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中文摘要 

本研究主要是開發奈米製程以合成具有可調控孔洞結構之碳奈米結構、探索

它們對甲醇氧化反應之催化效能，以及討論碳奈米管(CNTs)之成長機制。孔洞性

碳材料(CPMs)以及碳奈米管(CNTs)乃利用沸石或二氧化矽為模板，以 C2H2和 H2

為反應氣體，分別在無或有鐵觸媒的情況下藉模板輔助化學氣相沉積(CVD)法合

成之。這些二氧化矽模板材料，包括了 Y 型沸石、MCM-41、MCM-48、SBA-15

和二氧化矽光子晶體(PC)等等，它均由傳統方法製備之。至於直接甲醇燃料電池

陽極之製備，乃是先將孔洞性碳材料或碳奈米管與 H2PtCl6 混合，以 CVD 製程

在 H2和 523 K溫度環境下以將 Pt 前趨物還原，使 Pt 分散在具有孔洞的 CPMs

或 CNTs陽極擔體上，反應時間為 30 分鐘。採用下列方法來分析在每一研究階

段之奈米材料之結構與性質：穿透式電子顯微技術、X-光繞射技術、循環伏安法、

化學吸附、熱重、拉曼以及氮氣吸脫附等分析。從實驗結果，可得出以下結論： 

關於 CPM 之製備，模板輔助化學氣相沉積製程可以成功製備 CPM，所得之

CPM 孔徑介於 1到 400 nm 之間，本製程使用之氣態反應於 1073 K下可以大幅縮

短製程時間至 1 小時內，而須經反覆乾燥及除水步驟的傳統液態反應法，則需費

時一天。本製程的另一個優點，在於可以複製各種尺度的微孔洞、中孔洞以及大

孔洞碳材料，相對的微孔碳材微孔洞碳材料則難以藉由傳統方法製備，達到複製

各種尺度的。在移除二氧化矽或沸石模板後之CPMs的 IG/ID比値大約介於 0.7-0.8

之間，此比値與 CPMs之孔徑無關。 
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關於碳奈米管之製備，中孔洞矽膜板成功的被用來製備 CNTs。其製程是在

CVD 沉積之前將鐵觸媒顆粒填入膜板之孔洞中。藉由穿透式電子顯微技術之分

析發現這裡的 CNTs主要是多壁碳奈米管(MWCNTs)，且它們的尺寸可以成功的

被合成和控制，直徑為 3到 17 nm的 CNTs分別是使用孔洞直徑為 3 到 18 nm的

二氧化矽模板。在移除二氧化矽模板後的 MWCNTs之 IG/ID比値與商業化單壁碳

奈米管、商業化 XC-72之 IG/ID之比值大約相同。 

關於分散有 Pt觸媒的 CPMs所製之 DMFC 陽極之甲醇氧化效能而言，循環

伏安曲線中之結果顯示正向電流密度峰值，If,(122到 655A/g Pt)，隨著 CPMs之

孔徑增加而增加(從 1 到 400 nm)，其中 If 是代表陽極甲醇氧化反應(MOR)活性

之指標。其原因可能是在反應時甲醇之質量傳輸受到 CPMs之孔洞的侷限。正向

與逆向電流密度峰值之比值代表陽極的 CO-容忍度之指標；相對於孔洞尺寸為 1

到 400 nm之 CPMs，其值分別為 4.9到 1.0。其中 CO-容忍度是代表 Pt 顆粒表面

對抗 CO毒化之能力，其中佔據 Pt表面的 CO是 MOR 操作過程中的中間產物，

它使得陽極失活。因此一般來講，CO-容忍度是與 Pt顆粒大小無關的。然而此研

究結果顯示，小於 1 nm的 Pt顆粒數量增加將使得 CO容忍力上升，這指出小於

1 nm之 Pt顆粒的表面性質由於奈米效應而有明顯改變。然而其背後的原因有待

進一步的研究。 

關於分散有 Pt 處媒的 CNTs 所製陽極之甲醇氧化效能而言。結果顯示其陽

極反應活性(354-414 A/g Pt)隨者管徑增加而增加(3到 17 nm)。穿透式電子顯微技

術分析亦指出具有較大之管徑使得它較不易於聚集成束，Pt顆粒被包埋在管束中

的或然率就比較小，也就有較好的 Pt分散。這可能是 MOR 活性隨者管徑增加而

增加的原因。結果也指出再這些情形下CO-容忍度約介在 1.2到 1.3之間,且CNTs

尺寸以及 CNTs中之 Fe觸媒對於容忍度沒有明顯的效應。此外，在這裡 Fe-Pt 合

金對 CO-容忍度並沒有顯著的影響，這是由於碳管的隔離效應使 Fe免於和 Pt變

成合金。此外，藉由比較 CPM-與 CNT-輔助陽極之效能，結果指出較大的孔徑
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或管徑可提升 MOR 活性。而 CO-容忍度與碳奈米結構材料之型態無關，且大量

< 1 nm 的 Pt顆粒會導致較高的 CO-容忍度。換句話說，在本研究中，孔徑 400-nm

或管徑 17-nm之 CPMs或 CNTs輔助陽極具有可導致較好的 MOR 活性。此外，

小尺寸 Pt的數量在孔徑為 1 nm的 CPMs輔助陽極上之數量多於其它的碳材料輔

助陽極，因此具有最佳之 CO-容忍度。 

關於跨越觸媒顆粒之溫度差對於碳奈米管成長機制影響之研究，碳奈米管乃

藉由熱以及電漿化學輔助化學氣相沉積法沉積於不同基材，例如中孔洞 SBA-15

以及矽晶圓等，以 C2H2及 H2為反應氣體，Co為觸媒。結果顯示，∆T 其定義為

觸媒顆粒頂端(接近氣氛處)以及底端(接近基材處)之局部溫度差，是決定 CNT

頂端或底端成長機制的重要製程參數。也顯示成長模式在 ∆T > 0, ~ 0, < 0時，分

別傾向於頂端-、洋蔥狀的-、底端-成長模式。利用 ∆T 可以成功的用來解釋為

何底端-和頂端-成長模式的碳奈米管通常分別有較大的趨勢發生在熱-以及電漿

輔助-化學氣相沉積製程中，還可進一步地藉由改變 ∆T 的設計成功的改變在熱-

以及電漿輔助-化學氣相沉積製程中的成長模式。 
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Abstract in English 

In this work, nanofabrication processes to synthesize various carbon 

nanostructures with tunable pore structure, to explore their DMFC (direct methanol 

fuel cell) anode applications and to examine growth mechanisms of CNTs (carbon 

nanotubes) were developed.  The CPMs (carbon porous materials) and CNTs were 

synthesized without and with Fe as catalyst, respectively, using template-assisted 

CVD process with C2H2 and H2 as the reaction gases. The templates are made of 

zeolite or silica, and consist of commercial Zeolite-Y, MCM-41, MCM-48, SBA-15, 

and PC (photonic crystal) porous silicas. The templates were prepared by 

conventional methods. For DMFC anode preparation, anodes were fabricated by 

mixing CPMs or CNTs with H2PtCl6, followed by a CVD process to reduce 

Pt-precursor and to disperse Pt element on porous CPMs or CNTs anode in H2 

atmosphere at 523 K for 30 min. The structure and properties of the nanostructured 

materials after each step were characterized by transmission electron microscopy 

(TEM), X-ray diffratometry (XRD), cyclic-voltammetry (C-V), chemisorption, 

thermogravimetric (TG), Raman, and N2 adsorption/desorption analyses. From the 

experimental results, the following conclusions can be drawn. 
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For CPMs fabrication, the developed silica template-assisted CVD process could 

be successfully used to control CPMs with pore diameters ranging from 1 nm – 400 

nm, using gas reactants at 1073 K to reduce the process time to less than 1 h, in 

contrast to about 1 day by the conventional processes using liquid reactants and 

requiring multiple dehydration and drying steps. The additional advantage of the 

new process is that all range of microporous, mesoporous and macroporous carbons 

can be replicated. In contrast, microporous carbons are difficult to be fabricated by 

conventional methods. The IG/ID ratios of CPMs after silica or zeolite removal are 

about 0.7 - 0.8, independent of pore size. 

For CNTs fabrication, mesoporous silica templates were also successfully used to 

fabricate CNTs, by filling Fe catalyst particles into the pores of template before 

CNTs deposition. From TEM examination, it is found that the CNTs are mainly 

MWCNTs (multiwalled CNTs), and their sizes can be successfully synthesized and 

controlled, ranging from 3 nm to 17 nm in diameter by using the pore diameters of 

silica templates ranging from 3 nm to 18 nm, respectively. The IG/ID ratios of 

MWCNTs after silica removal are about the same as CPMs, commercial SWCNTs 

and XC-72 activated carbon material. 

Regarding methanol oxidation reaction (MOR) performance of DMFC anode 

made of CPMs with dispersed Pt, the results show that peak forward mass activity If 

(from 122 to 655 A/g of Pt) in the C-V curves, which is an index representing the 

MOR activity of the anode, increases with increasing pore size (from 1 to 400 nm in 

diameter) of CPMs. The reason may be due to limitation of pore of CPMs on mass 

transfer of methanol during reaction. From the C-V curves of the anode, the peak 

forward to reverse mass activity ratio, If/Ir, is an index representing CO-tolerance of 

the anode; the results indicate that the values ranging from 4.9 to 1.0 are 
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corresponding to the pore sizes of CPMs ranging from 1 to 400 nm, respectively. The 

CO-tolerance represents the ability of surface condition of Pt-particles to stand 

poisoning by the occupied CO, where CO is an intermediate product of MOR during 

operation, making the anode inactive. Therefore CO-tolerance, in general, is not 

sensitive to Pt-particle size. However, the results indicate that a higher tolerance 

value is closely related to a greater amount of smaller Pt particles with sizes less than 

1 nm in diameter, signifying surface conditions may change significantly for particle 

size less than 1 nm due to nano effect. Further study is required to find the reasons 

behind that. 

Regarding MOR performance of DMFC anode made of CNTs with dispersed Pt 

on outside of the tubes, the results show that the MOR activity (from 354 to 414 A/g 

of Pt) of the anode increases with increasing tube diameter (from 3 to 17 nm). The 

TEM examination also indicates that a larger tube size give rise to a less tube 

bundling, less probability for Pt particles to be embedded within the bundles and so 

more uniform Pt particle distribution. This may be the reasons for a greater MOR 

activity for a greater tube size. The results also indicate that the CO-tolerances in 

these cases are around 1.2 – 1.3, where effects of tube size of CNTs and amount of 

Fe catalyst in CNTs on tolerance are not significant. It signifies there are no 

significant differences in surface conditions for Pt-particles on different tube sizes. In 

addition, there is no significant amount of Pt-particles with sizes less than 1 nm, as 

discussed in the previous paragraph. Furthermore, the reported effect of Fe-Pt alloys 

on CO-tolerance is not obvious in theses cases due to isolation effect of the tubes to 

the Fe-particles from alloying with Pt. Furthermore, by comparing the performance 

between the CPMs- and CNT-assisted anodes, the results indicate that a greater pore 

size or tube diameter gives rise to a greater MOR activity, and a greater amount of Pt 
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particles of < 1 nm results in a higher CO-tolerance, independent of the type of 

carbon nanostructured materials. In other words, the CPMs- or CNT-assisted anodes 

with 400-nm pore size or 17-nm tube diameter can result in a better MOR activity 

amoung the present working cases. In addition, the amount of smaller Pt particles (< 

1 nm) in the CPM-assisted anode with 1-nm pore size is much greater than other 

carbon-assisted anode cases, therefore it results in the best CO-tolerance. 

About effect of temperature difference across a catalyst particle on growth 

mechanism of CNTs, growth of CNTs by thermal and plasma-enhanced CVD on 

various substrates, such as mesoporous SBA-15 and Si wafer, with C2H2 and H2 as 

reaction gases and Co as catalyst were conducted. The results show thatΔT, defined 

as local temperature difference between the top (close to gas atmosphere) and 

bottom (in contact with the substrate) sides of a catalyst particle, is an important 

parameter to determine whether growth mode being tip- or base-growth mechanisms. 

When ΔT > 0 , ~ 0 and < 0, the results show that growth mode of CNTs is more 

favor to be tip-, onion-like- and base-growth modes, respectively. TheΔT parameter 

proposed to determine growth modes can be successfully adopted to explain why the 

base- and tip-growth CNTs are common in thermal CVD and plasma-enhanced CVD 

processes, respectively. Furthermore, few experiments designed to changeΔT to 

vary the growth modes in both thermal and plasma-enhanced CVD processes were 

successfully conducted. 
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Chapter 1  

Introduction 

 
Nanostructured carbon materials have attracted considerable research attentions 

in the past few decades due to their unique physical properties, such as high specific 

surface area, good corrosion resistance, tailorable pore size, and excellent electronic 

conductivity. These properties make nanostructured carbon materials suitable for 

applications as electrodes or as supports for electrodecatalysts. For example, carbon 

porous materials (CPMs) and carbon nanotubes (CNTs) have been extensively studied 

and applied as supports for noble metal (Pt, Ru) catalysts at both anode and cathode in 

direct methanol fuel cells (DMFCs). 

As the past investigations on CPM-assisted DMFC electrodes were mostly 

focusing on using carbon mesoporous materials (CMM) with pore size ranging from 2 

to 50 nm as catalyst supporter, while overlooking the potential applications of 

microporous (< 2 nm) and macroporous (> 50 nm) carbons[Joo-2001-169; Joo-2006-1618; Liu 

-2006-3435; Liu-2008-1622] As for CNT-assisted DMFC anode, numerous efforts have been 

devoted into optimizing methodology of Pt loading for better dispersion of Pt 

nanoparticles[Choi-2002-9058; Li-2003-6292; Mu-2005-22212], however, there are few reports 

focusing on the effect of tube diameter on CNT-assisted anode. Thus, the effects of 

pore and/or channel diameter size of CPMs and CNTs on the electronchemical 

performance of DMFC anode remain as subjects of special research interests. 

In order to understand the effect of pore size of CPMs on the performance of 

DMFC anode, a CVD process was developed and adopted to facilitate easy 

fabrication of CPMs. Accordingly, a series of CPMs with pore size ranging from 
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micro-, meso-, to macroporous carbons, such as the ZRC, CMT-1, CMT-2, HCC, and 

PCC materials respectively prepared by using zeolite-Y, MCM-48, SBA-15, melted 

MCM-48, and photonic crystal as templates, have been fabricated. These materials 

were applied as the catalyst supports for DMFC anode and their electrocatalytic 

performances during methanol oxidation reaction were evaluated and compared. 

On the other hand, in order to understand the effect of tube diameter of CNTs on 

DMFC anode, the diameter control methods of CNTs have also attracted considerable 

attention. In general, methodologies invoked in controlling the diameter of CNTs 

during chemical vapor deposition (CVD) process may be classified into two main 

categories, namely by tuning the processing parameters and by employing auxiliary 

templates. For the former, it has been reported that carrier gas/carbon source flow rate, 

plasma intensity, morphology of catalyst, precursor compositions, and treatment 

duration etc., have effects on diameter of CNTs to some extent.[Kuo-2005-2760; Lee-2001-245; 

Li-2001-141; Wei-2001-1394] In comparison with rather complex control of processing 

parameters, the use of an auxiliary template appears to be an easier route to fabricate 

CNTs with tailorable diameters. For examples, zeolites[Wang-2000-50] and anodic metal 

oxides[Eswaramoorthi-2007-1571; Hoa-2007-447; Im-2004-1214; Jeong-2004-2073; Kyotani-1996-2109; Yao-2001-11395] 

have been used as templates during CVD process to fabricate CNTs with uniform 

diameters, which is largely dictated by the pore size of template used. Nevertheless, it 

is rather difficult to prepare anodic metal oxides or zeolites with uniform pore size in 

the range of 1-25 nm [Yao-2001-11395]. Therefore, mesoporous silica (MCM-41, SBA-15) 

with tunable pore sizes in the range of 1-50 nm were adopted here to develop a facile 

synthesis route to CNTs with high yield and tunable diameters by using Fe-containing 

mesoporous silica as catalyst-template. The resultant CNTs were applied as the 

catalyst supports for DMFC anode and their electrocatalytic performances during 
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methanol oxidation reaction were evaluated and compared. 

Clearly, the CPMs and CNTs present herein represent two important classes of 

carbon materials for energy applications, hence, it is necessary for us to understand 

not only their preparation processes but also their formation mechanisms. 

Nevertheless, while the replication processes of CPMs were better understood, 

conflicting mechanisms have been proposed for the growth or the morphology control 

of CNTs since their first discovery in 1991. For example, even though many factors 

have been reported concerning the tip- or the base-growth mode of CNTs, 

[Bower-2000-2767; Lin-2005-778; Hsu-2004-1461; Segura-2006-1945; Song-2004-S590] none of them succeeded 

in explaining why CNTs grown by thermal CVD method normally follow the 

base-growth mechanism[Choi-2002-3847; Choi-2001-2095; Fan-1999-512; Gulino-2005-89; Lee-1999-461; 

Lee-2001-245; Lee-2000-3397; Zhao-2006-159] while those grown by plasma CVD were mostly 

categorized as tip-growth mechnism. [Abdi-2006-1219; Chen-2004-1949; Chen-2000-2469; Hart-2006-1397; 

Hsu-2002-225; Kuo-2003-799; Lin-2003-1851; Murakami-2000-1776; Ren-1998-1105; Yap-2006-1622] Clearly, some 

crucial parameters must have been overlooked. To unravel the factors involved during 

CNT growth mode, we have conducted a series of experiments by using both thermal 

and plasma CVD modes. Our results clearly indicate that the direction of temperature 

difference (∆T) is the crucial factor dictating the CNTs growth mode. Accordingly, 

the concept was successfully used to interpret various mechanisms proposed in the 

literatures. [Choi-2002-3847; Choi-2001-2095; Fan-1999-512; Gulino-2005-89; Lee-1999-461; Lee-2001-245; 

Lee-2000-3397; Zhao-2006-159] 
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Chapter 2  

Literature reviews 

 

2.1 Porous silica materials  

 

2.1.1 Structure, properties, and synthesis methods 

Zeolites are crystalline microporous minerals developed after the pioneering 

discovery by a Swedish mineralogist Axel Fredrick Cronstedt in 1756. Since it was 

observed that a large amount of steam would be released when heating these minerals, 

hence the name “zeolite”, which means “boiling stone” in Greek; ζέω (zeō) meaning 

"boil" and λίθος (lithos) meaning "stone". The structure of zeolite is consist of silicon 

(Si
+4

) and aluminium (Al
+3

) cations, which are tetrahedrally coordinated by four oxygen 

anions (O
-2

), thus forming a macromolecular three-dimensional framework in such a way 

that uniform voids and channels are created in the crystals, with pore sizes ranging 

between 4-12 Å.[Nagy-1998-192] 

The first application of microporous zeolites were used as molecular sieves by McBi 

at 1932, based on their variation in pore sizes with molecular dimensions. Subsequently, 

artificial aluminosilicate zeolites with microporosities were widely applied in 

petrochemical industry as solid acid catalysts for various heterogeneous catalytic 

reactions, such as isomerisation, alkylation, dehydrogenation, cracking etc. since 1960. 

However, the applications were limited due to their angstrom scale pore size. It is till the 

discoveries of M41S[Kresge-1992-710] and SBA-15[Zhao-1998-548] series mesoporous silica 
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materials in early 1900’s, the pore size of porous materials open up a new era of research 

and applications.[Lu-2004-p6] Over the past decade, extensive studies have been focusing on 

synthesis and development of mesoporous materials and their applications in a vaiety of 

different areas, such as catalysis, separation, adsorption, and electronic/optical devices. 

It should be noted that even through the prefix “micro-” always means the 

diamension of 10-6 meter in the field of material science, the profix have totally different 

meanings in the field of porous materials, where micropore mesns the diameter with pore 

size smaller than 2 nm. Table 2- 1 shows the IUPAC（International Union of Pure and 

Applied Chemistry）classification and examples of porous silica materials based on their 

pore sizes.[Rouquerol-1994-1739] For practical reason, only Zeolite-Y, MCM-41, MCM-48, 

SBA-15, and photonic crystal will be introduced as representative examples in the 

following sections. 

 

Table 2- 1 IUPAC classification of porous silica materials.[Lowell-2004-p3] 

Type Pore Diameter (d) Examples 

Microporous d < 2 nm Zeolite A, Faujasite (Zeolite X, Y), 

Mordenite, ZSM-5, Beta etc. 

Mesoporous 2 nm < d < 50 nm MCM-41, MCM-48, SBA-15, HMS etc. 

Macroporous d > 50 nm Photonic crystal 

 

(a) Zeolites 

Zeolites are often classified according to their framework structures by which 

more than 64 frameworks have been discovered. Each framework type can be 

described by its secondary building units, framework density, channel system, and 

unit cell information. For example, Zeolite-Y, one of the most popular zeolites that 

commonly used as catalyst or catalyst support (see Fig. 2- 1), exhibits the FAU 
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(Faujasite) structure, It has a 3-dimensional pore structure with a pore aperture of ca. 

7.4 Å, defined by the so called “12 member oxygen ring”. Thus, Faujasite (X or Y) 

zeolites are also known as 12-membered-ring (12MR) zeolites. In addition, Faujasite 

zeolites also possess larger cavities (supercages) of diameter 12Å. The cavity is 

surrounded by ten sodalite cages (shown in Fig. 1b; truncated octahedra) connected on 

their hexagonal faces. The unit cell is cubic (a = 24.7Å) with mFd3  symmetry. 

Zeolite-Y has a void volume fraction of 0.48, with a Si/Al ratio of 2.43.[Nagy-1998-192] 

 

 

Fig. 2- 1 Schematic drawing of (a) Faujasite-type structure zeolite, and (b) primary 

building unit: cations coordinated tetrahedrally by oxygen.[Baerlocher-2001-p140] 

 

 

(b) MCM-41 and MCM-48 [Selvam-2001-3237; Vartuli-1998-97; Xu -1998-3690] 

Mobil Composition of Matter (MCM) is the initial name given for a series of 

mesoporous materials that were first synthesized by the Mobil researchers in 1992. 

They proposed a self-assembly synthesis route, by which surfactant micelles such as 

cetyltrimethylammonium (CTMA) cation was used as the soft-template to facilitate 

condensation of the silicate anions, leading to the discovery of the so-called M41S 

family of mesoporous materials. Typically, the structures of these mesoporous 

materials depend on their synthesis conditions, such as pH value, compositions of 
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surfactant, and hydrothermal temperature etc. The M41S materials can be divided into 

four main categories, as depicted in Fig. 2- 2. Among them, MCM-41 and MCM-48 

have been widely investignated and applied due to their high thermal stabilities and 

large specific surface areas (typically, ca. 1000 m2g-1). The other two phases, lamellar 

MCM-50 and molecular organic octomer (a surfactant-silica composite species) are 

structurally unstable and hence less useful. 

MCM-41 and MCM-48 are mesoporous materials with 2D hexagonal (P6mm) and 

cubic (Ia3hd) structure, respectively, as revealed by their XRD patterns in Fig. 2- 3. 

The nanostructure of MCM-41 and MCM-48 can be observed by TEM as shown in 

Fig. 2- 4 and Fig. 2- 5. To understand the formation mechanism, MCM-41 is given as 

a typical exemple, as illustrated in Fig. 2- 6. First, micelles formed in surfactant 

(CTABr) solution prefer to stack by self-assembly to form hexagonal array. Then, the 

silicate anions would precipitate on the micelle template. Finally, the surfactant 

template was removed by calcinations, leading to mesoporous silicate with hexagonal 

structure.[Selvam-2001-3237] 

 

Fig. 2- 2 The M41S family mesoporous silica materials.[Selvam-2001-3237] 
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Fig. 2- 3 XRD patterns of (a) MCM-41 and (b) MCM-48 mesoporous silica materials. 

Selvam-2001-3237] 

 

 

 

Fig. 2- 4 TEM images of MCM-41: (a) 

parallel view and (b) prependicular 

view. [Xu-1998-3690] 

 

Fig. 2- 5 TEM image of MCM-48, 
viewing along the [ ]110  plane. 
[Schumacher-2000-4648] 
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Fig. 2- 6 Possible mechanistic pathways for the formation of MCM-41: (1) 

liquid-crystal-phase-initiated and (2) silicate-anion-initiated. [Vartuli-1998-97] 

 

 

(c) SBA-15[Zhao-1998-548] 

SBA-15, Santa Barbara Amorphous type material, was first reported by Stucky 

and his co-workers in 1992. It was synthesized under an acidic medium with poly 

triblock copolymers, such as poly(ethylene oxide)–poly(propylene oxide)– 

poly(ethylene oxide) (PEO–PPO–PEO), whose role is analogous to that of CTABr 

during the synthesis of MCM-41. Despite of the similarity in their 2-D hexagonal 

structures, SBA-15 and MCM-41 mesoporous silicas are known to have markedly 

different pore connectivity and pore diameter. Unlike MCM-41 silica, which 

possesses 1-D non-interconnected channels with typical pore diameter of ca. 2-3 nm, 

SBA-15 normally possesses much larger 1-D mesoporous channels (typically, 9 nm in 

diameter) that are interconnected through randomly distributed micropores oriented 

perpendicular to the 1-D channels. SBA-15 has attracted much R&D attractions due to 

its much higher hydrothermal stability compared to MCM-41. Moreover, the pore size 

of SBA-15 may also be accessible in a much wider range (2-30 nm) than MCM-41 

(typically < 3 nm). 

 

(d) Photonic crystal[Mihi-2005-125] 
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Photonic crystals (PC) are macroporous materials composed of periodic pore 

structures typically with pore size greater than 200 nm, as such, it tends to affect the 

propagation of electromagnetic (EM) waves with half-wavelength > 200 nm (blue 

light). In other word, photons (behaving as waves) with a suitable wavelength may 

propagate through photonic crystals with a given pore diameter; as anticipated for the 

diffraction of visible lights. Nowadays, for the sake of cost-down effectiveness, the 

preparaion of such ordered macropores normally invokes lithography using latex 

particle as template.[Campbell-2000-53; Holland-1998-538; Mihi-2005-125] The SEM images of the 

photonic crystal so fabricated are shown in Fig. 2- 7. Further studies on structure and 

defect control of photonic crystals are crucial for their future applications in 

optoelectronics and telecommunications.[Mihi-2005-125] 

 

 

Fig. 2- 7 (a) SEM image of SiO2 photonic crystal. (b) a close-up view. [Mihi-2005-125] 

 

 

2.1.2 Applications 

Traditional microporous zeolite materials have been widely used in gas 
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separation, ion-exchanging agents, and petroleum industries. However, the relatively 

smaller pore size restricts their future use in separation and catalytic processes in 

which large molecules are involved. Since mesoporous silicas were developed in early 

1990’s, a much wider rang of applications were made possible, as briefly summarized 

below: 

 

(a) Catalysis:[Calleja-2002-215; James -2002-9975] 

A great amount of mesoporous silicas were reported with various catalytic 

applications depending on their pore structures, pore sizes, and surface 

functionalizations. For example, a propanesulfonic acid-derivatized mesoporous 

SBA-15 catalyst was found to exhibit high selectivity for alcohol couplings to from 

ethers, e.g., coupling of methanol and isobutanol to form methyl isobutyl ether. On 

the other hand, SBA-15 is also commonly used as support for metal catalysts, for 

examples, Al-, Ti-, V-, and Co-SBA-15. Moreover, a Ti-containing SBA-15 was 

found to be catalytically active during epoxidation reaction of sterene with 

tert-butylhydroperoxide exhibiting a superior selectivity of expoxide under negligible 

leaching of the Ti species. 

 

(b) Adsorption[Liu-2000-1145]: 

Mesoporous materials functionalized with organic functional groups are known to 

be good adsorbents for heavy metal ions. For examples, thiol- and 

amino-functionalized SBA-15 silicas were employed for removing heavy metal ions 

from waste water. The thiolated SBA-15 exhibited a higher complexation affinity for 

Hg2+, while other metal ions (Cu2+, Zn2+, Cr3+, and Ni2+) showed exceptional binding 

ability with its amine-functionalized analogues. In addition, they have been widely 

utilized for adsorption of biomolecules. 
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(c) Separation[Han-1999-9897; Zhao-2002-752]: 

It is reported that SBA-15 functionalized by propylthiol groups showed strong and 

size selective adsorption of proteins. A C18 modified SBA-15 is reported as a 

satisfactory substrate in high performance liquid chromatography to separate peptides 

and various kinds of proteins. 

 

(d) Templates: [Gao-2001-743; Gao -2002-585; Han-2000-2068; Huang-2000-1063]  

Mesoporous silicas are normally considered to be ideal template or host materials 

because their ordered channels provide excellent confined spaces for controlling the 

size and shape of guest materials in nanoscale. For example, SBA-15 was utilized as 

template to synthesize Ag and Pt nanowires with diameter analogous to the pore size 

of the SBA-15 template, as shown in Fig. 2- 8. Furthermore, binary sulfides such as 

CdS and PbS nanoparticles and nanowires have also be prepared using SBA-15 as the 

template. An alternative approach of using the mesoporous silica materials as 

templates is for the fabrication of carbon mesoporous materials (CMMs) by 

replication method; as will be described in the following section.  

 

 

Fig. 2- 8 TEM images of (a) SBA-15 template, [Huang-2000-1063] (b) Ag nanowire in 

SBA-15 template, [Huang-2000-1063] and (c) Pt nanowires replicated from SBA-15 

template. [Han-2000-2068] 

 

 (a)  (b)  (c) 
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2.2 Carbon mesoporous materials (CMMs) 

 

2.2.1 Structures, properties, and synthesis methods 

The principle of the templated synthesis is shown in Fig. 2- 9. Various carbon 

sources such as sucrose solution, furfuryl alcohol, or phenol-resin monomers are 

polymerized inside the pore channels of the mesoporous silicas at elevated 

temperatures and were subsequently converted into carbon by pyrolysis. Finally, the 

silica template was normally removed at room temperature using a 10 % HF or hot 1 

M NaOH solution in ethanol-water. 

As shown in Fig. 2- 9, either rod- or tube-like carbon mesoporous materials may 

be obtained depending on the synthesis conditions applied. The rod-like carbons are 

normally achieved if carbon precursors were completely graphitized in the pore 

channels of the template. On the other hand, the tube-like carbons are obtained when 

the carbon precursors were carbonized on the silica pore walls, such that a coated 

carbon layer with a tubular shape was formed. For simplicity, only some of the most 

common CMMs are summarized and introduced below. 

 

Fig. 2- 9 Schematic representation of the templated synthesis using mesoporous 

silicas as the hard templates. [Ryoo-2001-677] 
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(a) CMK-1 [Joo-2001-153] 

The CMK-1 carbon can be prepared by impregnating carbon source in 

mesoporous silica MCM-48 template. The carbonization of sucrose results in the 

formation of rod-type carbon inside the silica channels. Because of the bicontinuous 

nature of the MCM-48 structure, the carbon networks formed in the two different 

kinds of channel systems are not interconnected and the space group, cubic Ia3d, is 

retained as long as silica frameworks are not removed. However, after removing the 

silica template, the two carbon networks seem to put together. The joining of the two 

carbon networks is attributed to the change of structural symmetry from cubic Ia3d to 

cubic I4132. The new ordered mesoporous structure is indicated by the XRD pattern 

and transmission electron miscopic (TEM) image shown in Fig. 2- 10. 

 

 

Fig. 2- 10 2-10 XRD pattern and TEM image of CMK-1 carbon after the complete 

removal of template. [Joo-2001-153] 

 

(b) CMK-3, [Jun-2000-10712]CMK-5 [Darmstadt-2003-3300] 

CMK-3 and CMK-5 carbons are negative replicas of the SBA-15 mesoporous 

silica template. The structures of CMK-3 (Fig. 2- 11) and CMK-5 (Fig. 2- 12) carbons 
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are composed of hexagonal arrangement of 1-D carbon rods and tubes structure, 

respectively. Because of the 3-D channel structure, the structure of the SBA-15 silica 

can be converted to the negative carbon replica exhibiting the same kind of structural 

symmetry. 

 

 

Fig. 2- 11 XRD pattern and TEM image of the CMK-3 carbon obtained after removal 

of the silica template. [Jun-2000-10712] 

 

 

Fig. 2- 12 XRD pattern and TEM image of the CMK-5 carbon obtained after removal 

of the silica template.[Darmstadt-2003-3300] 
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2.2.2 Applications in fuel cells 

Direct methanol fuel cells (DMFCs) are considered as prospective energy 

devices, whose R&D invoke a wide variey of different areas, such as fabrication of 

electrodecatalysts and proton exchange membranes (PEM) as well as the 

corresponding membrane electrode assembly (MEA), cell stacks and system module 

design, etc. Among them, the enhancement of catalyst activity represents one of the 

most important issues. Therefore, carbon mesoporous materials such as CMK-n (n = 1, 

3, 5) have drawn considerable attentions, owing to their unique physicochemical 

properties, such as high specific surface area (> 1000 m2/g), good electrical 

conductivity, acceptable chemical stability, and low cost[Chang-2007-3078] 

 The concept of using CMMs as electrodecatalyst support is illustrated in Fig. 2- 

13. Among various CMM materials, CMK-3 have attracted the most attentions in 

recent years. Pt metal/alloy precursors, such as H2PtCl6, RuCl3, may be impregnated 

into CMK-3 structure followed by reduction processes, as illustrated in Fig. 2- 14. 

Furthermore, catalyst implantation technologies are also making steady progress. A 

one step synthesis route was proposed by Liu et al. to prepare supported noble metal 

catalysts with good metal/alloy dispersion than the traditional post-impregnation 

method. Fig. 2- 15 shows the schematic drawing of the one-step synthesis route, by 

which catalyst precursor are impregnated simultaneously with the carbon source (see 

Fig. 2- 16b), as such, superior catalyst stability and catalytic activity were observed 

surpassing that prepared by the post-impregnation (see Fig. 2- 16a)[Lin-2008-867; 

Liu-2006-3435] 
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Fig. 2- 13 Schematic representation of a MEA structure for a fuel cell. CMM (shown 

in SEM image) supported catalysts (shown in TEM image) are embedded within the 

catalyst layer in a MEA. [Chang-2007-3078] 

 

 

Fig. 2- 14 Syntheses of CMM Supported with PtRu Nanocatalysts. [Lin-2008-867] 

 

 

Fig. 2- 15 Schematic drawings of synthesis routes for (a) to (e) Pt-CMMs compared to 

that of (a) to (f) CMK-5. [Liu-2006a-3435] 
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Fig. 2- 16 TEM images of sample prepared by (a) conventional impregnation, and (b) 

one-step impregnation methods. [Liu-2006-3435] 
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2.3 Carbon nanotubes (CNTs) 

2.3.1. Structure, property, and classification 

CNTs, which were are formed from graphite sheets and first discovered in early 

twentieth centry, are one of the most exciting new materials in the field of 

nanoscience and nanotechnology. CNTs may be classified based on either their 

structures, morphology, chirality, or number of layers [Saito-2004-p35], [Pillai-2007-3011]. 

 

Fig. 2- 17 Schematics drawings of (a) Chiral-type, (b) Armchair, and (c) Zigzag CNTs. 
[Lau-2002-263] 

 

Theoretically, a single-walled carbon nanotube (SWCNT) can be described as a 

layer of hexagonal graphene sheet rolled into a seamless cylinder, whilst a 

multi-walled carbon nanotube (MWCNT) is formed with multiple graphene 

layers.[Saito-2004-p35]. This leads to different types of structural arrangements, which 

are typically classified as non-chiral and chiral structural types, depending on their 

rolling direction[Saito-2004-p35] For non-chiral structure of SWCNTs, the honey comb 

lattices of the nanotube are parallel to the tube axis, which can further be classified 

as armchair (Fig. 2- 17b) and zigzag (Fig. 2- 17c) arrangements.[Saito-1992-2204] For the 

armchair structure, two C-C bonds on opposite sides of each hexagonal lattice are 
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perpendicular to nanotube axis, whereas for the zig-zag structure, the bonds are 

parallel to nanotube axis. Unlike non-chiral structures, the C-C bonds in chiral 

structures (Fig. 2- 17a) are with an angle to the nanotube axis. 

 

Fig. 2- 18 (a) The unrolled honeycomb lattice of a nanotube and (b) (4, 2) SWCNT, 

showing the translation vector T. [Dresselhaus-2005-p47] 

 

As shown in Fig. 2- 18, when sites O and A, and B and B’ are connected, 

respectively, a portion of a graphene sheet can thus be rolled seamlessly to form a 

SWCNT. Meanwhile, vectors OA and OB are defined as the chiral vector, Ch, and the 

translational vector T of the nanotube, respectively.[Saito-2004-p35] This rectangle portion, 

OAB’B, is then defined as a unit cell of the nanotube. Generally, a SWCNT is 

mathematically specified by a chiral vector, Ch, (Fig. 2- 18a), given by the following 

equation: [Dresselhaus-2005-47; Saito-2004-p35] 

),(21 mnnanaCh ≡+=                                          (eq. 2-1) 
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where a1 and a2 are unit vectors of the two-dimensional (2D) hexagonal lattice and n 

and m are integers. Meanwhile, chiral vector is often described by a pair of indices (n, 

m), for example, with a chiral vector Ch = (n, m) = (4, 2), the nanotube in Fig. 2- 18 is 

described as a (4, 2) SWCNT. 

The structure of carbon nanotubes provides them with inherently unique 

electrical, physical, and chemical properties. Mechanically, owing to the presence of 

C-C bonds, CNTs normally exhibit a Young's modulus of 0.8~5.0 TPa and a tensile 

strength of 10~150 GPa. They are among the strongest and stiffest fibers known to 

date. Thermally, CNTs have a high thermal stability both under vacuum and air and 

an excellent thermal conductivity as high as ca. 3500 W/(m·K). In terms of the 

electrical properties, CNTs can either be metallic or semiconducting, depending on 

their tube diameter and chirality. Nanotubes with n-m = 0 are metallic while all the 

others are semiconducting.  

Various kinds of CNTs have been developed over the past few decades, as such, 

many different approaches exist in terms of classification of CNTs. Normally, CNTs 

may be classified based on either their type(s) of walls (Single-/double-/Multi-) , 

[Bethune-1993-605; Iijima-1993-603; Wei-2003-753] chirality (zigzag/chiral/armchair),[Ge-1994-2284; 

Saito-1992-2204] tube morphology (bamboo-like/hollow, or helix/straight),[Bernaerts-1995-605] 

cap morphology (close/open), [Pan-1999-299] or growth mode (tip-/base-growth), [Abdi-2006; 

Bower-2000-2767; Chen-2004-1949; Chen-2000-2469; Choi-2002-3847; Choi-2001-2095; Dupuis-2005-929; Fan-1999-512; 

Gulino-2005-89; Hart-2006-1397; Hsu-2002-225; Kuo-2003-799; Lee-1999-461; Lee-2001-245; Lee-2000-3397; Lee-2004-1232; 

Lin-2003-1851; Melechko-2002-527; Murakami-2000-1776; Ren-1998-1105; Yap-2006-1622; Zhao-2006-159] etc. 
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2.3.2. Synthesis methods 

 

(a) Arc-discharge method 

CNTs were first synthesized by arc-discharge method, as reported by Iijima and 

co-workers in 1991.[Iijima-1991-56] Fig. 2- 19 shows[Satio-1995-979] the schematic drawing of 

the arc-discharge system, in which two graphite rods are used respectively as anode 

and cathode electrodes. Druing the CNT production process, arcing occurs when DC 

voltage is applied between these two electrodes. By incorporating a desirable amount 

of metallic catalysts, such as Fe, Co, Ni, and Y, SWCNTs are normally formed at the 

anode,[Bethune-1993-605] while MWNTs can be fabricated by using pure graphite at both 

electrodes. 

 

Fig. 2- 19 Schematic of arc-discharge system. [Saito-1996-3062] 

 

The discharge system is normally operated at a voltage ranging from 20 to 40 V 

and a current from 40 to 100 Ampere under either He or Ar gas pressure of ca. 10~500 
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Torr. Carbon clusters ermerging from the anodic graphite rod via electron 

bombardment may be deposited on the cathode surface. These carbon products may 

include amorphous carbon, fullerenes, carbon cluster, carbon nanotubes, and other 

carbon structures. Therefore, post treatment is often required to purify the 

nanostructures for practical applicatons. In addition, the drawback of this method is its 

low yield in CNTs. 

 

(b) Laser ablation 

Laser ablation was first reported by Guo and co-worker in 1995,[Guo-1995-49] as 

illustrate in Fig. 2- 20. An incident laser beam is applied to vaporize a graphite target 

under helium or argon gas atmosphere at a pressure of 500 Torr. The products are 

swept out by the flowing gas and eventually deposited on the water cooled collector. 

As such, it is also named as the laser vaporization method. Normally, the graphite 

target used in this scheme often contains a small amount of Co, Ni, Fe, or Y as 

catalyst, whose presence facilitates a more favorable condition for SWCNTs 

formation. 

 

Fig. 2- 20 Schematic of the laser ablation system. [Guo-1995-49] 
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(c) Chemical vapor deposition 

Chemical vapor deposition (CVD) method has been known to be a mature 

technique in thin film processing. A variety of different films can be fabricated by 

CVD method, covering from metals, semiconductors to insulators. By using the CVD 

method, arrays of CNTs can be produced through decomposition of carbon-containing 

gaseous species (such as CH4, C2H2, C2H4, C6H6, CO, etc.) on various substrates 

containing transition metal catalysts. During the CVD process, it is essential to 

introduce some forms of energy to decompose the precursor gases and to deposit the 

reaction product on the substrate surface. The energy introduced may be thermal, 

microwave, rf power, or other forms, thus, leading to different process names for the 

production of CNTs. For examples, microwave plasma enhanced CVD (MPE-CVD), 

[Tsai-1999-3462] electron cyclotron resonance CVD (ECR-CVD),[Kuo-2003-799] inductively 

coupled plasma CVD (ICP-CVD),[Delzeit-2002-6027] RF plasma enhanced CVD 

(rf-PE-CVD),[Kato-2004-2] DC plasma enhanced CVD (dc-PE-CVD),[Hofmann-2007-602] 

thermal CVD,[Lee -2000-3397] hot filament CVD (HF-CVD),[Yang-2004-433] etc. In general, 

these CVD systems can be roughly classified as thermal and plasma CVD on the basis 

of their working principles. Typically, the former process includes a substrate 

preheating zone and CNTs are grown while the precursor gases are flowing through 

the catalyst/substrate (shown in Fig. 2- 21). Unlike thermal CVD, the heat source of 

plasma CVD mainly arising from the plasma, as illustrated by a dc-PE-CVD system 

in Fig. 2- 22.[Melechko-2005-041301] Compared with arc-discharge and laser ablation 

methods, CVD enhanced by plasma is more economical (lower reaction temperature) 

and the reaction process can also be controlled more easily. Moreover, it is superior 

compared to other methods in terms of the purity, yield, and controlled alignment of 
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the CNT products. Recent advancements in plasma enhanced CVD have been 

focusing on the development and fabrication of vertically aligned CNTs. 

 

Fig. 2- 21 Schematic illustration of the thermal CVD system. [Lee -2001-245] 

 

 

 

Fig. 2- 22 A dc-PE-CVD reactor for the fabrications of CNTs and nanofibers. 
[Chen-2005-p12]  
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2.3.3. Tip- and base-growth mechanisms 

It is generally accepted that CNTs growth can be classified by the position of 

catalyst. It is called tip-growth when the catalyst is located on top of the CNT. In 

contrast, base-growth CNTs always have a catalyst between substrate and the bottom 

of CNTs. Since the position of the catalyst may affect the properties and applications 

of CNTs, many factors have been investigated and reported as summarized below: 

 

(a) Catalyst particle size[Gohier-2008-1331] 

It was proposed that CNTs growth mechanism can switche from tip- to 

base-growth with decreasing catalyst particle size.[Gohier-2008-1331] Based on the 

viewpoint of kinetic, it is considered that carbon patches have sufficient time to 

diffuse from the top surfaces of larger catalyst particles before the formation of a 

complete carbon cap. As shown in Fig. 2- 23 (steps 1 and 2), during the early stage of 

the CNT nucleation, carbon patches formed on the surfaces of a large catalyst particle 

may quickly diffuse to the catalyst/substrate interface and become more stable. The 

diffusion leaves the top of the catalyst exposed and makes available for further carbon 

absorption. Then, the liquid state catalysts were elongated after the 

nucleation,[Kukovitsky-2000-65] shown as step 3 in Fig. 2- 23. Finally, the catalyst particles 

would be lift-off from the substrate (shown in Fig. 2- 23 step 4). Once the connection 

with the substrate is broken, tip-growth is the only available growth mechanism. 

In the case of catalyst with smaller particle sizes, it is assumed that metal 

particles would be more active. Based on such an assumption, the metal catalyst 

should have stronger interactions with the carbon patches. Hence, after the carbon 

precursor was decomposed, a complete graphene cap would be formed and eventually 
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isolates the carbon source from the catalyst particle, as shown in Fig. 2- 24 (steps 2 

and 3). Thus, the only possible diffusion path of carbon species is near the interface 

between the catalyst and the substrate. As such, carbons would be incorporated with 

the edges of the graphene cap and then be lift-away from the catalyst particle, as 

illustrated by step 4 in Fig. 2- 24. 

 

Fig. 2- 23 MWCNT growth scenario from large catalyst particles (typically >> 5 nm). 
[Gohier-2008-1331] 

 

 

 

Fig. 2- 24 SWCNT and FWCNT growth scenario from small catalyst particles 

(typically < 5 nm). [Gohier-2008-1331] 
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(b) Gas flow ratio[Melechko-2002-527] 

Since the nano structure and fabrication process of CNTs are rather similar to 

carbon nanofibers (CNFs), thus, factors affecting the growth mode of CNFs should 

also be applied to CNTs growth. For CNFs, the critical gas flow ratio (Rc) has shown 

to be the important factor affecting their growth mode. Fig. 2- 25 schematically 

illustrates the relationship between gas flow ratio (Rg = C2H2/NH3) and growth mode 

of CNFs. Firstly, carbon precursor was decomposed and diffuses into the catalyst 

particle through both the catalyst-gas and catalyst-substrate interfaces, as shown in 

Fig. 2- 25a. Secondly, the nucleation of CNFs may then take place either at the 

catalyst-gas (Fig. 2- 25b) or at the catalyst-substrate (Fig. 2- 25d) interfaces, 

depending on whether the Rg is greater or smaller than the critical value. In the case of 

Rg > Rc, the adsorption rate of carbon atoms at the nanoparticle-gas interface should 

be higher than the desorption rate. Hence, the catalyst nanoparticle would be covered 

with a thin layer of carbon, except at the edge of catalyst-substrate interface. As such, 

carbon atoms would prefer to migrate into the catalyst near the substrate and 

precipitate at the top of catalyst, leading to the base-growth CNFs (Fig. 2- 25b & Fig. 

2- 25c). In contrast, tip-growth CNFs should follow the pathway with Rg < Rc
 (Fig. 2- 

25a to Fig. 2- 25e). 

 

(c) Adhesion force between catalyst and substrate[Bower-2000-2767] 

Adhesion force between the catalyst and the substrate is another important factor 

affecting the CNTs growth mode. Its importance was first illustrated by the presence 

of cobalt silicide formed between a cobalt catalyst and a siilcon substrate. Fig. 2- 26 

displays the schematic drawing of the four-step growth model proposed by Bower., 

[Bower-2000-2767] It illustrates how the adhesion force between the catalyst and the  
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Fig. 2- 25 Three-phase model for the CNF growth mechanism.[Melechko-2002-527] 

 

 

substrate affect the CNTs growth mode. Step 1 represents the depositon of the Co 

catalyst onto the Si subtrate. In step 2, the Co film tends to transform into an isolated 

island in the presence of preheating treatment. Upon lifting the heating temperature to 

1098 K, cobalt silicides, which are served as anchors or adhesion promoters during 

CNTs growth, will be formed between the catalyst and the substrat. Subsequently, in 

Step 3, CNTs would nucleate and grow by the base-growth mode. Finally, the cobalt 

island may transforms into a conical shape and confined at the bottom ends of the 

CNTs. The growth of the carbon nanotubes may proceed till the conical cobalt 

particle is completely enclosed, as illustrated in step 4. 
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Fig. 2- 26 Schematics of the four-step growth model for CNTs growth. [Bower-2000-2767] 

 

2.3.4. Other growth mechanisms 

There are many other growth mechanisms of CNTs have been proposed. Herein, 

only a few well-accepted models are described: 

 
(a) Vapor-liquid-solid model[Kukovitsky-2000-65] 

In this vapor-liquid-solid (VLS) model, metal in liquid state accepts carbon source 

in vapor state until the system becomes supersaturated. Consequently, the liquid metal 

acts as a catalyst to convert carbon from the vapor phase to the crystalline phase, thus 

CNTs were readily grown by precipitation of dissolved carbon from the droplet. 

 

(b) Solid-liquid-solid model[Gorbunov-2002-113] 
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In this model, [Gorbunov-2002-113] molten metal catalyst nanoparticles were allowed to 

penetrate an amorphous carbon aggregate to dissolve and eventually precipitate 

carbon atoms, which will arrange themselves in a graphene sheet in such a way that 

its orientation parallel to the supersaturated metal-carbon melt is not energetically 

favorable. Any local defects presence in this graphene sheet will lead to the formation 

of a SWCNT nucleus. This is followed by the subsequent incorporation of 

precipitated carbons at the edges of the growing nanotube, which are anchored to the 

catalyst nanoparticle by overlapping its unsaturated sp2 orbital with the metal orbital 

of the catalyst nanoparticles. 

 

(c) Baker’s model[Baker-1972-51] 

Based on the VLS model, a five stage model was proposed by Baker in 1972, 

latter known as the Baker’s model, which represents the most cited and accepted 

mode for the growth mechanism of carbon filaments and CNTs, whose growth stages 

are illustrated in Fig. 2- 27. According to this model, carbons originated from the 

gaseous precursor tend to dissolve into the liquid catalyst particle and precipitate on 

its surface to grow CNTs after the particle is supersaturated with carbon atoms. It is 

generally accepted that decomposition and dissolution of C atoms is exothermic, and 

precipitation of C atoms and growth of the CNT is endothermic, so that the 

temperature difference would arises between the hot region (C atoms dissolve into 

catalyst) and the cold region (C atoms precipitate to grow CNT). 
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Fig. 2- 27 Various growth stages of carbon filaments based on the Baker’s model. 
[Baker-1972-51] 

 

 
(d) Mechanism of catalyst poisoning[Stadermann-2009-738] 

Catalyst poisoning is one of the important issues related to CNTs growth. 

Nevertheless, more detailed mechanism was only made available until recently by 

Stadermann,[Stadermann-2009-738] who proposed to divide the growth mechanism of CNTs 

into several steps, as shown in Fig. 2- 28. Firstly, the carbon precursors (Cgas) were 

converted into an activated surface-bound form, C*, which were can then diffuse 

through the catalyst particle and incorporate into a growing nanotube. Alternatively, 

C* may also promote formation of amorphous carbon patches (Cam) on the catalyst 

particle surface. Secondly, the number density of Cam would increase with the growth 

time and finally cover the surface of the catalyst particle, hence, preventing the C* to 
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decompose continuously on the catalyst, which served to supply the growth of CNTs. 

The aforediscussed mechanism therefore provides a strong support to the irreversible 

growth cessation. 

 

Fig. 2- 28 (a) Schematics of the poisoning/diffusion model of carbon nanotube growth 

termination, and (b) plot of the measured nanotube array height as a function of the 

growth time. [Stadermann-2009-738] 

 

 

2.3.5. Applications in fuel cells 

During the past decade, photon exchange membrane fuell cells (PEMFCs) and 

direct methanol fuel cells (DMFCs) have attracted lots of research attentions due to 

the world’s energy crises and severe green house effect[Mu-2005-22212]. The supporting 

material for electrodecatalyst is one of the key issues in fuel cells. Thus, CNTs 

become one of the most prominent candidates as the catalyst support materials due to 

their unique properties, such as good electrical conductivity and high surface 

area.[Raffaelle-2005-233] Thus, considerable amounts of past research efforts have been 

devoted to the dispersion of Pt catalyst on CNTs. Fig. 2- 29a shows the TEM image of 

Pt dispersed on CNTs, and the corresponding distribution of the Pt particle size (ca. 

17 nm) is shown in Fig. 2- 29b, revealing a uniform disperssion of Pt nanoparticles on 

CNT. In addition, further tests by cyclic voltammetry (C-V) (Fig. 2- 29c) also 
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confirmed that the Pt/CNT catalyst has a batter performance than a common 

commercially avaliable catalyst, E-TEK Pt/C. 

 

 

Fig. 2- 29 (a) TEM image of Pt/CNTs, (b) distribution of Pt particle size, and (c) C-V 

voltammograms of Pt/CNTs and a commercial sample, E-TEK Pt/C. [Mu-2005-22212] 
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2.4 Characterization of porous and nano carbon materials 

 

The principles of typical analytical and spectroscopic techniques commonly used 

for characterization of porous and nano carbon materials are summarized below: 

 

(a) Scanning electron microscopy (SEM) 

Generally, a SEM apparatus is consists of an electron gun, which serves to 

generate electron beams that, in turns, are accelerated under high voltage (0.4-40 keV). 

By deflecting the incident beams with the focusing coils, a two-dimensional image 

can be obtained by detecting the reflected secondary and backscattered electrons. 

 

(b) Transmission electron microscopy (TEM) 

Transmission electron microscopy (TEM) is by far the most important technique for 

studying microstructure of materials in great detail. Typically, an electron beam with 

accelerating voltage of 100-400 keV would illuminate a region of the specimen, which is 

immersed in the objective lens of the microscope. The transmitted and diffracted electrons 

are recombined by the objective lens to form a diffraction pattern in the back focal plane 

of that lens and a magnified image of the sample in its image plane. A number of 

intermediate lenses are used to project either the image or the diffraction pattern onto a 

fluorescent screen for observation. The screen is usually lifted and the image may be 

printed out on photographic film or stored for recording purposes. 

 

(c) X-ray diffraction spectrometry (XRD) 

XRD is a very important method for structural analyses of crystalline and 
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ordered nano-porous materials. Upon irradiating the substrate sample by a X-ray 

source, the radiation would interacts with the electrons in the atoms, resulting in 

scattering. Depending on whether the atoms are organized in the same planes and the 

distances between the planes are the same, constructive and destructive interferences 

will occur, leading to diffraction peaks at characteristic angles. Typically, with a given 

excitation wavelength (λ; typically for a Cu Kα X-ray source, λ = 1.5418Å) and 

resultant diffraction angle (θ), the structural d-spacing (d) of the material can be 

calculated by the Bragg Equation:[Cullity-1978-p84] 

λ = 2dsinθ…………………………………… (Eq 2-2) 

 

(d) Raman spectroscopy[Smith-2005-p2] 

Raman spectroscopy is capable of providing information of molecular vibrations 

and hence is a common technique for sample identification and quantification. 

Normally, a monochromatic laser beam is used as the incident light source, upon 

irradiating on the substrate, photons may be absorbed, scattered, or not interacting 

with the sample. When the light is elastically scattered from an atom or molecule, the 

scattered photons have almost the same frequency with the incident photons. However, 

a small fraction of the light may be scattered during excitation, such scattered photons 

would have a frequency different from, and usually lower than, the frequency of the 

incident photons.[Smith-2005-p2] As such, the energy difference between the 

monochromatic light and the Raman scattered light should be equal to the energy 

involved in changing the molecule’s vibrational state.[Smith-2005-p2] This energy 

difference is called the Raman shift.[Smith-2005-p2] Typically several different Raman 

signals may often be observed; each being associated with different vibrational or 

rotational motions of molecules in the sample. 
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Typically, for the inspection of carbon nanostructures, two characteristic peaks 

are most likely to present in the Raman spectrum, namely the D and G bands. The D 

band, which normally locates at ca. 1300 cm−1 is associated with carbons with the sp3 

structures, such as functionalized and amorphous carbons, whereas the G band locates 

at ca. 1600 cm−1 is normally assigned to carbons with the sp2 structure carbon, such as 

graphite.  

 

(e) Thermogravimetric analysis (TGA)[Lowell-2004-p13] 

Thermogravimetric analysis (TGA) is a technique, which correlates the sample 

weight loss with temperature and is commonly employed in R&D of materials, for 

examples, in determining the absorbed moisture content, the level of inorganic and 

organic components, and decomposition points of explosives and solvent residues etc. 

Typically, TGA experiment is carried out by raising the temperature gradually 

while monitoring the weight loss by a microbalance under controllable environment. 

Sample, which is loaded on a pan (typically made of platinum or ceramics),is placed 

in an electrical heating oven whose temperature may be measured accurately by a 

thermocouple. 

 
(f) Nitrogen adsorption/desorption isotherm measurement 

Nitrogen adsorption at 77.3 K is recommended by IUPAC for the determination 

of surface area and pore size distribution of porous materials. During the measurement, 

the sample is exposed in a controlled gas environment, and the volume (V) of the 

adsorbed and desorbed gas is measured against the relative pressure at constant 

temperature. A sorption isotherm is the plot of V versus P/P0, where P is the absolute 

pressure and P0 is the saturation vapor pressure. 
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Since the shape of the sorption isotherm reflects the characteristics of the pore 

structure, physical sorption isotherms are classified into six types by the IUPAC, as 

shown in Fig. 2- 30. Type I isotherm is concave to the P/P0 axis and reaches a limiting 

value while the relative pressure (P/P0) is close to 1. The reversible Type I isotherm is 

typically observed for microporous solids with small external surfaces (e.g., activated 

carbons, microporous molecular sieves, zeolites and alumina). In other word, Type I 

isotherm features a high adsorption uptake at low relative pressures, the adsorption 

amount eventually reaches a plateau at high relative pressure, as limited by the 

accessible micropore volume. The reversible Type II curve is a typical sorption 

isotherm of non-porous or macroporous materials, representing the unrestricted 

monolayer-multilayer adsorption on their surfaces. Type III isotherms, which arise 

from weak adsorbate-solid and strong adsorbate-adsorbate interactions, are less 

common. The multi-layered adsorption in macroporous materials (pore size > 50nm) 

generally result in Type II or Type III adsorption isotherms, likewise for mesoporous 

materials with irregular pore systems. Type III adsorption isotherm commonly occurs 

during the adsorption of H2O molecules in hydrophobic mesoporous materials.  

The initial parts of the Type IV and Type V isotherms normally follow the same 

path as the Type II isotherm and hence may be attributed to monolayer-multilayer 

adsorptions. However, the most prominent characteristic of Type IV isotherms is the 

presence of the adsorption/desorption hysteresis loop. Due to metastable “gas” states 

or pore blockage, capillary condensation, and capillary evaporation in mesopores 

occur most often at different relative pressures, leading to the appearance of a 

hysteresis loop. A steep curve in the capillary condensation regime indicates a narrow 

pore-size distribution. The presence of Type IV isotherm may normally be considered 

as the signiture of ordered mesoporous materials. 
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Fig. 2- 30 IUPAC classification of sorption isotherms. 

 

For the classifications of hysteresis loops, it is well accepted a correlation 

between the shape of the hysteresis loop and the texture properties of the mesoporous 

adsorbent. Fig. 2- 31 shows the IUPAC classification of hysteresis loops. Where type  

H1 associate porous material consisting of well-defined cylindrical-like pore channels 

or agglomerates of compacts of approximately uniform spheres; type H2 hysteresis 

are usually disordered and with their pore size distribution net well defined; type H3 

mesns non-rigid aggregares of plate-like particles which indicates a slit-shaped pores; 

and type H4, similar to type H3, associated with narrow slit pores, but including pores 

in microporous region. The dashed curves in the hysteresis loops reflect low pressure 

hysteresis, observable down to very low relative pressure, which may be associated 

with the change in the volume of the adsorbent, such as effect of non-rigid pore 

swelling or the irreversible uptake of moleculars in pores (pore of same width with the 

adsorptive molecule). In addition, chemisorption would also lead to an “open” 

hysteresis lops like this. On this situation, the interpretation of sorption isotherms 

showing low-pressure hysteresis is difficule and it is not possible to analysis the pore 
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size accurately.  

 

 

Fig. 2- 31 IUPAC classifications of hysteresis loops. 

 

According to the isotherm, the pesoporous pore size distribution can be achieved 

by Kelvin equation, where V is the molecular volume of the condensed liquid, γ is the 

surface tension of the liquid, P is the absolute pressure, P0 is the saturation vapor 

pressure and r is the pore radius. The corresponding adsorption volume (Vad) is 

measured by equation 2-5, where ∆P is the pressure decument while 

adsorption/desorption attend equilibrium station. 

ln(P/P0) =-2γV/rRT ………………………….(Eq. 2-3) 

Vad=nRT/∆P…………………………..….(Eq. 2-4) 

On the other hand, the microporous surface and pore volume can be achieved by 

t-plot method. Equation 2-6 shows the generalized form of tp values (thickness of 

nitrogen sorpted at 77 K), by which equation, an adsorption isotherm can be drawn as 

a typical t-plot shown in Fig. 2-31. Typically, t-plots for non-microporous samples 

show an extrapolated straight passing through the origin, in which case, the slop is the 

area. In contrast, the t-plots of microporous samples will extrapolate to the adsorption 
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axis and show a positive intercept, which is equivalent to the micropore volume. 
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Fig. 2-31 t-plot from of a microporous Zeolite-Y 
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2.5 Electrode performance testing 

 
(a) Cyclic voltammetry (C-V) 

Cyclic voltammetry (C-V) is a technique most widely used for acquiring qualitative 

informations about electrochemical reactions, for examples, on the thermodynamics of 

redox processes, the kinetics of heterogeneous electron-transfer reactions, and on coupled 

chemical reactions or adsorption processes. The most common potential wave form used 

during typical electrochemical experiments is the linear wave form, i.e., the potential is 

continuously changed as a linear function of time. Such variation of potential with time is 

known as the scan rate (v). During the C-V measurement, the direction of the potential is 

reversed at the end of the first scan, thus, leading to the typical isosceles triangle 

waveform. This has the advantage that the product of the electron transfer reaction 

occurred during the forward scan can be probed again during the reverse scan. In addition, 

C-V is also a powerful tool for the determination of formal redox potentials, detection of 

chemical reactions following the electrochemical reaction, and evaluation of electron 

transfer kinetics. The experiments were operated based on a three-electrode design: a 

platinum wire is served as the counter electrode and a saturated calomel electrode (SCE) 

was used as the reference electrode. The working electrode is a Pt wire attached with a 

0.25 cm
2 
thin Pt foil, which is used to contact with the testing sample. 

 

(b) Chemisorption analysis 

A pulse chemisorption analysis may be used to determine the active surface area, 

metal dispersion, and average particle size by applying suitable doses of reactant gas 

to the sample. Once all active sites have been completely reacted with the reactant gas, 
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the discretely injected gas volumes elute from the sample tube will remain uncharged. 

The amount of chemisorbed gas may therefore be inferred from the difference 

between the total amount of reactant gas injected into and the amount eluted from the 

sample. Conseqeuntly, the metal particle dispersion (PD), active surface (SA) area, 

and average particle size (APS) can be derived by the following equations: 
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where SF is the Stoichiometry factor, SW denotes sample weight (g), GMW stands for  

gram molecular weight (g/g-mole), SAMetallic represents the meta surface area (in m2/g 

metal), APS is the active particle size, Den. is the calculated metal density (g/mL), 

and WS represents the sample weight (in unit of g.) In addition, the parameters VS and 

SA may be calculated from: 
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where VS is the volume adsorbed (mL at STP), SA is the specific surface area, I is the 

number of injections, Vi is the volume per injection (mL), Vna is the total volume not 

sorbed (ml), Va is the sorption volume at ambient conditions (mL), VSTP is the 

sorption volume sorbed at STP (mL/g of sample), Vm is the volume of monolayer 

(mL), Ta represents ambient temperature (K), P is the absolute pressure of N2 

(estimated by %N2/100xPa, mmHg), AN2 is the surface area of the N2 molecule 

(m2/molecule, 16.210-20 m2), and P0 is the Saturation pressure of N2 (estimated by 

%N2/100xPa, mmHg) 
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Chapter 3  

Experimental details 

 

3.1 Experimental flow chart 

The results described in this dissertation were obtained from a series of different 

experiments, as illustrated in Fig. 3- 1. In brief, CMMs and CNTs are prepared by 

using porous substrates as templates in thermal CVD process without and with Fe 

catalyst, respectively. Moreover, the CMMs and CNTs are used as supports for metal 

(Pt) catalyst for DMFC anodes, the electrodecatalysts are prepared by using H2PtCl6 

as Pt precursor and reduced by a H2 atmosphere. For the investigation of CNT growth 

mechanism, both thermal and plasma-enhanced CVD process are adopted to growth 

CNTs with cobalt catalyst on SBA-15 substrate and Si-wafer. The structure and 

properties of the nanostructured materials after each step were characterized by 

transmission electron microscopy (TEM), X-ray diffratometry (XRD), 

cyclic-voltammetry (C-V), chemisorption, thermogravimetric (TG), Raman, and/or N2 

adsorption/desorption analyses. 
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Fig. 3- 1 Flow chart of the experiments. 
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3.2 Row materials 

 

All source gases and chemicals used in this dissertation are listed in Table 3- 1. 

Table 3- 1 Chemicals and other row materials used. 

Name Formula Supplier 

Acetylene C2H2 (purity 99.9995%) San Fu 

Argon Ar (purity 99.998%) San Fu 

Brij-30 C12H25(OCH2CH2)4OH) Aldrich 

Chloroplatinic Acid 

Hexahydrate 

H2PtCl6 Acros 

Cobalt nitride Co(NO3)3 Acros 

Dichloromethane CH2Cl2 Acros 

Hexadecyltrimethylammoniu

m bromide (CTABr) 

C16H33(CH3)3NBr Acros 

Hydrochloric acid HCl Acros 

Hydrofluoric acid HF Acros 

Hydrogen H2(purity 99.9995%) San Fu 

Iron(III) Chloride FeCl3 Acros 

Iron nitride Fe(NO3)3 Acros 

P-type (100) silicon wafer Si  

Sodium silicate solution NaSiO3 Acros 

Styrene  C8H8 Aldrich 

Sulfuric acid H2SO4 Acros 

Tetraethyl orthosilicate 

(TEOS)  

SiC8H20O4 Aldrich 

Triblock copolymer (P123) poly(ethylene oxide)20– 

poly(propylene oxide)70– 

poly(ethylene oxide)20 

Acros 

1,3,5-trimethylbenzene C9H12 Acros 

* Regent grade chemicals 
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3.3 Features of CVD systems 

 

The processing systems used for fabrication of various samples include thermal 

CVD, MP-CVD, ECR-CVD, and a laser deposition system. Their designs and 

working principles are summarized below: 

 

(a) Thermal CVD 

Fig. 3- 2 shows the schematic diagram of a home build thermal CVD system. In 

Fig. 3- 2 (a), a smaller quartz tube aligned coaxially with a larger quartz tube 

containing the specimens (porous substrates) at the bottom, so that the reactant gas 

mixture can flow trough the specimen efficiently before exhausting from the top of 

the chamber. This represents a system without reactant gas preheating. On the other 

hand, Fig. 3- 2(b) illustrates a system with gas preheating: the reactant gas mixture 

was preheated before reaching the specimen, which is placed in a net of quartz wools 

to ensure better gas penetration. In contrast to the conventional thermal CVD systems, 

the main feature of this system is that the temperature difference between the 

precursor gas and the substrate can be manipulated. 

 

(b) MP –CVD 

A schematic diagram of microwave plasma (MP-) CVD system is shown in Fig. 

3- 3. The system is comprised with six main components, namely the microwave 

generator, the wave-guides, the reaction chamber, the gas flow controller, the gas 

pressure controller, and the pumping system. In this particular set-up, a 1.3 kW 

microwave (2.45 GHz) generator from Tokyo electronic Corp. was used. The reaction 

chamber was made of a quartz tube (with inner and outer diameters of 47 and 50 mm, 
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respectively; China Quartz Corp.) in a microwave applicator made of aluminum alloy. 

The other components of the system include stainless steel specimen chamber and 

specimen holder, and a rotary pump (Hitachi Corp. Ltd). The upper electrode above 

the specimen holder facilitates the generation of DC bias on the specimen during 

deposition. A thermal couple embedded in the sample holder allows for monitoring 

the temperature of the substrate. The mass flow controller (MKS, model 247) is used 

to contol the flow rates of source gases (Ar, H2, C2H2). The pressure of the sample 

chamber is monitored by a thermal couple vacuum gauge, and is regulated by an APC 

controller (MKS, model 263) through an absolute pressure gauge (MKS Baratron) and 

a throttling valve. The temperature of the specimens is dictated by the microwave 

power, pressure, and the distance to the plasma zone. There is no external heating 

system. 

 

 

Fig. 3- 2 Schematic thermal CVD systems (a) without, (b) with gas preheating heater. 
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Fig. 3- 3 Schematic MP-CVD system. 

 

 

(c) ECR –CVD 

An illustrated example of the Electron Cyclotron Resonance Chemical Vapor 

Deposition (ECR-CVD) system is shown in Fig. 3- 4. The system is consist of a 

microwave generator (2.45 GHz) capable of delivering a maximum power of 1200 W, 

three-spot circulator, tuner, wave guides, microwave applicator, reaction chamber, 

mass flow controller, electric coils, cooling copper coils, substrate heating stage, 

vacuum pump, and D.C. bias. The ECR-CVD system above has the advantages of 

high dissociation efficiency, low deposition temperature of CNTs, and a wider 

deposition area. Typically, such a system is characterized by the electronic field (E) 

and the magnetic field (B) such that the electrons are accelerated by E to the direction 

perpendicular to B and orbiting in a plane also perpendicular to B with a cyclotron 

radius rc. When the microwave angular frequency (ω) is identical to the angular 

frequency of the electron (v/rc), the electrons will be in phase with the field at either 
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positive or negative E; a phenomenon known as electron cyclotron resonance (ECR), 

which takes place at B = 875 Gauss, corresponding to a frequency of 2.45 GHz for the 

activated media. The cyclotron radius (rc) for the orbiting electrons (in B) can be 

expressed as: rc = mev/eB, where v, e, me, and ω represents the electron velocity 

component perpendicular to B, the electron charge (coulombs), mass of electron, and 

the electron angular frequency, respectively. 

 

 

 

Fig. 3- 4 Schematic ECR-CVD system. 
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3.4 Preparation of porous silica 

 

(a) MCM-41 

The MCM-41 mesoporous silica was synthesized following the procedures 

reported earlier.[Lin-1998-581] In brief, surfactant solution was first prepared by 

dissolving CTABr (7.7 g) in distilled water (85.0 mL). Sodium silicate solution (10.0g, 

NaSiO3) was then added into the solution at 305 K under stirring. After stirring for 

about 30 min, 1.2 M of H2SO4 (8.0 g) was slowly added into the gel mixture. This 

step takes up to 30 min. The pH value of the final mixture was then adjusted to about 

10 before the mixture was keeped at 373 K for 48 h. The resultant solid products were 

recovered by filtration, washing with deionized water and drying in air at 373 K. 

Finally, the resultant products were calcined in air at 833 K for 6 hours to remove the 

surfactant (with a heating rate of 1.5 K/min).  

 

(b) MCM-48 

Highly stable MCM-48 mesoporous silica material was synthesized following 

the procedures reported earlier.[Kim-1998-259] In brief, surfactant mixture solution was 

first prepared by dissolving both CTABr (7.6532 g) and Brij-30 (1.45 g) 

simultaneously in distilled water (60 mL). Then, sodium hydorxide (2.5 g) solution (in 

5 mL water) was added to the surfactant solution and stirred for 0.5 h. The silica 

solution was then added to the above solution and the resulting mixture was shaken 

vigorously for 0.5 h and the resultant gel was kept at 373 K for crystallization. After 2 

days, the mixture was cooled to room temperature (298 K) and pH of the solution was 

adjusted to 10 with acetic acid. Then, the mixture was kept for 373 K for another 2 

days. The resulting product was filtered and washed with ethanol/water mixture and 
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dried in an oven at 373 K followed by calcined in air at 823 K for 6 h. 

 

(c) SBA-15 

The SBA-15 mesoporous silica was synthesized following the synthesis route 

reported by Zhao et al.[Zhao-1998-548] Typically, tetraethyl orthosilicate (TEOS, Aldrich), 

which was used as the silica source, was added to an aqueous solution containing HCl 

and triblock copolymer (P123 surfactant) at 313 K, with starting weight ratios of: 2.3 g 

TEOS / 1.0 g P123 / 8.0 g HCl / 30.0 g H2O. The mixture was stirred for about 2 hours 

before it was aged at 373 K for 2 days. The product was then filtered, washed with 

distillate water, dried at 373 K, and finally calcined in air at 833 K for 6 hours. On the 

other hand, an additional TMB (1,3,5-trimethylbenzene) is used to expend the pore 

size of SBA-15 during the preparation process. 

 

(d) Photonic crystal 

Photonic crystal (PC) macroporous silica was synthesized following the 

procedure reported by Holland et al.[Holland-1999-795] Firstly, 1700 mL of DI water was 

heated to 343 K in a 3000 mL round-bottomed flask. After styrene (200 mL, Aldrich) 

was added, the solution was stirred with deaerated by nitrogen. Second, the aqueous 

solution of potassium persulfate (100 mL, 0.025 M, 343 K) was added into the above 

styrene solution to initiate the polymerization of the styrene, and keep stirring for 28 

hours. Finally, the poly-styrene latex spheres were gathered by filtering and drying in 

air. This process was followed by silica replication process which millimeter-thick 

layers of latex spheres were deposited on filter paper in a Buchner funnel under 

vacuum and soaked with ethanol. Then, tetraethoxysilane (TESO) was added 

dropwise to cover the latex spheres completely during the fltration. After the 

composite product was dried in a vacuum evaporator, the latex spheres were removed 
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by calcination in air at 848 K for 7 hours. Finally, the photonic crystals with pore 

diameter ranging from 200 to 400 nm were obtained.
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3.5 Preparation of carbon nanostructures  
 

Various procedures have been adopted for the preparation of CNTs, including: 

 

(a) Deposition of metal catalyst on porous supports 

Three types of mesoporous silica, namely MCM-41, SBA-15, and pore expanded 

SBA-15 (denoted as PE-SBA-15) were synthesized by known recipes reported 

previously.[Mou-2000-137; Zhao-1998-548] Iron (Fe) catalyst was loaded onto the mesoporous 

silicas via either co-precipitation or impregnation methods. For the former, 0.4 g of 

Fe(NO3)3 was stirring with 1.0 g of the target mesoporous silica material for 0.5 h in 

20 mL of deionized water, followed by filtering, drying at 373 K, and a reduction 

treatment under H2 atmosphere for 10 min before CNTs deposition. The Fe-containing 

mesoporous silicas obtained from the siliceous MCM-41 and SBA-15 are denoted as 

Fe(co)/MCM-41 and Fe(co)/SBA-15, respectively. In the case of (Fe) catalyst loading 

by impregnation method, proper amount of Fe(NO3)3 (estimated ca. half of pore 

volume of the corresponding support) was dissolved in 20 mL of deionized water, 

followed by adding 1.0 g of the target mesoporous silica. After being stirred for 0.5 h, 

the suspension was dried under vacuum. The obtained product was stirred in the 

presence of CH2Cl2 to facilitate migration of Fe precursors into the hydrophilic 

channels of the mesoporous silica[Han-2000-2068] followed by removal of CH2Cl2 by 

evacuation. The above procedure was repeated once and the final product was 

subjected to reduction treatment, which was carried out by first slowly ramping (2 

K/min) the temperature to 373 K under dried Ar, kept at the same temperature for 3 h, 

followed by reduction under H2 environment before C2H2 was injected for CNTs 
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growth. The obtained Fe-containing mesoporous silicas derived from the siliceous 

MCM-41, SBA-15, and PE-SBA-15 are denoted as Fe(im)/MCM-41, Fe(im)/SBA-15, 

and Fe(im)/PE-SBA-15, respectively. 

To incorporate Co catalyst onto the SBA-15 substrate, the mesoprous substrate 

was first added into 0.1M Co(NO3)3(aq) solution, and stirred till SBA-15 were 

completely suspending in the solution. The cobalt nitride coated SBA-15 were then 

collected by filtration and dried prior to further decomposing the catalyst into cobalt 

oxide (CoOx) in an air furnace under 573 K. The Co oxides were finally reduced to Co 

in a hydrogen furnace at 1073 K and the supported catalyst so prepared is denoted as 

Co/SBA-15. Alternatively, a Co-coated (thickness ca. 10 nm) on Si wafer sample was 

prepared by sputtering method and is denoted as Co/Si (001). In addition, samples 

with bifunctional Pt-Fe metal catalyt loaded on MCM-48 mesoporous silica were 

prepared by using co-precipiation method described above by using H2PtCl6 6H2O(aq) 

and FeCl3(aq) as the Pt abd Fe precursors, respectively.  

 

(b) Procdures involving thermal CVD 

Carbon mesoporous materials (CPMs) and CNTs respectively synthesized using 

various mesoporous silicas templates and Fe- (or Co-) containg SBA-15 mesoporous 

silicas as substrates, were conducted by similar procedures summarized below: first, 

the template/substrate was placed into a quartz reactor, followed by heating the 

reactor and gas pre-heating zones to the target temperature (1073 or 1093 K) under 

vacuum. Then, a desirable amount of acetylene (which served as the carbon source), 

was introduced into the reactor together with mixture of H2 and/or Ar gases. Then, the 

CPMs/CNTs products may be respectively collected by filtering and drying after 

removal of silica template/substrate by etching with 1 M HF solution of 50% 
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ethonal–50% H2O. Similar procedures were adopted to prepare Pt-Fe containing 

hollow carbon capsulate (HCC) and solid carbon capsulate (SCC) by using either neat 

mesoporous silica or Pt-Fe loaded porous silicas as templates. Detailed preparation 

conditions for various CPMs and CNTs are depicted in Table 3- 2, and Table 3- 4. 

 

 

Table 3- 2 Sample designations, processing conditions and diameters of CPMs and 

CNTs prepared by thermal CVD without gas preheating. 

a Other processing condition: pressure 3 kPa ; specimen designation of CNT-d#1-#2 

represents CNTs with diameter #1 or from #1 to #2. 
b Duration of processing time. 
c Template for producing CPMs or catalyst for synthesizing CNTs; where co in 

Fe(co)(template) and im in Fe(im)(template) represent Fe catalyst prepared by 

co-precipitation and by impregnation methods on a template substrate, respectively. 
d In unit of sccm / sccm / sccm. 

e Substrate temperature (TS) during CPM or CNT deposition. 

f Pore diameter of porous carbon or tube diameter of CNTs. 

 

Sample 

designa, 

t b 

(min) 

Substratec 

Catalyst/Template 

Gas flow ratiod 

(C2H2/H2/Ar) 

TS
 e 

(K) 

Diameterf 

(nm) 

ZRC 40 -/Zeolite-Y 50/50/50 1073 < 1.3 

CMT-1 40 -/MCM-48 50/50/50 1073 ~ 2 

CMT-2 60 -/SBA-15 50/50/0 1073 ~ 3 

HCC 40 -/MCM-48 50/50/0 1093 20 ~150 

Pt-Fe/HCC 40 Pt-Fe/MCM-48 50/50/0 1093 20 ~150 

Pt-Fe/SCC 40 Pt-Fe/MCM-48 50/50/0 1073 ~. 2 

PCC 120 -/PC  50/50/0 1073 ~ 400 

CNT-d3 20 Fe(im)/SBA-15 50/50/0 873 3 

CNT-d5-10 20 Fe(co)/MCM-41 50/50/0 873 5 - 10  

CNT-d8 20 Fe(im)/MCM-41 50/50/0 873 8 

CNT-d10-30 20 Fe(co)/SBA-15 50/50/0 873 10 - 30  

CNT-d17 20 Fe(im)/PE-SBA-15 50/50/0 873 17 
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Table 3- 3 Sample designations and their deposition conditions of CNTs by thermal 

CVD with gas preheating. 

Sample 

desig.a 

tb 

(min) 

Catalyst / 

Substrate 

Sub. Surface 

conditionc 

Temp.d 

TG/TS 

(K/K) 

∆Te 

CNTs 

Growth Mode 

A1-5 5 

A1-10 10 

A 1-15 15 

A 1-20 20 

A 1-30 30 

A 1-40 40 

A 1-65 65 

A 1-90 90 

Co/SBA-15 R 300/1073 - Base-growth 

A 2-20 20 Co/Si (001) S 300/1073 - Base-growth 

A 3-20 20 Co/SBA-15 R 1073/873 + Tip-growth 

A 4-20 20 Co/Si (001) S 1073/873 + Tip-growth 

A 5-20 20 Co/SBA-15 R 923/923 ~ 0 No CNTs 

A 6-5 5 

A 6-10 10 

A 6-15 15 

Co/SBA-15 R 1073/1073 ~ 0 No CNTs 

A 7-5 5 

A 7-10 10 

A 7-15 15 

- / SBA-15 R 300/1073 - No CNTs 

A 8-5 5 

A 8-15 15 

A 8-25 25 

- / SBA-15 R 1073/1073 ~ 0 No CNTs 

a Other deposition conditions: H2 / C2H2 = 50 / 50 (sccm / sccm); 3 kPa pressure 
b CNTs deposition time. 
c Conditions of the substrate surface, R = rough (porous) SiO2 powders, and S = 

smooth polished Si wafer 
d TG: the preheated temperature of the reactant gas; TS: the substrate temperature 

during deposition. 
eΔT = temperature of catalyst at the top minus at the bottom. Its sign represents the 

temperature increasing direction. 
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(c) Procdures involving plasma-enhanced CVD 

The CNTs prepared by plasma-enhanced CVD may be divided into two 

categories, namely those by MP-CVD and ECR-CVD. For CNTs fabrication by 

plasma-enhanced CVD, a Co-coated (thickness ca. 10 nm) on Si wafer sample 

prepared by sputtering method, denoted as Co/Si (001), was used. The Co-coated 

substrate was first pretreated in H-plasma atmosphere to dissociate Co film into 

nanoparticles, followed by CNTs deposition with C2H2 and H2 as reactant gases; 

detailed informations are depicted in Table 3- 4. 

 

 

Table 3- 4 Sample designations and their deposition conditions by plasma-enhanced 

CVD. 

a Types of plasma-enhanced CVD process applied; MP = microwave plasma CVD, 

ECR = electron cyclotron resonance CVD. The working pressure adopted during MP- 

and ECR-CVD is 1.3 kPa and 0.9 Pa, respectively. 
b Wpre, and Vpre = microwave power, and bias voltage during the H-plasma 

pretreatment step (H2 = 50 sccm), respectively. Wdep, Vdep, T Si , and T Sf = microwave 

power, bais voltage, initial and final substrate temperature of the deposition step 

(H2/C2H2 flow ratio = 50/10 (sccm / sccm); pressure = 10 Torr), respectively. 
c CNTs deposition time in minute. 
d ΔT = temperature of catalyst at the top minus at the bottom, representing the 

direction of temperature increasing across a catalyst. 

 

Sample Processa 
Wpre/Wgro

b
 

(W/W) 
Vpre/Vgro

b 
(V/V) 

TSi/TSf 
b 

(K/K) 
t c 

(min) 
∆Td CNTs 

Growth Mode 

B1 800/800 100/120 740/773 5  + Tip-growth 

B2 
MP-CVD 

1000/600 100/60 793/780 2 − Base-growth 

C1 250/270 100/120 773/803 5 + Tip-growth 

C2 
ECR-CVD 

300/240 120/100 1023/904 4 − Base-growth 
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3.6 Preparation of carbon nanostructure-assisted DMFC 
electrocatalysts 

 

To further explore their applications in fuel cell, the aforediscussed carbon 

nanostructured materials, namely CPM and CNT materials were utilized as support 

for noble metal (Pt) catalyst. A hydrogen reduction process was adopted to disperse Pt 

on various carbon supports, typically, by first suspending ca. 0.2 g of the carbon in 

H2PtCl6 aquaous solution (10 mL H2PtCl6, 0.04 M) at room temperature, followed by 

drying in a vaccum evaporator and reduction treatment at 523 K for 30 mins under H2 

atmosphere. The electrocatalysts are denoted as Pt/SWCNT, Pt/CNT-d3, Pt/CNT-d8, 

Pt/CNT-d17, Pt/XC-72, Pt/ZRC, Pt/CMT-1, Pt/CMT-2, Pt/HCC, and Pt/PCC 

corresponding to the carbon supports shown in Table 3- 2. 

 



 

 61 

 

3.7 Structure and property characterization 

 

The surface morphologies of each specimen were characterized by using a JEOL 

JSM-6700 field-emission SEM, and the microstructure of specimens were examined 

by TEM analysis. Typically, a Hitachi H-7100 (operated at 100 keV) and a JEOL 

JEM-2100 (200 keV) were adopted for the TEM and high-resolution TEM 

measurements. For TEM measurements, all specimens were dispersed by 

ultrasonication in acetone and dried on copper grid. In addition, the structuring 

ordering of the porous materials were examined by X-ray diffraction (XRD) patterns 

by using a PANalytical (X’Pert PRO) instrument using Cu Kα radiation (λ = 0.1541 

nm). Moreover, a Thermo K-alpha x-ray photoelectron spectroscopy (XPS) apparatus 

was adopted to characterize the nature of Pt metal of various samples. 

Thermogravimetric analyses (TGA) were also performed using a Netzsch TG-209 

instrument under dried air atmosphere. The BET surface areas and pore size 

distributions of various porous materials, were evaluated by nitrogen 

adsorption/desorption measurements conducted at 77 K using a Quantachrome 

Autosorb-1 or Micromeritics ASAP 2010 analyzer after each sample was degassed at 

200 ℃ under vacuum for at least 12 h. Two raman spectrometers  respectively 

equipped with a Helium/Neon and an Ar laser at the wavelength of 632.8 and 514.5 

nm (both were Jobin Yvon LabRam HR) were used for the aqusition of Raman 

spectra for various samples. 
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3.8 Electrode performance testings 

(a) Characterization of electronchemical properties 

The electrodechemical properties of various supported carbon substrates as 

electrode materials (e.g., as anode in DMFC as well as cathode in thin film Li-battery) 

were evluated by cyclic voltammetry (C-V) measurements conducted on a 

galvanostat/potentiostat (Autolab, PGSTAT30). 

For application of DMFC at anode, the electrocatalytic activity measurements of 

sample with ca. 10 wt % Pt dispersed on either CMMs or a commercial XC-72 

activated carbon were performed with a glassy carbon as the working electrode, Pt 

wire as the counter electrode, and Ag/KCl (3M) as a reference electrode at a scanning 

rate of 10 mV/s. The glossy carbon thin-film electrode was prepared by the following 

steps: first, ca. 10 mg of PtRu-loaded carbon sample was added into 5 mL of 

deionized water, followed by ultrasonic treatment for 0.5 h. Next, ca. 7.5 (or 20) μL 

of the resultant suspension mixture was withdrawn and injected onto the glassy 

carbon electrode (diameter 3 or 5 mm), followed by drying in air at 333 K for 1 h. 

Finally, 7.5 (or 20) μL of 1% Nafion (DuPont) solution was added as a binder under 

N2 environment. Electrooxidation of MeOH was carried out with an electrolyte of 0.5 

M H2SO4 and 1 M MeOH between -0.2 and 1.0 V at room temperature. Prior to each 

C-V measurement, the electrolytic solution was purged with high-purity N2 (99.9%) 

for at least 0.5 h to remove the dissolved oxygen; subsequently, the experiment was 

conducted under purging N2 condition. 

 

(b) Characterization of chemisorption properties 
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(i) Pt dispersion measurements: 

The dispersions of platinum on various samples were measured by hydrogen 

chemisorption. For each run, ca. 0.02 g of Pt/carbon sample were pretreated by 

outgassing at 623 K for one hour, then, the first H2 adsorption isotherm was measured 

after the sample was cooled to 305 K, followed by outgassing for one hour to obtain a 

second H2 adsorption isotherm under the same conditions. 

(ii)  CO tolerance tests: 

CO tolerance tests were done by competitive adsorption with H2 on an automated 

chemisorption apparatus (Micromeritics, AutoChem II 2920). First, ca. 500 ppm of 

CO was pre-adsorbed onto the sample at 328 K for 0.5 h, then H2 (10%) was 

pluse-injected using Ar as the carrier gas till a saturated coverage of H2 was achieved. 
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Chapter 4  

Process, structures and properties of CPMs and 

their applications in DMFC anodes 
 

4.1 Effect of processing parameters on structures and 

properties of various carbon porous nanostructures 

 

4.1.1 Conditions of fabrication porous carbon with tubular branches 

 

As described in Section 3.5(a) and summarized in Table 3- 2, mesoporous 

carbons with tubular morphologies were synthesized by using the template-assisted 

CVD method. Among them, two noval carbon materials, namely CMT-1 and CMT-2 

(Carbon Materials from Taiwan) were fabricated using MCM-48 and SBA-15 

mesoporous silicas as templates, respectively. Fig. 4- 1 displays the XRD patterns of 

synthesized MCM-48, CMK-1, and CMT-1 materials, all of which show well-ordered 

mesoporous structures, as revealed by the characteristic diffraction peaks at small 2θ 

angles. That the novel CMT-1 material exhibited [ ]110  and [ ]211  peaks at the 

respective 2θ angles of ca. 1.4° and 2.5°, whereas the corresponding diffraction peaks 

for the CMK-1 sample were found at ca. 1.6° and 2.8°, indicates that these two 

mesoporous carbon materials may have rather similar structures. The XRD pattern of 

the CMK-1 is in good agreement with existing literatures.[Joo-2001-153; Kaneda-2002-1256; 

Ohkubo-2002-6523; Ryoo-1999-7743] Likewise, the XRD profile of the MCM-48 silica exhibited 

a main [ ]211  diffraction peak at 2θ ~ 2.3°, also consistent with earlier 
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reports.[Beck-1992-10834; Kim-1998-259; Kruk-1999-2568] Moreover, the N2 adsorption/desorption 

isotherms obtained from MCM-48, CMK-1, and CMT-1 (Fig. 4- 2) all exhibited a 

typical type-IV isotherm with a broad hysteresis loop, which are typical 

characteristics of capillary condensation in mesoporous channels.[Matos-2003-821-829; 

Ravikovitch-2002-1550; Sing-1985-603] Further analyses based on the desorption curves of the 

isotherms using the BJH method[Barrett-1951-373] provide additional information on the 

pore size distributions (PSDs) (Fig. 4- 3), BET surface areas, and pore volumes of 

various samples, as depicted in Table 4- 1. Additional t-plot analyses illustrated in 

Section 2.4(g) further confirmed that these materials do not possess any microporosity 

with pore size < 1 nm. As can be seen from Table 4- 1, these porous carbons 

replicated from MCM-48 possess high BET surface areas over 1000 m2/g. However, 

unlike CMK-1 carbon, which revealed only one type of mesopore with average pore 

size of ca. 3.6 nm, the novel CMT-1 carbon appeared to possess two types of pores 

with diameters of ca. 1.5 and 3.3 nm. 

 

 

Fig. 4- 1 XRD patterns of (a) MCM-48, (b) CMK-1, and (c) CMT-1 mesoporous 

materials. 
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Fig. 4- 2 N2 adsorption/desorption isotherms (77 K) of mesoporous MCM-48 silica, 

CMK-1, and CMT-1 mesoporous materials, where the isotherms for the CMK-1 and 

CMT-1 carbons are shifted vertically by 200 and 400 cm3 STP/g, respectively. 

 

 

Fig. 4- 3 BJH pore size distribution of CMT-1, CMK-1, and MCM-48 (inset) 

mesoporous materials. 
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Table 4- 1 Textural properties of various mesoporous materials. 

Porous material 

desig.d component 

DBJH
a (nm) SBET

b (m2/g) Vp
c (cm3/g) 

MCM-48 SiO2 2.4 923 0.68 

CMK-1 Carbon 3.6 1238 0.75 

CMT-1 Carbon 1.5; 3.3 1076 0.63 
aDBJH : average pore diameter derived by BJH method 
bSBET : specific surface area derived by BET analysis 
cVp: specific pore volume 
d CMK-1 and CMT-1 are replicated from MCM-48 template 

 
 

Additional investigations by Raman spectroscopy reveal that both CMK-1 and 

CMT-1 materials exhibit well-structured D-band and G-band near 1340 and 1600 cm-1, 

respectively (Fig. 4- 4), indicating that these porous carbons possess typical graphite 

structures analogous to carbon nanotubes (CNTs).[Kim-2003-4375] More specifically, the 

G-band can be attributed to graphitic structure and the D-band is normally ascribed 

due to structural defects or sp3 graphites requisite by the 3-D tubular 

structure.[Prasetyo-1999-1909] 

The TEM images of MCM-48 and CMT-1 in Fig. 4- 5 confirm that these 

mesoporous materials are indeed well-ordered, in consistent with the XRD results. 

Furthermore, the close-up TEM image (Fig. 4- 5c) near the edge of the CMT-1 

sample particle (typically ca. 400–500 nm in size) clearly shows tubular carbons with 

average outer diameter of ca. 2.5 nm, which is also in excellent agreement with the N2 

adsorption/desorption data. 

Based on the BJH pore size distribution in Fig. 4- 3 and Table 4- 1, the averaged 

pore size of the MCM-48 silica template is ca. 2.4 nm, corresponding to a maximum 
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outer diameter available for formation of the tubular CMT-1 carbon (Fig. 4- 5c). Thus, 

as illustrated in Fig. 4- 6, the two types of pores near 1.5 and 3.3 nm observed for the 

CMT-1 carbon can be respectively correlated to the inner diameter of the tubular 

CMT-1 and the wall thickness of the MCM-48 template. The latter represents the 

space between pore channels of MCM-48 and hence should be roughly equal to the 

pore size of CMK-1 (3.6 nm; see Table 4- 1), which is a direct replica of MCM-48. 

Taking the well-known inter-layer distance of graphite sheets of ca. 0.336 

nm,[Ogden-2002-69] a simple calculation therefore leads to an estimated average thickness 

of the CMT-1 carbon tubules corresponding to about 1.3 graphite sheet layers, in good 

agreement with the TEM analysis. 

 

 

 

Fig. 4- 4 Raman spectra of (a) CMK-1 and (b) CMT-1 mesoporous carbons. 
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Fig. 4- 5 TEM images of a powder from (a) MCM-48 template and (b) CMT-1 

mesoporous materials, respecttively. The (c) is higher magnification image of (b). 
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Fig. 4- 6 Schematic pore size and wall thickness of MCM-48 and CMT-1 mesoporous 

materials. 

 

 

4.1.2 Effect of deposition temperature on morphology of porous carbons 

 

It is found that deposition temperature is crucial to the pore structure of the 

carbon replicated by using MCM-48 as hard template. Compared with the CMT-1, 

which was replicated from MCM-48 under 1073 K (see Section 4.1), a hollowed 

carbon capsule (HCC) was obtained under as the deposition temperature was raised to 

1093 K (Table 3- 2 and Fig. 4- 7 b). The effect of temperature on structure variations 

of the CMMs can be envisaged as followed: during the CVD process at elevated 

temperature (> 1073 K), the mesostructure of the MCM-48 silica could be collapsed 

to form structure with cavities greater than 20 nm in dimension, as shown in Fig. 4- 7a, 

which reveals the presence of coral-like mesostructured silica-carbon composite 

obtained in the absence of metal loading. Upon removal of the silica template by HF 

treatment, it is evident that HCC materials with cavities typically with sizes exceeding 

20 nm were observed, as shown in Fig. 4- 7b. Such HCC materials may be 

advantageous as supports for metal (Pt, Ru) catalysts especially for applications as 

electrodecatalysts in DMFC.[Hosomi-2000-269] 
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Fig. 4- 7 TEM images of (a) collapsed MCM-48 obtained after thermal CVD process 

at 1093 K, and (b) HCC mesoporous carbon. 
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4.1.3 Strucuture and properties of carbon porous materials 

 

As described in Section 4.1, various CPMs with different pore sizes were 

prepared by the thermal CVD process using various templates. As a result, a 

diversified carbon mateials with micro- (ZRC), meso- (CMT-1), and macroporosities 

(PCC) may be fabracted with different preparation conditions using zeolites, MCM-48, 

SBA-15, pore-expanded MCM-48, and photonic crystal; as summarized in Table 3- 2. 

Fig. 4- 8 and Fig. 4- 9 display the TEM images of Zeolite-Y and its 

corresponding carbon replica (ZRC). The inset of Fig. 4- 8 indicates an ideal zeolite-Y 

structure with pore size of ca. 0.7 nm (see Section 2.1). That the ZRC material (Fig. 4- 

8a) possess the same morphology with Zeolite-Y (Fig. 4- 9) indicates that the CVD 

process so utilized (see Section 4.1) has an excellent replication capability even for 

microporous systems. As such, ZRC with pore size as small as 0.7 nm may be readily 

synthesized; as revealed by the HRTEM image in Fig. 4- 9a. These observation also 

suggest that the CVD process so adopted represents a facile and speedy (typically 

within an hour or so) synthesis method for replicating CPMs from various porous 

silica templates. However, unlike Zeolite-Y, which revealed a well ordered structure 

(inset, Fig. 4- 9) the structure of the ZRC material so replicated appeared to lack 

long-range ordering (Fig. 4- 9b). This may be seen by the XRD patterns shown in Fig. 

4- 10a and Fig. 4- 10 for the Zeolite-Y and ZRC, respectively. The broad peak 

observed for the latter indicates that ZRC material indeed lack of structural ordering 

after the removal of the zeolite template by HF treatment. This finding is therefore 

coincides with the aforediscussed TEM results. 

 



 

 73 

 

Fig. 4- 8 TEM image with an inset at higher magnification for Zeolite-Y. 
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Fig. 4- 9 TEM and the corresponding HRTEM images of the ZRC microporous 

carbon. 
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Fig. 4- 10 XRD patterns of (a) Zeolite-Y, and (b) ZRC microporous materials. 

 

 

The N2 adsorption/desorption isotherm curves obtained from the ZRC material 

showseda type-I isotherm (Fig. 4- 11a) at lower relative pressure (P/P0) indicate a 

microporous structure; in line with the TEM analysis. Fig. 4- 12 and Fig. 4- 16 shows 

the pore size distributions of various CPMs; as estimated by the BJH method. As 

shown in Fig. 4- 12a, an average pore space of ca. 1.3 nm can be inferred between the 

tubular carbon in ZRC, which is almost coincide with the sodalite building unit of 

zeolite-Y (ca. 1.2 nm).[Nagy-1998-192] Thus, it is indicative that ZRC possesses a 

replicated structure of Zeolite-Y and is constructed by tubular carbon with diameter of 

ca. 0.7 nm. 

On the other hand, CMT-2 replicated from SBA-15 has a comparable structure 

ordering and tubular structure with that of CMK-5 (Fig. 4- 12) with tubular diameter 
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of ca. 8 nm and average pore size ca. 3 nm (see Fig. 4- 13 and Fig. 4- 14b). Fig. 4- 14 

shows the resptctive XRD patterns of SBA-15 template and CMT-2. The XRD pattern 

of CMT-2 in Fig. 4- 14b exhibited well-resolved diffraction peaks, indicating the 

existence of long-range structure ordering with 2-D hexagonal symmetry similar to 

that of the tubular CMK-5 carbon material.[Joo-2001-169] Similar to CMT-1, CMT-2 

exhibit a type-IV isotherm with a broad hysteresis loop (Fig. 4- 11c), characteristic of 

capillary condensation in mesochannels.[Matos-2003-821-829; Ravikovitch-2002-1550; Sing-1985-603] 

On the other hand, mesoporous HCC described in Section 4.3 also exhibits a type-IV 

isotherm (Fig. 4- 11d) but with type-H3 hysteresis loop, suggesting that HCC is a 

non-rigid aggregates of plate-like particles given rise to slit-shaped pores,[Lowell-2004-] 

which is in agreement with the TEM results (Fig. 4- 7b). 

For the fabrication of macroporous carbon, photonic crystal with pore size ca. 

400 nm (denoted as PC; see Fig. 4- 15a), obtained by using latex sphere templating 

method,[Holland-1999-795] was utilized as template. After the replication process, the 

resultant carbon with pore size of ca. 400 nm (Fig. 4- 15b) was denoted as PCC. It 

should be noted that both of the N2 adsorption/desorption curves obtained from the 

commercial XC-72 (Fig. 4- 11f) and PCC (Fig. 4- 11e) exhibit the same type-III 

isotherm characteristics, which is typical for non-porous structure.[Lowell-2004-p12] Unlike 

the HCC material, the BJH pore size distributions (PSDs) of XC-72 and PCC failed to 

represent the truth surface condition, as shown in Fig. 4- 15. This can be ascribed due 

to the extensive inter-particle pore surfaces and pore size exceeding the valid range. 

As such, the pore surface area of PCC mainly arose from the external surfaces. The 

distribution of surface area for various microporous, mesoporous, and macroporous 

CPMs are listed in Table 4- 2. 
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Fig. 4- 11 N2 adsorption/desorption isotherms (77K) of (a) ZRC, (b) CMT-1, (c) 

CMT-2, (d) HCC, (e) PCC, and (f) XC-72, where (a) to (e) are shifted vertically by 

1000, 800, 600, 400, and 200 cm3 STP/g, respectively. 
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Fig. 4- 12 BJH pore size distributions of (a) ZRC, (b) CMT-1, and (c) CMT-2 porous 

carbon, where (a) and (b) are shifted vertically by 4 and 2 cm3 STP/g, respectively. 
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Fig. 4- 13 TEM images of (a) SBA-15, and (b) CMT-2 mesoporous materials. 
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Fig. 4- 14 XRD patterns of (a) SBA-15, and (b) CMT-2 mesoporous materials. 
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Fig. 4- 15 TEM images of (a) PC, and (b) PCC macroporous materials. 

 

 

 

 

Fig. 4- 16 BJH pore size distributions of (a) XC-72, (b) PCC, and (c) HCC, where (a) 

and (b) are shifted vertically by 0.5 and 0.25 cm3/g, respectively. 
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Table 4- 2 List of specific surface area distribution for various CPM samples. 

Specific Surface Area (m2/g)a Sample 

design. Micropore Mesopore Macropore 

ZRC 1235 647b  

CMT-1 � 1229c � n 

CMT-2 n 1194 n 

HCC n � 783d � 

PCC n n 337 

XC-72 n n 218 
a n: surface area in these pore ranges are either negligible or uncountable by the BJH 

method. 
b Value estimated by substracting the microporous surface area (determined by t-plot 

analysis) from the total BET surface area. 
c CMT-1 possesses two types of pore systems, which spans over the micro- and 

mesoporous ranges. 
d Total surface area was adopted; the external surface area should be close to the inner 

surface area of the HCC, however, their BET surface areas can not be determined in 

this pore range. 
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4.2 Electrocatalyst performance of DMFC anode with 

Pt-Fe dispersed capsule-like porous carbon 

 

As described in Sections 3.5(a), the HCC supported Pt–Fe catalyst was fabricated 

by first incorporating Pt–Fe onto the mesoporous MCM-48 silica, proceeded by 

carbon coating using the CVD process at 1093 K. The TEM images of the resultant 

product before and after removal of the silica template are shown in Fig. 4- 17a and 

Fig. 4- 17b, respectively. It can be clearly seen that the synthesis of the HCC 

supported Pt–Fe catalyst is accompanied by the growth of CNTs owing to the 

presence of Fe catalyst during the carbonization process. Moreover, the TEM image 

prior to the removal of silica template (Fig. 4- 17a) clearly show that the Pt–Fe 

particles were well isolated between the interfaces of the silica template and the 

carbon film, leading to a uniform dispersion of Pt–Fe alloy particles in the internal 

surfaces of the HCC after the removal of the silica template (Fig. 4- 17b). Further 

examinations of the Pt–Fe/HCC supported catalyst by HRTEM (Fig. 4- 18a and Fig. 

4- 18b) revealing that well dispersed Pt–Fe alloy nanoparticles with size ranging 

between 2 to 10 nm were embedded in the walls of the HCC material, which exhibit a 

highly graphitic structure.  

As described in Section 4.1, the CMT-1 material[Guo-1995-10694] was further 

obtained by replication method under the similar CVD process but at a slightly lower 

temperature (1073 K) than that of the aforementioned Pt–Fe/HCC supported catalyst. 

It is anticipated that if the experiment were carried out with pre-loaded Pt–Fe 

precursors on MCM-48, followed by CVD process at 1073 K, a Pt–Fe based catalyst 

supported on CMT-1 would have obtained. However, to our surprise, the resultatnt 
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material did not possess the anticipated CMT-1 structure, rather, it exhibited CNTs 

co-existing with solid carbon capsule (SCC) material embedded with Pt-Fe 

nanoparticles, as shown in the TEM images (Fig. 4- 19a) and corresponding HRTEM 

image (Fig. 4- 19b). However, unlike Pt–Fe/HCC, the size of the Pt–Fe particles in 

Pt–Fe/SCC were found to be more uniform, typically in the range of 2–5 nm. In this 

context, the reason that a ordered mesostructured cannot be form may be due to the 

high Pt–Fe loading, which may led to distortion of the carbon framework structure, as 

proposed in our earlier study on fabrication of PtRu supported on carbon mesoporous 

materials (CMMs)[Liu-2006-3435] 

The aforementioned results are consistent with analyses by XRD. Fig. 4- 20 

displays the small-angle diffraction patterns of the mesoporous MCM-48 silica 

template (Fig. 4- 20a), the CMT-1 carbon mesoporous material directly replicated 

from MCM-48 by CVD process at 1073 K in the absence of metal catalyst (Fig. 4- 

20b), the Pt– Fe/SCC supported catalyst fabricated by pre-doping Pt–Fe on MCM-48 

followed by CVD process at 1073 K (Fig. 4- 20c), the parent MCM-48 silica after 

thermal treatment at 1093 K (Fig. 4- 20d), and the Pt–Fe/HCC supported catalyst 

fabricated at 1093 K (Fig. 4- 20e). It is clear that by performing the CVD process at a 

lower temperature (1073 K) in the presence of Pt–Fe catalyst, the resultant Pt–Fe/SCC 

supported material (Fig. 4- 20c) did not possess the anticipated CMT-1 mesostructure 

(Fig. 4- 20b). In addition, for the Pt–Fe/HCC material prepared at 1093 K (Fig. 4- 

20e), partial collapse of the MCM-48 structure were observed, which is good 

agreement with the TEM results obtained for HCC. 

Fig. 4- 21 shows the cyclic voltammograms obtained from Pt–Fe/HCC (with 30 

wt.% Pt and 7.5 wt.% Fe), Pt–Fe/SCC (with 30 wt.% Pt and 7.5 wt.% Fe), and a 

commercial Johnson–Matthey (Pt–Ru/AC; 30 wt.% Pt, 15 wt.% Ru on XC-72 
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Fig. 4- 17 TEM images of Sample Pt–Fe/HCC (a) with and (b) without silica 

template. 
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Fig. 4- 18 (a) TEM and (b) HRTEM images of Sample Pt–Fe/HCC. 
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Fig. 4- 19 (a) TEM and (b) HRTEM images of Sample Pt–Fe/SCC. 
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Fig. 4- 20 Small-angle XRD patterns of Samples (a) MCM-48 template treated at 

1073 K, (b) CMT-1, (c) Pt–Fe/SCC, (d) MCM-48 treated at 1093 K, and (e) 

Pt–Fe/HCC. 

 

activated carbon) catalysts. Although the averaged particle size for the Pt–Fe/HCC 

electrodecatalyst is larger than the JM (Pt–Ru/AC), nonetheless, the mass activity for 

the former (0.0028 A) is slightly higher than that of the latter (0.0026 A). This may be 

ascribed to: (i) the improved electrical conductivity of the co-existing CNTs and the 

excellent graphitic structure of the HCC, (ii) the well-dispersed Pt–Fe catalyst, (iii) 

the introduction of secondary Fe metal that tends to enhance the utilization of 

Pt,[Ryoo-2001-677] and (iv) superior mass transport properties of the HCC support with 

typical cavity size exceeding 20 nm. On the other hand, that the Pt–Fe/SCC catalyst 

exhibited the lowest mass activity may be attributed to the structure of the SCC 

support, leading to an overall decrease in the surface area of the Pt–Fe catalyst. 
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Fig. 4- 21 Cyclic voltammograms of Samples Pt-Fe/HCC, Pt-Fe/SCC, and 

Pt-Ru/XC-72 in solution of 0.5 M H2SO4 + 1 M MeOH. 
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4.3 Effect of carbon pore size on Pt dispersion in DMFC 

anodes and their electrocatalytic performance 

 

The aforediscussed CPMs with varied pore characteristics (Table 4- 2) were 

further applied as supports for Pt, the physical and electrochemical properties of the 

Pt/CPM supported catalyst were examined and compared with that of a commercial 

catalyst, namely Pt/XC-72, as depicted in Table 4- 3. A more detailed discussion on 

the process involved in incorporating the Pt catalyst (loading ca. 10 wt%) on various 

carbon supports and their subsequent reduction treatments can be found in Section 3.6. 

Note that since the ratio of the G- and D-band intensities (IG/ID) obtained from the 

Raman spectrum is commonly used to represent the relative concentration of sp2 and 

sp3 structures and hence may be served as an index for graphization degree of the 

sample. Accordingly, the fact that similar IG/ID ratios were observed for the CPMs and 

XC-72 indicates that these types of carbon materials have roughly the same degree of 

graphization and hence electronic properties (See Table 4- 3).  

The TEM images of various Pt/CPMs supported catalysts are depicted in Fig. 4- 

22. Among them, the Pt/ZRC sample appears to have the highest Pt dispersion, as 

shown in Fig. 4- 23a. The above observation may be attributed to the fact that, unlike 

other CPMs, the ZRC carbon support possesses only microporosities. As such, it is 

hypothesized that the porosity of the carbon support may a role while dispersing the 

Pt metal catalyst, particularly for Pt nanoparticles less than 1 nm in size. For 

comparison, the percentages of the small Pt particle (size < 1 nm) presented in various 

CPMs are depicted in Fig. 4- 23b, which follow the order: Pt/ZRC (38%) > Pt/CMT-2 

(30%) ~ Pt/CMT-1 (27%) > Pt/HCC (15%) > Pt/PCC (8%) ~ Pt/XC-72 (6%).  

 



 

 89 

 

Table 4- 3 Sample designations and physicochemical properties of Samples Pt/CPM 

and Pt/XC-72. 

Sample 

design. 

Pt a 

(wt %) 

C b 

(S/cm)  
IG/ID c 

I f 
d 

(mA) 

Ir
 d 

(mA) 
I f/Ir 

d 
D e 

(%) 

Dp
 f 

(nm) 

SM
 g 

(m2 gPt-1) 

CO-t h 

(%) 

Pt/ZRC 12.5 1.61 0.85 122 25 4.88 45.4 2.49 112.1 48.83 

Pt/CMT1 12.8 1.14 0.68 136 60 2.26 22.4 5.05 55.4 27.93 

Pt/CMT2 11.6 1.1 0.77 140 97 1.44 19.8 5.71 48.9 18.14 

Pt/HCC 9.3 2.07 0.74 282 194 1.45 20.5 5.51 50.7 10.60 

Pt/PCC 9.5 2.38 0.73 655 628 1.04 56.8 1.99 140.42 7.78 

Pt/XC72 12.5 1.79 0.70 353 349 1.01 32.6 3.47 80.6 1.74 
a Pt loading measured by TGA analysis. 
b Electrical conductivity. 
c Relative intensities observed for the G- and D-bands obtained from Ramsn spectrum; 

the Pt/CPMs do always enkindled under laser irradiation during Raman examination. 
d Ratio of maximum current densities obtained from the forward (If) and reversed scan 

(Ir) during C-V analysis. 
e Pt dispersion measured by H2 chemisorption (at 305 K). 
f Pt particle size derived from H2 chemisorption measurements. 
g Metallic surface area of Pt particles derived from H2 chemisorption. 
h CO-tolerance estimated by competitive adsorption of H2 after preadsorbing ca. 500 

ppm of CO. 
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Fig. 4- 22 TEM images of Samples (a) Pt/ZRC, (b) Pt/CMT-1, (c) Pt/CMT-2, (d) 

Pt/HCC, (e) Pt/PCC, and (f) Pt/XC-72, respectively. 
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Fig. 4- 23 (a) Curve of Pt particle size distribution in various Pt/CPM Samples, and (b) 

the corresponding historgram of the distributions of Pt particle size < 1 nm. 
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Furthermore, the electrocatalystic performances of Pt/XC-72 and various 

Pt/CPMs supported catalysts during methanol oxidation reaction (MOR) were 

examined by cyclic voltammograms (C-V) measurements under 1.0 M CH3OH and 

0.5 M H2SO4 at room temperature; the results are depicted in Fig. 4- 24. Since the 

mass activity of the anodic peak occurred at ca. 0.6 V during the forward scan (If) is 

associated with the catalytic activity during methanol oxidation, whereas the reversed 

anodic peak (at ca. 0.4–0.5 V) mass activity (Ir) is mainly related to the extent of 

deactivation by the deposition of carbonaceous species on the surfaces of the 

catalyst.[Lei-2009-5985; Liu-2008-1622] Thus, for purpose of comparision, only selected 

regions under operating potential region of 0.1-0.65 V (for forward scans) and 

0.7-0.45 V (for reverse scans) are shown in Fig. 4- 25a and Fig. 4- 25b, respectively. 

For convenience, electrocatalytic properties of various Pt/CPMs, including their 

electronic conductivities (C), current densities (If & I r), If/Ir and IG/ID ratios, tolerneces 

for CO poisoning (CO-t), and the dispersions (D), particle sizes (Dp), and metallic 

surface areas (SM) of the Pt metal particles are depicted in Table 4- 3 together with the 

Pt/XC-72 commercial catalyst. 

Since Pt/ZRC is more aboundant with small Pt nanoparticles (size < 1 nm; see 

Fig. 4- 23b), the sample is anticipated to have a superior electrocatalytic performance 

as anodic catalyst than the other Pt/CPMs. However, as shown in Fig. 4- 24 and Fig. 

4- 25a, Pt/ZRC appeared to have a lower forward peak current (If) than the others 

(Table 4- 3). It is noted that the degree of graphization (i.e., the IG/ID value) and 

conductivities (C) appeared to be irreverent to the value of If, rather, the latter tends to 

increase with increasing pore size of the carbon supports (Table 4- 2 and Table 4- 3). 

For example, an If value of ca. 160 mA/mg Pt was observed for the Pt/ZRC, 

Pt/CMT-1, and Pt/CMT-2 catalysts; which are only one-half of what observed for the 
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Pt/XC-72 catalyst (If ca. 353 mA/mg Pt). The above result may be attributed to the 

possibility that the Pt nanoparticles immerged in the porous CPMs may not be fully 

exposed to the methanol solution during C-V measurements. In other words, diffusion 

of methanol may be partially hindered in the micropores/mesopores of the CPMs 

during the C-V tests, impling that internal surface areas within 

microporous/mesoporous CPM supports have nearly no effect on the overall 

electrocatalytic performances of the Pt/CPM electrodecatalysts. 

On the other hand, the Pt/PCC catalyst appeared to have the largest forward 

anodic peak current (If) among various Pt/CPMs, even though its carbon support 

(PCC) possesses only ca. one-third of the surface area compared to CMT-1 and 

CMT-2 (Table 4- 2). The aforementioned results may be associated with the fact that 

the surface area observed was predominantly from the external surfaces of the PCC. 

Similar observation was observed for the Pt/HCC catalyst. The same argument 

prevails for the observed increase in If value by ca. 1.8 folds in the Pt/PCC than the 

Pt/XC-72 catalysts. 

Considering the effect of pore size on catalytic performances of the Pt/CPM 

catalysts, the relative ratio of If/Ir may be served as an index to evaluate the tolerance 

for CO poisoning (CO-t), as listed in Table 4- 3. It is intriguing that even though the 

Pt/ZRC catalyst exhibited a lower forward peak scurrent (If) than the other Pt/CPMs, a 

superior value of If/Ir ratio was observed compared to Pt/XC-72 and other Pt/CPMs. 

Moreover, the If/Ir ratio observed for Pt/CPMs (Table 4- 3) is found to increases with 

decreasing pore size of CPMs (Table 4- 2) and with increasing percentage of small Pt 

nanoparticle with size less than 1 nm (Fig. 4- 23b). 

To futher justify the above findings, additional pulsed H2 chemisorption studies 
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were conducted in the presence of the pre-adsorbed CO (ca. 500 ppm), which 

represents a competitive adsorption of CO with H2, as shown in Fig. 4- 26. 

Accordingly, the corresponding dispersions (D), particle sizes (Dp), and metallic 

surface areas (SM) of the Pt metal are depicted in Table 4- 3. For examples, a SM value 

of ca. 112 m2/g Pt was observed for the Pt/ZRC sample, among them, ca. 47% of the 

metal surfaces remain active after the catalyst was intentionally poisoned by 

pre-adsorbing 500 ppm of CO. Whereas in the case of Pt/XC-72, nearly all metal Pt 

surfaces were inactivated by pre-adsorbed CO. The same trend for activity may be 

inferred by comparing the If/Ir and CO-t values of Pt/CPMs vs. Pt/XC-72 supported 

catalysts listed in Table 4- 3. 

 

 

Fig. 4- 24 Cyclic voltammograms of various Samples of Pt/CPMs and Pt/XC-72 

electrocatalysts in solution of 0.5 M H2SO4 + 1 M MeOH. 
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Fig. 4- 25 (a) forward, and (b) reverse C-Vs scans of various Samples of Pt/CPM and 

Pt/XC-72. 
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Fig. 4- 26 Pulsed H2 chemisorption profiles without (square symbol) and with 

(circular symbol) pre-adsorption of 500 ppm CO for Samples, (a) Pt/ZRC, (b) 

Pt/CMT-1, (c) Pt/CMT-2, (d) Pt/HCC, (e) Pt/PCC, and (f) Pt/XC-72, respectively. 
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Chapter 5  

Process, structures and properties of CNTs and 

their applications in DMFC anodes 
 

5.1 Effect of Fe catalyst preatment procedures on CNTs 

diameter 

 

Mesoporous silicas (MCM-41 and SBA-15) were used as supports for the Fe 

catalyst for fabrication of CNTs using the CVD method. The XRD patterns of the 

parent MCM-41 and SBA-15 mesoporous silicas as well as their corresponding 

Fe-incorporated counterparts prepared by either co-precipitation or impregnation 

methods are shown in Fig. 5- 1. Both siliceous SBA-15 and MCM-41 showed three 

well-resolved diffraction peaks that may be indexed as (100), (110), and (200) 

reflections associated with the well-ordered hexagonal arrays of 

mesopores.[Beck-1992-10834; Zhao-1998-548; Zhao-1998-6024] The method applied in loading Fe 

onto the mesoporous silica appears to have significant effects on the mesostructure of 

the Fe-containing mesoporous silicas. Clearly, the Fe(co)/MCM-41 and 

Fe(co)/SBA-15 samples prepared via the co-precipitation method tend to retain the 

ordered structures of their parent silica supports, although substantial decreases in 

intensities of the diffraction peaks were evident. On the other hand, Fe-containing 

mesoporous silicas prepared by the impregnation method, i.e., Fe(im)/MCM-41 and 

Fe(im)/SBA-15, exhibited a main d100 diffraction peak with nearly diminishing higher 

order (d110 and d200) peaks. Thus, unlike Fe(co)/MCM-41 and Fe(co)/SBA-15, 
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incorporation of Fe catalyst by impregnation method tends to lose the integrity of 

long-range structural ordering of their parent mesoporous silicas, as observed for 

XRD patterns in Fig. 5- 1. The same conclusion may be drawn from the TEM results 

in Fig. 5- 2. It is worth pointing out that a parallel alignment of pore channels should 

be observed when the electron beam was introduced perpendicular to the channel axis 

(Fig. 5- 2a and Fig. 5- 2d), whereas hexagonal packing of cylindrical mesopores 

prevail when the electron beam was introduced along the channel axis (see insets in 

Fig. 5- 2a and Fig. 5- 2d). It is clear that the Fe(co)/MCM-41 and Fe(co)/SBA-15 

samples (Fig. 5- 2b and Fig. 5- 2e) retained the hexagonal pore systems of their 

respective parent silicas. However, it is also evident that the co-precipitation process 

invoked led to a heterogeneous dispersion of Fe particles on the external surfaces of 

the mesoporous silica supports. 

On the other hand, while the TEM images of Fe(im)/MCM-41 and Fe(im)/SBA-15 

seemingly showed well ordered hexagonal pore systems, incorporation of Fe onto 

porous templates by impregnation method led to partial formation of Fe nanorods 

within the pore channels (Fig. 5- 2c and Fig. 5- 2f). In this context, the diameter of the 

Fe nanorods should be constrained by the pore aperture of the mesoporous silica 

supports, thus leading to substantial reductions in their scattering 

contrasts,[Mercier-1997-500; Lim-1999-3285; Jana-2007-2492] as observed in Fig. 5- 2. Moreover, in 

the case of treatment by impregnation method, notable changes in the wall thickness 

(Wd) of the samples before and after Fe loading were observed. Thus, the notable 

decrease in the intensity of the main d100 diffraction peak and the disappearance of the 

higher order peaks observed for Fe(im)/MCM-41 and Fe(im)/SBA-15 in Fig. 5- 1 may 

be ascribed due to the presence of Fe nanorods in the mesochannels of the silica 

supports rather than degradation of their mesostructures. 
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Nitrogen adsorption/desorption isotherms obtained from various samples are shown 

in Fig. 5- 3 together with their corresponding PSDs. The structure features of various 

samples were also depicted in Table 5- 1. Comparing with their parent silica materials, 

Fe-containing mesoporous silica typically showed smaller pore volumes and broader 

pore size distributions (PSDs) regardless of the method adopted in incorporating the 

Fe catalyst. While the Fe(co)/MCM-41 and Fe(co)/SBA-15 samples showed similar 

pore sizes (DBJH) compared to their respective silica supports, slight decreases in pore 

volumes (Vp) and BET surface areas (SBET)were observed after loading the Fe catalyst 

(Table 5- 1). On the other hand, notable decreases in DBJH, Vp, and SBET were observed 

for the Fe(im)/MCM-41 and Fe(im)/SBA-15 compared to their respective siliceous 

counterparts before loading the Fe catalyst (Table 5- 1). These observations are in line 

with the aforediscussed XRD and TEM results, that is, incorporation of the Fe catalyst 

by impregnation method led to formation of Fe nanorods within the pore channels of 

the parent mesoporous silicas, whereas samples prepared using the co-precipitation 

method resulted in a inhomogeneous dispersion of Fe nanoparticles (typically, ca. 20 

nm in size) on the external surfaces of mesoporous silicas. 
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Fig. 5- 1 Small-angle XRD patternswith and without Fe in Templates of (a) MCM-41 

and (b) SBA-15, respectively. 

 

Table 5- 1 Structure features of various porous silica substrates with and without Fe in 

the pores. 

Sample design. d100
a (nm) 

DBJH
 b 

(nm) 
SBET

 c (m2/g) Vp
 d (cm3/g) 

Wd
 e 

(nm) 

MCM-41 4.0  2.9 1153 0.97 1.7 

Fe(co)/MCM-41 4.0  2.8  949 0.79 1.8 

Fe(im)/MCM-41 4.2  2.6  540 0.50 2.2 

SBA-15 9.4  9.1  823 1.30 1.7 

Fe(co)/SBA-15 9.4  9.2  739 1.27 1.6 

Fe(im)/SBA-15 8.7  8.6  498 0.64 1.4 

PE-SBA-15 --- 18.0  709 1.64 --- 

Fe(im)/PE-SBA-15 --- 17.5  464 0.63 --- 
a d100 : interplane spacing of (100) plane 
bDBJH : pore diameter derived by BJH method 
cSBET : BET specific surface area 
dVp: specific pore volume 
eWd: wall thickness, Wd = 2d100/√3 – DBJH..
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Fig. 5- 2 TEM images of Templates of (a) MCM-41 and (d) SBA-15 with inset 

showing different viewing directions and Samples of (b) Fe(co)/MCM-41, (c) 

Fe(im)/MCM-41, (e) Fe(co)/SBA-15, and (f) Fe(im)/SBA-15, respectively. 
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Fig. 5- 3 Nitrogen adsorption/desorption isotherms of Template with and without Fe 

catalyst of (a) MCM-41 and (c) SBA-15, and (b, d) their corresponding pore size 

distribution curves, where the isotherms of Substrates Fe(co)/MCM-41, 

Fe(im)/MCM-41, Fe(co)/SBA-15, and Fe(im)/SBA-15 were shifted vertically by 300, 

600, 300, and 600, respectively, whereas the corresponding pore size distribution 

curves were shifted vertically by 1.5, 3.0, 0.3, and 0.6, respectively. 
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Typical TEM micrographs of CNTs synthesized by CVD process using various 

Fe-containing mesoporous silicas as catalysts are depicted in Fig. 5- 4. In the cases of 

using the Fe(co)/MCM-41 (Fig. 5- 4a) and Fe(co)/SBA-15 (Fig. 5- 4c) supported 

catalysts, the obtained CNTs typically possessed an average diameter greater than 5 

and 10 nm, respectively, which were apparently greater than the pore sizes of their 

corresponding catalyst templates (see Table 5- 1). These observations are in parallel to 

the existing literature reports. [Somanathan-2008-5643; Wang-2005-151; Yang-2005-303] In contrast, the 

CNTs synthesized using the Fe(im)/MCM-41 and Fe(im)/SBA-15 catalysts were 

found to exhibit a uniform diameter of ca. 3 and 8 nm, respectively, in close 

resemblance with the average pore sizes of the corresponding parent mesoporous 

silicas (2.9 and 9.1 nm, respectively; see Table 5- 1). The above results indicate that 

Fe-containing mesoporous silicas so designed and prepared can be employed not only 

as catalysts to fabricate CNTs but also as templates to manipulate the diameters of the 

synthesized CNTs. To further verify these points, an additional PE-SBA-15 sample 

with expanded pore size of 18 nm (Table 5- 1 and Fig. 5- 5a) was synthesized. After 

incorporating the Fe catalyst by impregnation method, the resultant 

Fe(im)/PE-SBA-15 sample was employed as catalyst (and template) to produce CNTs. 

As shown in Fig. 5- 5b, the CNTs so fabricated also possessed a rather uniform 

diameter (ca. 17 nm) comparable to the pore size of the Fe(im)/PE-SBA-15 catalyst. It 

is noteworthy that the CNTs produced by CVD process using the Fe-containing 

mesoporou silicas reported herein also exhibited superior high yields in terms of atom 

efficiency. For examples, a CNT yield as high as 0.3 g was obtained in a CVD 

duration of 20 min by using ca. 1.0 g of Fe(im)/SBA-15 as catalyst/template. 

Likewise, a respective CNT yield of 0.1 and 0.4 g/20 min were attained when 

Fe(im)/MCM-41 and Fe(im)/PE-SBA-15 were employed.
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Fig. 5- 4 TEM images of Samples in Table 3-2 of CNTs deposited on Substrates of (a) 

Fe(co)/MCM-41, (b) Fe(im)/MCM-41, (c) Fe(co)/SBA-15, and (d) Fe(im)/SBA-15, 

respectively. 
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Fig. 5- 5 (a) BJH pore size distribution of Substrate Fe(im)/PE-SBA-15 and (b) the 

corresponding TEM image of CNTs for Sample CNT-d17. 
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5.2 Effects of tube diameter on performance of 

CNT-assisted DMFC anodes 

 

The multi-wall CNTs synthesized by using the Fe(im)/MCM-41, Fe(im)/SBA-15, 

and Fe(im)/PE-SBA-15 catalyst possess an average diameter of ca. 3, 8, and 17 nm, 

respectively. These CNTs with uniform diameters were subsequently used as supports 

for Pt catalyst, the resultant supported Pt/C catalyst samples are donated as Pt/CNT-d3, 

Pt/CNT-d8, and Pt/CNT-d17, respectively. Fig. 5- 6 displays their corresponding TEM 

images and Pt particle size distributions together with two commercial samples, 

namely Pt/SWCNT and Pt/XC-72. Their corresponding Fe and Pt metal contents are 

depicted in Table 5- 2. As can be observed in Fig. 5- 6, majority of the Pt/C samples 

with CNTs as supports show Pt particle size predominately in the range of 1-2 nm. 

However, unlike the Pt/CNT-d8 and Pt/CNT-d17 samples, which showed uniform Pt 

dispersions (Fig. 5- 6b and Fig. 5- 6c) typically with Pt particle size ≤ 2 nm, the 

Pt/CNT-d3 sample appeared to have lower Pt dispersion similar to that of the 

Pt/SWCNT and Pt/XC-72 samples. Pt particles exceeding 10 nm can be identified in 

the latter three samples, as shown in Fig. 5- 6a, Fig. 5- 6d, and Fig. 5- 6e. A closer 

examination of the TEM profile for the Pt/CNT-d3, and Pt/SWCNT sample revealed 

that the CNTs tend to bundle together, leading to an inhomogeneous dispersion of Pt 

nanoparticles (see inset in Fig. 5- 6a & d), and Pt particles embedded in the 

bundles(Fig. 5- 6a & d). Thus, it is indicative that, in terms of Pt dispersion and 

whether it is exposed in methanol, CNT supports with larger diameters (preferably 

exceeding 8 nm) are loath to bundling and hence are more preferable as supports for 

the metal catalyst. In addition, it is noted that CNT supports with a larger diameters 

tend to favor a more homogeneous dispersions of Pt nanoparticles, as can be inferred 
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from the particle size distributions shown in Fig. 5- 6b and Fig. 5- 6c for Pt/CNT-d8 

and Pt/CNT-d17, respectively. 

The electrocatalytic performances of various Pt/C catalysts during MOR are shown 

in Fig. 5- 7. All Pt/C samples displayed cyclic voltammograms associated with 

forward (If) and reverse (Ir) peak current densities (shown in Fig. 5- 7), which 

represent catalytic activity and resistance toward catalyst deactivation (by coking) 

over the catalyst during MOR, respectively.[Tiwari-2008-6516; Liu-2004-8234] Regarding to the 

MOR activity, Fig. 5- 7a indicates that it increase with the increment of the tube 

diameter (from SWCNT to CNT-d17). These results is in accordance with our 

prediction (in last paragraph) from TEM analysis, which indicates that a smaller tube 

size give rise to a greater amount of tube bundling, more probability for Pt particles to 

be embedded within the bundles (shown in Fig. 5- 6) and hence poorer MOR activity. 

In addition, the above discussion is also in agreement with the discussion in Section 

4.3 that Pt particles embedded in micro- and meso-pore possess lower activity due to 

the limitation of methanol transfer in porous networks. 

Regarding to the CO-tolerance, the Pt/CNT-d3, Pt/CNT-d8, Pt/CNT-d17, 

Pt/SWCNT and Pt/XC-72 (Table 5- 2) samples exhibited If/Ir ratios only slight 

different from each other, indicating that the effects of CNT diameter (0.4 - 17 nm) on 

CO-tolerance are not significant. Since Pt-particles smaller than 1 nm exhibit greater 

CO-tolerance (as indicated in Section 4.3), TEM results Fig. 5- 6 suggest that the 

probabilities of small Pt-particles (< 1 nm) do not significant vary with CNT 

diameters, and hence the CO-tolerance which is in accordance with the similar If/Ir 

ratios. On the other hand, there are various amount of residual Fe catalyst in CNT 

supports (CNT-d3, CNT-d8, CNT-d17, and SWCNTs), different ratio of Fe in these 

Pt/CNT samples (Table 5- 2). However, it is well accepted that residual Fe catalyst 



 

 108 

form CNT growth are always encapsulated in the end of CNTs. Therefore, it is 

reasonable that Fe particles are isolated by CNTs from alloying with Pt catalyst, and 

hence the CO-tolerance does not affected by the cointaining of Fe catalyst. 
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Fig. 5- 6 (Left) TEM images and (Right) the corresponding Pt particle size 

distribution of Samples, (a) Pt/CNT-d3, (b) Pt/CNT-d8, (c) Pt/CNT-d17, (d) 

Pt/SWCNT, and (e) Pt/XC-72, respectively.
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Fig. 5- 7 (a) forward and (b) reverse C-V scans of various Samples Pt/CNT and 

Pt/XC-72. 
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Table 5- 2 Sample designations, and their physicochemical properties of Pt- and/or 

Fe-incoporated samples with the Samples in Table 3 as the substrates. 

Metal contents a 
Sample design. 

Fe Pt 
IG/ID

 b 
If 

c 
(A/g of Pt) 

Ir
 c 

(A/g of Pt) 
If/Ir 

Pt/CNT-d3 2.6 12.9 0.80 354 294 1.20 

Pt/CNT-d8 4.8 9.3 0.80 392 321 1.22 

Pt/CNT-d17 5.2 10.5 0.77 414 316 1.31 

Pt/SWCNT 4.5 12.9 0.74 310 262 1.18 

Pt/XC-72 --- 12.5 0.72 353 349 1.01 
a wt % of Pt and Fe in electrocatalyst samples measured by TGA analysis. 
b IG/ID represents Raman intensity ratio of G-band and D-band. 
c Maximum mass activity (A/g of Pt) of the forward (Ir) and reverse (Ir) scans during 

C-V analyses. 
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5.3 Comparision of CPMs- and CNT-assisted DMFC 

anodes 

Fig. 4- 25 and Fig. 5- 7 show the C-V examinations of CPMs- and CNT-assisted 

anode catalysts. Regarding to the If value which is the index of MOR activity, the 

results indicate that they are in the order of Pt/PCC (628) > Pt/HCC (194) > Pt/CMT-2 

(97) > Pt/CMT-1 (60) > Pt/ZRC (25) and Pt/CNT-d17 (414) > Pt/CNT-d8 (392) > 

Pt/CNT-d3 (354) > Pt/SWCNT (310). These results indicate that the MOR activities 

are increasing with the increasing of pore size and tube diameter on CPM and CNT 

supports, respectively, both can be attributed to the limintation of methanol transfer in 

carbon nanostructures. Here, Pt dispersed macroporous carbon (i.e. Pt/PCC) possesses 

greatest MOR activity among Pt/CPMs (pore size ca. 400 nm) and Pt/CNTs (diameter 

ca. 17 nm), due to the effect of methanol transfer limintation would be droped by its 

extremely huge pore size (400 nm). 

Regarding to the If/Ir ratio which is the index of CO-tolerance, Fig. 4- 25 and Fig. 

5- 7 indicates that CPM-assisted anode catalysts (1.04-4.88) are normally greater than 

CNT-assisted one (around 1.2). The decreasing of CPM pore diameter can increase 

the probablity of Pt particle smaller than 1 nm (Fig. 4- 23), and hence increasing the 

CO-tolerance, i.e. Pt/ZRC (4.88) > Pt/CMT-1 (2.26) > Pt/CMT-2 (1.44) ≈ Pt/HCC 

(1.45) ≈ Pt/PCC (1.04). However, the effect is not obviously on CNT-diameters for 

CNT-assisted anode catalysts (as shown in Fig. 5- 6), i.e. Pt/SWCNT (1.18) ≈ 

Pt/CNT-d3 (1.20) ≈ Pt/CNT-d8 (1.22) ≈ Pt/CNT-d17 (1.31). In short, Pt dispersed 

microporous carbon (i.e. Pt/ZRC) exhibits smallest pore diameter (~1 nm) which can 

increasing the probability of Pt particle smaller than 1 nm, and then possesses greatest 

CO-tolerance amoung Pt/CPMs and Pt/CNTs. 
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Therefore, it can be summarised that greater MOR acticity with greater 

CO-tolerance can only be achieved by dispersing Pt ( < 1 nm ) on macroporous 

carbon supports. Such that, methods to disperse Pt particle well ( < 1 nm ) on 

macroporous carbon would be important in the future investigations. 
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Chapter 6  

Effects of temperature difference across catalyst 

particle on CNTs growth mode 
 

6.1. Inherent differences between thermal CVD and 

plasma-enhanced CVD processes 

 

Majority of CNTs deposited by plasma-enhanced and thermal CVD methods are 

normally categorized by the tip-growth[Abdi-2006-1219; Chen-2004-1949; Chen-2000-2469; 

Hart-2006-1397; Hsu-2002-225; Kuo-2003-799; Lin-2003-1851; Murakami-2000-1776; Ren-1998-1105; Yap-2006-1622] and 

base-growth[Choi-2002-3847; Choi-2001-2095; Fan-1999-512; Gulino-2005-89; Lee-1999-461; Lee-2001-245; 

Lee-2000-3397; Zhao-2006-159]  modes, respectively. Regarding to the growth modes of CNTs, 

adhesion force between the catalyst and substrate was proposed to be the controlling 

factor.[Bower-2000-2767; Dupuis-2005-929] Nevertheless, such adhesion force mechanism was 

found to be inadequate in interpreting some of the CNTs growth modes in different 

growth systems. One of the possible factors, the direction of temperature increasing 

across the catalyst, may be overlooked.  

For CNT growth by thermal CVD process, substrates temperature (TS) is often 

maintained at a fixed temperature while introducing the reaction gases into the 

reaction chamber without preheating. As a result, the temperature at the top of the 

catalyst (TCt), which is in contact with the injecting gases, is generally lower than that 

at the bottom of the catalyst (TCb) that is in contact with the substrate, as illustrated in 

Fig. 6- 1. In contrast, in the case of plasma-enhanced CVD, the reaction gases are 
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normally ionized by microwave to reach a plasma state, whose temperature (TP) is 

often higher than the substrate temperature (TS). In other words, the temperature at the 

top of the catalyst particles close to the plasma zone is higher than that at the bottom 

of the substrate. As such, the direction of the temperature increasing across the 

catalyst particles should be pointing downward and upward for the thermal and 

plasma-enhanced CVD, respectively. This explains why the CNT growth modes are 

generally different, as mentioned above. By defining ∆T as the temperature difference 

between the top and down of the catalyst, as shown in Fig. 6- 1 and Eq. (5A-1), then 

∆T is generally < 0 and > 0 for CNTs deposited by thermal and plasma-enhanced 

CVD, respectively. In other word, ∆T is an index for determining the direction of 

temperature increasing across the catalyst particles. In order to examine effect of ∆T 

on CNTs growth mode, experiments have been designed and carried out such that the 

temperature across the catalyst may be controlled so that ∆T < 0, ∼ 0, or > 0. 

∆T = TCt - TCb  or TP – TS                (  5A-1 ) 
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Fig. 6- 1 Schematics of temperature profiles across a catalyst particle for different 

deposition systems: (a) thermal and (b) plasma-enhanced CVD systems. 
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6.2. Effect of substrate and deposition conditions on CNTs 

growth by thermal CVD 

 

The bright field and the corresponding dark field TEM images of the 

as-deposited CNTs on nanoporous Co/SBA-15 substrate prepated by thermal CVD 

method without the reaction gases pre-heating treatment (i.e., Sample A1-20; see 

Table 3- 3) are shown in Fig. 6- 2a and b. For comparison, the TEM image of CNTs 

prepared by similar conditions but deposited on Co/Si(100) wafer (i.e., Sample A2-20; 

Table 3- 3) is shown in Fig. 6- 3. These images suggest that base-growth CNTs are 

formed by thermal CVD method, regardless of whether they are deposited on 

nanoporous silica (rough surface) or silicon wafer (smooth surface) substrates. These 

observations are in line with the existing literatures for fabrication of CNTs by 

thermal CVD method. [Choi-2002-3847; Choi-2001-2095; Fan-1999-512; Gulino-2005-89; Lee-1999-461; 

Lee-2001-245; Lee -2000-3397; Zhao-2006-159] As mentioned earlier, it has been proposed that the 

adhesion force between the metal catalyst and the substrate is one of the controlling 

factors that may affect the CNTs growth mode.[Bower-2000-2767] However, our results 

above clearly contradict with this proposal, since the adhesion force for Co/SBA-15 is 

anticipated to be considerably greater than that of Co/Si(100) simply because a larger 

contacting area or mechanical locking effect should be present in the former case. 

Thus, the adhesion force between the metal catalyst and substrate should not be the 

dominant effect responsible for the CNTs growth mode. Rather, the temperature 

increasing across the catalyst should be the predominant factor controlling the CNTs 

growth mode. In this context, the observed base-growth CNTs should be provoked by 
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∆T = TG – TS  < 0 ( gas temperature < substrate temperature), typical for thermal 

CVD processes. 

To further confirm the effect of ∆T on CNTs growth, two additional experiments 

were performed to deposit CNTs by the similar CVD method but with ∆T = TG – TS > 

0. This was accomplished by depositing the CNTs in the presence of gas pre-heating 

(Fig. 3- 2b), such that the temperature at the top of the supported catalyst was set to be 

higher than at the bottom (i.e., TG > TS). The resultant CNTs fabricated using 

Co/SBA-15 and Co/Si(100) were designated as Samples A3-20 and A4-20 Table 3- 3, 

respectively. In these two cases, the reaction gases were preheated to a temperature 

(1073 K) higher than the substrate (873 K) before entering the reaction chamber. As 

can be seen from the TEM images in Fig. 6- 4 and Fig. 6- 5, tip-growth CNTs were 

observed in this case (∆T > 0) instead of base-growth CNTs (which were prepared 

with (∆T < 0). 

In addition, three more experiments were conducted to obtain Samples A6-5, 

A6-10, and A6-15 (see Table 3- 3), which were done by depositing the sample 

specimen on Co/SBA-15 by thermal CVD method under the condition of ∆T ~ 0 (i.e., 

TG ≈ TS). As exemplified by the TEM images of Sample A6-5 in Fig. 6- 6, no obvious 

yield of CNTs were presence on the external surfaces of the Co/SBA-15 supproted 

catalyst, rather, only onion-like graphitic carbon layers (Fig. 6- 6) were observed. 

Since Sample A6-5 were obtained after a deposition time of 5 minutes, it is indicative 

that the catalyst particles were deactivated rapidly as soon as they were wrapped with 

outer layers of carbons, leading to nearly null yield in CNTs. 
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Fig. 6- 2 TEM images of the as-deposited CNTs on SBA-15 substrate by thermal 

CVD without gas preheating, with insets showing local images at higher 

magnifications: (a) bright field and (b) the corresponding dark field images, 

respectively (Sample A1-20). 
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Fig. 6- 3 TEM image of the as-deposited CNTs on Si substrate by thermal CVD 

without gas preheating, with inset at higher magnification (Sample A2-20). 
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Fig. 6- 4 TEM images of the as-deposited CNTs on SBA-15 substrate by thermal 

CVD with gas preheating (TG > TS). 
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Fig. 6- 5 (a) TEM image of the as-deposited CNTs on Si substrate by thermal CVD 

with gas preheating (TG > TS), (b) the corresponding image at higher magnification 

(Sample A4-20).
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Fig. 6- 6 TEM image of the as-deposited CNTs on Si substrate by thermal CVD with 

gas preheating, with inset at higher magnification (TG = TS) (Sample A6-5). 
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Further verification were also conducted by comparing the production rates of 

different samples prepared with ∆T < 0 and ∆T ~ 0. The weights of the sample 

speciments so prepared were analized by TGA under a heating rate of 5 o C/min and 

an air flow rate of 15 sccm. Accordingly, the carbon yield, as defined in Eq. (5A-2) 

below, can be derived to represent the total carbon content (including CNTs, if present) 

produced after the CVD process. 

100
100

%)(y ×
−

=
W

C

W

W
wtield                        (5A-2) 

where Ww is the weight loss during the first stage occurring at ca. 373 K (Fig. 6- 7), 

which may be attributed to H2O absorbed in the hydrophilic Co/SBA-15 substrate; Wc 

is the weight loss during the second stage, which should be mainly due to oxidation of 

carbon with oxygen. As may be seen from Fig. 6- 7, the residual weight at the final 

stage should be mainly contributed by the Co/SBA-15 supported catalyst (or SBA-15 

alone in case of substrate without a catalyst). As a result, variations in total carbon 

yield vs. deposition time for four different thermal CVD processes are shown in Fig. 

6- 8. For comparison, the carbon yields obtained from SBA-15 substrates with and 

without the Co catalyst under the conditions of ∆T < 0 (A1- and A7-series samples; 

Table 3- 3) nd ∆T ~ 0 (A6- and A8-series samples) are presented in Fig. 6- 8. For 

carbons deposited on Co/SBA-15 under ∆T < 0 (i.e., the A1-series sample; TS = 1073 

K; TG = 300 K; Table 4), which is typical in most thermal CVD processes, a rapid 

increase in carbon yield during initial deposition and eventurally level off at extended 

deposition time (Fig. 6- 8). The curve can be roughly divided into two contributions 

whose slopes should be associated with the growth rates of different carbon species. 

For matter of convenience, we attribute the slope obtained during initial deposition 
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period (< 20 min) to the CNTs growth rate, whereas the slope at extended deposition 

time (> 20 min) may be assigned due to non-CNTs carbon species, respectively. Note 

that during the initial deposition of about 20 min, the deposited carbons are 

predominantly CNTs, as illustrated in Fig. 6- 2. However, a slower growth rate (ca. 

0.33 wt%/min) was observed for other carbon species. It is noteworthy that the slope 

of this latter curve is nearly parallel to the slope of the A7-series samples obtained by 

using neat SBA-15 substrate (in absence of the Co catalyst), which represent growth 

rate of carbon species that lack characteristics of CNTs. In other words, in the case of 

A1-series sample, the Co/SBA-15 supported catalyst, which facilites the CNTs 

growth, tends to be deactivated upon extended deposition (> 20 min). [Chen-2004-1949; 

Duesberg-2004-354; Futuba-2005-056104; Jeong-2002-11; Kanzow-1998-525; Lee-2004-1450; Pal-2008-1; 

Stadermann-2009-738] 

 

 

Fig. 6- 7 TGA curve of the as-deposited CNTs on SBA-15 substrate by thermal CVD 

without gas preheating (Sample A1-20). 
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Fig. 6- 8 Carbon yield (wt %) versus reaction time curves of the as-deposited CNTs 

deposited by thermal CVD for A1, A6, A7, and A8 series Samples. 

 

 

On the other hand, for A6- and A8-series samples, which were both prepared 

under thermal CVD condition of ∆T ~ 0, obtained by deposition on SBA-15 with and 

without the Co catalyst, respectively, their carbon growth rates were not only nearly 

identical but also parallel to that observed for the A7-series samples (∆T < 0; on neat 

SBA-15). On the basis of the onion-like carbons observed for the A6-5 samples in Fig. 

6- 6, it is indicative that the A6-, A7-, and A8-series samples, which were prepared 

either under ∆T ~ 0 condition on Co/SBA-15 supported catalyst or on neat SBA-15 in 

the absence of the Co catalyst, should exhibit non-CNT carbon species with similar 

characteristics, most likely onion-like carbons similar to that shown in Fig. 6- 6. Thus, 

it is conclusive that temperature difference (∆T) across the catalyst/substrate should 

represent one of the key factors controlling the CNTs growth by thermal CVD method.
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6.3. Effect of deposition conditions on CNT growth by 

plasma-enhanced CVD 

 

Regarding the effect of temperature difference (∆T) on the growth mode of CNTs 

deposited by plasma-enhanced CVD, MP-CVD and/or ECR-CVD were normally 

adopted to grow CNTs under ∆T > 0 and/or ∆T < 0 conditions. In the case of 

plasma-enhanced CVD, manipulation of ∆T may be achieved by varing the substrate 

temperature during the growth process of CNTs, as illustrated in Fig. 6- 9. During the 

pretreatment stage, the temperature of the substrate rapidly increases from room 

temperature to a temperature TSi, which may be defined as the initial temperature of 

the substrate during the CNT growth process. Subsequently the substrate may either 

be subjected to heating or cooling, which could be manipulated by adjusting the 

microwave power and the bias Table 3- 4 at the substrate. Consequently, such an 

increase or decrease in the final substrate temperature (TSf) leading to a temperature 

difference, i.e., ∆T > 0 or ∆T < 0 across the catalyst nanoparticles, respectively. Fig. 6- 

10a and Fig. 6- 10b display the TEM images of CNTs deposited by MP-CVD under 

condition of ∆T > 0 and ∆T < 0, respectively. It indicative that the temperature 

difference, ∆T, across the catalyst nanoparticles indeed play an important role in the 

growth mode of CNTs, as can be identified by the tip- and base-growth modes 

observed in Fig. 6- 10a (∆T > 0) and Fig. 6- 10b (∆T < 0), respectively. The same 

conclusions can also be drawm for CNTs deposited by ECR-CVD, as shown in Fig. 6- 

11a and Fig. 6- 11b, which show TEM images of CNTs prepared under the condition 

of ∆T > 0 and ∆T < 0, respectively. 
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Thus, it is conclusive that the direction of temperature increasing (∆T) indeed 

plays a crucial role in dictating the growth mode of CNTs regardless of the deposition 

methods (viz., thermal-, MP-, or ECR-CVD) applied, as proposed in Fig. 6- 12. 

 

 

Fig. 6- 9 Schematic diagram showing substrate temperature variations during growth 

stage for (a) temperature-rising and (b) temperature-declining processes. 

 

 

Fig. 6- 10 TEM images of the as-deposited CNTs on Si substrate by MP-CVD with 

schemes of (a) B1 and (b) B2 Samples in Table 3-4, respectively. 
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Fig. 6- 11 TEM images of the as-deposited CNTs on Si substrate by ECR-CVD with 

schemes of (a) C1 and (b) C2 Samples in Table 3-4, respectively, where the insets are 

showing images at different locations. 

 

 

 

Fig. 6- 12 My proposed CNTs growth models, (a) base-growth and (b) tip-growth 

mechanisms. 
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6.4.  My proposed CNTs growth mechanism based on 

temperature difference 

 

The detailed effects of ∆T on CNTs growth mode may further be realized by the 

growth mechamisms proposed in Fig. 6- 12. In brief, the CNT growth process may be 

roughly divided into two steps. In the case of ∆T = TG − TS < 0, Fig. 6- 12a illustrates 

the concept of the base-growth model, which commonly occurred during traditional 

thermal-CVD system or specially designed plasma-enhanced CVD systems. In step 1, 

the precursors are decomposed and/or reacted with the substrate to produce carbon 

species. Subsequently, they are then dissolved by the catalyst nanoparticles till 

reaching the solubility limit, which is dictated by the substrate temperature. In step 2, 

due to cooling effect of the precursor flow, the temperature at the top surfaces of the 

catalyst nanoparticles is relatively lower than that at the bottom surfaces. As such, 

carbon super saturation near the top surfaces of the catalyst should be relatively higher 

than that near the bottom surfaces. Consequently, precipitation of carbon prefers to 

take places at the top of catalyst, resulting the base-growth CNTs. Note that 

precipitation of carbon at the top of catalysts should also leads to local cooling effect 

(due to the endothermic nature of the reaction) and hence may further enhance the ∆T 

effect.[Baker-1972-51; Kanzow-1998-525] On the contrary, Fig. 6- 12b illustrates the condition of 

∆T = TG − TS > 0, in this case, the gas or plasma is at a higher temperature than the 

substrate. Therefore, carbon in the catalyst is anticipated to precipitate at the cooler 

(bottom) side of the catalyst. As a result, the carbons tend to push the catalyst 

nanoparticles upward, resulting the tip-growth CNTs. 
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Chapter 7  

Conclusions 
 

In this study, CPMs with tailored pore sizes and CNTs with dictated diameters 

were successfully prepared by silica-template-assisted CVD method, and adopted as 

supporting materials on DMFC anodes. Studies to explore effects of key parameters 

on growth mode of CNTs on various substrates in both thermal and plasma-enhanced 

CVD processes were conducted. From the experimental results, the following 

conclusions can be drawn. 

(a) CPMs with uniform pore sizes ranging from 1 to 400 nm and MWCNTs with tube 

diameters ranging from 3 to 17 nm could be rapidly and successfully fabricated by 

CVD processes via guiding of silica or zeolite templates. The results also show 

that SBA-15, PCC, and Zeolite-Y templates can be used to produce CPMs with 

porous structures, and MCM-48 template to produce branched structures. The 

IG/ID ratios of CPMs and MWCNTs after silica removal are about 0.7 - 0.8, 

independent of pore or tube sizes. The values are about the same as commercial 

SWCNTs and XC-72 activated carbon material. 

(b) The anode made of CPMs dispersed with Pt-particles can be adopted to obtain the 

MOR activity going up to 655 A/g of Pt, but CO-tolerance going down to 1.0 for 

CPMs pore size of 400 nm. In other words, a compromise in MOR activity and 

CO-tolerance is required in real applications by adopting suitable pore size of 

CPMs. The pore size dependence of CPMs on MOR activity is related to channel 

limitation of methanol transfer by smaller pores. The results also show that 
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CO-tolerance is correlated with surface condition variation due to nano effect, 

when a significant amount of Pt-particles with sizes less than 1 nm is met.  

(c) The anode made of CNTs dispersed with Pt-particles and Fe catalyst particles can 

be adopted to obtain MOR activity up to 414 A/g of Pt by using CNTs of 17 nm in 

diameter. The CO-tolerance in this case is around 1.2 – 1.3, independent of tube 

size. It indicates that the performance is better than the commercial carbon 

materials, where the MOR activity and CO-tolerance by using commercial 

SWCNTs and XC-72 activated carbon material are 310 A/g of Pt, 1.2 and 353 A/g 

of Pt, 1.0, respectively. 

(d) The grow modes of tip- and base-growth mechanisms of CNTs by CVD processes 

are found that ∆T plays a crucial role, whereΔT is defined as local temperature 

difference between the top (close to gas atmosphere) and bottom (in contact with 

the substrate) sides of a catalyst particle. ΔT is basically an index of the 

temperature increasing direction across the catalyst particle. Through reaction gas 

preheating or without gas preheating in thermal CVD, or variation of temperature 

heating sequence in plasma CVD, ΔT can be successfully manipulated to 

become > 0, ~0 or < 0 to vary the growth modes of CNTs to become tip-, 

onion-like or base-growth modes, respectively. Sign of ΔT, i.e. the direction of 

temperature increasing across a catalyst particle, is essentially to direct carbon 

diffusion direction to precipitate at the cooler side of the catalyst. 
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Chapter 8  

Future outlooks 

 

 This dissertation not only exposes the potentials of CPMs and CNTs on 

enhancing the performance of DMFC anode, but also explores the factor dominating 

the CNT growth mode. However, there are some subject should be further studied. 

1. Although it is indicated that Pt nanoparticle smaller than 1 nm exhibit superior 

CO-tolerance capacities, the detailed mechanism is not understood. Further 

NMR experiments might be able to explore this mechanism, which is 

scientific importance and technological significance for the future applications 

of DMFC anode. 

2. Even though MOR activity of Pt/CPMs can be increased by increasing CPM 

pore size, it also accompanied with decreasing of CO-tolerance. On the other 

hand, it is found that Pt particle < 1nm exhibit superior CO-tolerance. 

Therefore, further study on how to well disperse Pt particles on macroporous 

carbon should be able to get two advantages together in onematerials. 
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