A Study on the Fabrication of Highly
Sensitive Hydrogen Sensor Based on
Multiwall Carbon Nanotube Sheet

Department of Mechanical Science and Engineering
Nagoya University

Keyi

YAN

Contents

Contents ..........................................................................................................................I
Chapter 1 Introduction ................................................................................................... 1
1.1 Hydrogen gas ........................................................................................................ 1
1.2 Hydrogen sensors ................................................................................................. 2
1.2.1 Existed types of hydrogen sensors ................................................................. 2
1.2.2 Nanostructures for hydrogen detection .......................................................... 5
1.3 Multiwall carbon nanotube sheet based hydrogen sensor .................................... 6
1.3.1 Carbon nanotube ............................................................................................ 6
1.3.2 CNT in gas detection...................................................................................... 7
1.3.3 Limits of existed CNT based sensors ............................................................. 8
1.3.4. MWCNT sheet ............................................................................................ 10
1.4 Research objectives ............................................................................................ 11
1.5 Thesis organization ............................................................................................. 12
Reference .................................................................................................................. 14
Chapter 2 Synthesis of Spinnable MWCNT Array and Fabrication of MWCNT Sheet
...................................................................................................................................... 26
2.1 Introduction ........................................................................................................ 26
2.2 Experimental conditions ..................................................................................... 27
2.2.1 Synthesis method of spinnable MWCNT array ........................................... 27
2.2.2 Fabrication method of MWCNT sheet......................................................... 33
2.2.2 Fabrication method of MWCNT sheet......................................................... 33
2.2.3 Evaluation method ....................................................................................... 34
2.3 Evaluations of spinnable MWCNT array synthesized by CVD method ............ 36
2.3.1 Effect of temperature on array synthesis...................................................... 36
2.3.2 Effect of heating rate on array synthesis ...................................................... 39
I

2.3.3 Effect of gas ratio on array synthesis ........................................................... 42
2.3.4 Effect of Fe thickness on array synthesis ..................................................... 45
2.4 Characteristic evaluation of MWCNT sheet ...................................................... 49
2.5 Summary ............................................................................................................ 51
Reference .................................................................................................................. 52
Chapter 3 Fabrication of Hydrogen Sensor Based on Multi-layer Structured MWCNT
Sheets ........................................................................................................................... 55
3.1 Introduction ........................................................................................................ 55
3.2 Experimental conditions ..................................................................................... 56
3.2.1 MWCNT sheet stacking process .................................................................. 56
3.2.2 Pd Functionalization .................................................................................... 57
3.2.3 Gas sensing measurement ............................................................................ 58
3.3 Hydrogen sensing evaluation of Pd functionalization condition ........................ 59
3.3.1 Pd deposition thickness effect on hydrogen sensing .................................... 59
3.3.2 Mechanism study ......................................................................................... 61
3.4 Hydrogen sensing evaluation of MWCNT sheet film characteristic .................. 63
3.4.1 Effect of size dimension of MWCNT sheet on hydrogen sensing ............... 63
3.4.2 Effect of the number of MWCNT sheet layer on hydrogen sensing............ 66
3.4.3 Mechanism study ......................................................................................... 70
3.5 Reliability evaluation ......................................................................................... 74
3.5.1 Selectivity .................................................................................................... 74
3.5.2 Reproducibility and repeatability ................................................................. 77
3.5.3 Stability ........................................................................................................ 78
3.6 Summary ............................................................................................................ 79
Reference .................................................................................................................. 81
Chapter 4 Fabrication of Hydrogen Sensor Based on Suspended-Structured
Cross-Stacked MWCNT Sheets ................................................................................... 84
4.1 Introduction ........................................................................................................ 84
4.2 Experimental conditions ..................................................................................... 85
4.3 Hydrogen sensing evaluation of the suspended structure and the cross-stacked
II

structure .................................................................................................................... 86
4.3.1 Effect of the suspended structure on hydrogen sensing ............................... 86
4.3.2 Effect of the cross-stacked structure on hydrogen sensing .......................... 89
4.3.3 Mechanism study ......................................................................................... 91
4.4 Hydrogen sensing evaluation of the two-side functionalization ........................ 95
4.4.1 Effect of the two-side functionalization on hydrogen sensing ..................... 95
4.4.2 Mechanism study ......................................................................................... 97
4.5 Hydrogen sensing evaluation of the measuring methods and sensing
environment .............................................................................................................. 98
4.5.1 Effect of the connecting method on hydrogen sensing ................................ 98
4.5.2 Effect of the gas flow on hydrogen sensing ............................................... 100
4.5.3 Effect of the carrier gas on hydrogen sensing ............................................ 102
4.6 Reliability evaluation ....................................................................................... 104
4.6.1 Selectivity .................................................................................................. 104
4.6.2 Reproducibility and repeatability ............................................................... 106
4.6.3 Stability ...................................................................................................... 107
4.7 Summary .......................................................................................................... 108
Reference ................................................................................................................ 110
Chapter 5 Conclusions ............................................................................................... 114
Acknowledgement ..................................................................................................... 117

III

1. Introduction

Chapter 1 Introduction

1.1 Hydrogen gas
Hydrogen gas (H2) was firstly discovered and produced in the early 16th century
from the single displacement reaction of metals and acids. Because it produces water
after burning, H2 was named as ‘hydrogen’ 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
1
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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.

2
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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
3
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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
4
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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].

5
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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
6
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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
CNT’s 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 CNT’s 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
7
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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
8
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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
9
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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
10
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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.
11
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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
12
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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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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 mm2 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 CNTs’ 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

Heating rate

C2H4

H2

Fe thickness

(ºC)

(ºC /min)

(sccm)

(sccm)

(nm)

18.5

30

90

1.5

700
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 μm 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
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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

Heating rate

C2H4

H2

Fe thickness

(ºC)

(ºC /min)

(sccm)

(sccm)

(nm)

30

90

1.5

18.5
750

25
40

As Figure 2.12 shows, the array length decreases with the increase of heating rate.
An average length of 432.67 μm 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.
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Figure 2.15 Fe particle forming process during CVD process.

2.3.3 Effect of gas ratio on array synthesis

In this research, the total gas flow was fixed at 520 sccm with 400 sccm Ar and 120
sccm gas mixtures of C2H4 and H2. By adjusting the ratio of C2H4 and H2, various gas
conditions in the CVD process can be achieved. In this research, seven different gas
ratios have been operated to study their effects and the detail conditions can be found
in Table 2.3.

Table 2.3 Experimental conditions: Different gas ratios.
Temperature

Heating rate

C2H4

H2

Fe thickness

(ºC)

(ºC /min)

(sccm)

(sccm)

(nm)

20

100

30

90

40

80

60

60

80

40

90

30

100

20

750

40
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Figure 2.16 shows the array length under different gas ratios. The largest average
length of 491.44μm has been achieved at the ratio of (40:80). For the ratio from
(30:90) to (80:40), the MWCNT array lengths do not change greatly and all of them
are larger than 400μm. For too small and too large C2H4 flow, the CNT array cannot
grow in a not ideal way with a length smaller than 300μm. Figure 2.17 shows the
alignments of the array synthesized under various gas ratios. The phenomenon in the
alignment is similar with that in the array length. The gas ratios of (20:100), (90:30)
and (100:20) lead to the poor alignment while the other ratios result in similar
alignments which are much better. Too small amount of C2H4 causes the lack of
carbon source during the CVD process. On the other hand, too large amount of C2H4
leads to the excess of the carbon source which accelerates the formation of amorphous
carbon. Therefore, (30:90) ~ (80:40) is a suitable range for the array synthesis.

Figure 2.16 Relationship between array length and gas ratio.
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Figure 2.17 Cross sectional SEM images of the arrays synthesized under different gas
ratios: (C2H4:H2) = (a) (20:100); (b) (30:90); (c) (40:80); (d) (60:60); (e) (80:40);
(f) (90:30); (g) (100:20).
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In the sheet drawing test, the array synthesized at the gas ratio of (80:40) shows a
certain spinning ability. As Figure 2.18 shows, a very narrow wire of MWCNT sheet
has been successfully drawn from the array. However the sheet can be drawn in very a
small scale and is spilt when drawn longer than 3 cm. Although the array is not
spinnable, the narrow wire of MWCNT sheet proves that the array synthesized at
(80:40) obtains the minimum requirement of alignment for sheet drawing.

Figure 2.18 A narrow wire of MWCNT sheet drawn from the array synthesized at the
gas ratio of (80:40).

2.3.4 Effect of Fe thickness on array synthesis

In order to investigate how Fe thickness influences the array thesis, five different
Fe thicknesses have been deposited onto the substrates for CVD process. Table 2.4
shows the experimental conditions in this section.
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Table 2.4 Experimental conditions: Different Fe thicknesses.
Temperature

Heating rate

C2H4

H2

Fe thickness

(ºC)

(ºC /min)

(sccm)

(sccm)

(nm)
1.0
1.2

750

40

80

40

1.5
2.0
3.0

As shown in Figure 2.19, the array length increases with the increase of Fe
thickness. All the arrays reach the length larger than 300μm except the array with 1.0
nm Fe thickness. From the SEM images shown in Figure 2.20, it can be observed that
with the increase of Fe thickness, CNTs tend to grow in a messier way and the
alignment becomes poor and poor. For the thickness of 1.0 and 1.2 nm, CNTs in the
arrays are arranged closely in the same direction which represents good alignment.

Figure 2.19 Relationship between array length and Fe thickness.
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Figure 2.20 Cross sectional SEM images of the arrays synthesized under different Fe
thicknesses: (a) 1.0 nm; (b) 1.2 nm; (c) 1.5 nm; (d) 2.0 nm; (e) 3.0 nm.
Figure 2.21 shows the SEM images of the Fe particles formed from 1.2 and 1.5 nm
Fe film. It can be found that the distributions of the Fe particles are similar while the
sizes are different. 1.5 nm Fe thickness brings larger particle sizes and the particles
formed from 1.2 nm thick film are smaller and more intensive. This explains the
positive correlation between Fe thickness and alignment.
In the sheet drawing test, the array with 1.5 nm Fe thickness obtains a supreme
spinning ability. Figure 2.22(a) shows the MWCNT sheet drawn from the array and it
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can be found that the sheet is in high uniformity with a length longer than 10 cm. The
sheet drawing can be repeated for multiple times and the longest sheet has been longer
than one meter. From the SEM image shown in Figure 2.22(b), it can be observed that
the CNTs in the MWCNT sheet are aligned nearly parallel with a very high uniformity.
This indicates the optimal condition for spinnable MWCNT array is as follows: 750
ºC, 40 ºC /min, (C2H4, H2) = (80, 40) sccm, 1.2 nm Fe thickness.

Figure 2.21 SEM images of the Fe particles formed with (a) 1.2 and (b) 1.5 nm thick
Fe film.

Figure 2.22 Images of the MWCNT sheet: (a) MWCNT sheet drawn from the
spinnable MWCNT array; (b) SEM images of the MWCNT sheet.
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2.4 Characteristic evaluation of MWCNT sheet
To evaluate the characteristics of the fabricated MWCNT sheet, TEM observation,
Raman spectrum and I-V measurement have been operated. Figure 2.23 shows the
TEM image of the synthesized CNT. The average outer diameter of the CNT is 13.6
nm and the standard difference is 2.3 nm. The average inner diameter is 8.1 nm with a
stand difference of 1.4 nm. The diameter indicates that the CNT synthesized in this
research is a typical MWCNT with 4~5 walls.

Figure 2.23 TEM image of the MWCNT.
Figure 2.24 shows the Raman spectra of the spinnable MWCNT array synthesized
in this research. As Figure 2.24 shows, the D band, which indicates the exists of the
amorphous carbon [22-24], appears at 1335 cm-1. The G band, which is known as
graphitic mode, appears at 1580 cm-1. The intensity ratio of D band to G band (ID/IG)
is related to the disorder of the CNTs and the lower ID/IG means the purity of CNT is
higher. The ID/IG measured from the top side of the array is 0.89 and that from the
center of the array is 0.47. The higher ID/IG of the top side is due to the entanglement
of CNTs on the top side of array. The low ID/IG proves that the spinnable MWCNT
array synthesized in this research is with high purity.
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Figure 2.24 Raman spectra of spinnable MWCNT array
Figure 2.25 shows the I-V characteristic of the MWCNT sheet which is 1 × 1 cm in
size. The current reaches 1.46 mA when the voltage was swept to 4 V. The sheet
resistance of the MWCNT sheet fabricated in this research is 2739.7 Ω/□. The I-V
measurement has been operated for three samples drawn from the same array to
obtain a convincible result. The stand difference of the sheet resistance is 16.2 which
indicates the sheet fabricated in this research shows a high uniformity.
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Figure 2.25 Comparison of I–V characteristics of the MWCNT sheet.

2.5 Summary
In summary, the spinnable MWCNT array has been successfully synthesized and
the effects of the conditions in the CVD process have been investigated in this chapter.
The MWCNT array alignment becomes better with faster heating rate because of the
fewer Fe migrations caused by the Ostwald ripening effect. Thinner Fe thickness
brings better alignment because of the smaller sizes of Fe particles. The optimal
condition for the synthesis of spinnable array is as follows: 750 ºC, 40 ºC /min, (C2H4,
H2) = (80, 40) sccm, 1.2 nm Fe thickness. The MWCNT sheet has been successfully
drawn from the spinnable array in large scale with an outstanding repeatability.
According to the Raman spectra and I-V characteristic test, the fabricated MWCNT
sheet has been proved to obtain high purity and uniformity with a sheet resistance of
2739.7 Ω/□.
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Chapter 3 Fabrication of Hydrogen Sensor Based on
Multi-layer Structured MWCNT Sheets

3.1 Introduction
As mentioned in Chapter 1, MWCNT sheet can be directly drawn from the
spinnable array in large scale and easily transferred to the electrodes. Therefore,
MWCNT sheet is a potential solution for the massive and low-cost fabrication of CNT
based sensors. Till now some literatures have already reported the hydrogen sensors
based on MWCNT sheet [1-4]. However, these researches mainly focused on
adjusting the functionalization conditions to enhance the gas detection capability of
the sensors. It is more important to study the sensing performance from a fundamental
way such as investigating the sheet microstructure. In this chapter, samples with
different stacked MWCNT sheet layers were prepared to study their influence towards
hydrogen sensing performance. The experimental results prove that the gas adsorption
microstructure of MWCNT sheet greatly changes by simple stacking process. Based
on this, we demonstrated a new kind of hydrogen sensor by stacking multi layers of
MWCNT sheets and functionalized by Pd particles [5]. Response, response time and
concentration dependence have been evaluated to find an optimal condition for
hydrogen sensor fabrication. Afterwards, multi samples with the same condition were
fabricated to investigate its reproducibility, repeatability, selectivity and stability. The
sensor is proved with high response, reasonable concentration dependence and
high-level reliability.
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3.2 Experimental conditions

3.2.1 MWCNT sheet stacking process

A slide glass was used as the substrate of electrodes. 200-nm thick Cr and 200-nm
Au were deposited on the two ends of the slide glass by radio frequency (RF)
sputtering as electrodes. The distance between two electrodes was 1 cm. The
MWCNT sheets were transferred to the substrate and fixed to the electrodes using
silver paste. By stacking in the same direction, sensors with various layers of
MWCNT sheet were prepared as Figure 3.1 shows. Afterwards, an acid washing was
operated with 20% HNO3 in order to remove the catalyst particles. After washing with
deionized water, the sample was heated at 300 ºC to dry up.

Figure 3.1 Schematic diagram of the multi-layer structure.
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3.2.2 Pd Functionalization

It has been reported that pristine CNT show lack of sensitivity toward H2 at room
temperature [6]. Pd is an outstanding material for hydrogen storage, which is able to
absorb around 1200 times its own volume of hydrogen at room temperature [7, 8]. In
this research, Pd has been chosen as the functionalizing material to improve the gas
sensing performance of MWCNT sheet at room temperature. There are two main
mechanisms for Pd functionalization as Figure 3.2 shows. Firstly, the work function of
Pd decreases during the absorption of hydrogen molecules. During the hydrogen
absorption process, hydrogen molecules dissolve into the Pd lattice and Pd hydride is
formed. It has been reported that the work function of Pd hydride is much lower than
that of Pd [9-11]. This means that the energy for electrons to escape from Pd hydride
is very low so that more electrons could transfer from Pd hydride to CNTs which
would enlarge the response toward H2. Secondly, Pd could help CNTs adsorb more
hydrogen molecules [12]. Zacharia R et al. reported that the hydrogen storage
capacity of CNTs was enhanced by nearly 75% ~ 85% via spill-over from Pd particles
[13]. The spilled hydrogen molecules adsorb on the sites such as external walls and
groove sites of CNTs. This also enhances the gas sensing performance of CNTs at
room temperature.

Figure 3.2 Mechanism of Pd functionalization
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In this research, Pd was deposited onto the surface of MWCNT sheet by EB
evaporation. The prepared sample was fixed into the chamber of EB instrument and
the chamber was vacuumed to 6 × 10-4 Pa. The accelerating voltage was 50 kV and
the deposition rate was fixed at 0.1 nm/s. After the deposition, X-ray diffraction (XRD)
analysis and TEM observation have been operated to investigate the distribution of
the Pd particles on the CNT surface.

3.2.3 Gas sensing measurement

The schematic diagram of the gas sensing measurement system is shown in Figure
3.3. The hydrogen sensing was carried out in a cylinder chamber with separated gas
inlet and outlet. The chamber was firstly vacuumed to guarantee the purity of the
measuring environment. Ar, which is the inert gas and does not react with CNTs, was
used as the carrier gas. The flows of Ar and H2 were controlled by the mass flow
controllers respectively and mixed before introducing into the chamber. By adjusting
the ratio of Ar and H2 gas flow, various concentrations of H2 were achieved. The
overall introduced into the chamber was fixed at 1000 sccm. Before the formal testing,
the sample was exposed to 4% H2 four times to achieve relatively stable response and
baseline. This process is called as the initialization of the senor. In the sensing tests,
the samples were exposed to H2 for 30 minutes. Afterwards, the H2 gas flow was shut
off and the samples were maintained in the pure Ar gas flow for 90 minutes for
recovery. KEITHLEY 6514 System Electrometer was used to measure the electrical
resistance of the samples every 10 seconds in the formal test. Relative resistance
change is defined through following equation:
Relative resistance change (%) =

𝑅−𝑅0
𝑅0

× 100%

(3.1)

where R0 is the resistance of the sample after initialization at the starting point and R
is the resistance at a specific time point during the test. The response and response
time were introduced as the key parameters to evaluate the gas sensing performance.
The response (%) is defined as the maximum relative resistance change during the
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30-minutes exposure to H2. The response time is determined as the time to achieve the
90% of the response.

Figure 3.3 Schematic diagram of the sensing measurement system.

3.3 Hydrogen sensing evaluation of Pd functionalization
condition

3.3.1 Pd deposition thickness effect on hydrogen sensing

To evaluate the effect of Pd deposition thickness, six one-layer simples deposited
with six different Pd thicknesses (0, 1, 2, 3, 5 and 10 nm) have been prepared. Figure
3.4 shows the relative resistance change of these samples during the exposure to 4.0%
H2. It is obvious that Pd thickness significantly influences the gas sensing
performance of the MWCNT sheet. The pristine MWCNT sheet and the sample
functionalized with 1 nm Pd thickness shows no response towards H 2 at room
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temperature. With the increase of Pd thickness, the response also increases and a
response of 5.75% has been reached for the sample with 3 nm Pd thickness. However,
the response decreases when there is a further increase of Pd thickness. The response
decreases to 3.51% at 10 nm. It can also be found that recovery time becomes slower
with the increase of Pd thickness. The 2 nm deposited sample has a much faster
recovery than those deposited with larger thickness while the response is relatively
low (2.11%). Considering both response and recovery time, 3 nm is believed to be the
optimal functionalizing condition for MWCNT sheet.

Figure 3.4 Relative resistance change of the samples functionalized with different Pd
thicknesses at 4.0% H2.
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3.3.2 Mechanism study

To further evaluate the mechanism how Pd thickness influences the gas sensing, the
distribution of Pd particles on the CNT surface has been investigated. Figure 3.5
shows the XRD patterns of the MWCNT sheets deposited with different thicknesses
of Pd. The peaks at 26.5 º are attributed to the graphite structure, which indicates the
synthesized MWCNT have a well-formed graphite structure. The peaks at 46.2 º and
67.8 º, which appear in the patterns of 3 nm and 10 nm patterns, are the reflections of
Pd crystal lattices. It can be observed that no obvious peak of Pd can be found for the
sample deposited with 1 nm Pd. This suggests the Pd has not been well coated to the
CNT surface so that the 1 nm deposited sample shows no response toward H2.

Figure 3.5 XRD patterns of the samples functionalized with different Pd thicknesses.
The surface morphologies of the MWCNT sheets with 1, 3 and 10 nm Pd are
shown in Figure 3.6. Figure 3.6(a) shows Pd particles are in very sparse distributions
for 1 nm Pd thickness. It can be inferred that the volume of Pd is too small to act as a
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functional material when the thickness is under 1nm. For the 3 nm deposited sample,
Pd particles are evenly distributed without over stacking on the CNT surface as Figure
3.6(b) shows. When the thickness further increases to 10 nm, Pd particles become
bigger and cover the whole surface of CNTs as shown in Figure 3.6(c). Over stacked
Pd particles significantly decrease the surface area and only allow the surface area to
contact with hydrogen molecules. The decrease of the total surface area explains the
obvious decrease when the thickness is thicker than 3 nm.
On the other hand, the experimental results suggest that thinner Pd deposition
brings faster recovery. This phenomenon is supposed to be on account of the size of
Pd nanoparticles from two aspects. Firstly, smaller particle size brings larger
surface-to-volume ratio which accelerates the recovery. For a single nanoparticle, the
surface-to-volume ratio increases with the decrease of the size. Larger
surface-to-volume ratio means a larger proportion of surface atoms in the particles,
which allows more H atoms escape simultaneously during the desorbing process.
Moreover, Pd nanoparticles overlap and agglomerate to form Pd bulks when
deposition thickness increases as Figure 3.6(b) shows. This further reduces
surface-to-volume ratio and slows down the recovery. Secondly, Pd-H bond strength
decreases with decreasing particle size, so that the H atoms trapped in Pd hydride
lattices are easier to escape during desorbing process. During the hydrogen storage
process, the phase transition takes place from the solid solution (α phase) to Pd
hydride (β phase). The formation heat during the transition can be corresponding to
the exothermic heat and implies the Pd-H bond strength in the β phase, which
decreases with the decrease of particle diameter [14, 15]. This size dependence is
considered to be due to the inherent nature of the nanoparticles. Therefore, the H
atoms are easier to escape during the desorbing process in the 2 nm deposited sample.
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Figure 3.6 TEM images of the MWCNT surface functionalized with different Pd
thickness: (a) 1, (b) 3 and (c) 10 nm.

3.4 Hydrogen sensing evaluation of MWCNT sheet film
characteristic

3.4.1 Effect of size dimension of MWCNT sheet on hydrogen
sensing

Figure 3.7 shows the images of the samples with different widths. The distance
between Au electrodes is 1.0 cm so the macro sizes of the three samples are 1.0 × 0.3
cm, 1.0 × 0.5 cm and 1.0 × 1.0 cm. All the samples are composed of one layer of
MWCNT sheet and functionalized with 3 nm Pd. After the initialization, all the
samples were exposed to 4.0 % H2 to measure their hydrogen detection. The H2 test
was repeated three times to obtain a reliable result. Figure 3.8 shows the result of the
hydrogen sensing test. It can be found that the responses, which are around 5.75 %,
hardly change when changing the width of MWCNT sheet. The size dimension shows
little influence on hydrogen sensing.
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Figure 3.7 Images of the samples with different widths:
(a) 0.3 cm; (b) 0.5 cm; (c) 1.0 cm.

Figure 3.8 Responses of samples with different widths at 4% H2
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In fact, changing the widths can be treated as connecting multiple sheets in parallel
way. For example, the 1.0 cm wide sheet can be treated as two 0.5 cm wide sheets
connected in parallel way as Figure 3.9 shows. If the sheets fabricated are totally same,
the resistance and gas sensing capability should be also the same. The response of 0.5
cm wide sheet can be expressed as follows:
𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 0.5 =

∆𝑅

(3.2)

𝑅0

According to parallel formula, the response can be calculated as follows:
𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 1.0 =

(𝑅0 +∆𝑅)×(𝑅0 +∆𝑅) 𝑅0 ×𝑅0
−
(𝑅0 +∆𝑅)+(𝑅0 +∆𝑅) 𝑅0 +𝑅0
𝑅0 ×𝑅0
𝑅0 +𝑅0

=

𝑅0 +∆𝑅 𝑅0
−
2
2
𝑅0
2

=

∆𝑅
𝑅0

(3.3)

From formula (3.2) and (3.3), it can be inferred that the response should be the
same for MWCNT sheet with different widths. The similar derivation can also be
operated in the situation of length. This not only explains the similar responses of
MWCNT sheets with different widths, but also proves the sheets fabricated in this
research are in very good uniformity.

Figure 3.9 Parallel model for the MWCNT sheets with different widths.
Figure 3.10 shows the response and recovery time of the sheets with different
widths. It can be found that the response and recovery time shows a stepped increase
with the increase of widths. This phenomenon may be caused by the amount of gas
molecules during adsorption and desorption process. For the larger sheet, more H2
molecules are adsorbed onto the CNT surface to cause the same relative resistance
change of the smaller sheet. However, the total gas flow is fixed so that the larger
sheet need a little more time to adsorb enough gas molecules and reach the same
response. On the other hand, the response and recovery time of 0.3 cm wide sheet are
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only about 5% shorter than the 1.0 cm wide one, which indicates that the influences of
the size toward response and recovery time are not very obvious.

Figure 3.10 Response and Recovery time of samples with different widths at 4% H2

3.4.2 Effect of the number of MWCNT sheet layer on hydrogen
sensing

By stacking different layers of MWCNT sheet on the prepared Au electrodes, five
samples with different layers have been prepared. As Figure 3.11 shows, the sheets
were stacked in the same direction with the macro size of 1.0 × 0.3 cm. Table 3.1
shows the detail characteristic of the fabricated samples. The sheet resistance and
transmittance decrease with the increase of sheet layers. The sheet resistances of
different layers of MWCNT sheet do not strictly follow the parallel law. This is
because there a lot of space and gaps among individual CNTs in the MWCNT sheet,
thus the sheet cannot be considered as an ideal film when it is stacked. For gas sensing,
66

3. Fabrication of Hydrogen Sensor Based on Multi-layer Structured MWCNT Sheets

all the samples have been exposed to five different concentrations of H2 (0.5%, 1.0%,
2.0%, 4.0% and 10.0%).
Table 3.1 Characteristic details of samples with different layers of sheet
No.

Sheet

Pd

Layers

thickness
(nm)

Length × Width

Sheet

Transmittance

Resistance
(cm)

(Ω/□)

(%)

Sample 1

1

2711.8

84.3

Sample 2

2

1691.4

79.8

Sample 3

3

1268.9

72.2

Sample 4

4

1064.1

60.7

Sample 5

5

956.1

51.8

3

1 × 0.3

Figure 3.11 Photographs of the samples with different sheet layers:
(a) Sample 1; (b) Sample 2; (c) Sample 3; (d) Sample 4; and (e) Sample 5.
The gas sensing results of the samples with various sheet layer numbers at different
H2 concentrations are shown in Figure 3.12. It can be observed that with the increase
of H2 concentration, the responses of all the samples show a stepped increase
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simultaneously. The increase becomes slow when concentration is higher than 4.0%.
For samples with more than 3 layers, sensitivity at 4% H2, which is the explosion
limit of hydrogen and a common reference for hydrogen detection, is 12.31%.

Figure 3.12 Relative resistance changes of the samples with different sheet layers at
different H2 concentrations (0.5%, 1.0%, 2.0%, 4.0% and 10.0%).
Figure 3.13 shows the relationship between CNT sheet layers and response. It can
be found that the responses at various concentrations of H2 greatly increase by adding
MWCNT sheet from 1 layer and 3 layers. Comparing to the sample with only 1 layer
(5.75% at 4% H2), the one with 3 layers achieves a twice higher response (12.31% at
4% H2). However the response reaches the relatively same level for a further increase
of MWCNT sheet layers. It can be concluded that there is a layer dependence of
hydrogen sensing for MWCNT sheets.
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Figure 3.13 Response changes versus the change of sheet layers at various H2
concentrations.
Figure 3.14 shows the response time of different samples in hydrogen sensing
measurement. For samples with fewer than 4 layers, the response time at various
concentrations is much shorter than that of samples with 4 or 5 layers. With the
increase of the hydrogen concentration, the response time tends to be faster while the
Sample 5 shows an opposite trends comparing to the other four samples. The longest
response time of 770 s has been obtained for the Sample 5 at 10% H2. Considering
both response and response time, Sample 3, which is composed of three layers of
sheet, shows the best gas sensing performance with a response of 12.31% and a short
response time below 200 s at 4% H2.
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Figure 3.14 Response time changes versus H2 concentration for the samples with
different sheet layers.

3.4.3 Mechanism study

From Figure 3.13 and Figure 3.14, it can be found that the response does not follow
the linear relationship with hydrogen concentration. In this research, Langmuir model
is used to analyze the concentration dependence. According to the Langmuir model,
the ratio of surface occupancy, which describes the ratio of the surface area that is
occupied by the gas molecules, can be expressed as the following equation [16-18]:
𝜃=

𝑎𝑝
1+𝑎𝑝

(3.4)

Where θ is the ratio of surface occupancy, a is the adsorption coefficient and p is
the partial pressure of adsorbent. In the hydrogen sensing test, the environment
pressure and operation temperature are constant, thereby adsorbent concentration (𝐶),
which is the H2 concentration in this research, is proportional to partial pressure
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(𝐶 = 𝑘1 𝑝). Because CNT can be considered as a p-type semiconductor whose
conductance is proportional to the carrier concentration, the conductance change (∆𝑆)
of the sensor is proportional to the ratio of surface occupancy. Therefore, the
conductance change can be expressed as ∆𝑆 = ∆𝑆max 𝜃 , where ∆𝑆max is the
maximum conductance change when the adsorption accessible site is statured.
Therefore, equation (3.4) can be transferred to the following equation:
𝐾𝐶

∆𝑆 = ∆𝑆max 1+𝐾𝐶

(3.5)

Where K is a coefficient determined by the adsorption ability of the sensor.
According to equation (3.5), the fit line of conductance change versus concentration
has been calculated and is shown in Figure 3.15. It can be observed that the
conductance changes of every sample distribute around the fit line with a maximum
standard error below 0.3. This indicates that the Langmuir model fits well with the
concentration dependence result. It is also reasonable to use Langmuir model to study
the adsorption model in this research.
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Figure 3.15 Fit lines of conductance change versus H2 concentration for the samples
with different sheet layers.

Figure 3.16 Three gas adsorption accessible sites of CNTs.
In the Langmuir model, the accessible site plays an important role in the gas
adsorption of CNTs. The layer dependence is considered to be caused by the change
of adsorption sites of the CNT when stacking the MWCNT sheets. It has been
reported that there are three accessible sites for CNT: external sites, internal sites and
groove sites [18-20] as Figure 3.16 shows. External sites are the external surfaces of
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CNTs and internal sites are the surfaces of the inner walls of CNTs. Both external
surface sites and internal sites are totally decided by the characteristics of CNT so that
these two sites are believed to have little contribution to the layer dependence shown
in Figure 3.13. Therefore, it is reasonable to assume that the number of groove sites in
different layers of MWCNT sheets is the main factor leading to the layer dependence
phenomenon. Groove sites are the sites formed by the interactions between individual
CNTs including inter-tube contacts and bindles which make CNTs join an end-to-end
connection. Groove sites are greatly decided by the density of CNTs and the structure
of aggregation. The extremely parallel alignment and end-to-end structure in the sheet
offers a larger number of CNT contacts to form CNT grooves comparing to the
random distribution in the CNT film fabricated from dispersions. This explains why
MWCNT sheet has a higher response than those made by dipping/spraying methods.
In addition, it also contributes to the layer dependence of response of the MWCNT
sheets. From a microscopic view (Figure 3.17(a)), CNTs in the sheet are not fully
aligned side by side and there is still a lot of space among CNTs. Thus in a one-layer
sheet, the distance between CNTs is too big to form grooves for gas adsorption. When
the layers increased to three layers, the space is filled by the followed layers as Figure
3.17(b) shows. The density of CNT greatly increases and CNTs aligned more closely
in a three-layer sheet. This morphology offers a much better condition for the
formation of groove sites. Therefore, the response of the sensor shows a significant
growth by increasing the number of layer. However, when continuing to stack
MWCNT sheets, CNTs have already fully aligned side by side and few more groove
sites could be formed as Figure 3.17(c) shows. Besides, excessive stacked top-side
sheets block the bottom-side CNTs from gas molecules which may decrease the
percentage of effective CNTs in gas adsorption. This causes the result that the
sensitivity tends to reach a stable level when the layer number is larger than five. The
layer dependence proves that it is possible to change the adsorption microstructure in
the MWCNT sheet by simple stacking process. This suggests that there is still room to
improve the gas sensing performance of the MWCNT sheet based sensor by further
designing the structure.
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Figure 3.17 SEM images of the samples with different sheet layers:
(a) 1 layer; (b) 3 layers; (c) 5 layers.

3.5 Reliability evaluation

3.5.1 Selectivity

Selectivity represents the capability to detect the target gas under the interference of
other gases. In this research, we evaluated the selectivity of the Sample 3 under the
interference of greenhouse gas CO2 and flammable gas C2H4. The selectivity test was
operated at room temperature with a fixed total gas flow of 1000 sccm. Ar was used as
carrier gas. The sample was exposed to 4% H2, 5% C2H4 and 5% CO2 respectively to
measure its response toward each gas. Then the sample was exposed to 4% H2 with 5%
CO2 and 5% C2H4 respectively. The concentration curve of the gas flow is shown in
Figure 3.18 (b). The resistance change of the Sample 3 during the selectivity test is
shown in Figure 3.18(a). It can be observed that the responses toward CO2 and C2H4
are lower than 0.1%. Moreover, even in the presence of C2H4 or CO2, the response to
H2 of the Sample 3 hardly changes comparing to that without disturbing gas. This
indicates the sensor fabricated in this research obtains an outstanding selectivity
toward H2.
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Figure 3.18 Selectivity test result of the Sample 3:
(a) Relative resistance change; (b) Gas concentration.
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This is considered to be caused by the low adsorption energy and small number of
transfer charge of C2H4 and CO2 molecules on the Pd-CNT. As mentioned in Chapter
1, CNT is a p-type semiconductor which allows CNT to detect reducing gases
including H2, C2H4 and CO2. However, it has been reported that H2 and CO2 have
very low adsorption energy and small number of charge transfer on individual CNT at
room temperature [21]. The adsorption energy of H2 and CO2 are 49 meV and 89 meV
(82 meV for Ar as reference). For gas molecules with low adsorption energy, which
indicates the molecules are difficult to be adsorbed, CNTs can hardly gather enough
gas molecules to show measurable resistance change. On the other hand, the charges
transfer per molecule of H2 and CO2 are 0.012 e and 0.015 e, which are also very
small (0.01 e for Ar as reference). For gas molecules which can only transfer a small
number of charges, the resistance change of CNTs is also not obvious. This suggests
that the pristine CNTs are not suitable to detect H2 and CO2 at room temperature.
Although there is no detailed adsorption energy and transfer charge of C2H4 on CNT
have been reported, the result shown in Figure 3.18(a) indicates that C2H4 molecules
also suffer from these two disadvantages.
In this research, in order to enhance the gas sensing ability towards H2 of CNTs, a
Pd functionalization has been operated. As mentioned in section 2.2.2, Pd
functionalization enhances the adsorption ability and increases the number of transfer
charge, which makes functionalized CNTs possible to show a high response towards
H2 at room temperature. However, the enhancement is based on the specific
characteristics of Pd and the reaction between H2 and Pd, it cannot be applied to the
situation of C2H4 and CO2. Therefore the response of C2H4 and CO2 remained
extremely low and leads to the results shown in Figure 3.18(a).
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3.5.2 Reproducibility and repeatability

In order to evaluate the reproducibility, additional two samples with three layers
following the exactly same fabrication condition of Sample 3 have been prepared.
Table 3.2 shows the detail characteristics of these three samples. It can be found that
the three samples show very similar sheet resistances and transmittances. All these
three samples were exposed to 4% H2 for five times to study the repeatability of them.
Figure 3.19 shows the relative resistance changes of these three samples in the
repeatability test. It can be observed that the response of the sensor shows an
acceptable repeatability with a zero drift under 0.5%. Three samples also show little
difference during the repeatability test. According to the similar characteristics and
gas responses, it can be concluded that the MWCNT-sheet based sensors obtain
reliable reproducibility and repeatability.
Table 3.2 Characteristic details of samples for reproducibility measurement
No.

Sheet

Pd

Layers

thickness
(nm)

Length × Width

3

3

Transmittance

Resistance
(cm)

Sample 3a
Sample 3b

Sheet

1 × 0.3

Sample 3c
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(Ω/□)

(%)

1268.9

72.2

1223.4

69.3

1259.1

70.1
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Figure 3.19 Reproducibility and repeatability test results of Sample 3.

3.5.3 Stability

The stability of the response towards hydrogen has been evaluated up to 30 days.
Sample 3 was exposed to 4.0% hydrogen three times on some particular days (the 1st,
5th, 10th, 20th, 25th and 30th days). The sample was stored at room temperature and
in the atmosphere. The response toward 4% H2 on each day is shown in Figure 3.20.
The responses are stable over 30 days and the maximum degradation of 3.15% takes
place on the 30th day. Comparing to other materials based gas sensors such as
conductive polymer [22] and silicon [23], the sample exhibits an outstanding stability.

78

3. Fabrication of Hydrogen Sensor Based on Multi-layer Structured MWCNT Sheets

Figure 3.20 Stability test results over 30 days.

3.6 Summary
In summary, a hydrogen gas sensor has been fabricated successfully by stacking
MWCNT sheets in this chapter. Because of the reasonable distribution of Pd
nanoparticles, the sample deposited with 3 nm Pd shows the highest response toward
hydrogen. Layer dependence has been found in the gas sensing measurement. With
the increase of sheet layers, the response shows a stepped increase and reaches a
saturated level when stacking more than three layers. This is considered to be caused
by the formation of groove sites. Consequently, the sensor with a 3-layer sheet and 3
nm thick Pd shows an overall best gas sensing performance with a response of 12.31%
at 4% H2 and a response time below 200 s. Moreover, the demonstrated sensors show
outstanding selectivity, reproducibility, repeatability and long-term stability. These
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results indicate the stacking multi-layer sheets based sensor is a potential answer for
the commercialization of MWCNT based hydrogen sensors.
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Chapter 4 Fabrication of Hydrogen Sensor Based on
Suspended-Structured Cross-Stacked MWCNT
Sheets

4.1 Introduction
In Chapter 3, it has been proved that the adsorption microstructure of the MWCNT
sheet can be adjusted by simple stacking process. This indicates that it is possible to
improve the response of MWCNT sheet based sensors by further designing the
structure. In this chapter, a novel hydrogen sensor based on a suspended structure of
cross-stacked MWCNT sheets has been developed [1]. Because of the excellent
mechanical property of MWCNT sheet, the suspended structure in a large scale
becomes possible. By fixing MWCNT sheets on a special designed electrode, the
MWCNT sheets have been hanged in the air, which offers larger total surface area. In
addition, the MWCNT sheets were stacked in mutually perpendicular directions to
adjust the arrangement of CNTs in the sheets. Moreover, a two-side Pd
functionalization has been operated to increase the active parts for hydrogen detection.
The new structures are considered to be more suitable than the multi-layer
on-substrate structure demonstrated in the last chapter. The improvement benefited
from each structure has been investigated respectively. The reliability of the fabricated
sensor has also been evaluated in this chapter.
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4.2 Experimental conditions
As the same as the process in Chapter 3, the MWCNT sheets were drawn from the
edge of the array using a sticky tape after the synthesis of spinnable array as shown in
Figure 4.1(a). To achieve the suspended structure, a special designed framework has
been fabricated. A framework with a 1 × 1 cm square hole was prepared using the
silicon wafer with a 200 nm thick SiO2 layer. Au-Cr electrodes were deposited onto
the two sides of the framework by RF sputtering (Figure 4.1(b)). In order to
investigate the effect of cross-stacked structure, samples with normal-stacked
structure and cross-stacked structure have been prepared. For normal-stacked samples,
MWCNT sheets were stacked parallel in the same direction as Figure 4.1(b) shows.
To fabricate cross-stacked samples, MWCNT sheets were stacked in mutually
perpendicular directions alternately to form a sandwich-like structure as Figure 4.1 (c)
shows. In the sensing tests, only one side of the sheets has been connected onto the Au
electrodes for comparison.
In the Pd functionalization process, two-side functionalization has been introduced
to the demonstrated sensor. In order to clarify the difference between one-side
functionalization and two-side functionalization, Pd has been deposited on to the
MWCNT sheets in both two modes in this chapter. For one-side functionalization, Pd
was deposited onto only top side of the sheets as Figure 4.1(d) shows. For two-side
functionalization, another Pd deposition was operated on another side of the sheets as
shown in Figure 4.1(e). The condition of the EB evaporation was the same as the
condition mentioned in section 3.2.2. HR-TEM has been used to observe the
morphology of the CNT surface after Pd deposition. Samples with various Pd
thicknesses and functionalizing modes have been prepared to achieve an optimal
condition.
The gas sensing measurement was operated as the same as what described in
section 3.2.3.
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Figure 4.1 Schematic diagram of the sensor fabricating process.

4.3 Hydrogen sensing evaluation of the suspended structure
and the cross-stacked structure

4.3.1 Effect of the suspended structure on hydrogen sensing

In order to study how suspended structure influence the hydrogen sensing
performance, samples with 2, 3, 4 and 6 layers of MWCNT sheet hanged in the air
were fabricated. Figure 4.2 shows the image of the sample with two layers. Because
the sheet is not robust enough during the functionalization, storage and measurement
process, characteristics and gas sensing performance of the sample with only one
layer changed irregularly due to the damage of the sheet. Therefore, sample with one
layer of MWCNT sheet has not been applied to the detecting test. The three-layer
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on-substrate sample, which showed the best gas sensing results in our previous study,
was introduced as a reference (Sample SRef). To compare the difference between
suspended MWCNT sheets and on-substrate ones, MWCNT sheets in these samples
were stacked in the same direction and one-side functionalized by 3 nm Pd, which
was the same as Sample SRef. The details of the samples are shown in Table 4.1. The
detection test for each hydrogen concentration was repeated 3 times to achieve a
convincible result.

Figure 4.2 Sample image of the suspended structure.
Table 4.1 Characteristic details of samples with suspended structure
Sample.

Sheet Layers

Pd thickness

Sheet resistance

(nm)

(Ω/□)

S2

2 (suspended)

1610.3

S3

3 (suspended)

1281.8

S4

4 (suspended)

S6

6 (suspended)

727.8

SRef

3 (on-substrate)

1268.1

3 (one-side)

976.7

Figure 4.3 shows the gas sensing results of the suspended samples with various
layers at different hydrogen concentrations. It can be observed that all the samples
show a stepped increasing response with the increase of the hydrogen concentration.
The increase tends to become slower with the rise of concentration. Besides, when the
number of MWCNT sheet layers increase, the response decrease continuously.
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Sample S2 achieves a response of 30.13% at 4% H2 which is 62.23% higher than that
of the Sample S6 (18.59% at 4% H2). Furthermore, compared with the Sample SRef,
which shows a response of 12.31% at 4% H2, all the samples with suspended
structures realize significant higher responses. Sample S3, which has the same layer
number with the Sample SRef, reaches a 105.6% higher response than the Sample SRef.
It can be concluded that the suspended structure greatly improve the response.
On the other hand, it can be found that the response and recovery are relatively
slow. Most samples cannot achieve the maximum change during the 30 minutes
exposure. Besides, a shoulder-like change has been found during the recovery from
Figure 4.3(a). The resistance of the sample quickly drops in the first four or five
minutes after shutting off of the hydrogen gas. However the drop rate becomes slow
and an inflection point can be observed at the curves in Figure 4.3(a).

(a)
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(b)
Figure 4.3 Gas sensing results of the samples with the suspended structure:
(a) Relative resistance changes; (b) Responses.

4.3.2 Effect of the cross-stacked structure on hydrogen sensing

By stacking layers of MWCNT sheet in mutually perpendicular directions
alternately, cross-stacked suspended samples were fabricated as Figure 4.4(a) shows.
From the SEM image (Figure 4.4(b)), it can be observed that the CNTs align in a
mesh-like structure in the cross-stacked sheets. Table 4.2 shows the details of the
fabricated cross-stacked samples. Figure 4.5 shows the responses of the cross-stacked
samples at different hydrogen concentration. The responses of samples without
cross-stacked structure (dash line) were also shown in Figure 4.5 as a reference. It can
be found that samples with cross-stacked structure show a similar decreasing tend
when the numbers of layer become larger. However, the samples with cross-stacked
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structure show an overall 5~15% higher response than that of the ones without
cross-stacked structure. For the concentration of 4.0%, which is the lower flammable
limit of hydrogen, the Sample C2+1 reaches a response of 31.76% which is 5.40%
higher than the Sample S2. Because only one side of MWCNT sheets was connected
into the circuit, the active layers of the Sample C2+1 and Sample S2 are the same.
Therefore it can be concluded that cross-stacked structure improves the gas sensing
performance.

Figure 4.4 Images of the sample with the cross-stacked structure:
(a) Photographs; (b) SEM image.
Table 4.2 Characteristic details of samples with cross-stacked structure
Sample.

Sheet Layers

C2+1

2+1 (cross-stacked)

C4+3

4+3 (cross-stacked)

C6+5

6+5 (cross-stacked)

Pd thickness

Sheet resistance

(nm)

(Ω/□)
1590.4

3 (one-side)

941.8
668.9
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Figure 4.5 Response changes versus hydrogen concentration for the samples with and
without the cross-stacked structure.

4.3.3 Mechanism study

The relatively slow response, slow recovery and shoulder-like change during the
recovery have been found in the hydrogen sensing detection test. These behaviors are
considered to be caused by two possible reasons. First possible reason is that the
mixing of the gas in the test chamber takes too much time to mix fully. The chamber
has a volume of 2 L which means it takes at least 2 minutes for the 1000 sccm gas
flow to fully fill in the chamber. This can explain the slow response and recovery but
cannot explain the shoulder-like change in the recovery process. By analyzing the data
and operating the literature research, another possible reason has been raised which is
that there are two resistance change modes of the sensor. One is caused by the
electron transfer between CNT and Pd hydride as mentioned in Chapter 1. The other
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one is caused by the size change of Pd particles. During the Pd absorption of Pd
particles, Pd hydride has been formed and a phase transition takes place [2-4]. It has
also been reported that with the formation of Pd hydride, the size of the lattice also
expands [5-7] as shown in Figure 4.6. The expanded size shortens the distance among
Pd particles, which allows electron easier to transfer among nanoparticles, thereby
leading to a resistance decrease of the sensor. This phenomenon shows an opposite
effect to the main working mode of the sensor that is the electron transfer from Pd
hydride to CNT results in a resistance increase. Consequently, this opposite resistance
change leads to the relatively slow response, recovery and the shoulder-like change in
the recovery process.

Figure 4.6 Lattice expansions during the hydrogen absorption of Pd particles.
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The improvement from suspended structure and cross-stacked structure is
considered to be related with the enlargement of active surface area for adsorption. It
is well known that the adsorption ability of an adsorbent is greatly determined by its
surface area according to the adsorption law [8]. For the traditional on-substrate
sensors, the substrate blocks the bottom-side CNTs from gas molecules so that only
top-side CNTs are active during the gas sensing (Figure 4.7(a)). For the suspended
structure, because of the absence of the substrate, the bottom side of the sheets
becomes available for H2 adsorption so that the active external surface-area of the
sheets is enlarged in the suspended structure (Figure 4.7(b)). Besides, without the
substrate, the gas convection could take place which makes gas molecules pass
through the sheets and adsorb onto the internal CNTs in the sheets. Therefore, the
suspended structure enlarges the activities of external and internal surface areas of the
sheets. On the other hand, by stacking sheets in the vertical direction, a sandwich-like
structure is formed in the sheets. The CNT stacked in the vertical direction works as a
support which isolates the neighbor sheets to prevent too close stacking. The created
space makes gas molecules easier invade to the internal layers of the MWCNT sheet
(Figure 4.7(c)), which also increases the percentage of active CNTs during the H2
adsorption process. Therefore, the suspended structure and the cross-stacked structure
can enhance the gas sensing performance of the sensors.

93

4. Fabrication of Hydrogen Sensor Based on Suspended-Structured Cross-Stacked MWCNT
Sheets

Figure 4.7 Cross sectional schematic of gas adsorption model in MWCNT sheets:
(a) On-substrate; (b) Suspended; (c) Cross-stacked structure.
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4.4.1 Effect of the two-side functionalization on hydrogen sensing

Due to the exist of substrate, Pd can be deposited only onto the top-side of
MWCNT sheets for the on-substrate samples. On the other hand, another Pd
deposition becomes possible because of the absence of substrate in the suspended
structure. In order to investigate the difference between two functionalizing modes on
hydrogen sensing, the Sample C2+1 with various functionalizing conditions have been
prepared. The detailed characteristics of the samples are shown in Table 4.3.
Table 4.3 Characteristic details of the samples with different Pd functionalization
conditions
Sample.

Pd thickness

Sheet resistance

(nm)

(Ω/□)

C2+1T1

1 (two-side)

1598.4

C2+1T1.5

1.5 (two-side)

1581.2

C2+1T3

3 (two-side)

1528.7

5 (two-side)

1324.3

C2+1O1

1 (one-side)

1616.7

C2+1O1.5

1.5 (one-side)

1612.1

C2+1O3

3 (one-side)

1590.4

C2+1O5

5 (one-side)

1415.1

C2+1T5

Sheet Layers

2+1 (cross-stacked)

Figure 4.8 shows the response changes of the samples with and without two-side
functionalization, in which solid lines represent the responses of two-side
functionalized samples and dash lines represent those of one-side functionalized ones.
It can be found that the two-side functionalized samples show a 10~20% higher
95

4. Fabrication of Hydrogen Sensor Based on Suspended-Structured Cross-Stacked MWCNT
Sheets

response than the one-side functionalized ones with the same Pd thickness in general.
Sample C2+1T3 achieves a response of 35.30% at 4% H2, which is 11.15% higher than
that of sample C2+1O3. However, Sample C2+1O3 shows higher response than that of
Sample C2+1T1.5 from a view of total Pd volume. Besides, response increases with the
increase of Pd thickness when the thickness is below 3 nm, but the 5 nm samples
show little difference with the 3 nm ones on hydrogen sensing. The conclusion that
whether two-side functionalization is better than the one-side one or not cannot be
gained only from Figure 4.8. A further study on the distribution of Pd particles is
needed.

Figure 4.8 Response changes versus hydrogen concentration for the samples with and
without two-side functionalization.
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4.4.2 Mechanism study

Figure 4.9 shows the surface morphologies of the MWCNTs functionalized with
various conditions. It can be found that Pd particles are in very sparse distribution on
only one side of CNTs and there is still a lot of space for the 1.5 nm one-side
functionalized sample as shown in Figure 4.9(a). When the thickness increases to 3
nm, Pd particles become larger and densely distribute on one side (Figure 4.9(b)).
After another 3 nm Pd deposition on the other side of CNTs, Pd particles cover both
sides of CNTs while the sizes hardly change as Figure 4.9(c) shows. This indicates
that Pd thickness determines the size and density of Pd particles. Two-side or one-side
functionalization determines whether Pd particles could distribute on the both sides of
CNTs. As mentioned above, Pd plays an important role in the hydrogen detection.
Thence, when the CNT surface has not been fully covered (1~3 nm), with the increase
of Pd thickness, Pd particles become larger and closer distributed so that the active
area for hydrogen adsorption becomes larger. An extra Pd deposition also enlarges the
active area on the opposite side of CNT. This explains why two-side functionalized
sample shows higher response than one-side functionalized one at the same Pd
thickness. It has also been reported that there is size dependence for hydrogen
adsorption for nano-size Pd particles [9, 10]. Larger Pd nanoparticles have stronger
Pd-H strength and stronger hydrogen storage ability. This implies the reason why the
sample with one-side 3 nm functionalization achieves higher response than the sample
with two-side 1.5 nm functionalization. When Pd thickness further increases to 5 nm,
the CNT surface has been fully covered by the Pd particles as shown in Figure 4.9(d).
The over stacked Pd particles decreases the entire surface area of the CNT and offset
the improvement from the active area enlargement. This explains why the 3 nm
sample and 5 nm sample show relatively same gas sensing performance. Because
two-side functionalization allows optimal Pd depositions on both sides of CNTs,
higher response can be achieved comparing to the one-side one.
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Figure 4.9 TEM images of the MWCNT surface functionalized with different Pd
thicknesses: (a) one-side 1.5 nm; (b) one-side 3 nm; (c) two-side 3 nm; (d) two-side 5
nm.

4.5 Hydrogen sensing evaluation of the measuring methods
and sensing environment

4.5.1 Effect of the connecting method on hydrogen sensing

In the gas measurement operated in this chapter, only one side of the MWCNT
sheet has been connected into the detection circuit as Figure 4.10(a) shows. In order to
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fully use the other side of sheet, another two kinds of connections have been raided:
series connection and parallel connection which are shown in Figure 4.10(b) and
Figure 10(c). The MWCNT sheets in the Sample C2+1T3 have been connected into the
circuit by these three connecting modes respectively and the hydrogen responses have
been measured to investigate the influence brought from different connections. Figure
4.11 shows the response towards hydrogen of Sample C2+1T3 with different
connections. It can be observed that the series connection shows similar results with
normal connection while the parallel connection shows an obvious decrease in
response. This is considered to be because that the CNTs are conductive so the real
electrical circuit in the network is very complexed. Some active parts may also be
shorted during the test. This indicates that the response cannot be improved by simply
connecting the other side of sheet into the circuit.

Figure 4.10 Different connection methods for detection circuit.
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Figure 4.11 Response changes versus hydrogen concentration for sample C2+1T3 with
different connection methods.

4.5.2 Effect of the gas flow on hydrogen sensing

In the gas sensing measurement, it can be found that the response and recovery are
relatively slow and a study on accelerating the response and recovery is needed. In
this section, the effect of the gas flow on hydrogen sensing has been evaluated. The
total gas flows of 300 sccm, 500 sccm and 1000 sccm have been operated. The
Sample C2+1T3 was exposed to 4% H2 under the different total gas flows. Figure 4.12
shows the gas sensing results. It is obvious that the recovery of the sensor becomes
faster with the increase of the total gas flow. The response and response time hardly
changes when changing the total gas flow. Figure 4.13 shows the changes of response
time and recovery time versus the change of total gas flow. The response time stays
around 300 s while the recovery time significantly changes. When the total gas flow
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increases from 300 sccm to 1000 sccm, the recovery time increases from 4130 s to
2130 s. According to the Langmuir model [8, 11, 12] discussed in section 3.4.3, the
response is proportional to partial pressure which is proportional to the hydrogen
concentration. Although the total gas flow changes, the concentration is the same
during the exposure of H2. Thus there is little difference in the response process. On
the other hand, the large gas flow helps blow away the hydrogen molecules from the
surfaces of CNTs and Pd particles. It leads to a faster recovery with the larger total gas
flow.

Figure 4.12 Relative resistance changes of Sample C2+1T3 under different total gas
flows.
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Figure 4.13 Response time and recovery time of Sample C2+1T3 under different total
gas flows.

4.5.3 Effect of the carrier gas on hydrogen sensing

In this research, Ar was used as the carrier gas. However, the air is composed of 21%
O2, 78% N2 and 1% other gases. Oxygen gas is a typical oxidizing gas which may
react with the reducing gas H2. To clarify the influence of different carrier gases, Ar
and a mixture of equivalent air have been used as the carrier gas in the hydrogen
sensing measurement. The equivalent air is composed of 80% Ar and 20% O2. Figure
4.14 shows the relative resistance change of Sample C2+1T3 exposed to 4% H2 under
Ar and equivalent air. It can be found that both the response and recovery becomes
faster when changing the carrier gas to equivalent air. By introducing 20% O2, the
response time has been shortened from 280 s to 80 s and the recovery time changes
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from 2130 s to 1680 s. On the other hand, the maximum relative resistance change
decreases from 35.30% to 32.48% after using equivalent air as the carrier gas.

Figure 4.14 Relative resistance changes of Sample C2+1T3 under different carrier
gases.
Because O2 is an oxidizing gas which reacts with H2, the reactions in the absorption
and desorption process are shown as follows [13, 14]:
Absorption:

H2 + 2Pd →

Desorption:

4Pd/H +O2 →

2Pd/H
2H2 O + 4Pd

(4.1)
(4.2)

During the absorption, H2 dissolves into Pd particles and Pd hydride is formed. The
formation of hydride decreases the work function and causes the electron transfer
from Pd hydride to CNT. In the desorption process, the reverse reaction of (4.1) takes
place due to the shut off of H2. The precipitated H2 molecules are blow off by the
carrier gas so that the reverse reaction (4.1) continues to happen for the recovery of
the sensor. This reverse reaction is very slow which leads to the slow recovery under
pure Ar gas flow. When there is O2 in the carrier gas, reaction (4.2) takes place, which
is that O2 reacts with the Pd hydride to form H2O molecules. This brings away other H
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atoms in the Pd hydride, thereby the recovery becomes faster with the exist of O2.
However, reaction (4.2) also takes place during the absorption, which may reduce the
absorption of H2. This explains the relatively lower response when the carrier gas is
equivalent air.

4.6 Reliability evaluation

4.6.1 Selectivity

The experimental details are the same as mentioned in section 3.5.1. Sample C2+1T3
has been exposed to 4% H2, 5% C2H4 and 5% CO2 respectively. Afterwards, the
sample has been exposed to 4% H2 with 5% CO2 and 5% C2H4 respectively. The
detailed concentration curve of the gas flow in the selectivity test is shown in Figure
4.15 (b). Figure 4.15(a) shows the relative resistance change during the test. It can be
observed that the response toward H2 hardly changes with the interference gas of
C2H4 and CO2. This proves that the sensor demonstrated in this chapter shows an
excellent selectivity toward H2.
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Figure 4.15 Selectivity test result of the Sample C2+1T3:
(a) Relative resistance change; (b) Gas concentration.
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4.6.2 Reproducibility and repeatability

To investigate the reproducibility of the sensor, another two samples with 2+1
layers and 3 nm two-side Pd functionalization have been prepared. The detailed
characteristics can be found in Table 4.4. The experimental conditions were as the
same as those operated in section 3.5.2. Figure 4.16 shows the relative resistance
changes from which it can be observed that all these three samples show almost the
same behaviors with little drift during the test. The maximum baseline drift is 0.67%.
This suggests that the sensors obtain a high reproducibility and repeatability.
Table 4.4 Characteristic details of samples for reproducibility measurement
Sample.

Sheet Layers

Pd thickness

Sheet resistance

(nm)

(Ω/□)

C2+1T3a
C2+1T3b

1528.7
2+1 (cross-stacked)

3 (two-side)

C2+1T3c

1503.9
1511.1
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Figure 4.16 Reproducibility and repeatability tests for sample C2+1T3.

4.6.3 Stability

To evaluate the long-term stability of the sensor, Sample C2+1T3 has been stored in
the atmosphere at room temperature for 30 days. On the 1st, 5th, 10th, 20th and 30th
days, the sample was exposed to 4.0% H2 three times to investigate its response
change during the 30 days. Figure 4.17 shows the response change of Sample C2+1T3
and it can be found that the response at 4% H2 of the sample decreases by only 3.94%.
This indicates that the sensor is with an outstanding long-term stability.
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Figure 4.17 Stability test at 4% H2 over 30 days for Sample C2+1T3.

4.7 Summary
By introducing a cross-stacked suspended structure and a two-side functionalization
process, an extremely high response has been achieved. Especially, Sample C2+1T3
shows a response of 35.30% at 4% H2. To the best of our knowledge, the response
achieved in this research is one of the highest among that of all the recent reported
MWCNT based hydrogen sensors on various structures [15-28], including Cu-Pd
functionalized MWCNT sensors (7.0% at 3.3% H2) [18], Pd/Pt coated MWCNT yarn
sensors (8% at 4% H2) [20], Pd/CNT/Ni composite rods sensors (11% at 1.6% H2)
[28] and other Pd functionalized MWCNT sheet based ones (6% at 3% H2) [24]. It
should be mentioned that although sensors based on single-wall CNT and double-wall
CNT can reach even higher response [29-32], the fabricating processes are inefficient
and high cost with complicated synthesis or assembly process. Without dispersing
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process and benefited from the easy synthesis of large-scale MWCNT sheet film, the
sensor proposed in this research shows a capability for reliable mass production.
In summary, a highly sensitive hydrogen sensor based on the suspended structure of
cross-stacked MWCNT sheet has been successfully developed in this chapter.
Because of the enlargement of total surface area, the suspended structure significantly
improves the hydrogen sensing performance of the MWCNT sheets. The
cross-stacked structure helps gas molecules pass through the sheets and further
increases the H2 response of the sensor. In addition, the suspended structure allows
two-side Pd-functionalization which also enhances the hydrogen sensing capability at
the same Pd deposition thickness. The sample with 2+1 layers of cross-stacked
MWCNT sheet and two-side 3 nm Pd deposition exhibits the highest response of
35.30% at 4% H2, which is one of the best among all reported MWCNT based
hydrogen sensors. Moreover, larger total gas flow can blow off more H2 molecules
and leads to a faster recovery. O2 can also accelerate the recovery by reacting with Pd
hydride during the recovery. The method demonstrated in this chapter has been
proved to be simple and reliable, which gives a potential solution for the mass
production and commercialization of CNT-based sensors.
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Chapter 5 Conclusions

With the development of hydrogen based applications, there is a rising necessity for
hydrogen gas detection and monitoring. Because of its p-type semiconducting
characteristic and extremely high surface-to-volume ratio, CNT is considered to be an
excellent candidate for hydrogen sensing. However, the complicated fabricating
process limits the commercialization of CNT based hydrogen sensor and the random
alignment in the fabricated CNT film influences its gas sensing performance. The
work presented in this thesis mainly focuses on fabricating highly sensitive hydrogen
sensors based on MWCNT sheet which is a continuous CNT film which can be
fabricated in large scale by simple drawing process.
As the first step of this research, spinnable MWCNT array has been synthesized by
CVD method and MWCNT sheet has been fabricated by drawing from the spinnable
MWCNT array successfully. The operating temperature is suggested to be 750 ºC and
the gas ratio of C2H4 and H2 is suggested to be (80, 40) sccm for the synthesis of
spinnable array. Faster heating rate leads to a higher density of the catalyst particles
because of the fewer Fe migrations caused by the Ostwald ripening effect. Thinner Fe
thickness leads to the smaller sizes of Fe particles, which further results in better
alignment in the array. To obtain better alignment which is the key factor to determine
the spinning ability of the array, the optimal heating rate is 40 ºC/min and the optimal
Fe thickness is 1.2 nm. The MWCNT sheet has been drawn from the spinnable array
for longer than one meter continuously. The sheet resistance is 2739.7 Ω/□ and the
ID/IG from Raman spectra is 0.47. This indicates that the MWCNT sheets exhibit high
purity and uniformity.
By stacking the MWCNT sheets in the same direction, a hydrogen sensor based on
a multi-layer structure has been demonstrated. Pd has been deposited to the MWCNT
sheets for functionalization. Because of the reasonable distribution of Pd particles
without over stacking, 3 nm is considered to be the optimal thickness for
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functionalization. From the experimental results, a layer dependence phenomenon has
been found. When the layer number of stacked sheet increases from 1 to 3, the
response at 4% H2 increases from 5.75% to 12.31%. When continuing to stack more
layers, the response hardly changes. This is because that the stacked layers fill in the
space among CNTs and offer a better condition for the formation of groove sites.
However, over-stacked layers also block the H2 molecules from bottom-side CNTs for
too many layers. The concentration dependence of the sensor fits well with Langmuir
model. Consequently, the sensor with 3 nm thick Pd and 3 layers of sheet shows the
best hydrogen sensing performance with a response of 12.31% at 4% H2 and a
response time below 200 s. In addition, the sensor also shows a maximum change
smaller than 3.15% in the reproducibility, repeatability and stability tests. This proves
the convincing reliability of the demonstrated sensor.
To further improve the response of the MWCNT sheet based sensor, a sensor based
on a suspended structure of cross-stacked sheets has been proposed in this research.
By hanging the sheet in the air, the surface area of the sheet is enlarged and a 106.5%
higher response has been achieved comparing to the on-substrate sensor. By stacking
the MWCNT sheets in mutually perpendicular directions, the MWCNTs are prevented
from too close stacking which also enlarges the effective surface area for hydrogen
sensing. Besides, because of the suspended structure, two-side functionalization,
which further increases the response at the same Pd thickness comparing to one-side
functionalization, becomes available. According to the gas sensing results, the sample
with 2+1 layers and two-side 3 nm Pd deposition shows the highest response of 35.30%
at 4% H2. Moreover, by studying the mechanism of the desorption of H2 molecules, it
has been found that it is possible to accelerate the recovery by increasing the total gas
flow and introducing O2. Larger gas flow helps blow off the hydrogen molecules and
O2 reacts with Pd hydride to bring out the H atoms trapped in Pd hydride.
Although the sensor demonstrated in this research exhibits an excellent response
toward hydrogen, there is still room to improve the sensing performance and
manufacturability. Firstly, according to the experimental results, the response and the
recovery of the sensor are relatively slow. This is considered to be caused by the
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lattice expansion of Pd particle during hydrogen absorption, which results in an
opposite resistance change to the main working mode of the sensor. To accelerate the
response and recovery of the sensor, a further study on the functionalizing material
should be operated. Instead of using only one kind of material, depositing composite
materials with special designed nanostructure is a potential solution for this problem.
Secondly, the miniaturization of the sensor is required. To study the gas sensing
capability of MWCNT sheet, the sensor fabricated in this research is in large size
which is around 1 × 1 cm. The results proved the outstanding potential of MWCNT
sheet while the size is not suitable for the integration and miniaturization of the device.
From the experimental result, the response of the sensor hardly changes with the
change of size so the miniaturization will not lead to the response loss. Thirdly, the
MWCNT sheets are drawn and stacked manually which may not only reduce the
manufacturing efficiency but also influence the uniformity. Drawing strength and
speed are also considered to have an impact on the sheet characteristic. Developing an
automatic instrument for sheet drawing and stacking is a necessary step to improve
the manufacturability.
In conclusions, the sensor demonstrated in this research shows the highest response
among all reported MWCNT based hydrogen sensor (35.30% at 4% H2). The method
developed in this research is proved to be simple with convincing reliability. The
results of this research point out a way for the mass production of the highly sensitive
CNT-based hydrogen sensors.
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