the methane anddgmflame on the
AN SIAB. .o e 40
Table 4.2 Species concentrations in methane and hydragee fitructure on the fuel
][0 [ PSP 43
Table 5.1 Species concentrations for the methane anddgrdflame on the air side at
the probed l0CatioN. .........ooouiiii e 52

Table 5.2 Gibbs Free Energy calculations for ZnO formmati.................cccooeevevieiniennnnn. 53

Table 5.3 Species concentrations for the methane andggrdf@ame on the fuel side

at the probed I0CatioN....... ..o 57

Table 6.1 Species concentrations in the methane and hyditages on the oxidizer

side at 2000K at the probed location (z=+0.83CM). ....ccceveviiiiiiiiineeennnnnn. 64
Table 6.2 Species concentrations in the methane and hyditages on the fuel side at

2000K at the probed locatior=+0.79).........cccviiiiiiiii i .. BB
Table 7.1 Concentrations of species in the methane anddemiflame on the air side

at ~900K at the probed location (z=+0.97). ......couccemmriiiiii e, 72
Table 7.2 Concentrations of species in the methane anddgmflame on the air side

at ~1000K at the probed location. ............coviiiiiiiiiiiie e 74

viii



Table 7.3 Species concentrations in methane and hydragee fitructure on the fuel
side at ~900K at the probed location (z=+0.56). ... eeeerirerieiinenennennn. 16
Table 7.4 Species concentrations in methane and hydragee fitructure on the fuel

side at ~1000K at the probed location (z=+0.58). ...cccceeeeiiiiiiiiiiiiiiieeen, 77



LIST OF FIGURES

Figure 1.1 Flowchart of experimental method. .............ccooeiiiiiiiii e 4.

Figure 2.1 Actual image of CDF with methane flat flame............cccc.ooiiii. 8
Figure 2.2 Pictures of MFCs used in eXPeriment. ... oo iiieiiieeiiiieeeeiie e e e 9
Figure 2.3 Screen image of LabView program used to COMIFAIS. .............ccceuvereennnnnn. 9

Figure 2.4 Experimental housing shown a) Unistrut support systénplexi-glass

Figure 2.5 Three axis translator (left) and cathetonfatgt)..............cceiiiviiiiiiinnnnnen. 13
Figure 3.1 Schematic of flow field established with CDF............ccccoooiiiiiiiinnnn. 21
Figure 3. 2 Picture of flate flame. ... 21

Figure 3.3 Temperature profiles for 50% methane diluted 3@ nitrogen and 36.5%
hydrogen diluted with 63.5% NItrogen. ..............commmmeee e 25
Figure 3.4 Temperature profiles for 100% methane and 44% hyddidgesd with 56%
LT 1EfoTo = o 1A SRR 25
Figure 3.5 Methane simulation results for 50.0%;,@Rd 50.0% Bla) temperature and
velocity profiles b) species concentration in mosfion. ........................... 27
Figure 3.6 Hydrogen simulation results for 36.5%&iHd 63.5% M a) temperature and
velocity profiles b) species concentration in mosefion. ........................... 28
Figure 3.7 Methane simulation results for 100.0%, @Hemperature and velocity
profiles b) species conentration in mole fraction..........c...cccoveviiiiininnnnn. 29
Figure 3.8 Hydrogen simulation results for 44.0%e&iAd 56.0 N a) temperature and
velocity profiles b) species concentration in mosfion............................ 30

Figure 4.1 Gas phase flame structure of methane and hydragessf......................... 35



Figure 4.2 (a) Counterflow diffusion flame utilized inpeximent. (b) SRS diagnostic

Figure 4.3 (a) Low magnification tugnsten oxide nanowires grova CH4 flame (b)
Magnified FESEM image of nanowires grown in CH4 ...........................37
Figure 4.4 (a) Low magnification showing dense yield of tumgetede from H flame
(b) Typical image of tungsten oxide grown in thefldme .......................... 37
Figure 4.5 (a) TEM image of Wig nanorod with SAED pattern in upper right corner (b)
Branching in the [1,1,0] growth direction ............ccceeeiiiiiiiiiniiiiineene, 38
Figure 4.6 (a) Low magnification tugnsten oxide nanowires gromwthe fuel side of a
CH, CDF (b) Magnified image of nanowires grown in CH...................... 41
Figure 4.7 (a) Low magnification showing tungsten oxide fkdyflame (b) Typical
image of tungsten oxide grown on the fuel side of théldtne.................... 41
Figure 4.8 (a) TEM image of nanowires grown on the fuded sif the methane flame (b)
TEM image of tungsten oxide nanowires grown on the fualel sf the
hydrogen flame with an inset of the diffraction patternHigh resolution
TEM image along with FFT analysis in the upper right eorn.................. 42
Figure 5.1 Gas phase flame structure of methane flames@thCH, and 50% N (top)
and hydrogen flame with 36.5%ldnd 63.5% K (bottom). ........................ 46
Figure 5.2 FESEM images of nanomaterials from the {Ethe on the oxidizer side
where T = ~1600K and z=+0.90CM. .........coiiiiiiiiiien e 48
Figure 5.3 FESEM images of nanomaterials from théldtine on the oxidizer side where

T=~1600K @NA Z=F0.7LCM. . e e e 49

Xi



Figure 5.4 FESEM images of nanomaterials from the {Ethe on the oxidizer side

where T = ~1300K and z=+0.94cm: (a) nanorods, (b) nanoribbon®mwer-

like structure, (d) chain-like Structure. ........ccccceviiiiiiiiiiiic e 50
Figure 5.5 FESEM images of nanomaterials from théldtine on the oxidizer side where

T=~1300K and z=+0.65CM. .......cccourtmiiieiiiiiiiemm e 50
Figure 5.6 FESEM images of nhanomaterials from the axgitipo on the oxidizer side

where T = ~1000K and z=+0.98cm: (a) microsized columns/chi@iKg,

(b) nanosheets (G} (c) and (d) nanorods from the Hame. ..................... 51
Figure 5.7 ZnO nanomaterials from the fuel side of théhame flame. (a) T = ~1600 K,

(b) T=~1300K, (c) and (d) T = ~1000 K. ..cceerrriiiiiiiiiiiiiieeeeeeeeee e 55
Figure 5.8 ZnO nanomaterials grown in the hydrogen flanfe)&t600 K, (b) 1300 K,

=L 0 I (o) 00 1000 I P 55
Figure 6.1 Gas phase flame structure of methane flamel@@!®% CH (top) and

hydrogen flame with 44.0% 3and 56.0% B (bottom). ..........ccceeveviiiivinnnnnne. 60
Figure 6.2 (a) Counterflow diffusion flame with probed goss marked. (b) SRS

(o] F= o | T 11 o] =] (U o PP 61
Figure 6.3 Molybdenum oxide grown in the £ltime on the air side (z=+.83cm) at (a)

low magnification (b) and high magnification. Molybdenowide grown in

the H flame on the air side (z=+.83cm) at (c) 5,000X (d) and 10,000X 62
Figure 6.4 TEM image of molybdenum oxide grown in the, @&me on the air side with

a diffraction pPattern INSEL. ...........c.uu e 63

Xii



Figure 6.5 Molybdenum oxide grown in the £lthme on the fuel side (z=+0.79cm) at
(a) low magnification (b) and high magnification. Molgim oxide grown
in the K flame on the fuel side at (c) 5,000X (d) and 10,000X. ............65
Figure 7.1 Gas phase flame structure of methane and hydragessf......................... 69
Figure 7.2 (a) Counterflow diffusion flame with probed goss marked. (b) SRS
AIAGNOSLIC SEIUP. ..ieiiie it 70
Figure 7.3 (a) Low magnification copper oxide nanowires gromenCH, flame
(z=+0.97cm) (b) Magnified FESEM image of nanowires grow@hf ....... 71
Figure 7.4 (a) Low magnification showing yield of copper oXiden H, flame
(z=+0.97cm) (b) Typical image of copper oxide grown in thdl&ine ........ 71
Figure 7.5 (a) Low magnification iron oxide nanowires groma CH, flame (b)
Magnified FESEM image of nanowires grown in CH...................o.. 73
Figure 7.6 (a) Low magnification showing dense yield of ogide from H flame (b)
Typical image of iron oxide grown in thellame............ccc.ooviiiiiiinnnennnn. 73
Figure 7.7 (a) Low magnification copper oxide substrate eriudl side of a CHCDF
(b) Magnified image of substrate..............cceeemiiiiiiii e, 75
Figure 7.8 (a) Low magnification showing copper oxidatioH rflame (b) Typical
image of copper oxidation on the fuel side of thdlaime ........................... 75
Figure 7.9 (a) Low magnification carbon nanotubes growtheriuel side of a CHCDF
(b) Magnified image of iron oxide nanowires grown inLCH..................... 76
Figure 7.10 (a) Low magnification showing iron oxide fromfldme (b) Typical image

of iron oxide grown on the fuel side of the ftame.........................., 77

Xiii



Chapter 1
| ntroduction

This thesis focuses on correlating local gas-phase prawinditions to resultant
morphologies in the synthesis of various metal oxalgostructures, such as \W§ZnO,
MoO,, CwO, and FgO,4. A review of synthesis conditions and materials prixgse are

given within each specific metal-oxide chapter.

This chapter contains the motivation and objectives of thssertation, as well as
strategies and innovations in the field. Then a praeetview is given followed by an

outline of the ensuing chapters.
1.1 Moativation and Objective and Strategies

There are many ways to produce metal oxide nanostructioregxample, chemical
vapor deposition, laser ablation, and arc discharge.oédfih the materials can be readily
fabricated, very little is understood about the basiecimanisms involved in their
formation. There are no known “universal” conditiotgt will produce a specific
composition of nanowires, although conceptually theyikhexist. Flame synthesis has
been shown to be a promising method for producing one-dioveal metal-oxide
nanowires. Moreover, it can be fundamentally advawtagdor controlling the key
variables in nanostructure growth, such as gas-phase tdmperand species
concentrations. A counterflow diffusion flame (CDB)a strategic flame that is easily

probed for conducive conditions for nanowire growth tbah be translated to other



geometries and even perhaps other gas-phase synthedisdsebr larger-scale

production.

To better understand the growth mechanisms producing the-ox@al nanostructures,
parametric studies comparing methane/air and hydrogen/air @@Fsonducted. The
methane-based flame contains carbon, hydrogen, and ospgeres, with primary by-
products HO and CQ, while the hydrogen-based flame contains hydrogen and oxygen
speices, with the by-product@ but no CQ. Thus, hydrothermal (or hydrolysis) routes
can be isolated. Furthermore, the CDF is quasi-onerdiimeal, with gradients existing
only in the axial direction, allowing for meaningful sifations to be performed with
detailed chemistry and transport. As a result, the gaseptieanperatures and all of the
relevant species concentrations at various positwitisn the flame can not only be
determined (e.g. through Raman spectroscopy) but alsoethilorin our studies,
experiments are performed by probing two auspicious locatwiths a given flame for
nanowire growth, where the temperatures are the same/tere the chemical species
concentrations are different (i.e. locations on thies@le versus the fuel side of the
exothermic flame reaction zone). Such a paradigm ipeEnrigorous uncovering of the
fundamental growth mechanisms (e.g.\® CQ vs HO routes) of such nanomaterials

synthesis.

There are many methods to produce nanostructures, nai@y I&ser ablation, arc
discharge, and many others. The main objective of wlaisk is to investigate the
fundamental mechanisms involved in the gas-phase synth&sianetal-oxide

nanostructures using well-defined flame synthesis. Salwensages to this process are



that high growth rates can be achieved on the orderi@bns per minute. The flame
provides both the enthalpy and gas-phase reactants ritnesys to take place. No
catalysts are needed because the nanowires grow dinecymetal substrate, and local
conditions can be probed and identified. These expersuant be performed in ambient

conditions; therefore, no expensive vacuum systemseessary.

To correlate nanostructure characteristics with localwgn conditions, parametric
studies are performed using two different flame structuredifiérent chemical

composition, where the temperature profiles are purposafierthe same. Therefore, the
role of specific species can be isolated and assessed ba the resultant morphologies.
Gibbs free energies are calculated for posited syisthesmctions to evaluate their

contribution.

1.2 Overview

In this work, tungsten oxide, zinc oxide, molybdenum oxiden ioxide, and copper
oxide nanostructures are fabricated, and synthesis @nddre analyzed by employing

the following method.



{ Simulation

'L Experimer}
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Nanostructure
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Ex Situ W { Nanostructure
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Figure 1.1 Flowchart of experimental method.

First, a simulation of the counterflow diffusionrfie is performed in order to prescribe
the flame structure, with appropriate temperature and espemncentrations. The
temperatures of the substrate are measured using anl gpticeneter. The CDF
experiments are run with either methane or hydrogeneatiéh, and a parametric study
is performed keeping temperature constant. The speciesmoations, such asMH,0,
and CQ, are varied based on the flame configuration. The Esmpre then
characterized using a scanning electron microscope (SBEMpdaransmission electron
microscope (TEM) to determine the morphology and struattitbe synthesized metal-
oxide nanomaterials. WX, ZnO, MoQ, FeO,, and CyO nanostructures of various

morphologies are synthesized, and local growth comditaoe determined.

WO, ¢ nanowires are grown on both the air and fuel side @fntkethane and hydrogen

CDFs at locations corresponding to 1720 K from tungsterntrsibs. The air side of the



methane flame yields nanowires approximately 50 nm in eblamwhile the air side of
the hydrogen flame produces wires that are about foustasdarge. The fuel side of the
methane flame produces thinner wires than does thedair #igain, the wires grown in

the hydrogen flame have larger diameters than wires giotie methane flame.

Many different ZnO nanostructures are produced by flapeathesis at various
temperatures ranging from 1000 K to 1600 K. The largest nuaflbmorphologies are
found when there is a comparable amount of, )0, and Q species present at the
same location. The Gibbs free energies of the hypotdwseactions show that growth

mechanisms involving all three species are possible toZoKnnanowires.

MoO-, nanostructures are grown from a molybdenum substrate at 20D08Khe air side
and the fuel side of the methane flame, nanoplatedoared; and HO and CQ are
present in similar amounts. On the air side of thedrdyyen flame, direct oxidation of the
substrate surface seems to be taking place. On thesifieslof the hydrogen flame,

micron sized plates are found, which are grown throughtarwapor route.

CwO nanowires are grown on the air side of the metlaadehydrogen flame at 900 K,
where oxygen is the dominant species present. On ¢hsifle, some oxidation patterns
of the copper substrate is seen, but there is not enmughcleate nanowires. Water
vapor is the predominant species in this experiment, whicates that oxygen is the

only growth mechanism for copper oxide nanowire formation.

Magnetite (FeO,) nanowires are formed on the air side of the mettzamke hydrogen

flames at 1000 K. Oxygen has the highest species corit@mted the probed flame



location on the air side. On the fuel side of thehaee flame, both carbon nanotubes
(CNTs, formed catalytically from iron/iron-oxide nanojicdes) and iron oxide
nanowires are formed. On the fuel side of the hydrdigene, oxidation of the metal
surface occurs, but no nanowires are formed., @@ HO are present in the methane
flame on the fuel side, and.@ is present in the hydrogen flame on the fuel side.
Therefore, CQor CO plays the key role in CNT and metal oxide naregiowth on the

fuel side of the methane flame.

1.3 Outline of Thesis

Chapter 2 describes the experimental setups and procedusatess with the
investigation of flame synthesis of nanowires. Chaptexplains the flame structure and
governing equations, as well as the computational simulapen®rmed. Chapter 4
examines the growth of tungsten oxide nanowires ,and tlwespequired for growth.
Chapter 5 correlates the local growth conditions witlrpinologies of as grown zinc
oxide nanostructures. Chapter 6 investigates the growthtimns and morphologies of
molybdenum oxide nanoplates. Chapter 7 evaluates thmg@i@studies performed to
fabricate iron oxide and copper oxide nanowires. Fin@lhagpter 8 presents conclusions
and remarks on future work for the project. It shouldnb&ed that a brief literature
review and background can be found in the beginning of eachechaptthe specific

metal-oxide nanostructure(s) investigated.



Chapter 2

Experimental Setup

2.1 Experimental setup configuration

In the experimental setup utilized to study the flame t®mgis of metal-oxide
nanomaterials, the main components are counterflowebgirrmass flow controllers
(MFCs) ,probe translator, cathetometer, and substrateepr The burners produce a flat
diffusion flame, and the MFCs controlled by a LabVipmgram allow the flame to be
tuned by producing accurate gas flow rates. The entire setipused in a Unistrut
structure and mounted to a milling machine base. The ttanslad cathetometer allow
the substrate probe to be accurately positioned to any wahih the flame structure.
Finally, the metal substrates must be prepared properiye conducive for nanowire

growth.
2.1.1 Counterflow burners

The counterflow diffusion flame consists of two opposjts, the bottom one issuing
fuel diluted with nitrogen gas and the top one issuing Aistagnation plane is formed in
between the opposing flows, and the fuel and oxidizeecudds mix through diffusion
and form a flat flame above the stagnation plagieen the stoichiometric ratios. An
inert gas, such as nitrogen, is used as a co-flow inuheets to extinguish any outer
flame, eliminate oxidizer entrainment, and reduce theuamof shear instabilities in the

flame. The burners used in this setup are made of brassaamhdhave a converging



nozzle with a 19 mm exit diameter and are posidobh® mm apart. These burners are
water-cooled to keep the brass from deforming amdnmizing any flame instabilities.

Below is a picture of the counterflow diffusionrfie setup.

Figure 2.1 Actual image of CDF with methane flat flame.

2.1.2 Gasdelivery setup

Mass flow controllers (MFCs) from Brooks Instrumgare used to maintain the gas flow
from the gas cylinders at a desired flow rate. Tlbw rate range of the MFCs used in
this setup varies from 0-2 SLPM to 0-10 SLPM. Aperature difference is created in
the MFC, which generates a linear 0-5 V signal thatirectly proportional to the mass
flow rate of the gas. The mass flow rates arerodlat by a LabView program that has
six outputs. This allows the user to choose a flateé set point as a percent of full scale

for each MFC.
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Figure 2.3 Screen image of LabView program used to control MFCs.

Below, Table 2.1 describes all of the MFCs with model numbers and flates used in

the experiments. [hable 2.2 the gases along with the purity used are shown.



10

MFC Model Number Flow Rate Range (SLPM)
MFC 1 5850EMF3CAK2BKC 0-10

MFC 2 5850EME3CAMVEKC 0-2

MFC 3 5850EME3DAFRBKC 0-10

MFC 4 5850EMEZ41 0-2

MFC 5 5866RT 0-5

MFC 6 5866RB1J1B4Q2YC 0-5

Table 2.1 MFC data.

Gas Purity
Hydrogen (H) Pre-Purified Grade (99.99%)
Methane (CH)) CP Grade (99.0%)
Nitrogen (N) High Purity (99.995%)

Table 2.2 Gas qualities.

2.1.3 Experiment housing

The entire experimental setup is mounted within a Uniginglosure. All sides around
the burner are covered with plexi-glass in order toldhibe flame from outside
disturbances, such as cross flow. An exhaust hoodistad above the enclosure so

that combustion products and unburned gases from the flanextzaasted. This entire
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setup is attached to a milling machine base, which servas3d3 translator to perform

laser-based diagnostics for temperature and speciesrgoai@on measurements.

Figure 2.4 Experimental housing shown a) Unistrut support system vetk-glass

enclosures, b) ventilation hood, c) milling machine

2.1.4 Substrates

All of the substrates used are thin wires between 0.2 #@hdnén diameter, and the
composition information is given ifable 2.3 Substrates are prepared by cutting all of
the wires to a length of 63.5 mm. The ends are then ohdrkeplacing three scores 2
mm apart so that the growth areas can be identifieth waspect to them under
characterization by the scanning electron microscoperkédaends are placed in the
flame for 10 minutes, after which they are placed wite thts facing up on the
microscope stud. Substrates are prepared carefully suresrthat no dirt, debris, or
oxidation contaminates the wires. Prior to synthedispfahe wires are sonicated in
methanol to remove any impurities from the surface. Sdwecator creates sound waves

that travel through a fluid and remove any contaminants the wire. Samples that can
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oxidize, such as copper or iron, are first treated 10% nitric acid and water solution.
The oxide layer of the sample usually has a higher mgepoint than the pure metal,

which would prevent the substrate surface from evaporatil forming metal oxide

nanowires.
Metal Supplier Diameter (mm)
99.98% Copper (Cu) Omega Engineering, Inc. 0.2
99.9+% lIron (Fe) Omega Engineering, Ing. 0.5
99.95% Molybdenum (Mo McMaster-Carr 0.8
99.95% Tungsten (W) Small Parts, Inc. 0.8
Zinc galvanized steel (Zn) McMaster-Carr 0.8

Table 2.3 Substrate diameters and suppliers.
2.1.5 Three-axistranslator and cathetometer

To properly position the substrate within the flame $tm& a three-axis translator is
used in the experiment. The vertical position of the tsatesmust be varied to expose
the substrate to a specified temperature. Also, theftime substrate must be at the
center of the flame to guarantee the most accuratks.esthe substrate height above the
bottom burner is verified with a cathetometer that &aesolution of 0.5 mm. First, the
cathetometer is leveled at the base and the viewirag anel then it is focused. Then, the
height of the bottom burner is measured and the propeefleeight is confirmed. It

must be noted that the view in the cathetometer igtiede Finally, the cathetometer is

set to the designated distance away from the flambepait or fuel side.
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Figure 2.5 Three axis translator (left) and cathetometer (right).

2.2 Operating conditions and procedures

Descriptions of the standard operating procedures for thiéhame and hydrogen

diffusion flames are given below.

2.2.1 Experimental procedure for methane counterflow diffusion flame

(1) Make sure the setup is under a ventilation hood, andtuthe roof fan.

(2) Turn on the compressed air and check the pressure gageakadsure it is
set to 20 psi.

(3) Turn on the methane and nitrogen cylinders, then set &ssyme regulators to
20 psi, and finally open the valve next to the regulator.

(4) Turn on the cooling water, and adjust the valve until th&icg water does

not cause condensation on the burner.
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(5) Open the LabView program for 6 outputs, and input theecbralues.
(6) For the 50% Chland 50% N flame, make the following settings.
a. MFC 1: methane at 1.32 L/min
b. MFC 2: nitrogen to dilute methane at 1.32 L/min
c. MFC 3: air at 2.58 L/min
d. MFC 4: not used in this flame
e. MFC 5: nitrogen co-flow on the fuel side at 2.4 L/min
f. MFC 6: nitrogen co-flow on the air side at 3.2 L/min
(7) For the 100% Ckiflame, make the following settings.
a. MFC 1: methane at 2.64 L/min
b. MFC 2: not used in this flame
c. MFC 3: air at 2.58 L/min
d. MFC 4: not used in this flame
e. MFC 5: nitrogen co-flow on the fuel side at 2.4 L/min
f. MFC 6: nitrogen co-flow on the air side at 3.2 L/min
(8) Turn on the valves upstream of the mass flow conteo(lIFCs).
(9) Turn on the power to the MFCs.
(10)Click the RUN button in LabView.
(11)Ignite the flat flame.
(12) Set up and level the cathetometer.
(13)Adjust cathetometer cross-hairs so that the horadmte is even with the
bottom burner.

(14) Then check that the flame is at the correct height.
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(15)Raise the horizontal line to the correct level thatr&sponds to the correct
temperature.

(16)Insert the substrate into the 3-axis translator and tadhes height of the
substrate.

(17)Make sure that the tip of the substrate is at theecaftthe flame.

(18) Leave the substrate in the flame for 10 minutes.

(19)Remove the sample and cut off substrate so it fiihi@SEM stud.

(20)Place sample on an SEM stud covered with carbon tagpex@amine under
the FESEM.

(21)When finished, turn off the methane cylinder, and let tbené burn out
completely.

(22) Turn off the nitrogen, air, and water.

(23) Shut off the power to the MFCs, and close the LabViewauo.

(24)Close all of the valves upstream from the MFCs.

(25) Turn off the roof ran.

2.2.2 Experimental procedure for hydrogen counterflow diffusion flame

(1) Make sure the setup is under a ventilation hood, andtuthe roof fan.

(2) Turn on the compressed air, check the pressure gage, andgunakeis set to
20 psi.

(3) Turn on the hydrogen and nitrogen cylinders, then set theyseesegulators

to 20 psi, and finally open the valve next to the regulator
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(4) Turn on the cooling water ,and adjust the valve until thalicg water does

not cause condensation on the burner.

(5) Open the LabView program for 6 outputs, and input theecbralues.

(6) For the 36.5% Kand 63.5% Blflame, make the following settings.

a.

b.

MFC 1: nitrogen to dilute hydrogen at 2.13 L/min
MFC 2: hydrogen at 1.23 L/min

MFC 3: air at 2.72 L/min

MFC 4: not used in this flame

MFC 5: nitrogen co-flow on the fuel side at 2.4 L/min

MFC 6: nitrogen co-flow on the air side at 3.2 L/min

(7) For the 44.0% Kand 56.0% Blflame, make the following settings.

e.

f.

MFC 1: nitrogen used to dilute hydrogen at 1.88 L/min
MFC 2: hydrogen at 1.48 L/min

MFC 3: air at 2.72 L/min

MFC 4: not used in this flame

MFC 5: nitrogen co-flow on the fuel side at 2.4 L/min

MFC 6: nitrogen co-flow on the air side at 3.2 L/min

(8) Turn on the valves upstream of the mass flow conteo(lIFCs).

(9) Turn on the power to the MFCs.

(10)Click the RUN button in LabView.

(11)Ignite the flat flame, and turn off the lights in ordieisee the flame.

(12) Set up and level the cathetometer.
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(13)Adjust cathetometer cross-hairs so that the horadmte is even with the
bottom burner.

(14)Check that the flame is at the correct height.

(15)Raise the horizontal line to the correct level thatr&sponds to the correct
temperature.

(16)Insert the substrate into the 3-axis translator, andsadhe height of the
substrate.

(17)Make sure the tip of the substrate is at the centdreoflame.

(18)Leave the substrate in the flame for 10 minutes.

(19)Remove the sample and cut off substrate so it fiih@SEM stud.

(20)Place sample on an SEM stud covered with carbon tagpex@amine under
the FESEM.

(21)When finished, turn off the methane cylinder, and let tbené burn out
completely.

(22) Turn off the nitrogen, air, and water.

(23) Shut off the power to the MFCs, and close the LabViewauo.

(24)Close all of the valves upstream from the MFCs.

(25) Turn off the roof ran.
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2.3 Ex-situ characterization methods

2.3.1. Field emission scanning electron microscope (FESEM)

A scanning electron microscope (SEM) can be used for oalgosnaging because it can
magnify up to 200,000X. A LEO Zeiss Gemini 982 is used to deaterrnthe
morphologies of the as-grown nanostructures at magtidics between 3,000X and
20,000X. The length and diameter of nanowires can be ndietsdt as well. The
substrate is mounted on a stud using conductive carbon tapatsw charging effects
are manifested. Then the sample must be desiccatenvémty-four hours prior to
insertion into the microscope due to the high vacuum reounts of the FESEM

chamber.

2.3.2 Transmission electron microscope (TEM)

The structural features of the nanomaterials are meted using a high resolution
transmission electron microscope (HRTEM). The @allisity and composition of the
samples can be determined using selected area electnattdifi (SAED), which is a
feature of the TOPCON 002B HRTEM. The samples are ataudn ethyl alcohol and
the resulting solution is dispensed onto a holey olylaaebon grid using a pipette. The

prepared grids are then viewed in the microscope.



19

2.3.3 Energy dispersive x-ray spectroscopy (EDXS)

The TEM and FESEM are able to perform EDXS in order terdehe the elements
present within a sample. Therefore, the compositidche@hanomaterials can be verified

as metal oxides.
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Chapter 3

Flame Structure

3.1 Flame Structure

To produce metal-oxide nanomaterials, certain local passeincluding temperature
and species concentrations, need to be specified. uAtedlow diffusion flamé is
utilized in this experiment because it is a well-defisggstem that can be easily tailored
to produce a local environment that is conducive to nanogvoeth. The flow field
produces a flat flame that is quasi one-dimensional, grildlients only in the axia
direction, allowing the flame structure to be modeled usgputational simulations

with detailed chemical kinetics and transport properties.
A schematic of the flow field with the stagnationm@aand the flame is shown in

Figure 3.1. An actual flame can be seen kigure 3.2 The top burner issues the
oxidizer, and the bottom jet issues the fuel. A stagngilane is formed in between the
jets, the location of which depends on the momenturedlwf the fuel and oxidizer. The
flame is situated at a plane on the oxidizer side of dfagnation plane where the
conditions are stoichiometric. The flame formed by thvo nozzles is a flat disk in
shape. The flat flame only has temperatliemass fractiony,, and velocity,u, that

varies in the z direction. The velocity,varies in the radial direction.
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Figure 3.1 Schematic of flow field established with CDF.

Air nozzle

Z
Substrate probe T_. -

Fuel nozzle
CH, +N,

Figure 3.2 Picture of flate flame.

3.2 Simulation

To solve the mathematical equations, a boundary-value pnodieordinary differential

equations is solved using an in-house code called Dif.fgjinaitly modified by Prof.
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Yiguang Ju, presently at Princeton. First, the strieanttion, @ = r*U(z2) | is utilized to
transform the governing equations, whel@) is the mass flux. The partial derivitaves
of the stream function give the following equationsevep is the density of the mixture,

u is the axial velocity, and is the radial velocity.

dp .

ar - TPu=2rU (3.1)
di _ . al

gz PPT TG (3.2)

The stream function then satisfies the mass catyiequation as shown below.

d d
E[Tm'{] + E ':T'PTF"] =0 (33)

a

@=-
T

By using a substitution for reduced velocity wh('iF , theessnconservation

equation becomes

all G =0
az Fre=0 (3.4)

The conservation of momentum equation using the previousmas®ns and the

1dp
equation ’T_FE , Wher@ is the thermodynamic pressure, is given below in E§.

af
The derivative 3z ~ ° , ang is the viscosity of the gaseous mixture.

d dlr di -

az\"az (3.5)
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The species equation for &lspecies can be expressed

v,

20—
dz

d . . .
+E@Ykl[fk] I'Vkmk =0 fﬂT"FL =1 K . (36)

In the above equatioW, is the diffusion velocity of the" speciesW, the molar mass of

the K" species, an  the molar rate of production for the @wmeactions of thé™"

species.

Lastly, the conservation of energy equation is given a

ar  d (,dT dar :
2Ucy——— (AE) + (Zhk=1 PYiViCpi) o T YK Wewy) = 0. (3.7)

wherec, is the specific heat of the mixturethe thermal conductivity of the gas mixture,

Cok the specific heat of tHd" species, ant, the specific molar enthalpy of the species.

The four differential equations can be solved as longb@sndary conditions are

prescribed. The conditions ameé 0 andz =L are given below.

pl?ul?
=, = i, = r }’1 = Y,
z=0: v 2 G=0 r=1 vooone (3.8)
ALy
= = = T y },k = YF-C
z=L: U= ¢=0, r=1 L (3.9)

All of the chemical kinetics and transpo# (1), along with thermodynamic properties
(Co» Gok N, are calculated using CHEMKiNaind TRANPORT subroutines called by the
Dif.f code. For the methane/air combustion, the kinetachanism of GRI-Mech 1'2s

used. For hydrogen/air combustion, the kinetic mechanisnMeuller et al.” is
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employed. The Dif.f code solves the governing equationsguiie given boundary
conditions. All of these parameters, such as flol@oiges and species concentrations,
are specified by using an input file. A “guess” solution camiven as input by using a

restart file, and the new converged solution is givetiié output file.

3.3 Simulation Results

The simulations can be run for many different flamafigurations where the reactants
and flow velocities are varied. The flame structusesl velocities used in the
simulations are shown iable 3.1below. The first two cases are employed for the
experiments with tungsten, zinc, iron, and copper as substr The last two cases are
utilized where a higher temperature is needed for the matyimdexperiments. The first
two flame configurations have temperature profiles thatparposely matched and can
be seen irFigure 3.3 so that the effect of species concentrations catobgared. The

last two flame structures are strategically matcheaedis which is shown irFigure 3.4

Flame Type Percentages Velocity Velocity
Fuel Side Air Side (cm/s) Fuel Side (cm/s)

Methane 50% CH, and 50% N -15.07 15.44

Hydrogen 36.5% B and 63.5% M -16.00 19.75

Methane 100% CH -15.07 15.44

Hydrogen 44.0% H and 56.0% M -16.00 19.75

Table 3.1 Flame simulation information.
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Figure 3.3 Temperature profiles for 50% methane diluted with 50% nitr@gen36.5%
hydrogen diluted with 63.5% nitrogen.
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Figure 3.4 Temperature profiles for 100% methane and 44% hydrogen dilutie %o
nitrogen.
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All of the simulation results can be seen in the grdew. The first graph shows the
temperature and velocity profiles. The stagnation plaméhe graph is the location
where the velocity is equal to zero. This shows twatpur cases, all of the flames are
formed on the air side of the stagnation plane. Tleergk graph shows the relevant
species concentrations within the flame. The sinudatiallow us to tailor the
experimental flame to provide the local conditions tphebed, and laser-based Raman

spectroscopy of the flame structure then validates.them
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Figure 3.5 Methane simulation results for 50.0% £&hd 50.0% M a) temperature and
velocity profiles b) species concentration in mo&fion.
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Figure 3.6 Hydrogen simulation results for 36.5% khd 63.5% Bl a) temperature and
velocity profiles b) species concentration in mo&fion.
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Figure 3.7 Methane simulation results for 100.0% L&) temperature and velocity
profiles b) species conentration in mole fraction.
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Figure 3.8 Hydrogen simulation results for 44.0% b&ind 56.0 M a) temperature and
velocity profiles b) species concentration in mo&fion.
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Chapter 4

Tungsten Oxide Nanowires

Tungsten oxide is an n-type semiconductor with fascinating pgrepen the fields of
electrochromic devices, selective catalysts both fadation and reduction reactions, and
gas sensors. Tungsten oxide nanostructured thin films haae tested, displaying
superior sensitivity compared to bulk materials. Howesardies on nanoscale WO
materials, as well as their applications, are pregéinilted due to lack of easy processes
for high- rate, yield, purity, and orientation synthdsisthem. The growth of nanowires
over large areas remains especially challenging. ©ibtgn there is much to be

investigated about the dependence between the synthedisamand morphologies.

In this work, various W@Qnanostructures are produced in counterflow diffusiondgm
which are well-suited for correlation of morphologiesth local conditions. The
synthesis is carried out at atmospheric pressure using tongstal wires as substrates.
The axial separation of fuel side and air side with resfmethe reaction zone permits
evaluation of the roles of J@ versus C@versus Q. Laser-based diagnostics are used to
map local chemical species concentrations and gas-péaperature with WQgrowth
morphology, helping to divulge the growth mechanisms. s&hare compared with
computational simulations and show good agreement. Cauoparof tungsten oxide
morphologies and compositions synthesized in methadehgdrogen flames allows for

assessment of the respective roles £ Mersus C@versus Q.
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4.1 Introduction

In recent years, the remarkable properties of metal aadewires have gained attention
in the scientific community. In particular, tungstendexnanomaterials can be utilized
for their electrochromic, optochromic, gaschromim anagnetic properties. They can be
used in various sensors, flat panel displays, “smamtaivs, and optical devices. Many
different methods have been developed to produce tungstda nanomaterials with
varying morphologies, such as tree-like structures, namewinanparticles, and
nanotube$:*® Vapor-solid and vapor-liquid-solid are among the maimgjnanethods to
produce them. |If Kl is used as a catalyst in the foomabf tungsten oxide, a liquid
phase usually exists which causes a vapor-liquid-solid grmetthanism to be presefit.
Hong et al® described a growth mechanism where water vapor and oxygeeagisd
with tungsten in order to form WO The water helped to generate highly mobile
substances, such as hydrate species, which are precursédf®fmanoribbon formation.

If WO3 is evaporated, tungsten oxide can be formed through ther-galid method
when the vapor recondense¥. Gu et al'* heated tungsten tips, and small tungsten
oxide particles were able to mobilize on the substrat@aseidnd create nucleation sites
for the nanowires. Tungsten powder can also be evigebaad condensed with residual
oxygen producing tungsten oxide nanowires through the vapdrsselthanisni’ Jinet
al."® proposed that tungsten reacted with water in order wup@WQ. They proposed

a direct and indirect growth method for forming W@.5< x < 2.9) nanoneedles. In the
direct route, tungsten combined with water vapor to produCg, \&hd in the indirect
route an intermediate Wis formed which then reacts with hydrogen to produces WO

Rothschildet al* investigated the morphology of WOx nanowires grown @nfitesence
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of water vapor and oxygen. Needlelike wires were farménen water vapor was
introduced, but spherical particles were grown with tkggen route. This proved that
hydrogen played a role in the morphology of the as grév@y o needlelike particles.

Viddiraju et al'®

calculated the Gibbs free energies for the reacti@mt&een tungsten
and oxygen to form WOand WQ and concluded that the reactions were indeed

spontaneous.

Many of these methods require the use of expensive vacyst@ns, but our flame
synthesis experiment can be performed in ambient donsit'® " %19 Also,
pretreatment and catalysts are necessary for manyssescelescribed above, yet in
flame synthesis, the tungsten oxide nanowires grow thireon a tungsten
substraté:?%?*?>%3 presently, further studies on \W@anomaterials applications are
restricted by the inadequate processes for high growth, natesy, and orientation.
Therefore, in this work parametric studies are employedrder to correlate WO
morphologies and local growth conditions, revealing ghomvechanisms. Hydrogen and
methane counterflow diffusion flames (CDFs) are pdobh tungsten substrate probes
at different locations (but the same gas-phase tempeyatarthe air and fuel sides of the
reaction zone. Voltage bias is applied to the wireisvestigate electric field effects on

the morphology.

4.2 Experiment

The CDF setup consists of two converging nozzles Wghmm diameter and 15 mm
separation distancé&igure 4.3. The top burner issues air, and the bottom burnergssue

either diluted-methane (50%,MN50% CH) or diluted-hydrogen (63.5%:2M 36.5% H).
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A nitrogen co-flow extinguishes any outer flame, minirsizghear instabilities, and

eliminates oxidizer entrainment.

The CDF is utilized due to its quasi one-dimensionalltirich allows the chemical
species to be tailored according to certain specificatioy performing computational
simulations. The temperature profiles of the methartk lydrogen flames have been
strategically matched in order to compare chemical speéigure 4.1shows graphs of
the temperature and species concentration profilesedfb flame structures obtained by
computational simulations using GRI-Mech 1.2ndconfirmed by spontaneous Raman

spectroscopy (SRS), as shown in Engure 4.2(b)
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Figure 4.1 Gas phase flame structure of methane and hydrogen flames.
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Figure 4.2 (a) Counterflow diffusion flame utilized in experime(i) SRS diagnostic
setup.

An ultrasonically-cleaned tungsten substrate is insentedthe CDF at a position either
on the air side or the fuel side of the flame in amibieonditions where the gas
temperature is ~1720K for 10 minutes (Seégure 4.). Using a pyrometer, the substrate
temperature is estimated to be ~1400K . The morphologias-gfown nanostructures
are examined using field emission scanning electron migpgsEESEM, LEO Zeiss
Gemini 982). Structural features of the nanomateriads iavestigated using high
resolution transmission electron microscopy (HRTEMDPICON 002B), along with

selected area electron diffraction (SAED).

4.3. Results and Discussion

4.3.1 Air-Side

Tungsten oxide nanowires are grown in all of the probedtions in the flame. The
species concentrations vary at each location; theratasepossible to relate local growth
conditions to nanowire morphologies. Images ofrtheowires grown on the air side of

the methane diffusion flame show a dense yield of naedwndles irFigure 4.3(ajand
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(b). The wires are approximately 50 nm in diameter 2mum in length. On the air side
of the hydrogen flame, the wires are thicker amgé than the wires grown in the
methane flame. These wires have diameters of é&ffuhm and lengths >10 um. They

also are not well aligned as can be sedfignre 4.4(apnd(b).

Figure 4.3 (a) Low magnification tungsten oxide nanowires gnawa CH flame (b)
Magnified FESEM image of nanowires grown in £H

(a) e = (b) e

Figure 4.4 (a) Low magnification showing dense yield of turgsbxide from H flame
(b) Typical image of tungsten oxide grown in thefldme

On the air side in the methane and hydrogen flaW3; gis confirmed from the SAED
pattern. Below, irFigure 4.5(a)s a TEM image of a 190 nm W@nanorod, with the
diffraction pattern shown as in the inset that ievgn on the air side of the hydrogen
flame. The 90° branching of the nanorods, showhiguire 4.5(b),s due to the similar

d-spacings in the [1,1,0] and [-1,1,0] directions.
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Figure4.5 (a) TEM image of W@y nanorod with SAED pattern in upper right corner
(b) Branching in the [1,1,0] growth direction

The concentrations of the gas species are showiralie 4.1,for the air side of the
methane and hydrogen flames. At 1720 K, the temperatusaffisient to vaporize
tungsten/oxygen species from the substrate, and allow tineeact with oxygen gas on
the air side of the reaction zone. A vapor-solid ghortute is most probable, and small
WO, particles formed on the substrate may nucleate the W#@owires:® The vapor-
solid mechanism occurs when chemical species in démeefldiffuse toward the tungsten
wire and adsorb onto the substrate to form nanowireShe probed position in the
methane flame is characterized by large and comparaldarasnof Q, H,O, and CQ
(at +0.88 cm from the bottom burner). At these elvaémperatures, the tungsten oxide
nanostructures observed may be formed thorough reaetitinany of these species. As
seen inTable 4.1 H,O is by far the most dominant species present at theegrocation,
suggesting that a hydrothermal route is most likely in fognthe larger diameter
tungsten oxide nanowires in the hydrogen flame. TheGilge energi€s of possible
reactions can be calculated to gain insight into gronvgbhhanisms. One water reaction,

both oxygen reactions, and both carbon dioxide reactioves megative values, meaning
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they are possible routes to form \WOThe water vapor and oxygen routes are possible
followed by a hydrogen reduction based on the Gibbs freeggnealues calculated
below. Although the Gibbs free energy for Eq. 4.3 istpe@siindicating that the reaction
does not proceed in the direction given, Wi®the solid phase can be formed by carbon
dioxide and can provide the initial seeds for nanowiresvtir through the water vapor

and oxygen route.

W + 1,569 — wo@ AGigook = -192.8 (4.1)

WO;@ + 0.1 H® - WO, d® + 0.1 HOY AGig00k = -208.2 (4.2)
W + 3 cQ9 - wos@ + 3 ca? AGigoo k= +188.3 (4.3)
WOs@ + 0.1 H9 - WO, ¢ + 0.1 HO9 AGig00k = -208.2 (4.4)
WO + 2 HO® — WO,(OH),® + H,@ AGygoo k= -223.4 (4.5)
WO,(OH),@ + 0.1 H9 — WO, ¥ + 1.1 HO® AGig00 k= -30.2 (4.6)
WS + 31,09 5> WO,® + 3H,@ AGigook = -545.7 (4.7)
W9 + 3H,09 > WO,® + 31,9 AGigoo k= +43.7 (4.8)
2WO + 30,9 5 2WwO;® AGigoo k= -796.7 (4.9)

2W9 + 30,9 > 2Wwo,® AGigook=-1975.3  (4.10)

2WE + 3CQ9@ > 2Wo® + 29 AGigoo k= -146.4 (4.11)

2W9 + 3¢9 > 2Wwo,® + 2cd? AGigook = -735.7 (4.12)
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Air Side
CHy4 H,
Species | (mol/m®) (mol/m?)
(o)} 11.83 2.54
H,O 13.39 16.20
(6{0) 0.77 0.00
OH 0.39 3.48
CO; 14.65 0.00

Table 4.1 Concentr ations of speciesin the methane and hydr ogen flame on the air side.

4.3.2 Fuel-Side

To further assess non-oxygen reaction routes toward fthenation of these
nanostructures, the experiment is conducted probing a locattb the same temperature
on the fuel side of the reaction zone, which has rdiffe species concentrations (see
Figure 4.). Interestingly, the nanowires formed on the fuiele s(with no oxygen
present) are thinner and longer than those obtained byngrtie air side. lifrigure 4.6
(a) and(b) the tungsten oxide nanowires grown on the fuel sideeofritéthane flame are
less than 50 nm in diameter and more thamm?2in length. InFigure 4.7 (ajand(b), the
nanowires grown in the hydrogen flame are less than 150 dranmeter and greater than

5 um long.
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B (b)

Figure 4.6 (a) Low magnification tungsten oxide nanowires gnam the fuel side of a
CH, CDF (b) Magnified image of nanowires grown in £H

= (d) .

Figure 4.7 (a) Low magnification showing tungsten oxide fromfltame (b) Typical
image of tungsten oxide grown on the fuel sidehefkb flame

An image of tetragonal W nanowires grown on the fuel side in the methaamd are
shown inFigure 4.8(a) but the growth direction is in the [2,0,0] direct as opposed to
the [1,1,0] direction seen before on the air sidigure 4.8(bjand(c) show WQ g grown

on the fuel side of the hydrogen flame. The groshthction has again changed and is in

the [1,0,1] direction.
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(a) (b) 20) 'U_ T}

Figure 4.8 (a) TEM image of nanowires grown on the fuel side efrtiethane flame (b)
TEM image of tungsten oxide nanowires grown on the falel sf the hydrogen flame
with an inset of the diffraction pattern (c) Higlsodution TEM image along with FFT

analysis in the upper right corner

In the methane flame there are sufficient concaotratof HO and CQ to form tungsten

oxide. Since there is no carbon in the hydrogen flametsire, HO is the only species

present in high enough levels to be able to form tungstele.o The similarity of the
structures ofigure 4.4(b)andFigure 4.7(b)suggest that the tungsten oxide made in the

hydrogen flame is being formed through a water route.edins as though the water

route produces larger diameter nanowires than ar@@e.

Interestingly, WG is not formed in our system. In looking at the Gilree fenergi€s of
the reactions in Egns. 4.13-4.15 it can be seen thataigegpontaneous, so it is likely
that the kinetic reaction rates play a key role. Té¢tesaion energy, which controls the
kinetic rates, is probably much larger for the tungstide reactions. This may be a
contributing factor as to why tungsten oxide is the prefeg@wth structure. In other
works tungsten carbide was only formed when the substnatigetatures were above

1673 K, which is much higher than the temperatures found iexperiments>2%2"28
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WO + CH©® > WC9 + 2H,9  AGgook=-731 (4.13)
W9 + 9 5 wcl AGigoo k= -1057 (4.14)
we + 9 > wcl AGigoo k = -468 (4.15)
Fuel Side
CHy4 Ha
Species (mol/m?) (mol/m?)
(o} 0.41 0.05
H,O 15.05 19.89
(6{0) 5.22 0.00
OH 0.00 0.90
CO; 15.56 0.00

Table 4.2 Species concentrations in methane and hydrogen flaméusewn the fuel
side.

4.4 Conclusions

In summary, we performed a parametric study to corrddatd growth conditions with
morphologies. In the methane flame(Hand CQplay a role in growth conditions, but
in the hydrogen flame only 4@ is present in the flame proving that is a growth
mechanism to form tungsten oxide nanowires. In the metflame, aligned nanowires
approximately 50 nm in diameter were grown on the air sidhéle thinner (<50 nm)
wires were found on the fuel side. The hydrogen flamendm®wires were not aligned
and were about 200 nm in diameter on the air side. Theitleeof the hydrogen flame
produced nanowires that were ~150 nm in diameter. Thetlgrawection of the
nanowires varied for each case. Also, the effeetextric fields on the morphology was

investigated, where instead of nanowires, saw and combsshegpe obtained.
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Chapter 5

Zinc Oxide Nanostructures

5.1 Introduction

Many zinc oxide nanostructures have been developed in rgears, such as nanowires,
nanorods, nanobelts, nanoneedles, nanosprings, nagorim@nobows, and
nanohelices’” *° Its non-central symmetric wurzite lattice structusdong with
electromechanical coupling, enhances piezoelectric anmejegtric propertied® Zinc
oxide also has a wide band gap (3.37 eV), which makes it a goodonductor material.
These unique characteristics can be utilized in actsiatprezoelectric sensor,
nanogenerators, biosensor, and biodetectorS. There are many methods for the
fabrication of these nanomaterials, such as vapardisolid growth, solution-liquid-
solid methods, template mediate growth, electron bigaography, scanning tunneling
microscopy techniques, and many more based on the desired otogiph and
properties. Many of these methods are complex and gilee dr no insight into the

different types of ZnO growth mechanisms.

Zinc can be oxidized by interactions with water vaporbaea dioxide, and oxygen, all of
which are present in a methane diffusion flame. I8 Work ZnO nanostructures are
synthesized in methane and hydrogen diffusion flame®latéesgrowth mechanisms and
perform a parametric study of local growth conditions.e kplore zinc substrate
interactions with HO, CQ, and Q. A zinc-plated steel probe is inserted into a
counterflow diffusion flame (CDF) at various axial distes in order to correlate

morphologies with local growth conditions.
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5.2 Experiment

CDFs with either nitrogen-diluted methane or nitrogen-diludtgdrogen as fuel are used
to study the flame synthesis of ZnO nanowires. Agdia,temperature profiles of the
methane and hydrogen flames have been strategicallghethtin order to compare
chemical species while keeping temperature constepD, CQ, and Q are present in
the methane flame and can cause variations in the wlogh of the ZnO
nanostructure$. To distinguish the roles, a hydrogen flame is utilizecabse only HO
and Q are present. Below are the graphs of the temperatdre@ecies concentrations

of the two flame structures computed using GRI-MecH' 1.2.
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Figure 5.1 Gas phase flame structure of methane flame with 50% &2id 50% N (top)
and hydrogen flame with 36.5%ldnd 63.5% K (bottom).
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A zinc substrate probe is inserted into a CDF at a pasitn either the air or the fuel side
of the flame in ambient conditions where the temjpeeais 1000 K, 1300 K, or 1600 K
for 10 minutes. The morphologies of as-grown nanostrestare examined using field
emission scanning electron microscopy (FESEM, LEO Z@smini 982). Structural
features of the nanomaterials are investigated using hsgut®n transmission electron
microscopy (HRTEM, TOPCON 002B), along with selected afestron diffraction

(SAED).

5.3 Results

5.3.1 Air Side

All of the positions probed on the air side of bothimee and hydrogen flames produced
nanostructures. Below, Figures 5.2and5.3 are images of the nanomaterials formed in
methane and hydrogen diffusion flames at 160G&#9 (mm). Due to the vapor-liquid-
solid growth mechanism, many different structures cam fioom zinc droplets, but most
of the structures range from 300 — 500 nm in diameter anddyavmetrical hexagonal
facets. Figure 5.2(a)shows hexagonal nanorods with diameters of approximdtsly
nm. Nanorods with “welded” joints and sharp tips can éensinFigure 5.2(b)and
(c).*** Figure 5.2(d)and (e) show gradually decreasing cross-sections from top to
bottom, which are can be described as “nanonails” anaeftlike patterns®*’ The last
two images are complicated structures developed by mulgplevth directions of
nanorods. IrFigure 5.2(g)the nanostructures are called tetrapod-shaped strucndes a

have a hexagonal cross section with uniform dianfétér.
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Nanorods composed of smaller more complex nandstes can be seen iRigure
5.3(a) An area of nanoribbons less than 500 nm widgh@wn inFigure 5.3(b) In
Figure 5.3(c) longer nanorods with sharp tips are produced ftbenhydrogen flame.

The image irFigure 5.3(d)is similar to the complex nanostructures sedrgure 5.2(f)

Figure 5.2 FESEM images of nanomaterials from the,GlHme on the oxidizer side
where T = ~1600K and z=+0.90cm.
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Figure 5.3 FESEM images of nanomaterials from thefldme on the oxidizer side
where T=~1600K and z=+0.90cm.

Images of the nanomaterials obtained from the p&idside where the temperature is
1300 K €=9.4 mm) can be seen kgure 5.4andFigure 5.5 The nanorods ifrigure
5.4(a)display hexagonal facetdrigure 5.4(b)shows nanoribbons approximately 50 nm
wide intermixed with smaller diameter nanowirestthee about 20 nm. Tower-like
structures are observed fiigure 5.4(c)and are stacked layer upon la§erAlso, Figure
5.4(d)is composed of many ZnO sharp cones connecteddaanother forming chain-

like structures.

Images of large nanorods a few hundred nanometelgéameter are seen kgure 5.5
(a). Nanostructures similar to the tetrapod-shapadtres, which have arms extending

from the center of the structure, are eviderfigure 5.5(b)
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Figure 5.4 FESEM images of nanomaterials from the,GlHme on the oxidizer side
where T = ~1300K and z=+0.94cm: (a) nanorods, &@opnibbons, (c) tower-like
structure, (d) chain-like structure.

Figure 5.5 FESEM images of nanomaterials from thefldme on the oxidizer side
where T=~1300K and z=+0.94cm.

The final position probed is at 1000 K, and themsructures formed from the methane
flame are micro-sized columns as seerFigure 5.6(a) They are most likely seeded

from large size zinc droplets on the substrateaserf Figure 5.6(b)shows nanosheets
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with a thickness of about 50 nm, and various shapesseen radially away from the

centerline. The hydrogen flame produces large eiammanorods approximately 300 nm

in diameter.

Figure 5.6 FESEM images of nanomaterials from the axial positin the oxidizer side
where T = ~1000K and z=+0.98cm: (a) microsizedicwis/chunks (Ckj, (b)
nanosheets (CH (c) and (d) nanorods from the Hame.

The chart below shows the concentrations of theveeit species for ZnO growth. The
methane flame supplies carbon, oxygen, and hydrogkite the hydrogen flame lacks
any carbon containing compounds. Therefore, anpetréc study can be performed to
narrow down the growth mechanisms for ZnO. Thehaes flame at 1000 K and 1300
K have significantly more ©than any other species present; but at 1600,KHgD, and

CO, are similar in amounts to each other. Therefatel 600 K, there are more routes

available to grow the nanomaterials, and more nalggies may be present as shown
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previously. At 1300 K, there are still more morphologiessent than at 1000 K, where
the oxygen concentration is almost seven times higfeen any other species in the

flame.

In the hydrogen flame there is no CO orQ#esent in the flame. Therefore, only O
and HO can be growth mechanisms for the ZnO formation. irAgat 1000 K the ©
concentration is much higher thap® and the KO concentration increases while the O
concentration decreases as the temperature is iadreasAt 1600 K various
nanostructures can be grown with ease. Then at 1306rK #ne less morphologies that

are able to be grown, and finally at 1000 K only large diamegnorods can be

produced.
Air Side
Species | CH, 1000K | CH, 1300K | CH, 1600K | H, 1000K | H,1300K | H, 1600K
(molim?) (mol/im®) (mol/im®) (mol/m®) (mol/m®) (mol/im®)
0, 34.23 26.98 17.21 34.91 28.57 20.00
H,0 6.53 9.14 12.03 7.95 11.02 14.67
co 0.00 0.12 0.38 0.00 0.00 0.00
OH 0.02 0.07 0.28 0.00 0.06 0.24
CO, 458 7.76 12.22 0.00 0.00 0.00

Table 5.1 Species concentrations for the methane and hydrogen dlartie air side at
the probed location.

The reactions that take place in order to form ZnO iidsar gaseous phase involve
water vapor, carbon dioxide, and oxygen, and are shown beldWwe Gibbs free

energie$’ of all of the listed reactions are negative, but the shanges from negative to
positive in Egn. 4 between 1400 and 1600 K.

It shows thé&t nmation proceeds

favorably up to about 1600 K.
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In the reaction of water vapor with liquid zinc, sméitjuid droplets form, and
nanoparticles propagate from these dropletdf the zinc is in the solid phase, the
nanostructures can form through an epitaxial pro€esg&nc vapor can react with water
vapor and recondense on the surface of the substratemtostidid ZnO nanomaterials.
Oxidation of zinc can also occur with carbon dioxide. e Tadsorbed zinc can react
directly with CQ, or an autocatalytic effect can take place with COictvis a byproduct
of the Zn and C@reaction!' Finally, oxygen can react directly with zinc vapor or

droplets to form zZnd?

7 + H,09 — Zno®+ H,© (5.1)
Zn9 + H,09 — Zn09+ H,9 (5.2)
zn*Y + co9 — zno9+ cd? (5.3)
Zn9 + cq,?® — znd?+ co? (5.4)
7Y + 0,9 — Zno® (5.5)
Zn® + 0,9 — ZnoY (5.6)

Gibbs Free Energy (kJ)

Temp (K)] 5.1 5.2 5.3 5.4 5.5 5.6

800 -66.14 | -103.93 -56.70 -94.49 -269.73 | -307.52

1000 -55.44 -73.07 -52.60 -70.24 -248.15 | -265.79

1200 -43.03 -43.03 -46.39 -46.39 -224.61 -224.61

1400 NA -13.67 NA -22.91 NA -183.93

1600 NA 15.11 NA 0.24 NA -143.72

Table 5.2 Gibbs Free Energy calculations for ZnO formation.
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5.3.2 Fuel Side

In order to see the effect of species variatiomssdime temperatures that are probed on
the oxidizer side are also probed on the fuel si@e.the fuel side of the methane flame
at 1600 K, perfect hexagonal nanorods are obsemtiduniform diameter of ~450 nm,
as shown irFigure 5.6(a) These nanorods are almost identical to thosesho Figure
5.2(a),even though the species concentrations are ditfere. there is a large decrease
in O, while other species remain the same or increéAsethe temperature decreases, the
nanowires become narrower. At 1300 K, they havawamage diameter of ~150 nm and
a length up to 30 um, as seenhigure 5.7(b) Probing at 1000 K produces thin
nanowires ranging from 30-100 nm in diameter. Avrayn the flame centerline at this
axial position, a very small quantity of nanoribbozan be observed figure 5.7(d)
These nanoribbons are ~150 nm wide and ~25 nm #ndkcan be up to several tens of

micrometers in length.

In the hydrogen flame at 1600 K, nanorods with ghgas are the main product yielded,
which are shown irFigure 5.8(a) Complex nanostructures are present at the axial
positions where the temperatures are 1000 K an@ K3@s can be seen iigure 5.8(b)

and (c) No nanorod or nanowires are found on the ae sicthe hydrogen flame.
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Figure 5.7 ZnO nanomaterials from the fuel side of the meg¢hitame. (a) T = ~1600 K,
(b) T=~1300 K, (c) and (d) T =~1000 K.

x L0000

Figure 5.8 ZnO nanomaterials grown in the hydrogen flameaatl600 K, (b) 1300 K,
and (c) 1000 K.

In the methane flame on the fuel side there is Vigtg O, present, but O, CO, and
CO; are the main species components in the area bet¥@# and 1600 K. Het al>*

concluded that ZnO morphologies are closely relatgith the reaction temperature,

oxygen partial pressure, and flow rate. Wamgal® reported that temperature, vapor
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flow, and availability of Zn and O vapor affect the pioologies of as-prepared ZnO

structures. Gaet al**

also mentioned that local temperature and surface wiffuste
have an influence on ZnO nanostructures. Neverthelessgeneral, the ZnO
nanomaterials produced in CDFs are quite uniform (evemeimadial direction), namely,
one structure or morphology constitutes the major proqué0% by volume) of
harvested material at a given axial position. Theigetg of ZnO nanostructures to a
slight radial gradient is likely due to a liquid Zn layer the surface of the probe, which
is susceptible to the Marangoni effect. A liquid layerzofc exists on the substrate
surface due to its low melting point (692K). The surfacsitenof this liquid layer is
temperature dependent and would decrease with increasingregmme’®> Thus a surface
tension gradient is created on the liquid layer rasyliom the presence of a temperature
gradient along the radial direction of the substrafich a gradient in surface tension
causes liquid to flow away from regions of low surfageston to those of high surface
tension, which pull more strongly on the surroundingitiqulhis mechanism intermixes
adjacent regions, likely affecting the local nucleatiof ZnO nanostructures, the
preferential faceting of nanostructures, the local treacof Zn with HO, and the

absorption of ZnO vapor, resulting in the different rnactures and morphologies of

final as-grown ZnO, along the radial length of the probe

In the hydrogen flame, the only species present on thesilelis HO. Therefore, any
nanostructures grown on the fuel side are synthesizedgh the HO route. The ZnO
nanostructures grown from the methane flame tend to $raedler diameters than those

grown in the hydrogen flame. This may be due to the @@ @Q present in the
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methane flame. Larger materials tend to be produced thraymghrely HO route than

when other oxygen containing species are present.

Fuel Side

CH,4 1000K | CH4 1300K | CH,4 1600K | Hz 1000K | H, 1300K | H, 1600K

Species (mol/m3) (mol/m3) (mol/m3) (mol/m3) (mol/m3) | (mol/m3)
(o)) 0.23 3.17 3.85 0.00 0.00 0.00
H.O 9.30 12.03 14.16 11.31 14.67 18.36
CcOo 2.96 4.03 4.88 0.00 0.00 0.00
OH 0.00 0.00 0.00 0.00 0.00 0.02
CO, 8.17 11.69 14.46 0.00 0.00 0.00

Table 5. 3. Species concentrations for the methane and hydrogee farthe fuel side at
the probed location.

5.4 Conclusions

In summary, we have demonstrated the ability to gro@ Aanostructures at 1000, 1300,
and 1600 K. We have also performed a parametric studyolataslocal conditions
determining the growth mechanisms at play when syntheszn{@ nanostructures.
There appears to be a vapor-liquid-solid growth mechanisth, key parameters being
radical species present, oxidizer, carbon dioxide, anterwaapor concentrations,

substrate temperature, and gas-phase temperature.
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Chapter 6

M olybdenum Oxide Nanoplates

6.1 I ntroduction

Molybdenum oxide has been studied in recent years dueeiiis valuable catalytic,
optical, mechanical, and electronic properties. Molybdeauithe can be applied for use
in sensors, petroleum refining, recording media, and a@minthesis®*’*® Various
techniques for molybdenum oxide synthesis have been rdpartae literature, such as
high-temperature low-pressure synthesis, chemical io@acinfrared irradiation, and
flame synthesis processes. Zhal‘®*°has synthesized MaGind MoQ nanowires in
high temperature and low pressure environments. Niederbetgat.”® utilized a
hydrothermal process to foreMoOs-H,O, which was washed and dried in order to
produce nanofibers. Dhast al®*used a sonochemical process to synthesizeOo
which relies on high temperatures and pressures creatée lopvitation of bubbles. Li

et al>?

produced Mo® nanobelts and nanotubes through an infrared irradiatinceps.
Suemitsuet al>® formed MoQ hollow fibers by heating a molybdenum substrate in an
oxygen/acetylene flame to ~1150°C for 90 minutes. Merchamchaaret al>* produced
molybdenum oxide whiskers by heating a substrate in aametacetylene counterflow

diffusion flame for 2 minutes.

In this work, MoQ nanoplates are formed by flame synthesis in methatégdrogen
counterflow diffusion flames (CDF). A parametric stuslperformed to better assess the

growth routes involved in the formation of the uniqueasructures. Molybdenum can
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be oxidized with oxygen, water vapor, and carbon dioxid®tm molybdenum oxide

nanomaterialg>>%°’

6.2 Experiment

A CDF with methane or hydrogen diluted with nitrogen as fsieised to perform the
experiments. The CDF is utilized due to its quasi one-gline@al flame structure, along
with its amenability to allow chemical species to bdotad according to certain
specifications. The temperature profiles of the methane hydrogen flames are
strategically matched in order to compare chemical specigelow are graphs of the
temperature and species concentrations of the two flametwges utilized, as obtained

by computational simulations using GRI-Mech 1.2.
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Figure 6.1 Gas phase flame structure of methane flame with 100.0%{tGp) and
hydrogen flame with 44.0% tand 56.0% B (bottom).
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Figure 6.2 (a) Counterflow diffusion flame with probed positiomarked. (b) SRS
diagnostic setup.

A molybdenum substrate, which is sonicated in methanodmove contaminants on the
surface of the substrate, is inserted into a CDF atsdi@n on either the air side or the
fuel side of the flame at atmospheric pressure. Tmeefllemperature is ~2000K at the
probed location, and the sample time is 10 minutes. gUusmoptical pyrometer, the
temperature of the substrate is measured to be ~1500K. Tiphotugies of as-grown
nanostructures are examined using field emission scanningo@l@cicroscopy (FESEM,
LEO Zeiss Gemini 982). Structural features of the naternals are investigated using
high resolution transmission electron microscopy (HRITEOPCON 002B), along with

selected area electron diffraction (SAED).

6.3 Results

6.3.1 Air Side

Various molybdenum oxide structures are grown at allhef grobed locations in the
flame. On the air side of the methane flame, molybdeonxide nanoplates are formed,;

and on the air side of the hydrogen flame, molybdenum owa®ostructures are
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synthesized. The nanoplates, shownFigure 6.3(a)and (b), are a few hundred
nanometers wide, about 50 nm thick, and about onerom in length. The
nanostructures, which are shownFigure 6.3(c)and(d), are bundles that seem to grow

directly from the substrate surface by oxidatiomhef metal.

(€)
Figure 6.3 Molybdenum oxide grown in the GHame on the air side (z=+.83cm) at (a)
low magnification (b) and high magnification. Motyggnum oxide grown in the Hlame

on the air side (z=+.83cm) at (c) 5,000X (d) angddQ0X.
On the oxidizer side of the flame the moleculaudture is confirmed to be MaCby

using SAED, which can be seen as an insétgnre 6.4 Figure 6.4shows a nanoplate

approximately 100 nm wide with [-1,0,2] growth ditien.
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Figure 6.4 TEM image of molybdenum oxide grown in the £tame on the air side
with a diffraction pattern inset.

The concentrations of the gaseous species within theametand hydrogen flames on
the air side are shown ifable 6.1 There are comparable amounts of water vapor and
carbon dioxide in the methane flame at +0.83 cm, lritottygen concentration is very
low. Therefore, nanoplates are being formed by edhemater vapor or carbon dioxide
route. Based on the structures of the Mlc®vapor-solid mechanism seems to be at play
for the nanoplates grown in the methane flame. AgM02000 K is much less than the
melting point of molybdenum, which is 2890 K, some particley naporize and react
with oxygen in the air to form molybdenum oxide. The tieas below all have negative
Gibbs free energies,except Eq. 6.3, which means that all but one of thesetnmutes

are spontaneous. Looking at the species concentratidhe mydrogen flame, there are
no carbon containing species present, and the water eapoentration is three times

larger than the oxygen concentration. Based on thestraicture growth, it is inferred
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that surface oxidation is occurring on the surface efdhbstrate. Therefore, Egn. 6.1

gives the most probable reaction mechanism.

Mo® + 0@ — MoO,® AGyoook = -241.3  (6.1)
Mo@ + 0,9 —» MoO,® AGoooox = -442.5  (6.2)
Mo® + 2H,09 — MoO,® + 2H,® AGao00k = +30.3  (6.3)
Mo@ + 2H,09 — M00,? + 2H,© AGaooox = -170.9  (6.4)
Mo® + 2CQ9 — Mo0,® + 2C3? AGoook=-20.9  (6.5)
Mo@ + 2CcQ® — Mo0O,@ + 2cd? AGaoook = -222.1  (6.6)

Air Side
CHy Ha
Species | (mol/m®) (mol/im?)

(o)} 1.99 6.98
H,O 11.33 18.21
(6{0) 2.61 0.00
OH 0.29 0.63
CO; 11.05 0.00

Table 6.1 Species concentrations in the methane and hydrogea farthe oxidizer side
at 2000K at the probed location=¢0.83cm).

6.3.2 Fuel Side

On the fuel side of the methane flame, smaller naeglare grown than on the air side.
In Figure 6.5(ajt can be seen that there is a large coverage derisitglybdenum oxide
on the substrate surface; andrigure 6.5(b)it can be seen that the width and length of
the nanoplates are less than 100 nm and one microngtigspe In the hydrogen flame,

micron-sized plates are formed. As seefigure 6.5(c)and(d) the width and length of
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the plates are a few microns, and the thicknesapigroximately 500 nm. No
nanostructures are found on the substrate insémtedthe fuel side of the hydrogen

flame.

-~

[

(c)

Figure 6.5 Molybdenum oxide grown in the GHlame on the fuel side (z=+0.79cm) at
(a) low magnification (b) and high magnificationobdenum oxide grown in the;H
flame on the fuel side at (c) 5,000X (d) and 10000
On the fuel side of the methane and hydrogen flathese is very little oxygen present.
The methane flame has sufficient water vapor ambdocadioxide to form Mo®@on the
fuel side. The hydrogen flame only has water vamorthe fuel side. Therefore, any
structures formed in this manner are grown by aewatapor mechanism. Large

molybdenum oxide structures are formed throughwheer vapor route shown in Eqgn.

6.4. All of the materials grown on the fuel siggaar to be made by a vapor-solid route.
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Fuel Side
CHy4 Ha
Species | (mol/m®) (mol/m?)
(o} 0.41 0.41
H,O 11.52 20.29
(6{0) 4.44 0.00
OH 0.03 0.31
CO; 10.46 0.00

Table 6.2 Species concentrations in the methane and hydrogee farthe fuel side at
2000K at the probed locatior=+0.79).

6.4 Conclusions

Molybdenum oxide nanostructures are formed at 2000 Khelmtethane flame on the air

side and the fuel side, GGand HO are present in large enough concentrations to

contribute to nanoplate growth. The hydrogen flameaionstwater vapor as the largest

species concentration. Therefore, on the air sidectdoxidation of the surface occurs;

and on the fuel side, micron sized plates are grovautir a vapor solid mechanism.
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Chapter 7

Copper Oxide and Iron Oxide Nanowires

7.1 Introduction

Various types of metal-oxide nanowires have promising egidins due to their unique
properties. In particular, copper oxide nanowires can ed tgsproduce optoelectronic,
biological, magnetic, and optical devices, as well atlgsts. CpO is a p-type
semiconductor, which has a band gap of 2.0 eV. Differertodsthave been developed
to produce copper oxide nanowires. ;Gwcan be formed by thermal oxidation of copper
above 300C.°%°%°° Precursor methods are also utilized, such as a camppdeursor
surfactant-assisted route and a reduction route withetiollene glycol as the
surfactant'®? Electrochemical conditions that use platinum asetBetrode can produce

CwO nanowires, if copper is present in the solufio.

Fe;O, is a magnetic material with a spinel structure. nlaxide nanowires can be
important for use in magnetic recording material, semspigments, and electronic
devices. Many hydrothermal methods to produceOFenanostructures have been
developed, including a microwave hydrothermal proe$s’’°*% |ron oxide powder
was produced through a sonochemical method carried out argam atmospher®@.
Wang et. al’* synthesized magnetic §& powders through an arc-electrodeposition
method that used iron filaments as the electrodedamefsynthesis method was utilized
by Merchan-Merchan to produce ;B2 nanorods through a vapor-liquid-solid method
that were 10 — 100 nm in diameter. They were introdudedthe flame at temperatures

ranging from 1330 — 1500 K. The growth mechanism utilizes oxel@&moval of iron
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from the bottom of the probe and transport with the gaseapecies to the top of the
probe (material transport/condensation mechaniémin this work, CeO and FeO,

nanowires are produced through a robust flame synthedwdet

7.2 Experiment

The counterflow diffusion flame (CDF) setup consistdved converging nozzles with a
19 mm diameter and 15 mm separation distance, which cseelbeinFigure 7.2(a) The
top burner releases air, and the bottom burner ishliged methane and hydrogen. The
methane flame issues fuel composed of 50% nitrogen and 50%amaetwhile the
hydrogen flame issues fuel composed of 63.5% nitrogen and 36.5%gagdroThe
burners have an inert co-flow, in this case nitrogengxtinguish any outer flame,

minimize shear instabilities, and eliminate oxidizeranment.

The CDF allows the chemical species to be tailoredgfeen temperature sutiable for
gas-phase nanowire synthesis. The flame structure aslilye specified using
computational simulations. The temperature profilesthef methane and hydrogen
flames are purposely matched to compare chemical spdéigste 7.1shows graphs of
the temperature and species concentrations of the lmaee fstructures obtained by
computational simulations using GRI-Mech 1.2The gas phase temperatures and
species concentrations are confirmed using spontaneouanRspactroscopy (SRS), as

shown in theFigure 7.2(b)
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Figure 7.1 Gas phase flame structure of methane and hydrogen flames.
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Figure 7.2 (a) Counterflow diffusion flame with probed positiomarked. (b) SRS
diagnostic setup.

Ultrasonically-cleaned copper and iron substrates aestets into the CDF at positions
on the air and fuel sides of the flame in ambientdd¢ans where the temperatures are
~900K and ~1000K, respectively, for 10 minutes. The morphedo@f as-grown
nanostructures are examined using field emission scanningo@l@cicroscopy (FESEM,
LEO Zeiss Gemini 982). Structural features of the naterals are investigated using
high resolution transmission electron microscopy (HRITEOPCON 002B), along with

selected area electron diffraction (SAED).

7.3 Results

7.3.1 Air Side

CwO nanowires are grown only on the air side of the élemvith the densest yield in the
methane flame, giving insight into growth mechanisms amdiiions that are favorable

for nanowires growth. Figure 7.3(a)and (b) show a dense yield of copper oxide
nanowires grown at ~900 K in the methane flame. Hm®wires are approximately 150

nm in diameter and a few microns in length. On theside of the hydrogen flame, very
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few nanowires grow on the copper substrate, whaghle seen ifigure 7.4(aand(b).

These nanowires are about 200 nm in diameter d&d anicrons in length.

Wy e
y . o .‘.\
Nk

k

U

YREEN

Figure 7.3 (a) Low magnification copper oxide nanowires grawa CH, flame
(z=+0.97cm) (b) Magnified FESEM image of nanowigeswn in CH,

xB8000 Spmr————————————————————— BkU 1Smm *x10000 2 pm

Figure 7.4 (a) Low magnification showing yield of copper oxitom H flame
(z=+0.97cm) (b) Typical image of copper oxide grawthe H flame

The concentrations of the gas phase species attbed location are given ihable 7.1,

for the air side of the methane and hydrogen flamieghe methane flame,,OH,0, and

CO, are present in varying amounts. There is sevaastimore oxygen gas than water
vapor, and ten times more oxygen than carbon dioxidthe methane flame. The
hydrogen flame does not have any carbon contaspegies, but there is six times more
oxygen than water vapor. Therefore, the oxygenoti@a may be the most dominant in
forming the nanowires. The Gibbs free enerdiese also negative for the reactions

shown in Egns. 7.1 and 7.2. The nanostructured yielmuch greater when carbon



72

dioxide is present in the flame. The reactions for gaseopper and water vapor and
carbon dioxide are negative, but the reactions witid smipper are positive meaning
these reactions are not spontaneous. It seems tha@for-solid growth route is the
most probable, with chemical species in the flame &dsgpionto the copper substrate to

form nanowires.

4acu® + 09 - 2cuO® AGgook = -220.2  (7.1)
4CU9 + 0,9 — 2CypO® AGgook = -1149.6  (7.2)
2CUY + H,09 — CLO® + H9 AGgoox = +93.5  (7.3)
2Cu9 + H,09 — CLLO® + H9 AGgook = -371.2  (7.4)
2Cu®+ Cco9 - Ccu,0®+ ca? AGgoox = +103.0  (7.5)
2Cu@ + cQ9 - cwO® + Cca? AGgook = -361.7  (7.6)

Air Side
CHy H,
Species | (mol/m?) (mol/m?)

(o} 71.10 72.50
H,O 10.70 12.50
(6{0) 0.09 0.00
OH 0.01 0.01
CO; 6.88 0.00

Table 7.1 Concentrations of species in the methane and hydrogy®e thn the air side at
~900K at the probed location (z=+0.97).

A dense yield of R, nanowires are grown on the air side of the metlaanadehydrogen
diffusion flames at ~1000 K. The fuel side results slsowe oxidation of the iron as

well as carbon nanotube growth-igure 7.5(a)and (b) are images of the iron oxide
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nanowires grown on the air side of the methanedlamhe wires are about 150 nm in
diameter and a few microns in length. Iron oxidenowires are also grown in the
hydrogen flame, as seen kiigure 7.6(a)and(b). They are ~200 nm in diameter and a

few microns in length.

SkU 1Zmm

x5000 Spem SkU 1Zmm x10000 Zrm

Figure 7.5 (a) Low magnification iron oxide nanowires growna CH, flame (b)
Magnified FESEM image of nanowires grown in £H

By 15Smm *x10000 Zpm

*x10000 Zrm

Figure 7.6 (a) Low magnification showing dense yield of ir@xide from H flame (b)
Typical image of iron oxide grown in the; iHame

Below in Table 7.2 the chemical species concentrations in the metlza hydrogen

flames are given. In the methane flame therenmsal six times more oxygen than water
vapor and almost ten times more oxygen than cadimtde. The hydrogen flame does
not have any carbon containing species, but tlefeur times more oxygen than water
vapor. All of the Gibbs free energies for the dgques 7.7 to 7-12 are negative; therefore,

all of the possible reactions can occur spontangolit oxygen seems to be the
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dominating species in the flame at +0.98 cm. Also, namogrowth in the methane and
hydrogen flames are similar, which makes it appear tlmhboadioxide is not a necessary
species for F€, nanowire growth. This type of nanowire growth appeafsaltinto the

vapor-solid growth category as well.

3FY + 20,9 — Fe0,® AGigook = -792.2  (7.7)
3Fe? + 20,9 - Fe0,® AGioook = -1586.0 (7.8)
3Fe® + 4H,09 — Fe0,® + 41,9 AGroook=-21.3  (7.9)
3Fe® + 41,09 — Fe0,® + 4,9 AGio00k = -815.2  (7.10)
3Fe® + 4CQ9 — Fe0,® + 4Cd? AGioook = -10.0  (7.11)

3Fe(g) + 4CQ(g) — Fe0Oy ) 4 4Cdg) AGio00k = -803.8 (7.12)

Air Side
CHy Ha,
Species | (mol/m?) (mol/m?)

(o} 58.80 58.30
H,O 11.20 13.30
CcO 0.10 0.00
OH 0.02 0.02
CO; 7.84 0.00

Table 7.2 Concentrations of species in the methane and hydrog®e thn the air side at
~1000K at the probed location.

7.3.2 Fuel Side

On the fuel side in the methane and hydrogen flamespoppec-oxide nanowires are
grown at 900 K. The surface of the copper substrate apjpebesoxidized as shown in

Figure 7.7and Figure 7.8 but no nanowires are formed. Small bright particdes
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apparent inFigure 7.7(a)and (b), which are copper oxide. On the substrate in the
hydrogen flame, as shown kilgure 7.8(ajand(b), small step-like features are present. It
appears that some incipient nucleation sites hawadd, but no nanowire growth is

seeded from them.

Vo L L A
*x10000

Figure 7.7 (a) Low magnification copper oxide substrate anftrel side of a CIHCDF
(b) Magnified image of substrate

Figure 7.8 (a) Low magnification showing copper oxidatiorHp flame (b) Typical
image of copper oxidation on the fuel side of theflaime

Table 7.3gives the species concentrations in the methadégairogen flames at 900 K.
It is apparent that water vapor is the dominantigsepresent. Since no nanowires grow
on the substrate, it proves that oxygen gas igtbeth mechanism for GO nanowire

formation.
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Fuel Side
CH4 H2
Species | (mol/m®) (mol/im?)

O, 0.37 0.00
H,O 15.70 17.90
(6{0) 4.87 0.00
OH 0.00 0.00
CO; 13.20 0.00

Table 7.3 Species concentrations in methane and hydrogere fidructure on the fuel
side at ~900K at the probed location (z=+0.56).

Various structures are found on the fuel side efithn substrate in the methane flame.

Figure 7.9(a)shows catalytic carbon nanotube (CNT) growth. nlis a catalyst for

CNTs; therefore, there is an iron nanoparticlehateénd of every CNT. Iron oxide is also

grown on the same substrate as well, which caneba s Figure 7.9(b) They are

nanoneedles that are up to 500 nm in length. drhgldrogen flame, iron is oxidized but

no nanowires are formed. Figure 7.10(a)and (b) micron sized structures are shown

that are grown in the hydrogen flame on the fugg si

x10000

o
mm *x10000

Figure 7.9 (a) Low magnification carbon nanotubes grown anftiel side of a CIHHCDF
(b) Magnified image of iron oxide nanowires growindH,
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Figure 7.10 (a) Low magnification showing iron oxide from Hlame (b) Typical image

of iron oxide grown on the fuel side of the fthme

In the methane and hydrogen flame, the speciesotrations present are givenTiable

7.4. In the methane flame, there is a comparable atmofiwater vapor and carbon

dioxide. It seems as though both species areingaetith the iron because the carbon

from CQ;, is reacting to form CNTs, and the oxygen fro@OHs reacting to form iron

oxide. Only water vapor is present in the hydrofame, and no nanostructrures are

formed at 1000 K. There is, however, oxidatiortled surface due to the water vapor

present in the flame.

Fuel Side
CH4 H2
Species | (mol/m?) (mol/im?)

(o} 0.39 0.00
H,O 16.00 18.70
(6{0) 5.06 0.00
OH 0.00 0.00
CO; 14.00 0.00

Table 7.4 Species concentrations in methane and hydrogere fidructure on the fuel

side at ~1000K at the probed location (z=+0.58).
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7.4 Conclusion

In summary, a parametric study is performed in ordeotretate local growth conditions
with morphologies. G nanowires are only grown on the air side of thehare and
hydrogen flames. E®,; nanowires are grown on the air side and fuel sidaeofitethane
flame, while nanowires are only found on the air sifliehe hydrogen flame. Carbon
nanotubes are also found on the fuel side of the metttme. Micron sized structures

are grown on the iron substrate on the fuel side ofiydeogen flame.
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Chapter 8

Concluding Remar ks

8.1 Review of Results

In this work, the growth mechanisms of 1D metal oxide sanotures are investigated in
counterflow diffusion flames. Methane (50% £thd 50% N) and hydrogen (36.5%:H
and 63.5% P flame structures are used to perform parametric studiethe growth
mechanisms involved (rs. HO and Q vs. CQ) in the synthesis of W&, ZnO, CuyO,
and FeOs3; nanostructures. In synthesizing Mp@ 100% CH flame and 44.0% H/
56.0% N flame are used to in order to attain higher flame teatpezs. Flame
structures favorable for synthesis (for specific localplaase temperatures and relavant
species concentrations) are established by using a compataimulation that utilizes
chemical kinetics and transport mechanisms. The peybpdratures are examined using
an optical pyrometer. Locations within the flame gute with the same temperature but
different species concentrations are examined wittase-4metal substrate. Then the
samples are characterized using SEM and TEM to obtaimmatmon on morphology and
chemical structure. The morphologies of as-grown meaterials can be correlated with

local growth conditions.

WO, is synthesized using a tungsten substrate in both medimahbydrogen flames at
1720K. Nanowires are found on the air and fuel sides gbithieed regions. Any of the
routes are possible for tungsten oxide formation in rttethane flame, but it seems

probable that a hydrothermal route comes into play fer tanowires grown in the
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hydrogen flame due to their large diameters. Also, estergly, no W§ formation
occurs, which may be due to the fact that it has mudiehigctivation energy or that the

substrate temperatures are not high enough.

The ZnO nanostructures grown at 1000, 1300, and 1600K containagigite different
morphologies, such as nanorods, nanosheets, nanaestebelts, etc. These different
morphologies can be grown by any of the growth routesh sis reactions with water
vapor, direct reaction (of zinc droplets or vapor) watkygen gas, or heterogeneous
oxidation by carbon dioxide. Also, none of the Gibbg feaeergies for the reactions are a
limiting factor in @, H,O, or CQ growth. A vapor-liquid-solid and vapor-solid growth

mechanism may also exist depending on the ZnO formdtairotcurs.

At 2000K, MoQ nanoplates are grown in the methane flame on thedsrand fuel side.

There is water vapor and carbon dioxide present in siraitaounts; therefore, either
route may form these nanoplates, with a vapor-sokdhanism causing the formation.
On the air side of the hydrogen flame, direct oxidatibrthe surface by water vapor
seems to take place, given the complex structures formbd.fuel side of the hydrogen

flame produces large nanoplates, on the micron scaldpdbe water vapor route.

Copper oxide (CGiD) nanowires are grown primarily on the air side @& thethane and
hydrogen flames at 900K. On the fuel side, some oxidatidmecdubstrate is seen due to
the water vapor present, but no nanowires are formeds Id&ds to the conclusion that

oxygen is the only possible growth mechanism fof(Coanowire growth.
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At 1000K FeO, nanowires are grown on the air side of the methaik leydrogen
flames. It seems oxygen is the leading factor in tbevr of the FgO, on the air side.
On the fuel side of the methane flame, both CNTsiammdoxide are formed, most likely
due to the CO present within the flame. Finally, onftled side of the hydrogen flame,

some oxidation of the surface occurs due to the water yapeent within the flame.

8.2 Future Work

In the methane flame, carbon, hydrogen, and oxygen asemir in various amounts.
This means that £ H,O, and CQ can react with the metals and form metal oxides. In
the hydrogen flame, carbon is not present, and onlyrveateé oxygen are present for
oxidation. The next step to isolate the Oute would be to examine a CO/air flame.
This would require a special enclosed setup to perform treme#ric studies. Much
greater insight would be gained into the growth mechani¢ras form metal oxide

nanomaterials.

In this work, W, Zn, Mo, Cu, and Fe substrates arezatlliin probing various
temperatures and species. Other metal substrates thldt patentially form metal-
oxides with unique properties could also be investigated, suetl, 8i, and Mg. This
would produce a wide array of metal oxide nanowires fatoua applications and

devices.
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