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Chapter 1 Introduction 

 

 

1.1 Hydrogen gas 

 

Hydrogen gas (H2) was firstly discovered and produced in the early 16
th
 century 

from the single displacement reaction of metals and acids. Because it produces water 

after burning, H2 was named as óhydrogenô which means water-former. H2 is the 

lightest gas known in the world, whose density is 0.0899 g/L under the standard 

atmospheric pressure [1-3]. It holds a stable chemical stability at room temperature 

and is commonly used as a reducing agent in chemical reaction and industry process. 

With the increasing concerning in the exhaustion of fossil fuels and the global 

warming [4-6], renewable energy sources including solar energy, wind energy, 

geothermal energy and hydroelectric energy have attracted a lot of attentions [7]. 

Among these, H2 is believed to one of the most promising choices because of its 

several unusual properties. Firstly, H2 holds an extremely high heat of combustion 

(141.80 MJ/kg) which is twice higher than that of fossil fuel [8]. This means H2 is a 

suitable fuel for long distance. Secondly, water is the only products of H2 burning, 

which means H2 is a pollution-free fuel and will not cause greenhouse effect. Thirdly, 

H2 and raw material for H2 production are widely existed in nature and there is no 

concern of exhaustion [9]. Besides, new technologies for hydrogen production such as 

photoelectrochemical hydrogen production have been developed to replace the 

traditional methods including steam reforming from fossil fuels [10-14]. Therefore, 

H2 becomes the optimal choice for next generation of energy and the number of H2 

application increases year by year [15-19]. For example, automobile companies, 

including Toyota, Hyundai and Honda, successively introduced their hydrogen fuel 

cell vehicles which generated by the chemical reaction between compressed H2 and 

oxygen from the air. 

However, there are still risks for the massive use of H2. H2 is combustible gas with 
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an ignition temperature of 560 ºC [20], extremely fast burning velocitiy in the air [21] 

and a wide flammable range from 4% to 75% [22]. This brings potential risks during 

the production, storage and usage of H2. Moreover, because of its colorless, odorless 

and tasteless property [23], H2 can be hardly noticed by human beings. Hydrogen 

explosion has already caused a lot of tragedies all over the world. It has been proved 

that the explosions in Fukushima Daiichi nuclear disaster were hydrogen-air 

explosions [24]. Therefore, H2 detection will become more and more important and 

the demand of H2 sensors with high gas sensing performance is predicted to increase 

significantly. 

 

1.2 Hydrogen sensors 

 

1.2.1 Existed types of hydrogen sensors 

 

Hydrogen sensor is a device which can produce a measurable electrical signal when 

the hydrogen gas concentration changes in the environment. For decades, many 

hydrogen sensors based on various mechanisms and methods have been developed 

and commercially available. Figure 1 shows the number of published researches 

related with hydrogen sensors from 1975 to 2017 according to ISI Web of Knowledge. 

It can be found that a boom occurred since 2003 which indicates the large demand of 

hydrogen sensors. These researches focus on not only improving the response but also 

realizing advantages including lower cost, higher stability, smaller size and faster 

response. Till now, there are four main types of methods for hydrogen detection: 

catalytic sensors, gas chromatography, electrochemical sensors and semiconductor 

sensors. 
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Figure 1.1 Number of the publications related with hydrogen sensor 

Catalytic sensors are a very common type of hydrogen sensors. Catalytic sensor 

usually consist of two platinum coils: the surface of one is covered with catalyst while 

the surface of the other has no catalyst. When combustible gas contacts with oxygen 

on the surface of the coil with catalyst, reaction is operated and releases heat. The 

temperature rise leads to a resistance change of the coil with catalyst and the 

concentration of combustible gas can be indicated by measuring the difference 

between two coils. Catalytic sensor was first used in 1923 for methane detection [25, 

26] and has been well developed in combustible gas detecting applications including 

hydrogen detection [27-30]. This type of sensor is widely with an ability to detect 

wide range of hydrogen up to 4%. However, there are some significant disadvantages. 

Firstly, catalytic sensor shows no selectivity towards hydrogen, which means that it is 

unable to distinguish hydrogen with other combustible gases like carbon monoxide 

and methane. Secondly, catalytic sensor suffers from the poison effect. Due to an 

irreversible reaction of catalyst, the sensor may show an obvious response decrease 

for long time use. Thirdly, catalytic sensor operates at a high temperature which 
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causes high power consumption. Moreover, catalytic sensor must works with the exist 

of oxygen to induce the oxidation reaction. These disadvantages limit the future 

development of catalytic sensors. 

Another main method to detect hydrogen is gas chromatography. Because of the 

different thermodynamic properties, different gases are separated when flow through 

the column [31, 32]. After the separation, detectors such as flame ionization detector 

[33, 34] and thermal conductivity detector [35] are used to achieve the accurate 

quantitative measurement of every component. This method obtains the highest 

accuracy and lowest detection limit. However, gas chromatographs usually require 

extremely large and expensive instruments and the sampling time is also relative long. 

Therefore, this kind of method is usually used only in the laboratory. 

Electrochemical sensors are sensors which measure the electrical properties or 

charge transport brought from the electrochemical reactions [36-38]. An 

electrochemical sensor usually has a working electrode and a counter electrode. The 

electrodes are commonly made of platinum which can be a catalyst of the hydrogen 

oxidation reaction. The sensing electrode is covered diffusion barrier consisting of 

perfluorinated polymer which allows hydrogen gas diffusing through and being 

oxidized. Thus electrons transfer through electrolyte to counter electrode and lead to 

the reduction of oxygen. By measuring the current passing through two electrodes, 

hydrogen concentration can be determined. This kind of sensor is possible to work at 

a low temperature, which reduces the power consumption. However, it suffers from 

the aging of electrolytes so that the lifetime is restricted. 

With the development of semiconducting technology, semiconducting metal-oxide 

sensors attract more and more attention recently [39-41]. When hydrogen absorbs 

onto the surface, oxidation reactions happen and electrons release. The electrons 

donated from hydrogen molecules transferred to the semiconducting materials. For 

n-type semiconducting materials, this leads to a decrease of resistance and the 

hydrogen concentration can be inferred by measuring the resistance change [42, 43]. 

Till now, various metal oxides have been applied for hydrogen sensors including ZnO 

[44-46], SnO2 [47-49], TiO2 [50-52], Ga2O3 [53-55], Bi2O3 [56, 57] and so on. The 
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semiconducting metal-oxide based sensors have a high sensitivity, fast response and 

relatively simple structure so that many metal-oxide sensors have been 

commercialized. However, most metal-oxide hydrogen sensors operate at a high 

temperature and have a poor selectivity. 

 

1.2.2 Nanostructures for hydrogen detection 

 

With the development of nano manufacturing technology, hydrogen sensors based 

on nanostructures have attracted a lot of attentions for past decades [58, 59]. The 

nanostructure significantly increases the surface-to-volume ratio which is a key factor 

influencing gas sensing performance. With the decrease of the size, some materials 

show special nano-size properties which also greatly enhance the gas sensing 

performance. Besides, nanostructure is a promising solution to meet the requirement 

of miniaturization. Till now, hydrogen sensors have been developed based on various 

materials and various nanostructures [60-66]. For example, Shen Y et al. reported a 

Pt-doped SnO2 nanowires based sensor with a sensitivity of 118 towards 1000 ppm H2 

at 100 ºC [67]. Qurashi A et al. developed ZnO nanowires based hydrogen sensor by 

ultra-fast microwave synthesis and reached a response of 78% towards 1000 ppm H2 

at 200 ºC [68]. Tran N A et al. fabricated a polysilicon nanobelt device for hydrogen 

gas detection and achieved a response of 6% at 1% H2 [69]. Zhen Y et al. reported a 

sensor based on chemically modified graphene/poly (3,4-ethylenedioxythiophene) 

polystyrene sulfonate nanocomposite films and realized a response of 4.2% at 30 ppm 

H2 [70]. 
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1.3 Multiwall  carbon nanotube sheet based hydrogen sensor 

 

1.3.1 Carbon nanotube 

 

Carbon nanotube (CNT) is a cylindrical, hollow structure made of one or several 

layers of graphite. It is firstly discovered from the product of arc discharge by Prof. 

Ijima in 1991 [71]. According to the layers of graphite sheet, CNT can be divided into 

single-wall carbon nanotube (SWCNT) [72, 73] and multi-wall nanotube (MWCNT) 

[74, 75]. Compared with the MWCNT, SWCNT is composed of only one layer of 

graphite with narrower diameter, less defect and better uniformity. CNT has a large 

length to diameter ratio and a diameter of 0.4 ~ 6 nm for SWCNT and 1.4 ~ 100 nm 

for MWCNT [76]. After the discovery, CNT has been successively proved obtaining 

unique mechanical, electrical, physical and chemical properties. CNT has an elastic 

modulus of 1 TPa which is 5 times higher than that of steel and a tensile strength of 

150 GPa which is 100 times higher than that of steel [77]. The thermal conductivity of 

CNT is calculated to be from 1750 ~ 5800 W/m·K [78], which is higher than that of 

diamond. It has also been reported that CNT obtains a better electrical conductivity 

than silver [79] and is extremely stable towards chemicals up to 2800 ºC in vacuum 

[80]. 

Because of its superior properties, CNT has been applied to many fields including 

composite material [81], catalyst carrier [82], nano-semiconductor material [83], 

near-field emission material [84] and so on. For example, Chen HW et al. coated a 

CNT and Nafion film onto the electrode of a Quartz Crystal Microbalance and gained 

a satisfied humidity sensing performance with an excellent sensitivity and linearity 

[85]. Venkatesan N et al tried different nanoparticulate solid adsorbents as a drug 

delivery tool for the administration of erythropoietin (EPO) and CNTs showed the 

highest serum EPO level of 62.7±3.6 mIU/ml [86]. Yu X et al. developed a transparent 

thin film acoustic transducers which can work as both speakers and microphones by 

acid treatment and layer-by-layer surface modification of the polyvinylidene fluoride 
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(PVDF) substrates [87]. 

 

1.3.2 CNT in gas detection 

 

CNT is composed entirely of surface atoms and even small changes in the local 

chemical environment will result in measurable changes in the conductance of CNTs. 

This characteristic makes CNTs becoming some of the most promising materials for 

the development of the next generation of chemical gas sensor [88]. The literature 

number of CNT-based gas sensor has greatly increased recently. To date, CNTs have 

shown sensitivity towards such gases as NH3 [89], NO2 [90], C2H4 [91], CO2 [92], 

SO2 [93], H2S [94] and O2 [95], etc. For example, Collins PG et a.l demonstrated 

CNTôs extremely high sensitivity towards oxygen in electrical resistance by exposure 

to air or oxygen environment [95]. Cui SM et al. developed a room-temperature 

MWCNT-based sensor with Ag nano-particles as a promoter, which shows a high 

sensitivity and fast response time towards NO2 and NH3 [89]. Esser B et al. developed 

a reversible resistive sensor relying on CNTs which was able to detect sub-ppm 

concentrations of C2H4 [91]. 

The mechanism for CNT gas detection is because of CNTôs p-type semiconducting 

characteristics. According to chirality, CNT can be classified into metallic type CNT 

and semiconducting CNT. Metallic type CNTs allow electric current flows freely like 

simple metal. Semiconducting type CNTs are typical p-type semiconductors [96]. If 

free holes account for a majority which means the holes are charge carriers, the doped 

semiconductor is called p-type semiconductor. The number of free holes in p-type 

semiconductor will greatly change the electric property such as resistance. Therefore, 

when electron-donating or electron-accepting gas molecules adsorb onto or desorb 

from the CNT, electron transfer happens and further leads to a resistance change of 

CNT. In the situation of hydrogen, because hydrogen is typical reducing gas, 

hydrogen molecules tend to release electrons when adsorbing to the CNT surface. 

Electrons fill in the neutral structures, or called holes, so that the concentration of 
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charge carriers falls as Figure 1.2 shows. The decrease of carrier concentration finally 

results in an increase of electrical resistance. By measuring the change of resistance, 

the concentration of hydrogen in the environment can be determined. 

 

Figure 1.2 Mechanism of hydrogen gas detection by CNT 

For past decades, there are a lot of researches about CNT based hydrogen sensor have 

been reported [97-108]. Li X et al. reported a hydrogen sensor with a response of 100% 

at 1% H2 using SWCNT ropes functionalized by sub-6 nm Pd nanoparticles [97]. 

Rumiche F et al. developed a fast-response hydrogen sensor with a high response of 

65% at 1% H2 based on double wall CNT (DWCNT) nanostructure [98]. De Luca L et 

al. synthesized Pt/TiO2/MWCNTs composites for hydrogen detection by sol-gel 

method and reached a response of 8% at 10% H2 at 50 ºC [99]. According to these 

researches, CNT based hydrogen sensors show advantages of high response, fast 

response time, no poison effect and room temperature operation. 

 

1.3.3 Limits  of existed CNT based sensors 

 

Although CNT based sensors have already showed a lot of advantages, there are 

disadvantages which limit their practical application. One of the biggest challenges is 

that the existed methods to fabricate CNT based gas sensors are not suitable for mass 

production. Till now, CNT based sensors are commonly fabricated by two methods. 

The first method is to directly synthesize single CNT or bundles of CNTs on the 
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specially designed and fabricated electrodes [109-112]. Nguyan DH et al. synthesized 

porous CNT films by in situ arc-discharge deposition on a comb-like interdigitated 

electrode [110]. Dai H et al. used controlled chemical vapor deposition (CVD) method 

to synthesize CNT between silicon towers to form a suspended CNT bridge [112]. 

This method involves complicated process to prepare the special designed electrode 

such as e-beam lithography and photolithography. This greatly raises the cost and is 

difficult to synthesize in large scale due to the complexed process. The second method 

is to dip or spray CNT dispersions onto prepared electrode or substrate and dry to 

form a film [113-115]. Ahmed A et al. used a nozzle to spray CNT solution to an 

electrode array and deposit a CNT layer as the active layer for gas sensing [113]. 

Pascual NB et al. dips MWCNT suspension through a micropipette between two 

copper strips to form a sensor [103]. This method is relatively simple comparing to 

the former one while it results in random CNT alignment and agglomeration which 

would lead to the uneven distribution of CNTs and further decrease the gas sensing 

performance. To solve this problem, some researches introduced another 

dielectrophoretic (DEP) trapping process which applied alternating electric field to the 

CNT suspension so that CNTs were trapped and aligned along the electric field line 

[116, 117]. However random alignment and agglomeration can still be found in 

DEP-trapped CNTs. Besides, DEP process requires special designed electrodes and 

can hardly assemble large-scale film. Therefore, a simple, inexpensive, reproducible 

and high yield fabrication method is urgently needed for the commercialization of 

CNT based gas sensors. 

In addition, the response of CNT based sensor still have space to improve, especially 

the MWCNT based sensors. Although MWCNT can be easily synthesized by CVD 

method, the response toward hydrogen of MWCNT is obviously lower than that of 

SWCNT due to more defects, larger range of diameters and lower uniformity of 

MWCNT. Besides, in the film type CNT sensors, not only the intrinsic CNT 

properties, but also the extrinsic conditions can affect the sensor sensitivity. The 

extrinsic conditions include CNT film thickness, density and porosity in relation to 

gas permeability, the CNTs alignment (parallel and vertical) and entanglement in 
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relation to the CNT-to-CNT contacts that determine the current paths. Thus, better 

synthesis of CNT and effort to enhance the CNT film microstructure is required for 

the improvement of hydrogen response. 

 

1.3.4. MWCNT  sheet 

 

MWCNT sheet is a MWCNT film in which MWCNTs are joined end-to-end structure 

and aligned nearly parallel [118]. MWCNT sheet can be drawn from a sidewall of 

spinnable vertically aligned CNT (VACNT) arrays which are synthesized by CVD 

method [119-121]. Compared with the ordinary VACNT arrays, CNTs in spinnable 

VACNT array have a much better alignment, higher nucleation density and narrower 

diameter distribution. It has been reported that MWCNT sheet can be easily prepared 

for meters by drawing from the spinnable VACNT array and transferred without extra 

process such as dispersing CNT in organic solvents. Moreover, a complexed 

purification process is not required for MWCNT sheet. Therefore, MWCNT sheet is a 

suitable choice for low-cost mass production of CNT based sensors. On the other 

hand, the high alignment and uniformity of MWCNT sheet also bring better electric 

conductivity, thermal conductivity and mechanical property. The end-to-end 

entanglement in MWCNT sheet also offers more sites for the gas molecules 

adsorption. This indicates MWCNT sheet may show better gas sensing performance 

than ordinary MWCNT film when used as the sensor. 

However, although MWCNT sheet obtains a lot of advantages, the number of the 

MWCNT sheet based applications, especially gas sensors, is limited. One of the 

reasons is that the difficulty to synthesize the spinnable VACNT array. In order to 

enhance the alignment of VACNT array, it is necessary to adjust the parameters during 

the CVD process including catalyst thickness, heating condition and gas flow ratio. 

Even VACNT array with a high alignment is not spinnable due to some other 

unknown properties, which makes it more difficult to synthesize spinnable VACNT 

array. On the other hand, some works reported some MWCNT based hydrogen 

sensing [122-124]. However, most of these reports focused on adjusting the 
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conditions of functionalizing and few researches mentioned a more fundamental level 

such as investigation of the sheet microstructure and the structure design of gas sensor. 

This results that the response of the reported MWCNT sheet based hydrogen sensor is 

still at a relative level (6% at 3% H2 [122]) and the potential of MWCNT sheet in 

hydrogen sensing remains to be explored. 

 

1.4 Research objectives 

 

In this study, we aimed at developing a hydrogen sensor based on MWCNT sheet with 

high sensing performance. The investigation of functionalizing condition and the 

design of sensor structure have also been operated. Moreover, the mechanism of how 

new structures affect hydrogen sensing performance is investigated by studying the 

gas adsorption microstructure in the sheets. Hence, this research is intended to be 

carried out through the following objectives: 

1) Investigate the optimal condition for the synthesis of spinnable MWCNT array and 

the fabrication of MWCNT sheet 

The synthesis of spinnable VACNT array is the first step for the MWCNT sheet based 

hydrogen sensor. The controllable, reliable and efficient fabricating process is the key 

point to push the mass production and commercialization. To achieve this goal, a 

comprehensive investigation of the VACNT array growth conditions has been 

operated. Besides, the mechanism of the growth of spinnable VACNT array needs to 

be clarified for precise control of the synthesis process. 

2) Fabrication of hydrogen sensor based on multi-layer structured MWCNT sheets 

Because the prepared MWCNT sheet is continuous and robust with a high uniformity, 

it is possible to fabricate a sensor by directly transferring the sheet on to the electrodes. 

In this research, a sensor based on a multi-layer structure has been developed by 

stacking the sheets in the same direction. The influence of the stacking structure 

toward hydrogen sensing will be studied. In addition, the functionalizing condition 

will also be investigated to achieve a better gas sensing performance. 
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3) Fabrication of the sensor based on a suspended structure of cross-stacked sheets 

In order to further improve the hydrogen sensing performance, novel structures 

including the suspended structure and the cross-stacked structure are raised in this 

research. The effects of the new structures will be evaluated through the gas sensing 

experiments. Besides, a two-functionalization will be operated to further improve the 

detection capability of the sensors. 

4) Sensing mechanism clarification of MWCNT sheet-based sensors 

Since new structures have been introduced to fabricate MWCNT sheet based 

hydrogen sensors, it is necessary to clarify the mechanisms of them. This may guide 

the further design of the MWCNT sheet based gas sensors. 

 

1.5 Thesis organization 

 

In this thesis, a systematic study on the fabrication and investigation of MWCNT 

sheet based hydrogen sensor is presented. Two novel structures, on-substrate 

multilayer structure and suspended cross-stacked structure, have been demonstrated in 

this thesis. In order to improve the gas sensing performance, the conditions during 

spinnable VACNT array synthesis, functionalization and stacking process have been 

investigated. The relationship between characteristic of MWCNT sheet and gas 

sensing performance has also been evaluated to clarify the mechanism. 

Chapter 1 introduces the background of this research, which includes the importance 

of hydrogen detection, current situation of hydrogen sensors, advantages and limits of 

CNT based hydrogen sensors and the objectives of this study. 

Chapter 2 presents the synthesis of spinable VACNT array and the fabrication of 

MWCNT sheet. The conditions including the catalyst thickness, heating condition and 

gas flow ratio were investigated and the spinnability of the VACNT array were 

evaluated. According to the experiment results, an optimal condition for MWCNT 

sheet synthesis has been achieved. 

Chapter 3 reports a fabrication method of MWCNT sheet based hydrogen sensor on a 
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stacking multi-layer structure. Various functionalizing conditions, sizes and numbers 

of the stacking layer have been evaluated in the hydrogen sensing tests. The 

mechanism how the stacking process influences the gas adsorption microstructure has 

also been studied in this chapter. 

Chapter 4 reports a novel suspended structure of cross-stacked sheets for hydrogen 

sensing. The effects of suspended structure, cross-stacking process and two-side 

functionalization have been investigated according to the results of gas sensing 

measurement. The reliability, including reproducibility, repeatability, selectivity and 

stability, has also been evaluated. 

Chapter 5 presents the summary of the most important conclusions achieved in this 

research. 
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carbon nanotubë́based devices: utility in determination of fruit ripeness. 

Angewandte Chemie International Edition. 2012;51:5752-6. 

[92] Ong KG, Zeng K, Grimes CA. A wireless, passive carbon nanotube-based gas 

sensor. IEEE Sensors Journal. 2002;2:82-8. 

[93] Cid CC, Jimenez-Cadena G, Riu J, Maroto A, Rius FX, Batema GD, et al. 

Selective detection of SO2 at room temperature based on organoplatinum 

functionalized single-walled carbon nanotube field effect transistors. Sens 

Actuators, B. 2009;141:97-103. 

[94] Mubeen S, Zhang T, Chartuprayoon N, Rheem Y, Mulchandani A, Myung NV, 

et al. Sensitive detection of H2S using gold nanoparticle decorated 

single-walled carbon nanotubes. Analytical chemistry. 2009;82:250-7. 

[95] Collins PG, Bradley K, Ishigami M, Zettl dA. Extreme oxygen sensitivity of 

electronic properties of carbon nanotubes. Science. 2000;287:1801-4. 

[96] Donato N, Latino M, Neri G. Novel carbon nanotubes-based hybrid 

composites for sensing applications.  Carbon Nanotubes-From Research to 

Applications: InTech; 2011. 

[97] Li X, Le Thai M, Dutta RK, Qiao S, Chandran GT, Penner RM. Sub-6 nm 

Palladium Nanoparticles for Faster, More Sensitive H2 Detection Using 

Carbon Nanotube Ropes. ACS Sens. 2017;2:282-9. 

[98] Rumiche F, Wang HH, Indacochea JE. Development of a 

fast-response/high-sensitivity double wall carbon nanotube nanostructured 

hydrogen sensor. Sens Actuators, B. 2012;163:97-106. 

[99] Dhall S, Jaggi N. Highly dispersed platinum sputtered multiwall carbon 

nanotubes based hydrogen gas sensor at room temperature. Sens Actuators, A. 

2015;224:50-6. 

[100] Dhall S, Jaggi N. Hydrogen Gas Sensing Characteristics of Multiwalled 

Carbon Nanotubes Based Hybrid Composites. J Electron Mater. 

2015;45:695-702. 

[101] Krishnakumar M, Ramaprabhu S. Palladium dispersed multiwalled carbon 



1. Introduction 

 

23 

 

nanotube based hydrogen sensor for fuel cell applications. Int J Hydrogen 

Energy. 2007;32:2518-26. 

[102] Dhall S, Jaggi N, Nathawat R. Functionalized multiwalled carbon nanotubes 

based hydrogen gas sensor. Sens Actuators, A. 2013;201:321-7. 

[103] Navarro-Botella P, García-Aguilar J, Berenguer-Murcia Á, Cazorla-Amorós D. 

Pd and Cu-Pd nanoparticles supported on multiwall carbon nanotubes for H 2 

detection. Mater Res Bull. 2017;93:102-11. 

[104] Kumar MK, Ramaprabhu S. Nanostructured Pt functionlized multiwalled 

carbon nanotube based hydrogen sensor. J Phys Chem B. 2006;110:11291-8. 

[105] Randeniya LK, Martin PJ, Bendavid A. Detection of hydrogen using 

multi-walled carbon-nanotube yarns coated with nanocrystalline Pd and Pd/Pt 

layered structures. Carbon. 2012;50:1786-92. 

[106] Ventura DN, Li S, Baker CA, Breshike CJ, Spann AL, Strouse GF, et al. A 

flexible cross-linked multi-walled carbon nanotube paper for sensing hydrogen. 

Carbon. 2012;50:2672-4. 

[107] Ju S, Lee JM, Jung Y, Lee E, Lee W, Kim S-J. Highly sensitive hydrogen gas 

sensors using single-walled carbon nanotubes grafted with Pd nanoparticles. 

Sens Actuators, B. 2010;146:122-8. 

[108] García-Aguilar J, Miguel-García I, Berenguer-Murcia Á, Cazorla-Amorós D. 

Single wall carbon nanotubes loaded with Pd and NiPd nanoparticles for H2 

sensing at room temperature. Carbon. 2014;66:599-611. 

[109] Kong J, Chapline MG, Dai H. Functionalized carbon nanotubes for molecular 

hydrogen sensors. Adv Mater. 2001;13:1384. 

[110] Hoa ND, Van Quy N, Cho Y, Kim D. Porous single-wall carbon nanotube 

films formed by in Situ arc-discharge deposition for gas sensors application. 

Sens Actuators, B. 2009;135:656-63. 

[111] Kong J, Franklin NR, Zhou C, Chapline MG, Peng S, Cho K, et al. Nanotube 

molecular wires as chemical sensors. Science. 2000;287:622-5. 

[112] Dai H, Kong J, Zhou C, Franklin N, Tombler T, Cassell A, et al. Controlled 

chemical routes to nanotube architectures, physics, and devices. ACS 



1. Introduction 

 

24 

 

Publications; 1999. 

[113] Abdelhalim A, Winkler M, Loghin F, Zeiser C, Lugli P, Abdellah A. Highly 

sensitive and selective carbon nanotube-based gas sensor arrays functionalized 

with different metallic nanoparticles. Sens Actuators, B. 2015;220:1288-96. 

[114] Badhulika S, Myung NV, Mulchandani A. Conducting polymer coated 

single-walled carbon nanotube gas sensors for the detection of volatile organic 

compounds. Talanta. 2014;123:109-14. 

[115] Sippel-Oakley J, Wang HT, Kang BS, Wu Z, Ren F, Rinzler AG, et al. Carbon 

nanotube films for room temperature hydrogen sensing. Nanotechnology. 

2005;16:2218-21. 

[116] Piloto C, Mirri F, Bengio EA, Notarianni M, Gupta B, Shafiei M, et al. Room 

temperature gas sensing properties of ultrathin carbon nanotube films by 

surfactant-free dip coating. Sens Actuators, B. 2016;227:128-34. 

[117] Suehiro J, Zhou G, Hara M. Fabrication of a carbon nanotube-based gas sensor 

using dielectrophoresis and its application for ammonia detection by 

impedance spectroscopy. J Phys D: Appl Phys. 2003;36:L109. 

[118] Zhang M, Fang S, Zakhidov AA, Lee SB, Aliev AE, Williams CD, et al. 

Strong, transparent, multifunctional, carbon nanotube sheets. Science. 

2005;309:1215-9. 

[119] Liu K, Sun Y, Chen L, Feng C, Feng X, Jiang K, et al. Controlled growth of 

super-aligned carbon nanotube arrays for spinning continuous unidirectional 

sheets with tunable physical properties. Nano Lett. 2008;8:700-5. 

[120] Yang Z, Chen T, He R, Guan G, Li H, Qiu L, et al. Aligned carbon nanotube 

sheets for the electrodes of organic solar cells. Adv Mater. 2011;23:5436-9. 

[121] Chen T, Peng H, Durstock M, Dai L. High-performance transparent and 

stretchable all-solid supercapacitors based on highly aligned carbon nanotube 

sheets. Sci Rep. 2014;4:3612. 

[122] Han M, Jung D, Lee GS. Palladium-nanoparticle-coated carbon nanotube gas 

sensor. Chem Phys Lett. 2014;610-611:261-6. 

[123] Jung D, Han M, Lee GS. Gas sensor using a multi-walled carbon nanotube 



1. Introduction 

 

25 

 

sheet to detect hydrogen molecules. Sens Actuators, A. 2014;211:51-4. 

[124] Jung D, Han M, Lee GS. Fast-response room temperature hydrogen gas 

sensors using platinum-coated spin-capable carbon nanotubes. ACS Appl 

Mater Interfaces. 2015;7:3050-7. 

 

 



2. Synthesis of Spinnable MWCNT Array and Fabrication of MWCNT Sheet 

26 

 

Chapter 2 Synthesis of Spinnable MWCNT Array 

and Fabrication of MWCNT Sheet 

 

 

2.1 Introduction 

 

In this chapter, we focused on the synthesis of spinnable MWCNT array and 

fabrication of MWCNT sheet. To date, there have been various methods to synthesize 

CNTs including arc discharge method [1-3], laser ablation method [4] and CVD 

method [5-7]. The CNTs of arc discharge method and laser ablation method are 

usually tangled in poor aligned mat. These methods also need high temperature up to 

5000 ºC which makes the process high cost and difficult to be controlled. On the other 

hand, CVD method shows outstanding performance with low cost, high yield and 

vertical alignment. Thus, CVD method is believed to be the best method for the mass 

production of CNTs [8]. Therefore, we chose CVD method to synthesize the VACNT 

array. 

The synthesis of MWCNT sheet involves three steps: preparation of the substrate, 

synthesis of spinnable VACNT array by CVD method and MWCNT sheet drawing. 

The effects of the conditions including the temperature, heating rate, gas flow ratio 

and Fe layer thickness have been investigated in this chapter. In addition, a 

characteristic evaluation of the fabricated MWCNT sheet has also been operated.  
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2.2 Experimental conditions 

 

2.2.1 Synthesis method of spinnable MWCNT array 

 

In this research, a polished silicon wafer with a diameter of 100 mm was used as 

the substrate for CVD process. A 15-min ultrasonic cleaning in acetone was operated 

to ensure the purity of the surface. After the wash treatment of ethanol and deionized 

water, the silicon wafer was set in the chamber of Electron Beam (EB) evaporation 

instrument (EBV-6DH). EB evaporation is a physical vapor deposition method to 

form a film. As Figure 2.1 shows, after the acceleration of field electron emission, the 

electron beam earns a high energy and guided to the evaporation material under the 

magnetic field. Because of the high energy of electron beams, the materials are 

rapidly evaporated into gas phase and deposited to form a film on the substrate fixed 

on the top of the chamber. The thickness of the film can be controlled precisely by the 

crystal type film thickness meter. 
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Figure 2.1 Schematic diagram of EB instrument. 

After the settlement of the substrate, the chamber is evacuated to a pressure of 6 × 

10
-4 

Pa. Then SiO2, Al2O3 and Fe were deposited onto the substrate to form a catalyst 

layer as Figure 2.2 shows. A 200 nm thick SiO2 layer was firstly deposited onto the 

substrate at a rate of 0.2 nm/s. Afterwards, Al2O3 was evaporated at a rate of 0.1 nm/s 

as the buffer which prevents the catalyst layer agglomerating into too larger particles. 

Finally, Fe, which acts as the catalyst during the CVD process, was deposited at a rate 

of 0.1 nm/s. The thicknesses of Al2O3 and Fe were supposed to greatly affect the 

growth of CNT and various thicknesses were prepared to find the optimal condition. 
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Figure 2.2 Schematic diagram of the substrate coated by EB evaporation. 

After the preparation of the substrate, the CVD process was operated in the 

MPCVD-50 thermal CVD instrument produced by MICROPHASE CO. LTD. After 

EB deposition, the wafer was cut into 10 × 10 mm
2
 chips which act as the substrate 

for CNT growth. The substrate transferred into the center of a cylinder quartz tube 

chamber whose diameter is 50 mm as Figure 2.3 shows. In order to remove the air, the 

chamber was pumped to vacuum following a 400 sccm Ar gas washing for 15 minutes. 

Afterwards, a mixed gas flow of Ar, H2 and C2H4 was introduced into the chamber. 

The total flow was fixed as 520 sccm and the Ar flow was fixed as 400 sccm. The 

ratio of H2 and C2H4 was investigated in the experiment to achieve an optimal one for 

spinnable VACNT array. The chamber was then heated up to the temperature around 

700 ~ 800 ºC and maintained for 15 minutes. The optimal operating temperature and 

temperature rising time were studied in this research. Then the chamber was cooled 

down with the shut off of H2 and C2H4 gas. When the temperature was cooled down to 

the room temperature, the substrate was taken out from the chamber. The relationship 

among temperature, gas flow and time can be found in Figure 2.4. 
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Figure 2.3 Schematic diagram of CVD instrument. 

 

Figure 2.4 Relationship among temperature, gas flow and time during CVD process. 
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To date, the mechanism of thermal CVD process for CNT growth has been widely 

studied [9-11]. During the temperature rising period, catalytic layer is heated and 

started to crack when the temperature rises to 500 ºC. Fe aggregates into nanoparticles 

which act as the nucleation seeds for CNT growth. After the formation of Fe particles, 

C2H4, which is the carbon source gas, dissolves on the surface of Fe particles as 

Figure 2.5(a) shows. The carbon quick diffuses into the particles and reaches the 

saturation. The carbon precipitates and forms graphene film on the surface of Fe 

particle (Figure 2.5(b)). With the growth of graphene, the graphene is curled into the 

tube structure and becomes the CNT as Figure 2.5(c) shows. At the same time, 

amorphous carbon is deposited on the particle surface and blocks the carbon source 

dissolves into the particle. H2 gas, which acts as a reducing agent, can decompose 

amorphous carbon during the CVD process. When the amorphous carbon fully covers 

the surface, the catalytic particle loses its activity so that the CNT growth stops. On 

the other hand, CNTs synthesized by CVD method grow in the vertical direction with 

high alignment comparing the products by other methods. This is believed to be the 

effects of the Van der Waals force among the CNTs [12-14]. At the initial stage of 

CVD process, the CNTs grow in relatively random directions due to the lack of 

guidance from Van der Vaal force. With the growth of CNTs, the density of CNTs 

increases and CNTs start to push each other. The Van der Vaal force among the too 

close CNTs force the CNTs grow in the same direction which is vertical to the 

substrate as Figure 2.6 shows. This explains the mechanism of the vertical alignment 

of CVD-synthesized CNT array. 
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Figure 2.5 Mechanism of CNT synthesis during CVD process: (a) dissolve of carbon 

source molecules, (b) formation of graphene and (c) growth of CNT. 

 

Figure 2.6 The vertical alignment of CNTs synthesized by CVD method. 
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2.2.2 Fabrication method of MWCNT sheet 

 

2.2.2 Fabrication method of MWCNT sheet 

 

After Jiang K et al. reported a method to draw continuous CNT yarns from 

super-aligned CNT array [15], the spinning ability of CNT arrays have been studied in 

recent years [16-18]. The spinning ability of CNT arrays is determined by the 

alignment and density of the CNTs in the array. Because the CNTs in the spinnable 

array align very closely and have very clean surfaces, the van der Waals interactions 

among CNTs are very strong so that the CNTs will not split during the drawing 

process. The CNTs are joined end-to-end and aligned nearly parallel in the draw 

direction, which forms a continuous unidirectional MWCNT film called as MWCNT 

sheet as shown in Figure 2.7 (a). The actual experimental process is shown in Figure 

2.7(b) shows. The sticky tape is attached to the edge of the array and pulled away 

horizontally to start the drawing process. Then a continuous MWCNT sheet is 

prepared during the drawing process. This method does not involve complexed 

instruments and the prepared MWCNT film is in a large scale longer than 10 cm. This 

indicates that the MWCNT sheet drawing process is a promising method to fabricate 

MWCNT film rapidly and massively. 
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Figure 2.7 MWCNT sheet drawing: (a) Schematic diagram of mechanism; 

(b) Photographs of the actual experimental process. 

 

2.2.3 Evaluation method 

 

To evaluate the synthesized arrays, the length and alignment of the array were 

investigated in this study. The length is the distance between the top side and bottom 

side of the array. The alignment describes the CNTsô parallelism in the array and 

better alignment means that CNTs in the array align more parallel. Both of them can 

be evaluated from the scanning electron microscope (SEM, 700F JEOL) image as 

shown in Figure 2.8. According to the mechanism of sheet drawing, the alignment of 

the array is more important for the synthesis of spinnable array. Thus, the alignment of 

the array is the main parameter during the evaluation of the synthesized arrays. 

The spinnability of the array is evaluated by trying to drawing sheet from the array. 

If the sheet can be drawn from the array continuously longer than 20 cm for several 

times, the array is spinnable. A Raman spectrum (JEOL, inVia Reflex) has been 
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operated to evaluate the purity of the spinnable MWCNT array. After the fabrication 

of the sheet, high resolution transmission electron microscopy (HR-TEM, JEOL, 

JEM-2100 plus) was used to observe the CNTs in the sheet. In addition, the electrical 

resistance of the sheet has been measured through the I-V sweeping test. 

 

Figure 2.8 Evaluation of the array based on SEM image. 
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2.3 Evaluations of spinnable MWCNT array synthesized by 

CVD method 

 

2.3.1 Effect of temperature on array synthesis 

 

To study the effect of temperature on array synthesis, the operating temperature 

during the CVD process was set to 700, 720, 750, 780 and 800 ºC, respectively. Table 

2.1 shows the detail experimental conditions of the array synthesis. 

 

Table 2.1 Experimental conditions: Different temperatures. 

Temperature 

(ºC) 

Heating rate 

(ºC /min) 

C2H4 

(sccm) 

H2 

(sccm) 

Fe thickness 

(nm) 

700  

 

18.5 

 

 

30 

 

 

90 

 

 

1.5 

720 

750 

780 

800 

 

Figure 2.9 shows the lengths of the arrays synthesized under different temperatures. 

It can be observed that the largest length of 630.9 ɛm is achieved for the sample 

heated at 750 ºC. When the temperature is 700 and 800 ºC, the CNT arrays tend to be 

in abnormal structure with very small length as Figure 2.10 shows. This indicates that 

the suitable temperature range for the synthesize CNT array is 720~780 ºC. 
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Figure 2.9 Relationship between array length and temperature. 

 

Figure 2.10 Abnormal structures of the arrays synthesized under (a) 700 ºC and (b) 

800 ºC. 

Figure 2.11 shows the cross sectional SEM images of the arrays of the arrays 

synthesized under the temperatures of 720, 750 and 780 ºC. It can be found that the 

CNTs synthesized at 780 ºC align in a much more random way than those at 720 and 



2. Synthesis of Spinnable MWCNT Array and Fabrication of MWCNT Sheet 

38 

 

750 ºC. The alignments of the arrays at 720 and 750 ºC are relatively good while the 

CNTs in these arrays are still in an obviously wavy structure. MWCNT sheet cannot 

be drawn from all these three arrays. Because the array synthesized at 750 ºC is the 

longest one and has a relatively better alignment, 750 ºC is considered to be the best 

temperature for synthesis of spinnable array. 

 

Figure 2.11 Cross sectional SEM images of the arrays synthesized under different 

temperatures: (a) 720 ºC; (b) 750 ºC; (c) 780 ºC. 
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2.3.2 Effect of heating rate on array synthesis 

 

Heating rate is the speed for CVD instrument to increase the temperature from 

room temperature to the operating temperature. In this section, three different heating 

rates have been operated to investigate the effect of heating rate on array synthesis. 

The detail experimental conditions can be found in Table 2.2. Limited by the power of 

the CVD instrument, the fastest heating rate can be achieved at 40 ºC /min. 

 

Table 2.2 Experimental conditions: Different heating rates. 

Temperature 

(ºC) 

Heating rate 

(ºC /min) 

C2H4 

(sccm) 

H2 

(sccm) 

Fe thickness 

(nm) 

 

750 

18.5  

30 

 

90 

 

1.5 25 

40 

 

As Figure 2.12 shows, the array length decreases with the increase of heating rate. 

An average length of 432.67 ɛm has been achieved at the rate of 40 ºC /min. However, 

as mentioned above, alignment is the key factor which determines the spinning ability 

of the array and the morphology of the CNTs in the array can be found in Figure 2.13. 

As Figure 2.13 shows, the CNTs show wave-like shapes and there is a lot of space 

among them at the rate of 18.5 ºC /min. On the other hand, CNTs at 40 ºC /min are 

straighter in the growth direction and stand much more closely. Thus it can be 

concluded that better alignment is achieved with the increase of heating rate. However, 

all these three samples failed in the sheet drawing tests, which mains other conditions 

still need further adjusting. Because the array synthesized at the rate of 40 ºC /min 

obtains the best alignment, 40 ºC /min is considered to be the optimal heating rate for 

the synthesis of spinnable array. 
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Figure 2.12 Relationship between array length and temperature. 

 

 

Figure 2.13 Cross sectional SEM images of the arrays synthesized under different 

heating rates: (a) 18.5 ºC /min; (b) 25 ºC /min; (c) 40 ºC /min. 
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It can be found that the heating rate greatly influences the alignment of the array. 

As mentioned in section 2.2.1, the CNT grows on the Fe particle during the CVD 

process and the vertical alignment is because of the interaction among high-density 

CNTs. Therefore, the alignment is determined by the density of CNTs which is finally 

determined by the density of Fe particles. Figure 2.14 shows the SEM images of the 

Fe particles at the heating rates of 18.5 and 40 ºC /min. It can be observed that when 

the heating rate is slow, the sizes of particles tend to become larger and uneven 

comparing to the fast rate. The large and uneven sizes decrease the density of particles 

and further lead to the poor alignment in the array. This phenomenon is considered to 

be caused by the Ostwald ripening effect [19-21]. Ostwald ripening effect is an effect 

that dissolution of small particles tends to redeposit on the surfaces of larger particles. 

As shown in Figure 2.15, the Fe film is split into Fe particles during the heating 

period. Due to the Ostwald ripening effect, the Fe migration takes place and Fe 

migrates from smaller particles to larger particles. This causes that the larger particles 

become even larger. Because Ostwald ripening continuously takes place, the longer 

heating time aggravates this effect. Therefore, the slow heat rate leads to the smaller 

density of Fe particle and further results in the poor alignment of the MWCNT array. 

 

Figure 2.14 SEM images of the Fe particles at the heating rates of 

(a) 18.5 and (b) 40 ºC /min. 


























































































































































