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In this work, particulate composites of ZnO and carbon nanoparticles were
synthesized by single-step gas phase reaction. Glycerol and ferrocene were used as
carbon and iron sources for formation of the carbon nanoparticles, while Zn
powder was employed as Zn source for the formation of ZnO. Isolated synthesis of
carbon nanoparticles and ZnO particles was separately studied for investigating
experimental parameters which affected the formation of each constituent of
ZnO/CNT composite. The carbon nanoparticles, especially MWCNTs, were
synthesized by chemical vapor deposition by manipulating N, flow rate,
synthesizing temperature and glycerol to ferrocene molar ratio. To understand the
formation of the CNTs, synthesis of SWCNTs by laser ablation was also
investigated by controlling laser intensity and synthesizing temperature. While, the
ZnO nanoparticles were synthesized by oxidation of pure Zn by adjusting N, flow
rate, synthesizing temperature and O, flow rate. The composites were then
investigated under designated conditions with respect to data of previous
investigation. The study of thermodynamics exhibited unavoidable oxidation of C
and Fe over wide ranges of the synthesizing temperature. The synthesizing
temperature was found to be a major parameter for the synthesis of the ZnO/CNT
composites. Based on the experimental results, the ZnO/MWCNT composites

could be synthesized under the condition of the N, flow rate, O, flow rate and

synthesizing temperature of 500 mL/min, 100 mL/min and 800 °C, respectively.




vi

ACKNOWLEDGEMENTS

I am very thankful to my thesis advisor and co-advisor, Assoc Prof,
Tawatchai Charinpanitkul and Dr. Apinan Soottitantawat, Department of Chemical
Engineering, Chulalongkorn University, for their introducing me to this interesting
project, and for their helpful and deep discussion and encouraging guidance
throughout the course of this work. I am also very thankful to my shared advisors,
Prof. Yoshio Otani and Assoc Prof. Takafumi Seto, Department of Chemical
Engineering, Kanazawa University, for their useful guidance, educational suggestion
and their particle processing laboratory facilities. Furthermore, I am also thankful to
Prof. Piyasarn Praserthdam, Asst. Prof. Varong Pavarajarn, Asst. Prof. Nattaporn
Tonanon and Dr. Sorapong Pavasupree for their comments and participation as my
thesis committee.

I would like to acknowledge the Centennial Fund of Chulalongkorn
University for the partial financial support of this work. This work was also partially
supported by Kanazawa University, Japan.

Furthermore, I would like to thank all members of Center of
Excellence in Particle Technology for their help, suggestion and warm collaborations.
I am also thankful to Mr. Hisashi Yamamoto, Mr. Takuma Furukawa and all members
in Kanazawa University for their kind and helpful suggestion.

Finally, I would like to express my cordial and deep thanks to my

family for their love and encouragement.



CONTENTS

Page
ABSTRACT IN THAL........cooiinnieeeenentnisseessssssseeessssesseseseesssesesenns iv
ABSTRACT IN ENGLISH..........cocentiiiiiiinrereeeesseseree e sssesesesesesessssssssanns v
ACKNOWLEDGEMENTS .......ccoovmiiiiiininnieiseseassesere e esse s sesesesesssssessanns vi
CORTEN B o O N oo S W, . o . I vii
LIST OF TABLES i, - i oo sooimmniin s obisssssss5shbs sREeis o+ evscnsranamootinosons Xii
RISHFOF FIGURES sEE s o covsosesstion oo it isssnsabisnssssss Blivesomii e sosensvssiashueses il Xiii
NOMBENCEATURE ... 0 i 5. 0 oo ostie B st obes cosess s imasippndhon o ei ] XXi
CHAPTER
I INTRGIDUCEHON S 0 oo ool s .+ ¢ ooz cosmas M b5 sl o 1
1.1 Bligkerothgrdiitl MotivallOn e meliy . oo ot anssss s 140 albhes svvy s cxin 1
1.2 ObjechivOEIDEearch. .25 & L. .l 0.0 o s s o555 s s s 2
1,3 SCOPL OF TESBATCI . coxuisssnis s 1 ot nerthmsassinsmmsasnssissinnssmsmsnmrsssamnss ve 2
1.4 Procedure GEthe TeSBATCH. ...v.o s usmomammne - <o B b s rssmnvns sy ssaituns 3
1.5'ObtainCaUOREIIS. ... conmmany +« - Jukbins bl sty sevemsatlis ssassesss s seanmrsss 3

II FUNDAMENTAL KNOWLEDGE AND LITERATURE REVIEW.......... 4

2.1 Carbon nanotubes (CNTS)......c.ouviiriiiiiieiiiiiie e, 4
2.1.1 Structure of CNTS....ccovviiiiiiiiiiiiiiie e 4
2,1.2 Physical properties 6 CNTS,.covssnmmmsansssosspoksnsssissssissnsiss 6
2013 Synthesis OF ENTS ceenisss shtnsssesssscanssmmmsnasssssssaiiiinssnsss 8
2.2 Zinc Oxide (ZnO) NanoStruCtUres ...........oeueuerirninienineeernenenneneenens 9

2.2.1 Structure 0f ZNO......eenieeee et eeeareeneenaanas 9



viii

CHAPTER Page
2.2.2 Physical properties of ZnO nanostructure.............c.coeeuenee 10
2.2.3 Synthesis of ZnO nanoStructure. ..........c..ooevevueeneenenenennnn 11
23 CoMIpost® mCEEI .. .. oooo o SRR » < 5.0 P e Wl - s IS .2+ e 13
2.4 Differential Mobility Analyzer (DMA)......ccoveiiiiiiiiiiiiiiiiiannen 14
2.5 Gibbs'fret enerpy Of TeaClion,. .. 1. . . .. i~ xo v ~almumahs sl B fo « 35 » 4 5 515 18

2.6 Reaction equilibrium in a system containing condensed phases

NG S TS DN ASE . 5 DR B 00 S « . <.« paere . B tl. 8, 18
2.7 Ellingham diagram for oXides...........c.vueiiiiiiiiiiniiiiineninenen.. 22
2.8 LItcratinr® TEVHEWEIT . . . oo o o+ - - ihls « o vi o sitle s s MmO h sl FR 585 i85+ 24

2.8.1 Investigation of synthesis of the SWCNTs by laser ablation... 24

2.8.2 Investigation of synthesis of the carbon nanoparticles

2.8.3 Investigation of synthesis of the ZnO nanoparticles by
ORI AT O o eI - ., 50:605:80 5040 iR 26

2.8.4 Investigation of synthesis of the ZnO/MWCNT

CONNPOSIIES oo s -dnmesmamiurasmmnns 25 | Fasgsss 5ss 33 51 5 swumsaanses 28

I EXPERIMENT........conc-tmnmeosssss vonsmilenanssssauhangan scssis 55 s7s comws 32
3.1 Synthesis of the SWCNTSs by laser ablation................ocooviiininn 33

3.1.1 Raw materials and experiment............c.coeveienininiinininnn 33

3.1.2 Experimental Proceduies. .. cocvvv s smsssmmmmenmmmesnsvessne 35

3.1.2.1 Variation oF Jaser iNteBSIY. .. ....us6:: 555500 ouuns e 5s o8 35

3.1.2.2 Variation of temperature............c.coceeveveniennnn. 35



ix

CHAPTER Page

3.2 Synthesis of the carbon nanoparticles by CVD of glycerol and

TETTOCEION. ..o oule i v bt 5.6 50 S = v s Sl g vw.» B il 55 35
3.2 1'Raw materials and eXPERMEnt. ... o i <o thss s s sdtess st 35
3.2.2 Experimeiital Proceaures: . - - wtensing. -+ — T T 36

3.2.2.1 Variation of nitrogen flow rate......................... 37
3.2.2.2 Variation of synthesizing temperature................. 37

3.2.2.3 Variation of glycerol to ferrocene molar ratio.........37

3.3 Synthesis of the ZnO nanoparticles by oxidation of Zn.................. 38
3.3, 1 Raw maierials and experiment .. . . s sesssmensis s s vhsss s+ s ooims 38

3.3.2 Experimental ProCedUIes.. i smnunsasvnscs s oo s oensbio oo oo iiimns 39

3.3.2.1 Variation of nitrogen flow rate..............c..coeunenee 09

3.3.2.2 Variation of synthesizing temperature.................. 39

3.3.2.3 Variation of oxygen fIOW IALE: . ... .oattattersevorasonss 39

3.4 Synthesis of the ZnO/MWCNT composites by gas phase reaction....... 40
3.4.1 Raw materials and experiment..............cceveneneniininnininnn 40

3.4.2 Experimental procedures..........ocoeueeninininiiinieniiininenen. 41

3.5 Analytical InSteNMeNtEe vommes s susaibiunss o s s SRRRBRRES i+ 3 556555555 555545 & 41
3.5.1 Scanning Electron Microscopy (SEM)......c.cccoveieviinininenns 41

3.5.2 Transmission Electron Microscope (TEM)..........c.ccceeue.n.e 41

3.5.3 Raman SpectroSCOPe. .....c.euvuenenereninenenienenenenenenenenens 42

3.5.4 Scanning Mobility Particle Sizer (SMPS)..........ccccoeennen. 42

3.5:5 X-Ray Diffractionl (XRD). . ccsesecisssinsisssmmmommvirnbanmss 42

3.5.6 UV-Visible Spectrophotometer (UV-Vis)..........ccceeenenene. 42



CHAPTER Page

3.5.7 Fourier Transform Infrared Spectrophotometer (FT-IR) ........42

IV RESVLTS:AND DESCHSSTON... 0 eid. . conues 00 o s oW oalh vdliss s Mol 43
4.1 Synthesis of the SWCNTs by laser ablation..................ccccecuenenne. 43

4N Effect ol 1aSermensity. . . ... b i climeneti s« - o5 Blasts s son ot 43

4.1.2 BHECUTE TemperatuiBal. .. .oxx d -« + «cusocvlaeasmits s s s ol 46

4.1.3 Possible mechanisms.............coeevveiieiieineiiniiieiieina, 55

4.2 Synthesis of the carbon nanoparticles by CVD of glycerol

A ferroooliBusm. B oo .. Ml .. B oo PRI 5 v 555 ol b 58
28 [NDHICTL BT nilrogel flogV rate St . o M. o ghdusali dh. o ooven 58
4.2.2 Effect of synthesizing temperature.....................coueeene.e. 68
4.2.3 Effect of glycerol to ferrocene molar ratio....................... 75
4.2.4 Possible mechanisms............ccceevviviiieiiiiniincneiiennnnn.. 83
4.3 Synthesis of the ZnO nanoparticles by oxidation of Zn.................. 86
4.3.1 Effect of nitrogen flow rate..............c.oeviviiiiiiinnnnn.n. 86
4.3.2 Effect of synthesizing temperature...................oeeuvuninnnnn. 94
4.3.3 Effect of oxygen flowrate............ccvevivvinieiiniininninnnnnn. 98
4.4.4 Possible mechanisms...........ccocoviieiiineiiiineineiniinnannnnn. 101
4.4 Synthesis of the ZnO/MWCNT composites by single-step
G0t e L A O S 103
4.4.1 Investigation of thermodynamics ...........ccceceeevreererrrenererenennnnnn. 103
4.4.2 Effect of synthesizing TeMPEratiiie .......cuossvmevssstrosssssossmmsssissss 106

4.4.3 Possible MeChaniSImS. ......voueieeeeeeeeeeeeeeeeeeeeeeeeneanennns 116



xi

CHAPTER Page

V CONCLUSION AND RECOMMENDATION.............cooooviiiiiiaenn e 119
5.1 Analysis of the SWCNT synthesis by laser ablation..........................119

5.2 Analysis of the carbon nanoparticle synthesis by CVD of glycerol
ghddemgoene. . ... it SRR A0 0 A B ..., o6l . s 120
5.3 Analysis of the ZnO synthesis by oxidation of Zn .........c.ccceeevveeveveenenn... 120

5.4 Analysis of the ZnO/MWCNT composites............... cooeeeevrvreenennnn 121

5.5 Recommendation for future work.................ooooiiiiiiiiiiiiiiiini, 121
IREEERENCES. ... 0000 8 ol it s oo shrrs s 25 ¢ e v sl v 122
APPENDICE SR T .o oo e ¢ gt sz M RO L M 8 i) 129

APPENDIX A Temperature profiles inside reactor.............................. 130

APPENDIX B Calculation of partial pressure..............c.coeuveviuvennennnnn 132

APPENDIX C International research papers..............cccceevvininiinninnnn. 134

VIT A oM essct o Tt e J - g R L L B sl vy scconsvmss 135



Table 2.1

Table 2.2

Table 2.3

Table 2.4

Table 2.5

Table 2.6

Table 2.7

Table 4.1

xii

LIST OF TABLES
Page

Classification of carbon nanotubes and their electrical
O GHIVILY ~ i e 5 5maie S v salind B = s 5 » Sl B o 35 6
Theoretical mechanical properties 0Of CNTS ......cocoveinininininnnn 0
Physical properties of wurtzite ZnO............cccoeeveviiiiiiiiniinninn 11
Literature reviews of the synthesis of the SWCNTs
by Nd:YAG pulse laser ablationi cui.... ..o s usssmsnmomsss 30
Literature reviews of the synthesis of the MWCNTs
by CVD uhder atmospheric PreSSUIE. ... .. /s sesnes svsss sis soasassseiissesosns 30
Literature reviews of the synthesis of the ZnO nanoparticles
by OXTIANENBET ........conoborttonesssnsssssmsss il AR cagfoves svee s ecigen sl 31
Literature reviews of the synthesis of the ZnO/MWCNT
)01 AN o ) R — 31

Standard free energy change of oxidation of Zn, C and Fe

at different synthesizing temperatures...............ooeeveviniiniie i 105



Figure 2.1

Figure 2.2

Figure 2.3

Figure 2.4

Figure 2.5

Figure 3.1

Figure 3.2

Figure 3.3

Figure 3.4

Figure 3.5

Figure 4.1

Xiii

LIST OF FIGURES
Page

Structures of (a) SWCNTs and (b) MWCNTS.......ceeuvevneeneennnennnnn. 4
Structures of (a) an unrolled graphene sheet of the nanotube,
(b) an armchair nanotube, (c) a zigzag nanotube
and (d) a chiral NANOtUDE. ........cevveenrniiniiiiinrerieneneeeeeensensnnsnsaons 5
Wintzite SHUCHBEOT Z00 L. ... . s othisncits s i et ol 85 B v 10
Differential Mobility Analyzer (DMA) for classifying and
generating monodisperse aerosol particles................coeeevvvnnneennnne. 16
Ellingham diagram for metallurgical oxides.................cuveevunn e 23
CINE AT BTl B o oovmisn s s BB s bl 33
Schematic diagram of experimental apparatus for aerosol
generation of the SWCNTSs by pulsed Nd:YAG laser ablation........... 34
Experimental set up for synthesizing carbon nanoparticles
by CVD of glycerol and ferrocene...............ccooovuvviueviinniinnneennnn, 36
Experimental set up for synthesizing ZnO nanoparticles
b OFIAALION OF Zil Sttt e ¥ MR e s ca ot -5 St ' 38

Experimental set up for synthesizing ZnO/MWCNT composites........... 40
SEM images of the synthesized carbon nanoparticles

at different laser intensities: (a) 0.4 W, (b) 0.5 W and (c) 0.6 W......... 44



Figure 4.2

Figure 4.3

Figure 4.4

Figure 4.5

Figure 4.6

Figure 4.7

Figure 4.8

Figure 4.9

Xiv

Page

Size distributions of the agglomerated carbon nanoparticles

synthesized at different laser intensities: (a) 0.4 W, (b) 0.5 W

L O W O N O e 45
Raman spectrum of the agglomerated carbon nanoparticles

synthesized at the laser intensity of 0.6 W.............ccouvevvivenvinnnnnn, 46
SEM images of the synthesized carbon nanoparticles

at different temperatures on membrane filter: (a) 25 °C,

(b) 600 °C, (c) 800 °C, (d) 1000 °C and () 1080 °C.............ceu........ 48
Mobility based size distribution of the synthesized carbon

nanoparticles at different temperatures................coeeveiiiiiiniiinn. 49
SEM images of the classified particles by DMA synthesized

at the maximal temperature of 1080 °C with different

classified size: (a) 100 nm and (b) 200 nM..........ccovvvvniinniinnniennnen. 50
Raman spectra of the airborne SWCNTSs synthesized at

different maximal temperatures: (a) 25 °C, (b) 1000 °C

1t B (o 00 oSN O R S " 53
The Ip/Ig ratios of the synthesized carbon nanoparticles at

different maximal temperatures...............cccooeeviineiiniineiiiiennnes 54
TEM images with different magnifications of the airborne

SWCNTs synthesized at maximal temperature of 1080 °C................ 54



Figure 4.10

Figure 4.11

Figure 4.12

Figure 4.13

Figure 4.14

Figure 4.15

Figure 4.16

XV

Page

Size distribution of the isolated SWCNTs at the maximal

temperature of 1080 °C measured by TEM image processing............
Vapor-liquid-solid Mechanisms of the SWCNTSs synthesized

by lasBREDRIION .. .. . s BBl swsio s o B wr a5 st sl e 55
SEM images of the MWCNTs deposited at zone 1 with

different nitrogen flow rates: (a) 50 mL/min, (b) 200 mL/min,

(c) 350 mL/min and (d) 500 mL/min............coooeviiiiiiiiinininiininnnn
Raman spectra of the MWCNTSs deposited at zone 1 with

different nitrogen flow rates: (a) 50 mL/min, (b) 200 mL/min,

£} 350mLiRinand (d) SHOMIL/MID. .ol .ot oo o« s satrahiess soa
SEM images of the MWCNTs deposited at zone 2 with

different nitrogen flow rates: (a) 50 mL/min, (b) 200 mL/min,

(¢) 350 mL/min and (Y ST cocomms55+ s ssssmmmimanassmsspmssnisos
Raman spectra of the MWCNTs deposited at zone 2 with

different nitrogen flow rates: (a) 50 mL/min, (b) 200 mL/min,

(c) 350 mL/min and (d) 500 mL/min.............cooeveiiniiiiiiiiniinieenn
SEM images of the MWCNTs deposited at zone 3 with

different nitrogen flow rates: (a) 50 mL/min, (b) 200 mL/min,

(c) 350 mL/min and (d) 500 mL/Min........c.coeviiriiiiineinennineninnnnn,



Figure 4.17

Figure 4.18

Figure 4.19

Figure 4.20

Figure 4.21

Figure 4.22

Figure 4.23

Figure 4.24

Figure 4.25

XVi

Page
Raman spectra of the MWCNTs deposited at zone 3 with
different nitrogen flow rates: (a) 50 mL/min, (b) 200 mL/min,
(c) 350 mL/min and (d) S00 mL/min..........cccoeviviiiiniiiinieninninnnnn. 64
Ip/Ig ratios of the synthesized MWCNTs at different nitrogen
LT e R e L e SR R 65
Yields of the synthesized carbon nanoparticles at different
ArOS e HDWINRIES. ... ..o s o s cohinnbii» « shscss v R MR N s5 5 100 s s 66
Residence time by varying nitrogen flow rate....................cuneenees 67
SEM images of the MWCNTs deposited at zone 1 with different
synthesizing temperatures: (a) 800 °C, (b) 850 °C
BRLE) DOOE e B g cmins s o5 sasmimiing do T R s R 5 gl L s ssinin 69
SEM images of the MWCNTs deposited at zone 2 with different
synthesizing temperatures: (a) 800 °C, (b) 850 °C
1T (o R0 1 TR —————— - S 70
SEM images of the MWCNTs deposited at zone 3 with different
synthesizing temperatures: (a) 800 °C, (b) 850 °C
and (c) 900°C. B8 Bt ... o S s R o 71
Ip/lg ratios of the synthesized MWCNTs at different
Synthesizing temMpPeratures. ... .....c.veueereenevueenerniieereeneriennennennn 72

Yields of the synthesized carbon nanoparticles at different

MILEORCH ELONY TATES. 10 ieh «xtitinsice o hiimmtls ssssnasmnss snunwssmsmrss SR xsss 73



xvii

Page

Figure 426 Rate constant of CNTs by varying synthesizing temperature.............. 74
Figure 4.27 SEM images of the carbon nanoparticles deposited at zone 1 with

different molar ratios of glycerol to ferrocene: (a) 5/1, (b) 10/1

A (C) 2GRN . et S« I+ 5555w s M+ -+ + + 553 Ml s 75
Figure 4.28 SEM images of the carbon nanoparticles deposited at zone 2 with

different molar ratios of glycerol to ferrocene: (a) 5/1, (b) 10/1

Aol T . . .. v B ol Al o b A e cx o B8 76
Figure 429 SEM images of the carbon nanoparticles deposited at zone 3 with

different molar ratios of glycerol to ferrocene: (a) 5/1, (b) 10/1

AnAEY B0/] Mo M oo s < damminds s s s gl iR o o 5.5 siailpe o+ 77
Figure 4.30 Ip/Ig ratios of the synthesized MWCNTs at different molar ratios

of glyCerOIMBIETTACENC. v v vrs s vossssnsossnansidiioe - + s+ 53ssmssss s ansnns 78

Figure 4.31 Yields of the synthesized carbon nanoparticles at different molar ratios
Of BlYCETOl tD RO TTORB I i o s iR o s AR R = v simein s v 9
Figure 4.32 TEM images of the synthesized MWCNTs under the condition
of the nitrogen flow rate of 350 mL/min, the synthesizing
temperature of 800 °C and the molar ratio of glycerol to
ferrocene of 5/1 at different deposited positions: (a) zone 1,

(b) zone 2 and (c1).and £62) ZONE Jucisnsssssipmumunssssssinsabaisissiasass 81



Figure 4.33

Figure 4.34

Figure 4.35

Figure 4.36

Figure 4.37

Figure 4.38

Figure 4.39

Figure 4.40

Figure 4.41

xviii

Page
XRD patterns of the synthesized MWCNTSs under the
condition of the nitrogen flow rate of 350 mL/min,
the synthesizing temperature of 800 °C and the molar ratio
of glycerol to ferrocene of 5/1 at different deposited positions............ 82
Fe-LiBIASE (10 gr oVt . o e . o M+ +++ g PR e St . & 83
Vapor-liquid-solid mechanisms of the formation of
the MWCNTs by CVD of glycerol and ferrocene............cccccvvuennnn 85
The synthesized ZnO deposited at zone 2 and zone 3 with
different N, flow rates: (a) and (b) 200 mL/min, (c) and
(d) 350 mL/min and (e) and (f) 500 mL/min..........c..ccceeviniiiininnnnn. 87
Yields of the synthesized ZnO nanoparticles at different
1 e T R R S S — 89
Partial pressure of oxygen and residence time by varying
RITORET ElOMW VLS. .o snnmmms osmmmans s pAdmeRi o = R0 s aad s 90
Diffusion of oxygen through Zn spherical particle.......................... 91
The synthesized ZnO deposited at zone 2 and zone 3 with
different synthesizing temperatures: (a) and (b) 800 °C,
(c) and (d) 850 °C and (e) and (f) 900 °C.......cevvirmieniiniininiieann, 95

Yields of the synthesized ZnO nanoparticles at different

SynthesiZINE TemMPERHATCS. . inaniicr ssnsossliambs see oo asinss obaes sos sbfhloss s 96



Figure 4.42

Figure 4.43

Figure 4.44
Figure 4.45
Figure 4.46
Figure 4.47

Figure 4.48

Figure 4.49

Figure 4.50

Figure 4.51

Figure 4.52

Figure 4.53

Figure 4.54

Xix

Page
Rate constant of zinc by varying synthesizing temperature................ 97
The synthesized ZnO deposited at zone 2 and zone 3 with
different O, flow rates: (a) and (b) 100 mL/min,
gc) and (YISO MLIMIN, Be.. o . a5 s oo ivimios samboit s sxeviss se il obass 99
TEM image of the synthesized ZnO...........c.cooveviiiiiiiniiiininnennen 100
XRD pattern of the synthesized ZnO.............c.vvvveeneeinriniiinrinnnnn, 100
Qcta=twill ZROIBURICI. . . . fioss s afiobie s conthsss s iannmniimni g sses i sse 102
Ellingham diagram for oxides of Zn,Cand Fe..............ccceevnint v 104
SEM images of the synthesized products at the synthesizing
tempERatire BESURE . ..o oo BB v« sl sl =sussatbatiesvis s ol 107
XRD pattern the synthesized products at the synthesizing
temperattiiegF800 °C.... o fe o s 0 v s il s swissisvn s o5 109
SEM images of the synthesized products at the synthesizing
temperature 0f 900 °C.......ouiviiniiiiiiiiiii e 110
XRD pattern the synthesized products at the synthesizing
temperature 0f 900 °C.........iuiininiiiiiiiiiiiii e e 111

TEM image of the synthesized ZnO/MWCNT composites

at the synthesizing temperature of 800 °C.... ....cccocoovverrreeirceenerennns 113
FT-IR spectrum of the synthesized ZnO/MWCNT composites

at the synthesizing temperature of 800 °C. ........ccocevvverririrerneenriserenienas 114
EDX pattern of the synthesized ZnO/MWCNT composites

at the synthesizing temperature of 800 °C..........cccceveeuevrierereereneiennns 115



Figure 4.55

Figure 4.56

Figure Al

XX

Page
UV-visible absorbance of the samples in distillation water:
(a) the synthesized MWCNTSs, (b) the synthesized ZnO and
(c) the synthesized composites of ZnO nanoparticles
BRIV e o T oI, s or O TR, B 8, e sl 116
Possible mechanisms of the composites of ZnO nanoparticles
AN MINMCINLS . G« o5 sinis il RS 5 s P o5 ¢+ oaBRARE SRS T3 Seet T » s 8 118

Temperature profiles inside the quartz tube reactor

at the synthesizing temperatures of 800, 850 and 900 °C..........cccccueuu.... 130



ORBM
bee

FC3C

kCNTs
an

NOMENCLATURES

Coefficient of Pilling and Bedworth
Conversion of ZnO

Time of totally Zn consumption
Radial breathing mode frequency
Body-centered cubic

Carbon

Cobalt

Condensation particle counter

Concentration of O,

Equilibrium concentration of O,

Initial concentration of O,

Density of Zn

Diffusion coefficient of O,

Projected area diameter of CNT
Diameter of fibrous CNT
Mobility based diameter of CNT
Differential mobility analyzer
Diameter of SWCNT
Face-centered cubic

Iron

Iron carbide

Rate constant of CNTs

Rate constant of zinc

Length of CNT,

Mass of O,

Initial mass of zinc

Mass of zinc at time t

xXxi



Wes =
errrocenc
ngycerol
Wzn02 =
Wzno3 =
Wznomwent =
XRD =
Zn =
ZnO =
Z, =

XXii
Nitrogen
Diffusion flux of O,

Nickel

Oxygen

Radius

Initial radius of Zn particle

Initial radius of the reaction interface (metal/oxide)
Initial radius of the oxide layer

Radial breathing mode

Surface area of the reaction interface

Scanning electron microscopy
Scanning mobility particle analyzer
Temperature

time

Transmission electron microscopy
Vapor-liquid-solid

Vapor-solid

Initial volume of Zn

Volume of Zn

Volume of ZnO

Weight of synthesized carbon at zone 1
Weight of synthesized carbon at zone 2
Weight of synthesized carbon at zone 3
Weight of used ferrocene

Weight of used glycerol

Weight of synthesized ZnOat zone 2
Weight of synthesized ZnO at zone 3
Weight of synthesized ZnO/MWCNT composites
X-Ray Diffraction

Zinc

Zinc oxide

Electrical mobility of the collected particles



AG°

PmMo

PMm

Gm(g)

Gms)

Gmoce)

Gmogs)

xxiii
Radius of the inner electrode
Radius of the outer electrode
Length of electrode
Applied voltage
Number of elementary charge units
Elementary unit of charge
Cunningham slip correction factor
Gas viscosity
Particle diameter
Knudsen number
Mean free path
Enthalpy of reaction
Entropy of reaction
Temperature of reaction
Difference between the free energy of 1 mole of gaseous
MO at 1 atm pressure, and the sum of the free energies of a
half of 1 mole of O, at 1 atm pressure and 1 mole of
gaseous M at | atm pressure, all at the temperature T
Equilibrium vapor pressure of solid MO at temperature of T
Equilibrium vapor pressure of solid M at temperature of T

Equilibrium pressure of O, at temperature of T

Molar free energy of the gaseous M under a pressure of 1

atm and temperature of T

Molar free energy of the solid M under a pressure of 1 atm

and temperature of T

Molar free energy of the gaseous MO under a pressure of 1

atm and temperature of T

Molar free energy of the solid MO under a pressure of 1

atm and temperature of T



XXiv

Vmes) = Molar volume of the solid M at the pressure of P and
temperature of T

Vmors) = Molar volume of the solid MO at the pressure of P and
temperature of T





