aanTnduaiUiAsedae Infirreanniueasossasal Jisenlave-vieuituaniueu

WINANITHUN 'f?mﬂ@zﬁwg

eI M9 913 AN e ANNNANGATLIEYYNINENAIRATNU LU
a1 insaluaganenAdaninadiues
ANEAINENAERT QAN TINMNINE AT
Tn9finn 2551

-

AUANDVBITAIAINTUNUNINLNAE



ELECTROCATALYTIC OXIDATION OF METHANOL BY METAL-CARBON
NANOTUBE CATALYSTS

Miss Rattana Cheerapradit

A Thesis Submitted in Partial Fulfillment of the Requirements
for the Degree of Master of Science Program in Petrochemistry and Polymer Science
Faculty of Science
Chulalongkorn University
Academic Year 2008
Copyright of Chulalongkorn University



Thesis Title ELECTROCATALYTIC OXIDATION OF METHANOL BY
METAL-CARBON NANOTUBE CATALYSTS

By Rattana Cheerapradit

Field of Study Petrochemistry and Polymer Science

Thesis Advisor Associate Professor Orawon Chailapakul, Ph.D.
Thesis Co-advisor Parichatr VVanalabhpatana, Ph.D.

Accepted by the Faculty of Science, Chulalongkorn University in
Partial Fulfillment of the Requirements for the Master’s Degree

................................................ Dean of the Faculty of Science

(Professor Supot Hannongbua, Dr. rer. nat.)

THESIS COMMITTEE

........................................................ Chairman

........................................................ Thesis Advisor

(Associate Professor Orawon Chailapakul, Ph.D.)

........................................................ Thesis Co-advisor

........................................................ Examiner

(Associate Professor Wimonrat Trakarnpruk, Ph.D.)

........................................................ External Examiner
(Weena Siangproh, Ph.D.)



o = a a v A 1 aaa 1% v 1% o ' asa
Faun Aszisvhing : eendfnduidausealfisandica inesuniueaiaisalfisenlae-
naunlup1iuell (ELECTROCATALYTIC OXIDATION OF METHANOL BY METAL-
CARBON NANOTUBE CATALYSTS) &. Mfsnmangiinusuan : 9/.n9.2393904 080104,
dl a a -9l a o o v
a. NENHINBWUEN 8. A3, U1sdns aua1niwmmn, 81 i
a o -al”d o/ a ! L9 dl @
AU AnsimuneyniaunTureslans 1, 2, uar 3 ais uwiewluariueuiine
gatsdgnse g ininieidviudgiseneendindureauniuea Inaldntsdainseifiae
= Y a o o dl 14 1 a A IS a Aa o a a @
nazuaunisinaeed MHunanitdudoniulansan lhun giillen Taalen TwavuAty uaztniiaiiy
Fagaizen deyalaseaieresdisdiisenTansuueunTuafueneudussamaiindndise
Anunsnduuaziaiuaianamaiinidndistngeasamuianlnnaind nasasn1s@neniemsuiia
Fugianaseululasaintuansinlanzeayniaszauunlummninszassaetneasianauuriaul Ty

o <]

ArFUeu antRnisgelfisenielninaeseynialanssziuuntuniunaiiudundnuuveunu

A o

ASuaURanITeenTndureuNnIveadnelaeds laadanlaaunuiunsnansdalunisaunu

a P

0 Hadhadsedud ansaeliseianuandaunsiefaunudn 2:1:0.5 uwaiin-giisen-Tu-

(o)

1
%

a a = , - P |aaa o) A o a
[ALAUN V]ﬂﬂLﬂqxuumﬂuqiuﬂqﬁ‘u@uu@@\‘iﬂ’]ﬁ‘Lﬁ‘Qﬂ{]ﬂ?ﬂqVﬂ\‘]iwquIﬂm@ﬂimﬂiuﬂﬁ‘guﬁuﬂiuﬁﬂ

q

A

winiu 77.5 wesudiseninvessiaiselfisen dufuiuniuea 1 Wa1ilu 0.5 Twand naadayfsn

uaNANH wnantiN-gRilen-TNAuATN LWt luA U uTa N sl Ave e e nFinduaes

S > Yy o o o p o A
LNVI’M@@%’]T@HWH?%LLMH@Lﬂmﬂunﬂm\i LATHAIMNLANETNENIUIU

A

A111377. TR ARLALANENANRATNARINAST. AVUNDTATRR . oo

= = A dll rdl a a " o
UN9ANBN. .. 25571 @’]EIN“ﬂﬁj‘ﬂ@W@W?ﬂﬂﬁﬂHWQWﬂﬂuwuﬁﬂ@ﬂ...............

A dll rdl a a -9
aeNaTe81 I NUTN N RNUSIIN. ...,



# # 4972455723 MAJOR MAJOR PETROCHEMISTRY AND POLYMER SCIENCE
KEY WORD: ELECTRO-OXIDATION / ELECTROCATALYTIC OXIDATION /
METHANOL OXIDATION / CARBON NANOTUBE (CNT) / DIRECT METHANOL
FUEL CELL (DMFC)
RATTANA CHEERAPRADIT : ELECTROCATALYTIC OXIDATION OF
METHANOL BY METAL-CARBON NANOTUBE CATALYSTS. THESIS
ADVISOR : ASSOC. PROF. ORAWON CHAILAPAKUL, Ph.D. THESIS
COADVISOR : PARICHATR VANALABHPATANA, Ph.D., 81 pp.

In this research, the mono-, di-, and tri-metal nanoparticles supported on carbon
nanotube (CNT) have been developed as electrocatalysts for the oxidation of methanol using
polyol process synthesis. Pt, accompanied by other metals including Ru, Cr, Mo, and Ni,
were used as catalysts. Structural information of the metal catalysts on CNT was confirmed
by X-ray diffraction (XRD) technique and energy dispersive X-ray fluorescence
spectroscopy (XRF-EDX). Transmission electron microscopic (TEM) observation showed
that the metal nanoparticles were evenly distributed on CNT. Electrocatalytic properties of
the Pt-based metal nanoparticles on CNT towards methanol oxidation were investigated by
means of cyclic voltammetry at the scan rate of 50 mV-s™. Among all of the synthesized
catalysts, 2:1:0.5 PtRuMo supported on CNT showed the best electrocatalytic performance
with the anodic current of 77.5 A-(g catalyst) ™ for 1.0 M methanol containing 0.5 M sulfuric
acid. In addition, the optimized PtRuMo on CNT had high reproducibility and long term
stability.
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CHAPTER |

INTRODUCTION

1.1 Introduction

Recently, many signs of global warming have been detected. Considered as
main cause of this phenomenon, air pollutants, for example, carbon dioxide (COy),
nitrogen oxides (NOy), sulfur dioxide (SO,), and many other volatile compounds, are
discharged into the environment by incomplete burning of fossil fuels such as coal
and oil using in machines and motor vehicles. In order to reduce the use of fossil
fuels, modern electric machines and vehicles that release few numbers of detrimental
pollutants are essential. Therefore, clean energy sources, especially fuel cells have
been developed for uses in vehicles and power plant stations. Fuel cell is a device
that directly converts chemical energy of a redox reaction into electrical energy and
consists of anode, cathode, and electrolyte. Fuel cell produces electricity by
supplying fuel on the anode side and oxidant on the cathode side. It can continuously
operate as long as the necessary flows of reactants are maintained. About 150 years
ago, the first fuel cell was built in England. Up to now, fuel cell technology has been
used as an efficient and lightweight energy source for space exploration. Over the
next few years, technological advances and cost reduction will likely lead to
widespread use of fuel cell in several different applications. Fuel cell may someday
be as common in residential households as a refrigerator or a dishwasher to produce
clean and reliable electricity. In addition, it is likely that a new generation of clean
automobile using electric-drive motor will rely on fuel cell as its source of power.

There are various types of fuel cells that can be classified by their chemistry,
their operating temperatures, and their electrolyte types. Some fuel cells work well
with stationary power generation plants whereas others may be useful for small

portable applications or powering cars. The main types of fuel cells include:



Solid Oxide Fuel Cell (SOFC)

SOFC has a solid oxide or ceramic electrolyte and operates at very high
temperatures between 700-1,000°C. These high temperatures cause a dramatic
problem because some parts of the fuel cell can break down after repeatedly cycling.
However, SOFC is very stable for continuous use. In fact, SOFC has had the longest
operating lifetime among most types of fuel cells under certain conditions. Its high
operating temperatures also have an advantage that the steam produced during the
operation can be channeled into turbines to generate more electricity. SOFC suits
well large-scale stationary power generators that could provide electricity for factories

or towns.
Molten Carbonate Fuel Cell (MCFC)

The electrolytes of MCFC are molten mixtures of alkali metal carbonates
(Li,CO3-K,CO3 or Li,CO3—Na,C0Os3), which are retained in a ceramic matrix of
lithium aluminium oxide (LiAIO;). MCFC operates at 600°C so that it can generate
steam which can be used for generating more power. Since MCFC has lower
operating temperatures than SOFC, MCFC then does not need such exotic and
durable materials, making its design be a little less expensive. Similar to SOFC, this
fuel cell is also suitable for large stationary power generators.

Phosphoric Acid Fuel Cell (PAFC)

PAFC typically operates at 180-220°C in an acid medium using liquid
phosphoric acid as an electrolyte. Due to its high working temperatures, it has a long
warm-up time. PAFC has potential for use in small stationary power generation
system. Unfortunately, its cost is too high compared with other conventional power

generating systems.
Polymer Exchange Membrane Fuel Cell (PEMFC)

PEMFC uses a solid polymer membrane as an electrolyte. When this polymer is
saturated with water, it allows proton to pervade through itself causing ionic
conduction. PEMFC gives high power density and has a relatively low operating
temperatures (ranging from 60-80°C), allowing fuel cell to have short warm-up time
before generating electricity. This type of fuel cell has been worldwide developed as
a high effective and environmentally-friendly energy conversion device for both

mobile and stationary applications.



Direct Methanol Fuel Cell (DMFC)

Using methanol as a liquid fuel, DMFC has many advantages over other fuel
cell systems because of its high energy conversion efficiency, low pollutant emission,
low operating temperature, low cost, and simplicity of handling and transporting
liquid fuel. Therefore, methanol can be expanded in a consumer environment with
little concern and portable power systems containing DMFCs have become favorable.

For the operation, DMFC oxidizes methanol with water to form CO,, protons,
and electrons. As shown in equation 1.1, CO; is then released at the anode. Equation
1.2 shows the reaction at the cathode where the protons migrating through the
electrolyte membrane, together with the electrons passing through the outer circuit

combine with dioxygen (O;) to generate water [1].

Anode:

CH30H + H;0 - CO, + 6H" + 6¢e” (1.2)
Cathode:

3/20, + 66 + 6H" —  3H,0 (1.2)

As displayed in equation 1.3, the overall reaction in DMFC is the catalytic conversion
of methanol in the presence of O, into CO, and water. At 25°C, the maximum

thermodynamic voltage of this reaction has a value of 1.18 V.
CH30OH + 3/20, — CO; + 2H,0 (1.3)

Despite of DMFC advantages, there are some difficulties to be overcome in terms of
efficiency and power density. One of the reasons for poor efficiency of DMFC is the
relatively slow kinetics of the methanol oxidation at the anode, leading to high over
potential of the oxidation. Platinum (Pt) metal has high activity for methanol
oxidation and has been used as anode electrocatalyst. Mechanism of methanol
oxidation on Pt electrode in an acid medium involves parallel and consecutive

oxidation reactions, as follows [2]:

CH30H + Pt - Pt—-CH,0H (ads) (1.4)
Pt—-CH,OH (ads) Pt () - Pt,-CHOH (ads) H +e (1.5)
Pt,—-CHOH (ads) Pt () - Pt;—-COH (ads) H +e (1.6)

Pt;—COH (ads) - Pt—-CO (ads) + 2Pt Ok H" +e (1.7)



Equations 1.4-1.7 display a marked increase in the anodic current for the
dehydrogenation of methanol followed by the oxidation of Pt surface-adsorbed
intermediates. Arising from the equation 1.7, adsorbed Pt—carbon monoxide (Pt-CO
ads)) Species might possibly poison the Pt catalyst. However, the extension of the
potential might include the formation of Pt hydroxide (Pt-OH (.4s)) and Pt carboxyl
(Pt—-COOH (a5)) as well as the oxidation of CO species to yield CO,. Possible

reactions are demonstrated in equations 1.8-1.12.

Pt + Ho0 —>  Pt-OH g+ H +¢ (1.8)

Pt—OH (ags) + Pt=CO (aq5) —> 2Pt +CO,+H +e (1.9)
or

Pt—CO (aa) + H20 —  Pt=COOH gy + H +e& (1.10)
or

Pt—OH (ags) + CO (ac) —  Pt-COOH (a5 (1.12)

Pt-COOH (xa5) —>  Pty+COy+H +e (1.12)

As described in equation 1.9, the adsorbed Pt—-CO can mostly be removed by the
oxygenated Pt—-OH species. Since the dissociative adsorption of water in equation
1.10 occurs slowly at the normal operating potentials of DMFC. Additionally
proposed reactions (equations 1.13-1.17) have been mentioned:

Pt—CH,0H (ags) —> Pt +HCOH+H +¢ (1.13)

Pt,—CHOH (ags) —> Pt +Pt-CHO @ +H +e " (1.14)
or

Pt-CHOH (agsy + PtEOH agsy —>  2Pt() + HCOOH + H* + ¢ (1.15)

Pt;-COH (ags) + Pt-OH (a5 — 3Pt ) + Pt-COOH (aq5) + H +e (1.16)
Pt:—COH (ads) T H,O - 2Pt O Pt—-COOH (ads) + 2H" +2e (1.17)

Although a great deal of effort has been made for research and development of
DMFC, the problem of finding proper anode catalysts remains to be resolved. Since
Pt is easy to be poisoned by CO-like species produced during the methanol oxidation

and thus loses its continuously long-term catalytic activity, the metal co-catalysts such



as ruthenium (Ru) and rhodium (Rh) have been introduced to Pt-based binary and

ternary catalytic systems.

1.2 Literature Review: Development of Direct Methanol Fuel Cell (DMFC)
Anode

Since Pt has high catalytic activity towards methanol oxidation, it has been used
as an electrocatalyst for DMFC anode. M. Watanabe et al. [3] utilized Pt
electrocatalyst for direct methanol oxidation. Using different carbon black supports,
the influence of Pt crystallite dispersion on the electrocatalytic activity for methanol
oxidation in acidic solution was examined. @ The mass activity increased
proportionally with the specific surface area of the Pt crystallites.

M. Umeda et al. [4] investigated the electrochemical characterization of various
Pt/carbon (Pt/C) catalysts and their electrocatalytic activity towards methanol
oxidation by using the porous microelectrode (PME). Cyclic voltammograms
revealed that 30 wt. % Pt/C exhibited the highest electroactivity whereas the 50 wt. %
Pt/C showed extremely small current because of its small active-surface area. Anodic
peak potential for methanol oxidation shifted towards positive direction as Pt-loading
decreased, revealing the formation of Pt-oxide species. The activation energy for
methanol oxidation was assessed at 449+3 kJ-mol™ for all Pt/C catalysts.

H. T. Kim et al. [5] reported the development of cathode catalyst layer based on
Pt catalyst on ordered mesoporous carbon (Pt/OMC) for DMFC application. Pt
nanoparticles were supported on OMC with Pt loading of 60 wt. %. The power
density of the optimum cathode layer, which employed the PtYOMC catalyst with Pt
loading of 2 mg-cm ™2, was greater than that of unsupported Pt.

However, during the methanol oxidation, Pt can be poisoned by CO-like species
and, thus, continuously loses its catalytic activity. Therefore, Pt-based bimetal
catalysts such as Pt—Ru [6] and Pt—gold (Pt—Au) [7] have been introduced to improve
the CO-tolerance characteristics of Pt through the bi-metallic effect. Mechanistic
studies for Pt—metal binary catalysts proposed that methanol can be electrochemically
oxidized according to equations 1.18-1.20 [8]. Note that equation 1.18 combines
equations 1.4-1.7 in single reaction and X represents any metal co-catalyst such as Ru

or Au.



Pt Ol CHsOH - —> > Pt-CO (ads) T 4H" + 4e” (118)
X Ol H20 - X-OH (ads) T H" +¢ (1.19)
X—OH (ags) + Pt=CO (ags) - X + Pt +CO, + H +e (1.20)

Metal co-catalyst usually transfers oxygen more effectively than Pt due to its ability to
oxidatively absorb water at less positive potential. During the oxidation, surface Pt
atoms oxidatively dehydrogenate the chemisorbed methyl moiety in consecutive steps
(equation 1.18) to yield a residual adsorbed CO on Pt (Pt—CO () that is unlikely to
be further oxidized to CO, at DMFC potentials; however, the adsorbed Pt—CO can be
removed via an oxygen transfer step with the electrogenerated hydroxide of co-
catalyst (X—OH qs)), as displayed in equation 1.20 [9].

J. Guo et al. [10] studied PtRu/C and PtRu black catalysts with nominal atomic
Pt:Ru ratio of 1:1 as anode catalysts for DMFC. Indicated by X-ray diffraction
(XRD) technique, both PtRu/C and PtRu black had almost the same alloy degree, but
the PtRu supported on C could improve the influence of Ru on Pt towards methanol
oxidization. Electrochemical activity of the catalysts for methanol oxidation was
probed by cyclic voltammetry, showing that Ru was proved to have ability of
reducing the potential for methanol oxidation on Pt.

W. Tokarz et al. [11] investigated the adsorption and electro-oxidation of
methanol on different compositions of PtRh alloys as well as pure Pt and Rh metals.
Current densities of methanol oxidation on Pt, Rh, and PtRh alloys were measured by
means of cyclic voltammetry. Compared with Pt, PtRh alloys showed insufficient
improvement of potential for continuous methanol oxidation due to the tendency of
Rh to be strongly poisoned by the adsorption products. The poisoning phenomena
switched off the bi-metallic system of methanol oxidation on these alloys.

I. S. Park et al. [12] prepared Pt modified with Au nanoparticles on carbon
support (PtAu/C) as an electrocatalyst for methanol oxidation. Electrochemical
results indicated that the PtAu/C showed higher electrocatalytic activity for methanol
oxidation than the commercial electrocatalyst. The increase of electrocatalytic
activity might be attributed to the PtAu/C surface structure that allowed high
utilization of Pt for surface oxidation of methanol.

Typically, any catalyst with small and well-dispersed particles tends to have

good catalytic activity. Therefore, the significance of the supporting material on



catalyst distribution has extensively been concerned. Many studies [3,4,13] used Pt
on various supports such as carbon, graphite, and other alloys for methanol electro-
oxidation. Those results showed that appropriate support could improve the activity
of Pt for methanol oxidation and the activity of Pt also depended upon Pt loading on
the support. In case of the bi-metallic systems, the effects of the following catalyst
supports were studied.

J. Zhu et al. [14] prepared PtRu/C anode electrocatalysts for DMFC anode. The
catalysts were composed of well-dispersed and homogeneous PtRu alloy
nanoparticles.  Electrochemical results demonstrated that the PtRu/C catalysts
obtained via sensitizing and activating pretreatment exhibited 34% enhancement of
peak current density for methanol electro-oxidation.

M. Carmo et al. [15] investigated PtRu electrocatalysts supported on
functionalized carbon black. Electrochemical properties of both home-made and
commercial PtRu electrocatalysts were compared to those of PtRu on the carbon
black. ~ Cyclic voltammetric curves demonstrated that PtRu supported on
functionalized carbon black had the highest activity for the oxidation of methanol.

G. R. S. Banda et al. [16] prepared metal-based catalyst clusters on boron-doped
diamond (BDD) powder formed by the agglomeration metal-based nanoparticles with
the sizes varying between 500 nm and 5 um. Results showed that the deposited
particles contained high purity and had a good electrical contact with the surface of
BDD powder. However, the Pt—Ru oxides supported on BDD (PtRuO/BDD) showed
lower activity for methanol oxidation than the PtRu/C commercial catalyst.

A. Bauer et al. [17] investigated pressed graphite felt with electrodeposited
PtRu (43 g-m™?, 1.4:1 atomic Pt:Ru ratio) or Pt-Ru-molybdenum (PtRuMo, 52 g-m 2,
1:1:0.3 atomic Pt:Ru:Mo ratio) nanoparticle catalysts as an anodic material for
DMFC. At the temperatures above 333K, the fuel cell performance of the PtRuMo
catalyst was superior than that of the PtRu. Power density of the PtRuMo was 2,200
W-m~?at 5,500 A-m 2 and 353 K while, under the same condition, PtRu yielded 1,925
W-m2

Recently, carbon nanotube (CNT), which is allotrope of carbon,
configurationally equivalent to two-dimensional graphite sheets rolled into a tube, has
been proposed to be an alternative metal catalyst support due to its cylindrical

nanostructure with high surface area as well as unique mechanical and electrical



properties. There has been recent work revealing that, compared with other carbon
materials, CNT is a better support for electrocatalyst of methanol oxidation. Many
researchers used Pt supported on CNT as a catalyst for methanol oxidation, for
example:

D. J. Guo et al. [18] investigated the oxidation of methanol by Pt nanoparticles
modified on single-walled carbon nanotubes (SWCNTSs) using electrochemical
method. The morphology of Pt nanoparticles on SWCNTs was studied by
transmission electron microscopy (TEM) and XRD techniques, revealing that the
mean diameter of Pt nanoparticles was about 5-8 nm. Cyclic voltammetric results
showed excellent electrocatalytic activity of Pt nanoparticles on SWCNTs for
methanol oxidation.

H. Tang et al. [19] used well-aligned CNT arrays as supporting materials for Pt
electrocatalysts. The microstructure of the resulting Pt on aligned CNT (Pt/aligned-
CNT) electrode was characterized by scanning electron microscopy (SEM) and its
electrocatalytic properties for methanol oxidation were studied by using cyclic
voltammetry. Results confirmed that the Pt/aligned-CNT electrode provided higher
electrocatalytic activity for methanol oxidation than the Pt on tangled-CNT
(Pt/tangled-CNT) and the Pt on graphite (Pt/graphite) electrodes.

C. C. Chen et al. [20] synthesized muti-walled carbon nanotube (MWCNT)
from carbon cloth and modified it with Pt nanoparticles by using microwave digestion
method in 5 M nitric acid (HNOg3). The open-end and undamaged MWCNTSs can
provide a larger surface area for supporting more catalysts. The characterization of Pt
modified MWCNT (Pt/MWCNT) was carried out by TEM, X-ray photoelectron
spectroscopy (XPS), fourier transform infrared spectroscopy (FTIR), and Raman
spectroscopy. Furthermore, the electrocatalytic oxidation of methanol with the
microwave digestion-treated Pt/MWCNT electrode displayed higher anodic current
than those with the pristine-/and nitric acid-treated PYMWCNT electrodes.

S. L. Knupp et al. [21] developed corrosion-resistant CNT and carbon nanofiber
(CNF) modified with Pt catalysts for PEMFC application. Brunauer Emmer Teller
(BET) surface area measurements, FTIR, XRD, TEM, thermal gravimetric analysis
(TGA), and cyclic voltammetry were used to characterize all the Pt modified CNT
and CNF. An increase of the Pt loading on a fixed surface area caused agglomeration.
CNF with large diameter (100-200 nm), as compared to CNT (20-40 nm) had less



surface area and hence, larger Pt particles were formed under same synthetic
conditions.

In addition, CNT has been utilized as a support for Pt—based bimetal catalysts in
order to improve the electrocatalytic activity for methanol oxidation. J. Prabhuram et
al. [22] compared the activity towards methanol oxidation of PtRu supported on
MWCNT (PtRuU/MWCNT) with that of PtRu on Vulcan XC-72 carbon (PtRu/C).
Cyclic voltammetric results demonstrated that the PtRU/MWCNT catalyst exhibited
higher mass activity for methanol oxidation than PtRu/C catalyst under the condition
that both catalysts possessed more or less same PtRu loadings, particle sizes,
dispersion, and electrochemical surface areas.

J. Xu et al. [23] reported electro-oxidation of methanol by Pt—iron supported on
MWCNT (PtFe/MWCNT). Electrocatalytic activity of the PtFe/MWCNT electrodes
for the oxidation of methanol was investigated by means of cyclic voltammetry and
chronoamperometry. PtFe/MWCNT presented higher electrocatalytic activity and
stability in comparison with the PYMWCNT. This result revealed that the addition of
Fe might lead to small average particle size and high utilization of Pt in the
PtFe/MWCNT catalyst, implying that the PtFe/MWCNT composite had high potential
in fuel cell application.

Several synthetic methods, including electrodeposition [18], sodium
borohydride (NaBH,) reduction [24], and polyol process [6], have been utilized to
prepare metal supported on CNT (metal/CNT) catalysts for DMFC anode and other
purposes. Polyol process, one of the simple syntheses, uses poly alcohol as a solvent
and a reducing agent to produce metal nanoparticles deposited on CNT from the
mixture of metallic cation precursor and CNT.

Earlier work [21,25] synthesized Pt supported on CNT (Pt/CNT) by polyol
process and the uniform Pt particles deposited on CNT were obtained.
Electrochemical measurements showed that the prepared Pt/CNT catalyst exhibited
high performance for methanol electro-oxidization.

W. Chen et al. [26] prepared well-dispersed Pt nanoparticles with the average
diameter of 3.0 nm on CNT by microwave-heated polyol process. TEM observations
illustrated that microwave-synthesized Pt nanoparticles had a sharp size distribution
and dispersed well on the surface of CNT. Cyclic voltammograms demonstrated that
the synthesized Pt/CNT catalysts exhibited higher catalytic activity for methanol
oxidation than the commercial Pt/C catalyst at room temperature, implying that the
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significant improvement in electrocatalytic activity was due to that the size uniformity
and well dispersion of the Pt nanoparticles on CNT prepared via microwave-heated
polyol method.

Z. Liu et al. [27] synthesized Pt and PtRu supported on Vulcan XC-72 carbon
and SWCNT by a microwave-assisted polyol process. The prepared catalysts were
characterized by TEM, XRD, and XPS. PtRu nanoparticles, which were uniformly
dispersed on carbon and SWCNT supports, had the diameters of 2-6 nm. Electro-
oxidation of methanol was studied by means of cyclic voltammetry, linear sweep
voltammetry, and chronoamperometry. Both catalysts on SWCNT had higher and
more durable electrocatalytic activity for methanol oxidation than the Pt supported on

carbon.

1.3 Objective and Scopes of The Thesis

The objective of this research is to develop metal nanoparticles supported on
CNT catalysts (metal/CNT) for the oxidation of methanol. We have tried to co-
deposit other metals with Pt and Ru on CNT to enhance its electrocatalytic activity for
methanol oxidation and reduced the production cost by partially replacing expensive
Pt and Ru with more affordable metals for commercializing purpose. The thesis is
divided into four parts. For the first part, the preparation of metal nanoparticles
supported on carbon nanotube (CNT) via the polyol process is demonstrated. The
second part presents the electrochemical characterization of the metal/CNT catalysts
by cyclic voltammetry and the morphological information of the catalysts by XRD,
XRF-EDX, and TEM techniques. To gain better understanding of the mechanism for
methanol oxidation, the third part, which is the main part of the thesis, involves with
the optimization of the atomic ratios of Pt-to-metal co-catalyst used for the
preparation of metal/CNT catalysts modified on glassy carbon (metal/CNT/GC)
electrodes. Cyclic voltammetric experiment has been used to probe the activity of
these metal/CNT maodified electrodes for methanol oxidation in acidic media. Finally,
using chronoamperometric technique, the stability of the metal/CNT/GC electrodes in
methanol solution has been addressed.
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THEORY

For the understanding of this thesis, the definitions and theories of the following
terms will be described: carbon nanotube (CNT), polyol process, electrochemical

techniques, real surface area, and characterization techniques.

2.1 Carbon Nanotube (CNT) [28]

CNT is one allotrope of carbon, configurationally equivalent to hexagonal
network of carbon atoms that has been rolled up to make a seamless cylinder. Its
cylindrical carbon tubes generate novel properties that make CNTs be potentially
useful in many applications in nanotechnology, electronics, optics, material science,
and other fields. CNTs exhibit extraordinary strength, unique electrical properties,
and efficient heat conducting characteristic. Their usage, however, may be possibly
limited by their toxicity. The nature of the bonding of CNTs can be described by
applied quantum chemistry, specifically, orbital hybridization. Similar to the
chemical bonding of graphite, that of nanotubes is entirely composed of sp? carbon
bonds. CNTSs can be classified into two main types: single-walled carbon nanotube
(SWCNT) and multi-walled carbon nanotube (MWCNT).

2.1.1 Single-Walled Carbon Nanotube (SWCNT)

The structure of SWCNT can be conceptualized by wrapping an one
atom-thick-layer of graphite called graphene into a seamless cylinder. SWCNTSs
exhibit some important electric properties with that MWCNTSs do not share, but they
are still expensive to be produced.

2.1.2 Multi-Walled Carbon Nanotube (MWCNT)
MWCNT consists of multiple layers of graphite rolled in on themselves
to form a tubular shape. There are two models which can be used to describe the
structure of MWCNT. In the Russian Doll model, the sheets of graphite are arranged
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in concentric cylinders. In the Parchment model, a single sheet of graphite is rolled in
around itself, resembling a rolled up newspaper. The interlayer distance in MWCNT

is close to the distance between graphene layers in graphite, which is approximately

33A

2.2 Polyol Process [29]

Metal nanoparticle catalysts have been prepared by various techniques, but most
often by chemical reduction and precipitation from aqueous or organic solution.
Chemical reduction of metal nanoparticles in ethylene glycol under different
conditions is the basis of the so-called polyol process.

Since 1980s, polyol process has been largely used to prepare nanoparticles of
various metals such as platinum (Pt), nickel (Ni), bismuth (Bi), cobalt (Co), silver
(Ag), gold (Au), and palladium (Pd). The advantage of this method is that the
formation of metal nanoparticles takes place in solution phase at the temperatures well
below those temperatures used in typical solid state method. Synthesis of metal
nanoparticles using the polyol process requires dissolution of the metal precursor in a
liquid polyol, e.g., ethylene glycol, triethylene glycol, or tetraethylene glycol, which
uses as both a solvent and a reducing agent. In addition, the liquid polyol often acts
as a protecting agent that prevents interparticle sintering. The reaction rate is
controlled by adjusting the temperature to acquire the reduction including the
condensation of metal atoms from solution and finally the formation of metal
nanoparticles. Rigorous adjustment of different parameters such as temperature,
precursor type, precursor amount, and the order of reaction addition allows control of
size, shape, and size distribution of the particles. Each metal synthesis is therefore a

special case that requires optimization of reaction conditions.
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2.3 Electrochemical Techniques [30]

Electrochemical techniques have been classified by International Union for Pure
and Applied Chemistry (IUPAC) on the basis of their working principles. Although
many electrochemical methods are available nowadays, only cyclic voltammetry and
amperometry are used in this thesis.

2.3.1 Cyclic Voltammetry

Cyclic voltammetry is the most widely used electrochemical technique
for acquiring qualitative information about electrochemical reactions.  The
significance of cyclic voltammetry results from its ability to rapidly provide
considerable information on the thermodynamic of redox processes, the kinetics of
heterogeneous electron-transfer reactions, and the nature of coupled chemical
reactions or adsorption processes. Thus, cyclic voltammetry is often the first
experiment performed in any electroanalytical study. In particular, it offers a rapid
location of redox potentials for electroactive species and convenient evaluation of

medium effect upon the redox process.

A
— Cycle]l —

Eﬁnn]

reverse
scan

1

forward
scan

- Potentinl

initinl

Time
Figure 2.1 Potential-time excitation signal in cyclic voltammetry.
Cyclic voltammetry involves scanning linearly the potential of a

stationary working electrode immersed in an unstirred solution using a triangular

potential waveform showed in Fig. 2.1. Depending on the information sought, single
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or multiple cycle(s) can be used. During the potential sweep, the potentiostat
measures the current resulting from the applied potential. The plot of current versus
applied potential is termed as a cyclic voltammogram, which represents characteristic
features of a redox process depending on a large number of physical and chemical

parameters.
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Figure 2.2 Typical cyclic voltammogram for a reversible redox process.

Fig. 2.2 illustrates the expected response of a revesible redox couple
during a single potential cycle. It is assumed that only the oxidized form, O, is
present initially. Thus, a negative-going potential scan is chosen for the first half-
cycle, starting from a potential value where no electrochemical reaction occurs. As
the applied potential approaches the characteristic E® of the redox process, a current
for the reduction process begins to increase until the cathodic peak is reached. After
traversing the potential region in which the reduction takes place, the direction of the
potential sweep is reversed. During the reverse scan, the reduced form, R, (generated
in the forward half cycle and accumulated near the electrode surface) re-oxidizes back
to O, resulting in an anodic peak.
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2.3.2 Chronoamperometry
Chronoamperometry deals with stepping the potential of the working
electrode from a value at which no faradaic reaction of an electroactive species occurs
to a potential at which the faradaic reaction occurs dramatically until the
concentration of the electroactive species at the electrode surface is effectively zero.
Fig. 2.3 reveals the applied potential-time waveform of this technique.

Potential

[ &

Time

Figure 2.3 Potential-time waveform of chronoamperometry.

Chronoamperometry is often used for the measurement of the diffusion
coefficient of electroactive species and the surface area of working electrode.
Analytical application of this method relies on pulsing of the working electrode
potential repetitively at fixed time intervals. Additionally, this technique can be

applied to study the mechanisms of electrode processes.

2.4 Real Surface Area [31,32]

One of the most important parameters in heterogeneous electrocatalysis is the
real surface area of a working electrode or the catalyst at the electrode, which will
determine the catalytic activity. To measure real surface area, we need to utilize a
microscopic examination. One such examination is using the adsorption of gaseous
atoms or molecules onto the solid surface. A gaseous molecule may be adsorbed on a

solid surface by physisorption or chemisorption interaction. If physisorption takes
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place, the gaseous particles carpet the electrode surface to form a monolayer on which
successive gas layers may adsorb later (Fig. 2.4a). In this case, the real surface area
can be evaluated by measuring the amount of adsorbed gas and the area occupied by
each atom or molecule of gas. When the gas is absorbed by chemisorption, each atom
or molecule of gas is attached by a real covalent bond to an adsorption site. In the
case, the adsorption site is an atom (Fig. 2.4b). The evaluation of the real surface area

then requires the determination of adsorbed gas amount.

bl aomntoa®

Figure 2.4 Adsorbate particles packing with (a) physisorption and (b) chemisorption.

The determination of Pt surface area on the electrode using hydrogen adsorption
has been one of the most widely used methods for determination of the real surface

area of Pt-based catalysts used in fuel cell electrodes.

2.4.1 Hydrogen Adsorption Method

Hydrogen adsorption on the Pt surface is achieved by applying
sufficiently negative potentials to the electrode when in contact with an aqueous
solution. Fig. 2.5 shows three regions distinguished in the cyclic voltammogram of a
Pt electrode in an acid solution. The oxygen region is found at the positive potentials.
During the positive sweep prior to dioxygen (O,) evolution, a hydrated Pt oxide
monolayer is formed. Cyclic voltammogram revealed well Pt oxide (Pt-O) reduction
process at 0.5 mV. In the center region, low cathodic and anodic currents can be
found. This area is called as double-layer region since only capacitive processes take

place. Finally, the hydrogen region can be observed at negative potentials.

H" (@) + € — Heas) (2.1)
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When the electrode potential becomes more and more negative, until the formation of
adsorbed H monolayer is achieved according to equation 2.1. Once the Pt surface is
fully covered by hydrogen atoms, the adsorption of hydrogen (H,) molecules will take

place:
2H (ads) = H2 (ads) (2.2)

These adsorbed H, molecules come together to form hydrogen bubbles that will leave

the Pt electrode surface when they have grown large enough:
H2 (ads) = Hz (q) (2.3)

In the positive direction, the adsorbed hydrogen can desorb from the Pt surface
(eqution 2.4).

Hads) > H'aqy + € (2.4)

The integration of the anodic current in the hydrogen region can give the amount of
desorbed hydrogen which indirectly represents Pt real surface area.

The experimentally obtained charge also contains a contribution from
the double layer charge, which should be subtracted. Subtraction is usually made by
assuming that double layer charge has the same value in all regions. Equation 2.5
represents actual charge from the hydrogen desorption

(Vo-Vi)lv

Q= 1 IdV — Qg (2.5)
A% (Vo—Vi)/V

where Q is charge of hydrogen desorption, | is total current, le is double layer

charge, Vy is initial potential of scan, V; is initial potential of the hydrogen desorption,
Vs is final potential of the hydrogen desorption, and v is potential sweep rate.

When the catalytic powder consists of metal nanoparticles supported on
carbon, it is useful to measure electrochemical active surface (EAS) area. EAS areas
of the Pt-based catalysts can be estimated from cyclic voltammogram of the Pt-based
catalyst modified electrodes in background solutions. Using coulombic charge
associated with hydrogen desorption (Qu), EAS area of the catalyst can be written as

equation 2.6

EAS (mz-g_l) =Qu/ (QHoxgcat) (2-6)
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where the constant Qu, IS the amount of charge per unit Pt surface area (210
uC-cm?), which is represents the desorption of one-monolayer hydrogen, and ges is

the actual weight of Pt-based catalyst.
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Figure 2.5 Cyclic voltammetric current potential curve for a Pt electrode in contact
with acid solution. The inset shows the different charge contributions in the hydrogen
region.

2.5 Characterization Techniques

2.5.3 Infrared (IR) Spectroscopy [33]

IR spectroscopy is the study of the interaction of IR electromagnetic
radiation with matter. Electromagnetic radiation is composed of electric and magnetic
waves that are in planes perpendicular to each other. The radiation moves through
space in a plane perpendicular to the planes containing the electric and magnetic
waves. It is the electric part of the radiation, called the electric vector that interacts
with matter. When IR radiation interacts with a molecule, it can be absorbed by the

molecule causing the chemical bonds in the molecule to vibrate. Chemical structural
fragment within a molecule, known as a functional group, tends to absorb IR radiation
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in the same wavenumber range regardless of the structure of the rest of the molecule
in which the functional group stays. This correlation between a functional group and
the wavenumber of its absorbed IR allows the structure of an unknown molecule to be
identified from the molecule’s IR spectrum, making IR spectroscopy a useful

chemical analysis tool.

2.5.2 X-ray Diffraction (XRD) Technique [34]

XRD is an efficient technique wused for identification and
characterization of unknown crystalline materials. When an X-ray beam hits an atom
of a solid sample, the electrons around the atom start to oscillate with the same
frequency as the incoming X-ray beam. Diffraction beam then occurs when a X-ray
beam encounters the sample. It is described as the apparent bending of waves around
small samples and the spreading out of waves past small openings. In almost all
directions, destructive interference will occur because the combining waves are out of
phase and there is no resultant energy leaving the solid sample. However, the atoms
in a crystal are arranged in a regular pattern generating constructive interference in a
few directions. The combining waves will be in phase causing well defined X-ray
beams. Therefore, a diffracted beam may be described as a beam composed of a large

number of scattered rays mutually reinforcing one another.
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Figure 2.6 Sketch of one possible configuration of the XRD instrument.

Fig. 2.6 displays simplified sketch of one possible configuration of XRD
instrument. In this configuration, both X-ray tube and X-ray detector move through

the angle theta whereas the sample remains stationary. A detector detects the X-ray
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signal which is then proceeded and converted into a count rate either by a

microprocessor or electronically.

2.5.3 Transmission Electron Microscopy (TEM) [35]

TEM produces a transmitted electron image of a thin specimen,
magnified from 100 to approximately 500,000 times and with a resolving power of
approximately 0.2 nm. Thus, TEM has greater resolving capability as well as a wider
and higher magnification range than the light microscope does. TEM finds
applications in cancer research, virology, material science as well as semiconductor
research. The quality of the image in TEM depends on not only the expertise of the
microscopist, but also the quality of the specimen preparation.

The principle of TEM is to produce sample image by light source at the
top of the microscope. This light source emits electrons that travel through vacuum in
the microscope column. Instead of glass lenses in the light microscope, TEM uses
electromagnetic lenses to focus the electrons into a very thin beam. The electron
beam then travels through the interested specimen. Depending on the density of the
specimen, some of the electrons are scattered and disappear from the beam. At the
bottom of the microscope, the unscattered electrons hit a fluorescent screen and give
rise to a shadow image of the specimen. Different parts of the image display in
various darkness according to their density. The image can be directly studied by an

operator or a photographer with a camera.

2.5.4 Energy Dispersive X-ray Fluorescence Spectroscopy (XRF-EDX)

[34]

XRF-EDX analysis separates characteristic X-ray on the basis of its
photon energies rather than on its wavelengths. It is not only a powerful and versatile
analysis method by its own, but sometimes used as an accessory to other instruments
because of its compactness. XRF-EDX analysis is widely used for elemental analysis
and chemical analysis, particularly in the investigation of metals, glass, ceramics and
building materials, and for research in geochemistry, forensic science and
archaeology. Fig. 2.7 shows schematic representation of an energy-dispersive
spectrometer. Characteristic X-ray of a specimen irradiated with a primary X-ray
beam enters a cooled Si(Li) detector which is connected to an amplifier system. It is

necessary to cool the detector to liquid nitrogen temperatures in order to reduce
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electronic noise and ensure optimum resolution. The fluorescent X-rays emitted by
the sample are directed into the detector which produces a continuous distribution of
pulses, the voltages of which are proportional to the incoming photon energies. This
signal is processed by a multichannel analyzer (MCA) which produces an
accumulating digital spectrum that can be processed to obtain analytical data. To be
more precise, the detector converts the fluorescent X-ray into electron-hole pairs,
which are then swept out of the detector by an applied voltage. In addition, the
intensity of each characteristic radiation is directly related to the amount of each

element in the material.
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Figure 2.7 Schematic representation of an energy-dispersive spectrometer.



CHAPTER I

EXPERIMENTAL

3.1 Instruments and Apparatus
3.1.1 Electrochemical Instruments
The employed electrochemical instruments and apparatus are

summarized in Table 3.1.

Table 3.1 Electrochemical instruments

Instrument Model Company (Country)

1. potentiostat/galvanostat PG-30 Methrom (Switzerland)
2. working electrode
2.1 glassy carbon (GC) (China)
3. reference electrode
3.1 silver/silver chloride BAS (Japan)
(Ag/AgCI) electrode
4. counter electrode
4.1 home-made platinum
(Pt) wire
5. other apparatus
5.1 home-made capcell
5.2 home-made glass cell

5.3 0.3 pm-alumina AM 0782 Alpha (USA)
powder polishing set
5.4 1.0 pm-alumina AM 0786 Alpha (USA)

powder polishing set

5.5 home-made salt-bridge




3.1.2 Characterization Instruments

The characterization instruments are given in Table 3.2.

Table 3.2 Characterization instruments
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Instrument Model Company (Country)

1. Fourier transform infrared Spectrum One Perkin Elmer (USA)
spectrometer

2. transmission electron JEM-2100 JEOL (Japan)
microscopy

3. X-ray diffraction instrument DMAX 2200 Rigaku (USA)

4. energy dispersive X-ray ED-2000 Oxford (Japan)
fluorescence spectrometer

3.2 Chemicals

All chemicals employed in this research are AR grade. Milli-Q water was used

for preparing all chemical solutions. Chemicals and their suppliers are summarized in

Table 3.3.

Table 3.3 Chemicals

Chemical

Manufacturer (Country)

carbon nanotube 99%, CNT
methanol, CH3;OH

ethanol, C,HsOH

ethylene glycol, HO(CH,),OH
sodium hydroxide, NaOH
concentrated hydrochloric acid, HCI
concentrated nitric acid, HNOs

concentrated sulfuric acid, H,SO,4

© © N o o bk~ w DN

chromium (I11) nitrate nanohydrate,
Cr(NOg)3-9H20

Chang Mai University (Thailand)

Merck (Germany)
Merck (Germany)
Merck (Germany)
Merck (Germany)
Merck (Germany)
Merck (Germany)
Merck (Germany)
Fluka (Swizerland)
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Chemical

Manufacturer (Country)

10.

11.

12.

13.

14.

15.
16.

17.

cobalt (I1) sulfate heptahydrate,
Co0S04-7H,0

hydrogen hexachloroplatinic acid (IV)
hydrate, H,PtClg-6H,0

hydrogen tetrachloroaurate (111)
trihydrate; HAuCl,-3H,0

iron (111) chloride hexahydrate,
FeCl;-6H,0

manganese (I1) sulphate monohydrate,
MnSQO4-H,0

molybdenum (V) chloride, MoCls
nickel (11) nitrate hexahydrate,
Ni(NO3),-6H,0

ruthenium (I11) chloride hydrate,
RuCls-xH,0

Fluka (Germany)

Fluka (Italy)

Sigma Aldrich (Germany)

Merck (Germany)

Fluka (USA)

Sigma Aldrich (Germany)
Sigma Aldrich (Germany)

Sigma Aldrich (Germany)

3.3 Preparation of Reagents

The following section explains procedures for preparing chemical solutions in

this work.

3.3.1 Solutions for pH Adjustment
3.3.1.1 Sodium Hydroxide (1.0 M)

Accurate weight (1.0 g) of NaOH was dissolved in 50 mL of
HO(CH,),0OH solution.

3.3.1.2 Hydrochloric acid (2.0 M)

An aliquot of 3.06 mL of concentrated HCI was diluted with

milli-Q water and made to the final volume of 50 mL.
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3.3.2 Solutions of Catalyst Precursors
3.3.2.1 Platinum and Platinum-Ruthenium Solutions
Pt and Pt-Ru composite solutions were prepared by dissolving
accurate weight of H,PtClg-6H,O and RuCl3-xH,O in 10 mL of HO(CH,),OH
solution. Weight of H,PtClg-6H,0 and RuCl;-xH,0 in six composite solutions are
listed in Table 3.4.

Table 3.4 Platinum and platinum-ruthenium composite solutions

Pt:Ru H2PtCls-6H,0 RuCls-xH,0
Mole Ratio (mg) (mg)
2:0 40.0 -
2:1 40.0 10.0
2:1.25 40.0 12.5
2:15 40.0 15.0
2:2 40.0 20.0
2:4 40.0 40.0

3.3.2.2 Platinum-Chromium, Platinum-Cobalt, Platinum-Gold,

Platinum-lron, Platinum-Manganese, Platinum-Molybdenum, and Platinum-
Nickel Solutions at Mole Ratios of 2:1.5

Pt-Cr, Pt-Co, Pt-Au, Pt-Fe, Pt-Mn, Pt-Mo, and Pt-Ni composite

solutions at the mole ratios of 2:1.5 were prepared using HO(CH,),OH as a solvent.

As shown in Table 3.5, H,PtCls-6H,0, Cr(NO3)3-9H,0, CoSO,.7H,0, HAuCI,-3H,0,

FeCl3-6H,0, MnS0O4-H,0, MoCls, and Ni(NOg3),-:6H,O were accurately weighed to

yield Pt-matal composite solutions.
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Table 3.5 Platinum-chromium, platinum-cobalt, platinum-gold, platinum-iron,
platinum-manganese, platinum-molybdenum, and platinum-nickel solutions at mole
ratios of 2:1.5

Pt:Metal H,PtClg-6H,0 Metal

at 2:1.5 Mole Ratio (mg) (mg)
Pt:Cr 40.0 28.8

Pt:Co 40.0 20.3

Pt:Au 40.0 28.5

Pt:Fe 40.0 194

Pt:Mn 40.0 12.2
Pt:Mo 40.0 19.8

Pt:Ni 40.0 21.0

3.3.2.3 Platinum-Chromium Solutions
Pt-Cr composite solutions were prepared by dissolving accurate
weight of H,PtClg-6H,0 and Cr(NOg3)3-9H,0 in 10 mL of HO(CH,),OH solution as
displayed in Table 3.6.

Table 3.6 Platinum-chromium composite solutions

Pt:Cr H,PtClg-6H,0 Cr(NO3)3-9H,0
Mole Ratio (mg) (mg)
2:1 40.0 19.2
2:1.25 40.0 24.0
2:2 40.0 38.4

3.3.2.4 Platinum-Molybdenum Solutions
Pt-Mo composite solutions were prepared by dissolving
accurate weight of H,PtCls-6H,O and MoCls in 10 mL of HO(CH,),OH solution as
listed in Table 3.7.



27

Table 3.7 Platinum-molybdenum composite solutions

Pt:Mo HthCle-GHzO MOC|5
Mole Ratio (mg) (mg)
2:1 40.0 13.2
2:1.25 40.0 16.5
2:2 40.0 26.4

3.3.2.5 Platinum-Nickel Solutions
Pt-Ni composite solutions were prepared by dissolving accurate
weight of H,PtClg-6H,0 and Ni(NOg3),:6H,0 in 10 mL of HO(CH,),OH solution as
listed in Table 3.8.

Table 3.8 Platinum-nickel composite solutions

Pt:Ni H,PtClg-6H,0 Ni(NO3),-6H,0
Mole Ratio (mg) (mg)
2:1 40.0 14.0
2:1.25 40.0 17.5
2:2 40.0 28.0
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3.3.2.6 Platinum-Ruthenium-Chromium Solutions

Pt-Ru-Cr composite solutions were prepared by dissolving

accurate weight of H,PtCls-6H,0, RuCl;-xH,0, and Cr(NO3)3-9H,0 in 10 mL of

HO(CH,),OH solution as listed in Table 3.9.

Table 3.9 Platinum-ruthenium-chromium composite solutions

Pt:Ru:Cr H,PtCls-6H,0 RuCl3-xH,0 Cr(NO3)3-9H,0

Mole Ratio (mg) (mg) (mg)
2:1:0.5 40.0 10.0 9.6
2:0.5:1 40.0 5.0 19.2

2:0.75:0.75 40.0 7.5 14.4

3.3.2.7 Platinum-Ruthenium-Molybdenum Solutions

Pt-Ru-Mo composite solutions were prepared by accurately

weighing HPtClg-6H,0, RuCls;-xH,O, and MoCls according to Table 3.10 and
dissolving the chemicals in 10 mL of HO(CH),OH solution.

Table 3.10 Platinum-ruthenium-molybdenum composite solutions

Pt:Ru:Mo H,PtCls-6H,0 RuCl3-xH,0 MoCls
Mole Ratio (mg) (mg) (mg)
2:1:0.5 40.0 10.0 6.6
2:0.5:1 40.0 5.0 13.2
2:0.75:0.75 40.0 7.5 9.9
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3.3.2.8 Platinum-Ruthenium-Nickel Solutions
Pt-Ru-Ni composite solutions were prepared by accurately
weighing H,PtClg-6H,0, RuCl;-xH,0, and Ni(NO3),-6H,0 according to Table 3.11
and dissolving the chemicals in 10 mL of HO(CH;),OH solution.

Table 3.11 Platinum-ruthenium-nickel composite solutions

Pt:Ru:Ni H,PtClg-6H,0 RuCls-xH;0 Ni(NO3),-6H,0

Mole Ratio (mg) (mg) (mg)
2:1:05 40.0 10.0 7.0
2:0.5:1 40.0 5.0 14.0

2:0.75:0.75 40.0 7.5 10.5

3.3.3 Electrolyte Solution
3.3.3.1 Sulfuric Acid Solution (0.5 M)
An aliquot of 1.33 mL of concentrated H,SO, was diluted with

Milli-Q water and made to the final volume of 50 mL.

3.4 Experimental Procedures

In this section, it mainly consists of procedures for CNT maodification,
preparation of metal -catalysts supported on CNT (metal/CNT catalysts),
morphological studies of CNT and metal/CNT catalysts, electrode preparation,
electrochemical characterization of the modified electrodes, investigation of methanol

oxidation by the modified electrodes, and stability studies of the modified electrodes.

3.4.1 Modification of Carbon Nanotube (CNT) [36]

In order to functionalize CNT with active groups such as carboxylic
acid, 1.0 g of CNT was dispersed in 60 mL of 1:3 v/v mixed concentrated HNO3 and
H,SO, and the mixture was agitated by ultrasonic wave. Then, the CNT mixture was
washed with milli-Q water until the pH of the mixture approached 7. After that, the
mixture was filtered and finally dried at 50°C. The information of functional groups
attached on modified CNT was provided by Fourier transform infrared (FTIR)

spectrometer.
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3.4.2 Preparation of Metal Catalysts Supported on Carbon Nanotube

(Metal/CNT Catalysts) [10]

Metal/CNT catalysts were prepared via the following procedure.
Required amounts of metal precursors (Table 3.4-3.11) were added into HO(CH,),OH
solution to form a brown solution. The pH of the solution was adjusted to above 7
with 2.0 M NaOH solution, followed by the addition of the modified CNT. The
mixture was ultrasonically treated to ensure that the modified CNT was uniformly
dispersed in the solution mixture. Then, the mixture was heated to 160-180°C in an
oil bath and maintained at this temperature range for several hours to complete the
reduction of metal precursors. When the mixture was cooled, its pH was adjusted
with 2.0 M HCI solution. After that, the mixture was refluxed at 80-100°C to settle

the metal/CNT catalyst which was subsequently filtered, washed, and dried.

3.4.3 Morphology of CNT and Metal/CNT Catalysts
The morphological and structural information of CNT and metal/CNT
catalysts were obtained by transmission electron microscope (TEM), X-ray diffraction
(XRD) instrument, and energy dispersive X-ray fluorescence spectrometer (XRF-
EDX).

3.4.4 Electrode Preparation
3.4.4.1 Glassy Carbon Electrode
Served as a working electrode, GC electrode was polished with
1.0 and 0.3 pm alumina slurries until a mirror-like electrode surface was obtained.
Then, the electrode was rinsed with milli-Q water prior to use.
3.4.4.2 CNT Modified Glassy Carbon Electrodes
Accurate weight (3.0 mg) of CNT was sonicated in ethanol to
form slurry. Then, 30 pL of the slurry was cast on the surface of GC electrode and
allowed to dry at room temperature to generate the GC electrode modified with CNT
(CNT/GC).
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3.4.4.3 Metal/CNT Catalysts Modified Glassy Carbon Electrodes
Accurate weight (3.0 mg) of metal/CNT catalyst was sonicated
in ethanol to form slurry. Then, 30 uL of the slurry was cast on the surface of GC
electrode and allowed to dry at room temperature to generate the GC electrode
modified with metal/CNT catalyst (metal/CNT/GC).

3.4.5 Electrochemical Characterization of CNT and Metal/CNT Catalyst
Modified Glassy Carbon Electrodes
3.4.5.1 Electrochemical Set-up
Electrochemical cell for cyclic voltammetric experiment is
shown in Fig. 3.1. Working electrodes (WEs) were CNT and the metal/CNT catalyst
modified GC (CNT/GC and metal/CNT/GC) electrodes. Counter electrode (CE) and
reference electrode (RE) were Pt wire and Ag/AgCl, respectively. WE, CE, and RE
were contained in a glass cell and connected with a PG-30 potentiostatic system.

Figure 3.1 Electrochemical cell for cyclic voltammetry.

3.4.5.2 Background Current
Cyclic voltammograms of the modified electrodes were
obtained in the solution of 0.5 M H,SO, which served as a supporting electrolyte.
These cyclic voltammograms were used as background voltammograms as well as
electrochemical characterization of the modified electrodes. In addition, all cyclic

voltammograms were performed at the scan rate 50 mV-s ™.
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3.4.6 Catalytic Activity of Metal/CNT Catalyst Modified Glassy Carbon
Electrodes

Catalytic activity of the metal/CNT/GC electrodes towards methanol

oxidation was investigated by obtaining their cyclic voltammograms in 0.5-2.5 M

methanol solution containing 0.5 M H,SO, at room temperature.

3.4.7 Stability of Metal/CNT Catalyst Modified Glassy Carbon Electrodes

The stability of the metal/CNT/GC electrodes was probed by collecting

current vs. time curve for the oxidation of 1.0 M methanol containing 0.5 M H,SO,.
Using chronoamperometric technique, the potential of the metal/CNT/GC electrodes
was constantly hold at the values corresponding to a half and a quarter of the cyclic
voltammetric peak current for methanol oxidation to allow the oxidation existence.

The potential values of each modified electrodes are shown in Table 3.12.

Table 3.12 Potentials for the metal/CNT/GC electrodes in chronoamperometric

measurement
Metal/CNT Mole Ratio Potential Potential
Catalyst of Metals (E12,V) (Eva,V)
Pt/CNT - 0.567 0.482
PtRUu/CNT 2:1.5 0.573 0.455
PtRuCr/CNT 2:0.5:1 0.708 0.543
PtRuMo/CNT 2:1:0.5 0.586 0.451
PtRuNi/CNT 2:1:0.5 0.475 0.267




CHAPTER IV

RESULTS AND DISCUSSION

This chapter describes experimental results related to the glassy carbon
electrodes modified with metals supported on carbon nanotube (metal/CNT/GC
electrodes).  Morphological information of CNT, metal/CNT catalysts and
metal/CNT/GC electrodes were obtained. Furthermore, all metal/CNT/GC electrodes
were discussed in terms of their current density and mass activity for methanol

oxidation.

4.1 Modification of Carbon Nanotube (CNT)

After CNT was functionalized with carboxylic acid groups, fourier transform
infrared (FTIR) spectroscopy, X-ray diffraction (XRD) technique, and transmission
electron microscopy (TEM) were introduced to obtain the information about the
functional groups attached on the modified CNT, in comparison with the unmodified
CNT.

4.1.1 Fourier Transform Infrared Spectroscopic Analysis

Since, the surface of raw CNT is chemically inert and hydrophobic,
CNT is unfavorable for supporting catalyst. Therefore, the modification of CNT
surface with functional groups is essential. FTIR spectra of unmodified and modified
CNT are presented in Fig. 4.1. In both cases, the peak at about 3,400 cm™ can be
attributed to OH symmetrical stretching whereas the peak at about 1,630 cm™ is
suggested to be C=C stretching [21]. For the unmodified CNT (Fig. 4.1a), the peak at
1,130 cm*can be attributed to C-H bending. After CNT modification with the acid
treatment, FTIR spectrum of the modified CNT (Fig. 4.1b) shows the peaks at 1,550
and 1,720 cm™ representing COO™ and C=0 stretching of carboxyl group as well as
the peak at 1,200 cm™ corresponding to C—O stretching [36,37]. FTIR result revealed

that oxygen-containing functional groups can be introduced to CNT by the oxidative
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treatment with by mixed strong acids, making CNT favor high loading of well-

dispersed metal nanoparticles.
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Figure 4.1 FTIR spectra of (a) unmodified and (b) modified CNT.

4.1.2 X-ray Diffraction Analysis
Fig. 4.2 shows XRD patterns of the unmodified and modified CNT

observed at room temperature.
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Figure 4.2 XRD patterns of (a) unmodified and (b) modified CNT.
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The XRD peaks at 25.87 degrees of unmodified and modified CNT can
be attributed to CNT (002). For the unmodified CNT (Fig. 4.2a), the (101) peak near
43.95 degrees reflects the diffraction peak of residual Ni whereas the (221) and (110)
peaks reveal the diffraction peaks of graphite at 52.35 and 77.50 degrees, respectively
[38]. After the acid treatment, XRD pattern of the modified CNT (Fig. 4.2b) shows
peaks at 43.95, 52.35, and 77.50 degrees, but with less intensities, demonstrating that
the quantity of graphite and Ni residue can be reduced by the strong acid treatment.

4.1.3 Transmission Electron Microscopic Analysis

(a) SlJ.m.u- i

Figure 4.3 TEM images of unmodified CNT ((a) and (b)) and modified CNT ((c) and
(d)) with the magnification power of 50,000 ((a) and (c)) and 800,000 ((b) and (d)).

TEM images of the unmodified and modified CNT are shown in Fig.
4.3. It can be seen from Fig. 4.3a and 4.3b that the unmodified CNT contained

impurities on its outer walls. These impurities could be amorphous carbon formed as
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a side product along with the CNT formation and the trace amount of Ni coming from
the Ni nanoparticles used as the catalyst for CNT synthesis. After the acid treatment,
these impurities were removed from the outer walls of the CNT (Fig. 4.3c and 4.3d).
However, a few metal nanoparticles presented inside the nanotubes could not be
removed because of the inaccessibility of acid solution inside the tubes during the
acid treatment.

4.2 Morphological Information of Metal/CNT Catalysts

Synthesized metal/CNT catalysts were also characterized by XRD technique,
TEM and energy dispersive X-ray fluorescence spectrometry (XRF-EDX)

4.2.1 X-Ray Diffraction Analysis

(111)
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Figure 4.4 XRD patterns of (a) Pt/CNT, (b) PtRu/CNT (2:1), (c) PtRu/CNT (2:1.25),
(d) PtRU/CNT (2:1.5), (e) PtRu/CNT (2:2), and (f) PtRU/CNT (2:4).

Fig. 4.4 shows XRD patterns of Pt/CNT and PtRu/CNT catalysts with
various Pt:Ru mole ratios. For Pt/CNT and all PtRu/CNTs, the typical peak for (002)
plane of CNT was observed. The XRD peaks at 39.7, 46.2, 67.4, and 81.2 degrees
correspond to (111), (200), (220), and (311) crystalline planes of the face-centered
cubic (fcc) structure of Pt, confirming the successful deposition of Pt on CNT.
Similar to previous literatures [6,41], all of the PtRu/CNT catalysts displayed no
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diffraction peak of Ru. The broadening diffraction peak suggests that catalysts had

small crystal size [6].
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Figure 4.5 XRD patterns of (a) PtRuCr/CNT (2:0.5:1), (b) PtRuMo/CNT (2:1:0.5),
and (c) PtRuNi/CNT (2:1:0.5).

Fig. 45 shows the XRD patterns of PtRuCr/CNT (2:0.5:1),
PtRUMO/CNT (2:1:0.5), and PtRuNi/CNT (2:1:0.5) catalysts. No diffraction peak for
Ru or the third metal (Cr, Mo, or Ni) was observed, indicating that well-mixed
PtRuCr, PtRuMo, and PtRuNi alloy catalysts were formed [38] with the small
particles beyond the detection limit of XRD.
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4.2.2 Transmission Electron Microscopic Analysis
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Figure 4.6 TEM images of (a) Pt/CNT, (b) PtRu/CNT (2:1), (c) PtRu/CNT (2:1.25),
(d) PtRU/CNT (2:1.5), (e) PtRUu/CNT (2:2), (f) PtRU/CNT (2:4), (g) PtRuCr/CNT
(2:0.5:1), (h) PtRuMo/CNT (2:1:0.5), and (i) PtRuNi/CNT (2:1:0.5) with the
magnification power of 6,000, 50,000, and 800,000.

TEM images of Pt/CNT, PtRu/CNT (2:1), PtRu/CNT (2:1.25),
PtRU/CNT (2:1.5), PtRu/CNT (2:2), PtRUu/CNT (2:4), PtRuCr/CNT (2:0.5:1),
PtRUMO/CNT (2:1:0.5), and PtRuNi/CNT (2:1:0.5) catalysts are displayed in Fig. 4.6.
It can be seen that small metal particles distributed uniformly on the surface of CNT
despite the high metal loading. Well dispersion of the metal/CNT catalysts without
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further agglomeration was observed for all catalysts. The average size of the
metal/CNT catalysts is approximately 2.5 nm.

4.2.3 Energy Dispersive X-ray Fluorescence Spectrometric Analysis

XRF-EDX measurement was used to analyze the actual composition of
the catalysts. Table 4.1 displays chemical composition of Pt/CNT and PtRu/CNT
catalysts. It is evident that both Pt and Ru are presented on the CNT support,
indicating that the H,PtCls-6H,0 and RuCls;-xH,O precursors can be reduced to their
respective metal phases by HO(CH,),OH. Moreover, the amount of Pt on CNT was
decreased when the moles of Ru were increased. This might be because CNT had
limited active sites so that the increasing Ru blocked Pt from the CNT active sites. It
is likely that, due to the limited active sites of CNT, the percentage of weight (wt. %)
of Pt/CNT and PtRu/CNT catalysts were unequal with the real amount adding in

synthesis.

Table 4.1 Percentage of weight (wt. %) for Pt/CNT and PtRU/CNT catalysts

Mole Ratio
of PRU/CNT wt. % of Pt wt. % of Ru wt. % of CNT
2:0 23.09 - 76.91
2:1 35.19 6.95 57.86
2:1.25 19.33 4.54 76.13
2:15 16.67 2.78 80.55
2:2 10.50 3.90 85.60
2:4 9.58 8.13 82.29

Shown in Table 4.2, the chemical composition of PtRuCr/CNT,
PtRUMOCNT, and PtRuNi/CNT confirmed the presence of corresponding metals on
the CNT support, indicating that the H,PtClg-6H,0, RuCl;-xH,0, Cr(NO3)3-9H,0,
MoCls, and Ni(NO3),-6H,O precursors can be reduced to their respective metals by
HO(CH,),OH. In addition, wt. % for PtRUCr/CNT, PtRuMoCNT, and PtRuNi/CNT
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catalysts were unequal with actual amount added in the synthesis since each metal had

different ability of reduction and deposition.

Table 4.2 Percentage of weight (wt. %) for PtRUM/CNT (M = Cr, Mo, and Ni)

Mole Ratio of
wt. % of Pt | wt. % of Ru | wt. % of M wt. % of CNT
PtRUM/CNT
2:0.5:1(Cr) 22.31 3.08 1.22 73.39
2:1:0.5 (Mo) 20.06 3.44 0.29 76.21
2:1:0.5(Ni) 32.41 4.95 1.22 61.42

4.3 CNT Modified Glassy Carbon (CNT/GC) Electrode

4.3.1 Background Current
Background current for the CNT/GC electrode was studied by using
cyclic voltammetry. Cyclic voltammograms of the bare GC electrode and the
CNT/GC electrode in 0.5 M H,SO, solution scanned from —-0.1 to 1.2 V at the sweep
It can be observed that the CNT/GC

electrode exhibited higher background current than the bare GC electrode implying

rate 50 mV-s™ are displayed in Fig. 4.7.

that the modified CNT can change the electrical properties of the GC electrode. Note
that all the potentials in the thesis correspond to Ag/AgCI reference electrode and all

cyclic voltammogram were firstly scanned in the positive direction.

4.3.2 Methanol Oxidation by CNT Modified Glassy Carbon Electrode

CNT/GC electrode was used to record the methanol oxidation. Fig. 4.8
shows cyclic voltammogram for 1.0 M methanol in H,SO4 solution recorded with
CNT/GC electrode from —0.1 to 1.2 V at the scan rate 50 mV-s™. No anodic peak for
methanol oxidation was observed. In addition, there was a pair of broad redox peaks
present at +0.30 and +0.38 V correlating with surface-oxygen containing groups such
as carboxyl and carbonyl groups on the CNT defect sites [37]. Since cyclic
voltammetric result revealed that CNT cannot be used to catalyze methanol oxidation,
CNT was only used as a supporting material for metal catalysts in order to improve

the catalyst performance for methanol oxidation.
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Figure 4.7 Cyclic voltammograms for 0.5 M H,SO, recorded with GC electrode
(solid line) and CNT/GC electrode (dash line) at the scan rate of 50 mV-s™.
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Figure 4.8 Cyclic voltammograms for in 0.5 M H,SO, solution recorded with
CNT/GC electrode in absence (solid line) and presence (dash line) of 1.0 M methanol

at the scan rate of 50 mV-s2.



43

4.4 Pt/CNT Modified Glassy Carbon Electrode

Since it is well known that Pt has high activity for methanol oxidation and has
been used as an anode catalyst for DMFC. We firstly synthesized Pt supported on

CNT by polyol process as a reference catalyst for methanol oxidation.

4.4.1 Background Current

Background cyclic voltammogram for the Pt/CNT modified GC
electrode (Pt/CNT/GC) is presented in Fig. 4.9. Cyclic voltammogram was obtained
in 0.5 M H,SO; solution from —0.35t0 1.2 V and 1.2 to —0.35 V at the sweep rate of
50 mV-s . Cyclic voltammogram exhibits the cathodic peak for the Pt-O reduction
at +0.38 V, which is the characteristic feather of Pt, and the hydrogen adsorption—
desorption peaks between -0.35 and 0 V. By using the charge passed for H
desorption (Qu), the surface area of Pt can be estimated from the equations below 2.4-
2.5 in Chapter 2. Since the charge per unit surface area of Pt (Qno) is 210 pC-cm™
[40], the calculated electrochemical active surface (EAS) area of Pt is 6.88 m* (g
catalyst) ~* for the Pt/CNT/GC electrode.
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Figure 4.9 Cyclic voltammogram for 0.5 M H,SO, solution recorded with
Pt/CNT/GC electrode at the scan rate of 50 mV-s ™.
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4.4.2 Catalytic Activity of P/CNT Modified Glassy Carbon Electrode

Using cyclic voltammetry, the electrocatalytic activity of Pt/CNT/GC
electrode towards methanol solution at the potential range from -0.1 to 1.2 V was
studied. The electrocatalytic activity was estimated from the anodic peak current for
methanol oxidation obtained from the forward scan (0.1 to 1.2 V) of the third cycle
where the anodic current became constant.  Fig. 4.10 displays two anodic peaks,
which are related to the oxidation of methanol at +0.68 V in the forward scan and the
oxidation of its intermediate at +0.37 V in the backward scan.

The first anodic peak at +0.68 V in the cyclic voltammogram represents
methanol oxidation according to equations 1.4-1.7 in Chapter 1.

CH30H + Pt g —  Pt=CH20H (as) (1.4)
Pt-CH,OH @ds) T Pts) - Pt,—CHOH (ads) t H" +e (1.5)
Pt.—-CHOH (ads) + Pt(s) - Pt;—COH (ads) + H +e (1.6)
Pt:—COH (ads) - Pt-CO (ads) t 2Pt_(5) +H +e a.7)
26
’é\ 22
2 18 |
3]
2,
-
£ 10
z
g6
<
-2 T T T T 1 1} 1
0.2 0 02 04 06 08 1 1.2
Potential / V vs. Ag/AgCl

Figure 4.10 Cyclic voltammogram for 1.0 M methanol in 0.5 M H,SO, solution
recorded with Pt/CNT/GC electrode at the scan rate of 50 mV-s ™.
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Figure 4.11 Mass activity vs. methanol concentration curve of Pt/CNT/GC electrode

recorded in 0.5 M H,SO, solution at the scan rate of 50 mV-s~.

The second anodic peak at +0.37 V in the backward scan illustrates the re-

oxidation process as shown in equation 1.9.
Pt—-OH (ads) Pt—-CO (ads) - 2 Pt Ol CO, + H +e (1.9)

Fig. 4.11 shows mass activity of Pt/CNT/GC electrode for the oxidation
of 0.5-2.5 M methanol, indicating that the Pt/CNT catalytic activity was found to be
directly proportional to methanol concentration. Note that the range of methanol
concentration was selected to be in the similar range with other researches [18] for

comparison.
4.5 Pt-Based Di-metal/CNT Modified Glassy Carbon Electrodes

Normally, Pt has high activity for methanol oxidation. However, Pt catalyst can
be poisoned by the intermediate of methanol oxidation such as adsorbed Pt—-CO. To
minimize this poisoning, alloying Pt with oxophilic metals had been introduced. In
preliminary research, eight metals, Ru, Cr, Co, Au, Fe, Mn, Mo, and Ni, were selected

as Pt co-catalysts.
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4.5.1 Background Current

Background cyclic voltammograms for the PtRu/CNT, PtCr/CNT,
PtCo/CNT, PtAU/CNT, PtFe/CNT, PtMn/CNT, PtMo/CNT, and PtNi/CNT modified
electrodes with Pt to metal co-catalyst ratio of 2:1.5 are shown in Fig. 4.12. The
voltammogram of Pt/CNT electrode is also displayed for comparison. All
voltammograms were obtained in 0.5 M H,SO, from -0.1to 1.2 V and 1.2 to -0.1 at
the sweep rate 50 mV:s*. Fig. 4.12a displays that the cathodic peak of
PtRU/CNT/GC electrode shifts positively in comparison with that of Pt/CNT
electrode, due to the overlapping signals of Pt-O and Ru-O reduction. Fig. 4.11b-
4.11h display the characteristic features of PtCr/CNT/GC, PtCo/CNT/GC,
PtAU/CNT/GC, PtFe/CNT/GC, PtMn/CNT/GC, PtMo/CNT/GC, and PtNi/CNT/GC
electrodes, respectively. The cathodic peaks of all these modified electrodes shift
positively due to the potential overlapping for Pt—O reduction and the reduction of
these metal oxides. Note that the PtCr/CNT/GC, PtCo/CNT/GC, PtAu/CNT/GC,
PtFe/CNT/GC, PtMn/CNT/GC, PtMo/CNT/GC, and PtNi/CNT/GC electrodes show
cathodic peaks at 0.15, 0.24, 0.35, 0.23, 0.23, 0.33, and 0.23 V, respectively.
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Figure 4.12 Cyclic voltammograms for 0.5 M H,SO, solution recorded by
Pt/CNT/GC electrode (solid lines) in comparison with (a) PtRu/CNT/GC, (b)
PtCr/CNT/GC, (c) PtCo/CNT/GC, (d) PtAu/CNT/GC, (e) PtFe/CNT/GC, (f)
PtMn/CNT/GC, (g) PtMo/CNT/GC, and (h) PtNi/CNT/GC electrodes (dash lines)
with Pt-to-co-catalyst ratio of 2:1.5 at the scan rate of 50 mV-s ™.
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45.2 Catalytic Activity of Pt-based Di-metal/CNT Modified Glassy

Carbon Electrodes
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Figure 4.13 Current vs. methanol concentration curves of Pt/CNT/GC,
PtRU/CNT/GC, PtCr/CNT/GC, PtCo/CNT/GC, PtAu/CNT/GC, PtFe/CNT/GC,
PtMn/CNT/GC, PtMo/CNT/GC, and PtNi/CNT/GC electrodes recorded in 0.5 M
H,SO, at the scan rate of 50 mV-s™.

Fig. 4.13 shows current for the oxidation of 0.5-2.5 M methanol
recorded with Pt/CNT/GC, PtRu/CNT/GC, PtCr/CNT/GC, PtCo/CNT/GC,
PtAU/CNT/GC, PtFe/CNT/GC, PtMn/CNT/GC, PtMo/CNT/GC, and PtNi/CNT/GC
electrodes at the scan rate of 50 mV-s™. The results demonstrate that the
PtRU/CNT/GC, PtCr/CNT/GC, and PtMo/CNT/GC electrodes give higher anodic
current for methanol oxidation than the remaining electrodes. For this reason,
PtRu/CNT, PtCr/CNT, and PtMo/CNT catalysts were then prepared with the
following Pt to co-catalyst ratios: 2:1, 2:1.25, and 2:2. Note that only PtRU/CNT
catalyst with 2:4 Pt-to-Ru was also prepared to see the effects of excess amount of co-

catalyst on the Pt catalytic activity.
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45.2.1 PtRu/CNT Modified Glassy Carbon Electrodes

In the order to optimize the mole ratio between Pt and Ru, the
PtRU/CNT/GC electrodes with 2:1, 2:1.25, 2:1.5, 2:2, and 2:4 Pt-to-Ru ratios were
used as working electrodes for methanol oxidation in cyclic voltammetric mea-
surement. Using the potential range from —0.1 to 1.2 V at the scan rate of 50 mV-s ™,
the mass activity of PtRU/CNT/GC electrodes for methanol oxidation are shown in
Fig. 4.14. The best Pt-to-Ru mole ratio for PtRu/CNT/GC electrodes was 2:1.5. The
electrode with 2:1.5 Pt-to-Ru ratio gave the anodic mass activity of 62.1 A-(g
catalyst)™ for 1.0 M methanol in 0.5 M H,SO, solution (curve c). The value is 5.74
times higher than the mass activity of the PtYCNT/GC electrode for 1.0 M methanol.
In case of curves a, b, and d, adding Ru in the catalyst improved the performance of
Pt/CNT catalyst, causing except when Ru was added more than Pt (curve e), the
catalytic activity for methanol oxidation decreased quickly to be lower than that of
Pt/CNT/GC electrode.

—
(]
=

——PtRWCNT (a)

| —=—PRwCNT @)

—
=
=

—&— PtRWCNT (c)

1 ——PtRwCNT (@)

=]
=

—¥—PtRwCNT (e)

=)
=

| —e—rrenT

.
[—]
.

o
-
.

Mass Activity / A-(g catalyst)™!

=

0 0.5 1 1.5 2 2.5 3
Methanol Concentration/ M

Figure 4.14 Mass activity vs. methanol concentration curves of Pt/CNT/GC and
PtRU/CNT/GC electrodes with (a) 2:1, (b) 2:1.25, (c) 2:1.5, (d) 2:2, and (e) 2:4 Pt-to-

Ru mole ratios recorded in 0.5 M H,SO, at the scan rate of 50 mV-s ™.
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4.5.2.2 PtCr/CNT Modified Glassy Carbon Electrodes

Fig. 4.15 compares the mass activity of PtCr/CNT/GC
electrodes at different Pt-to-Cr ratios for the oxidation of 0.5-2.5 M methanol. These
results were obtained from cyclic voltammetric experiment scanned from —-0.1 to 1.2
V at the scan rate of 50 mV-s™*. Among the PtCr/CNT/GC electrodes, the optimal Pt-
to-Cr mole ratio was 2:1, giving the PtCr/CNT/GC electrode with the anodic current
of 7.13 mA for 1.0 M methanol (curve a). This value is 2.3 times higher than that of
the Pt/CNT/GC electrode. In addition, the PtCr/CNT/GC electrodes with 2:1 (curve
a) and 2:1.25 (curve b) Pt-to-Cr ratios had similar activity for methanol oxidation.
Curves ¢ and d reveal that too much Cr in the PtCr/CNT catalyst, can dramatically
decrease the activity of the electrodes towards methanol oxidation. However, all of
the PtCr/CNT/GC electrodes exhibited higher activity for the oxidation than the
Pt/CNT/GC electrode.
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Figure 4.15 Current vs. methanol concentration curves of Pt/CNT/GC and
PtCr/CNT/GC electrodes with (a) 2:1, (b) 2:1.25, (c) 2:1.5, and (d) 2:2 Pt-to-Cr mole

ratios recorded in 0.5 M H,SOj, at the scan rate of 50 mV-s2.
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4.5.2.3 PtMo/CNT Modified Glassy Carbon Electrodes

To find the best Pt-to-Mo mole ratio, the PtMo/CNT/GC
electrodes with 2:1, 2:1.25, 2:1.5, and 2:2 Pt-to-Mo ratios were used as working
electrodes to probe the methanol oxidation by means of cyclic voltammetry. Using
the potential range from —0.1 to 1.2 V at the scan rate 50 mV-s ™, the mass activity of
PtMo/CNT/GC electrodes at various Pt-to-Mo mole ratios for 0.5-2.5 M methanol is
displayed in Fig. 4.16. It was found that 2:1.5 was the best Pt-to-Mo mole ratio for
PtMo/CNT/GC electrode. This electrode gave the anodic current of 4.5 mA for the
oxidation of 1.0 M methanol in 0.5 M H,SO, solution (curve c). Compared with the
Pt/CNT/GC electrode, all of the Pt/Mo/CNT/GC electrodes except the PtMo/CNT/GC

with 2:1 Pt-to-Mo ratio (curve a) gave higher current for methanol oxidation.
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Figure 4.16 Current vs. methanol concentration curves of Pt/CNT/GC electrode and
PtMo/CNT/GC electrodes with (a) 2:1, (b) 2:1.25, (c) 2:1.5, and (d) 2:2 Pt-to-Mo
mole ratios recorded in 0.5 M H,SO, at the scan rate of 50 mV-s™.
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The results of di-metallic electrodes displayed that the 2:1.5 PtRU/CNT
catalyst had the highest catalytic activity than the optimized PtCr/CNT and
PtMo/CNT catalysts. In addition, under similar conditions, our PtRu/CNT/GC
electrode provided 5 times higher current density for methanol oxidation than the
PtRU/MWNT/GC electrode prepared by pyrolysis process [41]. Moreover, the
prepared PtRU/CNT/GC electrode exhibited 19.6, 15.3, and 12.2 times higher mass
activity than the PtFe/CNT, PtNi/CNT, and PtCo/CNT electrodes reported in the

literatures elsewhere [42].

4.6 Pt-based Tri-Metal/CNT Modified Glassy Carbon Electrodes

Results from the previous section have shown that proper di-metallic catalysts
supported on CNT could efficiently be able to catalyze the oxidation of methanol. To
improve the electrocatalytic activity of the Pt-based di-metal catalysts supported on
CNT, the third metal was added. The PtRu/CNT catalyst had the highest catalytic
activity than other Pt-based di-metal catalysts; therefore, Ru was selected as the first
co-catalyst. In this section, three metals, Cr, Mo, and Ni were selected as the second
co-catalysts because Cr and Mo gave comparatively high anodic current for methanol
oxidation. Although PtNi/CNT showed poor catalytic performance for methanol
oxidation, Ni was yet chosen to be one of the second co-catalysts to see whether it

might be able to promote the activity of PtRU/CNT system.

4.6.1 Background Current

Background cyclic voltammograms for the PtRUCr/CNT, PtRuUMo/CNT,
and PtRuNi/CNT modified GC electrodes with Pt-to-Ru-to-third metal mole ratio of
2:1:0.5 are shown in Fig. 4.17. Cyclic voltammograms were obtained in 0.5 M H,;SO4
from —0.1t0 1.2 V and 1.2 to 0.1 at the sweep rate 50 mV-s™. The PtRuCr/CNT/GC
electrode exhibited the cathodic peak at 0.27 V corresponding to the overlapping of
Pt-0O, Ru-0O, and Cr-O reduction, as shown in Fig. 4.17a (solid line). Fig. 4.17b
shows cyclic voltammogram of PtRuMo/CNT/GC electrode (solid line) having the
cathodic peak at 0.29 V for the overlapping signals of Pt-O, Ru-O, and Mo-O
reduction. The background current of PtRUCr/CNT/GC and PtRuMo/CNT/GC
electrodes demonstrate higher current than that of the PtRu/CNT/GC electrode (dash
lines). Fig. 4.17c displays the reduction peak of PtRuNi/CNT/GC electrode at 0.29 V.
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The peak consists of Pt-O, Ru-0, and Ni-O reduction. Characteristic features of the
background current of PtRuCr/CNT/GC, PtRuMo/CNT/GC, and PtRuNi/CNT/GC
electrodes seem to be similar to that of PtRu/CNT/GC electrode.
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Figure 4.17 Cyclic voltammograms for 0.5 M H,SQO, solution recorded at the scan
rate of 50 mV-s™ by PtRu/CNT/GC electrode (dash lines) and (a) PtRuCr/CNT/GC,
(b) PtRUMOo/CNT/GC, and (c) PtRuNi/CNT/GC electrodes with Pt-to-Ru-to-the third
metal mole ratio of 2:1:0.5 (solid lines).
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4.6.2 Catalytic Activity of Tri-metal/CNT Modified Glassy Carbon

Electrodes

4.6.2.1 PtRuCr/CNT Modified Glassy Carbon Electrodes

Shown in Fig. 4.18, the mass activity for methanol oxidation
of PtRUCr/CNT/GC electrodes with the following Pt-to-Ru-to-Cr mole ratios: 2:1:0.5,
2:0.5:1, and 2:0.75:0.75 are displayed in comparison with that of PtRu/CNT/GC.
Only PtRuCr/CNT/GC electrode with 2:0.5:1 Pt-to-Ru-to-Cr ratio (curve b) gave
higher mass activity than the optimized PtRu/CNT/GC electrode and this electrode
produced 71.1 A-(g catalyst)™ for 1.0 M methanol. The activity for methanol
oxidation of the PtRUCr/CNT/GC electrode was 1.15 times higher than that of the
optimized PtRu/CNT/GC electrode.
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Figure 4.18 Mass activity vs. methanol concentration curves of PtRu/CNT/GC
electrode with Pt-to-Ru mole ratio of 2:1.5 and PtRuCr/CNT/GC electrodes with Pt-
to-Ru-to-Cr mole ratios of (a) 2:1:0.5, (b) 2:0.5:1, and (c) 2:0.75:0.75 recorded in 0.5
M H,S0; at the scan rate of 50 mV-s™.
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4.6.2.2 PtRuMo/CNT Modified Glassy Carbon Electrodes

Fig. 4.19 shows mass activity for methanol oxidation recorded
with PtRUMo/CNT/GC electrodes in comparison with that of PtRU/CNT/GC (2:1.5)
electrode. The PtRuMo/CNT/GC electrode with 2:1:0.5 Pt-to-Ru-to-Mo ratio (curve
a) showed the best performance for methanol oxidation. The mass activity for 1.0 M
methanol in 0.5 M H,SO, solution were 77.5, 53.3, and 59.6 A-(g catalyst)™ for the
PtRuUMo/CNT/GC electrodes with 2:1:0.5, 2:0.5:1, and 2:0.75:0.75 Pt-to-Ru-to-Mo
mole ratios, respectively. In addition, the 2:0.5:1 and 2:0.75:0.75 PtRuMo/CNT/GC
electrodes (curses b and c) gave similar mass activity as the 2:1.5 PtRu/CNT
electrode.
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Figure 4.19 Mass activity vs. methanol concentration curves of PtRu/CNT/GC
electrode with Pt-to-Ru mole ratio of 2:1.5 and PtRuMo/CNT/GC electrodes with Pt-
to-Ru-to-Mo mole ratios of (a) 2:1:0.5, (b) 2:0.5:1, and (c) 2:0.75:0.75 recorded in
0.5 M H,S0O, at the scan rate of 50 mV-s™.
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4.6.2.3 PtRuNi/CNT Modified Glassy Carbon Electrodes
Fig. 4.20 displays results from PtRuNi/CNT/GC electrodes.
Unfortunately, the activity of PtRuNi/CNT/GC electrodes for methanol oxidation was
worse than the PtRu/CNT/GC electrode, suggesting that Ni cannot improve the
performance of PtRU/CNT/GC electrode because Ni stays typically at lower positive
oxidation states such as +1 and +2, making Ni—-OH, an intermediate that promotes CO
desorption, less preferable. Therefore, Ni is not suitable to serve as a co-metal of

PtRu catalyst for methanol oxidation.
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Figure 4.20 Mass activity vs. methanol concentration curves of PtRu/CNT/GC
electrode with Pt-to-Ru mole ratio of 2:1.5 and PtRuNi/CNT/GC electrodes with Pt-
to-Ru-to-Mo mole ratios of (a) 2:1:0.5, (b) 2:0.5:1, and (c) 2:0.75:0.75 recorded in
0.5 M H,S0; at the scan rate of 50 mV-s™.

In summary, the mass activity for methanol oxidation of each optimized
tri-metallic electrodes are listed in Fig. 4.21. The 2:1:0.5 PtRuMo/CNT/GC electrode
gave the best electroactivity, followed by the 2:0.5:1 PtRuCr/CNT/GC and the 2:1:0.5
PtRUNI/CNT/GC electrodes in the second and third catalytic activity ranking.
Moreover, it has been found that the PtRuCr/CNT/GC, PtRuMo/CNT/GC, and
PtRUNiI/CNT/GC electrodes prepared by our method provided 29.3, 31.9, and 8.2
times higher mass activity for methanol oxidation, respectively, than the ternary
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metal/C/GC electrodes prepared by the reduction of NaBH, [39]. Furthermore, the
2:1:0.5 PtRUMO0/CNT catalyst gave 5.5 times higherr mass activity than the thin

porous layer of PtRuMo nano-catalyst supported on carbon black [43].
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Figure 4.21 Mass activity vs. methanol concentration curves of the optimized
PtRU/CNT/GC, PtRuCr/ICNT/GC, PtRuMo/CNT/GC, and PtRuNi/CNT/GC
electrodes recorded in 0.5 M H,SOj at the scan rate of 50 mV-s™.

4.7 Effect of Methanol Concentration

Using PtRU/CNT/GC, PtRuCr/CNT/GC, and PtRuMo/CNT/GC as promising
candidates of the metal/CNT modified electrodes, cyclic voltammetry was used to
study the influence of methanol concentration towards the electrocatalytic activity of
the metal/CNT catalysts for methanol oxidation. At first, methanol was gradually
added into 0.5 M H,SO, solution while the mass activity of the chosen electrode for
methanol oxidation was tested. Fig. 4.22 displays the mass activity of the optimized
PtRU/CNT/GC, PtRuCr/CNT/GC, and PtRuMo/CNT/GC electrodes at various
concentration of methanol. At 4.0 M methanol, all the modified GC electrodes
reached the maximum activity towards methanol. After that, the activity of the
modified electrodes held down and decayed. The optimized PtRu/CNT/GC,
PtRUCr/CNT/GC, and PtRuMo/CNT/GC electrodes gave mass activity of 123.99,
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150.62, and 170.17 A-(g catalyst)™ respectively, for 4.0 M methanol. Possibly, the
excess quantity of methanol in the system might inhibit the catalyst active site on the
electrode surface for methanol oxidation, causing the decrease in the mass activity

with methanol concentration more than 4.0 M.
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Figure 4.22 Mass activity vs. methanol concentration curves of the optimized
PtRU/CNT/GC, PtRuCr/CNT/GC, and PtRuMo/CNT/GC electrodes recorded in
0.5 M H,SO; at the scan rate of 50 mV-s ™.

Next, we tried to all at once add 4.0 M methanol in 0.5 M H,SO, and measured
the mass activity for methanol oxidation by the PtRu/CNT/GC, PtRuCr/CNT/GC, and
PtRuUMo/CNT/GC electrodes at the scan rate 50 mV-s™. As shown in Table 4.3, the
obtained mass activity for all of the modified electrodes was in good agreement with
the results from Fig. 4.22, indicating the reproducibility of these electrodes.
Moreover, it can be concluded that 0.5-4.0 M methanol is the optimized range of
methanol concentration for the PtRU/CNT/GC, PtRuCr/CNT/GC, and PtRUMo/CNT
/GC electrodes.
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Table 4.3 Mass activity of the optimized PtRu/CNT/GC, PtRuCr/CNT/GC, and
PtRuMOo/CNT/GC electrodes for 4.0 M methanol in 0.5 M H,SO, recorded at the scan

rate of 50 mV-s*

Catalyst Mass Activity / A-(g catalyst)™
PtRU/CNT (2:1.5) 122.76
PtRUuCr/CNT (2:0.5:1) 148.98
PtRUMO/CNT (2:1:0.5) 170.57

4.8 Repeatability of Metal/CNT Modified Glassy Carbon Electrodes

Repeatability of the optimal metal/CNT/GC electrodes has been investigated by
using cyclic voltammetry. Fig. 4.23 demonstrates repetitive mass activity of the
Pt/CNT/GC, 2:1.5 PtRu/CNT/GC, 2:0.5:1 PtRuCr/CNT/GC, 2:1:0.5 PtRuMo/CNT
/GC, and 2:1:0.5 PtRuNi/CNT/GC electrodes obtained for the oxidation of 1.0 M
methanol in 0.5 M H,SO,. The results revealed that the Pt/CNT/GC, 2:1.5
PtRU/CNT/GC, 2:0.5:1 PtRuCr/CNT/GC, and 2:1:0.5 PtRuNi/CNT/GC electrodes can
be used to oxidize 1.0 M methanol at least four times before slowly decreasing its
activity for methanol oxidation. For the 2:1:0.5 PtRuMo/CNT/GC electrode, it can be
fully used to oxidize 1.0 M methanol for seven times without any significant activity
change. It is clear that the repeatability of each modified electrode was not equal,
depending on the catalyst components and the results of repeatability test indicated
that the PtRuMo/CNT/GC electrode had better performance for methanol oxidation

than the others.
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Figure 4.23 Repetitive mass activity of the Pt/CNT/GC, 2:1.5 PtRu/CNT/GC, 2:.5:1
PtRuCr/CNT/GC, and 2:1:0.5 PtRuMo/CNT/GC electrodes for the oxidation of 1.0 M
methanol in 0.5 M H,SO, solution.

4.9 Stability of Metal/CNT Modified Glassy Carbon Electrodes

The stability of the metal/CNT/GC electrodes has been studied by
chronoamperometry. Fig. 4.24 shows the mass activity obtained from the oxidation
of 1.0 M methanol for 1,800 s at the potentials of (a) Ei, and (b) Ey4 (Table 3.12,
p.32) for the PYCNT/GC, 2:1.5 PtRu/CNT/GC, 2:0.5:1 PtRuCr/CNT/GC, 2:1:0.5
PtRUMO0o/CNT/GC, and 2:1:0.5 PtRuNi/CNT/GC electrodes. Initially, the mass
activity of methanol oxidation decreased rapidly for the Pt/CNT/GC, PtRu/CNT/GC,
and PtRuNi/CNT/GC electrodes, but the mass activity increased rapidly for the
PtRUCr/CNT/GC and PtRuMo/CNT/GC electrodes. These results may be due to the
formation of intermediate species during the oxidation of methanol [41]. After that,
the mass activity was gradually perished for all of the modified electrodes. One
reason for the long time decay can be attributed to the absorbed species (e.g., Pt—Oauds)

and SO,%) on the Pt surface, which can restrict methanol oxidation reaction [24].
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Figure 4.24 Chronoamperograms of the Pt/CNT/GC, 2:1.5 PtRu/CNT/GC, 2:5:1
PtRuCr/CNT/GC, 2:1:0.5 PtRuMo/CNT/GC, and 2:1:0.5 PtRuNi/CNT/GC electrodes
for the oxidation of 1.0 M methanol in 0.5 M H,SO, solution recorded at the

potentials of (a) E1, and (b) Ey4 according to the information in Table 3.12.
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Figure 4.25 Percentage of mass activity vs. time for the oxidation of 1.0 M methanol
in 0.5 M H,SO, recorded at the potential of Ej; by PYCNT/GC, 2:0.5:1 PtRuCr
/ICNT/GC, 2:1:0.5 PtRuMo/CNT/GC, and 2:1:0.5 PtRuNi/CNT/GC electrodes in

chronoamperometric experiment.
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Figure 4.26 Percentage of mass activity vs. time for the oxidation of 1.0 M methanol
in 0.5 M H,SO, recorded at the potential of Ej4 by PYCNT/GC, 2:0.5:1 PtRuCr
/ICNT/GC, 2:1:0.5 PtRUMo/CNT/GC, and 2:1:0.5 PtRuNi/CNT/GC electrodes in

chronoamperometric experiment.
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To compare the chronoamperometric results of all electrodes directly, Fig.
4.25 and 4.26 display percentage of mass activity at the potentials of E;,and Ey4 vs.
time for the oxidation of 1.0 M methanol. The results at these potentials were studied
to mimic the real usage situation. Besides the Ey4 and E;;, potentials might cause
different degrees of methanol oxidation and re-oxidation processes, making the
investigation at these two potentials be worthwhile. Results from Fig. 4.25 showed
that the mass activity for methanol oxidation decreased slowly for the
PtRUMo/CNT/GC and PtRuNi/CNT/GC electrodes. Although the PtRUNi/CNT/GC
electrode had poor activity for methanol oxidation, it had good stability for long time
usage. The P/CNT/GC, PtRU/CNT/GC, and PtRuCr/CNT/GC electrodes displayed
poor stability for methanol oxidation at this Ei, potential. As shown in Fig. 4.26,
only the percentage of the mass activity of PtRuMo/CNT/GC electrode decreased
gradually.  Thus, it can be concluded from Fig.4.25 and 4.26 that the
PtRUMOo/CNT/GC electrode had the highest stability. Furthermore, although the
PtRUNi/CNT/GC electrode had excellent stability at Ej/, it showed low stability at

Eva.



CHAPTER V

CONCLUSIONS AND SUGGESTIONS

5.1 Conclusions

Pt-based bi-metallic and tri-metallic catalysts supported on CNT have been
prepared by polyol process for the oxidation of methanol. XRD, TEM, and XRF-
EDX results confirmed the successful formation of Pt/CNT, PtRu/CNT, PtRuCr/CNT,
PtRUMOo/CNT, PtRuNi/CNT and other Pt-based catalysts. TEM images showed that
well-dispersed metal nanoparticles with the approximate size of 2.5 nm were
deposited on the CNT. Catalytic activity of the synthesized catalysts for methanol
oxidation in 0.5 M H,SO, were investigated by means of cyclic voltammetry at the
scan rate of 50 mV.s™. Our results indicated that the addition of the second metal to
Pt distinctly improved its catalytic activity for methanol oxidation. It was found that
Ru, Cr, and Mo greatly enhanced the catalytic performance of Pt. For the bi-metallic
system, the PtRu/CNT/GC electrode with 2:1.5 Pt-to-Ru mole ratio was the optimal
modified electrode for methanol oxidation.

Using PtRU/CNT as a base catalyst, the addition of Cr or Mo to PtRu/CNT
could improve the electrocatalytic activity for methanol oxidation whereas Ni could
not improve this property. Among various ratios of metal components, the 2:1:0.5
PtRuMo/CNT/GC showed the highest catalytic activity. Although the
PtRUCr/CNT/GC electrode with the optimal Pt-to-Ru-to-Cr mole ratio (2:0.5:1) had
lower activity for methanol oxidation, it exhibited higher catalytic activity than the
optimized PtRu/CNT/GC electrode.

Moreover, good electrode candidaties including 2:1.5 PtRu/CNT/GC, 2:0.5:1
PtRUCr/CNT/GC, and 2:1:0.5 PtRuMo/CNT/GC electrodes produced highest mass
activity for methanol oxidation at the methanol concentration of 4.0 M. In terms of
electrode repeatability, the PtRuMo/CNT can be reproducibly used to oxidize 1.0 M
methanol for seven times, showing the best repeatability for methanol oxidation
among other modified electrodes. In addition, the PtRuMo/CNT/GC electrode had

the highest stability. Therefore, considering from the criteria of the mass activity for
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methanol oxidation, the reproducibility, and the stability, the PtRuMo/CNT/GC
electrode with the 2:1:0.5 Pt-to-Ru-to-Mo mole ratio seems likely to be the best
candidate for methanol oxidation. Note that although the 2:1:0.5 PtRuNi/CNT/GC
electrode had excellent stability, it showed poor catalytic activity for methanol

oxidation.

5.2 Suggestion

It is known that the activity of the metal/CNT catalysts is greatly dependent on
the catalyst loading on CNT. Various amount of metals used in the preparation of
metal/CNT catalysts will be investigated to obtain the optimized metal loading on
CNT. In addition, the optimal catalysts such as 2:0.5:1 PtRuUCr/CNT and 2:1:0.5
PtRUMo/CNT will be tested in single cell measurements to check the catalyst
performance towards DMFC application.
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APPENDIX



Figure 1A XRF-EDX spectrum of Pt/CNT catalyst

L



Figure 2A XRF-EDX spectrum of PtRu/CNT catalyst with Pt-to-Ru mole ratio 2:1
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Figure 3A XRF-EDX spectrum of PtRU/CNT catalyst with Pt-to-Ru mole ratio 2:1.25

FL



Figure 4A XRF-EDX spectrum of PtRu/CNT catalyst with Pt-to-Ru mole ratio 2:1.5
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Figure 5A XRF-EDX spectrum of PtRu/CNT catalyst with Pt-to-Ru mole ratio 2:2
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Figure 6A XRF-EDX spectrum of PtRU/CNT catalyst with Pt-to-Ru mole ratio 2:4
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Figure 7A XRF-EDX spectrum of PtRuCr/CNT catalyst with Pt-to-Ru-to-Cr mole ratio 2:0.5:1
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Figure 8A XRF-EDX spectrum of PtRUMo/CNT catalyst with Pt-to-Ru-to-Mo mole ratio 2:1:0.5
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Figure 9A XRF-EDX spectrum of PtRuNi-CNT catalyst with Pt-to-Ru-to-Ni mole ratio 2:1:0.5
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