Washington University in St. Louis

Washington University Open Scholarship

Arts & Sciences Electronic Theses and Dissertations Arts & Sciences

Winter 12-15-2014

Polyol Synthesis of Silver Nanowires by
Heterogeneous Nucleation and Mechanistic
Aspects Influencing its Length and Diameter

Waynie M. Schuette
Washington University in St. Louis

Follow this and additional works at: https://openscholarship.wustl.edu/art_sci etds
& Part of the Chemistry Commons

Recommended Citation

Schuette, Waynie M., "Polyol Synthesis of Silver Nanowires by Heterogeneous Nucleation and Mechanistic Aspects Influencing its
Length and Diameter” (2014). Arts & Sciences Electronic Theses and Dissertations. 353.
https://openscholarship.wustl.edu/art_sci_etds/353

This Dissertation is brought to you for free and open access by the Arts & Sciences at Washington University Open Scholarship. It has been accepted
for inclusion in Arts & Sciences Electronic Theses and Dissertations by an authorized administrator of Washington University Open Scholarship. For

more information, please contact digital@wumail.wustl.edu.


https://openscholarship.wustl.edu?utm_source=openscholarship.wustl.edu%2Fart_sci_etds%2F353&utm_medium=PDF&utm_campaign=PDFCoverPages
https://openscholarship.wustl.edu/art_sci_etds?utm_source=openscholarship.wustl.edu%2Fart_sci_etds%2F353&utm_medium=PDF&utm_campaign=PDFCoverPages
https://openscholarship.wustl.edu/art_sci?utm_source=openscholarship.wustl.edu%2Fart_sci_etds%2F353&utm_medium=PDF&utm_campaign=PDFCoverPages
https://openscholarship.wustl.edu/art_sci_etds?utm_source=openscholarship.wustl.edu%2Fart_sci_etds%2F353&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/131?utm_source=openscholarship.wustl.edu%2Fart_sci_etds%2F353&utm_medium=PDF&utm_campaign=PDFCoverPages
https://openscholarship.wustl.edu/art_sci_etds/353?utm_source=openscholarship.wustl.edu%2Fart_sci_etds%2F353&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:digital@wumail.wustl.edu

WASHINGTON UNIVERSITY IN ST. LOUIS

Department of Chemistry

Dissertation Examination Committee:
William E. Buhro, Chair
Victor Gruev
Richard A. Loomis
Kevin D. Moeller
Bryce Sadtler

Polyol Synthesis of Silver Nanowires by Heterogerseducleation and Mechanistic Aspects
Influencing its Length and Diameter
by
Waynie Mark Schuette

A dissertation presented to the
Graduate School of Arts & Sciences
of Washington University in
partial fulfillment of the
requirements for the degree
of Doctor of Philosophy

December 2014
St. Louis, Missouri



© 2014, Waynie Mark Schuette



Table of Contents

List of Figures \Y
List of Tables iX
List of Schemes X
Acknowledgements Xi
Abstract Xiv
Chapter 1 Introduction to Polyol Synthesis of SilManowires 1
1.1  Applications of Silver Nanowires 2
1.2  Synthetic strategies of Silver Nanowires 5
1.3  Polyol synthesis of Silver Nanowires 5
1.4  Mechanism of growth of Silver Nanowires by the mblgrocess 6
1.5 How to control the length and diameter of Silvenbiaires? 9
1.6 References 13
Chapter 2 Silver Chloride as a Heterogeneous Notfeathe Growth of Silver Nanowires
2.1 Introduction 18
2.2  Experimental 20
2.2.1 General Methods 20
2.2.2 Synthesis of Silver Nanowires 21
2.2.2.1 High-concentration addition of Na@taAgNG; 21
2.2.2.2 Low-concentration addition of NaCtakgNO; 21
2.2.2.3 Addition of pre-synthesized AgCI aanbes 22
2.2.2.4 Growth and purification of Silver Navires 22
2.2.2.5 Yield and characterization of SiliXamowires 22
2.3 Results 24
2.3.1 Description of the Synthetic Process 24
2.3.2 Reaction Monitoring by SEM and TEM 29
2.3.3 Silver Nanowire growth from pre-synthesized AgChoeubes 37
2.3.4 Supporting evidence for heterogeneous nucleation 38
2.3.5 Control Experiments 40
2.4  Discussion 41
2.5 Conclusions 43
2.6 References 44
Chapter 3 Polyol Synthesis of Silver Nanowires lgggiogeneous Nucleation; Mechanistic

Aspects Influencing Nanowire Diameter and Length

3.1

Introduction 50



Chapter 4

Appendix A

Appendix B

3.2 Experimental 53
3.2.1 General Methods 53
3.2.2 AgCl nanocube synthesis 53
3.2.3 Polyol Synthesis of Silver Nanowires 54
3.2.4 Study of AgCl nanocube edge length effecibver Nanowire
diameter 54
3.2.5 Determination of Agreduction kinetics 55
3.2.6 Determination of Silver Nanowire growth Kicst 56
3.2.7 Reduction kinetics trials conducted with other &sds 56
3.2.8 NMR monitoring of reaction of ethylene glycol anitric acid 56
3.3 Results 57
3.3.1 Polyol syntheses catalyzed by AgCIl nanocube obuarsizes 57
3.3.2 Kinetic profiles of the A§reduction process 95
3.3.3 Silver Nanowire diameter and length growth kinetics 64
3.4  Discussion 71
3.5 Conclusions 73
3.6  References 74
4.1  Conclusion 76
4.2 Future work 78
4.3 References 80
Additional figures for Chapter 2 81
Additional figures and supporting teat Chapter 3 92
B3.1 Calculation of Diffusion-Limited Rates and Exjnental Reaction
Rates 105
B3.2 Predicting the Activation Energy for a DiffasiControlled Process in
Ethylene Glycol 109

B3.3 References 111



List of Figures

Chapter 1: Introduction to Polyol Synthesis of Siler Nanowires

Figure 1.1  SEM image of (a) disordered Ag NWs and (b) Ag NWhfformed on the surface
of the oil-water-air interface showing aligned nares.............................: 4

Figure 1.2  Microphotographs of silver nanorods and Ag NWs Bgaized by Figlarz and
coworkers using different PVP: AgN@atios (a) 1:1 and (b) 4:1....................6

Figure 1.3  (a) Cartoon illustration of proposed binding of P¥R the surface of Ag NWs
and (b) SEM image of Ag NWs with Au nanoparticlésehed to its tip facets by
ithiol HNKAGE. ... .t e 28

Figure 1.4  Cartoon illustration depicting (a) tlggowth of Ag NWs from a multiply twinned
particle and (b) the addition of Ado the tip-(111) facets of the growing Ag NW
110 10 PR

Figure 1.5 SEM images from aqueous synthesis of (a) Ag narsoabtiigher NaOH
concentrations and (b) Ag NWs at lower NaOH conegiains...................... 10

Figure 1.6  Plot showing (a) the temperature and reaction-tleygndence on the aspect ratio
of Ag NWs grown by the polyol process and.............cccoove it eeenn 11

Chapter 2: Silver Chloride as a Heterogeneous Nudct for the Growth of Silver
Nanowires

Figure 2.1  XRD patterns of an aliquot taken from reactiathwhigh NaCl concentration (a)
1 min and (b) 25 min after initial addition of Na&d AgNQ and low NaCl
concentration (c) 1 min and (d) 25 min after iniiddition of NaCl and AgN@
(e) XRD pattern of pre-synthesized AgCIl nanocubes........................... 25

Figure 2.2  UV-visible spectra of aliquots removed from m&@T mixtures at various

Figure 2.3  SEM images of purified wires synthesized wittaay NaCl concentration, b)
high NaCl CONCENLratioN..........oviie e e e e e e e e 27

Figure 2.4  SEM images of a) an aliquot removed from a INGIC| concentration reaction, b)
an aliquot removed from a low NaCl concentraticact®n, and ¢) independently
synthesized AgCI NanNOCUDES....... ..o e 30



Figure 2.5

Figure 2.6

Figure 2.7

Figure 2.8

Figure 2.9

Figure 2.10

TEM images of nodules and filaments of Ag graygvirom AgClI cubes upon e-
beam exposure; a) and b) independently synthesgig€d cubes, c) and d) AgCl
nanocubes from reaction mixtures employing addedINa....................... 32

A TEM image of AgCl nanocubes generated in atrea mixture employing

SEM images taken of an aliquot from a reactioxtume employing added NacCl
(low-concentration trial)..........cccooe e e 35

SEM images taken of an aliquot from a reactioxtume employing added NacCl
(high-concentration trial)...........c.coci i e e e B

(a) SEM image taken of an aliquot from a reactiuxture employing pre-
synthesized AgCI nanocubes. (b) SEM image of matihRg NWs obtained from
a synthesis employing pre-synthesized AgCl nanacube....................... 38

A histogram showing the dependence of Ag-NW tlerogn the mole ratio of Ag to
AgClin the reaction MIXIUIE..........ouuie it i e e e e e e ee e B

Chapter 3: Polyol Synthesis of Silver Nanowires bieterogeneous Nucleation; Mechanistic
Aspects Influencing Nanowire Diameter and Length

Figure 3.1

Figure 3.2

Figure 3.3

Figure 3.4

Figure 3.5

Figure 3.6

SEM images of AgCI nanocubes synthesized atdifft reaction temperatures,
and plot of nanocube mean edge length vs. synttersigerature.................. 58

Plot of Ag-NW mean diameter vs. AgCIl nanocube medge length............. 59

Plots of the conversion of Ado Ad’ vs. reaction time at various
(0] 01 01T = L0 PPN o1 0

(a)Plots of the conversion of Ado Ad’ vs. reaction time with HN®at 150°C,
without added HN@at 150°C and without added HN{at 180°C (b) Plot of
induction period vs. temperature with no additises with HNQ added
(indicated by arrow) at 150C........ooiii e 62

SEM images of aliquots taken at a) 43 min, bjmb, c) and d) 47 min, €) 60 min
and f) 105 min from Ag NW synthesis reaction at 280..........................65

Plots of growth kinetics in normalized meanlégth + one st. error of mean
with eg-3 fits and (b) diameter + one st. erron@an...............................67



Figure 3.7

Figure 3.8

Plots of time-dependent growth in length andraiter of Ag NWs at 170 °C on
(a) relative y-axis scales and (b) an absoluteglg)jry-axis scale.................. 69

Plots of conversion of Agto A’ with growth kinetics. Normalized mean (a)
length with eg-3 fit, (b) diameter with eg-4 fit) (aspect ratio (AR) with the
corresponding fit and (d) volume with the correqting fit at 170°C............ 70

Appendix A Additional Figures for Chapter 2

Figure A2.1

Figure A2.2

Figure A2.3

Figure A2.4

Figure A2.5
Figure A2.6

Figure A2.7

Figure A2.8

Figure A2.9

The blue points are XRD data collected from bgsized Ag NWs from a
reaction with low NaCl concentration and using &hg glycol from
Y o [ o P 82

The blue points are XRD data collected from Ay$synthesized from a
reaction with high NaCl concentration and usingy/kethe glycol from
AlDIICN . e e e 83

XRD patterns of Ag NWs from a reaction using IB&aCl concentration before
(a) and after (b) washing the Ag NWs with MBH. XRD patterns of AQNWs
from a reaction using high NaCl concentration bef@) and after (d) washing
the AQNWsWIth NHOH..........oooi 00084

The blue points are XRD data collected from therbgipct lump obtained from a
reaction with low NaCl concentration and using &hg glycol from J. T.

BaK T .. e 85
SEM images of pentagonally twinned A NWS..........coviiimciiiiiiinen. 86
SEM images of Ag NWs a) before and b) after wagkvith NH,OH............87

Beam damage of a representative AgCl nanocutieeiSEM. Image b) was
taken a few minutes after image a) was taken. Blthee Si(111) substrate, Red —
Ag, Green — Cl. The weight and atomic percentagdse table were obtained by
energy-dispersive spectroscopy (EDS) inthe SEM.........c.c.ooooiiiii . 88

Beam damage in pre-synthesized AgCl nanocubé®iSEM. a) The darkened
region was previously rastered with the e-beanr poi@ollecting the expanded
1= o = 89

SEM images from control reactions (using ethglgtycol from Aldrich) a)
lacking any chloride additive, b) omitting the sedaddition of AQNQ 30 min

Vi



after the start of the reaction and c) startingditggwise addition of AQN©7
min after the start of the reaction................c.ccooiiiiiii .90

Figure A2.10 SEM images from Ag NW synthesis reactions usinfjBaker high purity

ethylene glycol with a) low NaCl concentration djchigh NaCl
(o] 1o =T 0] (=1 1] o PP I |

Appendix B Additional Figures for Chapter 3

Figure B3.1

Figure B3.2

Figure B3.3

Figure B3.4

Figure B3.5

Figure B3.6

Figure B3.7

Figure B3.8

Figure B3.9

Ag NWs nucleated from pre-synthesized AgCIl nanoswdiea time near initiation
of wire growth. The AgCIl nanocubes employed heresvi@ger (250-500 nm)
than those used in current study (100 £ 31 NM)....oviiiiiiiii i, 93

'H-NMR spectrum from the reaction of ethylene glyantl concentrated nitric
acid, with methylene chloride as an internal stathdads-DMSO................. 95

SEM image of a Ag NW synthesis at 170 °C witbetiglycolaldehyde
(00T PP | ¢

SEM image of a reaction aliquot taken 39 mio iAg NW synthesis reaction
(150 °C) with added HND.. ... e 98

Plots of time-dependent growth in length andraiter of Ag NWs at 150 °C on
(a) relative y-axis scales and (b) an absoluteg(g)ry-axis scale................... 99

Plots of time-dependent growth in length andraiter of Ag NWs at 160 °C on
(a) relative y-axis scales and (b) an absoluteglg)ry-axis scale............... 100

Plots of time-dependent growth in length andraiter of Ag NWs at 180 °C on
(a) relative y-axis scales and (b) an absoluteglg)jry-axis scale................. 101

Plots of conversion of Agto A’ with growth kinetics. Normalized mean (a)
length with eg-3 fit, (b) diameter with eg-4 fit) (@aspect ratio (AR) with the
corresponding fit and (d) volume with the correqfing fit at 150°C........... 102

Plots of conversion of Ago Ad’ with growth kinetics. Normalized mean (a)
length with eg-3 fit, (b) diameter with eg-4 fit) (@aspect ratio (AR) with the
corresponding fit and (d) volume with the corredfiag fit at 160°C........... 103

Figure B3.10 Plots of conversion of Agto Ad” with growth kinetics. Normalized mean (a)

length with eg-3 fit, (b) diameter with eq-4 fit)(aspect ratio (AR) with the
corresponding fit and (d) volume with the corredfing fit at 180°C............ 104

Vil



Figure B3.11 Temperature-dependent viscosity of ethylene dlseqmotted from Ref. 22 and
fitted with an exponential decay function................cooeoiiciieiienen, 106

Figure B3.12 Plot of In([AG]/[Ag *]o) as a function of time and temperature with linear

Figure B3.13 Eyring Plot using experimentally determined retestants........................108

viii



List of Tables

Chapter 2: Silver Chloride as a Heterogeneous Nudcat for the Growth of Silver
Nanowires

Table 2.1 Ag and AgCl reaction yields based on AgCl soume& eoncentration, and
ethylene glycol purity.......c.ooo i a2 28

Chapter 3: Polyol Synthesis of Silver Nanowires bifleterogeneous Nucleation; Mechanistic
Aspects Influencing Nanowire Diameter and Length

Table 3.1 Concentrations of AgCl stock solutions prepdredh syntheses described above
and theumol of AgCl nanocubes added to Ag NW polyol syndes............ 55

Appendix B Additional Figures for Chapter 3
Table B3.1 Final mean diameters and lengths recorded aiuatemperatures................ 94

Table B3.2 Temperature dependant viscosity of ethylene gly@erimentally determined
reaction rates and rate constants and calculate@f&ncounter and diffusion
controlled rate CoONStANtS.......ovviinie e e 105

Table B3.3 Experimentally determined Ageduction rates and calculated diffusion-limited
rates corresponding to time when the reductionti@acs 50% completed...... 106



List of Schemes

Chapter 2: Silver Chloride as a Heterogeneous Nuat for the Growth of Silver
Nanowires

Scheme 2.1 Depiction of the heterogeneous nucleation aogvtir pathway for Ag NWs....42

Appendix B Additional Figures for Chapter 3
Scheme B3.1Pathway for HN@oxidation of ethylene glycol to glycolaldehyde.............97



Acknowledgments

First and foremost, | would like to thank my advigwofessor Bill Buhro for his
guidance, encouragement, education and patiencegihout my graduate career. Thank you for
taking the time to meet with me to discuss reseanthprepare manuscripts as often as | wished
for, despite your busy schedule as a chair. Thrdhglyears you have constantly challenged me
and helped me grow as a scientist. | am also espegrateful for your help accommodating me
during both my pregnancies and for all your adwingarenthood.

| would also like to thank Professor Kevin Moeléard Professor Richard Loomis for
helpful advice on my research. Thank you to my cattee members Professor Victor Gruev
and Professor Bryce Sadetler for taking the timsdwe as members of my defense committee.

I would also like to thank past and present mesibeour group, Dr. Fudong Wang for
training me on various instruments and experimeadsice, Dr. Yuanyuan Wang and Dr. PJ
Morrison for help in using instrumentation and fabmbers Linja Mu and Yang Zhou.

Thank you to my Mom and Dad for all their sacrifiteve and support and for working
hard to help me pursue my goals without restrigtidnvould like to thank my brother William
for his never ending encouragement and his hetmmgane through my PhD years. Thank you
to my sister Wega for being the best aunty to naig ki would also like to thank my mother-in-
law, father-in-law and Grandma Gunloh for their got and love.

And finally thanks to my husband Mark for goingthis incredible journey with me and
for your unwavering love. You have constantly emeaged me, endured my frustrations and
enthusiastically celebrated my successes. | antladsdkful and truly lucky to be a mom to the

most wonderful kids in the world Jack and George.

Xi



Lastly | would like to thank Washington Universfty funding this project and providing

me with the opportunity to pursue my research goals

Waynie Mark Schuette

Washington University in St. Louis

December 2014

Xii



To Mark, Jack and George

Xiii



ABSTRACT OF THE DISSERTATION

Polyol Synthesis of Silver Nanowires by Heterogerseducleation and Mechanistic Aspects
Influencing its Length and Diameter

by
Waynie Mark Schuette
Doctor of Philosophy in Chemistry
Washington University in St. Louis, 2014
Professor William E. Buhro, Chair

Various additives are employed in the polyol sysibef silver nanowires (Ag NWSs), which are
typically halide salts such as NaCl. A varietyneéchanistic roles have been suggested for these
additives. My research showed that the early amddf NaCl in the polyol synthesis of Ag

NWs from AgNQ in ethylene glycol results in the rapid formatmAgCl nanocubes, which
induce the heterogeneous nucleation of metallicpan their surfaces. Ag NWs subsequently
grow from these nucleation sites. The conclusaressupported by studies usiexsitu

generated AgCl nanocubes.

Additionally, the final mean silver nanowire diamets found to be independent of the
size of the heterogeneous nucleant, showing teatiimeter is not significantly influenced by
the nucleation event. Kinetics studies determina hanowire diameter, length, and aspect ratio
grow in parallel to one another and with the extefrthe Ad' reduction reaction, demonstrating
that growth is reduction-rate limited. The resalts interpreted to support nanowire growth by a
surface-catalyzed reduction process occurring lomaalowire surfaces, and to exclude

nanoparticle aggregation or Ostwald ripening ash@ry components of the growth mechanism.
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Chapter 1

Introduction to the Polyol Synthesis of Silver

Nanowires



The polyol method is the most commonly used symghessilver nanowires (Ag NWSs),
yet major questions remain regarding the mechanisgnowth and how the nanowire achieves
its final length and diameter. Moreover, the usealide additives such as NaCl are known to be
necessary to achieve selectivity for nanowire ghpwowever their precise role was not
determined prior to this study. Finally, Ag NW gritvhas been ascribed to Ostwald ripening or
alternatively to nanoparticle aggregation by oehdttachment, but no mechanistic studies exist

to support these proposed mechanisms.

In this study, halide additives like NaCl employadhe polyol synthesis of silver
nanowires are shown to rapidly form AgCl nanocubesitu, which subsequently induce the
heterogeneous nucleation of metallic Ag upon theifaces. This is followed by the initiation of
Ag NW growth from the surface-bound metallic Ag oparticles. Kinetic studies show that the
diameter and length grow in parallel to one ano#met with the extent of the Ageduction
reaction, demonstrating that the growth is reduetete limited. Additionally, Ostwald ripening
and aggregative growth of Ag nanopatrticles are shimacontribute insignificantly to Ag NW

growth.

The earliest study of colloidal metallic nanopdescdates back to the 1850s when
Michael Faraday synthesized ruby-red Au partickpsusionsand studied the properties of
these particles. He observed that when particledsions become smaller than that of
wavelengths of visible light, they interact stronglith light. These earliest techniques to
synthesize nanoparticles became the basis of modewparticle synthetic methods. For
example, Faraday synthesized the Au nanopartigesisions by reduction of gold chloride by
phosphorous in carbon disulfid€reighton and coworkefssynthesized Ag nanoparticles by the
reduction of AQNQ by NaBH,. The polyol process was first developed by Figtard
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coworkeré to prepare monodisperse Co and Ni nanoparticlgzdxipitation reactions in liquid

polyols.

A unique aspect of nanoparticles that makes it défgrent from its bulk counterpart is
their high surface to volume ratio, which affedtemical reactivity and some physical
characteristics like melting poifiMetal nanoparticles like silver nanowires for exengxhibit

strong size-dependant plasmonic propefties.
1.1  Applications of Silver Nanowires

Materials with high electrical conductivity and matl transparency have been sought
after to replace the traditional indium tin oxid€@) metal films for applications in devices like
liquid crystal, flat planel or plasma displays, ¢bypanels, organic light emitting diodes and solar
cells®> Some problems with the ITO films currently usee #re rising cost of indium, brittleness
of ITO and the high temperatures required for itcpssing. Silver nanowires networks have a
promising future as transparent conducting filme ttutheir high DC to optical conductivity
ratios Goc/oop).”’ Graphene based filthiavespc/oop= 0.5, while for nanotub@spc/cop= 25,

silver nanowire thin films were demonstrated todayc/cop= 500°

Silver nanowires are also potentially importantha field of complementary metal-
oxide-semiconductor (CMOS) imaging devices. Po#iin contrast imaging is useful in
optically scattering environments like underwateagjing, foggy conditions eté.A polarization
image sensor will have a nanowire optical filteriethwill record the polarization property of
light in real time*® An ideal nanowire for the dynamic polarization riuea for the image sensor
would be able to rapidly orient itself in an elécfield and would be able to absorb light in the

visible and UV - IR region&’ Silver nanowires were shown to spontaneoushnaliythe



surface of water at the oil-watair interface (Figure 1.1) and thus could be idaaididates fo

the polarization-image sensdr.

Figure 1.1 SEM imageof (a) disordered Ag NWs and (b) Ag NW film formed the surfac
of the oil-waterair interface showing aligned nanowires. The sbals are 1(um.

Silver nanoparticles exhibit surface plasmon resoedSPR) which is the stroi
oscillation of free eldgcons on the surface of the nanoparticle in respooasn electromagnet
radiation, resulting in strong absorption and seaty of light. As a result of the plasmoi
coupling to the metal nanoparticle the raman spet{surface enhanced raman scing) can
be enhanced by several orders of magni*?large enough that even the raman spectru
single molecules was acquirEtThe large enhancement in the raman scattering fixoise

useful in biosensot$and in plasmc-based photonic circuitry.

Successful applications of nanopatrticles depenthembility to synthesiz

monodisperse nanoparticles and the ability to cbtite size and shape of these parti* In



recent years, size and shape control of metal amiconductor nanoparticles has been the focus

of many research group&*®
1.2 Synthetic strategies of Silver Nanowires

Ag NWs have been grown using a variety of tempdatategies using hard templates like
alumina®® carbon nanotub&sand mesoporous materi#isnd soft templates like DNAand
micelles® Although some aspect-ratio control have been aebi@sing this template strategy,
fabrication of the templates and harvesting theomares after the synthesis are often tedious and

time consuming.

Murphy and coworkefs demonstrated the aqueous synthesis of Ag NW anorods
(NRs) by the reduction of silver precursor, Agh&hd in the presence of capping agent
cetyltrimethylammonium bromide (CTAB) and silveeds. Silver seeds (Average diameter ~4
nm) were initially synthesized and then added &xtien mixture containing the silver precursor
and capping agents. Various capping agents likattetylammonium bromid&and sodium
dodecyl sulfaté’ dodecyl benzene sulfonic afidvere used in the synthesis of Ag NWs. In the
aqueous synthesis, Ag NWs were made in high yiélaaever, there was no good method to
control aspect ratios (ranged from 50-350)he solution-based polyol synthesis of Ag NWs
(see below) especially the one-pot-strategy pojrédry Xia and coworketsis the most

commonly used method to synthesize Ag NWs withhilgbest yields and largest aspect ratios.
1.3 Polyol synthesis of Silver Nanowires

The polyol process is based on the high temperatahéction of an inorganic salt in the
presence of a surfactant, where the polyol actseaseductant and the surfactant prevents
agglomeration and helps in stabilizing the nanoglag formed. The polyol process was first
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studied by Figlarz and cowork? for cobalt, copper, nickel, silver, gold, paliaeh, iror-nickel
alloy and other precious metals. The group firsttlsgsized Ag nanorods and Ag NWs (Fig
1.2) in 1992 using ethylene glycol as the solvewt Beductant, polyvinylpyrrolidone (PVP)
the capping agent, and AgN@s the silver precurs. The reactions with the largest yields w

run at 160 °C for ~15 mins.

Figure 1.2 Microphotographs of silver nanorods and Ag NWs kgrized by Figlarz ar
coworkers using different PVP:Aghs ratios (a) 1:1 and (b) 4:1. Reprinted from ref
Copyright 1992, with permission from Elsev

The authors discussed both homogeneous and hetermgs growth mechanisms for
Ag NWs. In case of a homogeneous growth mecharnisnig NWs grow from silver nucli
formed initially in the hot reaction mixtu while in case of heterogeneous nucleation, Ag I

grow from platinum nuclei that form from the redoatof hexachloroplatinic aci*
1.4  Mechanism of growth of Silver Nanowires by the polgl proces:

Over the years many aspects of the mechanism golyol synthesis were elucidate
For example, Xia and coworkers studied the growthfactors influencing formation of A
NWs in solution in detail. Using a simple spectaysc test, the group showed tl

glycolaldehyde is the actual reductant for th¢" ions in solutiong” The oxidation product

6



glycolic and oxalic acid were detected using HPhGvging that glycolic acid is the dominant
product of the A§ion reduction reaction in ethylene gly@lf glycolaldehyde was indeed the
Ag’ reductant in the polyol synthesis, then its addito the reaction mixture should affect the
reduction kinetics. This hypothesis was testedhager 3. We show that the slow adventitious
generation of glycolaldehyde by the air oxidatidreinylene glycol under reaction conditions is
the reason for the slower reduction kinetics (atdotemperatures) and the presence of an
induction period prior to the commencement of nanegrowth. Additionally, in the presence

of excess glycolaldehyde in solution, the reductiaction is no longer temperature dependant.

Figlarz and coworket8 showed that the addition of PVP is essential taiomg Ag
NWs as they prevented the coalescence of the niatiig the initial growth step of the Ag
NWs. Shape control of silver nanostructdfegas shown by the varying the AghO
concentrations in solution and ratios of PVP: AgNRVP was shown in several studies to
preferentially bind to the side (100) facet of grewing Ag NW thus enabling anisotropic
growth of the multiply twinned particf&:* Evidence for this preferential binding was shown b
attaching Au nanoparticles to the tips of Ag NWistlyh a dithiol linkagé? The side facets of
the Ag NWs remained too strongly passivated byP¥e to be replaced by the dithiol
molecules. In contradiction, it was shown by Kitaal*® that PVP does not preferentially bind
to any specific facet. The authors claimed that PR crucial for colloidal nanopatrticle
stabilizing and facet preservation through steratgrtion®® Although it was proposed that the
diameter of the Ag NW does not increase due togtpassivation by PVP on the side facets of
the growing NW, in Chapter 3 we show that the diemef Ag NW increase throughout the Ag

reduction process and is not fixed at the nucleatiaent.



Figure 1.3 (a) Cartoon illustration of proposed binding of PW#y Ag:O coordination) on th
surface of Ag NWs. Reprinted with permission fragh37. Copyright 2004, American Chemi
Society.(b) SEM image of Ag NWs with Au nanopatrticles alted to its tip facets by dithi
linkage. Reprinted with permission from ref 34. @aght 2003, American Chemical Socie

Metal halides, such as P»,® AgCl,** NaCI?° etc, are often added and fouto be
crucial to the formation of NWs. Figlarz and cokens proposed that the Pt seeds a
heterogeneous nucleants for the Ag N*° It was also shown that the chloride ion selecti
etches away initially formed multiply twinned Agrgiales in thepresence of oxyge ** which
was proposed to either hindémr promot*® Ag NW formation. The most commonly accep
explanation for the role of the ~ions is to provide electrostatic stabilization,y@eting
nanoparticle agglomeration and promotAg-NW growth?*In Chapter 2 we show that t
sodium chloride additive forms AgCl nanoculin situwhich then act as heterogene«
nucleants for the Ag NW growth. Control experimenith the addition of pi-synthesized AgC

nanocubes also showed Ag NWrowing out of the surfaces of the AgCIl nanocu

Immediately following the addition of the Aghs and PVP into the hot ethylene glyc
reaction mixture, silver clusters form that converfive-fold multiply twinned particles onc
they reach a critical siZ8 Marks showed that sin¢-crystal Ag nanoparticles transition
multiply twinned particles only after they grow loeyl a critical size of 10 nnin vacuc).*

Althoughthe formation of the multiply twinned particle isexgetically favorable, the tw



planes are high energy sites. It was previouslys** that once formeih situ, the multiply
twinned particles rapidly grow anisotropically etaddition of A* atomsto both the tip facet
of the growing Ag NW (Figure 1.3). Xia and coworkelaimed that Ostwald ripening is t
mechanism of growth of the Ag NV3* Ag NWs grown by reduction in N,N —
dimethylformamide were thought to grow through ¢balescence of sier nanocrystals i
solution through an aggregative growth mechar*® Contrary to previously propost
mechanisms of growth of Ag NWs, in Chapter 3 wevshiwat silver nanowire growth is surfa
reductionrate limited on all nanowire surfaces, and excs nanowire growth by nanopartic

aggregation or Ostwald ripenil

a9 ST
W

1 Ak

Figure 1.4 Cartoon illustration depicting (a) t growth of Ag NWs from a multiply twinne
particle and (b) the addition of ,* to the tip§111) facets of the growing Ag NW. Reprintedh
permission from ref 34. Copyright 2003, Americare@ical Societ)

1.5 How to control the length and diameter of silver naowires?

In the aqueous synthesis of Ag NWs, Murphy and c&ers?> showed that control of tt
aspect ratio of Ag NWs was possilby varying the amount of NaOH in solution. Sil

nanorods were synthesized a higher NaOH concemmréfigure 1.5a) and Ag NWs we

9



synthesized at a lower NaOH concentration (Figuse)L At higher amounts of NaOH, anc
higher pH, the ascorbate dianiinfluenced growth kinetics while at lower amaat NaOH

and at lower pH, the monoanion of ascorbic acith@rfced growth kinetics.

Figure 1.5 SEM images from aqueous synthesis of (a) Ag narsoabthigher NaOl
concentrations and (b) Ag NWslower NaOH concentrations. Reproduced from refwizb
permission from The Royal Society of Chemis

Wiley and coworkef¥ proposed that control the length and diameter @t NWs was
possible simply by varying reaction temperature tatal reactin time (Figure 1.6a) of th
polyol synthesis. At lower temperatures, the nucdeaate was lower (and with the sa
amount of precursor as in higher temperature cabieh resulted in longer and thicker wit
compared to the higher temperature casere the nucleation rate was high, resulting in s

and thinner wire&’

10
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Figure 1.6 Plot showing (a) the temperature and rea-time dependence on the aspect rati
Ag NWs grown by the polyol process. Reproduced frem47 with permissiorrom The Royal
Society of Chemistry.

Chou et af® showed that as the chloride ion concentration iatism increased, the A
NWs diameter decreased in the polyol process. Ttieoes proposed that as more chloride i
bound to the side facets of theowing Ag NWs, the diameter of the wires decrea3ée.
surface poisoning strategy was also used to cottiteadliameter of Ag NWs in other studies t
varied the concentration of PVP in solution. Foaraple at higher PVP concentrations, thin
wires wee obtained (Figure 1.:°%*The excess adsorption of PVP to the side facetise
growing Ag NWs inhibited growth in the side (10@géts. Conversely, Jiang and cowor*®
showed that when the concentration 0,S increased in solution, Ag N\lameters increase
which the authors attributed to the ability of #g,S colloids formed in solution to control t

release of Ajions.

To achieve the control of aspect ratios of Ag NWeuagh the polyol synthesis, it
important to understanalies of all additives as well as mechanisms lirgitime growth kinetics
The role of the halide additive in the polyol syedls is explored in Chapter 2, which discus
how the addition of the halide additive result$ha formation of AgCl nanocuben solution

which then heterogeneously nucleates the Ag NWiss@surfaces. Having discovered that

11



AgCl nanocube serves as a heterogeneous nucleacngidered the possibility of controlling
the final diameters of the Ag NWs by varying thgedength of the AgCl nanocubes. However
in Chapter 3 we show that the diameter of the AgI\\&'s no relationship to the size of the
AgCl nanocube. The diameter of the Ag NW was shtaweontinue to increase until the
reduction reaction is complete. Next we soughtrtdenstand how the Ag NWs achieve its final
length and diameter by studying mechanism limitimg growth of Ag NWs. Chapter 3 describes
in detail the reduction and growth kinetics andvhgous factors limiting the growth of Ag

NWs. Results presented support the conclusionthiegpolyol synthesis of Ag NWs is a rate-

limiting surface-catalyzed Ageduction reaction.

12
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Chapter 2

Silver Chloride as a Heterogeneous Nucleant

for the Growth of Silver Nanowires
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2.1 Introduction

Silver nanowires (Ag NWs) have received much irdene recent years due to their
electronic and optical properti&s. Straightforward, high-yield syntheses of one-disienal Ag
nanostructures are now availaffeand Ag NWs are typically prepared by the polyotmoe **

23 Although much progress has been made on elusiglatechanistic aspects of the polyol
synthesis of Ag NW&H4192224he role of the various additives employed remaidlear. In

this chapter, we show that the additive NaCl isdigjconverted to AgCl nanocubes under the
conditions of the polyol synthesis. The AgCl nammes subsequently induce heterogeneous
nucleation of metallic silver on their surfacestiating growth of Ag NWs. A detailed
understanding of this heterogeneous-nucleationgsomay ultimately lead to rational control of

Ag-NW diameters, diameter distributions, and aspatods.

In the polyol process, silver nitrate is titratatbi a mixture of hot (150-180 °C) ethylene
glycol and polyvinylpyrolidone (PVP). The ethyleglgcol serves as both the solvent and
reducing agengnd PVP as the surfactdfitVarious additives, such as Pi&l**1>8agCl 2
NaCl| 82022232527 AqBr?? etc, are also commonly employed and found to be crtmithe
selective formation of NW& In some studies, initial reduction of the addiito homogeneous

)11,13,15,1

(Ag)*°*?or heterogeneous g. Pt ’seeds were proposed, which subsequently promoted

the growth (on Ag seeds) or heterogeneous nucle&tio Pt seeds) of the Ag NWs.

Other studies claim that the halide component efaihove additives is the species that
controls Ag-nanoparticle morphologies. In somégigte ion is shown to selectively etch away
multiply twinned Ag particles in the presence of/gen,**%>?**%which is proposed to hindét,
or, conversely, to promdteAg NW formation. The equilibrium reaction of Agnd CT (from

NaCl) to form AgCl has been proposed to bufferAlgé-ion concentration, limiting Ag
18



nucleation events and thereby promoting the grarihg NWs?>#* Adsorption of Clions to
Ag nanoparticle surfaces has also been proposgtide electrostatic stabilization, preventing
nanoparticle agglomeration and promoting Ag-NW grow**19%263n two studies, AgCl
nanoparticles have been referred to as “seedsthbytrecise role of the seeds was left unclear.
To date, a heterogeneous-nucleation pathway inwplgCl nanoparticles has not been
elucidated. Clearly, a mechanistic study that keicely identifies the function of a NW-
growth-promoting additive is desirable, given theewariety of roles that have been proposed.
In this study, we monitored the polyol synthesi®&AgfNWs employing NaCl as the
growth-promoting additive. A combination of spesitopy, microscopy, and x-ray diffraction
(XRD) allowed us to determine the sequence of chainnucleation, and growth events
occurring in the process. The detailed pathwayelasidated, which features the heterogeneous
nucleation of Ag ornn-situ generated AgCIl nanocubes as a prominent eventtr&o
experiments were also conducted to establish #iemrdigeneous nucleation as the origin of the
Ag NWs produced. An analogy to photographic pregesusing silver halide emulsions, and

insights into optimizing Ag-NW growth are also dissed.
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2.2  Experimental

2.2.1 General Methods

All syntheses were conducted under ambient comditicAnhydrous ethylene glycol (99.8%,
Aldrich), ethylene glycol (>99.0 %, J. T. Baker)gldOs; (99+%, Aldrich), polyvinylpyrrolidone
(PVP, MW= 55,000, Aldrich), sodium chloride (99+%, Aldricl@mmonium hydroxide (28.0 —
30.0 w/w %, Fisher Scientific), and acetone (reageade, Aldrich) were used as received
without further purification. Si(111) wafers wagvarchased from Aldrich. Deionized water was

used in all procedures.

AgCl nanocubes were prepared according to a prelioaported methodf. The white
precipitate obtained from the synthe¥isvas then washed with water and acetone to renfzve t
excess ethylene glycol and PVP, and was then vaciiaua for 3-4 hours. The overall reaction
yield varied from 27-67%. The AgCl nanocubes wben suspended in 5 mL of ethylene

glycol. The resulting stock AgCI dispersions wgesmerally used within a week of preparation.

SEM images were collected using a JEOL 7001LVF EBASvith an acceleration
voltage of 15 kV. TEM images were collected usind=OL 2000 FX microscope with an
acceleration voltage of 200 kV. To prepare SEMas) a few drops of the purified product
(diluted in water) were drop casted onto the SijMaAfer and air dried. To prepare the TEM
samples, TEM grids (copper, coated with holey catfidm, from Ted Pella) were dipped into

the reaction solution or purified Ag NWs (dilutedwater) and air dried.

XRD patterns were collected on Rigaku DmaxA diffoaweter using Cu & radiation §
= 1.541 845 A) and Materials Data Inc. (MDI) softeaand were processed using the JADE

software package. To prepare the XRD samplesyafeps of a sample dispersion were drop
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casted onto the glass XRD sample holder and dni¢ldel fume hood overnight. The process was
repeated until a uniform layer was visible. Refiremts of XRD data to quantify phase

composition were performed using Powdercell 2.é\r@re®

UV-visible spectra were acquired using a Varianyd&0 Bio UV-visible
spectrophotometer. Samples were prepared by ad@ingops of the reaction mixture and 3 mL
of water into a glass cuvette. Elemental analjse€, H, and N were conducted by Galbraith

Laboratories, Inc. (Knoxville, TN).
2.2.2 Synthesis of silver nanowires (Ag NWs)

The procedure was adapted from a previously repayathesis> PVP (334 mg, 3.0 mmol)
was dissolved in ethylene glycol (20 mL) and refldwvith stirring in an oil bath at 180 °C. The
surfactant PVP helped stabilize the nanopartide®éd in solution and prevented its
agglomeratiort! The reaction mixture was maintained under theséitions for 5 min, and then
varying amounts of NaCl and AgNor alternatively AgCl nanocubes, were added, as

described below:

2.2.2.1 High-concentration addition of NaCl and ANO3. Ethylene glycol solutions
of NaCl (1.2 mL, 0.43 M) and AgN§X1.2 mL, 0.43 M) were simultaneously injected ittie
stirring, hot reaction mixture to achieve a fingy@ concentration of 24 mM. The procedure

continues in part 2.2.2.4 below.

2.2.2.2 Low-concentration addition of NaCl and AgiDs. Ethylene glycol solutions of
NaCl (50uL, 0.43 M) and AgNQ@ (50 uL, 0.43 M) were simultaneously injected into the
stirring, hot reaction mixture to achieve a fingy@ concentration of 1.1 mM. The procedure

continues in part 2.2.2.4 below.
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2.2.2.3 Addition of pre-synthesized AgCl nanocubesA stock dispersion of AgCl was
sonicated for a few seconds prior to use. An aligquas removed from the dispersion (0.5 mL,
0.2 - 0.4 M) of AgCI) and injected into the stilgirhot reaction mixture to achieve a final AgCl

concentration of 4.8 - 9.8 mM. The procedure cardgs in part 2.2.2.4 below.

2.2.2.4 Growth and purification of Ag NWs. The reaction mixture obtained from part
2.2.2.1-3 above was refluxed for an additional 25 with stirring. Then a AgN@solution (10
mL, 0.12 M) was added dropwise at a rate of 25 nitliie maintaining reflux and stirring.
Silver-gray opalescent swirls of precipitate welbbserved within 15-20 min of the addition
period, indicative of Ag NW formation. At that poj the addition rate was increased to

complete addition within 1 min. The mixture wasrnhrefluxed for an additional 15 min.

The reaction mixture was allowed to cool to roomperature. kD (100 mL) was
added to the mixture. Fractions of the mixture-{20mL) were successively removed and
centrifuged on a bench-top unit. The precipitaagdNWs were collected and combined, and the
yellow supernatant fractions were discarded. Theswyield was recorded, and analyzed as

described below.

2.2.2.5 Yield and Characterization of Ag NWs.Elemental analysis of a representative
Ag-NW specimen from the synthetic procedures alvevealed a negligible amount of residual
organics (C, <0.5%; H, <0.5%; N, <0.5%), indicatthgt the PVP was removed by the work-up
procedure (part 2.2.2.4, above). XRD patterns@NAVs showed reflections from both Ag and
AgCI (Figures A2.1, A2.2), in relative amounts tkatied with the synthetic procedure. The
XRD data were refined to quantify the Ag and AgGlume fractions. The refinements

produced fitted sum patterns (Figures A2.1, A2rR) the volume percentages of Ag and AgCl

22



in the specimens. Three separate refinement rures pegformed on each XRD pattern analyzed,
and the results were averaged. These values wetewith the recorded product masses to

provide the percent yields reported in Table 2.1

The residual AgCl in the specimens was removedéydllowing procedure. A Ag-NW
product was redispersed in water (5 mL) and,®H (2 mL, 28.0 — 30.0 w/w %) was added to
the dispersion. The dispersion was shaken andatnifuged. The precipitated Ag NWs were
collected and the supernatant was discarded. X&t@nns (Figure A2.3) obtained of the Ag

NWs after this wash confirmed the removal of AgCI.

Trials in which the dropwise addition of the Agil&blution was incomplete when the
formation of Ag NWs was observed (by visualizatadrgray opalescent swirls) resulted in the
formation of a solid lump of byproduct. In someeathis lump was sufficiently large (0.3 - 1.0
cm diameter) to be easily manually separated fleemAlg NWSs, while in other cases it broke up
into smaller pieces and became intermixed withAgdNWs. Trials in which the dropwise
addition of the AgN@solution was completed before the Ag NW growth whserved did not
produce such a byproduct lump. Elemental anabfsssrepresentative lump revealed small
amounts of residual organics (C, 1.36%; H, <0.5%x05%). An XRD pattern (Figure A2.4)
of the lump showed it to be a mixture of AgCl (80al %) and Ag (19.6 vol %). As shown in
Table 2.1, the trials that did not produce a lurag higher yields of Ag NWs. Additionally, the
amount of residual AgCl in the Ag-NW product was/és in reactions that had a separable
lump. Trials employing a lower initial NaCl condmation also produced a lower yield of AgCl,

and a higher yield of Ag NWs.
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2.3 Results

2.3.1 Description of the synthetic process

As in previous studie¥:?0%2232>2NaC| was used to promote Ag-NW growth in the pblyo
synthesis. In a typical procedure employing a canaively large initial concentration of NaCl
(24 mM), a solution of PVP in ethylene glycol wasated to 180 °C prior to addition of NaCl.
Equimolar quantities of NaCl and AgN@ere then added to the hot solution, resultintpé
instantaneous formation of a white precipitate. D{patterns (Figure 2.1a, b) obtained from
aliquots of the mixture established the precipitatbe AgCl, as has been previously

demonstrate?0-2227
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Figure 2.1 XRD patterns of an aliquot taken from reactiothw{a) high NaCl concentration 1
min after initial addition of NaCl and AgN{dblue), (b) high NaCl concentration 25 min after
initial addition of NaCl and AgN@(purple), (c) low NaCl concentration 1 min afteitial
addition of NaCl and AgNgXred) and (d) low NaCl concentration 25 min aitetial addition
of NaCl and AgNQ (green). (e) XRD pattern of pre-synthesized Ag&htocubes (black).
Asterisks identify reflections from metallic Ag.

The mixture was then stirred at 180 °C for 30 masutvhich was found empirically to
maximize the eventual yield of Ag NWs. During tperiod the color of the mixture turned from
white to a creamy yellow, which gradually darkeneédRD patterns of aliquots taken at various
times evidenced the formation of small amounts efattic Ag (Figure 2.1a, b). Spectroscopic
monitoring by UV-visible spectroscopy revealed émeergence of the plasmon feature for
metallic Ag at a wavelength of 435 nm after 6 nkig(re 2.2), which blue-shifted with time

(435 - 402 nm).
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Figure 2.2 UV-visible spectra of aliquots removed from réactmixtures at various times. The
solid curves correspond to a high NaCl concentnagixperiment, and the dashed curves to a low
NaCl concentration experiment.

Dropwise addition of a AgN§solution was then initiated. A series of coloanbes
ensued. The mixture became an olive color afteutb0 min, and light brown after about 12
min. Silver-gray opalescent swirls appeared inntirdure after about 20 minutes, which
indicated the formation of Ag NWs as establishe®BM imaging (Figure 2.3b). The NWs
were revealed to be pentagonally twinned in highagnification images (Figure A2.5), as has
been previously reportéd. The remainder of the AgNGolution, if any, was added at a faster

rate at this stage.
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L
Figure 2.3 SEM images of purified wires synthesized witthaa) NaCl concentration, b) high
NaCl concentration. The scale bars areud0

Trials in Ag-NW formation was observed prior to ttmmpletion of AQNQ addition
were typically accompanied by the formation of mjuof precipitate that was visually distinct
from the dispersion of Ag NWs. Analysis of the jummaterial showed it to contain a
vanishingly small amount of PVP, and to consisAg€Cl (61.3 + 0.7 mol%) intermixed with a
smaller amount of metallic Ag (38.7 £ 0.7 mol%; slee Experimental Section). Predictably,
the yield of Ag NWs was decreased by this byprodiueip formation (see text below and Table

2.1).
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Table 2.1 Ag and AgCI reaction yields based on AgCl souned concentration, and
ethylene glycol purity.

Concentration of % yield % yield Reaction products Ethylene
AgCl (mM) Ag® AgCl? glycol used
1.1 92.7 0.82+£0.13 Ag NWs
0.18 (See Figure A2.1)
24 41.2 + 24.2 + 0.55 Ag NWs and lump  Aldrich®
0.73 intermixed (See
Figure A2.2)
0.36 879+  055+0.16 Ag NWs and
0.21 separate lump
1.1 79.8 = 0.82+0.17 Ag NWs and
0.23 separate lump
J. T Bakef
24 56.9 + 4.29 £ 0.06 Ag NWs and
0.09 separate lump

®The reaction yields of the products before washiitg NH,OH. "Using pre-synthesized AgCl
nanocubes Ethylene glycol from Aldrich had no certificatea)ﬁalysis.dThe impurities listed
in the ethylene glycol from J. T. Baker are asdat: Cl; max. 5 ppm, Fe; max. 0.200 ppm.

The procedure was also conducted using a smaited iconcentration of NaCl (1.1
mM). In this case a white AgCl precipitate was eatlent upon addition of equimolar
guantities of NaCl and AgN§o the PVP solution at 180 °C. Instead, a cledliow solution
formed. To establish the presence or absence Gf,Alge reaction was discontinued in two
trials during the 30-min stirring period. Afteretiheaction mixtures cooled, acetone was added,
resulting in dark precipitates. XRD patterns afg@ precipitates (Figure 2.1c, d) established the
presence of AgCl as the dominant phase, with smafteounts of metallic Ag. The reaction,

when continued as described above for the high-Ma@tentration procedure, underwent a

28



similar series of color changes upon further addittf AQNG;. SEM images (Figure 2.3a)

established the formation of Ag NWs as above.

Elemental analysis of a representative Ag-NW proghowed that it contained no
detectable PVP, establishing its removal in thekwqgr procedure. XRD analyses revealed that
the Ag NWs contained varying amounts of residuaCihgvhich scaled with the initial
concentration of NaCl and the successful separafidime byproduct lump (if any). Syntheses
employing a low initial NaCl concentration gave A§Y product yields of up to 93%, with a
AgCl contamination of < 1% (Table 2.1). In contrayntheses employing a high initial NaCl
concentration gave lower Ag-NW product yields ofé@o, with a AgCIl contamination as high
as 24% (Table 2.1). Lump formation was much lessroon in trials conducted at low initial
NaCl concentration. The residual AgCl was remdwgavashing the Ag-NW product with
agueous NEDH, as confirmed by XRD (Figure A2.3). An SEM ineagf washed material

confirmed that the Ag NWs were unaffected (Figu&6h.

2.3.2 Reaction monitoring by SEM and TEM

An aliquot from a reaction mixture was taken during 30-min stirring period after addition of
equimolar quantities of NaCl and AgN(high-concentration trial). SEM images revealed
faceted nanocrystals having cuboidal, cuboctahednal related morphologies (Figure 2.4a).
We surmised these nanocrystals to be composed©f, Adpich was the major phase found by
XRD (Figure 2.1a, b). SEM images obtained fromuadits from a low-concentration trial at the
same reaction stage also contained cuboidal amttahedral nanocrystals (Figure 2.4b),

although the size distribution was shifted towashaller sizes.
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Figure 2.4 SEM images of a) an aliquot removed from a higi€Nconcentration reaction, b)
an aliquot removed from a low NaCl concentraticactsn, and c) independently synthesized

AgCl nanocubes. The scale bars agerl

SEM images of the nanocrystals harvested in séiievwompared to those of
independently synthesized AgCl nanocrysStal¥RD pattern in Figure 2.1e) to provide further
verification of their identity. As shown in Figu&4c, the independently synthesized AgCI
nanocrystals exhibited closely similar morphologi&emental analyses by energy-dispersive

X-ray spectroscopy (EDS) found both Ag and Cl, @liigh the ratios were unreliable due to the
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instability of the nanocrystals under the electbeam. Under irradiation, small nodules of
metallic Ag were observed to form on the AgCl nawgstals, as the Ag:Cl ratio continued to
increase with irradiation time (Figure A2.7). Thmstability was further visualized by
comparing regions in the images that had beenreasty the electron beam with regions that
were minimally exposed. The exposed regions wisibly darker due to metallic-Ag formation

(Figure A2.8)**

TEM imaging of the independently synthesized Ag@&hacrystals gave similar results.
Electron-beam damage of the nanocubes ensued iratalgdipon beam focusing, resulting in
metallic-Ag nanoparticle formation on the cube aoels (Figure 2.5a). Thus, images of pristine
AgCl nanocubes were difficult to obtain (as in Fig@.4c). In certain specimens, synthesized at
lower HCI concentration$. filaments of metallic Ag were found to emanaterfrthe AgCl
cubes upon electron-beam exposure (Figure 2.504esting the initiation of NW growth. One

can imagine such filaments developing into Ag NWider reaction conditions (see below).
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Figure 2.5 TEM images of nodules and filaments of Ag growiragn AgCl cubes upon e-beam
exposure; a) and b) independently synthesized Ags, c¢) and d) AgCIl nanocubes from
reaction mixtures employing added NacCl.

AgCl nanocubes harvested from a Ag-NW synthesisiduhe 30-minute stirring period

were also examined by TEM (Figure 2.5c, d). Thages of the nanocubes resembled those of
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the independently synthesized AgCI (Figure 2.5aexhibiting Ag particles and filaments on the
cube surfaces. As above, the majority of the Afpse decoration formed upon beam exposure
in the TEM. The XRD and UV-visible-spectroscopiomitoring experiments described above
established some Ag formation during the 30-mirstiteing period. However, the resulting Ag
nanostructures were obscured by the rapid Ag foamainder the electron beam, and thus could
not be imaged due to the extreme beam sensitivitysoAgCl nanocubes. Although direct
evidence was therefore lacking, we presumed tleaAthinitially formed under the reaction

conditions was deposited on the surfaces of thel AgGocubes.

Another aliquot was taken from a low-NaCl-concatitm Ag NW synthesis during the
AgNO; dropwise-addition period, prior to the visual atvs¢ion of silver-gray opalescent swirls
indicative of extensive NW growth. A TEM image éakof the aliquot is shown in Figure 2.6.
The image reveals comparatively large Ag noduletherfaces and vertices of the AgCI
nanocubes. In Figure 2.6, the AgCIl nanocubes aipdxre colorless with gray patches, whereas
the Ag nodules appear to be considerably darkee. h#e inserted cartoon representations into
the Figure-2.6 image to assist the visualizatiothe§e nanostructures. As above, the majority
of the Ag-nodule formation occurred in the micrgseander e-beam exposure. However, the
pattern of Ag-nodule decoration on the cubes preflyresulted from an underlying pattern of

pre-existing Ag nuclei present on the cubes podsdam exposure.
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Figure 2.6 A TEM image of ACI nanocubesgggnerated in a reaction mixture eyimgaddec
NaCl. The dark nodules decorating the nanoculeg@manoparticles. In the inset cartoc
the AgCl nanocubes are depicted in red and theakgparticles in blue

A related aliquot frona low-NaCl-concentration Ag NW synthesis was examinel
SEM, prior to the visual observation of sil-gray opalescent swirls indicative of extensive |
growth (Figure 2.7). Small AgCl cubes with -nodule decoration like those in Fig-2.6 TEM
images vere observed in the Figi-2.7 SEM images as well. Additionally, the Fic-2.7 SEM
images clearly showed that short segments of Ag M&fe beginning to form. Caref
inspection revealed that these NW segments werergiynadhering to a AgCl nanocud, to
which was also attached4 Ag nanoparticles. Several such nanostructueeglantified by
arrows in Figure 2.7, and one is rendered in carfoan to aid in visualization. The resu
strongly suggested that Ag NW growth resulted fedongatiol of a Ag nodule formed on tt
AgCl nanocube at the earlier stage representetidop¢-noduledecorated nanocubes eviden
both Figures 2.6 and 2.7. Generally, only a sidgleNW was found emanating frorr

nanocube cluster.
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Figure 2.7 SEMimages taken of an aliquot from a reaction mixemgloying added Na(
(low-concentration trial). The aliquot was removed b adter the start of dropwise addition
AgNOs solution. The arrows mark Ag NWs emanating fronCAganocuboids (see textOne
such nanostructure is depicted in cartoon forme Jc¢ale bars areum.

A related aliquot was taken from a h-NaCl-concentration Ag NW synthesis, 10 n
after the stirring period, during the dropwise Ags addition, and prior to extensive NW wth.
SEM images (Figure 2.8) revealed aggregated pfles@e Ag nanopatrticles, which in sor
cases appeared to be remnants of formerly cuhictates. Such pseu-cubic piles apparentl
resulted from the reduction of large AgCI cubeggpparticle. One or more Ag NWs we!
infrequently found to emanate from these nanogargites, in a manner reminiscent of

clearer results in Figure 2.7.

Small AgCl nanocubes like those evident in FiguiewWere absent from images |i
those in Figure 2.8. Bfeover, a reexamination of Figure 2.7 showedtti@msmaller AgC
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nanocubes were more likely to nucleate Ag NWs thiare the larger AgCl nanocubes also
evident in Figure 2.7. The results were consistetit the final NW images in Figure 2.3, which
revealed that the low-NaCl-concentration synthesis more selective for NW growth (Figure
2.3a). The high-NaCl-concentration synthesis (Fedti3b) contained a larger Ag nanoparticle
fraction and a broader diameter distribution fa &g NWs. Thus, the small AgCl nanocubes

produced at low NaCl concentration were more-effeatucleating agents for Ag NW growth.

Figure 2.8 SEM images taken of an aliquot from a reactiortune employing added NacCl
(high-concentration trial). The aliquot was remd® min after the start of dropwise addition
of AgNQO; solution. The scale bars argeuh. The arrows identify piles of Ag nanoparticleatt
may be remnants of large AgCl nanocubes.
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2.3.3 Ag NW growth from pre-synthesized AgCIl nanodoes

The results above suggested that the Ag NWs werieated by the AgCl nanocubes, or, more
precisely, that they were grown from the Ag nanbplais themselves heterogeneously nucleated
upon the AgCl nanocubes. If so, then the direditamh of pre-synthesized AgCIl nanocubes
should be sufficient to induce NW growth, witholie tNaCl additive. Synthetic trials were
conducted as above, with the addition of dispessafrpre-synthesized AgCIl nanocubes (Figure
2.4c) in place of the initial, equimolar quantit@sAgNO; and NaCl. Color changes and other

experimental observations paralleled those destabeve.

An SEM image of an aliquot taken 23 minutes afterdtart of dropwise AgN{addition
is shown in Figure 2.9a. Ag NWs were observedateelgrown from AgCl nanocube surfaces.
An SEM image of the purified Ag NW product is showrFigure 2.9b. The results established

that AgCl nanocubes were necessary and sufficeerthe growth of Ag NWs.
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Figure 2.9 (a) SEM image taken of an aliquot from a reactiorture employing pre-
synthesized AgCI nanocubes. The aliquot was reth@3emin after the start of dropwise

addition of AgNQ solution. The scale bar isydn. (b) SEM image of purified Ag NWs
obtained from a synthesis employing pre-synthesfgdl nanocubes. The scale bar ispd®.

The yields of the Ag NWs grown with the pre-synihed AgCl nanocubes approached
90%, and were thus comparable to the best yieltmraa from low-NaCl-concentration trials
(Table 2.1). The NWs were obtained with minimalGAgontamination (Table 2.1). The quality
of the product in selectivity for NW formation adéameter distribution (Figure 2.9b) was equal

to or surpassed that achieved in the low-conceatrdaCl synthesis (Figure 2.3a).
2.3.4 Supporting evidence for heterogeneous nucléa

If heterogeneous nucleation on AgCIl nanocubes hagtimary nucleation mechanism for Ag
NWs, then, with a constant amount of Agh&lditive (after AgCI formation), the length of the

Ag NWs should anticorrelate with the number of Ag@hocubes present. Smaller numbers of
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AgCl nanocubes should on average produce longeswilf one assumes that high initial AgCl
concentrations produce larger numbers of AgCl nabes than do low initial AgCI
concentrations, then the low NaCl-concentraticsgrshould produce longer wires than do the

high NaCl-concentration trials. This hypothesiswaperimentally tested.

The Ag NW length distributions from representatingh (blue) and low (red) NaCl-
concentration trials are plotted in Figure 2.1Me3e distributions were constructed using
random length measurements obtained from SEM imagks measurements were collected
from specimens having low NW-coverage densities shat individual NWs were readily
discerned in the images. The mean NW length flmarhigh-concentration trial was 2u#h
with a standard deviation in the distribution @@ im, or 60% of the mean length. The mean
length from the low-concentration trial was 1 with a standard deviation in the distribution
of 5.7um, or 50% of the mean length. The low-concentrati@l produced markedly longer
mean Ag NW lengths, consistent with expectatiorafprimary heterogeneous-nucleation

mechanism.
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Figure 2.1Q A histogram showing the dependence of Ag-NW tlerogn the mole ratio of Ag to
AgCl in the reaction mixture. The mole ratio 0B2.corresponds to a high NaCl-concentration
reaction and the mole ratio of 51.3 correspondasltav NaCl-concentration reaction. The mean
lengths were 2.2m + 60% and 11.4m + 50%, respectively.
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2.3.5 Control experiments

Previous studies of the polyol synthesis of Ag Négsablished that halide additives such as
NaCl were essential to the selective formation aWsSNrather than other Ag nanoparticle
morphologies®? To confirm the necessity of added chloride (a€INander our conditions,
we conducted a control experiment (using Aldridmyktne glycol) in which NaCl was omitted,
but our other reaction parameters were unchang&d.SEM image of the resulting product
established that selectivity for NW formation wasstl (Figure A2.9a). Instead, a complex
mixture of nanoparticle morphologies was observétth & very small proportion of Ag NWs,
which were comparatively short. Thus, NaCl additwas shown to be essential to NW

selectivity under our conditions as well.

A second control experiment was conducted to emartiie role of the second (dropwise)
AgNO; addition. As detailed above, AgN@as added in two fractions in our procedure. The
initial addition with NaCl was to promote AgCl-nanube formation, and the second addition
was to promote Ag NW growth. However, one may ribég AgCl contains Ag+, and was
therefore a potentially sufficient source to suppdV growth, without the second addition of
AgNOs. A synthetic trial in which this second additimas omitted but our other reaction
parameters were maintained (for high NaCl concaatrafailed to produce Ag NWs (Figure
A2.9b). The product contained a large fractioMg@€l nanocubes intermixed with various Ag-
nanoparticle morphologies. The result establighatithe primary source of Ago support NW
growth was the AgN@added dropwise in the second fracttbafter AgCl-nanocube formation

was complete.
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Another control experiment demonstrated the ingyaé of the 30-min stirring period
afterin-situ generation of the AgCl nanocubes. As described@fthe formation of small
amounts of metallic Ag was observed during thisqagras determined by XRD and absorption
spectroscopy (Figures 2.1 and 2.2). We surmisaickiiis Ag formed upon the surfaces of the
AgCl nanocubes (see above), providing nucleatitas $or subsequent NW growth. A trial in
which the 30-min stirring period was omitted gavaiature of Ag-nanoparticle morphologies
without selectivity for NW growth (Figure A2.9c)lhe result suggested that the AgCI

nanocubes were activated for NW growth by surfagdekmation during the stirring period.

A final set of control experiments was conductethg high-purity ethylene glycok(5
ppm CI,< 0.200 ppm Fe) from J. T. Baker for Ag NW growihhe reaction yields were similar
to those from syntheses employing Aldrich ethylglyeol (Table 2.1). SEM images (Figure
A2.10a, b) of the NWs showed comparable Ag-NW dualnd selectivity to NWs grown in
Aldrich ethylene glycol. Thus, our synthetic reéswere not significantly influenced by

impurities that may have been present in the Atdethylene glycol.
2.4  Discussion

Four observations strongly indicate that the aofléhe NaCl additive is to generate AgCI
nanocubes, which serve as heterogeneous nucleanfsgfNW growth. (1) Synthetic trials
lacking a chloride additive, and therefore AgCl oaubes, failed to give Ag NWs, producing Ag
nanoparticles having other morphologies instéad. (2) AgCl nanocubes generated
independently and added to the syntheses weresdotivnucleating Ag NWs, functioning in the
same manner as the AgCl nanocubes generatgtl by NaCl addition. (3) Images of Ag NWs

nucleated on and growing from AgCl nanocubes wetained. (4) The lengths of the Ag NWs
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were anti-correlated with the quantity and presumacdhber density of AgCl nanocubes, as
expected for a heterogeneous-nucleation mechanidm. heterogeneous-nucleation and growth

process elucidated here is summarized in Scheme 2.1

AgCl nanocube Ag NP

P —(F— I
"' 1 1 F
R

+—
.’
‘t: ®
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Scheme 2.1.Depiction of the heterogeneous nucleation and/rgpathway for Ag NWs.

The Scheme-2.1 pathway bears close similarityegtiotographic process employing
silver-halide emulsion®>* When silver-halide crystallites in the emulsi@ms exposed to light,
mobile Ag ions in the lattice are reduced by photogeneralectrons. Small Agclusters are
formed on the crystallite surfaces, which constitilie (invisible) latent image. At the same
time, the photogenerated holes convert halide tomghalogen. The latent image is developed
by treating the exposed emulsion to a reducingtagéne Ag, clusters catalyze the complete
reduction of the exposed AgX crystallites to matalg. The critical, developable cluster size is
believed to be Ag such that the unexposed AgX crystallites areedticed in development,
and remain unreacted. The resulting distributibmetallic Ag particles within the AgX

emulsion forms the photographic image.
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In the present work, addition of NaCl and AgNO the polymer solution results in the
immediate formation of AgCl nanocubes. These aretated in hot ethylene glycol, which is
the reductant, and small Aglusters and nanoparticles are formed on the ndr@osurfaces
during the subsequent stirring period (Scheme ZI'hese clusters and nanoparticles may be
“developed” by exposure to an electron beam in@ascope, or by continued reduction under
the reaction conditions. Several large Ag nandgas typically form on each AgCl nanocube.
Some of these Ag nanoparticles become pentagamatiped. Such twinned nanoparticles were
previously shown to grow anisotropically into pegaaally twinned NWs by addition of Ag to
the remote tif? Although both the added AgN@nd the AgCl nanocubes are sources oftag
feed the reduction process, the second, drop-widei@n of AgQNG; is primarily responsible for
NW growth. Even so, the AgCl nanocubes becomeadiegh and partially consumed by
reduction, eventually releasing the attached Ag NWW$ nanoparticles. The NWs and

nanoparticles are separated in the work-up proeedur
2.5 Conclusions

In summary, the role of the NaCl additive, andabglogy other alkali halide additives
that have also been employed in polyol Ag NW sysiiseis to generate heterogeneous
nucleants in the form of Ag-halide nanocubes. Eselts reported here establish that the
smaller AgCl nanocubes are more-potent heterogenaatieants that afford higher selectivity
for Ag NW growth and narrower NW diameter distrionts. Consequently, improved synthetic
control might be achieved by the use of small, yrdgesized AgCIl nanocubes rather than those
generatedhn situfrom chloride additives. Efforts are currentlydenway in our laboratory to
determine which reaction parameters may be vaoedntrol A NW mean diameter and
length.
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Chapter 3

Polyol Synthesis of Silver Nanowireby
Heterogeneous Nucleation; Mechanisti
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3.1 Introduction

Silver nanowires (Ag NWs) grown by the polyol mathemploying NaCl as an additive are
heterogeneously nucleated on AgCl nanocubes foimsitl.> We show herein that the
diameters of the Ag NWs are not determined by thdaation event, and are independent of the
size of the AgCl-nanocube nucleants. Rather, fediameters, lengths, and aspect ratios
increase continuously over the entire time scak®fAg reduction. Our results support a
surface-catalyzed reduction process occurring ¢h the (111) tip facets and the (100) side

facets of the growing Ag NWs, which is reductioteramited.

Polyol syntheses of Ag NWs require specific agdii such as NaCf: to achieve high
yields and selectivities. In a recent stddye demonstrated that the role of the NaCl additve
to generate AgCl nanocubes, upon which thé rguction reaction is initiated (Scheme 1) and
metallic Ag is nucleated. The AgCl nanocubes bexdectorated by Ag nanoparticles, some of
which are pentagonally twinned and grow into NWee(Eigure B3.1). The nanocubes are
largely degraded over the course of the growthgsecreleasing the Ag nanopatrticles and NWs,
which are separated during the work up. Few NVEwatained in the absence of AgClI

nanocubes.

Our discovery of this heterogeneous-nucleationhaeism suggested the possibility of a
relationship between the size of the heterogeneoakeant and the diameter of the Ag NW
nucleated from it. We note that such a relatigngists in other catalyzed NW-growth
methods. In the vapor-liquid-solid (VLS)and solution-liquid-solid (SLS) mechanisfris\W

diameters scale with the diameters of the meta#itoparticles (droplets) catalyzing growth.
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Here, we studied the growth of Ag NWs from AgCl aembes over a range of nanocube ¢

lengths, finding no relationship between edge lermgtd NW diamete

Sep'ﬂldlil)l\ i

Scheme 2.1Heterogeneous nucleation andwth pathway for Ag NWs. The present stt
shows that Ag deposition occurs on both the tipside-wall NW surfaces.

We next sought to understand how the diametergtilenand aspect ratios of the Ag N'
evolved over the growth process. We repore the kinetics of the Agreduction process, ar
the growth of the NWs in diameter, length, and aspagio as a function of reaction temperatt
Interestingly, the kinetic profiles of the reductjaliameter increase, length increase, and &-
ratioincrease parallel one another closely, showingtttegrowth in all three N\-size

parameters corresponds to the time scale of thectied proces:

That is, Ag NW growth is coupled to the reductieaction, which excludes significe

910 or Ostwald ripenintf to the growth mechanis

contributions byhanoparticle aggregati
under the conditions we employed. Moreover, thecomitant growth in diameter and lenq
indicates that Ag deposition occursall NW surfaces, not just at the tip, strongly gesting a

rate-limiting surfacesatalyzed A" reduction reaction. Consequently, Ag NW diamesgesnot
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fixed upon nucleation or at any later time unt# ttonclusion of the Agreduction, and are thus

not readily controlled in this polyol synthesis.
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3.2  Experimental Section

3.2.1 General Methods.All syntheses were conducted under ambient comditidthylene
glycol (>99.0 %, J. T. Baker), AgN®99+%, Aldrich), polyvinylpyrrolidone (PVP, MW
55,000, Aldrich), glycolaldehyde dimer (Aldrichprecentrated nitric acid (70% reagent grade,
Aldrich), concentrated hydrochloric acid (37% reaggrade, Aldrich), and acetone (reagent
grade, Aldrich) were used as received without ®rripurification. Si(111) wafers were

purchased from Aldrich. Deionized water was usedlli procedures.

SEM images were collected using a JEOL 7001LVF EBASvith an acceleration voltage of
15 kV. To prepare SEM samples, a few drops optirdied product (diluted in water) were
drop casted onto the Si(111) wafer and air driesge analysis was conducted using ImageJ

freeware Kittp:/rsb.info.nih.gov/i}),* for constructing diameter and length distributions

Approximately 200 measurements were made to ob&th data point in mean edge lengths of
AgCl nanocubes (for Table 3.1 and Figure 3.1) amgiths and diameters of Ag NWs (for

Figures 3.2, 3.6, 3.7 and 3.8).
'H NMR spectra were acquired on a 300-MHz Varian WWEB00 spectrometer.
3.2.2 AgCl Nanocube Synthesis

The procedure was adapted from a previously putdistynthesi$® PVP (416 mg, 3.75 mmol)
and AgNQ (420 mg, 2.47 mmol) were dissolved in ethylenegly50 mL) at room
temperature. Concentrated HCI (1.43 mL, 17.3 mwal then added to this mixture and the
reaction flask was moved to an oil bath with stigrand reflux for 20 min. The temperature of
the oil bath was varied from 120 - 180 °C to cdrttne edge length of the AgCl nanocubes (see

Figure 3.1). Prior to addition of the HCI, thewd@n was clear and nearly colorless. After
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addition, the formation of a white precipitate gaveloudy white mixture. The time for the
appearance of precipitate varied from instantarig@ishe highest reaction temperatures to

about 8 min at the lowest.

Water (100 mL) was added to the mixtures obtainewh fthe syntheses conducted at 180,
160 and 140 °C and they were centrifuged (in 10ahduots) for about 5, 20, or 30 min,
respectively (at 1500 rpm). For the synthesis cotetl at 120 °C, a larger amount gfCH200
mL) was added to the mixture and it was centrifuigedibout 40 min (at 1500 rpm). The white
AgCl precipitates so obtained were washed with wyascuum dried and weighed. The reaction
yields were lowest (0.2001 g, 1.396 mmol, 57%)tfer 120-°C synthesis and higher (0.3150 —

0.3538 g, 2.198 — 2.470 mmol, 89-100%) for the Isgses conducted at higher temperatures.
3.2.3 Polyol Synthesis of Ag NWs

The Ag NW synthesis was scaled up tenfold fromprariously published procedufePVP
(3.34 g, 30.2 mmol) was dissolved in ethylene dly260 mL) and refluxed with stirring in an
oil bath at 150 - 180 °C for 5 min. A previoushepared stock solution of AgCl nanocubes
(0.23 mL, 0.24 mmol of AgClI) was injected into thist reaction mixture and refluxed for 25
min. Then a AgN@solution (10 mL, 0.12 M) was added dropwise ata of 25 mL/h while

maintaining reflux and stirring. The work-up prdoee employed was as previously described.
3.2.4 Study of AgCl-nanocube Edge-length Effect oAg-NW Diameter

AgCl nanocubes with various edge lengths were tmetthe Ag-NW synthesis previously
reported that employs presynthesized AgCl nanoctit®®ck solutions of AgCl nanocubes
suspended in ethylene glycol (5 mL) were prepatdédeaconcentrations listed in Table 1. The
amount of stock solution added in each syntheatss given in Table 1. The Ag-NW diameter
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distributions produced by the syntheses were détedrby SEM-image analysis, and are

recorded in Figure 3.2.

Table 3.1 Concentrations of AgCI stock solutions preparedifsyntheses described above and
theumol of AgCl nanocubes added to Ag NW polyol syndses

AgCl synthesis Mean edge Concentration pL of AgCl stock  pmol of AgCl

reaction length of AgClI of prepared solution added added to Ag-
temperature (°C) nanocubes 1 AgCl stock to Ag-NW NW synthesis
st. dev. solution (M) synthesis
180 511 £ 64 0.476 50.7 24.1
160 291 +51 0.440 54.7 24.0
140 241 £ 74 0.494 47.9 23.6
120 83+ 24 0.372 65.0 24.0

3.2.5 Determination of Ag Reduction Kinetics**

The conversion of Agto Ad’ as a function of time at various temperatures aegsrmined
gravimetrically by the following procedure. Theogith of Ag NWs was initiated by the
procedure given above for the polyol synthesis @INWs. These studies were all conducted
with AgCl nanocubes having a mean edge length 6f£181 nm. Aliquots (5 mL) were
removed by a volumetric pipet from the hot reactimmture at regular intervals, beginning at the
time the mixture became olive green in color. RNgeprecipitate was extracted from each
aliquot by adding water (5 mL) and centrifuging thixture. The precipitate was then driad
vacuoand weighed. The mass obtained was multipliethbynverse of the aliquot volume
fraction and divided by the theoretical yield of%g give the extent of conversion. The
absolute errors expressed in Figures 3.3, 3.4 ahfbBthe conversion of Ago A’ was
calculated by propagating the error in the measag®dnass. Scaling up the Ag NW synthesis
reaction tenfold and using a volumetric pipet tbem aliquots minimized error in this

gravimetric technique. This analysis assumestteaprecipitate is pure Agwhich is
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reasonable as the aqueous workup is known to refgta and only small amounts of residual
AgCl are presertt. Each aliquot corresponded to 2% of the total mau In total 10 — 12

aliquots were removed in each trial, correspontting0% of the total volume.
3.2.6 Determination of Ag-NW Growth Kinetics

The aliquots removed for the gravimetric deterniovabf Ag" reduction kinetics (see above)
were also used to obtain NW length and diametériloligions as functions of time and
temperature. The Ag precipitates obtained fromaliggiots were suspended in water and drop
cast onto Si(111) wafers. The Ag-NW mean diametadslengths in each aliquot were

determined by SEM-image analysis, and are recardé&dble B3.1.
3.2.7 Reduction-Kinetics Trials Conducted with Othe Additives

Reduction kinetics was determined in the presefhother additives to probe the nature of the
induction period prior to Ag NW growth. The proced described above was employed. Trials
were conducted with the addition of glycolaldehgdétaer (3.14 g, 26.1 mmol) at 170 °C. Other
trials were conducted with concentrated nitric g2i@ mL, 34.5 mmol) at 150 °C. In both sets

of trials, the additive was injected all at oncersafter the addition of AgCl nanocubes.
3.2.8 NMR monitoring of the Reaction of Ethylene Gjcol and Nitric Acid

Ethylene glycol (2.6 mL, 46.5 mmol), concentraté@daacid (22uL, 0.345umol) and
methylene chloride (2gL, 0.345umol, as an internal standard) were combined at room
temperature. An aliquot (30.) of this reaction mixture ands-DMSO (0.85 mL) were added to
a 5-mm NMR tube*H-NMR spectra were recorded to characterize theticaproducts, as

described in the Results (see also Figure B3.2).
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3.3 Results

3.3.1 Polyol Syntheses Catalyzed by AgCl Nanocubes of aus Size

We adapted the method of Kim and cowor*® to the growth of AgCI nanocubes. Thethod
employs the precipitation of AgCl upon combinataimAgNO; and HCI in the presence of t
polymeric stabilizer PVP. We found that the meaesof the AgCl nanocubes were reau
controlled by the reaction temperature in the raofgE20— 180 °C(see Figure 3.1). TF
smallest nanocubes having a mean edge length standard deviation of 83 £ 24 nm w
obtained at the lowest temperature (120 °C), wisettea largest (511 + 64 nm) were obtaine
the highest temperature (180 °C). A plot of n edge length vs. synthesis temperature (Fi
3.1e) showed that the size range was sufficieatiyd, and the size distributions sufficier
narrow, to provide distinct Ag&ianocube populations for use in probing for a logfeneou-

catalyst size effect.

Edge length (nm)
g
——
-

100 4 i -

120 130 140 150 160 170 180
Temperature (°C)
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Figure 3.1 SEM images of AgCIl nanocubes synthesized atréiftereaction temperatures, and
their mean edge lengths * one standard deviat@rZ0 °C, 83 £ 24; (b) 140 °C, 241 + 74; (c)
160 °C, 291 +51; (d) 180 °C, 511 + 64. (e) Plob@anocube mean edge length vs. synthesis
temperature. The error bars are + one standarndtamvin the size distribution.

The four AgCl-nanocube size populations obtairedescribed above were separately used
to catalyze Ag-NW growth, by the method we repogesliously employing pre-synthesized
AgCl nanocube$. These reactions were conducted at 180 °C, aadimaller scale than
reported here for the reduction-kinetics trialhe®mount (moles) of added AgCl was held
constant in each trial, such that the number of lAgdocubes in reactions employing smaller
nanocubes was larger than the number of AgCIl ndvexcin reactions employing larger
nanocubes. After a total reaction time of 70 rthie, NWs were collected and their diameter

distributions determined.

The diameter data are plotted as Ag-NW mean diamnwst the AgCl-nanocube size in
Figure 3.2. By analogy to the other catalyzed mareogrowth methods, VLS and SLS growth,
8 if the Ag-NW diameters scaled with the size of tagalyst particle, the diameters would be
expected to increase with the increasing sizeet#talyst. However, the scatter in the diameter
data (Figure 3.2) revealed no strong correlatiaween Ag-NW diameter and AgCl-nanocube
size. The results established that the NW diarsetemot depend on the size of the
heterogeneous nucleant from which they grow, aatlahother effect or effects determine the

Ag-NW diameters.
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Figure 3.2 Plot of AgNW mean diameter vs. AgCl nanocube mean edge lerigtk error bar
are + one standard deviation in each size distohutThe A-NW mean diameters, from tl
shortest AgChanocube edge length to the longest, are 156 @818,24, 304 + 97 and7 + 26
nm.

3.3.2 Kinetic Profiles of the Ag" Reduction Process

The growth of Ag NWs was conducted as describedalbsing AgC-nanocube heterogenec
nucleants having a mean edge length of 100 + 31 Hme. gravimetric method of Wiley ai
coworkers® was adapted to determine the extent of the conversfidwy" to Ad as a function of
time and temperature. The conversion kineticdtgdion Figure 3.3, exhibit sigmoidal profil
with temperaturelependent induction periods. The fits to the kanéat: by the Avrami

equation (eq 1) are to guide the eye, and aremgati@ally meaningfu
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Figure 3.3 Plots of the conversion of Ago Ad’ vs. reaction time at various temperatures, with
eg-1 fits to guide the eye. These fits are nospmally meaningful, as the fit function was not
derived for the reduction kinetics. The inset ledj@entifies the data at each reaction
temperature. The orange arrow identifies the tnehich the dropwise addition of AQNO
commenced in each trial. The error in each datatp®ismaller than the symbol size.

We note that AgN@addition was begun at 30 minutes. In the inB@dminute period prior
to AgNGQ; addition, the AgCI nanocubes were heated at thetio temperature in the ethylene
glycol/PVP solution, resulting in the reductionsshall amounts of Agfrom the AgClI
nanocubes to form Ag clusters or small nanopagiolethe nanocube surfaces. This step
primed the AgCl nanocubes for the growth of Ag N¥§he induction period was defined as
the time between the start of Aghl@ddition and the visual observation of Ag-NW fotioa,
indicated by the appearance of grey, opalescenmisswithe reaction mixture.The induction
periods defined in this way ranged from 17 = 5 aii80 °C to 60 = 2 min at 150 °C (Figure
3.4b), and corresponded closely to the upturnkerréduction kinetics evident in Figure 3.3.

We surmised that these induction periods were &sgsocwith the formation of the active
reducing agent. A previous study identified glyddehyde, an oxidation product of ethylene
glycol, as the Agreductant® The polyol synthesis is conducted under an anmi@n

containing) atmosphere, and the rate of glycolaldeHormation was shown to increase with
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increasing temperatuf@. The decrease in the induction period with indreagemperature

(Figure 3.4b) was consistent with glycolaldehydeisg as the reducing agent.

To further establish the correlation of the indotperiod with the formation of
glycolaldehyde, experiments were conducted withrifial addition of glycolaldehyde dimer
(the commercially available form of glycolaldehyd&)e reasoned that addition of
glycolaldehyde from the outset should significarsityrten the induction period. However, we
observed that addition of glycolaldehyde dimer sed the induction period only slightly at
170 °C (reducing it from 22 to 20 min). Additiohalthe selectivity for NW formation was lost
(Figure B3.3). We concluded that the dimer was [estent as a Ageductant than monomeric
glycolaldehyde, and that the dimer did not readigsociate to monomer under the conditions

employed.

In a second set of experiments to probe the oafthe induction period, HNOwas added
to the polyol synthesis at the outset. Figure Bldts the reduction kinetics at 150 °C with
added HNQ, at 150 °C without added HNCand at 180 °C without added Hidor
comparison. The induction period at 150 °C witdedlHNQ determined visually (see above)
was 10 min, shorter than that at 180 °C withoueadd NG (17 min), and much shorter than
that at 150 °C without added HN@O0 min, Figure 3.4b). Additionally, the uptuiffig. 3.4a) in
the reduction kinetics (associated with the indarcperiod) in the presence of HY@as
extremely rapid after the initial 30-min stirringnood prior to the dropwise addition of AgNO

Thus, the added HNgignificantly shortened the induction period.
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Figure 3.4 (a)Plots of the conversion of /* to A’ vs. reaction time with HN3 at 150°C,
without added HN@at 150°C and without added HN; at 180°C, with eg4 fits. The error ir
each data point is smaller than the symbol sibg Plot ofinduction period vs. temperature w
no additives and with HN£added (indicated by arrow) at 1°C. The error bars are = 0o
standard deviation in induction time as observedhfmultiple trials at each temperati

To understand the role of the adi(HNOs, an ethylene glycol solution of HN; at the
concentration employed above was heated at 150r°& few minutes, and then cooled. Af
addition of an internal standarty NMR spectra (Figure B3.2) were obtained that juted cleal
evidence for théormation of monomeric glycolaldehyde in amountgéa thar
stoichiometrically required for the complete redoictof Ag™ under the conditions of the poly
synthesis. Thus, HN{s sufficiently oxidizing to convert ethylene glydo glycolaldehyde. /
proposed pathway for the oxidation is given in $cd33.1. We concluded that the ad:
HNO; rapidly generated monomeric glycolaldehyde, theicady agent for the polyol proce:

thus dramatically shortening the induction peritmd10 min from 60 min
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The generation of glycolaldehyde within a few mesiafter HN@ addition may suggest that
the induction period should have been eliminatddedy, and thus have been less than the
observed 10 min. SEM images obtained near the&tids the induction period (at 9 min)
showed shorter Ag nanorods rather than NWs (FiB@ré), indicating that NW growth was just
commencing. The result suggested that most afefidual 10-min induction period was a
nucleation-like period, the time required for natien of the Ag NWs. In the Discussion, we
will argue that this induction period was the tirequired for the initially formed Ag
nanoparticles (on the AgCl nanocubes) to grow beythe critical siz& for pentagonal
twinning. Thus, the experiments with added HNt@scribed here associate the longer induction
periods under normal polyol-synthesis conditionghaut the HNQ additive) with the

generation of glycolaldehyde.

After the induction period, the reduction processusred rapidly at all temperatures (see
Figure 3.3). This reduction reaction has beeniptmsly described as autocatalytfoyhich is
consistent with our results in Figure 3.3. In plodyol synthesis under standard conditions, no
glycolaldehyde-generating nitric acid is initiaflyesent, and glycolaldehyde forms only by a
slow, adventitious air oxidation. However, Wilaydacoworkers have proposed that the
reduction process itself produces protons accoritirgg) 2:* and we note that nitrate ions are
also present from the AgN@recursor, providing the equivalent of nitric acidonsequently
the nitric acid generated by the reduction reaadtiosq 2 rapidly produces glycolaldehyde
reductant in progressively increasing amounts @satiuction process proceeds, explaining its
autocatalytic character. Thus, the sigmoidal kiasetesult from an initial induction period

associated with the formation of initial quantitafsgglycolaldehyde by adventitious oxidation,
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followed autocatalytic generation of glycolaldehyaethe A* reducion continues tc

completion.
HOCH,CHO + 2Ag + H,O—— HOCKCOOH + 2A§ + 2H" (2)

3.3.3 Ag NW Diameter and Length Growth Kinetics

Having established the time scales for the redngirocess (see the text above and Figure
we next sought to compare the reduction kinetiadh@oA¢c-NW growth kinetics in mea
diameter and length. SEM images were obtained frensame aliquots removed in-
reductionkinetics trials, and were analyzed to determindehgth and diameter stributions as
functions of time and temperature. Representatinages are shown in Figure 3.5, using «

collected from a 180-°C trial.

Figure 3.5 SEMimages of aliquots taken at a) 43 min, b) 45 mjiand d) 47 min, €) 60 m|
and f) 105 min from Ag NW synthesis reaction at 28C
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Early time images (Figure 3.5a, b) collected dyitime induction period showed the initiation
of NW growth at around 45 min. The Figure 3.5b NWése not affixed to AgCl nanocubes,
because they were nucleated by the smallest naascuiich were consumed by the initial
growth process. (However, see Figure B3.1 for iesagf Ag NWs growing from a batch of
larger AgCI nanocubes.) Only the larger AgCl nares from the size distribution (mean edge
length 100 + 31 nm), which are poorer heterogeneoateants of Ag NW$8are evident in

Figure 3.5b.

Representative images from the rapid growth pesredncluded in Figure 3.5¢ — f. Images
were collected at both low and high NW densitiesdieterminations of mean lengths and
diameters, respectively. During this period thrgdéa AgCl nanocubes were also consumed,
undergoing reduction to metallic Ag.

The data plotted in Figure 3.6 were scaled byfitte (limiting) mean diameter and length
for each trial §(t)/d;m andl(t)/lim), such that thg axes scale from 0 to 1. This normalization
was to facilitate comparison of the kinetics atvagous temperatures. The final mean
diameters and length were determined by averagingral of the late-time points at the
conclusion of growth, and are recorded in Table€lB3 he data were fit by eqs 3 and 4, and the

resulting curves are to guide the eye.
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Figure 3.6a reveals considerable scatter in tlee-tahe mean-length data. Moreover, a
steady decrease in mean length was evident iratBetime data obtained at 180 °C. We note
that the reaction mixtures were stirred during Agtgrowth, and that the SEM specimens were
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dispersed by sonication. We suspect that mechatoogact between NWs during stirring &
sonication may have caused some breakage, redigrgpparent mean lengths. Break
during sonication would occur in a stochastic ma& producing the latetime scatter. Stirrir-
induced contact would have been most extreme dtigfest reaction temperature, explain

the apparent shrinkage of the mean lengths afteptiion of growth at 180 °

dl d_
lim

Time (h)

Figure 3.6 Plots of growth kinetis in normalized mean (a) length + one st. erranean with
eq-3 fits and (b) diameter = one st. error of mearhwi-4 fits as function of reaction time
Error bars are shown, but the error in most ofdéa points is smaller than the symbol ¢

The Figure 3.6 data show that the rates of growtioth length and diameter increase v
increasing temperature, as expected. The delay®inpturn in the mean length data (Fic
3.6a) at the lower temperatures of 150 and 160ré@ssociated witthe induction period

observed visually, and are consistent with theyaelaipturns evident in Figures 3.3 and &
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Interestingly, if there were initial kinetic delaysthe diameter data (Figure 3.6b) associated
with the induction periods, they were not capturedur data. At all temperatures, the first data
point collected after the initiation of dropwise M@s; addition showed that the mean diameter
had rapidly grown to about 40% of its final valughan this brief early period. At the same
early times, the growth in mean lengths was 10%ss of their final values. The possible

mechanistic significance of the rapid early growtldiameter is explored in the Discussion.

Figure 3.7 directly compares the growth kineticdlWW diameter and length at a
representative temperature (170 °C; similar ploth@other growth temperatures are Figures
B3.5-B3.7). In Figure 3.7a, the twaaxes (left and right) are adjusted to overlayfila mean
diameter and length points, thus scaling the grawitires together. The two curves are very
similar, showing that, apart from the early rapiandeter increase, the growth in diameter and
length occurred over the same time scale. Th#tesgrowth in diameter and length were
approximately proportional. Figure 3.7b plots ¢gmewth kinetics in diameter and length on the
same scale (singkeaxis), emphasizing that the absolute growth igtlenwas greater than that in

diameter by two orders of magnitude.
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Figure 3.7 Plots of timedependent growth in leth and diameter of Ag NWs at 170 °C on
relative yaxis scales and (b) an absolute (sing-axis scale. The error bars are + one st. ¢
of mean in each data point. Error bars are navleisvhere the error is smaller than the syn
size.

Figure 3.8 compares the growth in NW length, diametspect ratio, and volume to t
kinetics of the Ag-reduction process (at 170 °C; similar plots atdtieer growth temperatur
are Figures B3.83.10). On each plot, thy-axis scaling is adjusted to enay the final value
on two curves. In each of the four comparisong.(8i8«d), the two relatively scaled curv
parallel one another fairly closely, showing tha growth in NW length, diameter, aspect re
and volume followed the extent of treduction reaction. The time scales for the raduac

process and NW growth in the four parameters pteddrere were essentially the se
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Figure 3.8 Plots of conversion of £* to Ag® with growth kinetics. Normalized mean (a) len
with eqg-3 fit, (b) diameter with e-4 fit, (c) aspect ratio (AR) with the correspondirigand (d)
volume with the corresponding fit. Each «d includes the ed-fit and is plotted as a functic
of reaction time at 170C. The error bars are + one st. error of mearaahelata point. Errc
bars are not visible where the error is smallen tii@ symbol siz
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34 Discussion

We considered two limiting possibilities in discexgpthe growth mechanism for the polyol
synthesis of Ag NWs. In one limiting possibilithe reduction kinetics would be significantly
faster than the growth kinetics in Ag-NW diameted é&ength. In that event, the reduction
process would presumably generate populations afl #g° clusters or nanoparticles, which
would subsequently produce NWs by aggregation ar@stwvald ripening. In the second
limiting possibility, the growth kinetics would dely parallel the reductions kinetics, indicating
that NW growth was controlled or limited by the wetlon process, excluding significant
contributions by aggregation or Ostwald ripenifighat is, if the growth in either NW length or
diameter lagged significantly behind the*Agduction rate, that would constitute evidence for

the participation of either aggregation or ripenimghe growth process.

We consider the close parallels between the reslueind growth kinetics evident in Figure
3.8 to rule out significant contributions of nandjde/nanocluster aggregation or Ostwald
ripening to the growth mechanism. If either of lhter processes were responsible for NW
growth, then the reduction kinetics should occuwerav detectably shorter time scale than growth,

as both require the initial formation of nanoclustand/or nanoparticles.

The data (Figure 3.7) also reveal the steady, tmifgrowth inbothlength and diameter over
the course of the reduction process. That is, siépo of Ag on the growing NWs does not
occur exclusively at the tip, lengthening the N\Mst also on the sidewalls, steadily increasing
their diameters as well. Figure 3.7b shows thatdéposition kinetics on the tips are much more
rapid than on the sidewalls in an absolute sensighahas been attributed to the higher surface

energies of the pentagonally twinned tip facétsiowever, in a relative sense (Figure 3.7a), the
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time scales for the growth in length and diametemearly (but not exactly) the same. The
results suggest that growth occurs by Ag-NW surzatalyzed reduction call surfaces

concurrently, on the tip facetsdthe sidewall facets.

The results discussed here suggest that the stoddialyzed reduction is the rate-limiting
step in the NW-growth process. To verify that dosion, we compare the experimental
reduction rates and an experimental activationgnter those expected for a diffusion-controlled
process. To be rate limiting, the reduction rated activation energy must be smaller and
larger, respectively, than those associated withddfusion to the growing NWs. As detailed
in the Appendix B, the experimentally observed ctidun rates are 13 orders of magnitude
smaller than the predicted diffusion-controllecegat Moreover, the experimentally determined
activation energy of 138.5 kJ/mol at 150 °C is mlasiyer than a predicted value of 23.7 kJ/mol
at 150 °C for a diffusion-controlled reaction (Appkx B). Additionally, our experimental
activation energy is much higher than the expertaleactivation energy for the diffusion-
controlled growth of Cu NWs of 11.5 kJ/mol at 70d€ermined by Wiley and coworkefs.
These comparisons strongly support the conclusianthe surface-catalyzed reduction is rate

limiting.

Figures 3.6 and 3.7a also indicate that the ingialvth in diameteprecedegrowth in
length, such that the Ag NWs have achieved about dbtheir final diameters at the time that
NW lengthening commences. Given the final NW disareemeasured (Table B3.1), the kinetic
results suggest that initially formed Ag nanop&samust reach a critical size in the range of 20-
30 nm prior to the onset of growth in the lengtimeinsion. Moreover, the smallest NW mean
diameter we measured at the earliest stages reanget of growth was 23 nm (Figure B3.4).

Prior work by Gatt’ Xia,'! and others has established that the NWs grow fremtagonally
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twinned nanoparticles. Marks has determined tingles-crystal Ag nanopatrticles transition to
pentagonally twinned structures only after theyngb®yond a critical size of 10 nrim(vacug.*®

Under our reaction conditions, we surmise thigaaitsize to be in the range of 10-30 nm.

Thus the initial growth in diameter proceeds utfid initially generated nanoparticles
become large enough to form pentagonal twins, attwpoint lengthening commences by
deposition on the twinned tip facets. We attrilthteresidual 10-min induction period observed
even in the presence of added HNOthe time necessary for the initially formed Ag
nanoparticles, which are heterogeneously nucleatdtie AgCl nanocubes, to grow beyond the
critical size for pentagonal twinning. The longsituction periods (at the lower temperatures) in
the absence of added HM@re due to the longer time needed to generatglyhelaldehyde

reducing agent by adventitious oxidation.

Because the NW diameter grows continuously througtiee Ad reduction reaction, the
diameter is not fixed at the time of NW nucleatias,it is, for example, in the heterogeneously
catalyzed SL%and VLS’ NW growth mechanisms. Consequently, the finalrmeg NW
diameter in this polyol synthesis bears no relatemthe size of the AgCl-nanocube
heterogeneous nucleant employed, and cannot beoltedtby nucleant size. Rather, the final
mean diameter is determined by nucleation denmihgunt of AJ precursor, and reaction time.
Wiley and coworkerS have controlled nucleation density with reactiemperature, and have so
asserted some control over mean Ag-NW diametetaargth, which together scale
proportionally with nucleation density. Alternatly, Chou and coworkelshave systematically
varied Ag-NW mean diameters with added chloride which preferentially binds the side-wall

facets, inhibiting growth in diameter. This latsenface-poisoning strategy seems most
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promising for independently controlling Ag-NW mediameter and length in the polyol

synthesis.
3.5 Conclusions

A previous study established that the growth ofM\ys by the polyol process is
heterogeneously catalyzed by Ag halide nanoc@bBlse present work demonstrates that the
diameters of the Ag NWs are not fixed by this hegeneous nucleation process, but rather
growth continuously over the time scale of the tieac Kinetics studies show that NW
diameters and lengths grow concurrently, and thtt hre limited by the extent of the Ag
reduction process. The results are consistentawtte-limiting surface-catalyzed reduction
reaction occurring on all side-wall and tip facetshe growing Ag NWs, and rule out significant

contributions by nanoparticle aggregation or Ostiwagdening.
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Chapter 4

4.1 Conclusion

The roles of the halide additive in the polyol thasis is poorly understood, yet its
addition was shown to be crucial to Ag NW growth. this study, we show that the halide
additive in the polyol synthesis of Ag NWs formkver halide nanocubes in solution which then
heterogeneously nucleate Ag NWs from its surfa€he.smaller sized nanocubes (edge lengths
smaller than about 150 nm) are more potent nucdgaients than the larger sized (edge length
of 200-600 nm) nanocubes. The AgCI nanocube is upeghrly on in the synthesis reaction and
contributes to the growth the Ag NWs. The concdianeof the AgCIl nanocubes affects the final
lengths of the Ag NWs while the edge length of A€l nanocubes has no effect on the final
diameters of the Ag NWs. At smaller AgCl nanocubeaentrations the Ag NWs are longer as

compared to reactions with larger AgCl nanocubeceatrations where the Ag NWs are shorter.

Another aspect of the polyol synthesis of Ag NWat tils poorly understood is the
mechanistic features controlling length and diameTédnere is disagreement in the literature
about the fundamental aspects of growth of Ag N@&wald ripeningor alternatively,
aggregative growthwas proposed to be proposed growth mechanisrthidrstudy, we show

that in the polyol synthesis, Ag NWs grow by a aaé-reduction rate —limited growth.

The diameters and lengths of the Ag NWs are shovimcrease until the reduction
reaction was complete. The S-shaped reductionikmetirves are characterized by a
temperature-dependant induction period followed bgpid autocatalytic reduction period and
finally the completion of the reduction reactionemthe precursor is completely used up. The

diameter and length growth kinetics also exhibitikr S-shaped curves.
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The reduction reaction is rate limited by the terapg&e -dependent adventitious
generation of the reductant glycolaldehyde. Thetperiod required to generate glycolaldehyde
in solution contributes to the induction periodoptio the onset of wire growth. In the presence
of excess glycolaldehyde, a 10-minute inductiothestists which is attributed to the time needed
for the silver clusters (on the surface of the Ag@&hocube) to grow beyond a critical size of 10-

30 nm and transition into a multiply twinned pd#ijcactive for nanowire growth.

The large activation energy barrier of 138.5 kJ/arad the small reaction rate constant of
2.11x 10* s*are calculated at 150 °C for the reduction reacfitnis supports the conclusion
that the reduction reaction is not diffusion colé but is instead limited by the reduction
reaction on the surface of the growing Ag NW. Isecaf diffusion-controlled growth, limited by
the diffusion of Adions towards the surface of the Ag NW the reactionld be characterized
by lower activation energies, lower diffusionaler@bnstants and larger reduction rate constants.
The growth kinetics of length and diameter clogeyallel the reduction kinetics, providing
additional evidence for the surface-reduction teéted growth. The diameter of the Ag NW is
shown to increase throughout the reduction proaedgherefore cannot be controlled by the
size of the heterogeneous AgCl nucleant. Buildipgn strategies listed in this thesis additional

studies need to be done to grow Ag NW with cordimt aspect ratios.
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4.2  Future Work

The need for electrically conductive and opticéitgnsparent materials is expanding due
to the increased use of optoelectronic devicesy s@llls, and liquid crystal displays. Indium-tin-
oxide (ITO) is the most widely used material du&sdow sheet resistance (<1Q0/sq) and
high transmittance (~90%) Some alternatives to ITO are single-walled canbanotubes,
graphenél and Ag NW films! CNT networks have a higher sheet resistance 200-20sq
with optical transmittance of 80-90%, while grapaetectrodes have ~3@D/sq resistance and
80% transmittancéAg NW films were shown be better than the best EEples with 2@ /sq
resistance and 80% transmittafideg NW films were superior also due to their goodustness
to repeated bending which is a problem in for thigl® ITO films.* Ag NW films are thus a
good alternative to ITO films for replacement ieatonics and solar cells. However, these

attractive features of the Ag NW films are strondgpendent on the nanowire dimensions.

We showed how the length of Ag NWs can be contdabig varying the concentration of
the AgCl nanocubes in Chapter 2. In this studysihe ranges for the shorter Ag NWs were 1-6
um and the size range for the longer Ag NWs wer® grih. A systematic study should be
performed varying Ag N@and AgCIl nanocube concentrations to try to achéemarrower size

range of final Ag NW lengths.

The average final diameters of the Ag NWs syntleskin this study were 70 nm,
independent of reaction temperature. The surfas®pmg strategy with the addition of excess
halide ions seems to be a promising route to cbtiteodiameter of the Ag NWs.Further
investigation needs to be done to determine effefdise different halide ions at varying

concentrations and temperatures on the final diarsetf the Ag NWs. The mechanism as to
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why the addition of a Cion, only yields wires as thin as 55 nm is alsolear! The correct

timing of addition of the halide ion into the react mixture to minimize formation of junk
nanoparticles that are poor nucleants also nedols tovestigated. Subsequently, the adsorption
mechanism of the halide ion to the Ag NW surfacedseto be studied using surface adsorption
models. Some other methods of synthesizing Ag NSfia an 40 nm have been reported by
using PVP of various lengths simultaneously in 8o’ This method needs can also be adapted

to study ways of growing Ag NWs with diameters ldsan 40 nm.
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Appendix A

Additional Figures for Chapter 2
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Figure A2.1 The blue points are XRD data collected from sgatbed Ag NWs from a reaction
with low NaCl concentration and using ethylene glyicom Aldrich. Refinement of this pattern
performed using Powdercell 2%4jielded the calculated pattern represented byitigerlying
black curve and the volume percent of Ag (97.4%) AgCl (2.6%). Asterisks identify
reflections from AgCI.
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Figure A2.2 The blue points are XRD data collected from Ag §¥ynthesized from a reaction
with high NaCl concentration and using ethylenecglyrom Aldrich. Refinement of this
pattern performed using Powdercell2 vielded the calculated pattern represented by the
underlying black curve and the volume percent of(2418%) and AgCI (64.2%). Asterisks
identify reflections from AgCI.
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Figure A2.3 XRD patterns of Ag NWs from a reaction using IB&CI| concentration before (a)
and after (b) washing the Ag NWs with lBH. XRD patterns of AQNWSs from a reaction using
high NaCl concentration before (c) and after (dylwag the Ag NWs with NEOH. Asterisks
identify reflections from AgCI.
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Figure A2.4 The blue points are XRD data collected from therbgiuct lump obtained from a
reaction with low NaCl concentration and using &hg glycol from J. T. Baker. Refinement of
this pattern performed using Powdercell*2ylelded the calculated pattern represented by the
underlying black curve and the volume percent of(A96%) and AgCI (80.4%). Asterisks
identify reflections from AgCI.

85



Figure A2.5 SEM images of pentagonally twinned Ag NWs. Thdesbars are pum.
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Figure A2.6 SEM images oAg NWs a) before and b) after washing with ,OH. The scals
bars are lum.
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Image a) Image b)
Ag Cl Ag Cl

20.45 2.66 18.40 1.38

Weight
%
Atomic

% 4.69 1.97 450 1.03

Figure A2.7 Beam damage of a representative AgCl nanocutieiSEM. Image b) was taken
a few minutes after image a) was taken. Blue -SifiEl1) substrate, Red — Ag, Green — Cl.

The weight and atomic percentages in the table wiet@ned by energy-dispersive spectroscopy
(EDS) in the SEM. The low absolute values repoftedhg and Cl reflect that Si from the
substrate was the majority element detected by EDf scale bars areuin.
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Figure A2.8 Beam damage in pre-synthesized AgCl nanocubé®iSEM. a) The darkened
region was previously rastered with the e-beanrpoi@ollecting the expanded image. AgCl
nanocubes in the darkened regions have more Agemda them. b) A zoomed image of the

darkened region in part a. The scale bars ana.1
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Figure A2.9 SEM images from control reactions (using ethylelyea from Aldrich) a)
lacking any chloride additive, b) omitting the sedaddition of AgN(; 30 min after the start «
the reaction and c) starting the dropwise additibAgNO; 7 min after the staof the reaction.

The scale bar is im for a) and b) and 1um for c).
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Figure A2.10 SEM images from Ag NW synthesis reactions using Baker high purity
ethylene glycol with a) low NaCl concentration djchigh NaCl concentration. The scale t
are 10um.
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Appendix B

Additional Figures and Supporting Text for Chapter 3



Figure B3.1 Ag NWs nucleated from p-synthesized AgCI nanocubes (indicated by yel
arrows) at dime near initiation of wire growt® The AgCl nanocubes employed here w
larger (250500 nm) than those used in current study (100 &8}l
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Table B3.1 Final mean diameters and lengths recorded abwstemperatures.

Temperature °C)  Final mean diameters (um) Final mean lengths (um)

150 0.07821 14.62
160 0.06042 11.94
170 0.08076 11.37
180 0.06678 9.136
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Figure B3.2 *H-NMR spectrur from the reaction oéthylene glycol and concentrated nit
acid, with methylenehloride as an internal standédn dg-DMSO.
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Figure B3.3 SEM image of a Ag NW synthesis at 170 °C with adglgdolaldehyde dime
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M* + N _OH =— °§N+ + H,0
Ho” o HO Ké»H o
OH HK
cl l'
o)
o)
_4 + ll\ll + HECI
HO H o
i
N + Cl
SOH

Scheme B3.1Pathway for HN@oxidation of ethylene glycol to glycolaldehyde.
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Figure B3.4 SEM image of a reaction aliquot taken 39 min intpMW synthesis reaction (1!
°C) with added HN@
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B3.1 Calculation of Diffusion-Limited Rates and Exgrimental Reaction Rate$’

For the steady state diffusion of Aigns towards the growing Ag NW, the maximum diféus
controlled rate constarkp (Table B3.2) was calculated from eq B1. The ditbasof the larger
growing Ag NW is assumed to be negligible in congmar to the diffusion of the Agons in

solution.

kD = ZHNODAQ+(TAQ+ + T'Ag) (Bl)

Table B3.2Temperature dependant viscosity of ethylene glyeqgberimentally determined
reaction rates and rate constants and calculatedf&ncounter and diffusion controlled rate
constants.

Viscosity of fl?lffusmr; 4 D|ff?|3|c(|)n Ag” reduction

Temperature ethylene glycol Coefficient of Ag’, controlled rate rate constant k.
(°C) 10 kg sty Do constant,kp 107 g
(x107kgm™s)™ (109m2%s?)  (x10°Lmollsl (X 107S)
150 7.50 3.30 3.35 2.11
160 6.90 3.36 3.73 8.83
170 6.20 3.43 4.25 20.5
180 5.70 3.51 4,72 30.7

®The temperature-dependent viscosity of ethyleneoylywas extracted from Figure B3.11 by
fitting the viscosity vs. temperature grapto an exponential decay function.

In eq Bl,ry,+ and 1,4 are the radii of A(1.26 ) and Ag (1.44 &), Ny is the Avogadro’s
number,D, 4+ is the diffusion coefficient of Agions estimated from Stokes-Einstein equation,

eq B2 (see Table B3.2) which relates the diffusioefficient of a Ad ions to the viscosity of

ethylene glycol (Figure B3.11).

Dyg+ = (B2)

g 6T 4 g+ 1]
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Figure B3.11 Temperature-dependent viscosity of ethylene glselotted from Ref. 22 and
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In case of a diffusion-controlled process, theutiibn of Ag ions to the surface of the growing
Ag NW will be the rate-limiting step followed byfaster Ad reduction reaction on the surface
of the Ag NW. The rate of encounters of’Agns and Ag NWs was calculated using the

following rate law (Table B3.3).
Rate of Encounters kp [Ag*][Ag] (B3)

Table B3.3 Experimentally determined Ageduction rates and calculated diffusion-limited
rates corresponding to time when the reductionti@acs 50% completed.

Experimentally Calculated
Temperature T % (min) determined Ag’ diffusion-limited
(°C) reduction rates rates
(x 10°° M/s) (x 108 M/s)
150 75.6 7.46 1.67
160 54.0 29.5 1.58
170 27.6 66.6 1.53
180 21.6 80.8 1.24

Alternatively, following the formation of an encaen pair, in the activation-controlled limit, the

Ag’ reduction reaction at the surface of the Ag NW bl the rate-limiting step. A first order
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rate constank;, of Ag" reduction reaction was calculated from the sldp@elinear plot of
In([Ag*1/[Ag*]o) as a function of time (Figure B3.12, Table B3@jly the data points from the
steeply rising portion of the S-shaped curve (FegdiB) were used in Figure B3.12. The overall
rate law of the A§reduction reaction was calculated as follows (Ed&8.3).

Ag’ Reduction Rate &k [Ag’] (B4)

3.5

3.0 - o
E |
- 2.5 | l
e |
< 2.0- :
- ] : m 150 °C
+ 154 [+ ® 160°C J
2’ ] 170 °C
= 1.04 v 180°C -
5 J

0.5- o

0.0 - ]

L L] ¥ ] ¥ L) ]
4.0x10° 8.0x10° 1.2x10* 1.6x10*° 2.0x10*
Time (s)

Figure B3.12 Plot of In([AG]/[Ag ]o) as a function of time and temperature with linéits
using the data points from the steeply rising porof the S-shaped curves from Figure 3.3.
The Ad reduction rate was calculated to be ~13 ordersagfmtude slower than the rate of

diffusion of Ag" ions to the surface of the growing Ag NW as reedrih Table B3.3.

The activation energy of the Ageduction reaction was calculated from the Eyphag (Figure

B3.13). From thermodynamics the reaction rate @omgt can be expressed as,

b= Sten (Gr)ew () @9

Rearranging the above equation and taking logarghrhoth sides,

kh'\ _ _4H* | As*
(o) = =5+ (B6)
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Figure B3.13 Eyring Plot using experimentally determined redastants.

From the slope of the Eyring plot (Figure B3.18f enthalpy of activationH” was calculated

to be 138.5 kJ/mol. The entropy of activatib® was calculated from the y-intercept to be -11.2
kJ/mol. Using the\H” andAS’ values above, eq B7 was used to calculate theatictivenergy

of the Ad reduction reaction (138.6 kJ/mol at 423 K).

Ea=AH +RT (B7)
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B3.2 Predicting the Activation Energy for a Diffusbn-Controlled Process in Ethylene
Glycol®

The viscosity of ethylene glycol follows an Arrhasilike temperature dependence wheyésE
the activation energy for viscosity of ethyleneagliyandn, is a constant,

n(T) = noexp (,f—’;) (B8)

Using eq B8 and viscosity values for ethylene glytel00 K and 500 K from Figure B3.11, E
was calculated at 423 K to be 20.2 kJ/mol.

To calculate the expected activation energy foiffasion-controlled reaction &n ethylene
glycol at 423 K, the following derivation was used:

The maximum diffusion-limited rate constant for te@ute molecules A and B can be expressed
as follows,

kD = 27TNO(DA + DB)(T'A + TB) (Bg)

The diffusion coefficient of A and B are,

— _ksT . — _ksT_
A7 6nran "B T emnrpn (B10)
Substituting eq B8 into eq B10,
_ _kBT —En\ . _ kgT —Ey
Dy = 67T AT eXp(RT) i Dp = 6T €Xp (RT) (B11)
Substituting eq B11 into eq B9,
kgT —E kgT —E
kp = 2nNy(ry + 15) (67124770 exp (R—Tf’) + 67”‘;7]0 exp (R—Tn)> (B12)
Rearranging,
_ 2NokgT —Ey
kp = 222 exp (=2) (B13)
Taking logarithm on both sides and differentiatmg.t T,
de _ zNokB _ET]
? =dlin (3—770) + dll’l(T) + d (F) (814)

dkp _ 1, En
dr _T+ RT2 (B15)

The Arrhenius temperature dependence for diffusfasolute molecules with an activation
energy of diffusion Ecan be expressed as follows,
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k(T) = Aexp (=2) (B16)

Taking logarithm on both sides of and differentigtiv.r.t T,

dk _ “Ea
L =dinA+ d(22) (B17)
Rearranging,
dk _ Egq
- = 2 (B18)

Equating eq B15 and eq B18,

Eq 1 ET,

RT?2 T RT?2

(B19)
Rearranging,
Es=E +RT (B20)

Using the previously calculated value gf(8ee above), Fvas calculated to be 23.7 kJ/mol.
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B3.3

20.

21.

22.

23.
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