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Study of Chemical Surface Modifications of CNTs as cathode
electrode for DMFC
Student: Fang-Tzu Chuang Advisor: Prof. Chia-Fu Chen
Institute of Material Science and Engineering
National Chiao-Tung University
Abstract

In this study, multi-wall carbon nanotubes (MWNTSs) are used as Pt catalyst
support for cathode electrode in the direct methanol fuel cell (DMFC). Thus, a lot of
well-align MWNTSs are fabricated on carbon cloth directly. The method in the cathode
electrode of DMFC is easy to constructed and sticking on the carbon cloth tightly.

Then, MWNTs are modified by HNOs, H,SO,4, and KOH at high temperature
may produce different functional groups to attract.more Pt ions nucleating uniformly
and densely. Moreover, there-are'the other parameters, temperature, time, and
concentration, in the function of chemical.modification for MWNTSs. In this way, we
would find 14M-MWNTs at 6 hours by.using-FTIR, XPS, EDX, and CV may produce
a lot of functional groups to increase Pt anchoring sites. Finally, it could improve the

efficiency of half-cell test.
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Chapter 1 Introduction

1.1 Preface

Over the past few years, the direct conversion of chemical into electrical energy via fuel
cells has been at the center of attention of electrochemical research and technology development.
This is due not only to the scientifically fascinating complexity of fuel cell reactions and the
general awareness of the technological potential of fuel cells, but is also a result of society’s
strive towards developing environmentally-harmless power generation. Direct methanol fuel
cell (DMFC) for instance, the product of the reaction is only little water and carbon dioxide and
is free of nitrogen oxide, carbon monoxide, sulfite, and hydrocarbon.

W. R. Grove reported that the reaction between hydrogen and oxygen in 1839. However,
the first application of fuel cell was in the 1960s as an auxiliary power source in the Gemini
space flights. Subsequently, advances in‘this technology. were stagnant until the late 1980s when
the fundamental design underwent -significant reconfiguration. In the recent years, the new
applications are in decentralized power supply-systems; in portable products, and in sensor
technology. In the quest for a highly efficient, emission-free drive system, the development of
mobile automotive fuel cell units is proving to be quite promising.

A variety of fuel cells are in different stages of development. The most common
classification of fuel cells is on the basis of the type of electrolyte used in the cells and includes
(1) polymer electrolyte fuel cell (PEFC), (2) alkaline fuel cell (AFC), (3) phosphoric acid
fuel cell (PAFC), (4) molten carbonate fuel cell (MCFC), and (5) solid oxide fuel cell
(SOFC). The basic characteristics of these five types of fuel cell are listed in Table 1.1 and Fig
1.1 show present fuel cell stack application on several electronic productions.

In recent years, the DMFC used for vehicle transportation and local power generation has
received increasing attention in Fig 1.2. Due to its high electrochemical performance efficiency,
simple stack design, pollution-free, noise-free, and low temperature operation, DMFC has

become a promising candidate for portable power source. Besides, DMFC with the promises

1



such as the elimination of electrolyte leakage and lower corrosion has applications in the areas of
military, aerospace and transportation.

The electrode of DMFC is consistent of electro-chemical catalyst Pt / C. Many researches
about rising Pt performance efficiency and Pt amount reduction are still facing the challenge the
widely application of the membrane and electrode assembly (MEA). In this study, multi-wall
carbon nanotubes (MWNTSs) modified by chemical solution are acted as support instead of
commercial carbon black to support and disperse Pt. It is allowed to rise performance efficiency

of Pt in the electrode.



Table 1.1 Five types of fuel cell characteristics

PEFC
Hydrated
Polymeric lon
Electrolyte
Exchange
Membranes
Electrodes Carbon
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Temperature
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CO impact Poison
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1.2 Background of the Study (Literature Review)

1.2.1 Pt/Carbon black for DMFC electrode (Commerce)

Before the development of the thin-film catalyst layer [1], PTFE-bound catalyst layers were
the convention [2-5]. In these catalyst layers, the catalyst particles were bound by a hydrophobic
PTFE structure commonly cast to the diffusion layer. This method was able to reduce the
platinum loading of prior direct methanol fuel cells (DMFC) by a factor of 10; from 4 to 0.4
mg/cm? [5]. In order to provide ionic transport to the catalyst site, the PTFE-bound catalyst
layers are typically impregnated with Nafion by brushing or spraying. However, platinum
utilization in PTFE-bound catalyst layers remains approximately 20 wt% [4, 6]. Nevertheless,
researchers have continued to work on developing new strategies for Nafion impregnation [3].

The present convention in fabricating catalyst layers for DMFC is to employ thin-film
methods in Fig. 1.3. In his 1993 patent, Wilson [1}. described the thin-film technique for
fabricating catalyst layers for DMFC with catalyst loadings less than 0.35 mg/cm?® In this
method the hydrophobic PTFE traditionally-employed to bind the catalyst layer is replaced with
hydrophilic perfluorosulfonate ionomer (Nafion).. Thus; the binding material in the catalyst layer
is composed of the same material as the membrane. Even though PTFE features effective
binding qualities and imparts beneficial hydrophobicity in the gas diffusion layers, there is no
particular benefit to its presence in the catalyst layer [7]. Thin-film catalyst layers have been
found to operate at almost twice the power density of PTFE-bound catalyst layers. This
correlates with an active area increase from 22 to 45.4% when a Nafion-impregnated and
PTFE-bound catalyst layer is replaced with a thin-film catalyst layer. Their methodology is

schematically described in Fig. 1.4.
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1.2.2 Carbon nanomaterials for DMFC electrode

In the last section, carbon blacks were mainly employed as supporting materials for fuel cell
application. Uchida et al. [8] reported the effect of microstructure within various carbon blacks.
Recently, nanostructured carbon materials [9], graphite carbon nanofiber [10,11], mesocarbon
microbeads [12], and carbon nanotubes (CNTs) [13-17] were utilized as supporting materials
of catalysts where the dispersion of platinum or platinum-based alloy nanoparticles were affected.
Vulcan XC-72 carbon black is commonly used as a carbon supporting materials for electrode
catalysts in DMFCs. In this report, CNTs were used as the supporting material.

Fig. 1.5 (a) and (b) are typical TEM images of Vulcan carbon-supported and CNT
supported catalysts, showing a remarkably uniform and high dispersion of metal particles on the

surface of carbon material.

Fig. 1.5 TEM images of microwave-synthesized Pt nanoparticles supported on

different carbon: (a) Vulcan XC-72 carbon; (b) carbon nanotubes



1.2.3 Modification of CNTs powder for DMFC electrode

One method of metal deposition on CNT surface has been introduced: CNTs impregnated
with an alcoholic solution of hexachloroplatinic acid was calcinated at high temperature, under
nitrogen or hydrogen atmosphere to convert platinum ion to platinum crystallites whose size was
dependent on the calcination temperature and time. Che et al. [16] prepared electrocatalysts (i.e.,

Pt, Ru, and PtRu nanoparticles on CNTs) by this method in Fig. 1.6.
Another general method to obtain a more controlled and specific nucleation of metals and
metal compounds on the surface is to modify the multi-wall carbon nanotubes (MWNTS) surface

through oxidation to introduce anchoring sites, and then to attach metals on the sites through

reduction.
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Fig. 1.6 MWNTs are modified by HNO3 and followed by reduction of metals



1.3 Motivation

In this study, multi-wall carbon nanotubes (MWNTS) are used as catalyst support. Attractive
properties of nanotubes related with their good electrical conductivity and high specific surface
area have been demonstrated in the electrochemical energy storage systems. Some researches
have already used the application of carbon nanotubes powder as electrocatalyst, Pt and Pt/Ru,
support for cathodic and anodic reactions in fuel cell [18-28]. However, there was little research
that CNTs were fabricated on carbon cloth directly. The method in the electrode of DMFC is
easy to constructed and sticking on the carbon cloth tightly.

And then, the other researches were reported that the chemical modifications of the surface
of CNTs powder by using HNO3 or H,SO4-HNO3 could improve the metal particle dispersion,
increase the available metal specific surface area, reduce the amounts of the expensive active
metal component, and open the cap of+)CNTs[29-30]. However, there was a lack of the
correlation of the CNTs texture and_structure :with. the chemical and electrochemical analysis.
Our purpose is to find which chemical solution, temperature, concentration, and time parameter

is the best way to modify CNTs in ordet: to.rise the efficiency of cathode in the DMFC.



Chapter 2 Fundamentals of MEA for DMFC and
Modification of Carbon nanotube (CNT)

2.1 Assemble of MEA for DMFC

Typically, the DMFC is composed of a membrane electrode assembly (MEA) and two
graphite flow-field plates, which are pressed against the MEA. The central component of the
DMFC is the MEA composed of membrane, catalyst, and gas diffusion layers. Each of these
layers has special functions in the DMFC and follows to explain its functions. For the interaction
of the layers in the MEA it is important to define the respective functions of the individual
components. Fig. 2.1 shows the description of the components in the DMFC. Fig. 2.2 shows the

structure of the MEA.

2.1.1 Proton Exchange Membrane

The proton exchange membrane “for DMFEC is commercially available from DuPont
Incorporation and has a commercial name, Nafion®. This organic proton-conductive membrane
is a sulfonic acid-based perfluorinated polymer or ‘polystryene sulfonate polymer. It is used as
electrolyte and the protons (cations) are allowed to permeate through it, but anions are rejected.
The Nafion® structure is composed of three different parts, namely, rigid hydrophobic backbone,
flexible perfluorocarbon, and hydrated ionic cluster region. The chemical formula and physical

structure of the membrane is shown in Fig. 2.3.

2.1.2 Catalyst Layer

The catalyst layer is in direct contact with the membrane and the gas diffusion layer. It is
also referred to as the active layer. In both the anode and cathode, the catalyst layer is the
location of the half-cell reaction in a DMFC. The catalyst layer is either applied to the membrane

or to the gas diffusion layer. In either case, the objective is to place the catalyst particles,
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platinum or platinum alloys, within close proximity of the membrane.

2.1.3 Gas diffusion layer

The porous gas diffusion layer in DMFC ensures that reactants effectively diffuse to the
catalyst layer. In addition, the gas diffusion layer is the electrical conductor that transports
electrons to and from the catalyst layer. Typically, gas diffusion layers are constructed from
porous carbon paper, or carbon cloth, with a thickness in the range of 100-300 mm. The gas
diffusion layer also assists in water management. In addition, gas diffusion layers are typically

wet-proofed and could ensure that the pores of the gas diffusion layer do not become congested

with liquid water.

CGE Catalyst Hgﬁ

Anode Cathode

.*n-nu
£
,‘_

o

akﬂhif*é&&ii;:ff::::n“ .
Agtgdpdopa S L LD LD L

B

‘*'

CH,OH + H,0 ‘r
GDL

Fig.2.1 The schematic of a unit cell of DMFC

[www.eng.wayne.edu/ page.php?id=1740]
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Fig.2.3 The chemical formula and physical structure of the membrane Nafion®
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2.2 Principle of DMFC

Cathode

Diffusion layer

Catalyst layer
Electrolyte membrane

Anode CHyOH + H0 — BH* + Be + OOy /) PE-AL/C -:a:-a-",fst\\“-
I f

Cathode 1.50, + 6H* + Ge- — 3H,0 'x‘\ BT catalyst

Overall CHyOH + 1,50, — 00, + 2H,0

Fig.2.4 IIIustr_ati_ohbf [')'M-FC in Principles

[www.echem. titech é{c ip/ ~5dmfc/C01/C01mokutek| html]

The schematic of a unit cell DMFC anqi |ts prlnC|pIe are in the Fig. 2.4. As soon as methanol

attains to the surface of anode, it may be OX|d|zed by electrocatalyst particle Pt and provide CO,,

H*, and six electrons. The follow is the Iocatlon of the half-cell reaction in the anode for DMFC.
CHsOH + H20 — CO= + 6H" + 6e" E°=0. 046V (1)

In the other hand, when electrons reach the cathode by external current loop, H* ions
transfer the proton exchange membrane to the cathode surface and provide water with oxygen

from the air. The follow is the location of the half-cell reaction in the cathode for DMFC.

3/202 + 6H" + 6 — 3H20 E°=1.229V (2)
Finally, methanol is oxidized in the overall reaction for DMFC.

CHsOH + 3/202 — 2H=0 + CO= E°=1.183V (3)

As the assumption of the absorption, the detail reaction mechanism on the surface of the

electrocatalyst Pt is below the equation.
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Pt + CHsOH — Pt—(CHs0H )aas (4)

Pt—(CH3s0H )ass — Pt-(CH:0H)ees + H + € (5)
Pt—(CH20H)ess — Pt—(CHOH)aas + H' + € (6)
Pt-(CHOH)uss — Pt—(COH)uws + H + € (M
Pt—(CHO)aas = Pt-(C0)ass + H' + € (8)

From all above equations, we could find that it is the complex in this reaction mechanism in
the anode. There are many intermedium in the sequence reactions. The intermedium, Pt-(CO)ags,
is formed by CO and Pt when all H" leave the surface of Pt. Furthermore, Pt itself gets out of the
ability for oxidizing methanol. It is named Poison Effect. In order to solve the problem, the
second electrocatalyst, transitional metal (Sn ~ Ru ~ Re ~ Mo), is added to assist water segregate.

Then, it allows Pt-(CO)ags to be reduced:as Pt.
M=(OH)ass + Pt<(CG0)ass —> Pt + M=+ CO: + H' + € (9

Furthermore, some researches use three kinds-of metal as the electrocatalyst on the anode.

In the other hand, the electrocatalyst, Pt, is the single'kind of metal on the cathode.
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2.3 Growth and Characterization of Carbon Nanotube

In 1991, lijima of the NEC Laboratory in Japan reported the first observation of
multi-walled carbon nanotubes (MWNTSs) in carbon-soot made by arc-discharge. About two
years later, he made the observation of single-walled carbon nanotubes (SWNTs). The past
decade witnessed significant research efforts in efficient and high-yield nanotube growth
methods. The success in nanotube growth has led to the wide availability of nanotube materials,
and is a main catalyst behind the recent progress in basis physics studies and applications of
nanotubes.

Nanotubes can be utilized individually or as an ensemble to build functional device
prototypes, as has been demonstrated by many research groups. Ensembles of nanotubes have
been used for field emission based flat-panel display, composite materials with improved
mechanical properties and electromechanical actuators. Bulk quantities of nanotubes have also
been suggested to be useful as high-capacity hydrogen. storage media. Individual nanotubes have
been used for field emission sources, tips for:scanning probe microscopy and nano-tweezers.
Nanotubes also have significant potential as the central elements of nano-electronic devices

including field effect transistors, single-electron transistors and rectifying diodes.

2.3.1 Growth Methods

Arc-Discharge

In arc-discharge, carbon atoms are evaporated by plasma of helium gas ignited by high
currents passed through opposing carbon anode and cathode in Fig. 2.5(a). Arc-discharge has
been developed into an excellent method for producing both high quality multi-walled nanotubes
and single-walled nanotubes. MWNTSs can be obtained by controlling the growth conditions such
as the pressure of inert gas in the discharge chamber and the arcing current. In1992, a
breakthrough in MWNTSs growth by arc-discharge was first made by Ebbesen and Ajayan who

achieved growth and purification of high quality MWNTs at the gram level. The synthesized
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MWNTs have lengths on the order of ten microns and diameters in the range of 5-30nm. The
nanotubes aretypically bound together by strong van der Waals interactions and form tight
bundles. MWNTSs produced by arc-discharge are very straight, indicative of their high crystalline.
For as grown materials, there are few defects such as pentagons or heptagons existing on the
sidewalls of the nanotubes. The by-product of the arc-discharge growth process is multi-layered
graphitic heating the as grown material in an oxygen environment to oxidize away the graphitic
particles. The polyhedron graphitic particles exhibit higher oxidation rate than MWNTSs;
nevertheless, the oxidation purification process also removes an appreciable amount of

nanotubes.

Laser Ablation

The method utilized intense laser pulses.to.ablate a carbon target containing 0.5 atomic
percent of nickel and cobalt. The target is placed-in a‘tube-furnace heated to 1200°C in Fig.
2.5(b). During laser ablation, a flow:of inert gas-is passed-through the growth chamber to carry

the grown nanotubes downstream to be collected-on-a cold finger.

Chemical Vapor Deposition (CVD)

A schematic experimental setup for CVD growth is depicted in Fig. 2.5(c). The growth
process involves heating a catalyst material to high temperatures in a tube furnace and flowing a
hydrocarbon gas through the tube reactor for a period of time. Materials grown over the catalyst
are collected upon cooling the system to room temperature. The key parameters in nanotube
CVD growth are the hydrocarbons, catalysts and growth temperature. The active catalytic

species are typically transition-metal nanoparticles formed on a support material such as silicon.

16



(a)

He

D)
arc-discharge C‘

laser ablation ‘

— e |

oven lemperature — 1200 °C ‘

(c)

CvD

] l'f.,.l_i,! . i .ﬁ__c.‘-ttul:g.lﬁl

oven lemperature 500-1000 °C

Fig. 2.5 (a)-(c) Schematic experimental setups for nanotube growth methods
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2.3.2 The growth mechanism of Carbon nanotubes

The general nanotube growth mechanism in a CVD process involves the dissociation of
hydrocarbon molecules catalyzed by the transition metal, and dissolution and saturation of
carbon atoms in the metal nanoparticle in Fig. 2.6. The precipitation of carbon from the saturated
metal particle leads to the formation of tubular carbon solids in sp® structure. Tube formation is
favored over other forms of carbon such as graphitic sheets with open edges. This is because a
tube contains no dangling bonds and therefore is in a low energy form. For MWNTSs growth,
most of the CVD methods employ ethylene or acetylene as the carbon feedstock and the growth
temperature is typically in the range of 550-750°C. Iron, nickel or cobalt nanoparticles are often
used as catalyst. The rationale for choosing these metals as catalyst for CVD growth of
nanotubes lies in the phase diagrams for the metals and carbon. At high temperatures, carbon has
finite solubility in these metals, which leads to the formation of metal-carbon solutions and
therefore the aforementioned growth meechanism. Noticeably, iron, cobalt and nickel are also the
favored catalytic metals used in laser-ablation and.arc-discharge. This simple fact may hint that
the laser, discharge and CVD growth methods-may-share acommon nanotube growth mechanism,

although very different approaches are usedto.provide carbon feedstock.

L'..H.,i_ Colf

o

T WI

M, | Ol

VN B

Catalvst Support

Fig. 2.6 Two general growth modes of nanotube in chemical vapor deposition
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2.4 Modification of Carbon Nanotube

The components of the produced gas were identified as CO, CO, and NO by the gas
chromatographt (GC) and gas chromatography-mass spectrometry (GCMS) analyses. This
implies that the carbon atoms constituting the MWNTSs were partly removed by HNO3 oxidation

[32].

2HNOs + 3C (MWNTs) —3C0 + 2NO + H:0 (10)

4HNOs + 3C (MWNTs) — 3CO: + 4NO + 2H:0 (1)

The reaction pathways for the functional group formation most probably involve the
following two reactions in Fig. 2.7: (i) hydration of the olefinic C=C moieties released from the
conjugation network by the decarbonization due to HNO; oxidation. The nanotube sidewalls and
more active top of the nanotube form the (_ZQ_.O;H_ anld:. C—OH bonds) (ii) A hydration—dehydration
i b.é?her groups.

equilibrium between adjoining C—OH'g*rc")rubs and C=

n o B34
. O~ s E"ﬂ
[ C Fres
2 0" KR
&5 iy O
.1 AT
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HENR  Reflux S Y
4] N
S ———> ot
Sk ) HNO, <+ HEHEA
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Oxidized MWNTs

Fig. 2.7 MWNTs are modified by HNO3
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Chapter 3 Experimental procedures

New cathode material for direct Methanol Fuel Cells (DMFC) bases on multi-wall carbon
nanotubes (MWNTs), aiming to improving the performance of the cell is analyzed. In this study,
MWNTs are fabricated directly on carbon cloth by Microwave plasma enhanced chemical vapor
deposition (MPECVD) and then functionalized by several chemical solutions. Therefore
MWNTs can be functionalized with groups such as hydroxyl (-OH), carboxyl (-COOH), and
carbonyl (>C=0) that are necessary to anchor metal ions to the tube. Pt catalyst is electroless
deposited on MWNTs using a chloroplatinic acid solution, based on H,(PtCle)*6H,O. The
morphology of MWNTs and Pt nanoparticles are analyzed by SEM, TEM, and XRD.
Surface-to-depth analysis of functionalized multi-wall carbon nanotubes is achieved by high
resolution x-ray photoelectron spectroscopy (XPS) and Fourier Transform Infrared Spectroscopy
(FTIR). Finally, half-cell test is determined by CV to, compare its efficiency different. Fig. 3.1

shows the main experimental procedutes.

Carbon cloth

[ Deposit Fe as catalyst ]
|

MWNTs by MPECVD
|

I

[ Modification of MWNTS ]
[

|

—

|
Reduction of H2PtCls

) () () (0

Fig.3.1 Flow chart of experimental procedures

'
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3.1 Fabrication of carbon nanotube on carbon cloth

MWNTs on carbon cloth are fabricated by MPECVD without bias. The 20nm of Fe film is
deposited on carbon cloth as catalyst for growth of carbon nanotubes by using ion-beam sputter.
Its sample size is 0.5*0.5 cm® and six samples are fabricated in the chamber together in order to
keep the same condition.

The chamber is evacuated at pressure of ~107 Torr with a mechanical pump. The reactive
gases are mixture of H, and CHy4, which held a ratio of 90/30 sccm to a pressure set at 10 Torr.
The microwave power of 300W is applied to light the plasma which let the temperature reaches
up to 500°C ~ 600°C for 20 min without bias-assisted. Fig. 3.2 shows schematic diagram of the

MPECVD system. Table 3.1 reports the parameters of the growth of MWNTs.

0.5 o005 om

CIMTs /C cloth
Fig. 3.2 Schematic diagram of the MPECVD system

Table 3.1 The parameters of the growth of MWNTSs

Metallic Reactive Power | Pressure | Reaction Bias
catalyst gases time
Fe: ~20nm CHy: 30 sccm 300 W 10 Torr 20 min ov
Hj: 90 sccm

21



3.2 Modification of carbon nanotube on carbon cloth

MWNTs on carbon cloth are functionalized by several chemical solutions in the sample
tube with sand bath. The parameters of chemical modification are chemical solutions (HNOs3,
H,S04, and KOH), temperature (SOOC, 900C, and lOOOC), concentration (2M and 14M), and time
(0 hr, 6 hr, 12 hr, 18 hr, 24 hr, and 48 hr). Then, the sample is collected after immersing with
deionized water until the filtrate pH became nearly the pristine pH. Fig. 3.3 shows schematic

diagram of the chemical modification

— —»sample tube

) O —hot player

mm |, CNT/C cloth

sand bath

Fig. 3.3 Schematic'diagram.of the chemical modification
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3.3 Dispersion of Pt on prepared carbon cloth

The prepared carbon cloth is immersed in a chemical solution containing H,PtCle6H20,
PVP-4000, and ethylene glycol mixture diluted with acetone. Polymer (PVP) is the protection
agent to limit metal particle growth spacing. Pt is deposited by synthesis from H,PtCle:6H20 in
ethylene glycol solution under 160°C for 3 hr, followed by filtration with acetone for 8 times and
sintered for 1 hr at 250°C. This method, polyol process, is expected a uniformly homogeneous
nucleation and growth mechanism of nanoparticle. The reaction dominates by temperature
control and solvent plays as reductant as well. Fig 3.4 shows the experimental procedures of

polyol process.

Reaction process
underl 60°C for 3hr

e ———

$+ B + = =
P g TOCT g T 2HT s PO, H,PtCY, |, o+ CH,OHCH,OH | = P +6HCL, +2HCHO,, |

o AT —

Dilute with acetone

Sinter PVE under
for 8 times 2500C for 1hr

Fig. 3.4 The experimental procedures of polyol process
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3.4 Analysis Instruments

3.4.1 Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) is used to observe the surface morphology of wide
range kinds of objects. There are many advantages including of easy sample preparation, high
image resolution, large depth of field, and high magnification. [33]

The SEM image is that signals (secondary electrons and backscattered electrons) emit from
the sample surface as the sample is bombarded by the high energy incident electrons. The
fabricating CNT morphology and the dispersing Pt on CNT morphology could be observed by

JEOL JSM6500F in NCTU with field emission electron source and 15kV accelerate voltage.

JECQL 1SMES00F, SFEG-SEM
Fig.3.5 Diagram of a Scanning Electron Microscopy

[http://www.le.imm.cnr.it/sito/laboratories/jsm6500f.html]

3.4.2 Transmission Electron Microscopy (TEM)

In a typical TEM a static beam of electrons at 100-400kV accelerating voltage illuminate a
region of an electron transparent specimen which is immersed in the objective lens of the
microscope. The transmitted and diffracted electrons are recombined by the objective lens to
form a diffraction patter in the back focal plane of that lens and a magnified image of the sample
in its image plane. [33]

The raw MWNTs and the modified MWNTs morphology could be compared by TEM using
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a JEOL JEM 4000 system in NCTU operating at 200kV. And the particle morphology, size and
size distribution of Pt nanoparticles dispersed on the surface of MWNTs are also characterized

by TEM.

3.4.3 X-ray Photoelectron Spectroscopy (XPS)

The phenomenon is based on the photoelectric effect. The concept of the photon was used
to describe the ejection of electrons from a surface when photons impinge upon it. The XPS
technique is highly surface specific (< 5nm) due to the short range of the photoelectrons that are
excited from the solid. The energy of the photoelectrons leaving the sample is determined using a
Spherical Capacitor Analyzer (SCA) this gives a spectrum with a series of photoelectron peaks.
The binding energy of the peaks is characteristic of each element. The peak areas can be used
(with appropriate sensitivity factors) to det_e_rmi;n_e, the composition of the materials surface. [33]

XPS could determine the differgiiéé .of:,lt__hlem raW CNT and the modified CNT due to the

- — = .'lr "; ]
clement C chemical shifts. Furthermore, it may ensure if Pt is reductive by the same way. In this
-1 | o = l‘

study, XPS analysis is carried out on aESCAi’_HI 1600 usmg an Mg Ko X-ray source in NTHU.

Fig.3.6 Diagram of a X-ray Photoelectron Spectroscopy

[http://www.nscric.nthu.edu.tw/Other/augeresca/auesca.html]
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3.4.4 Fourier Transform Infrared Spectrometer (FTIR)

Fourier Transform Infrared Spectroscopy (FTIR) is an analytical technique used to identify
organic and inorganic materials. This technique measures the absorption of various infrared light
wavelengths by the material of interest. These infrared absorption bands identify specific

molecular components and structures. [33]

The functional groups on the surface of MWNTSs modified by chemical solution could be
determined by FTIR. The FTIR measurements are performed on a PROTEGE 460 series FTIR

apparatus by transmission spectroscopy in NCTU.

Infrared Spectrometers

Interferogram

Cipelcal
Banch

Sample
Detecter,

Lasgr,

e in g' Mirror
and .
Baam Splittar SOUTCE

Fig.3.7 Diagram of a Fourier Transform Infrared Spectrometer

[http://www.forumsci.co.il/HPLC/FTIR page.html]

3.4.5 Cyclic Voltammetry (CV) Potentiostat

A potentiostat is an electronic device that controls the voltage difference between a working
electrode and a reference electrode. Both electrodes are contained in an electrochemical cell.
The potentiostat implements this control by injecting current into the cell through an auxiliary, or
counter, electrode. In almost all applications, the potentiostat measures the current flow between
the working and auxiliary electrodes. The controlled variable in a potentiostat is the cell potential
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and the measured variable is the cell current.

The CHI Version 5.01 system in the potentiostat in NCTU is used to measure the
electrochemical specific surface area of the dispersive Pt on the surface of MWNTs for the
fuel-cell electrodes. From the CV, the charge equivalent to the area under the hydrogen
desorption region is evaluated and the electrochemical specific surface area is calculated
assuming that the charge is required for the adsorption-desorption of a monolayer of atomic

hydrogen on the surface.

-
v

Electrometier R
Reference

g -

Working Electrode

Aucxiliary Elecirode

<

X1 | I/E Converter

Fig.3.8 Schematic of a Cyclic Voltammetry (CV) Potentiostat

[http://www.gamry.com/App_Notes/Potentiostat Primer.htm#Workking]

3.4.6 Energy Dispersive X-ray (EDX)

It is a technique used for identifying the elemental composition of the specimen, or an area
of interest thereof. The EDX analysis system works as an integrated feature of SEM (JEOL
JSM6500F) in NCTU. An EDX spectrum plot not only identifies the element corresponding to

each of its peaks, but the type of X-ray to which it corresponds as well. For example, a peak
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corresponding to the amount of energy possessed by X-rays emitted by an electron in the L-shell
going down to the K-shell is identified as a K-Alpha peak. The peak corresponding to X-rays
emitted by M-shell electrons going to the K-shell is identified as a K-Beta peak. [33]

EDX measurements show the element on the MWNTs and the content of Pt/MWNTs. It

appears that the difference content of Pt is on the raw MWNTs and the modified MWNTs.

Fig.3.9 Elements in an EDX spectrum are identified based on the energy content of the X-rays

[http://www.semiconfareast.com/edxwdx.htm]

3.4.7 X-Ray Diffraction (XRD)

X-ray Diffraction (XRD) is one of the primary techniques used by solid state chemists to
characterize materials. XRD can provide information about crystalline structure and particle size
in a sample even when the crystallite size is too small for single crystal x-ray diffraction. [33]

An X-ray beam hits a sample and is diffracted. We can observe the diffraction peaks when

the distances between the planes of the atoms apply to Bragg's Law. Bragg's Law is:
nA =2dsin@ (1)

Where the integer # is the order of the diffracted beam, A is the wavelength of the incident
X-ray beam, d is the distance between adjacent planes of atoms (the d-spacings), and 6 is the

angle of incidence of the X-ray beam.
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The broader diffraction peaks for the catalyst led to smaller average particle size as

calculated by the Scherrer equation.

K ﬂ’Kal

L=——"Kel (2)

- B,,cosf,
Where L is the average particle size, K is the constant, A ka1 is the X-ray wavelength
(1.54056 A for Cu K« 1 radiation), Byg is the peak broadening, and 03 is the angle corresponding

to the peak maximum.
In this study, the particle size calculated by XRD is compared with the data measured by

TEM. It is determined how the functional group (COOH) on the MWNTs affects the Pt particle

ﬁﬂ'ﬁﬂl
L
detacior

X-ray ube

size forming.

Fig.3.10 Schematic of X-Ray Diffraction
[http://pubs.usgs.gov/info/diffraction/html/index.html]
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Chapter 4 Results and Discussion

4.1 Morphology of carbon nanotube on carbon cloth

In this study, the purpose is that the longer MWNTs are fabricated vertically by
MPECVD. The use of a support, well-aligned MWNTs, for catalyst has many
advantages including more the anchoring sites of available catalyst, producing a lot of
functional groups to attract catalyst at the caps and the sidewalls of MWNTs easily by
modified the surface structure, using inner specific surface area of tube by opening end
of MWNTs.

Fig 4.1 shows that a piece of carbon cloth without any treatment. It is composed of
textured carbon fibers which have a smooth surface. Fig 4.2 shows that the images of
long MWNTs fabricated on carbon cloth densely and vertically. Then, MWNTs are
analyzed in the higher magnification. The length of MWNTs is about 20 pm and its
diameter is about 20 nm in Fig 4.3:As shown in Fig. 4.4, the TEM images show that
MWNTs display hollow tubes with amerphousand crystalline layers. On the other hand,
the growth model of MWNTs could be-found including tip growth model and base
growth model.

The density of the vertical MWNTs may not be controlled dispersedly so the
spraying of Pt particle may just stop on the top surface. Therefore, even the high
specific surface area of MWNTs still can not be utilized totally until Pt is deposited
uniformly by using polyol process. However, the raw surface of MWNTs is relatively
inert and difficult to support particles homogeneously, which often results in the
agglomeration of nanoparticles. Thus, it is important to improve the adhesion through

the following surface chemical modification techniques.
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Fig 4.2 SEM images of M. S 01

8 ¥

SEI 150KV X2,000 10pm WD 12.1mm SE 150KV X200,000 100nm WD 12.0mm

Fig. 4.4 MWNTs display hollow tubes with amorphous and crystalline layer
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4.2. Multi-wall carbon nanotubes are modified by HNOsg,

H,SO,, and KOH

Surface chemical modification is a common method and is essential for the
deposition of catalysts and other species onto carbon nanotube surfaces for
nanocatalytic applications [34]. Oxidation, with popular oxidants including HNOs3,
KMnO,, HNO3/ H,SQq, is an often attempted approach to activate the surface of CNTs
[35, 36]. However, there is little analysis about functional groups after surface chemical
modification of CNTSs. In this study, MWNTSs are modified by HNO3, H,SO,4, and KOH
at 80°C in Table 4.1 and may produce different functional groups to attract more Pt ions
nucleating uniformly and densely. Thus, after the following experiments, it would be

found that which chemical solution is better for surface chemical modification of

MWNTSs.

Table 4.1 MWNTs are madified by HNO3, H,SO,4, and KOH
Solution HNO; H,SO, KOH

Concentration 16M 18M 6M
Temperature 80°C 80°C 80°C

Time 6 hr 6 hr 6 hr

Hypothetical -COOH -SO3;H -OH

functional groups -OH
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4.2.1 Analysis of functional groups

The information on the surface chemistry of the modified nanotubes has been
provided by the FTIR. Table 4.2 indicates the absorption spectra ranges of several
functional groups. Fig 4.5 shows the absorption spectra of MWNTs modified by HNO3,
H,SO,, and KOH at 80°C for 6 hr. In fact, one broad intensive band observing at 1375
cm™ is assigned to the alcoholic hydroxyl groups (-OH) or the carboxylic acids (-COOH)
and the other observing at 1574 cm™ is assigned to the carboxylic acids (-COOH).
However, the functional group, sulfonic acid (-SO3H), can not be observed. Therefore,
the reaction pathways for forming the functional group most probably involve the
following reaction. Hydration of the olefinic C=C moieties is released from the
conjugation network by decarbonization of the nanotube sidewalls due to HNO3, H2SOy,
and KOH oxidation so the alcoholic hydroxyl:groups (-OH) and carboxylic acids
(-COOH) could be formed [32].

Indeed, we try to assay sulfonic jacid (-SO3sH) groups with FTIR. However, the
detection is too difficult because of'their weak response in the IR mode. For the reason,
we used XPS to directly detect the sulfur atom [37]. No S spectra of various MWNTSs,
given in Fig. 4.6, show that there is no sulfonic acid (-SO3H). On the other hand, the
carboxyl groups would be detected in Fig. 4.7(a) (b) (c). The C 1s spectrum appears to
be composed of C=C (~284.6 eV), C-C (~285.85 eV), CO (287.46 eV), COO-(289.24
eV), OCOO- (~291.5 eV) functional groups [38]. The observed chemical shift following
the chemical treatment is about 1 eV. Therefore, the result from the FTIR and XPS
analysis indicates that MWNTs merely forms the alcoholic hydroxyl groups (-OH) and
the carboxylic acids (-COOH) with chemical modification of HNOs;, H,SO,4, and KOH

at 80°C for 6 hr.
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Table 4.2 The absorption spectra ranges of several functional groups

Functional group Wave number (cm'l)

-OH alcoholic hydroxyl groups 1410-1260
-SO3H  sulfonic acid 1150-1250
-COOH carboxylic acids 1610-1550  1420-1300
-C=0 carboxyl groups 1690-1760
—— 80°C 16MHNO, 061
80°C 18MIH,SO, 06hr _OO0H
—~ | ——8&dfcemkoHoer -OH
S | ——we coor‘
CG J\/\M—J\—\/l\/\/\/\
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Fig 4.5 The absorption spectra of MWNTs modified by HNO3, H,SO,4, and KOH
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Fig. 4.6 XPS survey spectra of MWNTs modified by HNO3, H,SO,4, and KOH
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Fig.4.7 (a) The C 1s spectrum of HNO3-MWNTs
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Fig.4.7 (c) The C 1s spectrum of KOH-MWNTSs
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4.2.2 Qualitative analysis of Pt on MWNTSs

Pt particles are deposited on MWNTSs by using polyol process after samples are
modified chemically. Then, we take EDX and XPS of qualitative analysis for samples in
order to be sure that polyol process is successful. Fig. 4.8 shows the mapping of EDX
for HNO3-MWNTSs. It indicates that the dispersive nanoparticles on MWNTSs are Pt. On
the other hand, Fig. 4.9 also shows the XPS survey spectrum of HNO3;-MWNTSs after
the Pt reduction. Notably, a very strong Pt4f peak indicates that there are Pt
nanoparticles on MWNTSs because XPS is a surface-sensitive tool.

The formation process of PVP-protected Pt nanoparticles synthesized in ethylene
glycol is presented that the H,PtClg may be completely reduced according to the eq (1)

and the eq (2).

Pt4+(aq) + 6C17(aq) + 2H+(aq) < HZPtClG (aq) (1)

HePtClocart CH:OHCH:OHwo = PE* 4 BHCI ot 2HCHOwo) (2)

As mentioned above, the Pt'precursors-are reduced to Pt° atoms at 160°C for 3hr
[39]. Fig. 4.10 shows that the dispersive Pt hanoparticles on MWNTSs are Pt° because
there is no significant chemical shift of binding energy in Pt4f;, and Pt4fs, with Ar’
etching [40]. Table 4.3 shows that the binding energy of Pt4f;;, and Pt4fs/, are developed
by Ar* etching (25mA and 3kV) with time. Finally, the Pt® nanoparticles are stabilized

on MWNTSs by using ethylene glycol.
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Fig. 4.9 The XPS survey spectrum of HNO3-MWNTs after reduction of Pt
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Fig. 4.10 Chemical shift of binding energy-in Pt4f;, and Pt4fs;, with Ar* etching

Table 4.3 The development of the binding energy of Pt4f;, and Pt4fs;, with time

Ar? (25mA, 3kV) 4fs), 47,
0 min 75.04 eV 71.77 eV
3 min 74.99 eV 71.76 eV
6 min 75.03 eV 71.77 eV
9 min 75.07 eV 71.80 eV
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4.2.3 Analysis of dispersive Pt on MWNTSs

Pt nanoparticles are actually deposited onto the surface of MWNTSs from the last
section. Then, by comparing Pt on the raw and modified MWNTs, we would like to
understand the influence of the functional groups on Pt dispersion on MWCTNS. Fig.
4.11 illustrates many Pt nanoparticles are agglomerated on some areas like a larger
nanoparticle. Fig. 4.12 illustrates many Pt nanoparticles disperse uniformly on
HNO3;-MWNTs due to presence of the carboxylic acids (-COOH). If Pt nanoparticles
were agglomerated, the total effective activating catalyst area would decrease due to the
clustered shelter of Pt nanoparticles. Therefore, MWNTs have to be modified

chemically in order to disperse Pt nanoparticles on MWNTSs uniformly.

4.2.4 EDX analysis of Pt on MWNTSs

Pt loading on carbon nanotube would-beincreased because more functional groups,
the carboxylic acids (-COOH), act nucleation sites and make active catalyst areas large.
The energy dispersive analysis in Fig. 4.13, Fig. 4.14, Fig. 4.15, and Fig. 4.16 show that
the amount of Pt loaded on MWNTs with reference to carbon can be evaluated
qualitatively as 16.88 wt%, 21.23 wt%, 22.84 wt%, and 26.08 wt% after the different
chemical modification. The most Pt loading on MWNTs modified by HNO; (strong
oxidizing agent) in Fig. 4.17 may be suggested that the most functional groups would be

formed on the surface of MWNTSs at the same time with different chemical solutions.
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Fig. 4.12 Pt nanoparticles disperse uniformly on HNO3-MWNTs
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Fig. 4.16 The amount of Pt loading on HNO3-MWNTs is 26.08 wt%o.
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Fig. 4.17 Pt loading on MWNTs with different chemical modification
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4.2.5 Half-cell test

The activity of catalyst is practically important in the study on fuel cell, which is
usually evaluated by the current peaks with the dispersion and the amount of catalyst.
The electrocatalytic activity of Pt nanoparticles is obtained from the CV measurements
performed in 1M methanol and 1M sulfuric acid electrolyte. Fig. 4.18 shows that the
electrocatalytic activity of Pt nanoparticles is evaluated by the current peaks of

methanol oxidation in eq. (3) and eq. (4)

Pt-CO+Pt-OH —> 2Pt+CO:+H'te (3)

Pt_(CHSOH>ads —> Pt‘(CO)ads+4H++4e_ (4)

As well known, it can be observed that the electrocatalytic activity of Pt
nanoparticles on HNOs-MWNTs is higher:than the others due to more amounts of

dispersive Pt nanoparticles.

4.2.6 Summary

1. Various solvents, eg. HNOs, H,SO,, and KOH (80°C, 6 hr), modified MWNTs can
form the same functional group -COOH and —OH.

2. Well-dispersed functional groups on MWNTs could improve the efficiency of
half-cell test.

3. The functional groups on MWNTs increase anchoring sites of Pt precursor to
increase the efficiency of half-cell test.

4. The amount of functional groups in order to attract Pt on HNO3-MWNTSs is more
than on H,SO4,-MWNTs and on KOH-MWNTs due to a strong oxidizing agent

HNOs.
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4.3. Multi-wall carbon nanotubes are modified by HNO; with

Temperature (T), time (t), and concentration (conc.).

MWNTs are modified by HNOs, H,SO4, and KOH at high temperature in Section
4.2 and may produce the same functional groups, the alcoholic hydroxyl groups (-OH)
and carboxylic acids (-COOH), to attract more Pt ions nucleating uniformly and densely.
Moreover, the amount of functional groups in order to attract Pt on HNO3;-MWNTs is
more than on H,SO4-MWNTs and on KOH-MWNTs due to a strong oxidizing agent
HNOs;. However, there are the other parameters, temperature, time, and concentration,
in the function of chemical modification for MWNTs. In this work, we would find the
best temperature (T) for HNOs-MWNTs may produce a lot of functional groups to
increase Pt anchoring sites in Table. 4.4. Furthermore, for 2M HNOs; the highest

temperature would be lower 100°C 0 maintain the concentration.

Table 4.4 HNO3;-MWNTs with different T

Temperature (T) 80°C 90°C 100°C

2M HNO; 24 hr 24 hr 24 hr
(b.p. ~105°C)

14M HNO; 24 hr 24 hr 24 hr
(b.p. ~122°C)
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4.3.1.1 Analysis of MWNTs morphology with T

Fig. 4.19 and Fig. 4.20 show that there is little damage for 14 M HNO3;-MWNTs at
80°C and 90°C for 24 hr. On the contrary, Fig. 4.21 shows that there is a serious damage
for 14 M HNO;-MWNTs at 100°C for 24 hr. The total loading amount of Pt would
decrease if the amount of MWCNT as support were broken. Therefore, the temperature

of chemical modification would be lower than 100°C.

4.3.1.2 Analysis of functional groups with T

We try to assay the functional groups with FTIR after MWNTs are modified by 2
M or by 14 M HNO; with temperature. Fig. 4.22(a) (b) show that oxidization with
HNO; at 90°C and 100°C successfully introduced earboxylic acids (-COOH), carboxyl
groups (-C=0), and alcoholic hydroxyl groups (-OH) on MWNTs surfaces. However,
the functional groups of 2M and.14MHNO=MWNTs at 80°C would be difficult to be
detected because of their weak response in-the IR mode. It is suggested that temperature
is a main factor if the oxidization of chemical reaction could proceed. Finally, 90°C is
the optimum temperature for 2M and 14M HNO3;-MWNTs to form a lot of functional

groups.
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From Section 4.3.1, the modified MWNTs at 90°C form a lot of functional groups
for 2 M HNOj and 14 M HNOs. In the followed Section 4.3.2 and Section 4.3.3, we
would find the other best parameters time (t) with high (14M) and low (2M)
concentration (conc.) for HNO3-MWNTs may produce the most functional groups to

increase Pt anchoring sites in Table. 4.5

Table 4.5 MWNTs are modified by HNO; at 90°C for 2M and 14M with t

90°C Time (hr)
2M HNO; 00 06 12 18 24 48
14M HNO;3 00 06 12 18 24 48

4.3.2.1 FTIR of 2M HNOa-MWNTs with t

The number of carboxylic acids (-COOH) would be expected by its intensity in the
FTIR spectrum as MWNTs (0.01g) are diluted with a potassium bromide (KBr)
dispersedly [32]. Fig. 4.23 shows that the number of carboxylic acids (-COOH) would
increase with time gradually so more Pt could be anchored on MWNTs by more

carboxylic acids (-COOH).

4.3.2.2 EDX analysis of Pt/2M HNO3;-MWNTSs

Pt loading on carbon nanotube would be increased because more functional groups,

the carboxylic acids (-COOH), act nucleation sites and make active catalyst areas large.
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The energy dispersive analysis in Fig. 4.24, Fig. 4.25, Fig. 4.26, Fig. 4.27 and Fig. 4.28
show that the amount of Pt loaded on MWNTs with reference to carbon can be
evaluated qualitatively as 14.37 wt%, 16.72 wt%, 24.38 wt%, 28.21 wt%, and 26.99
wt% after the chemical modification of 2M HNOj; with time. As mentioned above, 2M
HNO3;-MWNTs from 12 hr to 24 hr may anchor the most amount of Pt in Fig. 4.29.

Therefore, it is called stable state for the most loading of Pt.

4.3.2.3 Half-cell test

The activity of catalyst is practically important in the study on fuel cell, which is
usually evaluated by the current peaks, with:the dispersion and the amount of catalyst.
The electrocatalytic activity of Pt=nanoparticles is obtained from the CV measurements
performed in 1M methanol and:1M sulfuric acid electrolyte. Fig. 4.30 shows that the
electrocatalytic activity of Pt nanoparticles is evaluated gradually by the current peaks
of methanol oxidation. As a whole, it can be"observed that the highest electrocatalytic
activity of Pt nanoparticles for 2M HNO3;-MWNTs range from 12 hr to 24 hr (stable
state) due to the most amounts of dispersive Pt nanoparticles. However, the
electrocatalytic activity of Pt nanoparticles for 2M HNO;-MWNTs decreases much

significantly from 24 hr to 48 hr because MWNTs may be destroyed very much at 48 hr.

4.3.2.4 Effective activating area

The electrochemically active surface areas of the Pt nanoparticles are obtained
from the CV measurements performed in IM sulfuric acid electrolyte. A typical

voltammogram is shown in Fig. 4.31, in which the potential is expressed versus that of a
51



reference platinum electrode. The hydrogen absorption and desorption peaks are clearly
seen in the voltammogram at potentials between -0.1 and 0.2 V, which is consistent with
those observed for platinized Pt. In detail, a redox peak at 0.5-0.7 V in all
voltammograms can be attributed to the quinine and hydroquinone groups. Furthermore,
there is a couple of redox peak at about 0.4 V, which may be associated with the C-O
and C=0 groups [41].

The electrochemically active surface area, S,., in units of cmz/mg Pt, is calculated

from the CV curves for Pt [42] by eq. (5)

_Qu
act _210 (5)

In which Qg, in units of (mA/mg Pt) V, is the integrated area of the hydrogen
adsorption region in the voltammogram and the charge for monolayer hydrogen
adsorption on Pt equal to 210 nC/ cm? To obtain the integrated area for the hydrogen
adsorption peaks in Fig. 4.31, a horizontal:line is'drawn to correct the double-layer
charging, and a vertical line is drawn to-‘Separate the-molecular hydrogen region [42].
Thus, in Table 4.6, the electrochemically active surface areas of the Pt nanoparticles are
evaluated gradually with the time of 2M HNO3;-MWNTs due to the trend of the

electrocatalytic activity of Pt nanoparticles.
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Fig. 4.24 The amount of Pt loading on raw MWNTSs is 14.37 wt%
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Element | Weight% | Atomic%
C 83.28 98.78

Pt 16.72 1.22
Totals 100.00
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Fig. 4.27 The amount of Pt loading on 2M HNO3;-MWNTs at 18 hr is 28.21 wt%

54



Element | Weight% | Atomic%
C 73.01 97.77

Pt 26.99 2.23
Totals 100.00

T2 3 4 5 8 T 8§ 9
Full Seale 880 cta Cursar: 0.231 kel (347 cofs)

10

ke

Fig. 4.28 The amount of Pt loading on 2M HNO3-MWNTs at 24 hr is 26.99 wt%
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Fig. 4.29 2M HNO3-MWNTs from 12 hr to 24 hr may anchor the most Pt
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Time of 2M HNO; Qu (MC) S pt (cm?)
00hr 0.28363 1.35064
o6hr 0.43399 2.0666
12hr 0.44241 2.10672
18hr 0.52727 2.51081
24hr 0.6042 2.877
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4.3.3.1 FTIR of 14M HNO3;-MWNTs with t

The number of carboxylic acids (-COOH) would be expected by its intensity in the
FTIR spectrum as MWNTs (0.01g) are diluted with a potassium bromide (KBr)
dispersedly [32]. Fig. 4.32 shows that the number of carboxylic acids (-COOH) for 14M
HNO;-MWNTs would increase with time more fast than for 2M HNO;-MWNTSs so

more Pt nanoparticles could be anchored on MWNTs in the short time.

4.3.3.2 EDX analysis of Pt/14M HNO;-MWNTs

Pt loading on carbon nanotube would be increased because more functional groups,
the carboxylic acids (-COOH), act nucleation sités.and make active catalyst areas large.
The energy dispersive analysis in Fig. 4.33, Fig. 4,34, Fig. 4.35, Fig. 4.36 and Fig. 4.37
show that the amount of Pt leaded onMWNTs with reference to carbon can be
evaluated qualitatively as 15.38 wt%,. 26.52 wt%,27.94 wt%, 25.79 wt%, and 25.95
wt% after the chemical modification of 14M HNOj; with time. As mentioned above,
14M HNO3;-MWNTs from 6 hr to 24 hr may anchor the most amount of Pt in Fig. 4.38.

Thus, it is called stable state for the most loading of Pt.

4.3.3.3 Half-cell test

The activity of catalyst is practically important in the study on fuel cell, which is
usually evaluated by the current peaks with the dispersion and the amount of catalyst.
The electrocatalytic activity of Pt nanoparticles is obtained from the CV measurements
performed in 1M methanol and 1M sulfuric acid electrolyte. Fig. 4.39 shows that the

electrocatalytic activity of Pt nanoparticles is evaluated gradually by the current peaks
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of methanol oxidation. As a whole, it can be observed that the highest electrocatalytic
activity of Pt nanoparticles for 14M HNO;-MWNTs range from 6 hr to 24 hr (stable
state) due to the most amounts of dispersive Pt nanoparticles. However, like the decay
of the electrocatalytic activity for 2M HNO;-MWNTs, the electrocatalytic activity of Pt
nanoparticles for 14M HNO3;-MWNTs decreases much significantly from 24 hr to 48 hr

because MWNTs may be destroyed very much at 48 hr.

4.3.3.4 Effective activating area

The electrochemically active surface areas of the Pt nanoparticles are obtained
from the CV measurements performed in 1M sulfuric acid electrolyte. A typical
voltammogram is shown in Fig. 4.40, in which the potential is expressed versus that of a
reference platinum electrode. It is the same as*2M HNO;-MWNTs to obtain the
integrated area for the hydrogen adsorptionpeaks in'Fig. 4.40. Thus, a horizontal line is
drawn to correct the double-layer charging;-and a vertical line is drawn to separate the
molecular hydrogen region [42]. Moreover, in Table 4.7, the electrochemically active
surface areas of the Pt nanoparticles for 14M HNO3;-MWNTs from 6 hr to 24 hr are in

the stable state due to the trend of the electrocatalytic activity of Pt nanoparticles.

4.3.4 Summary

1. Temperature is one of the main factors if MWNTs modified by HNO; form
functional groups -COOH and —OH.

2. 2M and 14M HNO3-MWNTs at 80°C are unfavorable to form functional groups.
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. The modified MWNTs at 100°C could oxidize and destroy the surface of MWNTs
very much.
. 90°C is the optimum temperature for 2M and 14M HNO;-MWNTs to form

functional groups.

. 2M HNO3;-MWNTs form a lot of functional groups (stable state) from 12hr to 24hr.

14M HNO3;-MWNTs form a lot of functional groups (stable state) from 6hr to 24hr.

. Higher concentration of HNO; allows the surface of MWNTs to form functional

groups quickly.
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Fig. 4.33 The amount of Pt loading on raw MWNTSs is 15.38 wt%
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Fig. 4.35 The amount of Pt loading on 14M HNO3;-MWNTSs at 12 hr is 27.94 wt%
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Fig. 4.36 The amount of Pt loading on 14M HNO3;-MWNTSs at 18 hr is 25.79 wt%
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Fig. 4.37 The amount of Pt loading on 14M HNO3;-MWNTSs at 24 hr is 25.95 wt%
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Table 4.7 The value of electrochemically active surface areas of the Pt with the t

Time of 14M HNO; Qu (MC) Spr(cm?)
00hr 0.1304 0.621
06hr 0.42083 2.004
12hr 0.5032 2.3962
18hr 0.48 2.286
24hr 0.49685 2.366
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4.4 Analysis of 14M HNO3;-MWNTs

This chemical modification of MWNTs enabled us to obtain a high dispersion of Pt
nanoparticles, even when a large metal load is required on the supports with small
surface areas, as in the case of electrocatalysts for fuel cells. Hence, there are two
positive factors to rise the electrocatalytic activity and the effective activating surface
areas very much. However, there is no significant rise for Pt nanoparticles on MWNTs
modified by HNO;. For the reason, there may be some negative factors to reduce its
electrocatalytic activity. In the other hand, we try to explain the stable state with
analyzing 14M HNO;-MWNTs. Moreover, TEM images as evidences to support the

hypothetical model.

4.4.1 Analysis of mean Pt nanoparticle size

The size of Pt nanoparticle is also afactor-for electrocatalytic activity in the same
weight. Furthermore, the smaller Pt nanopasticles in the same weight represent the more
effective activating surface areas. Then, the mean Pt nanoparticle size is analyzed by
XRD and TEM.

The Pt nanoparticles on raw-MWNTs and on 14M HNO3;-MWNTs are shown in
Fig. 4.41. Both Pt on raw-MWNTs and on 14M HNO;-MWNTs displays the
characteristic patterns of Pt fcc diffraction. The 20 values of the (111) peak is about
39.8° and the Pt (200) diffraction is about 46.4°. The broader diffraction peaks for the
catalysts also led to smaller average metal particle size as calculated by the Scherrer

equation (1) [43].

_ K ﬁ“Kal
B,, cosd,

(D

where L is the average particle size, K is the constant, 4 g« is the X-ray
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wavelength (1.54056 A for Cu K« 1 radiation), Byg is the peak broadening, and 0y is the

angle corresponding to the peak maximum. The calculation results are estimated the
average size of about 5.3226 nm for Pt/raw-MWNTs and about 6.76 nm for Pt/14M
HNO;-MWNTs in Table. 4.8.

In the other approach, the mean size of Pt nanoparticles on raw-MWNTs and 14M
HNOs;-MWNTs are analyzed by TEM. The particle size distributions of the metal on
MWNTs are obtained by directly measuring the sized of 60 randomly chosen particles
in the magnified TEM images. Fig.4.42 and Fig.4.43 show that the average diameters of
5.8802 nm for Pt/raw-MWNTs and 7.29 nm for Pt/14M HNOs;-MWNTs are
accompanied by relatively narrow particle size distributions (4~10 nm). The estimated
average size of Pt nanoparticles is in good agreement with the XRD measurements.

Finally, from XRD and TEM! measurements, it is observed that, for 14M
HNOs;-MWNTs, the diameter of the metal-patticles: deposited is larger than that of
raw-MWNTs. By the way, the particle size-of Pt.may be correlated with the oxidation of
MWNTs, which indicates that the“efficient depesition of Pt nanoparticles is due to a
strong interaction between the metal salt precursor and the functional groups of the
MWNTs. Chemical functional groups, namely -COOH and —OH derived from chemical
oxidation processes, act as anchoring sites for metal nanoparticles. These —-COOH sites
may induce the impregnation of larger particles which is a negative factor to rise the
electrocatalytic activity and the effective activating surface areas. Hence, there is no

significant rise for Pt nanoparticles on MWNTs modified by HNO;.
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4.4.2 Analysis of MWNTs morphology

Fig. 4.44 (a) shows that raw MWNTs display hollow tubes with amorphous and
crystalline layers. It is known that 14M HNOs;-MWNTs not only opens the closed tips
of the tubes, but creates functional groups, -COOH, on the surface to attract metal ions
to nucleate. Fig. 4.44 (b) shows that the amorphous surface layers and the cap of
MWNTs are removed first with 14M HNOs; due to its non-crystalline structure. The
open cap of MWNTs may allow Pt to get into the inner surface of tubes by the other
method in Fig. 4.45. Then, even crystalline layer may be broken for a longer time. In
other words, the functional groups on the surface layer of 14M HNO3;-MWNTs may be
removed for a longer time. However, the total number of functional groups may keep a
balance on 14M HNO;-MWNTs after a certain time. In this work, we take a
hypothetical model for stable state inFig. 4.46 toexplain it with TEM image. Although
functional groups on the surface-layer of -14M HNOs-MWNTs may be removed, new
functional groups would be formed on the new surface layer which is inner the removed
surface layer. Therefore, the total number of functional groups may keep a balance after

some time.

4.4.3 Summary

1. The amount of functional groups is in the equilibrium during the stable state.
2. COOH" attract more Pt precursors to nucleate Pt particle so it produce the larger

particle against its efficiency.
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Fig. 4.41 XRD patterns of Pt onraw-MWNTs and 14M HNO;-MWNTs

Table 4.8 The average size of Pt/raw-MWNTs and Pt/14M HNO3;-MWNTs

time K A Ka1l Bze 0p size (A)
0 29.74 1.54 1.08 39.8 53.226
6 29.74 1.54 0.88 39.8 67.74
12 29.74 1.54 0.884 39.7 67.34
18 29.74 1.54 0.8832 39.93 67.6
24 29.74 1.54 0.882 39.7 67.5
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Fig. 4.45 (a) raw MWNTSs with Pt (b) 14M HNO3-MWNTs with Pt
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Fig. 4.46 Hypothetical model for stable state of 14M HNO3;-MWNTs
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10.

11.

12.

13.

Chapter 5 Conclusions

Various solvents, eg. HNOs, H,SO,, and KOH (80°C, 6 hr), modified MWNTSs can form
the same functional group -COOH and —OH.

Well-dispersed functional groups on MWNTs could improve the efficiency of half-cell
test.

The functional groups on MWNTSs increase anchoring sites of Pt precursors to increase
the efficiency of half-cell test.

The amount of functional groups in order to attract Pt on HNO3-MWNTSs is more than on
H,SO,-MWNTs and on KOH-MWNTSs due to a strong oxidizing agent HNO3.
Temperature is one of the main factors if MWNTs modified by HNO3 form functional
groups -COOH and —OH.

2M and 14M HNO3-MWNTs at 80°C are-tinfavorable to form functional groups.

The modified MWNTSs at 100°C could oxidize and destroy the surface of MWNTSs very
much.

90°C is the optimum temperature for 2M and 14M HNO3-MWNTs to form functional
groups.

2M HNO3;-MWNTs form a lot of functional groups (stable state) from 12hr to 24hr.

14M HNO3-MWNTSs form a lot of functional groups (stable state) from 6hr to 24hr.
Higher concentration of HNO3 allows the surface of MWNTSs to form functional groups
quickly.

The amount of functional groups is in the equilibrium during the stable state.

COO'H" attract more Pt precursors to nucleate Pt particle so it produce the larger particle

against its efficiency.
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