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Introduction
Carbon nanotube (CNT) material has attracted considerable 

attention since its discovery. This wonderful material possesses 
excellent electrical, mechanical, and thermal properties, which 
provide it a wide range of potential applications.1–3 But the scale-
up to macroscale material forms and translating the electrical and 
mechanical properties to macroscale material forms has proved to be 
challenging despite extensive efforts throughout the past two decades. 
The electrical and mechanical properties of the macroscale materials 
have been limited by defects, impurities, and discontinuity of the CNT 
strands.4–6 The strongest macroscale CNT material (long nanotube) 
has been reported to show a tensile strength of 80 GPa to date.7 

However, this material is a long CNT, not a handleable or scalable 
material form. Besides structural defects and impurities, the main 
problem associated with the macro-assembly has been identified as 
these short CNT components, which overlap with each other and are 
assembled only by the weak van der Waals force. Macroscale material 
properties are far below the properties of individual CNT. 

The as-synthesized CNT sheet from the floating catalyst chemical 
vapor deposition (FCCVD) method contains residual metal catalysts 
encapsulated inside or on the outside of the nanotubes. To remove 
the impurities and improve the CNT properties, a post processing 
method such as heat treatment is usually performed.8–10 The post-
processed material can be used in textile applications. The concept of 
nanoengineered textiles is under extensive research.11–13 An example 
is to use the anisotropic heat conduction of CNT fabric for firefighting 
applications. A smart garment was simulated to direct heat from the 
garment to an external cold sink, which lowered the temperature 
of the body.14 CNT materials are being integrated into textiles in 
personal protective equipment for firefighters15 and for energy storage 
applications for wearable electronic textiles.16,17

In this paper, we will discuss the synthesis process for the CNT and 
carbon nanotube hybrid (CNTH) materials. The physical properties of 
these materials are also investigated. A short overview on the use of 
CNTs for textile applications is also provided.

Material and methods
Carbon nanotube sheets were synthesized using the floating catalyst 

chemical deposition method. A fuel consisting of a carbon precursor, 
metal catalyst, and sulfur additive was injected using a syringe into 
the atomizer into the one end of the ceramic tube. At the other end of 
the reactor tube, a CNT sock was collected onto the rotating drum to 
form a sheet. The temperature of the furnace was ~1420˚C. Further 
details of the synthesis process can be found in our previous work.18–20 
The surface morphology of the synthesized material was characterized 
using Scanning electron microscopy (SEM) (FEI SCIOS, Waltham, 
MA, USA) and transmission electron microscopy (TEM) (CM-20, 
Philips, Andover, MA, USA). Tensile testing was performed using an 
Instron 5948 machine. A laser micromachining system (Oxford Laser 
A-Series, Didcot, UK) was used to cut the CNT sheet samples. The 
electrical conductivity of the sheet was measured using a four-probe 
technique.

Carbon hybrid material

For hybrid material, a customized particle injector was used to 
integrate metal, ceramic, and other nanoparticles inside the CNT 
sheets during synthesis process. The type and size of the nanoparticles 
is application specific but the integration of the nanoparticles with 
CNTs mainly depends upon the nanoparticle wetting properties. A 
detailed study on wetting properties is done in our previous work.19 
The floating catalyst method is a continuous method and is capable 
of large-scale synthesis. Various factors such as carrier flow gas, 
synthesis temperature, and type of metal catalyst can be varied to 
customize the CNT hybrid material.

Post-processing treatments

The most common method for metal catalysts impurities removal 
is heat treatment. Here, CNT sheets were annealed at 200˚C, 300˚C, 
600˚C, and 900˚C using a rapid thermal annealing furnace. Heat 
treatment was performed in the AG Associates Heatpulse 410 Rapid 
Thermal Processor (RTP). The heatpulse 410 uses high intensity 
visible radiation to heat a single substrate for a short period at 
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Abstract

The paper describes the synthesis of carbon nanotube hybrid material and its post-processing 
treatment such as heat treatment of carbon nanotube (CNT) sheet to improve its properties 
for in textile applications. The CNT sheet is synthesized using the floating catalyst chemical 
vapor deposition (FCCVD) method. The floating catalyst method is a continuous process 
and can produce industrial scale nanotubes in a single step. The lightweight of the CNT 
material and its flexibility makes it a suitable candidate for textile and wearable applications. 
The synthesis process and applications of the new hybrid material are discussed along with 
the customization of the material.
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precisely controlled temperatures. The temperature was monitored 
by a thermocouple and the system was purged with nitrogen gas to 
maintain the inert environment. The heating rate was kept at 220˚C 
/sec, when the temperature was steady, each sample was held for 
2mins. 

Microscopy characterization

In Figure 1(A), the sock collection process is shown. A CNT sock 
is coming out of the reactor end and is collecting on the rotating 
drum. The final as-synthesized CNT sheet consists of hundreds of 
thin layers of CNT web or sock about 1 inch wide that is wrapped on 
the drum. The thickness of the sheet can be customized by varying 
the collection time of the sock. According to the requirements of 
specific applications, CNT sheets can be customized. For filtering 

applications, the collection time can be reduced to make the sheet 
permeable and for other application where strength is needed these 
sheets can be collected for hours to provide a strong mechanical 
support. Figure 1(B) shows the scanning electron microscope (SEM) 
image at the micrometer scale and Figure 1(C) shows the transmission 
electron microscope (TEM) image at the nanometer scale. As we 
can see in the SEM image, there are lots of vacancies in the CNT 
sheets and its loosely packed fiber structure which makes it porous 
and can be used for filtering applications.21 From Figure 1(C), we can 
see that the nanotubes are ~7nm in diameter and have metal catalyst 
impurities trapped inside. Before heat treatment, we can see a lot of 
agglomeration on the CNT sheet in Figure 1(D). The CNT material 
after heat treatment is shown in Figure 1(E) and Figure 1(F). With 
the increase in temperature and the removal of the impurities and the 
amorphous carbon and the agglomerations started to disappear.

 
Figure 1 (A) CNT sock collection; (B) SEM image at 2 µm; (C) TEM image at 10nm; (D) CNT-Cu hybrid material before heat treatment (at 50nm scale); (E) 
CNT-CU annealed at 600˚C (at 50 nm scale); (F) CNT-Cu annealed at 900˚C (at 50 nm scale).22 

Mechanical and electrical characterization

For mechanical testing, each sample was cut into a rectangular 
shape with a dimension of 25mm x 2mm using a laser. The laser cut 
samples then was pasted onto a paper strip, which was clamped by 
two pneumatic clips with a gauge length of 10 mm. The clips in the 
testing underwent vertical movement with a strain rate of 1mm/min 
until the sample was broken. Electrical measurements were performed 

using a four-point probe method, the four heads were gently placed 
on the surface of the CNT sheet. The resistivity was calculated using 
ρ=πt/ln2 V/I, where V is the voltage, I is the current and t is the 
thickness of the film. For each sample, 5 values of resistance were 
measured at different points, because the anisotropic nature of CNT 
materials, another 5 values was measured after turning the sample 90˚ 
(Figure 2).
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Figure 2 Electrical conductivity in-plane of Pristine CNT and CNT-Cu hybrid sheet.22 
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The electrical conductivity of the hybrid material showed better 
performance than pristine. The conductivity of the material is 
highly dependent on the annealing temperature. The conductivity 
of the both pristine and hybrid CNT-Cu increased with an increase 
in annealing temperature which showed a semiconducting behavior. 
The conductivity increased due to the decrease in contact resistance 
between CNTs below the transition temperature. The conductivity 
of the samples reached its maximum value at 600˚C and started 
decreasing with an increase in temperature and showed metallic 
behavior.23 After the transition temperature conductivity started to 
decrease due to the increase in resistance in individual CNT tube. 
The other reason for lower conductivity is due to the barrier potential 
which can interrupt the electrons flow hence reduce the conductivity.24

More than ten samples were used for the tensile test. Figure 3 shows 
the normalized tensile strength for pristine sample, which is CNT 
alone with no nanoparticles, and hybrid CNT-Cu samples annealed 
at different temperatures. Heat treatment improved the mechanical 
properties of material by removing impurities from CNTs. The tensile 
strength reaches a maximum value after performing the heat treatment 
at 600˚C, which is 1.8 times more in strength as compared to pristine. 
At higher temperature (>600˚C) defects are increasing in CNTs 
which can lead to disorder which deteriorates the performance of the 
material. The oxidation of raw multi-walled CNTs started at 420˚C 
and finished at 630˚C whereas the oxidation of the graphitic multi-
walled CNTs started at 640˚C and finished at 780˚C.25

Figure 3 Normalized Tensile strength for pristine and annealed hybrid CNT-Cu samples.
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CNT smart textile applications

The integration of CNT and CNT hybrid materials into textiles 
has many possibilities in the fashion industry, and in personal 
protective equipment, smart, flexible, and wearable textiles. CNT 
and its composites have been used to improve strength and make 
it lightweight,26,27 to improve electrical conductivity and use as a 
conductive textile,28,29 and in wearable electronics textiles.30 A flexible 
textile of carbon nanotube/graphene was used as an electrode for a 
flexible supercapacitor to use its high surface area and flexibility.31 
CNT materials can be integrated in garments to make invisible 
antenna patches.32 The antenna arrays integrated in garments can 
communicate with sensors and devices in and on the body. A detailed 
discussion about the integration of the CNTH fabric with textiles and 
its potential applications in fire fighter garments, flame retardant, and 
in fashion apparel has been discussed in Chapter 12.33

Conclusion
The paper described the synthesis process for CNT and CNTH 

material. The CNTH material is a multifunctional material and showed 
improved electrical and mechanical properties compared to pristine 
material. The synthesis process is a single-step continuous process 
and can produce large-scale material. Heat treatment was performed 
on the material to further improve its properties. The customization of 
this CNTH material makes it suitable for applications such as filtering, 
sensors, energy storage, and others. Successful commercialization 
of the smart and flexible textiles needs an innovative approach, 
interdisciplinary collaboration, and an understanding of material 
science and nanotechnology.
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