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The fabrication of metal nanoparticles decorated carbon nanotubes (MNPs-

CNTs) is of current interest for the development of nanomaterial based catalysts and 

electronic devices. Here, the Density Functional Theory approach was employed to 

investigate the sensing and catalytic performances of MNPs-CNTs. The calculations 

show that Pt-doped CNT enhances, to a very large degree, the adsorptions and charge 

transfers of NO2 and NH3 toxic gas molecules and both processes cause changes in 

the electronic structure and charge distribution with greater and are more far-reaching 

than those of unmodified and defected CNTs. In the case of N2O greenhouse gas 

decomposition, without metal doping, the reaction on the bare CNT proceeds via a 

high energy barrier (54.3 kcal mol
-1

) which in the presence of active metals is reduced 

to 3.6, 8.0 and 10.2 kcal mol
-1

 for V-, Ti- and Sc-doped CNTs, respectively. Thus, 

MNPs can overcome the limitations of intrinsic CNTs. For experimental work, the 

novel-designed catalytic platform for the fuel cell system was constructed whereby 

the Nafion layer and PtNPs were formed inside the pores of the CNT-Anodic 

Aluminium Oxide composite. The PtNPs are successfully deposited with chemical 

reduction and loading of the small size alkane-thiolated PtNPs. The thin layer of 

Nafion could also be coated properly to PtNPs size along the tube. Furthermore, the 

facile electrostatic deposition of the size-controlled AuNPs onto the negatively 

charged AAO-templated CNTs is demonstrated as a new strategy to produce the 

structure-controllable AuNPs/CNTs usefully for nanoapplications. By increasing the 

mole ratios of polyvinylpyrrolidone and dimethylaminopyridine (PVP:DMAP) 

stabilizers, the average diameters of AuNPs are progressively decreased. In addition, 

CNTs facilitate the Au depositions without tedious pretreatment on CNT surfaces. 
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1 

 

METAL-DECORATED CARBON NANOTUBES FOR 

APPLICATIONS IN SENSING AND CATALYSIS:  

A THEORETICAL AND EXPERIMENTAL STUDY   

 

INTRODUCTION 

 

Carbon allotropes with sp
2
 hybridized graphitic structure can exist in a variety 

of forms. In addition to the well-known graphene and graphite, the sp
2
 carbon atoms 

are also found in the fullerene related family with a soccer-ball-like molecular shape. 

The first such discovered structure was the C60 molecule by Kroto et al. in 1985 and it 

has been designated as “Buckminsterfullerene” (Kroto et al., 1985). Subsequently, 

although the fullerenes have been intensively investigated, it was not until 1991, that 

Iijima (Iijima, 1991) first observed the tubular carbon structures obtained from the 

modified C60 synthesis (direct current arc discharge evaporation method). They were 

named as “carbon nanotubes” (CNTs) due to their nanoscale diameters (4-30 nm). 

The synthesized tubes comprise coaxial of several graphitic cylindrical sheets, 

ranging in number from 2 to about 50. Two years later, in 1993, CNTs with a single-

layer graphene sheet were produced (Iijima and Ichihashi, 1993). Since that time, 

CNTs are classified into two major kinds by their wall numbers, i.e., single-walled 

carbon nanotubes (SWCNTs) and multi-walled carbon nanotubes (MWCNTs) as 

depicted in Figure 1.  

 

 

 

Figure 1  Schematic illustration of the structure of a single-wall carbon nanotube 

(SWCNT) (a) and a multi-wall carbon nanotube (MWCNT) (b). 
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Both MWCNTs and SWCNTs have been produced mainly by three techniques 

which are: arc discharge (Bethune et al., 1993; Iijima, 1991; Iijima and Ichihashi, 

1993; Journet et al., 1997), laser ablation (Guo et al., 1995; Thess et al., 1996), and 

catalytic chemical vapor deposition (Cheng et al., 1998; Dai et al., 1996; Endo et al., 

1995; Hafner et al., 1998; Hernadi et al., 1996; José-Yacamán et al., 1993; Kong et 

al., 1998). Arc discharge and laser vaporization methods are based on the evaporation 

of graphite by direct current arcing and laser irradiation, respectively (Figures 2a and 

2b). Both methods are the principal methods for obtaining high crystallinity and few 

defects in CNTs. However, these methods suffer from some drawbacks that include 

low production yield, high cost equipment, non-continuous processes and difficulty in 

fabricating nanotube-device. Contrary to the arc discharge and laser ablation, 

chemical vapor deposition (CVD) is a simple and economic method for production of 

CNTs. By this method, a hydrocarbon vapor is passed through a catalyst material at 

sufficiently high temperature to decompose the hydrocarbon, then forming as CNTs 

on such catalyst surfaces (Figure 2c). This synthesis method provides the use of a 

variety of hydrocarbons and various substrates and allows the growth of CNTs in 

different forms, such as powder, film and patterned substrate with entangled or 

aligned structures. Thus, CVD is today‟s most popular technique for the CNT 

synthesis.  

 

Nowadays, experimental and theoretical studies have been carried out on 

CNTs due to their extraordinary mechanical, chemical and electrical properties (Dai 

2002; Hamada et al., 1992; Kang et al., 2006; Popov 2004; Saito et al., 1992; Tasis et 

al., 2006). CNTs are strong and flexible materials that can be shaped by bending or 

stretching without structural damage. These properties originated from the strong 

covalent bonding between the carbon atoms and the seamless cylindrical hexagonal 

network. Moreover, CNTs are one of the most promising candidates as catalyst 

supporting materials because of their large surface area that is available for reaction 

and high thermal conductivity which reduces the temperature gradient during the 

reaction. Such steady state temperature can prevent the catalyst deactivation from the 

side reactions occurring at the hot spots in the catalyst bed. 
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Figure 2  Schematic illustration of the methods for CNT synthesis (a) arc discharge, 

(b) laser vaporization and (c) chemical vapor deposition. 

 

Furthermore, CNTs are furthermore known to be reactive for the reaction that 

serves to saturate the carbon atoms because the local strain from the pyramidalization 

and the - orbital misalignment between adjacent pairs of conjugated carbon atoms 

are relieved (Niyogi et al., 2002). As for the electrical property, the exotic 

characteristics revealed from calculations on the electronic properties of individual 

SWCNTs (Saito et al., 1992) is that SWCNT is possibly metallic or semiconducting 

nanowire depending on its chirality. Such parameter is determined by the chiral vector 

(Ch) defined in Equation 1 and along with Figure 3 where a1 and a2 are the graphene 

lattice vectors and n and m are integers.  

 

           Ch = na1 + ma2                 (1) 

 

The rolled up area of SWCNT is determined by Ch accompanied with the translation 

vector T which is along the tube axis and orthogonal to Ch. An additional parameter 

to indicate the type of SWCNT is the chiral angle defined as the angle between Ch 

and a1. From the above definition, SWCNTs are then classified into three different 
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types: armchair, zigzag and chiral SWCNTs. Armchair SWCNTs are constructed if n 

equals to m and the chiral angle is 30°. Whereas, when either n or m is zero and the 

chiral angle is 0°, the zigzag SWCNTs are formed. All other (n.m) chiral vectors and 

chiral angles (intermediate between 0° and 30°) correspond to the chiral SWCNTs. 

These (n,m) indices determine whether a SWCNT will be metallic or semiconducting 

according to the relationship in Equations 2 and 3 which were proved experimentally 

in 1998 (Odom et al., 1998; Wildöer et al., 1998). 

. 

                                           Metallic    
( m n)

 
        interger                                       

 

                                         emiconducting    
( m n)

 
        interger                              

 

 

 

Figure 3  Schematic illustration of the chiral, armchair and zigzag SWCNTs defined 

by chiral vector and chiral angle.  
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According to the outstanding properties mentioned above, numerous frontier 

applications have been explored including ultra-strength composites, nanocatalysts, 

miniature electronic devices (sensor, field emission displays, field effect transistors, 

etc.) (Balasubramanian and Burghard 2005; Baughman et al., 2002). However, due to 

the perfect hexagonal sp
2
 bonding network, CNTs are still chemically inert to form 

strong chemical bonds with most molecules. For this reason, in order to extend the 

utilization of CNTs in diversified applications, it is necessary to generate a suitable 

active site on CNT surfaces. One of the most potential strategies to function CNTs is 

the decoration of CNT sidewalls with transition metal nanoparticles. CNTs decorated 

with metal nanoparticles have been found to show several improvements over the bare 

CNTs, such as the emitter and sensor properties and also catalytic efficiency (Cho et 

al., 2008; Penza et al., 2007; Rakhi et al., 2008; Star et al., 2006; Vairavapandian et 

al., 2008).  

 

For application in sensors, CNTs have been used as a highly sensitive material 

for sensing toxic or explosive gases (Kong et al., 2000). One of the effective 

miniature sensor devices was fabricated as a single-chip platform composing of 

multiple sensor arrays that are made of conducting channels of SWCNTs decorated 

with some transition metals (Lu et al., 2004; Mubeen et al., 2007; Penza et al., 2007; 

Penza et al., 2008). The metal component functions as recognition layers and exhibits 

a specific selectivity toward the detection. In the meantime, since the sensor devices 

based on metal-decorated CNTs have been reported extensively, various approaches 

have been developed for decorating metals on CNTs (Lu et al., 2004; Mubeen et al., 

2007; Penza et al., 2007, 2008; Vairavapandian et al., 2008). Among the metals used 

for coating CNTs, platinum (Pt) and gold (Au) have proved to be two of the most 

efficient metals that provide the hybrid materials, which exhibit good sensing 

sensitivity. One of the applications in which these materials present excellent 

sensitivity is the sensing of ammonia (NH3) and nitrogen dioxide (NO2), which are of 

the important industrial toxic and air pollutant gases. Compared to the bare CNTs, the 

Pt and Au-decorated tubes give better sensitivity by more than two times of 

magnitude for both gases (Penza et al., 2007).  
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Nevertheless, by using a simple decoration method in which the metal 

particles are prepared directly on the unmodified surface of CNTs, low content and 

large size metal particles are typically obtained. This is because of both the inactive 

nature of the stable C-C network of the pristine tubes that leads to weak interaction to 

the metal species and the strong cohesive force between the metal atoms. As the 

particles are large, the active particle surface for contacting the examined gas is then 

small. As a result, the sensing performance of the devices constructed from the hybrid 

materials of metal nanoparticles and the pristine tubes is not as good as one would 

expect.  

 

Recently, it was found that the loading of Pt in the case of defective CNTs is 

higher than that in the case of perfect CNTs (Kim et al., 2007). This increased loading 

improves the sensing performance of the device. In that article, the results in part of 

the density functional calculations indicate that the Pt atom can strongly bind to the 

vacancy site of CNT. The Pt atom is stabilized by simply saturating the dangling 

bonds of the adjacent carbon atoms in the vacancy forming a hexagon. Regarding 

above mentioned results, SWCNTs, which are simple and practical models for 

theoretical study, with a vacancy defect (designated as SWCNTVac) are promising as 

materials for supporting metal catalysts. This is because the stability and reactivity of 

the sensor would be improved by the well-formed structures and enlarged active 

surfaces of the catalytic metals supported on the defective tubes. Moreover, the 

doping fashion probably facilitates the synergetic working of CNTs and metals 

greater than the common surface binding because such a strong bonding from 

saturation would help to increase the sensor sensitivity. Pt itself is well-known for its 

adsorption capabilities of small molecules (Grabow et al., 2008; Orita and Inada, 

2005; Wang and Balbuena, 2004; Zhou et al., 2007). In this study, the sensing 

performance of SWCNTVac/Pt, which is a fascinating material to be applied for sensor 

application, was examined in the first part. Its catalytic behaviors were compared with 

that of the pristine SWCNTs, the vacancy defected SWCNT (SWCNTVac) and the Pt-

deposited on perfect SWCNT (SWCNT/Pt) in order to make a systematical 

evaluation. NH3 and NO2 were chosen as the probing molecules. This is because they 

contribute as main environmental pollutants and toxicants and they are also good 
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representative models for electron donor and electron acceptor substances, 

respectively. 

 

Among the examined hazardous substances, greenhouse gases like nitrous 

oxide (N2O) are a great challenge. Even though N2O is a non-CO2 greenhouse gas, it 

is known as a true climate killer. It is the strongest greenhouse gas causing the 

stratospheric ozone destruction as recognized in the Kyoto Protocol (Jenkin. and 

Clemitshaw, 2000; Kasimir-Klemedtsson et al., 1997). It has not only almost 300 

times more global warming potential (GWP) than CO2 but also an extremely long 

atmospheric lifetime of about 120 years (Khalil 2000; Ravishankara et al., 2009; 

Trogler 1999). Therefore, the finding of efficient emission control processes for N2O 

abatement is considered to be a seriously urgent issue for the environment (Kapteijn 

et al., 1996). Many strategies for N2O abatement have been proposed including the 

selective catalytic reduction (SCR) and direct catalytic decomposition (Abu-Zied et 

al., 2008). The most important elementary step of these processes is the dissociation 

of the N2O molecule into the N2 and O-adsorbed species.  

 

Metal-exchanged zeolites have been widely used to catalyze N2O conversion 

due to their excellent catalytic activity (Abu-Zied et al., 2008; Pantu et al., 2008). 

Nevertheless, the performance of the zeolites is often hindered under realistic 

conditions such as in feed gas streams containing oxygen (O2), water (H2O), sulfur 

dioxide (SO2) and so on. This is because of their inherently poor hydrothermal 

stability as well as their sensitivity to the sulfur poisoning (Kapteijn et al., 1996; Zhu 

et al., 1999). Beside zeolites, many carbonaceous materials with absorbed metals such 

as the Ni, V or Cu particles-supported carbon substrates also present high catalytic 

activity for the N2O conversion (Carabineiro et al., 2000, 2005, 2008; Ma et al., 2000; 

Zhu et al., 1999). Such good catalytic activity is somewhat governed by the good 

dispersion of metals on the carbon surface. Among carbon materials, carbon 

nanotubes (CNTs) are expected to be a superb catalyst supporting material for metals 

due to several reasons as follows: (i) CNTs possess a large surface area for decorating 

the metals, (ii) the well-ordered structure of CNTs can aid the dispersion of the 

metals, thus maximizing the active surface for the reaction, and also can prevent the 
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diffusion of reactants and products back into the bulk, (iii) CNTs interact specifically 

with the metals, thus providing a unique synergistic effect on the reaction, (iv) CNTs 

exhibit high surface chemical stability, thereby significantly reducing unwanted side 

reactions, and (v) CNTs, owing to good thermal conductivity, reduce the temperature 

gradient during the reaction (Kyotani et al., 1996).  

 

The results from a recent theoretical study of the N2O decomposition over 

CNTs in the absence of other additional catalysts shows that both perfect and defected 

tubes can also themselves also behave as catalysts by driving the electron transfer to 

dissociate the N2O molecule. However, the reaction passes over a high activation 

barrier of about 40-48 kcal mol
-1

 via this process (Namuangruk et al., 2007). 

Therefore, the decoration of active metal catalysts on the tube sidewall is expected to 

provide a well-suited catalyst platform for the reaction since the intrinsically inert 

reactivity of the tube can be improved whereby the deposited metals are able to 

promote the electron transfers between the tubes and the attacked molecules 

(Pannopard et al., 2009). From a theoretical study regarding the reactions of N2O with 

Sc, Ti and V producing metal oxides and N2 molecules, it was found that the reactions 

proceed via very low energy barriers, below 2 kcal mol
-1

, and are exothermic (Delabie 

et al., 2001; Ritter and Weisshaar, 1990; Stirling, 1998, 2002). This finding hereby 

motivates us to investigate the properties of CNT modified with Sc, Ti and V for N2O 

decomposition experimentally. Therefore, another aim of this study is to provide 

guidance for developing an efficient alternative catalyst for N2O decomposition and 

other related reactions.  

 

Going along with such an investigation, the synthesis of CNTs and their 

functionalization with the metal nanoparticles were experimentally studied here in 

order to attain an efficient strategy to fabricate hybrid materials being suitable for fuel 

cell and other important applications. Fuel cells have received much attention in 

recent years as important power devices since they are able to satisfy the requirements 

for future clean technologies. While the fossil fuels, which now meet most of the 

world‟s energy demand, in spite of the fact that petroleum reserves are finite and will 

be depleted eventually. Moreover, the burning of fossil fuels has adverse effects for 



9 

 

the environment due to carbon dioxide emission, which is the crucial contribution to 

global warming, climate change and rising sea level. Accordingly, there has been a 

growing interest in the use of sustainable and low emission alternative fuels. Fuel 

cells promise to deliver power efficiently by combining a fuel (e.g., hydrogen, 

methanol, etc.) and an oxidant (air or pure oxygen) in an electrochemical device that 

directly converts chemical energy to electrical energy with very low or even zero 

emission of harmful pollutant gases (Boudghene and Traversa, 2002; Kirubakaran et 

al., 2009; Kordesch and Simader, 1995; Perry and Fuller, 2002; Ticianelli et al., 1988. 

 

Every fuel cell consists of two electrodes, the anode and the cathode, separated 

by an electrolyte. Several types of such cells are being developed; their classification 

is generally based on the electrolyte material used. This includes alkaline fuel cells 

(AFC), proton exchange membrane fuel cells (PEMFC), phosphoric acid fuel cells 

(PAFC), molten carbonate fuel cells (MCFC), and solid oxide fuel cells (SOFC), as 

detailed in Figure 4, sorted by operating temperatures (Boudghene and Traversa, 

2002; Kirubakaran et al., 2009; Kordesch and Simader, 1995; Perry and Fuller, 2002). 

Among these, polymer electrolyte membrane fuel cells (PEMFC) are the most widely 

used ones since they are best-suited for transportation, stationary and mobile 

applications. High energy conversion efficiency, rapid start-up and shut down (low-

operating temperature, below 100C), a favorable power-to-weight ratio (lightweight 

and compact) and robustness (flexible solid electrolyte does not leak or crack) 

(Costamagna and Srinivasan, 2001; Peighambardoust et al., 2010; Wang et al., 2011; 

Wee, 2007) are further advantages of these systems. The components of a PEMFC 

along with the electrochemical reactions and pathways are shown schematically in 

Figure 5 (Cindrella et al., 2009; Haile, 2003; Li and Sabir, 2005; Litster and McLean, 

2004). 
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Figure 4  Schematic illustration introducing the relevant processes for selected fuel 

cells, accompanied by their corresponding applications.  

 

In common cases of PEMFC, hydrogen fuel is fed into the cell at the anode 

side and oxygen gas is introduced at the cathode side. The bipolar plates (BP in Figure 

5) have four crucial functions:  (i) to supply the fuel and oxidant to the proper location 

in the cell, (ii) to remove the reaction products, (iii) to collect the produced current, 

and (iv) to provide the mechanical support for the cell in the stack. The gas diffusion 

layer (GDL) allows a direct and uniform transport of the reactant gas to the catalyst 

layer. It also allows water to be drained out from the catalyst layer and conducts 

electrons in the cell with a low contact resistance. Activated by a catalyst, hydrogen 

molecules split into protons and electrons. Because of the insulating nature of the 

electrolyte, only the protons pass through it whereas the electrons are driven to the 

current collectors, thus producing a current that can be utilized in an external circuit 

before returning to the cathode side for recombination with incoming protons and 

oxygen in the presence of a catalyst to form water, thereby completing the circuit.  
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Figure 5  Schematic illustration of a typical PEMFC single cell and the chemical 

reactions proceeding at its electrodes (anode and cathode). 

 

The central core of PEMFC is a membrane electrode assembly (MEA), which 

consists of: (i) a solid polymer electrolyte membrane, (ii) two dispersed catalyst layers 

and/or not, (iii) two gas diffusion layers (Litster and McLean, 2004; Mehta and 

Cooper, 2003; Peighambardoust et al., 2010; Wilson and Goffesfeld, 1992). The 

development of catalyst layers to be incorporated into the MEA is a crucial area of 

research concerning PEMFC. Because of the oxidation-reduction or redox reactions 

on the electrodes are the surface processes so a supporting material with large surface 

area is required for supporting the nano-sized electrocatalyst particles in order to 

obtain a well-performed electrode. Up until the present, many carbon-supported Pt 

catalysts have been commonly used for this purpose because of their attractive 

features for the electrochemical applications Antolini, 2009; Chan et al., 2004; 

Costamagna and Srinivasan, 2001; Lee et al., 2006; Sharma and Pollet, 2012; 

Ticianelli et al., 1988; Wee et al., 2007; Yu and Ye, 2007a, 2007b; Zhang et al., 

2010a) (Ref 26). The Balandin volcano plots show that Pt has the highest activity 
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among the metal catalysts toward both the hydrogen oxidation reaction (HOR) and the 

oxygen reduction reaction (ORR) occurred at the anode and cathode, respectively 

(Holton and Stevenson, 2013; Jaksic et al., 1998; Nørskov et al., 2004). Pertaining to 

the carbon supports, they are not only low-cost materials serving the way for 

commercialization but also exhibit good electrical conductivity and acceptable 

chemical stability that make it suitable for use in fuel cells (Antolini, 2009; Dicks, 

2006; Lee et al., 2006a, 2006b; Sharma and Pollet, 2012).  

 

In general, carbon blacks (CBs) with a high degree of graphitic character such 

as Vulcan XC-72R, Black Pearls 2000, Ketjen Black, etc., have been conventionally 

utilized for PEMFC to disperse Pt nanoparticles (PtNPs) (Antolini, 2009; 

Bayrakçeken et al., 2008; Chan et al., 2004; Le Gratiet et al., 1996; Umeda et al., 

2003; Zhou et al., 2003). However, the CBs often make poor Pt utilization via two 

ways. Firstly, PtNPs are often trapped in the micropores (with size of <2 nm), which 

are the main pores of CB, and the PtNPs are in turn not involved in the 

electrochemical reactions because the appropriate three-phase reaction zone (gas–

electrolyte–electrode) could not be constructed (Gasteiger et al., 2005; Li et al., 2003; 

Park et al., 2002; Thompson et al., 2001; Uchida et al., 1996). Usually, in order to 

obtain a well-catalyzed reaction, an appropriate three-phase reaction zone where the 

catalyst contacted with the interfacial region between the polymer electrolyte and the 

electron conducting center must be constructed (see Figure 6). This contact zone is the 

highly essential reactive site where both proton and electron transfer occur. In 

addition, the bare regions over the catalyst sites have to be preserved in order to 

facilitate the fast access of the reactant gases to undergo the reactions. In the case of 

CBs, the micelle diameter of electrolyte polymer, at least 4 nm, is larger than the 

carbon micropores in which most PtNPs reside. Thereby, the electrolyte substance 

would be hindered to construct the three-phase active site. In the second way, CB can 

itself undergo the electrochemical oxidation during the long-term operation of the 

cell, thereafter resulting in the detachment of PtNPs from the support and aggregation 

into larger-size clusters. As a result of that, the catalytic surface area is reduced 

(Gasteiger et al., 2005; Thompson et al., 2001; Zhai et al., 2007). Moreover, the 

random porous structure of CB typically prevents the supplying of the fuel and 
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oxidizing gases to the catalytic sites, and also, retards water to be drained out from its 

pores.  

 

Hence, a new class material with an optimum structure is required to 

overcome the aforementioned disadvantages. To replace traditional carbon powders, 

CNTs have been suggested to be used (Carmo et al., 2005; Gong et al., 2009; 

Hatanaka et al., 2006; Li et al., 2005; Liu et al., 2002, 2008; Maiyalagan et al., 2005; 

Matsumoto et al., 2004a, 2004b; Nagle and Rohan, 2008; Tang et al., 2010; Wang et 

al., 2004; Zhang et al., 2010a, 2010b). 

 

 

 

Figure 6  Schematic illustration of the three-phase boundary interfacial area formed at 

the catalyst layer that is required for the occurrence of the reactions for fuel 

cells.  

 

They are expected to be superior to the conventional carbon black in supporting the 

PtNPs for fuel cell application because of the following configurations: (i) CNTs 

possess high surface to volume ratio and have no micropores in which the PtNPs are 

possibly trapped inside, (ii) the ordered tubular structure of CNTs facilitates the 

smooth mass transportation of molecules into the structure, (iii) the high graphiticity 

of CNTs assists the electrical conductivity as well as provides high resistivity for acid 

and oxidative etchings, (iv) CNTs, owing to p-electrons, interact specifically to the Pt, 

owing to d-electrons, thus enhancing the catalytic activity of the PtNPs (Antolini, 

2009; Dicks, 2006; Gamez et al., 1996; Kinoshita, 1990; Li et al., 2003; Matsumoto et 

al., 2004b; Ralph and Hogarth, 2002; Tauster et al., 1981).  
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Although both as-received and purified CNTs have been used for PEFC as 

supports for Pt electrocatalysts, they do not exhibit good behaviors for fuel cells since 

typically their structures are not aligned and thus, obstructing good gas, water and 

electron transports. In addition, by the drop casting or pellet pressing of MEA 

assembly, PtNPs are buried deep within the electrode layer. For this reason, the 

utilization of alternative vertically aligned CNTs is considered to be promising for 

fuel cells as their pore structure is regular and straight, and thus, providing the 

uniform diffusion paths for gas and water molecules in the cells (Gong et al., 2009; 

Hatanaka et al., 2006; Liu et al., 2008; Xiong et al., 2010; Zhang et al., 2010b). 

Moreover, since the electrical conductivity of CNTs along the tube axis is higher than 

that across the direction, the aligned tube arrays could deliver better cell performance 

compared to the tangled ones.  

 

Anyhow, in the real applications during the pressing process for MEA 

preparation, such aligned free-standing tubes can be pushed out from the arrays. 

These misaligned tubes impair the molecular diffusion in the cell and lower the 

available surface area (Hatanaka et al., 2006). To overcome this problem, we 

suggested the use of the vertically aligned carbon nanotubes (VACNTs) embedded in 

the channels of other patterned material such as the anodic aluminium oxide (AAO) 

template (Kyotani et al., 1995, 1996; Maiyalagan et al., 2005; Nagle and Rohan, 

2008; Rajesh et al., 2002; Ye et al., 2008). The CNT-AAO hybrid material can be 

simply prepared via chemical vapor deposition (CVD) method of a hydrocarbon 

source in the presence of AAO at about 600-900C.  

 

AAO templates have not only been used for producing the arrays of VACNTs 

but also exploited for synthesis of other nanomaterials with well-ordered and 

controllable porous structure such as titanium oxide (TiO2), polyaniline (PANI) and 

gold nanotubes (Brumlik and Martin, 1991; Xiong et al., 2004; Ye et al., 2008). The 

typical nanostructure of AAO can be described as hexagonally ordered array of 

parallel cylindrical nanochannels perpendicular to the Al substrates (Figure 7). The 

fabrication of AAO is usually based on the self-ordering processes of nanopores via 

the electrochemical anodization of aluminium in an aqueous electrolyte. By regulating 
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the anodization conditions, the pore geometries, i.e., interpore distance, pore diameter 

and pore length, can be precisely tuned. The AAO template-confined carbonization 

has been known as the process for the production of CNTs with a uniform and tunable 

pore size distribution. 

 

 

 

Figure 7  Schematic illustration showing an anodic aluminium oxide (AAO) structure 

prepared via an electrochemical anodization of aluminium (Al). 

 

We expected that a stable 3D electrode of VACNTs produced in the presence 

of an AAO template will keep the tubes as arrays during the MEA manipulations 

since the rigid AAO film is likely to withstand the pressing force and thus preserves 

the alignment of the tubes. Upon this proposed strategy, the formation of bundled 

VACNTs (because of the van der Waals interactions between nearby tubes), that 

would cause a significant loss of active surface and flow channels, can be avoided as 

well. Encouraged by this, the VACNTs synthesized by CVD technique were taken 

advantage of here for the MEA fabrication by employing the AAO film as a robust 

support to keep the standing arrays intact and also as a structural template to tailor the 

carbon nanostructure with desired pore length and diameter. Then, a properly featured 
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triple phase reaction zone was constructed on the inner walls of the CNT-AAO pores 

(see Figure 8).  

 

 

 

Figure 8  Schematic illustration showing the assembly of Nafion/PtNPs/CNT-AAO 

film and Nafion membrane. The triple phase reaction zone 

(Nafion/PtNPs/CNTs) constructed on the inner walls of the AAO pores is 

also demonstrated.  

 

This interfacial structure comprises a proton conducting layer (Nafion), 

electron conducting layers (CNTs) and layers of adsorbed reactant (platinum 

nanoparticles, PtNPs). The well-constructed composites of Nafion/PtNPs/CNT-AAO 

and Nafion membrane were attempted to be fabricated in order to achieve a 

membrane electrode assembly (MEA) suitable for PEMFC. 

 

In addition to the hybrid PtNP/CNT materials, the hybrid materials of gold 

nanoparticles (AuNPs) and CNTs (AuNP/CNT) have also been used as 

nanocomponents for sensor or catalytic applications due to their outstanding 

properties (Alexeyeva and Tammeveski, 2008; Cai et al., 2007a; Dong et al., 2008; 

Lim et al., 2004; Lin et al., 2009; Xu et al., 2008). Up until now, there have been 

three main approaches to prepare AuNP/CNT among which covalent, non-covalent 

and direct depositions have been mentioned (Zhang and Olin, 2011). In the direct 

attachment approach, AuNPs are formed on the sidewalls of CNTs without extra-

functionalized molecules (Kim et al., 2003; Satishkumar et al., 1996; Warakulwit et 
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al., 2008; Zhang et al., 2000).
 
Even though the direct formation provides high purity 

composites, there are some critical limitations, e.g. the requirement of sophisticated 

equipment, the ineffective size control of the AuNPs and the instability of the particle 

adsorption. The covalent binding method is thus getting more attractive for improving 

the stability of the attachment of the particles on the tube surface (Azamian et al., 

2002; Gobbo et al., 2013; Liu et al., 1998). Nevertheless, some important drawbacks 

of the covalent attachment involving the multistep and complex reactions still need to 

be addressed. Because of this, the non-covalent deposition has been developed in 

numerous ways (Carrillo et al., 2003; Jiang et al., 2003; Jiao et al., 2012; Wang et al., 

2006), particularly the electrostatic self-assembly. This is, firstly, a technique whereby 

CNTs and AuNPs can be tailored to be negatively or positively charged. Secondly, 

the electrostatic binding is strong enough to withstand hydrodynamic and ultrasonic 

forces during auxiliary processes in the experiments. Finally, the presence of ionic or 

polar functional groups on the hydrophobic CNT surface make them more hydrophilic 

and well-dispersed in aqueous solutions, thus promoting the attachment of the 

counter-charged AuNPs.  

 

Using these means, the wrapping of CNTs with ionic polymers, followed by 

the assembly with oppositely charged particles, has been very widely employed 

(Carrillo et al., 2003; Jiang et al., 2003; Kim and Sigmund, 2004). Nevertheless, it 

should be noted that the covering CNTs with polymer layers may hinder the electron 

transfer between the component species and also between the composite and other 

molecules. Because of this, naked CNTs are more preferable.  

 

In this sense, it is fortunate that it was found that the negatively charged CNs 

can be obtained in the case of the CNTs prepared by using the AAO template after the 

removal process of the oxide from the tubes spontaneously without any tedious post-

treatment (Orikasa et al., 2006, 2008). The resulting outer surface charges are mainly 

caused by the oxygen functional groups formed during the removal process with 

alkaline solutions. Such oxygen-containing functional groups also induce an electric 

double layer (EDL) around each CNT, which consequently enhances the water 

dispersibility of the tubes. Such a simple process yielding the water-dispersible tubes 
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with their inherent characteristics and without using any harsh and complicated 

modifications is truly promising. Apart from the simplicity of the process, its ability 

to yield the tubes with well-ordered structure and uniform length and diameter is of 

our interest. This is because such characteristics are suitable for various applications 

including sensors and catalysis. On account of this, the unmodified but negatively 

charged CNTs obtained after the removal of AAO are suitable to act as a platform for 

the loading of positively charged AuNPs via electrostatic self-assembling.  

 

4-(N,N-dimethylamino)pyridine, or DMAP, was utilized here as a non-ionic 

capping ligand that is non-covalently bound to the AuNP surfaces through the 

endocyclic nitrogen  (see Figure 9). The positive charges, which can bind to the 

negatively charged surface of CNTs, are polarized at the DMAP/water interfaces by 

exocyclic amine group of DMAP. DMAP-protected AuNPs (Au-DMAP) are of 

current interest arisen from good water-dispersible and versatile precursor for many 

substrates (Gittins et al., 2002; Yu et al., 2003; Zhang et al., 2007).  

 

 

 

Figure 9  Schematic illustration showing the stabilization of AuNPs using the DMAP 

capping agent. 
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A general preparation method of the Au-DMAP relies on the spontaneous 

phase transfer of AuNPs from toluene to water phases that is a result of the ligand 

exchange of tetraoctylammonium bromide (TOABr) with DMAP (Gittins and Caruso, 

2001). Anyhow, it is hard to find the reports about one-step and one-phase synthesis 

of Au-DMAP, and especially in non-toxic aqueous solutions (Danger et al., 2012; Raj 

et al., 2011). Moreover, the control over of the particle size of Au-DMAP, which 

influences their optical, electrical and catalytic properties, has not been studied 

systematically until recently. For this reason, in this work, we aim to discover a new 

method to satisfy such requirements.  

 

To the best of our knowledge, poly(N-vinyl-2-pyrrolidone) or PVP is one of 

the most effective capping agents for fabricating the water-soluble AuNPs. This is 

because PVP provides an effective steric stabilization to the particles, and thus, 

preventing them from aggregation. Therefore, typically the resulted AuNPs are of 

small size, around 1-2 nm, and their size distribution is mono-disperse (Tsunoyama et 

al., 2004, 2005, 2006, 2008, 2011). In addition, the stable colloidal solution of the 

stabilized particles can be obtained without the use of any additional hazardous 

chemicals. Accordingly, PVP was chosen as the co-stabilizer with DMAP because the 

sizes of AuNPs obtained by using only DMAP as a single stabilizer and using both 

DMAP and PVP as stabilizers are expected to be varied. The core size of the particles 

is proposed to be controlled by varying the amount and ratio of DMAP and PVP. This 

synthetic protocol is expected to open up a novel feature of CNTs (with AuNPs) for 

the applications ranging from industrial catalysis to nanoelectronics. 
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OBJECTIVES 

 

1. To evaluate the sensing properties of Pt-doped SWCNT (SWCNTVac/Pt) 

comparing with those of pristine SWCNTs (SWCNTs), vacancy defected SWCNTs 

(SWCNTVac) and Pt-deposited SWCNT (SWCNT/Pt) for NO2 and NH3 detections by 

means of DFT calculations. 

 

2. To investigate the catalytic activities of transition metals (Sc, Ti, V) 

decorated SWCNTs and pristine SWCNTs for N2O removal by means of DFT 

calculations. 

 

3. To fabricate a novel design electrode for PEMFC application by 

constructing the triple boundary interfacial structure including a proton conducting 

layer (Nafion), electron conducting layer (CNTs) and a reactant adsorbed layer 

(platinum nanoparticles, PtNPs), on the inner walls of AAO pores and to prepare the 

composite of Nafion/PtNPs/CNT-AAO electrode and Nafion membrane as well. 

 

4. To fine-tune the sizes of positively charged AuNPs by adjusting the amount 

of PVP and DMAP stabilizers and then synthesize the AuNPs/CNTs nanocomposite 

by the facile electrostatic deposition of those size-controlled AuNPs onto the AAO-

templated CNTs. 
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LITERATURE REVIEW 

 

Well-performing chemical sensors based on CNTs have attracted a great 

interest for detecting pollutants and toxic gases. The semiconducting SWCNTs were 

found to exhibit a great potential in the gas sensing applications for the first time by 

Kong et al. (Kong et al., 2000). The single SWCNT was used as a transistor channel 

between two gold electrodes (source and drain) and the experiments were carried out 

to monitor the resistance of the SWCNT upon the flows of NO2 or NH3 gases. Such 

nano-scale assembly exhibited high sensitivity and fast response, even at ambient 

temperature.  

 

The sensing performance of SWCNTs has been found to relate with the charge 

transfer between it and the analyzed gas. Many former computational studies 

indicated that both NO2 and NH3 molecules were physisorbed on the tube surfaces, 

causing only a small charge transfer and low conductance responses (Chang et al., 

2001; Lu et al., 2005; Santucci et al., 2003). In contrast to the results obtained from 

the experimental works, which were found that the tubes provided high sensing 

response for the probing molecules. Therefore, several assumptions were given to 

elucidate these findings. The indirect mechanism was regularly proposed for NO2 and 

NH3 systems (Valentini et al., 2004). For instance, because of the low diffusion 

barrier of NO2 on tube surfaces, the chemical reaction of NO2 occurred easily, thus 

producing NO3 species, which have strong binding energy and long life on the tube 

surfaces. While in the case of NH3, the strong interaction between NH3 molecules and 

the pre-adsorbed oxygen species on SWCNT were assumed to be the possible 

mechanisms. However, those complicated phenomena generally excluded the rational 

design of improved sensors.  

 

On account of that, there have been many attempts to tailor the selectivity and 

sensitivity of CNTs for the sensing application. The generation of new active sites on 

their surface is the premier strategy to surmount the drawback of the intrinsically inert 

CNT structure. The introduction of structural defects on the sidewalls of CNTs, 

especially ones associated with vacancies, has been proven to be able to enhance the 
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sensitivity of the tubes for small probing molecules like NO2 and NH3 (Andzelm et 

al., 2006; Mercuri et al., 2005). In addition, the decoration of SWCNT network arrays 

with some transition metals (Pd, Pt, Rh, and Au) allowed the fabrication of the single-

chip device (Star et al., 2006). This could enlarge the diversity of identified molecular 

species including H2, CH4, CO, and H2S. It was also shown that, the embedding of 

foreign atoms on CNTs makes them possible to examine a variety of gases as well. By 

altering the dopants, B-, N- and Al doped CNTs had proven to be highly sensitive to 

NH3, NO2, CO, H2O and HCOH (Bai and Zhou, 2007; Peng and Cho, 2003; Wang et 

al., 2006, 2007). The metal-decorated CNTs were likewise found to be promising as 

the active and selective sensing materials. Compared to the bare CNTs, the Pt- and 

Au-functionalized MWCNTs were found to be more sensitive for NH3 and NO2 

detections by more than two times of sensitivity defined in terms of percentage 

relative resistance change (Penza et al., 2007). 

 

From the aforementioned above, the metal-decorated CNTs are promising to 

be served as the active and selective sensor elements.  Typically, the efficiency of 

sensory platform strongly depends on the amount of active sites located on its surface. 

When the metal nanoparticles are considered to response the sensing process such as 

in the case of the CNT/metal hybrid materials, small-sized metal particles such as 

nanoparticles or nanoclusters with a narrow size distribution and a good dispersibility 

on the supporting surface, providing high active surface area, are required in order to 

deliver a good sensing performance.  

 

The direct surface adsorption of metal clusters on as-synthesized CNTs has 

been considered to be non-tedious techniques for sensor fabrication (Krishna Kumar 

and Ramaprabhu, 2006; Mubeen et al., 2007; Penza et al., 2007; Star et al., 2006). 

The electrochemical deposition and the sputtering methods were employed by Star et 

al. and Penza et al., respectively to directly deposit metals on the sidewalls of CNTs 

(Penza et al., 2007; Star et al., 2006). Nevertheless, the former method produced the 

aggregate metal clusters (200 nm) whereas, in the latter case, the smaller particles 

were obtained but with a broad size distribution. The large and non-uniform size of 

the metal clusters on the CNT sidewalls produced by these techniques may lead to an 
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unfavorably small specific surface. Interestingly, recent experiments suggest that 

defective CNTs were capable of increasing more than triple the Pt loading content 

from 10% on pristine CNTs to 32% on defected CNTs (Kim et al., 2007). The density 

functional calculations were performed to understand this occurrence. It was found 

that Pt atom is preferable to adsorb onto the vacancy site of the tube with the largest 

binding energy of 143 kcal/mol by forming a hexagon, resembling conventional 

doping. For enhancing the stability and reactivity of the sensing device, the vacancy 

defected SWCNTs (SWCNTVac) are thereby promising for using as metal support. 

 

As for the catalytic metal, Pt is one of the metals that are commonly used for 

catalysis and sensor. It has adsorption capability of small probing molecules such as 

O2, CO, H2, NH3 and NO2 (Grabow et al., 2008; Orita and Inada, 2005; Penza et al., 

2007; Wang and Balbuena, 2004; Zhou et al., 2007). Hence, the Pt-doped SWCNTs 

(SWCNTVac/Pt) are fascinating to be applied as the sensing platform in this study. 

The performances of corresponding structures are also compared including pristine 

SWCNTs, vacancy defected SWCNT (SWCNTVac) and Pt-deposited on perfect 

SWCNT (SWCNT/Pt). Ammonia (NH3) and nitrogen dioxide (NO2) have been 

chosen because of their importance as pollutants and industrial toxicants and also 

because they are good models for electron donors and electron acceptors, 

respectively.  

 

Not only the detection technology for toxic or pollutant gases has been 

continuously developed, but also the elimination of them has also been extensively 

studied. Particularly, the removing and reducing of the greenhouse gases such as CO2, 

N2O, and CH4 that contribute to the global warming crisis by destructing the ozone 

layer in the stratosphere has been considered as an issue for environments with the 

major priority. Among of the greenhouse gases, although CO2 is a major source 

resulting on the greenhouse effect, the eliminations of CH4 and N2O are somewhat 

more attractive to be considered. This is because their Global Warming Potential 

(GWP) values, which is a relative measures of the ability of each greenhouse gas to 

trap heat in the atmosphere relative to carbon dioxide (CO2) over a specified time 

horizon, are much higher than that of CO2; CH4 has a 25 times higher impact on 
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climatic warming than CO2, and N2O has 300 times more impact than CO2, (Kasimir-

Klemedtsson et al., 1997). Because of the great GWP value of N2O, the elimination of 

N2O is of our focus.  

 

N2O is emitted from both natural (vegetation and the oceans) and 

anthropogenic (human-made) sources.  Naturally, N2O is emitted from the soil and 

ocean. Many human activities such as agriculture, fossil fuel combustion, and 

industrial processes such as the productions of adipic acid and nylon add up the 

amount of N2O in the atmosphere.  

 

Up until the present time, many routes for the reduction of emitted N2O have 

been proposed. Two major solutions are suggested, including (i) the indirect catalytic 

decomposition by selective catalytic reduction of N2O or utilization of N2O to 

produce value added products and (ii) the direct catalytic decomposition of N2O into 

N2 and its corresponding oxide complex. As an example for the first case, NH3, CO, 

and various hydrocarbons such as CH4, C2H4, C2H6, C3H6 and C3H8 were employed as 

effective reducing gases for removing the surface oxygen and in turn regenerating the 

active sites (Angelidis andTzitzios, 2003; Boissel et al., 2006; Chaki et al., 2005; Coq 

et al., 2000; Debbagh et al., 2007; Hirano et al., 2007; Jurczyk and Drago, 1998; 

Kögel et al., 1999; Nobukawa et al., 2007; Ruiz-Martínez et al., 2005; Sugawara et 

al., 2007; Yoshida et al., 2004). There were numerous research groups taking 

advantage of N2O as the oxidant in one-step oxidation of benzene to phenol which is 

of potential interest for the chemical industry (Iwamoto et al., 1983; Jia et al., 2004; 

Panov et al., 1998; Pillai, K. S. et al., 2004; Pirutko, L. V. et al., 2002). Compared to 

the first method, the direct catalytic decomposition method has also attracted much 

attention because it is a relatively simple method and there are no extra costs from the 

external supply of reducing gases (Abu-Zied et al., 2008; Ohnishi et al., 2007; Pantu 

et al., 2008; Sun et al., 2006; Wa c aw et al., 2004).  

 

The inevitable elementary step of all mentioned N2O decomposition processes 

is the dissociation N2O into N2 and O-adsorbed species. The catalytic metals adsorbed 

on various types of supports have shown to have potential to catalyze this reaction, 



25 

 

particularly the metal-exchanged zeolites exhibit very high catalytic activity for the 

reaction. Abu-Zied et al. investigated the N2O decomposition over several transition 

metal exchanged ZSM-5 zeolites. Among of the studied catalysts, they found that Co-

, Cu- and Fe-ZSM-5 catalysts exhibit high activities (Abu-Zied et al., 2008). Many 

zeolites with the Fe content such as Fe-FER, Fe-ZSM-5, Fe-BEA, and Fe-FAU were 

also studied both theoretically and experimentally (Pantu et al., 2008). The activity 

trend given by the experiments is Fe-FER > Fe-BEA > Fe-ZSM-5 >> Fe-FAU. The 

results indicate that apart from the Fe species, the nanostructured pore networks of 

zeolites play themselves an important role on the catalytic activity of N2O 

decomposition. Although some zeolite materials exhibit very high activity for the 

reaction, the zeolite structure could be intrinsically destructed through the chemical 

removal of alumina or aluminates by the water vapor presented in the system at high 

temperature in which the reaction takes place. This poor hydrothermal stability may 

limit the practical applications of zeolites for the N2O decomposition (Kapteijn et al., 

1996).  

 

Alternatively, the N2O decomposition has been carried out over various 

carbon-supported catalysts (Carabineiro et al., 2000, 2005, 2008; Ma et al., 2000; Zhu 

et al., 1999). Carabineiro et al. indicated that vanadium (V) impregnated activated 

carbon (AC) could catalyze the N2O conversion at the temperature lower than that of 

the unmodified AC since the V performed as an active oxygen acceptor, which 

facilitated the N2O adsorption (Carabineiro et al., 2000). Moreover, Zhu et al. studied 

the activities of Nickel (Ni) supported activated carbon (AC) with and without acid 

treatments on the N2O reduction (Zhu et al., 1999). They found that the acid treated 

AC could aid the dispersion of Ni catalyst and preserved the uniform dispersion 

during reaction stage resulted in the improving catalytic activity. Similar aspects were 

obtained from the research work of Ma and coworkers (Ma et al., 2000) whereby the 

Copper (Cu) supported on different allotropic forms of carbon materials including 

activated carbon (AC), pitch fiber (PF) and diamond powder (D) were comparativly 

studied as catalysts for N2O decomposition. Among all catalysts tested, the Cu/D 

showed the highest activity. This was because the Cu metals on D substrates appeared 

to give good wetting and spreading action on the support surfaces. From this finding, 
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it could be deduce that the activity of the metal-supported carbon catalyst for the N2O 

decomposition was most directly related to the dispersion of active metals. However, 

the amorphous carbon particles contain many dangling bonds and deep pores leading 

to form highly dense aggregate particles and causing an unfavorably low specific 

surface area.  

 

Because of such problems, CNTs are thereby very attractive to be used as 

support material for catalysts, especially metal catalysts. This is not only because of 

their high specific surface area but also their unique characteristics and properties 

such as well-ordered structure, good conductivity and high thermal and chemical 

resistances. Apart from behaving as catalyst supporting materials, some theoretical 

investigations of the N2O decomposition on perfected and defected SWCNTs 

indicated that CNTs can themselves act as a catalyst for the reaction because of their 

electron donor property. However, their catalytic activity is not high. They provided 

relatively high activation energies in the range of 40-48 kcal/mol (Namuangruk et al., 

2007). Furthermore, although in the case of chloride anion encapsulated into the 

perfect and defect SWNTs for extremely enhancing the electron transfer from the tube 

to the N2O molecule, the smallest activation barrier of these systems (32 kcal/mol) 

was rather high. To enhance the catalytic activity of CNTs, the metal decoration is 

thus considered again to create an active center in electron transfer towards the 

approaching N2O molecule.  

 

As to the metal selection, the theoretical study of N2O dissociation on 

transition metal atom by Stirling et al. revealed that the activation energies of the 

oxygen abstraction reactions of N2O by Sc, Ti, and V were very low, all by less than 5 

kcal/mol, (Stirling, 1998, 2002). These values are in agreement with that obtained 

from the experimental studies (Futerko and  Fontijn, 1991; Ritter and Weisshaar, 

1990). In accordance with the calculations from Delabie et al., the reactions of Sc, Ti, 

and V with N2O producing metal oxide and N2 proceeded almost without energy 

barriers and are quite exothermic (Delabie et al., 2001). For this reason, the Sc, Ti, 

and V- decorated CNTs are, as expected, suitable catalysts for N2O decomposition 
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and this study is the first attempt to evaluate the capability of newly modified CNTs 

with transition metals (Sc, Ti, V) for N2O removal in the theoretical aspects.   

 

From the above literatures in both topics, it could be proposed that the metal-

CNTs hybrid material is probably able to provide a strong potential in other fields of 

applications also. Apart from the computational study, this research is also extended 

to the experimental fabrications of CNTs and their functionalization with particular 

metal nanoparticles in order to achieve the novel composite nano-structure feasibly 

applied in fuel cell and other important applications. 

 

Petroleum shortage is increasingly becoming a serious issue since fossil fuels 

will be depleted in near future. While the continued use of fossil fuels will inevitably 

generate CO2 greenhouse gas which strongly impacts on the environment. 

Consequently, the development of other methods using sustainable energy resources 

such as wind, solar and hydropower are energetically pursued to satisfy the need for 

the establishment of renewable energy systems that are independent of petroleum fuel 

along with the increasing environmental concern. Unfortunately, these resources can 

only be harvested in some areas, which experience the adequate sunlight, moving of 

wind and water, respectively. Then, the use of these renewable energy sources is 

somehow limited.  

 

An alternatively promising possibility is to exploit the energy from the fuel 

cells because a particular environment is not necessary in the fuel cell system. Fuel 

cell is an electrochemical device that generates electricity via a chemical reaction of 

fuel and an oxidant in the presence of a catalyst and then produces heat, water and 

trace gaseous pollutants as its byproducts. As compared with the traditional 

combustion engine, the fuel cell is more effective because there is no need for an 

intermediate mechanical energy conversion which in turn reduces the efficiency and 

also does not produce CO, HC, or NOx. The fuel cell is widely accepted as the power 

source of the future since it generates electricity with high efficiency and very low 

pollution (Boudghene and Traversa, 2002; Kirubakaran et al., 2009; Kordesch and 
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Simader, 1995; Perry and Fuller, 2002; Ticianelli et al., 1988; Wang et al., 2011; 

Wee, 2007). 

 

The first fuel cell was invented in 1839 by Sir William Grove and his device 

was named a gas battery (Bacon, 1969; Boudghene and Traversa, 2002; Perry and 

Fuller, 2002; Srinivasan et al., 1990). It consisted of two platinum electrodes placed 

in the test tubes containing hydrogen and oxygen gases separately. One end of each 

platinum electrode was immersed in a bath of sulphuric acid. The current could be 

generated by the electrons flowing between the electrodes. Due to the problems of 

inconsistency in cell performance from the corrosion of electrodes, Grove‟s fuel cell 

was not practical. In the late 1950s, Francis Bacon's research team successfully 

produced a more workable fuel cell for NASA's Apollo moon missions and Skylab 

programs. For this fuel cell, the alkaline electrolyte (molten KOH) and porous 

sintered nickel electrode were used instead of sulphuric acid and the bulk platinum 

electrode, respectively. By this modification, the contact area between the electrodes, 

the gases and the electrolyte was much higher than that obtained in the Grove‟s cell, 

thus increasing the power density of the fuel cell. Even so, it was only after an 

efficient newly design of a polymer electrolyte membrane (PEM) fuel cell was made 

in the early 1960s by General Electric (GE) for the Gemini and Apollo space mission.  

 

After over 150 years of research, fuel cells can be divided into five primary 

types according to the nature of the electrolyte material. These include alkaline fuel 

cell (AFC), phosphoric acid fuel cell (PAFC), solid oxide fuel cell (SOFC), molten 

carbonate fuel cell (MCFC) and proton exchange membrane fuel cell (PEMFC) 

(Boudghene and Traversa, 2002; Kirubakaran et al., 2009; Kordesch and Simader, 

1995; Perry and Fuller, 2002). Among them, the PEMFC is the most widely used due 

to its fast startup time, favorable power-to-weight ratio and long lifetime (Costamagna 

and Srinivasan, 2001; Peighambardoust et al., 2010; Wang et al., 2011; Wee, 2007).  

 

Two major performance improvements had been made in PEMFC technology 

since the application in NASAs Gemini space flights in the 1960s. One extreme 

development was when the polystyrene sulfonic acid membrane (the electrolyte used 



29 

 

in the GE PEMFC  was replaced by the Du Pont‟s perfluorosulfonic acid membrane 

namely Nafion, which is more stable memebrane, in 1970s (Costamagna and 

Srinivasan, 2001; Grot, 1985; Perry and Fuller, 2002). The chemical structure of 

Nafion consists of a polytetrafluoroethylene (PTFE) backbone with perfluorinated-

vinyl-polyether side chains containing terminal sulfonic acid groups to exchange the 

protons (Figure 10). Based on the molecular structure, Nafion does not suffer from 

rapid degradation as happens in the case of a polystyrene sulfonic acid membrane. 

This is because the C-F bonds of Nafion are stronger than C-H bonds of polystyrene 

sulfonic acid. Thus, the life time of such Nafion-based PEMFC was prolonged at by 

least four orders of magnitude.  

 

 

 

Figure 10   Schematic illustration of the Nafion chemical structure in which x and y 

are repeat units of the hydrophobic backbone and z represents a repeat 

unit of the side chain with a sulfonic acid group termination. 

 

The second important development of PEMFC was the dramatic reduction of 

catalyst loadings which was accomplished by Los Alamos National Laboratory in the 

1980s and 1990s (Raistrick, 1989; Ticianelli et al., 1988; Wilson and Goffesfeld, 

1992). The platinum loading was 10-fold reduced from about 4 mg cm
-2 

used in the 

Gemini space flights to less than 0.4 mg cm
-2

, while the performance was also 

increased. This achievement was made able by employing the newly designed 

electrocatalyst of Pt dispersed on high surface area carbon particles (e.g., carbon 

blacks, Vulcan XC72R) instead of pure Pt black as used in the Gemini fuel cells. This 

was able to considerably reduce the Pt usage along with increasing the triple-phase 

boundary or reaction zone of the electrode by impregnation of the proton conductor 
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(e.g., Nafion) into the catalyst layer. Subsequently, carbon blacks (CBs) are generally 

employed as support for Pt dispersion in fuel cells due to not only their large surface 

area and good electro-conductivity but also their low cost and high availability.  

 

Numerous researches have been conducted to investigate the effect of the CB 

structure on the metal dispersions and on the activities of those metal-supported 

electrocatalysts (Antolini et al., 2002; Fraga et al., 2002; McBreen et al., 1981; Rao et 

al., 2005; Stevens and Dahn, 2005; Takasu et al., 2003; Uchida et al., 1995; 

Watanabe et al., 1988, 1989). By the observations on the different types of CB, 

Uchida et al. found that, the particle size of Pt decreased with increasing the surface 

area of CB (Uchida et al., 1995). The influence of the CB characteristic on the fuel 

cell performance (when the Pt-CB hybrid material was used) was further studied by 

Watanabe et al. (Cai et al., 2007b; Gruver, 1978; Watanabe et al., 1988). They 

observed that acetylene black-supported Pt catalyst presented a better activity than the 

Pt-supported oil-furnace black despite the fact that the former has larger size of Pt 

particles. The explanation of this phenomenon goes to the CB pore structures. 

Acetylene black possess the higher amount of pores with a diameter of 3–8 nm, which 

are beneficial for the fuel diffusion, than for oil-furnace black supports.  

 

Heretofore, there have been several studies examining the stability of carbon 

support from the particle sintering and releasing from the carbon support which 

impacts on the loss of the platinum surface area (Gruver, 1978; Stonehart, 1984; 

Uchida et al., 1995; Wang et al., 2007; Watanabe et al., 1988). Uchida et al. (Uchida 

et al., 1995) obtained the results that the carbon support dissolution in sulfuric acid 

solution at 60C of CBs with the larger surface area (e.g., furnace blacks) was more 

than that of CBs with a smaller surface area (e.g., acetylene blacks). Moreover, the 

CBs with less support corrosion resistance brought the higher amount of the Pt loss 

and larger Pt particle size. These results corresponded well with that reported by 

Wang et al. (Wang et al., 2007). Accordingly, although many kinds of CBs have been 

widely used as a catalyst support, it still suffers from the mentioned problems which 

limit the activity of the catalyst.  
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The emergence of novel carbon support materials, such as graphite nanofibers 

(GNFs) (Besselet al., 2001; Steigerwalt et al., 2001), carbon nanotubes (CNTs) 

(Carmo et al., 2005; Kim et al., 2004; Liu et al., 2002; Matsumoto et al., 2004b; 

Rajesh et al., 2002; Wang et al., 2004; Xing, 2004), carbon nanohorns (Joo et al., 

2001; Yoshitake et al., 2002) and carbon nanocoils (Chai et al., 2004; Hyeon et al., 

2003; Park et al., 2004) opens up new ways to improve the electrochemical activity 

and stability of the fuel cell catalyst. Especially for CNTs, they are believed to be 

superior to CBs because of their high surface area, good crystallinity and well-ordered 

tubular structure with low or absence of micropores (Liu et al., 2002; Maiyalagan et 

al., 2005; Zhang et al., 2000). There are a significant number of papers demonstrating 

the higher catalytic activity of Pt supported CNTs than that of the same catalysts 

deposited on CBs. Maiyalagan et al. (Maiyalagan et al., 2005) reported that the 

catalyst of Pt supported on nitrogen containing CNT (Pt/N-CNT) presented a ten-fold 

increase in the catalytic activity for oxygen reduction compared to the Pt-supported 

commercial Vulcan. It was suggested that this was due to that the Pt/N-CNT made the 

higher Pt dispersion and stronger interaction between the support and the Pt particles.  

 

The testing carried out under the PEMFC simulating conditions by Wang et al. 

indicated that the MWCNTs could be more durable than VulcanXC-72 with less 

surface oxide formation and 30% lower corrosion current (Wang et al., 2006). 

Likewise, Girishkumar and co-workers also showed the improved stability of Pt 

particles by CNTs in which Pt/CBs lost 50% whereas Pt/CNT lost only 16% of its 

electrochemically active surface area (ECSA) after performing the repeated potential 

cycling over a period of 36 h (Kongkanand et al., 2006).  

 

The fabrication of the CNT-based MEA commonly involves the deposition of 

CNTs powder with metal particles and then pressing those composite materials on the 

membrane. By this assembly process, the disadvantage in catalyst performance could 

be obtained since the alignments of CNTs are unable to be manipulated and some Pt 

particles are wasted by being buried deep within the electrode layer. Alternatively, 

free-standing vertically aligned CNTs (VACNT) electrodes have been intensively 

studied due to their regular pore structures. As compared with the flat graphite 
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electrode, Tang et al. achieved a four-fold improvement in electrocatalytic current by 

using a VACNT network because of the higher catalytic utilization (Chan et al., 2004; 

Tang et al., 2004). Zhang et al. also demonstrated the sandwich structured MEA of 

the Pt-decorated free-standing CNTs on a Nafion membrane (VACNTs/Nafion 

membrane/VACNTs) (Zhang et al., 2010b). It was found that the PEMFC 

performance of this developed single cell was two times higher than that of the cell 

with the conventional Pt/CB electrodes. The advantages of VACNTs over random-

distributed CNTs likely originated from the continuous and direct diffusion path due 

to the vertical orientations of CNTs. A similar experiment was also carried out by 

Hatanaka et al. (Hatanaka et al., 2006) whereby the cell voltage at high electrical 

loading of the single cell composed of the Pt-coated well-aligned CNTs and Nafion 

membrane was remarkably higher than that composed of the Pt-carbon black. 

Nevertheless, under the hot pressing process of MEA fabrication, the layer of the 

VACNT was compressed to over 75% of the original thickness. As a result, the 

VACNTs were obviously pressed downward, becoming misaligned arrays. This 

feature might impair the diffusion channels and also lower the available surface area. 

One interesting method for the preparation of VACNTs that can preserve the array of 

VACNTs during the hot pressing process is the chemical vapor deposition (CVD) to 

form VACNTs in tubular porous template of anodic aluminium oxide (AAO).  

 

This technique was firstly presented by Kyotani et al. (Kyotani, 1995, 1996, 

2006). Briefly, an AAO film was introduced in a temperature-controllable reactor. 

The chemical vapor deposition of propene at 800 C was performed. The 

homogeneous carbon coating on the inner wall of the nanoporous template was 

obtained. The resultants of isolated CNTs were obtained just after removing AAO 

template with HF solution. Many other researchers have utilized the CVD-combined 

template technique for producing CNTs because that allows one to prepare the CNTs 

with controllable and uniform diameter and length without any use of a metal catalyst 

(Che et al., 1998a, 1998b; Jin Seung et al., 2001; Li et al., 1999). Rajesh et al. applied 

this synthesis method to prepare VACNTs for PEMFC applications (Rajesh et al., 

2002). The catalytic nanoparticles were loaded into the nanochannels of VACNTs 

before the dissolution of AAO. The nanoparticles exhibited a good dispersion inside 
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the pores of tubes, thus resulting in an improved electrocatalytic performance for 

methanol oxidation compared to the metal-decorated Vulcan XC72R. Similar results 

were also found by Maiyalagan et al. (Maiyalagan et al., 2005). They also showed 

that Pt catalysts were highly dispersed on the inner walls of nitrogen containing 

CNTs, which were prepared by the template method. The obtained composite material 

provides better catalytic performance than the commercial Pt/Vulcan (E-TEK) 

electrode.  

 

Notwithstanding this, up until the present time, there has been no research 

work to take advantage of the AAO template as the protecting film for VACNTs from 

the pressing force during MEA fabrication. In this study, VACNTs synthesized by the 

CVD technique are selected to be utilized for fabrication of MEA by employing AAO 

film as a template. The AAO template is expected to keep the standing of the tube 

arrays intact, to prevent the tube bundling closed by the van der Waals interactions 

between CNT surfaces and also to tailor the carbon nanostructure in uniform pore 

length and diameter. 

 

Furthermore, owing to the synergistic actions of constituents, the hybrid of 

different nanoscaled materials is thereby a prevailing strategy to create the novel 

functional properties that often drive the emergence of new frontier applications. 

Among various nanocomponents, other than PtNPs/CNTs, gold nanoparticles 

(AuNPs) and carbon nanotubes (CNTs) are also commonly used building blocks due 

to their outstanding properties and versatile syntheses. On account of that, the 

development of AuNPs/CNTs composites is concerned primarily with the wide area 

of uses such as optical, chemical and biological sensing, electronic and catalytic 

applications. Lim et al. demonstrated that Au–CNT based genosensor exhibited as a 

reliable device to differentiate between the complementary and mismatched DNA 

hybridizations (Lim et al., 2004). The capability of this heterostructure originated 

from the complementary roles of AuNPs and CNTs by which the AuNPs served as the 

anchoring sites for the thiolated biomolecules via the well-known gold–sulfur linkage. 

Meanwhile, CNTs performed as not only as a support but also as a fast electron-

transfer center. In addition to the ability for the immobilization of probe molecules in 
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DNA and protein sensors (Dong et al., 2008; Guo et al., 2010; Lim et al., 2004; Lin et 

al., 2009; Ma et al., 2008; Qin et al., 2010), AuNPs can be the active sites to catalyze 

some important electrochemical reactions. The exploitation the cooperative works of 

the AuNPs catalyst and the CNT support, which perform excellently for electron 

transfer and metal dispersion, are favorable in a glucose sensor, toxic chemical 

sensors of mercury (II), arsenic (III) and hydrogen peroxide and fuel cell applications 

(Alexeyeva and Tammeveski, 2008; Cai et al., 2007b; Kim et al., 2009; Li et al., 

2009; Li et al., 2012; Shi et al., 2009; Xiao et al., 2008; Xu et al., 2008; Zhu et al., 

2009).  

 

The fabrication of AuNPs/CNTs can be performed via several practical routes, 

thus allowing selection of the most proper preparation method to accomplish the 

desired property. Generally, based on the binding mode between AuNPs and CNTs, 

the decorations AuNPs onto the surfaces of CNTs are classified into three ways 

including covalent, non-covalent and direct depositions (Georgakilas et al., 2007; 

Singh et al., 2010; Zhang and Olin, 2011).  

 

For the direct deposition, AuNPs are attracted onto the sidewalls of CNTs 

without linking molecules by employing thermal and electron-beam evaporations, 

normal and microwave-assisted chemical reductions, chemical vapor deposition and 

electrodeposition (Bittencourt et al., 2006; Choiet al., 2002; Dong et al., 2006; 

Gingery and Bühlmann, 2008; Kim et al., 2003; Quinn et al., 2005; Raghuveer et al., 

2006; Satishkumar et al., 1996; Tello et al., 2008; Warakulwit et al., 2008; Xu et al., 

2008; Xue et al., 2001; Zhang et al., 2009; Zhang and Wang, 2007; Zhang et al., 

2000). Although the direct formation provides high purity composite of 

AuNPs/CNTs, some limitations of this method are still found e.g., the requirement of 

specific equipment such as vacuum system, the difficulty in regulating the sizes of 

AuNPs originated from the different local variations on the tube surface and the high 

aggregation tendency together with somewhat losing of AuNPs due to the unstable 

adsorption.  
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For the most applications of AuNP/CNTs, the robust hybrid nanostructure is 

required in order to prolong the capability of the fabricated device. The covalent 

binding is developed to surmount the stability of AuNPs/CNTs composite (Azamian 

et al., 2002; Choi et al., 2011; Coleman et al., 2003; Gobbo et al., 2013; Hatanaka et 

al., 2006; Hu et al., 2005; Ismaili et al., 2011; Liu et al., 1998; Peng and Wong, 2009; 

Zhang et al., 2008). For instance, Azamian et al., Hu et al. and Shi et al. carried out 

the functionalization of oxidized CNTs with the thiol compounds which then bond to 

the AuNPs via the thiolate groups (Azamian et al., 2002; Hu et al., 2005; Shi et al., 

2006). Likewise the research work of Choi et al., thiolate-Au bonds could be formed 

on the 4-mercaptobenzoyl functionalized MWCNTs, which were prepared by the 

direct Friedel-Crafts acylation reaction of MWCNTs and 4-mercaptobenzoic acid 

(Choi et al., 2011). Moreover, the diazirine-modified AuNPs covalently attached onto 

the MWCNTs by using a photoinitiated carbene addition approach were also 

synthesized by Ismaili et al. (Ismaili et al., 2011). Some researchers attempted to 

attain better control over the size and shape of AuNPs by pre-synthesizing them with 

well-established procedures prior to anchoring with functionalized MWCNTs. Of 

course, the drawbacks of the covalent attachment are taken into consideration 

including the dealing with the multistep chemical reactions and also the aggressive 

pretreatments on CNT surfaces that mostly damage the CNT structures and diminish 

their superior electrical and mechanical properties.  

 

Accordingly, there have been increasingly developed non-covalent deposition 

so as to preserve the excellent intrinsic properties of CNTs by utilizing hydrophobic, 

electrostatic, van der Waals and also π-π stacking interactions to link the unmodified 

or treated CNTs with functionalized AuNPs (Carrillo et al., 2003; Correa-Duarte et 

al., 2004, 2005; Dudin et al., 2010; Ellis et al., 2003; Herrero et al., 2010; Jiang et al., 

2003; Jiang and Gao, 2003; Jiao et al., 2012; Kim and Sigmund, 2004; Kim et al., 

2010; Kumar et al., 2009; Li et al., 2010; Ou and Huang, 2006; Rabbani et al., 2009; 

Rance et al., 2010; Wang et al., 2006, 2007; Yu et al., 2011). Among those 

techniques, the electrostatic self-assembly has been widely used. Up until present, the 

wrapping of CNTs with ionic polymer followed by the assembling with the oppositely 

charged AuNPs has been exploited extensively. Jiang et al. tuned the surface charges 
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of CNTs via electrostatic interaction between carboxyl groups of the oxidized 

nanotubes and the cationic chains of the poly(diallyldimethylammonium)chloride 

(PDDA). The negatively charged AuNPs were subsequently anchored to the 

positively charged CNTs through the electrostatic interaction (Jiang et al., 2003).  

 

Based on this schematic experiment, several types of cationic and anionic 

polyelectrolytes could effectively modify the CNT surfaces such as 

polyethyleneamine  PEI , polymethacryloyl β-alanine (PMBA), polystyrene sulfonate 

(PSS) and poly(acrylic acid) (PAA) (Carrillo et al., 2003; Correa-Duarte et al., 2004, 

2005; Jiang and Gao, 2003; Kim and Sigmund, 2004; Kim et al., 2010; Kumar et al., 

2009; Rabbani et al., 2009; Yu et al., 2011). In a similar manner, the charge of 

colloidal AuNPs could also be adjusted depending on their dispersion agent. For 

example, trisodium citrate, polyvinylpyrrolidone (PVP) and sodium dodecyl sulfate 

(SDS) were employed to introduce the negative charges on the AuNP surfaces 

whereas positive charges could be induced by 4-dimethylaminopyridine (DMAP) 

stabilizer (Kim and Sigmund, 2004; Kim et al., 2010; Kumar et al., 2009; Rabbani et 

al., 2009; Yu et al., 2011).  

 

However, covering of CNTs with a polymer layer may block the electron 

transport pathway of the nanotubes, thereby diminishing the conductivity of the 

composite. In order to avoid such a problem, using of the naked CNTs should be the 

better strategy. Regarding to the previous work, Orikasa et al. successfully prepared 

the water-dispersible CNTs via the template-enhanced CVD method (using AAO as 

the template) without any further post-treatments (Orikasa et al., 2006, 2008). The 

intrinsic hydrophilicity of the obtained CNTs were derived by the oxygen-containing 

functional groups formed during the template removal process with alkaline solution. 

These surface oxygen groups enabled the CNTs to be of negative charge. Those 

unmodified CNTs are thus suitable to be taken advantage of here as a negatively 

charged platform for loading AuNPs by means of electrostatic self-assembling. 

Following such an experimental scheme, the positively charged AuNPs need to be 

synthesized.  
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The 4-(N,N-dimethylamino)pyridine or DMAP is used hereof as a non-ionic 

capping ligand which can polarize the positive charges on AuNPs surfaces. DMAP-

protected AuNPs (AuNPs-DMAP) are of current interest because of their good 

stability in water media and exhibit as an excellent responsive precursor for various 

kinds of substrates such as biomolecules, polyelectrolyte materials, polymer-wrapped 

CNTs, which are applicable in biolabelling, photonic crystals, sensors and catalysis 

(Biver et al., 2012; Cho and Caruso, 2005; Gittins et al., 2002; Liang et al., 2003; 

Liang et al., 2002; Rabbani et al., 2009; Raj et al., 2011; Yu et al., 2003; Yu et al., 

2009; Zhang et al., 2007). 

 

A general preparation of AuNPs-DMAP bases on the method of Gittins et al. 

(Gittins and Caruso, 2001). In this method, the AuNPs were firstly synthesized in the 

toluene phase by using tetraoctylammonium bromide (TOABr) as a phase transfer 

agent for assisting the metal salt move toward the organic solvent. After that the as-

prepared AuNPs were spontaneously phase transferred into water under mixing with 

DMAP aqueous solution. Although this synthesis was quite simple, not time 

consuming and reproducible of AuNPs with uniform size (around 5-6 nm), it was 

carried out in the toxic organic solvent. To avoid harmful substances, water-based 

synthesis is preferable. However, there have been only few experiments so far on the 

one-step and one-phase synthesis of AuNPs-DMAP in an aqueous solvent. Amal Raj 

et al. synthesized the AuNPs-DMAP in an aqueous medium by adding the DMAP 

after the metal salt reduction process (Raj et al., 2011). The obtained particles were 

spherical-like in shape with a broad size distribution from 7-18 nm. Danger et al. 

attempted to tune the shape of AuNPs-DMAP in an aqueous system by varying the 

pre-reduction time of the Au
III

 ion with DMAP before the complete reduction by the 

addition of NaBH4 (Danger et al., 2012). The nanoparticle with various shapes 

including spheres with non-uniform size (3-4 nm), rods (40 nm), and long-armed 

branched nanopods (100 nm) could be produced. Beside both articles, there is still a 

lack of study as to systematically regulating the particle size of AuNPs-DMAP 

synthesized in an aqueous system.  
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Apart from DMAP, poly(N-vinyl-2-pyrrolidone) or PVP is one of the most 

common capping agent to produce the water-soluble AuNPs. Almost all syntheses of 

AuNPs-PVP proceed with using neither very hazardous chemicals nor strong 

conditions. Tsunoyama et al. prepared the AuNPs-PVP by the reduction of HAuCl4 

with NaBH4 in the presence of PVP via the conventional batch method and 

homogeneous microfluidic mixing (Tsunoyama et al., 2004, 2005, 2006, 2008, 2011). 

The sizes of AuNPs-PVP were uniform with an average diameter of less than 2 nm. 

The formation of the small AuNPs could be ascribed to the suppression of Au nuclei 

growth by the high stabilizing ability of the polymer backbone of PVP and very low 

temperature of the reaction medium.  

 

Hence, PVP is, therefore, promising to be exploited as a co-stabilizer with 

DMAP for receiving AuNPs with more sizes and narrower size distribution than of 

AuNPs prepared by using DMAP alone. The aim of this work is to synthesize 

positively charged AuNPs with various core sizes governed by the used amounts of 

DMAP and PVP stabilizers. The production of AuNPs-CNTs composites via 

electrostatic self-assembly of the positively charged AuNPs with different sizes and 

the negatively charged CNTs derived from template method are thereafter 

investigated. 
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MATERIALS AND METHODS 

 

1.  Materials 

 

All materials and chemicals for the fabrication of Nafion/PtNPs/CNT-AAO 

and CNTs/AuNPs composites were used as received without further purification.  

 

For the fabrication of  Nafion/PtNPs/CNT-AAO composite, the required 

materials and chemicals include aluminium (Al) and nickel (Ni) plates (with a purity 

of 99.99%) with a thickness of 0.5 mm, perchloric acid (HClO4), oxalic acid 

((COOH)2), phosphoric acid (H3PO4), nitric acid (HNO3), chromic acid (CrO3), 

hexachloroplatinic acid (H2PtCl6), sodium borohydride (NaBH4), octadecanethiol 

(C18H37SH), Nafion solution, polyvinyl chloride (PVC) resin, ethanol (C2H5OH), 

tetrahydrofuran (THF, C4H8O), toluene (C8H10), acetone (C3H6O), deionized water, 

nitrogen (N2) gas and acetylene (C2H2) gas. The Nafion 117 membrane was employed 

for assembling with Nafion/PtNPs/CNT-AAO film. In the case of the synthesis of 

CNTs/AuNPs composite, the used materials and chemicals include aluminium (Al) 

and nickel (Ni) plates (with a purity of 99.99%) with a thickness of 0.5 mm, 

perchloric acid (HClO4), sulfuric acid (H2SO4), sodium hydroxide (NaOH), sodium 

chloride (NaCl), sodium borohydride (NaBH4), gold (III) chloride trihydrate (HAuCl4. 

3H2O), polyvinylpyrrolidone (PVP K10, MW 10000, (C6H9NO)n), 4-

(dimethylamino)pyridine (DMAP, (CH3)2NC5H4N)), deionized water, nitrogen (N2) 

and acetylene (C2H2) gases.  

 

2.  Equipment and Instruments 

 

To fabricate the Nafion/PtNPs/CNT-AAO composite, the important items of 

equipment employed for AAO and CNT syntheses with anodization and chemical 

vapor deposition (CVD) approaches, respectively were power supply (KIKUSUI 

PWR1600L), temperature-controlled water bath (Yamato Thermo-Mate BF400), 

homemade acrylic plastic cell and CVD reactor (built in-house). The hot hydraulic 

compression press system (PHI) was used to attach the Nafion membrane to the 
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synthesized Nafion/PtNPs/CNT-AAO film. The structural characterizations were 

carried out with a transmission electron microscope, TEM (JEOL, JEM-2010) and a 

field emission-scanning electron microscope, FE-SEM (Hitachi S-4800). The 

thermogravimetric analyzer (TG; Shimadzu, TGA-51H) was used to observe the 

decomposition temperature of octadecanethiol. Regarding the CNTs/AuNPs 

composite, all necessary items for AAO and CNT syntheses were similar to those for 

the fabrication of the Nafion/PtNPs/CNT-AAO. The additional devices used in CNTs 

synthesis were a plasma reactor (Yamato Scientific, PR-301) and filter membranes 

(Whatman, Anodisc, pore diameter 0.02 m). The common stirrer, centrifugal filter 

unit (MWCO 10000) and microcentrifuge tubes were also necessary equipment for 

AuNPs preparation. The structural characterizations were carried out with a 

transmission electron microscope, TEM (JEOL, JEM-2100). Ultraviolet and visible 

(UV–vis) spectroscopy was operated on a UV-670 spectrophotometer (JASCO 

Analytical Instruments). Zeta potential was measured with a Zetasizer Nano ZS90 

(Malvern Instruments).  

 

3.  Methods 

 

3.1 Methodology for the evaluation of sensing properties of Pt-doped SWCNTs 

(SWCNTVac/Pt), pristine SWCNTs (SWCNTs), vacancy defected SWCNTs 

(SWCNTVac) and Pt-deposited SWCNT (SWCNT/Pt) for NO2 and NH3 detections 

 

Fully optimized geometries and the properties of all systems were derived by 

means of density functional calculations in the spin-unrestricted generalized gradient 

approximation with double-numerical polarized (DNP) basis sets by using the DMol
3 

code (Delley, 1990, 2000). The calculations were performed with the PW91 (Gülseren 

et al., 2002) density functional which can efficiently be applied to large periodic 

systems because dispersion energy contributions are not included. This method has 

been used on a numerous number of comparable systems in good agreement with 

experimental information. DFT semicore pseudopotentials (Blase et al., 1994) were 

employed to represent the interactions between core and valence electrons. The real-

space orbital cutoff was set to 4.0 Å, the force threshold for optimizations was 0.01 
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eV and the Brilloiouin zone k-point sampling was performed in a 1 x 1 x 2 

Monkhorst–Pack mesh (Monkhorst and Pack, 1976). These values of the parameters 

correspond to a medium quality calculation which provides computational feasibility 

for such large systems with high accuracy. Periodic-boundary conditions were applied 

with a tetragonal unit cell of 20 x 20 x 12.78 Å
3
. This was large enough to virtually 

avoid interactions with images in neighboring cells. An (8,0)SWCNT with 96 carbon 

atoms was selected as a model of an unmodified SWCNT. The chosen chirality 

principally exhibits a semiconducting electronic property, a prerequisite feature for 

the sensor circuit. The calculated a HOMO–LUMO energy gap of (8,0)SWCNT is 

0.63 eV, which agrees well with previous DFT studies (Durgun et al., 2003; Gülseren 

et al., 2002). Based on this SWCNT, the models for the Pt-deposited, and Pt-doped, 

and SWCNTs with vacancy defects were derived. They are shown and explained in 

Figure 11.  

 

 

 

Figure 11  Initial geometries of pristine SWCNT (a), vacancy SWCNT (b), Pt-doped 

SWCNT (c) and Pt-deposited SWCNT (d). The inset is shown a side view 

under corresponding picture of (d).  
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The different sites of the gas molecules adsorbed above the hexagonal carbon 

ring of the CNT were investigated. NO2 was oriented parallel or perpendicular to the 

SWCNT surface. For the latter one, three orientations with N pointing to the SWCNT 

were determined, with a single O atom or both O atoms pointing to the SWCNT. 

Likewise, NH3 was placed above a carbon atom, between two carbons and above the 

center of a hexagonal ring. For each case, one H atom or all three H atoms were 

oriented towards the CNT surface. The N–H bonds were parallel to the hexagonal 

carbon framework or rotated away by 60. Detailed pictures of the initial structures 

are available in Figure 12. 

 

 

 

Figure 12  Top and side views of initial configurations of the gas molecules oriented 

in different sites. 

 

The binding energies (Eb) between the gas molecules and the SWCNT were 

calculated according to Equation 4 where ET (support:gas) is the total energy of a gas 

molecule adsorbed on the active site of support and ET (support) and ET (gas) are the 
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total energies of the support and the gas molecule, respectively. All ET values refer to 

quantum chemical energies at optimized geometries. 

 

Eb = ET (support : gas) - ET (support)- ET (gas)    (4) 

 

The electronic structures of the energetically most favorable complexes were 

analyzed in order to estimate the sensing susceptibility with respect to the property as 

follows. The partial and net charge transfers were obtained from a Mulliken 

population analysis. The partial and total density of states (PDOSs and DOSs) were 

calculated and the frontier molecular orbitals were analyzed. Electron density 

difference maps of optimized structures were calculated with a plane-wave basis set 

and ultrasoft pseudopotentials (Chen and Kawazoe, 2006) as implemented in the 

CASTEP program (Zhang et al., 2006). 

 

3.2 Methodology for the investigation of the catalytic activities of newly 

modified SWCNTs with transition metals (Sc, Ti, V) and the unmodified SWCNTs 

for N2O removal 

 

Recent experiments and calculations indicate that in defective CNTs both 

loading content and size distribution of the metal are improved over perfect ones. The 

metal atoms prefer to adsorb on a vacancy site with high stability, a process that 

resembles conventional doping (Kim et al., 2007; Pannopard et al., 2009). The Sc-, 

Ti- and V-doped and undoped armchair (5,5)SWCNTs were employed as catalysts for 

studying N2O decomposition. SWCNTs were modeled by applying periodic boundary 

conditions to simulate infinite tubes. A tetragonal unit cell of 20 x 20 x 12.30 Å
3
 was 

used. This was large enough to virtually avoid interactions between images in 

neighboring cells. A (5,5)SWCNT with 100 carbon atoms was chosen as the model of 

an undoped SWCNT and (5,5)SWCNTs with 99 carbon atoms and one Sc-, Ti- or V 

atom at vacancy sites were used as models for the doped ones. The structures are 

shown in Figure 13.  
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Figure 13  Initial geometries of undoped (5,5)SWCNT (a), Sc-doped (5,5)SWCNT 

(b), Ti- doped (5,5)SWCNT and (c) and V-doped (5,5)SWCNT (d). 

 

Fully optimized geometries and the properties of the systems were derived by 

means of density functional calculations in the spin-unrestricted generalized gradient 

approximation. The DMol
3
 code (Delley, 1990, 2000) with a double-numerical basis 

set with polarization functions (DND) was used for all calculations. These 

calculations were performed with the PW91 (Perdew and Wang, 1992) density 

functional which can efficiently be applied to large periodic systems. The interactions 

between core and valence electrons were represented by DFT semicore 

pseudopotentials (Delley, 2002). The real-space orbital cutoff was set to 5.0 Å and the 

force threshold for optimizations was 0.01 eV. Since these calculations were not very 

time-consuming, a 1 x 1 x 2 Monkhorst–Pack mesh (Monkhorst and Pack, 1976) was 

kept for the Brillouin zone k-point sampling.  

 

The energies of adsorption (Eads) of the transition state (Ets) and of the final 

state (Eprod) were calculated as differences between the energies of adsorption 

complexes, transition state structures and products, respectively, and the total energies 

of ET(bare (5,5)SWCNT) or ET(metal-doped (5,5)SWCNT) plus ET(N2O). The ET 

values refer to total energies at optimized geometries. The partial molecular and 

atomic charge transfers were obtained from a Mulliken population analysis. For 
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transition state optimization, the two main approaches to locate transition states are 

the search for a first order saddle point from a single initial structure and the 

synchronous transit method which finds the transition state by seeking the maximum 

energy structure along the interpolated reaction pathway between the given reactant 

and product structures.  

 

An initial transition state structure could be simply predicted by performing a 

potential energy scan and, therefore, used the first method by the following procedure: 

The first step consists of guessing a reasonable transition state geometry. In the 

concerted mechanism of N2O decomposition, a prediction of the transition structure 

could be done by systematically adjusting the lengths of bonds being formed (M-O) 

and broken (N-O). A potential energy scan was performed with respect to these 

coordinates with all others fully optimized. The structure with maximal energy on the 

potential energy scan surface then served as the guess for the transition state search. 

The second step was the transition state optimization where this structure was further 

optimized by relaxing all geometrical parameters. The last step was verifying the 

transition state. For this, a vibrational analysis was performed since a true transition 

state must have exactly one imaginary eigenvalue whose vibrational mode 

corresponds to the reaction coordinate.  

 

3.3 Method for the fabrication of well-constructed Nafion/PtNPs/CNT-AAO 

and its membrane electrode assembly (MEA)   

 

The preparation of Nafion/PtNPs/CNT-AAO and the MEA fabrication of this 

composite with a nafion membrane involve several procedures (see Figure 14) which 

are explained step by step as following:    
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Figure 14  Schematic illustration of the summarized procedures for fabrication of 

Nafion/PtNPs/CNT-AAO//Nafion membrane composite.  

 

3.3.1 The fabrication of Anodic Aluminium Oxide (AAO) template 

 

There are six major steps to produce AAO film which comprise of (i) 

electropolishing, (ii) first step anodization, (iii) selective dissolution of AAO, (iv) 

second step anodization, (v) selective removal of Al and (vi) opening the pore 

bottoms. All of them are summarized in Figure 15.   
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Figure 15  Schematic illustration of the synthesis of open-ended AAO template with 

90 nm pore diameter and 60 m pore length with two-step anodization. 

 

 The electropolishing process is an electrochemical surface treatment technique 

to reduce surface roughness which is a prerequisite for the formation of self-ordered 

porous alumina (step 1 in Figure 15). The experimental set up is depicted in Figure 

16. Prior to electropolishing, as received aluminium (Al) plate with a size of 5 cm x 5 

cm x 0.5 mm was degreased with acetone in an ultrasonic bath and washed with 

deionized water. Then, the cleaned Al plate was covered with plastic tape on one side. 

This Al plate served as an anode whereas Ni plate, the same size as the Al plate acted 

as a cathode. Both electrodes were immersed into the electrolyte solution (10 wt% 

HClO4 in ethanol). The electropolishing was performed at 5
o
C, 20 V for 10 min and 

after that the oxidized surface on the naked side of the Al plate was rapidly washed 

with acetone to remove the corroded matter.  
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Figure 16  Schematic illustration and photos of the experimental set up for 

electropolishing of the Al  plate. 

 

The porous type AAO film with 90 nm pore diameter and 20 m pore length 

was employed as the platform for building up the triple phase boundary inside AAO 

pores. These porous parameters were selected rationally in which the pore space left 

after embedding the ionomer and metal particles would even be large enough to 

facilitate the gas and water flows whereas the transportation path distance was based 

on the thickness of electrode used in the previous studies. The formation of this AAO 

film on the Al plate was carried out via anodization, which is an electrochemical 

process to create an oxide layer on a surface of metal substrate. In a typical anodizing 

process of aluminium (Al), an Al foil or plate is connected to the anode of a dc power 

supply and any unreactive conducting plate in the electrolyte is connected to the 
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cathode. The nature of the aluminium oxide produced on the Al surface depends 

particularly on the electrolyte used. Flat nonporous aluminium oxide film, commonly 

called a barrier type alumina film, can be formed in a neutral electrolyte, e.g., 

ammonium borate and ammonium tetraborate in ethylene glycol whereas the 

anodization of Al in an acid electrolyte leads to the formation of a porous type 

alumina film. In the case of porous alumina membrane synthesis, the anodizing 

parameters can directly govern the features of the pore structure whereby the pore 

diameter and pore length are proportional to the applied voltage and time, 

respectively. However, the maximum voltage before the oxide layer breakdown is 

restricted by the conductivity and pH value of the electrolyte which intrinsically 

depend on the electrolyte concentration, composition and temperature. Sulfuric acid, 

oxalic acid and phosphoric acid are typically used for anodization of Al in low (5-40 

V), medium (30-120 V) and high (80-200 V) potential ranges, respectively. Those 

three specific conditions can correspondingly produce the porous alumina with pore 

size about 50, 100 and 500 nm.  

 

In this study, the highly ordered porous structure of AAO was therefore 

fabricated in oxalic acid solution so as to obtain the AAO membrane with a pore 

diameter about 90 nm and the synthesis was also based upon the approach of the two-

step anodization first demonstrated by Masuda and Fukuda (Masuda, H.  and K. 

Fukuda, 1995). Briefly, a first anodized porous layer was removed to pre-texture on 

an Al substrate, which facilitates the formation of long-range order nanopores in a 

subsequent anodization step. The second stage of this AAO synthesis involves the 

first step anodization, the selective dissolution of AAO and the second step 

anodization on the electropolished Al plate. More details on this experiment are 

explained as follows. Firstly, the non-oxidized side of the electropolished Al plate and 

one side of another cleaned but unpolished Al plate were insulated with plastic tape. 

Both prepared plates were assembled with an acrylic plastic cell by turning the bare 

surface inside as shown in Figure 17. Then oxalic acid solution (1.8 wt % in water) 

was filled into the cell until exceeding the exposed circle area (4.5 cm in diameter) of 

the Al plates. The electropolished Al plate was connected to the positive (anode) and 

the unelectropolished Al plate was connected to the negative (cathode) terminals of 
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the power supply. The first anodization was performed at a constant voltage of 80V 

for 2000 sec at 10C. The bath temperature was kept lower than room temperature to 

relieve the local heat causing fast dissolution and the electrical breakdown of the 

formed oxide. During the course of anodization, the oxide film took place on the 

anode via the electrochemical reaction. Generally, pores are randomly created on the 

surface as depicted in Figure 15 after step 2. These irregular alumina pore arrays were 

then chemically etched away by using the mixed solution of 1.8 wt% H2CrO4 and 6 

wt% H3PO4 at 60 C for 1 h in order to leave only patterns that were replicas of the 

former hexagonal pore array. This strategy allowed the preparation of pores with a 

high regularity by a subsequent second anodization under the same conditions as the 

first anodization. The received AAO-Al plate from the last anodization was washed 

with deionized water and dried at 60 C.  

 

 

 

Figure 17  Schematic illustration and photos of the experimental set up for 

anodization of the Al plate. 

 

After anodization, the Al substrate of AAO-Al plate was selectively removed 

in 10 wt% CuCl2 solution (Figure 18a). Before the Al removal process, the pore 
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mouth of the AAO deposited on Al plate was protected by coating the PVC 

suspension resin and drying under air for over 12 h to avoid the pore corrosion from 

the etching solution used in the next step. In addition, PVC coated AAO-Al plate was 

cut into the small pieces of 1x1 cm
2
 which was also the general size of the catalyst 

layer in single cell testing. After these preparations, the pore bottoms were opened by 

chemical etching in 1 M H3PO4 solution at 30°C for 90 min (Figure 18b) and 

thereafter the PVC protecting layer was dissolved with THF solvent to recover the 

pore mouths.  

 

 

 

Figure 18  Photos of the experimental set up for the Al removal from the AAO-Al 

plate and for the opening of the pore bottoms of the synthesized AAO 

template. 
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3.3.2 Synthesis of CNT deposited AAO film (CNT-AAO)  

 

The combination of CVD and template synthesis methods was utilized to 

fabricate the CNT-AAO. These processes involve the dissociation of hydrocarbon 

molecules to be the reactive species under high temperature. In the presence of the 

AAO template, the pyrolytic carbons are deposited onto the template surface resulted 

in the formation of a tubular structure corresponding to the template used. The 

equipment for CNT synthesis is demonstrated in Figure 16 and the details of the 

synthesis are also described below.     

 

 

 

Figure 19  Schematic illustration and photo of the reactor set up for chemical vapor 

deposition.  

 

The as received 1x1 cm
2
 AAO templates were placed in a horizontal quartz 

reactor. The overall temperature program is displayed in Figure 20. For the first step, 

the reactor was heated to 600
o
C at a rate of 10

o
C/min under N2 atmosphere. Then 

C2H2 gas (20 vol % in N2) was flowed through the reactor at a total flow rate of 500 

cm
3
 (STP) min

-1
 for 2 h. After deposition time, the temperature of the reactor was 

retained constantly at 600
o
C under the flow of N2 for 1 h to compete the 



53 

 

decomposition of the remaining hydrocarbon gas in the system. At the final stage the 

reactor was gradually cooled down to room temperature under normal conditions. 

 

 

 

Figure 20  Temperature profile for chemical vapor deposition. 

 

3.3.3 Decoration of the inner walls of CNT-AAO with platinum nanoparticles 

(PtNPs/CNT-AAO)  

 

The method for decorating PtNPs onto the inner walls of CNT-AAO was 

mainly divided into two routes, which were direct deposition and loading the pre-

synthesized PtNPs. For the former one, the chemical reduction reaction between the 

Pt precursor and the reducing agent took place inside the pores of CNT-AAO whereas 

for the latter case, the PtNPs were synthesized prior to their introduction into the 

nanochannels. Both procedures are described in the following. 
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Figure 21  Summarized procedures of two different synthesis routes of the direct 

deposition of PtNPs onto the inner walls of CNT-AAO film. 

 

The direct deposition PtNPs onto the inner walls of CNT-AAO are displayed 

in Figure 21. Along the black solid line, the 50 l of solution containing 10 wt% of 

H2PtCl6 in ethanol was dropped on the 1x1 cm
2
 CNT-AAO followed by leaving the 

film to dry for 30 min at ambient temperature. The same dropping was repeated on the 

other side of the film. Then, the reduction reaction took place by dipping the dried 

film into 2 ml of 0.5 wt% of NaBH4 in ethanol for 10 min and left to dry at room 

temperature for 30 min. The product residue which appears as a white solid on the 

film surface was washed by soaking in ethanol and water.  
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However, the alternative route is proposed to avoid the aggregations of PtNPs 

on the pore mouths of CNT-AAO. The above explained method was modified with a 

surface washing technique but follows the additional steps on the red dash line 

pathway of Figure 21. The extra process was rinsing the surface of the dried CNT-

AAO film after introducing H2PtCl6 solution with few drops of water. Then the 

washed-CNT-AAO film was dried for 30 min at room temperature before immersing 

it in NaBH4 solution in order to prevent the side reactions between the remains water 

and NaBH4.  

 

Another techniques was loading with pre-synthesized PtNPs. PtNPs were 

synthesized based on previous methods with minor modification (Yang et al., 2003) 

as explained in Figure 22. Firstly, 10 ml of 2 mM H2PtCl6 solution was mixed with 

100 mg of 1-octadecanethiol dissolved in 10 ml of toluene. After vigorous stirring in 

ice bath for 30 min, 0.2 ml of 0.11 M NaBH4 fresh solution was added quickly to the 

water-toluene mixture and stirring continued for 15 min. After that, the organic phase 

was separated from the two-phase solution and then the toluene solvent was 

evaporated to collect the solid sample. These obtained alkanethiolated PtNPs still 

contained an excess amount of octadecanethiol which was reduced by washing 

several times with warm ethanol. Finally, the product was kept as a dried solid in a 

refrigerator.  
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Figure 22  Summarized procedures of two-phase synthesis of alkanethiolated PtNPs.  

 

The next step after obtaining the alkanethiolated PtNPs was loading such 

metal particles into the pores of CNT‐AAO. The technique for propelling metal 

particles into the nano‐channel of CNT-AAO was done with a simple ultrasonication 

(Figure 23). The 1x1 cm
2
 CNT-AAO film was immersed into 0.5 ml of 16 mg/ml 

PtNPs solution in toluene and was ultrasonicated for 30 min. The films from both 

processes were thereafter washed by dipping quickly into toluene solvent and then the 

films were dried at room temperature.  

 

 

 

Figure 23  Summarized procedures of PtNPs loading into the pores of CNT-AAO 

film. 
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Prior to utilizing the alkanethiolated metal cluster as a catalyst, the exposure of 

the active surface by heat treatment to remove the surrounding ligand is a prerequisite. 

The decomposition temperature was selected based on the result of thermogravimetric 

analysis (TGA) of alkanethiolated PtNPs. The TGA spectra of octadecanethiol 

(C18H37SH) and octadecanethiolated PtNPs are shown in Figure 24. It determines that 

the stabilizer was completely decomposed at a temperature above 350°C. However, 

the temperature and time of the heat treatment should be carefully controlled because 

both parameters make strong impacts on size, crystallinity and stability of PtNPs. The 

literature report is also helpful to choose the appropriate condition. From (Liu et al., 

2004), they stated that the colloidal particles on carbon black followed by thermal 

treatment (in an inert gas at 360°C for 10h) to remove the alkanethiol layer did not 

bring about significant morphological changes and also enhanced crystallinity of Pt/C. 

Thus, in this experiment, the heat treatment on CNT-AAO/PtNPs film at 360C for a 

period of time of 10 h was also chosen to observe the effect of thermal treatment on 

the size and shape of PtNPs deposited on the inner walls of CNT-AAO. 

 

 

 

Figure 24  TGA spectra of octadecanethiol (C18H37SH) and octadecanethiolated 

PtNPs. The heating rate is 5°C/min and the carrier gas is N2. 
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3.3.4 Optimization of the thickness of the Nafion layer coated on the inner 

walls of CNT-AAO film 

 

The last layer for constructing the triple phase morphology is the proton 

conducting phase normally using Nafion. There were three techniques employed for 

constructing the Nafion layer inside the pores of CNT-AAO film.  

 

The first method for building up the Nafion layer was simply soaking the 

CNT-AAO film into the 2 ml of 0.5 wt% Nafion solution diluted with 1-propanol for 

30 min and then the film was dried under ambient condition (Figure 25). 

 

 

 

Figure 25  Photo of the experimental set up for dipping the CNT-AAO film into the 

Nafion solution. 

 

The second approach differs from the former one by dropping 30 l of 0.5 

wt% Nafion in 1-propanol onto the CNT-AAO film and drying the film under 

ambient condition. Finally, the dropping technique was still employed but with some 

modifications whereby much more diluted Nafion solution was dropped onto the 

CNT-AAO film under atmospheric humidity control. For the experimental procedure, 

the closed chamber containing the CNT-AAO film and the vessel of 5 ml of 1-

proponal were incubated at 30 C for 1 h (Figure 26). Thereafter, 10 l of 0.05 wt% 

Nafion in 1-propanol was dropped on the CNT-AAO film and left to partially dry for 

about 15 min. The Nafion dropping was repeated until the total volume of used 

solution reached to 300 l. 
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Figure 26  Summarized procedures of the introduction of Nafion solution into the 

pores of CNT-AAO film by the dropping method under the humidity 

control chamber. 

 

3.3.5 Fabrication of the composite material of Nafion/PtNPs/CNT-AAO film 

and its assembly with a Nafion membrane (Membrane Electrode Assembly, MEA) 

 

The three phase boundary was constructed on the inner walls of CNT-

AAO film in which the PtNPs were firstly deposited and followed by the Nafion 

coating. The methods selected for both PtNPs deposition and Nafion coating will be 

shown and the reasons explained in the discussion part for choosing those.    

 

For the last step, MEA was fabricated by hot-pressing the Nafion/PtNPs/CNT-

AAO electrodes to the Nafion membrane as demonstrated in Figure 27. The Nafion 

membrane was swollen in 1-propanol and was expanded on a 5x5 cm
2
 plastic plate. 

The synthesized Nafion/PtNPs/CNT-AAO film was then placed onto the prepared 

Nafion-plastic substrate and was covered with another bare plastic plate before taking 

the whole sandwich assembly to be processed with a hot hydraulic pressure of 300 



60 

 

kg/cm
2
 at 140 C for 10 min. The resulting Nafion/PtNPs/CNT-AAO film//Nafion 

membrane (MEA) was softy peeled off in water to avoid the film cracking.  

 

 

 

Figure 27  Summarized procedure of the hot pressingof the Nafion membrane to the 

Nafion/PtNPs/CNT-AAO film. 

 

3.4 Method for fine-tuning the sizes of positively charged AuNPs by adjusting the 

amount of PVP and DMAP stabilizers and synthesizing the AuNPs/CNTs 

nanocomposite by the facile electrostatic deposition of the size-controlled AuNPs 

onto the AAO-templated CNTs. 

 

3.4.1 Synthesis of Anodic aluminium oxide template (AAO) 

 

Only three major steps were performed to prepare porous type AAO film 

with 35 nm in pore diameter and 20 m in pore length comprising the 

electropolishing, the anodization and the pore widening processes as summarized in 

Figure 28. 
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Figure 28  Schematic illustration of the synthesis of the AAO template with 35 nm 

pore diameter and 20 m pore length deposited on the Al plate. 

 

Every step of the electropolishing was totally the same as the one mentioned 

earlier in the Section 3.3.1. As for the anodization, the experimental setup was again 

based on that demonstrated in Section 3.3.1. However, the anodization was carried out 

with different conditions. The porous structure was firstly tuned to 20 nm in diameter 

and 20 m in length by performing the anodic oxidization with a constant voltage of 

20V for 1413 sec in 20 wt% H2SO4 at 5
o
C. Due to this study mainly focusing on the 

decoration of AuNPs on the outer walls of CNTs, either open-ended or close-ended 

CNTs would provide the same performance of decoration. For ease of the CNTs 

preparation, the as prepared AAO film was thus not detached from the Al plate so as 

to skip some tasks of Al removal and to avoid working on the thin brittle AAO film. 

By means of that, the test-tube like CNTs were produced.  

 

In the final step, the AAO/Al plate was chemically etched with 20 wt% H2SO4 

for 1h at 25
o
C in order to widen the AAO pore size from 20 nm to 35 nm because the 

CNTs with a diameter of 20 nm are probably not sizable for decorating some large 

AuNPs (18 nm) which was synthesized solely with DMAP. Meanwhile, the AAO 

derived CNTs of more than 35 nm in size could also not be highly-dispersed in water.       
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3.4.2 Synthesis of CNTs by using the prepared AAO film on the Al plate as 

template 

 

The CVD technique on the AAO/Al plate was also employed to produce 

CNTs used in this experiment. The CVD conditions were still the same as those 

described in Section 3.3.2. There were two sequential steps involved after the CVD 

synthesis in order to get the isolate dispersed CNTs that are depicted in Figure 26 and 

described below. 

 

 

 

Figure 29  Schematic illustration of the CNT synthesis by the template method. 

 

The pyrolytic carbon deposition took place not only on the inner wall of the AAO 

nanochannels but also on the external surface of the AAO film. The latter caused the 

connecting CNT to form into a bundle and subsequently resulted in poor dispersion in 

the aqueous solution. To remove only the carbon layer deposited on the outer surface 
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of the AAO film (step 2 in Figure 29), the CNTs/AAO/Al plate was exposed to 

oxygen plasma conducted by using a plasma reactor at 100 watts power under an O2 

flow of 30 cm
3
/min for 50 sec (Figure 30).  

 

 

 

Figure 30  Photo of CNT-AAO-Al plates which will be treated in the oxygen plasma 

reactor. 

 

The CNTs were liberated by immersing the O2 plasma treated CNTs/AAO/Al 

plate in 3 M NaOH aqueous solution to dissolve the AAO film (step 3 in Figure 29 

and Figure 31). After whole tubes detached from the substrate (Figure 31b), the Al 

substrate was taken out of the solution to prevent the ongoing reaction between Al and 

NaOH (Figure 31c). The dispersed CNTs were washed to remove the Al ions that 

were also produced during the template etching. The cleaning process comprised of 

centrifugation, decantation, and rewashing with 0.1 M NaOH aqueous solution with 

several cycles. To neutralize the alkaline suspension, the CNTs were salted out with 

1.8 wt % NaCl solution in a similar manner of washing. Finally, the Al ion-free CNTs 

were filtered by using a membrane filter, washed with deionized water and dried 

overnight at 60C under a vacuum system (Figure 31d). The stock suspension of 

CNTs was prepared for the next metal deposition process by adding 1 mg of dried 
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CNTs into 50 ml of deionized water and then sonication until well dispersed (Figure 

31e).    

 

 

 

Figure 31  Photos of CNT-AAO-Al plate (a), liberated CNTs from AAO-Al plate (b) 

and Al plate (c) after AAO dissolution, dried CNTs (d) and CNTs 

dispersion (e). 

 

3.4.3 Synthesis of AuNPs 

 

The synthesis of the positively charged AuNPs was based on the method 

of Tsunoyama et al.
 
(Tsunoyama et al., 2006, 2007) 

 
as depicted in (Figure 32). An 

aqueous solution of HAuCl4 (1 mM, 50 ml) was mixed with two different stabilizers 

i.e., PVP (K-10, 10 kDa) and DMAP. Twenty mole ratios of PVP:DMAP were 

investigated as listed in Table 1. At the beginning of the AuNPs preparations, 5 mmol 

each of PVP and DMAP (entry 10 in Table 1) was used and the trial mole ratios of 

PVP:DMAP were then varied in two ways by decreasing amounts of PVP or DMAP. 

From the entries 1 to 9, half the amount of DMAP was decreased twofold from that of 

entry 10 (PVP:DMAP=1) until the PVP:DMAP mole ratio reached to 512:1 while the 

amount of PVP was kept constant. On the other hand, all samples of entries 11 to 19 

were prepared in the same manner but by varying the amounts of PVP instead. 

Moreover, AuNPs without PVP (entries 20) was also prepared for referencing the pre-

controlled size of AuNPs. Then, the mixture of gold salt precursor and stabilizers was 

stirred for 30 min in an ice bath. Thereafter, an aqueous solution of NaBH4 (0.1 M, 5 

ml) was quickly added into the metal salt-stabilizer solution under vigorous stirring 



65 

 

and further stirred for 1 h. For the washing process, the obtained suspension was 

centrifuged with centrifugal filter unit (MWCO 10000) to remove the ion impurities 

such as Na
+
 and Cl

- 
ions

 
and also the some of the excess

 
PVP and DMAP. Finally, the 

concentrated washed product was diluted to 20 ml with deionized water and kept as 

stock AuNPs solution.    

 

 

 

Figure 32  Summarized procedures of the water-based synthesis of AuNPs stabilized 

with PVP and/or DMAP stabilizers.  

 

3.4.4 Deposition of AuNPs on CNTs 

 

In the first step, 2 ml of the colloidal AuNPs stock solution was added into 2 

ml of prepared CNTs suspension under vigorous stirring for 30 min. After common 

mixing, the inherent negatively charged CNTs were self-assembled with the 

positively charged AuNPs. The resultant of AuNPs/CNTs was obtained by 

centrifugation and washed with water several times. Finally, the wet sediment was 
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resuspended in 2 ml of deionized water for characterizations. All samples of 

AuNPs/CNTs were prepared with the same procedure.   

 

Table 1  The amounts of PVP and DMAP used in each sample of positively charged 

AuNPs and also the corresponding calculated mole ratios.  

  

Entry Sample Amount of stabilizer (g)  Mole ratio of 

 PVP DMAP  PVP
a
:DMAP

b
 

1 Au-(P512:D1) 0.555 0.001  512:1 

2 Au-(P256:D1) 0.555 0.002  256:1 

3 Au-(P128:D1) 0.555 0.005  128:1 

4 Au-(P64:D1) 0.555 0.010  64:1 

5 Au-(P32:D1) 0.555 0.019  32:1 

6 Au-(P16:D1) 0.555 0.038  16:1 

7 Au-(P8:D1) 0.555 0.076  8:1 

8 Au-(P4:D1) 0.555 0.153  4:1 

9 Au-(P2:D1) 0.555 0.306  2:1 

10 Au-(P1:D1) 0.555 0.611  1:1 

11 Au-(P1:D2) 0.278 0.611  1:2 

12 Au-(P1:D4) 0.139 0.611  1:4 

13 Au-(P1:D8) 0.069 0.611  1:8 

14 Au-(P1:D16) 0.035 0.611  1:16 

15 Au-(P1:D32) 0.017 0.611  1:32 

16 Au-(P1:D64) 0.009 0.611  1:64 

17 Au-(P1:D128) 0.004 0.611  1:128 

18 Au-(P1:D256) 0.002 0.611  1:256 

19 Au-(P1:D512) 0.001 0.611  1:512 

20 Au-(D) 0.000 0.611  - 

 

a 
molecular weight of PVP is 111.1 g/mol per monomer 

b 
molecular weight of DMAP is 122.17 g/mol  
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RESULTS AND DISCUSSION 

 

1.  The evaluation of sensing properties of Pt-doped SWCNTs (SWCNTVac/Pt) 

with pristine SWCNTs (SWCNTs), vacancy defected SWCNTs (SWCNTVac) and 

Pt-deposited SWCNT (SWCNT/Pt) for NO2 and NH3 detections. 

 

1.1 Energetics and optimized geometries  

 

The optimized geometries of pristine, defective, Pt-doped and Pt-deposited 

SWCNTs serving as the sensing platforms are firstly considered (Figure 33). 

 

 

 

Figure 33  Optimized geometries of pristine SWCNT (a), vacancy SWCNT (b), Pt-

doped SWCNT (c) and Pt-deposited SWCNT (d). Side views are shown 

under corresponding pictures. The yellow marks indicate the active site 

studied for the SWCNTs (a–d). Atom–atom distances (Å) around the 

active centers are also depicted. 

 

Figure 33a shows the common SWCNT with a typical C–C bond length of about 1.42 

Å and a nanotube diameter of 6.38 Å closely matching that of previous studies 

(Gülseren et al., 2002). In Figure 33b, the single vacancy defected SWCNT is shown. 

It results from the 12-membered ring created by removing one carbon atom from the 

graphene sheet and the subsequent reconstruction to a 5-membered ring and a 9-

 

a) SWCNT b) SWCNTVac c) SWCNTVac/Pt d) SWCNT/Pt 
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membered ring. It holds one unsaturated carbon (C1), slightly sticking out from the 

tube surface. The rearrangement deforms the structure to obtain an elliptical cross 

section with major and minor diameters of 6.56 Å and 6.17 Å, respectively. Doping of 

the large Pt atom to the vacancy (Figure 33c) causes a deformation of the nearby 

hexagonal rings in the doping region. The Pt–C distance is 1.9 Å and Pt protrudes 

outside of the SWCNT surface. Even though in this structure the SWCNT is 

apparently distorted (elliptic diameters: 6.49 Å and 6.28 Å), the Pt atom is bound with 

163.62 kcal/mol (Table 2). This value is similar to the one reported by Kim et al. 

(Kim et al., 2007). This stabilization can be ascribed to the saturation of the dangling 

C bonds and the formation of stable hexagonal rings. Consequently, the binding 

energy in Pt-deposited SWCNT is smaller (53.39 kcal/mol). Figure 33d shows the 

energetically most favorable conformation with Pt residing above the C2–C3 bond 

(Chen and Kawazoe, 2006; Durgun et al., 2003) with a Pt–C distance of 2.05 Å. The 

geometry of the tube is changed due to strong Pt–CNT interaction causing 

nonidentical diameters with 6.48 Å and 6.29 Å of the longest and the shortest ones, 

respectively. In a long-lived sensor, the attachment of Pt to the SWCNT must be 

stable enough to withstand temperature and environmental effects. Although this is 

difficult to quantify, also the Pt-deposited SWCNT should still be a stable enough 

device. 

 

1.1.1 NO2 Adsorptions  

 

All SWCNT:NO2 configurations obtained after optimizing the structures 

shown in Figure 12 are given in Figure 34. From these results, the most stable 

optimized geometries, their geometrical parameters and the binding energies of NO2 

adsorption on each support are summarized as well in Figure 35 and Table 2. 

Nevertheless, there are some experimental and computational studies revealing that 

the nitro derivative on fullerenes can be found (Chianget al., 1996; Slanina et al., 

1999). Though due to the chemically inert CNT system, the functionalization of NO2 

on the CNT sidewall should be more difficult than that of a fullerene surface.  
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Table 2  Binding energies Eb between Pt and SWCNT and SWCNTVac and  binding 

energies of NO2 and NH3 to the four types of SWCNTs. The structures are 

shown in Figures 35 and 37, respectively. The energies are given in 

kcal/mol. 

 

Sensing Support Eb(SWCNT/Pt)  

SWCNTVac/Pt 163.62  

SWCNT/Pt 53.39  

 Eb(Support:NO2) Eb(Support:NH3) 

SWCNT 1.96 1.33 

SWCNTVac 55.90 2.76 

SWCNTVac/Pt 50.91 30.52 

SWCNT/Pt 34.92 40.96 

 

One can see that the NO2 molecule is merely physisorbed on the pristine 

SWCNT with the lowest absorption energy (1.96 kcal/mol) and a distance of 3.11 Å 

between N and C. The monomer geometries of the SWCNT and the NO2 molecules 

are undisturbed. In SWCNTVac, the unsaturated carbon atom (C1) binds to the 

nitrogen atom of NO2 (rC–N = 1.46 Å) with an interaction energy of 55.90 kcal/mol. 

The binding can be attributed to the undercoordinated carbon atoms near the vacancy. 

C1 is the most negatively charged carbon and attracts the partially positively charged 

N atom of NO2. Excess electrons are located in the antibonding orbitals of the NO2 

molecule causing a change of the N–O distance from 1.21 Å to 1.24 Å, The stability 

of the SWCNTVac/Pt:NO2 complex (50.91 kcal/mol) is similar to that of SWCNTVac. 

Pt bonds to both oxygens of NO2 causing an elongation of the N–O bond to 1.28 Å. 

The interaction between NO2 and the Pt atom in SWCNT/Pt:NO2 is similar to the one 

described above. In the SWCNT/Pt:NO2 model, the SWCNT–Pt distances increased 

from 2.05 Å to 2.11 Å after NO2 binding, indicating that the strong binding of NO2 

(34.92 kcal/mol) comes at the expense of a destabilization of the Pt–SWCNT stability. 
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Figure 34  All optimized geometries (Å) and binding energies (kcal/mol) obtained  

after optimizing the structures of SWCNT:NO2 (a), SWCNTVac:NO2 (b), 

SWCNTVac/Pt:NO2 (c) and SWCNT/Pt:NO2 (d) complexes. 
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Figure 35  Front and side views of the most favorable binding geometries of NO2 on 

each support type accompanied with their binding distances. Pt-C and 

some C-C distances (Å) are also given. 

 

1.1.2 NH3 Adsorptions  

 

All SWCNT:NH3 adsorption complexes obtained after optimizing the 

structures shown in Figure 12 are given in Figure 36. The most stable optimized 

geometries of NH3 adsorbed on each support are depicted in Figure 37, together with 

the relevant distances. Their binding energies are tabulated in Table 2.  

 

 

 

a) SWCNT:NO2 b) SWCNTVac:NO2 c) SWCNTVac/Pt:NO2 d) SWCNT/Pt:NO2 

 
   

 

        

1.21 1.21 
1.24 

1.24 
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Figure 36  All optimized geometries (Å) and binding energies (kcal/mol) obtained 

after optimizing the structures of SWCNT:NH3 (a), SWCNTVac:NH3 (b), 

SWCNTVac/Pt:NH3 (c) and SWCNT/Pt:NH3 (d) complexes. 
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Figure 37  Front and side views of the most favorable binding geometries of NH3 on 

each support type accompanied with their binding distances. Pt-C and 

some C-C distances (Å) are also given. 

 

In agreement with previous studies (Bai and Zhou, 2007; Lu et al., 2005) () in 

the preferred orientation, the hydrogen atoms of NH3 point towards the SWCNT 

(Figure 37a). NH3 is noncovalently bound with only 1.33 kcal/mol and a C–H 

distance of about 3.3 Å. In contrast to NO2, the interaction in SWCNTVac:NH3 is only 

slightly stronger (2.76 kcal/mol) because in both cases a hydrogen bonded interaction 

is the only possibility. Here, the more negatively charged C1 acts as the electron 

donor and a C
…

H–N hydrogen bond can be formed (Figure 37b). These weak 

interactions mean that materials consisting of both SWCNT and SWCNTVac are 

inappropriate sensing platforms for NH3 detection. In SWCNTVac/Pt:NH3 and 

SWCNT/Pt:NH3, NH3 is strongly bound. In SWCNTVac/Pt:NH3 and SWCNT/Pt:NH3, 

ammonia is bound by 30.52 and 40.96 kcal/mol. The Pt–N distances are 2.29 and 2.14 

Å, respectively. The strong binding of NH3 to Pt via its nitrogen atom has a larger 

influence on the active region than the one caused by its weak H-bonded interaction 

with SWCNTVac, as can be seen from the redistribution of electron density (Figure 

38). As expected, the SWCNT–Pt distances increase somewhat from 2.05 Å to 2.09 Å 

after the NH3 complexation. The N–H distances of all adsorbed NH3 molecules are 

unaffected by the complexation and stay at 1.02 Å. The affinity of SWCNT/Pt to NH3 

 

a) SWCNT:NH3 b) SWCNTVac:NH3 c) SWCNTVac/Pt:NH3 d) SWCNT/Pt:NH3 
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already approaches the binding energy of the attached Pt to the SWCNT, which is a 

disadvantage since it might in practice lead to its destruction. 

 

1.2 Electronic properties of the platform and sensitivity to NO2 and NH3 

 

The effects of gas adsorption on the electronic properties of the SWCNTs 

were investigated by computing the charge transfers (qGas) between the gas molecule 

and support and the HOMO–LUMO energy gap modulations (Eg). The results are 

summarized in Table 3. In addition, electron density difference maps HOMO and 

LUMO orbitals and electronic densities of states (DOSs) have been derived. They are 

depicted in Figures 38 - 42.  

 

1.2.1 NO2 Detection 

 

Since NO2 is an electron-withdrawing molecule with an unusually large 

electron affinity between two and three eV, electrons are transferred from supports to 

it (Table 3). For SWCNTVac:NO2, SWCNTVac/Pt:NO2 and SWCNT/Pt:NO2 these 

shifts amount to -0.27, -0.38 and -0.35 e, respectively. The values for SWCNT/Pt:NO2 

and SWCNTVac/Pt:NO2 are similar, but a more detailed analysis shows some 

differences. The positive value of ∆qSWCNT in SWCNTVac/Pt:NO2 (0.32 e) is larger 

than the one in SWCNT/Pt:NO2 (0.22 e). Three-dimensional plots of the differential 

electron density can give detailed information of the rearrangement of the complex 

formation. Figure 38 shows isosurfaces of certain density changes.  
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Table 3  Partial molecular and atomic charges q(e) and values of the HOMO-LUMO 

gap Eg(eV) of all studied complexes. Partial charge transfers and energy gap 

changes are indicated by the prefix delta  ∆ . Refer to text for the definitions 

of the quantities. 

 

System Eg qSWCNT qPt qGas    

SWCNT 0.63 0.00      

SWCNTVac 0.26 0.00      

SWCNTVac/Pt 0.39 0.12 -0.12     

SWCNT/Pt 0.58 0.05 -0.05     

     
a
∆Eg 

b
∆qSWCNT 

c
∆qPt 

SWCNT:NO2 0.31 0.05  -0.05 -0.32 0.05  

SWCNTVac:NO2 0.12 0.27  -0.27 -0.14 0.27  

SWCNTVac/Pt:NO2 0.14 0.44 -0.06 -0.38 -0.25 0.32 0.06 

SWCNT/Pt:NO2 0.17 0.27 0.08 -0.35 -0.41 0.22 0.13 

        

SWCNT:NH3 0.63 -0.01  0.01 0.00 -0.01  

SWCNTVac:NH3 0.28 0.01  -0.01 0.02 0.01  

SWCNTVac/Pt:NH3 0.29 -0.09 -0.18 0.27 -0.10 -0.21 -0.06 

SWCNT/Pt:NH3 0.62 -0.06 -0.22 0.28 0.04 -0.11 -0.17 

 

a
∆Eg  =  Eg(support:gas) - Eg(bare support) 

b
∆qSWCNT  = qSWCNT(support:gas) - qSWCNT(bare support) 

c
∆qPt          = qPt(support:gas) - qPt(bare support) 
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Figure 38  Plots of the differential electron densities of all studied support-gas 

complexes. The 3D - surfaces are plotted at isovalues of 0.009 e/Å
3
. A 

red color denotes loss of density whereas blue denotes gain of electron 

density. 

 

It can be seen that NO2 adsorption (Figures 38a-d) on SWCNTVac/Pt causes a 

depletion of electron density (Figure 38c) throughout, which is expected to change the 

electric properties of the nanotube dramatically. In contrast, electron relocation in 

SWCNT/Pt:NO2 occurs only locally at the Pt-NO2 moiety. The change of the energy 

gap  ∆Eg) during the adsorption process is also related to the sensitivity of a sensor for 

particular analyte. In Table 3, a negative sign of ∆Eg refers to a reduction of the 

energy gap in the complex compared to the bare support. It was found that the energy 

gaps of all systems decrease after NO2 adsorption by -0.32, -0.14, -0.25 and -0.41 eV 

for SWCNT:NO2, SWCNTVac:NO2, SWCNTVac/Pt:NO2 and SWCNT/Pt:NO2, 

respectively. This agrees well with experimental reports that the conductivity of 

 

a) SWCNT:NO2 b) SWCNTVac:NO2 c) SWCNTVac/Pt:NO2 d) SWCNT/Pt:NO2 

    

e) SWCNT:NH3 f) SWCNTVac:NH3 g) SWCNTVac/Pt:NH3 h) SWCNT/Pt:NH3 
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CNTs, defected-CNTs and Pt doped-CNTs increase when exposed to NO2 (Kong et 

al., 2000; Penza et al., 2007; Santucci et al., 2003). Electron density transfer to NO2 

generates holes in the support. The enhanced conductivities are directly related to the 

abundance of hole carriers, so these pristine and modified SWCNTs behave as p-type 

semiconductors as well and are also susceptible to become metallic after stimulated 

by NO2, especially in the SWCNTVac:NO2, SWCNTVac/Pt:NO2 and SWCNT/Pt:NO2 

systems. One can further see that the ∆Eg values are proportional to the amount of 

charge transfer, except for ∆Eg of SWCNT where NO2 is very weakly bound. To 

clarify this further, the DOSs and PDOSs are analyzed (Figure 39).  

 

 

 

Figure 39  Density of states (DOSs) for the studied supports (a-d) and their NO2 

complexes (e-h). Partial density of states (PDOSs) of all support-gas 

complexes (i-l) and orbital partial density of states (OPDOSs) of 

SWCNTVac/Pt:NO2 and SWCNT/Pt:NO2 (m and n) are also plotted for 

comparison. The Fermi levels (defined as the HOMO energies) are 

calibrated to locate at zero eV.  
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Comparing the DOS diagrams of SWCNT:NO2 and  SWCNT (Figures 39e and 

39a, respectively), one sees the appearance of an acceptor state in the middle of the 

HOMO-LUMO gap of the SWCNT, when NO2 is bound
 
(Zhang et al., 2006). When 

this state receives electrons from the valence band of the SWCNT the resistance of the 

system should decrease. Since this state is contributed from the NO2 radical, as is 

indicated by the PDOSs and LUMO scheme of SWCNT:NO2 (Figures 39i and 39e, 

respectively), it is plausible that the measured energy gaps vary with the number of 

NO2 molecules.  WCNT/Pt exhibits the highest change ∆Eg of its energy gap when 

NO2 is bound to it (Table 3). However, that does not much affect the electronic 

structure of the SWCNT, as can be seen by the charge and electron density 

differences in Table 3  ∆qSWCNT = 0.22 e) and Figure 38d, respectively. Moreover, the 

HOMO and LUMO orbitals (Figures 37d and 37h, respectively , to which ∆Eg is 

related, have prominent contributions only in the area close to Pt and NO2 and mostly 

involve the d-orbitals of Pt. Also the partial density of states distribution (Figure 39n) 

shows the density near the Fermi level in SWCNT/Pt:NO2 originating from these d-

orbitals. The HOMO and LUMO of SWCNTVac/Pt:NO2, (Figures 40c and 40g, 

respectively) contain AO contributions from Pt and from the p-orbitals of the NO2 

oxygen atoms as well as from the nanotube mixed into the molecular orbitals of the 

whole system, whereas in SWCN/Pt:NO2, solely the first two and not the nanotube 

contribute to the frontier orbitals. Accordingly, despite the larger value of ∆Eg, in 

SWCNT/Pt:NO2, its localized response to NO2 binding makes it less suitable as a 

sensor. 
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Figure 40  Frontier molecular orbitals of the complexes with NO2: HOMOs (a-d) and 

LUMOs (e-h). 

 

1.2.2 NH3 Detection 

 

In this section the sensitivity of the three supports to NH3 detecting is 

discussed. The lone pair electrons at the N atom of NH3 can readily be donated to the 

molecule interacting with it. Consequently, the charge of adsorbed NH3 is positive by 

0.01, 0.27 and 0.28 e in SWCNT:NH3, SWCNTVac/Pt:NH3 and SWCNT/Pt:NH3, 

respectively, except for SWCNTVac:NH3 (-0.01 e) where C
…

H-N resembles a 

hydrogen bond and H-N behaves as the electron acceptor. The complexes with weak 

adsorption via the H atom, i.e., SWCNT:NH3 and SWCNTVac:NH3, also exhibit 

insignificant charge transfers of only 0.01 and -0.01 e, respectively. Together with the 

unnoticeable electron density difference, the energy gap is also unchanged. This is 

associated with the bare SWCNT character of the PDOSs near the Fermi level 

(Figures 41i and 41j) and is also visible in the HOMO-LUMO pictures of both 

 

SWCNT:NO2 SWCNTVac:NO2 SWCNTVac/Pt:NO2 SWCNT/Pt:NO2 

a)  b) c) d) 

    

e)  f) g) h) 
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complexes (Figures 42a, 42b, 42e and 42f). This infers that SWCNT and SWCNTVac 

have very low sensibility to NH3 gas. 

 

 

 

Figure 41  Density of states (DOS) for all studied supports (a-d) and their NH3 

complexes (e-h). Partial density of states (PDOS) of all support-gas 

complexes (i-l) are also plotted for comparison (blue lines: support; red 

lines: contributions from NH3). The Fermi levels (defined as HOMO 

energies) are calibrated to locate at zero eV. 
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Figure 42  Frontier molecular orbitals of all studied support-NH3 complexes, HOMOs 

(a-d) and LUMOs (e-h). 

 

Extraordinarily large charge transfers are found in SWCNTVac/Pt:NH3 and 

SWCNT/Pt:NH3 with values of 0.27 and 0.28 e, respectively. Amounts and directions 

of NH3 charge transfer of both complexes are quite similar and also their electron 

density difference maps are similar as shown in Figures 38g and 38h, respectively. 

The better efficiency is derived from the existence of the Pt active site and N-

contacted mode which enhance the outflow of nitrogen lone pair electron density.  

 

Generally, giving up electrons from NH3 to a p-type semiconductor support 

reduces the hole carrier density and thus decreases the conductivity of the system, 

correlated with the widening of its HOMO-LUMO gap (Kong et al., 2000). Even 

though the flow of NH3 electrons into SWCNTVac/Pt:NH3 and SWCNT/Pt:NH3 have 

the same direction, which indicates that they become less conductive, the signs of 

their ∆Eg values which represent how the conductivity changes are opposite. The 

energy gap of SWCNT/Pt:NH3 is slightly widened (0.04 eV) whereas that of the 

 

SWCNT:NH3 SWCNTVac: NH3 SWCNTVac/Pt: NH3 SWCNT/Pt: NH3 

a)  b) c) d) 

    

e)  f) g) h) 
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SWCNTVac/Pt:NH3 is significantly narrowed (-0.10 eV). These phenomena should 

principally interrelate to the electron redistribution in the support, especially of the 

SWCNT since the PDOSs near the Fermi level (Figures 41k and 41l) and HOMO-

LUMO features of both complexes (Figures 42c, 42d, 42g and 42h) are merely 

contributed from it. Both ∆qSWCNT values of SWCNTVac/Pt:NH3 and SWCNT/Pt:NH3 

are negative ( -0.21 e and -0.11 e, respectively) due to the accumulation of electrons 

in the SWCNTs. Remarkably, the SWCNTVac/Pt:NH3 tube can receive twice the 

electron density than SWCNT/Pt:NH3 does. This can change its electrical 

characteristic from p-type to n-type, which explains the observed increase in the 

conductivity after NH3 adsorption. The reason for the poorer electron transfer to 

SWCNT in SWCNT/Pt:NH3 is the weaker interaction between SWCNT and Pt in the 

latter, which is further diminished by the adsorbed gas. The electron density acquired 

from NH3 hardly moves to SWCNT as is shown by the accumulation of electron 

density on the Pt atom  ∆qPt, -0.17 e) after interacting with NH3. Up until this point, 

SWCNTVac/Pt adequately satisfies the basic sensitivity requirements and induces 

more electronic change in terms of both the energy gap and partial charge transfer to 

the SWCNT than to the SWCNT/Pt. 

 

2.  The investigation of catalytic activities of newly modified SWCNTs with 

transition metals (Sc, Ti, V) and the unmodified SWCNTs for N2O removal 

 

The geometries after optimizing the structures of Figure 13 are shown in 

Figure 43 and these serve as catalysts for N2O decomposition. A concerted reaction 

mechanism was studied in which the oxygen atom of N2O is transferred to the active 

site on the catalyst in a single step, consequently releasing a N2 molecule and 

producing an oxide species on the catalyst surfaces. Such a reaction pathway is 

generally proposed for oxygen abstraction from N2O with Sc, Ti and V transition 

metals (Stirling, 1998). The reaction mechanisms and the summarized energy profiles 

of undoped and metal doped-catalysts are illustrated in Figures 44 and 45, 

respectively. Partial and net charge transfers are tabulated in Table 4. 
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Figure 43  Optimized geometries with bond lengths (Å) of undoped (5,5)SWCNT (a), 

Sc-doped (5,5)SWCNT (b), Ti- doped (5,5)SWCNT (c) and V-doped 

(5,5)SWCNT (d). 
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Figure 44  Adsorption complexes (Ads Cpx), transition state structures (TS) and  

products (Prod) of undoped (5,5)SWCNT:N2O (a-c), Sc-doped 

(5,5)SWCNT:N2O (d-f), Ti-doped (5,5)SWCNT:N2O (g-i) and V-doped 

(5,5)SWCNT:N2O (j-l) systems accompanied by some selected bond 

lengths (Å) and angles (degrees). 
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Figure 45  Energy profiles for the N2O decomposition on undoped (dark solid line), 

Sc-doped (green dash dot line), Ti-doped (red dot line) and V-doped 

(orange dash line) (5,5)SWCNTs. The numbers in parentheses at 

transition and final states are activation energies, Ea = Ets – Eads, and 

reaction energies, Er = Eprod-Eads, respectively. 
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Table 4  Partial molecular and atomic charge transfers, q(e) of all complexes for co-

adsorption states (qads), transition states (qts) and final states (qprod). The 

partial charges of the initial metal-doped (5,5)SWCNTs (without N2O) are 

tabulated in Table 5. 

 

System qads
 [a]

 qts
 [b]

 qprod
 [c]

 

 CNT
 

Metal N2O CNT
 

Metal N2O CNT
 

Metal N2O 

CNT:N2O -0.006 - 0.006 0.233 - -0.233 0.224 - -0.224 

CNT-Sc:N2O -0.042 0.006 0.036 0.343 0.223 -0.566 0.032 0.009 -0.041 

CNT-Ti:N2O -0.051 0.000 0.051 0.235 0.161 -0.396 0.090 0.018 -0.108 

CNT-V:N2O -0.044 -0.009 0.053 0.180 0.057 -0.237 0.115 0.191 -0.306 

 

[a] qads(X) = q(X) in adsorption complex  –  q(X) in isolated molecule 

[b] qts(X) = q(X) in transition state  –  q(X) in adsorption complex 

[c] qpro(X) = q(X) in product –  q(X) in transition state 

 

Table 5  Partial molecular and atomic charges, q(e) of studied metal-doped 

(5,5)SWCNTs catalysts. 

 

System q(SWCNT)  q(Metal)  

(5,5)SWCNT-Sc -0.600 0.600 

(5,5)SWCNT-Ti -0.386 0.386 

(5,5)SWCNT-V -0.151 0.151 
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2.1 Adsorption Complexes 

 

In the first step, the adsorption complexes are analyzed. For the bare 

(5,5)SWCNT system (Figure 44a), the C1-C2 pair site was chosen as the active 

position to absorb N2O since it has been shown to be more reactive than the C2-C3 

site (Bettinger, H. F., 2006; Lu et al., 2002, 2003). The adsorption energy is very low, 

about 1 kcal mol
-1

 (Figure 45), in accordance with a long C
…

O distance of about 3.5 

Å. The doped SWCNTs take over some electron density from the metals. The amount 

of charge transfer is 0.60e for Sc which also has the smallest ionization energy of the 

three elements, 0.39e for Ti and 0.15e for V. Their adsorption complexes are also 

much more exothermic (7.0, 8.5 and 9.0 kcal mol
-1

; c.f. Figure 45). The metal
…

O 

distances are 2.47, 2.30 and 2.21 Å, respectively (Figures 44d, 44g and 44j). In the 

adsorption complexes, N2O is still retained as a linear molecule (c.f. Figure S1A) with 

its N-O bond slightly lengthened by 0.01 Å and the N-N bond shortened by the same 

amount. The charge redistribution in the complexes is related to the binding strengths 

mentioned above. The electron transfer qads caused can be defined by the adsorption 

process as the partial charge difference of the atom or molecule with respect to the 

isolated systems. Positive values of qads(N2O) infer an electron transfer to the 

catalyst. qads(N2O) for the undoped (5,5)SWCNTs is +0.006e, while for Sc-, Ti- and 

V-doped (5,5)SWCNTs values of +0.036e, +0.051e and +0.053e, respectively, are 

found (Table 4). The order of these values correlates with the binding strengths 

mentioned above. The electron density in the metal doped (5,5)SWCNTs is mostly 

distributed towards the SWCNT segments which serve as electron collecting regions 

as can be seen by the  corresponding negative values of qads(SWCNT). In the bare 

SWCNT there is almost no charge transfer. The lowest unoccupied molecular orbitals 

(LUMOs) on the active sites of the metal doped (5,5)SWCNTs (Figures 46b, 46c and 

46d) can specifically interact with the incoming molecules, which is not the case in 

the undoped (5,5)SWCNTs (Figure 46a). Moreover, the d-orbitals in those MOs 

possess large polarizabilities and can promote electron transfers. An analysis of the 

LUMOs of the metal doped (5,5)SWCNTs shows the characteristics of their binding 

capabilities with N2O. The d-orbital contributions are more prominent in the LUMOs 

of Ti- and V-doped (5,5)SWCNTs (Figures 46c and 46d) than in the ones of the Sc-
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doped (5,5)SWCNT (Figure. 46b). From Figure 47 one sees that Ti and V have the 

best spatial extent for overlapping with the HOMO orbital of N2O (Figure 48).  

 

 

 

Figure 46  Lowest unoccupied molecular orbitals (LUMOs) of undoped (5,5)SWCNT 

(a), Sc- doped (5,5)SWCNT (b), Ti- doped (5,5)SWCNT (c) and V-doped 

(5,5)SWCNT (d). 

 

 

 

Figure 47  Overlapping molecular orbitals of the reactants: HOMO of N2O (a) with 

LUMO of Ti-doped (5,5)SWCNT and LUMO of V-doped (5,5)SWCNT 

(b). 
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Figure 48  Optimized geometry with bond lengths (Å) (a) and angle (degree), highest 

occupied molecular orbital (HOMO) (b) and lowest unoccupied molecular 

orbital (LUMO) (c) of isolated N2O molecule. 

 

2.2 Transition state structures 

 

In the next step, the transition structures (TS) are analyzed connecting the 

adsorption complex with the product. In undoped (5,5)SWCNT, the TS lies 54.3 kcal 

mol
-1

 above the reactants but this value is reduced to 10.2, 8.0 and 3.6 kcal mol
-1

 for 

Sc-, Ti- and V-doped (5,5)SWCNTs, respectively (Figure 45). Similar to the co- 

adsorption state, the energetic order in the TS from lower to higher barriers is V- < Ti- 

< Sc-doped < undoped (5,5)SWCNTs. The TS geometries show that the oxygen atom 

of N2O approaches the active sites with the N-O bond dissociation taking place 

concurrently. In the TS the C
…

O and M
…

O distances decrease to 2.00, 2.03, 1.94 and 

1.99 Å and the N-O bond lengths increase from 1.2 Å to 1.60, 1.51, 1.38 and 1.30 Å 

for undoped-, Sc-, Ti- and V-doped (5,5)SWCNTs, respectively (Figures 44b, 44e, 

44h and 44k). The NNO angles are tilted from linearity to around 140 degrees. The 

weakening of the N-O bond arises from electron transfer from the catalyst to the 

LUMO of N2O (Figure 48c) which has a -character with a node plane perpendicular 

to the N-O bond.  
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This can be seen from the negative values of qTS(N2O) which are -0.233e for 

undoped CNT and -0.566e, -0.396e and -0.237e for Sc-, Ti- and V-doped 

(5,5)SWCNT, respectively (Table 4). The metal center and the SWCNT both 

contribute to this transfer of electron density, the SWCNT losing about half of its 

negative charge. Both the 4s and 4d orbitals of the metal atoms donate charge density 

to the antibonding * orbital of N2O. For Sc this density transfer amounts to about 

0.15e from 4s and 4d each (Table 6). The amount of electron transfer is similar for Ti 

whereas in the case of V, almost only the 4d orbital contributes. As a net result the 

metal atoms become even more positively charged.  

 

The structure of the V-doped (5,5)SWCNT/N2O TS bears the most 

resemblance to its adsorption complex and also N2O in this transition state is least 

deformed (Figure 44k . This is a manifestation of Hammond‟s postulate which states 

the structural similarity between reactant and transition state structures for exothermic 

reactions. It is worth mentioning that for Sc- and Ti- doped (5,5)SWCNTs, the 

transition state energies are higher than or similar to the adsorption energies. 

However, that does not mean that the adsorption is followed by desorption. Rather, 

N2O will be adsorbed and the associated energy will in any case dissipate rather 

rapidly. The energy delivered by the former exothermic dissociation processes can 

assist the adsorption state to move on to the transition state, largely independent of the 

adsorption energy. 

 

Table 6  Charge density differences of metal atoms in the metal-doped (5,5)SWCNTs 

and their TS for each molecular orbital. 

 

Metal Molecular Orbital 

 

4s 4p 4d 

Sc 0.127 -0.077 0.179 

Ti 0.106 -0.086 0.140 

V 0.039 -0.113 0.123 
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2.3 Products 

 

In the products, the metal atoms of the doped carbon nanotubes are bound to 

the oxygen atoms from N2O molecules with metal
…

O distances of 1.73, 1.67 and 1.63 

Å for - Sc-, Ti- and V-doped (5,5)SWCNTs, respectively (Figures 44f, 44i and 44l). 

For the undoped SWCNT, the C-O distance is 1.39 Å. The N-O bonds of the N2O 

molecules are completely dissociated with N2 molecules being formed. The charge 

rearrangement in this step is similar to the one discussed above for the formation of 

the TS with the additional density on the O atoms comparing both the metals and the 

SWCNT which, at that stage, is nearly neutral. The decomposition of N2O into the 

oxide and N2 can be compared with the corresponding gas-phase reaction. After some 

debate it is now established that N2O has a negative electron affinity, i.e., it forms no 

stable anion (Bettinger, H. F., 2006; Lu et al., 2002, 2003). The attachment of an 

electron breaks the N-O bond which is just the extreme case of our situation when 

electron density is supplied via the metal atoms.  

 

Overall, the reactions are exothermic, due to the very stable oxide products. 

Again, the order of the relative stability of the products, VO- > TiO- > ScO-doped 

(5,5)SWCNTs > O-(5,5)SWCNT (Figure 45), is the same as the order of the transition 

state barrier heights and is again consistent with Hammond’s postulate in the sense 

that a lower activation barrier causes the reaction to become more exothermic. From 

the charge analysis (Table 4), it can be seen that the product oxygens obtain negative 

partial charges. They and their bonds are stabilized by electrons from SWCNTs. Thus, 

the driving force behind the N2O binding in the transition states is finally the 

formation of these stable oxide complexes. For a working system, the catalyst must 

finally be recovered. This can happen by the combination of two oxygen atoms to 

form O2 which can desorb at elevated temperatures or by the subsequent reaction of 

one oxygen atom with another N2O molecule into N2 and O2. An undesirable reaction 

would of course be the reaction of the oxygen with a carbon atom of the SWCNT. 

Obviously, models with higher dopant and adsorbate coverages would be needed for 

the understanding of a real catalytic system. Conversely, a single dopant allows the 

evaluation of the intrinsic activity of the studied metal without consideration of the 
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morphology, crystal plane or surface coverage effects. Therefore, an investigation of 

these basic systems is a prerequisite before moving on to higher coverages. 

 

3.  The fabrications of well-constructed Nafion/PtNPs/CNT-AAO and its 

membrane electrode assembly (MEA)   

 

3.1 The fabrication of Anodic Aluminium Oxide (AAO) template 

 

From the electropolishing treatment, only the Al on the bare side (uncovered 

with plastic tape) was oxidized. As compared with the non-oxidized area at the upper 

right corner of the plate which was not immersed in the solution, the electropolished 

Al plate looks obviously brighter (Figure 49) indicating the appearance of a smooth 

surface. It resulted from the elimination of surface roughness about 100 – 200 microns 

from the anode surface according to equations summarized in Table 7.  

 

 

 

Figure 49  Photo of the Al plate after electropolishing. The small area at upper right 

corner is an untreated surface. 

 

 

 



93 

 

Table 7  Anodic and cathodic reactions in the electrolytic polishing of the Al plate. 

 

Anodic Reactions Cathodic Reactions 

1. Transfer of metal ions into the solution 

Al  Al
3+

 + 3e
-
 

1. Hydrogen evolution 

2H2O + 2e
-  
 H2 + 2OH

-
 

2. Formation of oxide layers 

2Al + 6OH
-
  Al2O3 + 3H2O + 6e

-
 

2. Oxygen reduction 

O2 + 2H2O + 4e
- 
 4OH

-
 

3. Oxide Dissolution 

6H
+
 +Al2O3 →   Al

3+ 
+ 3H2O 

 

4. Evolution of oxygen 

4OH
-
  O2 + 2H2O + 4e

-
 

 

 

The above anodic reactions are related to the I-V characteristics of the 

electropolishing of copper in phosphoric acid firstly observed by Jacquet (Jacquet, 

1935). He found that, during the applied voltage increasing, it was possible to obtain 

pitting, polishing and gas evolution as shown in Figure 50. Up to the voltage value at 

VA, the surface showed some signs of pitting (anodic reaction 1). A drop in current 

density was found after VA , but remained constant over the horizontal range (VB – 

VC) in which the anodic reactions 2 and 3 or the polishing occurred. The best result 

was obtained near point VC because, at point VC, the bubbles of gaseous oxygen 

appeared on the anode (anodic reaction 4) could be trapped on the surface and thus 

generated some defects.  
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Figure 50  Current density vs. voltage for copper electropolishing in phosphoric acid.  

 

Source: Jacquet (1935) 

 

Generally, when a current passes across the electrolyte, the anodic film has 

higher viscosity and higher electrical resistivity than the bulk of the electrolyte. The 

thickness of the insulating layer on a rough surface (Figure 51) differs from site to site 

by being greater in valleys () than on protrusion (). On account of that, the current 

density on protrusion is higher than in well. Consequently,    apex dissolves more 

rapidly than the  cavity, and results in surface-leveling. Electropolishing is beneficial 

for the formation of self-ordered porous alumina by leading to the perfect 

arrangement of pores especially at the beginning of pore formation. The porous 

alumina membranes prepared without electropolishing will not provide any ordered 

pore domains.  
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Figure 51  Schematic illustration of typical formation insulating layer on the anode 

surface. 

 

Source: Hoar and  Mott (1959)  

 

For the AAO synthesis, a two-step anodization process is normally used to 

fabricate the high-ordered arrangements of nanopores. From Figure 15, although the 

initial anodization creates the pores on Al surfaces with irregular arrangement, highly 

ordered pore arrays are formed at the metal/oxide interface. After selectively 

removing the oxide layer, the patterns which are replicas of the pore arrays are 

revealed as indented landscape covering the surface of the Al substrate. This allows 

the preparation of pores with high order, straight and parallel by a subsequent second 

anodization under the same conditions as the first one. The reactions occurring in 

anodic oxidation and also oxide dissolution are summarized in Table 8.  
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Table 8  Anodic and cathodic reactions of the anodization of the Al plate in an acid 

electrolyte. The selective dissolution of the AAO layer with acid and the 

selective removal of Al with CuCl2 are also elaborated. 

 

Anodization 

Cathode  Anode  

6H
+
 + 6e

−
 → 3H2 2Al + 3H2O → Al2O3 + 6H

+
 + 6e

-
 

 1. Al dissolution:  Al →  Al
3+ 

+ 6e
−
  

 2. Oxide Formation 

     Metal/Oxide boundary: 2Al
3+

 + 3O
2-

 → Al2O3 

                                    or 2Al
3+

 + 3OH
-
 → Al2O3 + 3H

+
 

 3. Oxide Dissolution 

   Oxide/Electrolyte boundary: Al2O3 + 6H
+
 →  Al

3+
 + 

3H2O 

Selective dissolution of AAO layer 

Al2O3 + 6H
+
 →  2Al

3+ 
+ 3H2O 

Selective removal of Al 

2Al + 3CuCl2 →  AlCl3 + 3Cu 

 

When external voltage is applied, hydrogen ions from the acid electrolyte are reduced 

at the cathode to develop hydrogen gas at the same time as the oxidation of Al into 

Al2O3 at the anode. The widely accepted pore formation mechanism of the AAO 

membrane in an acid is based on two continuous processes which are the oxide 

growth at the metal/oxide interface and the oxide dissolution at the oxide/electrolyte 

interface (Adelkhani et al., 2009; Jessensky et al., 1998; Landolt, 1987; Li et al., 

1998; Ono et al., 2004; Parkhutik and Shershulsky, 1992).  
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The porous oxide growth involves several stages as schematically presented in 

Figure 52. In the initial stage (stage i), the compact barrier oxide layer starts to grow 

covering the entire surface of the Al substrate via the elementary processes 1 and 2. 

Under the electric field, aluminium at the metal/oxide interface will be oxidized into 

Al
3+

 cations and some of them interact with the oxide anions, O
2- 

or OH
-
, which are 

electric field-enhanced, migrate from the electrolyte/oxide interface to form Al2O3 at 

the metal/oxide interface. However, some of Al
3+

 cations move across the oxide layer 

by an applied electric field and are ejected into the electrolyte. Another mechanism 

for losing Al
3+ 

cations proposed that, when the Al2O3 contacts with the acid solution, 

it is dissolved into the electrolyte together with the water formation from the as 

segregated oxide ions
 
(elementary process 3). When Al

3+
 cations are drifted from the 

oxide surface, cation vacancies or voids emerged and propagated as pits leading to the 

locally focused electric field (stage ii). Consequently, electric-field-assisted 

dissolution of the formed oxide layer occurs and then pores are firstly developed on 

these pits (stage iii). The pit sites have a relatively thinner oxide layer therefore 

enhancing the oxide growth rate. At this stage, there are competitive reactions 

between oxide formation at the metal/oxide interface and oxide dissolution at the 

oxide/electrolyte interface. Finally, the pore growth process approaches a steady state 

and a uniform porous structure is formed (stage iv). The pore size, the distance 

between pores and pore wall length of the AAO membrane are principally determined 

by the acid electrolyte, its concentration, the anodic voltage and time and bath 

temperature. The outcome of the AAO film deposited on the Al plate after the 2
nd

 

anodic oxidation is shown in Figure 53. The white circle, 4.5 cm in diameter, is the 

region of Al plate that is exposed to the electrolyte, in turn, homogeneously and 

uniformly transformed to the porous type aluminium oxide under this anodizing 

condition.  
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Figure 52  Schematic illustration of the pore formation by electrochemical 

anodization, formation of barrier oxide (a), formation of pits by local 

field fluctuations (b), initial pore formation by field-enhanced or/and 

temperature-enhanced dissolution (c) and steady-state pore growth (d). 

 

 

 

Figure 53  Photo of the AAO film supported on Al plates (AAO/Al plate). 
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After removing the Al substrate and opening the pore bottom by the reactions 

shown in Table 8, the pale yellow thin film of solely AAO are obtained (Figure 54). 

Even though the synthesized AAO films are fragile because of their low thickness and 

brittle nature, most of them are not broken and preserve their original size of the cut 

AAO/Al plate (1x1 cm
2
). It should be noted that keeping the AAO film deposited on 

the Al plate together with the PVC coating before cutting and the removal of the Al 

substrate offer great benefits for supporting the weak AAO film during the subsequent 

experiments. 

 

 

 

Figure 54  Photos of the synthesized AAO film with 1x1 cm
2
.   

 

 The scanning electron images of the resultant AAO film are displayed in Figure 

55. Although the commencement of the growing pores at the upper or pore side 

surface (Figures 55a -b) are randomly distributed, the ordered densely packed 

hexagonal structures can be observed at the bottom or barrier side of the film (Figures 

55c-d). This almost perfectly ordered structure is accompanied by the uniform depth 

of neighboring pores leading to the smooth lower surface. By chemical etching in the 

solution of phosphoric acid, the pore bottoms are all opened as well as 

homogeneously widened (Figures 55e and 55f). However, the density of the pore 

arrays at the pore side is found to be typically higher than at the barrier side of the 

AAO film, indicating that some of the pores stop growing either shortly after their 

nucleation or during the self –organization process.  
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 The pore size measured at the pore mount, pore bottom and pore wall are quite 

similar, approximately 90 nm (Figures 55b, 55f and 55h). In addition, the obtained 

AAO film has the even thickness which is estimated to be 20 m (Figure 55g). Upon 

this employed anodic oxidation condition including the type and concentration of acid 

used, the anodization voltage, time and temperature, the tubular pores of synthesized 

AAO film are tuned to be uniform in both pore size of 90 nm and length of 20 m. 

 

 

 

Figure 55  SEM images of pore side (a,b), barrier side before (c,d) and after (e,f) 

etching and side view of AAO film. 
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3.2 Synthesis of CNT deposited AAO film (CNT-AAO) 

 

Figure 56a presents the CNTs deposited AAO template (CNT-AAO) in which 

the color of AAO film is turned from light yellow to black because of the successful 

carbon coating. Owing to the low-temperature CVD process at 600C (lower than the 

first phase change temperature of Al2O3 at 850C), such AAO templates still remain 

flat without severely bending such that they are a well-suited substrate for assembling 

the flat Nafion membrane by the hot pressing method.  

 

 

 

Figure 56  The photo of the CNT-AAO film prepared under a carbon deposition 

using the AAO as template (a), the scanning electron microscopic (SEM) 

photographs at pore side (b) and barrier side (c) and the transmission 

electron microscopic (TEM) photographs (d-h) with different positions 

and magnifications of the CNTs after AAO removal.  
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More importantly, this operating CVD temperature is lower than the self-

decomposition temperature of acetylene in the vapor phase i.e., about 650C, hence 

there is no other form of carbon precipitating and blocking on the pore mouths of both 

sides of the CNT-AAO film (Figures 56b-c). From the TEM images of CNTs after 

AAO dissolution (Figures 56d-f), they all evidence that the carbon deposition from 

the pyrolysis acetylene precursor under these employed experimental conditions 

creates CNTs within the pores of the membrane. It has been known that aluminium 

oxide itself exhibits as a Lewis acid catalyst strong enough to catalyze the acetylene 

decomposition without the need of other metals. On account of that, not only the 

metal-free CNTs can be obtained but also there is no tedious step and cost of adding a 

metal catalyst.  

 

At low magnification in Figure 56d, many of the tubes are bundled by carbon 

deposition taken place on the external surface of the AAO film. These bundles are 

helpful to measure the length of CNTs which is averaged to be 20 m and exactly the 

same as the thickness of the corresponding template film. But some of the CNTs are 

separated from the cluster during the washing step as can be observed in the other 

pictures. From the observations in Figures 56e-g, it can determine that these CNTs are 

hollow with open ends.  

 

Some tubes branch out into several tubes near the end that is imitated from the 

similar branchlike pore structure of the synthesized AAO template. The magnified 

TEM images (Figures 56e and 56h) confirm the tubular shape formation with an outer 

diameter of 90 nm, again corresponds to the pore size of the used AAO film. The wall 

thickness of the resultant CNTs is homogeneous all along the tube and roughly 

estimated to be 5 nm. That is due to the uniform catalytic property of the internal 

alumina walls resulting in the simultaneous carbon deposition on the entire inner 

surface of pores with no coatings at any particular site or location. The above 

outcomes elucidate that the CNTs with uniform diameter, length and thickness can be 

prepared inside the pores of AAO film by this employed method. Such morphologies 

are probably beneficial for facilitating the flows of reactants and products during the 

operation of the fuel cell device.   
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3.3 Decoration of the inner walls of CNT-AAO with platinum nanoparticles 

(PtNPs/CNT-AAO)  

 

The PtNPs deposited onto the innerwall of CNT-AAO were prepared by the 

direct reduction of the Pt salt solution by the commonly used reducing agent, NaBH4,  

according to the reaction shown below:  

 

H2PtCl6 + 6NaBH4 + 18H2O → Pt + 6B(OH)3  + 6NaCl + 22H2                              (5) 

 

The surface appearances on both sides of the PtNPs/CNT-AAO film prepared 

without washing off the excess metal precursor on the film surface are depicted in 

Figures 57a-d. It is easy to observe that almost all pore mounts of the film are clogged 

by the large-sized (ca. 100 nm) and dense PtNPs. These aggregated clusters are taken 

placed not only on the outer surfaces of the film but are also extended into the inner 

walls close to pore mouths as evidenced in Figures 57e and 55a-b. However, the 

PtNPs with a smaller average size, ca. 5.2 nm (evaluated from size distribution in 

Figure 63a), are decorated on the inner walls along the whole tube adjacent to the pore 

mouths at both sides (Figures 58c-d). Consider the cause of the big metal cluster 

formation, it perhaps originated from the high reactivity of NaBH4 which is able to 

react quickly with the Pt precursor accumulated on the surfaces prior to moving into 

the pore channels. These aggregations seem to be an adverse aspect since the gas and 

water transports in the fuel cell device might be blocked by these congested clusters. 

Consequently, the involved chemical reactions cannot proceed and eventually the 

electricity will no longer be produced.  
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Figure 57  SEM photographs of top views on the pore side surface (a and c), barrier 

side surface (b and d) and cross-sectional views (e and f) of the 

PtNPs/CNT-AAO film prepared without washing excess metal precursor 

on the film surface before reduction. 
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Figure 58  TEM photographs of the PtNPs/CNTs liberated from the AAO template 

that were prepared without washing the excess metal precursor on the 

AAO film surface before reduction, at both ends of the CNT bundle (a 

and b) and at the middle of CNTs (c and d). 

 

The alternative strategy in avoiding aggregations of PtNPs at the pore mouths 

is suggested by washing the excess Pt precursor on the film surface before interacting 

with the NaBH4 solution as demonstrated in Figure 21 along the inserted red dotted 

line route. Water was utilized as the cleaning solvent because of its intrinsic 

hydrophilic property which is capable of completely dissolving Pt ions on the surface 

but hardly penetrates into the hydrophobic carbon channels. Thus the dropped water 

will not elute the Pt ions impregnated into the internal carbon surfaces. The greatly 

improved results from the minor modified process are presented in Figures 59-60. The 

bulky agglomerated PtNPs are no longer generated on the both the side surfaces 

(Figures 59a-d) and also the inner pore mouths (Figures 59e and 60a-b). The film 

surface washing can give positive effects on not only flow gateways but also the 

particle size of PtNPs. The particle size of PtNPs prepared with this developed 

method is estimated to be 3.2  0.4 nm (Figure 63b) which is of smaller size and 

narrower distribution compared to that of PtNPs prepared by the earlier method ie., 
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5.2 0.8 nm. The reduced and more uniform PtNP size would result from the more 

homogeneous and lower concentration of Pt precursor deposited on the surface and 

also into the pores. There are no abundant Pt ions on the film surfaces diffusing into 

the pore for enhancing the growth of particles as in the unwashed system. Even 

though the Pt ions on the surface of the film are reduced by washing, the density of 

PtNPs inside the pores remains high as shown in Figures 59f and 60c-d. From the 

overall results, it can be stated that the surface washing method could overcome the 

drawback of pore mouth blocking and is beneficial for synthesizing the uniform and 

small size PtNPs deposited inside the pores of CNTs. 

 

 

  

Figure 59  SEM photographs of top views on the pore side surface (a and c), barrier 

side surface (b and d) and cross-sectional views (e and f) of the 

PtNPs/CNT-AAO film prepared with washing the excess metal precursor 

on the film surface before reduction. 
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Figure 60  TEM photographs of the PtNPs/CNTs liberated from AAO template that 

were prepared by washing the excess metal precursor on the AAO film 

surface before reduction, at both ends of the CNT bundle (a and b) and at 

the middle of CNTs (c and d).   

 

The last method of PtNPs deposition is loading with pre-synthesized PtNPs. 

The aim of this approach is to enlarge the surface area of the metal catalyst by 

producing the PtNPs with small and uniform size governed by the role of alkanethiol 

stabilizer. The reaction of PtNP synthesis still relies on the direct reduction route with 

NaBH4 as outlined in the previous section, except in the presence of the alkanethiol 

capping agent dissolved in toluene solvent. Owing to that, the reduction reaction of 

the Pt precursor salt takes place in a two-phase mixture of water and organic solvent 

and the forming PtNPs could be directly transferred to the organic phase for thiolation 

without using any phase-transfer agent. The alkanethiolated PtNPs would offer the 

strong benefit of introducing themselves into the CNTs nanochannels because of the 

non-polar interaction between their hydrocarbon chains and the hydrophobic CNT 

surfaces and also the low surface tension of organic solvent used for dispersion. 

Furthermore, the alkanethiol molecule is decomposed at low temperature, in the range 

of 200C to 300C, which presumably affects less the agglomeration of particles 
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during the ligand removal process by heat treatment. The results of 

octadecanethiolated PtNPs filled CNTs under the ultrasonication before heat 

treatment are shown in Figures 61a and 61c. It is clearly seen that almost every CNT 

contains plenty of PtNPs inside. Despite the dense deposition on the inner wall of 

CNTs, the PtNPs remain well-dispersed with only a few interparticle aggregations 

that might be ascribed to the influences of ultrasonic power and also nonpolar 

compatibility of CNT support on hindering the interdigitation between alkyl chains 

surrounded on the individual Pt cluster.  

 

The employed condition of heat treatment, at 360C for 10 h, has no 

significant impact on that homogeneous dispersion (Figures 61b and 61d). The size of 

pre-synthesized PtNPs after removal of the protecting ligand is averaged to be 1.3  

0.3 nm (Figure 63c), which is prominently smaller and somewhat more uniform than 

those of PtNPs synthesized without using a stabilizing agent. As a matter of course, 

the PtNPs with small size and high dispersion are possible to provide the promising 

catalytic performance because of their large surface area.  

 

 

 

Figure 61  TEM photographs of pre-synthesized PtNPs loaded CNTs prepared by the 

ultrasonic assisted dipping method (a and c) followed by heat treatment (b 

and d). 
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Additionally, there are interesting results from SEM and also TEM 

observations (Figure 62) on and inside the pre-synthesized PtNPs/CNT-AAO film 

after heat treatment, respectively whereby almost pore mounts of CNTs are not 

blocked by the pre-synthesized PtNPs. Therefore, although the carbon surfaces on the 

external film are also compatible with the hydrocarbon backbone of alkanethiol, the 

pre-synthesized PtNPs are eluted effectively by washing with toluene. Even so, there 

are agglomerated Pt clusters to some extent found in the Figures 62e-f, however, only 

in the branch like tubes which might not limit the flows along the electrode. This can 

be suggested that not only the small and uniform size of catalyst particles but also the 

well-suited feature for facilitating the water and gas transports during the fuel cell 

operation can be achieved by means of loading the pre-synthesized PtNPs into the 

nanochannels of CNT-AAO film. 

 

 

 

Figure 62  SEM photographs of top views on the pore side surface (a and c), barrier 

side surface (b and d) of the octadecanethiolated PtNPs/CNT-AAO film 

and TEM photographs at both sides of the pore mouth of 

octadecanethiolated PtNPs/CNTs after heat treatment. 
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Figure 63  Size distributions accompanied with the corresponding average sizes of 

PtNPs deposited inside the CNT-AAO film prepared by direct deposition 

with washing (a) and without washing (b) excess metal precursor on the 

film surface before reduction and by pre-synthesis the PtNPs before 

loading (c). 

 

3.4 Optimization of the thickness of the Nafion layer coated on the inner walls of 

CNT-AAO film. 

 

In an ideal case of three phase boundary, the Nafion layer should not cover the 

metal particle where served as an active site for the electrochemical reaction or as an 



111 

 

accessible area of fuel gases that is demonstrated in Figure 64. Thus, one of the 

important aims in this research is the optimization of the Nafion layer thickness 

properly with the deposited PtNPs size.  

 

 

 

Figure 64  Proposed feature of the well-constructed three-phase boundary forming 

inside the pores of CNT-AAO film.   

 

The first discussion on Nafion coating on the inner pore-wall of CNT-AAO 

film goes to the results from dipping the film in 0.5 wt% Nafion solution (dilution 

with 1-propanol) and drying under ambient condition as shown in Figures 62a-b. It is 

obvious that the electrolyte layers could be established and appear as the non-smooth 

coatings next to the carbon cavity along the tube. The Nafion layers are almost fully 

filled in the tube cavity so that they might cover the PtNP surfaces completely and 

would result in the difficult access of reactant gases towards the Pt catalyst sites. 

Hence to avoid such problem, the Nafion layer has to be thinner.  

 

In order to decrease the thickness of the Nafion layer, the amount of Nafion 

substance should be carefully controlled. The values of the inner-wall surface area of 

CNTs and the metal particle size are both needed to estimate the amount of Nafion 

matter appropriate for forming a triple phase interfacial structure. Based on the 

equation for the cylindrical surface area i.e., 2rh, one CNT with 90 nm diameter, 20 

m in length and 5 nm in wall thickness is of 5.024 x 10
-12

 m
2
 surface area. When 

multiplied with the pore number of 1x1 cm
2
 CNT-AAO plate (2.6x10

9
), the total pore 

surface area is approximated to be 13.0624 x 10
-3

 m
2
. As mentioned before, that the 

Nafion thickness should be a bit less than the particle size of the deposited PtNPs and 

in the preliminary testing, PtNP size of 5 nm is selected to optimize the thickness of 
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the Nafion layer. As multiplied, such total pore surface area with the target thickness 

of Nafion layer, the volume of the Nafion layer is about 65.312 x 10
-9

 cm
3
 and the 

required weight of Nafion substance calculated with its density (2 mg/ml) will be 0.13 

mg. At the concentration of 0.5 wt% of Nafion solution, in order to coat 0.13 mg of 

Nafion on the inner pore-wall of 1x1 cm
2
 CNT-AAO film, 30 l are thereby used 

(density of 1- propanol is 0.896 g/ml).  

 

The obtained weight of Nafion after dropping with 30 l of 0.5 wt% Nafion in 

1-propanol is closer to that of calculation, which is about 0.1308 mg/1cm
2
 CNT‐AAO 

film. Therefore, the amount of Nafion coating is effectively controllable by dropping 

approach. Figures 65c-d present the outcomes prepared by the dropping and drying 

method in a normal system. The observed coating layers are quite thinner than those 

prepared by the previous dipping method. Nevertheless, the average thickness is still 

in the range of 30-40 nm, which is much more than the size of PtNPs (2-5 nm). Such 

that there are possible factors other than the rational quantity of applied Nafion matter 

that influence the forming aspect of the Nafion layer. As for the initial assumption, the 

higher thickness of the Nafion layer than the expected value may come from the rapid 

evaporation of the solvent in air hence, the Nafion matter is dried before going along 

the tube.  
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Figure 65  TEM photographs of Nafion coated on the inner walls of CNTs by dipping 

(a-b) and dropping (c-d) methods whereby drying in ambient condition 

and also dropping method whereby drying in a humidity controlled system 

(e-f).  

 

As a matter of course, many physical parameters have a significant effect on 

the film appearance, such as viscosity, evaporation rate and surface tension of applied 

solution. Regarding this system, the low viscosity of the penetrated solution would 

enable Nafion to spread throughout the tube smoothly. Particularly, as combined with 

the atmospheric humidity control, whereby drying the film under the vapor of the 

solvent with regulated temperature, allows the formation of a homogeneous Nafion 

layer. Because of that, the solvent evaporation is retarded by the accumulated gaseous 
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solvent in the drying chamber and, in turn, the Nafion could move along the tube 

entirely before drying up. According to the above reasons, the 10 times lower Nafion 

concentration at 0.05 wt% in 1-propanol is employed to introduce it into the CNT-

AAO pores accompanied with drying under the abundant solvent vapor. The 

measured weight of dried Nafion, 0.1031 mg/1cm
2
 CNT‐AAO film, is a bit lower 

than that of dried Nafion prepared by normal dropping. This might be caused by the 

loss of being-dried Nafion solution because of its low viscosity. However, the 

received value remains in accordance with the calculation. In considering the Nafion 

features shown in Figures 65e-f, their layers are very thin with about 10-15 nm in 

thickness.  

 

Nonetheless, to get a thinner Nafion layer, the concentration or the amount of 

Nafion solution should be reduced. Nafion concentration lower than 0.05 wt% makes 

the loss of dropped solution because of it easily spreading out from the CNT-AAO 

platform. Even dropping with less volume to avoid that loss, the process will be 

impractical due to it taking very long periods of time. In the case of the amount of 

reduction, the twice-lower volume of 0.05 wt% Nafion solution (150 l) is used 

instead of the predicted volume from calculation. It relatively becomes relatively 

harder to indicate the Nafion layer, possibly because of the transparency of the very 

thin and loose layer. The slightly dense layer can be, however, observed in some tubes 

but they are found in similar manners as those prepared by dropping with 300 l of 

0.05 wt% of Nafion solution. Even though the thickness of the Nafion layer is not 

perfectly suitable with the size of PtNPs, the modified drying technique combined 

using a reasonable amount of Nafion matter is considered to be the effective strategy 

for casting a Nafion thin layer with the thickness most closely matching the size of 

PtNPs.  

 

3.5 Fabrication the composite material of Nafion/PtNPs/CNT-AAO film and its 

assembly with a Nafion membrane (Membrane Electrode Assembly, MEA) 

 

This section involves the construction of three phase interfacial structures of 

Nafion/PtNPs/CNT-AAO film whereby the PtNPs are synthesized via three different 



115 

 

technique including (i) non-washing, (ii) washing the excess metal precursor on the 

surfaces of CNT-AAO film before metal reduction and (iii) pre-synthesizing the 

PtNPs before loading into the pores of CNTs followed by heat treatment to remove 

protecting ligands. As discussed earlier, the different methods allow the production of 

different sizes of deposited PtNPs in which the average sizes of about 5, 3 and 1.5 nm 

are produced by the methods (i), (ii) and (iii), respectively. Each PtNPs/CNT-AAO 

sample thus requires a specific amount of Nafion which can be approximated in the 

same way as in the Nafion coating experiment. Based on such calculations, 300 l, 

175 l and 90 l of 0.05wt% Nafion solution or equal to 0.131 mg, 0.078 mg and 

0.036 mg of Nafion substance are needed for those aforementioned systems (i), (ii) 

and (iii), respectively. Again, the amount of Nafion phase is still in line with its 

corresponding estimation whereby the nafion dried weights of systems (i), (ii) and 

(iii), are 0.121, 0.072 and 0.040 mg, respectively.  

 

From the observations on pore side and barrier side surfaces of 

Nafion/PtNPs/CNT-AAO films (Figure 66), the appearances of two samples in which 

the PtNPs are prepared by the washing technique (Figures 66d-e) and are pre-

synthesized before loading into the pores of CNTs (Figures 66g-h), quite resemble the 

corresponding films before Nafion coating. The pore mouths on both sides of such 

films are not covered or plugged by Nafion polymer, implying that the entering of 

Nafion solution into the CNT pores is facilitated because of the absence of large 

PtNPs accumulated at the pore mouths.  
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Figure 66  SEM photographs of the top views on pore side surfaces, barrier side 

surfaces and cross-sectional views of Nafion/PtNPs/CNT-AAO film 

whereby the PtNPs are prepared by non-washing (a, b and c, 

respectively) and washing (d, e and f, respectively) the excess metal 

precursor on the surfaces of CNT-AAO film before reduction and also 

the PtNPs are pre-synthesized before loading into the pores of CNTs are 

then subjected to heat treatment prior to coating with the Nafion solution 

(g, h and i, respectively). 

 

Contrary to the non-washing sample, hinted by the low resolution of the 

image, there might be a thin insulating Nafion layer existing on the barrier side 

(Figure 66b) where the Nafion solution is dropped. Moreover, Nafion matter is also 

found to somewhat extent on the pore side of the CNT-AAO film (Figure 66a). This 

appearance on the film surface originated from the drying of some of the Nafion 

solution which could not penetrate into the tube cavities due to the flow hindrance 

caused by the large aggregated PtNPs at the pore mouths. This emphasizes that the 

congested PtNPs at the channel entrances would exhibit an adverse effect on the 

liquid and also gas transportations in the fuel cell. For the cross-sectional views of 
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Nafion/PtNPs/CNT-AAO film in Figures 66c, 66f and 66i, the size and dispersion of 

PtNPs deposited inside the pores are similar to those of the corresponding 

PtNPs/CNT-AAO samples. However, in the Nafion/pre-synthesized PtNPs/CNT-

AAO, it is quite hard to determine these PtNPs because of the limitation of the SEM 

technique in detecting very small sized particles. Likewise, but by the intrinsic 

insulating property, the layer of Nafion is also identified as being difficult. Up to this 

point, it could be stated from these SEM images that the Nafion
 
substance is plausibly 

coated as a thin layer without the formation itself in bulk shape such as a thin plate or 

rod inside the pores of CNTs. 

 

TEM images in Figure 67 provide more and better details of the morphologies 

of PtNPs and Nafion decorated on the inner walls of tubes. The thin layers of Nafion 

can be observed along the tubes of all three samples. They are rough surfaces since 

the low concentrated solution of Nafion must pass through a great number of metal 

clusters which act as obstructions causing an unsmooth flow. Again, the 

morphological features of PtNPs are in accordance with those of SEM images and 

also of the corresponding PtNPs/CNT-AAO samples, implying that the PtNPs are 

well stabilized on the carbon surfaces and thereby are not agglomerated upon the 

diffusion of Nafion polymer. 
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Figure 67  TEM photographs of Nafion/PtNPs loaded CNTs in which PtNPs are 

prepared by non-washing (a) and washing (b) the excess metal precursor 

on the surfaces of CNT-AAO film before reduction. For the last figure 

(c), PtNPs are pre-synthesized before loading into the pores of CNTs and 

subjected to the heat treatment prior to coating with Nafion solution. 
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All obtained Nafion/PtNPs/CNT-AAO films are taken for fabricating their 

MEA with Nafion membrane by the hot pressing approach. Whole parts of 1x1 cm
2 

square film of Nafion/PtNPs/CNT-AAO are successfully attached on the Nafion 

membrane without cracking into small pieces as shown in Figure 68. Thus, the 

employed hot pressing condition in this study is quite appropriate to assemble Nafion 

film with even a brittle and thin CNT-AAO film. On the other hand, the CNT-AAO 

film is also one of versatile electrode platforms for fabricating MEA with the 

generally used hot pressing technique. The integrity of the hot pressed film could infer 

that the aligned pore structure of CNT-AAO film is still intact as the intended design 

for fuel cell application.  

 

 

 

Figure 68  Membrane electrode assembly (MEA) of 5x5 cm
2
 Nafion membrane and 

1x1 cm
2
 Nafion/PtNPs/CNT-AAO film. 
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4.  Fine-tuning the sizes of positively charged AuNPs by adjusting the amount of 

PVP and DMAP stabilizers and synthesizing the AuNPs/CNTs nanocomposite by 

the facile electrostatic deposition of the size-controlled AuNPs onto the AAO-

templated CNTs. 

 

From the results of CNTs synthesis, the diameter and length of synthesized 

CNTs correspond to the pore size and the film thickness of the AAO template i.e., 35-

55 nm and 20 m, respectively (Figures 69a-c). Most observed CNTs are individual, 

that is one of the required features, for the absorption of AuNPs on the walls of CNTs 

to be facilitated. Nevertheless, few bundles of CNTs remain because of the 

incomplete removal of the carbon layer deposited on the AAO surface, but they help 

to make the measurement of the length of CNTs easier. Although the length of the 

initial liberated CNTs from the AAO template are quite uniform, the shorter CNTs 

could be found in the last step of the metal/CNTs preparation due to their being cut 

during the sonication applied for the washing and dispersion processes. In a high 

magnification TEM image (Figure 69d), under the used reaction parameters of CVD 

synthesis, the average wall thickness of CNTs is approximated to be 5 nm but the wall 

structure is of low crystallinity because the tube formation occurred at a low 

temperature. Consequently, the obtained CNTs contain many defects on their walls 

which in turn are reactive to interact with some incoming molecules. Especially for 

this case when the ill-crystalline sites were exposed to NaOH solution during the 

AAO dissolution step, the oxygen-containing functional groups could be readily 

formed on the outer surfaces of CNTs. Such polar oxygen species not only enhance 

the water dispersibility of CNTs by inducing an electric double layer (EDL) around 

each tube but are also the cause of the intense negative charges on CNTs surfaces 

evidenced by the substantial negative value of -potential (-36.6 mV at pH 7) as 

shown in Table 9.  
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Figure 69  TEM photographs of AAO-templated CNTs at different magnification. 

 

Table 9  Zeta () potentials of CNTs, Au-(P) and Au-(P1024:D1) at pH 7. 

 

Entry Sample Zeta Potential (mV) 

1 CNTs -36.6 

2 Au-(P) -31.2 

3 Au-(P1024:D1) -9.2 

 

Accordingly, under the aims of this study, these bare CNTs without any post 

treatment are supposed to be the potential negatively charged support for depositions 

the positively charged AuNPs with the approach of electrostatic self-assembling. 

Besides tuning the surface charges over AuNPs, to establish the new method for size-

controlled synthesis of such positively charged AuNPs is also the objective task. 

DMAP was utilized together with PVP to accomplish both goals in which the former 

could polarize positive the charge on the cluster surfaces of AuNPs whereas the latter 

is expected to limit the core size of AuNPs lower than that of ones synthesized with 

only a DMAP stabilizer. Therefore, the mixing ratio of PVP and DMAP is considered 
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as a key parameter to produce AuNPs with various core sizes and, simultaneously, to 

engender the different degrees of positive surface charges of AuNPs due to the 

partially negative charges of oxygen-containing PVP molecules. The correlation 

between the size of AuNPs and their colloidal color is firstly discussed.  Regarding to 

the surface plasmon resonance (SPR) phenomenon, the color of AuNPs solution 

depends on the size and shape of their particles. Such a unique property is normally 

used as a simple optical approach to roughly determine the relative size of AuNPs. 

Many experiments demonstrate that the colloidal AuNPs solutions exhibit 

systematical color changings from red to pink, violet and then blue if the sizes of 

AuNPs are bigger. Furthermore, very tiny AuNPs (1-2 nm) present the brown color 

of the solution (Ghosh and Pal, 2007; Tsunoyama et al., 2004, 2005, 2006;). As 

compared with our results in Figure 70, which is a photograph of all synthesized 

positively charged AuNPs solutions, there are also noticeable those aforementioned 

colors by developing from blue to violet, pink, red and brown when the mole ratios of 

PVP:DMAP are getting higher (rightmost to leftmost sides of Figure 70). These 

primary results follow with our precedent prediction in which the core size of AuNPs 

could be tuned by adjusting the PVP:DMAP ratios and the sizes of AuNPs become 

smaller as the PVP:DMAP ratios are increased due to the sterically hindering Au 

atom agglomerations of bulky PVP ligands.  

 

 

 

Figure 70  A photograph of colloidal AuNPs solutions synthesized by varying 

PVP:DMAP mole ratios according to Table 1, starting from Au-(D) 

(rightmost side) to Au-(P512:D1) (leftmost side). 
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The  PR also contributes importantly to the UV−visible spectrum and 

generally, the SPR band of spherical Au nanostructure appears at around 520 nm 

(Ghosh and Pal, 2007). These characteristic peaks of all prepared AuNPs samples are 

normalized and shifted lower in respect to the increasing ratios of PVP:DMAP for 

ease of comparison of their curves as illustrated in Figure 71a. It is apparent that the 

Au-(D) shows the single SPR band with a strong and broad peak reaching into near-

IR region, often because of the inhomogeneous size distribution of large and 

anisotropic AuNPs. However, the absorption bands of Au-(P1:D512) to Au-

(P512:D1) are gradually less prominent, narrower and blue-shifted, perhaps arisen 

from the size reduction and more sphericity of particles which can be polarized by 

UV-Vis light homogeneously. Therefore, by raising the mole ratio of PVP:DMAP, the 

morphology of AuNPs are suggested to become not only smaller in size but also have 

a more isotropic structure. For the circumstances that AuNPs are functionalized onto 

the walls of CNTs (AuNPs/CNTs), SPR bands of all AuNPs/CNTs samples (Figure 

71b) present similar fashions but slightly red-shifted as compared to corresponding 

the SPR bands of isolated AuNPs. The red-shift of SPR band of AuNPs in the 

composite is plausibly ascribed to the interparticle plasmon coupling from close 

adjacent particles and/or the interaction with the support. The above conjecture from 

the results implies that AuNPs are successfully immobilized on the bare CNTs. 
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Figure 71  UV–Vis absorption spectra of (a) all synthesized AuNPs samples and (b) 

AuNPs/CNTs composites synthesized by varying PVP:DMAP mole 

ratios, Au-(D) to Au-(P512:D1). The UV–Vis absorption spectrum of 

bare CNTs is also compared in panel (b). Moreover, the dashed line that 

vertically passes through both panels is the position of absorption 

wavelength at 520 nm.  
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On the basis of electrostatic deposition,  potentials of interacting components 

are the crucial information to speculate whether the self-assembling is able to take 

place. Almost all  potentials of AuNPs samples (Table 10) are the positive values 

owing to positive charge density from the exocyclic nitrogen atom of DMAP. 

Especially for the sample without a nucleophilic PVP molecule, Au-(D), the  

potential is maximized up to 19.6 eV but continuously reduced to 6.6 eV when the 

PVP:DMAP mole ratio is elevated equals to 1:4. Nevertheless, if the mole ratios of 

PVP:DMAP are over 1:4, there are only small fluctuations of  potential values from 

4.0 to 6.0 eV.  It is presumable that PVP has considerable influence to lessen the 

degree of positive surface charge on AuNPs. Particularly in the Au-(P512:D1) 

sample, the  potential abruptly changes to -2.3 eV. Up until this point, we can 

propose that all prepared AuNPs except Au-(P512:D1) will well self-assemble well 

towards the unmodified CNTs driven by the force of electrostatic attraction from the 

opposite charges between AuNPs and CNTs.  

 

Table 10  Zeta () potentials of the synthesized AuNPs, Au-(D) to Au-(P512:D1), at 

pH 7-8. 

 

Entry Sample Code  Potential (mV)  Entry Sample Code  Potential (mV) 

1 Au-(P512:D1) -2.3  11 Au-(P1:D2) 5.5 

2 Au-(P256:D1) 4.7  12 Au-(P1:D4) 6.6 

3 Au-(P128:D1) 4.4  13 Au-(P1:D8) 10.3 

4 Au-(P64:D1) 4.0  14 Au-(P1:D16) 9.9 

5 Au-(P32:D1) 5.9  15 Au-(P1:D32) 12.4 

6 Au-(P16:D1) 5.7  16 Au-(P1:D64) 14.8 

7 Au-(P8:D1) 4.2  17 Au-(P1:D128) 15.4 

8 Au-(P4:D1) 5.3  18 Au-(P1:D256) 17.2 

9 Au-(P2:D1) 4.5  19 Au-(P1:D512) 19.3 

10 Au-(P1:D1) 5.1  20 Au-(D) 19.6 
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According to the assumption, AuNPs are deposited densely and rather 

uniformly distributed along the outer walls of CNTs as shown in Figures 72 and 73 of 

low and high magnification TEM images of all studied AuNPs/CNTs samples. 

Moreover, the bindings between the AuNPs and the CNTs are robust enough to avoid 

the serious loss of particles even with repeated washing. Unexpectedly, Au-(P512:D1) 

particles are also attached on CNTs in spite of the fact that its colloidal solution has 

the negative  potential. In order to clarify further, the  potential distribution (Figure 

74) of AuNPs colloids should be analyzed insightfully on the proportion of positively 

and negatively charged particles existing in the solution. It is found that, Au-(D) 

sample contains only positively charged particles, meanwhile the distribution peaks 

are gradually shifted to the lower  potential if increasing PVP:DMAP mole ratio. 

Particularly the Au-(P512:D1) sample, more than half of the distribution area is 

collected from negatively charged AuNPs that originates the negative value of  

potential. Nonetheless, the remaining region of this distribution curve reveals that the 

positively charged AuNPs are still available for binding with CNTs. This thus 

elucidates why observing the depositions of AuNPs on CNTs in the Au-

(P512:D1)/CNTs system. Moreover, AuNPs synthesized with the P1024:D1 mole 

ratio and with only PVP are also examined to emphasize the above explanations. 

Their values and distribution of  potential are demonstrated in Table 9 and Figure 75, 

respectively, indicate that almost all AuNPs of both samples are no longer positively 

charged. Hence, few AuNPs are capable of approaching CNTs as displayed in Figure 

76. As far as we know from the literature, this is a new finding that CNTs obtained by 

the template method possess sufficient intense negative charge to assemble with 

positively charged AuNPs directly without any treatment on the surface of CNTs. 
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Figure 72  TEM images of all prepared AuNPs/CNTs composites, Au-(D)/CNTs to 

Au-(P512:D1)/CNTs. 
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Figure 73  TEM images at higher magnification of all prepared AuNPs/CNTs 

composites, Au-(D)/CNTs to Au-(P512:D1)/CNTs. 
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Figure 74  Zeta () potentials distributions of the synthesized AuNPs, Au-(D) to Au-

(P512:D1).  

 

 

 

Figure 75  Zeta () potentials distributions of CNTs (a), Au-(P) (b) and Au-

(P1024:D1) (c). 
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Figure 76  TEM images of all Au-(P)/CNTs (a) and Au-(P1024:D1)/CNTs 

composites (b). 

 

Additionally, besides attaining the alternative procedure to optimize the 

molecular charges of AuNPs and CNTs suited for electrostatic self-assembling, we 

also get the great achievement within this method to produce such AuNPs/CNTs 

composites with several Au core sizes. In comparing the highly- magnified TEM 

images of all studied AuNPs/CNTs samples in Figure 77, it can be seen that the sizes 

of AuNPs decorated on the sidewalls of CNTs are quite different. For intensive 

evaluation pertaining to particle size, 250 AuNPs on CNTs are measured and 

summarized with the size distribution histograms accompanying the value of the 

average size in Figure 78.  
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Figure 77  Highly-magnified TEM images of all prepared AuNPs/CNTs composites, 

Au-(D)/CNTs to Au-(P512:D1)/CNTs. 
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Figure 78  Size distribution histograms of AuNPs in all prepared AuNPs/CNTs 

composites, Au-(D)/CNTs to Au-(P512:D1)/CNTs. 

 

Starting with the Au-(D)/CNTs sample (Figure 78t), due to the several 

anisotropic shapes of Au-(D), the size distribution of them is thereby polydisperse i.e., 

10-30 nm together with the large average size of 18 nm. This outcome discloses that 

the DMAP molecule has low capability to prevent against the coalescence between 

reduced Au species during the chemical reduction process, possibly attributed to its 

less steric structure. One rational mechanism for anisotropic growth of DMAP 

stabilized AuNPs proposed by Danger et al. is the partial reduction of Au
III

 to Au
I
 

species by Lewis base, DMAP
 
(Danger et al., 2012). After adding the strong reducing 

agent (NaBH4), the pre-generated Au
I
-DMAP complex is slowly transformed to Au

0
 

monomer and then allows the thermodynamic adsorption of DMAP on Au(100) 

surface of the growing seed. This brings the overgrowth along the Au(111) direction 

and the creation of anisotropic AuNPs. Similar morphologies are also sustained in the 
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AuNPs/CNTs samples with increasing the mole ratios of PVP:DMAP until 1:32. It 

could be inferred that 1:32 is the minimum PVP:DMAP mole ratio in which PVP still 

has adequate competence to render the size of AuNPs.  

 

Over this limitation level, the average diameters of AuNPs are significantly 

decreased with the estimated changing step about 2.3 nm i.e., from 17.3 nm of Au-

(P1:D32)/CNTs to 12.9, 11.3, 10.6, 8.1, 5.6 nm of Au-(P1:D16)/CNTs, Au-

(P1:D8)/CNTs, Au-(P1:D4)/CNTs, Au-(P1:D2)/CNTs and Au-(P1:D1)/CNTs, 

respectively (Figures 78j-o). In addition, by increasing PVP:DMAP mole ratios, those 

unsymmetrical particles are also transformed to be elliptical and eventually uniform 

spherical clusters. Accordingly, PVP plays more important role in the formations of 

small size and uniform spherical AuNPs. For the upper P1:D1 ratio, the mean sizes of 

AuNPs are also progressively decreased but with fewer changing steps about 0.7 nm 

i.e., from 5.6 nm of Au-(P1:D1)/CNTs to 4.5, 3.6, 2.8, 2.2 and 1.8 nm of Au-

(P2:D1)/CNTs, Au-(P4:D1)/CNTs, Au-(P8:D1)/CNTs, Au-(P16:D1)/CNTs and Au-

(P32:D1)/CNTs, respectively (Figures 78e-j).  

 

By the keeping constant the amount of PVP but reducing that of DMAP 

instead, it ascertains that PVP is able to restrict the particle growth better than DMAP 

does. Unlike DMAP, PVP acts as only capping agent. Once Au
0
 is initiated by 

NaBH4, the PVP molecule can cover the nanocrystal nuclei quickly through the 

preferential coordination bonding with O atom. Attendance with the steric hindrance 

of the long polymer chain, PVP is certainly more powerful to impede the Au
0
 

aggregations and thus gives rise to the small and regular shaped AuNPs. It would be 

said that the success in tuning the sizes of AuNPs is owed to both thermodynamic and 

kinetic controls of DMAP and PVP, respectively. These results also prove that even 

though the varying of particle sizes lower than 5 nm is perceived as a difficult 

manipulation, our strategy by adjusting the PVP:DMAP mole ratios can certainly 

provide superior performance on fine-tuning  the core sizes of AuNPs. However, the 

AuNPs of Au-(P32:D1)/CNTs to Au-(P512:D1)/CNTs (Figures 78a-e) are subtly 

different in core size, only 0.1 nm. This occurrence resembles that of the PVP:DMAP 

mole ratio lower than 1:32, but 32:1 is the maximum PVP:DMAP mole ratio that the 
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DMAP contributes for regulating the sizes of AuNPs. From the above results, the 

propensity of these size and shape alterations is consistent with the hints from the 

colors and UV-Visible spectra of AuNPs samples. 
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CONCLUSION 

 

The sensing performances of Pt-SWCNT with defective and pristine SWCNTs 

for NO2 and NH3 are qualitatively studied by means of first principle calculations. 

Overall, in both Pt-deposited and Pt-doped SWCNTs, platinum increases the charge 

transfer and other calculated properties. For the adsorption of NO2, the Pt-doped 

SWCNT shows slightly smaller binding energies and gap changes than the Pt-

deposited SWCNT and the pristine SWCNT, respectively. Its electronic structure 

modulations are greater than that of the pristine SWCNT and its electron densities in 

the SWCNT unit are more disturbed than the ones of the Pt deposited SWCNT. The 

binding of Pt to the SWCNT in the doped case is much stronger than if it is deposited 

on the surface. For NH3 adsorption, the Pt-doped SWCNT shows the largest electron 

transfers to the SWCNT. The Pt-doped SWCNT is further compared with the well-

known reactive defected-SWCNT. Their abilities for capturing a NO2 molecule are 

similar but for NH3 the Pt-doped SWCNT is far better. The sensitivity of Pt-doped 

SWCNT is superior for both the detection of NO2 and NH3, because it exhibits larger 

energy gap changes and a larger charge transfer. These findings should be useful for 

the development of SWCNT-based nanosensor devices. 

 

As for the decomposition of N2O on stable composite catalysts consisting of 

Sc-, Ti- and V-doped (5,5)SWCNTs is investigated by periodic DFT calculations and  

compared with the same process on pristine (5,5)SWCNTs, the Sc-, Ti- and V-doped 

(5,5)SWCNTs behave like one would expect of potent catalysts for N2O conversion. 

The barriers for the concerted activation of the metal-doped (5,5)SWCNTs are at least 

5 times lower than the barrier for the undoped (5,5)SWCNT. Among the metal-doped 

(5,5)SWCNTs, the one doped with Vanadium is most active because it exhibits the 

strongest binding to N2O and its reaction proceeds almost barrierless. The findings 

suggest that the ability of transition metal decorating nanotubes to deliver highly 

improved reaction kinetics for N2O decomposition might also be worth investigating 

experimentally. 
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Apart from the theoretical investigation, the experimental fabrications of 

CNTs and their functionalization with commonly-used metal nanoparticles in 

applications are also studied.  

 

The novel design electrode for fuel cell application is proposed by using AAO 

film as a well-aligned and uniform porous platform. Upon this model, the triple phase 

boundary reaction zone including proton conducting layer (Nafion), electron 

conducting layer (CNTs) and reactant adsorbed layer (platinum nanoparticles, PtNPs) 

are thus built on the inner walls of AAO pores. In order to satisfy the assumption of a 

high performance fuel cell catalyst, the electrode features and those three-phase 

interfacial structures are optimized properly to the requirements.  

 

Firstly, the PtNPs can be stably and homogeneously decorated on the inner 

pore surfaces of CNT-AAO film. The catalyst particles are also able to be tuned in 

small and narrow distribution diameters of 3 and 1.5 nm by a common chemical 

reduction method and simply loading pre-synthesized alkanethiolated PtNPs, 

respectively. These sizes of PtNPs are known as an effective size range of 

electrocatalyst used in fuel cells. Moreover, owing to the trick of washing metal salt 

accumulated on the film before reduction, the pore entrances are no longer clogged by 

the large clusters of PtNPs that benefits the water and gas transports smoothly.  

 

Secondly, the layer of Nafion electrolyte phase is successfully applied on pore 

walls of PtNPs/CNT-AAO film and thereby completing the three-phase reaction site. 

On the dropping method, the amount of Nafion substance is controllable in line with 

the calculated value relying on the size of PtNPs. Combining the developed slow 

drying technique under solvent vapor, the Nafion can be coated along the tube as thin 

layers ca. 10-15 nm. However, due to the non-smooth surface and low density of 

Nafion matter, the actual thickness is difficult to be identified. Nevertheless, it is 

found that this modified Nafion coating strategy creates the layer thickness which 

more closely matches to the size of PtNPs than those prepared by dipping and normal 

dropping methods.  
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The membrane electrode assembly (MEA) of Nafion/PtNPs/CNT-AAO 

electrode and Nafion membrane can be achieved as well without breakage by the 

commonly-used hot pressing approach. Therefore, the AAO film exhibits as not only 

the ordered porous scaffold for the catalyst layer but also as the robust supporter to 

preserve the aligned pore arrays intact. Up until this point, it could be suggested that 

the Nafion/PtNPs/CNT-AAO fabricated in this study is an alternative electrode 

architecture feasibly applied in PEMFC. 

 

For the development of the new strategy to fine-tune the sizes of positively 

charged AuNPs by varying the used amount of PVP and DMAP stabilizers in which 

the mole ratios of PVP:DMAP were increased from 1:512 to 512:1. Each prepared 

AuNP sample was attracted by an electrostatic force to the outer walls of AAO-

templated CNTs which were readily negatively charged during AAO dissolution. 

Under this one-step synthesis of AuNPs in an aqueous phase, the structures and 

charges of AuNPs are governed by both PVP and DMAP. The DMAP-protected 

AuNPs (Au-(D)) held the strong positive charge stemming from the exocyclic amine 

group but they possess the large size (18 nm) and irregular shape. Meanwhile, the 

AuNPs become gradually smaller (until 1.8 nm) and more spherical when the mole 

ratio of PVP:DMAP is getting higher starting from 1:32 to 32:1. Thus, it should be 

proposed that PVP performs the rendering morphologies of these positively charged 

AuNPs to be small and uniform particles. However, the positive charge values of 

AuNPs are consequently reduced as well due to the polar oxygen groups of PVP, and 

eventually leading to the electrostatic repulsion between AuNPs and CNTs if the mole 

ratio of PVP:DMAP exceeds 512:1.  

 

All resultant positively charged AuNPs are densely and rather homogeneously 

deposited along the bare CNTs. Therefore, apart from good dispersibility in water, 

this is the first time that it is revealed that AAO-templated CNTs also exhibit the 

potential for decoration of positively charged AuNPs with a variety of sizes and 

amounts of surface charge. Moreover, the absence of modification over the CNTs 

surfaces makes this method much simpler and might lessen the hindrance of 

intermolecular electron transport in AuNPs/CNTs.  
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It is expected that these morphology-tunable AuNPs/CNTs composites would 

facilitate tailoring the structure dependent properties which are fundamental for the 

development of advanced nanodevices used in catalytic, electronic and optical 

applications. In addition, this approach is suggested to be a feasible model for 

preparing heterostructures of CNTs and other reactive metals. 
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