ABSTRACT

LUBNA, MOSTAKIMA MAFRUHA . Ultra-low-density 3D Carbon Nanotuipolymer Hybrids
and their Multifunctionality (Under thedirection of Dr.Philip Bradford)

Current technological demand for miniaturized, compact yet flexible -lolalensity
electronic device components create a huge demand for conductive nanohybrid systems for diverse
use in wearable sensors, soft robotics actuators, unmanned aerial svébids), space
applications, biomedical engineering, and many more. In this co@asipn nanotubes (CNTSs)
have captivated widespread interest due to their ability to produce 1D, 2D, and 3D assemblies,
diverse matrix compatibility, adaptable processghiland multifunctionality. The spinnable
vertically aligned CNTs produced ltlye modifiedchemical vapor deposition (CVD) method/ka
offered the opportunity to fabricatmnductiveCNT macro assemblies including 1D fibers, 2D
thin films, and 3D foams. df the use in a real device component in a coherent way, CNTs are
needed to be incorporated, embedded in, or encapsulated with polymers or inorganic matrix
materials not only for ensuring nanosafety but also to safeguard the interconnected conductive
netwak of CNTs for proper functionalitypespite many research approaches in fabricating-CNT
polymer nanohybrids, there are very few studies that report thelawrdensity porous 3D
structures, also there are still unsolved questions of the CNT netwookmityf and connectivity,

achieving tunable and adaptive processing techniques, and nanosafety.

In this dissertation, a stable CNT 3D hierarchical assembly is fabricated with defined CNT
alignment anda network with securedCNT-CNT junctionsthat ensure kctrical conductivity
throughout the architecture. Optimized pyrolytic carbon (PyC) confanaracoating is used to
make the 3D CNT structure resilient and stable for further use in-g@&/merbased porous
nanohybrid fabrication. The stability evaluatishowed that the proper optimization of process

parameters along with the appropriate polymer solution concentration can create conformal



nanoencapsulation of PyC coated CNT fibers without damaging the integrity of the porous 3D
CNT architecture. The sephydrophobic surface of the PyC coated CNT foarr$qCor CCNT)

makes it easier to infiltrahon-polar polymer solutions (polydimethylsiloxane, PD¥M&xane) to

fabricate CNTPDMS (CP) nanohybrid foams with uklaw-density. Whereas, Adry surface
modification technique, the corona arc discharge at an ambient environment is used instead of wet
chemistrybased ones to activate the surface ef00 or CCNT foams for the infiltration of polar
polymer solution systems like polyvinyl alcohol, P\#ater or ptycarbonate, POMSO. Only

5-10 seconds of corona arc discharge on the surface creates enough free radicals to allow the polar

polymer solution infiltration into the @00 or CCNT foams.

The freezedrying process is used to solidify the CIRVA (CPVA) andCNT-PC (CPC)
nanohybrid foamthat introduces micrgporous mestike polymer nets inside the -imetween
capillary voids of G100 foams. The chemical bonding structure, thermal, mechanical, and
electrical properties of all the CNgolymer nanohybrid foamsre& done to understand the

structureproperty relationship.

The multifunctionality of the CP nanohybrid foams was demonstrat@icroresistive
sensingn reattime human motion detectiorjectromagnetic interference (EMI) shieldiwih
CP-5 samples eitiently shield 99.999926 %-Kand electromagnetic interference with ohigm
thicknesswhich is the highest specific shielding efficiency (SSE) for a @WNlymerbased foam

reported to dategndalsoused in oil absorption recovewith high reusability

The CCNT foam was used as a novel sacrificial nano template for cradtiegrchical
assembly of interconnected hollow Si@anofibers PDMS nanocoated CCNT foams are
subjected to thermadxidation at 900 °C where the conversion of PDMS to>Si€zurred with

simultaneous removal of the CCNT template to generatedli@v SiO; nanofibers3D assembly



The investigatiorshowedthe semitransparent whiteish 3D cube structhesaninterconnected
network of hollow Si@ nanofiberswith an averageanofiber wall thickness of about5:3 + 0.6
nm, andan aerogelike density of abou®.36 + 2 mg/cn?, the lowest density fd8iO; nanofiber

based structuregportedto date.
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CHAPTER 1: Introduction

Nanotechnological advancemsmatre influencingevery aspectbf our future; everything
from day-to-day use electronic devices, electriehicles smart homes wearablee-textiles
cosmetics, medicines, and therapeutics to spaceratipin The main target of nanomaterials
research is to achieve taHorade nanoscale materials in a wiy harnes superior nano
functionaliiesin the macroscopic or bulk pha&e use in targeted applicatiariBhe recenpush
for the miniaturization oflevices creates the need for ulight, compact yet flexible, angortable
material systems. Thisnotivates scientists to solve the complex problem of integrating
multifunctionality irto material systems ia smart energyefficient, and safevay with precise
naneengineering for asustainablefuture. To reach this ultimate goaksearcherhiave used
diverse approachesnot only focusing on the custemade molecular assembly of the
nanomaterials but also selectivengineering design choices with hybrid architectures. Hybrid
materialsalong with a specific structural architectymovide the foundation of multifunctioha
material systes) an approach to combine compatible materials together in a new functional
design and provide higiperformance properties that do not presentitk hybrid materials.
Nanomaterial hybrid structures provide great potential applicability in many fields with

predetermined functionalities™ 4

Conductive carbon nanomateriadachas carbon nanotubes (CNTs) and graphene are
extensively used in advanced namdorids for theirexcellentmechanical strength, chemically
stability, flexibility, and lower density as compared tieir metal counterparfs > Most
importantly, carbon nanomaterials offer a combined package of extraordinary propertias with
broader scope of tailoring the nanohybrid or nanocomposites as they providedstaaterial

matrix compatbility, thatallows for fabricating a wide range of material system ffiexible thin

1



films to ultralow density aerogel foaffs Among the carbon nanomaterials, CNTs have received
enormous attention since their discovery in 1991 and are usedafor emerging applications.
Nowadays, researchers are being able to make almost-ttefeceveral millimeter long high
purity CNTs with the capability of fabricating continuous networks via dry spinning them into

macreassemblies like fibers, yarn, armhfns.

The idea of 3D hybrid structures possesses enormous advantages in building a
multifunctional macrostructure with nano components to enhance the total functionality of the
material system.ntelligent 3D desigrof nancehybrids offers ways of integiiaty more specific
performanc@arameterandtailorability of properties like density, directional stabilitlirectional
heat, electricity, and microfluidic flowetc.Numerous3D nancarchitectures have been fabricated
to serve various applications bypboiting the conductive network of CNTs thte macroscopic
level in hybrid matrixesThe most common approach to reducing the density of a 3D hybrid
assembly is making it porous addition toreducing thedensity introducing high porosity also
providesseveral other advantages including high surface area, lower percolation threshold, better

electromagnetic shielding effectivengagargeted wavelength of light absorpti&ilection,etc.

Low-density CNTstructuresare widelybeing fabricatedn combindion with polymers,
metals and ceramic matrixes treate thenultifunctionalnandybrids' for applicatiors such as
sensor§ actuators, supercapacftoelectromagnetiinterferenceshieldng®®, biomedicattissue
engineerind, targeted drug digery*?, catalysis? oil absorptiod®, andwater treatment. The two
key aspects offabricating conductive multifunctional material systems are the choice of
compatible materials and the functional design arctutell the research approaches for putting
CNTs in a hybrid system focused first on the CNT incorporation strategies with the matrix

materials A wide variety of strategielsave beemvestigated by theesearcherto compatibilize

2



CNTs in matrix matedls including dispersion by ultrasonication, surface modificatol in
situ chemical reacticentrapment. The key objective of these approaches is to make sure the CNTs
are evenly distributed within the matrix to form a conductive netandkinhibit tie high tendency

ofsefaggregation of -CN¥sadkengoiasateoagtion.

The methodsusedto fabricate highly porous CNMased cellular monolithenclude
hydrothermal and chemical reduction, templaésed assembly, and direct deposition from
chemical vapor deposition (CVD). Generally, in fabricating 3D-tensity assemiasthe three
major factors that determine the final performance of a successfuhyland are; i) distribution
homogeneityand alignmentof the CNTSs, ii) the structural geoatry and pore size, and iii)
mechanicalstability of the final 3D structureTo produce simplestable,and scalable CNT
nanohybrid structugeconsiderable attention should be given to the cootret the homogeneous
connectivity of theCNT network withn the 3D porous hybrid to ensure performance under
dynamic use conditions. Despite the success achieved through various significant technological
approaches in designing 3D porous Ghybrids the main challenges are finding a controllable
technique for CN network distribution within the matrix to achieve uninterrupted electrical
percolation threshold and preserving the intrinsic properties of CNTs to harvest maximum possible
multifunctionality. Most of the pevious CNT-polymerbasedresearchs has beenfocused
specificallyon the singulaapplication where the fabrication method and processing parameters
were critically dependent on one technique or matrix matgridymer systemwhich limits the
potential futureapplicationof that designFurthermoe, the methods use complex multistep wet

processing and purification to get the porous 3D nanohybrid architectures.

Here,the purpose of thiglissertations to present; 1) a simpleand tunabldabrication

process of ultralow density CNgolymernandiybrid foam witha directionabrientationof CNT

3



networks 2) use the fabrication strategy to incorporate different polymers into the 3D CNT foam
I evaluatethe effect on the structwgroperty relationships to optimize processing paramelgrs
demonstrate mitifunctionality of the CNFpolymer foams irdiverse applications. and finally) 4
evaluate th@ossibility of using the defined 3D hierarchical assembly as atemmolate to create
a new nanearchitectureTo provide the necessary background for thé®agch, various previous

approacheto fabricating 3D nanaarbon hybrids are reviewed first.

In Chapter 4, the design approach to fabricaliea-low-density 3D CNTpolymer
nandwybrid foamsis discussed in detail wherhie CNTs network distributionn the 3D
architecture igontrollable And resultgrovide extended fabrication straiegfor different matrix
components while preserving the intrinstcucture anamultifunctional properties ofhe CNTSs.
Vertically aligned CNT arrays (or termed CNT for@stgere grown ina modified CVD process
from acetylene precursors. The grown CNTs are highly spinnable to horizontally aligned sheets,
with several CNT sheets stacked together to form an anisotropic 3D network of CNTs by a
precisely controlled spinning press.The dabilization of the structure was done &@ygoating of
CNTs with pyrolytic carbon (PyC) ithe chemical vapor infiltration (CVI) technique. In the CVI
technique, PyC in the form of disordered graphitic layers were deposited around the CNTs. This
PyC coating not only provides the fremnding 3D CNT foam structural integrity by preventing
the collapse of adj ace'nts tCaNcTk isnhge ebt ust daules ot os esc
CNT-CNT junctions within the structure. Polydimethylsiloxane (PDM&s infiltrated into the
3D CNT foam in different concentrations to get tunable Aaylwid properties. This is an inverse
approach of making CNjpolymernandiybrids where the conductive CNietwork structures
established first followed by polymer itifation to make the final naraybrid. The polymer

encapsulas the nanomaterialsthus making the 3D structure more stalded prevenng



nanomaterial release during handling and Wg#hin thenandiybrid structureCNTs not only

serve as the functionabnductive component but alsceate the defined hierarchical assembly

The multifunctionality of the nanlayer PDMS coated CNT foams (&3 was
demonstrated and evaluated in ChaptewWhere the stable piezoresistive response of th& CP
nanohybrids isitilized inhuman motion sensingnd we take the advantage of the micapillary
channels in the 3D structure foil and organic liquid absorptiodditionally, weexplored the
possible use of this ulti@w-density conductive structure @lectromagatic interferenc€dEMI)

shieldingapplication.

Due to the superhydrophobic surface of PyC coated CNT foams it is easier to infiltrate
nonpolar polymersolution systems but the incorporation of the polar polysoéution system
must need surface modification. Wet chemicased surface activation ofNTs using acid
treatment, surfactants mediated or monomer/polymer grafting was the common practice. But these
techniques are not suitable in terms of keeping the CNT 3D-metneork assembly intact. We
employ the corona arc discharge surface activatiaesgly to create free radicals on the CNT
surface which allow successful incorporation of PWAter and polycarbonaleMSO polymer
system into the CNT foams. The fabrication method, evaluation of process parameters on the
resultant 3D nanohybrid structurand the morphologycompressive mechanical properties,

electrical and thermal behaviesere discussed in Chapter 6.

In Chapter 7, the utilization of the 3D CNT naahitecture as a natstemplate for
creating a new hierarchical assembly of Si@nofiberavas discussed. Porous naaehitecture
with a wellordered structure offers many distinct advantagesnly for the adsorption in catalyst
support but also for other applications in microfluidics, energy storage, bioengineering scaffolds,

and fuel cel, eté®. The CP5 nanohybrid samples were thermally oxidized on air at 900 °C to
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prepare the € nanofibers. The morphology and thermal stability of the,i@hofibers were

also investigated.



CHAPTER 2: Literature Review
2.1 Carbon nanotubes and theirmacro-assemblies

Carbon nanotubes (CNTs) arquastonedimensional allotropof carborwith thetubular
nanostructures aiigy from theseamless rollingf a graphene sheet (a planar crystalline structure
of hexagonal carbon ringsyhey carhave very high aspect rasias the diametdas on the order
of nanometersdut the length can range fronmicrometers to millimeter¥: 118 CNTs can be
classified as singlevalled (SWCNTSs) or mukivalled (MWCNTS) depending on the number of
monoatomic layerof concentric cylindrical structureSince the discovery of CNTs in 1991 by
lijima, MWCNTs have become on&f the most extensivelgtudiednanomateria for a very
diverseset ofapplications!® At the beginningf the early 1990s CNT research widely focused on
the production methodpurity of CNTs andcommercial scalabilityWorldwide CNT production
capacity has increased-1dld since 2008vith more control over the growth proc&ésshe CNT
bulk powder productioprocesgrovideslimited control over the structure of CNTs resulting in a
wide variation of properties, sauch of CNT productionresearch now ifocused on organized
CNT architectures such as vertically aligragrays called CNTorests. Despite theébesteffort by
the researcltommunity the nanoscale properties of CNTs are yet to be fully harnessed

macroscopic assembliés.
2.2 Carbon nanotubesproduction techniques

The major manufacturing techniques employedtiierproduction of MWCNTSs are arc
discharge, laser ablatipand chemical vapor deposition (CVD). Each of these methodishas
own advantages and disadvantages, which predestinates the choaduecfipn with a particular
set of CNT properties as length, diameter, number of walls, arrangement, and purity. These

propertiesare also highly dependent on the system catalysts and carbon precbirsigh-
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temperature CNT growth techniques like arc discharge (above 1700 °C) or laser ablation (~ 1700
°C) were usedkxtensively initidly, however these methods have beerstly replaced by low
temperature chemical vapor deposition (CVD) techniques (<800THD) is becausthe CNTs
produced inthe arc discharge and laser ablation process are very small quantitiea fwgh

amount ofimpurities which requiredurther acid purification step€.Since thenanotube length,
orientation, alignment, diameter, purity, and density of CNTs can be precisely contrathed in

CVD techniquethis has been the main route for their industrial produgfion
2.3 Two-dimensional (2D)and Three-dimensional(3D) Assemblies of CNTs

Spinnable CNTs provide the abilitp perform a stable conductive naweetwork that

transforns the 1D individual CNEinto an anisotropic 2Btructure asheet$, papef?, yarns®

In 2008,Y Inoue et al. developed a modified CVD method for growing vertically aligned
CNTson acomparatively large st& and with a simple orgtep technology using Fe(atalyst,
MWCNTs grown in this process required less reaction time and no post purification process was
needed* Thisic hl or i de me d-C\D) techniq@ VhBkas parteiar CNT array be
able tobe spun or drawn into sheets, though there are some specific growth contiiomsist
exist for a spinnable array to be synthesized, with a critical issue is the areal distribution density

of catalyst particles, as wels particle size uniformitst



Substrate

Figure 1. CNT yarn fabrication by direct spinning

Description:a, b, A carbon nanotube yarn being continuously pulled out from &taeeing carbonanotube arr
(a), which is shown enlarged in b (roughly 28 magnification). ¢, SEM images of a carbon nanotube array
silicon substrate, showing the super alignment
image of the yar in a; inset, transmission electron microscope (TEM) image of a single thread of the yarn
500 nm; inset, 100 nni}

3D structures made from CNTs previously involve wet chemical processing where
micrometersized CNT powder was dispersed in liquid media with/without functionalization and
afterward mixed with the matrix material. The density of the 3D structure was reduced by
introducing voids/pores into it, predominantly this was done byfgmsing (in case of
hydrophobic polymers) or freezirying ( for hydrophilic polymer) methods. The bulk shape of
3D structures of CN-polymers was often limited by the shape of castingspar freezalrying
containers. Furthermore, the majority of final porous 3D structures were matrix heavy, meaning
the polymers contain 8098 % of the weight where CNTs acted only as a conductive filler and as
a result regardless of the porous 3D stmectgeometry the properties (mechanical, thermal,

electrical) were highly regulated by that matrix polymer.



Most recently, researchers have been exploring the 3D design assemblies of CNTs by
arranging spinnable CNTSs in specific structural frameworks t@aerspecific functionalitie®
The abilityto assemblespinnable CNTSs in selective 3D macroscopic architecture provides great
freedom in controlling the geometry of the electron flowing gridiimgch gives thepotential for

impartingspecificfunctionality into the system.
2.4 Carbon Nanotubes- Polymer 3D Hybrids

The lowdensity, porous 3D monolith architectures of CNT hybrids have received
enormous interest in recent years, becauseheir diverse application scopes in wearable
electronic§, flexible sensord ’, scaffolds for tissue engineerifigelectro@ material® and
catalysi€®. Introducing porosity into the 3D structure not only decrease the weight also increase
the active sudce area which is a major desired property in catalysis, tissue engineering scaffolds
and electrode materials. Using the smart 3D design choices by computer simulation researchers
recently aim to fabricate lowdensity porous 3D auxetic structures for @yembsorbing

applications®

Conductive 3D monoliths architecture of CNTs provide greahpes of a multifunctional
material system with high porosity, interconnected paed high surface arédTo acquire the
porous 3D CNT structures researchers followed many different approaches, those can be
categorized into two main groups; direct 3D assemblies and secondary methods of 3D structure

fabrication.
2.4.1 Direct 3D Assemblies of CNTs

In the direct approaabf fabricating CNT lowdensity 3D structure, CNTs are grown inside

CVD furnace in a randomly oriented web of net form followed by the collection of theas
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CNTs continuousor in regular time intervals after achieving a certain thickness of the 3D

foam?®

(@)

Carbon precursor
H2 and Ar

2
~E

Figure 2. Direct grown 3D CNT foam

Description:Fabrication and basic properties of jew¢lded CNT foam conductor. a) Schatias of the
fabrication process; b) cottarandylike CNT network extruding out of a CVD furnace; c) a CNT sponge coll:
on a barrel; d) schematics showing CNT welding by amorphous carbomadithic freestanding foam; f) the
joint-welded CNT foanstanding on cotton without collapsing the cotton; g) the bowknot tied by thenelded
CNT foam®

All-carbon robust 3D nanotube structure producedflmaéing catalyst CVDreported by
researcherswhere absolute ethyl alcohol, ferrocene, and thioplvesie carbon sourceand

catalyst precurso CNTs were selfassembled into a cottarandylike network in the reaction
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zone was collected by a rotating baredipamof 1.5 m in length, 1 m in width, and 50 mm in
thickness Then he amorphous carbojoint-welding was done inlow-rate CVD by feeding
acetylene and hydrogen to the raw CNT foam at high temperaiui®0 min of welding a

monolithic freestanding CNT foam was obtaimveth a bulk density of 4 mg ch®

The aftertreatment of amorphous carbon deposifisad nodesprevent nanotubes from
sliding, whilethe sidewall coverage bgmorphous carbon allows nanotube segments for elastic
rearrangementhrough local bending and rotatioes a resultthese joitwelded CNT foams
become mechanically stable, stretchable, highly compresaitdiesshowed superelasticity with
an elastic tensile strain of 25% and compressive strain of @& 1000 cycles of tensile,

compressive, and bendibgsts®
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Figure 3. The SEM imagesof the CNT foams

Description:a) before and b) after joint welding; The THiMages of the CNT foams c) before and d) after joi
welding; the schematic graphs of e) raw foam and f) jaieiled foam under stretching and compressing.

Another similarfloating catalyst CVD method was reported by A. Mikhalchan et al. to
synthesize selfupporting CNT aerogels high deposition ratessing methane precursrUpon
the chemical reaction after 20 mins at 1200ftaffy so-c al | ed 6éel asti c- CNT s

deposited onto the clean and smooth sapphire substrate forming the 3D assembly referred to as an
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baerogel 6 with densitiasbelowe3? mg/ah?® Claimed that this CNTRerogels can
withstand a weight of up to 150 times higher than their own (~15,000 times higher than their

density) without collapsing’

o
5

\

Substrate ONT aerogel

Figure 4. The ultralight self-supporting CNT aerogels

Description:(a) a reatime snapshot ahe CNT aerogel deposition process taken by a camera located outsi
reactor (note that the white and dim red colors of the reactors' zones behind the sample are a consequen
incandescence due to the high synthesis temperature; the image degses&nt the true color of the sample)
the 0.55 mg/cridensity CNT aerogel withstanding a weight of 8.5 g (~150 times higher than its own weigt
without mechanical collapse; (c) the big 1.50 mgicmnsity CNT aerogel; (d) the typical 20 mgfedensty
aerogel synthesized in 8 min?°

The morphological data revealed that despite numerous strong and divargeections
throughout the whole 3D structure of the CNT aerogels, some CNT bundles had intrinsic
preferences for aidr more compact organization in one plane rather than another. Furthermore,
the rapid growth of t h e CVD dutnacs initialty fo@n¥ B planano k e
network of random oriented CNT bundles, then undergoes-laykayer stacking, forming the

3D aerogel structuré?®
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Figure 5. SEM images of CNTs bundle diameter distribution

Description:Typical CNT network of the aerogel samples synthesized at (a, b) normal and (c, d) low catal

regimes, with the histograms of CNT bundle diameter distribution @, d).

Gui et al. synthesized CNT spongesquartz substrate directly by the CVD process using

1,2-dicholorobenzene precursor at 860 °C in 4 hours of growth time. The CNT sponges produced

in this technique were > 90 % porous with bulk densities varying betw&émig cni. SEM

characterizationavealed that the sponges consisted of aassémbled, randomly interconnected

3D framework of CNTs with diameters in the range of 30 to 50 nm and lengths of hundreds of

mi crometers with

many catalyst

partiicles

The CNT sponges were hydrophobic wéhvater contact anglef 156 °, springy and

enca

robust as even after manual compression to >50 % they came back nearly to their original shape.

The formation of CNT sponges was observed and explained as layer by layer construction into

finally 2-3 centimeters of thickness inside the quartz tubiily avbulk electrical resistivity 6x10

3Ym and

t her mal

c o n d uJmtai temperaturel2@0K g0 360KaAithoGgh 1 5 W
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individual CNTs are very good thermal conductors, researchers claimed the low value of thermal

conductivity is because of thatra-low density these CNT sponges and that would make them a

good thermal insulato??

a)

Figure 6. Carbon nanotube sponges

Desciption: a) A monolithic sponge with a size of 4 en8 cmx 0.8 cm and a bulk density of 7.5mgénb)
Crosssectional SEM image of the sponge showing a porous morphology and overlapped CNTs. c) TEM i
largecavity, thinwalled CNTSs. d) Illustratiomf the sponge consisting of CNT piles (black lines) as the skele

and open pores (void spacg).

L Camilli et aldescribeda bulk synthesis @D freestanding CNT frameworkshich was
developed through a sulfaddition strategy during an ambieptessureCVD process, with
ferrocene used as the catalyst precuts®he density of the macrstructure was 6 mg ciwith

anel ectri cal resi s&tance of about 30 Y ¢cm
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Figure 7. CNT structure made from sulfur assisted CVD process

E
e ——
Description:(a) Photo of several CNT frameworks synthesized after 30 min of the-asBisted CVD process.

Snapshot of a water drop forming a contact angle higher than 150_ with the surface of one of the CNT sa
shown in (a)(c) The CNT solids can sustain large compressive |¥ads.

Figure 8. SEM micrograph showing the entangled CNT networkin the foam

Description:High-resolution SEM picture of a CNT characterized by an elbow shape, as highlighted by the
arrow!*

SEM analysis reveals the microscopic natureéhef asgrown material made entirely of
selfassembled, longnd interconnected tubul@NTs with ahigh number of interconnections

caused by the cued geometry of the nanostructures which sometimes exhibit even elbow

shapes*
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Figure 9. TEM images of CNTs

Description (a) TEM image of a tubular multiwall CNT characterized by a large inner channel and a high r
of walls. (b) HighresolutionTEM of the CNT in (a), highlighting the oblique angle between the CNT axis ar
walls, due to the stackembne morphology of the CNT under examination. (c) and (d)TEM image of a bamt
CNT. (e) and (f) TEM micrograph of a nafiber characterizedyba disordered stacking of Spybridized carbon
layers.t

Figure 9. showed distinctively different surface patterns in various places in a directly
produced CNT sponge with different orientations in the carbon planes of NAis @ith
preferential alignment on the CNT wall direction and eventually gradual disorder in the carbon

planes as more and more layers were added.
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The analysis of the CNT sponges or foams produced directly inside the CVD furnace
showed two distinct woontrollable features, the first one was the variation in the CNTs' diameter
throughout the total 3D structure. And the second one was impurities; the amorphous carbon
impurities deposited mostly on the points of contact between CNT bundles and the pattbjst
impurities trapped inside the cavities of the CNTs. The properties like electrical and thermal
conductivities of the resultant foams were also hugely affected as a consequence of the variation
in bulk densities, differences in thamberof CNT walls andchirality, complex CNT orientation

(alignment), contact resistant between nanotubes, and compactness of the sttutttfre.
2.4.2 Fabrication of low-density 3D CNT-polymer hybrids

The secondary fabrication approach of a 3D féi&m structure with CNTs allows the
freedom of tunability and CNT arrangement preference in a bulk structure. In a broader meaning,
the diameter and length of the CNTs can be precisely controlled dbargrowth on quartz or
silicon substrate after that the porosity, density, and alignment of the CNTs in the bulk and the 3D
architecture of the foam can be tuned during the structure formation by different techniques as the
directional spinning of CNT sle¢s, templating and freezlying. This tactic basically has two
stages, the first one is the CNT growing stage in which the intrinsic properties of CNTs can be
predetermined by the choice of carbon precursor, catalysts, and reaction thermodynamics of that
particular growth process. The second stage is the 3D hybrid architecture design, where there is a
versatile choice compatible with matrix material infiltration and the scope of integrating different
geometry in the structure by-siu or insitu fabricdion techniques. In the 3D hybrid structure
formation proces<CNTs are incorporated with polymers, metals, inorganic oxmtesven with

graphene to get a multifunctional design.
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1.1.1.1 Templatebased 3D Fabrication

Many researchers used a{ioem ortemplates to get the base of the porous 3D architecture
of the CNT foam. In some cas@NTs are directly grown on the prefotiyor previously grown
CNTs were mixed with the templatésnd the preform or templates were removed by selective

etching techniques to get the final porous CNT structures.

Li et al. produced a 3D CNT/graphene hybrid nanostructure using th@a&i@vire foam
template. Here they produced Si@nowire foam at 1150 °C then used it as a template to grow
CNTs inside CVD followed by multilayered graphene edge plane growth al around the CNTSs.
Later the product was dipped into an aqueous HF solution fooviem the SiQ template-
making it an ultrdight porous coreshell hybrid with densities between 589 mg cn?. The
flexible foam showed excellent electromagnétierference (EMI) shielding performance about
47.5 dB in Xband with a 1.6 mm thicknesample®! As flexibility with ultralow density is highly
desirable in aerospace EMI shielding, this conductive hybrid foam exhibits promising application

as a unique material systefh.
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SiO,nw : SiO,nw-CNT
-MLGEP

Figure 10. fabrication of the CNTT MLGEP core-shell hybrid foam

Description:a) schematic diagram of the fabrication (scale bars: 500 nm); b) about 16 cm3 block of hybrid
on GreerFoxtail, snapshots of foam compressed to 70% strain and recovered elastically, and a flexible fo
photographs of the SKNW foam, CNT foam, and CNMLGEP hybrid foam?!

You et al. described saltbasedsacrificial templatng technique for making a porous
MWCNT hybrid with polydimethylsiloxane (PDMS); where MWCNTs and NaCl powder were
mixed with uncured PDMS the cured, subsequently the solidified nanocomposite was immersed
in hot water to remove éhsalt template. The NaCl particles leave closely packed cavities into the

structure with sizes ranging from 200 to 400
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CNTs NaCl Powder
N %

Porous Nanocomposite \

Figure 11. Synthesis process and property characterization of the PNC

Description: a) Diagram of the synthesis process. b) Photograph ofpsepmsed round PNC (5 cm in diamete
and 0.5 cm thick). The SEM inset shows the surface morphotpd3hotograph of a crosectional view of a
bent PNC. d) SEM crossectional view of the PNC. e) SEM magnified view of the inner surface, with expos
CNTs labeled?

Mixed different types of micrsize pores with uneven distribution of CNTs within the

sidewall polymer matrix were seen in the SEM image (Fig. 3.10).

Wang et al reported polylactic acid (PLA)MWCNT microporous 3D structure with an
average density of 45 nogn® andthermal conductivity of 27.5 mW-nhK' *for high-performance

EMI shielding and thermal insulation applicatitn.
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Figure 12. Schematic for porous PLA/MWCNT fabrication procedure and SEM images

Description:Representative cellular morphology of EPLA and segmented surface morphology of EPLA wr
with MWCNTs 3

In thisprocess, PLA pellets were ground into 60 to 120 mesh powder followed by foaming
of these PLA beads using the g&Xflowing agent. After foaming porous PLA beads were immersed
into the sodium dodecylbenzenesulfonat§SBDS) surfactant stabilized MWOCNT
dimethyformamide solution to wrap a layer of MWCNTSs (diameterl50nm, length 3% 0 & m)
on their surface. Then this mixture was sintered in a stéest molding to form PLA/IMWCNT
nanocomposite foam. The final microcellular structure contains an average eelf alzout 5.4
em with bulk electrical conductivityKlmis6. 3 S/
PLA/MWCNT porous foam showed promising performance in EMI shielding application with a

shielding efficiency of 45 dB3

X. Sun et alfabricated a cellular architecture using microscale graphene and nanoscale

CNT with PDMS to form 3D conductive multiscale hybrid foam with 90.8 % porosity for EMI
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shielding application. They made this structure using nickel (Ni) foam templating; gtdipstene
layers were deposited on Ni foam by CVD method then a mixture aflpasonicated MWCNT
PDMS was poured onto the graphene/Ni foam followed by curing. Finally, the Ni template was
removed by HCI etching resulting in graphene/CNT/PDMS porous fegima bulk density of

about 880 mg crhand electrical conductivity of 31.5 S/cff.

%4 PDMS coating

JE— Y

Curing at 80°C

-

Ni foam Ni/GF Ni/GF/PDMS

=2

20KV X1,000 10pm

Figure 13. Schematic of GFCNT/PDMS composite fabrication procesand SEM images

Description:(a, b) SEM and images of graphene layers after deposition on a Ni substrate with an optical
microscope image of cellular Ni foam in inset of ®).

This research also compares graphene/PDMS foam with graphene/CNT/PDMS foam made
in a similar technique and results showed that the addition of only 2 wt% CNTs enhanced the

electrical conductivity up to 350 % from 0.73 S/cm to 31.5 S/cmaddéion of CNTs also raise
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the EMI shielding efficiency of the nanocomposite foam about 200 %, from 25 dB to 75 dB as
CNTs greatly enhance the dissipation of the surface currents by expanding the conductivity

through the interconnected interfaces wittia matrix*

1.1.1.2 Gas foamingbased 3D Fabrication

Z. Min et alreported a batch extrusion g@mming method for producing conductive
polymer composite (CPC) foams using supercriticab @Othe physical blowing agent. In this
process, polystyrene (PS) and MWCNTSs were first extruded in astwvaw extruder followeby

supercritical CQinsertion into the extruder resulting a cellular CPC foam.

Particulate Content 0 wt% 0.2 wt% 2.0 wt% 4.0 wt%

PS/MWCNT
Extrudate Foams

Figure 14. Porous PS/IMWCNT composite foam

Description:Crosssection view of extruded composite foams and their representative cell morpholdgyh&ci
500 %% m.

The morphological analysis revealed the incorporation of MWCNTSs into the PS matrix
changes the cell formation dynamics during the extrusion gsogkere the cells near the surface
were dense, and at the centecation cells got elongated and tend to break due to fast nucleation
and high cell growth ratelhis porous PS/IMWCNT composite foam with 240 gnatensity

showed very good EMI shieldirgfficiency as high as 22 dB atband frequencie¥.

In another research, electrically conductive polycarbonate (PC)/ CNT composites were
prepared by the conventionakelt compounding process then micron size voids were introduced

into the PC/CNT composite structure by supercriticab @@ming technique. This process used
25



heterogeneous nucleation and growth of the voids method by immerging the PC/CNT structure
into preheated oll first followed by foaming termination by immerging into ice/water mixture. 1
wt% to 3 wt% of CNTs were mixed in the melt compounding with the PC; after foaresuts
showed that the cell size distribution, diametarsl densities were infunced by the CNT wt%

into the bulk structure. This was due to the fact that-disfpersed CNTs provided an interface for

CO, accumulation which facilitates the heterogeneous nucleation of the voids by reducing the
critical energy required for nucleatioAlso, the increasing CNT content contributed to the
decrease in cell size, narrowed cell size distribytond increased cell densities of the PC foams.
Researchers reported the voids inside the PC/CNT cellular structure were fairly evenly distributed
resulting ina667% increase in the toughness than the bulk PC/CNT counterpart and superior EMI
shielding proprties. Although the shapes of the cells were widely different in geometric meaning
and the maximum CNT percentage in the structure was 5 % with 21 % porosity which indicated

the bulk structure was dominated by the PC as a result the EMI shielding m®wert also

predetermined by the polyfierds electromagnet.i
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Figure 15. SEM images of PC/CNT composite foams

Description:(a) neat PC foam, and PC/CNT composite foams with (b) 1 wt%, (c) 3 wt% and (d) 5 wt% of (
The insets are the size distributions of cells in the corresponding féfams.

1.1.1.3 Solvent dispersiofdrying Based 3D Fabrication

The CNT solventispersiorbased hybrid structure formation techniques are very popular
and weltstudied as there is a wide variety of choices in stabilizing the CNT dispersion. In the
solventbased process at first, the stable CNT dispersions are made by either physical or chemical
functionalization of CNTs to avoid the CNINT agglomeration followed by ultrasonication.
Later the mixture is freezdried or vacuurdried with or without incorporatio of a polymer

matrix.

A. Abarrategi et alprepared MWCNT/chitosan (CHI) porous 3D monoliths for use as a
scaffold for tissue engineering. MWCNTs were chemically functionalized nitric acid treatment
and dispersed in chitosan solution followed by fredzeng of the MWCNT/CHI suspension

resulted in the 3D porous structure. Duringyivo studies researchers observed a confluent layer
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of cells fully covered the scaffold surface in 4 days, which was indicative of efficient cell growth
and proliferation; sggesting that rather than toxic MWCNT/CHI scaffolds were biocompatible.
In this technique, the shape and size of the resulting monolith were limited by the size of the freeze

drying falcon tube?

Figure 16. SEM micrograph of crosssectioned MWCNT/CHI scaffold

Description:MWCNT/CHI wasexhibiting a chambelike structure. The bar is 20 mm. Inset shows a picture «
the monolithic scaffold?

E. C. Cho et alfabricated the 3D interconnected MWCNT foams by the soldteeze
drying method. The process described as the MWCNTSs were first ultrasonicated to make stable
dispersion in DI wadr by physically functionalization with sodium dodecyl sulfate (SDS) and
carboxy methyl cellulose (CMC) prior to mixed with PDMS polymer matrix. The stabilized
mixture was poured into molds followed by controlled freezing dows@°C, and subsequently,
samples were lyophilized at 26 Pa for 2 days. The densities of the prepared sponges have increased
from 14 to 31 mg crfor the suspension MWCNT contents from 0.05 to 5.0 wt% respectively.

Researchers claimed this linear relationship between the demsigase with the amount of
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MWCNT loading reflected the uniformity of the MWCNT dispersion within the suspension
without precipitation®’

Researchers claimed the homogeneous distribution of MWCNTs within the foam
significantly increased the thermal conduity and reached a value of 0.82 W/m K which is about
445 % higher than pure PDMS and 300 % higher than the MWEDWIS composites prepared

from thetraditional procesg’

=/ Probe-type Freezing
sonication at -50°C

CMC and SDS MWCNT
solution (0.5 wt%) MWOCNT dispersion

(b) ‘

——@xp curve

Content of MCNT {wt%)

Figure 17. Freezedried MWCNT foams

Description:(a) Preparation procedures of the MWCNT foams; (b) photograph of the MWCNT foam stand
a piece of leaf and density of the MWCNT foams with various MWCNT concentrations; (c) taking MWCN’
foam (1.0 wt%) as an exarep our MWCNT foams can be cut into small pieces using a sharp lade.

Researchers claimed the homogeneous distribution of MWCNTs within the foam
significantly increased the thermal conductivity and reached a value of 0.82 W/m K which is about
445 % higler than pure PDMS and 300 % higher than the MWENDMS composites prepared

from the traditional process.
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Figure 18 Morphologies of the agprepared MWCNT foams

Description:(ai d) MWCNT foam (3.5 wt%) with differennhagnifications; (€) MWCNT foam (3.5 wt%) (f)
MWCNT foam 5.0 wt%*’

W. Fan et aldeveloped an MWCN-polyimide aerogel (ncwompressible) fabrication
method with controllable pores, higher mechanical properties, and excellent thermal stability. In
their sudy they have used three sets of different MWCNTSs with outer diame&d &, 1620
nm, and 68 nm; chemically functionalized the MWCNTSs by refluxing in a mixture of concentrated

H.SOQ: and HNQ followed by thermal treatment with hydrazine and ammonisemwtd get
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oxidized amineCNTs. After that the oxidized amifONTs were dispersed into the polyimide
precursor via sefjel process followed by freezieying, then thermal imidization for crosslinking.

The final aerogels densities werei8@20 mg cr with porosity higher than 90 %G he PI/CNT

aerogels exhibited improved properties, as high as 33.5 MPa compressive modulus and high
thermal stability (~ 580 °C¥2
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Figure 19. PI/CNT composite aerogels

Description:(a) Schematic illustration of the preparation of PI/CNT composite aerogels. (b) Photographs ¢

based aerogels. SEM images of (c) neat Pl aerogel, (dCRIT@, aerogel, (e) Pl/@CNTso aerogel, (f) Pl/a
CNTso aerogel, and (§) corresponding pore size distribution of the aerogels.

The researcher explained this fabrication process could producé&Pl&&rogel with
controllable porosity as during the functionalization of CNT different chemical functional groups
were introduced which later interact between Pl chains and form crosslinking points through
chemical bonding that overcame the expansive forttee ice crystal growth process and capillary

force during ice sublimation; thus protect the integrity of the 3D porous strutture.
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Figure 20. Porous MWCNT/WPU composites

Description:a) Optical images of porous MWCNT/WPU composites with various shejitbsvarious densities
b) (down to up) 126, 95, 71, 39, 30, and 20, c) 70, and d) 20 iy 8EM images in (d) throughplane and (g,
hyinpl ane of the anisotropic porous structure® of

Anisotropic porous MWCNT waterborne polyurethane (WPU) composite fabrication
technique was developed by Zeng research group. In this technique a stable aqueous dispersion of
MWCNTs (1020 em | ength) was made by physical fun
polyethylene glycokther surfactant followed by mixing with nonionic WPU to form an emulsion;
then freezalried. The final 3D structure of MWCNT/WPU composite was anisotropic porous
(76.2 wt%) and flexible with low density from about 20 to 126 mgamith as high as 50 dB EMI

shielding efficiency.

The anisotropic microporous structure formatidntlmee MWCNT/WPU aerogel was
assisted by the unidirectional growth of the ice crystals from the bottom to the upper surface and
the aligned pores where the spaces occupied left behind by ice crystals during the sublimation

process. In the pore formation rh@oism, cell walls of the porous composites were randomly
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oriented in an irplane direction (perpendicular to the growth direction of eedl in the cell walls,

MWCNTs were disperset.

P. Lv et al.and others described a 3D graphene/CNT (Gr/CNT) aerogel fabric
technique where graphene and CNTs assembled tahgetynergistic performance i
electical and thermal conductivity. The entangled functionalized CNTs bond witt
graphene sheets together to avoid the slidirtgehunder compression and greatly enha
the elastic stiffness. With a density of 85 mg-me thermal conductivity of th@erogel was
88.5 W m! K. The continuous thermal transport paths within the 3D Gr/Ci¢Fogel

remained unchanged even under 80% compressive $train.

Wrapping graphene
sheets/CNTs

Overlapping
graphene

/ Graphene sheets/CNTs

Figure 21. Schematic representation of Graphene/CNT aerogels

Description: Schematitiustration for the micrestructure of Gr/CNT aerogels and cartoon models of entar
CNTs preventing the sliding of overlapping graphene sheets and avoiding splitting of the wrapping g
sheets?

In this process concentrated30; and HNQ were used to chemically functidized
CNTs followed by addition with the graphene oxide aqueous dispersion prior to the f
drying. SEM image analysis showed the cell walls consist of partially overlappin

wrapping of graphene sheets where the entangled CNTs were covering #ileogephene

33



sheets providing structural support. Compression studies revealed aerogels produced
only graphene were t oo weaki nutnedrearc teixotne
graphene sheets was not sufficient to resist the slide codgression resulting in permane
deformation of the aerogels with collapsed cells. On the other hand, the incorpora
CNTs provides very good macroscopic interconnected structural support with enl

mechanical strength resulting in almost tetalictural rapid recovery of the 3D structure e

after 80 % compressior

Figure 22. SEM images of the 3D porous structure of Graphene/CNT aerogels

Description: (ec) neat graphene aerogel andf)(@r/CNT aerogel with similar initiaensity. Microscopic
cellar wall architecture consisting of partially (b) overlapping graphene sheets and (c) wrapping graphel
for neat graphene aerogel, and entangled CNTs covering (e) overlapping graphene sheets and (f)
graphene sheetsif Gr/CNT aeroget®

Prof. C. Gaoresearch group demonstrated a fabrication technique of prey

templatefree ultraflyweight grapheneCNT aerogels (UFAs) with controllable densitit
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The UFAs wer e prcerpyaoroe dmebtyh otdh e ads ofli r s
grapheneoxide (GGO) sheets and CNTs were mixed together followed by fbgirey in
desired molds. After that, the GGO/CNTs foam was chemically reduced by hydrazine

and vacuum dried.

Compressed Recovered Gr/CNT-2 aerogel

:

»
o
1

Graphene aerogel
i P
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Graphene
aerogel

o 20 4 6 80
Gr/CNT aerogel Strain (%)

Figure 23. Compression behavior of Gr/CNT aerogel

Description:(a) Digital photographs show that the neat graphene aerogel collapses and the Gr/CNT
recover its original shape after compression. (b) Compressive-strags curves for neat graphene aero
aong the loading direction and for Gr/CNT aerogel dutingloadingunloading cycle. Inserts: SEM imag:
showing the deformation process of Gr/ CRT aer.

The densities of the UFAs ranged from ~ 0.16 to 22.4 gr. drhis alkcarbon amgel
with a monolith 3D framework was constructed with giant graphene sheets and CNTSs ribs. The
UFAs showed superior mechanical stabilityaasearly complete recovery of the structure after

50-82 % compression with the behavior of negative poison rationg compressiorf?

Even after 1000 cycles of fatigue test UFAs still kept their original macroscopic shape and
porous 3D microscopic structure with the cell walls interconnection remained intact. Researchers
expeted these properties made the UFAs ideal for multifunctional applications in flexible
conductors, sensors, higierformance conductive polymer composites, energy storage, and

catalyst beds'
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Figure 24. Ultra -flyweight graphene CNT aerogels (UFAS)

Description: (ac) Macroscopic and Microscopic structures of UFAg)dMicroscopically porous architectu
of a UFA at different magnifications. -ff) SEM images of different interconnections for CNbated
graphendggrapheneCNTSs) cell walls: overlappin (f), twisting (g), and wrapping (h).-{j Cartoon models
corresponding to the three interconnections of @ated graphene cell wall; the gray lamellar represent
graphene sheet, orange wires and brown wires represent CNTs coated on the topsaodaBdTon the bac
of the graphene sheet, respectively. (m,n) TEM images ofGéifed graphene cell walls, the HRTEM ima
of a cell wall edge (inset in (m), scale bar is 2 nm) and the SAED patterns (inset in (n)) taken at the
area. (0) Schematillustration of idealized building cells of our UFA. (p) SEM image and photograph (
in (p)) of the |light®l$mgamp*dat graphene aerogel

1.1.1.4 Direct PolymerStabilizationRoute

Recently researcheincorporated polymers in different techniques into the preformed 3D
CNT foams to stabilize the structure without destroying the porous sponge architecture. This newer
approach not only provides structural support also ensuresnmatevials encapsulatioand

reduces the risk of narmelease into the environment.
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Figure 25. CNT/PANI sponges

Description: (a) Photographs and structural models opregared CNT sponge before and al
electrodeposition of PANI, and the models dfag sensors, supercapacitors, and nanocomposite
CNT/PANI sponges. (b) SEM images of CNT/PANI sponge. (c) Clgs&iew of (b) showing the coaxiz

structure of PANI layer uniformly coated on CNTSs. (d) TEM images of thesadrell structures in CNT/PX
sponge. (e) Variation of PANI thickness and bulk density. Inset shows model of palyapmyed CNT$!

S. Wu et al. demonstrated a 3D porous CNT foam fabrication method with polyaniline

(PANI) thin layer coating?

This process started from the bulk 3D interconnected CNT sponge produdheCiviD
method using 1;2ichlorobenzene precursor then directly used the CNT sponge as the working
electrode as an aqueous electrodeposition cell in aniline solution with the potential range from

0.2t0 0.8 V. The electrodeposition of PANI was performedgiaithreeslectrode electrochemical
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station with Pt wire as counter electrode and standard calomel electrode as reference. Subsequent
to PANI electrodeposition on CNT sponges, the samples were {ftleiezeto maintain the porous
architecture. The depositi of PANI increased the bulk densities of the resultant CNT/PANI
sponges from 10 mg cA{CNT sponge) to 48 mg cfand the diameters had increased from initial
20-40 nm to final 56100 nm.Not only the mechanical stability of the CNT sponge increase but
also the bulk conductivity of the sponges increased from 81 S/m (CNT sponge) to 186 S/m in
CNT/PANI sponge. The researcher explained there might be two main reasons for the
improvement in conductivity; firstly, the conformal PANI layers (thickness ~ 40making a
coreshell structure to weld the cross CICNT junctions thus redurmg contact resistance and
secondly, in addition to the CNT network uniform PANI coating had provided a continuous
conductive pathway. The mechanically stable and highly complesSMT/PANI sponges had

potential applications in sensors and supercapacitor electfddes.
2.5 Multifunctionality of Carbon Nanotubes- Polymer 3DHybrids

Multifunctional material systems offer many advantages over their monofunctional
courterparts, such as reducing raw materials consumption by minimizing the need for several
different materials that would do one specific purpose, minimizing processing and production time
by eliminating different materials combination, parts joining or akbeperiod, and sometimes
providing unique opportunities to explore new functionalities. Multifunctional material systems
may commonly be fabricated using two principal strategies; i) utilizing properties by a
combination of monofunctional components imgmsite or hybrid structures, and ii) tuning the
product structure with a functional design architecture (making poroussileelle specific 3D

lattice arrangement, etc) to achieve the target ¢&es.
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In recent years, a wide range of nanomaterials has been used in preparing nanocomposites
and nanehybrids to make multifunctional material systems. CNTs captured a lot of attention
among the scientific communitgs conductive nanomaterials in fabricating multifunctional
material systems because of their conductive network forming capability in diverse matrix
materials, superior mechanical strength, high thermal conductivity, and higher thermal stability.
Incorpording CNTs with different polymers in a precisely controlled manner electrical conductive
threshold can be achieved which not only make the hybrid conductive but also increases the overall
mechanical strength of the system; this is proven by myriad regsareported. On top of that,
2D yarn and sheets can also be made from pure CNTs which are super strong, flexible, and
lightweight which can further be added to a polymer matrix, polymeifillhis, or textile structure

to fabricate wearable sensors andiattrs for human health monitoring.

To add another functionality of ulttaw-density in 3D structures, making the material
system porous is an effective strategy that not only reduces overall material consumption per unit
area also introduces higher saag# area means higher active sites for adsorption, absorption, and

chemical reactions.
2.5.1 Wearable Piezoresistive Sensor

Therobustness, conductive network forming capability, and processing compatibility with
a diverse matrix material made CNTs an incrgdiimomising candidate for flexible pressure
sensors in healthcare and sports applications. Pressure sensing systems transduce compressive and
tensile mechanical stimuli into electrical signals using the piezoresistive sensing capability of
CNTs; where thelectrical resistance of the nanocomposites or-mghoids changes with applied
pressure. Here we include some of the gddlymer foambased relevant studies from literature

which shows CNT as a unique candidate for sensors in future wearable technologies
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Zuruzi, A. S. et al. reported the MWCNTPDMS nanocomposite foams as a sensing
element, where conducting paths formed between MWCNT protruding from walls of pores which
are collapsing during compression reduces thrabgikness electrical resistance antegrated
the nanocomposite into sports glove that can sense pressure. The maximal grip strengths obtained
using this sports glove were in agreement with those obtained using the Jamar dynamometer and

Martin vigorimeter*®

Kim, J. H. et alhad developed a nanocomposite of CNTBRDMS and demonstrated the
potential for the healthcare field through strain sensors, flexible electric circuits, and biopotential
measurements such as EEG, ECG, and EMre they utilize a solution based ultrasonication

process to achieve uniform distributions of CNTs within the polyfer.

Kuang, Jun, et al. had demonstrated the synergistic effect of combining Cigilaphéne
in a 3D foam structure to fabricate pressure sensors. In this study, they had successfully fabricated
hierarchically structured graphene/CNT hybrid foams through freeze casting methods and

demonstrated their potential as a material for artifihkah.*>

In another study, Chen, H. et al. had developed a stretchable andumctitbnal sensor,

CNT-PU sponge strips which can detect omnidirectional bending ansLipeaadependenthf
2.5.2 Electromagnetic Interference (EMI) Shielding Applications

The electromagnetic radiations emitted by electronic devices, military radar facitties, o
industrial or householélectronic instrumentsan be harmful to human health, damage soft tissues,
and also can interfere with the function of other electronic devices-firadar communication
components. On the other hand, certaiectromagneti radiationsare the signature of some

devices, emitted radiation can disclose locations of military equipment, also there is some sensitive
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issue of information leaks. In these contests, electromagnetic shielding technologies are important
to eliminate hemful radiation hazards as well as to protect aerospace vehicles, otheedsitave

devices. Traditionally, metals are used as electromagnetic interference (EMI) shielding material
because of their high EMI shielding effectiveness (SE) due to theirelegtrical conductivity.

But, as metals are with high density and susceptive to corrosion damagierisity conducive

carbon nanomaterials (CNT and graphene) have captured a lot of attention among scientists and
engineers in producing lightweight, anorosionresistant suitable EMI shielding materials. The
excellent mechanical strength of the carbon nanomaterials with the higficspedace area is
additional contributed to high EMI SEHere we include some recent studies of Gddlymer

based EMI shielding materials that achieved very good shielding effectiveness witlerigity

structues.

Lu, D. et al.had fabricated a lowlensityflexible CNT-PDMS composite consisting of
selfassembled interconnected CNT skeletons, with a density of 10.0 fntjiiatrcan directly be
used as EMI applications showing EMI effectiveness (SE) and speEifi§SE) of 54.8 dB and
5480 dB cn¥g in X-band, respectivelyin this study, th&€€NT sponges were synthesized by the

chemical vapor deposition (CVD) process and later PDMS was infiltrated into the strtfcture.

In another study done byu, Z.-Z. et al.fabricated a 3D CNEpoxy sponge that showed
an outstanding EMI shielding effectiveness of around 33 dB in tharXl. This study also used
preparation methods of naecomposites using epoxy infiltration into a 3D CNT sponge

framework?*?

Wang, YueYi, et al. had developed a lowensity foam using CNT, graphene,dan
polyimide where the synergistic effect of the two nanocarbon allotropy favor the EMI shielding

application, and alsdesirable CNT dispersion was achieved with the assistant of the functional
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group on the graphenfdea& «xindbetweentgiafdhere and EMTdANd h e
the nanocomposite foam exhibits an average EMI SE of 28.2 dB and specific EMI SE (SSE) of

7050 dB crig!at only 0.02 g cm density3°

In all the studies reported better EMI shielding applications using CNTs claimed that CNTs
are not only providing theecessary electrical conductive network but also the lightweight CNT
backbone provided the matrix polymer with the dual advantage of better reinforcement and

toughening.
2.5.3 Oil Absorption Applications

Physical absorption of oil and organic pollutants from water is a feasible method for

efficiently removing them and is considered a green route if reusable absorbents can be used.

Reusable super absorbent materials are of vast research interest in tgppigafions in oil spill
clearrup and other organic pollutant cleanings from the environment.-¥&d porous 3D

polymer composites are investigated by many researchers as suitabhelgjit super absorbent.

Turco, A. et al.had developed an MWCNPDMS functional nanocomposite and
demonstrated its use imater/oil separatioy utilizing the superhydrophobicity and magnetic

behavior of the CNTS!

Ge, Bo, et alhad demonstratethe selective absorption of oils from wat®r arobust

superhydrophobic argliperoleopbbic CNTsSiO2coated polyurethanpange 2

In another researcl3jn, L. et al.fabricatedCNTsPAN nanofibers 3D foamssing the
freezedrying method and demonstrated the use of this porous foam in selective absorption of oils

and organic solven{dike heptane) from the water surfe€e.
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Zhan, W. et al fabricated an MWCNTPDA (polydopamine) aerogel 3D composite
structure inspired by nature, which hasidca abbagel i ke 0 laichi#actare withi c a |
directional capilhry chambers. They demonstrated the use of this 3D microporous composite in

absorbing oils and fferent organic solvents with excellent reusabffity.

Multifunctional use of 3D CNJpolymer porous hybrid has shown that there is a huge
demand for CNIbased multifunctional material systems that can be fabricated with a precisely
controlled fabrication technique with very good homogeneity in @NTribution throughout the
matrix. The interconnected network of CNTs provides electrical conductivity, the regularly spaced
stacked aligned sheets of CNTs in the 3D structure offer piezoresistive sensing capability, and the
PyC conformal nanocoating prides mechanical stability under repetitive dynamic cyclic loading
conditions; this combination of properties is key in developing wearable sensors for reliable signal
sensing. And 3D porous architecture is key in achieving-ldwvadensity, higher liquidbsorption

capability, and better electromagnetic interference shielding efficiency.
2.6 Critical Summary

Since the discovery of CNTs, researchers have been trying for years to optimize not only
the production methods, also put a lot of effort into finding a viable fabrication technique to
incorporate CNTs in a functional design with polymers. Despite théhaicso mucthasalready
been achieved in terms of improvement in the bulk production of high purity CNTs, not many
attempts were successful in controlling the specific alignment of CNTs inlaltrdensity
structures. This might be due to the fact tinail recently CNT powders (length in the range of
~em) were only wused as the conductive filler
phase. Since the most recent breakthrough in producing dry spinnable CNTSs, different approaches

have been intduced by researchers to gain control over the distribution of CNTs into the final
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bulk structure. Spinnable CNTs are longer (length ~ 1mm), have low defect densities and few
impurities; fabricating continuous structures with them provides advanced oppestuio
customize the bulk architecture, as ribbons, yaang 3D hybrids. The initiation of spinnable
CNTs incorporation in mukmaterial 3D hybrids offers enormous opportunities in designing very
sophisticated functional architectures for targetediegdpons. For example, in piezoresistive
sensing, EMI shielding, supempacitive energy storage, etc. where the alignment of the

interconnected CNTs network plays a crucial role in the device performance.

Moreover, in many fields as catalysigestiles, flexible robotics and aerospace it is always
desirable to maximize the functional surface area and minimize the weight of the material without
sacrificing the performance. In this context, porous 3D conductive-@\yimer hybrid structures
exhibit a poéntial alternative to metddased conventional counterparts. Previous approaches of
fabricating a porous structure mostly involveracursorsand/or sacrificial templating or gas
based foaming method resulting in a 3D porous structure with ruptured, migesnano and
open/closed pores. This variation in size and shape of pores within a 3D porous hybrid inversely

affects the dynamic functionalities.

Furthermore, in previous studies the choice of polymers for the -mgrads
predominantly determined tliabrication routes, since CNTs are superhydrophobic in nature and
have higher agglomerat-i onntendenicoes doneotpors
hydrophilic polymer needed prior chemical or physical functionalization of CNTs. As the bette
dispersion of CNTs in the polymer matrix, stable CGANT junctions and the stronger CNT
polymer interfacial interaction lead to better device performance due to enhanced charge transfer.
For these reasonso® r esear c strategesforasingle setdfllpNT e d a

polymer hybrid which made the particular fabrication route only limiteohe set of materials.
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Suitable modification to extend to other polymers systems with the identical technique is not
possible. Despite the complexof fabricating the multmaterial 3D hybrid systems, their unique
offering of intelligent functional design and sustainable low materialdost approach attracted

intensive interest among researchers.

Nevertheless, it is of crucial importance to depea cohesive tunable fabrication technique
that will secure the stability and controllability of CNT arrangement as well as promise multi
materials incorporation without interrupting the base architecture. As the alignments of CNTs are
easily interruptecdby wet chemical methods and traditional 3D hybrid fabrication methods are
highly polymer specific due to the CNJolymer surface interaction chemistry it is still desired to
understand the structupgoperty relationship of the 3D hybrids in order to leasitheir potential

multifunctionality in diverse advanced technologies.
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CHAPTER 3: Experimentals
3.1 Materials
3.1.1 Multiwalled Carbon Nanotubes (MWCNTS)

MWCNTSs produced by the CVD procems quartz substrand havean average diameter

of ~39 £ 6nm and an averadength of 1 mm, while the aspect ratio is ~ 25,650.
3.1.2 Polymers

Polydimethyle Siloxane (PDMS) Theommercially available silicebased polymer,
PDMS (Sylgard® 182, Dow Corning Corporatj@two-part kit composed of part A:the base
polymer or pre-polymer andpart B:curing agenbr crosslinker) is used to prepare CNADMS
foams. Polyvinyl alcohol (PVA) pellets with an average molecular weight of 13,8000
(98% hydrolyzed) were purchased from Sigildrich Inc. Commercially availdb 3D printing

grade Polycarbonate (PC) pellets with a density of 1.2 g/cc were purchased from 3DXTECH.
3.1.3 Solvents

DI water, ethanol, fmexane, andichethyl sulfoxide(DMSO) were used as solvents to

dissolve different polymers.
3.2 Methods
3.2.1 Spinnable MWCNTSs production in the CVD process

Vertically aligned CNT arrays were grown in a tube furnace via a modified version of the
chlorinemediated chemical vapor deposition (CVD) rotftthe MWCNT arrays were grown on
a quartz sulimate at temperature 760 °C and pressure of 5 Torr with acetylene as the carbon

precursor and Feglanhydrous 99.5% VWR) as the catalyst. At 760 °C acetylene9§as%,
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Machine, and Welding Supply Companyas flowed at 600 sccm, Chlorine g89.09%, Cstom
Gas Solutions)at 2 sccm, and carrier gas Argo®9(999%, Machine, and Welding Supply

Companyat 398 sccm while the system pressure was regulated at 5 Torr.
3.2.2 Conformal pyrolytic carbon (PyC) coating and CNT foam preparation

Horizontally aligned CNTsheets were drawn from the vertically aligned CNT arrays,
drawing a small bundle of nanotubes at the edge of a spinnable array continuously tragsform
vertically aligned CNTSs into horizontally aligned CNT sheets. The single sheet had a thickness of
apprximately 7 + 3em with a very low density (0.002 g/ém Continuous collection of the
aligned CNT sheets around two rotating parallel glass rods to anéixepiece until the desired
sheet thickness was reached, which results in a rpaeous horizontayl aligned CNT structure.

A detailed procedure of the CVD CNT growth method and the CNT dry winding proesss w
explained in our previous works The aligned and stacked CNT sheets were then pladee ins
the tube furnacehambeffor chemical vapor infiltration (CVI) of pyrolytic carbon (PyC). Samples
were heated at temperature 800 °Gwacuum and acetylene was then allowed to flow at 600
sccm while the pressure was maintained at 30 Torr during2eninutes PyC deposition time.
Then the resulting CNT/C (CNT/PyC) foams were cut according to the desired shapbarp

razor blade.
3.2.3 CNT-Polymer hybrid nanocompositepreparation

CNT-PDMS hybrid foam fabrication
The CP hybrid foams were prepared in steps. First, theommercially available silicon
based polyme?DMS (Sylgard® 182, Dow Corning Corporatj@ntwao-part kitcomposed of the
base polymeor pre-polymer and curing agemtr crosslinker) were manually mixed at &0:1

weight ratio(pre-polymer: curing agent). Eighlifferent PDMS concentration8,1,0.5, 1,5, 10,
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20, 30, 40,and 50%yg/g fraction, were prepared by mixing PDMS in hexane and stixirtig a
magnetic stirreffor 15 minutesfor homogenizationin the second step, ea®iDMS-hexane
solution was infiltrated into th€-100foams dropwise until the solution saturated the foam
structure. Instantly after the infiltration, each sample was cured in an a/&d & for90 minutes
Pure PDMS film was also cast usiad.0:1 weght ratioof Sylgard 182 and cureat 150 °C for

90 minuteswhich was used for comparative study.

CCNT Foam Surface Modification
PyC coated CNT foams are superhydrophobic in nature with a water contact driglé. of
This is not only due to the inherenoperty of the PyC carbon but also how the nanofibers of
PyC-CNT are arranged in a regularly aligned microstructure plays a crucial role in causing the

water repellent property (will be discussed later in detail).

To infiltrate polar or watebased polymesolvent system we need to modify the surface
of the PyC coated CNT foams. A dry corona discharge surface activation process is used for this

as this will not alter the 3D structure of the porous foams.

5-10 seconds of corona arc treatment was done dnsatace of the PyC coated CNT

foams immediately before the polar polyrsetvent solution infiltration.
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Figure 26. Direct Corona treatment of the PyC coated CNT foams

CNT-PVA and CNT-PC hybrid fabrication
The CNT-PVA (CPVA) and CNTFPC (CPC) nanohybrid foams were prepared in two steps.
First, thecommercially availablé’olyvinyl alcohol (PVA) pellets (SigmaAldrich Inc.) with an
average molecular weight of 13,00@3,000 (98% hydrolyzed) were dissolved ihvizater and
the commercially available 3D printing grade Polycarbonate (PC) pellets (SDXTECH) were

dissolved in @nethyl sulfoxide(DMSO).

Fourdifferent PVA-water and PE€OMSO solutionconcentrations).25,0.5, 1, and 4/g
(polymer pellets/solventiractions, were prepared by mixinthe polymer pelletsn respective
solventsand stirringwith a magnetic stirrefior 1hrs for homogenizatiomn the second step, PVA
water and PEDMSO solutions were infiltrated into the corona arc treatddCfoams drojwise
until the solution saturated the foam structure. Instantly after the infiltration, each sample was
freeze using dipping into a dige bath and immediately after putting them in the freeze dryer for
lyophilization. After getting the samples out frone tineezedryer after 24hrs they were kept in a

desiccator until subjected to further property analysis.
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3.3 Characterization Techniques
3.3.1 Morphology Analysis

Scanning Electron Microscopy (SEM)
Crosssectional and surface morphology of thepasparedsamples were studied bigid
emissionscanningelectronmicroscopgFE-SEM) FEI Verios 460Lwith 2 kV beam voltage and

13 pA beam current. All SEM images of the samples were taken without sputter coating.

Transmission Electron Microscopy (TEM)

Transmisson electron microscopy (TEM) images were taken usifijeamoFisher Talos
F200Xfield emission TEM with a beam voltage of 200 kV. A probe sonicator was used to disperse
0.001 g of CNTs irb0 mL of ethanol. The mixture was pulse sonicated (1 second osecb8ds
off) in an ice bath foBO minutes Immediately after the following ultrasonication, a small amount

of the dispersion was deposited on holey carbon mesh, Cu TEM grids and then allowed to dry.

Surface Topography Analysis
The water contact angle waseasured using a Goniometer. Detailed surface topography
of the CP foams was evaluated usinganfocal Laser Scanning Microscope (CLSM), Keyence
VKx1100. This microscope combines optical microscopy with laser profilometry, and a 404 nm

violet laser soure was used tmeasure profile and surface roughness.
3.3.2 Chemical Analysis

EDS
SEM-Energy dispersive spectroscopy (EDS) measurements were also gathereHEIn the
Verios 460Lwhich was fitted with a®xford energy dispersive-Kay speatometer (EDS}ystem.

Elemental spectra were gathered over an acquisition timEO0fsecondsFor quantitative
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elemental analysis, the collected spectra were compared to black carbon tape backgieihd.
HAADF imaging and TEMEDS elemental mapping were also done hg SuperX Energy
Dispersive Spectrometry (SuperX EDS) system with the four Silicon Drift Detectors (®DD)

the Talos F200X FHEM.

Confocal Raman
Horiba XploRA PLUS Confocal Ramamicroscopesystem with an excitation wavelength
of 532 nm on aprepared amples. The Raman acquisitions were calibrated using a crystalline Si
sample with a characteristic Raman peak at 520'6'd&®aman spectra were very carefully taken
to avoid the laser excitation damage of the samplaman spectra were very carefully take

avoid the laser excitation damage of the samples.

FTIR

For chemical bonding analysis a Bruker Algp& TIR-ATR (diamond crystal) was used.

X-ray Diffraction Analysis
X-ray diffraction (XRD) measurements were conductedBAldalytical Empyrean Bragg
iBrentano XRD at room temperature with a Cu

wer e per f or in@dwith astep vdih 0oF0.0260and a scan speed of 0.14° per second.
3.3.3 Thermal Analysis

Thermo-gravimetric Analysis (TGA)
TGA experimats were conducted on a Perkin EImer Pyris 1 thermo gravimetric analyzer
using 510 mg of each sample heated at a rate of 10°C/min in the air to 900°C, and then

isothermally soaked for 30 minutes.
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3.3.4 Mechanical Analysis

The compressive strength was measusgdguan Instron 5544 mechanical tester operated
in the compression mode. Sample platens were cudemigned and fabricated to fit securely in
the clamp holders to prevent unwanted instrument compliance. The top platen measured 3.175 cm
diameter, while thbottom platen diameter was 5 cm, which allowed for total coveragefobati
samples tested. For all nanocomposite foams, the load rate was set to 0.1 mm/min, and a 2 kN load
cell was used. All CNIPDMS hybrid foam samples were tested under appliedcoyainpressive
load in both the longitudinal and transverse to the CNTs' alignment direction. All samples were
tested for 100 cycles fromi 80% (low) and 880% (high) compressive strain at a rate of 10 mm

min' 1
3.3.5 Electrical Testing

DC electrical resistancd all samples \asmeasured using a foyprob multimeter.
3.3.6 Electro-mechanical Analysis

The cyclic piezoresistive responses of all the HAaylarid foams were measuredsitu by
reattime fourprobe electrical resistance recording during cyclic compres$ite samples. Two
pieces of copper foil were used as electrodes and silver epoxy glue was applied to adhere the foams

to the copper foils and copper wires were then soldered to the copper foil electrodes.
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CHAPTER 4: Ultralight CNT -Polymer 3D Nano-hybrid Foam with Controlled Tunability
4.1 Abstract

Owing to the unique combination of excellent mechanical, thermal, and electrical
properties with ultrdow-density, multiwalled carbon nanotubes (MWCNTS) are one of the top
calbonbased nanomaterials used for many -téal applications like wearable electronics,
aerospace, biomedical engineering, and so on. The breakthrough in CNT research came when the
processability of this nanomaterial become easier by using dry or sodpilomng methods to
fabricate macrostructures. Though the challenge of achieving then@ifix compatibility
without compromising the nanwetwork integrity is still limiting their uses and requires very
complex, chemicaintensive, and timeonsuming proessing. In this work, we use the CNT dry
spinning method to prepare directionally aligned CNT sheets, then stack the sheets in 3D space
and infiltrate conformal pyrolytic (PyC) coating around them to get a resilient-alipetow-
density 3D CNT foam (€00). We have successfully demonstrated a controlled
nanoencapsulation process of-1G0 fibers using a uniform nadayers coating of
polydimethylsiloxane (PDMS) to fabricate uli@v-density CNFPDMS (CP) nanohybrid foams.

The density of CP foam is 1429 mg cn¥ with a PDMS nanocoating thickness of about ~ 3.9 +

0.6 nm. The density and the porosity of thelG0 foam can be easily tuned by varying the PyC
coating thickness and/or varying concentrations of the pohgwletion infiltration. These naro

layers of PDMS on the @00 fibers acted as the skin for the nanofibers, allowing robust
mechanical performance in dynamic cyclic compression, as well aadadkeep the integrity

of the conductive nanonetwork all through the 3D structure resulting sistent piezoresistive
behavior. On top of that, the 3D aligned architecture creates open porous microchannels which

allow the liquid absorption by micrcapillary action and showed wicking effects.-ERas very
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high thermal stability (up to 400 °C) inghair. Utilizing this exceptional combination of properties

we use the CIB nanohybrid foam in multifunctional applications.

4.2 Introduction

In recent years carbdmased nanomaterials like carbon ndiber®®, carbon nanotubes
(CNTsY"®"9658 and grapherié>9° were extensivelyisedin naneengineering because of their
extraordinary intrinsic propertieké superioelectrical conductiiy, higher mechanical strength,
low density robust yet flexibleature Among these, CNTSs are receiving tremendous attention for
their multifunctional capabilities and have emerged as a promising candidate for usebie flexi
electronics as sensors, supercapacitors, and electrodes; as substrate, and/or electrical network
forming platform in drug delivery systems, and tissue engineering; in electromagnetic interference
(EMI) shielding applications and many more. Today, whid¥ice miniaturization is the new
demand, one of the major focuses of advanced material désigggucing the weight to get
ultralow densityand compact structur@his is not only a requirement in the aerospace and
automobile industries but also a majiesire in wearable electroniésrobotics, unmanned aerial
vehicle (UAV), and etextile applicationd”®%2¢, In fabricating low-density nanostructurethe
porousarchitecture of makin§D foams and aerogeisthe most common design strategich
also offersmore active surface areaThe hterconnected porous 3D structure provides
uninterruptedconductive network and capability for highieterfacial interactiorthat increase
sensing capabilityAnd this alsoadds more sites foradditional materials incorporatignand

increassthe possibility to tunéhe overallpropertiesn a wider rang®.

Considering the great importance of preparif@\a-based3D porous structure the most

typical techniques used were based on nibigslymer foam templa@®, metal templaf&6768,
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sugaf”d, salf?, or beads templatg gas foamingf, usee of supercritical fluid, freezedrying'®,
floating catalyst® methods and direct CNT foam preparation. In all these processes, the common
desired goal is to get a stable 3D porous structure while keeping the integrity of the CNT
interconnected networlll the above engineering approaches can be divided into two main design
approachesthe one m which the3D foams are obtained from CNT symensions by multistep
drying processwith or without templaté$’® and the other processing routedisect growth of
interconnected 3D CNT foams by chemical vapor deposition (CVD) methefdse polymer
incorporatiorit. These processes successfully prepared conductifee8BtandingCNT foams

with low density, although in many of those design apgrescariousorganic chemicaland
acidswere usedand the multistep product purificatiomequireshigh energy andvas time-
consunng. In addition, due to the fixed design parametirsre vasvery limited or no control

over the densityporosity, and werall distribution of CNTs' conductive network withtime final
products. Also, the alignment of the interconnected CNTs wasvelbidefined ortunable in
previous studieswhich is a key requiremerfor maintaining control over the conductive
percolation threshold limit The dignment of CNTs within the structure haslirect effect on the

conductivity and the overall sensing capability of the foam.

In previoudispesionbased processy techniqueghe resulting foams have sevestier
issues as med open and closed pore eeland agglomeration of CNTs. These hinder the
comprehensive utilization of CNTs properties in a final hybrid strucluiseasily understandable
that controling the distributionof CNTs within the final hybrid structure usj solvent
suspensiofbased ompolymerdispersiorbased processing isearly impossibleas free moving
CNTstendtoagglomerageasi |y i n solutions -orstdackhiemgiiomt &

between adjacent CNTEhese lead to the lorgtandirg problem of inhomogeneity abnductive
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network issues in process scalabilignd affectsthe overall performance efficiencgurface
functionalization of CNTs using physical or chemical treatments can solve the problem partially
but still, the inhomogeneity of CNT distribution in the final form is unavoidablethe other
hand,foams with irregular pore sizes may cause struatweformation under dynamic loading

due to ununiform stress distributiamich can finally lead to disruption in the conductive network.

In this work, we have utilized the inherent property of spinnability of the ~1mm tall
vertically aligned MWCNT array$o fabricate freestanding ultralight 3D CN-polymerhybrid
foams, in which the directional alignment of interconnected CNTs wasdeftied according to
the process parameters. After spinning the CNTs from the array, they were conformally coated
with pyrolytic carbon to get a resilient 3D foam architecturel(D). Later, CP nanohybrid foams

were fabricated using varying concentrations of PDMS solutions infiltrated into-110€ @am.

The inverse approach of fabricating the wifined freestanding QIT foam with a weH
aligned conductive network and afterward polymer infiltration gives us more scope to tune the
properties of the final hybrid nanostructureer a wide range. This templétee and dispersien
sonicationfree processing technique provédie flexibility to control, and customize the density
and porosity of the nanohybrid foam. The successful seyer coating of polgimethylsiloxane
(PDMS) not only stabilizes the structure of theLlG0 foams but also ensures proper encapsulation
to prevent nanomaterials release into the user environment during their use in dynamic conditions
in real devices. Moreover, this strategy of anisotropic alignment of MWCNTs within the foams

demonstrated promising multifunctional applications.
4.3 Experimental

MWCN T synthesis and Preparation of CNT foamVertically aligned CNT arrays were

grown in a tube furnace via a modified version of the chlemiegliated chemical vapor deposition
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(CVD) rout&”. The arrays were grown on a quastibstrate at temperature 760 °C and pressure
of 5 Torr with acetylene as the carbon precursor and . Re@hydrous 99.5% VWR) as the
catalyst. The resulting vertically align spinnable MWCNT array had an average height of ~1 mm
with an average nanotube diater of ~39 + 5 nmThe hgh purity vertically aligned MWCNTs

are produced irthe modified CVD process where no additional afteratment or acidbased
purification is neededHorizontally aligned CNT sheets were drawn from the vertically aligned
CNT arays,drawing a small bundle of nanotubes at the edge of a spinnable array continuously
transforning vertically aligned CNTSs into horizontally aligned CNT sheg&tse single sheet had

a thickness of approximate®d e m with a very low density (0.0afcn?)°°. Continuous collection

of the aligned CNT sheets around two rotating parallel glass rods toarfétepiece until the
desired sheet thickness was reached, which results in a-p@ows hazontally aligned CNT
structure. A detailed procedure of the CNT growth method using CVD and the CNT dry winding
process was explained in our previous wotkEhe aligned CNT sheets were then placesidie

the tube furnacehambeffor chemical vapor infiltration (CVI) of pyrolytic carbon (PyC). Samples
were heated at temperature 800 °C in a vacuum and acetylene was then allowed to flow at 600
sccm while the pressure was maintained at 30 Torr durirglt@d 120 minutes PyC deposition
time. Then the resulting CNT/C {000) foams were cut according to the desired shape by a sharp

razor blade.

Fabrication of the CNT/C-PDMS foam. The CP hybrid foams were prepared in two
steps. First, thecommercially aveable siliconbased polymerPDMS (Sylgard® 182, Dow
Corning Corporationa two-part kit composed of the base polymar pre-polymer and curing
agentor crosslinker) were manually mixed at #0:1 weight ratiopre-polymer: curing agent).

Eight different PDMS concentrations).1, 0.5, 1,5, 10, @, 30, 40,and 50%qg/g fraction, were
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prepared by mixing PDMS in hexane and stirrimigh a magnetic stirrefor 15 minutesfor
homogenizationIin the second step, each PDM#8&xane solution was infiltrated into ti&
100foams dropwise until the solution saturated the foam structure. Instantly after the infiltration,
each sample was cured in an oveh&i °C for90 minutes Pure PDMS film waslso cast using

a 10:1 weight ratioof Sylgard 182 and curedt 150 °C for 90 minuteswhich was used for

comparative study.

Hybrid Foam characterization. Crosssectional and surface morphology of the CNT, C
100, and CP hybrid foams were studied ibjdfemissionscanningelectronmicroscopg FESEM)
FEI Verios 460Lwith 2 kV beam voltage and 13 pA beam current. All SEM images were taken
without sputter coating. Density values were calculated using the physical dimensions of the
samples obtained by a caliledtscale bar in a stereo microscope, and the mass of the samples was
measured with an analytical balance with readability to 0.1 mg. After calculating the density of
the G100 samples, they were infiltrated with PDMS and the porosities and densitie<Céf all
hybrid foams were recalculatediransmission electron microscopy (TEM) images were taken
using a ThermoFisher Talos F200X field emission TEM with a beam voltage of 200 kV. A probe
sonicator was used to disperse 0.001 g of CNTs in 50 mL of ethanomikh@&e was pulse
sonicated (1 second on, 0.3 seconds off) in an ice bath for 30 minutes. Immediately after the
following ultrasonication, a small amount of the dispersion was deposited on holey carbon mesh,
Cu TEM grids and then allowed to dry. STEM HAAD#aging and TEMEDS elemental
mapping were also done by the SuperX Energy Dispersive Spectrometry (SuperX EDS) system

with the four Silicon Drift Detectors (SDD) of the Talos F200XxHEM.

The water contact angle was measured using a Goniometer. Dstailece topography

of the CP foams was evaluated usingGanfocal Laser Scanning Microscope (CLSM), Keyence
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VKx1100. This microscope combines optical microscopy with laser profilometry, and a 404 nm
violet laser source was usedn@asure profile and saide roughnes§.he Raman spectra of all
the samples were recorded at room temperature using the WITec confocal Raman microscope
system (Alpha 300M) with a maximum sensitivity excitation wavelength of 532 nmunepared
samples. The Raman acquisitiongevealibrated using a crystalline Si sample with a characteristic
Raman peak at 520.6 trhRaman spectra were very carefully taken to avoid the laser excitation
damage of the samplés:ray diffraction (XRD) measurements were conducted on a PANalytical
EmpyreanBrag Br ent ano XRD at room temperature with
) . Step scans weir8é° wphe istépovrdimef .026, and a dn speedloD
0.14° per secondlhermogravimetric analysis (TGA) experiments were conducted on a Perkin
Elmer Pyris 1 TGA using-20 mg of each sample heated at a rate of 10°C/min in the air to 900°C.
Compression testing was performed on an Instron 5544 equipped with a 2 kN loadl c&R. Al
hybrid foam samples were tested under applied cyclic compressive load in both the longitudinal
and transverse to the CNTs' alignment direction. All samples were tested for 100 cycles from 0
40% (low) and 680% (high) compressive strain at a rate ofrf mifl  The electrical resistance

of all the nanehybrid foams was measured by a fguobe machine.
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4.4 Result and Discussion

! il i |

CNT multilayer sheets PyC coated CNT foam Cut foams

2 B &
Syrgard 182 Hexane PDMS Infiltration into the CNT foam until CP hybrid foam
solution saturation

Figure 27. Schematic of (a) CNT/C (C100) foam fabrication and (b) CNT/GPDMS (CP)
hybrid foam preparation process

As described in the experimental section, we synthesized vertically align spinnable CNTs
by the CVD method on quartz substrdte Then madefree-standing C-100 foams, at first
horizontally aligned CNTsheets were drawn from vertically aligned spinnable CNT array.
Multiple sheets were put on top of each other very carefully in a continuous spinning process with
constant pulling tension till the desired thickness was achievedT&)g.In this process of
spinning while the CNTs from the array-were p
stacking forming a parallel alignment making a CNT néiber networked sheet. An individual
CNT nanofiber sheet thicknesscontsllinatpepspirmrng mat e |
ensures consistent pulling tension so that G@NNT junctions can be made continuously and

confirm uniform CNT sheets stacking while maintaining the even spacing. The homogeneous
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aligned distribution of the CNTs all through the sture created an uninterrupted conductive
network. Thus, eliminaig the need for energgonsuming ultrasonication processing steps for

CNT homogenization.

Pyrolytic carbon (PyC) coatingasdone by the CVI technigt@which made the structure
stable foamtlike. In the CVIprocessPyC (disordered graphefige carbon sheets) was deposited
all around the individual CNTs (Fig7a.) The PyC coatings provide three advantages; first, it
provides structural support and secure the @\NT individual endto-end junctions within the
CNTshet s . Second, Py C sptraochkiibnigt st esntdreonncgy "of adj a
condensing together, and peat the collapse of the structure. And third, FBP showed PyC
impart nano roughness on the surface of CNTs which might be beneficiairttoer material
deposition and surface modification applications. Due to the specific alignment of CNTs within
the G100 foam they showed anisotropic properties, meaning diferencein the electrical
conductivity and mechanical compressibility degieg on the transverse and longitudinal

direction of alignment (Table. S1).

We have prepared 2 sets ofl00 foams with different PyC coating duration; one with 80
mins and another with 120 mins. The diameters of the conformal PyC coated CNT fibesescrea
from approximately 98+ 9 nm to 125 + 13 nm with the increasing PyC coating time from 80 to
120 mins. (Fig.38). Additionally, the surface roughness of thel@ fibers increases with the
increasing PyC coating time, and the density increases frond m§9cm® to 6.001 mg crm.
Although it did not seem the overall structural features changes much, the additional rough PyC
layers in the 120 mins coated foam had a significant effect on polymer solution infiltration which
we will discuss later. In most gwheneor CNT-based 3D polymédoamsreported in the previous

literature,the nanomaterials were dispersed in some common solvents then incorporate with a
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polymerfollowed by foam formation by templating or freedeying to get the final porous nano

hybrid structuré? /%4% 73 The major point to be noticed here is that all the lidrsided processing
methods were using CNTs that had lengthth&n micrometer range and mostly in a powdered
form. And in those cases, the template or the matrix materials provided the backbone or support
frame for the CNTs, and the architecture of the macro 3D porous structure was defined by the
parameters of freezdrying (directional or nolirectional) or template geometry (polymer beads

or nanoparticle or salt/sugar crystals). Whereas we have CNTs with 1mm length and after spinning
CNTs formed directionally aligned sheets, and the stablesfeewling 3D foam wafabricated

using PyC nanocoating in which the CNTs had been already arranged:IUtef@ams were in

the selfsupporting macro form without any polymer or template support.

Therefore, in preparing the CNHDMS foam we have to apply the inverse stratéigst,
the fabrication of the 3D narmorous foam with controlled distribution and directional alignment

of the conductive CNT network followed by a estep PDMS infiltration process.

In the first set of experiments, we focus on getting a uniform-€BMS 3D form without
deformation or shrinkage of theXDO porous architecture. We infiltrated 5% g/g PDMXane
solution into both the 80 mins and 120 mins PyC coaté@@foams until they get saturated with
the solution. After curing, the 80 mins PyC cak@100 foam showed significant shrinkage of
about 912% while the 120 min PyC coated foam shrunk about4327%. This can be explained
as when the evaporation of hexane and the crosslinking of PDMS had started during curing, the
viscosity of the PDMS dotion soaked by the €00 foams increases, and as the hexane
evaporation process accelerates the capillary drying force increases which caused the compaction
of the PyC coated CNT filaments into the foam. These results showed that the 120 mins PyC

coatedC-100 foam can resist much more capilldnwen viscosity drag than the 80 mins PyC
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coated ones. The increased naooghness of the 120 mins PyC coated CNT surfaces might be
the key to the structural integrity of thel00 foams. Therefore, we used 12hsnPyC coated
CNT foam (general naming,-000 will be used for this all through Chapteand Chapteb) for
making the CNTPDMS nanohybrid foams. From very low to high concentration (0.1% to 50%
g/g) of PDMShexane solution was directly infiltrated withihe G100 foams dropwise until the
foam was saturated with the solution and then immediately place iovitrefor hexane

evaporation and curing of the PDMS (F23).

In Fig. 28, the photographic images showed very negligible differences in the bulk or
macro appearances of thelG0, CR5, CR10,andCP-20 foams. However, in the SEhages
the morphological change in the nanostructure with the increasing PDMS loadisgen (Fig.2,
Fig.40). Without the PDMSnfiltration, the CNTs within €100 foam were more separated from
each other with very little or no CNT bundling and with a more rough PyC coated surfac8a)-ig.2
and more spaces-letween CNTs sheets were noticeable (Baif). After very low PDMS
infiltration CP-0.5 and CPL samples shows gradual lowering in their surface roughness which
indicated PDMS wrapping around the PyC coating but shows very little to no interconnection or
bundling of individual CNTs (Fi@9). The differences in the CNT surfaces before after the
PyC coating and after low PDMS infiltration was shown in the higéolution SEM images
(Fig.39) and gradual smoothening of the rough PyC coating indicated-lagaieed PDMS

accumulation on the surface.

The SEM images of th€éP-5 sample showedood overall wrapping of PDMS all around
the PyC coating with a substantial lowering of the surface roughness of individual PyC coeated C
100 fiber and some bundling and interconnection between the indiviel@0 Gbers (Fig.8b.iv).

SEM images also reaéd another interesting feature of the -step polymer infiltration
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techniqgue which i s the 6nal0fiberlayeradugnhtbe®®dM3 6 b et
solution infiltration process. Fig8b.iii showed a more evenly distributed directionahagement

of the G100 fibers which was a result of the namanglement of adjacent CNT sheet layers

during the PDM&hexane infiltration. During the drop infiltration technique at the very beginning

whena few drops of PDM&hexane solution were droppedtorthe G100 foam, the structure

shrunk down to maximize the wetting of the foam and with the ongoing dropping of the solution,

the foam came back to its original shape, holding maximum liquid inside it without altering the
shape of the foam. During thislation-absorption assisted squeeze and recovery process of the
structurenaneentanglement occurs between adjacent CNT shesiftingin a more uniform and

interconnected nanostructure (FigiR).
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Figure 28. Morphology of CNT-PDMS hybrid foam samples; (a) G100, (b) CR5 and (c)
CP-20; all i) SEM images ofa top crosssection of the samples, all ii) photographic images,
all iif) and all iv) SEM images of the side crossections (longitudinal CNT alignment
direction)
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Figure 29. a) Photaggraphic images and b) density andporosity relationship graph of CNT-
PDMS nanohybrid foams

It was observed that the nahgbrid foams prepared from lower PDM@&xane solution
concentration C®.1 to CPR5 were shunk about ~ 0.4 to 3.1% in the transverse direction after
curing due to the capillary during drying. Though the photographic imagesiadichow
considerabldifferences in foam structures, with medium PDMS loading;1GPand CF20
showed the agglomeration of CNTs in the microstructure with uneven volustieen CNT
sheets (Fig9.a,andFig.40. This happened because of more PDMS adation in between the
CNT sheets and after curing uneven PDNtB regions were formed (Fig8e., iii). In high

PDMS loaded samples, €30, CR40 and CP50 showed gradualincrease in density with more
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filling up of the porous channels with polymedaiorming of large uneven voids within the foam

structure during the curing process (Fg).

Higher structural shrinkage of about-32% wasobserved in CB0, CR40, and CP-50
hybrid foams withmicrovoidsinside the samples. Fig9b showed the increas in density with
the increase of PDMS infiltration within-C00 foam and the resulting decrease in porosity. At
lower PDMS concentrations, up to GRthe porosity only decreased from 99.1% to 99.7% then
gradually decreased. Density drasticallycrease after CR30 with consequent porosity
decreamg to ~ 50%. With the much lower concentration of PDMS in@C®and CPL samples,
the PDMS coatingvas norshomogeneous and not enough to protect the carbon coating on the
CNTs. SEM images showed several CNTfates were exposed, which may cause nanoparticles
releasd in the environment during practical uses. However5GBams showed uniform PDMS

coating all around.
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Figure 30. Laser profilometer images, a) G100, and b) CP5

Thestudy d the microstructure of the-C00 and CF5 foams by laser profilometer imaging
reveakdthe microchannedrchitecture and showed the micro curviness of the surface due to the
even spacing of the CNT fibers. Although some CNT fiber bundlinggatahglement can be seen

in sample CF5 which was due to the capillary drying drag effect Goy.
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Figure 31. a) FE-TEM image of CP-5, and b) HAADF image of CR5

Description: with elemental mapping of Carbon (greédyygen (ed), Silicon (blue), SilicotDxygen overlay
(purple) from the PDMS coating

To investigate the PDMS coating in detail, we have done high magnification TEM and
STEM elemental mapping of the &%sample which confirmed the proper conformal reoating
of PDMS around the €00 fiber surface, and the PDMS narwating thickness was measured
about ~ 3.9 + 0.6im. The disordered fuzzy amorphous region around the surrounding the
distinctive PyC carbon layers (indicated by the purple arrows) in3&ay.indicatedthe PDMS
coating, while the comparatively darker color with visible carbon plan stacking underneath was
the PyC. Fig3la also showed because the PDMS was only a few nanometers thick the nano
roughness was still there on the surface. This result wasiaidar to the data that we got from

the high magnification FISEM images.
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The STEMEDS elemental mapping was done to further validate the PDMS conformal
nanocoating result. Figlb showed the HAADF image of the &P and the elemental map of
carbon (gree), oxygen (red), silicon (blue), siliceoxygen overlay (purple). The silicasxygen

overlay (purple) map clearly showed how well the PDMS ravad the €100 fiber all around.

|a) MWCNT | [b) PyC coated CNT | [c)cP-5 |
< Atomic Atomic Atomic
Atomi i
ot Element  fraction ponbs Element fraction AT Element Family fraction
Number, Z Number, Z 5 Number
% o %

6 C 99.59 6 C 99.41 6 C K 96.04

8 0 0.39 8 (o} 0.53 8 (o} K 2.61

K 1.35

14 Si 0.02 14 Si 0.06 14 Si

20fnm

Figure 32 The STEM-EDS element data and the corrgponding TEM images with inset
electron diffraction pattern; a) MWCNT, b) C-100, and c) CP5

The percentage atomic fractions of STEM data were shown in Fig.6 with corresponding
TEM images. From these images, it can easily be seen that the PyC coatidgced nano
roughness to the smooth MWCNT surface, which is the key to keeping the structural integrity of
the freestanding 3D €100 foam. The STEMEDS data also revealed another very interesting
finding, as it can be seen from (RB§) the atomic fraction % that the MWCNT and thel@
samples were showing very trace amounts of Si, although no PDMS were there. This was due to
the fact that we use silicdmased vacuum pump oil for the CVD system and the detected trace Si

came from theréwe do not use a cleanom condition in the lab) and tie&EM machine (Talos
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F200X G2) is very precise in detecting trace in parts per billion (ppb) level. The trace elemental
oxygen in MWCNT and €00 samples came from the sample TEM preparation stegeas
dispersed the samples in ethanol before placing them in the TEM grid. The elemental data from

the CR5 sample showed the atomic fraction percentage of Si and O from the PDM8&oading.

Table 1: CNT-PDMS hybrid foam samples namg compositios and te bulk DC

conductivity
PDMS : Bulk DC Conductivity
concentration in (CNT anq (S/em)
Samples Hexane PyC) wt% in
(g/g %) final hybrids  Longitudinal Transverse
C-100 0 100 2.01 0.09
CP-0.5 0.5 |[Considered 78.3 1.99 0.1
CP-1 | Low 66.2 1.97 0.14
CP-5 S fozxz 53.4 1.93 D17
CP-10 10 21.1 1y 0.15
CP-20 20  |Considered 8.92 0.61 0.10
CP-30 30 [SESER 2.79 0.56 0.16
CP-40 40 loaied 1.98 0.43 0.08
CP-50 50 1.86 0.41 0.06

The anisotropic conductivity results of the hybrid foams showed that the conductivity in
the longitudinal direction decreases gradually with the increase in the PDMS concentration within
the structure. This is easily understandasdahe continual increase in PDMS percentage in the
foams, surface accumulation, and deposition ofcamductive PDMS within the structure reéuc
the bulk conductivity. However, the transverse bulk conductivity of CP hybrid increases with the
increaseof PDMS concentration from C@.5 to CP5 then decreases gradually with the increase
of PDMS loading. These phenomena can be explained by the CNT fibers entanglement during the
hexanePDMS solution infiltration. As the solution viscosity increases frof¥OPDMS to 5%
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PDMS the amount of entanglement of CNT fibers might be increased due to the capillary drag of
the solution. With a higher percentage of fwmmmductive PDMS loading the transverse bulk

conductivity decreases as usual.

W - PDMS
=' =
8 L _AA____CP-50 .
2] AA___CP5
2] C-100 A

| Pristine A

500 1000 1500 2000 2500 3000
Raman Shift (cm'1)

Figure 33. Raman spectraof pristine MWCNTSs, C-100, CR5, CP-50, and pure PDMS
films

The Raman spectra of pristine MWCNTs,100, and CP hybrid foams (Fi@3 were
performed using a 532 nm laser soufidee Ramarsignature paks of theMWCNTs andPDMS
demonstrated thguantitative and qualitative characterizisfighe material* > 78, Fig.33 showed
the characteristic peaks for MWCNTSs ardoBnd (located at348 cmt), G-band (located &t579
cm?) a-lbadd (IG&etd at2695 cmt). The highfrequency Gband peak corresponds ttoe
sp*-hybridized carbon atonend the Bpeakis attributed to disordered graphite structures, &r sp

hybridized carbon atoms withinthe MWCNdsdt he s har p s hapeakspossbfy t he G
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indicate metallitype conductivity’®. The ratiolp/Is of the intensity of the D to G bandflecs

the defect levebf the MWCNTS® 77, Thelp/lc was 0.31 which indicated higher crystallinity of
the pristine MWCNTsThe D-peak intensity increasas the G100 sample with the increase of
disordered pyrolyt carbon content and thHe/lg increased to 0.59. The PDMS Raman peaks
recorded weresymmetricstretchingof Si-C at 7® cm?, the ymmetricrocking of CHs at 86

cmt, symmetricbendingof CHsz at 1262 crit, asymmetricbendingof CHz at 1412 crit, symmetric

and aymmetricstretchingof CHs at 29® cm* and2965 cmt, respectively. All the characteristic
peaks correspond to theell polymerized PDNg ’°. With the incorporation of PDMS wiin the
C-100 foams, the intensities of the carbon structural peaks decreased proportionally, and the
broadening of the peaks symmetrically indicated the uniformness of PDMS within the stfucture
In theRaman peaks of CP, the PDMS peaks were too weak as the concentration of PDMS was
very low. The CFP50 hybrid foam showed all the characteristic peaks of PDMS with the

proportionalbroadening of the D and-@and peaks of MWCNTS.
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Figure 34. XRD patterns of C-100, CR5, and purePDMS film

Fig. 34 shows the XRD pattern of -000, CP5, and pure PDMS film samples. The
diffraction peak of €L 0 0 i s 0 b areaund2563% assdgded to tthe characteristic graphite
carbon crystallographic planes (002) of the MWCN®sTypically, MWCNTs have a much
sharper XRD peak with a narrow base (HEit), but in the case of @00, thepeak broadening is
observeddue to the presence of disordered carbon planes of the PyC coating. The PDMS film
exhibits an amorphous pattern, as characterized by the broad peak frbrfy 8entered around
2 f 12.5°,which wasthe standard of the XRD pattern of PDNfSIn the case of sampl@P-5,
further broadening of the peakd  a4tindi2aed the perfect coating of1DO fibers with PDMS,
as the amorphous PDMS nanocoating on the surface contributes to the signal as disordered carbon.
And the PDMS signaturamorphouspeak was also obsexd at12.5° confirming the stable

coexistence of the polymer and100 without any change in crystallinity.
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Figure 35. TGA thermogram of C-100, CR5, and purePDMS film

TGA curves of pristine MWCNTs, GB, and PDMSsamples are shown in Fi$.3 The
weight lossof the pristine samplstarted at 620C with a sharglrop in mass correspoimg) to the
decomposition of the MWCNTSs due to thermal oxidation and very low catalytic metal oxide
residue left at 900 °C only 1.02 % by weight corresponded to fairly pure MWCNTSs than other
literature.®® For PDMS theinitial onset started at 370 °@geight loss related tthe exit of the
lateral groups from thenain chain and 29 large drop in mass at 525 *sociatedvith the
degradation of thenain chain of siloxan€® CP-5 hybrid foam samples showed high thermal
stability in the air; for the GB sample both the weight loss, onset points shifted towards higher
temperature; theslonset at 465C and the ' onset point at 690 °C. This might be associated
with the possible interaction between uniform PDMS coating and the PyC layers on the surface of

MWCNTs. And the increasean the thermal resistancmay be indicating some molecular
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rearrangemerdn PDMS chainsgt the higher temperatufé The detailed thermahvestigaion is

however outside the purposetbis paperand will be discussed elsewhere

The compression behavior of the CP hybrid foams was measured under dynamic cyclic
loading in both the longitudinal and transverse alignment direction of CNTs with a low
compessive strain of 40% and a high compressive strain of 80%. All the CP hybrid foams were
subjected to 100 cycles of compression loading. Because of the anisotropic nature of the CP hybrid
foams, the stresstrain curves are very different. For the longitiadlcompression, thstressstrain
curve d the CPhybrid faamscan be divided into three regions; (Hasp increment of stress (ii)
plateay and (iii) linearsteepregion The P sharp incremental region (F&fb, ¢ d) wasdue to
the verticalresilienceof aligned G100 nanofibers and at a certain load, the CNT fibers started to
buckle. In particular, theinitial stress of thdongitudinal direction (CNTaligned direction)
increases sharply up to 5% compression for all the CPdfdmims, which can be referred to as
the toughness of the vertically aligneelG0 nanofibers along the compression axis. The plateau
region of the stresstrain curve started with the starting of the unique buckling phenomena of the

low PDMS loaded CP hylals.

Fig. 364, reveals the unique feature of continuous buckling of thes Giybrid under
dynamic loading and 100% recovery after releasing the pressure. Very interestingly the CNT/C
nanofibers bucked to the inner side of the super porous foam, showirghe ve Poi ssonbs
acting as an auxetic 3D porous material. An &
means shrink in both the X and Y direction when subjected to axial compression in the Z direction.
This is due to the internal intedking or intermeshing arrangement achieved by the CNT/C
nanofibers during the PDMS infiltration and subsequent stabilization by polymer wrapping around

them. Thus, the bulk structural integrity was protected during cyclic compression, otherwise, if the
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bukl i ng occurred outward with positive Poisso
structure would fall apart after thé' tompression cycle. This also indicated the proper internal
interconnection in which PDMS played a vital role in securingrttievidual CNT-CNT junction

within the CNT/C nanofibers which resist the indentation. The auxetic behavior shown by CP
hybrid forms with low PDMS concentration up to -@P, is due to the super porous cellular
assembly, and the combination of 1mm long rigidividual CNTs and interconnected pseudo

elastic individual CNTCNT junction secured by PDMS. The plateau regions in the sthesn

curve represented the continuation of the buckling under applied compressive stress.

Samples with low PDMS concentratioup to CP10 showed almost similar auxetic
compression behavior; while at higher PDMS loaded samplez0@® CR50 the hybrid structure
showed positive Poissonb6és ratio in compressi
increase of PDMS percegga within the structure the polymer property dominates the
compression behavior of the overall structure suppressing the unique auxetic performance. With
CP-20 and CPB0, after the $compression cycle, there was an-28 % decrease in strength with
pemanent wrinkles and deformations. This is due to the permanent creases that occurred on the
denser PDMS coating on CNTs which buckle at the same place on the successive compression due
to the polymer memory effect. In the @B and CF50 samples, the comgssion behavior is
completely determined by the PDMS as the CNT percentages in those samples were less than the
2 wt% and the 3D structure acts more like a mgomus rubbery structure with only 27%

porosity (Fig42).

Theoretically, inthe anisotropic shds, the range of Poisson's ratio is expanded: values
from minus infinity to plus infinity are possibl&! The transverse cyclic compression of the CP

foams showed a Poi son6és GCPahyhrid forrosf withmMdownRDMS i nf i n
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concentration up to GRO. During the transverse compression cycles, the axial compression in the
Z direction mainly reducethe distances between the horizontally aligned CNT sheets, and as the
CP-1, CR5 and CP10 hybrid foams has more than 94% porosity even with 80% compression no

dimensional changes were observed in both the X and Y direction @eg. 3
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Figure 36. 15t, 50" & 100" compression cycle of CP, CP-20 and CR50 hybrid foam
samples in aJongitudinal and €) transversedirection with 40% & 80% compressive strain

The structure of the CP hybrid foams remained resilient and no bucklingetected
during transverse compression. Beessstrain curve 6 thelow PDMS concentratio@P hybrid
foamswas a very uniform and gradual increase of stress with increasing strain, above 60% strain,

further densification ofiybrid structure resulted ia rapidlinearincrease of the modulyua typical
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compression behavior shown by the align cellular porous materi&or 40% compressive strain,

the CR5 sample showed no changes in the sts&issn curve in thesito 100" compression cycles

(Fig. 3of), and during subsequent 80% compression cycles, only 4.6% reduction in compressive
stress in the 1d0cycle. Though with the higher PDMS loaded CP samples showed a much higher
reduction in the compressive stress \@il#% compression strain starting from tHémpression
cycles and in the 160cycle the compressive stress reduced 16% and 31% f@0GRd CF50
hybrids respectively (Fig.68 and &h), with some permanent compressive deformation. With the
increase bPDMS loadingthe compressive strength gradually increases in both longitudinal and
transverse directianas expected (Fig.2). The low PDMS concentration samples behave
differently than the high PDMS concentration one. This is mainly because at IDM& IBading
(CP-0.5 to CP10) the polymer only wrapped around the CNT/C nanofibers and no polymer in the
in-between spaces, resulting cellular ufpous 3D interconnected network where the exclusive
nanostructure plays the vital role in mechanical bemawith the increase of PDMS loading (CP

20 to CP50) into the structure polymer starts accumulated within the void-detedar spaces

and polymer dominate the overall mechanical performances of the-pacnas 3D hybrids.

The cyclic compression beViar of the anisotropic CP hybrid foams reveals a lot about
the stability of the 3D porous structure under dynamic loading, suggesting that the low PDMS
loaded CP hybrids tends to retain their initial structural integrity much better than the high PDMS
loaded ones even under as high as 80% compressive strain. This mechanical resiliency is an
important material deciding factor for use in piezoresistive sensors where data reproducibility is

the primary concern for precise signal detection.
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Figure 37. SEM images of samples after 50 compression cycles; ajlG0, b) CR1 and c)
CP-5

The SEM images of 00, CR1, and CF5 samples (Fig7) taken after 50 dynamic
compression cycles revealed the nanocoating stability information. In plaocgs of €100
nanofibers, the PyC coating was found interrupfi@dymentedor no PyC coating in some places
with exposed MWCNTSs. For sample @RPthe exposed MWCNTs were also observed in some
places. But for the sample &R no exposed MWCNTSs were fod and it cabe seen by the SEM
image jow the PDMS nanocoating secures the PyC conformal coating successfully. For the
multifunctional application study, we choose-ERamples because of their structural stability

under dynamic conditions.

4,5 Conclusion

In summary, narayer conformal PDMS coating was successfully added to wrap0C
nanofibers to fabricate anisotropic 3D hybrid foams where the preparation method was a very
simple controlled polymer infiltration technique. The morphological analysisEd &d TEM
images shows the nafayer PDMS coating uniformity covieig the surface of PyC coated CNTs
throughout the ultralow density €Pfoams. The controlled turnability of porositdensity can be

easily achieved by simply adjusting the concentratibthe infiltrating PDMShexane solution.
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This technique can be easilyapted and exteed to infiltrate different polymers and other
nanomaterials into the-C00 systems, and the alignment of CNTs can be altered according to the
desiral engineering design requirements. This anisotropic design approachoh@iRid foam

was further used in several diverse application fields to harness the multifunctionality of the porous
3D nanoarchitecture. The mechanical stability in both longitudindlitransverse CNT alignment
directions under dynamic loading conditions and the steady structural recovery mdde CP
nanohybrid foam a perfect candidate for piezoresistive sensing application. And the unique porous
anisotropic of CF nanohybrid foam wlilbe used in EMI shielding testing. The miarbanneled
structure would be ideal for absorption of organic liquid by capillary action, which will be further

investigated in the next chapter.
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4.6 Supplementary Information Chapter-4

100 nm fm | ."3;.43

Figure 38. FE-SEM images ofa) CCNT-80fibers, and b) CCNT-120fibers

Figure 39. High-resolution SEM images of; a) Pristine CNT, b) €100, c) CR0.5, d) CR1
and e) CR5
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Figure 40. Morphology of CNT-PDMS hybrid foam samples; (a) CP30, (b) CR40 and (c)
CP-50; all i) SEM images ofa top crosssection of the samples, all ii) photographic images,
all iii) SEM images of the side crossections (longitudinal CNT alignment direction)
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Figure 41 Figure $4: XRD pattern of pristine MWCNTSs and C-100 foam

Table 2. Bulk DC conductivity and specific strength of CP nanohybrid foams

PDMS Specific Strength
concentration in (CNT and PyC) Bulk DC Conductivity at 40% compression
Samples Hexane wt% in final (S/cm) (kPa.cm®/mg)
(g/g %) hybrid foam Longitudinal Transverse Longitudinal Transverse
C-100 0 100 2.01 0.09 0.6033 0.1502
CP-0.5 0.5 78.3 1.99 0.1 0.7274 0.1239
CP-1 Il 66.2 1297 0.14 0.7313 0.1665
CP-5 5 534 1.93 0.17 0.6816 0.2918
CP-10 10 21.1 181 0.15 0.6104 0.1459
CP-20 20 8.92 0.61 0.10 1.4375 0.1325
CP-30 30 2.79 0.56 0.16 1.9078 0.8435
CP-40 40 1.98 0.43 0.08 17275 4.2852

CP-50 50 1.86 0.41 0.06 2.2674 4.1239
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Figure 42. 15t compression cycle of all CP samples, a) 40% compression in the longitudinal
direction, b) 40% compression in the transverse direction, c) 80% compression in
longitudinal direction, and d) 80% compression in the transverse direction
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CHAPTER 5: Multifunctionality of CNT -PDMS nanohybrid foams in Piezoresistive

Sensing, Electremagnetic Interference Shielding, and Oil Clearup Applications
5.1 Abstract

The combination of ultrdow-density, porous architecture, and wailtributed carbon
nanotube (CNT) conductive network in the 3D GNdlymer foams make them the perfect
candidate for use as a multifunctional material system. However, the poor CNT distribution,
uneven polymer coatings, and a wide psige variation in the final structuresade by traditional
methods have drastically reduced the scope of using@iyimer foams in functional devices for
dynamic environments. We have successfully demonstrated a controllable, and easily tunable
fabrication method for preparing the CNPDMS (pdydimethylsiloxane) nandybrid foams with
homogeneously distributed aligned CNT network and unidirectional porous channeled 3D
structure in which the CNTs were coated with only a few nanometer layers of PDMS. The density
of the 3D nanéybrid CR5 foams vas as low as ~ 14.29 mg/érithe CNFPDMS foam prepared
by 5% PDMS coating (GB) has shown extraordinary elastic recovery, and consistency in linear
electrical resistance change even after over 100 cycles of 80% dynamic cyclic compressions. Using
this stdle piezoresistive feature of the GRoam we fabricated antextile strain/pressure sensor
attached to the harglove and demonstrated its use in detecting movements of a finger.
Additionally, we take advantage of the weliented porous conductive mairk of CNTs in CP
5 for using it in electromagnetic interference (EMI) shielding applications in ti@and
frequencies. To our surprise, the-6Ranohybrid showed outstanding EMI shielding efficiency
of 63.4 dB and can successfully block 99.999926 %denmt X0 band waves with onltmm
thickness Furthermore, the aligned porous channel of thec@Rnohybrid foam provides stable

capillary action upon organic liquid and oil absorption. And its fieghperature thermal stability
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