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Abstract in English

In this work, nanofabrication processes to syn#eesivarious carbon
nanostructures with tunable pore structure, to@eptheir DMFC (direct methanol
fuel cell) anode applications and to examine gromtchanisms of CNTs (carbon
nanotubes) were developed. The CPMs (carbon ponatsrials) and CNTs were
synthesized without and with Fe as catalyst, reaspdy, using template-assisted
CVD process with gH,and H as the reaction gases. The templates are made of
zeolite or silica, and consist of commercial Zeskt MCM-41, MCM-48, SBA-15,
and PC (photonic crystal) porous silicas. The text@sl were prepared by
conventional methods. For DMFC anode preparatiomdes were fabricated by
mixing CPMs or CNTs with bPtCk, followed by a CVD process to reduce
Pt-precursor and to disperse Pt element on pordglsCor CNTs anode in H
atmosphere at 523 K for 30 min. The structure aimgpgrties of the nanostructured
materials after each step were characterized srmagsion electron microscopy
(TEM), X-ray diffratometry (XRD), cyclic-voltammetr (C-V), chemisorption,
thermogravimetric (TG), Raman, and Bdsorption/desorption analyses. From the

experimental results, the following conclusions bardrawn.



For CPMs fabrication, the developed silica tempksisted CVD process could
be successfully used to control CPMs with pore éi@nms ranging from 1 nm — 400
nm, using gas reactants at 1073 K to reduce theepsotime to less than 1 h, in
contrast to about 1 day by the conventional prassing liquid reactants and
requiring multiple dehydration and drying steps.eTddditional advantage of the
new process is that all range of microporous, mesas and macroporous carbons
can be replicated. In contrast, microporous carlayasdifficult to be fabricated by
conventional methods. The/lp ratios of CPMs after silica or zeolite removal are

about 0.7 - 0.8, independent of pore size.

For CNTs fabrication, mesoporous silica templatesavalso successfully used to
fabricate CNTs, by filling Fe catalyst particleganthe pores of template before
CNTs deposition. From TEM examination, it is foutiht the CNTs are mainly
MWCNTs (multiwalled CNTs), and their sizes can lbecessfully synthesized and
controlled, ranging from 3 nm to 17 nm in diamdigrusing the pore diameters of
silica templates ranging from 3 nm to 18 nm, reSpely. The Lk/lp ratios of
MWCNTSs after silica removal are about the same BMSE commercial SWCNTs

and XC-72 activated carbon material.

Regarding methanol oxidation reaction (MOR) perfance of DMFC anode
made of CPMs with dispersed Pt, the results shatvgbak forward mass activity |
(from 122 to 655 A/g of Pt) in the C-V curves, whis an index representing the
MOR activity of the anode, increases with increggore size (from 1 to 400 nm in
diameter) of CPMs. The reason may be due to liroitabf pore of CPMs on mass
transfer of methanol during reaction. From the Ctfves of the anode, the peak
forward to reverse mass activity ratig],} is an index representing CO-tolerance of
the anode; the results indicate that the valuegimgnfrom 4.9 to 1.0 are
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corresponding to the pore sizes of CPMs ranging ftdo 400 nm, respectively. The
CO-tolerance represents the ability of surface itmmd of Pt-particles to stand
poisoning by the occupied CO, where CO is an inggliate product of MOR during
operation, making the anode inactive. Therefore tQI€rance, in general, is not
sensitive to Pt-particle size. However, the resuitlicate that a higher tolerance
value is closely related to a greater amount ofllemBt particles with sizes less than
1 nm in diameter, signifying surface conditions ncagnge significantly for particle
size less than 1 nm due to nano effect. Furthetyssirequired to find the reasons

behind that.

Regarding MOR performance of DMFC anode made of £With dispersed Pt
on outside of the tubes, the results show thaM®® activity (from 354 to 414 Alg
of Pt) of the anode increases with increasing tibeneter (from 3 to 17 nm). The
TEM examination also indicates that a larger tulze gjive rise to a less tube
bundling, less probability for Pt particles to bakedded within the bundles and so
more uniform Pt particle distribution. This may the reasons for a greater MOR
activity for a greater tube size. The results atgbicate that the CO-tolerances in
these cases are around 1.2 — 1.3, where effettdefsize of CNTs and amount of
Fe catalyst in CNTs on tolerance are not significdn signifies there are no
significant differences in surface conditions foipRrticles on different tube sizes. In
addition, there is no significant amount of Pt-fmdet with sizes less than 1 nm, as
discussed in the previous paragraph. Furthermbeereported effect of Fe-Pt alloys
on CO-tolerance is not obvious in theses casegdiselation effect of the tubes to
the Fe-particles from alloying with Pt. Furthermoog comparing the performance
between the CPMs- and CNT-assisted anodes, thitssre@wdicate that a greater pore

size or tube diameter gives rise to a greater MGRity, and a greater amount of Pt

Vi



particles of < 1 nm results in a higher CO-tolemnindependent of the type of
carbon nanostructured materials. In other words,GRMs- or CNT-assisted anodes
with 400-nm pore size or 17-nm tube diameter caulten a better MOR activity

amoung the present working cases. In additionatheunt of smaller Pt particles (<
1 nm) in the CPM-assisted anode with 1-nm pore sz@uch greater than other

carbon-assisted anode cases, therefore it renuhig ibest CO-tolerance.

About effect of temperature difference across algst particle on growth
mechanism of CNTs, growth of CNTs by thermal anaspia-enhanced CVD on
various substrates, such as mesoporous SBA-15 iandf&, with GH, and H as
reaction gases and Co as catalyst were conduchedreBults show that T, defined
as local temperature difference between the topséclto gas atmosphere) and
bottom (in contact with the substrate) sides ofatalgst particle, is an important
parameter to determine whether growth mode bemgti base-growth mechanisms.
When AT >0, ~ 0 and < 0, the results show that growtdenof CNTs is more
favor to be tip-, onion-like- and base-growth mgdespectively. ThA T parameter
proposed to determine growth modes can be suctgssfiopted to explain why the
base- and tip-growth CNTs are common in thermal GWMBD plasma-enhanced CVD
processes, respectively. Furthermore, few expemsndesigned to changerl to
vary the growth modes in both thermal and plasnteeoed CVD processes were

successfully conducted.
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Chapter 1

Introduction

Nanostructured carbon materials have attractedidenable research attentions
in the past few decades due to their unique phlyprcgerties, such as high specific
surface area, good corrosion resistance, tailonabte size, and excellent electronic
conductivity. These properties make nanostructwarbon materials suitable for
applications as electrodes or as supports for rel@etatalysts. For example, carbon
porous materials (CPMs) and carbon nanotubes (Ch&\® been extensively studied
and applied as supports for noble metal (Pt, Rialysts at both anode and cathode in

direct methanol fuel cells (DMFCs).

As the past investigations on CPM-assisted DMFCteldes were mostly
focusing on using carbon mesoporous materials (CMHt) pore size ranging from 2
to 50 nm as catalyst supporter, while overlookihg fpotential applications of
microporous (< 2 nm) and macroporous (> 50 nm) aradif°-2001 169 Joo-2006-1618; Liu
~2006-3435; Lu-2008-16220 g for CNT-assisted DMFC anode, numerous effoetgehbeen
devoted into optimizing methodology of Pt loadingr fbetter dispersion of Pt
nanoparticlg§hc2002-9058: Li-2003-6292; Mu-2005-22212lpy \vever, there are few reports
focusing on the effect of tube diameter on CNTsissi anode. Thus, the effects of

pore and/or channel diameter size of CPMs and CbiTsthe electronchemical

performance of DMFC anode remain as subjects afigjpesearch interests.

In order to understand the effect of pore size BMS on the performance of
DMFC anode, a CVD process was developed and adomtethcilitate easy
fabrication of CPMs. Accordingly, a series of CPM#g&h pore size ranging from
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micro-, meso-, to macroporous carbons, such aZR CMT-1, CMT-2, HCC, and
PCC materials respectively prepared by using z=81jtMCM-48, SBA-15, melted
MCM-48, and photonic crystal as templates, havenldabricated. These materials
were applied as the catalyst supports for DMFC anadd their electrocatalytic

performances during methanol oxidation reactiorevesfaluated and compared.

On the other hand, in order to understand the teffetuibe diameter of CNTs on
DMFC anode, the diameter control methods of CN'Welaso attracted considerable
attention. In general, methodologies invoked intauling the diameter of CNTs
during chemical vapor deposition (CVD) process rayclassified into two main
categories, namely by tuning the processing paemmetind by employing auxiliary
templates. For the former, it has been reportedcdyaier gas/carbon source flow rate,
plasma intensity, morphology of catalyst, precursompositions, and treatment
durationetc, have effects on diameter of CNTs to some exXféno0°-2760: Lee-2001-245:
Li-2001-141; Wei-2001-13941 |y - comparison with rather complex control of prssiag
parameters, the use of an auxiliary template agpeabe an easier route to fabricate
CNTs with tailorable diameters. For examples, ze8if?"92°°%*0gnd anodic metal
oxideéEswaramoorthi—2007-1571; Hoa-2007-447; Im-20044t2leong-2004-2073; Kyotani-1996-2109; Yao-200198]13
have been used as templates during CVD procesabticdte CNTs with uniform
diameters, which is largely dictated by the pore sif template used. Nevertheless, it
is rather difficult to prepare anodic metal oxideszeolites with uniform pore size in
the range of 1-25 nAf°2%113%] Therefore, mesoporous silica (MCM-41, SBA-15)
with tunable pore sizes in the range of 1-50 nmeveetopted here to develop a facile
synthesis route to CNTs with high yield and tunab&meters by using Fe-containing

mesoporous silica as catalyst-template. The regul@ENTs were applied as the

catalyst supports for DMFC anode and their eleetiaygtic performances during



methanol oxidation reaction were evaluated and eveth

Clearly, the CPMs and CNTs present herein represemimportant classes of
carbon materials for energy applications, hences recessary for us to understand
not only their preparation processes but also theimation mechanisms.
Nevertheless, while the replication processes oME&Rvere better understood,
conflicting mechanisms have been proposed for tbeittp or the morphology control
of CNTSs since their first discovery in 1991. Fomamyple, even though many factors
have been reported concerning the tip- or the baseth mode of CNTSs,

[Bower-2000-2767; Lin-2005-778; Hsu-2004-1461; Segr006-1945; Song—2004—559(ﬂone of them succeeded

in explaining why CNTs grown by thermal CVD methodrmally follow the
base-grovvth mechani§ 0i-2002-3847; Choi-2001-2095; Fan-1999-512; @aHP005-89; Lee-1999-461;
Lee-2001-245; Lee-2000-3397; Zhao-2006-13g}hjla those grown by plasma CVD were mostly

Categorized as tip-grovvth mechnisﬁti).di—ZOOG-lZlQ; Chen-2004-1949; Chen-2000-2469142806-1397;
Hsu-2002-225; Kuo-2003-799; Lin-2003-1851; Murak&000-1776; Ren-1998-1105; Yap-2006-162@lear|y’ some
crucial parameters must have been overlooked. Tavahthe factors involved during
CNT growth mode, we have conducted a series ofrempats by using both thermal
and plasma CVD modes. Our results clearly inditad the direction of temperature
difference AT) is the crucial factor dictating the CNTs growtiode. Accordingly,
the concept was successfully used to interpreuarinechanisms proposed in the

literatures [Choi-2002-3847;, Choi-2001-2095; Fan-1999-512; @aH2005-89; Lee-1999-461; Lee-2001-245;

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



Chapter 2

Literature reviews

2.1 Porous silica materials

2.1.1 Structure, properties, and synthesis methods

Zeolites are crystalline microporous minerals depetl after the pioneering
discovery by a Swedish mineralogist Axel Fredrickoistedt in 1756. Since it was
observed that a large amount of steam would b@sete when heating these minerals,
hence the name “zeolite”, which means “boiling stom Greek;({® (z&) meaning

"boil" and Aibog (lithos) meaning "stone'The structure of zeolite is consist of silicon

+4 +3
(Si ) and aluminium (Al ) cations, which are tetrahedrally coordinated dayr foxygen

2
anions (O), thus forming a macromolecular three-dimensidreahework in such a way

that uniform voids and channels are created indtystals, with pore sizes ranging

between 4-12A [Nagy-1998-192]

The first application of microporous zeolites wased as molecular sieves by McBi
at 1932, based on their variation in pore sizes witlecular dimensions. Subsequently,
artificial aluminosilicate zeolites with micropoites were widely applied in
petrochemical industry as solid acid catalysts Various heterogeneous -catalytic
reactions, such as isomerisation, alkylation, debgenation, cracking etc. since 1960.
However, the applications were limited due to tlagigstrom scale pore size. It is till the

discoveries of M41%es0e-19927101 g gBA-1Na0-1998-548] garies mesoporous  silica



materials in early 1900’s, the pore size of ponmaderials open up a new era of research
and application§42%°4P% Over the past decade, extensive studies havefbeesing on
synthesis and development of mesoporous matemnalgteir applications in a vaiety of

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

It should be noted that even through the prefix choi” always means the
diamension of 18 meter in the field of material science, the prdfave totally different
meanings in the field of porous materials, whererapore mesns the diameter with pore
size smaller than 2 nnTable 2- 1shows the IUPAQ International Union of Pure and
Applied Chemistry classification and examples of porous silica matefbased on their
pore size&ouauercri94170Egr practical reason, only Zeolite-Y, MCM-41, MCAS,
SBA-15, and photonic crystal will be introduced @Epresentative examples in the

following sections.

Table 2- 1 IUPAC classification of porous silicaterials-0"e!-2004-p3]

Type Pore Diameter (d) Examples

d<2nm Zeolite A, Faujasite (Zeolite X, ),
Mordenite, ZSM-5, Beta etc.

Microporous

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

Macroporous  d > 50 nm Photonic crystal

(a) Zeolites

Zeolites are often classified according to theanfework structures by which
more than 64 frameworks have been discovered. HEashework type can be
described by its secondary building units, framéwdensity, channel system, and
unit cell information. For example, Zeolite-Y, oné the most popular zeolites that

commonly used as catalyst or catalyst support fSge 2- 1), exhibits the FAU
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(Faujasite) structure, It has a 3-dimensional [sbnecture with a pore aperture of ca.
7.4 A, defined by the so called “12 member oxygeng’t Thus, Faujasite (X or Y)
zeolites are also known as 12-membered-ring (12k&R)ites. In addition, Faujasite
zeolites also possess larger cavities (supercagfesjameter 12A. The cavity is
surrounded by ten sodalite cages (shown in Figtrihcated octahedra) connected on
their hexagonal faces. The unit cell is cubic (247A) with Fd3m symmetry.

Zeolite-Y has a void volume fraction of 0.48, witlSi/Al ratio of 2.43\a0y-1998-192]

Fig. 2- 1 Schematic drawing of (a) Faujasite-typrecture zeolite, and (b) primary
building unit; cations coordinated tetrahedrallydxygentEaeriocher-2001-p140]

(b) MCM-41 and MCM_48[Seram—2001-3237;Vartuli-1998-97; Xu -1998-3690]

Mobil Composition of Matter (MCM) is the initial m@e given for a series of
mesoporous materials that were first synthesizethbyMobil researchers in 1992.
They proposed a self-assembly synthesis route, thghwsurfactant micelles such as
cetyltrimethylammonium (CTMA) cation was used as #oft-template to facilitate
condensation of the silicate anions, leading todiseovery of the so-called M41S
family of mesoporous materials. Typically, the stutmes of these mesoporous

materials depend on their synthesis conditionsh ag pH value, compositions of
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surfactant, and hydrothermal temperature etc. Th&S/materials can be divided into
four main categories, as depicted in Fig. 2- 2. Aghthem, MCM-41 and MCM-48

have been widely investignated and applied dudéo high thermal stabilities and
large specific surface areas (typically, ca. 106§ The other two phases, lamellar
MCM-50 and molecular organic octomer (a surfactlta composite species) are

structurally unstable and hence less useful.

MCM-41 and MCM-48 are mesoporous materials withi2Z@agonal R6mn) and
cubic (a3hd) structure, respectively, as revealed by their Xpdterns in Fig. 2- 3.
The nanostructure of MCM-41 and MCM-48 can be olesgby TEM as shown in
Fig. 2- 4 and Fig. 2- 5. To understand the fornmatiteechanism, MCM-41 is given as
a typical exemple, as illustrated in Fig. 2- 6.sEimicelles formed in surfactant
(CTABTr) solution prefer to stack by self-assemldyfdarm hexagonal array. Then, the
silicate anions would precipitate on the micellenpdate. Finally, the surfactant
template was removed by calcinations, leading teaperous silicate with hexagonal

structu re[.S(-:‘Ivam-2001—3237]

Lamellar phase Octamer

Fig. 2- 2 The M41S family mesoporous silica mateffg"am-2001-3237]
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Fig. 2- 3 XRD patterns of (a) MCM-41 and (b) MCM-#fesoporous silica materials.
Selvam-2001-3237]

Fig. 2- 4 TEM images of MCM-41: (a)Fig. 2- 5 TEM image of MCM-48,

parallel view and (b) prependiculaviewing along the [11q plane.
view [Xu-1998-3690] [Schumacher-2000-4648]



Hexagonal
Array

Surfactant Micelle Micellar Rod
Calcination

MCM-41

Fig. 2- 6 Possible mechanistic pathways for themfiron of MCM-41:. (1)
liquid-crystal-phase-initiated and (2) silicate-@minitiated.Va"™!-1998-97]

(c) SB -] §Zhao-1998-548]

SBA-15, Santa Barbara Amorphous type material, fivas reported by Stucky
and his co-workers in 199&.was synthesized under an acidic medium with poly
triblock copolymers, such as poly(ethylene oxide)ypropylene oxide)—
poly(ethylene oxide) (PEO-PPO-PEO), whose rolenesogous to that of CTABr
during the synthesis of MCM-41. Despite of the &amty in their 2-D hexagonal
structures, SBA-15 and MCM-41 mesoporous silicas larown to have markedly
different pore connectivity and pore diameter. kmliMCM-41 silica, which
possesses 1-D non-interconnected channels withalypore diameter of ca. 2-3 nm,
SBA-15 normally possesses much larger 1-D mesogarbannels (typically, 9 nm in
diameter) that are interconnected through randastidfributed micropores oriented
perpendicular to the 1-D channels. SBA-15 hasatdmuch R&D attractions due to
its much higher hydrothermal stability comparedAGM-41. Moreover, the pore size
of SBA-15 may also be accessible in a much widegea(2-30 nm) than MCM-41

(typically < 3 nm).

(d) Photonic crystaf"ih-2005-123]



Photonic crystals (PC) are macroporous materialsiposed of periodic pore
structures typically with pore size greater tha® B@n, as such, it tends to affect the
propagation of electromagnetic (EM) waves with tvadivelength > 200 nm (blue
light). In other word, photons (behaving as wawsgh a suitable wavelength may
propagate through photonic crystals with a giveregbameter; as anticipated for the
diffraction of visible lights. Nowadays, for theksaof cost-down effectiveness, the
preparaion of such ordered macropores normally kesolithography using latex
particle as templat[gq'slmpbell-ZOOO-S?:; Holland-1998-538; Mihi-2005-1251]-he SEM images of the
photonic crystal so fabricated are shown in Fig7 2Further studies on structure and
defect control of photonic crystals are crucial fitreir future applications in

optoelectronics and telecommunicatidfig:2°%>+%l

Fig. 2- 7 (a) SEM image of Siphotonic crystal. (b) a close-up viell"20%>12°]

2.1.2 Applications

Traditional microporous zeolite materials have beeidely used in gas
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separation, ion-exchanging agents, and petroleudlusinies. However, the relatively
smaller pore size restricts their future use inasa&jon and catalytic processes in
which large molecules are involved. Since mesoposrilicas were developed in early
1990’s, a much wider rang of applications were maasible, as briefly summarized

below:

(a) Catalysis[CaIIeja—2002—215; James -2002-9975]

A great amount of mesoporous silicas were repométh various catalytic
applications depending on their pore structuresye psizes, and surface
functionalizations. For example, a propanesulfonitid-derivatized mesoporous
SBA-15 catalyst was found to exhibit high sele¢yivior alcohol couplings to from
ethers, e.g., coupling of methanol and isobutandbtm methyl isobutyl ether. On
the other hand, SBA-15 is also commonly used ap@tigor metal catalysts, for
examples, Al-, Ti-, V-, and Co-SBA-15. Moreover, Tacontaining SBA-15 was
found to be catalytically active during epoxidatioeaction of sterene with
tert-butylhydroperoxide exhibiting a superior sékaty of expoxide under negligible

leaching of the Ti species.

(b) Adsorption--2000-1143]

Mesoporous materials functionalized with organieclional groups are known to
be good adsorbents for heavy metal ions. For exasnplthiol- and
amino-functionalized SBA-15 silicas were employed femoving heavy metal ions
from waste water. The thiolated SBA-15 exhibiteldigher complexation affinity for
Hg?*, while other metal ions (Gl Zr?*, Cr*, and Nf*) showed exceptional binding
ability with its amine-functionalized analogues. dddition, they have been widely

utilized for adsorption of biomolecules.
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(©) Separatiopi'a”'lggg'gsg?; Zhao-2002-752]

It is reported that SBA-15 functionalized by prapidl groups showed strong and
size selective adsorption of proteins. A C18 medifiSBA-15 is reported as a
satisfactory substrate in high performance liquidbmatography to separate peptides
and various kinds of proteins.

(d) TemplateSEGao-2001-743; Gao -2002-585; Han-2000-2068; Hu20@P-1063]

Mesoporous silicas are normally considered to kalitemplate or host materials
because their ordered channels provide excellemineml spaces for controlling the
size and shape of guest materials in nanoscaleexXaomple, SBA-15 was utilized as
template to synthesize Ag and Pt nanowires witimdiar analogous to the pore size
of the SBA-15 template, as shown in Fig. 2- 8. keminore, binary sulfides such as
CdS and PbS nanoparticles and nanowires have @lpecebared using SBA-15 as the
template. An alternative approach of using the mesmus silica materials as
templates is for the fabrication of carbon mesopsranaterials (CMMs) by

replication method; as will be described in thédwing section.

Fig. 2- 8 TEM images of (a) SBA-15 templdf&2"9-20%0-1%3}5) Ag nanowire in
SBA-15 templatel™'a"9-2000-1963nq (¢) Pt nanowires replicated from SBA-15

template [Han-2000-2068]

12



2.2 Carbon mesoporous materials (CMMSs)

2.2.1 Structures, properties, and synthesis methods

The principle of the templated synthesis is showifrig. 2- 9. Various carbon
sources such as sucrose solution, furfuryl alcobolphenol-resin monomers are
polymerized inside the pore channels of the mesaorsilicas at elevated
temperatures and were subsequently converted artw by pyrolysis. Finally, the
silica template was normally removed at room temajpee using a 10 % HF or hot 1

M NaOH solution in ethanol-water.

As shown in Fig. 2- 9, either rod- or tube-likelmam mesoporous materials may
be obtained depending on the synthesis conditippeal. The rod-like carbons are
normally achieved if carbon precursors were comeptegraphitized in the pore
channels of the template. On the other hand, the-like carbons are obtained when
the carbon precursors were carbonized on the gilica walls, such that a coated
carbon layer with a tubular shape was formed. koplcity, only some of the most

common CMMs are summarized and introduced below.
f)lesoporous Carbon / B-Iesopomuﬁ
Silica Silica Carbon

0, "
S - QD

Tube-type

Fig. 2- 9 Schematic representation of the templayethesis using mesoporous
silicas as the hard templaté0-2001-677]
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(a) CM K‘l [Jo0-2001-153]

The CMK-1 carbon can be prepared by impregnatingoata source in
mesoporous silica MCM-48 template. The carboniratd sucrose results in the
formation of rod-type carbon inside the silica amg@ls. Because of the bicontinuous
nature of the MCM-48 structure, the carbon netwddksned in the two different
kinds of channel systems are not interconnectedtlamdpace group, cubic la3d, is
retained as long as silica frameworks are not radotiowever, after removing the
silica template, the two carbon networks seem taquyether. The joining of the two
carbon networks is attributed to the change ofcttiral symmetry from cubic la3d to
cubic 1432. The new ordered mesoporous structure is ireticay the XRD pattern

and transmission electron miscopic (TEM) image showFig. 2- 10.

2 4 6 8
20 (degrees)

Fig. 2- 10 2-10 XRD pattern and TEM image of CMKedrbon after the complete
removal of templatd?°°-2201-153l

(b) CMK-3 [3un-2000-1071%\ K 5 [Darmstadit-2003-3300]

CMK-3 and CMK-5 carbons are negative replicas & 8BA-15 mesoporous

silica template. The structures of CMK-3 (Fig. 2) And CMK-5 (Fig. 2- 12) carbons
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are composed of hexagonal arrangement of 1-D carbds and tubes structure,
respectively. Because of the 3-D channel structhwe structure of the SBA-15 silica
can be converted to the negative carbon replicébéxig the same kind of structural

symmetry.

20 (degrees)

Fig. 2- 11 XRD pattern and TEM image of the CMKe&8lmon obtained after removal
of the silica template’"20%0-10712]

tllllllllllllllllllll.

1 2 3 4
2B COa )

|
Fig. 2- 12 XRD pattern and TEM image of the CMKdlmon obtained after removal
of the silica templat&amstadt-2003-3300]
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2.2.2 Applications in fuel cells

Direct methanol fuel cells (DMFCs) are consideresl @ospective energy
devices, whose R&D invoke a wide variey of diffdraneas, such as fabrication of
electrodecatalysts and proton exchange membran&M)(Pas well as the
corresponding membrane electrode assembly (MEA|) stacks and system module
design, etc. Among them, the enhancement of catabts/ity represents one of the
most important issues. Therefore, carbon mesoparnatsrials such as CMK{(n = 1,
3, 5) have drawn considerable attentions, owinghtgr unique physicochemical
properties, such as high specific surface area @01nf/g), good electrical

conductivity, acceptable chemical stability, ane¥ lostc"a"9-2007-3078]

The concept of using CMMs as electrodecatalyspasrips illustrated in Fig. 2-
13. Among various CMM materials, CMK-3 have atteacthe most attentions in
recent years. Pt metal/alloy precursors, such #2C%, RuCk, may be impregnated
into CMK-3 structure followed by reduction processas illustrated in Fig. 2- 14.
Furthermore, catalyst implantation technologies @as® making steady progress. A
one step synthesis route was proposed by Liu &b glrepare supported noble metal
catalysts with good metal/alloy dispersion than theditional post-impregnation
method. Fig. 2- 15 shows the schematic drawinghefdne-step synthesis route, by
which catalyst precursor are impregnated simultaskowith the carbon source (see
Fig. 2- 16b), as such, superior catalyst stabdityl catalytic activity were observed

surpassing that prepared by the post-impregnatime (Fig. 2- 16&j"20088¢7

Liu-2006-3435]
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H. or Methanol Solution

Diffusion Layer
Anode Catalyst Layer
Membrane

Cathode Catalyst Layer

Diffusion Layer

Fig. 2- 13 Schematic representation of a MEA stmecfor a fuel cell. CMM (shown
in SEM image) supported catalysts (shown in TEMdae)aare embedded within the
catalyst layer in a MEACng-2007-3078]

Fig. 2- 14 Syntheses of CMM Supported with PtRu d¢atalysts!-"2008-857]

(fy CMK-5 (a) SBA-15 template

Oo replication ‘_ N
000 «+— U
O without

Pt précursor

silica wall

l replication with FA

(e) () & P(acac) precursors

Pt particle

1 T increase l carbonization
- [
L Pt loading

template
removal

I.iSil.:L-il-,ﬂ nm
Fig. 2- 15 Schematic drawings of synthesis routegd) to (e) Pt-CMMs compared to
that of (a) to (f) CM K -5 [Liu-20062-3435]
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Fig. 2- 16 TEM images of sample prepared by (ayeational impregnation, and (b)
one-step impregnation methodg:20%%%]
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2.3 Carbon nanotubes (CNTS)

2.3.1. Structure, property, and classification

CNTs, which were are formed from graphite sheetsfast discovered in early
twentieth centry, are one of the most exciting nmaterials in the field of

nanoscience and nanotechnology. CNTs may be dtabdilased on either their

EQ}Saito—2004-p35], [Pillai-2007-3011]

structures, morphology, chirality, or number ofd

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

Theoretically, a single-walled carbon nanotube (SVVEcan be described as a
layer of hexagonal graphene sheet rolled into amkess cylinder, whilst a
multi-walled carbon nanotube (MWCNT) is formed withultiple graphene
layers!Sa0-2004p35] Thig |eads to different types of structural agements, which
are typically classified as non-chiral and chitauistural types, depending on their
rolling direction>®"°2%4?3lEqr non-chiral structure of SWCNTSs, the honey comb
lattices of the nanotube are parallel to the tubs, avhich can further be classified
as armchair (Fig. 2- 17b) and zigzag (Fig. 2- BtcdngementSato1992-2204iEq the
armchair structure, two C-C bonds on opposite safesach hexagonal lattice are
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perpendicular to nanotube axis, whereas for thezagg structure, the bonds are
parallel to nanotube axis. Unlike non-chiral stanes, the C-C bonds in chiral

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

4 = .i
N/

o
I'\-a-'

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

showing the translation vector ffesseinaus-2005-p47]

As shown in Fig. 2- 18, when sites O and A, andr8 &' are connected,
respectively, a portion of a graphene sheet caa beurolled seamlessly to form a
SWCNT. Meanwhile, vectors OA and OB are definethaschiral vector, ¢ and the
translational vector Bf the nanotube, respectivdf{©20%4P3IThjs rectangle portion,
OAB'B, is then defined as a unit cell of the narmu Generally, a SWCNT is

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

equ ation [Dresselhaus-2005-47; Saito-2004-p35]

C, =na +na, =(n,m) (eq. 2-1)
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where a and a are unit vectors of the two-dimensional (2D) hexaal lattice and n
and m are integers. Meanwhile, chiral vector iemfiescribed by a pair of indices (n,
m), for example, with a chiral vector, & (n, m) = (4, 2), the nanotube in Fig. 2- 18 is

described as a (4, SWCNT.

The structure of carbon nanotubes provides thenh wiherently unique
electrical, physical, and chemical properties. Maxbtally, owing to the presence of
C-C bonds, CNTs normally exhibit a Young's moduwfi®.8~5.0 TPa and a tensile
strength of 10~150 GPa. They are among the stromges stiffest fibers known to
date. Thermally, CNTs have a high thermal stabbityh under vacuum and air and
an excellent thermal conductivity as high as caD03%V/(m-K). In terms of the
electrical properties, CNTs can either be metallicsemiconducting, depending on
their tube diameter and chirality. Nanotubes witmr= O are metallic while all the

others are semiconducting.

Various kinds of CNTs have been developed oveptst few decades, as such,
many different approaches exist in terms of classibn of CNTs. Normally, CNTs
may be classified based on either their type(syvalis (Single-/double-/Multi-) ,
[Bethune-1993-605; lijima-1993-603; Wei_2003_753]0hil’a|i'[y (Zigzag/ChiI’a|/aI’mChail[’?e_1994_2284;
Saite-1992-2204ly he morphology (bamboo-like/hollow, or helix/sgfat) Bemaerts-1995-605]

cap morphology (close/oper}2"19°9-2%lgr growth mode (tip-/base-growtt)>-20%:

Bower-2000-2767; Chen-2004-1949; Chen-2000-246%i-2002-3847; Choi-2001-2095; Dupuis-2005-929; B889-512;
Gulino-2005-89; Hart-2006-1397; Hsu-2002-225; KWi®2-799; Lee-1999-461; Lee-2001-245; Lee-2000-388%;:2004-1232;

Lin-2003-1851; Melechko-2002-527; Murakami-2000-8;7Ren-1998-1105; Yap-2006-1622; Zhao—2006—lé%b
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2.3.2. Synthesis methods

(a) Arc-discharge method

CNTs were first synthesized by arc-discharge methedeported by lijima and
co-workers in 19911Ma-19156l i 5. 19 ghow§10-199597%he schematic drawing of
the arc-discharge system, in which two graphitesrae used respectively as anode
and cathode electrodes. Druing the CNT productimegss, arcing occurs when DC
voltage is applied between these two electrodesnByrporating a desirable amount
of metallic catalysts, such as Fe, Co, Ni, andW,CNTs are normally formed at the
anodg?etnune-199360% hile MWNTSs can be fabricated by using pure graphit both

electrodes.

Top flange

0 cathode anode
- R =
Linear motion
E:K:[ﬂ]: ' mm___l feedthrough
Electrode | Electrode
connection |_lconnection
|

i

Fig. 2- 19 Schematic of arc-discharge systgffi>1996-3062

The discharge system is normally operated at ageltanging from 20 to 40 V

and a current from 40 to 100 Ampere under eitheoH&r gas pressure of ca. 10~500
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Torr. Carbon clusters ermerging from the anodicphite rod via electron
bombardment may be deposited on the cathode suifhese carbon products may
include amorphous carbon, fullerenes, carbon alustbon nanotubes, and other
carbon structures. Therefore, post treatment ignoftequired to purify the
nanostructures for practical applicatons. In additthe drawback of this method is its

low yield in CNTs.

(b) Laser ablation

Laser ablation was first reported by Guo and cokeofin 1995510199549 55
illustrate in Fig. 2- 20. An incident laser beanafgplied to vaporize a graphite target
under helium or argon gas atmosphere at a pressus80 Torr. The products are
swept out by the flowing gas and eventually depdsdn the water cooled collector.
As such, it is also named as the laser vaporizatiethod. Normally, the graphite
target used in this scheme often contains a snmatiuat of Co, Ni, Fe, or Y as
catalyst, whose presence facilitates a more fal@raiondition for SWCNTs

formation.

Waber Cooked
Cu Collecion
7

Fig. 2- 20 Schematic of the laser ablation syst@ffi*>4°!
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(c) Chemical vapor deposition

Chemical vapor deposition (CVD) method has beenwkn®o be a mature
technique in thin film processing. A variety of fdifent films can be fabricated by
CVD method, covering from metals, semiconductormsailators. By using the CVD
method, arrays of CNTs can be produced throughrdposition of carbon-containing
gaseous species (such assCH,H,, CH,, CHs, CO, etc.) on various substrates
containing transition metal catalysts. During th®¥DC process, it is essential to
introduce some forms of energy to decompose theupser gases and to deposit the
reaction product on the substrate surface. Theggnietroduced may be thermal,
microwave, rf power, or other forms, thus, leadiaglifferent process names for the
production of CNTs. For examples, microwave plagmaanced CVD (MPE-CVD),
[Tsal-1999-3462] glectron cyclotron resonance CVD (ECR-CVY§;2093 7% inductively
coupled plasma CVD (ICP-CVDfj¢2002€%271 RE  plasma enhanced CVD
(rf-PE-CVD)[Xa©20042l BC plasma enhanced CVD (dc-PE-C\Afjmann-2007-602]
thermal CVD-e® 200033%7hat filament CVD (HF-CVD)'2"92094433letc. |n general,
these CVD systems can be roughly classified asndleaind plasma CVD on the basis
of their working principles. Typically, the formeprocess includes a substrate
preheating zone and CNTs are grown while the psecugases are flowing through
the catalyst/substrate (shown in Fig. 2- 21). Unlikermal CVD, the heat source of
plasma CVD mainly arising from the plasma, as itated by a dc-PE-CVD system
in Fig. 2- 22Melechko-2005-041301l compared with arc-discharge and laser ablation
methods, CVD enhanced by plasma is more econorficsaér reaction temperature)
and the reaction process can also be controllec reasily. Moreover, it is superior

compared to other methods in terms of the purigldy and controlled alignment of

24



the CNT products. Recent advancements in plasmaneed CVD have been

focusing on the development and fabrication ofivelty aligned CNTSs.

THERMAL HEATING COIL
COUPLE |

COMMHOL
i[LES

TEMFERATURE
CONTROLER

Fig. 2- 22 A dc-PE-CVD reactor for the fabricatiafSCNTs 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 lassified by the position of
catalyst. It is called tip-growth when the catalistiocated on top of the CNT. In
contrast, base-growth CNTs always have a catabtstden substrate and the bottom
of CNTs. Since the position of the catalyst magelfthe properties and applications
of CNTs, many factors have been investigated apdrted as summarized below:

(a) Catalyst particle siz&>oner-2008-1331]

It was proposed that CNTs growth mechanism canchwitfrom tip- to
base-growth with decreasing catalyst particle §2&2°°133U Based on the
viewpoint of kinetic, it is considered that carbpatches have sufficient time to
diffuse from the top surfaces of larger catalysttipi@s before the formation of a
complete carbon cap. As shown in Fig. 2- 23 (sfepad 2), during the early stage of
the CNT nucleation, carbon patches formed on thiases of a large catalyst particle
may quickly diffuse to the catalyst/substrate if#ee and become more stable. The
diffusion leaves the top of the catalyst exposetiraakes available for further carbon
absorption. Then, the liquid state catalysts wertongated after the
nucleationf<ukovitsky-2000-65Ish\wn as step 3 in Fig. 2- 23. Finally, the cataparticles
would be lift-off from the substrate (shown in FR}.23 step 4). Once the connection

with the substrate is broken, tip-growth is theyaalailable growth mechanism.

In the case of catalyst with smaller particle siziesis assumed that metal
particles would be more active. Based on such aanagtion, the metal catalyst
should have stronger interactions with the carbatth®es. Hence, after the carbon

precursor was decomposed, a complete grapheneaad e formed and eventually
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isolates the carbon source from the catalyst pestas shown in Fig. 2- 24 (steps 2
and 3). Thus, the only possible diffusion path afoon species is near the interface
between the catalyst and the substrate. As suchoms would be incorporated with
the edges of the graphene cap and then be lift-dveay the catalyst particle, as

illustrated by step 4 in Fig. 2- 24.

C.H CaHy CaHy CuHy
Cably *!" by c:‘ Y l*1“:
1‘ f L_:_D-' ET c': o
{ } i|l it
1 2 3 4

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

C.H,
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E.H-p“ #f ¥ CH, _  cH, C.H, C.H,
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C.H, [" *] C.H CuHy c.H
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Fig. 2- 24 SWCNT and FWCNT growth scenario from Brratalyst particles
(typlca”y <5 nm).[Gohier—2008—1331]



(b) Gas flow ratioMelechko-2002-527]

Since the nano structure and fabrication procesSNTs are rather similar to
carbon nanofibers (CNFs), thus, factors affectimg growth mode of CNFs should
also be applied to CNTs growth. For CNFs, theaaltgas flow ratio (§ has shown
to be the important factor affecting their growttode. Fig. 2- 25 schematically
illustrates the relationship between gas flow réitg = C;H./NH3) and growth mode
of CNFs. Firstly, carbon precursor was decomposad dgiffuses into the catalyst
particle through both the catalyst-gas and catalybstrate interfaces, as shown in
Fig. 2- 25a. Secondly, the nucleation of CNFs magnttake place either at the
catalyst-gas (Fig. 2- 25b) or at the catalyst-gabst (Fig. 2- 25d) interfaces,
depending on whether thg, B greater or smaller than the critical valuethie case of
Ry > R;, the adsorption rate of carbon atoms at the natiolgagas interface should
be higher than the desorption rate. Hence, theysataanoparticle would be covered
with a thin layer of carbon, except at the edgeatélyst-substrate interface. As such,
carbon atoms would prefer to migrate into the gatalnear the substrate and
precipitate at the top of catalyst, leading tolhse-growth CNFs (Fig. 2- 25b & Fig.
2- 25c). In contrast, tip-growth CNFs should folltive pathway with R< R; (Fig. 2-

25a to Fig. 2- 25e).

(c) Adhesion force between catalyst and substrafg"e’2000-2767]

Adhesion force between the catalyst and the subsganother important factor
affecting the CNTs growth mode. Its importance Wess illustrated by the presence
of cobalt silicide formed between a cobalt catabrsd a siilcon substrate. Fig. 2- 26
displays the schematic drawing of the four-stepminomodel proposed by Bower.,

[Bower-2000-2767)¢ jj|ystrates how the adhesion force betweenctitalyst and the
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Fig. 2- 25 Three-phase model for the CNF growthhmaism!Meechke-2002-527]

substrate affect the CNTs growth mode. Step 1 septs the depositon of the Co
catalyst onto the Si subtrate. In step 2, the @o tiends to transform into an isolated
island in the presence of preheating treatmentnUifting the heating temperature to
1098 K, cobalt silicides, which are served as arloo adhesion promoters during
CNTs growth, will be formed between the catalysd #me substrat. Subsequently, in
Step 3, CNTs would nucleate and grow by the baserdtyr mode. Finally, the cobalt
island may transforms into a conical shape andiwgedfat the bottom ends of the
CNTs. The growth of the carbon nanotubes may prbdék the conical cobalt

particle is completely enclosed, as illustratedtap 4.
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Fig. 2- 26 Schematics of the four-step growth mdoleCNTs growth[Bower-2000-2767]

2.3.4. Other growth mechanisms

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

only a few well-accepted models are described:

(a) Vapor-liquid-solid mode|!<ukovitsky-2000-65]

In this vapor-liquid-solid (VLS) model, metal imgliid state accepts carbon source
in vapor state until the system becomes supergatur@onsequently, the liquid metal
acts as a catalyst to convert carbon from the vppase to the crystalline phase, thus

CNTs were readily grown by precipitation of dissadvcarbon from the droplet.

(b) Solid-liquid-solid modefcorPunov-2002-113]
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In this model [¢°Punov-2002-1135lten metal catalyst nanoparticles were alloveed t
penetrate an amorphous carbon aggregate to disswldeeventually precipitate
carbon atoms, which will arrange themselves inaplgene sheet in such a way that
its orientation parallel to the supersaturated keebon melt is not energetically
favorable. Any local defects presence in this gemghsheet will lead to the formation
of a SWCNT nucleus. This is followed by the subssquincorporation of
precipitated carbons at the edges of the growimptude, which are anchored to the
catalyst nanoparticle by overlapping its unsatatatg orbital with the metal orbital

of the catalyst nanoparticles.

(C) Baker’s mode[Baker-1972_51]

Based on the VLS model, a five stage model wasqseg by Baker in 1972,
latter known as the Baker’s model, which represéhés most cited and accepted
mode for the growth mechanism of carbon filaments @NTs, whose growth stages
are illustrated in Fig. 2- 27. According to this ded carbons originated from the
gaseous precursor tend to dissolve into the ligatdlyst particle and precipitate on
its surface to grow CNTs after the particle is saptirated with carbon atoms. It is
generally accepted that decomposition and disswudf C atoms is exothermic, and
precipitation of C atoms and growth of the CNT isdethermic, so that the
temperature difference would arises between therdgibn (C atoms dissolve into

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

(d) Mechanism of catalyst poisoningytademann-2009-73]

Catalyst poisoning is one of the important issuelsited to CNTs growth.
Nevertheless, more detailed mechanism was only nagddable until recently by
Stadermanfredemann-2009-738y 4 proposed to divide the growth mechanism of ENT
into several steps, as shown in Fig. 2- 28. Firsklg carbon precursors 4 were
converted into an activated surface-bound form, which were can then diffuse
through the catalyst particle and incorporate mtgrowing nanotube. Alternatively,
C" may also promote formation of amorphous carbochest (G,) on the catalyst
particle surface. Secondly, the number density gfWuld increase with the growth

time and finally cover the surface of the catalyatticle, hence, preventing the C* to
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decompose continuously on the catalyst, which sketwesupply the growth of CNTs.
The aforediscussed mechanism therefore providé®mgssupport to the irreversible

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

termination, and (b) plot of the measured nanotbay height as a function of the
growth time [Stadermann-2009-738]

2.3.5. Applications in fuel cells

During the past decade, photon exchange membratiecklls (PEMFCs) and
direct methanol fuel cells (DMFCs) have attractets lof research attentions due to
the world’s energy crises and severe green houeet¥f?°°>2?212 The supporting
material for electrodecatalyst is one of the kegués in fuel cells. Thus, CNTs
become one of the most prominent candidates asatiaéyst support materials due to
their unique properties, such as good electricaidootivity and high surface
aregRaffaelle-2005-233h ;5 - considerable amounts of past research fftave been
devoted to the dispersion of Pt catalyst on CNIg. & 29a shows the TEM image of
Pt dispersed on CNTs, and the corresponding distoib of the Pt particle size (ca.
17 nm) is shown in Fig. 2- 29b, revealing a unifatisperssion of Pt nanoparticles on
CNT. In addition, further tests by cyclic voltammet(C-V) (Fig. 2- 29c) also
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confirmed that the Pt/CNT catalyst has a battefop@ance than a common

commercially avaliable catalyst, E-TEK Pt/C.
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Fig. 2- 29 (a) TEM image of Pt/CNTs, (b) distritautiof Pt particle size, and (c) C-V
voltammograms of Pt/CNTs and a commercial samplEEE Pt/C.[Mu-2005-22212]
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2.4 Characterization of porous and nano carbon materiad

The principles of typical analytical and spectrggcdechniques commonly used

for characterization of porous and nano carbon naddeare summarized below:

(a) Scanning electron microscopy (SEM)

Generally, a SEM apparatus is consists of an electun, which serves to
generate electron beams that, in turns, are aateteunder high voltage (0.4-40 keV).
By deflecting the incident beams with the focusowils, a two-dimensional image

can be obtained by detecting the reflected secgratat backscattered electrons.

(b) Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) is by feg thost important technique for
studying microstructure of materials in great det@ypically, an electron beam with
accelerating voltage of 100-400 keV would illummat region of the specimen, which is
immersed in the objective lens of the microscope ffansmitted and diffracted electrons
are recombined by the objective lens to form aalition pattern in the back focal plane
of that lens and a magnified image of the samplétanimage plane. A number of
intermediate lenses are used to project eitheintlage or the diffraction pattern onto a
fluorescent screen for observation. The screersiglly lifted and the image may be

printed out on photographic film or stored for reting purposes.

(c) X-ray diffraction spectrometry (XRD)

XRD is a very important method for structural asaly of crystalline and
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ordered nano-porous materials. Upon irradiating sbbstrate sample by a X-ray
source, the radiation would interacts with the tetets in the atoms, resulting in
scattering. Depending on whether the atoms arenag@ in the same planes and the
distances between the planes are the same, cdnstrand destructive interferences
will occur, leading to diffraction peaks at cham@dtic angles. Typically, with a given
excitation wavelengthA( typically for a Cu K X-ray source,. = 1.5418A) and
resultant diffraction angle6), the structural d-spacing (d) of the material ¢an

calculated by the Bragg Equatiks?ﬁl_"ty-1978-p84]

(d) Raman spectroscoply™"2005P2]

Raman spectroscopy is capable of providing inforomabf molecular vibrations
and hence is a common technique for sample ideatibn and quantification.
Normally, a monochromatic laser beam is used asiritident light source, upon
irradiating on the substrate, photons may be alesprbcattered, or not interacting
with the sample. When the light is elastically smatd from an atom or molecule, the
scattered photons have almost the same frequenbytivel incident photons. However,
a small fraction of the light may be scattered migiexcitation, such scattered photons
would have a frequency different from, and usuldlyer than, the frequency of the
incident photon§&MM-2005P2 A sych, the energy difference between the
monochromatic light and the Raman scattered ligjoukl be equal to the energy
involved in changing the molecule’s vibrational tefd™ 25?2 This energy
difference is called the Raman shift™2°%P2 Typjcally several different Raman
signals may often be observed; each being assdcvaté different vibrational or

rotational motions of molecules in the sample.
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Typically, for the inspection of carbon nanostrues) two characteristic peaks
are most likely to present in the Raman spectriamely the D and G bands. TBe
band, which normally locates at ca. 1300 tim associated with carbons with thé sp
structures, such as functionalized and amorphatm®oa, whereas the G band locates
at ca. 1600 cit is normally assigned to carbons with thé sgpucture carbon, such as

graphite.

(e) Thermogravimetric analysis (TGA)-owel-2004-p13]

Thermogravimetric analysis (TGA) is a techniquejclhcorrelates the sample
weight loss with temperature and is commonly emgdoin R&D of materials, for
examples, in determining the absorbed moistureecdnthe level of inorganic and

organic components, and decompaosition points olioskges and solvent residues etc.

Typically, TGA experiment is carried out by raisitite temperature gradually
while monitoring the weight loss by a microbalanc®ler controllable environment.
Sample, which is loaded on a pan (typically madelafinum or ceramics),is placed
in an electrical heating oven whose temperature beyneasured accurately by a

thermocouple.

() Nitrogen adsorption/desorption isotherm measurement

Nitrogen adsorption at 77.3 K is recommended byAGRor the determination
of surface area and pore size distribution of psmoaterials. During the measurement,
the sample is exposed in a controlled gas envirobhnand the volume (V) of the
adsorbed and desorbed gas is measured againstldtver pressure at constant
temperature. A sorption isotherm is the plot of&sus P/R where P is the absolute

pressure andgRs the saturation vapor pressure.
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Since the shape of the sorption isotherm refldutscharacteristics of the pore
structure, physical sorption isotherms are clasgifnto six types by the IUPAC, as
shown in Fig. 2- 30. Type | isotherm is concavéh® P/R axis and reaches a limiting
value while the relative pressure (F)/B close to 1. The reversible Type | isotherm is
typically observed for microporous solids with shedternal surfaces (e.g., activated
carbons, microporous molecular sieves, zeolitesahmeiina). In other word, Type |
isotherm features a high adsorption uptake at lehative pressures, the adsorption
amount eventually reaches a plateau at high relgtressure, as limited by the
accessible micropore volume. The reversible Typeuive is a typical sorption
isotherm of non-porous or macroporous materialpresenting the unrestricted
monolayer-multilayer adsorption on their surfacégpe Il isotherms, which arise
from weak adsorbate-solid and strong adsorbateraal® interactions, are less
common. The multi-layered adsorption in macroponmagerials (pore size > 50nm)
generally result in Type Il or Type lll adsorpti@otherms, likewise for mesoporous
materials with irregular pore systems. Type lll@psion isotherm commonly occurs

during the adsorption of 40 molecules in hydrophobic mesoporous materials.

The initial parts of the Type IV and Type V isotimsr normally follow the same
path as the Type Il isotherm and hence may bebatédl to monolayer-multilayer
adsorptions. However, the most prominent charatterof Type IV isotherms is the
presence of the adsorption/desorption hysteresis. IDue to metastable “gas” states
or pore blockage, capillary condensation, and t@pilevaporation in mesopores
occur most often at different relative pressuremding to the appearance of a
hysteresis loop. A steep curve in the capillarydsorsation regime indicates a narrow
pore-size distribution. The presence of Type IMhsom may normally be considered

as the signiture of ordered mesoporous materials.
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Amount adsorbed

-l
J

Relative pressure

Fig. 2- 30 IUPAC classification of sorption isothmes.

For the classifications of hysteresis loops, itwsll accepted a correlation
between the shape of the hysteresis loop and xiweréeproperties of the mesoporous
adsorbent. Fig. 2- 31 shows the IUPAC classificatb hysteresis loops. Where type
H1 associate porous material consisting of wellraef cylindrical-like pore channels
or agglomerates of compacts of approximately umf@pheres; type H2 hysteresis
are usually disordered and with their pore sizéridistion net well defined; type H3
mesns non-rigid aggregares of plate-like partislagch indicates a slit-shaped pores;
and type H4, similar to type H3, associated withrawa slit pores, but including pores
in microporous region. The dashed curves in theehngsis loops reflect low pressure
hysteresis, observable down to very low relativespure, which may be associated
with the change in the volume of the adsorbenthsag effect of non-rigid pore
swelling or the irreversible uptake of molecularpores (pore of same width with the
adsorptive molecule). In addition, chemisorptionuldo also lead to an “open”
hysteresis lops like this. On this situation, théeipretation of sorption isotherms

showing low-pressure hysteresis is difficule and mot possible to analysis the pore
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size accurately.

HI || H2 H3 | H4

Amount adsobed
i

Relative pressure (P/Po) >

Fig. 2- 31 IUPAC classifications of hysteresis leop

According to the isotherm, the pesoporous pore digteibution can be achieved
by Kelvin equation, where V is the molecular voluofghe condensed liquidg,is the
surface tension of the liquid, P is the absolutespure, pis the saturation vapor
pressure and r is the pore radius. The correspgnddsorption volume (M) is
measured by equation 2-5, wherAP is the pressure decument while

adsorption/desorption attend equilibrium station.
IN(P/RY) =-2yVITRT ..., (Eq. 2-3)
VaieNRTAP.....o (Eq. 2-4)

On the other hand, the microporous surface and yamtene can be achieved by
t-plot method. Equation 2-6 shows the generalizsihfof {, values (thickness of
nitrogen sorpted at 77 K), by which equation, asoaption isotherm can be drawn as
a typical t-plot shown in Fig. 2-31. Typically, gps for non-microporous samples
show an extrapolated straight passing through tiggnpin which case, the slop is the

area. In contrast, the t-plots of microporous sas@lill extrapolate to the adsorption
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axis and show a positive intercept, which is edeito the micropore volume.

t =6.053 N (Eq. 2-5)
P In(P,/ P)
160 - —
D 140{"
£
9.
>
120 -
100 I I 1 I 1
0 1 2 3 4 5
to(R)

Fig. 2-31 t-plot from of a microporous Zeolite-Y
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2.5 Electrode performance testing

(@) Cyclic voltammetry (C-V)

Cyclic voltammetry (C-V) is a technique most wideised for acquiring qualitative
informations about electrochemical reactions, feameples, on the thermodynamics of
redox processes, the kinetics of heterogeneousa@ieiransfer reactions, and on coupled
chemical reactions or adsorption processes. Thé consmon potential wave form used
during typical electrochemical experiments is timedr wave form, i.e., the potential is
continuously changed as a linear function of tiGwech variation of potential with time is
known as the scan rate (v). During the C-V measargnthe direction of the potential is
reversed at the end of the first scan, thus, Ieada the typical isosceles triangle
waveform. This has the advantage that the prodfdh® electron transfer reaction
occurred during the forward scan can be probechadjaing the reverse scan. In addition,
C-V is also a powerful tool for the determinationfarmal redox potentials, detection of
chemical reactions following the electrochemicahcteon, and evaluation of electron
transfer kinetics. The experiments were operateskdan a three-electrode design: a
platinum wire is served as the counter electrodkanaturated calomel electrode (SCE)

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

2
0.25 cmthin Pt foil, which is used to contact with thetbeg sample.

(b) Chemisorption analysis

A pulse chemisorption analysis may be used to ohéterthe active surface area,
metal dispersion, and average particle size byyapplsuitable doses of reactant gas

to the sample. Once all active sites have been lstetp reacted with the reactant gas,
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the discretely injected gas volumes elute fromstmmple tube will remain uncharged.
The amount of chemisorbed gas may therefore bear@ufefrom the difference

between the total amount of reactant gas injectedand the amount eluted from the
sample. Conseqeuntly, the metal particle disper@irid), active surface (SA) area,

and average particle size (APS) can be derivethdydilowing equations:

PD:lO((VSXSF]GMW ............................. (Eq. 2-6)
SWx 22414,
S%elamc Z(VS)XSFX(6.023X1023)XSA"'""""""'(Eq' 2-7)
SWx 22414
A 6 e (Eq. 2-8)

~ Denx (W, /GMW) (6,023 107)x SA

where SF is the Stoichiometry factor, SW denotespda weight (g), GMW stands for
gram molecular weight (g/g-mole), $Aaic represents the meta surface area (fgm
metal), APS is the active particle size, Den. i tlalculated metal density (g/mL),
and Ws represents the sample weight (in unit of g.) Idithoh, the parametersg\and

SA may be calculated from:

V, =(1XV) =V i, (Eq. 2-9)
v o= Ve[ 2731 = P (Eq. 2-10)
T SW | 27315K +T, ) ( 760mmHg
Vm:VST{l_pj...............................(Eq. 2-11)
R
Ve (R aoa () A e (Eq. 2-12)
SA= i, (6.023x107)x A,
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where \k is the volume adsorbed (mL at STP), SA is the ifipesurface area, | is the
number of injections, Ms the volume per injection (mL),.Yis the total volume not
sorbed (ml), ¥ is the sorption volume at ambient conditions (Mmxrp is the
sorption volume sorbed at STP (mL/g of sample), i¥ the volume of monolayer
(mL), T, represents ambient temperature (K), P is the atesgiressure of N
(estimated by %M100xPa, mmHg), A is the surface area of the, Mholecule
(m*/molecule, 16.218° m?), and B is the Saturation pressure of Kestimated by

%N,/100xPa, mmHQ)
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Chapter 3

Experimental details

3.1 Experimental flow chart

The results described in this dissertation weraiobt from a series of different
experiments, as illustrated in Fig. 3- 1. In brieMMs and CNTs are prepared by
using porous substrates as templates in thermal @kddess without and with Fe
catalyst, respectively. Moreover, the CMMs and Cldiies used as supports for metal
(Pt) catalyst for DMFC anodes, the electrodecatslgge prepared by usingPCk
as Pt precursor and reduced byzsabinosphere. For the investigation of CNT growth
mechanism, both thermal and plasma-enhanced CVEegsoare adopted to growth
CNTs with cobalt catalyst on SBA-15 substrate amdv&er. The structure and
properties of the nanostructured materials aftethestep were characterized by
transmission  electron  microscopy (TEM), X-ray difsmetry (XRD),
cyclic-voltammetry (C-V), chemisorption, thermogrraetric (TG), Raman, and/or,N

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 desgamtare listed in Table 3- 1.

Table 3- 1 Chemicals and other row materials used.

Name Formula Supplier

Acetylene GHa (purity 99.9995%) | San Fu

Argon Ar (purity 99.998%) San Fu

Brij-30 Ci2H25(OCH,CH,)4,OH) | Aldrich

Chloroplatinic Acid H,PtCk Acros

Hexahydrate

Cobalt nitride Co(N®Q)3 Acros

Dichloromethane CEKCl; Acros

Hexadecyltrimethylammoniy Cy6H33(CH3)sNBr Acros

m bromide (CTABr)

Hydrochloric acid HCI Acros

Hydrofluoric acid HF Acros

Hydrogen H(purity 99.9995%) San Fu

Iron(lll) Chloride FeCl Acros

Iron nitride Fe(NQ)s3 Acros

P-type (100) silicon wafer Si

Sodium silicate solution NaSiO Acros

Styrene @Hs Aldrich

Sulfuric acid HSO, Acros

Tetraethyl orthosilicate SiCgH2004 Aldrich

(TEOS)

Triblock copolymer (%3 poly(ethylene oxide)—~ | Acros
poly(propylene oxide)—
poly(ethylene oxide)

1,3,5-trimethylbenzene Bl1o Acros

* Regent grade chemicals
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3.3 Features of CVD systems

The processing systems used for fabrication ofouarisamples include thermal
CVvD, MP-CVD, ECR-CVD, and a laser deposition systehmeir designs and

working principles are summarized below:

(@) Thermal CVD

Fig. 3- 2 shows the schematic diagram of a homiel bnérmal CVD system. In
Fig. 3- 2 (a), a smaller quartz tube aligned cdixiwith a larger quartz tube
containing the specimens (porous substrates) abdltem, so that the reactant gas
mixture can flow trough the specimen efficientlyfdre exhausting from the top of
the chamber. This represents a system withoutaetigas preheating. On the other
hand, Fig. 3- 2(b) illustrates a system with gashpating: the reactant gas mixture
was preheated before reaching the specimen, whiplaced in a net of quartz wools
to ensure better gas penetration. In contraste@dmventional thermal CVD systems,
the main feature of this system is that the tentpezadifference between the

precursor gas and the substrate can be manipulated.

(b) MP -CVD

A schematic diagram of microwave plasma (MP-) C\Btem is shown in Fig.
3- 3. The system is comprised with six main comptsienamely the microwave
generator, the wave-guides, the reaction chamher,gas flow controller, the gas
pressure controller, and the pumping system. Is particular set-up, a 1.3 kW
microwave (2.45 GHz) generator from Tokyo electco@iorp. was used. The reaction

chamber was made of a quartz tube (with inner anver @liameters of 47 and 50 mm,
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respectively; China Quartz Corp.) in a microwavpl&ator made of aluminum alloy.

The other components of the system include stanisel specimen chamber and
specimen holder, and a rotary pump (Hitachi Cotg).LThe upper electrode above
the specimen holder facilitates the generation Gf ldas on the specimen during
deposition. A thermal couple embedded in the sarhplder allows for monitoring

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

to contol the flow rates of source gases (As, &:H,). The pressure of the sample
chamber is monitored by a thermal couple vacuunggaand is regulated by an APC
controller (MKS, model 263) through an absolutespuge gauge (MKS Baratron) and
a throttling valve. The temperature of the specsnendictated by the microwave
power, pressure, and the distance to the plasme. Zidrere is no external heating

system.

(a) (b)

H,/C,H,/Ar Samples B
Purm —— Gas flow (powder, Si wafer) [T———
TS
— 0|
Substrat.
hea%nsgr;()%e ¢ I\ | § Sample holder
e [=°| o (Quartz wools)
Substrate "‘LI
temperature (8| Y Gas temperature
o o
‘\“G_as flow of E
|~ direction Gas preheating; E e
E zone < - H
of |o
| Porous substrate powders S e
[ L] e |0
L / ® el |®
. ¢ | Heating . o[ |
e ® ( zone I,/C,H,
. - 1 Gas flow
PN L — ¢

Fig. 3- 2 Schematic thermal CVD systems (a) with¢jtwith gas preheating heater.
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Fig. 3- 3 Schematic MP-CVD system.

(c) ECR =CVD

An illustrated example of the Electron CyclotronsBeance Chemical Vapor
Deposition (ECR-CVD) system is shown in Fig. 3-The system is consist of a
microwave generator (2.45 GHz) capable of deligammaximum power of 1200 W,
three-spot circulator, tuner, wave guides, microsvapplicator, reaction chamber,
mass flow controller, electric coils, cooling coppmils, substrate heating stage,
vacuum pump, and D.C. bias. The ECR-CVD system allas the advantages of
high dissociation efficiency, low deposition temgtere of CNTs, and a wider
deposition area. Typically, such a system is charaed by the electronic field (E)
and the magnetic field (B) such that the electiamesaccelerated by E to the direction
perpendicular to B and orbiting in a plane alsogppedicular to B with a cyclotron
radius ¢. When the microwave angular frequeney) (s identical to the angular

frequency of the electron (v)r the electrons will be in phase with the fieldegther
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positive or negative E; a phenomenon known asreleayclotron resonance (ECR),
which takes place at B = 875 Gauss, correspondirgftequency of 2.45 GHz for the
activated media. The cyclotron radiug) (for the orbiting electrons (in B) can be
expressed as. = mwv/eB, where v, e, g andw represents the electron velocity
component perpendicular to B, the electron chacgal¢mbs), mass of electron, and

the electron angular frequency, respectively.

tuner.

uartz |A|n] [ 110 i
ome. | m L”L AL [[L Microwave source
- Iy " e
agnetic coil AN
875 Gauss HLE_{* /ﬂ \ Mi
I} /] icrowave
< | o power monitor || Microwave
asma
MEC power supply
system
T | G| DC
< power
H, lc,H, o o | supply
Pu:m ng
system

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 fallgwthe procedures
reported earliet" 19988 |n prief, surfactant solution was first prepareg b
dissolving CTABr (7.7 g) in distilled water (85.0Un Sodium silicate solution (10.0g,
NaSiQ;) was then added into the solution at 305 K undierirgy. After stirring for
about 30 min, 1.2 M of 80, (8.0 g) was slowly added into the gel mixture.sThi
step takes up to 30 min. The pH value of the fmadture was then adjusted to about
10 before the mixture was keeped at 373 K for 4Bhe resultant solid products were
recovered by filtration, washing with deionized aratind drying in air at 373 K.
Finally, the resultant products were calcined ma&i833 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 vasthesized following
the procedures reported earffdf:2%%82%% |n prief, surfactant mixture solution was
first prepared by dissolving both CTABr (7.6532 gnd Brij-30 (1.45 Q)
simultaneously in distilled water (60 mL). Thengd&on hydorxide (2.5 g) solution (in
5 mL water) was added to the surfactant solutiot stirred for 0.5 h. The silica
solution was then added to the above solution hedd¢sulting mixture was shaken
vigorously for 0.5 h and the resultant gel was k@73 K for crystallization. After 2
days, the mixture was cooled to room temperatu®8 ) and pH of the solution was
adjusted to 10 with acetic acid. Then, the mixtwees kept for 373 K for another 2

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

(c) SBA-15

The SBA-15 mesoporous silica was synthesized fatigvthe synthesis route
reported by Zhao et 12199481y pjically, tetraethyl orthosilicate (TEOS, Aldrigh
which was used as the silica source, was added &oja@eous solution containing HCI
and triblock copolymer (23 surfactant) at 313 K, with starting weight ratads2.3 g
TEOS /1.0 g 3/ 8.0 g HCI / 30.0 g bD. The mixture was stirred for about 2 hours
before it was aged at 373 K for 2 days. The produast then filtered, washed with
distillate water, dried at 373 K, and finally caled in air at 833 K for 6 hours. On the
other hand, an additional TMB (1,3,5-trimethylbemzeis used to expend the pore

size of SBA-15 during the preparation process.

(d) Photonic crystal

Photonic crystal (PC) macroporous silica was sysideel following the
procedure reported by Holland et"82"4-1999798Igjrstly 1700 mL of DI water was
heated to 343 K in a 3000 mL round-bottomed fl#gker styrene (200 mL, Aldrich)
was added, the solution was stirred with deaeryeditrogen. Second, the aqueous
solution of potassium persulfate (100 mL, 0.0253413 K) was added into the above
styrene solution to initiate the polymerizationtbé styrene, and keep stirring for 28
hours. Finally, the poly-styrene latex spheres vgathered by filtering and drying in
air. This process was followed by silica replicatiprocess which millimeter-thick
layers of latex spheres were deposited on filtggepan a Buchner funnel under
vacuum and soaked with ethanol. Then, tetraethlanesi (TESO) was added
dropwise to cover the latex spheres completely ndurihe fltration. After the

composite product was dried in a vacuum evapor#ierlatex spheres were removed
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by calcination in air at 848 K for 7 hours. Finalthe 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 @gparf CNTSs, including:

(a) Deposition of metal catalyst on porous supports

Three types of mesoporous silica, namely MCM-41A8B, and pore expanded
SBA-15 (denoted as PE-SBA-15) were synthesized bywk recipes reported
previous|yMeu-2000-137; zhao-1998-548) 5 (Fg) catalyst was loaded onto the mesoporous
silicasvia either co-precipitation or impregnation methodsr the former, 0.4 g of
Fe(NG;); was stirring with 1.0 g of the target mesoporalisassmaterial for 0.5 h in
20 mL of deionized water, followed by filtering,yilng at 373 K, and a reduction
treatment under Hatmosphere for 10 min before CNTs deposition. F&eontaining
mesoporous silicas obtained from the siliceous ME&Mand SBA-15 are denoted as
Fe(co)/MCM-41 and Fe(co)/SBA-15, respectively.He tase of (Fe) catalyst loading
by impregnation method, proper amount of FefNOestimated ca. half of pore
volume of the corresponding support) was dissolve@0 mL of deionized water,
followed by adding 1.0 g of the target mesoporalisas After being stirred for 0.5 h,
the suspension was dried under vacuum. The obtgneduct was stirred in the
presence of CHCl, to facilitate migration of Fe precursors into thgdrophilic
channels of the mesoporous sifia%°%2%8 followed by removal of ChkCl, by
evacuation. The above procedure was repeated omgethe final product was
subjected to reduction treatment, which was caraetdby first slowly ramping (2
K/min) the temperature to 373 K under dried Ar, tkkajpthe same temperature for 3 h,

followed by reduction under Henvironment before £, was injected for CNTs
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growth. The obtained Fe-containing mesoporousasiliderived from the siliceous
MCM-41, SBA-15, and PE-SBA-15 are denoted as FéfitM-41, Fe(im)/SBA-15,

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

To incorporate Co catalyst onto the SBA-15 subsirie mesoprous substrate
was first added into 0.1M Co(Nfaq solution, and stirred till SBA-15 were
completely suspending in the solution. The cobdtide coated SBA-15 were then
collected by filtration and dried prior to furthdecomposing the catalyst into cobalt
oxide (CoQ) in an air furnace under 573 K. The Co oxides vieraly reduced to Co
in a hydrogen furnace at 1073 K and the supporétalyst so prepared is denoted as
Co/SBA-15. Alternatively, a Co-coated (thicknessd&d nm) on Si wafer sample was
prepared by sputtering method and is denoted aSiQo01). In addition, samples
with bifunctional Pt-Fe metal catalyt loaded on M&I8 mesoporous silica were
prepared by using co-precipiation method descréi®ale by using HPtCk 6H.Oq)

and FeGlag)as the Pt abd Fe precursors, respectively.

(b) Procdures involving thermal CVD

Carbon mesoporous materials (CPMs) and CNTs raspbcsynthesized using
various mesoporous silicas templates and Fe- (ey €@mtaing SBA-15 mesoporous
silicas as substrates, were conducted by similacquiures summarized below: first,
the template/substrate was placed into a quartetaeafollowed by heating the
reactor and gas pre-heating zones to the targeieteture (1073 or 1093 K) under
vacuum. Then, a desirable amount of acetylene fwiérved as the carbon source),
was introduced into the reactor together with nitof H, and/or Ar gases. Then, the
CPMs/CNTs products may be respectively collectedfilbgring and drying after

removal of silica template/substrate by etchinghwit M HF solution of 50%
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ethonal-50% KED. Similar procedures were adopted to prepare Ptdtgaining
hollow carbon capsulate (HCC) and solid carbon aiaps (SCC) by using either neat
mesoporous silica or Pt-Fe loaded porous silicateaplates. Detailed preparation

conditions for various CPMs and CNTs are depicte@able 3- 2, and Table 3- 4.

Table 3- 2 Sample designations, processing comdiiamd diameters of CPMs and
CNTs prepared by thermal CVD without gas preheating

Sample t° Substrateé Gas flowratid Ts®  Diametel

desigil”  (min) Catalyst/Template (C,Hx/HJ/Ar) (K) (nm)
ZRC 40 -/Zeolite-Y 50/50/50 1073 <1.3
CMT-1 40 -/IMCM-48 50/50/50 1073 ~2
CMT-2 60 -/SBA-15 50/50/0 1073 ~3
HCC 40 -/IMCM-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

& Other processing condition: pressure 3 kPa ; spatidesignation of CNT-d#1-#2
represents CNTs with diameter #1 or from #1 to #2.

® Duration of processing time.

¢ Template for producing CPMs or catalyst for systhieg CNTs; where co in
Fe(co)(template) and im in Fe(im)(template) repneése catalyst prepared by
co-precipitation and by impregnation methods oenaplate substrate, respectively.
%In unit of sccm / sccm / scem.

® Substrate temperatur€gf during CPM or CNT deposition.

"Pore diameter of porous carbon or tube diamet&nFs.
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Table 3- 3 Sample designations and their depostioritions of CNTs by thermal
CVD with gas preheating.

) mp* CNTs

Sample t Catalyst/ Sub. Surface o

desig? (min)  Substrate conditiorf To/Ts AT Growth Mode

(K/K)

Al-5 5

Al-10 10

Al-15 15

Al1-20 20

Co/SBA-15 R 300/1073 - Base-growth

A1-30 30

A1-40 40

Al1l-65 65

A1-90 90

A2-20 20 Co/Si(001) 3 300/1073 - Base-growth
A3-20 20 Co/SBA-15 R 1073/873 + Tip-growth
A4-20 20 Co/Si(001) S 1073/873 + Tip-growth
A5-20 20 Co/SBA-15 R 923/923 ~0 NoCNTs
A6-5 5

A6-10 10 Co/SBA-15 R 1073/1073 ~0 No CNTs
A6-15 15

AT-5 5

A7-10 10 -/SBA-15 R 300/1073 - No CNTs
A7-15 15

A8-5 5

A8-15 15 -/SBA-15 R 1073/1073 ~0 No CNTs
A8-25 25

& Other deposition conditions:;H C;H, = 50 / 50 (sccm / scecm); 3 kPa pressure

P CNTs deposition time.

¢ Conditions of the substrate surface, R = roughaips) SiQ powders, and S =
smooth polished Si wafer

4 Ts: the preheated temperature of the reactantTgathe substrate temperature
during deposition.

®*AT = temperature of catalyst at the top minus atbibigom. 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 baledivinto two
categories, namely those by MP-CVD and ECR-CVD. EdiTs fabrication by
plasma-enhanced CVD, a Co-coated (thickness canmp on Si wafer sample
prepared by sputtering method, denoted as Co/Si)(GBas used. The Co-coated
substrate was first pretreated in H-plasma atmasph®e dissociate Co film into
nanoparticles, followed by CNTs deposition withHZ and H as reactant gases;

detailed informations are depicted in Table 3- 4.

Table 3- 4 Sample designations and their depostiwonlitions by plasma-enhanced
CVD.

Wore/ W@xrob Vore/ Vgrob TolTst® i CNTs

Sample  Proces / A
P (W/W) (VIV) (KIK)  (min) Growth Mode
Bl 800/800 100/120 740/773 5 + Tip-growth
MP-CVD
B2 1000/600  100/60 793/780 2 - Base-growth
c1 250/270 ~ 100/120  773/803 5 + Tip-growth
ECR-CVD
C2 300/240 120/100 1023/904 4 - Base-growth

2 Types of plasma-enhanced CVD process applied; Mfcrowave plasma CVD,
ECR = electron cyclotron resonance CVD. The worlrgssure adopted during MP-
and ECR-CVD is 1.3 kPa and 0.9 Pa, respectively.

® Wpre, and Vre = microwave power, and bias voltage during thel&bma
pretreatment step g 50 sccm), respectively. 34 Vaep Tsi, and Tss = microwave
power, bais voltage, initial and final substratmperature of the deposition step
(H2/CzH; flow ratio = 50/10 (sccm / sccm); pressure = 1f¥)Toespectively.

¢ CNTs deposition time in minute.

4 AT = temperature of catalyst at the top minus abtbtéom, representing the

direction of temperature increasing across a csttaly
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3.6 Preparation of carbon nanostructure-assisted DMFC
electrocatalysts

To further explore their applications in fuel cethe aforediscussed carbon
nanostructured materials, namely CPM and CNT natewwere utilized as support
for noble metal (Pt) catalyst. A hydrogen reducfioacess was adopted to disperse Pt
on various carbon supports, typically, by firstgersding ca. 0.2 g of the carbon in
H,PtCk aquaous solution (10 mL,AtCk, 0.04 M) at room temperature, followed by
drying in a vaccum evaporator and reduction treatrae523 K for 30 mins under,H
atmosphere. The electrocatalysts are denoted S8VRINT, Pt/CNT-d3, Pt/CNT-d8,
PY/CNT-d17, Pt/XC-72, Pt/ZRC, Pt/CMT-1, Pt/CMT-2/HCC, and Pt/PCC

corresponding to the carbon supports shown in Tébk
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3.7 Structure and property characterization

The surface morphologies of each specimen werectaized by using a JEOL
JSM-6700 field-emission SEM, and the microstructoirespecimens were examined
by TEM analysis. Typically, a Hitachi H-7100 (ope@ at 100 keV) and a JEOL
JEM-2100 (200 keV) were adopted for the TEM andhfrgsolution TEM
measurements. For TEM measurements, all specimease wdispersed by
ultrasonication in acetone and dried on copper.dndaddition, the structuring
ordering of the porous materials were examined bpdiffraction (XRD) patterns
by using a PANalytical (X'Pert PRO) instrument gsi@u Ko radiation (1 = 0.1541
nm). Moreover, a Thermo K-alpha x-ray photoelecspactroscopy (XPS) apparatus
was adopted to characterize the nature of Pt mefal various samples.
Thermogravimetric analyses (TGA) were also perfatmising a Netzsch TG-209
instrument under dried air atmosphere. The BET aserfareas and pore size
distributions of various porous materials, were leated by nitrogen
adsorption/desorption measurements conducted aK 7dsing a Quantachrome
Autosorb-1 or Micromeritics ASAP 2010 analyzer af@ach sample was degassed at
200 ‘C under vacuum for at least 12 h. Two raman specters respectively
equipped with a Helium/Neon and an Ar laser atvtlagelength of 632.8 and 514.5
nm (both were Jobin Yvon LabRam HR) were used Fa 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 suggortarbon substrates as
electrode materials (e.g., as anode in DMFC as agetlathode in thin film Li-battery)
were evluated by cyclic voltammetry (C-V) measuratee conducted on a

galvanostat/potentiostat (Autolab, PGSTAT30).

For application of DMFC at anode, the electrocatalgctivity measurements of
sample with ca. 10 wt % Pt dispersed on either CMivisa commercial XC-72
activated carbon were performed with a glassy camm® the working electrode, Pt
wire as the counter electrode, and Ag/KCI (3M) asfarence electrode at a scanning
rate of 10 mV/s. The glossy carbon thin-film elede was prepared by the following
steps: first, ca. 10 mg of PtRu-loaded carbon sanmphs added into 5 mL of
deionized water, followed by ultrasonic treatmeat@.5 h. Next, ca. 7.5 (or 20) L
of the resultant suspension mixture was withdrawd &jected onto the glassy
carbon electrode (diameter 3 or 5 mm), followeddbying in air at 333 K for 1 h.
Finally, 7.5 (or 20) ¢ L of 1% Nafion (DuPont) solution was added as aérrunder
N environment. Electrooxidation of MeOH was carrged with an electrolyte of 0.5
M H,SO, and 1 M MeOH between -0.2 and 1.0 V at room teaipee. Prior to each
C-V measurement, the electrolytic solution was pdrgvith high-purity N (99.9%)
for at least 0.5 h to remove the dissolved oxygeiisequently, the experiment was

conducted under purgingNondition.

(b) Characterization of chemisorption properties
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(i) Ptdispersion measurements:

The dispersions of platinum on various samples weeasured by hydrogen
chemisorption. For each run, ca. 0.02 g of Pt/aarbample were pretreated by
outgassing at 623 K for one hour, then, the firsadtborption isotherm was measured
after the sample was cooled to 305 K, followed btgassing for one hour to obtain a

second Hadsorption isotherm under the same conditions.

(i) CO tolerance tests:

CO tolerance tests were done by competitive adsorptith H2on an automated
chemisorption apparatus (Micromeritics, AutoChen29R0). First, ca. 500 ppm of
CO was pre-adsorbed onto the sample at 328 K forhQ.then H (10%) was

pluse-injected using Ar as the carrier gas tilheusated coverage of2ivas 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 ibleT&8- 2, mesoporous
carbons with tubular morphologies were synthesizgdising the template-assisted
CVD method. Among them, two noval carbon materiaésnely CMT-1 and CMT-2
(Carbon Materials from Taiwan) were fabricated gsiMiCM-48 and SBA-15
mesoporous silicas as templates, respectively.4~ig. displays the XRD patterns of
synthesized MCM-48, CMK-1, and CMT-1 materials,alwhich show well-ordered
mesoporous structures, as revealed by the chasdictetiffraction peaks at smallb2
angles. That the novel CMT-1 material exhibitgdd and [211] peaks at the
respective @ angles of ca. 1.4° and 2.5°, whereas the correspguiiffraction peaks
for the CMK-1 sample were found at ca. 1.6° and’,2iBdicates that these two
mesoporous carbon materials may have rather sistilactures. The XRD pattern of
the CMK-1 is in good agreement with existing litewas!’°0-2001153: Kaneda-2002-1256;
Ohkubo-2002-6523; Ryoo-1999-774gli ayvise, the XRD profile of the MCM-48 silica eikiited

a main [21]] diffraction peak at @ ~ 2.3°, also consistent with earlier
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reportg Beck-1992-10834; Kim-1998-259; Kruk-1999-256f1 yragyer, the B adsorption/desorption
isotherms obtained from MCM-48, CMK-1, and CMT-1liglF4- 2) all exhibited a
typical type-IV isotherm with a broad hysteresisogp which are typical
characteristics of capillary condensation in mesops channe|'3s2003-821-829:
Ravikovitch-2002-1550; Sing-1985-603ther analyses based on the desorption curvekeof
isotherms using the BJH metH1°1913"3lprovide additional information on the
pore size distributions (PSDs) (Fig. 4- 3), BETface areas, and pore volumes of
various samples, as depicted in Table 4- 1. Addkiid-plot analyses illustrated in
Section 2.4(g) further confirmed that these mal®da not possess any microporosity
with pore size < 1 nm. As can be seen from Tablel 4these porous carbons
replicated from MCM-48 possess high BET surfacasiever 1000 filg. However,
unlike CMK-1 carbon, which revealed only one tygemesopore with average pore

size of ca. 3.6 nm, the novel CMT-1 carbon appe#wggbossess two types of pores

with diameters of ca. 1.5 and 3.3 nm.
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Fig. 4- 1 XRD patterns of (a) MCM-48, (b) CMK-1,dafc) CMT-1 mesoporous
materials.
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Fig. 4- 2 N adsorption/desorption isotherms (77 K) of mesopsmCM-48 silica,
CMK-1, and CMT-1 mesoporous materials, where tiogherms for the CMK-1 and
CMT-1 carbons are shifted vertically by 200 and 466 STP/g, respectively.
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Fig. 4- 3 BJH pore size distribution of CMT-1, CMK-and MCM-48 (inset)
mesoporous materials.
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Table 4- 1 Textural properties of various mesopsnoaterials.

Porous material  Dgy? (NM) S (MYg) Vi (cn/g)

desigy  component

MCM-48 SiIOo, 2.4 923 0.68
CMK-1 Carbon 3.6 1238 0.75
CMT-1 Carbon 1.5;3.3 1076 0.63

®Dgyn : average pore diameter derived by BJH method
bSer: specific surface area derived by BET analysis

V. specific pore volume

4 CMK-1 and CMT-1 are replicated from MCM-48 templat

Additional investigations by Raman spectroscopyeatihat both CMK-1 and
CMT-1 materials exhibit well-structured D-band aBéband near 1340 and 1600°¢m
respectively (Fig. 4- 4), indicating that theseqa@ carbons possess typical graphite
structures analogous to carbon nanotubes (CKTE*3" More specifically, the
G-band can be attributed to graphitic structure gr@dD-band is normally ascribed
due to structural defects or sp3 graphites requidity the 3-D tubular

structur e[!3rasetyo-1999-1909]

The TEM images of MCM-48 and CMT-1 in Fig. 4- 5 @am that these
mesoporous materials are indeed well-ordered, isistent with the XRD results.
Furthermore, the close-up TEM image (Fig. 4- Scarnthe edge of the CMT-1
sample particle (typically ca. 400-500 nm in sidegrly shows tubular carbons with
average outer diameter of @5 nm, which is also in excellent agreement whi [t

adsorption/desorption data.

Based on the BJH pore size distribution in Fig34nd Table 4- 1, the averaged

pore size of the MCM-48 silica template is ca. @#, corresponding to a maximum
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outer diameter available for formation of the t@suCMT-1 carbon (Fig. 4- 5¢). Thus,
as illustrated in Fig. 4- 6, the two types of panesr 1.5 and 3.3 nm observed for the
CMT-1 carbon can be respectively correlated to ithreer diameter of the tubular
CMT-1 and the wall thickness of the MCM-48 templaiée latter represents the
space between pore channels of MCM-48 and henaddsbe roughly equal to the
pore size of CMK-1 (3.6 nm; see Table 4- 1), whigla direct replica of MCM-48.
Taking the well-known inter-layer distance of graphsheets of ca. 0.336
nm [C99en-2002:6%3 simple calculation therefore leads to an estithaverage thickness
of the CMT-1 carbon tubules corresponding to aldoBigraphite sheet layers, in good

agreement with the TEM analysis
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Fig. 4- 4 Raman spectra of (a) CMK-1 and (b) CMfdsoporous carbons.

68



20 nm

Fig. 4- 5 TEM images of a powder from (a) MCM-48ngdate and (b) CMT-1
mesoporous materials, respecttively. The (c) ibdngnagnification image of (b).
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MCM-48 CMT-1 average thickness of 0.45 nm
~2.4 nm ~2.4 nm
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Fig. 4- 6 Schematic pore size and wall thicknessIGM-48 and CMT-1 mesoporous
materials.

4.1.2 Effect of deposition temperature on morphology of prous carbons

It is found that deposition temperature is crud@lthe pore structure of the
carbon replicated by using MCM-48 as hard templ&@mpared with the CMT-1,
which was replicated from MCM-48 under 1073 K (s&ection 4.1), a hollowed
carbon capsule (HCC) was obtained under as thesdpotemperature was raised to
1093 K (Table 3- 2 and Fig. 4- 7 b). The effectevhperature on structure variations
of the CMMs can be envisaged as followed: during @D process at elevated
temperature (> 1073 K), the mesostructure of theMwi8 silica could be collapsed
to form structure with cavities greater than 20inrdimension, as shown in Fig. 4- 7a,
which reveals the presence of coral-like mesosiradt silica-carbon composite
obtained in the absence of metal loading. Upon xeinof the silica template by HF
treatment, it is evident that HCC materials witkitias typically with sizes exceeding
20 nm were observed, as shown in Fig. 4- 7b. Su@C Hnaterials may be
advantageous as supports for metal (Pt, Ru) cédabspecially for applications as

electrodecatalysts in DMFEosomi-2000-269]
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Fig. 4- 7 TEM images of (a) collapsed MCM-48 ob&irafter thermal CVD process

at 1093 K, and (b) HCC mesoporous carbon.
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4.1.3 Strucuture and properties of carbon porous materiag

As described in Section 4.1, various CPMs with eléht pore sizes were
prepared by the thermal CVD process using variammptates. As a result, a
diversified carbon mateials with micro- (ZRC), meéGMT-1), and macroporosities
(PCC) may be fabracted with different preparationditions using zeolites, MCM-48,

SBA-15, pore-expanded MCM-48, and photonic crystalsummarized in Table 3- 2.

Fig. 4- 8 and Fig. 4- 9 display the TEM images oéolte-Y and its
corresponding carbon replica (ZRC). The inset gf Bt 8 indicates an ideal zeolite-Y
structure with pore size of ca. 0.7 nm (see Se@iah That the ZRC material (Fig. 4-
8a) possess the same morphology with Zeolite-Y. (&) indicates that the CVD
process so utilized (see Section 4.1) has an exteléplication capability even for
microporous systems. As such, ZRC with pore sizenaal as 0.7 nm may be readily
synthesized; as revealed by the HRTEM image in &i@a. These observation also
suggest that the CVD process so adopted repreaefasile and speedy (typically
within an hour or so) synthesis method for repiigatCPMs from various porous
silica templates. However, unlike Zeolite-Y, whitvealed a well ordered structure
(inset, Fig. 4- 9) the structure of the ZRC matesia replicated appeared to lack
long-range ordering (Fig. 4- 9b). This may be degthe XRD patterns shown in Fig.
4- 10a and Fig. 4- 10 for the Zeolite-Y and ZRCspextively. The broad peak
observed for the latter indicates that ZRC matendéed lack of structural ordering
after the removal of the zeolite template by HFatimeent. This finding is therefore

coincides with the aforediscussed TEM results.
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Fig. 4- 8 TEM image with an inset at higher magpaifion for Zeolite-Y.
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Fig. 4- 9 TEM and the corresponding HRTEM imagestied ZRC microporous
carbon.
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Fig. 4- 10 XRD patterns of (a) Zeolite-Y, and (B}& microporous materials.

The N, adsorption/desorption isotherm curves obtainechftbe ZRC material
showseda type-I isotherm (Fig. 4- 11a) at loweatre¢ pressure (PgPindicate a
microporous structure; in line with the TEM anatydtig. 4- 12 and Fig. 4- 16 shows
the pore size distributions of various CPMs; asneded by the BJH method. As
shown in Fig. 4- 12a, an average pore space df.Baam can be inferred between the
tubular carbon in ZRC, which is almost coincidehwihe sodalite building unit of
zeolite-Y (ca. 1.2 nmijla®1998192 Ths it is indicative that ZRC possesses a
replicated structure of Zeolite-Y and is constrddby tubular carbon with diameter of

ca. 0.7 nm.

On the other hand, CMT-2 replicated from SBA-15 hasomparable structure
ordering and tubular structure with that of CMK¥Hd. 4- 12) with tubular diameter
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of ca. 8 nm and average pore size ca. 3 nm (seedFiIB andrig. 4- 14). Fig. 4- 14
shows the resptctive XRD patterns of SBA-15 tengpéatd CMT-2. The XRD pattern
of CMT-2 in Fig. 4- 14 exhibited well-resolved diffraction peaks, inding the
existence of long-range structure ordering with Zxdxagonal symmetry similar to
that of the tubular CMK-5 carbon materi&f2°°*1%°l Similar to CMT-1, CMT-2
exhibit a type-IV isotherm with a broad hysterdeigp (Fig. 4- 11c), characteristic of
Capillary condensation in meSOChandlg?&s—ZOOS—SZl—SZQ; Ravikovitch-2002-1550; Sing339%03]
On the other hand, mesoporous HCC described inoBett3 also exhibits a type-1V
isotherm (Fig. 4- 11d) but with type-H3 hysterelmiep, suggesting that HCC is a
non-rigid aggregates of plate-like particles givese to slit-shaped pordgel-20041

which is in agreement with the TEM results (Fig74).

For the fabrication of macroporous carbon, photamicstal with pore size ca.
400 nm (denoted as PC; see Fig. 4- 15a), obtaigadsing latex sphere templating
methodlH1and-1999-795] \yas utilized as template. After the replicatioroqess, the
resultant carbon with pore size of ca. 400 nm (Bigl5b) was denoted as PCC. It
should be noted that both of the Bldsorption/desorption curves obtained from the
commercial XC-72 (Fig. 4- 11f) and PCC (Fig. 4- 1 Bxhibit the same type-ll
isotherm characteristics, which is typical for nuorous structur&2"e-2004-P12ypjike
the HCC material, the BJH pore size distributiddSDs) of XC-72 and PCC failed to
represent the truth surface condition, as showkign4- 15. This can be ascribed due
to the extensive inter-particle pore surfaces ame gize exceeding the valid range.
As such, the pore surface area of PCC mainly afrose the external surfaces. The
distribution of surface area for various microp@omesoporous, and macroporous

CPMs are listed in Table 4- 2.
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Fig. 4- 11 N adsorption/desorption isotherms (77K) of (a) ZRK), CMT-1, (c)
CMT-2, (d) HCC, (e) PCC, and (f) XC-72, where (a)(€) are shifted vertically by
1000, 800, 600, 400, and 200 t8TP/g, respectively.
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Fig. 4- 12 BJH pore size distributions of (a) ZRE), CMT-1, and (c) CMT-2 porous
carbon, where (a) and (b) are shifted verticallydtgnd 2 crh STP/g, respectively.
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Fig. 4- 13 TEM images of (a) SBA-15, and (b) CMim2soporous materials.
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Fig. 4- 14 XRD patterns of (a) SBA-15, and (b) CIl'Thesoporous materials.
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Fig. 4- 15 TEM images of (a) PC, and (b) PCC maarops materials.
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Fig. 4- 16 BJH pore size distributions of (a) XC-f2) PCC, and (c) HCC, where (a)
and (b) are shifted vertically by 0.5 and 0.25gnrespectively.




Table 4- 2 List of specific surface area distribatfor various CPM samples.

Sample Specific Surface Area (ffg)?
design. Micropore Mesopore Macropore
ZRC 1235 647
CMT-1 < 1229 > n
CMT-2 n 1194 n
HCC n < 783>
PCC n n 337
XC-72 n n 218

®n: surface area in these pore ranges are eithégibégor uncountable by the BJH
method.

PVialue estimated by substracting the microporouasararea (determined by t-plot
analysis) from the total BET surface area.

°CMT-1 possesses two types of pore systems, whighsspver the micro- and
mMesoporous ranges.

4Total surface area was adopted; the external ®igfeEa should be close to the inner
surface area of the HCC, however, their BET suréaeas 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 suppd?te#te catalyst was fabricated
by first incorporating Pt—Fe onto the mesoporous MAG8 silica, proceeded by
carbon coating using the CVD process at 1093 K. TEM images of the resultant
product before and after removal of the silica tetgpare shown in Fig. 4- 17a and
Fig. 4- 17b, respectively. It can be clearly sebat tthe synthesis of the HCC
supported Pt-Fe catalyst is accompanied by the tgraa CNTs owing to the
presence of Fe catalyst during the carbonizatiaicgss. Moreover, the TEM image
prior to the removal of silica template (Fig. 4-a)7clearly show that the Pt-Fe
particles were well isolated between the interfackghe silica template and the
carbon film, leading to a uniform dispersion of Rt—alloy particles in the internal
surfaces of the HCC after the removal of the siteaplate (Fig. 4- 17b). Further
examinations of the Pt—Fe/HCC supported catalysdtBYEM (Fig. 4- 18a and Fig.
4- 18b) revealing that well dispersed Pt—Fe allapaparticles with size ranging
between 2 to 10 nm were embedded in the wallseoHBC material, which exhibit a

highly graphitic structure.

As described in Section 4.1, the CMT-1 maté&iafo91%% was further
obtained by replication method under the similafDCpocess but at a slightly lower
temperature (1073 K) than that of the aforementiodde-Fe/HCC supported catalyst.
It is anticipated that if the experiment were cadriout with pre-loaded Pt—-Fe
precursors on MCM-48, followed by CVD process afd &, a Pt—Fe based catalyst

supported on CMT-1 would have obtained. Howeverguo surprise, the resultatnt
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material did not possess the anticipated CMT-1ctire, rather, it exhibited CNTs
co-existing with solid carbon capsule (SCC) matemanbedded with Pt-Fe
nanoparticles, as shown in the TEM images (Fidl9%) and corresponding HRTEM
image (Fig. 4- 19b). However, unlike Pt—Fe/HCC, ¢iee of the Pt—Fe particles in
Pt—Fe/SCC were found to be more uniform, typicallghe range of 2-5 nm. In this
context, the reason that a ordered mesostructiaedot be form may be due to the
high Pt—Fe loading, which may led to distortiortlué carbon framework structure, as
proposed in our earlier study on fabrication of iPERpported on carbon mesoporous

materials (CMM§ iu-2006-3435]

The aforementioned results are consistent withyaeal by XRD. Fig. 4- 20
displays the small-angle diffraction patterns o€ tmesoporous MCM-48 silica
template (Fig. 4- 20a), the CMT-1 carbon mesoponmaterial directly replicated
from MCM-48 by CVD process at 1073 K in the abseatenetal catalyst (Fig. 4-
20b), the Pt— Fe/SCC supported catalyst fabrichyepre-doping”t—Fe on MCM-48
followed by CVD process at 1073 K (Fig. 4- 20c)e tharent MCM-48 silica after
thermal treatment at 1093 K (Fig. 4- 20d), and FEteFe/HCC supported catalyst
fabricated at 1093 K (Fig. 4- 20e). It is cleartthg performing the CVD process at a
lower temperature (1073 K) in the presence of Ptdtalyst, the resultant Pt—Fe/SCC
supported material (Fig. 4- 20c) did not possesesatiticipated CMT-1 mesostructure
(Fig. 4- 20b). In addition, for the Pt—Fe/HCC makprepared at 1093 K (Fig. 4-
20e), partial collapse of the MCM-48 structure waereserved, which is good

agreement with the TEM results obtained for HCC.

Fig. 4- 21 shows the cyclic voltammograms obtaifiech Pt—Fe/HCC (with 30
wt.% Pt and 7.5 wt.% Fe), Pt—-Fe/SCC (with 30 wt.¢@akd 7.5 wt.% Fe), and a
commercial Johnson—Matthey (Pt—-Ru/AC; 30 wt.% Fg, vit.% Ru on XC-72
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Fig. 4- 17 TEM images of Sample Pt-Fe/HCC (a) waiid (b) without silica
template.
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Fig. 4- 18 (a) TEM and (b) HRTEM images of SampieHe/HCC.
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Fig. 4- 19 (a) TEM and (b) HRTEM images of SamptieHe/SCC.
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Fig. 4- 20 Small-angle XRD patterns of Samples N&M-48 template treated at
1073 K, (b) CMT-1, (c) Pt-Fe/SCC, (d) MCM-48 trehtat 1093 K, and (e)
Pt—Fe/HCC.

activated carbon) catalysts. Although the averagmdicle size for the Pt—Fe/HCC
electrodecatalyst is larger than the JM (Pt—Ru/Af@)etheless, the mass activity for
the former (0.0028 A) is slightly higher than tleathe latter (0.0026 A). This may be
ascribed to: (i) the improved electrical condudtivof the co-existing CNTs and the
excellent graphitic structure of the HCC, (ii) thell-dispersed Pt—Fe catalyst, (iii)
the introduction of secondary Fe metal that termlsemhance the utilization of
pt[Ry002001677 3nd (iv) superior mass transport properties of HKRC support with
typical cavity size exceeding 20 nm. On the othend) that the Pt—Fe/SCC catalyst
exhibited the lowest mass activity may be attridute the structure of the SCC

support, leading to an overall decrease in theasararea of the Pt—Fe catalyst.
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Fig. 4- 21 Cyclic voltammograms of Samples Pt-FelHCPt-Fe/SCC, and
Pt-Ru/XC-72 in solution of 0.5 M 50, + 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 charatiesi (Table 4- 2) were
further applied as supports for Pt, the physical alectrochemical properties of the
Pt/CPM supported catalyst were examined and cordpaith that of a commercial
catalyst, namely Pt/XC-72, as depicted in Tabl&.4A more detailed discussion on
the process involved in incorporating the Pt catafijoading ca. 10 wt%) on various
carbon supports and their subsequent reductiotitesds can be found in Section 3.6.
Note that since the ratio of the G- and D-bandnsitees (&/Ip) obtained from the
Raman spectrum is commonly used to represent thtveeconcentration of $mnd
sp’ structures and hence may be served as an indegrdphization degree of the
sample. Accordingly, the fact that simila/Ib ratios were observed for the CPMs and
XC-72 indicates that these types of carbon magehale roughly the same degree of

graphization and hence electronic properties (Sbée- 3).

The TEM images of various Pt/CPMs supported catislgse depicted in Fig. 4-
22. Among them, the Pt/ZRC sample appears to Haeehighest Pt dispersion, as
shown in Fig. 4- 23a. The above observation magttvéouted to the fact that, unlike
other CPMs, the ZRC carbon support possesses oolpporosities. As such, it is
hypothesized that the porosity of the carbon supmpay a role while dispersing the
Pt metal catalyst, particularly for Pt nanoparscless than 1 nm in size. For
comparison, the percentages of the small Pt parfsize < 1 nm) presented in various
CPMs are depicted in Fig. 4- 23b, which follow tivder: Pt/ZRC (38%) > Pt/CMT-2

(30%) ~ Pt/CMT-1 (27%) > PHCC (15%) > Pt/PCC (8%4pt/XC-72 (6%).
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Table 4- 3 Sample designations and physicochemroglerties of Samples Pt/CPM

and Pt/XC-72.

Sample Pt? cP . e, " e D,' Su? co-t"
design. (wt %) (S/cm) (mA) (mA) ' (%) (m) (M?gPth) (%)
PYZRC 125 161 085 122 25 4.88 454 249 1121 4883
PY/CMT1 128 1.14 068 136 60 226 224 505 55.4 27.93
PYCMT2 11.6 1.1 077 140 97 144 198 571 489 18.14
PYHCC 93 207 074 282 194 145 205 551 50.7 10.60
PYPCC 95 238 073 655 628 1.04 56.8 1.99 14042 7.78
PYXC72 125 1.79 070 353 349 1.01 326 3.47 80.6 1.74

% Pt loading measured by TGA analysis.

P Electrical conductivity.
¢ Relative intensities observed for the G- and Delsambtained from Ramsn spectrum;

the Pt/CPMs do always enkindled under laser irtamhaluring Raman examination.
94 Ratio of maximum current densities obtained frovforward (f) and reversed scan

(Iy) during C-V analysis.

° Pt dispersion measured by ehemisorption (at 305 K).
" Pt particle size derived fromyithemisorption measurements.

9 Metallic surface area of Pt particles derived fridpchemisorption.

" CO-tolerance estimated by competitive adsorptibH-oafter preadsorbing ca. 500

ppm of CO.
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Fig. 4- 22 TEM images of Samples (a) Pt/ZRC, (bCPFIT-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 distrilbuatin various Pt/CPM Samples, and (b)
the corresponding historgram of the distributiohBioparticle size < 1 nm.
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Furthermore, the electrocatalystic performances P6IXC-72 and various
Pt/CPMs supported catalysts during methanol o)datreaction (MOR) were
examined by cyclic voltammograms (C-V) measurementder 1.0 M CHOH and
0.5 M H,SO, at room temperature; the results are depictedign 4 24. Since the
mass activity of the anodic peak occurred at & Mduring the forward scans)lis
associated with the catalytic activity during metblaoxidation, whereas the reversed
anodic peak (at ca. 0.4-0.5 V) mass activity id mainly related to the extent of
deactivation by the deposition of carbonaceous ispeon the surfaces of the
catalyst-¢2009-5985 Li-2008-1622lTh 5 - for purpose of comparision, only selected
regions under operating potential region of 0.150\ (for forward scans) and
0.7-0.45 V (for reverse scans) are shown in Filg%k and Fig. 4- 25b, respectively.
For convenience, electrocatalytic properties ofioter Pt/CPMs, including their
electronic conductivities (C), current densities((l,), Is/l; and k/Ip ratios, tolerneces
for CO poisoning (CO-t), and the dispersions (Djrtisle sizes (), and metallic
surface areas (§ of the Pt metal particles are depicted in Tabl8 tbgether with the

Pt/XC-72 commercial catalyst.

Since Pt/ZRC is more aboundant with small Pt narimpes (size < 1 nm; see
Fig. 4- 23b), the sample is anticipated to havapesor electrocatalytic performance
as anodic catalyst than the other Pt/CPMs. Howageshown in Fig. 4- 24 and Fig.
4- 25a, Pt/ZRC appeared to have a lower forwark mpearent (J) than the others
(Table 4- 3). It is noted that the degree of graption (i.e., the d/Ip value) and
conductivities (C) appeared to be irreverent tovlee of |, rather, the latter tends to
increase with increasing pore size of the carbqpsus (Table 4- 2 and Table 4- 3).
For example, an:lvalue of ca. 160 mA/mg Pt was observed for theZRR@,

Pt/CMT-1, and Pt/CMT-2 catalysts; which are onledralf of what observed for the
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Pt/XC-72 catalyst {Ilca. 353 mA/mg Pt). The above result may be atidbiwo the
possibility that the Pt nanoparticles immergedha porous CPMs may not be fully
exposed to the methanol solution during C-V measargs. In other words, diffusion
of methanol may be partially hindered in the micngs/mesopores of the CPMs
during the C-V tests, impling that internal surfacareas within
microporous/mesoporous CPM supports have nearlyefiect on the overall

electrocatalytic performances of the Pt/CPM eletdoatalysts.

On the other hand, the Pt/PCC catalyst appeardthve the largest forward
anodic peak currentlamong various Pt/CPMs, even though its carborp@up
(PCC) possesses only ca. one-third of the surfaea aompared to CMT-1 and
CMT-2 (Table 4- 2). The aforementioned results rayassociated with the fact that
the surface area observed was predominantly frerexternal surfaces of the PCC.
Similar observation was observed for the Pt/HCCalgat. The same argument
prevails for the observed increase dvdlue by ca. 1.8 folds in the Pt/PCC than the

Pt/XC-72 catalysts.

Considering the effect of pore size on catalyticfgpenances of the Pt/CPM
catalysts, the relative ratio gfl} may be served as an index to evaluate the toleranc
for CO poisoning (CO-t), as listed in Table 4- Bislintriguing that even though the
Pt/ZRC catalyst exhibited a lower forward peak senir (k) than the other Pt/CPMs, a
superior value of¢/l, ratio was observed compared to Pt/XC-72 and oth/&@FRs.
Moreover, thdi/I, ratio observed for Pt/CPMs (Table 4- 3) is fouadricreases with
decreasing pore size of CPMs (Table 4- 2) and initheasing percentage of small Pt

nanoparticle with size less than 1 nm (Fig. 4- 23b)

To futher justify the above findings, additionallged H chemisorption studies
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were conducted in the presence of the pre-adso@@d(ca. 500 ppm), which
represents a competitive adsorption of CO with Hs shown in Fig. 4- 26.
Accordingly, the corresponding dispersions (D), tiphr sizes ([3), and metallic
surface areas (J of the Pt metal are depicted in Table 4- 3. kaneples, a % value

of ca. 112 rfig Pt was observed for the Pt/ZRC sample, among,tea. 47% of the
metal surfaces remain active after the catalyst waentionally poisoned by
pre-adsorbing 500 ppm of CO. Whereas in the cas&t/&iC-72, nearly all metal Pt
surfaces were inactivated by pre-adsorbed CO. a@hgedrend for activity may be
inferred by comparing the/l, and CO-t values of Pt/CPMs vs. Pt/XC-72 supported

catalysts listed in Table 4- 3.

---F— Pt/ZRC
6004------ Pt/ICMT-1

-—-- PUICMT-2
§V . Pt/HCC
4001 Pt/PCC

- - PUxc-72

Mass activity (mA/mg Pt)

.
Cam o am o -

'100 I ' T T T T T T T T T T 1
-02 00 02 04 06 08 1.0
Potential (V vs Ag/AgCl)

Fig. 4- 24 Cyclic voltammograms of various SampiésPt/CPMs and Pt/XC-72
electrocatalysts in solution of 0.5 &0, + 1 M MeOH.
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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 usedsagports for the Fe
catalyst for fabrication of CNTs using the CVD nwdh The XRD patterns of the
parent MCM-41 and SBA-15 mesoporous silicas as wslltheir corresponding
Fe-incorporated counterparts prepared by eithepreoipitation or impregnation
methods are shown in Fig. 5- 1. Both siliceous SEsAand MCM-41 showed three
well-resolved diffraction peaks that may be indexasl (100), (110), and (200)
reflections associated with the well-ordered hexafjo arrays  of
mesoporegB.eck—1992-10834; Zhao-1998-548; Zhao—1998—602]4]ne method applled in Ioading Fe
onto the mesoporous silica appears to have signifieffects on the mesostructure of
the Fe-containing mesoporous silicas. Clearly, the(co)/MCM-41 and
Fe(co)/SBA-15 samples prepareih the co-precipitation method tend to retain the
ordered structures of their parent silica suppaltjough substantial decreases in
intensities of the diffraction peaks were evidedh the other hand, Fe-containing
mesoporous silicas prepared by the impregnatiormaedeti.e., Fe(im)/MCM-41 and
Fe(im)/SBA-15, exhibited a maith o diffraction peak with nearly diminishing higher

order €hio and dyog) peaks. Thus, unlike Fe(co)/MCM-41 and Fe(co)/SBA-
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incorporation of Fe catalyst by impregnation methedds to lose the integrity of
long-range structural ordering of their parent npesous silicas, as observed for
XRD patterns in Fig. 5- 1. The same conclusion t@ylrawn from the TEM results
in Fig. 5- 2. It is worth pointing out that a paehlalignment of pore channels should
be observed when the electron beam was introduegxepdicular to the channel axis
(Fig. 5- 2a and Fig. 5- 2d), whereas hexagonal ipgckf cylindrical mesopores
prevail when the electron beam was introduced atbegchannel axis (see insets in
Fig. 5- 2a and Fig. 5- 2d). It is clear that thdde MCM-41 and Fe(co)/SBA-15
samples (Fig. 5- 2b and Fig. 5- 2e) retained theapenal pore systems of their
respective parent silicas. However, it is also enidhat the co-precipitation process
invoked led to a heterogeneous dispersion of Fecfem on the external surfaces of

the mesoporous silica supports.

On the other hand, while the TEM images of Fe(ingM#41 and Fe(im)/SBA-15
seemingly showed well ordered hexagonal pore systeémsorporation of Fe onto
porous templates by impregnation method led toiglaidrmation of Fe nanorods
within the pore channels (Fig. 5- 2c and Fig. 5- Bf this context, the diameter of the
Fe nanorods should be constrained by the pore uwapeof the mesoporous silica
supports, thus leading to substantial reductions their scattering
contrastdVercier1997-500; Lim-1999-3285; Jana-2007-24%k nhserved in Fig. 5- 2. Moreover, in
the case of treatment by impregnation method, metelftanges in the wall thickness
(Wy) of the samples before and after Fe loading wéiseiwed. Thus, the notable
decrease in the intensity of the mdigo diffraction peak and the disappearance of the
higher order peaks observed for Fe(im)/MCM-41 ae(iri)/SBA-15 in Fig. 5- 1 may
be ascribed due to the presence of Fe nanorodsseiimesochannels of the silica

supports rather than degradation of their mesastres.

98



Nitrogen adsorption/desorption isotherms obtaimethfvarious samples are shown
in Fig. 5- 3 together with their corresponding PSDise structure features of various
samples were also depicted in Table 5- 1. Compavitigtheir parent silica materials,
Fe-containing mesoporous silica typically showedalgsn pore volumes and broader
pore size distributions (PSDs) regardless of théhateadopted in incorporating the
Fe catalyst. While the Fe(co)/MCM-41 and Fe(co)/SBAsamples showed similar
pore sizesg;4) compared to their respective silica supportghsldecreases in pore
volumes ¥p) and BET surface areaSsEr)were observed after loading the Fe catalyst
(Table 5- 1). On the other hand, notable decreases;u, V,, andSser were observed
for the Fe(im)/MCM-41 and Fe(im)/SBA-15 comparedthb@ir respective siliceous
counterparts before loading the Fe catalyst (T&blk). These observations are in line
with the aforediscussed XRD and TEM results, thaincorporation of the Fe catalyst
by impregnation method led to formation of Fe nadsrwithin the pore channels of
the parent mesoporous silicas, whereas samplesrpresing the co-precipitation
method resulted in a inhomogeneous dispersion ofdf@particles (typically, ca. 20

nm in size) on the external surfaces of mesoposdgss.
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Fig. 5- 1 Small-angle XRD patternswith and with&etin Templates of (a) MCM-41
and (b) SBA-15, respectively.

Table 5- 1 Structure features of various porousasgubstrates with and without Fe in
the pores.

b e
Sample design.  diod® (nm) ?::i:) Sser® (MY9) V. (en/g) (\;V:n)
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 e 540 0.50 22
SBA-15 9.4 9.1 823 1.30 1.7
Fe(co)/SBA-15 9.4 9.2 739 1.27 16
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-15 175 464 0.63

& dio : interplane spacing of (100) plane
®Dgn : pore diameter derived by BJH method
‘Set: BET specific surface area

de: specific pore volume

*Wj: wall thicknessWg = 20;09V3 —Dgjh..
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20 n

Fig. 5- 2 TEM images of Templates of (a) MCM-41 afuj SBA-15 with inset
showing different viewing directions and Samples (b) Fe(co)/MCM-41, (c)
Fe(im)/MCM-41, (e) Fe(co)/SBA-15, and (f) Fe(im)/&B5, respectively.
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Fig. 5- 3 Nitrogen adsorption/desorption isothewhJemplate with and without Fe
catalyst of (a) MCM-41 and (c) SBA-15, and (b, Hgit corresponding pore size
distribution curves, where the isotherms of Substra Fe(co)/MCM-41,
Fe(im)/MCM-41, Fe(co)/SBA-15, and Fe(im)/SBA-15 weshifted vertically by 300,
600, 300, and 600, respectively, whereas the quoreing pore size distribution
curves were shifted vertically by 1.5, 3.0, 0.3] &6, respectively.
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Typical TEM micrographs of CNTs synthesized by Cy@idcess using various
Fe-containing mesoporous silicas as catalysts gpeied in Fig. 5- 4. In the cases of
using the Fe(co)/MCM-41 (Fig. 5- 4a) and Fe(co)/SBA (Fig. 5- 4c) supported
catalysts, the obtained CNTs typically possessedvanage diameter greater than 5
and 10 nm, respectively, which were apparently tgrethan the pore sizes of their
corresponding catalyst templates (see Table 5FHigse observations are in parallel to
the existing literature report§emanatnan-2008-5643; Wang-2005-151; Yang-2009-08 oo nrast, the
CNTs synthesized using the Fe(im)/MCM-41 and FEGBA-15 catalysts were
found to exhibit a uniform diameter of ca. 3 andn®, respectively, in close
resemblance with the average pore sizes of theegmonding parent mesoporous
silicas (2.9 and 9.1 nm, respectively; see Tabl&)5The above results indicate that
Fe-containing mesoporous silicas so designed agphped can be employed not only
as catalysts to fabricate CNTs but also as tengptatenanipulate the diameters of the
synthesized CNTs. To further verify these points,aaditional PE-SBA-15 sample
with expanded pore size of 18 nm (Table 5- 1 amd B4 5a) was synthesized. After
incorporating the Fe catalyst by impregnation meéthothe resultant
Fe(im)/PE-SBA-15 sample was employed as catalyst (emplate) to produce CNTs.
As shown in Fig. 5- 5b, the CNTs so fabricated giessessed a rather uniform
diameter (ca. 17 nm) comparable to the pore sizkeoFe(im)/PE-SBA-15 catalyst. It
is noteworthy that the CNTs produced by CVD processg the Fe-containing
mesoporou silicas reported herein also exhibitgesar high yields in terms of atom
efficiency. For examples, a CNT vyield as high a3 §.was obtained in a CVD
duration of 20 min by using ca. 1.0 g of Fe(im)/SB3 as catalyst/template.
Likewise, a respective CNT vyield of 0.1 and 0.40gfin 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 GMEposited on Substrates of (a)
Fe(co)/MCM-41, (b) Fe(im)/MCM-41, (c) Fe(co)/SBA-1&nd (d) Fe(im)/SBA-15,
respectively.
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Fig. 5- 5 (a) BJH pore size distribution of Subgrie(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(MQOM-41, Fe(im)/SBA-15,
and Fe(im)/PE-SBA-15 catalyst possess an averageetier of ca. 3, 8, and 17 nm,
respectively. These CNTs with uniform diametersensrbsequently used as supports
for Pt catalyst, the resultant supported Pt/C gatalamples are donated as Pt/CNT-d3,
Pt/CNT-d8, and Pt/CNT-d17, respectively. Fig. ®igplays their corresponding TEM
images and Pt particle size distributions togethwéh two commercial samples,
namely PYSWCNT and Pt/XC-72. Their correspondiegaRd Pt metal contents are
depicted in Table 5- 2. As can be observed in 5ig5, majority of the Pt/C samples
with CNTs as supports show Pt particle size predately in the range of 1-2 nm.
However, unlike the Pt/CNT-d8 and Pt/CNT-d17 samplehich showed uniform Pt
dispersions (Fig. 5- 6b and Fig. 5- 6¢) typicallthwPt particle size< 2 nm, the
Pt/CNT-d3 sample appeared to have lower Pt dispersimilar to that of the
Pt/SWCNT and Pt/XC-72 samples. Pt particles exceedld nm can be identified in
the latter three samples, as shown in Fig. 5- &a,3 6d, and Fig. 5- 6e. A closer
examination of the TEM profile for the Pt/CNT-d3)daPt/SWCNT sample revealed
that the CNTs tend to bundle together, leadingntanhomogeneous dispersion of Pt
nanoparticles (see inset in Fig. 5- 6a & d), andpRtticles embedded in the
bundles(Fig. 5- 6a & d). Thus, it is indicative than terms of Pt dispersion and
whether it is exposed in methanol, CNT supportvarger diameters (preferably
exceeding 8 nm) are loath to bundling and hencereme preferable as supports for
the metal catalyst. In addition, it is noted thaTCsupports with a larger diameters

tend to favor a more homogeneous dispersions aaRbparticles, as can be inferred
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from the particle size distributions shown in Fag.6b and Fig. 5- 6¢ for Pt/CNT-d8

and Pt/CNT-d17, respectively.

The electrocatalytic performances of various P#@lgsts during MOR are shown
in Fig. 5- 7. All Pt/C samples displayed cyclic tashmograms associated with
forward (k) and reverse (| peak current densities (shown in Fig. 5- 7), \Whic
represent catalytic activity and resistance toweathlyst deactivation (by coking)
over the catalyst during MOR, respectivigl{f-2008-6516: Liu-2004-82345 o yarding to the
MOR activity, Fig. 5- 7a indicates that it increaséh the increment of the tube
diameter (from SWCNT to CNT-d17). These resultsinsaccordance with our
prediction (in last paragraph) from TEM analysi$iiet indicates that a smaller tube
size give rise to a greater amount of tube bundhmgre probability for Pt particles to
be embedded within the bundles (shown in Fig. 5are) hence poorer MOR activity.
In addition, the above discussion is also in agex@nwith the discussion in Section
4.3 that Pt particles embedded in micro- and me&ge-possess lower activity due to

the limitation of methanol transfer in porous nettk#o

Regarding to the CO-tolerance, the Pt/CNT-d3, PTdR, Pt/CNT-d17,
Pt/SWCNT and Pt/XC-72 (Table 5- 2) samples exhibitdl, ratios only slight
different from each other, indicating that the effeof CNT diameter (0.4 - 17 nm) on
CO-tolerance are not significant. Since Pt-parsidmaller than 1 nm exhibit greater
CO-tolerance (as indicated in Section 4.3), TEMultesFig. 5- 6 suggest that the
probabilities of small Pt-particles (< 1 nm) do naignificant vary with CNT
diameters, and hence the CO-tolerance which is@ordance with the similag/l;
ratios. On the other hand, there are various amouin¢sidual Fe catalyst in CNT
supports (CNT-d3, CNT-d8, CNT-d17, and SWCNTs)fedént ratio of Fe in these
Pt/CNT samples (Table 5- 2). However, it is weltgmted that residual Fe catalyst
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form CNT growth are always encapsulated in the ehdCNTs. Therefore, it is
reasonable that Fe particles are isolated by Ckbia &lloying with Pt catalyst, and

hence the CO-tolerance does not affected by th@aining of Fe catalyst.
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Fig. 5- 6 (Left) TEM images and (Right) the corresging Pt particle size
distribution of Samples, (a) Pt/CNT-d3, (b) Pt/Cdd- (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 scansvafious Samples Pt/CNT and
Pt/XC-72.
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Table 5- 2 Sample designations, and their physematal properties of Pt- and/or
Fe-incoporated samples with the Samples in TabletBe substrates.

C C
Sample desigu.lvlle:zle conteFr:tt§ 16/1p° (A/glfof PY) (A/glrof PY) I¢/1,
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 45 12.9 0.74 310 262 1.18
Pt/XC-72 --- 12.5 0.72 353 349 1.01

2wt % of Pt and Fe in electrocatalyst samples nreasy TGA analysis.
b /Ip represents Raman intensity ratio of G-band ancidb
¢ Maximum mass activity (A/g of Pt) of the forwarg) @nd reverse {l 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 examinatiohCPMs- and CNT-assisted
anode catalysts. Regarding to thevdlue which is the index of MOR activity, the
results indicate that they are in the order of B€R628) > Pt/HCC (194) > Pt/CMT-2
(97) > Pt/CMT-1 (60) > Pt/ZRC (25) and P/CNT-d414) > PY/CNT-d8 (392) >
Pt/CNT-d3 (354) > Pt/SWCNT (310). These resultsdat that the MOR activities
are increasing with the increasing of pore size @ diameter on CPM and CNT
supports, respectively, both can be attributedhéolimintation of methanol transfer in
carbon nanostructures. Here, Pt dispersed macrapaarbon (i.e. Pt/PCC) possesses
greatest MOR activity among Pt/CPMs (pore size4€8.nm) and Pt/CNTs (diameter
ca. 17 nm), due to the effect of methanol trankfeintation would be droped by its

extremely huge pore size (400 nm).

Regarding to thed/l, ratio which is the index of CO-tolerance, Fig.2% and Fig.
5- 7 indicates that CPM-assisted anode catalyddg{4.88) are normally greater than
CNT-assisted one (around 1.2). The decreasing ol @Bre diameter can increase
the probablity of Pt particle smaller than 1 nmg(F- 23), and hence increasing the
CO-tolerance, i.e. Pt/ZRC (4.88) > Pt/CMT-1 (2.26Pt/CMT-2 (1.44)~ Pt/HCC
(1.45)= Pt/PCC (1.04). However, the effect is not obvigush CNT-diameters for
CNT-assisted anode catalysts (as shown in Fig.)5-i.6. P/SWCNT (1.18F
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 smalfeste diameter (~1 nm) which can
increasing the probability of Pt particle smalleart 1 nm, and then possesses greatest

CO-tolerance amoung Pt/CPMs and Pt/CNTSs.
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Therefore, it can be summarised that greater MORcigc with greater
CO-tolerance can only be achieved by dispersing t1 nm ) on macroporous
carbon supports. Such that, methods to disperspaRicle well ( < 1 nm ) on

macroporous carbon would be important in the futowvestigations.
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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 &edntal CVD methods are

norma”y Categorized by the tip_grOMWiQOOG{Zlg; Chen-2004-1949;  Chen-2000-2469;

Hart-2006-1397; Hsu-2002-225; Kuo-2003-799; Lin-2a4®51; Murakami-2000-1776; Ren-1998-1105; Yap-20682] and

base_growtﬁ‘,hoi-ZOOZ-3847; Choi-2001-2095; Fan-1999-512; @aH2005-89; Lee-1999-461; Lee-2001-245;
Lee-2000-3397; Zhao-2006-159] mpdes, respectively. Regarding to the growth madeCNTs,
adhesion force between the catalyst and substrasepvwoposed to be the controlling
factor[BoWer-2000-2767; Dupuis-2005-929 ey ertheless, such adhesion force mechanism was
found to be inadequate in interpreting some of @NT's growth modes in different
growth systems. One of the possible factors, thection of temperature increasing

across the catalyst, may be overlooked.

For CNT growth by thermal CVD process, substragesperatureTs) is often
maintained at a fixed temperature while introducthg reaction gases into the
reaction chamber without preheating. As a reshl, temperature at the top of the
catalyst Tcy), which is in contact with the injecting gasesgénerally lower than that
at the bottom of the catalyskd) that is in contact with the substrate, as illatstd in

Fig. 6- 1. In contrast, in the case of plasma-enbdnCVD, the reaction gases are
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normally ionized by microwave to reach a plasmaestaehose temperatur@) is
often higher than the substrate temperattige (n other words, the temperature at the
top of the catalyst particles close to the plaso@ezs higher than that at the bottom
of the substrate. As such, the direction of thepemature increasing across the
catalyst particles should be pointing downward amvard for the thermal and
plasma-enhanced CVD, respectively. This explaing thle CNT growth modes are
generally different, as mentioned above. By definiit as the temperature difference
between the top and down of the catalyst, as shovang. 6- 1 and Eq. (5A-1), then
AT is generally < 0 and > 0 for CNTs deposited by rit@rand plasma-enhanced
CVD, respectively. In other word\T is an index for determining the direction of
temperature increasing across the catalyst pastiheorder to examine effect gl
on CNTs growth mode, experiments have been designeédarried out such that the
temperature across the catalyst may be controtiedag4T < 0,0, or > 0.

AT = Tt - Tep Or Tp — Ts (5A-1 )
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Fig. 6- 1 Schematics of temperature profiles acesatalyst particle for different
deposition systems: (a) thermal and (b) plasma+e@thCVD systems.
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6.2.Effect of substrate and deposition conditions on CNRs

growth by thermal CVD

The bright field and the corresponding dark fielEM images of the
as-deposited CNTs on nanoporous Co/SBA-15 subgtraigated by thermal CVD
method without the reaction gases pre-heating nvestt (i.e., Sample Al1-20; see
Table 3- 3) are shown in Fig. 6- 2a and b. For camspn, the TEM image of CNTs
prepared by similar conditions but deposited onSE&00) wafer (i.e., Sample A2-20;
Table 3- 3) is shown in Fig. 6- 3. These imagegyesgthat base-growth CNTs are
formed by thermal CVD method, regardless of whettitery are deposited on
nanoporous silica (rough surface) or silicon w#gnooth surface) substrates. These
observations are in line with the existing literagi for fabrication of CNTs by
thermal CVD methOd.[ChOi-2002_3847; Choi-2001-2095; Fan-1999-512; @aHR005-89; Lee-1999-461;
Lee-2001-245; Lee -2000-3397; Zhao-2006-1RE mentioned earlier, it has been proposed that th
adhesion force between the metal catalyst andubstrste is one of the controlling
factors that may affect the CNTs growth m&g&e2°%-2"¢"lowever, our results
above clearly contradict with this proposal, sitioe adhesion force for Co/SBA-15 is
anticipated to be considerably greater than th&@8i(100) simply because a larger
contacting area or mechanical locking effect shdwgddpresent in the former case.
Thus, the adhesion force between the metal catatydtsubstrate should not be the
dominant effect responsible for the CNTs growth moRather, the temperature
increasing across the catalyst should be the predminfactor controlling the CNTs

growth mode. In this context, the observed baseAir@NTs should be provoked by
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AT = Tg — Ts < 0 ( gas temperature < substrate temperaturejgatyfor thermal

CVD processes.

To further confirm the effect of T on CNTs growth, two additional experiments
were performed to deposit CNTs by the similar CVBtimod but witT = Tg — Ts >
0. This was accomplished by depositing the CNTthénpresence of gas pre-heating
(Fig. 3- 2b), such that the temperature at theofdpe supported catalyst was set to be
higher than at the bottom (i.eTg > Tg). The resultant CNTs fabricated using
Co/SBA-15 and Co/Si(100) were designated as Sanyde20 and A4-20 Table 3- 3,
respectively. In these two cases, the reactionsgasee preheated to a temperature
(1073 K) higher than the substrate (873 K) beforerng the reaction chamber. As
can be seen from the TEM images in Fig. 6- 4 aigd &4 5, tip-growth CNTs were
observed in this caselT > 0) instead of base-growth CNTs (which were pregar

with (T < 0).

In addition, three more experiments were conduttedbtain Samples A6-5,
A6-10, and A6-15 (see Table 3- 3), which were dtyedepositing the sample
specimen on Co/SBA-15 by thermal CVD method unbercdondition o T ~ O (i.e.,

Te =Tg). As exemplified by the TEM images of Sample ABi3F-ig. 6- 6, no obvious
yield of CNTs were presence on the external susfafethe Co/SBA-15 supproted
catalyst, rather, only onion-like graphitic carblayers (Fig. 6- 6) were observed.
Since Sample A6-5 were obtained after a deposiitme of 5 minutes, it is indicative
that the catalyst particles were deactivated rgmglsoon as they were wrapped with

outer layers of carbons, leading to nearly nulldsia CNTSs.
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Fig. 6- 2 TEM images of the as-deposited CNTs o8B substrate by thermal
CVD without gas preheating, with insets showing alodmages at higher
magnifications: (a) bright field and (b) the copesding dark field images,
respectively (Sample A1-20).
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Fig. 6- 3 TEM image of the as-deposited CNTs ors@istrate by thermal CVD
without gas preheating, with inset at higher magaifon (Sample A2-20).
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substrate

Fig. 6- 4 TEM images of the as-deposited CNTs 0A-3B substrate by thermal
CVD with gas preheating 6> Ts).
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Fig. 6- 5 (a) TEM image of the as-deposited CNTSosubstrate by thermal CVD
with gas preheating @> Tg), (b) the corresponding image at higher magnifecat
(Sample A4-20).
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10 nm

Fig. 6- 6 TEM image of the as-deposited CNTs osubistrate by thermal CVD with
gas preheating, with inset at higher magnifica(ibe = Ts) (Sample A6-5).
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Further verification were also conducted by commarihe production rates of
different samples prepared withil < 0 andAT ~ 0. The weights of the sample
speciments so prepared were analized by TGA undieating rate of $C/min and
an air flow rate of 15 sccm. Accordingly, the carbgeld, as defined in Eq. (5A-2)
below, can be derived to represent the total cadeorent (including CNTS, if present)

produced after the CVD process.

] _ e 'i'A

W

whereW, is the weight loss during the first stage occuratga. 373 K (Fig. 6- 7),
which may be attributed toJ® absorbed in the hydrophilic Co/SBA-15 substrée;
is the weight loss during the second stage, whiclulsl be mainly due to oxidation of
carbon with oxygen. As may be seen from Fig. 6thé, residual weight at the final
stage should be mainly contributed by the Co/SBAsipported catalyst (or SBA-15
alone in case of substrate without a catalyst) aAesult, variations in total carbon
yield vs. deposition time for four different therh@VD processes are shown in Fig.
6- 8. For comparison, the carbon yields obtainednfiSBA-15 substrates with and
without the Co catalyst under the conditions4df< 0 (Al- and A7-series samples;
Table 3- 3) ndUT ~ 0 (A6- and A8-series samples) are presentedgn 6-i 8. For
carbons deposited on Co/SBA-15 undé&r< O (i.e., the Al-series samplg = 1073
K; Tec = 300 K; Table 4), which is typical in most thern@V/D processes, a rapid
increase in carbon yield during initial depositemd eventurally level off at extended
deposition time (Fig. 6- 8). The curve can be rdygtivided into two contributions
whose slopes should be associated with the groatés rof different carbon species.

For matter of convenience, we attribute the sloptioned during initial deposition
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period (< 20 min) to the CNTs growth rate, wheréesslope at extended deposition
time (> 20 min) may be assigned due to non-CNTbaraspecies, respectively. Note
that during the initial deposition of about 20 mithe deposited carbons are
predominantly CNTs, as illustrated in Fig. 6- 2.wéwer, a slower growth rate (ca.
0.33 wt%/min) was observed for other carbon spetias noteworthy that the slope
of this latter curve is nearly parallel to the ®ayf the A7-series samples obtained by
using neat SBA-15 substrate (in absence of theafalyst), which represent growth
rate of carbon species that lack characteristi€SNTs. In other words, in the case of

Al-series sample, the Co/SBA-15 supported catalstich facilites the CNTs

growth, tends to be deactivated upon extended depog> 20 min).[Chen-2004-1949;

Duesberg-2004-354; Futuba-2005-056104; Jeong-2@02-1 Kanzow-1998-525; Lee-2004-1450; Pal-2008-1;

Stadermann-2009-738]
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Fig. 6- 7 TGA curve of the as-deposited CNTs on SEAsubstrate by thermal CVD
without gas preheating (Sample A1-20).
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Fig. 6- 8 Carbon yield (wt %) versus reaction ticueves of the as-deposited CNTs
deposited by thermal CVD for Al, A6, A7, and A8issrSamples.

On the other hand, for A6- and A8-series sampldschwwere both prepared
under thermal CVD condition of T ~ O, obtained by deposition on SBA-15 with and
without the Co catalyst, respectively, their carlgpowth rates were not only nearly
identical but also parallel to that observed far &i7-series sampleg/T < 0; on neat
SBA-15). On the basis of the onion-like carbonsepbesd for the A6-5 samples in Fig.
6- 6, it is indicative that the A6-, A7-, and A8r&s samples, which were prepared
either underIT ~ 0 condition on Co/SBA-15 supported catalyst oneat SBA-15 in
the absence of the Co catalyst, should exhibit @N- carbon species with similar
characteristics, most likely onion-like carbonsitamto that shown in Fig. 6- 6. Thus,
it is conclusive that temperature differened) across the catalyst/substrate should

represent one of the key factors controlling theT€igrowth 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 differen€g) ©n the growth mode of CNTs
deposited by plasma-enhanced CVD, MP-CVD and/or 98 were normally
adopted to grow CNTs undefT > 0 and/orAT < O conditions. In the case of
plasma-enhanced CVD, manipulationAf may be achieved by varing the substrate
temperature during the growth process of CNTsllastriated in Fig. 6- 9. During the
pretreatment stage, the temperature of the substegtidly increases from room
temperature to a temperaturg, which may be defined as the initial temperature o
the substrate during the CNT growth process. Sulesety the substrate may either
be subjected to heating or cooling, which couldnb@nipulated by adjusting the
microwave power and the bias Table 3- 4 at the tsaties Consequently, such an
increase or decrease in the final substrate termperéls) leading to a temperature
difference, i.e.AT > 0 or4T < 0 across the catalyst nanoparticles, respegtital. 6-
10a and Fig. 6- 10b display the TEM images of CH@éposited by MP-CVD under
condition of AT > 0 andAT < 0, respectively. It indicative that the temperat
difference, 4T, across the catalyst nanoparticles indeed playngortant role in the
growth mode of CNTs, as can be identified by the &and base-growth modes
observed in Fig. 6- 10adT > 0) and Fig. 6- 10bAT < 0), respectively. The same
conclusions can also be drawm for CNTs deposited®R-CVD, as shown in Fig. 6-
11a and Fig. 6- 11b, which show TEM images of Cigileppared under the condition

of AT > 0 andAT < O, respectively.
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Thus, it is conclusive that the direction of tengtere increasingA(l) indeed
plays a crucial role in dictating the growth modeCdTs regardless of the deposition

methods (viz., thermal-, MP-, or ECR-CVD) applied,proposed in Fig. 6- 12.

AT=T,~T,>0 ¢
.

© L i
E = i
s H [
i i TSf':
icrowave : — H
3 5 AT —Tv ~T, <Oi
g — g
5 :
L ! H
= s e
/7] ; :
Pretreatment Growth |

time

Fig. 6- 9 Schematic diagram showing substrate teatypes variations during growth
stage for (a) temperature-rising and (b) tempeeadi@clining processes.

100 nm

Fig. 6- 10 TEM images of the as-deposited CNTs iuBstrate by MP-CVD with
schemes of (a) B1 and (b) B2 Samples in Tabler@spectively.
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Fig. 6- 11 TEM images of the as-deposited CNTs iosuBstrate by ECR-CVD with
schemes of (a) C1 and (b) C2 Samples in Tabler8spectively, where the insets are
showing images at different locations.

(b) ‘”‘ — X Gas (Ty) or
. plasma (T;) flow

Gas (Tg) or
............. plasma (T;) flow

Ts > TG (TP) TS < TG (TP)

Fig. 6- 12 My proposed CNTs growth models, (a) bgreavth 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 bthed, CNT growth process may be
roughly divided into two steps. In the casedf= Tg — Ts < 0, Fig. 6- 12a illustrates
the concept of the base-growth model, which comgnocturred during traditional
thermal-CVD system or specially designed plasmaeobd CVD systems. In step 1,
the precursors are decomposed and/or reacted metlsubstrate to produce carbon
species. Subsequently, they are then dissolvedhbycttalyst nanoparticles till
reaching the solubility limit, which is dictated bye substrate temperature. In step 2,
due to cooling effect of the precursor flow, thenperature at the top surfaces of the
catalyst nanoparticles is relatively lower thanttatthe bottom surfaces. As such,
carbon super saturation near the top surfacesdfatalyst should be relatively higher
than that near the bottom surfaces. Consequerngigtation of carbon prefers to
take places at the top of catalyst, resulting tlesebgrowth CNTs. Note that
precipitation of carbon at the top of catalystsudti@lso leads to local cooling effect
(due to the endothermic nature of the reaction)tertte may further enhance the
effect[Baker-1972:51 Kanzow-1998-524y the contrary, Fig. 6- 12b illustrates the ctindiof
AT = Tg — Ts > 0, in this case, the gas or plasma is at a hitgreperature than the
substrate. Therefore, carbon in the catalyst igipated to precipitate at the cooler
(bottom) side of the catalyst. As a result, theboas tend to push the catalyst

nanoparticles upward, resulting the tip-growth CNTs

130



Chapter 7

Conclusions

In this study, CPMs with tailored pore sizes andT€Mith dictated diameters
were successfully prepared by silica-template-8s$i€VD method, and adopted as
supporting materials on DMFC anodes. Studies tdoegeffects of key parameters
on growth mode of CNTs on various substrates i bloérmal and plasma-enhanced
CVD processes were conducted. From the experimeesilts, the following

conclusions can be drawn.

(a) CPMs with uniform pore sizes ranging from 1 to 400 and MWCNTSs with tube
diameters ranging from 3 to 17 nm could be rapadig successfully fabricated by
CVD processes via guiding of silica or zeolite tésugs. The results also show
that SBA-15, PCC, and Zeolite-Y templates can bsdus produce CPMs with
porous structures, and MCM-48 template to produ@ndhed structures. The
l/lp ratios of CPMs and MWCNTs after silica removal atsout 0.7 - 0.8,
independent of pore or tube sizes. The values lamatahe same as commercial

SWCNTs and XC-72 activated carbon material.

(b) The anode made of CPMs dispersed with Pt-partcdesbe adopted to obtain the
MOR activity going up to 655 A/g of Pt, but CO-trdece going down to 1.0 for
CPMs pore size of 400 nm. In other words, a comwerm MOR activity and
CO-tolerance is required in real applications bypmihg suitable pore size of
CPMs. The pore size dependence of CPMs on MORitgcisvrelated to channel

limitation of methanol transfer by smaller poredieTresults also show that
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CO-tolerance is correlated with surface conditi@miation due to nano effect,

when a significant amount of Pt-particles with sifess than 1 nm is met.

(c) The anode made of CNTs dispersed with Pt-partetesFe catalyst particles can
be adopted to obtain MOR activity up to 414 A/gPofy using CNTs of 17 nm in
diameter. The CO-tolerance in this case is aroud-11.3, independent of tube
size. It indicates that the performance is bettentthe commercial carbon
materials, where the MOR activity and CO-tolerarime using commercial
SWCNTs and XC-72 activated carbon material are Rf0of Pt, 1.2 and 353 A/g

of Pt, 1.0, respectively.

(d) The grow modes of tip- and base-growth mechanisn@N\ds by CVD processes
are found thavT plays a crucial role, whereT is defined as local temperature
difference between the top (close to gas atmosplagek bottom (in contact with
the substrate) sides of a catalyst particleT is basically an index of the
temperature increasing direction across the cdtpbuicle. Through reaction gas
preheating or without gas preheating in thermal C¥Dvariation of temperature
heating sequence in plasma CVIAT can be successfully manipulated to
become > 0, ~0 or < 0 to vary the growth modes BT to become tip-,
onion-like or base-growth modes, respectively. AT, i.e. the direction of
temperature increasing across a catalyst parti€lessentially to direct carbon

diffusion direction to precipitate at the coolaiesiof the catalyst.
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Chapter 8

Future outlooks

This dissertation not only exposes the potent@isCPMs and CNTs on
enhancing the performance of DMFC anode, but atptoees the factor dominating

the CNT growth mode. However, there are some subfeauld be further studied.

1. Although it is indicated that Pt nanoparticle smiathan 1 nm exhibit superior
CO-tolerance capacities, the detailed mechanismoisunderstood. Further
NMR experiments might be able to explore this maedm, which is
scientific importance and technological significarior the future applications

of DMFC anode.

2. Even though MOR activity of Pt/CPMs can be increlakg increasing CPM
pore size, it also accompanied with decreasing@ft@erance. On the other
hand, it is found that Pt particle < 1nm exhibitpsgor CO-tolerance.
Therefore, further study on how to well dispersep®itticles on macroporous

carbon should be able to get two advantages togetlomematerials.
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