
 

 

ABSTRACT 

LUBNA, MOSTAKIMA MAFRUHA . Ultra-low-density 3D Carbon Nanotube-polymer Hybrids 

and their Multifunctionality. (Under the direction of Dr. Philip Bradford) 

Current technological demand for miniaturized, compact yet flexible, ultra-low-density 

electronic device components create a huge demand for conductive nanohybrid systems for diverse 

use in wearable sensors, soft robotics actuators, unmanned aerial vehicles (UAVs), space 

applications, biomedical engineering, and many more. In this context, Carbon nanotubes (CNTs) 

have captivated widespread interest due to their ability to produce 1D, 2D, and 3D assemblies, 

diverse matrix compatibility, adaptable processability, and multifunctionality. The spinnable 

vertically aligned CNTs produced by the modified chemical vapor deposition (CVD) method have 

offered the opportunity to fabricate conductive CNT macro assemblies including 1D fibers, 2D 

thin films, and 3D foams. For 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 

network of CNTs for proper functionality. Despite many research approaches in fabricating CNT-

polymer nanohybrids, there are very few studies that report the ultra-low-density porous 3D 

structures, also there are still unsolved questions of the CNT network uniformity 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 and a network with secured CNT-CNT junctions that ensure electrical conductivity 

throughout the architecture. Optimized pyrolytic carbon (PyC) conformal nano-coating is used to 

make the 3D CNT structure resilient and stable for further use in CNT-polymer-based porous 

nanohybrid fabrication. The stability evaluation showed 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 superhydrophobic surface of the PyC coated CNT foams (C-100 or CCNT) 

makes it easier to infiltrate non-polar polymer solutions (polydimethylsiloxane, PDMS-hexane) to 

fabricate CNT-PDMS (CP) nanohybrid foams with ultra-low-density. Whereas, A dry surface 

modification technique, the corona arc discharge at an ambient environment is used instead of wet 

chemistry-based ones to activate the surface of  C-100 or CCNT foams for the infiltration of polar 

polymer solution systems like polyvinyl alcohol, PVA-water or polycarbonate, PC-DMSO. Only 

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

polymer solution infiltration into the C-100 or CCNT foams.  

The freeze-drying process is used to solidify the CNT-PVA (CPVA) and CNT-PC (CPC) 

nanohybrid foam that introduces micro-porous mesh-like polymer nets inside the in-between 

capillary voids of C-100 foams. The chemical bonding structure, thermal, mechanical, and 

electrical properties of all the CNT-polymer nanohybrid foams are done to understand the 

structure-property relationship.  

The multifunctionality of the CP nanohybrid foams was demonstrated in piezoresistive 

sensing in real-time human motion detection; electromagnetic interference (EMI) shielding with 

CP-5 samples efficiently shield 99.999926 % X-band electromagnetic interference with only 1mm 

thickness, which is the highest specific shielding efficiency (SSE) for a CNT-polymer-based foam 

reported to date; and also used in oil absorption recovery with high reusability.   

 The CCNT foam was used as a novel sacrificial nano template for creating a hierarchical 

assembly of interconnected hollow SiO2 nanofibers. PDMS nanocoated CCNT foams are 

subjected to thermal-oxidation at 900 °C where the conversion of PDMS to SiO2 occurred with 

simultaneous removal of the CCNT template to generate the hollow SiO2 nanofibers 3D assembly. 



 

 

The investigation showed the semi-transparent whiteish 3D cube structure has an interconnected 

network of hollow SiO2 nanofibers, with an average nanofiber wall thickness of about ~ 5.3 ± 0.6 

nm, and an aerogel-like density of about 9.36 ± 2 mg/cm3, the lowest density for SiO2 nanofiber-

based structures reported to date. 
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CHAPTER 1: Introduction  

Nanotechnological advancements are influencing every aspect of our future; everything 

from day-to-day use electronic devices, electric vehicles, smart homes, wearable e-textiles,  

cosmetics, medicines, and therapeutics to space exploration. The main target of nanomaterials 

research is to achieve tailor-made nanoscale materials in a way to harness superior nano 

functionalities in the macroscopic or bulk phase for use in targeted applications. The recent push 

for the miniaturization of devices creates the need for ultra-light, compact yet flexible, and portable 

material systems. This motivates scientists to solve the complex problem of integrating 

multifunctionality into material systems in a smart, energy-efficient, and safe way with precise 

nano-engineering for a sustainable future. To reach this ultimate goal, researchers have used 

diverse approaches, not only focusing on the custom-made molecular assembly of the 

nanomaterials but also selectively engineering design choices with hybrid architectures. Hybrid 

materials along with a specific structural architecture provide the foundation of multifunctional 

material systems, an approach to combine compatible materials together in a new functional 

design, and provide high-performance properties that do not present in bulk hybrid materials1. 

Nanomaterial hybrid structures provide great potential applicability in many fields with 

predetermined functionalities.2, 3, 4 

Conductive carbon nanomaterials such as carbon nanotubes (CNTs) and graphene are 

extensively used in advanced nano-hybrids for their excellent mechanical strength, chemically 

stability, flexibility, and lower density as compared to their metal counterparts.3, 5 Most 

importantly, carbon nanomaterials offer a combined package of extraordinary properties with a 

broader scope of tailoring the nanohybrid or nanocomposites as they provide better nanomaterial-

matrix compatibility , that allows for fabricating a wide range of material system from flexible thin 
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films to ultralow density aerogel foams3,6. Among the carbon nanomaterials, CNTs have received 

enormous attention since their discovery in 1991 and are used for many emerging applications. 

Nowadays, researchers are being able to make almost defect-free several millimeter long high 

purity CNTs with the capability of fabricating continuous networks via dry spinning them into 

macro-assemblies like fibers, yarn, and foams.  

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. Intelligent 3D design of nano-hybrids offers ways of integrating more specific 

performance parameters and tailorability of properties like density, directional stability, directional 

heat, electricity, and microfluidic flow,  etc. Numerous 3D nano-architectures have been fabricated 

to serve various applications by exploiting the conductive network of CNTs at the macroscopic 

level in hybrid matrixes. The most common approach to reducing the density of a 3D hybrid 

assembly is making it porous. In addition to reducing the density, introducing high porosity also 

provides several other advantages including high surface area, lower percolation threshold, better 

electromagnetic shielding effectiveness, a targeted wavelength of light absorption-reflection, etc. 

Low-density CNT structures are widely being fabricated in combination with polymers, 

metals, and ceramic matrixes to create the multifunctional nanohybrids1 for applications such as 

sensors7, actuators, supercapacitor8, electromagnetic interference shielding5,9, biomedical-tissue 

engineering10, targeted drug delivery11, catalysis12, oil absorption13, and water treatment14. The two 

key aspects of fabricating conductive multifunctional material systems are the choice of 

compatible materials and the functional design architecture. All 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 strategies have been investigated by the researchers to compatibilize 
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CNTs in matrix materials including dispersion by ultrasonication, surface modification, and in-

situ chemical reaction-entrapment. The key objective of these approaches is to make sure the CNTs 

are evenly distributed within the matrix to form a conductive network and inhibit the high tendency 

of self-aggregation of CNTs due to strong ˊ-ˊ stacking interaction.  

The methods used to fabricate highly porous CNT-based cellular monoliths include 

hydrothermal and chemical reduction, template-based assembly, and direct deposition from 

chemical vapor deposition (CVD). Generally, in fabricating 3D low-density assemblies the three 

major factors that determine the final performance of a successful nano-hybrid are; i) distribution 

homogeneity and alignment of the CNTs, ii) the structural geometry and pore size, and iii) 

mechanical stability of the final 3D structure. To produce simple, stable, and scalable CNT-

nanohybrid structures, considerable attention should be given to the control over the homogeneous 

connectivity of the CNT network within the 3D porous hybrid to ensure performance under 

dynamic use conditions. Despite the success achieved through various significant technological 

approaches in designing 3D porous CNT-hybrids, the main challenges are finding a controllable 

technique for CNT 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 previous CNT-polymer-based researches has been focused 

specifically on the singular application where the fabrication method and processing parameters 

were critically dependent on one technique or matrix material/ polymer system, which limits the 

potential future application of that design. Furthermore, the methods use complex multistep wet 

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

Here, the purpose of this dissertation is to present; 1) a simple, and tunable fabrication 

process of ultralow density CNT-polymer nanohybrid foam with a directional orientation of CNT 
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networks, 2) use the fabrication strategy to incorporate different polymers into the 3D CNT foam 

ï evaluate the effect on the structure-property relationships to optimize processing parameters, 3) 

demonstrate multifunctionality of the CNT-polymer foams in diverse applications. and finally, 4) 

evaluate the possibility of using the defined 3D hierarchical assembly as a nano-template to create 

a new nano-architecture. To provide the necessary background for this research, various previous 

approaches to fabricating 3D nano-carbon hybrids are reviewed first.  

In Chapter 4, the design approach to fabricate ultra-low-density 3D CNT-polymer 

nanohybrid foams is discussed in detail where the CNTs network distribution in the 3D 

architecture is controllable. And results provide extended fabrication strategies for different matrix 

components while preserving the intrinsic structure and multifunctional properties of the CNTs. 

Vertically aligned CNT arrays (or termed CNT forests) were grown in a 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 process. The stabilization of the structure was done by a coating of 

CNTs with pyrolytic carbon (PyC) in the 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 free-standing 3D CNT foam structural integrity by preventing 

the collapse of adjacent CNT sheets due to strong ˊ-ˊ stacking but also secures the individual 

CNT-CNT junctions within the structure. Polydimethylsiloxane (PDMS) was infiltrated into the 

3D CNT foam in different concentrations to get tunable nano-hybrid properties. This is an inverse 

approach of making CNT-polymer nanohybrids where the conductive CNT network structure is 

established first followed by polymer infiltration to make the final nano-hybrid. The polymer 

encapsulates the nanomaterials, thus making the 3D structure more stable and preventing 
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nanomaterial release during handling and use. Within the nanohybrid structure, CNTs not only 

serve as the functional conductive component but also create the defined hierarchical assembly.  

The multifunctionality of the nano-layer PDMS coated CNT foams (CP-5) was 

demonstrated and evaluated in Chapter-5. Where the stable piezoresistive response of the CP-5 

nanohybrids is utilized in human motion sensing, and we take the advantage of the micro-capillary 

channels in the 3D structure for oil and organic liquid absorption. Additionally, we explored the 

possible use of this ultra-low-density conductive structure in electromagnetic interference (EMI) 

shielding application. 

 Due to the superhydrophobic surface of PyC coated CNT foams it is easier to infiltrate 

non-polar polymer-solution systems but the incorporation of the polar polymer-solution system 

must need surface modification. Wet chemical-based surface activation of CNTs 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 nano-network assembly intact. We 

employ the corona arc discharge surface activation strategy to create free radicals on the CNT 

surface which allow successful incorporation of PVA-water and polycarbonate-DMSO polymer 

system into the CNT foams. The fabrication method, evaluation of process parameters on the 

resultant 3D nanohybrid structure, and the morphology, compressive mechanical properties, 

electrical and thermal behavior were discussed in Chapter 6. 

In Chapter 7, the utilization of the 3D CNT nano-architecture as a nano-template for 

creating a new hierarchical assembly of SiO2 nanofibers was discussed. Porous nano-architecture 

with a well-ordered structure offers many distinct advantages not only for the adsorption in catalyst 

support but also for other applications in microfluidics, energy storage, bioengineering scaffolds, 

and fuel cells, etc15. The CP-5 nanohybrid samples were thermally oxidized on air at 900 °C to 
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prepare the SiO2 nanofibers. The morphology and thermal stability of the SiO2 nanofibers were 

also investigated.  
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CHAPTER 2: Literature Review 

 Carbon nanotubes and their macro-assemblies   

Carbon nanotubes (CNTs) are a quasi-one-dimensional allotrope of carbon with the tubular 

nanostructures arising from the seamless rolling of a graphene sheet (a planar crystalline structure 

of hexagonal carbon rings). They can have very high aspect ratios as the diameter is on the order 

of nanometers but the length can range from micrometers to millimeters.16, 17, 18  CNTs can be 

classified as single-walled (SWCNTs) or multi-walled (MWCNTs) depending on the number of 

monoatomic layers of concentric cylindrical structures. Since the discovery of CNTs in 1991 by 

Iijima, MWCNTs have become one of the most extensively studied nanomaterials for a very 

diverse set of applications. 19 At the beginning of the early 1990s CNT research widely focused on 

the production methods, purity of CNTs, and commercial scalability.  Worldwide CNT production 

capacity has increased 10-fold since 2006 with more control over the growth process3. The CNT 

bulk powder production process provides limited control over the structure of CNTs resulting in a 

wide variation of properties, so much of CNT production research now is focused on organized 

CNT architectures such as vertically aligned arrays called CNT forests3. Despite the best effort by 

the research community, the nanoscale properties of CNTs are yet to be fully harnessed in 

macroscopic assemblies.3   

 Carbon nanotubes production techniques 

The major manufacturing techniques employed for the production of MWCNTs are arc 

discharge, laser ablation, and chemical vapor deposition (CVD). Each of these methods has its 

own advantages and disadvantages, which predestinates the choice of production with a particular 

set of CNT properties as length, diameter, number of walls, arrangement, and purity. These 

properties are also highly dependent on the system catalysts and carbon precursors.20 High-
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temperature CNT growth techniques like arc discharge (above 1700 °C) or laser ablation (~ 1700 

°C) were used extensively initially, however, these methods have been mostly replaced by low-

temperature chemical vapor deposition (CVD) techniques (<800 °C). This is because the CNTs 

produced in the arc discharge and laser ablation process are very small quantities with a high 

amount of impurities; which requires further acid purification steps.12 Since the nanotube length, 

orientation, alignment, diameter, purity, and density of CNTs can be precisely controlled in the 

CVD technique, this has been the main route for their industrial production.21  

 Two-dimensional (2D) and Three-dimensional (3D) Assemblies of CNTs  

Spinnable CNTs provide the ability to perform a stable conductive nano-network that 

transforms the 1D individual CNTs into an anisotropic 2D structure as sheets4, paper22, yarns.23  

In 2008, Y Inoue et al. developed a modified CVD method for growing vertically aligned 

CNTs on a comparatively large scale, and with a simple one-step technology using FeCl2 catalyst, 

MWCNTs grown in this process required less reaction time and no post purification process was 

needed.24  This ñchloride mediated CVDò (CM-CVD) technique makes a particular CNT array be 

able to be spun or drawn into sheets, though there are some specific growth conditions that must 

exist for a spinnable array to be synthesized, with a critical issue is the areal distribution density 

of catalyst particles, as well as particle size uniformity.24  
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Figure 1. CNT yarn fabrication by direct spinning 

Description: a, b, A carbon nanotube yarn being continuously pulled out from a free-standing carbon nanotube array 

(a), which is shown enlarged in b (roughly 28 magnification). c, SEM images of a carbon nanotube array grown on a 

silicon substrate, showing the super alignment of carbon nanotubes (scale bars: 100 ɛm; inset, 200 nm). d, SEM 

image of the yarn in a; inset, transmission electron microscope (TEM) image of a single thread of the yarn (scale bars: 

500 nm; inset, 100 nm).25 

 

3D structures made from CNTs previously involve wet chemical processing where 

micrometer-sized 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 by gas-foaming (in case of 

hydrophobic polymers) or freeze-drying ( for hydrophilic polymer) methods. The bulk shape of 

3D structures of CNT-polymers was often limited by the shape of casting pans or freeze-drying 

containers. Furthermore, the majority of final porous 3D structures were matrix heavy, meaning 

the polymers contain 80 ï 98 % of the weight where CNTs acted only as a conductive filler and as 

a result regardless of the porous 3D structure geometry the properties (mechanical, thermal, 

electrical) were highly regulated by that matrix polymer.  



 

10 
 

Most recently, researchers have been exploring the 3D design assemblies of CNTs by 

arranging spinnable CNTs in specific structural frameworks to achieve specific functionalities.26 

The ability to assemble spinnable CNTs in selective 3D macroscopic architecture provides great 

freedom in controlling the geometry of the electron flowing gridline which gives the potential for 

imparting specific functionality into the system.  

 Carbon Nanotubes - Polymer 3D Hybrids  

The low-density, porous 3D monolith architectures of CNT hybrids have received 

enormous interest in recent years, because of their diverse application scopes in wearable 

electronics6, flexible sensors27, 7, scaffolds for tissue engineering10, electrode materials8, and 

catalysis28. Introducing porosity into the 3D structure not only decrease the weight also increase 

the active surface 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 low-density porous 3D auxetic structures for energy absorbing 

applications. 6 

Conductive 3D monoliths architecture of CNTs provide great promises of a multifunctional 

material system with high porosity, interconnected pores, and high surface area.29 To 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. 

 Direct 3D Assemblies of CNTs 

In the direct approach of fabricating CNT low-density 3D structure, CNTs are grown inside 

CVD furnace in a randomly oriented web of net form followed by the collection of the as-grown 
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CNTs continuously6 or in regular time intervals after achieving a certain thickness of the 3D 

foam.29  

 

 

Figure 2. Direct grown 3D CNT foam 

Description: Fabrication and basic properties of joint-welded CNT foam conductor. a) Schematics of the 

fabrication process; b) cotton-candy-like CNT network extruding out of a CVD furnace; c) a CNT sponge collected 

on a barrel; d) schematics showing CNT welding by amorphous carbon; e) a monolithic freestanding foam; f) the 

joint-welded CNT foam standing on cotton without collapsing the cotton; g) the bowknot tied by the joint-welded 

CNT foam.6 

 

All -carbon robust 3D nanotube structure produced in a floating catalyst CVD reported by 

researchers, where absolute ethyl alcohol, ferrocene, and thiophene were carbon source and 

catalyst precursor. CNTs were self-assembled into a cotton-candy-like network in the reaction 
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zone was collected by a rotating barrel, a foam of 1.5 m in length, 1 m in width, and 5ï10 mm in 

thickness. Then the amorphous carbon joint-welding was done in low-rate CVD by feeding 

acetylene and hydrogen to the raw CNT foam at high temperature, at 120 min of welding a 

monolithic freestanding CNT foam was obtained with a bulk density of 4 mg cm-3. 6 

The after-treatment of amorphous carbon deposition fixed nodes, prevent nanotubes from 

sliding, while the sidewall coverage by amorphous carbon allows nanotube segments for elastic 

rearrangement through local bending and rotation, as a result, these joint-welded CNT foams 

become mechanically stable, stretchable, highly compressible, and showed super-elasticity with 

an elastic tensile strain of 25% and compressive strain of 95% with 1000 cycles of tensile, 

compressive, and bending tests.6 
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Figure 3. The SEM images of the CNT foams  

Description: a) before and b) after joint welding; The TEM images of the CNT foams c) before and d) after joint 

welding; the schematic graphs of e) raw foam and f) joint-welded foam under stretching and compressing.6 

 

Another similar floating catalyst CVD method was reported by A. Mikhalchan et al. to 

synthesize self-supporting CNT aerogels at high deposition rates using methane precursor.29 Upon 

the chemical reaction after 20 mins at 1200 °C, fluffy so-called óelastic CNT smokeô was self-

deposited onto the clean and smooth sapphire substrate forming the 3D assembly referred to as an 
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óaerogelô was collected with densities below 32 mg/cm3.29 Claimed that this CNT aerogels can 

withstand a weight of up to 150 times higher than their own (~15,000 times higher than their 

density) without collapsing.29 

 

Figure 4. The ultralight self-supporting CNT aerogels 

Description: (a) a real-time snapshot of the CNT aerogel deposition process taken by a camera located outside the 

reactor (note that the white and dim red colors of the reactors' zones behind the sample are a consequence of 

incandescence due to the high synthesis temperature; the image does not represent the true color of the sample); (b) 

the 0.55 mg/cm3-density CNT aerogel withstanding a weight of 8.5 g (~150 times higher than its own weight) 

without mechanical collapse; (c) the big 1.50 mg/cm3-density CNT aerogel; (d) the typical 20 mg/cm3-density 

aerogel synthesized in 15-20 min.29 

 

The morphological data revealed that despite numerous strong and divergent connections 

throughout the whole 3D structure of the CNT aerogels, some CNT bundles had intrinsic 

preferences for and/or more compact organization in one plane rather than another. Furthermore, 

the rapid growth of the óelastic CNT smoke inside the CVD furnace initially forms a planar 

network of random oriented CNT bundles, then undergoes layer-by-layer stacking, forming the 

3D aerogel structure. 29  
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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 catalyst input 

regimes, with the histograms of CNT bundle diameter distribution (b, d).29 

 

Gui et al. synthesized CNT sponges on quartz 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 between 5-10 mg cm -3. SEM 

characterization revealed that the sponges consisted of a self-assembled, randomly interconnected 

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

micrometers with many catalyst particles encapsulated inside the nanotubeôs cavities. 30 

The CNT sponges were hydrophobic with a water contact angle of 156 °, springy, and 

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 tubing with a bulk electrical resistivity 6x10-

3 Ým and thermal conductivity less than 0.15 WK-1m-1at temperature 200 K to 360 K. Although 
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individual CNTs are very good thermal conductors, researchers claimed the low value of thermal 

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

good thermal insulator. 30 

 

Figure 6. Carbon nanotube sponges 

Description: a) A monolithic sponge with a size of 4 cm x 3 cm x 0.8 cm and a bulk density of 7.5mgcm-3. b) 

Cross-sectional SEM image of the sponge showing a porous morphology and overlapped CNTs. c) TEM image of 

large-cavity, thin-walled CNTs. d) Illustration of the sponge consisting of CNT piles (black lines) as the skeleton 

and open pores (void space).30 

 

L Camilli et al described a bulk synthesis of 3D freestanding CNT frameworks which was 

developed through a sulfur addition strategy during an ambient pressure CVD process, with 

ferrocene used as the catalyst precursor.14 The density of the macro-structure was 6 mg cm-3 with 

an electrical resistance of about 30 Ý cm-1. 
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Figure 7. CNT structure made from sulfur assisted CVD process 

Description: (a) Photo of several CNT frameworks synthesized after 30 min of the sulfur-assisted CVD process. (b) 

Snapshot of a water drop forming a contact angle higher than 150_ with the surface of one of the CNT samples 

shown in (a). (c) The CNT solids can sustain large compressive loads.14 

 

 

Figure 8. SEM micrograph showing the entangled CNT network in the foam 

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

arrow.14 

 

SEM analysis reveals the microscopic nature of the as-grown material made entirely of 

self-assembled, long, and interconnected tubular CNTs with a high number of interconnections, 

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

shapes.14  
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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 number 

of walls. (b) High-resolution TEM of the CNT in (a), highlighting the oblique angle between the CNT axis and the 

walls, due to the stacked-cone morphology of the CNT under examination. (c) and (d)TEM image of a bamboolike 

CNT. (e) and (f) TEM micrograph of a nano-fiber characterized by a disordered stacking of sp2 hybridized carbon 

layers. 14 

Figure 9. showed distinctively different surface patterns in various places in a directly 

produced CNT sponge with different orientations in the carbon planes of the CNTs with 

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 un-controllable 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 catalyst particle 

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 the number of CNT walls and chirality, complex CNT orientation 

(alignment), contact resistant between nanotubes, and compactness of the structure. 29, 30, 14   

 Fabrication of low-density 3D CNT-polymer hybrids 

The secondary fabrication approach of a 3D foam-like 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 during the growth 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 sheets, templating and freeze-drying. 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 ex-situ or in-situ fabrication techniques. In the 3D hybrid structure 

formation process, CNTs are incorporated with polymers, metals, inorganic oxides, or even with 

graphene to get a multifunctional design.  
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1.1.1.1 Template-based 3D Fabrication 

Many researchers used a pre-form or templates to get the base of the porous 3D architecture 

of the CNT foam. In some cases, CNTs are directly grown on the preform31, or previously grown 

CNTs were mixed with the templates32 and 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 the SiO2 nanowire foam 

template. Here they produced SiO2 nanowire 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 CNTs. 

Later the product was dipped into an aqueous HF solution for removing the SiO2 template - 

making it an ultra-light porous core-shell hybrid with densities between 58 ï 89 mg cm-3. The 

flexible foam showed excellent electromagnetic-interference (EMI) shielding performance about 

47.5 dB in X-band with a 1.6 mm thickness sample.31 As flexibility with ultralow density is highly 

desirable in aerospace EMI shielding, this conductive hybrid foam exhibits promising application 

as a unique material system. 31 
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Figure 10. fabrication of the CNTïMLGEP core-shell hybrid foam 

Description: a) schematic diagram of the fabrication (scale bars: 500 nm); b) about 16 cm3 block of hybrid foam 

on Green Foxtail, snapshots of foam compressed to 70% strain and recovered elastically, and a flexible foam; c) 

photographs of the SiO2 NW foam, CNT foam, and CNTïMLGEP hybrid foam.31 

 

You et al. described a salt-based sacrificial templating 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 the salt template. The NaCl particles leave closely packed cavities into the 

structure with sizes ranging from 200 to 400 ɛm (Fig. 3.10). 32 
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Figure 11. Synthesis process and property characterization of the PNC  

Description: a) Diagram of the synthesis process. b) Photograph of an as-prepared round PNC (5 cm in diameter 

and 0.5 cm thick). The SEM inset shows the surface morphology. c) Photograph of a cross-sectional view of a 

bent PNC. d) SEM cross-sectional view of the PNC. e) SEM magnified view of the inner surface, with exposed 

CNTs labeled.32 

Mixed different types of micro-size 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 mg cm-3 and thermal conductivity of 27.5 mW·mī1·Kī1for high-performance 

EMI shielding and thermal insulation application.33   
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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 wrapped 

with MWCNTs.33 

 

In this process, PLA pellets were ground into 60 to 120 mesh powder followed by foaming 

of these PLA beads using the CO2 blowing agent. After foaming porous PLA beads were immersed 

into the sodium dodecylbenzenesulfonate (SBDS) surfactant stabilized MWCNT-

dimethylformamide solution to wrap a layer of MWCNTs (diameter 10-15 nm, length 30-50 ɛm) 

on their surface. Then this mixture was sintered in a steam-chest molding to form PLA/MWCNT 

nanocomposite foam. The final microcellular structure contains an average cell size of about 5.4 

ɛm with bulk electrical conductivity of 6.3 S/m and thermal conductivity of 34.6 mW.m-1.K-1. This 

PLA/MWCNT porous foam showed promising performance in EMI shielding application with a 

shielding efficiency of 45 dB.33 

X. Sun et al. fabricated 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; at first graphene 

layers were deposited on Ni foam by CVD method then a mixture of pre-ultrasonicated MWCNT-

PDMS was poured onto the graphene/Ni foam followed by curing. Finally, the Ni template was 

removed by HCl etching resulting in graphene/CNT/PDMS porous foam with a bulk density of 

about 880 mg cm-3 and electrical conductivity of 31.5 S/cm. 34 

 

Figure 13. Schematic of GF/CNT/PDMS composite fabrication process and 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 (b). 34 

 

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/cm. The addition of CNTs also raises 
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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 within the matrix.34
 

1.1.1.2 Gas foaming-based 3D Fabrication 

Z. Min et al reported a batch extrusion gas-foaming method for producing conductive 

polymer composite (CPC) foams using supercritical CO2 as the physical blowing agent.  In this 

process, polystyrene (PS) and MWCNTs were first extruded in a twin-screw extruder followed by 

supercritical CO2 insertion into the extruder resulting a cellular CPC foam.  

 

Figure 14. Porous PS/MWCNT composite foam 

Description: Cross-section view of extruded composite foams and their representative cell morphology. Scale bar: 

500 ɛm. 35 

 

The morphological analysis revealed the incorporation of MWCNTs into the PS matrix 

changes the cell formation dynamics during the extrusion process where the cells near the surface 

were dense, and at the center, location cells got elongated and tend to break due to fast nucleation 

and high cell growth rate. This porous PS/MWCNT composite foam with 240 gm cm-3 density 

showed very good EMI shielding efficiency as high as 22 dB at X-band frequencies.35 

In another research, electrically conductive polycarbonate (PC)/ CNT composites were 

prepared by the conventional melt compounding process then micron size voids were introduced 

into the PC/CNT composite structure by supercritical CO2 foaming technique. This process used 
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heterogeneous nucleation and growth of the voids method by immerging the PC/CNT structure 

into preheated oil 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 foaming, results 

showed that the cell size distribution, diameters, and densities were influenced by the CNT wt% 

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

CO2 accumulation which facilitates the heterogeneous nucleation of the voids by reducing the 

critical energy required for nucleation. Also, the increasing CNT content contributed to the 

decrease in cell size, narrowed cell size distribution, and increased cell densities of the PC foams. 

Researchers reported the voids inside the PC/CNT cellular structure were fairly evenly distributed 

resulting in a 667% increase in the toughness than the bulk PC/CNT counterpart and superior EMI 

shielding properties. 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 properties were also 

predetermined by the polymerôs electromagnetic permeability.36 
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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 CNTs. 

The insets are the size distributions of cells in the corresponding foams. 36 

 

1.1.1.3 Solvent dispersion-drying Based 3D Fabrication  

The CNT solvent-dispersion-based hybrid structure formation techniques are very popular 

and well-studied as there is a wide variety of choices in stabilizing the CNT dispersion. In the 

solvent-based process at first, the stable CNT dispersions are made by either physical or chemical 

functionalization of CNTs to avoid the CNT-CNT agglomeration followed by ultrasonication. 

Later the mixture is freeze-dried or vacuum-dried with or without incorporation of a polymer 

matrix.   

A. Abarrategi et al. prepared 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 freeze-drying of the MWCNT/CHI suspension 

resulted in the 3D porous structure. During in-vivo 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; suggesting 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.10  

 

Figure 16. SEM micrograph of cross-sectioned MWCNT/CHI scaffold  

Description: MWCNT/CHI was exhibiting a chamber-like structure. The bar is 20 mm. Inset shows a picture of 

the monolithic scaffolds.10 

 

E. C. Cho et al. fabricated the 3D interconnected MWCNT foams by the solution-freeze 

drying method. The process described as the MWCNTs were first ultrasonicated to make stable 

dispersion in DI water 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 down to - 50 °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 cm-3 for the suspension MWCNT contents from 0.05 to 5.0 wt% respectively. 

Researchers claimed this linear relationship between the density increase with the amount of 
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MWCNT loading reflected the uniformity of the MWCNT dispersion within the suspension 

without precipitation. 37 

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 % higher than pure PDMS and 300 % higher than the MWCNT-PDMS composites prepared 

from the traditional process.37 

 

Figure 17. Freeze-dried MWCNT foams 

Description: (a) Preparation procedures of the MWCNT foams; (b) photograph of the MWCNT foam standing on 

a piece of leaf and density of the MWCNT foams with various MWCNT concentrations; (c) taking MWCNT 

foam (1.0 wt%) as an example, our MWCNT foams can be cut into small pieces using a sharp blade.37 

 

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 % higher than pure PDMS and 300 % higher than the MWCNT-PDMS composites prepared 

from the traditional process.37  
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Figure 18. Morphologies of the as-prepared MWCNT foams 

Description: (aïd) MWCNT foam (3.5 wt%) with different magnifications; (e) MWCNT foam (3.5 wt%) (f) 

MWCNT foam 5.0 wt%.37 

 

W. Fan et al. developed an MWCNT-polyimide aerogel (non-compressible) fabrication 

method with controllable pores, higher mechanical properties, and excellent thermal stability. In 

their study they have used three sets of different MWCNTs with outer diameter 50-60 nm, 10-20 

nm, and 6-8 nm; chemically functionalized the MWCNTs by refluxing in a mixture of concentrated 

H2SO4 and HNO3 followed by thermal treatment with hydrazine and ammonia water to get 
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oxidized amino-CNTs. After that the oxidized amino-CNTs were dispersed into the polyimide 

precursor via sol-gel process followed by freeze-drying, then thermal imidization for crosslinking. 

The final aerogels densities were 80 ï 120 mg cm-3 with porosity higher than 90 %. The PI/CNT 

aerogels exhibited improved properties, as high as 33.5 MPa compressive modulus and high 

thermal stability (~ 580 °C). 38 

 

Figure 19. PI/CNT composite aerogels 

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

based aerogels. SEM images of (c) neat PI aerogel, (d) PI/o-CNT50 aerogel, (e) PI/o-a-CNT50 aerogel, (f) PI/a-

CNT50 aerogel, and (g-j) corresponding pore size distribution of the aerogels.38 

 

The researcher explained this fabrication process could produce PI/CNT aerogel with 

controllable porosity as during the functionalization of CNT different chemical functional groups 

were introduced which later interact between PI chains and form crosslinking points through 

chemical bonding that overcame the expansive force in the ice crystal growth process and capillary 

force during ice sublimation; thus protect the integrity of the 3D porous structure. 38 
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Figure 20. Porous MWCNT/WPU composites 

Description: a) Optical images of porous MWCNT/WPU composites with various shapes, with various densities: 

b) (down to up) 126, 95, 71, 39, 30, and 20, c) 70, and d) 20 mg cmī3. SEM images in (e, f) through-plane and (g, 

h) in-plane of the anisotropic porous structure of the composites (scale bar is 10 ɛm for inset image in (h)).9 

 

Anisotropic porous MWCNT- waterborne polyurethane (WPU) composite fabrication 

technique was developed by Zeng research group. In this technique a stable aqueous dispersion of 

MWCNTs (10-20 ɛm length) was made by physical functionalization with aromatic modified 

polyethylene glycol ether surfactant followed by mixing with nonionic WPU to form an emulsion; 

then freeze-dried. The final 3D structure of MWCNT/WPU composite was anisotropic porous 

(76.2 wt%) and flexible with low density from about 20 to 126 mg cm-3 with as high as 50 dB EMI 

shielding efficiency.9 

The anisotropic microporous structure formation of the 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 mechanism, cell walls of the porous composites were randomly 
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oriented in an in-plane direction (perpendicular to the growth direction of ice), and in the cell walls, 

MWCNTs were dispersed.9
 

P. Lv et al. and others described a 3D graphene/CNT (Gr/CNT) aerogel fabrication 

technique where graphene and CNTs assembled to get the synergistic performance in 

electrical and thermal conductivity. The entangled functionalized CNTs bond with the 

graphene sheets together to avoid the sliding of them under compression and greatly enhance 

the elastic stiffness. With a density of 85 mg cm-3 the thermal conductivity of the aerogel was 

88.5 W m-1 K-1. The continuous thermal transport paths within the 3D Gr/CNT aerogel 

remained unchanged even under 80% compressive strain.39 

 

Figure 21. Schematic representation of Graphene/CNT aerogels 

Description: Schematic illustration for the micro-structure of Gr/CNT aerogels and cartoon models of entangled 

CNTs preventing the sliding of overlapping graphene sheets and avoiding splitting of the wrapping graphene 

sheets.39 

In this process concentrated H2SO4 and HNO3 were used to chemically functionalized 

CNTs followed by addition with the graphene oxide aqueous dispersion prior to the freeze-

drying. SEM image analysis showed the cell walls consist of partially overlapping and 

wrapping of graphene sheets where the entangled CNTs were covering all over the graphene 
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sheets providing structural support. Compression studies revealed aerogels produced from the 

only graphene were too weak under external load and the ˊ- ˊ interaction between adjacent 

graphene sheets was not sufficient to resist the slide under compression resulting in permanent 

deformation of the aerogels with collapsed cells. On the other hand, the incorporation of 

CNTs provides very good macroscopic interconnected structural support with enhanced 

mechanical strength resulting in almost total structural rapid recovery of the 3D structure even 

after 80 % compression. 39 

 

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

Description: (a-c) neat graphene aerogel and (d-f) Gr/CNT aerogel with similar initial density. Microscopic 

cellar wall architecture consisting of partially (b) overlapping graphene sheets and (c) wrapping graphene sheets 

for neat graphene aerogel, and entangled CNTs covering (e) overlapping graphene sheets and (f) wrapping 

graphene sheets for Gr/CNT aerogel.39 

 

Prof. C. Gao research group demonstrated a fabrication technique of preparing 

template-free ultra-flyweight graphene-CNT aerogels (UFAs) with controllable densities. 
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The UFAs were prepared by the ósol-cryoô method, at first aqueous dispersion of giant 

graphene oxide (GGO) sheets and CNTs were mixed together followed by freeze-drying in 

desired molds. After that, the GGO/CNTs foam was chemically reduced by hydrazine vapor 

and vacuum dried. 

 

Figure 23. Compression behavior of Gr/CNT aerogel 

Description: (a) Digital photographs show that the neat graphene aerogel collapses and the Gr/CNT aerogel 

recover its original shape after compression. (b) Compressive stress-strain curves for neat graphene aerogel 

along the loading direction and for Gr/CNT aerogel during the loading-unloading cycle. Inserts: SEM images 

showing the deformation process of Gr/CNT aerogel at 70% and back to 40%. Scale bars, 5 ɛm. 39 

 

The densities of the UFAs ranged from ~ 0.16 to 22.4 gm cm-3. This all-carbon aerogel 

with a monolith 3D framework was constructed with giant graphene sheets and CNTs ribs. The 

UFAs showed superior mechanical stability as a nearly complete recovery of the structure after 

50-82 % compression with the behavior of negative poison ratio during compression. 40  

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 

expected these properties made the UFAs ideal for multifunctional applications in flexible 

conductors, sensors, high-performance conductive polymer composites, energy storage, and 

catalyst beds. 40 
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Figure 24. Ultra -flyweight graphene-CNT aerogels (UFAs) 

Description: (a-c) Macroscopic and Microscopic structures of UFAs (d-e) Microscopically porous architecture 

of a UFA at different magnifications. (f-h) SEM images of different interconnections for CNTs-coated 

graphene (graphene-CNTs) cell walls: overlapping (f), twisting (g), and wrapping (h). (i-l) Cartoon models 

corresponding to the three interconnections of CNT-coated graphene cell wall; the gray lamellar represents the 

graphene sheet, orange wires and brown wires represent CNTs coated on the top and CNTs coated on the back 

of the graphene sheet, respectively. (m,n) TEM images of CNT-coated graphene cell walls, the HRTEM image 

of a cell wall edge (inset in (m), scale bar is 2 nm) and the SAED patterns (inset in (n)) taken at the labeled 

area. (o) Schematic illustration of idealized building cells of our UFA. (p) SEM image and photograph (inset 

in (p)) of the lightest neat graphene aerogel ( ɟ = 0.16 mg cm-3).40 

1.1.1.4 Direct Polymer Stabilization Route  

Recently researchers incorporated 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 ensures nano-materials encapsulation and 

reduces the risk of nano-release into the environment.  
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Figure 25. CNT/PANI sponges 

Description: (a) Photographs and structural models of as-prepared CNT sponge before and after 

electrodeposition of PANI, and the models of strain sensors, supercapacitors, and nanocomposites for 

CNT/PANI sponges. (b) SEM images of CNT/PANI sponge. (c) Close-up view of (b) showing the coaxial 

structure of PANI layer uniformly coated on CNTs. (d) TEM images of the coreʛshell structures in CNT/PANI 

sponge. (e) Variation of PANI thickness and bulk density. Inset shows model of polymer-wrapped CNTs.41 

 

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

(PANI) thin layer coating.41  

This process started from the bulk 3D interconnected CNT sponge production in the CVD 

method using 1,2-dichlorobenzene precursor then directly used the CNT sponge as the working 

electrode as an aqueous electrodeposition cell in aniline solution with the potential range from ï 

0.2 to 0.8 V. The electrodeposition of PANI was performed using a three-electrode 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 freeze-dried to maintain the porous 

architecture. The deposition of PANI increased the bulk densities of the resultant CNT/PANI 

sponges from 10 mg cm-3 (CNT sponge) to 48 mg cm-3and the diameters had increased from initial 

20-40 nm to final 50-100 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 ~ 40 nm) making a 

core-shell structure to weld the cross CNT-CNT junctions thus reducing contact resistance and 

secondly, in addition to the CNT network uniform PANI coating had provided a continuous 

conductive pathway. The mechanically stable and highly compressible CNT/PANI sponges had 

potential applications in sensors and supercapacitor electrodes. 41 

 Multifunctionality of Carbon Nanotubes - Polymer 3D Hybrids  

Multifunctional material systems offer many advantages over their monofunctional 

counterparts, 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 assembly period, 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 in composite or hybrid structures, and ii) tuning the 

product structure with a functional design architecture (making porous, core-shell, specific 3D 

lattice arrangement, etc) to achieve the target uses. 42 
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In recent years, a wide range of nanomaterials has been used in preparing nanocomposites 

and nano-hybrids to make multifunctional material systems. CNTs captured a lot of attention 

among the scientific community as 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. 

Incorporating 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 researches reported. 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, polymer thin-films, or textile structure 

to fabricate wearable sensors and actuators for human health monitoring.  

To add another functionality of ultra-low-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 surface area means higher active sites for adsorption, absorption, and 

chemical reactions.  

 Wearable Piezoresistive Sensor 

The robustness, conductive network forming capability, and processing compatibility with 

a diverse matrix material made CNTs an incredibly promising 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 the electrical resistance of the nanocomposites or nano-hybrids changes with applied 

pressure. Here we include some of the CNT-polymer foam-based 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 MWCNT- PDMS nanocomposite foams as a sensing 

element, where conducting paths formed between MWCNT protruding from walls of pores which 

are collapsing during compression reduces through-thickness electrical resistance and integrated 

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.43 

Kim, J. H. et al. had developed a nanocomposite of CNTs ï PDMS and demonstrated the 

potential for the healthcare field through strain sensors, flexible electric circuits, and biopotential 

measurements such as EEG, ECG, and EMG; where they utilize a solution based ultrasonication 

process to achieve uniform distributions of CNTs within the polymer.44 

Kuang, Jun, et al. had demonstrated the synergistic effect of combining CNT and graphene 

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 artificial skin.45 

In another study, Chen, H. et al. had developed a stretchable and multi-functional sensor, 

CNT-PU sponge strips which can detect omnidirectional bending and pressure independently.46 

 Electromagnetic Interference (EMI) Shielding Applications 

The electromagnetic radiations emitted by electronic devices, military radar facilities, other 

industrial or household electronic instruments can be harmful to human health, damage soft tissues, 

and also can interfere with the function of other electronic devices or wi-fi/radar communication 

components. On the other hand, certain electromagnetic radiations are 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 harmful radiation hazards as well as to protect aerospace vehicles, other data-sensitive 

devices. Traditionally, metals are used as electromagnetic interference (EMI) shielding material 

because of their high EMI shielding effectiveness (SE) due to their high electrical conductivity. 

But, as metals are with high density and susceptive to corrosion damage, low-density conducive 

carbon nanomaterials (CNT and graphene) have captured a lot of attention among scientists and 

engineers in producing lightweight, and corrosion-resistant suitable EMI shielding materials. The 

excellent mechanical strength of the carbon nanomaterials with the high specific surface area is 

additional contributed to high EMI SE.47 Here we include some recent studies of CNT-polymer-

based EMI shielding materials that achieved very good shielding effectiveness with low-density 

structures.  

Lu, D. et al. had fabricated a low-density flexible CNT-PDMS composite consisting of 

selfassembled interconnected CNT skeletons, with a density of 10.0 mg/cm3, that can directly be 

used as EMI applications showing EMI effectiveness (SE) and specific SE (SSE) of 54.8 dB and 

5480 dB cm3/g in X-band, respectively. In this study, the CNT sponges were synthesized by the 

chemical vapor deposition (CVD) process and later PDMS was infiltrated into the structure. 48 

In another study done by Yu, Z.-Z. et al. fabricated a 3D CNT-epoxy sponge that showed 

an outstanding EMI shielding effectiveness of around 33 dB in the X-band. This study also used 

preparation methods of nanocomposites using epoxy infiltration into a 3D CNT sponge 

framework.49 

Wang, Yue-Yi, et al. had developed a low-density foam using CNT, graphene, and 

polyimide where the synergistic effect of the two nanocarbon allotropy favor the EMI shielding 

application, and also desirable CNT dispersion was achieved with the assistant of the functional 
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group on the graphene oxide surface and the ñˊ-ˊò conjugation between graphene and CNT. And 

the nanocomposite foam exhibits an average EMI SE of 28.2 dB and specific EMI SE (SSE) of 

7050 dB cm2 g-1 at only 0.02 g cm-3 density.50  

In all the studies reported better EMI shielding applications using CNTs claimed that CNTs 

are not only providing the necessary electrical conductive network but also the lightweight CNT 

backbone provided the matrix polymer with the dual advantage of better reinforcement and 

toughening.  

 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 terms of applications in oil spill 

clean-up and other organic pollutant cleanings from the environment. CNT-based porous 3D 

polymer composites are investigated by many researchers as suitable light-weight super absorbent.  

Turco, A. et al. had developed an MWCNT-PDMS functional nanocomposite and 

demonstrated its use in water/oil separation by utilizing the superhydrophobicity and magnetic 

behavior of the CNTs. 51 

Ge, Bo, et al. had demonstrated the selective absorption of oils from water by a robust 

superhydrophobic and superoleophobic CNTs-SiO2coated polyurethane sponge. 52 

In another research, Jin, L. et al. fabricated CNTs-PAN nanofibers 3D foams using the 

freeze-drying method and demonstrated the use of this porous foam in selective absorption of oils 

and organic solvents (like heptane) from the water surface.53 
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Zhan, W. et al. fabricated an MWCNT-PDA (polydopamine) aerogel 3D composite 

structure inspired by nature, which has a ñcabbagelikeò hierarchical porous architecture with 

directional capillary chambers. They demonstrated the use of this 3D microporous composite in 

absorbing oils and different organic solvents with excellent reusability.54 

Multifunctional use of 3D CNT-polymer porous hybrid has shown that there is a huge 

demand for CNT-based multifunctional material systems that can be fabricated with a precisely 

controlled fabrication technique with very good homogeneity in CNT distribution 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 provides 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 ultra-low-density, higher liquid absorption 

capability, and better electromagnetic interference shielding efficiency.  

 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 the fact that so much has already 

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 in ultra-low-density 

structures. This might be due to the fact that until recently CNT powders (length in the range of 

~ɛm) were only used as the conductive filler and incorporated mostly in the liquid suspension 

phase. Since the most recent breakthrough in producing dry spinnable CNTs, different approaches 

have been introduced by researchers to gain control over the distribution of CNTs into the final 



 

44 
 

bulk structure. Spinnable CNTs are longer (length ~ 1mm), have low defect densities and few 

impurities; fabricating continuous structures with them provides advanced opportunities to 

customize the bulk architecture, as ribbons, yarns, and 3D hybrids. The initiation of spinnable 

CNTs incorporation in multi-material 3D hybrids offers enormous opportunities in designing very 

sophisticated functional architectures for targeted applications. For example, in piezoresistive 

sensing, EMI shielding, super-capacitive energy storage, etc. where the alignment of the 

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

Moreover, in many fields as catalysis, e-textiles, 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 CNT-polymer hybrid structures 

exhibit a potential alternative to metal-based conventional counterparts. Previous approaches of 

fabricating a porous structure mostly involve a precursors and/or sacrificial templating or gas-

based foaming method resulting in a 3D porous structure with ruptured, mixed micro-nano 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 nano-hybrids 

predominantly determined the fabrication routes, since CNTs are superhydrophobic in nature and 

have higher agglomeration tendencies due to strong ˊ-ˊ interaction, incorporating them with any 

hydrophilic polymer needed prior chemical or physical functionalization of CNTs. As the better 

dispersion of CNTs in the polymer matrix, stable CNT-CNT junctions, and the stronger CNT-

polymer interfacial interaction lead to better device performance due to enhanced charge transfer. 

For these reasonsô researchers have adapted a myriad of different strategies for a single set of CNT-

polymer hybrid which made the particular fabrication route only limited to one set of materials. 
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Suitable modification to extend to other polymers systems with the identical technique is not 

possible. Despite the complexity of fabricating the multi-material 3D hybrid systems, their unique 

offering of intelligent functional design and sustainable low material/low-cost approach attracted 

intensive interest among researchers.  

Nevertheless, it is of crucial importance to develop a 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 interrupted by wet chemical methods and traditional 3D hybrid fabrication methods are 

highly polymer specific due to the CNT-polymer surface interaction chemistry it is still desired to 

understand the structure-property relationship of the 3D hybrids in order to harness their potential 

multifunctionality in diverse advanced technologies.  
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CHAPTER 3: Experimentals 

 Materials 

 Multiwalled Carbon Nanotubes (MWCNTs) 

MWCNTs produced by the CVD process on quartz substrate and have an average diameter 

of ~39 ± 6 nm and an average length of 1 mm, while the aspect ratio is ~ 25,650.  

 Polymers 

Polydimethyle Siloxane (PDMS) The commercially available silicon-based polymer, 

PDMS (Sylgard® 182, Dow Corning Corporation, a two-part kit composed of ï part A: the base 

polymer or pre-polymer and part B: curing agent or cross-linker) is used to prepare CNT-PDMS 

foams. Polyvinyl alcohol (PVA) pellets with an average molecular weight of 13,000 ï 23,000 

(98% hydrolyzed) were purchased from Sigma-Aldrich Inc. Commercially available 3D printing 

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

 Solvents 

DI water, ethanol, n-hexane, and dimethyl sulfoxide (DMSO) were used as solvents to 

dissolve different polymers. 

 Methods 

 Spinnable MWCNTs production in the CVD process 

Vertically aligned CNT arrays were grown in a tube furnace via a modified version of the 

chlorine-mediated chemical vapor deposition (CVD) route.24 The MWCNT arrays were grown on 

a quartz substrate at temperature 760 °C and pressure of 5 Torr with acetylene as the carbon 

precursor and FeCl2 (anhydrous 99.5% VWR) as the catalyst. At 760 °C acetylene gas (99.5%, 
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Machine, and Welding Supply Company) was flowed at 600 sccm, Chlorine gas (99.99%, Custom 

Gas Solutions), at 2 sccm, and carrier gas Argon (99.999%, Machine, and Welding Supply 

Company) at 398 sccm while the system pressure was regulated at 5 Torr. 

 Conformal pyrolytic carbon (PyC) coating  and CNT foam preparation 

Horizontally aligned CNT sheets were drawn from the vertically aligned CNT arrays, 

drawing a small bundle of nanotubes at the edge of a spinnable array continuously transforming 

vertically aligned CNTs into horizontally aligned CNT sheets. The single sheet had a thickness of 

approximately 7 ± 3 ɛm with a very low density (0.002 g/cm3). Continuous collection of the 

aligned CNT sheets around two rotating parallel glass rods to make a flat piece until the desired 

sheet thickness was reached, which results in a macro-porous horizontally aligned CNT structure. 

A detailed procedure of the CVD CNT growth method and the CNT dry winding process was 

explained in our previous works55. The aligned and stacked CNT sheets were then placed inside 

the tube furnace chamber for 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 during the 120 minutes PyC deposition time. 

Then the resulting CNT/C (CNT/PyC) foams were cut according to the desired shape by a sharp 

razor blade.  

 CNT-Polymer hybrid nanocomposite preparation 

CNT-PDMS hybrid foam fabrication 

The CP hybrid foams were prepared in two steps. First, the commercially available silicon-

based polymer, PDMS (Sylgard® 182, Dow Corning Corporation, a two-part kit composed of the 

base polymer or pre-polymer and curing agent or cross-linker) were manually mixed at a 10:1 

weight ratio (pre-polymer: curing agent). Eight different PDMS concentrations, 0.1, 0.5, 1, 5, 10, 
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20, 30, 40, and 50% g/g fraction, were prepared by mixing PDMS in hexane and stirring with a 

magnetic stirrer for 15 minutes for homogenization. In the second step, each PDMS-hexane 

solution was infiltrated into the C-100foams drop-wise until the solution saturated the foam 

structure. Instantly after the infiltration, each sample was cured in an oven at 150 °C for 90 minutes.  

Pure PDMS film was also cast using a 10:1 weight ratio of Sylgard 182 and cured at 150 °C for 

90 minutes which was used for comparative study.  

CCNT Foam Surface Modification 

PyC coated CNT foams are superhydrophobic in nature with a water contact angle of 154°. 

This is not only due to the inherent property 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 water-based polymer-solvent 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 on each surface of the PyC coated CNT 

foams immediately before the polar polymer-solvent 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 CNT-PC (CPC) nanohybrid foams were prepared in two steps. 

First, the commercially available Polyvinyl alcohol (PVA) pellets (Sigma-Aldrich Inc.) with an 

average molecular weight of 13,000 ï 23,000 (98% hydrolyzed) were dissolved in DI water and 

the commercially available 3D printing grade Polycarbonate (PC) pellets (3DXTECH) were 

dissolved in dimethyl sulfoxide (DMSO).  

Four different PVA-water and PC-DMSO solution concentrations, 0.25, 0.5, 1, and 4 g/g 

(polymer pellets/solvent) fractions, were prepared by mixing the polymer pellets in respective 

solvents and stirring with a magnetic stirrer for 1hrs for homogenization. In the second step, PVA-

water and PC-DMSO solutions were infiltrated into the corona arc treated C-100 foams drop-wise 

until the solution saturated the foam structure. Instantly after the infiltration, each sample was 

freeze using dipping into a dry-ice bath and immediately after putting them in the freeze dryer for 

lyophilization.  After getting the samples out from the freeze-dryer after 24hrs they were kept in a 

desiccator until subjected to further property analysis.  
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 Characterization Techniques 

 Morphology Analysis 

Scanning Electron Microscopy (SEM) 

Cross-sectional and surface morphology of the as-prepared samples were studied by field 

emission scanning electron microscope (FE-SEM) FEI Verios 460L with 2 kV beam voltage and 

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

Transmission Electron Microscopy (TEM) 

Transmission 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 ethanol. The mixture 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.  

Surface Topography Analysis 

The water contact angle was measured using a Goniometer. Detailed surface topography 

of the CP foams was evaluated using a Confocal Laser Scanning Microscope (CLSM), Keyence 

VKx1100. This microscope combines optical microscopy with laser profilometry, and a 404 nm 

violet laser source was used to measure profile and surface roughness. 

 Chemical Analysis 

EDS 

SEM-Energy dispersive spectroscopy (EDS) measurements were also gathered on the FEI 

Verios 460L  which was fitted with an Oxford energy dispersive X-ray spectrometer (EDS) system. 

Elemental spectra were gathered over an acquisition time of 100 seconds. For quantitative 
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elemental analysis, the collected spectra were compared to black carbon tape background. STEM 

HAADF imaging and TEM-EDS elemental mapping were also done by the SuperX Energy 

Dispersive Spectrometry (SuperX EDS) system with the four Silicon Drift Detectors (SDD)  of 

the Talos F200X FE-TEM. 

Confocal Raman 

Horiba XploRA PLUS Confocal Raman microscope system with an excitation wavelength 

of 532 nm on as-prepared samples. The Raman acquisitions were calibrated using a crystalline Si 

sample with a characteristic Raman peak at 520.6 cmī1. Raman spectra were very carefully taken 

to avoid the laser excitation damage of the samples. Raman spectra were very carefully taken to 

avoid the laser excitation damage of the samples. 

FTIR 

For chemical bonding analysis a Bruker Alpha-P FTIR-ATR (diamond crystal) was used. 

X-ray Diffraction Analysis 

X-ray diffraction (XRD) measurements were conducted on a PANalytical Empyrean Bragg 

ï Brentano XRD at room temperature with a Cu KŬ radiation source (ɚ = 1.5406  ).  Step scans 

were performed for 2ɗ = 10 ï 80° with a step width of 0.026, and a scan speed of 0.14° per second.  

 Thermal Analysis 

Thermo-gravimetric Analysis (TGA) 

TGA experiments were conducted on a Perkin Elmer Pyris 1 thermo gravimetric analyzer 

using 5-10 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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 Mechanical Analysis 

The compressive strength was measured using an Instron 5544 mechanical tester operated 

in the compression mode. Sample platens were custom-designed and fabricated to fit securely in 

the clamp holders to prevent unwanted instrument compliance. The top platen measured 3.175 cm 

diameter, while the bottom platen diameter was 5 cm, which allowed for total coverage of all-foam 

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 CNT-PDMS 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 0ï40% (low) and 0-80% (high) compressive strain at a rate of 10 mm 

minī1. 

 Electrical Testing 

DC electrical resistance of all samples was measured using a four-prob multimeter.  

 Electro-mechanical Analysis 

The cyclic piezoresistive responses of all the nano-hybrid foams were measured in-situ by 

real-time four-probe electrical resistance recording during cyclic compression of the 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  

 Abstract 

Owing to the unique combination of excellent mechanical, thermal, and electrical 

properties with ultra-low-density, multi-walled carbon nanotubes (MWCNTs) are one of the top 

carbon-based nanomaterials used for many real-life 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 solution spinning methods to 

fabricate macrostructures. Though the challenge of achieving the CNT-matrix compatibility 

without compromising the nano-network integrity is still limiting their uses and requires very 

complex, chemical-intensive, and time-consuming processing. 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 super-ultra-low-

density 3D CNT foam (C-100). We have successfully demonstrated a controlled 

nanoencapsulation process of C-100 fibers using a uniform nano-layers coating of 

polydimethylsiloxane (PDMS) to fabricate ultra-low-density CNT-PDMS (CP) nanohybrid foams. 

The density of CP-5 foam is 14.29 mg cm-3 with a PDMS nanocoating thickness of about ~ 3.9 ± 

0.6 nm. The density and the porosity of the C-100 foam can be easily tuned by varying the PyC 

coating thickness and/or varying concentrations of the polymer-solution infiltration. These nano-

layers of PDMS on the C-100 fibers acted as the skin for the nanofibers, allowing robust 

mechanical performance in dynamic cyclic compression, as well as helping to keep the integrity 

of the conductive nanonetwork all through the 3D structure resulting in consistent piezoresistive 

behavior. On top of that, the 3D aligned architecture creates open porous microchannels which 

allow the liquid absorption by micro-capillary action and showed wicking effects. CP-5 has very 
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high thermal stability (up to 400 °C) in the air. Utilizing this exceptional combination of properties 

we use the CP-5 nanohybrid foam in multifunctional applications. 

 

 Introduction  

In recent years carbon-based nanomaterials like carbon nano-fiber56, carbon nanotubes 

(CNTs)27,57,9,6,58, and graphene34,59,60 were extensively used in nano-engineering because of their 

extraordinary intrinsic properties like superior electrical conductivity, higher mechanical strength, 

low density, robust yet flexible nature. Among these, CNTs are receiving tremendous attention for 

their multifunctional capabilities and have emerged as a promising candidate for use in flexible 

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, while device miniaturization is the new 

demand, one of the major focuses of advanced material design, is reducing the weight to get 

ultralow density and compact structure. This is not only a requirement in the aerospace and 

automobile industries but also a major desire in wearable electronics61, robotics, unmanned aerial 

vehicle (UAV), and e-textile applications27,62,26. In fabricating low-density nanostructure, the 

porous architecture of making 3D foams and aerogels is the most common design strategy, which 

also offers more active surface area. The interconnected porous 3D structure provides an 

uninterrupted conductive network and capability for higher interfacial interaction that increase 

sensing capability. And this also adds more sites for additional materials incorporation, and 

increases the possibility to tune the overall properties in a wider range63.  

Considering the great importance of preparing a CNT-based 3D porous structure the most 

typical techniques used were based on molds64, polymer foam template60,65, metal template66,67,68, 
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sugar27,59, salt32, or beads template33, gas foaming36, use of supercritical fluid5, freeze-drying10, 

floating catalyst29 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 network. All the above engineering approaches can be divided into two main design 

approaches; the one in which the 3D foams are obtained from CNT suspensions by multistep 

drying process with or without templates69,70 and the other processing route is direct growth of 

interconnected 3D CNT foams by chemical vapor deposition (CVD) methods before polymer 

incorporation71. These processes successfully prepared conductive 3D free-standing CNT foams 

with low density, although in many of those design approaches various organic chemicals and 

acids were used, and the multi-step product purification requires high energy and was time-

consuming.  In addition, due to the fixed design parameters, there was very limited or no control 

over the density, porosity, and overall distribution of CNTs' conductive network within the final 

products. Also, the alignment of the interconnected CNTs was not well-defined or tunable in 

previous studies, which is a key requirement for maintaining control over the conductive 

percolation threshold limit. The alignment of CNTs within the structure has a direct effect on the 

conductivity and the overall sensing capability of the foam.  

 In previous dispersion-based processing techniques, the resulting foams have several other 

issues as mixed open and closed pore cells, and agglomeration of CNTs. These hinder the 

comprehensive utilization of CNTs properties in a final hybrid structure. It is easily understandable 

that controlling the distribution of CNTs within the final hybrid structure using solvent-

suspension-based or polymer-dispersion-based processing is nearly impossible as free moving 

CNTs tend to agglomerate easily in solutions or dispersion due to the high ˊ-ˊ stacking interaction 

between adjacent CNTs. These lead to the long-standing problem of inhomogeneity of conductive 
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network, issues in process scalability, and affects the overall performance efficiency. Surface 

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 unavoidable. On the other 

hand, foams with irregular pore sizes may cause structural deformation under dynamic loading 

due to ununiform stress distribution which 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 arrays to fabricate free-standing ultralight 3D CNT-polymer hybrid 

foams, in which the directional alignment of interconnected CNTs was well-defined 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 architecture (C-100). Later, CP nanohybrid foams 

were fabricated using varying concentrations of PDMS solutions infiltrated into the C-100 foam.  

The inverse approach of fabricating the well-defined free-standing CNT foam with a well-

aligned conductive network and afterward polymer infiltration gives us more scope to tune the 

properties of the final hybrid nanostructure over a wide range. This template-free and dispersion-

sonication-free processing technique provides the flexibility to control, and customize the density 

and porosity of the nanohybrid foam. The successful nano-layer coating of polydimethylsiloxane 

(PDMS) not only stabilizes the structure of the C-100 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.  

 Experimental  

MWCN T synthesis and Preparation of CNT foam. Vertically aligned CNT arrays were 

grown in a tube furnace via a modified version of the chlorine-mediated chemical vapor deposition 
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(CVD) route24. The arrays were grown on a quartz substrate at temperature 760 °C and pressure 

of 5 Torr with acetylene as the carbon precursor and FeCl2 (anhydrous 99.5% VWR) as the 

catalyst. The resulting vertically align spinnable MWCNT array had an average height of ~1 mm 

with an average nanotube diameter of ~39 ± 5 nm.  The high purity vertically aligned MWCNTs 

are produced in the modified CVD process where no additional after-treatment or acid-based 

purification is needed. Horizontally aligned CNT sheets were drawn from the vertically aligned 

CNT arrays, drawing a small bundle of nanotubes at the edge of a spinnable array continuously 

transforming vertically aligned CNTs into horizontally aligned CNT sheets. The single sheet had 

a thickness of approximately 20 ɛm with a very low density (0.002 g/cm3)55. Continuous collection 

of the aligned CNT sheets around two rotating parallel glass rods to make a flat piece until the 

desired sheet thickness was reached, which results in a macro-porous horizontally aligned CNT 

structure. A detailed procedure of the CNT growth method using CVD and the CNT dry winding 

process was explained in our previous works55. The aligned CNT sheets were then placed inside 

the tube furnace chamber for 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 during the 80 and 120 minutes PyC deposition 

time. Then the resulting CNT/C (C-100) 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, the commercially available silicon-based polymer, PDMS (Sylgard® 182, Dow 

Corning Corporation, a two-part kit composed of the base polymer or pre-polymer and curing 

agent or cross-linker) were manually mixed at a 10:1 weight ratio (pre-polymer: curing agent). 

Eight different PDMS concentrations, 0.1, 0.5, 1, 5, 10, 20, 30, 40, and 50% g/g fraction, were 
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prepared by mixing PDMS in hexane and stirring with a magnetic stirrer for 15 minutes for 

homogenization. In the second step, each PDMS-hexane solution was infiltrated into the C-

100foams drop-wise until the solution saturated the foam structure. Instantly after the infiltration, 

each sample was cured in an oven at 150 °C for 90 minutes.  Pure PDMS film was also cast using 

a 10:1 weight ratio of Sylgard 182 and cured at 150 °C for 90 minutes which was used for 

comparative study.  

Hybrid Foam characterization. Cross-sectional and surface morphology of the CNT, C-

100, and CP hybrid foams were studied by field emission scanning electron microscope (FESEM) 

FEI Verios 460L with 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 calibrated scale 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 C-100 samples, they were infiltrated with PDMS and the porosities and densities of all CP 

hybrid foams were recalculated. Transmission 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 ethanol. The mixture 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 HAADF imaging and TEM-EDS elemental 

mapping were also done by the SuperX Energy Dispersive Spectrometry (SuperX EDS) system 

with the four Silicon Drift Detectors (SDD)  of the Talos F200X FE-TEM. 

The water contact angle was measured using a Goniometer. Detailed surface topography 

of the CP foams was evaluated using a Confocal 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 used to measure profile and surface roughness. The 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 nm on as-prepared 

samples. The Raman acquisitions were calibrated using a crystalline Si sample with a characteristic 

Raman peak at 520.6 cmī1. Raman spectra were very carefully taken to avoid the laser excitation 

damage of the samples. X-ray diffraction (XRD) measurements were conducted on a PANalytical 

Empyrean Bragg ï Brentano XRD at room temperature with a Cu KŬ radiation source (ɚ = 1.5406  

).  Step scans were performed for 2ɗ = 10 ï 80° with a step width of 0.026, and a scan speed of 

0.14° per second. Thermogravimetric analysis (TGA) experiments were conducted on a Perkin 

Elmer Pyris 1 TGA using 5-10 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 load cell. All CP 

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 0ï

40% (low) and 0-80% (high) compressive strain at a rate of 10 mm minī1. The electrical resistance 

of all the nano-hybrid foams was measured by a four-probe machine.  
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 Result and Discussion 

 

Figure 27. Schematic of (a) CNT/C (C-100) foam fabrication and (b) CNT/C-PDMS (CP) 

hybrid foam preparation process 

 

As described in the experimental section, we synthesized vertically align spinnable CNTs 

by the CVD method on quartz substrate24. Then made free-standing C-100 foams, at first 

horizontally aligned CNT sheets 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 achieved (Fig.27a). In this process of 

spinning while the CNTs from the array were pulled they connected to the adjacent CNTs by ˊ-ˊ 

stacking forming a parallel alignment making a CNT nano-fiber networked sheet. An individual 

CNT nanofiber sheet thickness is approximately 15 Ñ 2 ɛm. Precisely controlling the spinning 

ensures consistent pulling tension so that CNT-CNT 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 structure created an uninterrupted conductive 

network. Thus, eliminating the need for energy-consuming ultrasonication processing steps for 

CNT homogenization. 

Pyrolytic carbon (PyC) coating was done by the CVI technique55 which made the structure 

stable, foam-like. In the CVI process, PyC (disordered graphene-like carbon sheets) was deposited 

all around the individual CNTs (Fig-27a.) The PyC coatings provide three advantages; first, it 

provides structural support and secure the CNT-CNT individual end-to-end junctions within the 

CNT sheets. Second, PyC prohibits strong ˊ-ˊ stacking tendency of adjacent CNT sheets, resists 

condensing together, and prevents the collapse of the structure. And third, Fig. 39 showed PyC 

impart nano roughness on the surface of CNTs which might be beneficial for further material 

deposition and surface modification applications. Due to the specific alignment of CNTs within 

the C-100 foam, they showed anisotropic properties, meaning the difference in the electrical 

conductivity and mechanical compressibility depending on the transverse and longitudinal 

direction of alignment (Table. S1).  

We have prepared 2 sets of C-100 foams with different PyC coating duration; one with 80 

mins and another with 120 mins. The diameters of the conformal PyC coated CNT fibers increases 

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 the C-100 fibers increases with the 

increasing PyC coating time, and the density increases from 5.696 mg cm-3 to 6.001 mg cm-3. 

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 graphene or CNT-based 3D polymer foams reported in the previous 

literature, the nanomaterials were dispersed in some common solvents then incorporate with a 
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polymer followed by foam formation by templating or freeze-drying to get the final porous nano-

hybrid structure72, 70, 40, 73. The major point to be noticed here is that all the liquid-based processing 

methods were using CNTs that had lengths in the 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 freeze-drying (directional or non-directional) 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 stable free-standing 3D foam was fabricated 

using PyC nanocoating in which the CNTs had been already arranged. The C-100 foams were in 

the self-supporting macro form without any polymer or template support. 

Therefore, in preparing the CNT-PDMS foam we have to apply the inverse strategy, first 

the fabrication of the 3D nano-porous foam with controlled distribution and directional alignment 

of the conductive CNT network followed by a one-step PDMS infiltration process.  

In the first set of experiments, we focus on getting a uniform CNT-PDMS 3D form without 

deformation or shrinkage of the C-100 porous architecture. We infiltrated 5% g/g PDMS-hexane 

solution into both the 80 mins and 120 mins PyC coated C-100 foams until they get saturated with 

the solution. After curing, the 80 mins PyC coated C-100 foam showed significant shrinkage of 

about 9-12% while the 120 min PyC coated foam shrunk about 3.7- 4.2 %. This can be explained 

as when the evaporation of hexane and the crosslinking of PDMS had started during curing, the 

viscosity of the PDMS solution soaked by the C-100 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 

coated C-100 foam can resist much more capillary-driven viscosity drag than the 80 mins PyC 
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coated ones. The increased nano-roughness of the 120 mins PyC coated CNT surfaces might be 

the key to the structural integrity of the C-100 foams. Therefore, we used 120 mins PyC coated 

CNT foam (general naming, C-100 will be used for this all through Chapter-4 and Chapter-5) for 

making the CNT-PDMS nanohybrid foams. From very low to high concentration (0.1% to 50% 

g/g) of PDMS-hexane solution was directly infiltrated within the C-100 foams dropwise until the 

foam was saturated with the solution and then immediately place in the oven for hexane 

evaporation and curing of the PDMS (Fig. 27).  

In Fig. 28, the photographic images showed very negligible differences in the bulk or 

macro appearances of the C-100, CP-5, CP-10, and CP-20 foams. However, in the SEM images, 

the morphological change in the nanostructure with the increasing PDMS loading was seen (Fig.2, 

Fig.40). Without the PDMS infiltration, the CNTs within C-100 foam were more separated from 

each other with very little or no CNT bundling and with a more rough PyC coated surface (Fig.28a) 

and more spaces in-between CNTs sheets were noticeable (Fig.28a.iii). After very low PDMS 

infiltration CP-0.5 and CP-1 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 (Fig.39). The differences in the CNT surfaces before and after the 

PyC coating and after low PDMS infiltration was shown in the high-resolution SEM images 

(Fig.39) and gradual smoothening of the rough PyC coating indicated nano-layered PDMS 

accumulation on the surface.   

The SEM images of the CP-5 sample showed good overall wrapping of PDMS all around 

the PyC coating with a substantial lowering of the surface roughness of individual PyC coated C-

100 fiber and some bundling and interconnection between the individual C-100 fibers (Fig.28b.iv). 

SEM images also revealed another interesting feature of the one-step polymer infiltration 
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technique which is the ónano entanglementô between adjacent C-100 fiber layers during the PDMS 

solution infiltration process. Fig.28b.iii  showed a more evenly distributed directional arrangement 

of the C-100 fibers which was a result of the nano-entanglement of adjacent CNT sheet layers 

during the PDMS-hexane infiltration. During the drop infiltration technique at the very beginning 

when a few drops of PDMS-hexane solution were dropped onto the C-100 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 this solution-absorption assisted squeeze and recovery process of the 

structure, nano-entanglement occurs between adjacent CNT sheets resulting in a more uniform and 

interconnected nanostructure (Fig.28.iii).  
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Figure 28. Morphology of CNT-PDMS hybrid foam samples; (a) C-100, (b) CP-5 and (c) 

CP-20; all i) SEM images of a top cross-section of the samples, all ii) photographic images, 

all iii) and all iv) SEM images of the side cross-sections (longitudinal CNT alignment 

direction)  
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Figure 29. a) Photographic images, and b) density and porosity relationship graph of CNT-

PDMS nanohybrid foams 

 

It was observed that the nano-hybrid foams prepared from lower PDMS-hexane solution 

concentration CP-0.1 to CP-5 were shrunk about ~ 0.4 to 3.1% in the transverse direction after 

curing due to the capillary during drying. Though the photographic images did not show 

considerable differences in foam structures, with medium PDMS loading, CP-10, and CP-20 

showed the agglomeration of CNTs in the microstructure with uneven voids in-between CNT 

sheets (Fig.29.a, and Fig.40). This happened because of more PDMS accumulation in between the 

CNT sheets and after curing uneven PDMS-rich regions were formed (Fig. 28c.i, iii ). In high 

PDMS loaded samples, CP-30, CP-40 and CP-50 showed a gradual increase in density with more 
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filling up of the porous channels with polymer and forming of large uneven voids within the foam 

structure during the curing process (Fig. 40).  

Higher structural shrinkage of about 21-32% was observed in CP-30, CP-40, and CP-50 

hybrid foams with microvoids inside the samples. Fig. 29b showed the increases in density with 

the increase of PDMS infiltration within C-100 foam and the resulting decrease in porosity. At 

lower PDMS concentrations, up to CP-5 the porosity only decreased from 99.1% to 99.7% then 

gradually decreased. Density drastically increases after CP-30 with consequent porosity 

decreasing to ~ 50%. With the much lower concentration of PDMS in CP-0.5 and CP-1 samples, 

the PDMS coating was non-homogeneous and not enough to protect the carbon coating on the 

CNTs. SEM images showed several CNT surfaces were exposed, which may cause nanoparticles 

released in the environment during practical uses. However, CP-5 foams showed uniform PDMS 

coating all around. 
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Figure 30. Laser profilometer images, a) C-100, and b) CP-5 

 

The study of the microstructure of the C-100 and CP-5 foams by laser profilometer imaging 

revealed the microchannel architecture and showed the micro curviness of the surface due to the 

even spacing of the CNT fibers. Although some CNT fiber bundling and entanglement can be seen 

in sample CP-5 which was due to the capillary drying drag effect (Fig.30).  
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Figure 31. a) FE-TEM image of CP-5, and b) HAADF image of CP-5  

Description: with elemental mapping of Carbon (green), Oxygen (red), Silicon (blue), Silicon-Oxygen 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 CP-5 sample which confirmed the proper conformal nano-coating 

of PDMS around the C-100 fiber surface, and the PDMS nano-coating thickness was measured 

about ~ 3.9 ± 0.6 nm. The disordered fuzzy amorphous region around the surrounding the 

distinctive PyC carbon layers (indicated by the purple arrows) in Fig. 31a. indicated the PDMS 

coating, while the comparatively darker color with visible carbon plan stacking underneath was 

the PyC. Fig. 31a also showed because the PDMS was only a few nanometers thick the nano-

roughness was still there on the surface. This result was also similar to the data that we got from 

the high magnification FE-SEM images.  
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The STEM-EDS elemental mapping was done to further validate the PDMS conformal 

nanocoating result. Fig.31b showed the HAADF image of the CP-5  and the elemental map of 

carbon (green), oxygen (red), silicon (blue), silicon-oxygen overlay (purple). The silicon-oxygen 

overlay (purple) map clearly showed how well the PDMS nano-coat the C-100 fiber all around.  

 

Figure 32. The STEM-EDS element data and the corresponding TEM images with inset 

electron diffraction pattern; a) MWCNT, b) C -100, and c) CP-5  

 

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 coating introduces nano-

roughness to the smooth MWCNT surface, which is the key to keeping the structural integrity of 

the free-standing 3D C-100 foam. The STEM-EDS data also revealed another very interesting 

finding, as it can be seen from (Fig.32) the atomic fraction % that the MWCNT and the C-100 

samples were showing very trace amounts of Si, although no PDMS were there. This was due to 

the fact that we use silicon-based vacuum pump oil for the CVD system and the detected trace Si 

came from there (we do not use a clean-room condition in the lab) and the TEM 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 C-100 samples came from the sample TEM preparation step as we 

dispersed the samples in ethanol before placing them in the TEM grid. The elemental data from 

the CP-5 sample showed the atomic fraction percentage of Si and O from the PDMS nano-coating.  

Table 1: CNT-PDMS hybrid foam samples naming compositions and the bulk DC 

conductivity 

 

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 understandable as the continual increase in PDMS percentage in the 

foams, surface accumulation, and deposition of non-conductive PDMS within the structure reduce 

the bulk conductivity. However, the transverse bulk conductivity of CP hybrid increases with the 

increase of PDMS concentration from CP-0.5 to CP-5 then decreases gradually with the increase 

of PDMS loading. These phenomena can be explained by the CNT fibers entanglement during the 

hexane-PDMS solution infiltration. As the solution viscosity increases from 0.5% PDMS 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 non-conductive PDMS loading the transverse bulk 

conductivity decreases as usual. 

 

Figure 33. Raman spectra of pristine MWCNTs, C-100, CP-5, CP-50, and pure PDMS 

films 

 

The Raman spectra of pristine MWCNTs, C-100, and CP hybrid foams (Fig.33 ) were 

performed using a 532 nm laser source. The Raman signature peaks of the MWCNTs and PDMS 

demonstrated the quantitative and qualitative characterizing of the material 74, 75, 76. Fig.33 showed 

the characteristic peaks for MWCNTs are D-band (located at 1348 cm-1), G-band (located at 1579 

cm-1), and Gᾳ-band (located at 2695 cm-1). The high-frequency G-band peak corresponds to the 

sp2-hybridized carbon atoms and the D-peak is attributed to disordered graphite structures, or sp3-

hybridized carbon atoms within the MWCNTs and the sharp shapes of the G and Gǋ peaks possibly 
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indicate metallic-type conductivity 74. The ratio ID/IG of the intensity of the D to G band reflects 

the defect level of the MWCNTs 31, 77. The ID/IG was 0.31 which indicated higher crystallinity of 

the pristine MWCNTs. The D-peak intensity increases in the C-100 sample with the increase of 

disordered pyrolytic carbon content and the ID/IG increased to 0.59. The PDMS Raman peaks 

recorded were asymmetric stretching of Si-C at 789 cm-1, the symmetric rocking of CH3 at 863 

cm-1, symmetric bending of CH3 at 1262 cm-1, asymmetric bending of CH3 at 1412 cm-1, symmetric 

and asymmetric stretching of CH3 at 2906 cm-1 and 2965 cm-1, respectively. All the characteristic 

peaks correspond to the well polymerized PDMS 75. With the incorporation of PDMS within 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 structure 75. 

In the Raman peaks of CP-5, the PDMS peaks were too weak as the concentration of PDMS was 

very low. The CP-50 hybrid foam showed all the characteristic peaks of PDMS with the 

proportional broadening of the D and G-band peaks of MWCNTs. 
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Figure 34. XRD patterns of C-100, CP-5, and pure PDMS film  

 

Fig. 34 shows the XRD pattern of C-100, CP-5, and pure PDMS film samples. The 

diffraction peak of C-100 is observed 2ɗ at around 25.8°, assigned to the characteristic graphite 

carbon crystallographic planes (002) of the MWCNTs.78. Typically, MWCNTs have a much 

sharper XRD peak with a narrow base (Fig. 41), but in the case of C-100, the peak broadening is 

observed due to the presence of disordered carbon planes of the PyC coating. The PDMS film 

exhibits an amorphous pattern, as characterized by the broad peak from 8ï15 °, centered around 

2ɗ = 12.5°, which was the standard of the XRD pattern of PDMS79. In the case of sample CP-5, 

further broadening of the peak 2ɗ at 26.4° indicated the perfect coating of C-100 fibers with PDMS, 

as the amorphous PDMS nanocoating on the surface contributes to the signal as disordered carbon. 

And the PDMS signature amorphous peak was also observed at 12.5°, confirming the stable 

coexistence of the polymer and C-100 without any change in crystallinity.  
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Figure 35. TGA thermogram of C-100, CP-5, and pure PDMS film  

 

TGA curves of pristine MWCNTs, CP-5, and PDMS samples are shown in Fig.35.  The 

weight loss of the pristine sample started at 620 °C with a sharp drop in mass corresponding to the 

decomposition of the MWCNTs due to thermal oxidation and very low catalytic metal oxide 

residue left at 900 °C only 1.02 % by weight corresponded to fairly pure MWCNTs than other 

literature. 80 For PDMS the initial onset started at 370 °C, weight loss related to the exit of the 

lateral groups from the main chain, and 2nd large drop in mass at 525 °C associated with the 

degradation of the main chain of siloxane.79 CP-5 hybrid foam samples showed high thermal 

stability in the air; for the CP-5 sample both the weight loss, onset points shifted towards higher 

temperature; the 1st onset at 465 °C and the 2nd 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 increase in the thermal resistance may be indicating some molecular 
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rearrangement on PDMS chains at the higher temperature 79. The detailed thermal investigation is 

however outside the purpose of this paper and 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 

compressive 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 stress-strain curves are very different. For the longitudinal compression, the stress-strain 

curve of the CP hybrid foams can be divided into three regions; (i) sharp increment of stress (ii) 

plateau, and (iii) linear steep region. The 1st sharp incremental region (Fig 36b, c, d) was due to 

the vertical resilience of aligned C-100 nanofibers and at a certain load, the CNT fibers started to 

buckle. In particular, the initial stress of the longitudinal direction (CNT aligned direction) 

increases sharply up to 5% compression for all the CP hybrid foams, which can be referred to as 

the toughness of the vertically aligned C-100 nanofibers along the compression axis. The plateau 

region of the stress-strain curve started with the starting of the unique buckling phenomena of the 

low PDMS loaded CP hybrids. 

Fig. 36a, reveals the unique feature of continuous buckling of the CP-5 hybrid 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, showing negative Poissonôs ratio or 

acting as an auxetic 3D porous material. An auxetic 3D material has a negative Poissonôs ratio 

means shrink in both the X and Y direction when subjected to axial compression in the Z direction.  

This is due to the internal interlocking 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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buckling occurred outward with positive Poissonôs ratio then the CNT/C nanofiber interlocked 

structure would fall apart after the 1st compression cycle. This also indicated the proper internal 

interconnection in which PDMS played a vital role in securing the individual 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 CP-10, is due to the super porous cellular 

assembly, and the combination of 1mm long rigid individual CNTs and interconnected pseudo 

elastic individual CNT-CNT junction secured by PDMS. The plateau regions in the stress-strain 

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

Samples with low PDMS concentration up to CP-10 showed almost similar auxetic 

compression behavior; while at higher PDMS loaded samples CP-20 to CP-50 the hybrid structure 

showed positive Poissonôs ratio in compression with irregular deformation patterns. With the 

increase of PDMS percentage within the structure the polymer property dominates the 

compression behavior of the overall structure suppressing the unique auxetic performance. With 

CP-20 and CP-30, after the 1st compression cycle, there was an 18 - 21 % decrease in strength with 

permanent 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 CP-40 and CP-50 samples, the compression 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 macro-porous rubbery structure with only 27% 

porosity (Fig 42). 

Theoretically, in the anisotropic solids, the range of Poisson's ratio is expanded: values 

from minus infinity to plus infinity are possible. 81 The transverse cyclic compression of the CP 

foams showed a Poisonôs ratio of minus infinity for the CP hybrid forms with low PDMS 
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concentration up to CP-10. During the transverse compression cycles, the axial compression in the 

Z direction mainly reduced the distances between the horizontally aligned CNT sheets, and as the 

CP-1, CP-5 and CP-10 hybrid foams has more than 94% porosity even with 80% compression no 

dimensional changes were observed in both the X and Y direction (Fig. 36e). 

 

Figure 36. 1st, 50th & 100th compression cycle of CP-5, CP-20 and CP-50 hybrid foam 

samples in a) longitudinal  and e) transverse direction with 40% & 80% compressive strain 

 

The structure of the CP hybrid foams remained resilient and no buckling was detected 

during transverse compression. The stress-strain curve of the low PDMS concentration CP hybrid 

foams was a very uniform and gradual increase of stress with increasing strain, above 60% strain, 

further densification of hybrid structure resulted in a rapid linear increase of the modulus, a typical 
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compression behavior shown by the align cellular porous material.55, 7 For 40% compressive strain, 

the CP-5 sample showed no changes in the stress-strain curve in the 1st to 100th compression cycles 

(Fig. 36f), and during subsequent 80% compression cycles, only 4.6% reduction in compressive 

stress in the 100th cycle. Though with the higher PDMS loaded CP samples showed a much higher 

reduction in the compressive stress with 80% compression strain starting from the 2nd compression 

cycles and in the 100th cycle the compressive stress reduced 16% and 31% for CP-20 and CP-50 

hybrids respectively (Fig. 36g and 36h), with some permanent compressive deformation. With the 

increase of PDMS loading, the compressive strength gradually increases in both longitudinal and 

transverse directions as expected (Fig. 42). The low PDMS concentration samples behave 

differently than the high PDMS concentration one. This is mainly because at lower PDMS loading 

(CP-0.5 to CP-10) the polymer only wrapped around the CNT/C nanofibers and no polymer in the 

in-between spaces, resulting cellular ultra-porous 3D interconnected network where the exclusive 

nanostructure plays the vital role in mechanical behavior. With the increase of PDMS loading (CP-

20 to CP-50) into the structure polymer starts accumulated within the void inter-cellular spaces 

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

The cyclic compression behavior 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; a) C-100, b) CP-1 and c) 

CP-5 

 

The SEM images of C-100, CP-1, and CP-5 samples (Fig.37) taken after 50 dynamic 

compression cycles revealed the nanocoating stability information. In many places of C-100 

nanofibers, the PyC coating was found interrupted, fragmented, or no PyC coating in some places 

with exposed MWCNTs. For sample CP-1, the exposed MWCNTs were also observed in some 

places. But for the sample CP-5, no exposed MWCNTs were found and it can be seen by the SEM 

image jow the PDMS nanocoating secures the PyC conformal coating successfully. For the 

multifunctional application study, we choose CP-5 samples because of their structural stability 

under dynamic conditions.  

  

 Conclusion 

In summary, nano-layer conformal PDMS coating was successfully added to wrap C-100 

nanofibers to fabricate anisotropic 3D hybrid foams where the preparation method was a very 

simple controlled polymer infiltration technique. The morphological analysis by SEM and TEM 

images shows the nano-layer PDMS coating uniformity covering the surface of PyC coated CNTs 

throughout the ultralow density CP-5 foams. The controlled turnability of porosityïdensity can be 

easily achieved by simply adjusting the concentration of the infiltrating PDMS-hexane solution. 
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This technique can be easily adapted and extended to infiltrate different polymers and other 

nanomaterials into the C-100 systems, and the alignment of CNTs can be altered according to the 

desired engineering design requirements. This anisotropic design approach of CP-5 hybrid foam 

was further used in several diverse application fields to harness the multifunctionality of the porous 

3D nanoarchitecture. The mechanical stability in both longitudinal and transverse CNT alignment 

directions under dynamic loading conditions and the steady structural recovery made CP-5 

nanohybrid foam a perfect candidate for piezoresistive sensing application. And the unique porous 

anisotropic of CP-5 nanohybrid foam will be used in EMI shielding testing. The micro-channeled 

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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 Supplementary Information Chapter-4 

 

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

 

 

Figure 39. High-resolution SEM images of; a) Pristine CNT, b) C-100, c) CP-0.5, d) CP-1 

and e) CP-5 
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Figure 40. Morphology of CNT-PDMS hybrid foam samples; (a) CP-30, (b) CP-40 and (c) 

CP-50; all i) SEM images of a top cross-section of the samples, all ii) photographic images, 

all iii) SEM images of the side cross-sections (longitudinal CNT alignment direction) 
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Figure 41. Figure S4: XRD pattern of pristine MWCNTs and C-100 foam 

 

Table 2. Bulk DC conductivity and specific strength of CP nanohybrid foams 
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Figure 42. 1st 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, Electro-magnetic Interference Shielding, and Oil Clean-up Applications 

 Abstract 

The combination of ultra-low-density, porous architecture, and well-distributed carbon 

nanotube (CNT) conductive network in the 3D CNT-polymer foams make them the perfect 

candidate for use as a multifunctional material system. However, the poor CNT distribution, 

uneven polymer coatings, and a wide pore-size variation in the final structures made by traditional 

methods have drastically reduced the scope of using CNT-polymer foams in functional devices for 

dynamic environments. We have successfully demonstrated a controllable, and easily tunable 

fabrication method for preparing the CNT-PDMS (polydimethylsiloxane) nano-hybrid 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 nano-hybrid CP-5 foams was as low as ~ 14.29 mg/cm3. The CNT-PDMS foam prepared 

by 5% PDMS coating (CP-5) has shown extraordinary elastic recovery, and consistency in linear 

electrical resistance change even after over 100 cycles of 80% dynamic cyclic compressions. Using 

this stable piezoresistive feature of the CP-5 foam we fabricated an e-textile strain/pressure sensor 

attached to the hand-glove and demonstrated its use in detecting movements of a finger. 

Additionally, we take advantage of the well-oriented porous conductive network of CNTs in CP-

5 for using it in electromagnetic interference (EMI) shielding applications in the X-band 

frequencies. To our surprise, the CP-5 nanohybrid showed outstanding EMI shielding efficiency 

of 63.4 dB and can successfully block 99.999926 % incident Xðband waves with only 1mm 

thickness. Furthermore, the aligned porous channel of the CP-5 nanohybrid foam provides stable 

capillary action upon organic liquid and oil absorption. And its high-temperature thermal stability 






































































































































