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LAY ABSTRACT

The superior properties of carbon nanotubes (CNTs) are best meshifestulk materials
when the CNTs are organizaglially andin tandemand embedded in a continuous matrix.
Decorating the CNTs with magnetic nanoparticles (MNPs) facilitdites brganization

t hrough HAact i owthd magmeatic feldthe attachnment ® AMNPs tihe
surfaces of CNTsan berealizedthroughcovalent omoncovalent (i.e. physical) bonding
This work developsboth methodologiedo investigate howthe physical properties of
magnetized CNT (mMCNTgan be tuned and produce n@MT-basednanostructuregor
particular applicationd=irst, mMCNTsare utilized to synthesize a hitherto unreported class
of colloidal suspensiongased on which a magnetio ink is fabricatedo printa fast
responséiological sensomMNext, nickelcoatedCNTs preparedisingelectroless deposition
are usedn the form ofa filler at low volume fractiongn an epoxy matrixwhere they are
aligned alongmultiple-direction using magnéic field, producing eitheranisotropicor
isotropicbulk propertieon demandFinally, subsequent annealing nickelcoated CN§

in air oxidizesnickelto nickel oxidewhile carbon is releasad the form ofgaseous carbon
dioxide This leads to anotheovel approach for the fabricationmtkel oxide nanotubes
which aredemonstratetb bean alternateriable materialto fabricateslectrodegor use in
supercapacitors
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ABSTRACT

The superior properties of carbon nanotubes (CNTs) are best manifegk imaterials
when the CNTs are organizadtandem and embedded in a continuous matrix. Decorating
the CNTs with magnetic nanoparticl®@NPs) facilitates their expedient organization with

a magnetic field. One of the most convenient method&hér deoration is to first treat

the CNTs withoxidativeacids, and thercoprecipitatedMNPs in situ This method results
magnetized CN3J that are covalently functionalized with the MNP$he associated
destruction in the CNJrequired running a comparative syuof this protocol to identify

the influence of the acid treatmendn the decoratiomf multiwalled CNTs (MWNTS)
Further, ve explore means to tune tiphysical properties ofthesemagnetized CNTs
(MMWNTS) by varying the (1) MNP material composition, ar@) MNP:MWNT (w/w)
magnetizatiorweightratio ( 2 The resulted composite materials (IMMWNTS) are utilized
to synthesize a novel and hitherto unreported class of colloidal suspefdio@s) for
which the dispersed phase, which consistdM@¥NTs decorated wh MNPs, is both
magnetoresponsive and electrically conductive. Synthesis of the dispersed phase merges
processes for producing ferrofluids and mMWNTater, heseMCCs are adapted and
engineered to producehlaological ink containinglWNTSs that are twicdéunctionalized,

first with MNPsand thereaftewith the antic-Myc monoclonalantibodies(Abs). The ink

is pipetted and dynamically seifganized by an external magnetic field into a dense
electrically conducting sensor strip that measures the decreaseréent when a sample
containing eMyc antigers (Ags) is deposited on itOn the other side, aondestructive

methods to magnetize MWNTs and provide a means to remotely manipulatasthem
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through the electroless deposition of magnetic nickel nanopartcléheir surfaces. The
noncovalent bonds between Ni nanoparticles and MWNTs producdVdMNWT hybrid
material (NiCH) that is electrically conductive and has an enhanced magnetic susceptibility
and el astic mMNIMWNI sveightRatio9 sncreageshe coating layer
thickness, which influences the NiCH magnetic properties and tunes its elastic modulus.
The NiCH was used to fabricate-NIWNT macrostructures and tune their morphologies

by changing the direction of an applied magnetic field. Leveratfiaghydrophilic Ni

MWNT outer surface, a watdrased conductive ink was created and used to print a
conductive path that had an el ectrical res.|
material for printing electronic circuit&urther, the NCHs are introduced into an epoxy
matrix at low 0.251% volume fractions and aligned along the direction of an applied
magnetic field, which prodies anisotropic bulk propertieglowever, nanoparticles
aligned in perpendicular directions in sequential layesult in an effectively isotropic
composite materiakFurthermorethe sibsequent annealing of theCH in the presence of

air oxidizes nickel to nickel oxide whereas carbon is released as gaseous carbon dioxide,
which leads toa novel approach for thiabrication of nickel oxide nanotub@siONTS)

based orMWNTs as a serificial template New chelating polyelectrolytes are used as
dispersing agents to achieve high colloidal stability bothN&ZH and NiONTs. A
gravimetric specific capacitance of 24%:3y! and areal capacitance of 3.28 F<at a

scan rate of 2 mVsis achieved with an electrode fabricated using nickel oxide nanotubes

as the active element with a mass loading of 24.1 nfg/cm
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Figure 3.1 Magnetizing CNTs by coprecipitatiohVhen CNTs are treated with strong
oxidizing acids, COOH, C=0, and' OH groups are formed at defect sites. In
the presence of F& Fe€2and a precipitating base, they serve as nucleation sites
for magnetite (F€s) nanocrystals é e e ééeéééeéeéée..é. .. 35
Figure 3.2 Schematic of the synthesis routes showing the variations used to produce the
six samples, SB6. Since intermediate filtration leads to the loss of MWNTs
that are shortened due to the damage caused by the acid, for rogégite4
acid functionakation process is ceased after the sample has been decanted and
diluted, i.e., ceprecipitation is induced without any filtration or drying of the
Figure3.3 Comparison of acireatment routes. XPS analysisows that treatment with
HNOs or H:>SOQy leads to a moderate increase in oxygen conteb%Yrelative
to pure MWNTs (~2%). In contrast, treatment with a 1:1 mixture of the two
acids produces a much higher (15.23%) oxygen canténé . & ¢é é ....42
Figure3.4 Comparison of Material Content of MWNTS. (a) The XRD (Cp K a=A) . 7 9
patterns for SI53 (b) The average crystallite size, determined using the XRD
data by the Scherrer equation (3.3)) reveal a narrow particle size distribution of
85-113nme ééeéeééeééeceééeeéeéeecééeeéeé . ..e .43
Figure3.5: IR spectra of samples §&33 reveal individual broad absorption bands at 528.5,
526.6 and 530.4 ¢t The range between 490 and 560 %% associated with
the vibration of the FeO functional group for samples S1, S2 and B3is
confirms magnetite formation since the absorptigiits into multiple
absorptionbands for maghemite. The shoulder peak at 623 could imply
Figure 3.6. TEM images of samples 36 show that the mMWNTSs prepared with the
intermediate filtratio steps (S153) have denser and uniform decoration, while
those prepared without the step {S4) have a sporadic namiform
decoration. Decorations for &84 and S6 are clearly crystalline, while that for
S5 is largely amorphous, as demonstrated vistdiadiy the TEM image, and
also by comparing the electron diffraction pattern of each with that of pure
MWNTSs (SO0). Further, functionalization by either HNGr H.SQw does not
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inflict structural damage on tMWNT surface, which is evident by the smooth
surfaces for S1, S2, S4 and S5. In contrast, S6, which was functionalized by a
mixture of the two acidscontains small (~ 100 nm) MWNT fragments,
emphasized by the circles and arrows. S3, which was also treated with the acid
mixture, does not contain these alhifragments since these are lost during
filtration. However the structural damage is manifested in the form of increased
asperitiesonthe MWNT surfaged é € é é e € é e e é é e ééé .49
Figure3.7. Magnetic Characterization. (a) The magnetized MWNTs (MMWNTSs, ladt) a
attracted by a magnet, while the bare MWNTSs (right) show no such response.
(b) Magnetic hysteresis curves. (c) The linear variatiokloivith the fraction
of MNPs (w/w) produced by the respective synthesis routes explains the
difference inMs values poduced by the various synthesis routes. (d) Mke
values of the NPs were estimated by dividingthef the mMMWNT samples
Figure 3.8 Influence of FeOs - MWNT weight ratio ) on Morphology. Magnetic
nanoparticles are precipitated on activation skiesvever, wheris increased
above a certain value for which all available sites are occupied by MNPs, further
precipitation of the nanoparticles produces MNP agglomerati@direction
perpendicular to the MWNT axi&n idealization of this process is presented
Figure3.9 Phases Analysis of Magnetized MWNTa) The XRD(Co Ky) patterns show
that, besides § a nanocrystalline spinphase was formed. The Spinel phase
in S1 was identified as magnetite §6&), in Slc it was Cu-Zn ferrite
(Cw.aZno.eFe04). The corresponding phase in S1m could not be identified
using the powder diffraction file (PDF) databa$g EDX analysis revealetthe
presence of Mn, Cu, Zn, Fe, and O, which supports our inference that S1m

rrrrrrrrrrrrrrrrr

Figure3.10 TEM images of sampleS1, S1m and S1drom top to bottom) confirm that
all samples were successfully decorateth highly crystalline (but different)
MNPs that were synthesized within the narrow size distribution ef510
Figure3.11 Magnetic Characterization. (a) Magnetic hysteresis curves of the dry powders
shows no evidencef eemanence, i.e., the mMMWNTSs are superparamagnetic.
(b) For all sampled\is decreases with increasing temperature. Magnetite (S1)
has the strongest magnetization and weakest sensitivity to temperatu@e; Mn
Zn ferrite (S1m) has the weakest magnetizatibiie Cu-Zn Ferrite (S1c) has
Figure4.1: Synthesis of Magnetoresponsive Conductive Colloids (MCCSYIEINTs are
first dispersed in water and then covalently functionalized with MNPs that are
coprecipitated in situ. The resulting mMWNTs are peptized using
tetramethylammonium hydroxide (TMAH) as a surfactant, vyielding
magnetoresponsive conductive colloids (MCCs). (b) Upon visual inspection, an
aqueous dispersion of MCCs rests in the absence of aein@eft) whereas it
is attracted towards a magnet when it is present (Gghtg ¢ € é é . .é .67
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Figure4.2 Synthesis of the magnetic biological ink and its use to prinMg@ sensor.
MWNTSs are treated with concentrated nitric acid, which produces unsaturat
carboxylic { COOH) groups on the surface. Some of these groups act as
nucleation sites for thia situco-precipitation of magnetitd-€:04) nanocrystals
and the remainder are available &mti-c-Myc amine {NH2) groupsto form
covalent bonds with thBIWNT surfaces. The magnetic biological ink is then
deposited onto a glass substrate using a pipette where it dynamically organizes
under the influence of an external magnetic field and prints an electrically
conducting patten é é .é.é 6 ééééeééeéééeeé. ... 69

Figure4.3 MCC Electrical Conductivity. (a) MWNTSs placed in an ionic medium between
two electrodes charged by an electric fi€ldpolarize and become oriented
along the direction of the field. This MWNT orientation shortens the ion
transpot path, decreasing the effective electrical resistance of the colloidal
suspension. (b) Dissolving 10% (w/w) of tetramethyl ammonium hydroxide
(TMAH) in DI water increases the electrical conductivityo 90.5 mS cm.
Dispersing 4% (w/w) of the differentmtMWNTs in the TMAH solution
eNhaNCESI DY B590%0.........cciuieiiieiieiieeciee st see s e sre e etaesnaeeene e 74

Figure4.4: Apparent Zeta Potential DistributioAll three samples show a similar mean
zeta potential N = 3), of ~ ¢ 33 mv, which indicates moderate colloidal
SEADIIITY ... ———————————— 75.....

Figure4.5: X-Ray Diffraction Analysis of MMWNTSs. The XRD (CaK & =A) patfefns
for magnetiteMMWNTSs weight ratios = 0.1, 0.2, and 0.4 which confirm the
presence of a magnetite gB&) phase and a hexagorarbon phase from the
carbonnanotubésé é é e e ééeéeéé.eéééeéée.ée .77

Figure4.6. TEM images of 'MWNT samples at varics magnetization weight ratios=
0.1 to 0.4(from top to bottom) confirm that all samples have been successfully
decorated witlcrystalline MNPs synthesized within a narrow size distribution

Figure4.7. MagneticCharacterization. Magnetic hysteresis curves show that\aiMiNT
samples exhibit superparamagnetic behavior, but have different saturation
valuesMs depending on their magnetite contemt The greater this content, the

Figure4.8 Visualizationof Ab immobilizationon the surfaceof mMMWNTSs. First, FITC-
labeledfluorescentAbs are employedto confirm Ab immobilization on the
surfaceof MMWNTSs for an Ab: MWNT weightratiof = 2.5x10%in anink
where Abs are covalentlybondedwith mMWNTSs that have FesOs: MWNT
weightratios(a); =0.1,(b)7 =0.2and(c)[ = 0.4,and(d) for anink that
containsadsorbedAbs on MMWNTs with| = 0.4.For (e)f =0, =0.4,no0
fluorescenceis observedfrom MWNTs and FesOs, confirming that the
fluorescenceobservedn (a)(d) originatesfrom FITC-labeledAbs only. No
visualdifferencedn fluorescencaredetectedor samplesontainingdifferent
weight ratios of magnetite,and those containing adsorbedand covalently
bondedmmobilizedAbs. (f) STEMandEELSmicrographsevealthepresence
of elementakarbon(C), oxygen(O) andnitrogen(N). The nitrogen,which is

Xii
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presenbnlyin Anti-c-Myc Abs, confirmsAb immobilizationontheconductive
MWNTnnetworlké e é é e e ééeééeeéé.éeeééeée. .80
Figure4.9 Printing techniqgueand sensorassembly(a) 10 € Lof the magneticbioink is
depositentop of aglasscoverslipthatis placedon a permanenmagnet.The
applied magnetic field concentratesand self organizesthe functionalized
magneticCNTson the substrateAfter the supernatanin theink is evaporated,
apatternedstrip of denselypackedAb-functionalizedCNTsremainsdeposited
on the substratewhich forms the sensor.The STEM micrographidentifies
MNPs and anti-c-Myc that constitutethe print basedon the magneticbioink.
Electrodesarereadily connectedo eitherendof the strip, providing currentto
thesensor(b) A voltagedividerwith areferenceesistorRet = 100kY monitors
currentchangeghat measire the biosensoresponseso the varioussamples
Figure4.10:Biosensotransientesponse(a) Immediatelyafter2 ¢ Lsamplesaredeposited
on the sensorstrip, the DI waterand BSA samplesnducea rapid decreasén
electricalcurrent,which subsequentlievelsout. In contrastsincethesensoiis
inherentlysensitiveto c-Myc Ag interactionglueto theantic-Myc Absthatare
covalentlybondedo thesurfacef MWNTSs, thecurrentfor all c-Myc samples
decrease$o levels below thosemeasuredor DI waterand BSA deposition,
which offers proof of targeteddetectionand sensorspecificity to c-Myc Ags.
Thehigherthec-Myc concentrationn asamplethelargerthecurrentdecrease
it inducesAll of thedepositea-Myc samplegproduceasteadycurrentdecrease
during the period 30 s < t < 60 s. Normalizing the averagecurrentover that
duration leadsto the quastlinear responseshownin (b). Thereis a linear
correlationin (c) betweenthe normalizel current gradientsin (b) and the
corresponding-Myc concentrationsBiosensorresponsdo successivel € L
sampleadditions.(d) Acting as a control, magnetizedVI\WNTSs that are not
functionalizedwith Abs (i) cannotdistinguishbetweem0 pM BSA andc-Myc
samples,black dashedand solid curves respectively.When antic-Myc is
immobilized on the MWNT surfacesthrough adsorption,again (i) thereis
insufficient discriminationbetweenthesetwo samples.In contrast,a sensor
fabricatedusinganink in which anticMyc is attachedo the MWNT surfaces
through acid functionalization, (iii) clearly distinguishesbetweenthe two
negative control samples,DI water and BSA, and the Ag of interest, c-
MycéE e éeé eééeééecéeéeéeéeéeéeéeéeée. .86
Figure 5.1 CNTs magnetizedvith Ni by Electroless Deposition. (a) MWNTs were
catalyzed through two chemical treatment steps using acid solutions of SnCl
for sensitization and Pdgtor activation. Electroless deposition of Ni on the
resulting activated MWNTs (aMWNTSs) used a plgtisolution containing a
nickel salt and a reducing agent, where nickel ions accept electrons from the
reducing agent to form metallic nickel through metal reduétiéné .......e 91
Figure5.2 Phases analysis of the-BNT (NiCH) hybrid nanomaterials. (a) €XRD(Co
Kuy) patterns for samples SN1, SN2 and SN3 show that a nanocrystalline nickel
phaseformedon the MWNT surfaces. Oxidation of 8ito Sri* was inferred

Xiii
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since no foreign phases were detected. There is also no evidence for the
formation of a crystdihe NisP phase. Symbol sizes are varied to improve
illustration. (b) The EDX analysis for SNEN3 showsa small phosphorous
content as the reaction byprodu@) EDX/Dark FieldSTEM Line Scanning.
Nickel forms a wavy coating around MWNTSs with slight @ions in the layer
thickness and density. The measurements confirm the existence of MWNTs
inside the coating layer and Ni as the major component of the outer
Figure5.3 Dark field STEM/TEM images of samples SN1, SN¢éhd SN3 at different
magnifications visualizethe NiCH hybrid nanomaterial prepared through
electroless plating for different weight ratios=1, 2, and 3 The average
thickness of the Ni coating layarcreasesrom 10 to 150 nm whenincreases
from 1to 14 in the three samples. All samples show continuous coating of Ni
on the CNTs. Sample SN1 has a smaller Ni layer thickness and higher coating
layer porosity while the coatings for samples SN2 and SN3 lager
thickness and better layer continuitihe Ni connections between MWNTS are
more obvious for SN3, which is a microcomposite with Ni forming a conductive
Figure 5.4 SEM images of samples SN1 and SN3 at two magnifications confirm the
deposition ofnickel in the form of merged Ni nanolayers that cover the outer
surfaces of the MWNTs. Nickel links the MWNTs through conductive
connections to produce micraize networké ¢ € € . € € € € é é é 102
Figure5.5. AFM topographical and mechanical sketchaipamples SO, SN1 and SN2.
Pure MWNTSs (S0) had an average elastic mod&us 12.5 GPawhile Ni-
MWNT samples foo= 1, and 7 had values Bf~ 18.3 (46% increase) and 58.7
GPa (370% increase), respectively. IncreasiNgMWNT weight ratio 2
enhances the measured modélésé ¢ é e é e é e é e é. e é. .103
Figure5.6. Magnetic Characterization. Magnetic hysteresis curves dietvgamples SN1
SN3 deviate from superparamagnetic behavior at room temperiure 1
emu/g anHc < 30 Oe). FosamplesSN1 andSN2,oincreases from 1 @, but
Hc remains constant at 30 Oe whillk andM: increase from 4.1 and 0.51 emul/g
to 9.5 and1.01 emu/g. For SN3, correspondingade 14, single magnetic
domainsare transformedhto multimagneticdomains since the nickel coating
Figure 5.7: Fabrication ofNickel-MWNT Macrostructures. Niad deposition on the
vertically alignedNi-MWNT hybrid nanomaterial (SN13 B results ina
porous 3D macrostructure (DM1). With horizontal alignment, the resulting
Figure 5.8: Water based caluctive inks.(a) The procedure for ink preparation.- Ni
MWNTs or MWNTSs are dispersed in DI water using a probe sonicator and the
ink poured into a plastic template. (b) Post drying, optical images show the
morphology of the printed lines created by eith®BWNT or Ni-MWNT based
inks (2 vol%). Macroscale cracks are clearly observed in the case of MWNTS,
while smaller microscale cracks are observed for the other case. (c) The

Xiv
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measured electric resistivity of the lines printed byMWNT based inks for
different volume loadings with and without magnetic assistanée é. é 108
Figure 6.1 Alignment of homogeneously dispersedMWNTSs in epoxy matrix using
magnet sets placed on either side of a &&tm x 1cm template containing
the nanocompositeThe arrow denotethe direction of the magnetic field
Figure 6.2 Preparation of different epoxy nanocomposites. The samples contain (a)
randomly dispersed MWNTs oMWNTandom (b) randomly dispersed Ni
MWNTSs, orNi-MWNTrandom(C) Ni-MWNTSs aligned along a single direction in
separate layers ONi-MWNTaigned,i0 and (d) NiMWNTSs aligned along
perpendicular directions in separate layerSlieMWNTaiigned,2tf € . é..€6 1 1 6
Figure6.3 Schematic of AC electrical resistivity measurements usinglteaprecision
Figure6.4: Phase and morphology of the synthesize®M/NT samples. (a) TEM image
of the as prepared MWNTSs, (b) dark field STEM image of aiMMINT, (c)
magnetic response of the prepareeMWNTs towards a magnet, and (ithe
magnetic hysteresis curve that shows thatMMWNTs exhibit quasi
superparamagnetic behavior at room temperatdge 0.5emu gl)é é é 120
Figure 6.5 Simulated characteristics of the magnetic field within the samplé gap
simulation showing the topology of the magnetic lines of force and the field
magnitude within the sample along its ¢band (c)y axes. The simulation is
conducted with the dimensions of the experimental setup and the magnet type
and size employ@dé € € € ..€ € . i 121
Figure 6.6. Optical microscope images obtained at different times confirAVIVWINT
nanoparticle agglomeration into clusters that finally the align after 4 min along
the direction of thapplied magnetic field oriented at (a) 0° and (b) 45° with
Figure6.7: Tensile strengths for different epoxy nanocomposites. The nanoparticle volume
fraction for all nanocomposites is 0.25%. The orgatnin of the nanoparticles
Figure 6.8 AFM characterization of the cured polymer and its three nanocomposites,
MWN Trandom Ni-MWNTrandom andNi-MWNTaigned,1p (8) Surface topography,
(b) elasic modulus and (c) line scans of the elastic modulus. The
nanocomposites are prepared with a 0.25 vol% nanoparticle loadfinite
epoxy has an average elastic modtus 17 GPa,which is similar to that for
the MWNTrandom Sample, both NMWNT compositegeveal highelE up to ~
Figure6.9: AC electrical resistivity measured at a frequency of 1 kHz. (a) Effect of nickel
coating and alignment on the resistivity of nanocomposites prepared with the
same 0.25% volumetri nanoparticle loading along with pictorial
representations of how the nanoparticles are organized within the epoxy matrix.
(b) Change in resistivity with volumetric loading for tthN&-MWN Taligned,2D
composite. A nanocomposite prepared with randomly Higed MWNTSs at a
1% volume loading is used as reference sample for comparisané ¢ 1 2 9
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Figure 7.1:Synthesis of nickebxide nanotubes. (a) Schematic of the synthesis process for
nickel oxide nanotubes (NIONTS). It involves the electroless deposition of Ni
on MWNT, oxidation of Ni to NiO, and carbon of the MWNT to gaseous.CO
The carbon dioxide is released, producing a tubular vacancy in the NiO bulk
where the MWNT originally existed. (b) TEM image of a MWNT, (c) dark field
STEM image of a NMWNT, and (d) dark field STEM image foa
NIONTé e éeéeééeéeéeéeéeéeeeéeéeeée. 1B

Figure 7.2XRD patterns for NMWNTs and NiONTSs for two different Ni:MWNT weight
ratios, i.e.,0 = 1 and 7. The absence of diffraction peaks corresponding to
MWNTs and the appearance of a diffraction peak corresponding to nickel oxide
after annealing confirms the removal of carbon and oxidation of Ni to

Figure 73: TEM and STEM images of NiONfor two different Ni: MWNTweight ratiod
=1 and 7 at different magnifications. Panels a.1 and a.2 include TEM images
and panels a.3 & a.4 show dark field STEM images of NIONTs produced at
1. Panels b.1 & b.2 likewisdneaw TEM images and panels b.3 & b.4 dark field

Figure 7.4 EDX elemental analyses of NIONT for elemental Ni, C and O. (Panels a.1 and
b.1) along with line scans of the NiIONTs synthesizedoat 1 and 7,
respectivelyThe line scans are taken across the esestions of the respective
NIONTs shown in the accompanying STEM imadeanels a.2 and b.2 contain
elemental maps of NiONTfa= 1 and 7, éeégpeéecétlidvel yeé

Figure 7.5:Chemicalstrucures of (a) PAZO and (b) PSSA and corresponding adsorption
mechanisms involving complexation of (c) salicylate groups of PAZO and (d)
carboxylic groups of PSSA with Ni atoms on the surfaces of (WINT and
(d) Ni ONT e éécééécécééec e e ée ééeeé.éee.lb

Figure 7.6:Electrophoretic mobility of NMWNTSs (foro= 1) and NiONTs (fop = 1 and
7) with two dispersing agentés, 14d8AZ0O an

Figure 7.7(a) CVs at different scan rates, (b) Nyquist plot of complex impedance, (c) real
and (d) imaginary components of AC capacitance calculated from the
impedance data versus frequency for NIONT (80%)i-MWNT (20%)

///////

composite electrodes with active mass of 24.1 mggcéné é é é é ...150
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1. Introduction

1.1 The Era of Nanotechnology

Nananeter a word refeting to a length scale (one billionth of a metrg)], is used to
expresobjects such as nises (cold virus, 25 nm) and DNA molecwedth of 2 nm)
The understanding, measurjnganipulating, controllingand using such nanascaled
materials (dimensions of <100 nm) is defined as nanotechn§ilegly The 2% Centuy

can be considerambthe eraof thenanotechnologgsthis technology haspreadacross the
world and becomes one of the technologiék enormous potential faurrent anduture
applicationsNanotechnology providea unique and novel use and apgimain contrast

to that existing in conventional materials and technolodiesvadays, nanotechnology
along with nanomaterial®iot only play an important role in science, research and
developmentbut also is ubiquitousie v er y d ay 6 s [3]. Nahoeatgrialdtadea c t s
huge sirface area per unit volume in comparisononventional materials, e.g. bgigting

an object with dimensions ~ cmtmnanefragments, the total surface area whiérefore
increaseby millions times[2, 4]. Topdown(e.g. nanofibers produced by electrospinning)
and bottoraup (e.g. carbon nanotube@CNTs) produced by vapour deposition)
technologiesare the most commaapproaches used currently to make nanomatdBals
4]. The former technology startswvith a micro/macresized materials whichis then

subsequentlgutdown to the nanometer scale using lithographical and etching techniques.



Ph.D. Thesi§ AhmedM. Abdalla McMaster University Engineering?hysics

In contrast, théattertechnol@y uses the selfrganization of atoms or molecules to build

up the nanostructurgs, 4].

At the intermediate stage between the atomic level and bulk material, nanopatrticles
gained a lot of interest. The nanomaterials feagMoeptionaphysical propertigthat differ
from bulky materials this includes chemical reactivitycatalysis), sensingctivity,
absorption,dispersion abilitywaterproofing antrmicrobial high strengthand varying
therma) electric magnetic, opticabropertied2, 4]. Nanomaterials are unique as most of
its material is situated at the surface, e.g. in single walled carbon nan(BusR3's) all
the carbon atoms are located at the surface. Also, when the particle size becomes smaller
than the de Broglie wavelength, the optical properties of nanoparnsckgnificantly
affeced. Furtherat a size smaller than the critical domain sigeW nm) ferromagnetic
nanoparticles condsof asingledomain that exhib#a superparamagnetic behavior where
any retained magnetization can be removed by thermal energy. Furthermore, if the
material 6s structure can ¢ onsréesswathimfewt he

nanometers, the stresses needed for the material failure would significantly ifi8fease

Nanomaterial®xists in different forms such as nanoparticles or even thin layer of
few atomg[2, 4]. Nanoparticles could be ofetals, metals oxidesr carbon. Sphe&sare
themost energetically favorabhape for the nanopatrticles, however, other materials like
hollow nanoballsnanorodshanowirespr nanotubes of diameter in nascale and length
in nanomicro-scalecan be formedin all of them, arbonbased nanomaterials provide
wide variety of physical properti@ssociated with low density aondrrently, used in many

potential appkations[1].

e
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1.2 The World of Carbon

Carbon (Catomic number of Bis the vital element of living creature aafll known life

It is the 4th most abundant element in the Universe bysntag uniqueability of carbon

to bond to itself and other elements formmdlions of organic compoundandpolymer
chains allows it to act as an important role in our{bfe5]. Carbon atom has four electrons
participating in covalent bonding, reny compounds with stron§ b odoedts thes

andp orbitalshybridization whereas the 2prbitalscanformweak™ b amsdnge other
caseg6, 7]. The most common form of carbon is sedtich hasan amorphous structure.
The formation of highly ordered carbon nanostructures with controlled morphology (tubes,
sphees, helices and -Yunctions) requires depositing carbon atoms under controlled
conditiong6]. Carbon atom is capable of forming multiple boelg. GC, C=C and CI
bonding) allowing it to form many types of allotropes such as diangddtfucturecubic

lattice sp® hybridization) is the metastable form of carbographite or graphene M2
structure layers with weak interlayer bonding s hybridization) are the most
thermodynamically stable form of carbon at room temperature, CNDI'structure rolled
sheets of graphensgy? hybridization) fullereneg0D structuresspheres formed by curling

up sheet of graphensg? hybridization), and megmrous carbon structure§-10].

The carboncarbon interaction significantly influences both tbleemical and
physical propertiesf the formed compounb, 10]. The featuredphysicaland chemical
propertiesdepends on their unique atomic structui®s10]. All carbon nanomaterials

benefit from the low atomic weight of the carbon atom {sméh of iron). SWNTsre the
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strongest material synthesised to date, wtlidgnond is the hardest knovame. Carbon
nanomaterials have a wide electronic properties depending on the bonding and the
structure, e.g. carbon nanomaterials couth eitherobductos, semiconductos or even
insulatos. In most of the carbon nanomaterials, surface functionalization can be performed

to modify their physical or chemical propert{é$.

The carbon bonded structures witl Bgbridization are the strongest material ever
measured on earth. The famous examples are CNTs and graphene which show the most
outstanding properties; i.e. exceptional mechanical properties, low densitysuntayee
area, high stability, unique electrical and electronic properties, and wide electrochemical
stability window. They are widely used in a range of applications; e.g., reinforced
composite materials, catalysis, sensing, microelectronics, energygestosmergy

conversion devices, and medic{& 10, 11]

1.3 Amazing Material: Carbon Nanotubes

Graphite, an amazing member in the club of the carbon nanostructures with sp
hybridization has the unique honeycombnaito arrangement of the carbon atoms, where
each atom form thraebonds with their neighbours atoms. 189 1lijima observed tubular
nanoshapeshat are based on the unique structure of graphhliey consist of several
graphiticlayers rolled up into tubular shageultiwalled carbon nanotubes (MWNTS))
[12]. These CNTs arbng andthin cylinderswith a diameter of 1L00 nm, that provide a

best example of the true nanotechnology that is very useful for numerous applications.

CNTs areelectricaly conductivelike copperwith themal conductivity five times more
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than copper. Their measur@dechanical strengtis 20 times stronger than steeith
density5 times lighte[5]. The discovery of the CNTs with these extraordinary properties
openedan incrediblevindowfor applications irthe fields ofmaterials science, electronjcs
chemical processing, energ@ndbiomedical applicationfs-7]. CNTscan be madef only

one layer of graphene (singlevall, SWNT), or many layers raultiwall, MWNT).
Practically, their production introducdsfeds into their basic hexagonal carbon structure
(e.g.pentagons, heptagons, and other imperfecihgch degradeheir featured physical

propertied6, 7, 13]

Usually, CNTs aresynthetized byheating a carboprecursorin the presence of a
catalystthrough one of three common fabrication techniques, ag@discharge, laser
ablation and chemical vapour depositif8) 7, 9, 12] However, most of the bulky
production resu$ into unorganized CNTragments that havemited propertieswhich
disturb the efficienand reliableusein widespread technologi€Bhis raises the demand of
obtaining, sorting and assembly techniques for large scale production of an organized and

aligned CNTs in the form dbrests, yarns, and she¢®s 13].

1.4 Why toFunctionalize CNT?

By definition, functionalization means the introductiorfafeign atoms or moleculésto

the skeleton of the CNT, either by chemical bonding or physicalrpiisn [6, 14]. The
objective of functionalizing CNTs is tmodify a certairphysical and chemical properties

of the CNT¢g[6]. The extraordinary properties of the CNT make them suitable for several

field of applicationsHowever, functionalization could act as a mean to tailor and engineer
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new nanostructureaccording tothe desired applicatiofl4]. Bridging or immobilizing
biological or chemical molecules onto the nanotubes allows them to perform as
bio/chemical sensofd4, 15] Adsorption of oxygen molecules @unctionalization with
ferromagneticatoms convert the diamagnetibehaviour of the CNT to ferromagnetic.
SWNTSs with zgzagchirality is a semiconductor with diamagnetic properties, however, the

coating with titaniunmakes itconductive ananagnetid14].

Another benefit of functionalizing CNTs is to overcome its surface related
problems. CNTs are poorly dispersible in polar solvents and polymer matrices. Surface
functi onal isouerwabhwth molar mGlécdlay groups assists in enhancing the
dispersion ability and improvets interfacial bondingvith polymer chains, which allows
effective utilization of CNT in solvent andcomposite applicationg6]. Therefore,
functionalization of CNTs can i mprove the
surface problems, e.g. functionalizing CNTs with magnetic nanoparticlesémee their
dispersion ability and modifies their magnetic properties (a way to remotely control and
manipulate) which finally can result in organizing the dispersion inside a polar i&trix

19].

1.5 MagnetizingCNT: A Way to RemotelyControl & Manipulate

Among different meansof manipulation magnetic fieldis the most economic, nen
intrusive and efficient tool that can be used to manipulate magnetic objects and particles
with action from a distance. hittss beenexplored to manipulatend organizéerromagnetic,

as well as diamagnetiangarticlesin tandemo produce gatternwith certain functions
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[18, 20] e.g. Pisanello et la were able to changtne dielectric properties ad matrix
utilizing the dynamieassemblyof magnetite nanopartideunder a magnetic fiel{R1].
Also, Shin et al. successfully guideaheurospherethat have beetabeled with bacterial
magnetimanoparticlesising a magnetic fielf22]. However, many other sihar examples

of manipulating objects by magnetic field are also availi8e25].

When placedin an external magnetic figldnagnetic nanoparticlefeaturelarge
dipolemoments, whicltonsequentlallow them toalign and agglomeratéorming chains
or roclike microstructure§24]. This makes them very suitable to chaperone CNTs, and
later whenembedded into the polymer matrix, gets aligned and organized under the
influence of external magnetic fiel@NTs beingquastone dimensional, their properties
will be best manifested in the bulk if they are aligned along a particular direction in the
matiix [18]. Herein, we are not only trying to magnetize CNTsruheo to align them, but
also to overcome the CNTO0s surface relate
applications. Further, we are trying to align and organize the mCNTSs inside a polymeric
matrix into a single layer i.e. aligning in 1D or in twonsecutive layers aligned in
perpendicular directions i.e. aligning in 2D and furthermore, investigate the effect of these

aligning on the physical properties of the produced composites.

1.6 Outline

1.6.1 Background
The background chapter is intended toovide the reader with an overview of

magnetization techniquaa preparation for subsequent chapt@rse reader will learn
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primarily about CNTs: history, structures, types, applications, and key probleand
magnetism and its fundamentals, followedtbgy methodologies for functionalizing and
magnetizng CNTs. A brief discussion on theopential applicationsof the mCNT is also

provided

1.6.2 Magnetizing MWNT via Covalent Functionalization

In this chapter, background informatiand eperimental investigtionsare presented to
highlight themagnetization of MWNWVia covalent functionalizatiorm heresults discussed

in this chapter hze been previously publisheit the articlestitted Decorating carbon
nanotubes with cprecipitated magnetite nanocrystafshmed M Abdalla Suvojit Ghosh,
and Ishwar K Purj available onhe on April 08, 2016 (DOl
10.1016/j.diamond.2016.04.003in the Diamond and Related Materialsand
Magnetoresponsive conductive colloidal suspensions with magnetized carbon ngnotubes
Ahmed M Abdalla, Abdel Rahman Abdel Fattah, Suvojit Ghosimd Ishwar K Purj
available onhe on August 08, 2016 (D0O10.1016/j.jmmm.2016.08.031n theJournal

of Magnetism and Magnetic Material3'he author of this thesis is the first author and main

contiibutor of the above mentioned publicat@nd hasonducted all the experiments

1.6.3 Conductive Nardnks Based on Covalently Magnetized MWNTs

In this chapter, background informatiand eperimental investigationare presented to
highlightthe applicdion of magnetic MWNT synthesised via covalent functionalization in
the fabrcation of conductive nanmk and then the adaptation of this ink to print a
biosensarSome oftheresults discussed in this chaptevébheen previously published

an articletitted Magnetoresponsive conductive colloidal suspensions with magnetized

8



Ph.D. Thesi§ AhmedM. Abdalla McMaster University Engineering?hysics

carbon nanotubesAhmed M Abdalla Abdel Rahman Abdel Fattah, Suvojit Ghoahd
Ishwar K Purj available onhe on August 08, 2016 (D0O10.1016/j.jmmm.2016.08.031

in theJournalof Magnetism and Magnetic Material§heauthor of this thesis is the first
author and main contributor of the above mentioned publicandrhasonducted all the
experimentsRest ofthework and resultiave been previously published an articleitled
Magnetic Printing of a Biosensor: Inexpensive Rapid Sensing to Detect Picomolar Amounts
of Antigen with Antibodyrunctionalized Carbon Nanotuhelsy Abdel RahmarAbdel
Fattah,Ahmed M Abdalla Sarah Mishriki, Elvira Meleca, Fei Geng,\®jit Ghosh, and
Ishwar K. Puri,available onhe on March 20, 2017 (DOL0.1021/acsami.6b1598%

ACS Applied Materials and InterfaceBhe author of this thesis is tlee-first authorwith

Dr. A. R. Abdel FattahMs. S. Mishriki of the above mentioned publicati@nd has
performed the magnetization of carbon nanotubeswar d t he bi ol ogi cal

anddonethe materials characterization

1.6.4 Magnetizing of MWNT via Necovalent Functionalization (NMVWNT Hybrid
Nanomaterials)

In this chapter, background orinationand eperimental investigationare presented to
highlight the magnetization of MWNTvia noncovalent functionalizationThe results
discussed in this chaptervebeen previously published an articletitled Fabrication of
Nanoscale to Macrosta NicketMultiwall Carbon Nanotube Hybrid Materials with
Tunable Material PropertiesAhmed M Abdalla Tahereh Majdi,Suvojit Ghosh,and
Ishwar K Purj available orihe on December 07, 2016 (DOIL0.1088/2053

1591/3/12/125014in theMaterial Research Epress The author of this thesis is the first
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author and main contributor of the above mentioned publicandrhasonducted all the

experiments

1.6.5 Tailoring the Properties of a NMMWNTs Based Polymer Nanocomposite Using a
Magnetic Field

The background information presented in this chapter is meant to briefly inform the reader
about the advances and limitations of using CNTs in polymeric composite materials. An
experimental investigation followed by results and discussion section highlight$eitie ef

of multi-directional alignment of nickel coated CNTs inside a polymer matrix on the
physical properties of the resulted composliee results discussed in this chapter have
been submitted to the journal @dmposites part B: Engineeringhe author bthis thesis

is the first author and main contributor dfet above mentioned publicatiand has

conducted all the experiments

1.6.6 Supercapacitor Based on Nickel Oxide Nanotubes SynthépedNirMWNT

Hybrid Nanomaterials

The background informationr@sented in the chapter discussesapplication of metal
oxides in supercapacitors followed byperimental investigationkighlighting a novel
approach for the fabrication of nickel oxide nanotubes based on MWNTSs as a sacrificial
template The results idcussed in this chapteryebeen previously published an article

titted Nickel Oxide Nanotubes Synthesis using Multiwalled Carbon Nanotubes as
Sacrificial Templates for Supercapacitor Applicatiéinmed M AbdallaRakesh P. Sah
Cameron J. Wallar, RChen Igor Zhitomirsky, and Ishwar K Purj available onhe on

January 16, 2017 (D010.1088/13646528/aa53fBin NanotechnologyThe author of this

10
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thesis is the first author and main contributor of the above mentioned publigatidras

conducted althe experimentexcept the electrochemical characterization section

1.5.7 Summary and Future Work

This final chapter provides a summary of the entire thesis with an emphasis on the
contributions of each chapter. These concluding remarks reconnect iiesvarapters

and works conducted in the thesis emphasizing the usefulness of mMCNTs in potential
engineering applications. Further, the chapter includes some thoughts about the future work

that has to be done to fill the gaps and improve the current work.

11
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2. Background

2.1 Carbon Nanotubes

2.1.1 Historical

With little scientific interest then, during 195 @apour grown, carbon natfitaments were
produced as a bgroduct during oxygetfimited combustion along with carbon fibers.
Later, in 1991, hese nandilaments were investigated Hyima using high resolution
transmission electron microscopy (HRTEM), which led to the discovery of multiwalled
carbon nanotubes (MWNT$26]. In 1993, single wall carbon nanotubes (SWNTs) were
also reported byijima [27], and by Bethung28]. SWNTs have asimple structure that
opered a doorto produce novetlectronic based onhe characteristics of tlse carbon

nanotubes@NTS) thatwereexperimentallyprovenin 1998[29].

2.1.2 Structures and Main Types

A SWNT is a onedimensional graphene sheet rolletio a cylindical shapewithin a
diameter of aboutl-2 nm [27]. Double wall carbon nanotube®\WNTs) have a
morphology and properties similar tbose of SWNTdut with significanty enhanced
chemical resistand80]. MWNTSs consist otoncentric cylindersf 10-80 nm in diameter
formed bymultiple wrappedyraptenesheetswith ad 3 . terlayer distanc¢31]. The
rolled graphene sheelf these nanotubes is characterized bgpeated hexagonal pattern
that consist®f covalently bonded carbon atof@2]. Each C atom formghreestrong sp
hybridized c-bonds)withmthreadighbourisgatqmsthat haventersection

angles of 12C°. This sp? hybridizationcombinesa 2s orbitalwith two 2p orbitals in the

12
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carbon atom. However, the third 2p orbital feren r e | at i sent, ywhchvie a k
commonly usedor covalent functionalizatioof a MWNT with external moleculesThe
threes t r o-lbogdsafe mainlyresponsible fothe uniquepropertiesof SWNTs and
MWNTSs [30].

AlthoughCNTsare cylindricalthey havemany different structurebatdepend on
how the graphene shedias been rolledFigure 2.1 showsthe honeycomb latticeof
graphendolded into different types of CNT, directed by the orientationhef two unit
vectorsa; anday. Thelatticeor chiralvectorc = na; + ma is expressedisingtwo integers
nandm. The CNT structure is identified through the chiral andjéétween the anday
vectors 0°-30C°). The electronigropertiesof CNTs changesignificantly with the chiral

vectorfrom conducting to semiconductifg3].

C—C sp? covalent bonds

zigzag
. 0 o & o o 8 o o 8 e o
. "B b A B N A B S
G Y N ey e e
S 6 o & o o8 o o
QN BAN MDY A DY TN 82 BB (10D
& e o & s s & e
Y o« e s b o »
TN N o

X / ‘uognn

M | o (a)

armchair

1

149/0/0/0:0/0'0°0'0
ST e e, ‘_a-,:l_'\-i's:'crf«;

Armchair the 8 = 30°
direction (n; n) nanotube

n2m=20 (or 0° < B < 30°

Figure 2.1: Different structures of CNTSs.
Armchair and zigzag nanotubes are two cases of achiral nanathideschiral
nanotubesave a unique structur€igure2.1). The naming originateBom the shape of

the crosssectionating as thearmchairstructurehasthechiral directiors (n, n); chiral angle

13
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(d) = 30°with metal like conductivityvhereas theigzagstructurehas chiral directiosi(n,

0); chiral angle €) = 0°with semi conducting propertigand the chiral structutgas chiral
directiors (n, m); chiral angle d) = 0° <d < 30°[34]. The CNT radiugr...) and chiralngle
( dajedetermined from the following expressiomgherer, denoteghe equilibrium bond

length& 0.1421 nm)30],

rCNT:%\/nz mn  wf | (2.1)

2n+m

2Jn?+mn +m

g=cos’

(2.2)

2.1.3 Unique Properties and Wide Applications

The electrial propertiesof CNTs are influenced bytheir chirality (n, m) and tube
diametes. CNTscan either benetallic,or semiconducting witlsmall and largeband gap
[30]. Typically MWNTSs are metalike with a measured electatresistivity of 10* to 10°
q cm[34] with a current carrying capacityp to 1§ A cm'?, which is1000 times greater
thanthat ofcopper[13, 35] Because of theiuniqueshape and structureSNTs havean
exceedingly highelongitudinal thermal conductivitthangraphite[30]. CNTs have high
thermal conductitiesin the range o750 5800 Wm'! K'! at room temperatuyevhich
is next to purediamond[34]. These nanotubdsave high thermal stéiy up to ~2800°C
in vacuum and-750 °C in aif31, 35] CNTsalsohavea high surface are@200-900 nt g
b, low density(1-2 gcn®), andsuperior mechanical propertiéEhe reportedhigh tensile
strength and¥y o un g 6 s faon 8\WNITk has been as high 460 GPaand 1.8 TPa,

respectively, and falWNTs up to 100 GPa antlO TParespectively13, 31, 34] CNTs

14
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have many applications, including sensorg36, 37} fuel storagg¢38, 39] high-strength
materials,conductivesuspension$40], scanning microscopyips [34], nanoelectronics

[41, 42] and biomedicing43-46].

2.1.4 Synthesis Methods

Originally, CNTswereproducedhrough ac disctarge which is consideretb bethe oldest
production method for these nanotub&g]. Recently, chemical vapour deposition (CVD)
techniques have replacethermethods due teeverabdvantagesncludingthe ability for
large scale productigtargegrowth areas, production bfgher purity,alignedand longer
CNTs, andlower cost.During theCVD process hydrocarbon gas (e.g. ethylene) are
decomposed oa hot catalytic metal substtae ( ~ 1 0 0 @& ge&dor ai ammsplieec
pressures to sustain CNT growthtbemetallic catalyst. The catalysanbe introduced as
asolid, deposited oasubstrated.g. Si, SiQ, or glas}, orinjected as gas that isfed with
thereactants)48-50]. A high magnetic field10 T) canbe used t@rovide controbverthe
CNT morphology[51]. Currently, plasmaenhanced CVD haseplaced thermabased
CVD, since itis able teeduce the decomposition temperature of the hydrocarbongfz (~

"C) [49, 50, 52]

2.1.5 Key problems of CNTs

A CNT is an anisotrogi material with a one dimensional structure. Typically,
commercially availabl&€€NTs areentangledand randomlyorientated because tfe van
der Waals attractiabetweernindividual CNTsand/orBrownian motionn the dispersing
medium The randomness for ighly anisotropic material reduces theapplication

efficiency[53-56]. CNTs are diamagnetic materials, ligaphite whichhasadiamagnetic
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susceptibilityc o P emti § [57, 58] FurthermoreCNTs are hydrophobicbecause of
their nonpolar honeycomb structunehich prevents the formation bfdrogen bonds with
water molecules. This hydrophobicity reduces the matbility of CNTs with many
dispersing mediumsncluding polar solvents and polymg&9, 60] Finally, CNTs are
commercially produced in the powder form and their manipulation and continelraicro

and macrcscaleis a practical challenge that limits their applications.

2.2 Carbon Nanotubes Functionalization

Functionalization is defined as the introduction of extenmallecular groupsnto CNT in

order to modify a certaiphysical and chemical properti€s4]. The bonding between a
CNT and an external molecule could be of either chemical (e.g. covalent) or physical (e.g.
van de Waals forcg nature.Functionalizatioroffers a method to chaperone CNTSs, e.g.
functionalization with a magnetic nanopatrticle can provide a way to control and manipulate
the now magnetic CNT from a distance. Also, active functional groups such as ¢iarboxy

acid can enhance CNT compatibility with dispersing medijgthk

2.2.1 NorCovalent Functionalization

This methods based on utilizing weak bonds likeeVan der Waals forcbetween a CNT
surface and an external molecW&ld reaction conditionslo not affect the CNTs surface
significantly, whichis a significant advantagé2]. The ron-covalenffunctioralization can
be done through several techniques including biogical, metal and polymer

functionalization.
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Bio-functionalization createshioactive CNTs by the conjugation of bio materials
such as DNAor proteinsto the CNT wall e.g.,for biosensing, drug carrief$5, 6264]
and in artificial muscle$65]. The polymeifunctionalizationinduces \an der Waal$orce
to wrappolymerchains around CNT wia [66]. Endohedrafunctionalizationis another
noncovalent methodvhere externaiolecules arencapsulated inside the CNT driven by
the capillary effec{66]. Metalic functionaliation is performed by depositingraetal
nanoparticlesuch as Au, Agr Ni, onto theoutersurface ofa CNT [62]. Attentions has
been focused oelectroless platingince t produces anoreuniformand less porous layer

over irregularand tiny surfaces thasonventionaklectroplatind67].

2.2.2 Covalent Fuctionalization

While CNTs are inherently inert due to the stagfehybridized GC G bonds, t hey
contain defect sites, which occur during production and mechanical loading. Local bonds
destabilize at thee defect sites making the CNTs susceptiblto attack byreactive
molecular group§l4]. For instance, surface oxidation wHiNO3z[16, 61, 6872], (HNOs

[ HoSQy) [73-80], and (HNQor H.SQw/ H20») [69, 71]leads to the formation of COOH,
C=0, and COH groups[61, 81]that are covalently linked to the CNT scaffold. These
functional groups cahe attachedb nanoparticlesNP9 through an additional step, where
thecovalent bond couldebformed directly bghanging the C atom hybridization frap?

to sp® or indirectly by chemical transformations of previously generated furat@poups.
However, his methodoroduces &trong bondand widespreadurface destructioleading

to largedefective surface ares[62, 65, 66, 82]

17



Ph.D. Thesi§ AhmedM. Abdalla McMaster University Engineering?hysics

2.3Magnetism and Magnetic Nanomaterials

CNTs can be functionalized with magnetic nanoparticles using both methods of
functionalization discussed previously. This offers afical way to remotely control and
manipulate CNTs inside different dispersing mediumszuigj external magnetic field.

The following section presents a background on magnetism and magnetic nanomaterials.

2.3.1 The magnetic moment

An electric currenpassing through a wire generates a magnetic ffeladpgr e lavg. In a

steady electric field, the curl of the magnetic fieldequals the electric current density
(" x H =J) [83, 84] However, when aurrentl =q (¥/ 2 with chargeq and anangular

frequencyy passes through finite loopof areaA = 2, it produces anagnetic moment

of m, where,

2
m= dm I|=dAA g rzlf_ (2.3)

Similarly, the circulation of aelectron(Figure2.2) with chargeq =1 e, mass of
me, and velocityv = ¥ x r, produces an orbitaingular momentund, (2.4)) and orbital

magnetic momen(im,, (2.5)) [85, 86}

| =me(r X V) =mer?y, (2.4)
_oe(mxv) e
)= 2 T o (2.5)
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m

Figure 2.2: A current passing through a loop produces a magnetic mamant angular

momentum.
Theval ue of the or bmbli at amalgea edquanpzingine sned t by

angular momenturhalonga quantizatiordirection of z as follow$2.7) [85, 87}

d.= kand (2.6)
s = A My 2.7)
2m, A

wherel denotes the integer quantum number of the angular momektisnihereduced
Planck constanf1.055 x 10 3 Js), andBohr magnetorzs is theunit that expresses the
electronmagnetic moment.

el
m= -—— 9.27x10%JT. (2.8)

2m,

While undergoing orbital spin, the electron also spirmuiad its axis, which is
enough to produce full Bohr magnetowith only halfk. The electron spin produces a spin

magnetic moment ahsand spin agular momentunof s[85, 87}

L oA
an’0 =- Z% S8 whereS, = (2.9)

E .
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Finally, the total magnetic moment of the electron is the summation of its orbital

and spin quamted magnetic momeni85, 87, 88]i.e.,

(Mrotall %l O M2l B - % &2 0 Ko, (2.10)
2.3.2 Magnetidipole

A magnetic poles fictitiously defined as a magnetic point that has a chagrp¢ated at
the magnet edge and concentratesntiagneticforce A magnetic dipole represents the
interaction betweetwo equallyoppositemagnetic chargg+p, -p) searated by distance

r [85, 89] Similar to coulombic interaction, two poles of strengthandp. respectively

act on each other with a magnetic fokde),

F(r) :%Z;z, (2.11)

wherego is the free space permeabilaynd it equat ©~  %VIbA1m? [87, 89]

For a finite distance between ttveo poles, the forces a measure for the magnetic
field at any external point with a position vectoHowever, for any pole of strengphthe

relation between the acting force and the magnetic ¢tdl is [85, 87}

F(r) =pH(r), and (2.12)
p

H(r)= Al 2.13

) 2 (213)

Finally, magnetic dipoles always consist of two opposite magnetic charges where
all flux lines that are produced from one pole always return to the oppositdfmlg we | | & s

equationg2.14) [85, 88]
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P.B =0. (2.14)

2.3.3 Magnetic Parameters
The magnetic field strengtH depends on the separation distance between the field lines.
An external fieldH with a uniform strength is able to act oomagneticdipole ) with

forcecouping that results in #orqueii = prHsind, as shown irfrigure2.3 [87, 89]

Figure 2.3: A magnetic fieldH apply a torquéi on a magnetic dipole.

The coupling between thlipolesandtheapplied fieldproduceshe magnetization
(M, J TH and magnetic induction(B, T). The nagnetization(M) is a measureof the
generatednagnetic field from the magnetic material and equalsttedipolemagnetic
momentpervolume density2.15. It has a direction that parizes under the effect of the
applied field[87, 89] Theinduction(B) is the density of magnetitux lines (di = BdA).
It is considered as a measure thoe magneticmaterial responsélowever,B hasa linear

relatiorship withH in vacuum(2.16), and with(H+M) inside any magnetic matt€2.17)

[85-88],
N
M =m o (2.15)
B =goH, (2.16)
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B =go(H +M). (2.17)

The magnetic susceptibility(2.18) and permeability (2.19) are considered to be
parameters that quantify theagnetic response of any matef&4, 86:88]:
M =ceH, (2.18)

B=¢H. (2.19)

2.3.4 Magnetic Domains

Because of magnetic anisotropy, magnetic materials tend to obtain a homogenous
magnetization directed into their crystal easys for very small domains (size of a few
nm), but not for bigger domains. Tkelfcreated ragnetostatic energyicreases with the
domain sizewhich is not favourableThe material tends to reduce hgh energy by
reducing the external path length b&tmagnetic field loop by dividing the large domain

into smaller multidomains. Thetalmagnetizations the sum of thenomentsof all created
mini-domains The domain division also creates a domain wélereadjacent molecules

have net magnetic momentgth different directiong[85, 87, 88] Domain Walls are
classified according to the angle between the magnetization of adjeeains intdl 8"

wall and90®wall (Figure2.4) [88].

I

a b C

Figure 2.4: Domain walls. (a) single domain. (b) 18@omain. (c) 98domain.
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2.3.5 Magnetization Hysteresis Loop

Magnetic hysteresis is an irregdsle phenomenothat represents the magnetization and
demagnetization of any magnetic mater{(&igure 2.5). An applied magnetic field
facilitates the motion of domain walls against dgngstal imperfectionsintil all magnetic
momentsare completely dirded irto thar c r y sdasy bxipvhich is aligned close tie
field direction Consequentlythe magnetic material becoseesingle domairA field with
high enough strength can rotaies singledomain fromits easy directionnto a direction
paralld to it. At magnetic saturatiofMs), removalof theapplied fieldretainsmagnetization
inside the materialhich iscalledthe remnant magnetizatio). The fieldrequiredto
reverse this process aneduce the remnant magnetization to zero is cdlled¢oercive

field (Hc) [87, 89]

Magnetic Moment (M, emu/g)
80 ~

Magnetic Saturation M,

60 4

Remnant Magnetization M, 40
20 4
Coercive field H, ~ _ - /
. . — Ll . . .
-6000 -4000 -2000 2000 4000 6000
Applied Magnetic Field (H, Oe)

-80 -

Figure 2.5: Magnetization Hysteresis Loop.

2.3.6 Classificatiomf MagneticMaterials
Pureelementsin the periodic table are classified at room temperature according to their

bulk permeability into diamagnetic, paramagnetic, ferromagnatid antiferromagnetic
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materialsas shown irFigure2.6. Diamagnetisnis the weakediorm of magnetism where
themagnetization is proportional to the applied magnetic field. Diae@agmaterials such

as carbonand noble gases have a negative and very weak relative permeability.
Paramagnetic materials such oxygbave alow and positive réative permealbity.
Antiferromagnetism exist only in chromium where equal magnetic moments are

antiparallel in a way that produsalmostzero netmagnetizatiorj86-89].

11818 Z31Mvs
$188 efr2
138 adey
a b

SR R
g1t

1388 1t
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Figure 2.6: Different types of magnetsm. (a) Ferromagnetisnib) Paramagnetisngc)

L 4

-~ «9
«® o
o «o

«-®

Antiferromagnetism(d) Ferrimagnetism.

Nickel, iron, and cobalt are ¢honly three pure elements that &&eomagnetic
They have high positiveelative permeabilityf10?-10°) so that alimagnetic moments ar
equaland parallel. Ferrimagnetism isnothertype of magnetisnthat doesnot occursin
pure elements. Ferrimagnetic materials are known as femibesh are typicallycomplex
magnetic oxides that contain ferric oxide 4B¢ as their basic magnetic ponent.
Ferrimagnetism is a special type of antiferromagnetism where antiparallel magnetic

moments are not equi@6-89].
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For ferromagnetic and ferrimagnetic materials, reducing particles sizes below a
critical dimension D¢, 15-150 nnj changes the material containing multimagnetic domains
into a single domainFjgure2.7) [1, 90]. Superparamagnetism is a special case of such a
material when the particle size is lower than the superparamagnetic didbggetew(nm).
In this case, the particle consists of a small single domain that can be conceived as a single
massive paramagnetic atom. Here, the coercivity is zero and upon removal of the applied

field there is no residual magnetization inside the mat@tal91, 92]

N v 8t =

Single-Domain Multi-Domain
— — = - —— — > —_—— — = = = -

1
I
Superpara-:
magnetic |
- ==
]

I

Coercivity (H,)

| >

D. Particle Diameter

s

Figure 2.7: The relation between the coercivity and the particle size.

2.3.7 Magnetic Nanomaterials

Any materialwith a dimensionlessthan 100 nm that respondsto a magneticfield is

consideredo be a magnett nanomaterialThesenanomaterialssuchasmetalsandspinel
ferrites, which feature a higher surfaceto-volume ratio than micromaterials, are
synthesizedhroughseveralphysicalandchemicalmethodq93, 94]. Metals(e.g.Fe, Ni,

andCo) havehigh magnetizationhigh density(~8 g.cni®) andlow oxidationstability [1].

Spinel ferrites (i.e. Fe0O4) are easyto synthesisand have less prominent,but tunable,

magneticproperties,lower density (~5 g cm®), higher stability. Spinel ferrites have a
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generachemicaformulaof MO.FeOz andacrystalstructuresimilarto naturallyoccurring
spinel (MgAl.04), whereM denotesa divalent metal (e.g. F&*, Mn?*, and Zn?*) [89].
Becausef their small sizes(few nm), magneticnanoparticlegMNPs) areexpectedo be

individually superparamagnet62].

2.4 Magnetizatiorof Carbon Nanotubes

Magnetizatiom of CNTs occurs when magnetic nanopatrticles (MNPs) are attached to the
surfaces of the CNTSs via either covalent or4comalent functionalization. Introduction of
MNPs with a high relative permeability to a diamagnetic material that has almost zero
permedility produces a hybrid material with intermediate magnetic properties.
Magnetizations a suitable wayo align and manipulateNTsunder an applied magnetic

field e.g., byimmersing them ima liquid prepolymer containing dispersed magnetized
CNTs (mCNT$ as it experiences an applied magnetic fif38, 96] The magetic
nanoparticles that attach to a CNT surface provide new surfaces that are more compatible
with dispersing mediums. They can be used to overcome the high contact electric resistance
that arisesdue tothe anisotropic behaviousf CNTs and enhance thremechanical

properties by assisting with mechanical load trar{Sfé}.

In bulk materialsthe superior properties of CNTs can be leveraged by dispersing
them in a continuous matrix to form a nacmmpositg53, 98] SinceCNTs are a quasi
one dimensional their propertiesare best exploited by aligning them along their

longitudinal axes[54, 99, 100. mCNTs are utilized in many applications including
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wastewatetreatment101, 102] phase separatioi03], biomedical applicationfl04],

drugcarriers[63, 105] and microwave absorbef106-108].

2.4.1 Magnetizatiorby Encapsulation

The stable crystalline structure of the CNT walls can be used to protect encapsulated
materials so that they can be usedasiersystems for many nanomaterials, including
magnetic nanoparticlg$09]. During CVD, a CNT can be féld withametal[110-116] or

an oxide[117]. Utilizing capillary actiorto fill colloidal suspensions of nanomaterials is
less expensivfL09, 118] e.g., using magnetic assistance to accelerate encaps{laon

121]

2.4.2 Magnetizatiorby Surface Decoration

2.4.2.1 CePrecipitation Method

Coprecipitationis the commonsynthesismethoalogy for nanocrystallinespinelferrites.
Mixed cationsof hydroxideare coprecipitatedrom their aqueousonic solutionusng a
precipitante.g.ammonid andthendecomposethermaly into theircorrespondingxides.
Coprecipitatiorperformedatroomtemperatureindunderatmosphericonditionsproduces

homogenouspureandfine nanoparticle$d9, 122].

Magnetic CNB have been qoducedby the covalent attachment BfNPs to the
external walls of CNTs. @valent functimalization commonly proceeds by first treating
CNTs with acids, such as concentrated nitric &tiMDs[16, 61, 6872], or a mixture of
concentrated nitric and sulfuric acid@8-80]. Composite=e304-CNTshave beeproduced

by coprecipitatingFesO4 nanoparticleon the CNT surfaceBom an aqueous solution,
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such asone containing Ironll, 1) chloride [104, 123126] or Iron sulphate$101-103,
124, 127, 128]During the process, precipitantis slowly introducedwith the assistance
of sonication to adistthe pHat 912. The common precipitant for E@4 nancparticlesis
(30%) anmonia solutior{102, 122, 127130] and NaOH solution[104, 131133]. Other
MNPs such asnaghenite ( -Fe0s) [123, 134, 135]andM?*FeOs (M?* = Mn, Co, Ni,

Cu,or Zn) [136-138] have been coprecipitated on CNTs

2.4.2.2 Electroless Deposition

Surface treatment o€NTs with a metdic coating is a method of magnetization that
improves theiroxidation resistancg99], minimizes theohmic contactresistancg139],
increases CNTvettability, adhesiond polymers and assisis the transfer ofechanical
loading[97]. Nanotubegan becoated with metals using electroless plaf#ig, a method
which is applicable to many substraf@g0]. The resulting metaCNT hybrid (MCH)
nanomaterial has relatively high surface aredgw electric contact resistandé41],
superior hardness, wear resistance and magnetic propddigs MCHs are used in
reinforced compositessen®rs [143], catalytic and electrochemicapplications[141].
Nickel is commony used as a ferromagnetic plating matefitd4]. Electroless Ni
deposition forms weak noncoealt bondghat utilizevan der Waals forces, between the
outer surface of the CNT and its surrounding metallic nanol§®). The metal
materializes from an ionic solution subjedto an in situ reduction reactigh45]. Nickel
chloride is used as the source of metal [@4$]. A reducing agent, sodium hypophosphite,
provides the electrons required to reduce nickel ion&)Mito metallic nickel (Ni)147]
using a catalysf148]. To constrain the reaction on the CNT surface, the CNTs must be
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pretreated with a catalyst prior to depositing Ni on their surfaces. The deposit forms a

continuous Ni layer that encapsulates the CN#9].

The catalysis consists of sensitizing and activating steps. Tin iofAY é8a used
for CNT sensitization and palladium ions ¢Pdor activation[99, 140] Srf* adsorbs on
the CNT surface during sensitization and reducé$ BdPd during sukequent activatian
Pd initiates the reduction retdon that deposits Ni on CNTEL48]. The electroless
depositionis a redoxprocess that consists of an oxidation react0)for the reducing
agent and a reduction reacti@21)for nickel iong[149, 150] Sodium citrate is genelig

used to prevertli from complexing147].

1. Oxidation H,PO, + H,O- H,PQ +2H+2¢ (2.20)
2. Reduction Ni*'+ 2e 1215925 Ni (2.21)

2.5 PotentialApplications for Magnetic CNTs

2.5.1 Carbon Nanotubes inahofluids

Nanofluids are colloidal suspensioosnanoparticles dispersed in a liqyib1]. Due to
their superior electrad and thermal conductivitie<CNTs have been introduceds éhe
dispersed phasato nanofluidg29, 31, 152] some of which have been used as coolants
[153] and as electrically condueg nanofluids[154]. When dispersed in an agueous
medium, & little as 0.5% (w/w) of CNTs candreaseheelectric conductivity by an order

of magnitudg154].
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As shown inFigure 2.8, the ims in the surrounding medium rearrange around the
ends of the conductive MWNTSs when they are polarized with an applied electri&field
This shortens the ion transport path in the direction of polarization and decreases the

effective electrical resistaac of t he col | oi dal s u[$5Mh,45%]si on

Dispersant Fluid

lonic Surfactant

Figure 2.8: Polarization of ®ITs placed in an ionic medium between two electrodes

charged by an electric fieldhE

Theeffective thermal conductivitgf anandluid is enhanceavith increasing CNT
loading[156]. Just1-1.5wt% of CNTs can increase the thermal conductivity of different
liquids by threéold [153, 157] depending upon the suspensistability [158, 159]
Because ofheir high surface energpigh mdecular weight, hydrophobicity and inertness
of their outer surfaces, CNTs agglomerate into clusters that contain randomly oriented
tubes diminishing their dispersiom media[158]. Since aggregation depends prirhaan
the solution chemistry and surface chajp@0, 161] it is ameliorated by decreasirige
interparticle attractive forcandraisng the agglomeration energyf the particles[162],

e.g., through ultrasonicatiofi63] and demical stabilization methodsuch assurface

coating[164]. The coating layecould bewith organic surfactantsuc as oleic acidor
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ionic as tetramethylammonium hydroxiégueous solutiofl62, 165, 166] Whereas,
precise manipulation of the nanotubes into fully aligned structteiasbe challenging
[167], magnetization can provide a convenisolution for manipulatingCNTs inside

dispersing medias a response to an applied magnetic {i@éhq 96]

2.5.2 Carbon Nanotubes in Polymer Composites

Polymer nanocomposites amgsedas matricesbecause otheir low density and tunable
mechanical propertiedlanomaterialsvith ahigh surface area anginablepropertiescan
be usefulreinforang fillers in composite453]. As afiller, a small amount o€NTSs can
increase thelectrical and thermal conductivitf a polymeric matrixwith only a small
increase in its densif$4, 168] For instance, & wt%loadingof MWNTSs provides é80%
increase in thelastic modulus of polyvinyl alcoh$169], and a wt% loading of single
wall CNTs produces a25%increase inthe thermal conductivitpf an epoxy polymer
[170] while a 3% loading increases the thermahductivitythree fold[171]. Generally,
composites based on aligned CNTs exhibit a higher electric condufi®4}y andthermal

conductivity[171] thanunaligned CNTSs.

Because of Browniamotion CNTsare randomlyrientated irapolymeric matrix
which reduces their efficacy in enhancibglk materialproperties[53-55]. Electric and
magnetic fieldscan overcomethe Brownian motion and assigh CNT alignment and
manipulation[98, 168, 172, 173The poomagnetic susceptibilitygf CNTs requires a very
strong magnetic field to produce a torque that exceeds their thermal éa@2jyand the

viscous resisince of the medium,
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DU ° m(c €)H KT, (2.22)

whereU denotestie CNT potential energ¥ the field strengthandm the mass ci CNT
segmen({55, 134] As previously described, CNT functionalization wKiNPs providesa
meansto enhance thenagnetic susceptibilittand therefore reduce the field strength

required for their alignment (up to 0.2 [)68, 172, 174]
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3. MagnetizingMWNT via Covalent Functionalization

3.1 Introduction

In this chapter an experimental investigations will be presented to highlight the
magnetizing of the MWNTvia covalent functionalizationDecorating the CNTs wht
magnetic nanoparticles (MNPs) facilitates their expedient organization with a magnetic
field. One of the most convenient methods for their decoration is to first treat the CNTs
with nitric or sulfuric acid, or a mixture of the two, and therpcecipitae MNPs in situ.

Here, six variations of this protocol are compared to ideatifg treatmeninfluence on

the decoration of mukwalled CNTs (MWNTSs).Further, ve explore means to tune the
properties of these magnetdWNT by varying the (1) MNP materi@lomposition, and
(2) MNP: MWNT (w/ w) ma g n €Thid chapteris oeprintad eandg h t
adapted with permission froDiamond and Related Materigalecorating carbon

nanotubes with cprecipitated magnetite nanocrystats, Ahmed M Abdalla, Suvqit

Ghoshandlshwar K Purj Copyright 201@nd, fromJournal of Magnetism and Magnetic
Materials, Magnetoresponsive conductive colloidal suspensions with magnetized carbon

nanotubes421, Ahmed M Abdalla, Abdel Rahman Abdel Fattah, Suvojit Ghoahd

Ishwar K Purj Copyright 20¥ and with permissios from Elsevier.The author of this
thesis is the first author and main contributornaf &bove mentioned publications and has
conducted all the experiment§he chapterwill provide a literature review whicls
discussed in the background information section, followed by excerpts from the above

mentioned papsto emphasize some of the concepts disused below.
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3.2 Background Information

The superior mechanical strength, and electrical and thermal contlestof carbon
nanotubes (CNTsgan be leveraged in bulk materials &ynbeddinghe nanotubes in a
continuous matrixo form a nanecomposite[53, 98, 175] SinceCNTs are quasbne
dimensional, their propertieseabest manifested in the bulk if they are aligned along a
particular direction in the matrif64]. Suchalignment iseasilyimplementedwhenthe
CNTsare magnetize@CNTSs) For instance, a polymer can be dissolved in a solvent that
contains dispersed mCNTihen solutiorcast in thgresence of an applied magnetic field
[95, 96] Herein, the field aligns the mCNTs, and the orientation is preserved by the
solutioncast polymeric maix.

Nanotubes can be magnetized in several ways, e.g., by encapsulating magnetic
nanoparticles (MNPs) within thefd09, 110, 115, 11719, 176] plating them with a
ferromagnetic metdl99, 139, 140, 177, 178pr decorating them with MNH435-138,
179-181). Decoration is the most convenient route. Unlike encapsulation, which requires
sophisticatedin situ chemical vapor depositiogCVD) [109, 110, 117]with precise
templateg115, 118, 119]and plating that requires expensive reagi€@s139, 140, 177,

178, decoration uses inexpensive reagents and commonly available laboratory apparatus.

CNTs are inherently inert due to their stablérsgboridized GC G bonds. Howe
they typically feature defect sites that are created during production and/or due to
mechanical loading. At such defect sites, the loc@l Bbnds become destabilized and are
susceptible to attack by reactive molecularugs]75, 182] These structural defects are

exploited to decorate CNTs. For instance, treatment with HRD) 72] HNOz and BSOy
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[72, 80] or bSOy and BHO- [69, 71] leads to surface oxidation at the deféetss forming
COOH, C=0, and OOH functional groups that are covalently linked to the CNT scaffold

[61, 183] These functional groups form the sites where MNPs are attached to the CNT.

Various chemical routes for decoration have beenldped, e.g.hydrothermal
decomposition of iron compounfl05, 126, 184]surfacamprinting of magnetite (F©a)
nanograing125], andin situ co-precipitation of ferite nanocrystal$101-104, 124, 127,

128, 185, 186] Co-precipitation can be performed at room temperature and under
atmospheric conditions. In contrast, hydrothermal processes employ high temperatures
(=250 °C) and an inert atmosphef@84], while surface imprinting requires a sealed
autoclave, also at high temperatures (~2ZDPover a long duration (~10 f)25]. Thus,

co-precipitation is by far the most convenient method for decorating CNTs with MNPs.

5‘%‘0’% @%\3%. e Hydrogen %3\%
%5998 e Oxygen ' ‘u@

00 %q%

3%
| FeCl,+FeCl; |
bptfg FeClrFeCh u«%&C
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o 5"( g Functionaliz
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Figure 3.1 Magnetizing CNTs by coprecipitatioVhen CNTs are treated with strong
oxidizing acids, COOH, C=and G OH groups are formed at defect sites. In the presence
of Fe'2, Feand a precipitating base, they serve as nucleatiesfor magnetite (F#x)
nanocrystals.

Magnetic decoration through -g@ecipitation is performed in two stepsidure

3.1). First, the CNTs are treated with strong oxidizing acids, such assHRN® BSQ..
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Herein, the N@ and HSG+ radicals attack the weak-C bonds at the CNT defect sites
to produce functional groups, e.g., COOH, C=0, an@g. Next, these groups act as the
nucleation sites for magnetite (¥2) nanocrystals that are coprecipitai@dil) from a
solution of Fé" and Fé" ions[128, 181] Many variations in theo-precipitation routes to
decorateCNTs with MNPs have beenperted, but these routes have yet to be compared
to identify best practicesVe fill this gap by examining (I)ow use of two acidsHNOs
and BSQy, and their mixture influences thdecoration produced on muliialled CNTs
(MWNTSs), and (2) if filtration, vashing and drying of MWNTS after adi@atmentan be
eliminated to prevent material loss to the filtrate and thus increase thefyielbnetized
MWNTs (MMWNTSs) Further, ve explore means to tune the properties of theg&VNT

by varying the (1) MNP mat&l composition, and (2) MNP:MWNT (w/w) magnetization
weight ratio (92).

FeClL + 2FeC] + 8BNH OH Fe © + 8NH &H 0. (3.1)

3.3 Methodology

3.3.1 Materials and Reagents

Multiwall carbon nanotubes (MWNTS) proced by CVD with purity > 95%outside
diameters of 2480 nm, inside diameters of® nm and lengths between 2® um, were
purchased fromJS Research Nanomaterialdther reagents used were ferric chloride
hexahydrate (Fe@bH.O, 97102%, Alfa Aesar), ferrous chloride tetrahydrate
(FeCb-4H20, 98%, Alfa Aesar)copper Il chloride (CuGJ] 98%, Alfa Aesar), tetramethyl
ammonium hydroxide (f413NO-5H0, 98%, Alfa Aesar), manganese Il chloride

tetrahydrate (MnGI4HO, 99%, Sigma Aldrich), zinc chloride (2#, 99%, Sigma

36



Ph.D. Thesi§ AhmedM. Abdalla McMaster University Engineering?hysics

Aldrich), sodium hydroxide (NaOH, 97%, CALEDON Laboratory Chemicals), nitric acid
(HNOs, 68-70%, CALEDON), sulfuric acid (E6Qy, 95-98%, CALEDON) and ammonium
hydroxide (NHOH, 2830%, CALEDON). All reagents were used as received without

further purification.

3.3.2 Acid-enabled Functionalization
For each sample, 1 g of MWNTSs was first dispersed in 200 ml of concentrated acid and
sonicated for 4 h in a sonication bath (VWR International, Model: 9B343. The
MWNTs were subsequently waesth three times by diluting the dispersion in 500 ml of
deionized (DI) water, allowing the MWNTSs to settle (~20 h) and then decanting the
supernatant. After three washes, the sol ut
several times and finally ari. Six variations of this route were probed,illustrated in
Figure3.2 yielding the six samples S36

Briefly, concentrate¢HNOs was used for S1 and S4;% for S2 and S5and a 1:1
(v/v) mixture of HNQ and HSQs for S3 and S6. For samples-S8,the filtration, washing
and drying steps subsequent to acid functionalization were eliminated to prevent the loss
of MWNTSs to the filtrate. In these cases, excess NaOH was employed to neutralize the
excess acid and to also induceprecipitation of MNPsThus, the magnetite (E®4) co-
precipitation reaction occurred in a dilute acid mediRoutes S2 and S86 are new and

hitherto unexplored.
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Co-precipitation (NH,OH) Co-precipitation (NaOH)

Decantation / Washing / Filtration / Drying
Magnetic CNT

Figure 3.2: Schematic of the synthesis routes showing the variations used to produce the

six samples, SB6. Sine intermediate filtration leads to the loss of MWNTSs that are
shortened due to the damage caused by the acid, for rou8&t84 acid functionalization
process is ceased after the sample has been decanted and dilutedpiexiptation is

induced wihout any filtration or drying of the acideated MWNTS.

3.33 Decoration

Based on stoichiometric calculations to obtain a 1:1 (w/w) mixture 8dFAdWNTSs, 2.3

g of FeC4-6H20 and 0.9 g of Fe@UH.O were first dissolved in 400 ml DI water for each
sample.Prior to dissolving the salts, the water used was carefully degassed by boiling and
sonication in ordetprevent the formationoha g h e mielD$ @ d h-Eag)t i t e (
by dissolved oxygeil87, 188] TheacidtreatedMWNTs were dispersed ifé solution

using ultrasonic treatment for 10 mins with a probe sonicator (Qsonica, Model: Q500 with

1/ 4 & -timat 8586@ower) and subsequently for 50 minutes in a sonication batiCat 50

(VWR International, Model: 9704936). The precipitant was slowilytroduced during the

second sonicatiostepuntil the pH reached 10. For samples&3, 30% ammonia solution
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was used as the precipitant . -Sbtequiredtheguseer ac
of a stronger base, 0.2 M NaOH, as a precipitaBi-133, 189] After coprecipitation,

the samples were settled through magnetic sedimentation and washed with DI water
multiple times until the supernatant reached a pH ~ 7. Thereafter, the samples were washed
usingethanol, filtered and then dried in a vacuum oven at 70 °C for 1 hr. The dried samples

were strongly magnetic.

3.34 Influence of MNPs Concentration and Chemical Composition

Employing the process for the production of sample S1 describesciion 3.3.3,
stoichiometric calculations for different samples (S1, S1.2, S1.3, S1.4, and S1.5) were
conducted to obtain different &:MWNT (w/w) magnetization weight ratio= 1, 1.25,

1.5, 1.75 and 2. The effect of changing magnetization satiothe uniformiy and density

of decoration was observed through transmission electron microscopy (TEM) images.

For the magnetization weight ratooof unity, the magnetite nanoparticles in S1
with a relatively high Curie temperatuf#90] were replaced with MypCuo.20.d~€04 to
produce sample S1m and withdGdno eFeO4 to make Slc, since both of the latter MNPs
have lower Curie temperatufd®1, 192] For S1m and Sic, we used MrCu?, and Zri?
chloride salts for cgrecipitation and NaOH as the precipitfif3, 194] and the MWNTs
and salt solution were dropped into the precipitant insteadcefversa/193]. SQUID
magnetometry provided changes in the magnetic properties of the mMWNRay X

diffraction (XRD) revealedhe material phases and MNP crystal sizes. TEMearedgy
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dispersive Xray spectroscopfEDX) were used to visualize the mMMWNTS, the uniformity

and density of their decoration with MNPs, and to identify their elemental composition.

3.3.5 Characterizéion Methods

The elemental composition of adictated MWNTSs was determined using a PHI Quantera

Il Imaging and Scanning -Ray Photoelectron Spectrometer (XPS)R&y Diffraction

(XRD) analysis of MWNT and mMWNT powder samples was performed using a Bruker
D8 Discover instrument comprising a DavinciTM diffractometer operating at 35 kV and
45 mAusingCekU radiation (savg = 1.79026 ).
TOPAS softwares were used for the analysis and-geantitative estimation of the sample
composition. For samples S33, the semguantitative analysis was verified using a digital
weighing balance. The sample weights were recorded three times during the synthesis
process: (1) before and (2) after acid functionalization to determine the MWNTiyaeigh

(3) after the mMWNTSs were produced to obtain the weight eDFthat was attached to

the MWNTSs. Similar verification of samples &6 was not possible because the filtration,
washing and drying step was eliminated. Transmission electron micro§tép) and

energy dispersive Xay (EDX) spectroscopy was conducted with a JEOL 2010F field
emission microscope, where the samples were suspended in ethanol, dripped on to a TEM
grid and then wicked off with a tisswgpe. A Fourier transformer infrared spemeter

(FTIR, Bruker Vertex 70, ATR Diamond accessory, 64 scans at a resolution -df)4cas

used to determine the absorption for theCrébond in the MNPs. Magnetization

measurements were performed using SQUID magnetometry at room temperature.
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3.4 Results and Discussion

3.4.1 Synthesis of Magnetic MWN¥Vis VariableAcid-enabled Functionalization

We synthesize mMMWNTSs, i.e., MWNTS decorated with MNPs, using six variations in the
method for acid treatment, as describeddaation3.3.2and illudrated inFigure3.2 The
variations are implemented to compare the influence ofteeadment by HN@ H>SQy,

or a 1:1 (v/v) mixture of the two by using (XPS tomeasureghe oxygen content in the
acidtreated MWNTSs as a metric for functionalization) XRD to determine the material
composition and sizef MNPs decorating the mMWNTY3) transmission electron
microscopy (TEM)to visualize the iMWNTSs, and(4) vibrating sample magnetometry
(VSM) to measure magnetic properti€sirther, we determine thed®ibility of eliminating
thefiltration, washing and drying of MWNTSs after adigatmento prevent material loss

to the filtrate and thus increase the yiefdnagnetized MWNTs (MMWNTS)

3.4.1.1 Material Phases

XPS analyss (Figure3.3), shows thaacidtreatment always leads to an increase in oxygen
contentWhile pure MWNTSs contair2 atomic percentage (&b) oxygen, treahentwith
eithernitric or sulfuric acid increase oxygen content b 4t.%. This increase is moderate
when contrasted with the effieof a 1:1 (v/v) mixture of the two acids, which yields ~15

at.% oxygen.
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Figure 3.3 Comparison of acidreatment routes. XPS analysis shows that treatment with
HNOs or H.SQy leads to a moderate increase in oxygen conteb@g¥relative to pure
MWNTSs (~2%). In contrast, treatment with a 1:1 mixture of the two acids produces a much

higher (15.23%) oxygen content.

XRD analysis reveals the influence of a particular synthesis route on the material
content of themMWNTSs. The spectraHgure 3.4a) are usedd quantifythe resulting
composition, presented frable3.1. For routes SB3, the XRD estimate is verified against
the weights obtained using a weighing balance. That companisdable 3.2, shows that
the deviations from the XRD analyses are smallant5%.Table 3.3 lists the combined
weight of the MWNT and its attached 3682 MNPs as a fraction of the intended, or

stoichiometric, weight.

Strong oxidizing acids cause structural damage to MWNTSs shmdten their
lengths. When these short MWNTSs are nasand the dispersion filtered, they can be lost
to the filtrate. A potential remedy to retain these shortened MWNTSs is to eliminate the
filtration step. To examine this, we contréds¢ compostion of samples -8B and S46

that are produced with and Waut the intermediate filtration respectively.
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Figure 3.4 Comparison of Material Content of MWNT®) The XRD (Cok, a=A). 79
patterns for SI53(b) The average crystallite size, determined using the XRD data by the

Scherrer equatior8(3)) reveal a narrow particle size distribution of 8%.3 nm.

SamplesS1-S3 contain only the intended material phasesmagneite (F&Oa,
PDF No. 01071-6336) and hexagonalkarbonCs (PDF No. 000581638), as shown in
Figure 3.4a. In contrast, undesired materials are found for sampleS6Sthat are an
anciticpated consequenceakprecipitation in the presence of a strong acidedium S4

containsAkaganeite (FEO(OH, Cl), PDF No. 000130157. S5 containghe mildly
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magnetic i r on -FaGsiPDE NoD@O320469, fezroug dilfate (FeSO
PDF No. 06042-0229) and other phases that could not be identified by the EVA software
using the PDF databas®6 contains FeS© Thus, the filtration and dnyg of MWNTSs

subsequent to acidic functionalization is a necessary step.

Material Phase S1 S2 S3 S4 ShHb* S6
MWNT 417% | 41.8% | 31.9% | 489% | 388% | 47.3%
Magnetite (F§Os) | 58.3% | 58.2% | 68.1% | 37.3% | 155% | 33.9%

Hematite -Fe0s) | 0% 0% 0% 0% 28.4 % 0%

Akaganeite 0% 0% 0% 13.8% 0% 0%
Fer{gggg;“fate 0% 0% 0% 0% 173% | 18.8 %

Table 3.1: The XRD semiquantitative analysis, obtained using TOPAS softwsinews
that the MWNT:FeO4 weightratio differs from the intended value of 1:1 (w/w) that is
stoichiometrically designed. (*A few peaks in the XRD spectrum for S5 result from

material phases that ddunot be identified by TOPAS.)

MWNT (wt %) FeOs wt%
Sample # Error
XRD Balance XRD Balance
S1 41.7 % 43.97 % 58.3 % 56.03 % 2.27 %
S2 41.8% 4646 % 58.2 % 53.54 % 4.66 %
S3 31.9% 35.06 % 68.1 % 64.94 % 3.16 %

Table 3.2: The weight percentages of MWNT ands:Bg for samples SE3, measured
using a digital balance, deviates less than 5% from the corresponding measurements

approximated through XR@Rnalysis

We note here that magnetite{8g) a nd ma-§e&0e) havetalenos( identical
crystal structures, and are thus nearly indistinguishable solely by [X&D. However,

past reports have establishedttbaprecipitation of F& and Fé* ions yields magnetite
(FesOs) cont ami nat e d-Feds)if the watergi$ee imthe reactionacontains
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dissolved oxygen, which oxidizes the’Feo the Fé* state[187, 188] If this is avoided,
nearly pure magnetite (k®4) nanopatrticles are formed, which are stable inradrraquire

high temperature (T = 300 °C) aeration for their oxidation mte0s [195]. Thus,
considering the water used in our reactions was meticulously degassed by boiling in
vacuum for ~30 minutesnd subsequent probe sonication for ~30 minutes, we assume that
the nanoparticles produced herein by coprecipitation of Iron (ll) and Iron (lll) chlorides are

largely of FeOa.

Material Phase S1 S2 S3 S4 S5 S6
MWNT 90.2% | 91.6 % 54 % 100 % 78 % 82 %
FeOs 100 % 94 % 852% | 76.8% 31 % 60 %
mMWNT [0) 0, 0, 0, 0, [0)
(Total Yield) 953% | 928% | 69.6% | 88.4% | 54.5% 71 %
Fe&0s: MWNT (w/w) 111 | 103 | 158 | 077 | 039 | 073
(Magnetization Ratio)

Table 3.3: Yields of the various material phases, as a fraction of theirstonetrically
designed valuesThe magnetization ratio is the ratio of Fg€s. MWNT (w/w). The

intended value of this ratio is unity for all samples

Assuming a cubic lattice space=p=c), we calculated lattice parameters for

samples SB3 at all XRD difraction peaks (se€able34) usi ng Braggds Law
a=—1 ke 42, (3.2)

2sing
These average lattice parameters were 8.410, 8.406 and 8.390 A for S1, S2 and S3,
respectivelythat are slightly higher than the anticipated values for magnetite (8.378 A, PDF
No. 01-071-6336; 8.394 A, JCPDS No. 7®17; and 8.400 A, COD card No. 1011084)

and further from those farFex0s maghemite (8.346 A, PDF No. @B95892; and 8.330
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A, COD card No. 9006316), which supports our assumption that magnetite is formed. The
slight increase in the measured lattice parameters could be explained by the lattice defects

and strains durinthe synthesis process.

Lattice parameter (A)
(112) (220) (311) (400) (422) (511) Qaverage

S1 8.420 8.415 8.411 8.409 8.407 8.400 8.410

Sample

S2 8.413 8.410 8.407 8.400 8.405 8.398 8.406

S3 8.397 8.396 8.391 8.391 8.381 8.381 8.390

Table 3.4: The céculated lattice parameters at all XRD diffraction planes for samples S1,
S2, and S3, obtained with Braggbés Law. The
concur with those for magnetite @a).
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Figure 3.5 IR spectra of samples 43 revealndividual broad absorption bands at 528.5,
526.6 and 530.4 ct The range between 490 and 560%dsassociated with the vibration
of the Fé& O functional group for samples S1, S2 andi®s confirms magnetite formation
since the absorption splits imaultiple absorptiorbands for maghemite. The shoulder peak

at 623 cmt could imply partial oxidation of magnetite into maghemite.
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FTIR analysis at room temperature provided further information about the structure
of samples SB. Figure3.5shows that, in theower wavenumber range each sample has a
single broad absorption band at 528.5, 526.6 and 530% wmspectively. The range
between 490 and 560 chis associated with the vibration of thei Befunctional group for
samples S1, S2 and S3. This individoedad band confirms the formation of magnetite,
since maghemite absorption occurs through multiple absorption d&&]sHowever, the
shoulder peak which occurs at 623 taouldimply partial oxidation of the magnetite into

maghemitg197].

Samples produced with the intermediate filtration step do not show substantial loss
of MWNTSs due to filtration when either HN®@r H.SQy are used for functionalization. For
S1 and S2, which use HNGnd BSQs;, the MWNT vyields are 92% and 91.6%
respectively. However, when a mixture of the two acids is used, a substantial fraction of
the MWNTSs is lost. S3 has a MWNT vyield of a meagre 54%. This is because the acid
mixture oxidizes and damages the MWNB4] much more than each acid individually.
This influence is also evidenced by the substantially higher oxygen content of MWNTSs
treated with the acid mixture, as demonstrated by the XPS analysis above. Overall, the
sanples functionalized using either HNOr H.SQw (S1, S2) have considerably higher
MMWNT vyields (95.3% and 92.8% respectively) than those functionalized using the

HNOy/H2SQ: mixture (S3, 69.6%).

The magneti zation ratio (92), defined as;s
closest to the desired value of wunity in s

the highest magneti zation ratio (2 6% 1.58)
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of the MWNTSs are lost due shortening by the acids while the produced MNPs are-not. S4

S6 deliver the lowest magnetization ratios because iron is consumed in side reactions with
the acid to produce nemagnetic byproducts. Considering a highédWiNT yiel d, o2 a 1
and minimal byproduct formation to be representative of a better quality process, magnetic
decoration is best accomplished when the MWNTSs are functionalized by eithey ¢1NO

H>SQy and the intermediate filtration step is performed.

We use the Sdhrrer equation

D =0.94 /(B(2 gcos ), (3.3)

to determine the averagesEr nanocrystal sizeD (Figure3.4b). Here,B denotes the full
width at half maximum (WHM) of the profile of the highest peailt (311)expressed in
radiansathe X-ray wavelength and the Bragg angld-or all six samples, the MNP size
lies in the narrow range from 8i511.3 nm. Thus, it appears that theprecipitation

process is not substantially influenced by variations in the synthesis route.

3.4.1.2 Decoration Quality and MWNT damage

TEM images at various magnificationSigure 3.6) are used to visually evaluate the (1)
quality of decoration and (2) the influence of the process on the structural integrity of the

MWNTs.
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Pure MWNT

120 nm &

With intermediate filtration

Without

Figure 3.6. TEM images of sampk S1S6 show that the MWNTs prepared with the
intermediate filtration steps (S33) have denser and uniform decoration, while those
prepared without the step (&6) have a sporadic namiform decoration. Decorations for
S1-S4 and S6are clearly crystiéihe, while that for S5 islargely amorphous as
demonstrated visually from the TEM image, and also by comparing the electron diffraction
pattern of each with that of pure MWNTSs (SBurther, functionalization by either HNO

or HoSOQyw does not inflict stratural damage on tHdWNT surface, which is evident by the
smooth surfaces for S1, S2, S4 and S5. In contrast, S6, which was functionalized by a
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mixture of the two acidg;ontains small (~ 100 nm) MWNT fragments, emphasized by the
circles and arrows. S3,hich was also treated with the acid mixture, does not contain these
small fragments since these are lost during filtration. However the structural damage is
manifested in the form of increased asperities on the MWNT surface.

The MMWNTs prepared using thentermediate filtration step (833) show a
visibly higher decoration density and fairly uniform decoration. S3 shows the highest
decoration density, which is consistent wi
XRD analysis. In contrast, MMWNTSs prepared without the intermediate filtration step{S4
S6) show sporadic decoration. S5 has the lowest decoration density, which agrees with the
obtained val ue of -384andS6haB%isiblyerystalline e@ecorationsh i | e
the decorations on S&e largely amorphoushis is evidenced by comparing the electron
diffraction patterns of all sampl€S1-S6) with pure MWNTSs (SO)rhe diffraction pattern
of S5 is largely identical to SO, i.e., no crystalline phases other than MWNTSs are present in
S5.1n contrast, the diffraction patterns of all other samples3&1S6) differ from that of

pure MWNTS, i.e., they contain crystalline phases other than MWNTSs.

When MWNTsare functionalized using either HN®@r HSOQy (S1, S2, S4, S5)
they experience sligldamage. In contrast, functionalization with a mixture of the two acids
(S3, S6) |l eads to greater structural damag
S6. Similar fragments were also likely produced in S3, but were lost to the filtrate. Here,

the MWNT surface shows asperities that are indicative of structural damage.
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3.4.1.3 Magnetic Properties

Fes0O4 nanopatrticles in the size range formed hehaire a saturation magnetizatidis =
60-80 emu/dg198, 199] while pure MWNTs (sample S0O) are diamagnfii¢, 58] Thus,
the MMWNTSs ae expected to exhibit intermedidi values, which is observed through

VSM magnetometryRigure3.7b).
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Figure 3.7: Magnetic Characterizatiofa) The magnetized MWNTs (MWNTSs, left) are
attracted by a magnethile the bare MWNTSs (right) show no suasponse(b) Magnetic
hysteresis curvegc) The linear variation dfls with the fraction of MNPs (w/w) produced
by the respective synthesis routes explains the differenb& iralues produced by the
various synthesis route@) The Ms values of theNPswere estimated bglividing theMs

of the mMMWNT samples S$3 by the mass fraction of the nanopatrticles.
While the nanocrystals are expected to be individually superparamagnetic due to

their small size492], interactions between MNPs could lead to superfeagnetism,

51



Ph.D. Thesi§ AhmedM. Abdalla McMaster University Engineering?hysics

particularly in anisotropic ensemblf99-201]. However, the measurements provide no
evidence of this phenomenon. The hysteresis ddtggafe3.7b shows that all samples are
superparamagnetic at rootmperature, i.e., there is no observable remanence and the
coercive field is zero.

The variation inMs depends upon the relative content og@ein a sample, as
shown in Figure 3.7c. Thus, the MMWNTs produced by a process that includes
intermediate filtation to remove acids (833) are associated with highléls than those
prepared without this step. Sample S5 has the webdkest4.3 emu/g, which is to be
expected from the poor decoration observed in the corresponding TEM images, as well as

from the lover ~15% (w/w) FgO4 content revealed through the XRD analysis.

The Ms of the MNPs can be estimateg dividing theMs of the mMMWNTS from
samples SB3 by the mass fraction MNPs in the corresponding samples. As shown in
Figure3.7d, we estimate that &Ms of the nanoparticles formed lie in the range of7a6
emu/g which isconsistent wittFesOs nanoparticles in the size range formed hej&@8,
199], andsubstantially higher than what would have resulted iF#@©4 were oxidized to
>-Fe0s, i.e.,Ms~ 40 emu/d195, 198, 199, 202, 203This adds credence to our claim that

the nanoparticles formed are indeed magnetite.

3.4.2 Influence of MNP Concentration ane Decoraticn of mMMWNT

Figure 3.8 presents TEM images at various magnifications that help visualize the
MMWNTSs and their decoration as the magnetite weight percentage with respect to MWNT

weighsis varied. For all samples, the higksolution images show that magte MNPs
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areattached to the outer surfaces of MWNTs. The MNPs are crystalline with crystallite

sizes between 105 nm.

2) S1.4(y=1.75) S1.3(y=1.5) S1.2 (y = 1.25)

.,","J =
L N -

S1.5 (y

Figure 3.8 Influence of FeOs - MWNT weight ratio ¢) on Morphology. Magnetic
nanoparticles are precipitated on activation sitesvever, whero is increased above a
certain value for which all available sites are occupied by MNPs, further precipitation of
the nanoparticles produces MNP agglomeraitioadirection perpendicular to the MWNT
axis.An idealization of this process is presented on the left.
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Increasingo from 1 to 2 has a noticeable effect on the decoration density as the
numbers of magnetite MNPs that have accumulated at various sites iaciéesactivated
MWNT weight is constant in all samples. Thus, increasing th&me® weight content
attaches larger amount of MNPs to the same number of activation sites. Samples S1 and
S1.2 reveal better decoration uniformity and distribution, inmglyihat the numberof
activated sites on the outer surfaces of MWIdhdthe corresponding MNPare roughly
equal For S1.3S1.5, thesizes of theMINP agglomeratescrease as the magnetite weight
percentagés raised Since the weight percentage of magteeis greater for S1.5 than for
S1.4, and likewise for S1.4 it is greater than for Sthi3 supports our interpretation that a
larger amount of MNPisecome attachdd anear constamtumber of activation siteA.fter
all activated siteareoccupieddue to their relatively high surface energycess F&/Fe™

ions nucleate new MNPs on the surfacethote that werpreviouslyprecipitated

Figure 3.8 presents representative TEM images for all samples, which reveal how
the decoration is influenced liycreasing the MNP weight percentage. During covalent
functionalization, decoration is restricted to activated sites untilthebe sites are
completely occupied. Thereafter, the surface energy of freshly produced MNPs facilitates
their accumulation orhe free surfaces of MNPs that are already attached to the MWNTSs
[204]. Consequently, this subsequent accumulation proceeds primarilydirecion
perpendicular to the MWNT surface. Therefore, sample S1awith contains an optimal
MMWNT samplefor which all activated MWNT sitesre mostly decorated wittsingle

MNPs and there arelatively few large agglomerates.

54



Ph.D. Thesi§ AhmedM. Abdalla McMaster University Engineering?hysics

3.4.3 Effects of Changing MNPs Chemical Composition on the mMMWNTs

3.4.3.1 Material Phases

The XRD analysis presented kiigure 3.9a for S1, S1Im and S1shows that the samples
consist only of the intended material phasesngdevoid ofunanticipatedoreign phases.
All three samples reveal the existence of the crystalline spinel phase agdredgarbon
Cs (PDF No. 000581638). Use of the powder diffraction file (PDF) databiase¢he Eva
software qualitatively confirms that tepinel phase is magnetitee:Os, PDF No. 01071-
6336) for Sland copper zinc ferritgCuo.sZnod~€:04, PDF No. 01077-0013) for Sc.
Since Mn 2Cw.2Zno.eFe204 could not be identified with the PDF database, X#DId not

confirm its existence in Bn.

For this reason, we also employed EDX/TEM, as showrFigure 3.9, to
determine the spinel structufEhe result cofirms the existence of elemental Mn, Cu, Zn,
Fe, and O This supports our inference th&tno2Cuw.2ZnosFe04 is producedPrevious
investigations have established that oxygen dissolved in water can partially oxidize the
coprecipitated magnetite (§&;) int o0 ma g h-Eefds),tbeth of which havenearly
identical crystal structurg487, 188] Degassing of water by boiling it in vacuum for ~30
minutes and subsequent probe sonication for ~30 minutes removes the dissolved oxygen
from the reaction mediaand its use produceseasonably pure magnetite §(Ba)
nanoparticles[195]. Thus, we assume that the nanoparticles that were peutiby

coprecipitation of the iron (ll) and iron (I11) chlorides constsdf FesOa.
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We usel the Scherrer equatioB.8) to determine the average magnetic nanocrystal
sizeD. For all three samples, the MNP sizes lie in the narrow range of 8.1, 8.9 and 9 nm

for S1, Amand ¢, respectively.

B CNTs
® Fes304
® Mno2Cuo2ZnoeFe204

@® CuopsZnosFez04
(0g2) . Ni

N @ .
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Figure 3.9 Phases Analysis of Magnetized MWNTa) The XRD(Co Ky) patterns show
that, besides & a nanocrystalline spinel phase was formed. The Spinel phase in S1 was

identified as magnetite (E®s), in Slc it was Cu-Zn ferrite (Cuo.aZno.sFe04). The
corresponding phase iri® could not be identified using the powder diffraction file (PDF)
databasgb) EDX analysis revealed the presence of Mn, Cu, Zn, Fe, and O, which supports

our inference that Bn containsMno.2Cw.2Zno.eF&0a.

3.4.3.2 Decoratiorwith Different MNPs

TEM images show successful direct attachment of the MNPs to the MWNT surfaces for
samples S1S1m and Slat various magnification@Figure 3.10. All MNPs have high
crystallinity with a narrow crstallite sizes distribution between -16 nm. The
Cuo.sZno.eFeO4/CNT sample Screveals more MNP agglomeration tharevidentfor S1

and 9m.
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"B
B2

# x}j 50 nm. 4

S1c¢ (Cug 4Zng gFe,04-CNT)
Figure 3.10 TEM images of sampleS1, S1m and S1{¢rom top to bottom) confirm that
all samples were succéslly decorated withhighly crystalline (but different) MNPs that
were synthesized within the narrow size distribution eL%Gm.

3.4.3.3 Tunable Magnetic Properties

While theMNPsare expected to be individually superparamagnetic due to their small size
[92, 202] the hysteresis data @figure 3.11a shows that sincethere is no observable
remanence or coercivieeld, all of the MMWNT samples are also suparpmagnetic at
room temperaturd he magnetic saturatidvis of the whole specimen is 30.7, 10.5 and 16.6
emu.g! for whole mMMWNT specimen® & 1) for sample$1, Smand ¢, respectively
These values correlate well with the MNP compositions and, consideveriations Ms

for the FeO4i MWNT sample (30.7 emu) lies within the range (£50 emu.d) reported

in the literaturd106, 123, 126, 128, 186, 205Fince sampleS1mand S.care newand

hitherto unexaminedsimilar results are not available in the literature. Howeher
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measuredVis valuesfor these sampleare comparable with thoder their closest MNP

families i.e. 20 emu.g for Mno 2Zno sF&:04i MWNT [136] and 17 emu.gfor CuFeOsi

MWNT [137].
35 Fe;O4 - CNT
S1
=) 25
3 Cug.4ZngsFe,04 - CNT
g & 0.4 0.6 24 S1C
s S1m
‘:’ Mng ,Cug 2Zng gFe,04 - CNT
o
ﬁ 10000 20000 30000
2 Applied Field (H,, Oe)
S
(]
=

At H = 20,000 Oe
y =-0.0354x + 40.777
R? =0.9559

30
$1
25

20
15
10

S1c
5 | y=-0.0731x + 30.869 S1m

R2 = 0.9991

290 300 310 320 330 340 350 360 370
Temperature (T, K)

b

35

y=-0.1156x + 49.45
R? =0.9998

0

Magnetic Saturation (M, emu/g)

Figure 3.11 Magnetic Characterizatiofa) Magnetic hysteresis curves of the dry powders
shows no evidence of remanence, i.e., the mMMWNTs are superparamagnetic. (b) For all
samples,Ms decrases with increasing temperature. Magnetite (S1) has the strongest
magnetization and weakest sensitivity to temperatureCMiZn ferrite (3 m) has the

weakest magnetization while &n Ferrite (3¢) has the stngest temperature sensitivity.

The magneticproperties for the three samples have differgmsitivities to a
temperature increase from 300 to 360 K, as showfguare3.11b. For all three samples,

Ms decreases linearly with increasing temperature but with different slopes. &ince
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contains higlCurie temperature E®s MNPs, it is weakly sensitivéo the temperature rise
andhence exhibitshe lowest slope of 0.04 emd.¢* due toa small loss of 7.7% from its
300 K Ms value. Results for the MNPthat havelower Curie temperatures, i.e.,
Mno.2Co.2Zno.Fe:04 in SImandCuo.4Zno.eF€04 in S1c, showthat they are more sensitive
to the temperature increaskne two respectivelopes of 0.07 and 0.12 emi.g* are
steeperwith samplesSlm and Sclosing 48.9% and 46.6% of thevts values at 300 K.
These results provide evidence that the magnetic properties of mMW&xTise tuned to

by varying the MNP composition.
3.5 Conclusion

Six functionalization routes to decorate MWNTSs ioy situ co-precipitated magnetic
nanoparticles are examined to deter@nbest practices. Of these six routes, f&2 énd
S4-S6) are newly reported hereifrunctionalization using $¥$Qs is found tominimize
MWNT loss during decoration and provides a decoration density very close to unity.
Although mixtures of HN®@and BSOQy have been commonly employed, they are found to
inflict significant structural damage to the MWNTSs. If the MWNT suspension is filtered
after acid functionalization, this damage produces short MWNT fragments that are lost to
the filtrate. The loss of MWNTs an be as much as & 46% (w/ w
significant nanotube oxidation with oxygen content up to 15.23%. Functionalization with
either HNQ or HoSQs is much less destructive with less oxidation in this context. However,
even after considering WINT damage, the filtration step is important since it removes
leftover acid from the dispersion prior to-peecipitation. In the absence of filtration, the

acids react with iron ions to produce nonmagnetic byproducts which compromise the
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magnetization ofthe mMMWNTs. Overall, (a) functionalizing with HN$or HxSOy,
followed by (b) filtration, (c) washing, (d) drying and (e) subseqiresitu coprecipitation

of MNPs yields the best quality MNPs, relatively higfMt&WNT yi el d of
magnetization ratio close to the intended value of unity, reasonably uniform MNP

distribution on the MWNT surfaces, and negligible MWNT shortening and damage.

MWNTs were decorated byn situ co-precipitation with differentmagnetic
naroparticles MNPs) for varying magnetization weight ratiasin the range of 2. The
decoration of the MWNTs with MNPs depends upon the availability of activation sites on
the outer surfaces of the nanotubes. All MWNT activation sites are utilizedovbaches
a specific value. Typicallyg=1 provides uniform decoration and minimum agglomeration.
Although the quantity of MNPs exceeds the number of the activaties when o is
increased above this value, decoration still continues with nanoparticlensggtion
occurring perpendicular to the MWNT surface. The MNP chemical composition influences
the magnetic properties of mMMWNTSs. 382 MNPs that havea high Curie temperature
produce mMMWNTs with the higheshagnetic saturatioMs = 30.7 emu.g. These
MMWNTSs exhibit the weakest sensitivity to a temperature increase Kfadove 300 K
with a corresponding reduction Ms of 7.7%.Mno 2Cug 2Zno.eF&04, andCup.4Zno.eF&04
MNPs have lower Curie temperatures. Thus mMMWNTSs produced with these MNPs have
lower Ms values (10.5 and 16.6 emtl,grespectively) and are more sensitive to a

temperature increase (with up to 48.9% and 46.6% reductidig.in
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4. Conductive Nananks Based on Covalently Magnetized

MWNTSs

4.1 Introduction

In thischapteranexperimetal investigations will be presented to highlight #pplication

of magnetic MWNT synthesised via covalent functionalization in the fabrication of
conductive nandanks. We synthesize a novel and hitherto unreported class of colloidal
suspensions for whicte dispersed phase, which consists of multiwall carbon nanotubes
(MWNTSs) decorated with magnetic nanoparticles (MNPSs), is both magnetoresponsive and
electrically conductive. Synthesis of the dispersed phase merges processes for producing
ferrofluids andmagnetic MWNTs (MMWNTSs)Further,we explore howto adapt this
magnetoresponsivand conductive ink to be also bsensitiveenabling the printing of
biosensingstrips by the magnetic dynamiassembly That led to the fabricatingf
biological sensors. Thichapteris adapted fronthe Journal of Magnetism and Magnetic
Materials, Magnetoresponsive conductive colloidal suspensions with magnetized carbon

nanotubes, 421Ahmed M Abdalla, Abdel Rahman Abdel Fattah, Suvojit Ghosh, and

Ishwar K Puri, Copyright 204, with permissions from ElsevieFhe author of this thesis
is the first author and main contributor of the above mentioned publicatidnhas
conducted all the experimenRest ofthework and results ha been previously published
in journal of ACS Applied Materials and Interfacedjagnetic Printing of a Biosensor:
Inexpensive Rapid Sensing to Detect Picomolar Amounts of Antigen with Antibody

Functionalized Carbon Nanotube8 (13) Abdel RahmanAbdel Fattah,Ahmed M
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Abdalla, Sarah Mishriki, Elvira Medca, Fei Geng, Suvojit Ghosh, and Ishwar K. Puri,
Copyright 2017, with permissions froACS PublicationsThe author of this thesis is the
cofirst authorwith Dr. A. R. Abdel FattanMs. S. Mishriki of the above mentioned
publicationand haperformed the magnetization of carbon nanotutesard the biological

i n k 0 aratipnanelgonethe materials characterization

4.2 Background Information

Nanofluids are colloidal suspensions that contain nanoparticles dispersed in Hb4{id

Due to their superior electric conductivity, carbon nanotubes (CNTs) have beendattodu

as the dispersed phase in a nanofluid. When dispersed in an aqueous medium, as little as
0.5% (w/w) of CNTs can increase its electric conductivity by an order of magiithde
However, CNTs tend to flocculate rapidly in an aqueous medium, yielding clusters of
randomly oriented nanotubes that settle under grfl/a§]. Since flocculation is typically
caused by inte€CNT attractions due to surface charffeg®80, 161] temporary dispersions

can be achieved by enhancing ir@MT distances, e.g., through ultrasonicaf@®6, 207]
However, to achieve long term stability, chemical peptization methods are required, such
as providing CNTs with a surface coating to counterbalance the surface interfd@#ns
Peptization is hard to achieve for CNTs due to their high molecular weight, hydrophobicity

and inertness of their outer surfa¢2@8].

Ferrofluids are nanofluids that respond to a magnetic {i20®-212] since the
dispersed phase consists of magnetic nanoparticles (MRP3R15]. Several methods

have been developed to peptize MNPs in agueous media to enable their colloidal stability
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for extended period216-218]. Typically, MNPs are coated with a surfactdrdttproduces
interparticle repulsion[161, 219] These MNPs can chaperone other nonmagnetic
materials such as MWNTSs, to orient and organize thf@, 220] and print spatial
heterogeneities in materigl85, 96] However, the MNPs in most ferrofluids are ferrites
that possess poor intrinsic electrical conductivity. A ferrofluid containing an electrically
conductive dispersed phase has promising apitatSince its MNPs can be manipulated
by a magnetic field, the local electrical conductivity of a conductive ferrofluid can be tuned.
Magnetic manipulation also allows the printing of an electronic circuit with a conductive

ink.

Conductive nanofluid iks are typically dispersions of gold, silver, and copper
nanoparticles, but these are expensive, require nanoparticle sintering and have only fair
dispersion and oxidation resistan@21]. While use of graphene and CNTs hagrbe
reported, their agglomeration and dispersion are problefdatlc 155, 222]Our solution
is to decorate multiwall carbon nanotubes (MWNTS, the electrically conductive dispersed

phase) with magnetically respaves MNPs.

We probe ways to influence the electrical and magnetic properties of the MWNTs
by altering thanaterial content of the MNP$he synthesized mMMWNTSs are dispersed in
an aqueous medium to prepare novel magnetoresponsive conductive collpaaissons
(MCCs). An ionic dispersantgtramethylammonium hydroxide, diMAH), commonly
used to peptize ferrite MNPs, is used to ensure colloidal stability. These MCCs are a
hitherto unreported type of colloidal suspension that responds to an externatimagld,

is electrically conductive and can be stably dispersed.
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Theneedfor earlypathogerdetectionanddiagnosiof diseasdasled to strategies
for DNA andantigen(Ag) detectiorsuchaspolymerasehainreaction(PCR)andenzyme
linked immunosobentassay(ELISA). Being time consumingand labor intensive,these
methodsare not suitable for inexpensiverapid detection[223]. Recentadvancesin
nanomaterialsynthesisand nanofabricationhave enabledthe rapid identification of
pathogeranddiseasebiomarkers Nanogalelithographyallows for femtosensitiveDNA
detection[224, 225] andthe electricalresponseof carbonnanotubegCNTSs) to specific
biological specieshasled to resistanceandfield effect transistor(FET) biosensorg§226-

230]

Biosensorcanbetailoredtowardsspecificbiomarkersoy selectivelymodifying a
CNT surface,e.qg., by decoratingit with particularantibodies(Abs), which enabés the
detectionof specific Ags, leading to an inexpensiveand rapid alternativeto current
methods.Usually, fabricationutilizes laboriouslithographyfor electrodedepositionand
generakensorlssemblywhile simplerbenchtogabricationmethodse.g, CNTsin paper

basediosensorsprovidelongersensingesponseimes[231].

Magneticnanoparticle§MNPs) canbe patternednto a polymermatrix to prodwce
afunctionalmaterial[62, 215,232-241]. As describegreviouslyin MCC, MNPscanalso
be usedto chaperorMWNTSs by remotelymanipulatingMNP-MWNT complexeswith a
magnetidield, for instanceto print conducive networksandsensor$232,242]. Magnetic
MWNTs (MMWNTs or MWNT-FeOs hybrid nanoparticles have been explored for
biological applicationse.g.,humanigG immunosensor§233], andfor electricalcurrent

measurementg§230, 243]. Most such measurementsnvolve cyclic voltammogram

64



Ph.D. Thesi§ AhmedM. Abdalla McMaster University Engineering?hysics

analysis,which requiressophisticatecicquisitiondevicesanda magnetto be continually

presentduringsensingo affix the sensingmaterialto anelectrodg244].

Basedon the sameconceptof the previouslydescribedVICC, our contributionis
throughdevelopmenbf a new mMMWNT biosensolink that utilizes immobilized Abs to
detect specific Ags, which expandsthe utility of mMMWNTs as proteinsensing
nanomaterialswithout requiringcomplexchemistryor lithographictechniquessynthesis
of themagnetidnk is inexpensiveanda sensostripis readilyfabricatedTheink is printed
using an externalmagnetby dynamicallyorganizingits nanoparticleconstituentinto an
electricallyconductingstripin 4-5 minutesexcludingdryingtime. Theresultingbiosensor

detectsAg samplesvith picomolarsensitivityin lessthana minute.

Biomarkersdistinguish betweenhealthy and diseasedcells. Examplesinclude
prostatespecificantigen(PSA)[245], insulin-like growthfactors(IGFs)[246], andhuman
epidermalgrowth factor receptor(HER)2 [247], which are usedto diagnosehuman
cancersRecognizedoy the anti-c-Myc primary Ab, the c-Myc Ag is overexpressedn
manyhumancancerssuchasbreastprostate gastrointestinallymphoma,melanomaand
myeloid leukemia [248, 249]. High expressionof c-Myc Ag can acceleratetumour
progression[250], making it a potentially important cancerbiomarker for predicting
clinical outcomesThereforewe focuson c-Myc Ag detectiorto illustrateproof of concept

of anAb magnetidnk for anAg sensingapplication.
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4.3 Methodology

4.3.1 Materials and Reagents

Multiwall carbon nanotubes (MWNTS) produced by CVD with purity > 9%iiside
diameter of 2680 nm, inside diameter of 50 nm and length between €% pm, were
purchased fronUS Research Nanomaterials.h@t reagents used were ferric chloride
hexahydrate (Fe@bH20, 97%, Alfa Aesar), ferrous chloride hexahydrate (E&ELO,

98%, Alfa Aesar), copper Il chloride (CuCB8%, Alfa Aesar), tetramethyl ammonium
hydroxide (GH1sNO-5H0O, 98%, Alfa Aesar), mangase |l chloride tetrahydrate
(MnCl2-4H.0, 99%, Sigma Aldrich), zinc chloride (ZnCB9%, Sigma Aldrich), sodium
hydroxide (NaOH, 97%, Caledon Laboratory Chemicals), nitric acid (N&70%,
Caledon), and ammonium hydroxide (MpH, 2830%, Caledon)C-Myc Ag (Abcam,
Cambridge, Massachusetts, USA) had a molecular weight of 49 kDa (49,000 mol
Bovine serum albumin (BSA) (Sigma Aldrich, Oakville, Ontario, Canada) was used as a
negative control. All reagents were used as received without further ptiofic The
NdFeB, Grade N52 magnets were purchased from K&J Magnetics Inc @564mm).

The electrode support was fabricated using polydimethylsiloxane (PDMS) and a curing
agent (Sylgard 184 kit, Dow Corning). The coverslips (Fisher Scientifi&40B) had

dimensions of 2222 2 mm.

4.3.2 Synthesis of Magnetoresponsive Conductive Colloids (MCCs)

Three different MCCs (MCC1, MCC2 and MCC3) were synthesized using the mMWNT

samples S1, Slc, and Sl1se¢tion3.3.4). These preparations followed principlesed to
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synthesize ordinary ionic ferrofluid$62]. As illustrated irFigure 4.1, since the MNPs are
attached to the outer surface of the MWNTSs through covalent bonds, they magnetize the
MWNTs and, with assistance of an ionic surfactant and vigorous sonication, carry, suspend,
and stabilize the MWNTSs in DI water. The mMWNTSs tHere have the ability to move
along with the whole fluid in response to an applied magnetic field. The ionic surfactant
facilitates whole fluid electric conductivity since the electrical discontinuity due to separate

suspended mMMWNTSs is now overcome.

o
Magnetizing s;iﬁ:’fa T2 182 Stabilizing
s | S
32321 % ] mum— S22 —
N

MNPs ) TMAH

Figure 4.1 Synthesis of Magnetoresponsive Conductive Colloids (MC@3MWNTs

are first dispersed in water and then covalently functionalized with MNPs that are
coprecipitatedn situ. The resulting mMMWNTSs are p&zed using tetramethylammonium
hydroxide (TMAH) as a surfactant, yielding magnetoresponsive conductive colloids
(MCCs). (b) Upon visual inspection, an aqueous dispersion of MCCs rests in the absence

of a magnet (left) whereas it is attracted towards gn@iawhen it is present (right).

Although the mMWNT suspensions were not filtered or dried, the co
precipitation byproducts were removed from the three samples by decanting and washing
them. The pH was concurrently stabilized betweel0Qising precipitant drops during
washing. The resultindilute suspensions settled over 24 h under gravity after which excess

water was removed, leaving behind denser suspensions. Next, a 25% TMAH solution of
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the ionic surfactant was added where 60 ml of the solution was used for each 100 ml of an
MMWNT suspen®n. Sonication was performed thereafter for 10 min using a probe
sonicator. The MCCs were isolated for 24 h after which excess water was again removed.
Samples of known volumeere extracted from the preparation before and after surfactant

addition, and lso weighed before and after drying.

4.3.3 Synthesis of Magnetic Biological Ink

Like MCC, the first stepin producingthe magneticbiological ink requirestreatmentof
CNTswith concentratedHNOs. This createsurfacesiteswherereactivemoleculessuch
asCOOH,C=0,andCi OH, form covalentbondswith the CNT scaffoldandsubsequently
nucleatemagnetitenanocrystalgFesO4) [18]. Whenthe MNP yield is low enough antkc-
Myc covalentlybondsto the surfacethrougha condensatiomeactionbetweenthe amine
groupsof the Ab andthe remainingcarboxylic groups[226] without additionalreagents

[244]. The synthesiprocesof bioink is describedn Figure4.2

The MWNTSs are functionalized in the manner we reported of sample S1 described
previously insection3.3.3[18]. Briefly, 1 g of MWNTSs was first activated by dispersing
it in 200 mL of concentrated nitric acid and sonicated for 4 h in a sonication bath (VWR
International, Model: 9704936). The activated MWNT&@MWNTS) were subsequently
washed several times with deionized (DI) water, filtered, washed again and finally dried in
a vacuum oven. Magnetite nanoparticles wereprezipitated onto the aMWNTs by
stoichiometric calculations to obtain asBe&aMWNTs magngzation weight ratios= 0.1,

0.2, and.4 (w/w). Foro= 0.4, a mixture 00.92 g of Fed-6H,0O and 0.36 g of Feg¥H-O
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was first dissolved in 160 mL of degassed DI water and followed by ultrasonic dispersion

of 1 g of the aMWNTs for 10 mins with a fr® sonicator (Qsonica, Model: Q500 with

1/ 4 a -timat 85%aqower) and subsequently for 50 minutes in a sonication bath at 50°

C. A 2 ml of 30% ammonia solution was slowly introduced as a precipitant to increase the

pH to 9. The magnetized MWNTs MMWNT) produced were washed several times until a

pH ~ 7 was reached, and then filtered and dried in a vacuum oven for 1 hr. In the case of
the adsorbed MNPs on the surface of MWNTS, a previous methodajywas followed

to entangle magnetite and MWNTS, yieldimg 0.4.

anti-c-Myc

Ab Immobilization Tween20
2> (Blocking

Agent)

c-Myc

e Magnetic
ggp} @ A Biological Ink
N el i /

I et

PDMS Electrode £
Support

== Magnetically Printed
Sensor Strip
PDMS

Electrodes

Igaseline

c-Myc Interactions
Reduce Current |

Figure 4.2 Synthesis of the magnetic biological ink and its use to priaMy« sensor.
MWNTSs are treated with concentrated nitric acid, which produces unsaturated carboxylic

(r COOH) groups on the surface. Some of these groups act as nucg@safor thén situ
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co-precipitation of magnetitd=:04) nanocrystals and the remainder are availablarftr

c-Myc amine (NH2) groupsto form covalent bonds with th®IWNT surfaces. The
magnetic biological ink is then deposited onto a glass subsisaig a pipette where it
dynamically organizes under the influence of an external magnetic field and prints an

electrically conducting pattern.

Following activationand magnetizatiorof the MWNTSs, Ab immobilization was
performedForeachmgof MWNTSs containedin themMWNTSs, 2 mL of deionizedwater
wasusedasmediato disperseheprecursomagnetiank in solutionwith aprobesonicator
(15 seconds,30% amplitude). Correspondingto the amount of MWNTSs, an antkc-
Myc:MWNT weightratiof = 2.5x10* value wasselectedandan appropriateamountof
Ab (0.5pL, 0.5mgmL™) wasaddedto the mMMWNTSs (1.4 mg) in solution. The mixture
was incubatedfor 1 hour at room temperaturejnverted gently every five minutesto
maintain the suspensionpor when sedimentatio of the magneticbiological ink was

observedFollowing incubation the supernatantvasremoved.

A blocking procedurewasthenperformedto preventnon-specificbinding of Ag
moleculedo the magnetidiologicalink. Blocking of the MWNT surfaceensureshatthe
detectedsignalis directly relatedto thespecificAg-Ab interactionyeducingnoisethatmay
originate due to adsorptionof nonspecific molecules[226, 251]. For every 1 mg of
aMWNTSs, 2 mL of blocking solution(0.1% Tween?20 in deionizedwater)wasaddedto
themagnetidiologicalink [229]. Theink wasblockedfor ahalf houratroomtemperature,
inverted gently every five minutesto ensuresaturationof the ink surface.Following
incubationwith the blockingsolution,theblockedink waswashedhreetimesin deionized

water. A final concentratiorof 10 mg/mL was obtainedby adjustingthe amountof DI
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water. The sameapproachwasfollowed for the casewhenMNPs andAb wereadsorbed
ontheMWNT surfacesThesebiologicalinks areusedto print patterrs betweerelectrically
conductiveelectrodes.Once the pattern evaporatesthe resulting featureis usedas a
biosensothatmeasuress electricalresponséo depositedsamplesThemeasuremenisre
capableof distinguishingbetweenvarying picomolarconcentration®f c-Myc within 60

secondgFigure4.2).
4.3.5 Electrical Circuit, Sensor Assembly and Sensing.

To investgatethe sensingcapability of the dried ink, a voltagedivider circuit wasused
with a referenceresistancef Rer = 100kY .A squarePDMS (2.5x2.5x0.3 cm) section
wasusedto supporttwo aluminumfoil electrodesTheelectrodesvereseparatethy 5 mm
andfixed to the PDMS supportusingdoublesidedtape.A cutout(1x0.5 cm) throughthe
PDMS supportwascentereetweerthe electrodego allow sampledepositionon theink
strip. The electrodesvere wrappedaroundthis supportto provide electricalaccesswith
alligatorclips. ThePDMSelectrodeassemblyvaspositionednthetop of thesensorwhile
the alligator clips held the sensorassemblytogethermechanically.This ensuredgood
connectiorbetweertheink networkandthe aluminumelectrodesEachelectrodecovered
a ~1 mm sectionof the sensor,leaving another5 mm ink strip exposedfor sample
depositionandthereforeAg detection.The printed sensorof resistancdis wasconnected
in serieswith Rer. A PLC (Arduino Uno) suppliedthecircuit with a5V DC powersupply,
while an analogfeedbackvoltage allowed the PLC and computerunit to interpretand

samplethecurrenti passinghroughthecircuit atafrequencyof 10 Hz. After eachtest,the
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electrodeswere wiped with ethanol (100%) and left to dry to ensurethat no cross

contaminatioroccurred.

4.3.6 Characterization Methods

XRD analysis of MWNT and mMWNT powder sahas was performed using a Bruker D8
Discover instrument comprising a Davifitidiffractometer operating at 35 kV and 45 mA
using CeKgradiation Gag=1.79026 A\ABr uker 6 s DI FFRAC. Eva V3.1
for qualitative analysis of the constituenagksTransmission electron microscopy (TEM)

and electron energy loss spectroscopy (EELS) spectroscopy were with a JEOL 2010F field
emission microscope. For TEM, the samples were suspended in ethanol, dripped on to a
TEM grid and then wicked off with a #ge wipe. Optical and fluorescence (Enhanced
Green Fluorescent Protein, EGFP) microscopy were conducted using a Zeiss Axio
Observer.Z1. Magnetization measurements were performed using SQUID magnetometry
at room temperature. Electrical conductivity meas@m@is were performed using a VWR
SympHony conductivity probe (Model B40PCID). The suspension stability was measured
using a dynamic light scattering and zeta potential measurer (Malvern Instruments, Model:
ZEN3600- Zetasizer Nano ZST.he zeta potentiais the potential difference between the
dispersion medium and the thin stationary layer of fluid on the surface the particle. The
potential indicates the degree of repulsion between charged patrticles in dispersion, where

largegis indicative of stabilityf252].
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4.4 Results and Discussion

4.4.1 Magnetoresponsive Conductive Colloids (MCCs)

The MCC densities and compositions=() are presented ifiable4.1 The compositions

of the colloidal suspensions were measured by dsangples of known weight and volume
before adding the surfactant solution that had a specified concentration. The 1.22 g/cm
density of MCC2 is slightly lower than the 1.26 gfafensities of MCC1 and MCC2. This
small variation can be explained by the eifince in thechemical compositiorof the
MNPs The three fluids exhibit different visual responses toward magnets. MCCL1 has the
strongest response, as showfigure4.1b, which is reasonable since it is based on sample

S1 that has the highdgls = 30.6emu/g.

Material Phase MCC1 MCC2 MCC3
MNPs FexOa4 Mno.2Cuo.2Zno.eF€&0s | Cuo.aZno.eF€04
MMWNT wt% 4.1% 3.9% 4.1 %
TMAH wt% 10% 10 % 10 %
H20 wt% 85.9% 86.1% 85.9%
Density (g/cm) 1.26 1.22 1.26

Table 4.1: MCC compositions and densitids.all MCCs,4 4 wei ght percent
was dispersed in 10 weight percent TMAH aqueous solution. The densities of the three
MCCs are almost similar and lie between 11226 g/cm. The small variations occur due

to the different MNP weight percentages and chenticalpositions.
As shown inFigure4.3a, the ions in the surrounding medium rearrange around the
ends of the conductive MWNTs when they are polarized with an applied electri&dield

This shortens the ion transport paththe direction of polarizatiomnd deceases the
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effective electrical resistance of the colloidal suspersisn per Co [151p188) 6 s | a\
DI water has a relatively poor electric conductivity of 0.005 mS,aas sbwn in Figure

4.3p. Its conductivity is enhanced to 90.5 mSdoy simply dissolving ten percent TMAH

by weight. Adding another 4 weight percent of mMMWNTs further increases the
conductivity by 65% for MCC1 (to 149.5 mS.dm78% for MCC2 (to 161 mS.ch and

90% for MCC3 (to 169.5 mS.cH). MCC3 consisting of MNPs with the highest copper

content facilitate the highest electric conductivity, which shows how increasing the Cu

content in an MNP improves the electric conductivity of its MCC.

Electrical Conductivity (o, mS.cm')

Mnyg 2Cug2Zng gFe,0 - CNT
ClpsZnosFe,0, CNT [

D | Water 10%
TMAH

=
(o]
Q
N

Figure 4.3 MCC Electrical Conductivity. (a) MWNTSs placed in an ionic medium between
two electrodes charged by an electric fiélgdpolarize and become oriented along the
direction of the field. This MWNT orientation shortens the ion transport path, decreasing
the effecive electrical resistance of the colloidal suspension. (b) Dissolving 10% (w/w) of
tetramethyl ammonium hydroxide (TMAH) in DI water increases the electrical
conductivity i to 90.5 mS cm. Dispersing 4% (w/w) of the different mMMWNTS in the
TMAH solution enhancesi by 65-90%.
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Figure 4.4 presents the measured apparent zeta potental the three MCCs,
which are-32.5,-33.2,-33.1 mV for MCC1, MCC2 and MCC3, respectively. Since the

peake value is larger than 30 mV, all three MCCs have moderate collstialaility [253].
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Figure 4.4 Apparent Zeta Potential DistributioAll three samples show a similar mean

zeta potentialN = 3), of ~ © 33 mV, which indicates moderate colloidal stability.

4.4.2 Adaptation of mMMWNT for tiagnetic Biological Ink

The first step during ink production requires tMMVNTs be treated with concentrated
HNOs, which creates surface sites where reactive molecules, such as COOH, C=D, and C
OH, form covalent bonds ithh the MWNT scaffold and where magnetite nanocrystals
(Fes0a4) are subsequently nucleatg@b4]. The material characterizatiai the MMWNTs

is shown inFigure 4.54.7. XRD, TEM and SQUID measurements confirm that the

MWNTSs are successfully decorated with crystallingdzenagnetic nanoparticles.
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XRD analysis ofdried mMWNTs was conducted for the threes®e MWNT
weight ratioso = 0.1, 0.2, and 0.&igure4.5shows that all samples consisted only of the
intended magnetite and carbon phasBse powder diffraction file (PDF) database,
available through the Eva software, qualitatively confirmeddhahree samples contain
hexagonalcarbon CNTs PDF No. 08058-1638) and thepinel magnetite phase @&,
PDF No. 01071-6336).The average size of thed® nanoacrystals was calculated through
the Scherrer equatior8.8) applied atthe highest diffraction pea{@11). For all thre
samples, the MNP sizes lie in a narrowi8® . 3 nm range. [W8&,i ng Br
calculations of the average lattice parameters gDfare 8.403, 8.396 and 8.404 A for
= 0.1, 0.2, and 0.4. These values agree with those for magnetite (8.394 A, JCPDS No. 79
0417; and 8.400 A, COD card No. 1011084). For all three cases, TEM images at various
magnifications irFigure4.6 show that theMWNT surfaces are decorated with MNiRat
have high crystallinity and a narrow crystallite size distribution around ~10 nm. Increasing

dimproves the decoration density.

Becauseof their small sizes,the magnetitenanoparticlesare superparamagnetic
[92] with a high saturationmagnetizationConjugatingthe MNPs with the diamagnetic
MWNTs retainsthis superparamagnetlzehavior,whichis evidentin Figure4.7 sincethe
measuredhysteresisoopsfor all of thecasesndicatethatthereis noremanencer coercive
field. The magneticsaturationdMs = 3.03,7.79,15.09emu/gfor 0= 0.1,0.2and0.4. A
higher Ms value translatesnto a strongermagneticresponsedor the conjugatematerial,
which assistsmagneticprinting, producinga denserand more electrically continuous

biosensorstrip. Being superparamagneticdipole-dipole interactionsin the conjugate
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materialarelimited in the absencef a magneticfield, for instanceduring storagewhich

reducesianoparticleaggregationallowing repeatablesensoprinting.

B CNT
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Figure 4.5 X-Ray Diffraction Analysis of mMMWNTs.The XRD (Co K a=A). 79
patterns for magnetitefWNTs weight ratio§ = 0.1, 0.2, and 0.4 which confirm the
presence of a magnetite gEr) phase and a hexagorarbon phase from the carbon

nanotubes

0.1)

mCNT (y=0.2) mCNT (y

mCNT (y=0.4)

Figure 4.6. TEM imagesof MMWNT samples at various magnetioatiweight ratioo =
0.1 to 0.4(from top to bottom) confirm that all samples have been successfully decorated

with crystalline MNPs synthesized within a narrow size distribution around ~10 nm.
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Figure 4.6. Magnetic CharacterizatioMagnetic hysteresisucves show that all MWNT
samples exhibit superparamagnetic behavior, but have different saturation Malues
depending on their magnetite conteot (The greater this content, the stronger is the

material response to a magnetic field.

4.4.3 Visualizdion of Ab Immobilization ontMWNT Surface

The MWNT surfacesarefunctionalizedwith antic-Myc Abs throughtwo pathwaysThe
relatively low MNP vyield allows some active carboxylic groups to remain post
magnetization.Hence, subsequentaddition of antirc-Myc allows the Ab to become
covalently bonded even without intermediatereagents[244] through a condensation
reaction betweenthe Ab amine groups and the remaining carboxylic groups on the
MMWNT surfaces[226, 227, 229, 255257]. Alternately, Abs can also be physically
adsorbedon this surfacebut, as we explain later, Ab-Ag binding kinetics cannotbe
determinedusing the biosensorin this case.The final ink preparationstep involves

dispersingthe mMWNT-Ab hybrid nanoparticlesn an aqueoussolution of Tween 20
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(polysorbate20), which actsasa blocking agent,coatsthe MWNT surface,andprevents

nonspecificAg-Ab binding.

The binding of Ab moleculesto MWNTSs is visualized through fluorescent
microscopy. SecondaryAb, fluoresceinisothiocyanatgFITC)-conjugatedDonkey antt
MouselgG H&L, is usedto createafluorescenink, for whichthe Ab:MWNT weightratio
I =2.5x10% Thefluorescencéntensityis invariantto the Fe&sOs:MWNT weightratiof in
the range0.1-0.4, as shown Figure 4.8 c, i.e., the magnetizationof MWNTSs has a
negligible impact on Ab immobilization on the nanotubesurfaces.Hence, MWNTs
magretizedwith = 0.4,which exhibitrobustmagnetiacesponseareusedto fabricatethe

biosensostrip.

Thefluorescencemagedor MWNT samplesvith covalentlypondedAbsin Figure
4.8 c arevirtually indistinguishabldérom theimagein Figure4.8d, which revealsAbsthat
areadsorbeantoasmanufacturethanotubesurfaceghatdo notcontainfunctionalgroups.
Thus,for the particularAb:MWNT weightratio used thereappeargo be no differencein
Ab immobilization on nanotubesurfacescorrespondingto (1) mMMWNTSs, or (2) as
manufacturedMWNTs thathaveno surfacefunctionalgroupsat acidinduceddefectsites.
Thereis no fluorescencen the absenceof Ab conjugation,i.e., when! = 0, seeFigure
4.8, confirming that the fluorescencesourcesn Figure 4.8 d aredueto FITC-labeled

Absonly.
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Figure 4.8: Visualizationof Ab immobilizationon the surfaceof MMWNTS. First, FITC-
labeledfluorescentAbs are employedto confirm Ab immobilization on the surfaceof
mMMWNTsfor anAb: MWNT weightratiol =2.5x10%in anink whereAbs arecovalently
bondedwith mMMWNTsthathaveFe;Os: MWNT weightratios(a)l =0.1,(b)[ =0.2and
(c)r =0.4,and(d) for anink thatcontainsadsorled Abs on MMWNTs with| = 0.4.For
(e)t =0, =0.4,nofluorescences observedrom MWNTs andFe;04, confirmingthat

the fluorescenceobservedin (a)(d) originatesfrom FITC-labeledAbs only. No visual
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differencesin fluorescenceare detectedor samplescontainingdifferent weight ratios of
magnetite,and thosecontainingadsorbedand covalentlybondedimmobilized Abs. (f)
STEM and EELS micrographsrevealthe presenceof elementalcarbon(C), oxygen(O)
and nitrogen(N). The nitrogen,which is presentonly in Anti-c-Myc Abs, confirms Ab

immobilizationon the conductiveMWNT network.

Sinceantic-Myc Ab is nonfluorescentan electronenergylossspectrum(EELS)
is performedto identify Abs on the mMMWNT surfacesFigure 4.8 depictsa scanning
trangnission electron microscopy (STEM) micrograph and the correspondingEELS
spectrumfor the ink. The spectrumhighlightslocationswhereelementalC, O andN are
presentSinceN originatessolelyfrom the Absandno otherink componentits mapreveals
antic-Myc locations. The micrographuncoversa generalstructurethat consistsof a
MWNT-Fes04-Ab network,wherethe MWNT meshproduceghe electricalpathandthe

Abs areAg receptorsites.

4.4.3 Fabrication of the Biesensor

The device is fabricated ahown inFigure 4.9 A 10 €L volume of
biological ink is deposited with a micropipette over a 7 mm length on a glass coverslip
directly above one of the magnet edges, which concentrates the magnetic field locally,
which dynamically self orgazes the magnetized and AlnctionalizedMWNTSs into a

dense electrically conducting strip. After it is printed, each sensor is dried for 20 minutes
at room temperature in the presence of the magnetic field, which maintains the integrity of
the MMWNT-Ab conjugate. When the dispersing medium (DI Water) has evaporated, dried

printed sensor strips of ~7 mm length and ~1.5 mm width remain on the coverslip, held in
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place by Van der Waals and electrostatic forces. Despite visual observations of cracks,

strips atdifferent times exhibit identical sensing responses to various samples.
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Figure 4.9: Printing techniqueand sensorassembly(a) 10 ¢ Lof the magneticbioink is

depositedon top of a glasscoverslipthatis placedon a permanenmagnet.The applied
magneticfield concentratesand self organizesthe functionalized mMMWNTs on the
substrateAfter thesupernatanin theink is evaporateda patternedstrip of denselypacked
Ab-functionalizedMWNTs remainsdepositedon the substratewhich forms the sensor.
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The STEM micrographidentifiesMNPs andantic-Myc that constitutethe print basedon
the magneticbioink. Electrodesarereadily connectedo eitherendof the strip, providing
currentto thesensor(b) A voltagedivider with areferenceesistorRer = 100kY monitors
current changesthat measurethe biosensorresponsedo the various samplesthat are
depositednit.

Typically, each senMWNTsco0nsdOsCuesg @Ff ~Fled 0
ng of antic-Myc Ab, i.e., the material usage per sensor is kri@nce, the material cost
of a printed sensor is lower than 20 cents (Canadian). The sensor is integrated with
electrodes using a polydimethylsiloxane (PDMS) support and alligator clips that connect
the strip to an electrical circuit. With a referencgis@nceRer, an external circuit is used
to measure redlme current changes when samples are deposited on the biosensor, see

Figure4.%.

4.4.4 Sensing Measurements

Two typesof testsare performed.(1) A sampleis depositedonceon the surfaceof the
printedbiosensostrip, and(2) equalamountsof the samplearedepositedepeatedlyafter
specificintervalson the sensoisurface Threetestsareperformedwith everysample gach
with anewly printedbiosensorFigure4.10apresentsemporalrespnsesvhen2 ¢ Lof (1)

purified c-Myc with 40, 20, and 10 pM concentrations(2) DI water, and (3) 40 pM

concentratiorof bovineserumalbumin(BSA) are placedon the biosensorThe BSA is a

nonspecificAg towardsantic-Myc Ab andis thereforea negativecontrol.

Figure4.10a showsthat after sampledepositionat time t = 2son aninitially dry

biosensorthe currentis decreasegapidly from its initial valueip s 47 € Abeforereaching
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steadystate.Both DI waterand BSA samplesnducesimilar decreases the biosensor
current.In contrastjs doesnot level off asquickly whenc-Myc is depositedon the strip,
but continuesto decreasdelow the steadyvaluesreachedfor DI waterand BSA. The
biosensorrespondsdifferently to c-Myc sampledepositiondue to the Ag-Ab binding
kinetics sincethe interactionof anttc-Myc Ab with the specificc-Myc Ag increaseghe
electrical resistanceof the sensor,which in turn decreasess [258, 259]. Nonspecific
interactionsof antirc-Myc with DI waterandBSA do notdecreass assignificantlybelow
its initial value. The relatively slow Ag-Ab binding kinetics inducethe gradualcurrent

reduction.

The biosensorresponseshownin Figure 4.10a underscoreghe specificity with
which the ink detectsc-Myc. Increasingthe Ag concentratiorenhance#\b binding and
thus,the electricalresistancef the sensorstrip, which leadsto a largercurrentreduction
andsteepetemporalcurrentgradientdig/dt, asshownin Figure4.10a. Thevaluesof is at
t = 60 s for the 40, 20, and 10 pM c-Myc concentrationsare 34.64.5, 38.8:0.4, and
40.940.1 ¢ A respectively,confirming that currentreductionscaleswith increasingAb

concentration.

During 30 < t < 60 s, the gradientdis/dt is constantwhich alsocorrelateswith the
c-Myc concentrationFigure 4.1 presentghe ratio is dis,a,30s Whereis a is the temporal
current attimet averageaverthreerepetitivetestsfor asampleandis a zos= isaatt = 30s.
Figure4.1(crevealdinearcorrelationdetweerthecurrentgradientsobtainedrom Figure
4.10® andthe c-Myc concentrationsThesecorrelationsare in agreenent with reported

response$or CNT-basedbiosensorg226, 243, 244]. By simply monitoringthes ens or 6 s
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transientelectricalresponseit is possibleto rapidly identify c-Myc positivesampleswvith
different concertrations. This makesAg monitoring feasible without using additional

reagentandsophisticate@lectricalequipmenthatis typical of otherbiosensor$244].

Acid treatmentof MWNTs provides functional groups at defect sites on the
nanotubesurfaceswhich promotethe covalentimmobilization of Abs. During sample
deposition,Ag-Ab interactionsat defectsites,where Abs are now immobilized, restrict
currenttransporivertime significantly,amplifying Ag detection258, 259]. Hence when
anti-c-Myc Absarenotcovalentlypondedo aMWNT butareinsteadohysicallyadsorbed,
we have determinedthat the Ab-Ag binding kinetics cannot be measuredwith the

biosensor.

Theresponsef the biosensotto successivd ¢ Lsampledepositionds presented
in Figure4.1(d for threetypesof biosensostripsthatareprintedwith threedifferentinks.
Thesdanks contain(i) covalentlymMWNTsthathavenotyetbeenfunctionalizedwith Abs
(ink 1), or (i) MWNTSs thathaveboth FesO4 nanoparticlesandanti-c-Myc Abs adsorbed
on their surfaces(ink 2), and (i) MWNTSs that are covalently magnetizedwith FesOa
nanoparticlesand containboth covalentlybondedand adsorbedanti-c-Myc Abs on their
surfaceqink 3). The functionalizedMWNTSs for all threeinks aredispersedn DI water

containing0.1% Tween20.
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Figure 4.10: Biosensor transient response.(a) Immediately after 2 € Lsamplesare
depositedon the sensorstrip, the DI waterand BSA samplesnducea rapid decreaseén

electricalcurrent,which subsequentlievelsout. In contrastsincethe sensoiis inherently
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sensitiveto c-Myc Ag interactiongdueto theantic-Myc Absthatarecovalentlybondedo
thesurfaceof MWNTS, the currentfor all c-Myc samplegiecrease® levelsbelowthose
measuredor DI waterand BSA depositionwhich offers proof of targeteddetectionand
sensospecificityto c-Myc Ags. Thehigherthe c-Myc concentrationn asamplethelarger
thecurrentdecreasd inducesAll of thedepositea-Myc samplegproduceasteadycurrent
decreasealuring the period 30 s < t < 60 s. Normalizing the averagecurrentover that
durationleadsto the quastlinearresponsehownin (b). Thereis alinearcorrelationin (c)
between the normalized current gradients in (b) and the correspondingc-Myc
concentrationBiosensorresponseto successivd € Lsampleadditions. (d) Acting asa
control, magnetizedMWNTSs that are not functionalizedwith Abs (i) cannotdistinguish
betweem0pM BSA andc-Myc samplesblackdashedndsolid curvesrespectivelyWhen
anti-c-Myc is immobilizedon the MWNT surfaceghroughadsorptionagain(ii) thereis
insufficient discriminaton betweenthesetwo samples.In contrast,a sensorfabricated
using an ink in which anticMyc is attachedto the MWNT surfacesthrough acid
functionalization (iii) clearlydistinguishedetweerthe two negativecontrolsamplespI
waterandBSA, andthe Ag of interest,c-Myc.

Biosensorgrintedwith inks 1 and2 do notdiscriminatebetweed0 pM c-Myc Ag
and40 pM BSA, i.e., they producesimilar response$or thesetwo samplesandit is not
possibleto positively detectc-Myc by printing biosensorstrips with thesetwo inks.
Differencesbetweenspecific (c-Myc) andnonspecific(BSA) samplesareapparenbnly
with biosensorshatareprintedwith ink 3. With ink 3, the40 pM c-Myc sampleproduces
thelargestcurrentreduction followed by the20 pM and10 pM c-Myc samplesWhena5
¢ Lsamplecontainingc-Myc Ags is depositedon the biosensoiin 1 ¢ Lincrementsthe
successivasampleadditionscontinueto increasehe electricalresistancenddecrease¢he

sensorcurrent.
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4.5 Conclusion

MWNTSs were decortad byin situ co-precipitation with different magnetic nanopatrticles
(MNPs). These magnetized MWNTs (MMWNTS) were successfully suspended to create
novel and hitherto unreported magnetoresponsive conductive colloids (MCCs) that have
moderatecolloidal stablity. The MCC synthesis merges processes used to produce
ferrofluids and mMMWNTSs, which is another novelty. Three magnetoresponsive conductive
colloidswere successfully prepared using these three types of the MNPs All colloids

have moderate suspension stability since their mean zeta poteatied3 mV. Their
electric conductivities of 15070 mS.crit are much higher than the conductivity of the
deionized water dispersing medium that is a poor conductorchédmaical composition of

the MNPs that decorate an mMMWNT influences the electric conductivity of their MCC. For
instance, increasing the copper content in an MNP improves the MCC electric conductivity.
In summary, we have provided a novel methodology ¢édyce stable magnetoresponsive
conductive colloidal suspensiomgth tunable magnetic and electrical properties. These
colloidal suspensionsre a promising new class of material that could be used for
applications where a magnetic response, or action &rdistance, must be coupled with a

viable material electrical conductivity.

By the adaptation of MCCO6s synthesis,
contains Abs immobilized on the surfaces of mMMWNTSs that are dispersed in DI water
containing Tveen 20 as biwompatible surfactantnk synthesis is straightforward and
does not involve complex chemistry or use of intermediate reagentgpplied magnetic

field dynamically self organizes the magnetized and functionalized CNTs, printing them
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into anelectrically responsive strip that serves as a biosensor to detect spgsifinlike

previous methods, a magnet is not required during sensing, facilitating simple integration

of the sensor into an electric circulthe sensor detects picomolaMyc concentrations

within a minute and distinguishes betweerMyc and BSA samples of different
concentrations through decreases in the sensor current. These decreases, which occur due
to reattime specific AbAg binding kinetics, are larger at higher Ag cortcations.The

detection technique is simpler, inexpensive and rapid as compared to typical cyclic
voltammorgam analysis. Once the ink is synthesized, the time required to create a prototype
sensor is less than 5 minutes, excluding ink drying time. Geanititative Ag detection

with picomolar sensitivityoccurs within a minute after a sample is deposited on the

biosensorThis proof of concept ink and sensor can be tailored to detect different Ags.
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5. Magnetizing of MWNT viaNon-covalentFunctionalization(Ni-
MWNT Hybrid Nanomaterials)

5.1 Introduction

In this chapter an experimental investigations will be presented to highlight the
magnetizing of the MWNTvia noncovalent functionalization We describe a
nondestructive method to magnetize MWNTSs armayjole a means to remotely manipulate
them through the electroless deposition of magnetic nickel nanoparticles on their surfaces.
This nickelMWNT hybrid nanomaterialvas used to fabricate MIWNT macrostructures

and tune their morphologies by changingdirection of an applied magnetic field. These
structures could find use in narend microscale filtration, as well as for printing electric
circuits. Further, everaging the hydrophilic NMWNT outer surface, a watdrased
conductive ink was created anded to print a conductive pathvith low electrical

resistivity, illustrating the potential of this material for printing electronic circuits.

Thischaptelis reprintedrom Material Research Expre$sabrication of Nanoscale
to Macroscale NickeMultiwall Carbon Nanotube Hybrid Materials with Tunable

Material Properties 3, Ahmed M Abdalla, Tahereh Majdi, Suvojit Ghosland Ishwar K

Puri, Copyrght 2017, with permissions from IOFhe author of this thesis is the first
author and maicontributor of the above mentioned publicataord hasonducted all the
experiments The chapterwill provide a literature review which is discussed in the

baclground nformation section, followed bgxcerpts from the above mentioned paper.
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5.2 Background Information

As uniaxial material§99], carbon nanotubes (CNTs&)ust be axially alignedo fully
exploit theirsuperior electrical and mechanical propeifties 100] Magnetized CNTs can
be manipulated and aligned using a remotely applied madieddif95, 96] Coating CNTs
with a magnetic metal also impravtheir oxidation resistan¢@9], electrical conductivity

[139], adhesion to polymef87], and ability to assume mechanical lo§2B80].

Like many other substrates, carbon nabets can also be coated with metals
through electroless plating, a nondestructive, straightforward, and rapid method which can
be performedunder ambient conditionf@7]. Electroless platings applicable toany
conductive or nonconductive substrate regardless of its size and [dH&ePlating
produces a coating layer of uniform thickness regardless of variations in the substrate
thicknesq261]. The resulting metaCNT hybrid nanomaterial haslatively high surface
area, electrical conductivity, tensile strémflL41], andsuperior hardnessvear resistance
and magnetic propertig97]. Such nanomaterials are used in sensors, electronic devices,
catalytic and electrochemical technolodi#41], and reinforced composit§a60]. Nickel
is a common ferromagnetic platingaterial. Electroless Ni deposition occurs through the
in situreduction of the metal from an iorsolution andeverages Van der Waals forces to
form weak noncovalent bonds between the outer surface of the CNT and its surrounding

metallic nanolayef62].

An electroless process for plating multiwall carbon nanotubes (MWNTSs) with

nickel nanocrystalss schematically describaed Figure5.1 where nickel chloridés used
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as the metal iosourcg146]. A reduchg agentsodium hypophosphit@rovides electrons

that reduce nickel ions () into metallic nickel (Ni) using a catalygt47]. To constrain

the reaction on their surfaces, the MWNTs must betreaged with a catalygirior to
depositing Ni on their surfaces. The deposit forms a continuous Ni layer that encapsulates

the MWNTSs and is attached to their wgllgl9].

SnCl, / PACl,

——>

Catalization

Figure 5.1 CNTs magnetized with Ni by Electroless Depositi¢a) MWNTs were
catalyzed through two chemical treatment steps using acid solutions of famCl
sensitization and Pdgfor activation. Electroless deposition of Ni on the resulting activated
MWNTs (aMWNTSs) used a plating solution containing a nickel salt and a reducing agent,
where nickel ions accept electrons from the reducing agent to form metallic nickel through
metal reduaon.

The catalysis consists sénsitizing and activatingteps Tin ions (SA") are used to
sensitize MWNTs and palladium ions @Pdor activation[99, 178] The Si* and Pd*
ionsare dissolvedn a dilute HClsolution,andcatalysisis acceleratethrough sonication

[147, 262] The SA* adsorbs on the MWNT surface during its sensitization and reduces

Pd** to Pd during the subsequent activation $158], i.e.,
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P+ Srit-  SA" + P. (5.2)

As a catalyst, Pd initiates the reduction reaction that deposits NMWNTSs.
Initially, this deposition occurs at preactivated sites, but once these are covered and
shielded, subsequent accumulation occurs over existing Ni layers, which now act as new
autocatalytic surfacef63]. This form of electroless deposition is a redox process that

consists of an oxidation reactiar the reducing agent and a reduction reactibnickel

ions[150], i.e.,
3. Oxidation H,PO, + HLO- H,PQ + 2FH2e; (5.2)
4. Recombination H*+H" - H,,and (5.3)
5. Reduction Ni*'+ 2 Y 15%% - Ni. (5.4)

Initially, deposition produces Ni nanoclusters, which, as the process continues,
merge witmeighboringclusters to produce a Ni layer ovbe MWNTSs When this metallic
layer becomes continuous, the growth rabgressed as volume per uaikeais linear
[263]. A cationic polymer can be applied as a dispersing agent to prevent the MWNTSs from
aggregatig [149], and sodium citrate igenerallyused as an agent to prevents Ni from
complexing[147]. Because we use sodium hypophosphite as the reducing agent, the Ni
layers contain a small amount of phosphorus. While the Mixture is a good catalyst and
resistant to sulfuf264], theinclusionof phosphorus is detrimental to the mefaN T 6 s

magnetic propertie®9].

We prepare NMWNT hybrid nanomaterials (NiCH) with different nickel weight

contents by electroless platinghe Ni:MWNT weight ratio o (w/w) influences the

93



Ph.D. Thesi§ AhmedM. Abdalla McMaster University Engineering?hysics

morpholog, thicknessandcontinuity of the Ni layers deposited on the MWNT, as well as
the mechanical and magnetic properties ofNif@H thatis producedPlatinga MWNT

with the electrically conducting metallic layer decreases its contact resistance since the
continuous Ni layer behaves as a conducting bridge connecting adjacent CNTs for . A
micro-composite structures formedfor 2= 14 and 30. The deposited Ni acts amarix,

and the MWNTSs are the reinforcing filler materidhe asprepared NiCH could have
applications as a mesoporous matgfidll] although our future interest is to incorporate it
into polymeric materials to produce composites with enhanced electrical and thermal
conductivities, and electromadite interference shielding146]. The magnetically
susceptible nanostructuregre fabricatednto macroscale NMWNT composites, where

their structures were tuned by changing the direction of the magneticTirgdydrophilic

Ni surface improves the dispersion of the MWNTSsl&ionized water, which allowed us

to create a conductive ink that rapidly prints an electrical circuit. Other applications of the
material includenane and microscale filtration, energy storage, and composite
nanomaterial§265-268].

5.3 Methodology

5.3.1 Materials and Reagents

We used MWNTSs produced by chemical vapour deposition (US Research Nanomaterials
Inc.) with purity > 95%,outerdiameter of 26B0nm, inner diameter of-40 nm, and length
betweerD.5-2.0um as specified by the manufacturéne other reagents used were nickel

(1) chloride (NiCk, 98%, Alfa Aesar), nickel (Il) sulfate hexahydrate (NiS8H20, 99%,

SigmaAldrich), sodium hydroxide (NaOH, 97%, Caledon Laboratory Chemicals),
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hydrochlaic acid (HCI, 36.538%, Caledon), stannous chloride dihydrate ($2€bO,
98%, Caledon), ammonium chloride (ME, ACS grade, BDH/VWR International),
sodium citrate dihydrate (N@sHs507:2H20, 99%, EMD chemicals Inc.), sodium
hypophosphite monohydrate (NgPQ;-H20, lab grade, Anachemia Canada Co.), and
palladium (II) chloride (PdG) 100%, Artcraft chemicals Inc.All reagentswere usedis

received without further purification.

5.3.2 Catalyzing Carbon Nanotubes

The MWNTs were catalyzedhrough two stps [97, 141, 147, 263]First, sensitized

MWNTs were produceavith 100 ml of stannous chloride solution consisting of 2g $nCl

10ml HCl and 90ml deionized (DI)2 per each g of MWNTSs. The sensitisation proceeded
under sonication with a probe sonic-tiptor (Q
at 35% power) for 30 min. The sample was then filtered, washed with DI water, and finally

dried in a vacuum oven at 70 °C fonehr. Next, each gram of sensitized MWNwWas

activated with 100 ml of palladium chloride solution consisting of 0.03ga@Iil HCI

and 98ml DI water. Again, activation proceeded with identical sonication. The sample was

finally filtered, washed with DI water, and dried as before.

5.33 Syrihesis of NiICH Nanostructures

Electroless plating of activated MWNTSs proceeded by depositing nickel nanocrystals under
stoichiometric conditions for the chemical

for Ni-plated CNTs(Ni: MWNTSs) [147, 149, 262] A gram of activated MWNTs was
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di spersed in 100 ml of DI water and soni c.
micro-tip at 35% power) for 20 min. Next, the plating solution (1.7g Hidl.1lg
NiSO4-6H20, 5.5g NHCI, 4g NaCeHs07:2H.0, 5g NahPO,-H20 and 100 ml DI water)
wasaddedand the sonication continued for 60 mins. Sodium hydroxide solution (2N) was
introduced during t he s o n9duriagtthe platingproaesse s s t
After platingfor 60 min, the sample wasiigkly filtered, washed with DI water, and dried

in an oven at 200 °C fawo hr. Employing the electroless plating process described above
stoichiometric calculations for samples SN1, SN2, and SN3 were implemented

respectively obtain= 1, 7, and 140 explore the influence af

5.34 Fabrication of NiCH Macrostructures

NiCH nanostructures with = 1 weredispersed in DI water using a probe sonicator. A
strong magnetic field was applied to force thesttlingand alignment into two compact
configurations, vertically (DM1) and horizontally (DM2), as showrFigure5.5. These
configurationsled to differently orientedNi-MWNT macrostructuresNext, the plating
solution was prepared as describedantion5.3.3for a stoichiometriccalculation fo 0=

30. Finally, the plating solution was slowly poured onto either aligned configuration under
an applied magnetic field with no sonicatiapplied while the pH was adjusted to 9

Electroless deposition was stopped after 60 min.
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5.35 Ni-MWNT Water Basd Conductive Inks

MWNTSs are hydrophobic while nickel is hydrophilic. Hence, the Ni coating provides new
functionality for the MWNTSs by facilitating their compatibility with polar mefi@]. This
allowed us to prepare watbased conductive NMIWNT inks for rapid printing of

electrical circuits tigure 5.8a).

The preparation process is simple and rapid. A synthetizBdWINT (0=7) sample
was dispersed in DI water using a probe sonicator. Different inks with varying volume
contents of NiMWNT (o=7) (i.e. 1, 2, 4, and 8 vol%) were prepared by dispersing the
equivalent weight into the intended volume of water (where the matenmditgd was
approximated as 8.05 g ¢in During printing, the inks were poured into a plastic mould
(acrylonitrile butadiene styrene) with dimensions of 1 mmx1 mmx10 mm with and without
the assistance of a magnet. The printed lines were dried over aat®tpl60 °C. An
MWNT-based ink was prepared with a volume content of 2% to compare with the Ni

MWNT -based inks.

5.36 Characterization Methods

X-Ray Diffraction (XRD) analysis of NiCH powder samples was performed using a Bruker

D8 Discoverinstrument comprising a Davirl diffractometer operating at 35 kV and 45

mA using CeKgradiation éswg=1.79026 A\ABr uker 6 s DI FFRACwdava V3.
employedfor qualitative analysis of the constituent phasssanning transmission and

transmisn electron microscopy (dark field STEM/TEM) and energy dispersivayX
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(EDX) spectroscopyvere conducteavith a JEOL 2010F field emission microscope. For
STEM/TEM, the samples were suspended in ethahioppedonto a TEM copper grid,

then wicked off wih a Kimwipe. Scanning electron microscopy (SEdds conductedith

a JEOL 7000F microscopmxuipped with a Schottky Field Emission Gun (FEG) filament.

For SEM, the samples were suspended in ethanol and drgoped carbon tape on an
aluminum stub. Magnetation measurements were performed ussugerconducting
guantum interference devid&QUID) magnetometry (Quantum Design Inc.) at room
temperature. Atomic Force Microscopy (AFM Bruker, Multimode 8 with ScanAsyst,
NanoScope 9.1 software) was used to deitez the elastic modulus. The AFM tip (TAP

525 A) with measured tip radius and deflection sensitivityOafirh and 121.3 nm/V (using
thebuiti N Ramp mode), was <calibrated with a re
test sample kit) that had a known elastic modulus ofG¥B8 The natural frequendy and

the spring constatof the tipwerecalculated fom the thermal tuning data to be 520 Hz,

and 192.3 N/m, values which are in good agreement with standard values of 525 Hz and
200 N/m provided by the manufacturer. All measurements were performed using
NanoScope Analysis 1.5 softwaikhe samples were quended in ethanol using a probe

sonicator, dropped onto a stainless steel disc, and dried in vacuum oven.

5.4 Results and Discussion

5.4.1 Material Phases

The XRD analysis presented kigure 5.2a shows that all NiCH samples contain the

anticipated material phases and are devoid of other phases. All three samples contain
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crystalline nicke(Ni, PDF No. 00004-0850)and hexagonalarbon Cs, PDF No. 00058
1638). Due to its relatively low content, the diffraction peaks of phosphorous (P, PDF No.
01-075-0577) could not be distinguished from noise. We found no evidence of the Ni/P
alloy NisP, which is reasonable since the samples were treated at a relatively low
temperature of 20C. The analysis confirmed the existence of Cassiterite {SP0F No.
00-041-1445) in the samples, which likely formed due to the oxidation &f ®nSrf*
during the reduction of Pdto Pd. Since a small quantity of Pd®@las used during the
activation process, the Pd contained in the samples is lower than the instieteetion
threshold.

The EDX/TEM results presented filgure5.2b confirm the existence of elemental
C, Ni, P, Cu, Sn, and O. The copper arises from the TEM gri®anmsidetected in all three
samples with a relatively small contribution. These resulentity phosphorus as a
byproduct in the Ni layer.Figure 5.2c presents EDXMHark field STEM linescanning
results for the NiCH samples, which provide evidence of a uniform Ni coating around the
MWNTs and the wavy features. The elemental composition is @gafirmed to include
carbon and nickel. As expected, t@eNi ratio of these two elements decreases as

increases.
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Figure 5.2 Phases analysis of the-8NT (NiCH) hybrid nanomaterialga) The XRD

(Co Ky) patterns for samples SN1, SN2 and SN3 show that a nanocrystalline nickel phase
formedon the MWNT surfaces. Oxidation of 8o Srf* wasinferredsince no foreign
phases were detected. There is also no evidence for the formation of a crystabine Ni

phase. Symbol sizes are varied to improve illustrafioyilThe EDX analysis for SNSN3
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showsa smallphosphorous content as the reaction byproqorEDX/Dark FieldSTEM

Line ScanningNickel forms a wavy coating around MWNTSs with slight variations in the
layer thickness and density. The measurements confirm the existence of MWNTSs inside
the coating layer and Ni as the major component of the outengoat

Theweight ratios

_ (wt of Ni- MWNT hybrid) {wt of aMWNT)
- wt of aMWNT !

(5.5)
werecalculated to be 1.1, 6.6, and 14.2 for SN1, SN2, and SN3, respectively, which vary
slightly from the intended ratios of 1, 7, and T4is indicateghat even afteacivated
MWNTs (@MWNTs)are fully coatedvith Ni, plating continues until all Ni in the source

material is consumed, implying that while the Pd catalyst initiates the reaction, the plating

becomes autocatalytafterward

Dark field STEM and TEM images at xiaus magnificationsKigure 5.3) help
visualize the NiCH produced for differemtAll images provide evidence of complete Ni
coating octMWNTSs and a certain coating thickness for a speoiflacreasing increases
the average thickness of the Ni lay@hich is 1015, 4060, and 10a.50 nm foro=1, 7,
and 14, respectivelyncreasing increases the Ni connections between plated MWNTS so
that the sparse MWNT network for 1 is much denser at= 14 when microscale NiCH
structuresare producedin these latter microstructures, Ni is a conductive metallic matrix
that contains MWNTSs as the reinforcing filler.

High-resolution TEM images confirm that the plated Ni layaristalline,and the
coating is in direct contact with the MWNT surfaces. SEM irsagfesamples SN1 and

SN3 Figure5.4) indicate that microrsize MWNT networks become interconnected as the
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nickel deposited on adjaceMWNTs merges. Thus, the conductive NiCH composite

contains nanostructures for 1 which become bulk structures when 14.

7) SN1 (y =1)

Z
N
Z
)

Figure 5.3 Dark field STEM/TEM images of samples SN1, SN2, and SN3 at different
magnifications visualizehe NICH hybrid nanomaterial prepared through electroless
plating for different weight ratios=1, 2, and 3 The average thickness of the Ni coating
layerincreasesrom 10 to 150 nm wheanincreases from 1 to 14 in the three samples. All
samples show continuous coating of Ni on the CNTs. Sample SN1 has a smaller Ni layer

thickness and higher coatingyéa porosity while the coatings for samples SN2 and SN3
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havelargerthickness and better layer continuitye Ni connections between MWNTSs are
more obvious for SN3, which is a microcomposite with Ni forming a conductive metallic

matrix around reinforcing// WNTSs.

SN3 (y=14)

Figure 5.4 SEM imagesof samples SN1 and SN3 at two magnifications confirm the
deposition ofickel in the form of merged Ni nanolayers that cover the outer surfaces of
the MWNTSs. Nickel links the MWNTSs through conductive connections to prosicren

sSize networks.

5.4.2 Elastic Modulus

Using an AFM the average elastic modulisvas measureih the radial direction for the

pure MWNTs (S0) and for NiCH samples for=1 and 7 (SN1, and SN2 respectively)

These three measurememtsre perforned under similar AFM calibratiortonditions so

thatthe resulting values arelative to the elastic moduldg = 350GP3 of the standard

sapphire sampldzigure 5.5 shows AFM measurements ovke m s quar e -l ater a
sections of SO and SN1 an@® a mquare lateral crossection of SN2. Pure MWNTSs have

averageE (N=20) ~ 12.5 + 2.@Pa while sample$SN1,and SN2 have largét (N=20) ~

18.3 £ 6.3, and 58.7 + 22@GPa,respectively. This increase in the elastic modulus is

attributed to the increase ingtmickel contentyfrom 0 to 7) and thickness (from 0 to 60
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nm). Increasing th&i:MWNT weight ratioo from 0 (SO0), to 1 (SN1), and finally to 7
(SN2) significantly increases Ehowingthat o provides control and tunability over the
NiCH elastic modulus.

MWNT (S0) Ni / MWNT (y=1, SN1) Ni/ MWNT (y=7, SN2)

31.0nm 43.6 nm 46.8 nm

Topography (nm)

138.1 GPa

AFM elastic modulus (GPa)

AFM elastic modulus (GPa)

Ni : MWNT weight ratio (y)

Figure 5.5 AFM topographical and mechanical sketchafgamples SO, SN1 and SN2.
Pure MWNTSs (S0) had an average elastic modilid2.5GPawhile Ni-MWNT samples
foro=1, and 7 had values & ~ 18.3 (46% increase) and 585Pa(370% increase),

regectively. Increasinfli:MWNT weight ratioo enhances the measured modulus.

5.43 Magnetic Properties

Since pure MWNTSs are diamagn€ft, 58] those magetized with ferromagnetic Ni are
expected to exhibi saturatiormagnetizatiorMs intermediate between the two materials

[269], which is determined using SQUID magnetometry, as reporteHigare 5.6.
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Magnetic nanoparticles typically exhibit superparamagretiaviorwhen their sizesre
smaller than a critical dimensidf2]. The hysteresis data Bfgure5.6 indicates that all
samples show small departures from superparamagbeliavior, since they show a
remanencd/; < 1 emu/g and a coercive figitt < 30 OeThis is attributedo the Ni layer
thickness of 1450 nm and length of 03 um that are larger than the critical
superparamagnetic dimension which is a few nanometers {@7 0.

Increasing increases the Ni coating layer thickness with the consequence that the
Ni grain size increases. Raisingrom 1 to 7 for samples SN1 and SN2, respectively,
increasedVs from 4.1 to 9.5 emu/g anbll; from 0.51 to 1.01 emu/g, whilec remains
unchanged &0 Oe. This improvement in magnepioperties, when is raiseid,explained
throughthe associated increase in the average Ni layer thicknffsssn 10 to 60 nm.
Although both dimensions are higher than the critical superparamagnetic dimension, they
leadto single magnetic domains. Further increaseanl4 for sample SNi8 accompanied
by an increase in the Ni layer average thickness tel500nm. This larger Ni domain size
increases thmagnetostatic energy, which decreases when the larger disrdaided into
several smaller domains. The division of the larger domain creates domainvaiks
adjacent molecules have net magnetic moments with different directions. These multi
magnetic domains have lower coercivity and remanence than does a smglie [@7].
Therefore, the results show that the magnetic properties for SN3 are inferior to those for
SN2 sinceMs decreases to 6dnmug while My andHc are almost zero. Another observation
supporting the formation of domain walls in SN3the presaturation region in the

magnetization curve, which is a region of reversible domain wall motion. The
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magnetization curve of SN3 shows a high@wvature than for the other two samplékis
indicatesthat molecules are present at domain walls, which requires higher field strength

to align their magnetic moments and allow whole material saturf@in

-
o

________ SN2 (y=7)
8| .-~
N 6 'I ............................... SN3 (}, - 14)
z ®W B\ [ . e
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Figure 5.6 Magnetic CharacterizatiorMagnetic hysteresis curves show that samples
SN1-SN3 deviate from superparamagnetic behavior at room temperiture { emu/g
andH. < 30 Oe) ForsamplesSN1 andSN2,oincreases from 1 t6, butHc remains constant

at 30 Oe whileMs and M, increase from 4.1 and 0.51 emu/g to 9.5 and 1.01 emu/g. For
SN3, corresponding to= 14, single magnetic domaiase transformethto multimagnetic

domains since the nickel coatitigckness increases to X060 nm.

Therefore,changes in magnetic behavior are attributed to the magnetic domains
within the Ni coating. As the thickness of the coating increases from SN1 to SN2, the
domain size increases while the number of magnetic d@ndoes not change so that
magnetization rises. However, the Ni thickness for SN3 is even larger. Consequently, more
magnetic domains are created, which deviate its behavior from superparamagnetism,

leading to a significant decline in their magnetization.
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5.44 Tuning the NiCH Macrostructure Morphology

In the presence of an external magnetic field, NiGHL)] nanostructures configure and
align along the magnetic field lines. Since further Ni growth can be initiated on the catalytic
surfaces of the MWNTsghe alignment of the nanoscale NiCH structures influences the
morphologies of the micr@and macroscale NiCH structurésgure5.7shows NiIMWNT
macrostructures fabricated with the magnetic field in the vertical (DM1) and horizontal
(DM2) directions. Tle DM1 macrostructure was porous while DM2 was denser and flatter.
Both NF-MWNT macrostructures coultde utilizedin applications such as nanand

microscale filtration(for DM1) and to print electric circuits (DM2265-267].

=
o
<9
o
£ Ni Metal
©
(%]
Ni / MWNT (y=1)
N
=
a
o
o
£
©
(%] Ni Metal
Ni / MWNT (y=1) B

Figure 5.7: Fabrication of Nickel-MWNT Macrostructures. Nickel deposition on the
vertically alignedNi-MWNT hybrid nanomaterial (SN13 B results ina porous 3D
macrostructure (DM1). With horizontal alignment, the resulting macrostru@me) is
denser and flatter.
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4.45 Conductive Inks for Circuit Printing

Figure 5.8a illustrates the preparation of watleased conductive inks, which use
hydrophilic NFMWNTSs (3=7) as their conductive filler that is readily dispersed in water.
The maphologies of lines printed with MWN®nly and NEiMWNT based inks (2 vol%)

are presented ifrigure 5.801 and b2, respectively. Lines that were printed with the
hydrophobic MWNTbased inkFigure5.81) contained macroscale cracks due to MWNT
agglomeratiorafter drying that destroyed their electrical continuity, producing an open
circuit for DC electrical measurements. In contrast, agglomeration of hydrophilic Ni
MWNTSs was far less severe and they produced a printedHigeré5.802) containing

only smallmicroscale cracks.

Figure5.8c presents the measured electric resistivity of lines that were printed with
and without magnetic assistance using inks containing different volume concentrations of
Ni-MWNTs. As expected, the electric resistivity decrease#l mcreasing NiIMWNT
concentration. When a magnet is not used to facilitate printing, the electric resistivity of the
printed |Iines decreases from 2420 to 5.9 ¢
MWNTs from 1 to 8%. The corresponding lines printed with the assistdrecenagnetic
showed a similar decrease from 2197 to 4.
printing led to a greater reduction in electrical resistivity for a lowerMMINT
concentration (i.e. <4 vol%) ink, where the resistivity was reduced for timel 2 &0l%
inks by 223.8 and 313.1gm, respectively. U
Ni-MWNT content in these inks. However, magnetic assistance was less effectiies

with a higher NiIMWNT content that also have a higher viscasity
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Figure 5.8: Water based conductive inks.(a) The procedure for ink preparation.- Ni
MWNTs or MWNTSs are dispersed in DI water using a probe sonicator and the ink poured
into a plastic template. (b) Post drying, optical images show the morphology of tleel print
lines created by either MWNT or MIWNT based inks (2 vol%). Macroscale cracks are
clearly observed in the case of MWNTSs, while smaller microscale cracks are observed for

the other case. (c) The measured electric resistivity of the lines printee\dWNIT based
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These experiments provide evidence of the importance of surface modification of
MWNTs during the printing of electrical circuits. Coating of MWNTSs with nickel enhances
their compatibility with polar solvents and polymers, and improves their mechanical and
magnetic properties. Besides circuit printing, we envisage potential applications for

polymeric composite materials and energy storage.

5.5 Conclusion

Nickel nanocrgtals were depositecon MWNTs with electroless plating that used a
chemical metal reduction method for different weight ratiesl, 7, 14, and 30. Once Ni
was depositedn palladium catalyst particles, it formed nanoclusters on the MWNT
surfaces. When &Ni contentvas increasedeighboringnanoclusters merged to produce
a continuous Ni coating layer that encapsulated the MWNT. For largegespite Ni
coverage over the palladium catalyst, deposition continued through autocatalysis by the
deposited nickl. All NiCH hybrid material samples contained encadgdtNTs that were
connected by Ni network$ncreasingo improved metallic connections between plated
MWNTs so that the sparse MWNT network for= 1 became denser when= 14 as
microscale NiCH structess were producedin these structures, Ni formed a conductive
metallic matrix that contained MWNTSs as the reinforcing filler material. TREAWINT
hybrid material witho= 1, and 7 had high&f ~ 18.3 and 58.GPathan pure MWNTSE

~ 12.5GPa) i.e., inceasingd improved the elastic modulus. The magnetic properties of

the NiCH are superior to those of the original diamagnetic MWNTSs (dgncreases),
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and improve with increasing This electroless plating method is promising for improving
the mechanidaand magnetic properties of MWNTSs and reducing their electrical resistance.

We also fabricateti-MWNT macrostructurewith controlled morphologies using
the NiCH. Nickel deposition on the MIWNT sample that was hybrid verticalligned
with a magnetidield (SN1,0= 1) resulted ira porous 3D macrostructure while deposition
on the horizontallaligned hybridproduceddenser and flattemacrostructuresThese
macrostructuresouldbe utilizedfor nane andmicroscale filtrationas well as for printing
electric cicuits.

Since the hydrophilic nickel outer layer enhancesMMVNT dispersion,
electrically conductive inks were synthetized by simply dispersing different concentrations
of Ni-MWNT (2= 7) samples in water. An ink with a low 8% volume concentration has a
relatively | ow electrical resistivity of 5.
low Ni-MWNT concentrations reduced the electric resistivity of the printed lines by 200

300qm.
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6. Tailoring theProperties of &Ni-MWNTs BasedPolymer

NanocompositdJsinga MagneticField

6.1 Introduction

In this chapter an experimental investigations will be presented to highligiw to tailor

the properties of nanocomposites by organizing nanopar(idieMWNTSs) within the
polymer matrix, e.g., fo potential engineeringapplications. These magnetized
nanoparticles are introduced into an epoxy matrix at low-0%5s0lume fractions and
aligned along the direction of an applied magnetic field, which produces anisotropic bulk
properties. However, naparticles aligned in perpendicular directions in sequential layers
result in an effectively isotropic composite materiBly changing this alignment, it
becomes possible to tailor the properties of the resulting composite mateisadhapter

is reprintel from a manuscript entitled Tailoring the Properties of a Polymer

Nanocomposite using a Magnetic FibdAhmed M Abdalla, Rakesh P. Sah and Ishwar

K. Puri, submitted to Composites part B: Engineering for possible publicati@mauthor

of this thesis is the first author and main contributorhef dove mentioned publication

and hagonducted all the experimeni&he chaptemwill provide a literature review which

is discussed in the background information section, followed by excerpts from the above

mentioned paper.
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6.2 Background Information

The properties of natural nanocomposites, such as abalong3liéllbone, insect wings
[272] and fish tail§273] are influenced by the orientation and layering of their constituent
nanomaterialsLikewise, mlymer nanocomposites contain nanoscale fillers, sagh
nanoparticles, nanosheets and nanofibghsch can be aligned and layered within their
surrounding polymer matrix. When these nanomaterials are introducédantatrix, their

high surface area to volume ratio helps enhance the mechanical, thésntatad, optical

or magnetic properties of the resulting composite matgil 274] For instance, the
anisotropic onalimensional structure of a carbon nanotube (CNT) and its superior
mechanical, thermal and electrical properties makes it suitable for inclusion mn high

performance nanocomposites.

However, it is difficult to disperse CNTs homogeneously within the matrixalue
their hydrophobicity and low wettability, which restricts their use in nanocomposite
applications[35]. This limitation on dispersion must be overcome to fabricate ordered
nanocomposites in which the CNifatrix interface is effectively bond¢83]. Methods to
improve CNT dispersion include ultrasonicatievhere high intensity ultrasound waves
isolatethe nanotubesrédm agglomerated bundles by continugusollapsing them with
nucleated microbubbles. The nanotubes owteadbe chemically functionalized to
introduce active chemical groups containing unsaturated bonds on their surfaces. These
groups increase the repidn between adjacent CN[B@8]. However, ultrasonication alone

is unable to produce a homogeneous and stable dispersion while chemical functionalization
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using acidgproducessignificantCNT surface destructiorthusdiminishingthe nanotube

properties.

The alignment of CNTs along particular directions in a polymer mggagh5] can
be accomplished by applying external elecamd magnetic fieldg©5, 199, 220, 268]or
by leveraging the fluid drag force on the nanoparticles as they are being dispersed in the
uncured matrif98, 168, 172, 173]Since CNTs have a poor magnetic susceptibility, this
necessitates the application of a relatively strong external magnetic field during alignment
to produce a force that exceeds the thermal energy and viscous resistance of the uncured
polymer[55, 134] Therefore, the nanotubes must be first magnetized if realistic magnetic
fields are to be employdd68, 172, 174]e.g., by wrappingolymers functionalized with
iron oxide nanoparticlegl72]. These nanoparticles can also be decorated with nickel,
maghemite and magnetib@noparticles and aligned under a relatively weak fie8d 174,
275]. Thedecorationccur throughkchemical methods that destroy the CNT surfaces, do

not improve their hydrophobicitypr increase theielectrial contact resistandés].

Typically, the introduction of a small amount of CNTs into a polymer matrix
increases its etdrical and thermal conductivitied the expense of a minor density increase
[54, 168] For instancea small 0.021 wt%ntroductionof CNTs improves the electrical
and thermal conductivities of an insulating polyrf&3]. Including 1 wt% of multiwall
carbon naotubes (MWNTS) in polyvinyl alcohol increases the elastic modulus and
hardness of theesultingcomposite by 80% and 60%, respectial§9]. Composites with
aligned CNTSs exhibihigher electri¢g134] and therma]171] conductivitesthan those that

contain randomly dispersed CNTs and, as expected, this enhancement is a function of the
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nanomaterial weight conterjt34]. The percolation threshold for CNTs in a typical
polymer lies within a wide 0-20 wt% range. The threshold is indluced by several
factors, such as degree of alignment, dispersion homogeneity, polymer type and processing

method[98].

Here, we demonstrate a method to readily diggerand align commercially
available MWNTSs in a polymer nanocomposite. The entire surface of the MWNTSs is coated
with a nickel layer through nondestructive electroless pldfifg276] The resulting Ni
MWNTSs are magnetic, have far bettBspersion and stabilityy the polymer matristhan
MWNTs alone, and enhance the properties of the composite over what MidNadlene
provide This hybrid nanomaterial is aligned in multiple directions within the polymer
matrix with a magnetic field to investigate the influence of nanoparticle anisotropy on the
bulk composite properties. The fabrication method is simple, cost effective andesgalab

contrast to typical laboratory methods that are limited to millimeter dimensions.

6.3 Methodology

6.3.1 Materials and Reagents

Commercially available MWNTSs purchased from US Research Nanomateriaisitimc.
purity > 95%,outerdiameter of 2680 nm, inner diameter of 20 nm, and length between
0.5-2.0um and true density ~2.1 g cinas specified by the manufacturer, are u€gter
reagents include nickel (lI) chloride (Ni:198%, Alfa Aesar), nickel (ll) sulfate
hexahydrate (NiS©@6H.O, 996, SigmaAldrich), sodium hydroxide (NaOH, 97%,
Caledon Laboratory Chemicals), hydrochloric acid (HCI, 38%, Caledon), stannous

chloride dihydrate (Sn@RH>0, 98%, Caledon), ammonium chloride (h¢, ACS grade,
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BDH/VWR International), sodium citrateiltydrate (NgaCsHsO7-2H20, 99%, EMD

chemicals Inc.), sodium hypophosphite monohydrate @R&-H-O, lab grade,
Anachemia Canada Co.), and palladium (II) chloride (Rd@0%, Artcraft chemicals
Inc.). Epoxy Resin and hardener (West System 105, PlasticdV@wl) are used to form
the matrix of the polymer composite. All reageats usedas received without further
purification.

6.3.2 Electroless Plating of MWNTSs with Nickel

The MWNTSs are plated with nickel to produceMWNTSs through electroless deptsn,

as describedn section 5.3.319]. Briefly, palladium is adsorped onto the surface of
MWNTSs during two treatment steps, first wisttannous chloride solution and then with
palladium chloride solutiofll9, 97, 141, 147, 263Then, nickel ions (N¥) are reduced to

nickel metal on the catalyzed surface through the electrons provided by the reducing agent
(sodium hypophosphit&yaHPO) [19, 147, 149, 262, 263TheMWNTSs are plated with

Ni for aNi:MWNT weight ratioo= 7. A gram of MWNTSs requires a plating solution that
consists of NiG (11.9g), NiSQ-6H20 (7.7g), NHCI (38.59) NazCeHs07-2H>O (289),

NaH.PG;-H20 (35g) and deionized water (700 rfil].

6.3.3 Preparation of Epoxy Nanocomposites

Epoxy nanocomposites are prepared by dispersing either W8/ dkNi-MWNTS in epoxy
resinand subsequently sonicated with a probe sonicator (Qsonica, LLC, Model: Q500 with
1/ 8 a -timat 85%aqpower) for 15 min. The dispersion is kept inside a desiccator under

partial vacuum 0f0.1 MPa for 10 min to remove bubbles introduced during the danrica
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stage. A curing agent with a hardemnesin volume ratio of 1:10 is subsequently added to
the dispersion and stirred for a minute. The mixture is poured into a template that has inner

dimensions of 6¢crx 6cmx 1cm,where it is left to be cured over B4 seeFigure6.1).

Figure 6.1 Alignment of homogeneously dispersedMWNTs in epoxy matrix using
magnet sets placed on either side ob@n x 6cm x 1cm template containing the

nanocompositeThe arrow denotes the direction of the magnetic feld

W Multiwalled Carbon Nanotubes (MWNT)

@ Nicoated MWNT (Ni-MWNT)
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Figure 6.2 Preparation of different epoxy nanocomposites. The samples contain (a)
randomly dispersed MWNTs &dWNTandom (b) randomly dispersed MMIWNTS, or Ni-

117



Ph.D. Thesi§ AhmedM. Abdalla McMaster University Engineering?hysics

MWNTandom (€) Ni-MWNTSs aligned along a single direction in separatgefs orNi-
MWNTaigned, 1 @and (d) NiIMWNTSs aligned along perpendicular directions in separate
layers oMNi-MWNTaiigned,2p

In addition to the pure epoxy polymer sample, four other nanocomposite samples
are prepared, each with a 0.25 % nanoparticle vofuston Figure6.2). The equivalent
weight content corresponding to this volume fraction for MWNTSs is ~0.5 wt% and{or Ni
MWNTs ~2 wt%. The thickness of all of these eptased samples is 4 mm. The
nanocomposite sample prepared with randomly dispeMEdNTs is denoted as
MWNTrandom In Figure 6.2a. The other three samples prepared wititMNWNTs are (i)
randomly dispersed NMIWNTS, denotedNi-MWN Trandom (Figure 6.2b), (ii) Ni-MWNTs
aligned along a single direction, denotd@MWN Taiigned,10 (Figure 6.2c), and (iii) Ni-
MWNTs aligned along two perpendicular directions, denbdieWN Taiigned,2n @S shown

in Figure6.2d.

For the latter two samples that contain aligned nanopatrticles, the template is placed
between two sets of NdFeB42 magnets (purchased findK&J Magneticsthat establish
an external magnetic field to align the MMWNTSs through action from a distan@sshown
in Figure6.1 The liquid polymer precursor is poured two times to create sequential 2 mm
thick layers, where the second 2 mm laygraared 5 h after the first. This allows sufficient
time for the first layer to become appropriately viscous and partially cured so as to hold the
aligned NtMWNTs in place before the second layer is poured on top of it. Thepla
of the magnet set @igned with the nanocomposite layer. The magnets are raised by 2 mm

after the first layer has partially curdéouring the nanocomposite into two layers allows
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multi-directional alignment if the magnetic field is rotated by 90° during the second
pouring. Finally, 1 vol% samples are also prepared for MieMWNTaigned,2p and
MWNTrandomcases to investigate the influence of raising nanoparticle content on the sample

electrical resistivity.

6.3.4 Characterization Methods

Scanning transmission electronamuscopy and transmission electron microscopy (dark
field STEM/TEM) are conductedvith a JEOL 2010F field emission microscope. The
samples are suspended in ethad@ppedon a TEM copper grid and then wicked off with

a Kimwipe. Magnetization measuremerdse performed at room temperature using
superconducting quantum interference dey®8@UID) magnetometry (Quantum Design
Inc.). The actual magnetic field is simulated with finite element method magnetics (FEMM)
software (version 8 under terms of the Aledétee public license). Optical imaging is
conducted with a VWR stereo zoom trinocular microscope. The tensile strength of the
prepared polymer composite is measured withlrestron dual column testing system
(Model No. 5967, 30 kN capacity, wedge actgnps). Atomic force microscopy (AFM
Bruker, Multimode 8 with ScanAsyst, NanoScope 9.1 software) is used to determine the
elastic modulus. The AFM tip (TAP 525 A) with measured tip radius and deflection
sensitivity of 5 nm and 82.6 nm\Musing the buikin Ramp mode) is calibrated with a
reference materi al (Sapphiretil2M, Bruker
modulus of 35@Pa The natural frequency and the spring constant of treeeigalculated

from thermal tuning data to be 520 Hz and 20d.n* These values are in good agreement

with standard values of 525 Hz and 200 N/m provided by the manufacturer. All
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measurements are performed using NanoScope Analysis 1.5 soffivarA&C electrical
resistivity is measured using an ulpreecision cpacitance bridge (Andeen Hagerling) at a
frequency of 1 kHz. To avoid interference with surroundings, the sample is mounted inside

a Pomona box, as shownFkigure6.3.

7
7
Ultra-precision capacitance bridge

Copper electrode

Electric wire " Sample
.

- - Pomona box

Insulator

Figure 6.3 Schematic of AC electrical resistivity measurements using arprig@sion

capacitance bridge at 1 kHz.
6.4 Results and Discussion

6.4.1 NickelCoated MWNTSs

We have presented detailed phase and morphology analyseMd¥Nis in section 5.4.1

[19]. Figure 6.4a presents a TEM image of as prepared MWNTSs. The-fieikk STEM

image preseed inFigure6.4b confirms complete coating of nickel over MWNTSs. The
thickness of the Ni 4060 manPure FIWNTs arevd@amagnetice d t o
[57, 58] but coating hem with a ferromagnetic Ni layer results in a hybrid nanomaterial

that exhibits superparamagnetiehavior.Therefore, the synthesized-NiWNTs exhibit
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improved response toward the magnetgyre 6.4c). The magnetic hysteresis loop
confirms the magneticsaturation of the NMWNTs whereas pure MWNTs are
nonmagneticThe magnetic saturation of tiNi-MWNT is determined to be 9.&mu ¢
using SQUID magnetometry, as showrFigure6.4d. The improved magnetization of-Ni
MWNTSs allows the materidaio align realily along the direction of an external magnetic

field.

2 4 6 8 10
Applied field (H, kOe)

Magnetization (M, emu/g)

Figure 6.4 Phase and morphology of the synthesized/MWNT samples. (a) TEM image
of the as prepared MWNTSs, (b) dark field STEM image of atMMINT, (c) magnetic
response of the prepared-MWNTs towards a magnet, and (the magnetic hysteresis
curve that shows that NNMIWNTs exhibit quassuperparamagnetic behavior at room

temperatureNls~ 9.5emu g').
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6.4.2 Alignment of NIMWNT in the Epoxy Matrix

A magnetic field with a relatively low ~D.Tstrength is used to align the-NIWNTs
within the epoxy. InFigure 6.5a, two-dimensional simulations of the experiments using
FEMM softwareshowthe magnetic lines of force and field magnitudes generated during
the experimentThere is a slight variain in field strength alongandy axesof the sample
domain,from 0.0980.103 T and 0.108.107 T, respectivelyHigure 6.5 & 6.5c). This

quastuniform B field effectively aligns NAIMWNTSs along a single direction.
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Figure 6.5 Simulated characterissof the magnetic field within the sample. (a) AD2
simulation showing the topology of the magnetic lines of force and the field magnitude
within the sample along its (Y and (c)y axes. The simulation is conducted with the

dimensions of the experimehtetup and the magnet type and size employed.
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Figure 6.6. Optical microscope images obtained at different times confirAVIWINT
nanoparticle agglomeration into clusters that finally the align after 4 min along the direction
of the applied magnetic fielatiented at (a) 0° and (b) 45° with respect to an arbitrary axis.

The alignment of NMWNTSs under the influence dhe external magnetic fielts
visualized under an optical microscope for a very low nanoparticle volume fraction (0.01%)
in the epoxy maix. We observe thatli-MWNT clusters align along the direction of the

imposed magnetic field. Visualizatioase for ~ 0.1 T magnetic field orientations of 0° and
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45° with respect to an arbitrary axis, as showrigure6.6aand6.6b, respectivelyFigure

6.6 shows the different stages of alignment at three different times, namely, 0, 2 and 4 min
after the application of the magnetic field. During alignmeiINVNTSs first agglomerate

into microscale clusters that orient along the magnetic field dirdstiprater ~4 minutes,

these clusters become fully aligned along this direction.
6.4.3 Tensile Strength of the Nanocomposites

Tensile tests are conducted at room temperature and humidity with eneszbspeed of
0.1 mm.mint. For each tensile strgth experiment, four identical samples are prepared.
The samples are polished with an emery cloth to ensuréhthaistron sample holder can
properly grip them Sample stretching continues until complete failure occurs. The
maximum stress on a samplaiged to calculate its ultimate tensile strength (referred to as

tensile strength hereatfter).

The tensile strengths for five cases with the same 0.25 % nanoparticle volumetric
fraction are presented Figure6.7. This strength decreases by ~26.5% frord 48Pa for
pure epoxy to 31.9 MPa when 0.25 vol% of pure MWNTs are added to the matrix. The
MWNTSs have a noipolar surface that is incompatible with the epoxy matrix, which leads
to their weak adhesion with polymer cha[b8]. The multiwall nanotubes also disper
poorly, agglomerating into microsize bund[@8], which initiate microscale cracks inside
the cured epoxy that diminish its tensile strength. The tests fovIWiN Trandom Samples
therefore have a relatively large standard deviation of ~6.6 MPa, which is attributed to their

poor nonuniform dispersion in epoxy. Depositing a nickel layer over thgaolan carbon
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surface significantly improves MWNT dispersion in the mxat Consequently Ni-
MWNTandomSamples havel@ghermean tensile strength of ~41.6 MPa. While this strength
is slightly lower than that of pure epoxy by ~4.1%, it alsowsa large standard deviation

of ~6.7 MPa, which we again attribute to nonunifaramoparticle agglomeration.
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Figure 6.7: Tensile strengths for different epoxy nanocomposites. The nanoparticle volume
fraction for all nanocomposites is 0.25%. The organization of the nanopatrticles within the

epoxy matrix is also illustrated.

Aligning Ni-MWNTs along specific field directions during curing produces
anisotropic organization and improves directional dispersion. BoBMWN Taiigned,10and
Ni-MWNTaigned,2ntensile strength tests therefore havech lowerstandard deviations of

~1.8 MPa, an@.3 MPa respectivelythandothe random sample$hese aligned samples
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reveal a slight increase in theerage tensile strength to ~47.6, and 47.2 Wd3pectively

both values being close to the upper standard deviation limit folitNBVN TrandomSampe.

The effect of NIMWNT alignment coupled with better directional dispersimproves the

load bearing capability of the nanocomposite. These results clarify that nanoparticle

organization can be used to tailor the mechanical properties of a nanocerf§tiy<tt 1]

6.4.4 Elastic Modulus E

The mean elastic modullsof the sampless measuredisig AFM with the same tip and
under similar AFM calibratiortonditions so thathe resulting values amelative to the
elastic modulugE = 350 GPg of a standardsapphire sample. In the case of samples
containing aligned NMWNTS, probing with the AFM tips conducted perpendicular to

the direction of alignment.

An epoxy sample and three nanocomposite samples, naM&W\ Trandom Ni-
MWN Trandom andNi-MWNTaigned,10 @re probed. Since probing with the AFM tip provides
a surface property, it is not possildeinvestigate the effect of alignment in perpendicular
directions on the elastic modulus of tHNeMWN Taigned,2p Sample. The AFM is also less
suitable for investigating the effect of alignment because the scanning area is limited to a
few un?. Probing aarger area with a lower scan rate would be more accurate but this
requires several hours of probing which deteriorates the AFM tip with the result that the
same tip cannot be used to probe all samples. The nanocomposite samples are polished with
emery clah prior to the AFM measurements. The surface roughness of all samples is within

152 e m, asFigerdb@avn i n
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Figure 6.8 AFM characterization of the cured polymer and its three nanocomposites,
MWNTrandom Ni-MWNTandom andNi-MWNTaiigned,10 (@) Surfacetopography, (b) elastic
modulus and (c) line scans of the elastic modulhe. nanocomposites are prepared with

a 0.25 vol% nanoparticle loadingy/hile epoxy has an average elastic mod@usl7GPa,
which is similar to that for th&WNTandom Sample, both NiIMWNT composites reveal
higherE up to ~ 150GPa

We have previously reported thébr o=7, NF-MWNTs have a ~5 times higher
average elastic modulus than pure MWNTs (~ 123 [19]. As shown inFigure 6.8,

similar behaviour is observed for these two types of nanoparticles when they are dispersed
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in epoxy. AFM measurements oveP@s rAcrosssection of the nanocomposite samples
are presented iRigure 6.80. The average elastic modul&sof pure epoxy composite is
measuredo bel7 GPa Figure 6.8c), which is slightly higher than for the -psepared
commercially purchased MWNTSs. Thexplains whyE for the MWNTrandom Sample is
similar to that for the pure epoxy sample. THeMWN TrandomSample containinthe same
volume fraction of NIMWNT nanoparticles has a significantly highie(Figure6.8c). At
certain locations: reaches a maxium value of 150 GPa for both tNeMWN Trandomand
Ni-MWNTaigned,.pSamples, but a typicéd value across a line scan fluctuates between 60
100 GPa. The density of hot spots characterized by Bqaaks increases when-Ni
MWNTs are aligned, as shown kigure6.8c. This result is in agreement with the optical
images inFigure 6.6 whereNi-MWNT agglomeration is observed to organize into local

clusters aligned with the applied magnetic field.

645 AC El ectrical Resistivity |}

The electrical resistity J of the pure epoxy and the nanocomposite samples, all with the
same nanoparticle loading, are presenteéigure 6.9 The Xx1x04 cm samples are
placed between two copper electrodes and measurements made under an AC current of
frequency of 1 kHzA thin layer of silver paste is applied to both edges of the sample,
which is then placed between spring loaded electrode contactdNiTM8VN Taigned,1p

sample contains two 2 mm thick layers in whichNWiVNTs are aligned along one
direction. Hence, two parate measurements are conducted, one along the direction of
alignment and another perpendicular to The Ni-MWNTaiigned,20 Sample contains

sequential 2 mm layers in which the nanoparticles are aligned along perpendicular
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directions in the two layer3'he measurements are similar across different sides of this
sample because, during each experimaithoughthe second layer contains-NIWNTSs
aligned along the perpendicular directiome of the layers contamMNi-MWNTSs aligned
along the measurement dit®n. Six measurements are made for each case. Thejmean

and its standard deviation are presentdéigure6.9.

'Pure epoxy with a mean= 3 2 9 . 3Fightg6.%nbehaves as an insulator.
When 0.25 vol% of NMWNTSs are randomly dispersed within epoxydecreases by
28. 3% to 236 Mq NMWNTs maanglé diyectroeimdtucesamisotropic
bulk behaviour in theNi-MWNTaigned, 10 N@anocomposite. The resistivity reduces
significantly along the anisotropic alignment directionlt®@ 8 . 1 , Whije } m 237.4
Mq m the perpendiculadirection, i.e.,across the nanotubes. This latter resistivity is
similar to thatfor the sample containing randomly distributed-NWVNTs. While }
decreases by 28.3% whenMWNTs are randomly dispersed in pure epoxy, nanoparticle

alignment decreasdise resistivityby 429% from that ofpure epoxy
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Figure 6.9: AC electrical resistivity measured at a frequency of 1 kHz. (a) Effect
of nickel coating and alignment on the resistivity of nanocomposites prepared with the same
0.25% volumetric nanoparticle loading along wjitttorial representations of how the
nanoparticles are organized within the epoxy matrix. (b) Change in resistivity with
volumetric loading for théNi-MWNTaigned,2pCOMposite. A nanocomposite prepared with
randomly distributed MWNTs at a 1% volume loadisgused as reference sample for

comparison
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The alignment oNi-MWNT along perpendicular directions in the two adjacent
layers in theNi-MWNTaigned,2p0 Sampleproduces a higher value fgrthan of theNi-
MWN Taiigned,.pSample measured along the alignment direcfitis is to be expected since
the NFMWNT volume fraction that is aligned along the direction of measurement is now
halved in comparison to the fraction contained in the eNtid\WN Taigned,.oSample With
nanoparticles in only one of the two layers aligned along the measurement direction, the
decreasein } (~36.6%)is higher than that induced by the randomly organikid
MWNTrandomSampleand along the radial direction of the-MWNTajigned,.osample . Thus,
perpendicular alignment of NMIWNTSs in the two adjacent layers of tNeMWN Tajigned,2p
sampleappears tgroduce an overall isotropic material. These results show hew Ni
MWNT alignment can be varied tailor the degree o&nisotropy in a bulk composite

material.

We examine the influence of volume fractionjan light of the equivalent isotropic
behaviour of théNi-MWN Tajigned,2ocomposite irfFigure6.9 where theNi-MWNT fraction
is varied between 0 (pure epoxy) to 1 vol%. As expegtel@creases witincreasingNi-
MWNT fraction. A minimum 63.7Mq  malue masured at the 1 vol% loading,
representingn 80.7% reduction inover pure epoxyWhen the matrix is loaded with the
samel vol% of as prepared randomly distributed MWNJ's; 116.56Mq m, whi ch
~64.6% reduction oveéhe pure epoxy value. For the thayer case with differently aligned
Ni-MWNTSs, a single layer conducts electricity far more effectively since nanoparticles in
the other layer lie orthogonal to the measurement direction. At the same 1 vol%, loading,

the electrical resistivity of the quaisotropicNi-MWN Taigned,2pSamplés roughly half that
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of its MWNTrandomcounterpart, revealing howis reduced by coating MWNTSs with nickel

to reduce the matriranoparticle interfacial contact resistance.

6.5 Conclusion

Electroless matal plating of commercially available MWNTs is a simple, direct,
inexpensive and scalable method to improve thehar@cal and electrical properties of a
nanocomposite. Sinade resulting NIMWNTSs are magnetic nanoparticlesn external
magnetic field can be applieth the form of action from a distande align these
nanoparticles within a nanocomposifehis alignmet enhances theropertiesof the
composite such asits tensile strength, elastic modulus and AC electrical resistivity.
Deposition of nickel over MWNT also improves the interfacial bonding between the
resulting NeMWNT hybrid nanoparticles and the surnaling polymer matrix. The tensile
strength of a nanocomposite containing 0.25% volume fraction of aligr®ANTS is

~9% higher than of pure epoxy and ~47% higher thaomposite containing a similar
volume fraction of randomly dispersed nanoparticleandyarticle alignment reduces the
variability in tensile strength measurements since the dispersion homogeneity in different
samples is improvedlong the direction of the magnetic fielith a 0.25 vol% of aligned
Ni-MWNTSs, the AC electric resistivity ahg the alignment direction is ~40% lower than

of pure epoxy and ~20% lower than of the composite containing a similar fraction of
randomly dispersed nanoparticles. We demonstrate for the first time how anisotropic
nanoparticles can be aligned in multigigections in a polymer matrix to produce an
effectively isotropic nanocomposite. The AC electrical resistivity of an epoxy

nanocomposite fabricated with 0.25 vol%MWNTs aligned in perpendicular directions
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in two sequential layers is effectively isotromnd ~11.6% lower than for the composite
containing a similar fraction of randomly dispersedMWWNTSs. Therefore, aligning Ni
MWNTs along multiple directions enables tiadoring of the physical properties of tine
epoxy compositess well agheir directiondependent bulk behaviour, whihpotentially
useful for many engineeringolutions e.g., potential aerospace, automobile and

infrastructure applications
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7. Supercapacitor Basedn Nickel Oxide Nanotubes

Synthesised From NMMWNT Hybrid Nanomagrials

7.1 Introduction

In this chapter an experimental investigations will be presented to highlightovel
approach for the fabrication of nickel oxide nanotubes based on multiwalled carbon
nanotubes as a sacrificial templdiectroless depositinis employed to deposit nickel on
carbon nanotubes. Subsequent annealing of the proddice presence of air oxidizes
nickel to nickel oxide whereas carbon is released as gaseous carbon dioxide, leaving behind
nickel oxide nanotubes. New chelating pddgtrolytes are used as dispersing agents to
achieve high colloidal stability both for nickel coated carbon nanotubes and nickel oxide
nanotubes. An electrode for supercapacitor was fabricated using nickel oxide nanotubes as
the active element and nickalated carbon nanotubes as a conductive filleis chapter

is reprintedfrom NanotechnologyNickel Oxide Nanotubes Synthesis using Multiwalled
Carbon Nanotubes as Sacrificial Templates for Supercapacitor Applica2®n7),

Ahmed M Abdalla, Rakesh P. Sah Caneron J. Wallar, Ri Chergor zhitomirsky, and

Ishwar K. Purj with permissions from IOPThe chaptemwill provide a literature review
which is discussed in the background information section, followed by excerpts from the
above mentioned papdrhe author of this thesis is the first author and main contributor of
the above mentioned publicaticand hasconducted all the experimenexcept the

electrochemical characterirat section
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7.2 Background Information

Carbon neutral solutions require not only renewable energy generation but also efficient
energy storage devices. Novel synthesis processes that produce novel active materials for
these devices will improve their affordability and penmhance. Quasi ordimensional

(1D) nanostructures, such as nanoparticles, nanotubes and nanowires, have intrinsically
large surface area to volume (hence mass) ratios, short diffusion lengths for charge and
mass transport, and substantial volume chanpacitzes, which makes them suitable for

next generation energy storage devif@&7]. Many ranostructureslso exhibit superior

electrochemical performan§278, 279]

Pseudocapaciterarea class obupercapacitorthatstoreFaradaic currerthrough
charge transfer betweem electrode andn electrolyte[280, 281] Conducting polymers
and transition metal oxidesuch as ruthenium oxide (Re)Q iridium oxide (IrQ),
manganese dioxide (Mn{) bismuh oxide (BpOs), cobalt oxide (CegOs), iron oxide
(FeO4), and nickel oxide (NiO) are candidate electrode material for
pseudocapacitef282] although fabricatiorostis an issueAmongtransitionmetd oxides
with p-typesemiconducting propertieNjO exhibits higher theoretical capacitance, charge
density, and chemical stabilif283-287]. The gravimetric specific capacitance ofetal
oxide basedelectrodes dmeases with increasing electrode mi&&2, 288291] The
chargein pseudocapacitors is stored mostly on the surface of the active material, reducing
the active mass, which is favorable for electrochemical pedioce{292, 293]and thus
decreasingthe specific capacitancg278, 283, 294, 295]Supercapacitor electrodes

containing active mateais and conductive additiveéso benefit fromubularandfibrous
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microstructure [295-297] that enhanceharge transfeaindelectrolyte access to the active

materia) and reducéhe amount of bindethat is introduced

Dueto their small crystal size, high aspect ratio and hollow microstryctiaieel
oxide nantubes NiIONT) show promise fosensing[285, 298] catalysis[299], energy
storageapplicationssuch as batters [284, 300302] and supercapacitof803, 304] The
performancef NiO-basedsupercapacitorf82, 288, 308307]is enhanced by fabricating
electrodeghat havehigh NiO mass loadingsPractical applicationgequirehigh specific
capacitance fom mass loading of 220 mg cn? [308]. Hence,NiO and other charge
storage materials atgpically combined with conductive additives, such asmlijtiwalled
carbon nanotubesMWNT) and grapheneto fabricatecomposite electrodethat show

improved electronic conductivif288, 289, 295]

Since NiONTapplications are limitedy the lack of simple and low costbrication
methods we propose a negcalable method to overcome this limitation. We encapsulate
MWNTs with Ni by depositing the metal through electroless deposition to synthesize the
Ni-MWNT hybrid material (the process was detailedhapter $[19, 140, 141, 144, 147,

262]. These encapsulated nanotubes are annealed in air at temperatures much lower than
the melting temperatui Ni so that the metal and carbon in MWNTSs oxidizes to NiO and
COo. Release of the gaseous carbon dioxide results in a tubular vacancy where the MWNT
existed previously. Thus, the residual NiO retains the shape of the (now oxidized)
underlying MWNT template, producing a NiONT. The wall thickness of this nanotube may

be contolled by varying the mass of Ni deposited, which could allow control over the
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dimensions of the synthesiz€dONTs. We investigateNiIONT charge storagby using

these nanotubes in tleéectrodeof anelectrochemical supercapacitor.

7.3 Methodology

7.3.1 Materials and Reagents

Commercially availableWNTs purchagd from US Research Nanomaterials Ingth
purity > 95%,outerdiameter of 2680 nm, inner diameter of 20 nm, and length between
0.5-2.0um as specified by the manufactuege usedOther reagentincludednickel (11)
chloride (NiCk, 98%, Alfa Aesar), nickel (Il) sulfate hexahydrate (NiSEMH,0, 99%,
SigmaAldrich), sodium hydroxide (NaOH, 97%, Caledon Laboratory Chemicals),
hydrochloric acid (HCI, 36838%, Caledon), stannous chloridénydrate (SnGt2H.0,
98%, Caledon), ammonium chloride (MEl, ACS grade, BDH/VWR International),
sodium citrate dihydrate (N@sHs07:-2H.O, 9%, EMD chemicals Inc.), sodium
hypophosphite monohydrate (Ng&0;-H-O, lab grade, Anachemia Canada Co.), and
palladium (I1) chloride (PdG| 100%, Artcraft chemicals Inc.Poly(4styrenesulfonic
acidco-maleic acid) sodium salt(PSSA, Mw=20 kDa), Poly[1-[4-(3-carboxy4-
hydroxyphenylazo)benzenesulfonamidgP-ethanediyl, sodium salfPAZO, My=65-100
kDa) andPoly(vinyl butyralco-vinyl alcoholco-vinyl acetate) (PVB, M=50/80 kD3g
were obtained from Sigma AldricNi foams with a porosity of 95% were supplied by Vale

CompanyAll reagentswere useds received without further purification.
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7.3.2 Synthesis of Nkel Oxide Nanotube (NiONT)

The synthesis ofhe nickel oxide nanotulseis schematically illustrateeh Figure 7.1a.
Initially, MWNTSs weresensitized witlstannous chloride solutiaand thercatalyzedwith
palladium through treatment wighalladium chloridesolution[19, 97, 141, 147, 263]n

both casesnderultra-sonication with a probe sonicator (Qsonica, LLC, Model: Q500 with
1/ 4 a -timat 8506qower) for 30 mimmhecatalyzedMWNTs were washed with water
and dried in vacuum oven after each treatment .stHpe catalyzed MWNTs were
electrolessly platedvith nickel nanocrystalshrough thechemical reductionof Ni*2
contained in the plating solution by electrons provided by sodium hypophosphite
(NaH.PO), which acted as a reducing agefince the reaction wanstraired tothe
catalyticsurface®f the MWNTS acontinuoushickel layer was deposited thetcapsulated

the entire MWNT[19, 147, 149, 262]The autocataltic Ni surface continued to facilitate
nickel deposition even after the original MWNT surface was completely encapsulated

[263]. The details of th catalyzing process of MWNT are presenteseiction5.3.2

The Ni layer thickness was changed by varying the Ni:MWNT weight ratrol(
and 7), seesection5.3.3 As a summery, for eacram of MWNTsdesired, a plating
solution was prepargd9]. For two particular expenents, the solution consistediCl»
(1.79), NiSOy-6H20 (1.19), NH4ClI (5.59), NasCeHs07-2H20 (49), NaH:PGz-H20 (5¢) and
DI water (100 m) for o0 = 1, andNiCl, (11.99) NiSQs-6H-0 (7.7g), NH4sCl (38.5),
NazCeHs07:2H.0 (28g), NakbP-H20 (35g) and DI water(700 ml) for o0 = 7. The
electroless deposition of Ni over MWCNT was conducted at pH 6. $odium hydroxide

solution (2N) was added dropwise to maintain the reaction pH, which was monitored with
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a pH meter at 5 min intervals and a probe sonicator sinedtssly used to continuously
sonicate the medium for 60 mifhe reaction products were immediately washed and dried

to obtain NiMWNTSs.
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Figure 7.1: Synthesis of nickebxide nanotubes. (a) Schematic of the synthesis process for
nickel oxide nanotubeN{ONTS). It involves the electroless deposition of Ni on MWNT,
oxidation of Ni to NiO, and carbon of the MWNT to gaseous.Clbe carbon dioxide is
released, producing a tubular vacancy in the NiO bulk where the MWNT originally existed.
(b) TEM image of &MWNT, (c) dark field STEM image of a N\MWNT, and (d) dark field
STEM image of a NiONT.

The two NiMWNT samples foo = 1, 7 were annealeat 500 °C for 2 hours in

the presence of aio oxidizeNi to NiO and the MWNT carbon content to &®elease of
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the carbon dioxide left a tubular vacancy inside the NiO bulk, leading to the formation of
NiIONTSs. The resulting nanotube samples are labeled NHDROF 2= 1 andNiONT-2 for

2=1.

7.3.3 Preparation ofColloidal Suspension of NMWNT and NiONT

Electrode fabrication for testing electrochemical performanmeguiresa very stable
colloidal suspension of the active materighe prepared NiIONT serves as the active
material andhe Ni-MWNT as a conductive additive to achieve high specific capacitance

at highactive mass loadings by dispersing and mixing these components.

Dynamic Light Scattering (DLS, DelsaMax Pro: Beckman Coulter) was used to
measure the effect of two different dispersing ageetsPAZO and PSS£on the colloidal
stability of NFMWNTsard NiONTs. Dispersions in PAZO were prepared by dissolving 1
g L' of the substancia a 75% ethanol solution, followed by dispersing 4k the solid
material using the probe sonicator for 30 min. DispessiorPSSA were prepared by
dissolving 1 g ! of the compounih a 60% ethanol solutioagainfollowed by dispersing
of 4 g L of the solid materiaandusing the probe sonicator for 30 mBoth solutions

were diluted furtheto makestability measurements using DLS.

7.3.4 Characterization Mthods

X-Ray Diffraction (XRD) analysis of samples was performed using a Bruker D8 Discover
instrument comprising a Davirlt4 diffractometer operating at 35 kV and 45 mA using Co

Ko radiation @awg = 1.79026 A)Br uker 6s DI FFRAC .wAvusedfM3 . 1
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gualitative analysis of the constituent phasgsanning transmission and transmission
electron microscopy (dark field STEM/TEM) and energy dispersiveayX (EDX)
spectroscopywere conductedwith a JEOL 2010F field emission microscope. For
STEM/TEM, tre samples were suspended in ethatik@ppedonto a TEM copper grid,

and then wicked off with a Kimwipe.

7.3.5 Electrochemical Performance Testing

Electrochemical characterization of the fabricated electrode was carriedsmg a

standard threeledrode system using a potentiostat (PARSTAT 2273, Princeton Applied
Research)The sirface area of the working electrode was %.c¢Fhe counter electrode was

a platinum gauze, and the reference electrode was a standard calomel electrode (SCE). The
characteration was conductedin 1 M KOH aqueous solutions using (i) cyclic

voltammetry (CV)and(ii) electrochemical impedance spectroscopy (EIS).

TheCV measurements weperformed within @i 0.5 V potential rangeersushe
SCE as a reference electrpdaddaa recorded by PowerSuite electrochemical software.
The CVswereobtainedat scan rates o200 mV $. The charge was calculated based
on half of the integrated area of the CV cunideintegratedcapacitanc&€s=Q/ ¢sSwas
determinedby dividingQbyth e wi dt h of t h & aml the edenttodearea wi n d
S Alternating current measurements of complex impedZnegiiZ" wereperformedin
the frequency range 10 mHa 100 kHzfor a signal amplitude of V. The complex
differentialcapacitanc€s =Cs'iCs" wasdeterminedrom the impedance datiarough the

relationCs=2"/¥|Z|’SandCs'=Z'/¥|Z|?’S, w h e rf andfden@edrequency.
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7.4 Results and Discussion

7.4.1 Synthesis of KONT: Characterization and Elemental Analyses

Figure 7.1b and 7.1c respectively present TEM images of the MWNT before and after
electroless deposition of a layer of nickel that encapsulates the M@iiparison of the
images inFigures.7.1b, 7.1c and7.1d with their scale bars indicates that Ni deposition on
the MWNT ato= 7 56 nma AnBealing of NMWNT results in oxidation of both
nickel and carbon, which | eaves a KfiBld nm

STEM image of a NiIONT ifrigure7.1d.

Figure 7.2 XRD patterns for NMWNTs and NiONTs for tw different Ni:MWNT
weight ratios, i.e.p=1 and 7. The absence of diffraction peaks corresponding to MWNTs
and the appearance of a diffraction peak corresponding to nickel oxide after annealing

confirms the removal of carbon and oxidation of Ni to NiO.
The XRD analysis presented kigure 7.2 confirms the existence afrystalline

nickel (Ni, PDF No. 000040850 and hexagonatarbon (nultiwalled carbon nanotubes
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