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Abstract

High-aspect ratio metal nanowires may be an alternative to carbon nanotubes
in the preparation of electrically conductive polymer nanocomposites. Metal
nanowire/polymer nanocomposites are promising materials for applications such as

electrostatic dissipation, electromagnetic interference, and electromagnetic shielding.

This thesis presents the synthesis of copper and silver nanowires on a large
scale using template-directed synthesis in porous aluminum oxide (PAO) templates.
The nanowires were synthesized by AC electrodeposition through the barrier layer at
the bottom of the pores in PAO. Copper nanowires were electrodeposited using
continuous sine waves and silver nanowires were electrodeposited using pulsed AC
square waves. The nanowires are harvested by dissolution of the PAO template in
NaOH(aq) solutions and dispersion in methanol using ultrasound. Liberation using
acidic solutions affects the diameter and dispersion of the nanowires. The
methodology is amenable to adaptation for the synthesis of other metals and
compound nanowires in gram quantities. The process yields Cu and Ag nanowires 25
nm in diameter and average aspect ratios (//d) between 50 and 70. The nanowires
were characterized by SEM, TEM, XRD, XPS, and TGA. Metal nanowires produced
by AC electrodeposition were polycrystalline. Some surface oxidation was observed
in Cu nanowires, and Ag nanowires were oxide-free. The nanowires were used for the
preparation and study of electrical and rheological properties of polymer

nanocomposites.
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Metal nanowire/polystyrene nanocomposites were prepared using two
methods: solution mixing and melt-mixing. The morphology of the nanowire/polymer
nanocomposites were characterized by SEM and TEM. The effects of the mixing
method, the concentration, and surface functionalization of Cu and Ag nanowires
with alkanethiols on the dispersion, and electrical and rheological properties of
polystyrene nanocomposites were studied. Low electrical percolation thresholds of
0.46 vol. % Cu and 0.51 vol. % Ag were obtained by solution mixing. Surface
functionalization of the nanowires with alkanethiols significantly improved the
dispersion of the nanowires in the nanocomposites. Percolated nanocomposites
showed changes of 10 and 11 orders of magnitude in the electrical resistivity relative
to the pristine polymer. The electrical resistivities of percolated (Cu or Ag)
nanowire/nanocomposites indicate their potential application in electrostatic

dissipation.
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CuNWs functionalized with (b) C4HoSH (c) CsH;7SH, and (d) C,sH37SH.

Figure 3.8. High resolution X-ray photoelectron spectra of (a) Cu 2p peak, (b) 111
Cu LsM,4sMy s Auger peak, (¢) O(1s) peak, and (d) S(2p) peak for (A) NaOH-
liberated CuNWs, and CuNWs functionalized with (B) C4HoSH (C) CgH7;SH
(D), and C;sH3;SH. Dotted lines indicate the binding energies according to

literature. '

Figure 3.9. XRD of CuNWs functionalized with (a) C4HoSH (b) CsH;SH, and 114
(c) CisH37SH. Standard powder patterns of (d) Cu (¢) Cu,O (f) CuO.

Figure 3.10. DSC of CuNWs functionalized with (a) C4HoSH (b) CsH7SH, and 117
(C) C18H37SH.

Figure 3.11. CPMAS ’C NMR spectra for CuNWs functionalized using (a) 119
C4H9SH (b) CgHwSH, and (C) C18H37SH.

Figure 3.12. Thermogravimetric analysis of (a) NaOH-liberated AgNWs and (b) 122
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AgNWs surface functionalized with CgH;7SH.

Figure 3.13. X-ray photoelectron spectra of AgNWs functionalized with 124
CgHi7SH. (a) Survey, and high resolution spectra of (b) Ag(3d) peak, (c)
Ag(MNN) Auger, and (d) S(2p) peak. Dashed lines indicate the binding
energies of Ag, Ag,0, and AgO according to literature.'®

Figure 3.14. Schematic representation of possible self-assembled structures 129
formed on CuNWs after surface modification with alkanethiols. (a) monolayer
on the nanowire surface and (b) self-assembled alkanethiolate copper complexes

that may be present in the multilayer.>*?’

Figure 4.1. Photographs of the two different probes used for measurement of 137
volume electrical resistivity of polymer nanocomposites. (a) Electrical
resistivity probe ETS-804B used along with a Keithley Electrometer 617; the
reflected image on the copper plate shows the inner disk and the ring of the
probe, (b) 6517A Keithley electrometer and 8009 Keithley resistivity test

fixture.

Figure 4.2. Backscattered SEM images for a freeze-fractured sample of a 140
CuNW/PS nanocomposite containing 4 vol. % CuNWs: (a) low magnification
image of a cross section showing agglomerates of unfunctionalized CuNWs and
(b) high magnification image of a cross section showing the presence of

dispersed nanowires in the polymer between the agglomerates.

Figure 4.3. Backscattered SEM images for a freeze-fractured sample of 144
Ci1s8H37S-CuNW/PS nanocomposite containing 4 vol. % CuNWs: (a) low
magnification image showing absence of CuNW agglomerates and (b) high
magnification irriage of a cross section showing good dispersion of

functionalized nanowires.
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Figure 4.4. Low magnification secondary (left) and backscattered (right) SEM 147
images of freeze-fractured samples of solution-processed CuNW/PS
nanocomposites containing different concentrations of CuNWs. The distribution

of CuNWs is shown across the thickness of the samples.

Figure 4.5. High magnification secondary (left) and backscattered (right) SEM 148
images of freeze-fractured samples of solution-processed CuNW/PS
nanocomposites containing different concentrations of CuNWs. The dispersion
of individual nanowires increases with Cu concentration. Surface features on

secondary images (left) are due to polymer fracture.

Figure 4.6. TEM images of CuNW/PS nanocomposite containing 1.0 vol. % 149
CuNWs.

Figure 4.7. Low magnification secondary and backscattered SEM images of 150
freeze-fractured samples of solution-processed AgNW/PS nanocomposites
containing different concentrations of AgNWs. The distribution of the

nanowires is shown across the thickness of the samples.

Figure 4.8. High magnification secondary and backscattered SEM images of 151
freeze-fractured samples of solution-processed AgNW/PS nanocomposites
containing different concentrations of AgNWs. Surface features on secondary

images (left) are due to polymer fracture.

Figure 4.9. TEM images of AgNW/PS nanocomposite containing 1.0 vol. % 151
AgNWs.

Figure 4.10. Volume electrical resistivity of polystyrene nanocomposites for 152

different concentrations of Cu and Ag nanowires. (a) CuNW/PS and (b)
AgNW/PS. Lines connect the average p,.
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Figure 4.11. (a) Electrical conductivity of CuNW/PS nanocomposites above the 154
electrical percolation threshold of copper nanowires, and (b) log-log plot of the
electrical conductivity as a function of (V' — Vc), where, Vc is the percolation
threshold = 0.46 vol. %. Critical exponent ¢ = 3.34. Line in (a) is a guide to the

eye and line in (b) corresponds to the linear least-square fit of the data.

Figure 4.12. (a) Electrical conductivity of Ag NW/PS nanocomposites above the 155
electrical percolation threshold of silver nanowires, and (b) log-log plot of the
electrical conductivity as a function of (¥ — Vec), where, Vc is the percolation
threshold = 0.51 vol. %. Critical exponent ¢ = 1.16. Line in (a) is a guide to the

eye and line in (b) corresponds to the linear least-square fit of the data.

Figure 4.13. Low magnification backscattered SEM images of solution 160
processed PS nanocomposites containing CgH;7S-CuNWs functionalized with
different concentrations of CgH;7SH: (a) 0.1 mM, (b) 1.0 mM, (c) 2.5 mM, and

(d) 5.0 mM. Bright domains indicate agglomerated copper nanowires.

Figure 4.14. High magnification backscattered SEM images of solution 161
processed PS nanocomposites containing CgH;7S-CuNWs functionalized with
different concentrations of CsH;7SH: (a) 0.1 mM, (b) 1.0 mM, (c) 2.5 mM, and

(d) 5.0 mM. Bright domains indicate individual copper nanowires.

Figure 4.15. Volume electrical resistivity of polystyrene nanocomposites for 162
different concentrations of (a) copper nanowires surface functionalized with
CsH7SH (b) unfunctionalized copper nanowires. Lines connect the average p,

at each concentration.
Figure 4.16. SEM images of CgH;7S-AgNW/PS nanocomposites prepared by 166

solution casting-hot molding show the break up of silver nanowires into

nanospheres.
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Figure 4.17. Backscattered SEM images of CsH;7S-AgNW/PS nanocomposites. 167
(a) PS nanocomposite film obtained after solution casting and solvent
evaporation, showing no fragmentation of CgH;7S-AgNWs and (b) PS
Nanocomposite after hot molding showing the break-up of CgH;7;S-AgNWs

after hot molding.

Figure 4.18. Backscattered SEM images of freeze-fractured samples of CgHy;S- 168
AgNW/PS nanocomposites prepared by solution casting-melt mixing showing

silver nanowires and silver nanospheres formed from fragmentation of CsH;S-

AgNWs.

Figure 4.19.Several magnification SEM images of a freeze-fractured sample of 169
CsH7S-AgN'W/PS nanocomposite (1.0 vol. % Ag) prepared by solution casting-
melt mixing-hot molding showing dispersion and significant break-up of silver
nanowires. (a, ¢, e) Secondary electron SEM images, (b, d, f) Backscattered

electron SEM images.

Figure 4.20. Rheological characterization of solution-processed CuNW/PS 171
nanocomposites at 200 °C. Complex viscosity (|n*|), storage modulus (G’), and
loss modulus (G”) as a function of: (a,c,e) frequency and (b,d,f) concentration of

CuNWs, at several frequencies. Lines are guides to the eye.

Figure 4.21. Storage modulus (G’) as a function of the loss modulus (G”) of 174
solution-processed CuNW/PS nanocomposites. (a) Low concentrations of
CuNWs (0.25-1.0 vol. %) and (b) high concentrations of CaNWs (2.0-4.0 vol.
%). The change in G’ vs G” curve between 0.5 and 1.0 vol. % indicates the

formation of a polymer-nanowire network. Lines are guides to the eye.

Figure 4.22. Phase angle (6) as a function of the absolute value of the complex 175
modulus (van Gurp-Palmen Plot) of solution-processed CuNW/PS
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nanocomposites. Lines are guides to the eye.

Figure 4.23. Storage modulus (G’) of CuNW/PS nanocomposites over G’ of 175
pure PS at 0.1 rad/s as a function of the CuNW concentration up to 2.0 vol. %.
The change in G’ cunw/ps/G'ps observed for concentrations of 0.5 - 1.0 vol. % Cu

indicates formation of a polymer-nanowire network. Line is a guide to the eye.

Figure 4.24. Rheological characterization of solution-processed CgH;;S- 177
CuNW/PS nanocomposites at 200 °C. Complex viscosity (|n*|), storage
modulus (G’), and loss modulus (G”) as a function of: (a,c,e) frequency and
(b,d,f) concentration of CgH;7S-CuNWs, at several frequencies. Lines are guides

to the eye.

Figure 4.25. Storage modulus (G’) as a function of the loss modulus (G”) of 180
solution-processed CgH;7S-CuNW/PS nanocomposites. (a) Low concentrations

of CgH;7S-CuNWs (0.1 - 0.5 vol. %) and (b) high concentrations of CgH;;S-
CuNWs (1.0 - 4.0 vol. %). Lines are guides to the eye.

Figure 4.26. Phase angle as a function of the absolute value of the complex 181
modulus (van Gurp-Palmen Plot) of solution-processed CgH;;S-CuNW/PS

nanocomposites. Lines are guides to the eye.

Figure 4.27. Storage modulus (G”) of CgH;7S-CuNW/PS nanocomposites over 181
G’ of pure PS at 0.1 rad/s as a function of the CgH;7S-CuNW concentration up
to 2.0 vol. %. The change in G’cgui7-scunwps/G'ps observed for concentrations
of 1.0 - 2.0 vol. % Cu indicates formation of a polymer-nanowire network. The
data of CuNW/PS is included for comparison purposes. Lines are guides to the

eye.
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Figure 4.28. Rheological characterization of solution-processed AgNW/PS 184
nanocomposites at 200 °C. Complex viscosity (|n*|), storage modulus (G’), and
loss modulus (G”) as a function of: (a,c,e) frequency and (b,d,f) concentration of

AgNW, at several frequencies. Lines are guides to the eye.

Figure 4.29 .Phase angle as a function of the absolute value of the complex 185
modulus (van Gurp-Palmen Plot) of solution-processed AgNW/PS

nanocomposites. Lines are guides to the eye.

Figure 4.30. Storage modulus (G’) as a function of the loss modulus (G”) of 186
solution-processed AgNW/PS nanocomposites. (a) Low concentrations of
AgNWs (0.25-0.75 vol. %) and (b) high concentrations of AgNWs (1.0-4.0 vol.
%). The change in G’ vs G” curve between 1.0 and 2.0 vol. % indicates the

formation of a polymer-nanowire network. Lines are guides to the eye.

Figure 4.31. Storage modulus (G’) of AgNW/PS nanocomposites over G’ of 186
pure PS at 0.1 rad/s as a function of the AgNW concentration up to 2.0 vol. %.
The change in G’ agnwips/G'ps Observed for concentrations of 1.0 — 2.0 vol. %
AgNW indicates the formation of a polymer-nanowire network. The data of

CuNW/PS is included for comparison purposes. Lines are guides to the eye.

Figure 4.32. Schematic representation of the microstructure of metal 190
nanowire/polymer nanocomposites containing individual and agglomerate
nanowires. (a) At the electrical percolation threshold, electrically conductive
networks of nanowires are established, but polymer chains between
agglomerates dominate the rheological behavior. (b) At the rheological
percolation threshold, the mechanical behavior of the polymer chains is

restricted by the nanowires.
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Figure 5.1. Photograph of the Alberta Polymer Asymmetric Minimixer 205
(APAM).!?

Figure 5.2. Backscattered electron SEM images of polystyrene nanocomposites 208
containing 4 vol. % CuNW. Bright domains correspond to copper nanowires
dispersed in the polymer matrix. PS nanocomposites containing (a,b)
unfunctionalized nanowires, (¢,d) CgH;7S-CuNW, and (e,f) C4HoS-CuNW. The
images show the enhancement of dispersion of copper nanowires using surface

modification with CgH;7SH and C4HoSH.

Figure 5.3. Complex viscosity (|n*|), storage modulus (G’) and loss modulus 210
(G”) of CuNW/polystyrene nanocomposites prepared by melt mixing in an
APAM as a function of (a, c, e) frequency and (b, d, f) concentration of

unfunctionalized Cu nanowires. Lines are guides to the eye.

Figure 5.4. Complex viscosity (|n*|), storage modulus (G’) and loss modulus of 212
CgH17S-CuNW/polystyrene nanocomposites prepared by melt mixing in an
APAM as a function of (a, ¢, e) frequency and (b, d, f) concentration of copper

nanowires. Lines are guides to the eye.

Figure 5.5. Complex viscosity (|n*|), storage modulus (G ") and loss modulus of 216
C4HoS-CuNW/polystyrene nanocomposites prepared by melt mixing in an
APAM as a function of (a,c,e) frequency and (b,d,f) concentration of copper

nanowires. Lines are guides to the eye.

Figure 5.6. Storage modulus (G’) versus loss modulus (G”) and phase angle 219
versus complex modulus for PS nanocomposites prepared by melt mixing in an
APAM (a, b) using unfunctionalized CuNW, (c, d) CgH;;S-CuNW, and (e, f)
C4HoS-CuNW. Lines are guides to the eye.
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Figure 5.7. Volume electrical resistivity of polystyrene nanocomposites 221
prepared by melt mixing using different concentrations of (a) unfunctionalized
copper nanowires and copper nanowires functionalized with (b) C4HoSH, and

(c) CsH17SH. Lines are guides to the eye.
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List of Abbreviations and Symbols

Abbreviations

AC Alternate current

AFM Atomic force microscopy

BE Binding energy, eV

CP Cross polarization

DC Direct current

DSC Differential scanning calorimetry
ESD Electrostatic dissipation

EMI Electromagnetic interference

fce Faced-centered cubic lattice

HRTEM High resolution transmission electron microscopy
MAS Magic angle spinning

MI Melt index

MIM Metal-insulator-metal junction

MWNT  Multi-walled carbon nanotube

NMR Nuclear magnetic resonance

NwW Nanowire

o.d. Outer diameter

i.d. Inner diameter

PAO Porous aluminum oxide
PS Polystyrene
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SAM Self-assembled monolayer

SAED  Selected-area electron diffraction

SEM Scanning electron microscopy

SERS Surface enhanced Raman spectroscopy
STM Scanning tunneling microscopy

SWNT  Single-walled carbon nanotube

TEM Transmission electron microscopy
TGA Thermogravimetric analysis
XPS X-ray photoelectron spectroscopy

XRD X-ray diffraction

Symbols

G* Complex dynamic modulus, Pa
G’ Storage modulus, Pa

G" Loss modulus, Pa

Los Root mean square current

M, Average molecular weight, g/mol
R, Volume resistance, Q

t Average thickness of specimens
t Critical exponent of percolation theory
tp1 Barrier layer thickness, nm

T, Glass transition temperature, °C
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Va Anodization voltage

Vbe Direct current voltage

Ve Percolation threshold, vol. %

Ve Volume fraction of filler

Vo Peak voltage

Vems Root mean square voltage

Greek letters

0 Phase angle, °©

n* Complex viscosity, Pa‘s

n' Dynamic viscosity, Pa's

n” Out-of-phase viscosity, Pa‘s

y* Complex strain

oy Volume electrical resistivity, -cm
o, Volume electrical conductivity, S«cm™
T* Complex stress, Pa

w Angular frequency, s
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Chapter 1

Introduction

In this dissertation, the synthesis of metal nanowires by AC electrodeposition
in porous alumina templates, and the study of the electrical and rheological properties
of metal nanowire/polymer nanocomposites are presented. This chapter provides an
overview to the diverse background related to the development of this work;
specifically, the synthesis and applications of metal nanowires, porous alumina
templates, and metal/polymer nanocomposites. The motivation for this work and the

organization of the thesis are presented at the end of the chapter.

1.1 Synthesis and applications of metal nanowires

Since the development of microscopy techniques such as electron microscopy
(SEM and TEM), and, more recently, atomic force microscopy (AFM), and scanning
tunneling microscopy (STM), the knowledge of the morphology, structure, and
properties of nanostructures or nanostructure-based systems has evolved steadily.
New and controllable properties of matter with at least one dimension in the 1-100
nm regime, as well as more efficient processes and materials with outstanding
properties provided by the nanostructures are expected to revolutionize sectors such
as electronics, biotechnology, chemicals, medicine and therapy, energy, and polymer
science. This section presents an overview of the synthesis of 1D metal

nanostructures, with emphasis on Cu and Ag nanowires.
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The synthesis and characterization of nanowires, nanorods, nanobelts, and
nanotubes have been reported over the last three decades. Xia et al. provided an
extensive review of the synthesis, characterization, and applications of 1D-
nanostructures.’ Figure 1.1 shows schematic illustrations of the different strategies
that have been developed for the growth of these nanostructures.! These methods can
be divided into three categories: (1) anisotropic growth dictated by the
crystallographic structure of material, (2) template-directed synthesis, and (3)
kinetically-controlled growth mechanism by supersaturation or use of capping

reagents.

(b)

(e ®
i 9
*@Q 4] ,ﬁ?m

Figure 1.1. Different approaches utilized for the growth of 1D nanostructures reproduced
from Xia et al.' (a) Anisotropic growth, (b) confinement by a liquid droplet (c) template-
directed synthesis (d) surfactant-assisted kinetic control (€) self-assembly of 0D
nanostructures, and (f) size reduction of a 1D microstructure. Reproduced with permission

from Adv. Mater. 2003, 15, 5, 353-389, Copyright 2003, Wiley-VCH.
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In particular, syntheses of metal 1D-nanostructures have been developed
using two approaches: hard-template assisted synthesis, and soft-template assisted
synthesis (and its variations).>” In the hard-template method, the growth of the metal
nanostructure is confined between the walls of pores with diameters in the nano-
regime (Figure 1.1c). In the soft-template method, the growth of the metal
nanostructure may occur through chemical reduction from solution, usually in the
presence of surfactants or other substances that either inhibit the growth of certain
crystalline facets or alter transport of metal and reagents to certain crystalline facets,

favoring the preferential growth in one direction (Figure 1.1d).

1.1.1 Hard-template assisted synthesis of metal nanowires

Template-directed syntheses in the pores of porous aluminum oxide (PAO) or
track-etched polymer membranes have been widely used to produce uniformly sized
1D-nanostructures of many materials and composite structures. The first work in this
area was reported by Possin in 1970.* Nanowires of Sn, In, and Zn, 40 - 70 nm in
diameter and up to 15 pm in length, were produced by DC electrodeposition into
pores of mica membranes that were previously coated on one side with a metallic
contact. The membranes were produced by acid etching of tracks produced in mica by
highly charged nuclear particles using the method reported by Price and Walker in
1962 at General Electric.>® Other pioneering efforts in this arca were developed by
the groups of Giordano and Martin since 1984. Giordano and co-workers refined the
method of Possin to synthesize Au wires as small as 8 nm in diameter using track-

etched mica membranes.” Martin and co-workers reported the use of track-etched
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polymeric membranes first, and later the use of porous aluminum oxide templates for
the synthesis of different kinds of 1D nanostructures such as conductive polymers,
metals and semiconductors.’” Moskovits and collaborators contributed to these
developments with works that were initially related to the coloration of AL and later
evolved to the synthesis of metal nanostructures by AC electrodeposition in PAO

templates.’

The DC and AC electrodeposition of metals into PAO templates have been
investigated for decades. Liberation of the metal nanoparticles by dissolution of the
alumina has been used to produce small quantities (<1 mg) of metal nanoparticles or
metal nanowires whose fundamental properties and applications have been

investigated, notably by Gésele, Mallouk, Martin, Masuda, and Moskovits.

1.1.1.1 DC electrodeposition

The well-developed approach of DC electrodeposition of metals in polymer
or PAO template membranes affords control over the crystallinity of nanowires'?
and enables precise modulation of the composition along the length of the
nanowire.'” > Several steps are required to enable DC electrodeposition in polymer or
alumina membranes. First, one side of the membrane is coated with an electrical
contact by evaporation of a metal, usually Au or Ag (Ag is preferable), then a metal
contact is electrodeposited to facilitate contact to and manipulation of the electrode,

and finally, the electrode is immersed in an electrolyte and DC electrodeposition is

applied. The liberation of the nanostructures require the dissolution of Ag and
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alumina in solutions of HNOs(aq) and NaOH(aq), respectively, and subsequent

. . . 9,24
rinsing and purification.

Several of the studies of DC electrodeposition have been developed using
alumina membranes that are commercially available for filtration applications.”*"
The membranes contain poorly ordered pores and the pore diameters vary as a
consequence of the low ordering; therefore, a wide distribution of nanowire diameters
can be obtained. The use of self-ordered PAO templates for DC electrodeposition is
enables production of monodisperse nanostructures. However, DC electrodeposition
in PAO templates attached to the Al substrate is prevented by the capacitance of the
so-called alumina barrier layer that separates the Al and the bottom of the pores (the
structure and growth of the PAO templates are presented in section 1.2). High
voltages are required for tunneling of the electrons through the barrier layer and
uniform deposition cannot be obtained.2’ Thus, if nanowires are to be synthesized by
DC electrodeposition into ordered PAO templates instead of using the commercially
available membranes, two additional steps are required. The membrane must be
removed from the Al substrate by dissolution in HgCl,(aq) or CuCl(aq) solutions and
the pores opened by removal of the barrier layer by etching in H3POu(aq).2%*
Subsequently, the electrically conductive contact of Au or Ag must be sputtered
and/or electrodeposited on one side of the membrane to enable DC electrodeposition.

A schematic representation of the steps involved in the synthesis of nanowires by DC

electrodeposition into PAO templates is presented in Figure 1.2.
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Coating of electrode edges
and back-side i

DC Electrodeposition

Figure 1.2. Schematic representation of the synthesis of nanowires in PAO templates using

DC electrodeposition.

Other strategies have been tested to enable DC electrodeposition into PAO
templates. For example, Gosele and co-workers reported the synthesis of Ag
nanowires in 30 um deep templates by DC electrodeposition after thinning of the
barrier layer to ~ 1 nm by slowly reducing the anodization voltage to 1 V.2 However,
the barrier layer thinning is time-consuming and uniform barrier layers over large Al
areas might be difficult to obtain. For instance, when the barrier layer is too thin,

large portions of the alumina membrane can peel off of the Al after applying the
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voltage for DC electrodeposition of the nanostructures.” In another approach to
enable DC electrodeposition, Stacy and collaborators produced Ag/Al electrodes by
mechanical polishing of Al foils, chemical treatment of the thermal oxide, and
sputtering of Ag in one side of the foil to enable electrical contact.>’ The uncoated
side of the Al electrode is then mechanically polished and anodized to produce the
PAO template. The barrier layer is removed by soaking the electrode for 1 to 2 hours
in 1M HNO; facilitating contact to the Ag and enabling DC electrodeposition.”® In
this approach, several steps are required for the preparation of adequate electrodes. In
addition, uniform anodization of the Al foil until it reaches the Ag contact may be
difficult to attain in electrodes with areas on the order of several m*. In summary, the
multiple processing steps required to produce the rather fragile free-standing PAO
membranes and then to prepare electrodes suitable for DC electrodeposition may
prevent this method from being used to produce metal nanowires in sufficient

quantity for many potential applications.

1.1.1.2 AC electrodeposition

Although the high resistance of the barrier layer at the bottom of the pores of
PAO templates attached to the Al substrate prevents DC electrodeposition, the
rectification properties of the barrier layer enable the electrodeposition of
nanostructures using AC signals (voltage or current).”>?**'* This is because Al is a
valve metal and its oxide conducts current preferentially in the cathodic direction.
This characteristic of the barrier layer enables the reduction of the metals at the

bottom of the pores of the PAO/ALI electrode when it is biased as the cathode during
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the negative pulse of the AC signal, without allowing the oxidation (i.e. redissolution)
of the metal when it is biased as the anode during the positive pulse of the AC signal.
The thickness of the barrier layer in PAO templates is dependent on the anodization
voltage at which Al is anodized, V, (t;; = 1.2 nm/V X Va),41 and high AC voltages
might be required for tunneling of the electrons through the thick barrier layer under
AC electrodeposition conditions. This is particularly important for PAO templates
produced by anodization of Al in oxalic and phosphoric acid solutions (e.g.
anodizations typically require 40 Vpc or 195 Vpe, respectively).42 However, the
voltage dependence of the barrier layer thickness facilitates the thinning of the barrier
layer to thicknesses that are suitable for AC electrodeposition, by turning down the
voltage at the end of the anodization. As mentioned previously, prolonged thinning of
the barrier layer may cause the PAO to peel off of the Al substrate. Typically, the
final voltage after barrier layer thinning is turned down to 6 V¢ to prevent damage of
the templates during the electrodeposition.”’ Figure 1.3 shows a schematic
representation of the steps involved in the preparation of the PAO templates for AC
electrodeposition. The use of AC electrodeposition enables use of both faces of the Al
electrodes for electrodeposition and more efficient use of the Al In addition, the
mechanical strength of thick Al plates facilitates handling of large area electrodes
between the different baths required for anodization, electrodeposition and liberation
of the nanostructures. The preparation of PAO templates for AC electrodeposition is

simpler and less infrastructure intensive than that required for DC electrodeposition.
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Figure 1.3. Schematic representation of the synthesis of nanowires in PAO templates using

AC electrodeposition.

The less developed approach of AC electrodeposition into PAO templates
through the resistive, rectifying barrier layer, without separation from the Al substrate
affords good quality filling of the pores with single metals, if optimized
electrodeposition conditions are used. 2*2'"**Typical variables that influence the
efficiency of AC electrodeposition are: voltage, frequency, AC waveform,
25,29,31-40

composition of the electrolyte (solvent, concentrations, pH), and temperature.

Different AC waves (voltage or current controlled), more particularly sinusoidal and
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square waves in continuous or pulsed forms have demonstrated efficient pore
filling.>***° High uniformity of deposition has been demonstrated by using current-
controlled deposition sequences.”>* For instance, Gosele and collaborators proposed
the concept of pulsed electrodeposition as a means of compensation for the slow
thermal diffusion of the ions in the pores of PAO templates and minimization of
hydrogen evolution. The electrochemical evolution of hydrogen gas may become
dominant when the concentration of ions at the bottom of the pores is significantly
reduced by every cathodic pulse of the AC wave. In pulsed AC electrodeposition, an
appropriate delay time between pulses is introduced in order to maintain high
concentrations of ions at the bottom of the pores during the electrodeposition, leading

to uniform nanowire growth.>

It is technically feasible to produce kg quantities of metal nanowires using the
AC electrodeposition process, as the anodization and electrodeposition processes are
fundamentally similar to the Anolok® process (a trademark of Alcan International
Ltd.) that is used to anodize and then colorize, by metal deposition, large Al pieces (7
m x 1.8 m) for architectural applications (http://www.hmfltd.co.uk). However, large
scale production of nanowires using template-directed synthesis has not been

demonstrated, until the development of the present work.

Copper nanowires (CuNWs) and silver nanowires (AgNWs) have been

synthesized in hard templates such as track etched polycarbonate (PC) or porous

aluminum oxide (PAO) using electroless deposition,* DC electrodeposition, ***’

10

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.


http://www.hmfltd.co.uk

and AC electrodeposition.”®* Poly- or single crystalline nanowires result from tuning
of the electrodeposition potential.3 However, single crystal Cu and Ag nanowires can
be grown only when the pore diameter of the templates is less than 70 nm.” TEM
characterization of nanowires showed that single crystal CaNWs and AgNWs grow
epitaxially, preferentially along the [111] direction by a 2D nucleation growth
mechanism.'* In regard to aspect ratios, nanowires embedded in track etched PC and
PAO have been produced with diameters from 40 to 500 nm, with aspect ratios of up
to 500, which are determined by the dimensions of the template.zg’46 However, it is
expected that during the release process from the templates, the aspect ratio of the

nanowires may be reduced.

It is worth noting that one of the main advantages of template-directed
synthesis over other methods developed, including soft templates, is the possibility of
growing heterostructure nanowires. Two strategies can be used to produce
heterostructures using templates: alternately placing the electrode in different
electrolytes, and the use of different potentials for the preferential deposition of
different metals using a single electrolyte. These approaches have been demonstrated

for Au-Sn-Au nanowires and Au-Pd nanorods by Mallouk and co-workers.>****

1.1.2  Soft-template assisted synthesis of metal nanowires
An overview of methods developed for the synthesis of copper and silver
nanowires using the soft-template method or variations of this method is presented

below.

11
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CuNWs have been produced by direct reduction of copper ions from aqueous
solutions. Recently, single crystalline CuNWs several tens of micrometers in
length and 90 - 120 nm in diameter were obtained by reduction of Cu**(aq) ions in a
basic solution containing hydrazine (N;H;) and ethylenediamine (EDA, C,HgN,).*®
CuNWs of similar dimensions were obtained by reduction of the complex Cu'-
glycerol (Cu(C3Hs03)) in a basic solution, with the assistance of surfactant sodium
dodecyl benzenesulfonate (SDBS). However, the mechanisms of CaNW growth, and
the role of EDA and SDBS are still unclear, but it is believed that they direct the
nanowire growth by preferential adsorption on certain crystallographic facets, and by
preventing agglomeration of the nanoparticles during the initial stages of nanowire
formation. It is worth noting that the presence of a 1-2 nm copper oxide layer was

evident from HRTEM analysis of individual nanowires produced by this route.*’

AgNWs have been produced from different methods of synthesis in solution;
for example, reduction of AgNOs; in ethylene glycol solutions containing poly(vinyl

%0-% synthesis in aqueous solutions in the presence or absence of seeds

pyrrolidone),
and surfactants,”*® hydrothermal synthesis using glucose as the reducing agent,” and
microwave assisted synthesis.** The nanowires usually have to be separated from
nanoparticles that remain after reaction. In regard to AgNW monodispersity and
aspect ratios, AgNWs produced by the polyol process were 30 - 40 nm in diameter
and 1 - 50 pm in length (25 - 1666 aspect ratios).”>* Recently, Murphy and

collaborators have obtained Ag nanowires 35 nm in diameter and up to 12 um in

length.? In addition, AgNWs produced from solution methods were reported as single
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and twinned crystals. Progress in elucidating the growth mechanisms of silver
nanowires and nanorods has recently been made.>® For instance, the growth of
AgNWs by the polyol process occurs through an initial step of homogeneous (i.e.
from solution) and heterogeneous (i.e. onto Pt or Ag seeds) reduction of Ag,
producing a bimodal distribution of nanoparticles, and a second step in which the
larger particles grow at the expense of the smaller ones through the Ostwald ripening
process. However, greater understanding is still required to rationally design
syntheses of other nanostructures through templateless and seedless solution growth

processes.

1.1.3 Other syntheses of metal nanowires

Other alternatives have been developed for the synthesis of metal nanowires,
including vacuum deposition,” chemical vapor deposition,” and vapor-solid reaction
growth.% Although important for fundamental studies, these alternatives do not seem
to be promising for large-scale production of metal nanowires compared to the less
expensive and less infrastructure intensive template-directed syntheses using hard or

soft templates.

1.1.4 Surface functionalization of metal nanowires

To fully exploit the properties of nanostructures in different applications,
control of their surface chemistry is required. Therefore, studies related to
applications of nanoparticles are usually accompanied by surface modification steps

that enable enhanced interaction of their surfaces with their environment or vice versa
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(i.e. a decrease or increase in the interfacial tension). The spontaneous chemisorption
of organic molecules by specific interaction of a functional group (i.e. head group)
with surficial atoms on metal, metal oxide, and semiconductor surfaces results in the
formation of self-assembled monolayers (SAMs)."** SAMs facilitate tailoring the
interaction of surfaces with their environment, enabling control of wetting, reactivity,
aggregation, and dispersion. The current development and understanding of SAMs on
2D-surfaces may be applied to the surface modification of metal nanowires. In the
particular case of metal and metal oxides, there is a plethora of studies related to the
chemical modification of their surfaces by SAMs of different chemical entities such
as thiols, disulfides, dialkyl disulfides, carboxylic acids, nitriles, and ammines (see
review by Love et al.).** However, SAMs of alkanethiols have been more widely

studied given the high affinity of the S atoms for metals such as Au, Ag, and Cu.%’

The pioneering work of Allara and Nuzzo on chemisorption of bifunctional
organic disulfides on gold gave rise to a worldwide interest on the self-assembly of
organic compounds containing sulfur in the headgroup.® The self-assembly of
alkanethiols and their derivatives on metal surfaces was reviewed by Whitesides and
co-workers.* It is clear that although alkanethiol SAMs have been studied for more
than two decades, challenges still remain to fully understand the thermodynamic and

kinetic aspects of their formation, as well as for the development of new applications.

The structure and rate of formation of thiolate SAMs are mainly affected by

the following: solvent, temperature, concentration of adsorbate, immersion time,
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purity of the adsorbate, presence of oxygen at the surface or in solution, cleanliness of
the substrate, and structure of the adsorbate.”* For fundamental studies, the
reproducibility of the SAM structure is very important and the parameters for its
formation must be carefully considered. Due to its strong resistance to oxidation, Au
has been the preferred substrate for the study of the self-assembly of alkanethiols;
fewer efforts have been devoted to self-assembly on Ag and Cu surfaces. The next
sections present an overview to the studies of self-assembly of alkanethiols on these

metals.

1.1.4.1 The structure of SAMs of alkanethiols on Cu and Ag

The structures of self-assembled monolayers of alkanethiols on Cu and Ag
were studied by Laibinis et al.®® The self-assembly of alkanethiol monolayers on Cu
is more complex and sensitive to sample preparation than on Au or Ag; however,
alkanethiols may form densely packed SAMs on Cu if careful experimental
conditions are utilized.*®®” The structures of SAMs of alkanethiols on Ag and Cu
differ from those that form on Au. Figure 1.4 shows an illustration of the structures of
alkanethiols chemisorbed on 2D-surfaces of Ag and Cu that result when high quality
SAMs on Cu and Ag are obtained.® The alkyl chains adopt a semicrystalline
structure in which the chains are fully extended in the trans conformation. The tilt
angle (o, relative to the plane perpendicular to the surface) of the chains is ~ 12 °, and
the twist angle (B) that describes the chain/plane rotation is 45 °, which compares

with o = 28 ° and B = 53 °, for alkanethiol chains on Au (111) surfaces. Another

significant difference from SAMs on Au is that o is positive for an even number of
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methylene groups and is negative for an odd number of methylene groups of the

alkanethiol adsorbed on Cu or Ag.

> L
f \ n=even n=odd
- 1o o=12° o=-12°

77, /?/ //////% ////////// /

(a) (b)
Figure 1.4. (a) Illustration of a fully extended structure of a chemisorbed alkanethiol and the

coordinates typically used to define the orientations of the chain. (b) Illustration of the surface
structures formed by chemisorption of alkanethiols on Ag and Cu surfaces. Reprinted with
permission from J. Am. Chem. Soc., 1991, 113, 19, 7152-7167. Copyright 1991, American
Chemical Society.

1.1.4.2 The effect of surface oxidation on self-assembly of alkanethiols

Unlike Au surfaces, copper oxides are usually present on the surface of the Cu
substrates, affecting the self-assembly and structure of the thiol monolayers.
Rubinstein and co-workers demonstrated that high quality C;sH3;;SH-SAMs on
copper can be fabricated on sputter deposited and annealed Cu surfaces.®® The
surface roughness, the presence of oxides, and the solvent (ethanol or toluene)
significantly affected the quality of the SAMs formed on copper. These studies
indicate that the presence of oxides is detrimental to the formation of high quality

SAMs on copper.
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Keller et al. discussed the formation of self-assembled multilayers that
resulted from the reaction of oxidized copper surfaces with alkanethiols, and
promoted the build-up of self-assembled copper thiolate complexes (CuSR), which
crystallize at the surface.”® Their results agree with previous experimental
observations that indicated poor reproducibility of SAMs on copper due to surface
oxidation.®® Indeed, it is recognized that the structures of thiolates on copper remain
incompletely elucidated.** Studies of self-assembly of alkanethiols on pre-oxidized
Au surfaces have also demonstrated the effect of oxygen on the quality of the
monolayers and the possibility of formation of multilayers.®>’""”? Unfortunately, to
date these types of structures are not completely understood, but their formation may
be of more importance to the surface functionalization of 1D metal nanostructures,

which are more likely to suffer surface oxidation.

1.1.5 Applications and challenges of metal nanowires

1D metal nanostructures display a plethora of electrical, optical, chemical, and
magnetic properties with diverse applica‘cions.”'zo’23 77 The phenomenon of
electromagnetic field enhancement at the tip of metal nanowires suggest their
application for chemical sensing as in Surface Enhanced Raman Spectroscopy
(SERS).” For instance, rod-gap-rod nanostructures provided strong electric fields to
molecules localized in the gap, facilitating their detection by SERS. The response of
the resistivity of Au, Ag, and Pt nanowires to chemical species was used for the
development of sensors for ammonia,”® amines,*® and hydrogen,®' respectively. Metal

nanowires are being considered for plasmonics applications.®* Some other potential
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applications of metal nanowires are in catalysis and surface enhanced fluorescence;
however, literature related to these applications is scarce. Biological applications of
metal nanowires have also been considered. For instance, gene delivery was
demonstrated with Ni-Au nanorods 100 nm in diameter that were internalized into
cells to deliver the gene directly to their nucleus.”® In other studies, the strong
absorption of near-infrared radiation by Au nanorods caused a local increase in
temperature, which was utilized to killed cancer cells in cell cultures.® It is believed
that high aspect ratio metal nanowires may be used to form electrically conductive
networks at low concentrations in polymeric nanocomposites, which can be utilized
in electrostatic  dissipation, electromagnetic shielding, and electromagnetic

interference applications.®*®’

Although numerous efforts have been devoted to the synthesis and
characterization of nanowires, it is rare to find yields of metal nanowires in the
literature. This might be due to the general interest in discovering new strategies for
their synthesis and developing fundamental studies related to the properties of these
nanostructures, but it may also be due to the small amounts and perhaps low yields
that have been obtained to date. Thus, one of the challenges is the synthesis of 1D
nanostructures is to demonstrate the scalability of the synthetic methods, opening the
door to the development of new studies that require grams or even kilograms of
material to be realized. Studies oriented in this direction will be well received by the
scientific and industrial communities in the coming years. This dissertation is a

contribution to that challenge.
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Some other challenges for future applications of 1D nanostructures are the
control of their chemical, thermal, and mechanical stability.' For instance, Rayleigh
instability (fragmentation) of CuNWs has been reported at lower temperatures than
the melting temperature of copper.®® Another challenge is their self-assembly into
complex structures or devices that may find application in photonics. Similarly, the
impact of nanostructures on environment and health deserves further scrutiny and

research.

1.2 Porous aluminum oxide (PAO) templates

Porous aluminum oxide templates have been studied for decades.**’ Initially,
work using disordered porous alumina was motivated by its importance for
strengthening and protection of Al surfaces against corrosion and for decoration of Al
surfaces. More recently, there has been growing interest in porous alumina, primarily
due to the development of membranes for filtration, sensing, magnetic, electronic,
and optoelectronic devices, and the synthesis of 1D nanostructures that can either be
left embedded in the template or released from the template for subsequent use.*® This
section presents an overview of the structure and recent developments in the

understanding and preparation of self-ordered porous aluminum oxide templates.

1.2.1 Structure of PAO templates
The structure of an ideal ordered porous aluminum oxide template is
presented in Figure 1.5. The anodization of aluminum in acidic solutions under

specific conditions results in a close-packed array of hexagonal cells containing
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nanopores parallel to each other and oriented perpendicularly to the Al surface. An
alumina barrier layer of a certain thickness is located adjacent to the Al surface. The
cell interspacing, pore diameters, and the barrier layer thickness are all proportional to
the anodization voltage.*' The diameters of the PAO pores are tunable from 4 to 400
nm depending on the anodization conditions, electrolyte, and post-growth etching.
The depth of the pores is dependent on the anodization time, and PAO with pore
depths as small as hundreds of nanometers and as great as hundred of micrometers

may be prepared.

Barrier layer __|
thickness

Figure 1.5. Structure of an ideal nanostructure of porous alumina template. Reproduced with
permission from J. Electrochem. Soc. 2001, 148, 4, B152-B156. Copyright 2001, The

Electrochemical Society.

The hexagonally ordered array of nanopores was first reported by Masuda.***!

In a study of anodization of Al in oxalic acid solutions, Masuda et al. found that self-
ordering of the pores could be accomplished under specific conditions using long
anodization times (i.e. 40 Vpc, 160 h, 0 °C). The technique was then extended to

anodization in sulfuric acid solutions, for which the nanostructure ordering required a
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lower voltage (25 V) than in oxalic acid solution.”® A two-step anodization process
was suggésted by Masuda and collaborators, indicating that selective removal of
porous alumina formed after one step anodization provided a structured Al surface
that favored the formation of ordered pores during a second anodization step.”* Some
additional studies of this aspect were later developed by Gésele and collaborators.”>**
Depending on the anodization conditions, the pore density can range from 6 x 10° to

5 x 10" pores cm™. Figure 1.6 shows a SEM image of a self-ordered PAO template

grown in sulfuric acid solution.

Figure 1.6. SEM image of a PAO surface obtained in sulfuric acid solution at 25 V, 12.5 h,
and 10 °C. Reproduced with permission from J. Electrochem. Soc. 1997, 144, 5, L127-L130.
Copyright 1997, The Electrochemical Society. '

1.2.2 Mechanism of pore growth and self-ordering of PAO templates

Several models have been developed to explain the mechanism of growth and
formation of porous alumina templates.*'*”*>® The most widely accepted model is
that of O'Sullivan, in which the growth of the pores is determined by the equilibria of

(1) oxide growth at the Al oxide/Al interface, and (2) the electrical field-enhanced
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oxide dissolution at the oxide/electrolyte interface.*! This implies the diffusion of o*
jons to the metal surface for the oxidation of Al, as well as the diffusion of AI** ions
through the barrier layer to the oxide/electrolyte interface and diffusion into the acidic
solution. The electric field assisted dissolution proceeds at a much faster rate than the
chemical dissolution of the oxide at the surface leading to the growth of the pores. In
addition, Joule heating of the solution at the bottom of the pores may also increase the
dissolution rate of the oxide at the bottom of the pores relative to the dissolution of

the film surface as a whole.

The model described by O'Sullivan®' does not explain the self-organization of
pores attained using specific anodization conditions, as reported by Masuda. A
contribution of Gésele and co-workers proposed that the mechanical stress, associated
with a moderate volume expansion upon conversion of Al into AlLOs, causes
repulsive forces between neighboring pores, which leads to self-ordering of the pores
in hexagonal arrays. Given that pore growth rates change for different acidic
solutions, a moderate volume expansion requires specific voltages for different
electrolytes.”® In a subsequent work, it was demonstrated that self-ordering of PAO
templates requires a porosity of 10 %, which corresponds to a volume expansion (V 4
oxide/ V a1) of 1.2.2 Table 1.1 presents typical dimensions of pores and the porosity of

the templates when self-ordering of porous alumina is attained.
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Table 1.1. Typical dimensions of pores under conditions yielding self-ordered PAO

templates.*

Electrolyte Pore diameter Inner wall Interpore Porosity
(nm) thickness (nm)  distance (nm) (%)
H,S0,,25V,03M 24 7.2 66.3 12
(COOH),, 40 V,0.3 M 31 9.1 105 8
H;PO,4195V,0.1M 158.4 54 501 9

1.3 Metal/Polymer nanocomposites

The synthesis and characterization of polymer nanocomposites has recently
received significant attention due to the new and improved properties of these
materials in a wide range of potential applications (i.e. aerospace, catalysis, sensors,

97-99

and optical devices), produced by the synergy between macromolecules and

inorganic particles with at least one dimension in the nanometer regime.

Intense effort has been devoted to the study of physical blending of polymers
and nanofillers such as layered inorganic clays,loo'102 carbon black,'® vapour grown
carbon fibers (VGCF),'*!% and fullerene nanotubes.'®'!! In particular, significant
effort has been devoted to the study of electrical and mechanical properties of
polymer-matrix composites containing low volume fractions (0.1 - 5 vol. %) of multi-
and single-walled fullerene nanotubes (MWNT and SWNT, respectively). This is due
to the ability of high aspect-ratio conductive fillers to produce a percolated,
conducting network at much lower volume fractions than spherical carbon black or

metal nanoparticles, which enables the production of highly conductive or
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electrostatically dissipative composites without reduction of polymer processibility or

degradation of polymer properties.

Polymer nanocomposites containing high aspect-ratio conductive metal
| nanoparticles may be considered alternatives to carbon nanotube composites for use
in electrostatic  dissipatton (ESD), electromagnetic interference (EMI),
electromagnetic shielding, and other electronic applications, such as heat sinks

H2.113 Eor example, a few studies

requiring the good thermal conductivity of metals.
have been dedicated to the preparation and characterization of the properties of epoxy
filled with spherical silver nanoparticles for applications such as embedded

H4116 and  electromagnetic shielding.!'” Promising results have been

capacitors,
demonstrated. Nonetheless, polymer nanocomposites containing metal nanowires

have not been studied, likely due to the unavailability of these nanoparticles in gram

quantities.

1.3.1 Rheology of polymer nanocomposites

The knowledge of the viscoelastic properties of polymers are important to
determine their behavior under conditions of stress that are typically used by the
polymer industry. This section provides the reader a basic understanding of the
rheological parameters and rheological characterization of polymers, particularly
those concerning polymers containing fillers and their relation to the analysis of the

dispersion and the microstructure of polymer composites. For a complete review of

24

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



the fundamentals of rheology of filled polymers, the work by Shenoy is

8
recommended.'!

Rheology is the study of the response of materials to mechanical force. The
response may be irreversible flow, reversible elastic deformation or a combination of
both. Polymers are viscoelastic materials in the sense that they may show viscous or
elastic behavior in response to applied stress. Thus, both types of deformation must
be considered to explain their behavior. A viscous liquid is one in which an
irreversible deformation occurs after stress is applied. In this case, the energy is
dissipated as heat. An elastic solid is a solid for which a reversible deformation

occurs after stress is applied; in this case energy is stored and is recoverable.

As the rheological behavior of viscoelastic materials is hard to visualize,
several mechanical models have been employed to understand it. For instance, a
Newtonian fluid (one for which the viscosity is independent of the shear rate, i.e. rate
of deformation) can be represented by a dashpot, which is a piston operating on a
cylinder containing the fluid. The dashpot represents the dissipation of energy as heat,
which occurs in viscous liquids. Similarly, a Hookean solid is represented by a spring
that represents the energy storage ability of elastic materials. Mechanical models
made by a combination of dashpots and springs have been proposed for the study,
modeling and understanding of the response of viscoelastic materials to applied
stress. However, it is worth noting that none of these models can represent the

dynamic behavior of polymers in a full range of conditions, given that a viscoelastic
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material may behave as a viscous liquid or an elastic solid, depending on the time
required for the system to respond to a certain stress or deformation used during the

rheological measurement.

In the dynamic rheological analysis of a polymer, a cyclic stress is applied and
the response of the system is studied. The dynamic behavior of a viscoelastic material
is analyzed by complex variables that represent stress and strain. The variables are
vectors in the complex planes:' '

T* =17, (1.1)
¥ =y, @D (1.2)

where, 7 * is the complex stress, y * is the complex strain, @ is the angular frequency

(w=27f), 6 is the phase angle, and i = V=1. The complex stress and strain can be
written into real and imaginary components.

*=17'+ig" (1.3)

yE=y'+iy" (1.4)

The shear modulus (ratio of stress to strain), can be also represented by a

complex variable, G*, known as the dynamic modulus:

Gr=c*/y* (1.5)
or, written in real and imaginary components:

G* = G'+iG" (1.6)

where the magnitude is:

26

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



'G *i — (Gv)Z +(Gn)2 (17)

and,
G‘=|G*|cos5 (1.8)
G"=‘G *|sin5 (1.9)
G' 1s the storage modulus, and it is a measure of the elasticity. Thus, it is
associated with the energy stored in the material by elastic deformation. G’ is in phase
with the real components of 7* and ¥ *. On a macromolecular basis, G’ depends on
the contour arrangements that can occur within the time frame of the oscillatory
deformation. G” is the loss modulus, and it is a measure of the viscous energy

dissipation. On a macromolecular basis, G"” depends on the molecular arrangements

capable of dissipating energy within the time frame of the oscillatory deformation.

In addition, the analysis of the dynamic response of a viscoelastic material
leads to the complex dynamic viscosity, 7*:
n*=n'+in" (1.10)
n* is related to the complex modulus as shown below:

_G* (1.11)

*
n ;
|10

The dynamic response of polymers can be obtained by using a rotational

viscometer with a parallel disc configuration. The sample (e.g. polymer

nanocomposite) is located between two discs, the system is held at a temperature
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above the flow temperature of the polymer, and the stress is applied in a time-
dependent manner. The oscillatory rheometer registers the response of the specimen
to the applied stress and the frequency dependence of the viscoelastic properties (G,

G", n* and tand) can be characterized.

1.3.2 Rheological and electrical percolation

In the particular case of filled polymers, rheological characterization has been
used to demonstrate different degrees of dispersion and orientation of the
nanofiller.'%2!123 For constant processing variables, the rheological response of a
composite depends on factors such as the characteristics of the filler (size, aspect
ratio, and orientation), filler loading, polymer molecular weight, and the surface
tension between the polymer and filler.'"™ The rheology of a filled polymer at
different filler concentrations shows a transition from a rheological state dominated
by a polymer-polymer entangled network with liquid-like behavior (G’ o w?) to a
combined polymer-polymer and nanofiller-polymer network with solid-like behavior
(G’ e w); the concentration at which this transition occurs is known as the rheological
percolation threshold. ! 18121 1 electrically conductive nanofillers are utilized,
further increase in the concentration (i.e. beyond the rheological percolation
threshold) results in the formation of a nanofiller network that enhances the electrical
conductivity of the nanocomposite. The concentration at which the electrical
properties of the nanocomposite change from insulating to conductive is known as the
electrical percolation threshold. Figure 1.7 shows illustrations of polymer

nanocomposites with increasing concentrations of high-aspect ratio nanofiller (i.e.
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carbon nanotubes), and its relation to the rheological and electrical percolation

thresholds.!%%110:121

Pol
Vading close to that of the polymer.

5 Low nanotube concentration. The rheological
behavior is dominated by the polymer-
@orphous polymer networks. Electrical resistivity is

Nanotube bundle

The nanotube concentration reaches
rheological percolation (onset of solid-like
behavior) threshold. The rheological
behavior is dominated by the polymer-
polymer and polymer-nanofiller networks.

The nanotube concentration reaches the
electrical percolation threshold. The

’ rheological behavior shows solid-like
behavior, and the small distance between the

nanofiller particles induces electrical
conductivity.

Figure 1.7. Illustration of polymer-polymer, nanofiller-polymer, and nanofiller-nanofiller
networks of polymer nanocomposites with the increase in concentration of nanofiller.

Reprinted with permission from Macromolecules, 2004, 37, 24, 9048-9055. Copyright 2004,

American Chemical Society.

The response of the complex viscosity (7*) and modulus (G’ and G") as a
function of the frequency of applied stress of polymer nanocomposites provide useful
information about the internal structure. For instance, it is recognized that poor
dispersion of the nanofiller leads to rheological behavior similar to that of the pristine

108,121

polymer, and enhanced dispersion can be identified from the slope or the value

of the storage modulus at low frequencies.'”! Indeed, the rheological aspects of

nanocomposites continue to be an important and active area of research, given that
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new phenomena are expected from changing the size, distribution, aspect ratio and

surface chemistry of nanofillers dispersed into polymer matrixes.

Although several models have been developed for predicting and modeling
the behavior of physical properties of polymer composites, the percolation theory
continues being the preferred model.'**'® Thus, it has been used for predicting
percolation thresholds and modeling percolation behavior of properties such as
electrical conductivity and viscoelasticity of polymer composites beyond a critical
value of filler concentration.'”® Based on the percolation theory, the electrical
percolation threshold in polymer composites is generally determined assuming a
power law dependence of the conductivity relative to the concentration of the filler

determined by (1.12):
o, =0,V,-V) (1.12)
where, o, is the conductivity of the composite, o, is the conductivity of the filler, V;

is the volume fraction of the filler, V. is the percolation threshold, and ¢ is the critical
exponent, which is dependent on the dimensions of the lattice (1.6 for three
dimensional lattices).'** Equation 1.12 is valid only at concentrations above the
percolation threshold. The value of the percolation threshold can be between some
value close to 0 and that corresponding to a close packed arrangement of the filler
particles. In addition, the percolation threshold can be affected by variables such as
the filler size, aspect ratio, degree of dispersion, orientation (i.e. alignment), and

surface modification, and by the polymer viscosity and crystallinity, and by
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processing conditions. The interaction of these parameters makes the preparation of

polymer nanocomposites for specific applications a challenging task.

14 Motivation and overview of the thesis

Potential applications of 1D-nanostructures are still to be realized. One of the
main challenges is the synthesis of these nanoparticles on a large scale. An example
of the importance of the development of large-scale syntheses of nanoparticles is the
synthesis of carbon nanotubes. Large scale syntheses of these 1D-nanostructures have
been developed since the discovery of these materials by lijima."*’ Currently, carbon
nanotubes are available in kilogram quantities dispersed into polymeric materials,
such as those produced and distributed by Hyperion Catalyst (www.fibrils.com).
These nanocomposites find use in applications such as electrostatic painting and
electrostatic dissipation. The synthesis of metal 1D-nanostructures on a large scale is
still in its infancy, but progress in this area may be expected over the next years. The
scale-up of synthetic strategies is not a trivial task, and, as for any process, it requires
the ongoing involvement of the scientific and engineering community. Template
directed-synthesis provides a versatile route to the synthesis of 1D-nanostructures,
such as metals, semiconductors, and conductive polymers with exceptionally small
diameters and high aspect ratios. In addition, the use of templates and
electrodeposition enables the synthesis of heterostructures and alloys, which can be
difficult to attain by other strategies. Despite this versatility and the large number of

reports on template-directed synthesis of nanostructures, to our knowledge, no
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previous work has reported synthesis on a large scale. In fact, the yields and quality

of metal 1D-nanostructures are still generally not reported.

High aspect-ratio metal nanowires may enable the preparation of electrically
conductive polymer nanocomposites with low concentrations of the nanofiller. The
use of low concentrations of filler is beneficial by maintaining the processibility of
the polymer, while enhancing the electrical properties. Metal nanowires may be an
alternative to conventional fillers such as carbon black, or metal fibers and flakes, as
well as more modern nanofillers such as carbon nanofibers and carbon nanotubes.
One of the major potential applications of novel polymer nanocomposites is as
electrically conductive or dissipative packaging materials, for protecting electronic
devices from electrostatic discharge. Nonetheless, the application of metal nanowires
in the preparation of polymer nanocomposites has scarcely been studied, compared to
carbon nanotube- and carbon nanofiber-based composites. This work is a contribution
to the development of novel materials based on metal nanowire/polymer
nanocomposites, a challenging process that requires the synergy of materials science

and engineering.

The organization of this thesis is as follows: The second chapter presents the
synthesis of metal nanowires using AC electrodeposition into PAO templates. Gram
amounts of nanowires were produced after scaling up the synthesis using PAO
templates from 1 cm® to a set of electrodes with 4500 cm? of total Al surface. The

third chapter reports the surface modification of copper and silver nanowires prepared
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by AC electrodeposition. Alkanethiols were used for the chemical modification of the
nanowires, given their high affinity for Cu and Ag surfaces. The objective was to
decrease the aggregation of the nanowires after liberation from PAO templates, as
well as to enhance their dispersion in polymer nanocomposites. The fourth chapter
presents the results of the preparation and characterization of polymer
nanocomposites containing metal nanowires using solution processing. The
dispersion of the nanowires, and the electrical and rheological percolation of the
composites were studied. The fifth chapter presents the results of melt mixing of Cu
nanowire/polymer nanocomposites using an asymmetric minimixer. Although melt
mixing is the most widely utilized process for the polymer industry, obtaining good
dispersion of nanoparticles in a molten polymer is challenging. Polymer
nanocomposites were prepared with copper nanowires, with and without chemical
modification, and their dispersion and properties were compared to those of
nanocomposites produced by the solution method. The sixth chapter highlights the

conclusions and future work.
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Chapter 2
Multigram synthesis of copper and silver nanowires using

AC electrodeposition into porous aluminum oxide templates

2.1 Introduction

As mentioned previously in Chapter 1, template-directed synthesis using AC
electrodeposition through the barrier layer of porous aluminum oxide templates might
enable the synthesis of different 1D-nanostructures on a large scale. The use of AC
electrodeposition for the synthesis of metal nanowires in PAO templates has been
reported previously.'® The process of AC electrodeposition has been mainly
developed on an experimental basis, and it is known to be influenced by the
interaction of the electrolyte composition, temperature, and parameters of the AC
wave such as voltage (or current), frequency, and shape (continuous, pulsed,
sinusoidal, square, and triangular). However, to date the complex interactions
between the electrodeposition parameters, the structure of the barrier layer, and the
electrical behaviour of the aluminum-alumina-metal junctions during AC
electrodeposition is not completely understood. In an effort to optimize the AC
electrodeposition of metals, the Haber group studied how to increase the efficiency of
the pore-filling on the small scale using different electrodeposition conditions.”® This
work is aimed to extend those efforts to the synthesis and liberation of metal

nanowires from PAO templates on a large scale.
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In this chapter, the development of a scalable, versatile, bench-top electro-
synthesis of gram quantities of high-aspect ratio Cu nanowires is presented. The
nanowires are produced by AC electrodeposition into porous alumina templates.
Different procedures for liberation of the nanowires were studied, resulting in
nanostructures with different morphology and surface chemistry. With appropriate
modification of the electrodeposition conditions, the process described here might
be applied to the multigram synthesis of other nanostructures. Following this

approach, synthesis of silver nanowires using PAO templates was studied.

2.2 Experimental

2.2.1 Development of porous aluminum oxide templates (PAO) for multigram

synthesis of nanowires

In this section, the development of PAO templates for the synthesis of
copper nanowires is described. Initially, two different Al electrodes were prepared
using Al foils (100 um) and Al plates (1 mm thick). The experiments with Al foils
aimed to anodize the Al all the way through until reaching a Ag back contact that
would enable DC electrodeposition into PAO templates.9 However, experiments
realized with 1 cm® Al electrodes proved this route to be difficult to reproduce. In
addition, construction of the PAQO electrode required several steps, such as the
deposition of a back contact of Ag and attaching the Al/Ag electrode to an inert
substrate for support. Furthermore, scale-up of the template-directed synthesis of

nanowires would require increasing the electrode area to the point that handling
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the PAO/Ag electrodes would be impractical, given the brittle nature of the PAO

structures.

A second alternative for PAO template preparation using thicker Al
electrodes combined with AC electrodeposition was identified as more suitable for
scaling-up the synthesis of copper and other nanowire structures. By this route, Al
electrodes require fewer preparation steps than those reported in previous works
using DC electrodeposition.”'? In addition, anodization of both sides of the Al
foils would be possible, and the rugged thick Al plates would require only simple
handling through the processing steps. Slightly different processing conditions
were developed for 1 mm thick Al electrodes of different sizes, in order to
demonstrate and facilitate the synthesis of nanowires in gram quantities using

porous aluminum oxide templates.

2.2.1.1 Smaller-scale process for preparation of PAO templates

For the smaller-scale process, aluminum electrodes were prepared by
cutting Al plates (99.99+%, Alfa Aesar, 1 mm thick) into 5 cm x 11 cm pieces,
which were annealed at 500 °C in air for 24 h. The electrodes were etched in 60
°C, 1.0 M NaOH (aq) for 2 min, and both faces immediately electropolished in a 1
°C double walled, cooled cylindrical bath containing 500 mL of solution
consisting of a mixture of 115 mL of 70% perchloric acid, 90 mL of 2-

butoxyethanol, 600 mL of ethanol and 150 mL of water. Graphite foil (99%, Alfa
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Aesar, 1 mm thick) was used for the counter electrodes (one on each side of the
Al, 2 cm from and parallel to the Al face), with electrical contacts made using
copper alligator clips. Three pulses with a current density of 280 mA/cm?® and 15
s duration were applied with a 5 min period between pulses to allow the bath to

coolto 1 °C.

The electropolished electrodes were anodized following the two-step
process of Masuda.'? Five electrodes were anodized in parallel by immersing them
to a depth of 9.5 cm in 3.0 L of 0.3 M H,SO4 (aq) at 2 °C in a double walled,
chilled cylindrical bath, as shown in Figure 2.1. Each Al electrode was separated
by a counter electrode (6 counter electrodes in total) 1.5 cm from the face of each
Al plate. Materials used for counter electrodes were either 304 stainless steel
gauze (150 mesh, 0.066 mm dia., Fe:Cr:Ni; 70:19:11 wt. %) or 316 stainless steel
plates (1 mm thickness, Fe:Cr:Ni:Mo; 69:18:10:3 wt. %). Electrical contact was
again made by attaching an alligator clip to the top of each plate connected in
parallel to the positive terminal, while the 6 counter electrodes were connected in
parallel to the negative terminal of a Hewlett Packard 6024A DC power supply (0-
70 V and 0-12 A). The electrodes were first anodized at 25.0 V (producing a
current of 1.5 A) for 2 h, removed from the anodizing bath and the alumina film
removed by etching for 30 min in a 60 °C mixture of 0.20 M H,CrO4 and 0.60 M
H3;PO,, followed by reanodization in the H,SO4 electrolyte for 4, 6, or 8 h,
producing pores ~ 25 nm in diameter and 18, 27, or 36 um deep, respectively. At

the completion of the second anodization the barrier layer thickness was reduced
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by decreasing the voltage in 2 V increments every 2 min until 15 V was reached,
then in 1 V increments every 1 min until 9 V was reached, which potential was
held for 5 min and then the power supply was turned off. The electrodes were

soaked in deionized water for 5 min and then dried with compressed air.

Figure 2.1. Photograph of a double-walled 3 liter anodization bath containing five Al
electrodes 5 cm wide X 11 cm high x 1 mm thick interdigitated with stainless steel counter

electrodes (Smaller-scale process).

2.2.1.2 Larger-scale process for preparation of PAO templates

For the larger-scale process, electrodes were prepared by cutting Al plate
(99.99+%, Alfa Aesar, 1 mm thick) into 10 cm x 25 cm pieces, which were

neither annealed nor electropolished, but instead chemically polished before their
first use. To chemically polish the electrodes, they were individually immersed for
3 min in a bath at 80-85 °C consisting of 4 L of a mixture in the ratio of 784 ml of

85% H3PO4, 98 mL of HNOj conc., 40 g of NaNOs, and 118 mL of H,O (caution:
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this bath evolves NO,).!* They were anodized following a two-step process
similar to that described above, in an anodization tank composed of 0.75 inch
thick plexiglass walls, containing 30 L of 0.30 M H,SO4 (Fig. 2.2). Each Al
electrode was separated by graphite foil (1 mm thick, Alfa Aesar, 97%) or 316
stainless steel counter electrodes (10.6 cm x 25 cm, 11 counter electrodes in total)
2.0 cm from the face of each Al plate. Electrical contact was again made by
attaching an alligator clip to the top of each plate connected in parallel to the
positive terminal, while the 11 counter electrodes were connected in parallel to the
negative terminal, of a Lambda LK-351-FM power supply (0-40 V and 0-30 A).
The two-step anodization process at 25.0 V and barrier layer thinning procedure

described for the smaller-scale process was used.

The temperature was controlled by a combination of circulating the acid
mixture through a heat-exchange coil immersed in a cooling bath using a
peristaltic pump and by circulating cooling fluid through glass radiators immersed
on both sides of the anodizing tank. Maintaining the bath at 0-4 °C is critical to
maintaining a constant anodization current. If the bath heats up to above 4 °C the
chemical etch rate at the pore bottom increases, reducing the barrier layer
thickness, enabling the anodization current to increase and producing a run-away
feedback loop, until the current limit of the power supply is reached. At this point
the voltage decreases and moves away from the conditions that enable attainment

of good pore-ordering. Additional circulation of the anodizing solution was
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provided by two mechanical stirrers in addition to the circulation of the solution

with the peristaltic pump.

P

Figure 2.2. Photograph of a chilled 30 liter anodization bath containing ten Al electrodes 10
cm wide x 25 cm high x 1 mm thick interdigitated with graphite electrodes (Larger-scale

process).

2.2.2 Electrodeposition of CuNWs

The pores of the alumina films were filled with Cu using AC
electrodeposition. The edges of the anodized electrodes were coated with nail
polish. This is necessary because micrometer sized cracks at all 90° edges provide
a low resistance deposition pathway that prevents electrodeposition into the 25 nm
diameter pores. Although, ultrasound was used in previous works to improve

8,15

wetting of the pores prior to electrodeposition; ™~ this step was eliminated because

it damaged the surface of the electrodes and reduced the ability to reuse the Al

plates. Electrodes were wet with distilled water and then individually immersed

for 5 min in the deposition solution consisting of 600 mL (for 5 cm x 11 cm
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electrodes) or 4 L (for 10 cm x 25 cm electrodes) of 0.50 M CuS04/0.285 M
H3BOs(aq). Each electrode was filled by applying a continuous 200 Hz sine wave
at 10 Vi (Fig. 2.3) for 10-15 min between the anodized Al and Cu plate
(99.999%, Alfa Aesar) counter electrodes 2 cm from both faces of the Al
electrode. The deposition signal was generated using a Tabor Electronics 8023
function generator, the output of which was amplified with a 1600 W Pyramid
PB1281X car stereo amplifier powered with a LOKO 45 A, 16 V DC power
supply or a car battery. The nail polish was removed from the edges of the
electrodes with acetone. Bulk Cu deposition was removed by immersing the
electrode in 60 °C, 0.6 M H;3;PO, for 1 min, followed by cleaning the surface with

a Kimwipe.

ST NN
RVAVAVRVAY

Figure 2.3. Continuous 200 Hz sine sequence used for the AC electrodeposition of copper

into PAO templates.

2.2.3 Electrodeposition of AgNWs

Preliminary deposition experiments were performed on 10 cm? PAO
electrodes to determine electrodeposition conditions that would yield good quality
pore-filling. Conditions evaluated included: continuous sinusoidal AC voltage (9.0 to

10.0 Vims, 200 Hz), pulsed sinusoidal (8.0 to 9.5 Vi, 100 Hz triggered at 400 ms),
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pulsed AC square waves (7.5 to 9.0 V,, 100 Hz, triggered at 400 ms intervals), and
pulse polarities (negative followed by positive, and positive followed by negative).
The Ag electrodeposition conditions used for synthesis of gram quantities of Ag
nanowires were selected based on the degree of pore-filling observed by SEM
analysis of top surfaces of electrodes after deposition, electrode coloration, and the
appearance of gas evolution and bulk deposition. Electrodeposition of silver into the
pores of 90 cm’ PAO electrodes was accomplished by (1) coating the edges of the
electrodes with nail polish, (2) individually immersing them for 5 min in the
deposition solution consisting of an electrolyte of silver sulphate (Ag,SQOs, 8.5 g/L),
diammonium hydrogen citrate (NH4),HCsHs07, 200 g/L) and potassium thiocyanate
(KSCN, 105 g/L), and (3) applying 100 Hz square wave pulses (+ 8.0 V,, triggered at
400 ms intervals with the reductive followed by oxidative pulse polarity, Fig. 2.4) for
90 min between the anodized Al and Ag foil (Alfa Aesar, 0.127 mm thick, 99.9%)
counter electrodes positioned 2 cm from both faces of the Al electrode. A power
amplifier was built by the Electronics Shop at the department of Chemistry in order to

carry out pulsed square AC depositions of silver in 90 cm’ electrodes.

p i0ms . 400ms _
+8.0
V) //
/7
-8.0

Figure 2.4. Pulsed squared-sequence used for the AC electrodeposition of silver into PAO

templates.
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2.2.4 Liberation of nanowires from PAO templates

Two methods for dissolving the PAO template to liberate Cu nanowires
were used. The first method attempted was dissolution of the alumina at 60 °C, in
0.6 M H3POs(aq). This process took around 30 min and the nanowires needed to
be harvested by filtration. The second method consisted of dissolving the alumina
at 40 °C in 1.0 M NaOH(aq). This process took 3 min and the nanowires were
released as a large mass from each electrode, and could be harvested from the
surface of the basic solution by using a spatula. The aqueous NaOH treatment was
preferred, for reasons that will be discussed in the results section. The NaOH-
liberated nanowires were cleaned for 10 min in a 1:1 mixture of 0.10 M NaOH(aq)
and methanol (CH3OH), filtered using filter paper (Whatman, < 1um pore size),
rinsed with CH3;0H, and transferred to 100 ml or 250 ml of CH3;0H. The
nanowires were then sonicated for a period of 1 h in a sonication bath of 135 W
average power and 38.5-40.5 kHz frequency by applying the ultrasound for 5 min
with a 5 min rest period between sonications. After sonication, dispersed copper
nanowires were collected by filtration on Osmonics Inc. nylon membranes (0.45
um pore size) and dried under reduced pressure. The yields were: 0.867 mg/cm?
(390 £ 22.5 mg per batch of 5 electrodes) for the 4 h anodized (18 pm deep pores)
and 1.68 mg/cm® (756 + 58.5 mg per batch of 5 electrodes) for the 8 h anodized
(36 um deep pores) S cm x 11 cm electrodes, and 0.786 mg/cm2 (3,459 + 270 mg
per batch of 10 electrodes) for the 10 cm x 25 cm electrodes anodized for 8 h (36

um deep pores).
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Silver nanowires were liberated in H3POs(aq) and NaOH(aq) solutions using
procedures similar to those used for the liberation of copper nanowires. The average
yield of NaOH-liberated Ag nanowires was 0.900 mg Ag/cm? (405 £ 33.0 mg per
batch of 5 electrodes) from electrodes 5 cm x 11 cm anodized for 8 h (36 pm deep

pores).

2.2.5 Length distribution of NaOH-liberated nanowires

Copper and silver nanowires were grown in pores anodized for 8 h using 5
cm x 11 cm electrodes, and liberated using 1.0 M NaOH(aq). The nanowires were
cleaned and sonicated as described above. The resultant suspension of nanowires
in CH;OH was spin cast at 3000 rpm on 2.5 cm x 2.5 cm glass slides. SEM
images were collected of the well-dispersed nanowires and the lengths of more
than 1000 individual CuNWs and > 500 AgNWs were measured using the Image J
image analysis software program (Wayne Rasband, National Institutes of Health,

USA, http://rsb.info.nih.gov/ij/).

2.2.6 Preparation of nanowire samples for XPS, XRD and TGA analysis

Suspensions of metal nanowires in CH3OH obtained from the liberation
process were dried under reduced pressure in glass vials containing 1 cm x 1 cm

silicon wafers on the bottom. The nanowires were sedimented and dried onto the
Si slide. The X-ray Photoelectron Spectra (XPS) and X-ray diffraction (XRD)

patterns were immediately collected, limiting air exposure to less than 30 min.
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The diffraction peak of the silicon wafer was removed by excluding the diffraction
spot arising from the single crystal silicon from the integration of the 2D image of
XRD to produce the 26 plot. For TGA analysis, samples of nanowires were dried
under reduced pressure, introduced into the TG analyzer and heated from room

temperature to 550 °C at 10 °C/min under nitrogen.

2.2.7 Depth profiling of pore-filling

Following electrodeposition into 5 cm x 11 cm electrodes the surfaces
were cleaned (0.5 pm removed from the surface) or ion-milled (10 um removed
from the surface) using an Oxford Ion Fab 300+ ion mill. The surfaces were
characterized by SEM, and the percentage of pores filled to the top of the new
surface was determined using the cell counter plugin developed for ImageJ 1.35j
image analysis software (Wayne Rasband, National Institutes of Health, USA,

http://rsb.info.nih.gov/ij/).

2.2.8 Instrumentation

Characterization of the nanowires was accomplished by scanning electron
microscopy (SEM) using a JEOL 6301F FESEM equipped with an energy
dispersive X-ray spectrometer (EDX), X-ray diffraction (XRD) using a Bruker
AXS D8 Discover with GADDS detector, X-ray photoelectron spectroscopy

(XPS) with a Kratos Axis Ultra or Kratos Axis 165 spectrometer, transmission
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electron microscopy (TEM) using a JEOL 2010 equipped with a CCD camera and
EDX spectrometer, and thermogravimetric analysis using a Perkin Elmer

Thermogravimetric Analyzer (Pyris 1 TGA).

2.3 Results

2.3.1 Template directed-synthesis of CuNWs

CuNWs are produced by AC celectrodeposition into PAO templates
followed by dissolution of the alumina in acidic (H3PO,) or basic (NaOH) aqueous
solutions. This section deals with the development of, and results obtained for, AC

electrodeposition of CuNWs.

2.3.1.1 Micrometer-sized edge cracks

Anodization of both faces of bare Al plate resulted in the formation of ~ 10
micrometer sized cracks on all 90° edges as a consequence of the volume expansion
accompanying conversion of Al to Al,Os that leads to mechanical stress at the
electrode edge (Fig. 2.5a). When these edge-cracks were not coated before
electrodeposition under continuous AC conditions, most Cu was deposited in them,
because the diffusion limitation into the ~ 10 micrometer cracks is far less than the
diffusion limitation into the ~ 20 nm diameter, 18, 27, and 36 pm deep pores (Fig.
2.5b). Pulsed electrodeposition conditions might be used to minimize the effect of

this parasitic pathway by introducing a “hold-time” between deposition pulses to

56

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



allow diffusion of Cu®*(aq) into the pores, but at the expense of greatly increasing the
time required for the electrodeposition to be completed. It was more efficient to coat
the edges of the electrodes with nail polish to prevent electrodeposition in the cracks
and enable continuous AC conditions to be used. The coating is removed with
acetone after the electrodeposition, facilitating the reutilization of the aluminum after

harvesting the nanowires.

Edge-crack w——p

Cu deposits s

Figure 2.5. SEM of (a) micron-size crack that forms on 90 degree edges and (b) bulk

deposition of Cu that occurs at the crack if it is not coated before AC electrodeposition.
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2.3.1.2 Effect of counter electrode on electrolyte stability and

electrodeposition time

In prior work with small-area electrodes (1.5 cm® Al), platinum or
stainless steel counter-electrodes were used for Cu electrodeposition utilizing a
CuSOq4 (aq) solution.® With large area aluminum electrodes, Pt counter electrodes
are not recommended as they are very expensive. For 90 cm’ Al electrodes in this
work, electrodeposition using 304 stainless steel counter electrode, demonstrated
that the electrolyte solution could only be used twice before deposition quality
was adversely affected and the yield of Cu nanowires decreased substantially. The
pH of the electrolyte decreased with each electrode into which Cu was

electrodeposited.

Table 2.1 shows the electrochemical cells and possible half reactions
during the negative pulse of the AC voltage that leads to copper electrodeposition
in the PAO templates. The primary electrochemically active species considered
are Cu2+(aq), H'(aq) and H,O. As the barrier layer at the bottom of the pores
passes current preferentially in the cathodic direction, copper electrodeposition
occurs in the PAO during the negative pulse. Simultaneously, an anodic reaction
occurs at the counter electrode to allow current flow and maintain
electroneutrality. Table 2.1 indicates that the decrease in pH might have been due
to the evolution of O,(aq) and H'(aq) ions from the anodic reaction of water at the

stainless steel counter electrodes.
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Table 2.1. Representation of electrochemical cells and half reactions for AC
electrodeposition of copper into PAO templates (Standard electrode potentials at 25 °C vs

NHE in aqueous solutions).

1. Stainless steel | Cu** (0.5M), H;BO; (0.285 M) | PAO
2. Cu | Cu®* (0.5M), H;BO; (0.285 M) | PAO

Anodic reactions Cathodic reactions
2H,0—»> O, +4H"'+4e E°=-123V Cu** +2e—- Cu E°=+034V
Cu- Cu* +2e E’=-0.34V 2H,0+2e—-> H,+20H E°=+0.83V

Given the decrease of pH observed with stainless steel electrodes, copper
plates were introduced as counter electrode for electrodeposition. It is worth
mentioning that a pH < 3 can decrease the stability of the porous aluminum
oxide.'® Table 2.2 shows the effect of changing from stainless steel to copper
counter electrodes on the time required to fill 36 um deep PAO templates, as well
as on the pH of the electrolyte after only one electrodeposition. Using stainless
steel, the pH decreased to 2.75 after only one electrodeposition which took 40
minutes to complete. By contrast, a less significant pH change occurred when
using Cu as the counter electrode and the pH was relatively stable for deposition
into tens of electrodes; for instance, it took 50 electrodepositions using the same
electrolyte for the pH to decrease to the same degree observed after only one
electrodeposition using stainless steel counter electrodes. By using copper as the
counter electrodes, the dissolution of Cu is the most favorable anodic reaction
accompanying the cathodic reaction of Cu in the PAO template, which replenishes
the Cu?*(aq) ions in the electrolyte. A small decrease in the pH of the electrolyte

using Cu as the counter electrodes indicates that the AC voltage applied might still

59

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



supply the overpotential required for the electrochemical oxidation of water at the

Cu counter electrode.

Table 2.2. Influence of counter electrode on time required for copper electrodeposition
and the final pH of the electrodeposition solution containing 0.5 M CuSO, and 0.285 M
H;BOs. (Aluminum electrodes used were 11 x 5 cm” and the deposition conditions were

10 Vrms and 200 Hz continuous sine waves).

Counter electrode Initial pH Electrodeposition  Final pH of solution
time (min)
Stainless steel 3.40 40 2.75
Copper 3.40 15 3.22

In summary, using copper instead of stainless steel as the counter
electrodes enabled less significant changes in pH during electrodeposition, shorter
times for electrodeposition, and more consistent results for tens of
electrodepositions. The enhancement in the kinetics of Cu electrodeposition may
be the result of changes in the overpotential required for the electrochemical
reactions using different counter electrodes. The complexity of AC
electrodeposition on PAO templates would require a thorough study of the
electrochemical process not only involving heterogeneous reactions occurring in
electrodes acting as cathode and anode sequentially, but also reactions involving
the solid state equilibria of the barrier layer at the bottom of the PAO templates.

These studies may be the subject of future work.
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2.3.1.3 Effect of pore depth on yield

Figure 2.6 shows cross sections of PAO templates prepared in H,SO;

acid solutions for which the second anodization step was held for 4, 6 and 8 hours.
The thickness of the PAO templates were 18, 27, and 36 um, giving an average
PAO thickness growth rate of 4.5 um/h, including the barrier layer thinning step.
Figure 2.7 shows that the mass of nanowires produced per cm? of electrode area
increases approximately linearly with pore depth, over the range of anodization

times investigated (4 h, 6 h, and 8 h).

Figure 2.8 shows SEM images of top surfaces of a 36 um thick PAO
template filled with Cu and then ion milled to show the degree of pore-filling at
0.5 and 10 pum below the initial surface. Pores filled with Cu appear as bright
spots. The fraction of pores filled to a level 0.5 um below the surface of 36 pm
deep pores is ~ 20% (Fig 2.8a), while the fraction filled to a level 10 pm below
the initial surface is 60% (Fig 2.8b). The fraction of pores filled as a function of
depth beneath the initial electrode surface is comparable to that reported
previously for small-area electrodes (1 cm x 1.5 cm) filled using pulsed sine wave
electrodeposition conditions,® except that the pores utilized in this work were

deeper and deposition required only 1/3 to 1/4 as long.

61

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 2.6. SEM images of cross sections of PAO templates prepared in 0.3 M H,SO4(aq)
solutions for different anodization times: (a) 4 h, (b) 6 h, and (c) 8 h. The arrows indicate the

thickness of the PAO templates: (a) 18 um, (b) 27 pm, and (c) 36 pm.
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Figure 2.7. Yield of Cu nanowires from PAO templates prepared by anodization for different
times in 0.3M H,SO, solutions (4, 6, or 8 hours corresponding to 18, 27 or 36 um thick PAO
templates, respectively). The line corresponds to the linear least-square fit of the average

yields. The standard deviations were calculated from five replicates.
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Figure 2.8. SEM images of top surfaces of ion-milled Cu-filled PAO templates (5 cm x 11
cm electrodes) to show degree of pore-filling as a function of depth: (a) 0.5 pm and (b) 10

pm removed from the top of 36 pm deep-pores.

2.3.1.4 Electrode size and yield

One of the limitations encountered in the scale-up of the process was the

ability to supply sufficient current during each deposition pulse. In particular,
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during the first seconds of electrodeposition a much higher current is required,
because the bulk concentration of Cu®" (i.e. the concentration of Cu®*" in the
electrolyte) is present at the pore bottoms. As the deposition continues, the Cu®*
concentration depletes to a steady-state value and a lower current is required.
However, it appears that this initial, high-current period is critical to nucleating
and depositing Cu in all of the pore bottoms. The amplifier used was limited to
Iims 30 A peak current (before it goes into protection mode). The smaller 5 cm x
11 cm electrodes initially require Ims 15 A current which declines to a steady-state
Lims 5 A current after 60 seconds. The larger 10 cm x 25 cm electrodes required
Irms > 30 A current initially, and declined to a steady-state current of I;ys 15-20 A
after 60 seconds. A higher yield of copper nanowires per unit electrode area was
obtained from the 5 cm x 11 cm electrodes (1.68 mg/cm?, 756 + 58.5 mg per
batch) than from the larger 10 cm x 25 cm electrodes (0.786 mg/cm?, 3,459 + 270
mg per batch). The yield per cm” for the 10 cm x 25 ¢m electrodes was ~ 50 % of

the yield obtained for the smaller electrodes.

2.3.2 Dissolution of PAO templates and CuNW liberation

Two different solutions of H;PO4(aq) and NaOH(aq) were used to dissolve
the alumina and release the nanowires electrodeposited into the pores. Acidic or
basic conditions were expected to produce different surface chemistry on the
liberated nanowires. The results obtained with different liberation procedures are

described as follows.
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2.3.2.1 Effect of liberation process on morphology and dispersion of CuNWs

A first step in the liberation consisted of removing the bulk overgrowth
that occurs due to the differences in the growth rate of nanowires from pore to
pore. Typical copper deposits at the surface of the filled PAO templates are shown
in Figure 2.9a. This bulk overgrowth was removed by immersing the electrode for
1 minute in a solution of 0.6 M H3;PO, at 60 °C. The slow etching of the alumina
surface in the acidic solution exposed the tips of the nanowires and enabled us to
wipe away the copper deposits at the surface of the electrode (Fig. 2.9b) leaving

the pores with copper nanowires free of mushroom-shaped tips.

Figure 2.9. SEM images of porous alumina template surfaces (a) after CuNW

electrodeposition and (b) after CuNW electrodeposition and surface wiping. The images

show the removal of bulk overgrowth before CuNW liberation.
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Scanning electron microscopy images indicate that the nanowires
liberated by dissolving the PAO template in 0.6 M H3PO4 (Figure 2.10a and b) are
significantly less dispersed than those liberated by dissolving the PAO template in
1.0 M NaOH (aq) (Figure 2.10 c and d). In addition, the morphology of copper
nanowires liberated using H3PO, does not replicate that of the PAO templates. An
average diameter of 69 + 19 nm for H3;POy-liberated nanowires shows a
significant increase in diameter (coarsening) when compared to the average
diameter of 25 + 4 nm for nanowires liberated in NaOH. In addition, the H3;POy4-

liberated nanowires display noticeable oscillations in diameter along their length.

Figure 2.10. SEM of (a) and (b) 0.6 M H;POy-liberated CuNWs and (c) and (d) 1.0 M
NaOH-liberated CuNWs.

66

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 2.11 shows SEM images of copper nanowires liberated using
H;PO4 right after the step of alumina dissolution without application of

ultrasound. The nanowires coarsened during the 30 minute process of alumina

dissolution.

Figure 2.11. Copper nanowires after dissolution of the PAO template in 0.6 M H;PO4(aq)
solution at 60 °C. The images indicate that coarsening of the nanowires occurred during the
30 minute dissolution of the PAO template. The tips of the nanowires are more exposed to the

H;POy(aq) solution and become thicker than the bottoms.
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2.3.2.2 Effect of liberation process on surface chemistry of CaNWs

Figure 2.12 shows the XRD patterns for CuNWs liberated in H;PO4(aq)
and NaOH(aq) solutions. The origin of small peaks at low angles in Fig. 2.12.a
was not identified. XRD patterns collected from NWs after liberation (< 30 min
of air exposure) show no evidence of crystalline oxides (CuO or Cu;0). The
diffraction peaks were assigned to the fcc lattice of Cu. The intensity ratios of
(111) to (200) and (111) to (220) were 3.2 and 7.7 for H3POy-liberated CuNWs,
and 4.4 and 8.8 for NaOH-liberated CuNWs, which when compared to the
intensity ratios from the standard powder pattern JCPDS 4-836 (2.2 and 5.0)
indicate that the CuNWs have a slightly preferred orientation along the (111)
planes. The difference between theintensity ratios of H3POy4(aq) and NaOH(aq)

liberated NW's may be related to the coarsening phenomenon in acidic solution.

Figure 2.13 show the XPS survey spectra and high resolution XP spectra
of Cu(2p) and Cu(L3;M4sMys) Auger peaks for CuNWs liberated in acidic and
basic solutions. The XP spectra of a sputtered copper foil was also obtained using
similar conditions in order to compare the XP spectra of the nanowires to that of
elemental copper. The survey spectra of liberated nanowires showed good purity
of the nanowires with no presence of residual Al from the PAO dissolution, but
some P and Na impurities from the acidic and basic solutions (Fig. 2.13a). The
presence of surface oxide (CuO) is evidenced from the satellite peaks indicated by

stars in the Cu2p spectra (Fig. 2.13b). XPS collected immediately after liberation
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(<30 minutes air exposure) indicates little surface oxidation of the nanowires
liberated by either method (Fig. 2.13b). After exposure of the liberated copper
nanéwires to atmosphere for 3 days, the satellite peaks are more prominent,
indicating surface oxidation of CuNWs. This is corroborated by the increase in
intensity of the Ols peak observed from the XPS survey of nanowires exposed to
air for < 30 min versus exposure for 3 days. To elucidate if a different degree of
oxidation is obtained in acidic or basic solutions, the Cu Auger peak was used.
The Cu(LzM4sMys) Auger spectra in Figure 2.13¢ for nanowires exposed to air
for <30 min or 3 days clearly show that the NaOH-liberated nanowires have a
larger fraction of oxidized Cu(I) on their surface than do the H3;POgs-liberated

nanowires.!”'®
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Figure 2.12. X-ray diffractograms of Cu nanowires (a) liberated in 1 M NaOH solutions, and
(b) liberated in 0.6M H;PO, solutions. Standard powder patterns for (¢) Cu (JCPDS 4-836),
(d) Cu,O (JCPDS 77-199), and (e) CuO (JCPDS 78-428). The nanowires were exposed to air

for less than 30 minutes before the analysis.
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Figure 2.13. X-ray photoelectron spectra of Cu foil and CuNWs. (a) Surveys, (b) high
resolution XP spectra of Cu(2p) peak, and (c) high resolution XP spectra of Cu(LsM,sMys)
Auger peak. The spectra correspond to (A) sputter-cleaned Cu foil, (B, C) NaOH-liberated
CuNWs exposed to air for (B) <30 min. and (C) 3 days, and (D, E) H;PO,-liberated CuNWs
exposed to air for (D) <30 min. and (E) 3 days. Satellite peaks on Cu(2p) spectra labeled with

an * indicate the presence of Cu(Il) species, such as CuO. Dashed lines indicate the shift of

the most intense component of the Cu(L;M, sM, 5) peak from Cu(0) to Cu(I) and Cu(Il).
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2.3.2.3 Length distribution of CuNWs

Although the pores of the PAO template are quite well filled to depths of 30
pum, the length of the liberated nanowires is significantly less. Figure 2.14 presents
SEM images obtained for the measurement of the length distribution of NaOH-
liberated CuNWs. An average length of 1.78 £ 1.37 yum was obtained for nanowires
from the smaller-scale process, while the average length was 1.29 + 0.83 um for the
nanowires obtained from the larger-scale process. Even when grown in pores 36 pm
deep, after fragmentation during the liberation process, 86 % of CuNWs obtained
from the smaller-scale process and 95 % of CuNWs obtained from the larger-scale
process are < 3 um in length (Figure 2.14). For these 25 nm diameter nanowires,

however, this still translates into high average aspect ratios of 71 and 52.

2.3.2.4 Transmission electron microscopy and thermogravimetric analysis of

CuNWs

Figure 2.15 shows TEM images of copper nanowires liberated in NaOH(aq).
Polycrystalline grains are observed from the TEM images. Figure 2.15b shows a
typical TEM image of a small segment of a copper nanowire and the corresponding
selected area electron diffraction pattern (SAED). The diffraction pattern shows the
polycrystalline nature of the copper nanowires produced by the AC electrodeposition
conditions used in this study. Table 2.3 shows the d-spacings measured from the
diffraction pattern and the corresponding planes for Cu nanowires. In the case of

single-crystal Cu nanowires, works by Mallouk and co-workers using DC
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electrodeposition have demonstrated that nanowires grow primarily along the [111]

1919 I this case, AC electrodeposition may have introduced more defects

direction.
and produced smaller crystallite sizes during the growth of nanowires, given the

changing characteristic of the sinusoidal wave compared to the uniform conditions

10,19

provided by DC electrodeposition conditions used in prior work
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Figure 2.14. SEM images and length distribution of copper nanowires grown in PAO

templates anodized for 8 hours and liberated using 1.0 M NaOH(aq) produced using (a,b)
smaller-scale process (1.78 £ 1.37 um) and (c,d) larger-scale process (1.29 + 0.83 um). Lines
are guides to the eye.
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(a) (b)
Figure 2.15. (a) Low magnification and (b) high magnification TEM images of copper

nanowires liberated from PAO templates using 1.0 M NaOH(aq). The inset corresponds to
SAED of the nanowire in (b).

Table 2.3. Measured d-spacings and corresponding planes from electron diffraction pattern

for Cu nanowires (Length of camera = 100 cm, 200 kV).

(hkl) dA)
(111) 2.0880
(200) 1.8080
(220) 1.2780
(311) 1.0900

The result of thermogravimetric analysis of NaOH-liberated CuNWs when
heated up to 550 °C is shown in Figure 2.16. A mass loss of 4.0 % was registered at ~
120 °C. This mass decrease is consistent with desorption of methoxy adsorbates from

the CuNW surfaces.?’
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Figure 2.16. Thermogravimetric analysis of NaOH-liberated CuNWs heated to 550 °C under

nitrogen at 10 °C/minute.

2.3.3  Template directed-synthesis of AgNWs

In an effort to demonstrate the applicability of the synthesis of nanowires
using AC electrodeposition into PAO templates as described in the previous section,
and considering the good electrical conductivity of silver for the purpose of
preparation of metal nanowire/polymer nanocomposites, silver nanowires were
synthesized into PAO templates. The results of AC electrodeposition of silver and the

characterization of Ag nanowires are described below.

2.3.3.1 Effect of AC signal on Ag electrodeposition into PAO templates

The AC electrodeposition of nanomaterials into PAO templates with good
pore-filling is a challenging process. For instance, silver electrodeposition into PAO

templates could not be achieved using the continuous sine waves (9.0 to 10.0 Vi,
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200 Hz) successfully utilized for the synthesis of copper nanowires.! The
rectification provided by the alumina barrier layer quickly disappeared. Silver
deposition initially occurred, but the metal deposited in the pores during the first
seconds of the electrodeposition was completely reoxidized after 30 to 60 seconds, as
evidenced by the coloration and subsequent decoloration of the electrode. In addition,
gas evolution was significant, indicating the presence of side reactions at the PAO
electrode. Electrodeposition using AC conditions cannot be realized without the
rectification provided by the barrier layer. Thus, continuous sine waves could not be
used for the synthesis of silver nanowires, instead pulsed AC signals were utilized.?
The electrodeposition conditions for synthesis of Ag nanowires on 90 cm? electrodes
were selected based on the results of preliminary experiments utilizing 10 cm?® Al
electrodes using pulsed sinusoidal (8.0 to 9.5 V,n,s) and pulsed square waves (7.5 to
9.0 V;), with different pulse polarities (negative followed by positive, and positive
followed by negative). Electrodeposition of silver into 90 cm? electrodes using pulsed
voltage square waves of 8.0 V,, 10 ms pulse width, pulsed every 400 ms, and the
reductive followed by oxidative pulse polarity (Figure 2.4) for 90 min had an average

yield of ~ 0.9 mg/cm? (405 mg/batch).

2.3.3.2 Effect of liberation process on morphology of AgNWs

Electron microscopy images show that NaOH-liberated AgNWs were well
dispersed (Fig. 2.17). A diameter of 25 nm measured on individual silver nanowires
from SEM and TEM images corresponded well to the pore diameter of the PAO

templates used in this study. By contrast, scanning electron microscopy images
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indicate that Ag nanowires had a significant change in morphology when liberated in
60 °C, 0.6 M H;PO,4 (Fig. 2.18). Individual and long silver nanowires as those
observed from liberation in NaOH were not observed, instead an intricate silver
nanostructure was formed. The reasons for the transformation of silver nanowires
during the PAO dissolution in phosphoric acid solution are not clear; however, the
change in the morphology of the nanowires compared to the NaOH-liberated AgNWs
as well as CuNWs implies that 25 nm nanowires presented significant instability in
H3PO, solutions and indicates that acidic solutions are not recommended for the

liberation of base metal nanowires such as Cu and Ag.

Figure 2.17. SEM images of AgNWs liberated using 1.0 M NaOH(aq) (a) low magnification
(b) high magnification.
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Figure 2.18. SEM image of Ag nanostructure resulting from the liberation of AgNWs from
PAO templates using 0.6 M H;PO, at 60 °C.

2.3.3.3 Characterization of AgNWs

Silver nanowires were liberated by dissolving the PAO template in 1.0 M
NaOH (aq) and dispersed in methanol using ultrasound. Thermal gravimetric analysis
(TGA) of silver nanowires indicated a weight loss of only 0.64 wt % when heated to
550 °C under N,. The XRD pattern of silver nanowires after liberation from the PAO
template is shown in Figure 2.19. The diffraction peaks were assigned to the fcc
structure of silver. The intensity ratios of (111) to (200) and (111) to (220) were 2.3
and 5.1 respectively, which when compared to the intensity ratios from the standard
powder pattern JCPDS (2.1 and 4.0) indicate that the silver nanowires may have a

slightly preferred orientation along the (111) planes. No evidence of crystalline silver
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oxides was found by XRD. XP Spectra of liberated silver nanowires are shown in
Figure 2.20. The Ag 3d doublet identified at 374.2 (Ag 3d;.;) and 368.2 eV (Ag 3dsn)
as well as the shape and position of the Auger peaks (Ag MNN) corresponded well to

silver metal, >

corroborating that oxide-free silver nanowires were produced by the
synthesis and liberation method developed in this work. This also indicates that the
presence of O(1s) XP peaks in the survey spectrum might have been due to the
presence of atmospheric contaminants after a short exposure of the sample to room

conditions before the analysis. In contrast to Ag nanowires, XPS indicated surface

oxidation of Cu nanowires after liberation from the PAO templates.”!
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Figure 2.19. (a) X-ray diffractogram of Ag nanowires after liberation from the PAO template
using 1.0 M NaOH(aq) and (b) Standard powder pattern for fcc silver (JCPDS 04-0783).
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Figure 2.20 X-ray photoelectron spectra of AgNWs liberated in 1.0 M NaOH(aq), (a) Survey,
(b) Ag(3d) peak, and (c) Ag(MNN) Auger peak. The spectra show that AgNWs do not have

silver oxides at the surface.
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Figure 2.21 shows TEM images of Ag nanowires liberated in NaOH, as well
as electron diffraction pattern. Table 2.4 shows the d-spacings measured from the
rings and the corresponding planes. Ag nanowires deposited by AC electrodeposition

are polycrystalline as were the copper nanowires.

(®)
Figure 2.21. (a) Low magnification and (b) high magnification TEM images of AgNWs
liberated from PAO templates using NaOH (aq). The inset corresponds to SAED of the

nanowire in (b).

Table 2.4. Measured d-spacings and corresponding planes from electron diffraction pattern

for Ag nanowires (Camera length = 100 cm, 200 kV)

(hkl) dd)

(11D 2.3590

(200) 2.0440

(220) 1.4450

(311) 1.2310
80
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Assuming the 25 nm x 36 um pores were completely filled with Ag, an aspect
ratio of 1440 would be expected for the silver nanowires. However, the length
distribution of the nanowires shown in Figure 2.22 demonstrates that ~ 97 % of the
liberated Ag nanowires have lengths < 3.0 pum. An average length of 1.37 £ 0.76 um
was obtained. The liberation process and the necessary dispersion using ultrasound
lead to nanowire fragmentation and a decrease in the length distribution. Although
liberated nanowires showed lower aspect ratios (average I/d = 55) than expected
(maximum //d = 1,440 for nanowires that fill pores 25 nm in diameter and 36 pym

deep), these aspect ratios are still appropriate to obtain low percolation thresholds in

metal/polymer nanocomposites.
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(a) ()
Figure 2.22. (2) Typical SEM image of AgNWs dispersed on a glass surface used to measure
their length distribution, and (b) length distribution of AgNWs. AgNWs were prepared in
PAO templates anodized for 8 hours and liberated using 1.0 M NaOH(aq). Average length =
1.37 £ 0.76 pym. Line is a guide to the eye.
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2.4 Discussion

PAO templates used in this study have been produced by a two-step
anodization method."® The capacitance of the electrically insulating alumina barrier
layer at the base of the pores (between the Al metal and the solution) prevents
electrodeposition of materials using DC voltage or current signals. Nonetheless, AC
signdls can be utilized for electrodeposition, because Al is a valve metal and this
barrier layer displays rectification by preferentially passing current in the cathodic
direction. In this work, the barrier layer is thinned by slowly reducing the anodizing
voltage from 25 to 9 V at the end of the 8 hour anodization process, so that AC
signals can be used for electrosynthesis of metal nanowires without removing the

alumina film from the aluminum electrode.

One of the advantages of the AC deposition technique over the DC
deposition technique is the lower consumption of high-purity Al. As mentioned in
Chapter 1, to perform DC electrodeposition into PAO templates grown on Al
substrates, several processing steps are required before deposition: (1) the Al
substrate is dissolved using HgCl, or CuCl(aq), (2) the barrier layer at the base of
the pores is removed by dissolution in H3PO4(aq) (the pores are also widened),
and (3) a metallic contact is deposited on one side of the membrane. Although
DC electrodeposition enables greater control over the crystallinity and structure of
the deposited nanowires, it is not easily scalable to produce grams of

nanomaterials. In contrast, AC electrodeposition requires no additional processing
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steps, but finding conditions enabling uniform pore-filling and efficient utilization
of the template is challenging. Most importantly, with AC deposition (once
efficient voltage controlled deposition conditions are developed) scale-up to the
multi-gram scale is possible. Besides, with AC electrodeposition, the Al substrate
is not sacrificed. Once the nanowires are liberated by dissolution of the PAO
template, the Al substrate can be re-anodized. Starting with 1 mm thick plate, each

electrode was recycled 12 times before it was completely consumed.

Copper electrodeposition into PAO templates can be carried out using
continuous or pulsed AC signals. In a related work developed in the Haber Group, on
the effect of electrodeposition parameters upon the uniformity of pore-filling of PAO
templates with Cu, it was noted that continuous AC deposition conditions produced
significant damage in the PAO templates® and pulsed AC electrodeposition yielded
less damage and uniform pore-filling. In this work, the voltage used for copper
electrodeposition was 10 Vi rather than the 14 V s used previously,8 and evidence
of damage to the PAO templates using these deposition conditions was not observed.
Continuous sine waves for the electrodeposition of Cu were selected because it
requires a fraction of the time to complete compared to pulsed depositions and
produced similarly uniform pore-filling. In addition, the introduction of copper as a
counter electrode favoured the kinetics of the electrodeposition process and provided
enhanced control over the stability of the electrolyte, so that it could be reused for

tens of electrodes without replenishment or pH regulation.
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Based on the Pourbaix diagram of copper in an aqueous environment,” Cu
nanowire surfaces are expected to be less susceptible to oxide formation during
the H3PO,-liberation process than during the NaOH-liberation.® From studies of
anodic oxidation of copper in aqueous solutions, it is widely accepted that a
duplex film forms, composed of a bottom layer of Cu,0 formed during the initial
stage of oxidation, and a top layer of Cu(OH), or CuO formed primarily at the
expense of the Cu,O layer. The composition of the top layer is dependent on the
conditions of the oxidation treatment and the composition of the aqueous
electrolyte.?**” Copper surfaces exposed to acidic and basic solutions have shown
different mechanisms of oxidation.”® Acidic conditions resulted in Cu,O-rich
oxide layers, whereas strongly basic conditions (pH 13) resulted in a CuO-rich
layer after 24 hours exposure. The presence of CuO is observed from the weak
signals obtained for the satellite peaks in the Cu(2p) XP spectra of both NaOH-
and H;POs-liberated nanowires (Fig. 2.13b).17 However, the Cu(L3Mj4sMy5s)
Auger spectrum of NaOH-liberated nanowires has an intense signal corresponding
to Cu,O (at BE 569.8 e¢V) along with a less intense signal corresponding to Cu(0)
at BE 567.9 ¢V.'"® In contrast, a signal corresponding primarily to Cu(0) was
obtained for H3;POs-liberated nanowires indicating less surface oxidation (Fig.
2.13c). In conclusion, surface oxidation of copper nanowires occurred to some
degree after liberation, but the kinetics of oxide formation is much slower when
H;PO, solutions were used. Unfortunately, surface quantification of Cu (I), Cu (II)

and Cu (0) species is not possible from XPS and Auger peaks.?**°
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It is believed that because the nanowires are held parallel to each other by
the PAO and collapse together as a result of van der Waals forces,’' the metallic
surfaces exposed during H;PO, liberation come in contact and irreversibly cold-
weld,*® such that each apparent nanowire may be actually a fused bundle of
several nanowires. In contrast, liberation in NaOH solution produces a surface

3334 that inhibits the fusing process, ultimately yielding a

-oxide or hydroxide layer
finer nanowire dispersion (Fig. 2.23). The coarsening phenomenon and the
diameter fluctuations observed for H3;POy-liberated nanowires might be reléted to
instability of these high aspect ratio nanoparticles.”> For example, Rayleigh
instability of other types of nanowires has generally been observed after annealing
of the nanoparticles at high temperatures.’>*® The morphology variation in the Cu
and Ag nanowires liberated in H3PO4(aq) was evident following the etching step
at 60°C. The reason CuNWs with modulated diameters are obtained from H3;PO,-
liberation and not from NaOH-liberation 1s not clear, but it is believed that the
phenomenon could be caused by enhanced diffusion of metal atoms promoted by

factors such as surface chemistry, surface tension, pH, and temperature during the

liberation process.
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Figure 2.23. Schematic diagram comparing the surface chemistry and coarsening process for
the Cu nanowires during liberation in 0.6 M H;PO,(aq) and 1.0 M NaOH(aq).

For AC electrodeposition of Ag nanowires into PAO templates, a pulsed
AC signal was required. E)éperimental observations indicated that the barrier layer
at the bottom of the pores lost rectification after a short time of applying a
continuous sine wave. This result may be related to the electrical breakdown of
the metal/insulator/metal junction (MIM). After deposition of a small amount of
Ag into the PAO template (a few nanometers) an Al/Al-oxide/Ag system at the
bottom of the pores must be considered. The electrical breakdown of valve-
metal/valve-metal-oxide/silver tunnel junctions containing anodic oxides was
reported by Hassel and Diesing.”” The thickness of the anodic oxides studied was
in the range of 2 - 15 nm, which compares well to the range of the barrier layer
thickness expected for the PAO templates produced in this work. The main factor
contributing to electrical breakdown of the junctions is the mobilization of ionic

defects in the anodic film.>” This process is activated when the voltage applied to
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the junction exceeds that utilized for anodization of the valve metal. The
mobilization of ionic defects increases the current flow in the junction through
resonant tunneling, causing local heating and activating a higher concentration of
defects. This process results in distortion of the tunneling barrier leading to
electrical breakdown.”® The activation of defects increases with the voltage,
temperature and time of polarization. Electrical breakdown in the AI/PAO/Ag
junctions in the current work may have occurred by a similar process to that
described by Hassel and Diesing. Thus, continuous sine waves (9-10 Viys, 200
Hz) might have caused enhancement of mobilization of defects and local heating
in the AI/PAO/Ag junction that resulted in the lost of rectification after a short
period of electrodeposition. The use of pulsed AC electrodeposition with a delay
time between pulses of 400 ms and lower voltage (8.0 V) than the final
anodization voltage (9.0 V after barrier layer thinning) might have not only
prevented local heating and electrical breakdown, but also contributed to the
diffusion of silver ions from the bulk to the pore bottoms for the growth of Ag
nanowires. The rectifying properties of the barrier layer were mantained by
applying pulsed AC signals, providing succesful conditions for Ag
electrodeposition at the expense of a significant increase in the time required for

electrodeposition.

In the current work, electrical breakdown was not observed during Cu
electrodeposition using continuous sinusoidal waves. However, studies in the

Haber group related to the growth of Cu nanowires into different PAO templates
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indicated that migration of defects in the barrier layer during the electrodeposition
may affect the efficiency of pore-ﬁlling.8 The results obtained with continuous
sinusoidal waves for Cu and Ag electrodeposition indicate the significant effect
that the second metal may have on the electrical breakdown of the Al/PAQO/metal
junction and the loss of rectification that precludes the AC electrodeposition
process. It is expected that different metals may lead to different trapezoidal
potential barriers and different tunneling probability through the junction. Efforts
towards the understanding of the AC electrodeposition process of different metals
in PAO templates will require the characterization of the trapezoidal potential
barriers in the AI/PAO/M junctions formed with different metals, more
specifically, the determination of the energy levels (i.e. the differences between
the Fermi levels of the second metal and the conduction band of the aluminum
oxide and between Al and conduction band of aluminum oxide) and their relation
to the tunnel current through the junction. One may expect that an increase in the
tunnel current results in increased defect migration in the barrier layer, leading to

7 Hence, finding

localized heating and potentially to electrical breakdown.
conditions for high yield synthesis of nanowires of metals, compounds, or
heterostructures in PAO templates is challenging, given the interplay of
parameters such as those involved in the preparation of the PAO templates
(anodization voltage, voltage after barrier layer thinning, temperature, acid and
concentration), the Fermi levels of the metals or compounds that will form the

junction, and electrodeposition conditions such as temperature and AC wave

parameters: voltage, frequency, sinusoidal waves, square waves, triangular waves,
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continuous AC waves, pulsed AC waves, and pulse delay. Syntheses of copper
and silver nanowires were successfully obtained in this work; however, there is
plenty of room for further optimization and understanding of the AC

electrodeposition process into PAO templates.

Silver nanowires synthesized as described in this study are oxide free, as
demonstrated by XPS and XRD. As the nanowires have not been surface
functionalized, only a weak physisorption of methanol is expected to result from
the dispersion process. Indeed, TGA results showed an ~ 0.6 % weight loss upon
heating the silver nanowires up to 550 °C, demonstrating that AgNWs are almost
free of volatile surface adsorbed species. In the case of CuNWs, TGA showed 4 %
weight decrease at a desorption temperature of 120 °C, which indicated
chemisorption of methanol on CuNWs. Silver nanowires produced by this method
are much cleaner than silver nanowires produced by the polyol process, from
which purified Ag nanowires display a loss of 9 wt. % during heating to 500 °C,
due to adsorption of ethylene glycol and PVP utilized in the synthesis.*® However,
AgNWs can be surface contaminated by adsorption and reaction during prolonged
exposure to atmospheric gases, and they are transferred and stored under nitrogen
atmosphere immediately after synthesis. For example, a recent study demonstrates
that a silver sulfide shell and silver sulfide nanocrystal are likely to occur on the
surface of silver nanowires synthesized by the polyol process when exposed to air
under room conditions.*® Traces of sulphur in the atmosphere such as CS; and H,S

could initiate the degradation and surface contamination of the nanowires given
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the high reactivity between silver and gaseous sulphur compounds, as well as the
large surface area of the nanowires. Similarly, copper nanowires are prone to
oxidation.*'** Hence, exposure of the metal nanowires to air after liberation from
the PAO templates was minimized before their use in the preparation of metal

nanowire/polymer nanocomposites.

2.5 Conclusions

Copper and silver nanowires have been synthesized by AC
electrodeposition in PAO templates through the barrier layer of aluminum oxide
located at the pore bottoms. The nanowires are harvested by dissolution of the
template in basic aqueous solution and dispersion in methanol using ultrasound.
NaOH-liberated copper and silver nanowires were characterized by SEM, TEM,
XPS, and TGA. Good purity polycrystalline copper nanowires with little surface
oxidation, as well as polycrystalline oxide-free silver nanowires were produced
with average aspect-ratios ranging between 50 and 70, which are adequate for
their use as electrically conductive nanofillers in polymer nanocomposites. The
process allows production of gram quantities of nanowires and is amenable to
adaptation for the synthesis of other metal or compound nanowires. In addition,
the process facilitates reusing the aluminum for continuous preparation of
nanowires and avoids intricated processing steps that otherwise would be required
for large scale syntheses by DC electrodeposition in PAO templates. Figure 2.24
shows the scheme of the synthesis of nanowires in PAO templates coupled to the

preparation of polymer nanocomposites.
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Figure 2.24. Overview of the synthesis of metal nanowires and preparation of polymer

nanocomposites.
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Chapter 3

Surface functionalization of Cu and Ag nanowires using alkanethiols

3.1 Introduction

The use of inorganic nanofillers in the preparation of polymer composites
requires a good interaction between the polymer chains and nanoparticle surfaces to
reduce the strong agglomeration forces of the particles and promote homogeneous
distribution in the polymer matrix. In particular, the agglomeration of carbon
nanotubes is considered to be a serious impediment to harnessing their potential in
nanocomposites and substantial effort has been directed towards enhancing their
dispersion via surface modification and/or different methods of composite

preparation.'”

In this work, strong agglomeration of metal nanowires was observed after
removal of the solvent (CH30H) used for dispersion after CaNW liberation from
PAO templates (Chapter 2).* This agglomeration prevented their complete dispersion
in polymer solutions (Chapter 4). Thus, surface functionalization was required to
avoid direct surface interaction between the nanowires after solvent evaporation or
filtration, facilitating their re-dispersion in other solvents and/or polymers. This can
be realized through self-assembly of alkanethiols on the metal nanowire surface. The
self-assembly of these organic compounds will create a new interface between the
conductive particles in the nanocomposite, affecting their electrical percolation in the

polymer matrix. Nonetheless, little is known about the extent to which the electrical
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and rheological properties of the polymer nanocomposites will be affected by the

surface chemistry of metal nanowires.

In this chapter, metal nanowires produced from AC electrodeposition into
PAO templates and liberated in NaOH(aq) solutions are surface functionalized with
different alkanethiols. Surface functionalized CuNWs were characterized by
thermogravimetric analysis (TGA), elemental analysis, X-ray photoelectron
spectroscopy (XPS), X-ray diffraction (XRD), differential scanning calorimetry
(DSC), and nuclear magnetic resonance (°C NMR) to provide insight into the
surficial organic layer formed. The characterization of CuNWs indicate that
multilayers of RS-Cu complexes form on the surface of the CuNWs. The formation of

multilayers is influenced by surficial copper oxides on the CaNW surface.

3.2 Experimental

3.2.1 Materials

1-butanethiol (C4HoSH, 99 %), 1-octanethiol (CgH;7SH, 98.5 %), and 1-
octadecanethiol (C;gH3;SH, 98 %) were obtained from Sigma-Aldrich. Methanol
(CH;0H, 99.8 %) and methylene chloride (CH,Cl;, 99.5 %) were from Fisher
Scientific. All reagents and solvents were used as received. The alkanethiol
compounds used are shown schematically in Figure 3.1. (Caution: alkanethiols
should be handled in a fume hood, C;HoSH is flammable and toxic, CgH{7;SH and

Ci3H37SH are irritant; many thiols produce stench).
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Figure 3.1. Alkanethiols utilized for surface modification of CuNWs

3.2.2 Synthesis and surface functionalization of Cu and Ag nanowires

Copper nanowires were produced using AC electrodeposition into porous
aluminum oxide templates fabricated by the two-step anodization in H,SO4 of 5 cm x
11 cm aluminum (Al) electrodes. The synthesis and liberation of CuNWs were
described in Chapter 2.° In the final step of the liberation, CuNWs were dispersed in
methanol (CH;0H). Measured volumes of 1-butanethiol (C4HoSH) and 1-octanethiol
(CgH,7SH) were added from a micropipette to methanolic suspensions of CuNWs
containing ~ 1.6 mg Cu / ml CH3;OH. Surface functionalization with 1-
octadecanethiol (C;gH3;SH) was obtained by adding a known volume of a 50 mM
solution of the thiol in methylene chloride (CH,Cl,) to the CuNW suspension. The
mixtures of CuNW suspensions and alkanethiols were sonicated for 5 minutes and
then stirred with a magnetic stir bar for 1 hour, collected by filtration on Osmonics
Inc. nylon membranes (0.45 pum pore size), and rinsed vigorously with CH,Cl,. To
ensure complete removal of by-products from the reactions of Cu with the thiols,
nanowires were re-suspended in CH,Cl, using ultrasound for 10 minutes, collected by
filtration on nylon membranes, rinsed vigorously with CH,Cl,, collected, dried under

vacuum for 24 hours, and transferred into a nitrogen-filled glove box.
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3.2.3 Characterization

Elemental analyses were performed by combustion at 1000 °C in O, using a
Carlo Erba CHNS-O EA1108 Elemental Analyzer. Thermogravimetric analyses
(TGA) were performed using a Perkin Elmer Thermogravimetric Analyzer (Pyris 1
TGA) under nitrogen and heated from room temperature to 550 °C at 10 °C/min.
Differential scanning calorimetry (DSC) was performed with a Perkin Elmer Pyris 1

DSC under nitrogen at a heating rate of 10 °C/min.

For X-ray photoelectron spectroscopy (XPS) and X-ray diffraction (XRD)
analysis, suspensions of alkanethiol functionalized Cu or Ag nanowires in CH,Cl,
were dried under reduced pressure in glass vials containing 1 cm x 1 cm silicon
wafers on the bottom. The nanowires sedimented and dried onto the Si slide. The
XPS spectra and XRD pattern were immediately collected, limiting air exposure to
<30 min. XPS spectra were collected with a Kratos Axis 165 X-ray photoelectron
spectrometer using Al Ka X-rays (1486.6 ¢V) from a source operating at 15 kV and
14 mA, the base pressure of the instrument was about 3x10™"° mbar (1 mbar = 100
Pa). XRD patterns were collected using a Bruker AXS D8 Discover with GADDS

detector equipped with a Cu K, source (A = 1.5418 A) collimated with a 0.5 mm

pinhole collimator. The diffraction peak of the silicon wafer was removed by
excluding the diffraction spot arising from the single crystal silicon from the

integration of the 2D diffraction image of XRD to produce the 20 plot.
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BC NMR spectra were recorded with a Bruker Avance 300. Samples were
packed in 4 mm o.d. MAS rotors, spectra were acquired with B¢ Cross polarization
coupled with magic angle spinning (CPMAS), MAS Spinning frequency 4 or 5 kHz,
H-1 90 degrees, pulse length of 4 us, contact time from 1.5 to 2.0 ms. All spectra
were referenced such that the peak for TMS would be at 0.0 ppm by setting the

isotropic high frequency peak of adamantane to 38.56 ppm.

33 Results

3.3.1 Surface functionalization of CaN'Ws using alkanethiols
CuNWs were modified with different alkanethiols. The results of surface
functionalization of CuNWs after dissolution of PAO templates in NaOH(aq) and

suspension in methanol is described as follows.

3.3.1.1 Thermogravimetric and elemental analysis

Surface modification of CuNWs using CsH,;,SH. Figure 3.2 shows the results
of thermogravimetric analysis of copper nanowires functionalized with different
concentrations of CgH;7;SH. Liberated (unfunctionalized) CuNWs show ~ 4.0 %
weight loss (Fig. 3.2, curve a). The total percent weight loss of the functionalized
copper nanowires at 550 °C increases with the thiol concentration from 6.1 % (at 0.1
mM) to 13.7 % (at 10 mM), indicating that the chemisorption of CgH;7SH on

CuNWs is dependent on the thiol concentration.
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Figure 3.2. Thermogravimetric analysis of (a) NaOH-liberated CuNWs and functionalized
CuNWs using different concentrations of CgH7SH: (b) 0.1 mM, (¢) 1.0 mM, (d) 2.5 mM, (e)
5 mM, and (f) 10 mM.

The weight of unfunctionalized CuNWs as a function of temperature showed
a mass decrease at ~ 120 °C, which corresponds to desorption of methoxy species
from copper, as mentioned in Chapter 2.* The thermograms of CgH;7S-CuNW
resulting from exposure of the nanowires to 0.1 and 1.0 mM solutions of CgH;7SH
(Fig. 3.2, curves b and c), show significant mass losses at two temperatures ~ 120 °C
and ~ 228 °C, which indicates the presence of adsorbed species from both CH;0H
and CgH;;SH. This might occur as a result of a partial displacement of methoxy
adsorbates by thiolates, and, therefore, suggests incomplete coverage of the nanowire
surface with the thiol. The thermograms of CgH;7S-CuNW resulting from exposure to
more concentrated solutions of thiol (5.0 and 10.0 mM, Fig. 3.2 curves e and f) show
a sharp mass loss primarily at ~ 228 °C, which indicates a more complete coverage of

the nanowires by the thiol at these concentrations.
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Results of TGA and elemental analysis (Table 3.1) indicate that the weight
loss percent as well as S content of the CuNWs showed a continuous increase at low
thiol concentrations, but reached saturation above 2.5 mM concentrations (Figure
3.3). The C/S and H/C ratios obtained from elemental analysis for copper nanowires
prepared using 5 and 10 mM solutions of CgH;7SH agree well with the molar ratios
C/S = 8 and H/C of 2.1 of the CgH;S- bound to the copper nanowire surface (Table
3.1). In addition, Table 3.1 indicates that the surface properties of the nanowires
changed significantly above 2.5 mM concentration, above which agglomeration and
sedimentation of the alkanethiol-functionalized CuNWs in methanol during surface

modification was observed.

Table 3.1. Weight loss percentage from TGA and elemental analysis of copper nanowires

functionalized using different concentrations of CgH,,SH.

Conc. Weight S C H C+8+H C/S H/C Cu/S Agglomeration
CgH,,SH Loss

(mM) ) (R (B) (%) (%)

0 3.99 0 048 040 088 - 99 - No
0.1 609 016 078 048 142 130 73 3109 No
1.0 10.05 1.07 3.62 089 558 9.0 29 445 No
25 12.58 264 7.85 153 1202 79 23 1638 Yes
5.0 1323 311 922 163 1396 79 21 139 Yes
10.0 13.68 330 9.69 172 1471 78 21 13.0 Yes

102

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



16.0

14.0 1

—12.0 7

,_

b

>
.

Weight loss at 550 °C [ %
= %
(= [l

4
T

0.0 #— T T T T T T T T T

01 2 3 45 6 7 8 91011
Concentration of CgH,SH [ mM ]

n
S content [ wt. % ]

—
(=]

0.5

0.0

Figure 3.3. Variation of % weight loss and the sulfur content of copper nanowires exposed to

different concentrations of CgH,,SH. Lines are guides to the eye.

Figure 3.4 shows the Cu to S ratio of the functionalized CuNWs calculated

using the elemental analysis of the samples, which indicates that the ratio reached

saturation at a value of Cu/S ~ 13 above 2.5 mM CsH;7SH concentrations.
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Figure 3.4. Cu to S ratio of CuNWs surface functionalized in different concentrations of

CgH7SH. Line is a guide to the eye.
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For the purpose of preparation of polymer nanocomposites -containing
CuNWs, it was interesting to determine how the surface modification of the CgH;,S-
CuNWs in solutions of thiol of different concentration would affect the dispersion of
the particles in the polymer. As will be discussed further in Chapter 4, when copper
nanowires were functionalized in =5.0 mM concentrations of CgH;7SH, the density
of CuUNW agglomerates in the polymer decreased significantly, i.e., the dispersion of

the CuN'Ws was enhanced.

A concentration of CgH;7SH of 5.0 mM was utilized for surface modification
of CuNWs and the study of dispersion and properties of CUNW/PS nanocomposites,
as will be presented in Chapter 4. This concentration was selected because a change
in the surface chemistry of the CuNWs and more complete coverage of the CuNWs
by CsH17SH was produced at 5 mM as evidenced by: (1) the agglomeration of the
functionalized CuNWs in CH30H, (2) the plateau of the Cu/S ratio versus CgH;7SH
concentration, (3) the atomic Cu/S and H/C ratios that agree with the elemental

composition of CgH;7S-, and (4) enhanced dispersion of CuNWs in a polymer matrix.

Surface modification of CuNWs using C4HoSH and C;sH3;SH. Surface
functionalization was carried out using thiol concentrations of 5 mM, because of the
results obtained for CsH{7SH. CulNWs surface functionalized in 5 mM solutions of
C4HySH and CigH37SH showed Cu/S and H/C ratios that agreed with the elemental
composition of 1-butanethiol and 1-octadecanethiol, and presented agglomeration and

sedimentation in CH3;OH, which demonstrated that good surface coverage was
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obtained. CuNWs were also functionalized in 5 mM solutions of C4sHeSH and
CisH37SH for subsequent preparation of polymer nanocomposites. Results of TGA
and elemental analyses of CuNWs functionalized using different thiols are presented

below.

The percent weight loss and the first derivative of percent weight loss
obtained from thermogravimetric analysis of CuNWs functionalized with different
thiols after chemical modification using 5 mM thiol solutions are shown in Figures
3.5 and 3.6. The samples were heated to 550 °C under nitrogen at 10 °C per min. For
comparison purposes, the TGA for unfunctionalized CuNWs is also shown in Figures
3.5 and 3.6. Table 3.2 presents the weight loss percentages of the samples recorded
from the thermograms, as well as the temperatures of desorption obtained from the
first derivative plots. The percent weight loss increases with the length of the alkyl
chain of the alkanethiols. However, the percent weight loss for C4HoS-CuNWs is
significantly higher than expected, considering the molecular weight of this thiol
relative to CgH7SH and C;sH3;SH. From the first derivative plot, one may see that
thermal desorption of thiolates does not occur in a single step for the longer alkyl
thiols, as can be inferred from the shoulders of the desorption peaks. In addition,
thermal desorption of the different chemisorbed thiols occurs at different
temperatures (Table 3.2). Interestingly, C4HoS-CuNWs showed thermal desorption at

a higher temperature than longer chain alkanethiol-functionalized CuNWs.
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Figure 3.5. Thermogravimetric analysis of (a) NaOH-liberated CuNWs and CuNWs
functionalized with 5 mM solutions of (b) C;HySH (c¢) CsH;7SH, and (d) C;sH3,SH.
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Figure 3.6. First derivative of thermogravimetric analyses for (a) NaOH-liberated CuNWs
and Cu nanowires functionalized with 5 mM solutions of (b) C;HsSH (c¢) CsHy;SH, and (d)
CsH3;SH.
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Table 3.2. Percentage of weight loss and temperature of desorption for unfunctionalized
CuNWs and CuNWs functionalized using 5.0 mM thiol solutions.
RS-CuNwW Weight Loss Temperature of

Percent desorption
(%) 0
CuNwW 4.0 121*
C4HoS-CuNW 12.2 252
CsH;7,S-CuNW 13.2 228
C1sH37S-CuNW 242 237

* Thermal desorption of methoxy adsorbates.

Table 3.3 shows the results of elemental analyses obtained for CuNWs that
were surface functionalized in thiol solutions of 5.0 mM concentration. The C/S and
H/C ratios agreed well with the atomic ratios of the alkanethiols. In addition, the Cu/S
ratios of the CuNWs indicate significant adsorption of thiol on the CuNWs. More
adsorption was observed for C4;HoSH (Cuw/S ~ 8) than that for longer alkanethiols
(CsH7SH and C;3H37SH, Cu/S of ~14 and ~13 respectively). The results of TGA and
elemental analysis can be rationalized by considering the formation of multilayers, for

which further evidence and discussion is presented in the next sections.””

Table 3.3. Elemental analysis of copper nanowires functionalized with different alkanethiols.
RS-CuNW S C H C+StH C/S H/C Cu/S
(%) () (%) (%)
CHoS-CuNW 520 7.74 146 14.40 4.0 22 8.31

CsH,;S-CuNW  3.11 9.22 1.63 13.96 7.9 2.1 14.0

CisH3,S-CuNW - 296 19.03 331 25.30 172 2.1 12.7
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3.3.1.2 X-ray photoelectron spectroscopy
XPS was utilized for the characterization of surface functionalized CuNWs in
~order to: (1) determine the type of bonding of the alkanethiols to the copper surface,
(2) elucidate the presence of unbound thiols (RSH) or unbound dialkyl disulfides
(RS), in the multilayer that can be produced during the surface reaction of
alkanethiols with Cu surfaces containing oxides,™” and (3) find evidence for the
degree of Cu reduction and O removal from the CuNW surface, given that
alkanethiols have the capability of removing oxygen at copper surfaces, reduce Cu(II)

species, and protect copper surfaces from oxidation.'®!!

Figure 3.7 shows the survey X-ray photoelectron spectra of unfunctionalized
CuNWs and CuNWs functionalized with the different alkanethiols. The C(1s) peaks
at BE of 284.8 eV were used to normalize the BE scale. The surveys were normalized
relative to the intensity of the Cu(2ps5) peak, in order to compare the intensities of
the copper peaks to those of oxygen, sulfur, and carbon. A higher intensity of the
C(1s) peak of thiol-functionalized CuNWs (Fig. 3.7 b-d) relative to the
unfunctionalized CuNWs (Fig. 3.7a) corroborates the presence of alkanethiols. The
intensity of the C(1s)/Cu(2ps.) peak ratio is in the order: C;sH37S-CuNWs > C4H,S-
CuNWs > CgH;7S-CuNWs, indicating a larger than anticipated adsorption of
C4HoSH. The O(1s) peak decreases when CuNWs are surface functionalized. Indeed,
it is known that alkanethiols may act as reducing agents for copper oxides present at

Cu surfaces or inhibit oxidation of the Cu surfaces.>'*!?
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Figure 3.7. X-ray photoelectron survey of (a) NaOH-liberated CuNWs, and CuNWs
functionalized with (b) C;H,SH (c) CsH;;SH, and (d) C;sH;,SH.

It is worth mentioning that C and O peaks will be observed in XPS, due to
contamination produced by exposure of samples to atmosphere before being
introduced into the vacuum chamber. However, because the samples were all
prepared and exposed simultaneously to air before analysis (<30 min), the differences
in C and O peak intensities between alkanethiol-functionalized CuNWs observed

from the spectra are related to the formation of multilayers by the different thiols.

Figure 3.8a presents the high resolution XP spectra for the Cu(2p) peak for
unfunctionalized CuNWs and CuNWs functionalized with alkanethiols. The presence

of Cu(Il) species, such as CuO at the surface of unfunctionalized Cu nanowires, is
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evident from the satellite peaks indicated with stars in the Cu(2p) spectra.”’13 These
satellite peaks are still observed for C4HoS-CuNW, while they are not observed (i.e.
are below the detection limit of the XP spectrometer, 0.1 at. %) for CgH7S-CuNW
and C;gH3;S-CuNW. This indicates that longer chain alkyl thiols prevent oxidation of

the CuNWs more effectively."’

Given that the binding energies of the Cu(2ps;) peaks for Cu(0) and Cu(l)
species are indistinguishable, their presence has to be elucidated using the
Cu(LsM4 sMy 5) peak (Table 3.4).10’14’15 The spectra of the Cu(L; M, sMy s) Auger peak
of unfunctionalized CuNWs in Figure 3.8b indicates the presence of elemental copper
(BE 567.9 eV) and surficial copper oxides (predominantly Cu,O at BE 569.8 eV).
The Cu(L;My4sMss) Auger spectrum for CsHoS-CuNW indicates more surface
oxidation (Cu(l)) of CuNW relative to unfunctionalized CuNWs, while for CgH,;S-
CuNW and C;gH3;S-CuNW, the Auger spectra are similar to that of unfunctionalized
CuNW indicating that 1-octanethiol and 1-octadecanethiol provided better protection

against oxidation than 1-butanethiol.

Table 3.4. Electron binding energies for copper oxides and hydroxides'*"’
Copper compound Binding Energies (eV)
Cu(2psp) Cu(LsM, sMys) O(1s)
Cu 932.5 568.0 -

Cu,0 932.5 570.3 530.5

CuO 933.8 569.0 529.6

Cu(OH), 934.4 570.3 530.9
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Figure 3.8. High resolution X-ray photoelectron spectra of (a) Cu(2p) peak, (b)
Cu(L:M,sM,s) Auger peak, (c) O(1s) peak, and (d) S(2p) peak for (A) NaOH-liberated
CuNWs, and CuNWs functionalized with (B) C;H,SH (C) CgH;SH (D), and C;sHs,SH.

Dotted lines indicate the binding energies according to literature,'*"’
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The XP spectra of O(1s) shown in Figure 3.8c, indicates that oxygen at the
surface of functionalized CuNWs is associated primarily with Cu,O (BE 530.5 eV)
and to a small degree with CuO (BE 529.6 e¢V), which agrees with the Cu(L3M4 sMy s)
spectra. A signal of O(1s) at BE 531 eV might indicate possible association of Cu(Il)
species to Cu(OH),; however, the presence of oxygen as Cu(OH), is ruled out
because the Cu(L3MysMys) shows that Cu,O is predominant. According to previous
studies, the O(1s) peak corresponding to methoxy species chemisorbed at the surface
of Cu is detected at BE 530.1 €V,'%!” which is only 0.3 eV from that of Cu,O. If
methoxy species are not completely displaced from the copper surface by the
alkanethiols, this peak could be a small fraction of the O(ls) peak observed for
functionalized CuNWs. Thus, the O(1s) peaks are consistent with the Cu(2p) and Cu
(L3M4 sMy 5) peaks, indicating that of the copper oxides, Cu;O is more abundant than
CuO. In addition, the O(1s) peaks indicate (1) that oxygen at the surface of CuNWs is
only partially displaced by the action of the alkanethiolates and (2) the coexistence of
copper oxides (primarily Cu,;0) and thiolates in the multilayer at the surface of the

CuNWs is likely.

Figure 3.8d shows the XP spectra for the S(2p) peak of unfunctionalized and
surface functionalized CuNWs. The doublet of the S(2ps;;) peak at 162.2 eV
corresponds very well to that of thiolate (R-S-Cu)."®'® The S doublet (S2p1/, and
S2ps;) fits well to a separation of 1.2 eV, indicating the presence of only one S
species. The S(2p3/,) peaks of free thiol or disulfide formed as the by-product of the

surface functionalization process should appear between 163-164 eV.'*" No
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evidence of unbound thiols or unbound disulfides is observed. In addition, weak
signals observed from BE 166 to 169 eV for C4HoS-CuNW indicates little oxidation

of the thiolate to sulfonate (RSO3).!%!12°

3.3.1.3 X-ray diffraction

One may wonder if the alkanethiols chemisorbed on CuNWs are ordered in a
way that can be detected by XRD. In addition, as alkanethiol functionalized CuNWs
showed the presence of surficial oxides (as determined by XPS), one may ask if the
oxides are present as crystalline species. Figure 3.9 shows the XRD patterns recorded
for CuNWs functionalized with C;HoSH, CgH;7SH, and C,sH3;SH. Clear evidence of
crystalline copper oxides, CuO or Cu,0, is not observed. The diffraction peaks were
assigned to the fcc lattice of copper. The intensity ratios of the (111) relative to (220)
and (200) were similar to those of CuNWs (Chapter 2) without functionalization,

showing a slightly preferred orientation along the (111) planes.

Interestingly, diffraction peaks are observed at small angles (4 - 25°) in Figure
3.9, indicating that alkanethiolates chemisorbed on CuNWs present some degree of
conformational ordering (or crystallization). The number of diffraction peaks
decreased with increasing alkyl chain length of the alkanethiol-functionalized
CuNWs. For C3H37S-CuNWs, only two broad peaks were observed. Table 3.5 shows
the d-spacings corresponding to the diffraction peaks observed for functionalized
CuNWs calculated using Bragg's law (A = 2d sinf) in order to show the distances

between the planes that lead to X-ray diffraction from the functionalized CaNWs.
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Figure 3.9. XRD of CuNWs functionalized with (a) C4H,SH (b) CsH,;SH, and (c) C;sH;;SH.
Standard powder patterns of (d) Cu (e) Cu,O (f) CuO.

Table 3.5. d-spacings for the reflections from alkanethiol-functionalized CuNWs at small

angles
C;HyS-CuNW d(A) CsH,7S-CuNW D (A) C,sH;,S-CuNW d(A)
20 (deg) 20 (deg) 20 (deg)

5.7 15.5 7.1 12.5 20.1 4.4
7.9 11.2 10.5 8.5 23.1 3.9
11.2 7.9 13.9 6.4
13.5 6.5 17.3 5.1
16.7 5.3 20.2 44
224 4.0

The diffraction peaks of surface-modified CuNWs produced in this work
might have resulted from (1) interdigitation between alkyl thiols on adjacent CuNWs

or (2) a multilayer of RS-Cu complexes self-assembled on the surface of the CuNWs.

114

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Interdigitation has been reported from studies related to the self-assembly of
alkanethiol-functionalized Ag and Cu nanoclusters and the formation of
superl.atttices.ﬂ'23 However, in this work, the number of diffraction peaks at small
angles decreases with the length of the alkanethiol, which indicates that shorter chain
alkanethiols might have produced more crystalline multilayers than long chain
alkanethiols. Therefore, interdigitation might not be the reason for diffraction peaks
from the functionalized CuNWs.***” Previous studies have reported the formation of
layered metal thiolate structures by self-assembly of alkanethiols. In these structures,
sulfur atoms from the alkanethiols are attached to metal atoms arranged iﬂ a plane.24'
%7 For instance, for layered copper thiolates, XRD studies have demonstrated that
interdigitation does not occur (i.e. the interlayer spacing corresponded to twice the
length of the alkanethiols).”’ It is known that self-assembly of alkanethiols into these
structures occurred under special conditions; previous studies discussed the difficulty

of obtaining crystallites for XRD studies.”?*

The formation of the multilayers on the CuNW surfaces might be related to
the formation of RS-Cu complexes that self-assemble at the surface of the CuNWs.
XRD patterns indicate that C4HoSH produces more crystallization than long
alkanethiols, which indicates that the mechanism of self-assembly of these complexes
is favoured by wusing short alkyl chains under the conditions of nanowire
functionalization. Further studies would be required to elucidate the crystalline

structure of the multilayer. For the purpose of this work, XRD characterization
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provided a good indication that multilayers of RS-Cu complexes on the CuNWs may

present some degree of ordering in the solid state.

3.3.1.4 Differential scanning calorimetry

DSC analysis of functionalized CuNWs indicated the presence of
endothermic peaks below the temperature of desorption of the alkanethiols (see Table
3.2). Considering the presence of diffraction peaks obtained from XRD analyses of
functionalized CuNWs, the endothermic peaks observed from DSC analysis must
correspond to the melting process of the multilayer at the CuNW surfaces.
Endothermic processes have been reported for Cu and Ag nanoclusters functionalized

2123 a5 well as for layered metal thiolates.”’

with alkanethiols,

Figure 3.10 shows the results of differential scanning calorimetry analyses of
functionalized copper nanowires; endothermic peaks corresponding to the melting
process of the multilayers are observed between 145 and 174 °C. The melting points
are in the order C4HoS-CuNWs > CgH7S-CuNWs > CigH3;S-CuNWs. Interestingly,
the melting point for C;HoS-CuNWs was higher than those obtained for longer chain
alkylthiols. In addition, C4HoS-CuNWs showed an exothermic peak at a temperature
of ~ 120 °C. Self-assembled monolayers of short alkanethiols are expected to show
little conformational ordering, because of lower van der Waals interactions between
the short alkyl chains. The exothermic and endothermic changes for C4HoS-CuNWs
suggest that during heating, a crystallization process occurred first, promoted by

thermal motion and organization of the RS-Cu complexes. This leads to a different
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crystalline phase that melts at higher temperatures than that observed for longer
alkanethiols. The XRD pattern of C;HoS-CuNWs agrees with the DSC results,

indicating more crystallinity of the multilayer formed by short alkanethiols.

@

®)

Heat Flow (Endo Up)

©

100 120 140 160 180 200
Temperature (°C)

Figure 3.10. DSC of CuNWs functionalized with (a) C;HsSH (b) C3sH;-SH, and (¢) C,sH3,SH.

Table 3.6 shows the melting temperature and melting enthalpies for
allFanethiol—functionalized CuNWs. It can be inferred from Table 3.6 that the melting
enthalpy increases with the chain length of the thiol. The decrease of the melting
point with the alkyl chain length does not agree with the possibility of interdigitation
of alkyl chains between adjacent nanowires. However, a similar trend was reported in

a study of the melting behavior of copper alkanethiolates to mesogenic phases by

1.25

Espinet et al.”” They found that the melting points of the layered structures decrease

with increasing alkyl chain length (172.6 °C, 136.4 °C and 140.6 °C for n = 4, 8 and

18, respectively, where n is the number of carbons of the alkanethiol). Although
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strictly similar structures are not expected for the multilayer on CuNW surfaces, the
similarity to the results in this work is intriguing and points to the possibility of self-

assembled RS-Cu complexes on the CuNW surfaces.

Table 3.6. Melting points and enthalpies of copper nanowires functionalized with different

alkanethiols (a) C4HQSH (b) CgH17SH (C) C18H37SH

RS-CuNW Melting Point Melting Enthalpy
O (J/g)
CHoS-CuNwW 174 29.1
CsHy7S-CuNW 147 30.1
CisH;,S-CuNW 145 352

3.3.1.5 Solid state CPMAS °C NMR

Solid state NMR provided more supporting evidence for the formation of
thiolate bonds in functionalized nanowires. The CPMAS "“C NMR spectra for
CuNWs functionalized with different alkanethiols are presented in Figure 3.11. The
assignment of the chemical shifts to the C atoms of each alkylthiol has been
performed by comparison to the shifts of pure alkanethiols as well as those reported
in the literature for self-assembled monolayers of thiols on Cu and Au
nanoclusters.”’** C atoms are numbered starting from C1 for the C atom bound to S

to the last C in the alkyl chain (Figure 3.11 and Table 3.7).
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Figure 3.11. CPMAS ">C NMR spectra for CuNWs functionalized using (a) C;HoSH (b)
C8H17SH, and (C) C13H37SH.
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Table 3.7. Chemical shifts for CuNWs functionalized with different alkanethiols and typical

chemical shifts for the corresponding alkanethiols in solution,”°

CH,S-CuNW C4HoSH
C 6 (ppm) C 6 (ppm)
1-2 39.1 1 24.1
3 25.7-24.7 2 35.9
4 17.1-15.1 3 213
4 13.3
CsH,,S-CuNW CsH,,SH
C 6 (ppm) C 6 (ppm)
1 42.6 1 245
2 39.7 2 33.9
3-6 34.5-36.1 3 28.2
7 26.0 4,5 28.9-29.0
8 15.3 6 31.6
7 225
8 13.9
C1sH3,S-CuNW CsHy,SH
C 6 (ppm) C 6 (ppm)
1 42.4 1 24.5
2 39.6 2 339
3-16 342 3 28.2
17 254 4-15 28.9-29.6
18 14.7 16 31.8
17 225
18 13.9

There is a significant downfield shift for the alkanethiol-functionalized
CuNWs relative to the chemical shift of the alkanethiols in solution. It is worth noting
that C4HoSH and CgH;7SH are liquids at room temperature, while C;3H37SH is a solid
with a melting point of ~ 30 °C. The most significant shift occurs for the C1 atoms,
similar to what has been reported for alkanethiols on Cu and Au nanoclusters in
previous studies.”"” In the case of Cu nanowires, the C1 shift is ~ 15 ppm for C4HoS-
CuNWs and ~ 18 ppm for CgH;7S- and CisH37S-CuNWs. The shift of Cs along the

alkyl chain decreases gradually. The downfield shift obtained in the °C NMR spectra
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of the functionalized CuNWs confirmed the presence of a Cu-thiolate bond. In
addition, the significant downfield chemical shift of C1 indicates the absence of

unbound alkanethiols or weakly adsorbed species of organosulfur compounds.”’

3.3.2 Surface functionalization of AgNWs using 1-octanethiol

In the previous section, CuNWs with little surface oxidation presented
significant chemisorption of alkanethiols. The chemisorption of alkanethiols on
copper surfaces leading to the formation of multilayers is significantly enhanced by
the presence of copper oxides at the surface of CuNWs produced by AC
electrodeposition into and liberation from PAO templates. The self-assembly of
multilayers at metal surfaces has been reported for Au and Cu oxidized surfaces.>”
The presence of oxygen at metal surfaces has been considered to be critical to the
formation of multilayers. AgNWs produced by AC electrodeposition and liberation
from PAO templates showed much less O at the surface than CuiNWs, as discussed in
Chapter 2. In an effort to elucidate the different degrees of thiol adsorption on Ag and
CuNWs produced by AC electrodeposition, the surface functionalization of AgNWs

with CgH;7SH was studied.

AgNWs were prepared by AC electrodeposition into PAO templates, as
described in Chapter 231 AgNWs were surface functionalized with CgH;7SH using a
similar procedure to that utilized for surface modification of CuNWs. Suspensions of
AgNWs in methanol after liberation from PAO templates were treated with solutions

of different concentrations of CgH;7SH. Interestingly, TGA results indicated an ~ 2 %
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weight loss of AgNWs functionalized in solutions with-concentrations of 1.0, 2.5, 5.0
and 10.0 mM (average weight loss = 2.25 = 0.17 %). Unlike CgH;7S-CuNWs, the
weight loss on CgH;7S-AgNWs did not show any dependence on the concentration of
CsHy7SH, which is likely due to the self-assembly of monolayers of CsH;7SH on the
oxide-free AgNW surface. Figure 3.12 shows a typical TGA of CgH;7S-AgNWs
relative to unfunctionalized AgNWs. The desorption temperature of CgH;;S-
determined from the first derivative of the thermogram was 170 °C.

100.0
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Figure 3.12. Thermogravimetric analysis of (a) NaOH-liberated AgNWs and (b) AgNWs

surface functionalized with CgH;,SH.

Table 3.8 shows results of weight loss percent and elemental analysis of a
typical sample of AgNWs surface functionalized using 5.0 mM solution of CsH;7SH.
The C/S and H/C ratios obtained from elemental analysis of functionalized AgNWs
agree well with the molar ratios of CgH;;S- (C/S = 8.0 and H/C = 2.1) bound to the
AgNW surface. The Ag/S ratio shows a value of ~ 72, which is 5 times higher than

that obtained for CsH;7S-CuNWs (Cu/S ~ 14, Table 3.1), and indicates significantly
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less adsorption of the 1-octanethiol on Ag than on Cu nanowires. It is worth
mentioning that DSC analysis of AgNWs did not provide evidence of melting

processes as obtained for functionalized CuNWs.

Table 3.8. Weight loss percentage from TGA and results of elemental analysis of silver

nanowires functionalized using 5.0 M solution of CgH,,SH.

Conc. Weight S C H C+S+H C/S H/C Ag/S Agglomeration
CsHy,SH Loss

(mM) ) ) ) B )

5.0 2.44 041 125 027 193 82 26 716 Yes

Figure 3.13 shows the XP survey and high resolution XP spectra of the
Ag(3d), Ag(MNN) Auger, and S(2p) peaks for CgH;7S-AgNWs. The presence of the
thiolate bond (RS-Ag) on the AgNW surface is evidenced by the S(2ps;) peak at
161.8 €V (Fig. 3.13d),'° The characterization of CsH;7S-AgNWs by TGA, elemental

analysis, and XPS suggest the formation of self-assembled monolayers on AgNWs.

34 Discussion

In this work, surface functionalization of CuNWs with alkanethiols has
resulted in multilayers on the surface of the nanowires. The formation of a multilayer
on CuNWs after surface functionalization with alkanethiols is inferred from the
following reasons: (1) the ratios of Cu to S of functionalized CuNWs from elemental
analysis were ~ 8 for C4HoS-CuNWs and ~ 13 for CsH;7S-CuNWs and C;gH3;S-

CuNWs, indicating significant adsorption of alkanethiols. An approximate calculation
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Figure 3.13. X-ray photoelectron spectra of AgNWs functionalized with CgH;;SH. (a)
Survey, and high resolution spectra of (b) Ag(3d) peak, (c) Ag(MNN) Auger, and (d) S(2p)
peak. Dashed lines indicate the binding energies of Ag, Ag,O, and AgO according to

literature.'”
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of Cu atoms at the surface of CuNWs, assuming the nanowires are 1 pym in length and
25 nm in diameter, indicates that ~ 3.6 % of the Cu atoms would be located at the
surface. If an ideal alkanethiolate monolayer on Cu is considered, less than 1 at. %
sulfur in the total sample would correspond to the formation of a monolayer. The
expected Cu/S ratios for the CuNWs from elemental analysis should be on the order
of ~ 99, under the assumption of a monodisperse sample of nanowires with the
dimensions specified above. The low Cu/S ratios of the samples indicated the
formation of RS-Cu complexes on the surface of CuNWs. (2) In the case of
monolayers, an increase in weight loss percent should be proportional to the molar
mass of the different thiols; however, a larger than anticipated adsorption of 1-
butanethiol was obtained relative to the adsorption of 1l-octanethiol and 1-
octadecanethiol. This can only be explained if multilayers have formed, which in the
case of C4HoSH have led to more adsorption of the thiol and greater crystallinity, as
evidenced by the higher melting points, versus the melting points of the multilayers
obtained with CgH;SH and CigH3;SH. (3) Surface modification of AgNWs using
CsH7SH demonstrated significantly less adsorption of thiol compared to CuNWs.
The difference in thiol adsorption between CuNWs and AgNWs is attributed to the
surface oxidation of the CuNWs after liberation from PAO templates. The presence
of oxides on copper promoted the formation of a multilayer, while in the case of

oxide-free AgNWs the formation of a monolayer was more likely.

The formation of multilayers of alkanethiols has been reported for Cu and Au

surfaces in previous studies.”” The presence of multilayers is related to the presence
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of oxides at the metal surface. For instance, Kim et al. found evidence of the
formation of multilayers on gold surfaces from STM analysis and quartz crystal
microbalance measurements. Up to 4 monolayers of n-Ci3H3;SH formed on gold
when the sample was exposed to the thiol solution for 3-7 days.® Woodward et al.
found islands of 20-200 nm in diameter located on the RS/Au monolayer surface
according to AFM observations.” The height of the islands on the surface of Au
substrates corresponded to the height of approximately two monolayers of the thiols.
The formation of these multilayers was attributed to oxidation of the Au surface. In
addition, they rationalize the structure of the multilayer as composed of a bilayer of

Au/alkanethiol complexes.’

One of the reasons for using alkanethiols to modify the surface of CuNWs is
the ability of alkanethiols to act as reducing agents and remove oxides from copper
surfaces.'” After liberation in NaOH(aq) solutions, the presence of oxides and
chemisorption of methanol on copper nanowire surfaces was evident from XPS
analysis. Oxide formation on the CuNWs was expected to result from the etching of
the PAO templates in aqueous solutions of NaOH(aq) and from performing the
liberation in air. Using alkanethiolates, however, helped to remove copper oxides to a
small degree. The signal corresponding to Cu(Il) species in XP spectra disappeared

- after the treatment with CgH;7;SH and C,sH3;SH, but non-negligible amounts of
oxygen were still present. XPS characterization of functionalized CuNWs indicates
that the alkanethiolate multilayer formed on a surficial layer composed of Cu(0),

Cu(I) and O.
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In previous studies related to the alkanethiolate adsorption on oxidized copper
surfaces, the formation of dialkyl disulfides have been reported. For instance, the
addition of alkanethiols to colloidal solutions of Cu nanoparticles led to the formation
of dialkyl disulfides (RS),. Crystals of (CisH33S), and (CisH37S), were identified.?® Tt
1s considered that the reduction of copper oxides by alkanethiols occurred through the

following reactions:™®'?

On elemental copper:
RSH + Cu(0) - RSCuup+ 1/2 Hy
On copper oxides:
2RSH +2Cu0O — (RS); + Cu,0 + H,O

In this work, dialkyl disulfides (RS), could have resulted from the surface
functionalization of copper nanowires, given the presence of copper oxides at the
surface. However, these compounds can be removed using solvents such as toluene,
benzene, hexanes, éhloroform, and methylene chloride. Indeed, XPS and BC NMR
analyses of functionalized copper nanowires showed the presence of RS-Cu thiolate
bonds, and no evidence of unbound thiol or disulfides, indicating that the rinsing
steps in methylene chloride were effective in removing the dialkyl disulfide that could

have precipitated at the surface of the nanowires.
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Given that XPS and ">C NMR analyses provided (1) direct evidence of the
thiolate bond (RS-Cu) and (2) absence of impurities of unbound thiols and disulfides
in the alkanethiol-functionalized CuNWs, it can be inferred that S atoms in the
multilayer must be associated to species containing S-Cu bonds. Thus, a multilayer
composed of RS-Cu complexes must be considered. The possibility of formation of
surficial complexes of Cu and Au on oxidized surfaces treated with alkanethiols have
been reported before.>” The elucidation of such a complex multilayer on CuNWs is
definitely a difficult task, but the evidence obtained in this work points to the
possibility of having complexes of metal species in the multilayer similar to those
considered by Woodward et. al. on oxidized gold surfaces.” Figure 3.14 shows a
schematic representation of possible self-assembled structures on CuNWs after their
surface modification with alkanethiols. A self-assembled monolayer of alkanethiol
forms on a layer of Cu and Cu,0O nanowire surface (Fig. 3.14a). The multilayer may
comprise layered self-assembled copper alkanethiolate complexes as indicated in
Figure 3.14b. In these structures, sulfur atoms from the alkanethiols are bound to
copper atoms arranged in a plane as has been reported previously.24'27 One may
speculate that the formation of the multilayer in the CaNW surface would require the
diffusion of copper (I) species from the surface to form the multilayer complex, a
process that might be driven by the reduction of CuO by the alkanethiols. C4HoSH
might have facilitated the diffusion of copper (I) species from the nanowire surface,
given the small size of the molecule compared to Ci3H37,SH, leading to a higher molar

adsorption of C4HoSH relative to longer alkanethiols.
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Figure 3.14. Schematic representation of possible self-assembled structures formed on
CuNWs after surface modification with alkanethiols. (a) monolayer on the nanowire surface

and (b) self-assembled alkanethiolate copper complexes that may be present in the

multilayer.24'27

35 Conclusions

Copper nanowires produced by AC electrodeposition and liberation from
PAO templates were surface functionalized with alkanethiols to decrease the strong
agglomeration forces that take place between copper surfaces when methanol is
removed after the liberation process. Consequently, surface modification enhances
the CuNW dispersion into polymer matrixes, as will be shown further in Chapters 4
and 5. Although studies about the self-assembly of alkanethiols on Cu surfaces have

391232 the mechanism and structure of self-assembled

been reported previously,
structures at oxidized-Cu surfaces have not been completely elucidated. However, it
is known that the presence of oxides at the metal surface promotes the formation of

multilayers.>” Characterization of functionalized copper nanowires by XPS, XRD,

NMR, TGA and elemental analysis indicated the presence of alkanethiolates (RS-Cu)
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and significant adsorption of alkanethiols. The data is consistent with the presence of
self-assembled RS-Cu complexes at the surface of the CuNWs. The presence of the
multilayer is expected to affect the dispersion and the electrical percolation of the

nanowires in polymer nanocomposites.
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Chapter 4
Cu and Ag nanowire/Polystyrene nanocomposites produced

by solution processing

4.1 Introduction

Polystyrene (PS) was selected as the polymer matrix with which to prepare
polymer nanocomposites, because it is one the most widely studied and used
commodity polymers. Thus, the effects of the copper and silver nanowires on the
properties of these nanocomposites could be easily identified. A few works related to
the preparation of nanowire/PS nanocomposites can be found in the literature. These
studies have been published recently and are briefly mentioned as follows: Co
nanowires (12-24 nm in diameter and 1 um in length) were electrodeposited in films
of di-block copolymers of PS and poly(methylmethacrylate),1’2 for the study of the
magnetic properties of Co nanowire arrays; Pd nanowires (250 nm in diameter) were
electrodeposited on Highly Oriented Pyrolytic Graphite (HPOG) and then transferred
by a shadow masking technique into PS films for the preparation of a PS
nanocomposite with hydrogen sensing properties;” Ag nanorod (30 nm)/PS
nanocomposite was prepared by a so called reverse-micelle-gas antisolvent-
ultrasound method, which resulted in composite nanorods of controllable length (200
nm to microns in length).* Very recently, and in a similar approach to that developed
in this work, Ag nanowires (300 nm, 10 pm) fabricated in porous alumina templates
have been incorporated in polymer films of an immiscible blend 30/70 of

polystyrene/poly(vinyl pyrrolidone).” Nonetheless, to the best of our knowledge, the
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electrical and rheological percolation of metal nanowire/polymer nanocomposites

using melt mixing or solution process have not been studied.

PS nanocomposites containing SWNT and MWNT have received more
attention. Some specific applications of CNT/PS nanocomposites that have been
reported are: field emission,® EMI shielding foams,” and microwave absorbing

materials.® Carbon nanotube/PS nanocomposites have been prepared by solution

7,9-16 17,18

mixing, melt mixing, and in situ polymerization.'”?' For instance, very low
electrical percolation thresholds of 0.05 to 0.3 wt. % for SWNT/PS and 0.014 wt %
for MWNT/PS have been reported.?’. Other efforts of producing PS nanocomposites
with interesting electrical or inductive properties have been demonstrated using
carbon nanotubes doped with B or filled with Fe, respectively.”** However, the
rheological properties of PS nanocomp§sites have been scarcely studied, and a

complete analysis of the relation between dispersion, electrical, and rheological

properties of SWNT/PS or MWNT/PS composites still remains to be elucidated

Copper and silver nanowires produced by the PAO template-directed synthesis
were used to prepare metal nanowire/PS nanocomposites by solution processing. The
effect of the concentration and chemical modification with alkanethiols of copper and
silver nanowires on the dispersion, and electrical and viscoelastic properties of
polymer nanocomposites were studied. Electrical and rheological characterization of
the nanocomposites was essential for an understanding of the relationship between

the microstructure and the properties of the nanocomposites.
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4.2 Experimental

4.2.1 Preparation of polystyrene nanocomposites by solution processing

Cu or Ag nanowire/polystyrene nanocomposites were produced by dispersing
the nanowires (unfunctionalized or chemically functionalized) in a 1.2 wt.-% solution
of polystyrene resin (Styron 666D, Dow Chemical, M.I = 7.5, M,, = 200,000 g/mol,
and T, = 100 °C) in CH,Cl, using an ultrasonic bath (35 W average power, 38.5-40.5
kHz). The bulk densities of copper (8.96 g/cm®) and PS (1.04 g/cm’) were used to
calculate the amounts of CuNWs and polymer to be used in each experiment. A
sonication time of 30 minutes was utilized applying ultrasound for 5 min with a 5 min
rest period between sonications. The suspension was cast in an evaporation dish, the
‘solvent evaporated and the resultant nanocomposite dried in a vacuum oven at 50 °C
for 24 h to obtain ~120 um thick films. The polymer composite films were cut into
small pieces (~ 4 mm?) and then hot pressed at 200 °C and 1.5 metric tons for 5 min
in a 0.8 mm thick, 25.4 mm diameter stainless steel mold, separated by aluminum foil

from top and bottom stainless steel plates.

4.2.2 SEM and TEM of nanocomposites

For SEM analysis of nanocomposites, hot molded samples were immersed in
liquid nitrogen for 5 minutes and freeze fractured. Samples were chromium coated to
enable surface electrical conductivity and facilitate imaging of the nanocomposites.
SEM images were collected using a JEOL 6301F Field Emission Scanning Electron

Microscope. Backscattered electron images were collected using an accelerating
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voltage of 20 kV. For TEM analysis of nanocomposites, hot molded samples were
embedded in epoxy resin and then ultramicrotomed to give sections ~70 nm thick
using an Ultracut diamond knife at room temperature. TEM images were collected

using a Philips Morgagni 268 microscope at an acceleration voltage of 70 kV.

4.2.3 Measurement of electrical resistivity of nanocomposites

The electrical resistivity of polymer nanocomposites was measured by two
different techniques using two different setups as follows. At the beginning of this
study, the instrumentation available for resistivity measurements consisted of an ETS
Model 804B resistivity probe and a 617 Keithley Electrometer. This setup was
capable of measuring resistances up to 2x10'! Ohms using a constant current method.
The volume resistance of the samples was measured between the disk electrode of the
probe acting as the top electrode and a polished copper plate acting as the bottom
electrode (Figure 4.1a). The measured volume resistance, R,, was converted to
volume resistivity, p,, using equation (4.1)

Po=(A)R, 4.1)
where, 4 is the effective area of the measuring electrode (0.85 cmz), and ¢ is the
average thickness of the specimen. The measurements were performed under
atmospheric conditions on samples pre-conditioned at 0% humidity for 24 h.
Conductive rubber sheet (Zoflex® CD75, volume resistivity = 0.06 Q-cm) was
utilized to improve the electrical contact of the specimens to the copper plate

electrode.
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(®)

Figure 4.1. Photographs of the two different probes used for measurement of volume

electrical resistivity of polymer nanocomposites. (a) Electrical resistivity probe ETS-804B
used along with a Keithley Electrometer 617, the reflected image on the copper plate shows
the inner disk and the ring of the probe, (b) 6517A Keithley electrometer and 8009 Keithley

resistivity test fixture.

In order to make electrical resistivity measurements in the range between 10°
and 10'® Q for the characterization of polymers and their composites, a more
specialized measurement setup was acquired. This setup consisted of a 6517A
Keithley electrometer, 8009 Keithley resistivity test fixture, and Keithley 6524 high
resistance measurement software (Figure 4.1b). Table 4.1 shows the specifications of
the 8009 resistivity probe. Alternating voltages from 10 to -10 V or 100 to -100 V
were used for conductive or resistive samples, respectively. The alternating voltage
reduces the effect of inherent background currents, improving the accuracy of the
measurement. The measured volume resistance, R,, was converted to volume
resistivity, p,, using equation (4.1), where 4, the effective area of the specimen was

equal to 4.99 cm’. The electrical resistivity was measured using 100 V for samples
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with R > 10° Q@ and 10 V for samples with R < 10° @ according to ESD STM11.12-
2000. Parafilm® layers with a 25.4 mm hole in the centre for the sample to fit in were
utilized to avoid contact between the top and bottom electrodes of the fixture. The
measurements were performed under atmospheric conditions on samples pre-
conditioned at 0 % humidity for 24 h. Three to six replicate samples were prepared

and measured at each concentration of nanowires.

Table 4.1. Specifications of the Model 8009 Keithley resistivity test fixture.

Parameter Specification
Volume resistivity range 10°- 10" @-cm
Surface resistivity range 10°-10" Q
Center electrode 50.8 mm O.D. + 0.05 mm conductive rubber pad
Top electrode 85.7 mm O.D. £ 0.05 mm, 54 mm diameter

conductive rubber pad

Ring electrode 57.2 mm LD. £ 0.05 mm
Electrode material Type #303 stainless steel
Pad resistivity 10 ©/sq max.

4.2.4 Rheological characterization

Dynamic rheological characterization was performed on hot molded samples
25.4 mm in diameter and 0.8 mm thick using a Rheometrics Inc. RMS800 Rheometer
with a 25 mm parallel plate fixture at 200 °C under nitrogen atmosphere. Frequency
sweeps were performed at low strains (0.09 - 10%), where the materials show linear

viscoelastic behavior.
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4.3 Results

4.3.1 Dispersion and electrical percolation of metal nanowires in PS
nanocomposites
Cu and Ag nanowires produced by template-directed synthesis in PAO
templates were used to prepare PS nanocomposites using a solution processing
method. The dispersion of the nanowires into the polymer matrix and the effect of the
concentration of metal (Cu, Ag) nanowires on the electrical resistivity of the

composites were studied.

4.3.1.1 Dispersion and electrical resistivity of CaNW/PS nanocomposites - Initial
experiments
Initial experiments preparing nanocomposites were developed using copper
nanowires produced using PAO templates that consisted of pores ~ 25 nm in diameter
and ~ 16 um deep. These experiments were carried out before the scale-up of the

synthesis of nanowires was accomplished.

CuNW/PS nanocomposites were produced by dispersing different amounts of
copper nanowires into a solution of polystyrene in CH,Cl,. Figure 4.2 shows scanning
electron microscopy images of freeze-fractured portions of a nanocomposite prepared
with 4 vol. % CuNWs. The nanowires are observed as bright spots or domains in
backscattered SEM images, as indicated in Figure 4.2. A fraction of the CuNWs do

not disperse in the solution, and apparently segregate during the slow drying process
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to form a higher-concentration nanowire layer at the bottom of the film (polymer
cast). Considering this, fast evaporation of the solvent was tested using reduced
pressures. However, SEM characterization of the samples prepared using fast
evaporation showed that drying the cast film quickly decreased the degree of
segregation only marginally. This indicates that the unfunctionalized CuNWs form
relatively large agglomerates during the filtration process, which do not re-disperse
upon application of ultrasound and settle quickly. Upon cutting up and hot pressing
this segregated film to produce the resistivity test samples, the high concentration
layer becomes buckled and re-oriented, as seen in the low magnification image
(Figure 4.2a). There is, however, still a considerable fraction of Cu nanowires well-

dispersed in the polymer-rich portion of the composite (Figure 4.2b).

Figure 4.2. Backscattered SEM images for a freeze-fractured sample of a CuNW/PS

nanocomposite containing 4 vol. % CuNWs: (a) low magnification image of a cross section
showing agglomerates of unfunctionalized CuNWs and (b) high magnification image of a
cross section showing the presence of dispersed nanowires in the polymer between the

agglomerates.

The results of electrical resistivity measurements on nanocomposites

containing different concentrations of Cu nanowires are shown in Table 4.2. The
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volume electrical resistivity (p) of the composites showed percolation behavior above
concentrations of 2.0 vol. % Cu nanowires. A dramatic decrease in p of
approximately 7 orders of magnitude occurred between concentrations of 2.0 and 4.0
vol. % Cu. This is explained by the formation of an interconnected conductive
network of the nanowires in the polymer matrix. The standard deviation of the 2.0
vol. % composite (approximately three orders of magnitude) indicates that this
concentration is close to the percolation threshold of the nanowires in the polymer
matrix, where small changes in the microstructure might result in significant
variations on the resistivity. In contrast, the small standard deviation of the electrical
resistivity at higher concentrations of nanowires indicates consistent values
corresponding to electrically conductive composites. However, a complete
percolation curve was not obtained from these experiments, because measurements of
electrical resistivity values of nanocomposites prepared with concentrations lower
than 2.0 vol. % of nanowires was not possible with the available test system (ETS

Model 804B resistivity probe and 617 Keithley Electrometer).

Table 4.2. Average volume electrical resistivity and standard deviations calculated for Cu
nanowire/PS nanocomposites with different concentrations of Cu nanowires (prepared in 16

um thick PAO templates using the smaller-scale process, average length = 1.78 = 1.37 um).

Cu Conec. 0 Log (o, -cm) No. Standard
(Vol. %)  (Q-cm) of Specimens  Deviation
2.0 3.57 x 10° 9.55 4 0.99
4.0 6.04 x 10" 1.78 3 0.28
6.0 1.50 x 10* 4.17 3 0.35
100 4.92x10' 1.69 1 -
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Polymer composites were also prepared using commercial copper powder
utilizing a procedure similar to that used to prepare the CuNW/polymer
nanocomposites. Table 4.3 shows the electrical resistivity obtained from composites
containing micron-sized copper particles (< 1.5 pum particle size). In this case, the
resistivity values did not indicate the occurrence of electrical percolation even up to
concentrations of 10 vol. % copper, as expected. The percolation threshold for
randomly dispersed spherical particles is ~ 16 vol. %;>** hence, the observed
behavior of the blends prepared using commercial spherical particles is expected, and
intended only as a control to illustrate that small size and high aspect-ratio nanowires

are required to achieve percolation at low volume fractions of metal.

Table 4.3. Average volume electrical resistivity and standard deviations calculated for

spherical micron-sized Cu particle/PS nanocomposites at different concentrations of copper.

Cu Conec. 0 Log (p, -cm) No. Standard
(Vol.%)  (2-cm) of Specimens  deviation
4.0 2.35 x 10" 11.37 3 0.23
6.0 3.54 % 10" 10.55 3 0.37
8.0 3.80 x 10° 9.58 3 0.22
100  235x10° 9.37 3 0.19

Considering that irreversible agglomeration of CuUNWs was observed after the
liberation from the PAO templates, chemical modification of the surface of the
CuNWs was carried out using 1-octadecanethiol (CisH37SH). The long chain of the

alkanethiol was expected to coat the nanowires through covalent bonding of the sulfur
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atoms of the thiol to the Cu atoms at the surface of CuNW, i.e. the formation of
copper-alkanethiolates. In addition, van der Waals forces between the functionalized
CuNWs will be overcome in hydrophobic solvents, facilitating their mixing in the
polymer solution. Enhanced dispersion of the nanowires in the polymer matrix was
also expected, due to a decrease in the interfacial tension between polymer chains and
the modified surface of the nanoparticles. For experimental consistency, CuNWs
prepared using PAO templates 16 pm thick were utilized. The methodology for the
chemical modification of the nanowires and their characterization were described in
Chapter 3. The effect of the surface modification of CuNWs with C;sH3;SH on the

dispersion and electrical properties of polystyrene nanocomposites was then studied.

Figure 4.3 shows backscattered electron SEM images of freeze-fractured
samples of nanocomposites containing 4.0 vol. % C;sH3;SH-CuNWs. Scanning
electron microscopy of freeze-fractured portions of the nanocomposites indicates
distinct differences between nanocomposites containing unfunctionalized (Fig. 4.2)
and C;3H37SH functionalized nanowires (Fig. 4.3). It is evident that the functionalized
nanowires re-disperse much better than the unfunctionalized nanowires (Fig 4.2),
which become much more tightly agglomerated during the filtration step. Surface
modification of CuNWs with CigH3;SH reduced the effect of irreversible
agglomeration of the nanowires and facilitated their suspension in the polymer
solution. The enhanced dispersion of the nanowires should increase the probability
for the formation of an electrically interconnected network of nanowires given that a

greater number of nanowires are dispersed throughout the matrix.
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Figure 4.3. Backscattered SEM images for a freeze-fractured sample of C;sH3;S-CuNW/PS

nanocomposite containing 4 vol. % CuNWs: (a) low magnification image showing absence of
CuNW agglomerates and (b) high magnification image of a cross section showing good

dispersion of functionalized nanowires.

The average volume electrical resistivities and standard deviations for the
polymer nanocomposites containing different concentrations of C;gH3;S-CuNWs are
presented in Table 4.4 Electrical percolation of CigH37S-CuNWs in the polystyrene
matrix did not occur, as can be inferred from the invariant resistivity of the sample up
to concentrations of 10 volume percent. The relatively thick alkyl thiol coating
improves dispersion, but also acts as an electrically insulating layer on each nanowire.
Nonetheless, these results led to the conclusion that achieving a percolated network at
low volume fraction of conductive filler requires a balance between good dispersion
of the nanoparticles in the polymer and the formation of good electrical contacts

between the conductive particles.
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Table 4.4. Average volume electrical resistivity and standard deviations calculated for

Ci3H37S-CulNW/PS nanocomposites for different concentrations of copper.

Cu Conc. p Log (p, @-cm) No. Standard
(Vol.%)  (Q-cm) of Specimens  deviation
1 1.01 x 10" 11.02 3 0.03
2 7.76 x 10'° 10.89 3 0.14
4 1.70 x 10" 11.23 3 0.09
5 1.12 x 10" 11.05 1 -
10 4.90 x 10" 11.69 1 -

4.3.1.2 Electrical percolation of CuNWs and AgNWs in PS

Given the promising results obtained with nanocomposites containing
unfunctionalized CuNWs described earlier, as well as the importance of determining
the entire electrical percolation curve for the PS nanocomposites prepared by solution
process, two objectives were pursued. First, the synthesis of CaNWs was scaled-up to
the multigram scale, necessary for the preparation of replicate samples at multiple
concentrations. An increase in the yield of CuNWs by increasing the thickness of the
PAO templates was also implemented during the scale-up (Chapter 2). Second, a new
electrical resistivity measurement instrument capable of measuring high resistivity
values corresponding to the pristine polymer was acquired. The results of a
systematic evaluation of electrical percolation of metal nanowires are presented

below.

In this section, the results of dispersion and electrical percolation of Cu and

Ag nanowires synthesized in and liberated from ~ 35 um thick PAO templates are
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described. Given silver’s greater resistance to oxidation and its lower electrical
resistivity (1.6x10° Q-cm) than copper (1.7x10° Q-cm), silver nanowires were
anticipated to yield more conductive nanocomposites beyond the percolation
threshold. The electrical percolation curves for PS nanocomposites containing either
Cu or Ag nanowires were evaluated utilizing instrumentation designed for the

measurement of volume electrical resistivities in the range 10°>-10'® Q-cm.

Secondary and backscattered SEM images of PS nanocomposites containing
concentrations of CuNWs from 0.25 to 4.0 vol. % are shown in Figures 4.4 and 4.5.
Bright domains in the backscattered electron SEM images correspond to the CuNWs.
Low magnification SEM images (Fig. 4.4) show the distribution of the nanowires
throughout the thickness of hot-molded specimens; small agglomerates are observed
at low concentration of CuNWs, and the number and size of agglomerates increases
as the copper concentration increases. As discussed in the previous section, layers of
agglomerates result from segregation of nanowires during the preparation of the
nanocomposites by solution processing. Large CuNW agglomerates are preferentially
located at the bottom of the nanocomposite film obtained after evaporation of the
solvent. High magnification SEM images (Fig. 4.5) of the regions located between
the agglomerates show an increase in the density of individual nanowires dispersed in

the sample with increasing CUNW concentration.
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Figure 4.4. Low magnification secondary (left) and backscattered (right) SEM images of

freeze-fractured samples of solution-processed CuNW/PS nanocomposites containing
different concentrations of CuNWs. The distribution of CuNWs is shown across the thickness

of the samples.
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(i) 4.0 vol. % Cu ' () 4.0 vol. % Cu
Figure 4.5. High magnification secondary (left) and backscattered (right) SEM images of

freeze-fractured samples of solution-processed CuNW/PS nanocomposites containing
different concentrations of CuNWs. The dispersion of individual nanowires increases with Cu

concentration. Surface features on secondary images (left) are due to polymer fracture.
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Figure 4.6 shows TEM images of a nanocomposite containing 1 vol. %
copper. The nanowires are randomly oriented throughout the polymer matrix. Well-
dispersed and agglomerated nanowires are observed. In addition, zones with higher
concentrations of CuNWs are observed, corroborating the results from SEM analysis

- of the samples. High magnification TEM images showed nanowires ~ 1-2 gm in
length, as well as small fragments only ~ 50 nm in length, which might be the result

of degradation during processing of the nanocomposites.

Figure 4.6. TEM images of CaNW/PS nanocomposite containing 1.0 vol. % CuNWs,
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Similarly, SEM and TEM characterization was applied to PS nanocomposites
containing AgNWs. Figures 4.7 and 4.8 show secondary and backscattered SEM
images at low and high magniﬁcatic;n of AgNW/PS nanocomposites. Low
magnification SEM images show segregation of AgNWs in PS similar to that
observed in CuNW/PS nanocomposites. Layers of higher concentration of silver
nanowires were observed in conjunction with well-dispersed nanowires. TEM images
of AgNW/PS nanocomposites (Figure 4.9) indicate the presence of well-dispersed
nanowires along with agglomerated nanowires. Low magnification TEM images
show AgNW bundles and well-dispersed nanowires, up to ~ 1 micron in length. High
magnification images show small fragments of nanowires only ~ 100 nm in length,

suggesting degradation of the AgNWs during the preparation of the nanocomposites.

" 2.0 vol. % Ag 2.0 vol. % Ag
Figure 4.7. Low magnification secondary and backscattered SEM images of freeze-fractured

samples of solution-processed AgNW/PS nanocomposites containing different concentrations

of AgNWs. The distribution of the nanowires is shown across the thickness of the samples.
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2.0 vol. % Ag 2.0 vol. % Ag
Figure 4.8. High magnification secondary and backscattered SEM images of freeze-fractured

samples of solution-processed AgNW/PS nanocomposites containing different concentrations

of AgNWs. Surface features on secondary images (left) are due to polymer fracture.

Figure 4.9. TEM images of AgNW/PS nanocomposite containing 1.0 vol. % AgNWs.
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The volume electrical resistivity (p) for hot molded specimens of PS
nanocomposites containing different concentrations of CuNWs and AgNWs are
shown in Figure 4.10. The average p values and their standard deviations calculated
from measurements of three to six samples at each concentration are specified in
Tables 4.5 and 4.6. The p for pure PS is in the order of 10'® @-cm. A change of less
than one order of magnitude in p is observed for the nanocomposites containing 0.25
vol. % of Cu and Ag nanowires. More significant changes in p of ~ 4 and ~ 9 orders
of magnitude versus pure PS were observed for 0.50 vol. % CuNWs and 0.75 vol. %
AgNWs, respectively. This indicates that at these concentrations, -electrically
conductive networks have formed. Above 1.0 vol. % of nanowires, the resistivity of
the PS nanocomposites decreases gradually, as shown in Figure 4.10, so that p
decreases by ~ 10 and ~ 11 orders of magnitude versus the pristine polymer for 4.0

vol. % Cu and Ag nanowires, respectively.

CuNW/PS nanocomposites AgNW/PS nanocomposites

2.0 T T T T 2.0 T T T T
0.0 1.0 2.0 3.0 4.0 5.0 0.0 1.0 2.0 3.0° 4.0 5.0
Cu NW Concentration [ Vol. % ] Ag NW concentration [ Vol. % ]
(a) (®

Figure 4.10. Volume electrical resistivity of PS nanocomposites for different concentrations
of Cu and Ag nanowires. (a) CuNW/PS and (b) AgNW/PS. Lines connect the average p,,
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Table 4.5. Average volume electrical resistivity and standard deviations calculated for Cu

nanowire/polystyrene nanocomposites with different concentrations of Cu.

Cu Conc. p Log (p, @-cm) No. Standard

(Vol. %) (2-cm) of Specimens Deviation
0.00  1.86x 10" 16.27 1 -
0.10  1.48x10'¢ 16.17 1 -
025  2.75x10" 15.69 3 0.24
0.50  1.23 x 10" 12.09 7 2.63
075  6.17x10° 9.79 4 1.15
1.00 479 %10’ 7.68 4 0.29
2.00 1.45 x 107 7.16 4 0.34
3.00  7.76 x 10° 5.89 3 0.28
400  5.62x10° 5.75 3 0.27

Table 4.6. Average volume electrical resistivity and standard deviations calculated for Ag

nanowire/polystyrene nanocomposites with different concentrations of Ag

Ag Conc. 0 Log (p, ?-cm) No. Standard

(Vol.%)  (2-cm) of Specimens  Deviation
000 1.86x10™ 16.27 1 -
025  6.46x 10" 15.81 3 0.45
050  2.95x 10" 15.47 6 0.54
0.75 3.02 x 10° 6.48 5 0.60
1.00 1.38 x 10° 6.14 3 1.05
2.00 3.55 x 10° 5.55 4 0.77
3.00 2.14 x 10° 5.33 1 -
4.00 1.35 x 10° 5.13 1 -
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The average electrical resistivities of the nanocomposites were converted to
values of conductivity, ¢ (¢ = 1/p), and then used to calculate the percolation
threshold by using the power law for the conductivity of the composite:**

o < (V-Ve¢) 4.2)
where, ¢ is the DC conductivity of the composite, ¥ is the volume percent content of
the particles, Ve is the percolation threshold of the particles in the composite, and ¢ is
the critical exponent. The best fitting of the conductivity values versus the nanowire
concentration to a linear equation was obtained for Ve cunw = 0.46 vol. % and Ve
agnw = 0.51 vol. % as indicated in Figures 4.11 and 4.12, respectively. A higher
percolation threshold for silver than for copper nanowires may be related to the

different aspect ratio distributions of the two types of particles.

1.0E-05 3 -4.0
1.0B-06 1 L -5.0 3
3 . 1 o -®
1.0E-07 4 i 6.0 e
3 = 7.0 /
~— 1.0E-08 3 g ] o o7 °
g 3 A 8.0 3 P
% 1.0E-09 1 ; 3 -
) S 901 L7
b 4 . 80 f
1.0E-10 4 ¥.100] // .
1.0E-11 4 103 Pt
E 11.0 3 P
3 E y = 3.34004x - 7.46736
LOE-12 5 ;1207 o R* = 0.96970
IEB+——————— 13,0 T g gy e
0.0 1.0 2.0 3.0 4.0 5.0 -15 -1.0 0.5 0.0 0.5 1.0
Cu NW concentration [ Vol. % ] Log [V-Vc¢, vol. %]
(a) (b)

Figure 4.11. (a) Electrical conductivity of CuNW/PS nanocomposites above the electrical
percolation threshold of copper nanowires, and (b) log-log plot of the electrical conductivity
as a function of (V' — Vc), where, Ve is the percolation threshold = 0.46 vol. %. Critical
exponent ¢ = 3.34. Line in (a) is a guide to the eye and line in (b) corresponds to the linear

least-square fit of the data.
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Figure 4.12. (a) Electrical conductivity of Ag NW/PS nanocomposites above the electrical
percolation threshold of silver nanowires, and (b) log-log plot of the electrical conductivity as
a function of (V' — Vc), where, Vc is the percolation threshold = 0.51 vol. %. Critical exponent
t=1.16. Line in (a) is a guide to the eye and line in (b) corresponds to the linear least-square

fit of the data.

According to percolation theory, the universal value of the critical exponent
“¢” in the relationship between conductivity and volume fraction of a 3D network is ~
1.6, for the random distribution of the conductive particles in the nonconductive
matrix. The critical exponents calculated were 3.34 and 1.16 for CuNWs and
AgNWs, respectively. Thus, the critical exponents deviate from the ¢ ~ 1.6 predicted
by percolation theory. The difference in the critical exponents for CuNWs and
AgNWs versus percolation theory may be attributed to a non-random distribution of
the nanoparticles in the composites, which consists of agglomerated and well-
dispersed individual NWs, as demonstrated by SEM and TEM characterization.
Calculations of critical exponents in studies of polymer nanocomposites containing
carbon nanotubes and other fillers have resulted in values different from those

predicted by theory.?® A discussion of some of the reasons why the critical exponent

does not obey the percolation theory has been presented by Balberg et al.>’*° One of
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the reasons for such behavior is the mechanism of electronic conductivity by electron

tunneling.

Despite the slightly higher conductivity of Ag versus Cu, and the evidence of
no surface oxidation on AgNWs, the electrical percolation of AgNWs occurred at a
higher volume fraction than that of Cu nanowires (Fig. 4.10). The difference is
primarily attributed to the lower aspect ratios of the Ag nanowires (up to 200) in
comparison to copper nanowires (up to 400) as shown in Chapter 2, although

differences in surface chemistry and distribution may also be contributing factors.

At concentrations above the percolation threshold, the resistivity of the
nanocomposite depends primarily upon the conductivity of the nanofiller; therefore, it
is expected that silver nanowires will produce more conductive nanocomposites than
copper, given the higher conductivity of Ag versus Cu, and the fact that some surface
oxidation exists on the Cu nanowires, but not on the Ag nanowires. Indeed, the
resistivity of the nanocomposites after percolation indicate a plateau between 1x10° -
1x10° Q-cm for compositions from 1 to 4 vol. % AgNWs, and 1x10” — 1x10° Q-cm
for compositions from 1 to 4 vol % CuNWs. It is worth mentioning that, as predicted
at the beginning of this work, percolated metal nanowire/PS nanocomposites
presented p values within the range specified for materials with electrostatic
dissipation properties as recommended by the Electrostatic Discharge Association

(1x10* - 1x10"" Q-cm; www.esda.org).*
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4.3.2 The effect of surface functionalization on dispersion and electrical

percolation

4.3.2.1 Dispersion of CgH;7S-CuNWs

Considering the results from initial experiments of nanocomposites prepared
with different concentrations of C;gH3;S-CuNWs, described in section 4.3.1.1,
experiments using shorter alkyl thiols, such as CgHj;SH, were carried out to
demonstrate the feasibility of achieving electrical percolation of chemically modified
nanowires in a polymer matrix. Short chain alkylthiol could promote enhanced
dispersion of the nanoparticles without significantly affecting the electrical properties
of the composites produced. In this section, the characterization of dispersion and
electrical properties of polystyrene nanocomposites containing CgH;7S-CuNWs will

be described.

Copper nanowires used in these experiments were synthesized in 35 ym thick
PAO templates. As was discussed in chapter 3, the degree of thiol adsorption in
copper nanowires is related to the concentration of the thiol in solution during the
surface functionalization process. Using low concentration solutions results in
relatively low coverage of the nanowires. Thus, it was important to determine the
effect of functionalizing copper nanowires using different 1-octanethiol
concentrations on the dispersion and electrical properties of polystyrene

nanocomposites. The results obtained from these experiments are presented below.
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Table 4.7 shows the volume electrical resistivities of 1.0 vol. % CgH7S-
CuNW/PS nanocomposites prepared using CuNWs modified in solutions of different

concentrations of CsHi7SH (0.1, 1.0, 2.5, and 5.0 mM).

Table 4.7. Volume electrical resistivity of 1.0 vol. % CuNW/polystyrene nanocomposites
containing unfunctionalized copper nanowires and copper nanowires chemically

functionalized in different concentrations of 1-octanethiol (mM = 0.1, 1.0, 2.5 and 5.0)

CuNW/PS Nanocomposites Cu Conc. p Log (p, 2-cm)
(Vol. %) (Q-cm)

CuNW/PS 1.0 479 x 10’ 7.68
0.1mM-CgH;,,S-CuNW/PS 1.0 5.25x 107 7.72
1.0mM-CsH,,S-CuNW/PS 1.0 5.75 x 10" 11.76
2.5mM-CgH,,S-CuNW/PS 1.0 4.37 x 10" 11.64
5.0mM-CgH,,S-CuNW/PS 1.0 3.55 x 10" 11.55

The average electrical resistivity of 1.0 vol. % CuNW/PS nanocomposites
prepared using unfunctionalized nanowires is shown for comparison. A concentration
of 1.0 vol. % was selected based on the percolation curve of CuNW/PS
nanocomposites described in section 4.3.1.2 that indicates the formation of percolated
composites above 0.5 vol. %. The resistivity of the 0.1mM-CgH;7S-CuNW/PS is
similar to that of the composite prepared with unfunctionalized nanowires
(CuNW/PS), which indicated that the electron flow through a conductive network of
conductive particles is likely when relatively poorly covered CuNWs were utilized.
With higher coverages of CgH;7;SH on the nanowires, obtained with more
concentrated solutions of thiol (1.0 mM), the resistivity of the nanocomposites

increases by approximately four orders of magnitude versus the composite containing
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unfunctionalized nanowires; a further increase in the electrical resistivity of the
nanocomposites was not observed when using nanowires functionalized in more
concentrated solutions (2.5 and 5.0 mM) of thiol. These results suggest that a critical
surface coverage of CuNWs has been obtained when modified in =1.0 mM CgH;;SH
solutions. This agrees well with the elemental and TGA analyses of CgH;7S-CuNWs

that showed a plateau in the adsorption of thiol above concentrations of 2.5 mM.

Figures 4.13 and 4.14 show backscattered electron SEM images of freeze-
fractured samples of nanocomposites containing 1.0 vol. % CgH;7S-CuNWs.
Interestingly, low magnification images (Fig. 4.13) show fewer and smaller
agglomerates of copper nanowires, as the concentration of thiol used for the chemical
modification of nanowires increases from 0.1 to 5.0 mM. Correspondingly, high
magnification images (Fig. 4.14) taken from the zones located between the
agglomerates show a gradual increase in the density of the nanowires, i.e. enhanced
dispersion, as the thiol concentration used for the chemical modification increases.
Agglomerates of nanowires observed in Figure 4.13 for nanocomposites prepared
with 0.1 mM-CsH;S-CuNW are similar to those observed in samples prepared with
unfunctionalized CuNWs (Fig 4.4). The presence of agglomerates, as well as the
electrical resistivity of the nanocomposites, suggest that irreversible agglomeration of
nanowires and electrical interconnection is possible, due to incomplete coverage of
the nanowires by the thiol. When more concentrated solutions of thiol are used, the
coverage of the nanowires by the thiol increases, increasing the dispersion and the

electrical resistivity of the nanocomposites.
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Figure 4.13. Low magnification backscattered SEM images of solution processed PS

nanocomposites containing CgH,;,;S-CuNWs functionalized with different concentrations of
CsH;SH: (2) 0.1 mM, (b) 1.0 mM, (c) 2.5 mM, and (d) 5.0 mM. Bright domains indicate

agglomerated copper nanowires.

For the dispersion of CgH;7S-CuNWs, SEM images at high and low
magnification (Fig 4.13 and 4.14) indicate a significant enhancement in the dispersion
of Cu nanowires that were surface functionalized in 5.0 mM CgH;;SH solutions.
These experiments corroborated the conclusions obtained from elemental and
thermogravimetric analysis described in Chapter 3, which indicated that CuNWs were
efficiently covered by the thiol when concentrations of 5.0 mM CgH{;SH were used.
Therefore, solutions of 5.0 mM CgH;7SH were selected to prepare functionalized
copper nanowires and study the effect of the surface functionalization on the

electrical percolation of CuNWs in the PS nanocomposite, as described below.
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Figure 4.14. High magnification backscattered SEM images of solution processed PS
nanocomposites containing CgH;;S-CuNWs functionalized with different concentrations of
CsH;SH: (a) 0.1 mM, (b) 1.0 mM, (¢) 2.5 mM, and (d) 5.0 mM. Bright domains indicate

individual copper nanowires.

4.3.2.2 Electrical percolation of CgH;7S-CuNWs

Figure 4.15 shows the volume electrical resistivities for hot molded PS
nanocomposites prepared using different concentrations of CgH;;SH-CuNWs. The
resistivity of nanocomposites containing unfunctionalized CuNWs is also reproduced
in Figure 4.15 in order to facilitate the comparison. Table 4.8 shows the average
resistivity at each composition and their respective standard deviations. A
concentration of 0.10 vol. % CgH,7S-CuNWs does not produce a significant change in

the resistivity versus the pristine polymer. An increase of the concentration to 0.25
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vol. % produces a change in the resistivity of ~ 2 orders of magnitude, which is a
more significant change than that observed in nanocomposites prepared using
unfunctionalized CuNWs. At 1.0 and 2.0 vol. %, a more significant change in the
resistivity of ~ 5 orders of magnitude occurred, indicating that a network containing
CgH;7S-CuNWs has formed. At 4.0 vol. % CgH;7S-CuNWs, a further decrease in the

resistivity for a total of ~ 9 orders of magnitude decrease was observed, which

indicates a consolidated electrically conductive network.

CgH,,SH-CuNW/PS nanocomposites CuNW/PS nanocomposites

20 " . , . 2.0 - . . ; .
0.0 1.0 2.0 3.0 4.0 5.0 0.0 1.0 2.0 3.0 4.0 5.0
Cu NW concentration [ Vol.% ] Cu NW Concentration [ Vol. % ]
(a) (b)

Figure 4.15. Volume electrical resistivity of polystyrene nanocomposites for different
concentrations of (a) copper nanowires surface functionalized with CgH,,SH (b)

unfunctionalized copper nanowires. Lines connect the average p, at each concentration.

The analysis of the percolation threshold by fitting the data to the power law
equation did not result in an acceptable linear fit (correlation coefficient > 0.95).
However, to elucidate the electrical percolation threshold, one may analyze the

differences in the electrical resistivities of the composites with nanowire
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concentration. Thus, the electrical resistivity of the 0.25 vol. % nanocomposite is
approximately 2 orders of magnitude lower than pure PS and 0.1 vol. %
nanocomposite. In addition, a difference of more than one order of magnitude
between the electrical resistivity values of nanocomposites with a concentration of
0.25 vol. % of CgH;7S-CuNWs and 0.25 vol. % CuNWs indicates that the formation
of electrically conductive networks of CgH;;S-CuNWs start at lower concentrations
than for unfunctionalized CuNWs. Indeed, this indicates that enhanced dispersion of
the nanowires increases the probability of the formation of an interconnected
nanowire network. One must consider that the alkanethiolate coating on CuNWs
increases the electrical resistivity of the nanocomposite, so that the effect of the
enhancement is diminished, preventing a more significant decrease in electrical

resistivity at 0.25 vol. % CgH;7S-CulNWs.

Table 4.8. Average volume electrical resistivity and standard deviations calculated for

CsH,;S-CuNW/polystyrene nanocomposites at different concentrations of Cu.

Cu Conc. 0 Log (p, 2-cm) No. Standard

(Vol.%)  (Q2-cm) of specimens Deviation
0.00  1.86x 10" 16.27 - -
0.10  7.76 x 10" 15.89 2 0.09
025  7.59x10" 13.88 3 0.89
050  1.07x10" 13.03 3 1.75
1.00  1.05x 10" 11.02 4 0.48
2.00  4.68 x 10" 10.67 3 0.25
4.00 1.51 x 10’ 7.18 3 0.22
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One may also notice a small difference between the electrical resistivity of
CgHi7S-CuNW/PS nanocomposites after percolation and that of composites prepared
with unfunctionalized CuNWs. The resistivities of CgH7S-CuNW/PS
nanocomposites are one to three orders of magnitude higher than those for CUNW/PS
nanocomposites at concentrations = 1.0 vol. %. Considering that electrically
conductive nanowire networks have been established at these concentrations, this
difference is attributed to the alkanethiolate coating on the surface of the nanowires
that enhances the dispersion of the nanowires in the polymer matrix and reduces the
electrical percolation threshold, but also acts as a barrier for the electron flow

between the conductive nanowires.

4.3.2.3 Fragmentation of CgH;;S-AgNWs

As described in Chapter 3, AgNWs surface functionalized with CsH;7SH do
not contain as much chemisorbed thiol as the CuNWs. As discussed previously, this
may be related to the formation of a monolayer of an alkanethiolate coating on the
oxide-free surface of silver nanowires produced by the PAO template-directed
synthesis. In an effort to demonstrate that electrical properties of metal nanowire/PS
composites could be enhanced by the surface treatment of nanowires with a thiol
monolayer, CgHi7S-AgNW/PS nanocomposites were prepared by solution-processing

similarly to the CgH;7S-CuNW/PS nanocomposites.

Considering the percolation curve obtained for silver nanowires, a

concentration of 1.0 vol. % Ag was selected for the preparation of CgH;S-AgNW/PS
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nanocomposites, which is above the percolation threshold indicated by AgNW/PS
nanocomposites. Good conductivity of the samples was expected, given the high
conductivity of silver, the enhancement of nanowire dispersion by the alkyl chain of
the thiol and the formation of a thinner thiol coating on silver nanowires. However,
the volume electrical resistivity registered for the hot-molded specimens was on the

order of 10" Q-cm (Table 4.9), which was close to the resistivity of the pristine

polymer.

Table 4.9. Volume electrical resistivity of CgH;;S-AgNW/PS nanocomposites containing 1.0
vol. % Ag and prepared by different methods.

Preparation Method Ag Conc. P Log (p, @-cm)
(Vol. %)  (Q-cm)
Solution casting-hot molding* 1.0 3.70x10" 15.57
Solution casting-hot molding* 1.0 5.09x10" 15.71
Solution casting-melt mixing-hot molding 1.0 1.14x10"° 16.06

* replicate samples

Although the results of the electrical resistivity of the composite were
intriguing, the characterization of the morphology of the CgH;7;S-AgNW/PS
nanocomposites clearly showed fragmentation (break-up) of the functionalized silver
nanowires into nanospheres. Backscattered SEM images of the CgH;7S-AgNW/PS are
presented in Figure 4.16. Nanospheres of up to 100 nm in diameter are formed from
break-up of individual nanowires uniformly dispersed throughout the sample. This
observation provided a plausible explanation for the high resistivity of the samples,

given that the percolation threshold predicted by theory for spheres is considerably
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higher than for high aspect-ratio particles (16 vol. % vs < 1 vol. %).%*** Therefore,
the fragmentation of the CgH;7S-AgNWs had a negative impact on the electrical

properties of the composites.

Figure 4.16. SEM images of CgH;,S-AgNW/PS nanocomposites prepared by solution

casting-hot molding show the break up of silver nanowires into nanospheres.

To determine the step at which AgNW break-up occurred, the morphology of
silver nanowires dispersed in PS after different stages of the preparation of the
nanocomposites by solution mixing and hot molding was observed by SEM analysis.
The break-up of functionalized silver nanowires was not observed in cast films
prepared by solution processing (after solution casting and solvent evaporation), in
which steps of ultrasound and annealing at 50 °C for 24 hours were used. Individual
CsH17S-AgNWs are clearly observed in backscattered images of cast-films, as shown
in Figure 4.17a. This indicates that the break-up occurred during the second step of
the preparation method, hot molding, which consists of molding a specimen under

pressure (1.5 metric tons) and temperature (200 °C) to obtain wafer test specimens.
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Figure 4.17. Backscattered SEM images of CgH,;S-AgNW/PS nanocomposites. (a) PS

nanocomposite film obtained after solution casting and solvent evaporation, showing no
fragmentation of CsH;;S-AgNWs and (b) PS Nanocomposite after hot molding showing the
break-up of CgH;;S-AgNWs after hot molding.

Similarly, the morphology of a nanocomposite prepared by an additional step
of melt mixing (before hot molding) was followed by backscattered electron SEM.
Characterization of the samples indicated significant break-up of the functionalized
nanowires after melt mixing (Figure 4.18); a process that consists in applying shear
stress to polymer melts to enable mixing. Figure 4.19 shows secondary and
backscattered electron SEM images of the CgH;7S-AgNW/PS composites after
solution casting, melt mixing and hot molding processing steps. Acute fragmentation
of the CsH;7S-AgNWs was clearly observed. PS mnanocomposites containing
fragmented AgNWs showed poor electrical conductivity at concentrations of 1.0 vol.

%, as shown in Table 4.9.
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@ (b)
Figure 4.18. Backscattered SEM images of freeze-fractured samples of CgH;;S-AgNW/PS

nanocomposites prepared by solution casting-melt mixing showing silver nanowires and

silver nanospheres formed from fragmentation of CgH;;S-AgNWs,

4.3.3 Rheological percolation of metal nanowire/PS nanocomposites

In the case of filled polymers, the rheological response is dependent on the
distribution and dispersion of the nanoparticles in the polymer matrix. It has become a
popular technique for the characterization of polymer nanocomposites, such as those
composed of inorganic particles dispersed in a polymer matrix, in order to elucidate
changes in the microstructure of the composite that are related directly to the

phenomena of electrical and rheological percolation.?®!?

In this section, the results of the effect of the concentration, surface
functionalization and dispersion of metal nanowires on the rheological behavior of

the PS nanocomposites will be presented.
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Figure 4.19. Several magnification SEM images of a freeze-fractured sample of CgH;,S-
AgNW/PS nanocomposite (1.0 vol. % Ag) prepared by solution casting-melt mixing-hot
molding showing dispersion and significant break-up of silver nanowires. (a, ¢, ¢) Secondary

electron SEM images, (b, d, f) Backscattered electron SEM images.
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4.3.3.1 Viscoelastic properties of CuNW/PS nanocomposites

The results of viscoelastic characterization of pure PS and PS nanocomposites
prepared with different concentrations of unfunctionalized copper nanowires by
solution processing are indicated in Figure 4.20. It is evident that the presence of the
nanowires significantly affects the behavior of the polystyrene matrix, especially at

low frequencies.

The complex viscosity (|n*|) versus frequency, shown in Figure 4.20a,
indicates the complex viscosity increases with increasing concentration of
unfunctionalized CuNWs. A Newtonian plateau in |p*| at low frequencies (0.1 - 1.0
rad/s) is observed for pure PS and PS containing 0.25 and 0.50 vol. % Cu. At 1.0 vol.
% and above, a different frequency response of |n*| is observed, specifically at low
frequencies, i.e. the plateau is no longer observed. At concentrations of 2.0, 3.0, and
4.0 vol. %, |n*| has a power law dependence on the frequency, and a significant
increase in |n*| at low frequencies is indicative of yield stress. Figure 4.20b shows the
dependence of [n*| as a function of CuNW concentration. An approximately linear
dependence of Log [*| versus CuNW concentration was observed at high frequencies
(10 and 100 rad/s), while it was non-linear at low frequencies (0.1 and 1.0 rad/s). A
small increase in [n*| of ~ 8 times was observed at 100 rad/s for 4.0 vol. % versus the
pristine polymer, while a more significant increase of ~100 times was observed at low

frequency (0.1 rad/s).
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Figure 4.20. Rheological characterization of solution-processed CuNW/PS nanocomposites at

200 °C. Complex viscosity (|n*|), storage modulus (G ’), and loss modulus (G ) as a function

of: (a,c,e) frequency and (b,d,f) concentration of CuNWs, at several frequencies. Lines are

guides to the eye.
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The response at low frequency and the loss of the Newtonian plateau in |[n*|
with larger vol. % CuNWs indicate changes in the microstructure of the composite
with increasing concentration. At low frequencies, the polymer chains can relax after
the applied stress. As the nanowire concentration increases, the relaxation of the
polymer chains at low frequencies gradually changes and at a certain concentration
(theological percolation threshold), a transition from a liquid-like to a solid-like
Viscoelastié behavior occurs. As mentioned in the introduction (Chapter 1), the solid-

like behavior is due to the formation of a polymer-nanofiller network. 26133

The frequency response of [p*| at high frequencies provides information about
the response of the composite at conditions typically used in industrial processing of
polymers, such as melt mixing. The small variation in |p*| of approximately 8 times
from pure PS to 4.0 vol. % at 100 rad/s indicates that the viscosity of the
nanocomposites is not greatly increased by the introduction of low concentrations of
CuNWs. This enables us to predict that although slightly higher viscosities are
expected, similar processing conditions could be used for the nanocomposite and pure
PS, which is advantageous for mass production of metal nanowire/PS
nanocomposites. A small variation in |[7*| at high frequencies is one of the benefits of

using nanofillers, such as those used in this work.

The change in the frequency response of the storage modulus (G’) at low
frequencies is generally used to identify significant changes in the microstructure of

the filled polymer and to elucidate the rheological percolation threshold. Figures
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4.20c and 4.20e show the storage modulus (G’) and loss modulus (G”) versus
frequency of polystyrene nanocomposites prepared using different concentrations of
unfunctionalized CuNWs. G’ and G~ are less dependent on frequency as the CUNW
concentration increases, indicating the formation of a polymer-nanowire network
within the range of concentrations used. Figures 4.20d and 4.20f show G’ and G”
versus CuNW concentration at different frequencies; at high frequency (100 rad/s), a
weak dependence of G’ on the nanowire concentration is observed, indicating that the
CuNWs do not significantly alter the dynamics of the PS chains. At low frequencies,
a dependence on the nanowire concentration is clearly observed, indicating that the

long-range dynamics of the PS chains is significantly affected by the CuNWs.

In order to elucidate the rheological percolation threshold of these
nanocomposites, several plots of rheological data were used. Figure 4.21 shows the
storage modulus versus loss modulus at particular frequencies for nanocomposites
containing unfunctionalized CuNWs. In this plot, a shift and a change in the slope of
G’ versus G” is indicative of a significant change in the microstructure of the filled
polymer.”® The data has been divided into two plots corresponding to low
concentrations (0.5 — 1.0 vol. %, Fig. 4.21a) and high concentrations (2.0 — 4.0 vol.
%, Fig. 4.21b) in order to show clearly the changes in the G’ vs G” curve. A
significant shift of the G’ vs G” curve of nanocomposites versus that of pure PS can
be observed between concentrations of 0.5 - 1.0 vol. % CuNWs. Beyond 2.0 vol. %,
the G’ vs G” curve shows more significant changes versus that of pristine polymer

(Fig. 4.21b).
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Figure 4.21. Storage modulus (G’) as a function of the loss modulus (G”) of solution-
processed CuNW/PS nanocomposites. (a) Low concentrations of CuNWs (0.25-1.0 vol. %)
and (b) high concentrations of CuNWs (2.0-4.0 vol. %). The change in G’ vs G” curve
between 0.5 and 1.0 vol. % indicates the formation of a polymer-nanowire network. Lines are

guides to the eye.

Figure 4.22 shows the phase angle () as a function of the absolute value of
the complex modulus |G*| (van Gurp-Palmen plot) for CUNW/PS nanocomposites.
The phase angle for pure PS approaches 90° at low values of the complex modulus,
indicating viscous flow behavior. A change from this behavior results from changes
in the microstructure of the filled polymer. In the case of CuNW/PS composites, a
significant change can be observed from 0.5 to 1.0 vol. %. Figure 4.23 shows a plot

of the ratios & as a function of the CuNW concentration in a linear scale

'
NW/PS / GPS

from 0 to 2.0 vol. % CuNWs. The figure indicates how G' varies with respect to

NW/PS
that of pure PS and is used here to show clearly the changes in G’ as a result of
CuNW concentrations close to the percolation threshold. For instance, Wu et al,34

found that 3-dimensional networks of particles begin to form when G’ of the
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composite is 7 times that of the pure polymer, regardless of the system. For

CuNW/PS composites, the G' ! G b showed an increase from ~3 to ~ 10 from

CuNW | P§

0.5 to 1.0 vol. %. This increase indicates the concentration at which the formation of

a polymer-nanowire network and the rheological percolation threshold occurs.
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Figure 4.22. Phase angle (6) as a function of the absolute value of the complex modulus (van
Gurp-Palmen Plot) of solution-processed CuNW/PS nanocomposites. Lines are guides to the

eye.
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Figure 4.23. Storage modulus (G°) of CUNW/PS nanocomposites over G’ of pure PS at 0.1
rad/s as a function of the CuUNW concentration up to 2.0 vol. %. The change in G cunwips/G s
observed for concentrations of 0.5 - 1.0 vol. % Cu indicates formation of a polymer-nanowire

network. Line is guide to the eye.
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In conclusion, the rheological percolation of CuNW/PS composites occurs
between 0.5 and 1.0 vol. %. This concentration range agrees well with the electrical
percolation threshold of these nanocomposites (0.46 vol. %, section 4.3.1.2) and
indicates that the rheological and electrical percolation of unfunctionalized copper

nanowires occur almost simultaneously.

4.3.3.2 Viscoelastic properties of CgH;7S-CuNW/PS nanocomposites

As shown in section 4.3.2, the surface functionalization of CuNWs using
CsH7;SH altered the dispersion and electrical percolation threshold of the
nanocomposites. In this section, the effect of chemical modification of copper
nanowires on the rheological behavior of the nanocomposites will be discussed. The
results of viscoelastic characterization of pure PS and PS nanocomposites prepared
with different concentrations of CsH;7S-CuNWs by solution processing are presented

in Figure 4.24.

Figure 4.24a shows the complex viscosity (|n*|) of the PS nanocomposites
with different concentrations of CgH;7S-CuNWs. An increase in |p*| with the
concentration of CgH;7S-CuNWs 1is observed, similar to the nanocomposites
containing unfunctionalized CauNWs described in section 4.3.3.1. However, a smaller
increase in |[n*| due to CgH;7S-CuNWs than that due to unfunctionalized CuNWs was
obtained, specifically for concentrations of 0.5, 1.0 and 2.0 vol. %. The Newtonian

plateau of [n*| at low frequencies (0.1 - 1.0 rad/s), a sign of liquid-like behavior, is not
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Figure 4.24. Rheological characterization of solution-processed CgH;;S-CuNW/PS

nanocomposites at 200 °C. Complex viscosity (|n*|), storage modulus (G ), and loss modulus
(G”) as a function of: (a,c,e) frequency and (b,d,f) concentration of CgH;;S-CuNWs, at

several frequencies. Lines are guides to the eye.
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observed at 4.0 vol. % CsH;7S-CuNWs, instead a power law dependence of |n*| was

obtained, indicating the formation of the polynier-nanowire network.

Figure 4.24b shows the viscosity dependence on the concentration of CgH;7S-
CuNWs. At high frequencies (10 and 100 rad/s), there is almost no dependence of |n*|
with respect to the concentration of functionalized copper nanowires from 0.25 to 2.0
vol. %. For instance, at high frequency (100 rad/s), |p*| of 2.0 vol. % CgH;S-
CuNW/PS is only two times that of pure PS, which is a negligible increase for 2.0
vol. % of filler. The frequency dependence of |n*| at high frequency (100 rad/s) is
actually smaller than that observed for unfunctionalized CuNWs, which is a favorable
outcome of the chemical modification of the nanowires. It is worth mentioning that
nanocomposites at 2.0 vol. % are above the electrical percolation (secﬁon 4.3.2.2).
Thus, surface functionalized nanowires produce useful electrical properties, with
lower viscosities of the nanocomposites, and therefore will require less demanding

processing conditions than those for CUNW/PS composites.

The results in Figures 4.24a and 4.24b indicate that the viscosity of pure PS is
barely increased by the introduction of functionalized nanowires up to concentrations
of 2.0 vol. %. The viscosity of CsH;7S-CuNW/PS was lower than for CaNW/PS at
concentrations around the formation of a polymer-nanowire network. The similarity
of the viscosity at 4.0 vol. % for PS nanocomposites containing unfunctionalized and

functionalized nanowires indicates that at concentrations significantly higher than the
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percolation threshold, the frequency response of |p*| is primarily dependent on a

polymer-CuNW network rather than on a polymer-polymer network.

The frequency responses of G’ and G” for the CgHy7S-CuNW/PS
nanocomposites are shown in Figures 4.24c and 4.24e. G’ and G” increase with the
concentration of CgHi;S-CuNWs. At low nanowire content, G’ shows similar
frequency response to that of pure PS. At 4.0 vol. %, G’ shows little dependence on
the frequency, resulting from the restriction of polymer-chain movement due to the
polymer-CuNW network. Figure 4.24d shows G’ for different concentrations of
CsH7SH-CuNWs. At high frequency (100 rad/s), a small dependence on nanowire
concentration is observed. At low frequency (0.1 rad/s), a small change in G’ can be
observed between 0.1 and 0.5 vol. % resulting from the effect of well-dispersed
nanowires and restriction of the polymer chain relaxation. Above 1.0 vol. %,
significant changes occur. An increase in G’ of three orders of magnitude (~1300

times) versus pristine PS is observed for a concentration of 4.0 vol. %.

Different plots of rheological data were used to eclucidate the rheological
percolation threshold for PS nanocomposites containing chemically modified
nanowires, as described earlier for CuNW/PS nanocomposites. Figure 4.25 presents
the storage modulus versus loss modulus at particular frequencies for nanocomposites
containing CgH;7S-CuNWs. A significant shift of the G’ vs G” curve of
nanocomposites versus that of pure PS can be observed between concentrations 1.0 -

2.0 vol. % CgH7S-CuNWs.
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Figure 4.25. Storage modulus (G’) as a function of the loss modulus (G”) of solution-
processed CgH;;S-CuNW/PS nanocomposites. (a) Low concentrations of CgH;;S-CuNWs
(0.1 - 0.5 vol. %) and (b) high concentrations of CgH;7;S-CuNWs (1.0 - 4.0 vol. %). Lines are
guides to the eye.

- Figure 4.26 shows plots of the phase angle (8) as a function of the absolute
value of the complex modulus |G*| (van Gurp-Palmen plot) for nanocomposites
containing CgH;7S-CuNWs. A change in the microstructure of the nanocomposites
between 1.0 and 2.0 vol. % can be inferred from the deviation of 6 from the viscous
flow behavior of pure PS in which 6 approaches 90°. Similarly, Figure 4.27 shows a
plot of the ratios G 'ywsps / G 'ps as a function of the CuNW concentration on a linear
scale from O to 2.0 vol. % CgH;7S-CuNWs. The data previously shown for CaNW/PS
have been included in Figure 4.27 for comparison purposes. For CgH;;S-CuNW/PS

composites, the ratio G / G',s shows a change from ~ 3 to ~ 9 at

CyH7S—CuNW | PS
concentrations between 1.0 and 2.0 vol. %, indicating the percolation threshold.
According to these plots, the formation of a polymer-nanowire network occurred at

concentrations between 1.0 and 2.0 vol. % CgH;7S-CuNWs.
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Figure 4.26. Phase angle as a function of the absolute value of the complex modulus (van

Gurp-Palmen Plot) of solution-processed CsH;;S-CuNW/PS nanocomposites. Lines are
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Figure 4.27. Storage modulus (G’) of CsH;7S-CuNW/PS nanocomposites over G’ of pure PS
at 0.1 rad/s as a function of the CsH;;S-CuNW concentration up to 2.0 vol. %. The change in
G csmi7-scanwips/ G 'ps Observed for concentrations of 1.0 — 2.0 vol. % Cu indicates formation of

a polymer-nanowire network. The data of CuNWY/PS is included for comparison purposes.

Lines are guides to the eye.

181

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Higher values of G’ in filled-polymers at low frequencies may be expected
when the filler is well dispersed compared to polymers containing filler forming
agglomerates.”’ By contrast, it is known that a decrease in In*| and G’ in filled
polymers results from the presence of surface functionalities on the fillers.*®> In this
work, |[7*| and G’ values were experimentally lower for nanocomposites containing
0.1 - 2.0 vol. % well-dispersed copper nanowires (CgH;7S-CuNWs) than for those
containing the same concentrations of a mixture of dispersed and agglomerated
nanowires (unfunctionalized CuNWs). Thus, the effect of the surface functionality of
the CuNWs on the storage modulus might have been significantly larger than that of
enhanced dispersion on [p*| and G’. This combination of effects results in lower
values of viscoelastic properties for CgH;7S-CuNW/PS versus CutNW/PS composites
at concentrations close to the percolation threshold, in which the viscoelastic
properties depend on both a combination of polymer-polymer and polymer-nanowire

networks.

In summary, the viscoelastic properties of the CgH7S-CuNW/PS
nanocomposites showed rheological percolation over a different range of nanowire
concentrations than did the electrical percolation (Section 4.3.2.2). Changes in the
microstructure of the filled polymer inferred from the frequency response of |p*|, G,
and G”, as well as, the G’ vs G” curve, and van Gurp-Palmen plots have confirmed
that the rheological percolation threshold of CgH;;S-CuNWs at 200 °C occurred
between 1.0 and 2.0 vol. %. The rheological percolation threshold of functionalized

nanowires was higher than the electrical percolation threshold (~ 0.25 vol. %).
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4.3.3.3 Viscoelastic properties of AgNW/PS nanocomposites

The results of viscoelastic characterization of PS nanocomposites containing
silver nanowires are presented in Figure 4.28. The complex viscosity (|p*|) of
AgNW/PS increases with the content of Ag nanowires, as shown in Figure 4.28a. A
change in the Newtonian plateau at low frequency is observed between 1.0 and 2.0
vol. % AgNWs. This indicates the approximate rheological percolation threshold at
which the polymer-AgNW network modifies the mobility of the polymer chains in
the nanocomposite. The viscosity showed power law dependence for concentrations
from 2.0 to 4.0 vol. %. Figure 4.28b shows the viscosity response to the concentration
of AgNW .at different frequencies. A gradual increase in viscosity at low
concentrations is observed at all frequencies. At low frequency (0.1 rad/s), an
increase in |[n*| of ~ 30 times versus pure PS was obtained at 4.0 vol. %, which is

lower than that obtained for 4.0 vol. % CuNW/PS (~ 100 times versus pure PS).

Figures 4.28c to 4.28f show G’ and G” as a function of frequency and
concentration of AgNWs. Both G’ and G” increase with increasing concentration of
nanofiller. The change in the frequency response of G’ is evident between 1.0 and 2.0
vol. % AgNWs. The difference in G’ frequency response of AgNW/PS versus
CuNW/PS nanocomposites at similar concentration of nanofiller may indicate that

AgNWs disperse less efficiently than CuNWs in PS.
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Figure 4.28. Rheological characterization of solution-processed AgNW/PS nanocomposites at

200 °C. Complex viscosity (|n*)), storage modulus (G’), and loss modulus (G”) as a function

of: (a,c,e) frequency and (b,d,f) concentration of AgNW, at several frequencies. Lines are

guides to the eye.
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The phase angle (6) as a function of the absolute value of the complex modulus |G*|
(van Gurp-Palmen plot) for AgNW/PS nanocomposites is shown in Figure 4.29. As
described earlier, 6 approaches 90° for pure PS indicating viscous flow behavior. A
significant change in the shape of § occurs between 1.0 and 2.0 vol. %. The G’ vs G”

plot (Figure 4.30) also indicates a shift of the G’ vs G” curve from the PS between

1.0 and 2.0 vol. %.
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Figure 4.29. Phase angle as a function of the absolute value of the complex modulus (van

Gurp-Palmen Plot) of solution-processed AgNW/PS nanocomposites. Lines are guides to the
eye.

Figure 4.31 shows the ratio of G’ of AgNW/PS nanocomposites to that of pure
PS. A significant change in G' of the polymer composite occurs between 1.0 and 2.0
vol. % of AgNWs. At 4.0 vol. %, an increase of ~ 100 times was obtained (not shown

in Fig. 4.31), indicating that a polymer-AgNW network was established.
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Figure 4.30. Storage modulus (G’) as a function of the loss modulus (G”) of solution-
processed AgNW/PS nanocomposites. (a) Low concentrations of AgNWs (0.25-0.75 vol. %)
and (b) high concentrations of AgNWs (1.0-4.0 vol. %). The change in G’ vs G” curve
between 1.0 and 2.0 vol. % indicates the formation of a polymer-nanowire network. Lines are

guides to the eye.

. CUNW/PS

u AgNW/PS

0.0 0.5 1.0 15 2.0 25
NW Concentration [ Vol. % ]
Figure 4.31. Storage modulus (G’) of AgNW/PS nanocomposites over G’ of pure PS at 0.1
rad/s as a function of the AgNW concentration up to 2.0 vol. %. The change in G’gnwps/G'ps
observed for concentrations of 1.0 — 2.0 vol. % AgNW indicates the formation of a polymer-

nanowire network. The data of CuNW/PS is included for comparison purposes. Lines are

guides to the eye.
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In conclusion, changes in the viscoelastic properties of the AgNW/PS
nanocomposite indicate the formation of a polymer-AgNW network at concentrations
between 1.0 and 2.0 vol. %. In this case, the higher rheological percolation threshold
versus CuNWs is mainly attributed to the fact that there was less dispersion of
AgNWs in PS, as it can be inferred from a comparison of the data for G’ at low
frequencies versus CUNW/PS nanocomposites. Low dispersion of the AgNWs in PS
causes the rheological percolation threshold of AgNWs to occur at higher
concentrations than the electrical percolation threshold. Although AgNWs and
CuNWs have different length distributions, the effect of this difference on the
rheological behavior of the nanocomposites may not be as important as the difference

in dispersion.

4.4  Discussion

Table 4.10 summarizes the electrical and rheological percolation thresholds
obtained for solution-processed metal nanowire/PS nanocomposites related to the
different types of nanowires, their average aspect ratios and the extent of dispersion.
The extent of dispersion of the nanocomposites was inferred from both SEM
characterization and rheological characterization of the different nanocomposites as

described above.
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Table 4.10. Electrical and rheological percolation thresholds for metal nanowire/PS

nanocomposites.
Polymer Average Average Extent of Electrical Rheological
nanocomposite length aspect dispersion’ percolation  percolation
(um)* ratio (/d)° threshold threshold
(Vol. %) (Vol. %)
CuNW/PS 1.78+1.37  71+55 Fair 0.46 05-1.0
CgH,,S- 1.78 £ 1.37 71+ 55 Good 0.25 1.0-2.0
CuNW/PS
AgNW/PS 1.37£0.76  55+30 Low 0.51 1.0-2.0

® before mixing with PS, ® d = 25 nm, ® According to SEM and rheological characterization

Results in Table 4.10 indicate that the electrical percolation threshold for
CuNW/PS is lower than for AgNW/PS nanocomposites. This has been attributed to
differences between the aspect ratio distribution of the nanoparticles, as well as to the
different extent of dispersion. The surface functionalization of CuNWs increased the
dispersion of the nanowires, decreasing the electrical percolation threshold relative to
unfunctionalized CuNWs. The formation of electrically conductive networks of
nanowires occurred at concentrations below the rheological percolation threshold.
This is contrary to what is expected for well dispersed and randomly distributed

26313336 However, NW/PS nanocomposites prepared using

nanocomposites.
unfunctionalized Cu and Ag nanowires in this study are the result of the dispersion of
individual nanowires and nanowire agglomerates in the polymer matrix. Therefore,
the relation of the electrical and rheological percolation thresholds with the nanowire
concentration is different. Figure 4.32 illustrates nanowire/polymer nanocomposites

containing individual and agglomerate nanowires. The electrical conductivity is

dictated by the connectivity between the nanowires in the polymer-nanowire and
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nanowire-nanowire networks (Figure 4.32a). This connectivity may occur at low
concentrations, as a result of the dispersed individual nanowires interconnecting
agglomerates in the nanocomposite. At similar concentrations, the polymer-polymer
networks dominate the rheological behavior, given that the mechanical behavior of
the polymer chains located between the agglomerates is not significantly affected by
the presence of individual nanowires. At higher concentration, rheological percolation
occurs due to the significant effect of a larger content of individual nanowires on the
mechanical response of the polymer chains. Therefore, the rheological percolation
requires a higher concentration of individual and agglomerate nanowires than does

the electrical percolation.

PS nanocomposites prepared with surface functionalized CuNWs resulted in a
different behavior of the polymer-polymer and polymer-nanowire networks compared
to the networks formed when unfunctionalized nanowires are used. The rheological
percolation threshold at 200 °C of the CaNW/PS nanocomposites shifts to higher
concentration when the nanowires are chemically functionalized. The different
behavior of the polymer-polymer and polymer-nanowire networks formed in CgH;,S-
CuNW/PS nanocomposites is attributed to the effects of the surface chemistry of the
nanowires and the enhanced interaction between nanowire and polymer chains that
might enable lubricating effects, resulting in a decrease in the viscoelastic properties
of the nanocomposites, especially at concentrations below or close to the percolation
threshold. The lubricating effect resulting from using copper nanowires

functionalized with thiols will be further discussed in Chapter 5.
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Figure 4.32. Schematic representation of the microstructure of metal nanowire/polymer

nanocomposites containing individual and agglomerate nanowires. (a) At the electrical
percolation threshold, electrically conductive networks of nanowires are established, but
polymer chains between agglomerates dominate the rheological behavior. (b) At the
rheological percolation threshold, the mechanical behavior of the polymer chains is restricted

by the nanowires.

In studies related to dynamic and electrical characterization of filled polymers,
the electrical percolation threshold generally follows the rheological percolation
threshold.>® In this respect, one should not forget the dependence of the flow
characteristics of the polymer-polymer and polymer-nanowire networks with
temperature. For instance, electrical resistivity measurements are usually carried out
at room temperature, whereas the rheological characterization is carried out at

temperatures above Tg of the polymer. Thus, a plausible correlation of the rheological
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and electrical percolation may depend on the response of the viscoelastic behavior of
the composite with temperature. For instance, the rheological percolation of
MWNT/PC composites demonstrated an increase from 0.5 to 5 wt. % in the
rheological percolation threshold with an increase of temperature from 170 to 280
°C.2% Thus, the rheological percolation threshold does not necessarily have to be
lower than the electrical percolation threshold. In this work, a constant temperature of
200 °C was used for the viscoelastic characterization of the samples, which enabled
us to compare the effects of different nanowires on the viscoelastic behavior of the
polymer-nanowire network. Further studies could be performed to determine the
influence of temperature on the rheological percolation threshold of the

nanocomposites.

The electrical percolation thresholds for Ag and Cu nanowires reported here
are comparable to the thresholds reported for polymer nanocomposites containing
fullerene carbon nanotubes.?'?%?!**47 Theoretical studies and simulations have
reported percolation thresholds of 1.0 and 0.05 vol.% for well distributed particles
with aspect ratios of 100 and 1000, respectively.’**® Although the metal
nanowire/polymer nanocomposites reported in this study are not ideally dispersed
nanocomposites, the percolation curves obtained experimentally indicate that low
percolation thresholds are attainable in polymer nanocomposites having individual
dispersion as well as segregated nanowires. Variations in the electrical percolation

threshold are expected from different processing conditions that produce different
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degrees of dispersion and alignment of the high aspect ratio nanofillers, as

demonstrated by Du et al.*®

Electrical percolation and enhanced dispersion of surface functionalized
CuNWs in solution-processed PS nanocomposites was obtained using CgH;7SH
chemisorption on the nanowires. In spite of the presence of multilayers of RS-Cu
complexes on the functionalized CuNWs, the results of electrical characterization of
the nanocomposites suggest that the CuNWs are not entirely passivated to electron
flow and lower electrical percolation thresholds are attained due to an increased in the
probability of electrical contact between particles brought by enhanced dispersion.
Because surface modification with CgH;;SH enhances the dispersion of the nanowires
into the polymer matrix, and the electrical properties are different from
nanocomposites prepared with unfunctionalized CuNWs, surface modification with
CgHi7SH is promising for the control of irreversible agglomeration after liberation
from PAO templates; moreover, enhanced dispersion of nanowires in PS
nanocomposites prepared by melt mixing may also be expected. The electrical
properties of nanocomposites with concentrations = 1.0 vol. % of surface
functionalized CuNWs are appropriate for applications as electrostatically dissipative
materials (10*-10"" Q-cm, www.esda.org), similar to CuNW/PS and AgNW/PS

nanocomposites.

The break-up of the functionalized silver nanowires may be related to the

instability of the high aspect-ratio nanowires at elevated temperatures (in this case
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200 °C). For instance, Rayleigh instability of individual copper nanowires (30-50 nm
diameter) on a SiO, surface was reported at temperatures above 400 °C.*° Nichols and
Mullins developed the approach of Rayleigh instability to solids.*’ In their model, a
solid cylinder is unstable to sinusoidal perturbations of the type r = 7, + & sin (27N z,
where r is the initial radius of the cylinder, 6 is the amplitude, A is the wavelength of
the perturbation, and z is the coordinate along the cylinder axis. When the
perturbation has A > 2ar, the cylinder is unstable, undulations are developed and
increase with time until the cylinder breaks up into spheres. This model was
developed assuming isolated solid cylinders with isotropic surface energy. In the
particular case of changes in morphology due primarily to surface diffusion, the
model predicts that the spheres reach a separation dictated by the wavelength of
maximum growth, Ny = 2712 7,. It is worth mentioning that this theoretical model has
been applied previously in studies of morphological changes of Cu and Au
nanowires, and correlations between experimental and calculated sphere diameters
and sphere separation distances have been obtained, which supports the Rayleigh
instability of the nanowires.**! In the current work, break up of AgNWs could have
been the result of a combined effect of surface functionalization, polymer matrix,
shear stress and/or pressure during the melt mixing and hot molding process of their
nanocomposites, which can be far from the ideal conditions of the model developed
by Nichols and Mullins. However, the model may be useful in the development of
future studies devoted to provide an insight to the fragmentation of nanowires in

polymer nanocomposites. The break up of high aspect-ratio metal nanowires may
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have serious implications in the preparation of polymer nanocomposites requiring low

electrical percolation thresholds.

4.5 Conclusions

Metal nanowire/polymer nanocomposites were prepared by solution mixing of
Cu or Ag nanowires and PS. Low electrical percolation thresholds of 0.46 vol. % Cu
and 0.51 vol. % Ag in a PS matrix were attained by the high aspect-ratio nanofillers.
Changes of 10 and 11 orders of magnitude in the electrical resistivity of the
nanocomposites versus pure polymer were obtained with CuNWs and AgNWs,
respectively. Lower aspect-ratios and less surface oxidation of silver compared to
copper nanowires has influenced the sharpness of the percolation threshold and the
level of conductivity of the percolated composites. TEM and SEM characterization of
the nanocomposites indicated individual and agglomerated nanowires that

cooperatively resulted in low electrical percolation thresholds.

Surface functionalization of copper nanowires with alkanethiols prevented the
irreversible aggregation of the nanowires, and improved the dispersion in a PS matrix.
The effect of increased dispersion on the electrical resistivity of the nanocomposites
was reduced by the presence of RS-Cu complexes at the surface of functionalized
nanowires. CigH37S-CuNW showed significant of passivation, resulting in PS
nanocomposites with low electrical conductivity. By contrast, CgH;7SH-CuNW/PS
showed the formation of electrically conductive networks at lower concentrations

than when unfunctionalized CuNWs were used.
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Surface functionalization of silver nanowires with CgH;;SH resulted in
fragmentation (break-up) of nanowires into spheres after applying shear stress and/or
pressure at temperatures above the Tg of the polymer. Although the phenomenon of
fragmentation of silver nanowires in PS deserves further study to elucidate a
fundamental understanding of the instability of the nanowires, this phenomena will
have negative implications on melt mixing of polymer nanocomposites that require
low electrical percolation thresholds via the presence of high aspect ratio

nanoparticles.

The effect of CuNWs and AgNWs on the rheological behavior of PS
nanocomposites was significant. The formation of polymer-nanowire networks was
evident from changes of viscoelastic properties of the nanocomposites, such as the
complex viscosity and storage modulus at low frequencies. These changes were
utilized to determine differences in the dispersion of the nanowires, as well as to
elucidate changes in the composite microstructure and determine the rheological

percolation threshold of the nanocomposites.

For relatively well-dispersed nanowire/polymer nanocomposites (i.e.
CuNW/PS or CgH7S-CuNW/PS), the evolution of the microstructure, and electrical
and rheological properties with the concentration of nanowires is as follows:

» At low concentration, well dispersed nanowires lead to the formation of a

few polymer-nanowire networks and the nanocomposite may show a small
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decrease in the resistivity. Enhanced dispersion will lead to formation of
polymer-nanowire networks at lower concentration. The rheological
behavior is dominated by polymer-polymer networks.

» At intermediate concentrations, in the vicinity of the rheological
percolation threshold, the formation of more polymer-nanowire and
nanowire-nanowire networks contributes to increased electrical
conductivity. The rheological behavior is controlled by both polymer-
polymer and polymer-nanowire networks.

» At high concentration, beyond the rheological percolation threshold,
consolidated electrically conductive polymer-nanowire and nanowire-
nanowire networks are established that control the electrical and

rheological behavior of the composite.

The electrical properties of metal nanowire/PS nanocomposites resemble
those reported in the literature for nanocomposites prepared using single- (SWNT)
and multi-walled (MWNT) carbon nanotubes, indicating that the use of metal
nanowires may be an alternative to carbon nanotubes for the preparation of polymer

nanocomposites in applications such as electrostatic dissipation.
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Chapter S
Copper nanowire/Polystyrene nanocomposites prepared by melt
mixing: Surface functionalization, dispersion, and

electrical-rheological percolation

S5.1 Introduction

In Chapter 4, the preparation, dispersion, and electrical-rheological
percolation of metal nanowire (Cu, Ag)/polymer nanocomposites prepared by
solution processing were presented. Electrical percolation thresholds of bare
nanowires of 0.46 vol. % Cu and 0.51 vol. % Ag were obtained.'” Solution
processing of polymer nanocomposites has been the method of choice in many
studies of carbon nanotube-based nanocomposite:s.3'10 The use of ultrasound and/or
in-situ polymerization in the presence of nanofillers has resulted in good dispersion of
the nanoparticles and low electrical percolation thresholds. However, the preparation
of polymer nanocomposites by melt mixing is desirable, given conventional processes
in the polymer industry, such as extrusion and injection molding, which do not
require solvents.!’ Solvent handling can be a significant problem when producing

large quantities.
The use of inorganic nanofillers in the preparation of polymer composites

introduced the necessity of mediating a good interaction between the polymer chains

and nanoparticle surfaces, in order to reduce the strong agglomeration forces between
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the particles and to promote homogeneous distribution in the polymer matrix. This is
of particular importance for processing of polymer nanocomposites by melt mixing.
For instance, the agglomeration of carbon nanotubes is considered to be a serious
impediment to harnessing their potential in nanocomposites and substantial effort has
been directed towards enhancing their dispersion via surface modification and/or
different methods of composite preparation.”'? For instance, surface modification of
nanotubes enabled the formation of a percolated network with a low content of
nanotubes.” In the particular case of metal nanowires, the self assembly of organic
molecules at the surface creates a new interface between the conductive particles, and
this affects the electrical properties of the nanocomposites (see Chapter 4).
Furthermore, little is known about the extent to which the electrical properties of the
polymer nanocomposites will be affected by the surface chemistry of metal

nanowires.

Gram amounts of materials are required to perform experimental studies of
the melt mixing process for the preparation of polymer nanocomposites. This
motivated the scale-up of the synthesis of copper nanowires described in Chapter 2.
In addition, Sundararaj and collaborators'> developed a miniature minimixer known
as the APAM, for the preparation of small amounts of polymer nanocomposites using
mixing conditions (shear stress and flow patterns) similar to those used in industrial
equipment for polymer processing. In this chapter, the dispersion, electrical, and
rtheological characterization of polymer nanocomposites prepared by melt mixing of

unfunctionalized and functionalized copper nanowires into polystyrene melt in an
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APAM are studied and compared to the properties of nanocomposites prepared by
solution processing. Alkanethiols were used to chemically modify the copper
nanowires, reduce nanowire agglomeration, and enhance their dispersion in the
polymer matrix. The effect of the surface chemistry on the electrical and rheological
properties of the nanocomposites was studied. For instance, a decrease in the complex
viscosity of the nanocomposites containing low amounts of surface functionalized
copper nanowires has been observed; a phenomenon rarely observed for polymers

containing fillers.

5.2  Experimental

5.2.1 Synthesis and chemical modification of CaNWs

Copper nanowires were produced using template-directed synthesis in porous
aluminum oxide templates fabricated by the two-step anodization of aluminum (Al)
electrodes (10 cm x 25 cm) in H,SO;. Details of the synthesis and liberation of Cu
nanowires have been described in Chapter 2. CuNWs used in the preparation of PS
nanocomposites by melt mixing were prepared using the larger-scale system that
produces CuNWs ~ 25 nm in diameter and 1.29 + 0.83 um in length.m’15 In the final
step of the synthesis, the nanowires were dispersed in methanol (CH;OH). Measured
volumes of 1-butanethiol (CsHoSH), and 1-octanethiol (CgH;7SH) (Sigma-Aldrich,
used as received) were added to methanolic suspensions of the nanowires containing
~ 1.6 mg Cu/ ml CH3;0H. The mixtures of CaNW suspensions and alkanethiols were

sonicated for 5 minutes and then stirred with a magnetic stir bar for 1 hour, filtered,
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rinsed vigorously with CH,Cl,, dried under vacuum for 24 hours and finally

transferred into a nitrogen-filled glove box.

5.2.2 Preparation of polymer nanocomposites by melt mixing

Polystyrene (PS, Styron 666D) was provided by Dow Chemical Co, M.I. =
7.5, My, = 200,000 g/mol, and Tg = 100 °C. The bulk densities of copper and PS are
8.96 g/cm’ and 1.04 g/em’, respectively. The amount of copper nanowires used for
the preparation of the nanocomposites was calculated using the bulk density of
copper, and in the case of functionalized CuNWs, also considering the percent weight
loss measured during thermogravimetric analysis. Samples of CuNWs were mixed
with pellets of PS in a preheated (200 °C) mixing cup of the APAM?" in a glove box
under nitrogen (N;). The mixing conditions were: 100 rpm, 200 °C, 10 minutes and
rotation in the counter-clockwise direction. Table 5.1 shows the specifications of the

APAM and a photograph is presented in Figure 5.1.

Table 5.1. Specifications of the Alberta Polymer Asymmetric Minimixer (APAM)"

Rotation Maximum Average Approximate Mixing
Speeds shear rate shear rate ~ mixing mass time
(rpm) (1/s) (1/s) (® (min)
25 68 8.3 2 1-20
50 136 16.6
100 272 332
200 544 66.4

Nanocomposite specimens for electrical and rheological characterization were

prepared by hot molding in a stainless steel mold with an empty cavity 25.4 mm in
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diameter and 0.8 mm thick using a Carver No.2086 hot press at 200°C and 1.5 metric
tons of pressure for 5 min. Aluminum foil was used to separate the stainless steel

plates from the nanocomposites specimens.

Figure 5.1. Photograph of the Alberta Polymer Asymmetric Minimixer (APAM)."

5.2.3 Morphology characterization

The morphologies of freeze-fractured surfaces of the composites were
analyzed using a JEOL 6301F field emission scanning electron microscope (SEM).
The samples were sputter-coated with chromium before imaging in the SEM.

Backscattered electron images were collected using a 20 kV accelerating voltage.

5.2.4 Rbheological characterization

Dynamic rheological characterization was performed on hot molded samples
25.4 mm in diameter and 0.8 mm thick using a Rheometrics Inc. RMS800 Rheometer
with a 25 mm parallel plate fixture at 200 °C under nitrogen atmosphere. Frequency
sweeps were performed at low strains (0.09 - 10%), where the materials show linear

viscoelastic behavior.
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5.2.5 Electrical resistivity measurements

Hot molded samples 25.4 mm in diameter and 0.8 mm thick were used for
bulk electrical resistivity measurements utilizing a 6517A Keithley electrometer,
8009 Keithley resistivity test fixture, and Keithley 6524 high resistance measurement
software. The electrical resistivity was measured using 100 V or 10 V, depending on
the resistivity range of the samples, according to ESD STM11.12-2000. Specifically,
the electrical resistivities were measured as follows: for samples prepared with
CuNWs, 100 V for 0, 0.5 and 1.0 vol. %, 10 V for 2.0 to 4.0 vol. %; for samples with
BT-CuNWs, OT-CuNWs, 100 V for 0.5 to 2.0 vol. %, and 10 V for 3.0 and 4.0 vol.

%.

5.2.6 Glass transition temperature by Differential Scanning Calorimetry

The glass transition of pristine polymer and polymer nanocomposites was
measured using a Perkin Elmer Pyris 1 Differential Scanning Calorimeter. Samples
were heated up to 250 °C using a heating rate of 10 °C/min, cooled down to room
temperature and then heated again to 250 °C using a heating rate of 10 °C/min. Tg

was measured from the second heating cycle.

5.3 Results

5.3.1 Dispersion of as-liberated and surface functionalized copper nanowires in
PS prepared by melt mixing
The morphology of polystyrene nanocomposites containing unfunctionalized

copper nanowires or functionalized copper nanowires with CgH,7SH and C,;HySH was
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studied by SEM with backscattered electron detection, which, as shown in Chapter 4,
enhances the contrast between the organic polymer phase and the metallic nanofiller.
Figure 5.2 shows SEM images taken from freeze fractures of hot-molded specimens.
Bright domains in the backscattered image show the nanowires dispersed in the
polymer matrix. Low magnification images (Fig. 5.2 a, ¢, and ¢) show agglomerates
of less than 100 pum that correspond to nanowires incompletely dispersed and
distributed across the thickness of the freeze-fractured samples. Small agglomerates
are observed in SEM images of PS containing functionalized CuNWs (Fig. 5.2 c, e).
In addition, the density of the agglomerates (number of agglomerates per scanned
area) in the nanocomposites seems to be lower when alkylthiol functionalized
nanowires are utilized. Individual nanowires are clearly observed from high
magnification images, which shows that the density of individual nanowires is
significantly higher in the nanocomposites containing alkylthiol functionalized
CuNWs (Fig. 5.2 d, f) than in those with unfunctionalized CuNWs (Fig. 5.2 b).
Hence, morphology characterization of the nanocomposites by SEM with
backscattered electron detection strongly indicates that enhanced dispersion of
nanofiller in the polystyrene matrix was obtained as a result of chemical modification

of CuNWs.
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Figure 5.2. Backscattered electron SEM images of polystyrene nanocomposites containing 4
vol. % CuNW. Bright domains correspond to copper nanowires dispersed in the polymer
matrix. PS nanocomposites containing (a,b) unfunctionalized nanowires, (c,d) CgH,;sS-
CuNW, and (e,f) C;HoS-CuNW. The images show the enhancement of dispersion of copper

nanowires using surface modification with CgH;,SH and C,H,SH.

5.3.2 Rheological behavior of melt-mixed CuNW/PS nanocomposites
Pellets of pure PS were treated in the APAM at 200 °C using mixing

conditions similar to those used for preparation of nanocomposites in this study. The
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results of viscoelastic characterization of pure PS and PS nanocomposites prepared
with unfunctionalized copper nanowires at several concentrations are presented in
Figure 5.3. The complex viscosity (|n'*|), storage modulus (G’) and loss modulus (G”)
increase gradually with increasing nanowire content. However, the variation in the
frequency response of the viscoelastic properties is not as great as was previously
described in Chapter 4 for PS nanocomposites prepared by solution processing, or as
great as in other studies of polymer nanocomposites containing carbon
nanotubes.”'%!” 1t is known that the rheological behavior of a filled composite is
similar to that of the pure polymer when the nanofiller is not well dispersed.'® At low
frequency (0.1 rad/s), for the 4 vol. % CuNW/PS nanocomposite, [n*| is only double
that of PS (Fig. 5.3 b), and G’ is approximately 4 times that of PS (Fig. 5.3 d). The
frequency response of [n* and G’ for CUNW/PS nanocomposites is similar to that of

pure PS.

At low frequencies, polystyrene exhibits terminal behavior of the storage
modulus (G’) and loss modulus (G ). The introduction of nanofiller should alter the
terminal behavior, enabling the formation of an interconnected structure that may be
detected from changes in the slope of the frequency response of G . It is well known
that a structure of interconnected, high aspect-ratio particles in a polymer composite
can be inferred from the plateau of G’ and G” versus frequency at low frequencies.16'
!9 The low frequency range corresponds to the time frame in which the polymer
chains have enough time to disentangle and relax.?® For example, for this PS, the

characteristic relaxation time is approximately 1s.
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Figure 5.3. Complex viscosity (|n*|), storage modulus (G’) and loss modulus (G”) of

CuNW/polystyrene nanocomposites prepared by melt mixing in an APAM as a function of

(a,c,e) frequency and (b,d,f) concentration of unfunctionalized Cu nanowires. Lines are

guides to the eye.
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Table 5.2 shows the slopes of Log G’ and Log G” versus Log w of CUNW/PS
nanocomposites in the range of frequency between 0.1 and 1.0 rad/s, as a function of
concentration of unfunctionalized CuNWs. The slopes do not change significantly
with CuNW concentration, indicating that the CuNWs have a negligible effect on the
terminal behavior of PS. The lack of significant change in the viscoelastic properties
with increasing concentration of unfunctionalized nanowires is related to poor
dispersion of the nanowires into PS. As described previously, limited dispersion of

unfunctionalized copper nanowires was observed by SEM.

Table 5.2. Slopes of Log G’ and Log G” versus Log w at frequencies between 0.1 and 1.0
rad/s for CUNW/PS nanocomposites prepared by melt mixing.

Cu Conc. dLogG' dLogG"

(Vol. %) dLogw dLogw
0 1.27 0.86
0.5 1.29 0.86
1.0 1.19 0.85
2.0 1.17 0.83
3.0 1.09 0.81
4.0 1.09 0.81

Figure 5.4 shows the viscoelastic properties of pure polystyrene and
nanocomposites containing several concentrations of CgH;7S-CuNWs. Interestingly,
an unusual decrease in the complex viscosity of the nanocomposites at low
concentrations of CgH;7S-CuNWs can be observed relative to the pure polymer (Fig.
5.4 a, b). The viscosity of nanocomposites containing 0.5 and 1.0 vol. % showed a

similar frequency response to that of PS, indicating a plateau at low frequencies, but
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Figure 5.4. Complex viscosity (Jn*|), storage modulus (G’) and loss modulus of CgH,;S-

CuNW/polystyrene nanocomposites prepared by melt mixing in an APAM as a function of

(a, ¢, e) frequency and (b, d, f) concentration of copper nanowires. Lines are guides to the

eye.
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with lower viscosity than pure PS (Fig. 5.4a). At 2.0 vol. % the viscosity of the
composite showed a power law dependence on frequency; i.e. the plateau at low
frequency is not observed. At 2.0 vol. % CuNWs, the complex viscosity also remains
lower than that of pure PS, but higher than that of 1.0 vol. %. At concentrations of 3.0
and 4.0 vol. %, the viscosity increases signiﬁcélntly with respect to that of pure PS
and low concentration composites; moreover, a power law frequency dependence of
the viscosity is observed over the complete range of frequencies studied. The largest
increase in the viscosity (~ 20 times) with respect to pure PS is observed at 4.0 vol. %
CuNWs. Figure 5.4b, which presents the variation of complex viscosity of the
corﬁposites at different frequencies, shows that at low frequency (0.1 rad/s), a
minimum viscosity is observed for 1.0 vol. % and a significant increase in the
viscosity occurs above 2.0 vol. %. At higher frequencies, the initial decrease in the
viscosity with concentration of CsH17S-CuNWs is in the following order: PS > 0.5 %
> 1.0 % > 2.0 %. At high frequency (100 rad/s) the viscosity does not vary

significantly with CgH,7S-CuNW concentration.

Figure 5.4c shows the storage modulus G’ as a function of frequency of
polystyrene nanocomposites with different concentrations of CgH;7S-CuNWs. The
frequency response of G’ of composites prepared with 0.5 and 1.0 % of nanowires is
similar to that of pure PS; however, G’ at these concentrations is lower than that of
PS for the range of frequencies studied. At 2.0 vol. %, the frequency response varies
compared to pure PS; G’ is lower than that of pure PS, 0.5 and 1.0 vol. % at high

frequencies, whereas, at low frequencies, the slope of G’ versus frequency is smaller

213

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



and G’ becomes higher for 2.0 vol. % than that of pure PS, 0.5 and 1.0 vol. %. That
is, there is a shoulder at low frequencies which indicates the formation of a polymer-
nanowire network. At 3.0 vol. %, G’ shows higher values than that of 2 vol. % for all
frequencies and a plateau at low frequency is clearly observed. Finally, at 4.0 vol. %,
G’ becomes higher than pure PS for all frequencies with a weak dependence on
frequency. G’ increases ~ 2 orders of magnitude from pure PS to 4 vol. % composite
at the lowest frequency studied (0.1 rad/s). Figure 5.4d shows G’ at different
frequencies, as a function of the copper concentration in the composites. At low
frequency (0.1 rad/s), G’ decreases from pure PS to 0.5 and 1.0 vol. %, and then a
significant increase is observed for 2 vol. % and above. At high frequency (100
rad/s), G’ becomes almost independent on the CgH;7S-CuNW content. Significant

changes were also observed for G”.

Table 5.3 shows the slopes of Log G’ and Log G” versus Log w of CANW/PS
nanocomposites in the range of frequency between 0.1 and 1.0 rad/s, as a function of
concentration of CgH7S-CuNWs. The change in the slope of G’ versus frequency at
2.0 vol. % copper is an indication that a combined polymer-nanowire network has
been established (Table 5.3). The changes in the slope of G’ versus frequency, as well
as viscosity variations versus concentration, suggest that rheological percolation of

CgH17S-CuNWs occurs between 1.0 and 2.0 vol. %.
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Table 5.3. Slopes of Log G’ and Log G” versus Log w at frequencies between 0.1 and 1.0
rad/s for CgH;7S-CuNW/PS nanocomposites prepared by melt mixing.

Cu Conc. dLogG' dLogG"

(Vol. %) dLogw dLogw
0 1.27 0.86
0.5 1.31 0.88
1.0 1.21 0.90
2.0 0.71 0.78
3.0 0.47 0.55
4.0 0.23 0.20

Figure 5.5 shows the viscoelastic properties of pure PS and PS
nanocomposites containing different concentrations of C4HoS-CuNWs. The frequency
response of the viscosity of these samples showed some differences from that of
nanocomposites containing CsH;7S-CuNWs, as follows. The decrease in viscosity at
low concentrations of CsHoS-CuNWs (0.5 and 1.0 vol. %) is greater than for CgH,;;S-
CuNW composites. This might be the result of differences in the viscosity of long and
short chain alkyl thiols, as will be discussed later. A distinct change in the response of
the complex viscosity versus frequency can be observed at a concentration of 1.0 vol.
%, 1.e. the plateau at low frequency is not observed (Fig. 5.5a). In the case of CgH;;S-
CuNW composites, this change was observed at 2.0 vol. %. Moreover, the complex
viscosity of a 4 vol. % nanocomposite is linearly dependent on frequency and it is ~
200 times higher than that of pure PS and 20 times higher than obtained for CgH;;S-
CuNWs at low frequency, which suggests that enhanced dispersion of C4HoS-CuNWs

was obtained.
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Figure 5.5. Complex viscosity (|n*|), storage modulus (G’) and loss modulus of C,HsS-
CuNW/polystyrene nanocomposites prepared by melt mixing in an APAM as a function of
(a, ¢, e) frequency and (b, d, f) concentration of copper nanowires. Lines are guides to the

eye.
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Figure 5.5¢ shows G’ as a function of frequency of PS nanocomposites with
different concentrations of C4HyS-CuNWs. The frequency response for G’ of the 0.5
vol. % composite indicates a similar dependence as that of pure PS, except that the
0.5 vol. % composite has lower G’ values. The 1.0 vol. % composite has lower
modulus than PS at high frequency and a plateau of G’ versus frequency at low
frequencies. The 2.0 vol. % C;HoS-CuNW composite has lower G’ values than pure
PS at high frequency, but there is a more significant change in slope at low
frequencies than for the 1 vol. % composite. At 4 vol. %, the G’ slope is almost zero,
showing practically no dependence on frequency in the range studied. Figure 5.5d
shows clearly the initial decrease in G’ at low concentration of C4HoS-CuNWs for
different frequencies with relative to the G’ value for pure PS. For instance, at low
frequency (0.1 rad/s), G’ decreases for 0.5 vol. % but increases at higher
concentrations, showing a significant change of ~ 3 orders of magnitude (~ 1500
times) at 4.0 vol. % relative to pure PS. At high frequency, G’ is slightly lower for
concentrations of 0.5, 1.0 and 2.0 vol. %, and shows only a modest increase of ~ 4

times at 4.0 vol. %.

Table 5.4 shows the slopes of Log G’ and Log G” versus Log w of PS
nanocomposites in the range of frequency between 0.1 and 1.0 rad/s, as a function of
concentration of C4HyS-CuNWs. The change in the slope of G’ at 1.0 vol. % indicates
the formation of a polymer-nanowire network. Considering the change in the slope of
G’ versus frequency (Table 5.4, Fig. 5.5¢) as well as the variation in the response of

the viscosity versus concentration described above, the rheological percolation
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threshold of C4HoS-CuNWs occurs between 0.5 and 1.0 vol. %. The evidence of
enhanced dispersion of CsHyS-CuNWs seen by rheological characterization explains

the lower rheological percolation threshold versus that for CgH;7S-CuNWs.

Table 5.4. Slopes of Log &’ and Log G” versus Log w at frequencies between 0.1 and 1.0
rad/s for C;HoS-CuNW/PS nanocomposites prepared by melt mixing.

Cu Conc. dLogG' dLogG"
(Vol. %) dLogw dLogw
0 1.27 0.86
0.5 1.17 0.91
1.0 0.75 0.79
2.0 0.60 0.59
4.0 0.10 0.12

Figure 5.6 shows a comparison of plots of G’ vs G”’ and phase angle versus
complex modulus for PS nanocomposites containing unfunctionalized CuNWs,
CsH7S-CuNWs and C4HoS-CuNWs. In the G’ vs G” plots (Fig. 5.6 a, c, ¢), a shift in
the position of the data points and a change in the slope is used to identify significant
changes in the microstructure of the polymer composite that are related to rheological
percolation.!” No visible changes are observed in G’ vs G” of CuNW/PS
nanocomposites, as a consequence of the limited dispersion of unfunctionalized
nanowires. For CgH;;S-CuNW/PS a significant change in the slope is observed
between 1.0 and 2.0 vol. %, and for C4HoS-CuNW/PS, the change is observed

between 0.5 and 1.0 vol. %. The phase angle versus complex modulus plots (Fig. 5.6
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Figure 5.6. Storage modulus (G’) versus loss modulus (G ”) and phase angle versus complex
modulus for PS nanocomposites prepared by melt mixing in an APAM (a, b) using
unfunctionalized CuNW, (¢, d) CsH;;S-CuNW, and (e, f) C4HyS-CuNW. Lines are guides to
the eye. |
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b, d, f) indicate that CuNW/PS nanocomposites do not deviate from the behavior of
pure PS, while changes are observed for CgH;7S-CuNW/PS and C4HsS-CuNW/PS
nanocomposites at concentrations 1.0 - 2.0 vol. % and 0.5 - 1.0 vol. %, respectively.
These plots corroborate a negligible effect of unfunctionalized CuNWs on the
viscoelastic properties of PS nanocomposites prepared by melt mixing, and confirm

the rheological percolation thresholds of chemically functionalized copper nanowires.

5.3.3 Electrical resistivity of melt-mixed CaNW/PS nanocomposites

Electrical resistivity measurements of nanocomposites prepared using
different concentrations of unfunctionalized CuNWs, C4HoS-CuNWs and CgH;;S-
CuNWs are shown in Figure 5.7. A sharp decrease in the volume resistivity of 9
orders of magnitude (from 10'® to 10’ Q-cm) is observed for 2.0 vol. % of
unfunctionalized copper nanowires relative to PS. This change in the electrical
resistivity of the composite is due to the formation of an electrically percolated
network of copper nanowires. Above 2.0 vol. % CuNWs, the volume electrical
resistivity remains relatively constant. Interestingly, for nanocomposites prepared
using C4HoS-CuNWs and CgH;7S-CuNWs, a gradual decrease rather than a sharp
decrease in the electrical resistivity is observed at concentrations =1.0 vol. %. A final
plateau for the electrical resistivity was not observed within the range of
concentrations of alkanethiol functionalized CuNWs studied. Variations of 5 and 3
orders of magnitude in the electrical resistivity were observed for pure PS versus PS
nanocomposites containing 4 vol. % of CsHoS-CuNWs and CgH;7S-CuNWs,

respectively.
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Figure 5.7. Volume electrical resistivity of polystyrene nanocomposites prepared by melt
mixing using different concentrations of (a) unfunctionalized copper nanowires and copper

nanowires functionalized with (b) C;HySH, and (¢) CsH,;SH. Lines are guides to the eye.

5.4 Discussion

The reasons why alkanethiols were used for surface modification of CuNWs
were discussed in Chapter 3. It is worth mentioning that 1-octadecanethiol
(CisH3;SH) seemed to provide more protection against surface oxidation of
nanowires than CgH;7SH and C4HoSH. However, considering the passivation effect
that the long chain alkanethiol, C;sH3;SH, might have on the nanowires, and the
electrical properties of nanocomposites prepared containing C;gHs;S-CuNWs,” in this
work, shorter alkanethiols (CsH;7SH and CsHoSH) were used to study the effect of
surficial thiolates on the dispersion, electrical and rheological properties of

polystyrene nanocomposites prepared by melt mixing.
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5.4.1 Effect of surface functionalization of CaNWs on dispersion

Backscattered electron SEM images of the nanocomposites with thiol
functionalized nanowires showed a higher density of copper nanowires dispersed in
the polymer matrix (Fig. 5.2d, and f) when compared to SEM images of composites
containing unfunctionalized nanowires (Fig. 5.2b). Enhanced dispersion of surface
functionalized CuNWs was also evident from the rheological characterization of their
composites, which showed significant variations in the storage modulus after a
percolated network formed (Figs. 5.4 and 5.5). Indeed, at low frequencies, higher
values of G’ relative to PS, and slopes of G’ versus frequency approaching zero are
both indicators of an increased dispersion of copper nanowires; provided that other
factors affecting rheology such as filler orientation, polymer molecular weight, size

and aspect-ratio of the filler are constant, as they are in this case.

5.4.2 Effect of surface functionalization of CaN'Ws on rheology of melt-mixed

CuNW/PS nanocomposites

In terms of rheological characterization, several results of this study need to
be addressed. The similar frequency dependence of the complex viscosity and storage
modulus of pure polystyrene and of composites containing unfunctionalized CuNWs
indicates that melt mixing in the APAM was poor. Indeed, melt mixing provided less
dispersion than solution processing using ultrasound did (Chapter 4).>"° Thus, a
significant impact on the rheological properties was not observed in this study when

unfunctionalized copper nanowires were used. In the case of alkanethiol
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functionalized copper nanowires, significant variations in the viscoelastic properties
were observed, because the nanowires were well dispersed throughout the polymer

matrix by melt mixing in the APAM.

The observed decrease in the complex viscosity and the storage modulus at
low concentrations of NWs, combined with well-dispersed nanowires is intriguing. A
few studies have reported a reduction in viscosity for polymer composites containing
nanofillers. The phenomenon has been attributed either to preferential adsorption of
long polymer chains on SWNTs, as in the case of SWNT-filled Ultra High Molecular
Weight (UHMW) PE,* or to changes of free volume and entanglement confinement,
as in the case of linear PS filled with PS nanoparticles.””* Other studies related to
polymers filled with inorganic materials such as clay, calcium silicate, and calcium
carbonate have reported a decrease in the viscosity due to the plasticizing effect of
coupling agents used for the compatibilization of the inorganic/organic interface.**°

The effect of the alkanethiol functionalization of the copper nanowires on the

decrease in the complex viscosity of the nanocomposites is explained below.

Considering the temperatures for thermal desorption obtained from
thermogravimetric analysis of alkanethiol functionalized copper nanowires presented
in Chapter 3, as well as the temperature of processing of the nanocomposites (200
°C), copper thiolates at the surface of the CuNWs may thermally desorb during the
melt mixing process. The thermal stability of thiol monolayers on copper surfaces has

been studied previously.27 Of the C-S-Cuusy bonds in the alkanethiol covalently
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bonded to the copper surface, the C-S bond is thermodynamically less stable than the
Cu-S bond; hence, the thiolate will most probably thermally decompose by a scission
of the C-S bond rather than the Cu-S bond. Additionally, rheological characterization
of CgHi7S-CuNW/PS nanocomposites prepared by solution processing at room
temperature (Chapter 4) did not show decrease in the complex viscosity at low
concentrations of copper nanowires versus pure PS. Therefore, during melt mixing of
PS and alkanethiol functionalized nanowires, alkyl chains are likely released into the
polymer matrix from the copper alkanethiolates formed at the surface of the CUNWs.
The hydrocarbons released from the CuNW surface into the PS matrix introduce a
plasticizing effect leading to a decrease in the complex viscosity of the

nanocomposites.

The decrease in T, (Table 5.5) of PS nanocomposites containing
functionalized nanowires versus that of either pristine PS or PS containing
unfunctionalized CuNWs is consistent with the plasticizing effect proposed above.
The greater decrease in viscosity of nanocomposites containing low concentrations of
C4HoS-CuNWs versus CgH7S-CuNWs (Figs. 5.4 and 5.5) may be explained by
considering the lower viscosity of short versus long chain alkyl compounds, and their

effect on the final viscosity of the nanocomposites.
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Table 5.5. T, of pure PS, PS processed by melt mixing, and PS nanocomposites containing 1

vol. % Cu of unfunctionalized and functionalized nanowires.

Nanocomposite Tg (°C)
Pristine PS666D 98.7
PS666D processed by melt mixing 97.8
CuNW/PS 97.1
CsH,;S-CuNW/PS 93.7
C;HyS-CuNW/PS 934

Nanosized particles approaching the dimensions of the radius of gyration of
the polymers might lead to changes in free volume and entanglements. For instance,
an increase of free space was reported in studies of the free volume distribution of
polyethylene-carbon black (CB) composites: from 146.8 A® for the pristine polymer
to 204.5 A> for a composite with 29 parts of CB particles (~ 33 nm particle size) per
hundred of resin.”® Moreover, studies of molecular transport and selectivity of
nanocomposite membranes based on glassy polymers such as poly(4-methyl-2-
pentyne) demonstrated an increase in free volume of the composite caused by
enhanced dispersion of silica nanoparticles.”® This increase in free volume has been
attributed to the presence of well-dispersed non-porous particles (~ 13 nm in
diameter) with comparable dimensions to those of the polymer chains. It is believed
that the copper nanowires ~ 25 nm in diameter used in this study did not have a
significant effect on the free volume and/or chain entanglement, given that a decrease

in the viscosity of nanocomposites prepared by solution processing was not observed.
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The rheological response of CaNW/PS composites at different frequencies are
the result of the polymer-nanowire networks formed in the composite, similar to those
considered for carbon nanotubes;'’ at concentrations below rheological percolation,
the entangled polymer-polymer network is dominant, whereas at concentrations
above percolation, a combined entangled network and polymer-nanowire network
dominate the rheological response. This is unlike electrical percolation where the
nanowire-nanowire network is the dominant factor dictating the electrical resistivity
response. The results of viscoelastic properties of composites containing
functionalized nanowires showed that before percolation, the viscosity and G’
responses are similar to that of pure PS, indicating that the chain entanglement
prevails; this behavior is observed up to 0.5 vol. % in the case of C4;HoS-CuNWs and
up to 1.0 vol. % in the case of CgH;;S-CuNWs. Beyond these concentrations, a
combined effect of networks was observed, because variations in the slope of G’ and
viscosity at low frequencies are evident, particularly at low frequencies. At 4.0 vol.
%, the rheological response of the nanocomposites seemed to be dominated by the

polymer-nanowire network at all frequencies.

5.4.3 Effect of surface functionalization of CaNWs on electrical percolation of
melt-mixed CuNW/PS nanocomposites
A significant variation in the electrical conductivity (which is the inverse to
the electrical resistivity) of nanocomposites above concentrations of only 1.0 vol. %
indicates the formation of an electrically conductive network of unfunctionalized

CuNWs (Fig. 5.7a). This electrical percolation threshold of melt-mixed
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nanocomposites compares well with lower concentrations of 0.46 vol. % at which
clectrical conductivity was obtained in solution-processed composites containing
unfunctionalized CuNWs.! This is attributed to the limited dispersion of CuNWs
resulting from the melt mixing process, as well as to the lower aspect-ratio of the
CuNWs prepared by the larger-scale process with respect to CuNWs prepared by the
smaller-scale system that was used in the preparation of PS nanocomposites by
solution processing described in Chapter 4 (1.29 + 0.83 um from the larger scale

process versus 1.78 £ 1.37 um from smaller scale process).l’15

One of the challenges faced in the development of inorganic
nanoparticle/polymer composites is the strong agglomeration of the nanosized filler.
Although CuNWs produced by the PAO template-directed synthesis'* showed a
strong tendency to irreversibly agglomerate, results of this work demonstrate that a
combination of well-dispersed CuNWs and agglomerated CuNWs leads to
electrically conductive composites at low concentrations either by solution processing
or melt mixing. However, the presence of metal nanowire agglomerates could prevent
the formation of an electrically conductive network at lower concentrations. In this
study, surface modification of CuNWs with alkanethiols resulted in significant
dispersion in melt mixed nanocomposites; however, the electrical conductivity of
nanocomposites prepared with surface modified CuNWs showed only a gradual
increase with increasing content of C4;HoS-CuNWs and CgH;S-CuNWs. For 4 vol. %

nanocomposites, increases of approximately 5 and 3 orders of magnitude were
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observed relative to the pristine polymer and more conductive composites were

obtained with short chain alkanethiol functionalized nanowires (C4HoS-CuNWs).

The electrical conductivity in filled polymer composites is dominated by
electron tunneling or hopping and the particles do not necessarily have to be in direct
physical contact with each other in order to permit electron conductivity throughout
the composite. Instead, a conductive pathway progressively forms as the gap between
conductive particles is reduced with increasing filler concentration. For instance, in
carbon-black-polymer composites, it has been shown that the electrical conductivity
of the composites is determined by tunneling mechanism through percolating
networks of conductive particles.>®® It has also been shown that for composites
containing loadings of carbon black aggregates above the percolation threshold, a
polymer layer of ~ 20 A may still remain between the aggregates, which suggest a
contribution of electron tunneling to the electrical conductivity of the composites at

high filler concentrations.*

In the case of PS nanocomposites prepared in this study, the alkyl chain
lengths of C4HoSH and CgH;;SH from the S atom to the end methyl group are 6.0 A
and 11.1 A respectively. A monomolecular layer of these alkyl thiols on CuNWs
might enable the electron transfer in the nanocomposites through electron tunneling
or hopping. Furthermore, given the inverse proportionality between charge transfer
and the molecular gap between conductive particles, the electronic conductivity

should be higher for nanocomposites prepared with C4HoS-CuNWs than for CgH,;S-
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CuNWs. Studies of molecular junctions showed the possibility of tunneling electrons
through self assembled thiol monolayers (SAMs) located between conductors.*® In
polymer nanocomposites containing thiol functionalized CuNWs, not only SAMs, but
also a polymer phase may be located between the metal particles, so an increased
number of energy barriers for electron transfer, and diminished electron conductivity,

may be expected.

The lower conductivity of the composites prepared with alkanethiol
functionalized CuNWs relative to that of unfunctionalized CuNW composites might
also be related to the fact that the self assembly of more than one monolayer on the
copper surface can occur,”>® due to the presence of some surface oxidation of
liberated nanowires."* The elucidation of the mechanism of copper alkanethiolate
formation on Cu surfaces remains challenging,” and further studies of the surface
modification of CuNWs may help to elucidate the effect of surface oxidation on thiol
adsorption and the electrical percolation threshold of composites prepared using

functionalized CuNWs by this route.

54.4 Rheological and electrical percolation of melt-mixed CuNW/PS
nanocomposites
The rheological percolation threshold of unfunctionalized CuNWs could not
be identified, because the low dispersion of the nanowires by melt mixing produced
an insignificant change in the viscoelastic properties of the composites relative to the

pure polymer. It is known that in well-dispersed composites, the rheological
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percolation threshold is lower than the electrical percolation threshold, given that the
distance between conductive particles necessary to reach rheological percolation is
greater than that required for electrical percolation.'®!” Therefore, the electrical
percolation of unfunctionalized CuNWs in PS nanocomposites prepared by melt
mixing occurred through a conductive network formed by the combination of
individual and agglomerated nanowires. Thus, individually dispersed nanowires favor
electrical contact at low concentrations throughout the composite, while the
agglomerated nanowires permit the entangled polymer-polymer network to dominate

the rheological behavior.

For nanocomposites containing functionalized copper nanowires, the
rheological percolation thresholds were between 1.0-2.0 vol. % for CgHy;S-
CuNW/PS, and 0.5 - 1.0 vol. % for C4HoS-CuNW/PS. The difference in the
thresholds was attributed to better dispersion of C4HoS-CuNWs, and therefore their
ability to disrupt the mobility of the polymer chains at lower concentrations.
Although, the electrical resistivity of the nanocomposites did not show an abrupt

change, a gradual decrease of the resistivity occurred at concentrations =1.0 vol. %.
A comparison of the electrical and rheological properties obtained for PS
nanocomposites prepared by melt mixing and solution processing (Chapter 4) indicate

that dispersion of the nanowires in a polymer solution resulted in electrical and

rheological percolation at lower concentrations than obtained by melt mixing. This is
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attributed to enhanced dispersion of the nanowires (as-liberated and chemically

modified) in PS obtained by solution processing.

5.5  Conclusions

Melt mixing in a miniature polymer melt mixer, the APAM, was performed to
prepare copper nanowire/polystyrene nanocomposites. Unfunctionalized copper
nanowires presented limited dispersion. The electrical and rheological behavior of the
nanocomposites containing bare copper nanowires results from a combined effect of
agglomerated and individually dispersed nanowires. This leads to electrical
conductivity at relatively low nanowire concentration (2.0 vol. %), as well as
rheological behavior mainly dominated by polymer-polymer networks at

concentrations both below and above the electrical percolation threshold.

Chemisorption of alkanethiols on CuNW surfaces led to significant
enhancement of nanowire dispersion in PS nanocomposites prepared by melt mixing.
Changes in rheological and electrical behavior of the nanocomposites prepared with
functionalized Cu nanowires occurred within the concentration range of 0.5 to 2.0
vol. % Cu. Significant changes in the rheological behavior of nanocomposites
containing functionalized copper nanowires indicated the formation of polymer-
nanowire networks with a solid-like behavior. By contrast, the electrical resistivity of
the nanocomposites with functionalized CuNWs did not show abrupt changes, but
rather an almost linear dependence for copper concentrations =1.0 vol. % Cu, which

suggests that functionalized copper nanowires formed polymer-nanowire and
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nanowire-nanowire networks with reduced electrical conductivity due to the
chemisorption of alkanethiols. The dependence of the electrical resistivity on
concentration may offer the possibility of controlling the final resistivity of

nanocomposites by using different surface chemistries on the nanofillers.
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Chapter 6

Concluding remarks and future Work

6.1 General conclusions

In this thesis, the synthesis of metal nanowires in gram quantities using PAO
templates, and the study of the dispersion, electrical and rheological properties of
metal nanowire/polymer nanocomposites produced by solution or melt-mixing were

described.

The strategy for the synthesis of metal nanowires utilized in this work was the
AC electrodeposition into porous aluminum oxide templates (PAO). To the best of
our knowledge, little has been reported about actual yields of nanostructures produced
by hard-template synthesis, as well as the effect of liberation procedures (template
dissolution) on the surface chemistry and morphology of the nanostructures.
Although high aspect ratio nanowires (//d > 1000) can be attained using synthesis in
hard-templates, feasible aspect ratios of liberated-nanowires have not been reported in
the literature.'® The current work is a contribution to these aspects, which are
experimentally and fundamentally necessary for large-scale synthesis of metal

nanowires or other nanostructures in PAO templates.

AC celectrodeposition through the barrier layer of PAO templates is
advantageous relative to DC electrodeposition, when the large-scale synthesis of

metal nanowires or nanostructures is considered. AC electrodeposition does not
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require multiple steps of electrode preparation, as DC electrodeposition does.
Therefore, template-directed synthesis is simplified because processes such as
evaporation of back-metal contacts, opening of the pore bottoms, dissolution of the
barrier layer, attaching of electrodes to holders, and the manipulation of thin and
brittle membranes required to enable DC electrodeposition, are not necessary. In
addition, high purity Al plates can be reused through many cycles for the preparation
of PAO templates and AC electrodeposition, facilitating more efficient use of Al
electrodes. However, AC electrodeposition of nanomaterials into PAO templates
through the barrier layer at the bottom of the pores is challenging, given the interplay
of the variables involved during the growth of the templates and electrodeposition of

the nanostructures.

The synthesis of nanowires developed in this thesis consisted of the following
steps: (1) electrochemical or chemical polishing of Al, (2) two-step anodization in
H,S04(aq) (3) AC electrodeposition, (4) dissolution of PAO template and liberation
of nanowires using NaOH(aq), (5) dispersion using ultrasound, and (6) solid-liquid
separation. A smaller-scale system was first implemented using high purity 5 cm x 11
cm Al plates (450 cm® of Al per batch). This process yielded 1.68 mg/cm? (756 +
58.5 mg/batch) of CuNWs 25 nm in diameter with average lengths of 1.78 + 1.37 um.
Subsequently, a larger-scale system was implemented using 10 cm x 25 cm Al plates;
this system used 4,400 cm? of high purity Al plates and yielded 0.786 mg/cm? (3,459
270 mg/batch) of CuNWs 25 nm in diameter with average lengths of 1.29 + 0.83 um.

Similarly, once adequate conditions for AC electrodeposition were obtained, the
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synthesis of AgNWs using the smaller-scale system yielded 0.90 mg/cm® (405 + 33.0
mg/batch) of AgNWs 25 nm in diameter with average length of 1.37 & 0.76 pm. This
process enabled us to produce sufficient quantities of high aspect ratio metal
nanowires required for preparation and studies of metal nanowire/polymer

nanocomposites.

Liberation of Cu and Ag nanowires from PAO templates using acidic or basic
solutions resulted in nanostructures with different surface chemistry and morphology.
For instance, although the use of acidic conditions resulted in less surface oxidation in
CuNWs, significant changes in the morphology of the nanowires were observed.
Indeed, the morphology of acid-liberated nanowires did not resemble the shape and
diameter of the pores in PAO templates. Therefore, strong basic conditions were
recommended for the liberation of Cu and Ag nanowires. Cu nanowires with small
degree of oxidation, and oxide-free Ag nanowires were characterized by XRD, XPS,

SEM, TEM, and TGA.

Compared to metal nanowires prepared by solution methods (soft-template

™ which require the use of surfactants or chemisorbed

methods and variations),
substances for preferential growth of nanostructures in one dimension, Cu and Ag
nanowires produced by synthesis in PAO templates presented cleaner surfaces that
may be more adaptable for surface functionalization. In addition, template-directed

synthesis in PAO provides capability to produce different kinds of nanostructures

with different aspect ratios by tuning of the pore dimensions (4 - 400 nm in diameter
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and tens of micrometers in depth) and conditions of AC electrodeposition. By
contrast, a smaller range of materials and aspect ratios are attainable by solution

methods up to date.””

High-aspect ratio metal nanowires were shown to be an alternative to carbon
nanotubes for the modification of the electrical properties of polymer nanocomposites
with low amounts of nanofiller. The presence of the nanofiller affected the
mechanical behavior of the polymer chains. Electrical and rheological percolations
were investigated in this work. In the case of filled-polymers, percolation refers to the
change in a specific property (e.g. electrical resistivity, storage modulus) of the
composite at a certain concentration of the filler. The electrical and rheological
properties of (CuNW or AgNW)/polymer nanocomposites prepared by solution
processing or melt-mixing were studied in an effort to elucidate the changes in the
microstructure and macroscopic properties of the nanocomposite with increasing
nanowire concentration. Hence, significant changes in electrical resistivity of the
nanocomposite are attributed to the formation of electrically-conductive polymer-
nanowire and nanowire-nanowire networks, and changes in the viscoelastic properties
are attributed to the dynamic transition of the composite from liquid-like to solid-like
behavior of the polymer-nanowire network. The mechanical behavior of the
nanocomposites is important to determine the response of the material to conditions

that polymeric materials experience in real life.'®!!
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Polymer nanocomposites prepared by the solution method showed low
electrical percolation thresholds of 0.46 vol. % Cu and 0.51 vol. % Ag, for CuNW/PS
and AgNW/PS nanocomposites, respectively.'”> Changes of 10 and 11 orders of
magnitude in the electrical resistivity of the nanocomposites relative to pure PS were
obtained for CUuNWs and AgNWs, respectively.'> The analysis of the morphology,
electrical resistivity and viscoelastic characteristics of the nanocomposites led us to
conclude that the phenomena of electrical and rheological percolation in these
nanocomposites are attributed to the concomitant interaction of individual nanowires
and agglomerated nanowires. Thus, at concentrations close to the percolation
threshold, well-dispersed nanowires enabled the formation of electrically conductive
networks by interaction with agglomerated nanowires dispersed throughout the
matrix. In addition, polymer-polymer networks located between the agglomerate
nanowires dominate the mechanical behavior of the nanocomposite; hence,
rheological percolation (solid-like behavior) was not observed. At concentrations
above the electrical percolation threshold, a polymer-nanowire network was
consolidated throughout the matrix resulting in rheological percolation. In the case of
well-dispersed nanofillers, it is known that the rheological percolation threshold
occurs at lower concentration than the electrical percolation threshold, given that the
distance between the filler particles required for restriction of mobility of polymer
chains in the nanocomposite is higher than that required for electrical percolation.'*?
However, for metal NW/PS nanocomposites prepared in the current work, the

presence of individual and agglomerate nanowires produced electrical percolation at

240

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



lower concentrations than that required for rheological percolation. This interpretation

was extended to melt-mixed CuNW/PS nanocomposites as described below.

CuNW/PS nanocomposites prepared by the melt-mixing method showed
electrical percolation at a higher concentration of CuNWs than those obtained with
solution-processed nanocomposites. It is inferred, from rheological characterization
of the composites, that dispersion of CuNWs by melt-mixing was significantly less
than that obtained by the solution method. Thus, the same concentration of nanofiller,
melt-mixed nanocomposites contain a lower fraction of well-dispersed individual
nanowires than solution-processed composites and higher volume fractions of copper
are required to enable electrical conductivity in the polymer nanocomposite.
Interestingly, in melt-mixed CuNW/PS nanocomposites, polymer-polymer networks
dominate the rheological behavior at concentrations above the electrical percolation
threshold, which gives further evidence that significantly lower dispersion of CuNWs
1s obtained with the melt-mixing process. Electrical conductivity is desirable while
maintaining the processibility of the polymer. In this regard, it is worth mentioning
that obtaining useful electrical properties without the need of complete dispersion of
the nanowires indeed might be advantageous; however, the electrical percolation
threshold might be significantly higher than those attainable by well-dispersed

nanowires.

Although low electrical percolation thresholds of CaNWs and AgNWs were

attained by the presence of well-dispersed and agglomerated nanowires, lower
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electrical percolations thresholds are desirable. It is expected that optimum dispersion
of the nanoparticles would result in lower electrical percolation thresholds. To
overcome the agglomeration between nanowires, surface modification of the particles
with alkanethiols of different alkyl chain length was investigated. To the best of our
knowledge, the effect of the surface chemistry of metal nanowires on the electrical
and rheological percolation phenomena in nanocomposites has not been reported in
the literature. The enhanced dispersion of CuNWs surface functionalized with
alkanethiols was evident from SEM and rheological characterization of their
nanocomposites. Indeed, lower electrical percolation thresholds were obtained with
surface functionalized CuNWs than with unfunctionalized CuNWs, but the presence
of alkanethiolate multilayers on the functionalized CuNW surfaces resulted in
polymer nanocomposites with higher electrical resistivities than those obtained with

unfunctionalized nanowires.

6.2 Future work

6.2.1 Synthesis of nanowires in PAO templates

The synthesis of nanowires by AC electrodeposition in PAO templates is a
feasible route for the synthesis of other metal nanostructures in gram amounts,
facilitating the path for research and development of new materials that require high
volumes of high quality nanomaterials. Nonetheless, more studies are necessary to
understand the electrical behavior of the barrier layer and of the

Al/PAO/nanostructure junctions formed during the electrochemical reactions in the
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pores, in order to enable the synthesis of other metals, alloys and/or compound
nanostructures with different diameters (i.e. aspect ratios), as well as to further

increase the efficiency of pore filling in PAO templates.

The presence of a small amount of oxide on the CuNW surface is
unavoidable, given the conditions required for PAO template dissolution. The
elimination of oxidation from CuNWs is critical for the formation of self-assembled
alkanethiol monolayers; therefore, developing methods to decrease surface oxidation
before functionalization of the nanoparticles will be required. In this aspect, using
reducing agents for surface treatment of the CuNWs is recommended, prior to the
surface modification with alkanethiols to prevent the formation of alkanethiolate
multilayers. For instance, hydrazine, which decomposes into N, and H,O, could be
one possibility to use in order to prevent further oxidation of CuNWs.” By contrast,
AgNWs liberated from PAO templates do not require additional treatment before

surface functionalization.

6.2.2 Dispersion of metal nanowires in polymer nanocomposites

Surface functionalized AgNWs showed lower adsorption of the thiol
compared to CuNWs, as discussed in Chapter 3. The fragmentation of surface
functionalized silver nanowires highlighted the instability of high aspect-ratio
nanoparticles to specific conditions of surface chemistry, applied stress, and
temperature. Rayleigh instability of the nanowires might be the reason for this

phenomenon.?'** In this regard, the study of fragmentation of metal nanowires of
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different aspect ratios may provide insight into the dynamics of fragmentation. Larger
diameters and short lengths (lower aspect ratios) should result in nanowires with
enhanced stability when exposed to conditions of high temperature and stress, such as
those required for polymer processing. PAO template-directed synthesis provides an
excellent route to the synthesis of gram quantities of AgNWs with different diameters
and aspect ratios, and will facilitate the realization of such studies. Once the stability
of the alkanethiol functionalized AgNWs under the conditions of polymer processing
is established, lowering of the electrical percolation threshold in the nanocomposites
might be expected as result of improved dispersion. It is worth noting that studies
should be developed in order to optimize the dispersion for obtaining lower electrical
percolation thresholds in these nanocomposites. Other strategies to improve the

dispersion of metal nanowires are described below.

In the case of CuNWs, the formation of self-assembled alkanethiol
monolayers might be difficult to attain, given that surficial oxidation of CuNWs
during liberation from PAO templates needs to be efficiently prevented. Thus, for the
use of copper nanowires as electrically conductive nanofillers, other strategies to
enhance dispersion of metal nanowires may be further investigated. In this study,
polymer nanocomposites were prepared by solution mixing and melt mixing. Another
approach for the preparation of nanocomposites is in-situ polymerization. For
instance, studies with carbon nanotube-based/polystyrene nanocomposites have
shown that emulsion polymerization of styrene may result in enhanced dispersion of

the nanoparticles and low electrical percolation thresholds.”®> Stabilization of
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suspensions of metal nanowires in the polymerization media will be required for
effective coating of the nanowires with the polymer.”> Similar procedures may be
developed for preparation of metal nanowire/polymer nanocomposites. A polymer-
coating of the metal nanowires may be obtained by impregnation in polymer solutions
containing low concentrations, which will enable increased dispersion of metal
nanowires by solution or melt-mixing. A driving force is still needed to facilitate
efficient coating of the nanowires by the polymer, and the use of co-polymers that
enable covalent bonding to the metal surface might be recommended.** In addition,
chemical reactions between metal nanowire surfaces and polymers might lead to

improvement of mechanical properties of the nanocomposites.'’

6.2.3 Electrical percolation threshold

In order to reduce the electrical percolation threshold of metal
nanowire/polymer nanocomposites several approaches can be pursued. (1) High
aspect ratios: well-dispersed high aspect ratio nanofillers result in lower electrical
percolation thresholds. As shown in this work, the aspect ratio of nanowires prepared
in PAO templates decreases as a result of the liberation process. Given that the
mechanical resistance of the nanowires to breaking into short segments might be
higher for thicker nanowires, one may suggest the effect of pore diameter in PAO
templates on the length distribution (aspect ratio distribution) of liberated nanowires
be studied. Hence, the feasibility of lowering the electrical percolation thresholds of
metal nanowire/polymer nanocomposites by increasing the aspect ratio will be

evaluated. It is worth considering other recently developed methods for synthesizing
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of nanowires by solution methods. These may provide other routes for the preparation
of polymer nanocomposites with high-aspect ratio metal nanowires.”” (2) Alignment:
Du et al.'* showed that aligned SWNTs in PMMA nanocomposites using extrusion
can result in an increase of the percolation threshold. In addition, they found that
intermediate alignment of SWNTs may result in higher conductivities than isotropic
dispersions of SWNTs. Similar studies with metal nanowires may contribute to the
understanding of the effects of isotropic, anisotropic, and intermediate alignment in
the properties of nanocomposites. For instance, metal nanowire heterostructures
containing magnetic segments might facilitate alignment using magnetic fields. (3)
Dispersion: optimum dispersion of the nanofiller is required to facilitate control of
alignment and distribution. Alternatives for future work previously described in
section 6.2.2 should be considered. (4) Double percolation: the preferential
dispersion of the nanowires in one phase of an immiscible polymer blend enables
electrical conductivity at reduced volume fractions of the nanofiller.’ For instance,
Poétschke et al. reported the reduction of the electrical percolation threshold of
MWNT from 1.0 to 0.41 wt. % using co-continuous blends of PC/PE.* The
concomitant interaction of these factors might lead to the preparation of metal
nanowire/polymer nanocomposites with lower electrical percolation thresholds than

those obtained in the current work.
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Appendix A
Surface functionalization of CuNWs using benzenethiol and

characterization of C{HsS-CuNW/PS nanocomposites

A.1  Introduction

Benzenethiol was utilized for surface functionalization of CuNWs. Given the
similarity of its structure to that of PS, benzenethiol-functionalized CuNWs would be
expected to improve the dispersion and electrical properties of the composites.
However, surface functionalization of CuNWs with benzenéthiol yielded poor results

for both dispersion and electrical properties as described below.

A.2  Surface functionalization of CaNWs using benzenethiol

Samples of CuNWs in methanol suspensions were treated with concentrations
of 5.0 mM benzenethiol (C¢HsSH, Aldrich, 97 %) using a similar procedure to that
described in the experimental section in Chapter 3. Thermogravimetric analysis of
CeHsS-CuNWs heated to 550 °C showed a desorption temperature of 303 °C and
weight loss percent of 21.3 %. Table A1l shows the results of elemental analysis for a
typical sample of C¢HsS-CuNWs. These results demonstrated much more significant
chemisorption of benzenethiol than alkanethiols on CuNW surfaces (Chapter 3).
Unlike alkanethiol functionalized CuNWs, when C¢HsS-CuNWs were treated with
ultrasound in CH,Cl, solutions, dispersion of the nanowires was not observed (i.e. the
nanowires remained at the bottom of the flask), which indicated that strong

agglomeration forces were acting to prevent the nanowires dispersion.
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Table Al. Elemental analysis of copper nanowires functionalized with CsHsSH.

RS-CuNW S C H C+S+H C/S H/C Cu/S

) (o) (0 (%)
CsHsS-CuNW  7.12 1553 1.12 2377 58 0.9 540

A3  CgHsS-CuNW/PS nanocomposites - dispersion and electrical resistivity
CeHsS-CuNWs were utilized for the preparation of polystyrene
nanocomposites by melt-mixing process in the APAM using similar conditions to
those used for preparation of nanocomposites using alkanethiol-functionalized
nanowires (Chapter 5). Figure A1 shows the results of rheological characterization of
the C¢HsS-CuNW/PS nanocomposites. The dispersion of the CsHsS-CulNWs into PS
was poor as shown in Figure Al, which shows a significant amount of large
agglomerates of up to 150 pum in size. The number of agglomerates observed was

higher than for nanocomposites prepared using unfunctionalized CuNWs (Chapter 5).

Figure Al. Backscattered SEM image of melt-mixed CgHsS-CuNW/PS nanocomposites
containing 4.0 vol. % Cu. The image showed poor dispersion of C¢HsS-CuNW in a PS

matrix.
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Table Al shows the volume electrical resistivities obtained for CgHsS-

CuNW/PS nanocomposites with different concentrations of nanowires. The electrical

resistivity remained unchanged up to concentrations of 2.0 vol. %. At 4.0 vol. %, a

change of almost 3 orders of magnitude in the electrical resistivity is observed.

Table A2. Average volume electrical resistivity and standard deviation calculated for C¢H;S-

CuNW/PS nanocomposites at different concentrations of copper.

Cu Conc. 0 Log (p, Q-cm)
(Vol. %) (2-cm)

0.0 1.86 x 10 16.27

0.5 2.04 x 10" 16.31

1.0 8.91 x 10" 15.95

2.0 4.17 x 10” 15.62

4.0 1.38 x 10" 13.14

*measured using 100 V.

A.4 Conclusion

The dispersion of CuNWs surface functionalized using benzenethiol was poor.

The nanowires do not disperse by the action of ultrasound or applied stress during

melt mixing. The electrical resistivity of the nanocomposites indicates the formation

of conductive networks at concentrations of 4.0 vol. % Cu. The limited dispersion of

CsHsS-CuNWs in the polymer indicates that strong agglomeration forces occur likely

due to the formation of multilayers of RS-Cu complexes (Chapter 3).
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