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ABSTRACT
The main goal of this study was to design and develop novel electrocatalysts that
exhibit high catalytic activity whilst maintaining 100 % selectivity for a desired
product. Such catalytic materials will improve the performance of fuel cells by

increasing cell efficiency and by removing by-products, thus eliminating waste in fuel
cells electrocatalytic reactions.

A cobalt porphyrin electrocatalyst embedded in a conducting polypyrrole matrix was
prepared using either a vapour phase polymerization or in-situ chemical
polymerization method. The composite material showed enhanced catalytic activity
and stability toward the electrochemical reduction of oxygen when compared with the
original cobalt complex. The performance of this material was investigated using
various electrochemical methods including rotating disk electrode (RDE), rotating

disk electrode (RRDE) measurements and (half) single-fuel cell tests. In addition, the

effect of the concentration of both oxidant and cobalt porphyrin on the structure and
electrocatalytic activity of the composite electrode was investigated.

Carbon materials such as carbon nanotubes supported platinum particles are emerging

as exciting and very important catalytic materials for use in fuel cells. In the prese
study, a modified microwave-polyol process has been developed to synthesize
platinum nanoparticles on single-walled carbon nanotubes (SWNTs) and carbon black.

The effect of pH, irradiation time and concentration of Pt salt solutions on controll
the size of nanoparticles, as well as the electrocatalytic activity of the resulted
catalysts for oxygen reduction, has been fully investigated. In order to increase the
platinum loading on single-walled carbon nanotubes, a sonochemical method was

IX

employed to active the side walls of SWNT in order to introduce functionalities such
as carboxyl (-COOH), hydroxyl (-OH) and carbonyl (>C=0) groups. Such species are
demonstrated to be suitable for anchoring platinum metal ions to the SWNT support.
The electrocatalytic advantage of the platinum decorated SWNT as a catalyst for fuel
cell catalysis over conventional carbon black substrate was confirmed using
electrochemical characterizations and fuel cell evaluations.

A pseudo Pt-Pd core-shell bimetallic catalyst for proton exchange membrane
electrode fuel cells was prepared. Palladium (Pd) nanoparticles supported on multiwalled carbon nanotubes (MWNTs) scaffold was used as template with the
subsequent surface Pd atoms replacement with platinum being achieved by a
microwave assisted galvanic method. The electrocatalysts were characterized using
thermogravimetric analysis (TGA), X-ray powder diffraction (XRD), transmission
electron microscopy (TEM), scanning electron microscopy (SEM), cyclic
voltammetry (CV), rotating disk electrode (RDE), rotating ring disk electrode and fuel
cell techniques. The best catalyst for oxygen reduction and hence fuel cell operation
was shown to be that with a Pt/ (Pt + Pd) atomic ratio of 30/100 which was confirmed
by electrochemical characterizations and fuel cell evaluations.

In addition, a high performance membrane electrode assembly (MEA) comprised of
platinum nanoparticles loaded onto an aligned carbon nanotube (ACNT) array was
fabricated using a hot transfer and pressing method. This nanostructured MEA was
characterized using TGA, XRD, SEM, in-situ CV, in-situ electrochemical impedance
spectroscopy (EIS) and fuel cell measurements. The results indicated that the nano-Pt-
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loaded ACNT/Nafion/ACNT MEA had a higher Pt utilization efficiency than the
conventional Pt/C MEA.
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1.1 Nanostuctured Materials for Catalysis

1.1.1 General Introduction of Nanostuctured Materials

Nanostructured or nanoscale materials can be defined as those with structural units on
a scale < 100 nm in at least one dimension. These fascinating materials include
quantum dots, nanowires, nanotubes, nanorods, and nanofilms, and can be composed
of metals, semiconductors, biomaterials, polymers and other compositions. The
fundamental physical and biological properties of materials are significantly altered as
their dimensions are reduced to the nanoscale. Unique physical and chemical
properties of nanostructured materials have been revealed: the theoretical strength of
materials can be reached or quantum effects may appear; unique and entirely different
electrical, optical, mechanical, and magnetic properties are offered by these novel
materials compared with conventional bulk materials owing to the distinctive size,
shape, surface chemistry, and topology [1-3].

Many technological areas significantly stand to benefit from the development of
materials within the nanoscale. For example, the materials offer unique properties or
combinations of properties as electrodes and electrolytes in electrochemical catalysis.
The size of the nanostructured materials influences the catalytic activity, not only due
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to the enhanced surface area, but also due to the electrical properties that are different
from those of bulk materials. Confining electrons in small metal particles
considerably changes the electronic band [4-5].

1.1.2 Application of N a n o t e c h n o l o g y in Catalysis

Nanostructured materials are not something new in catalysis and electrocatalysis.

Metallic nanoparticles with an average grain size between 1 and 20 nm, such as Pt o

Rh, supported on different substrates like Si02 or AI2O3 have been used for the pas

fifty years in heterogeneous catalysis [6-8]. Current interest in the case of nanosc

and nanotechnology in catalysis has focused attention on the opportunity to develop
catalysts that exhibit 100% selectivity for a desired product, thus removing

byproducts and eliminating waste. Typically, this type of selective process belongs
green chemistry or green technology [9].

1.2 Electrocatalysis

1.2.1 Introduction

Heterogeneous catalysis involves a cyclic process in which a site on a catalyst forms a
complex with reactant and from which products are desorbed, thereby restoring the

original site and continuing the cycle. Heterogeneous electrocatalysis is the bran
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heterogeneous catalysis concerned with the study of reactions involving a reactant
species that transfer electrons through an electrolyte-catalyst interface [6]. Electrode
reactions can be accelerated by structural or chemical modification of the electrode
surface and by the use of electrolyte additives. Electrocatalysis also results in
enhancement of electrochemical reaction rates which is manifested in reduced
overpotentials [7, 10-11]. The field of electrocatalysis benefited greatly from
investigations into cathodic hydrogen evolution in the early 1960s [12]. There are now
an increasing number of examples of electrocatalysis, however, we will limit the
following discussion for electrocatalysis on two typical hydrogen fuel cell catalytic
reactions, namely oxygen reduction and hydrogen oxidation.

1.2.2 Electrochemical Catalytic Reduction of Oxygen

1.2.2.1 Introduction of Oxygen Reduction

The oxygen reduction reaction (ORR) includes a number of intermediates. The
kinetics and mechanism for the reaction are dependent on many experimental factors,
including the type of electrode and the electrolyte used. The reaction can proceed by
either a four-electron pathway or a two-electron pathway in aqueous electrolyte.
Those are shown in Equations (1.1) to (1.2) and Equations (1.3) to (1.8) [13, 14],
respectively.

Chapter 1

A. Direct four-electron pathway:

a) Either in an alkaline electrolyte
02+2H20 + 4e-^40H- E°=0A01V (1.1)
b) Or in an acidic electrolyte
02+4H++4e-^2H20 E°=l.229V (1.2)

B. Two-electron pathway:

a) Either in an alkaline electrolyte
02 + H20 + 2e~ -> /TOO" + 0/T £°=-0.065 V (1.3)
Followed by either peroxide reduction
HOOT +H20 + 2e~ -+30H' £°=0.867V (1.4)
Or peroxide decomposition
2HOO- ->• 20H~ + 02 (1.5)
b) Or in an acidic electrolyte
02+2H++2e-^HOOH E°=0.607V (1.6)
Followed by either
HOOH + 2H+ +2e~ -+2H20 E°=\.ll\ (1.7)
Or
2HOOH -> 2H20

(1.8)
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1.2.2.2 Electrocatalysts for Oxygen Reduction

Metal Catalysts

Norsk et al. generated two ORR volcano plots to illustrate the activities of various
metal catalysts [15]. Figure 1.1 indicated that Pt and Pd are the best elemental catalyst
materials for the ORR.

Figure 1.1. Trends in O R R activity as a function of the oxygen binding energy (left) and both the
O and OH binding energy (right). (Reprinted from Nersk, J. K. et al., J. Phys. Chem. B, 2004,
108,17886)

Platinum is still the most important metal electrocatalyst for electrochemical reduction
of oxygen as well as also the only catalyst shown to withstand thousands of hours of
operation in the acidic and corrosive conditions of a proton exchange membrane fuel

8
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cell ( P E M F C ) electrode. The mechanism of oxygen reduction on platinum has been

the most extensively studied and summarized in Figure 1.2 taken from reference [

i

.

1 k 2 k3 *
0, — - O ^ ^ = ^
k4

H202>ad - ^
i
k
5

H20

H202

Figure 1.2. Simplified reaction scheme of oxygen reduction on a Pt surface [16].

Typically, how the ORR proceeds depends on the mode of adsorption. For example,

when 02 reacts with two platinum atoms and forms a 1, 2-peroxo-dimetal complex,
this yields H20 via a four-electron pathway-Yeager model. On the other hand,
reacting with a metal atom to form an end-on superoxo-metal complex results in
two-electron pathway yielding H2O2 - Pauling model (Figure 1.3) [17-19].

0—0
/

\

M

M

0

/°

M

Figure 1.3. Adsorption models of 0 2 on platinum surface: Yeager Oeft) and Pauling
(right) models [13,17].

Compared with the oxidation of hydrogen or methanol on platinum, the is
ORRa
much slower reaction on platinum with a much lower exchange current. The

sluggishness of the ORR is attributed to the strength of the O-O bond of oxyge
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which has a dissociation energy of 498 kJ mol" . Hydrogen peroxide was often
observed as an intermediate in the four-electron reduction reaction. Due to the low
dissociation energy of the O-O bond in H2O2 which is 211 kJ mol"1, the reduction of
H2O2 occurs relatively smoothly [20-22].

Although of the simple substance metals, Pt has proven to be the most effective and
durable catalyst for oxygen reduction, at reasonable current densities, it still shows
overpotentials of over 400 mV from the equilibrium reversible potentials (1.19 V at
80 °C). Therefore, efforts to identify and develop superior platinum alloy catalysts for
oxygen reduction are ongoing. Many reports indicate that certain Pt alloys exhibit a
better ORR activity than bulk Pt. For example, Markovic et al. demonstrated that Pt
alloys such as Ni, Co, or Fe transition metals with a Pt monolayer on their surfaces
exhibited higher ORR activities than the corresponding bulk Pt catalyst [23]. Kitchin
et al. revealed that the oxygen dissociative adsorption energy on the surface of Pt was
weakened as the J-band was broadened and lowered in energy by interactions with the
underlayer 3d transition metals [24].

Although alloying Pt with other transition metals shows higher activity than Pt metal,
there is still some controversy over the mechanism of the activity enhancement. For
example, Paffet et al. [25] showed that surface roughening of the Pt alloys observed
due to dissolution or leaching of the more easily oxidisable base metals in bulk alloys
could account for the enhanced ORR activity. Typically the dissolution or leaching of
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base metal from the Pt alloys could result in an increase in surface area [25-26].
Kinoshita [27] ascribed the improvement to the increase of low-index crystal plane
proportion in Pt when it is alloyed with another transition metal, which considered
being higher ORR reactivity than high-index crystal plane. However, the main
alloying effects are generally classified as the geometric effect (Pt-Pt interatomic

distance), OH adS inhibition effect, and the electronic structure (the increased Pt Jvacancy) [28-34].

C a r b o n Materials

Carbon materials such as graphite, glassy carbon, active carbon, and carbon nanotubes

have shown the electrocatalytic activity towards the ORR in alkaline electrolyte. The
catalytic activity and mechanism involved varies with the type of carbon used. For
example, the ORR on glassy carbon and pyrolytic graphite normally proceeds along
the two-electron pathway to yield H202. The H202 can be further reduced to water at a
lower overpotential [35-38]. The use of nanostructured carbon materials, namely
carbon nanotubes, produces H202 or a mixture of H202 and OH". Three possible
mechanisms for the ORR on carbon materials in alkaline solution have been proposed
[39].
Mechanism 1
H20 + e" -> H (ads) + OH"
(1.9)
02(gas) -> 02(ads)
(E10)
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02(ads) + H (ads) -> H 0 2 (ads)

(1.11)

H02 (ads) + e" -> H02
Mechanism 2
H20 + e"-> H (ads) + OH" (1.12)
02 (gas) -> 02 (ads) (1.13)
02 (ads) + H (ads) -> H02 (ads) (1.14)
H02 (ads) + H (ads) -> H202 (1.15)
OH" + H202-> H20 + 02H' (116)
Mechanism 3
02 (gas) -> 02 (ads) (1-17)
02 (ads) + H20 + 2e" -> H02" + OH" or H02 (ads) + e" -> H02" (1.18)

Macrocyclic Transition Complex

Macrocyclic transition complexes (e.g., Fe or Co, Ni, Cu, Ni, et al.) porphyrins
phthalocyanines, tetraazannulenes)) are important catalysts for oxygen reduction

which could catalyze the ORR via a two-electron pathway, four-electron pathway or
mixed pathway to produce H202, H20, or H202/H20 mixtures. The following reaction
mechanism was proposed [40-42].
[LMe11] + 02 «-> [LMe5+ O,5"] (I-19)
[LMe5* 025-] + H+ - [LMm ......02H]+ (1-20)
[LMin 02H]+ + H+ + 2e" -*[LMeu] + H202 (1-21)

12
H 2 0 2 + 2e" + 2H+ -» 2H 2 0

(l - 22 )

H202^H20+l/2 02 (L23)
Where L represents the ligand and Me is the metal center. H202 could be the final
product or an intermediate for ORR.

The catalytic activity of transition metal macrocyclic complexes towards oxygen

reduction via the four-electron pathway to H20, or the two-electron pathway to H202

strongly depends on the nature of the central metal and the macrocyclic ligand, a

as the size of the n electron system. The activity of these complexes varies with
respect to the metal ions in the following order [43].
Fe>Co>Ni>Cu «* Mn
In general, iron complexes of phthalocyanine/porphyrin promote a four-electron

pathway and exhibit higher catalytic activity than other metal complexes. However,

the electrochemical and chemical stability of iron complexes are very poor during
oxygen reduction. Although cobalt complexes exhibit higher stability than iron
complexes, they only catalyze a two-electron pathway for ORR. Typically, the

catalytic activity of metal complexes is significantly enhanced after heat-treatm
embedding into a conducting polymer [44-49]. By embedding the complexes in a
conducting polymer matrix, cooperative catalysis between neighboring molecules

which cannot be achieved with the original complexes and often leads to catalytic

activity enhancement, can occur since these catalyst molecules are closely arrange
within the matrix [47]. However, the mechanism for catalytic activity enhancement
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the complexes after heat-treatment is still unknown.

Other Catalysts

Other groups of materials such as transition metal chalcogenides and transition metal
carbides also show catalytic activity towards electrochemical reduction of oxygen.
Two types of chalcogenides, Chevrel phase compounds and amorphous phase, can
catalyze either the two-electron pathway or the four-electron. It is believed that the
catalytic activity of a chalcogenide catalyst toward ORR can obtain a level of 30-40%
of the Pt catalyst activity. Metal carbides were regarded as a group of important
non-noble catalysts for ORR. Metal carbides such as WC, TaC, TiC, and TiN exhibit
catalytic activity towards ORR. However, the poor electrochemical and chemical
stability in alkaline or acid solutions prevent them from being widely used [41,
50-63].

1.2.3 Electrochemical Catalytic Oxidation of Hydrogen

1.2.3.1 Introduction of Hydrogen Oxidation

Compared with the ORR, the electrochemical oxidation of hydrogen,
H2 -* 2H+ + 2e (Eo= 0.00 V, pH =0) (1.24)
occurs readily on noble metal surfaces such as Pt or Pd. Generally, the process is
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assumed to proceed by the initial adsorption of hydrogen. The mechanism can be
described as follows (M = metal catalyst):

H 2 + 2 M -» 2 M H a d s (Tafel)

(1.25)

H2 + H20 + M -> MHads + H30+ + e" (Heyrovsky) (1.26)
MHads + H20 -> H30+ + e" + M (Volmer) (1.27)

The rate-determing step changes with the different catalysts and the reaction
conditions [64-65].

1.2.3.2 Electrocatalysts for H y d r o g e n Oxidation

P l a t i n u m G r o u p Metals

The platinum group metals are still the most important catalysts for the

electrochemical oxidation of hydrogen. Typically, the catalysts include Pt, Ru,

Os, and Rh. Figure 1.4 shows a "Volcano curve" which was plotted to correlate t

catalytic activity in terms of exchange current and hydrogen adsorption enthal

metals [66]. Figure 1.4 depicts, that the metals which have an intermediate val

the enthalpy of hydrogen adsorption and thus assist H2 splitting without hinder

desorption are more active for hydrogen oxidation than the other metals [10, 66

In order to reduce the Pt metal utilization and enhance its catalytic activity
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C O tolerance in the hydrogen oxidation reaction ( H O R ) , alloys prepared by alloying
Pt metal with other transition metals have been investigated [64].

Bonding enthalpy M-H / kJ mol -1

Figure 1.4. Hydrogen volcano curve: logarithm of exchange current density of H 2 reaction
vs.enthalpy of hydrogen adsorption at different metals [10].

Transition Metal Carbides

Transition metal carbides have been regarded as promising substitutes for the Pt-based
electrocatalysts in PEMFC applications since Levy et al. found that carbides of Group
IV-VI elements showed Pt-like catalytic activity [68-70]. Among them tungsten
carbide exhibits the best catalytic activity towards HOR. However, although the
transition metal carbides have good stabilities in acidic environments and high CO
tolerance, their m u c h lower catalytic activities than Pt prevent them from being used
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for commercial fuel cell applications.

Raney Metal

Raney metals such as Raney nickel have also been extensively investigated as
electrocatalysts for the HOR due to their interesting electronic and chemical
properties. Typically, Raney nickel can be prepared by dissolution of aluminum from
aluminum-nickel alloys in concentrated sodium hydroxide, which forms a nickel
lattice with a large number of defects [71-73].

1.3 Methods for Preparation of Nanostructured Catalysts

Many methods have been applied to prepare nanostructured catalysts. In principle, th
preparation of supported platinum-based catalysts can be roughly divided into two

catagories: electroless (chemical) deposition and electrodeposition [74]. Electroles

deposition is a method of preparation of nanostructured electrocatalysts by chemical
reducing the metal ion or its complex on to the substrate in a controlled fashion

(Figure 1.5). Electrodeposition involves simple electrolysis of a solution containin
the desired metal ion or its complex.

The following discussion will be limited to the main preparation methods used for
nanostructured Pt-based fuel cell catalysts: impregnation, colloidal methods, vapor
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phase deposition, Sol-Gel and electrodeposition.
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Figure 1.5. Schematic illustrations of several chemical methods for preparation of supported Pt
nanostructured electrocatalysts [74].

1.3.1 Electroless Deposition

1.3.1.1 Chemical Impregnation

Chemical impregnation is the most widely used and simplest wet-chemical method for
preparation of Pt-based catalysts for electrocatalysis. In this method, a salt solution is
mixed with support materials. The supported catalyst is then obtained by further
reducing the resulted slurry using sodium borohydride, formic acid, hydrazine,
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ethylene glycol, or H 2 [75-85].

Due to the simple and practical operation, this method is so attractive for large-s
synthesis. Recently Fang and co-workers developed a homogeneous deposition (HD)
method for preparation of supported platinum nanocatalysts on carbon black for

proton exchange membrane fuel cell [86]. In chemical impregnation, pH value plays a

very important role for the synthesis of highly dispersed Pt nanoparticles on suppo

In Fang's strategy, they used urea instead of alkaline solution to adjust the pH va
the preparation solution. Ethylene glycol (EG) was used as a reducing reagent. As

shown in Figure 1.6, the preparation strategy can be separated into two steps. Firs
step involves the in-situ gradual and homogeneous generation of hydroxide ions by

the urea hydrolysis reaction at 90 °C. Then the 60 wt % Pt/C catalyst is obtained b
reduction of the mixture containing Pt salt by adding EG solvent and heated at 120

Vulcan carbon (VC)

Pt(IV) complex species/VC

Pt/VC

Figure 1.6. Schematic depiction of HD-EG strategy of preparation of carbon black supported

nanocatalyst [85].
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Figure 1.7. H R S E M and H R T E M images of the 60 wt % Pt/C prepared by borohydride

reduction (a, b), microwave-assisted heating (c, d), JM (commercial available) (e, f), and HD-EG

(g,h)[85].
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for 1 hour. The H D - E G prepared carbon black supported Pt nanostructured catalysts
were found to have a more uniform particle size distribution. Electrochemical as well
as fuel cell performance was improved compared to the catalysts prepared by
conventional borohydride wet-impregnation methods and microwave-assisted heating
(Figure 1.7 and Figure 1.8).
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Figure 1.8. Cyclic voltammograms of 60 wt % Pt/C in 0.5 M H 2 S 0 4 and
fuel cell performance [85],

The synthesis of highly dispersed Pt-based nanoparticles with controlled loadings on
supports remains a challenge. To date, many efforts have focused on the preparation
of Pt-based catalysts with a high electrochemical active surface area and utilization

efficiency [86-92]. Kim et al. have reported a new single-atom-to-cluster approach for
the preparation of highly dispersed and size controlled Pt clusters on carbon
nanotubes. By this method they obtained highly dispersed Pt clusters with small
particle size and narrow size distribution [93]. Dickinson et al. investigated direct
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thermal decomposition of Pt and R u carbonyl complexes onto carbon supports to
prepare Pt-Ru/C catalysts. The resultant catalysts are comparable with commercially
available Pt-Ru/C catalysts [94].

1.3.1.2 Colloidal Methods

Colloidal methods have been widely used to prepare Pt or Pt alloy catalysts with
narrow particle size distributions [95-109]. Generally, the supported nanostructured
electrocatalysts were prepared by starting from synthesis of a Pt metal or bimetal
colloid, followed by adsorption on the support. The colloid can be in a form of an
oxide, which needs to be simultaneous by reduced and then adsorbed on the support.
The procedure is shown schematically in Figure 1.5. Although colloidal methods can
provide an ideal size control, the presence of protecting agents used for the
preparation may hinder the electrochemical catalytic activity of the nanostructured
catalysts. Recently, these methods have been reviewed by Bonnemann and Roucoux,
etal [110-111].

1.3.1.3 Ion Exchange

The ion-exchange method is an effective technique to prepare highly dispersed
platinum nanostructured electrocatalysts [112-116]. Typically, the procedure involves
ion exchange between a Pt cation complex and hydrogen ions of the acid functional
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groups on the surface of supports such as C N T s or carbon black. Therefore, this

method is appropriate for catalyst supports with a large number of ion-exchange site
Often treatment of CNTs and carbon black is necessary to introduce sufficient sites
the exchange and to allow the Pt loading on the supports to be obtained. Shao and
co-workers functionalized CNTs electrochemically to generate carboxyl functional
groups. Platinum cation complexes were introduced and reduction of the adsorbed
platinum complex precursor to platinum nanoparticles on the CNTs was carried out by

treatment with H2 at 190 °C. Further characterizations indicated that the Pt particl
were highly dispersed on the MWNTs support. Better electrochemical catalytic
activity than conventional Pt/CNTs was observed (Figure 1.9 and Figure 1.10) [112].

Figure 1.9. S E M images of M W N T s (left) and Pt/MWNTs [112].
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Figure 1.10. Electrochemical performance comparisons between ion-exchanged prepared
Pt/MWNTs catalyst and conventional Pt/MWNTs for ORR [112].

1.3.1.4 Vapor Phase Deposition

Vapor phase deposition methods have been developed to prepare thin metal films and
now have been applied to prepare fuel cell catalysts [118-120]. The sputtering method
is probably the most important vapor phase synthesis method for preparation of
nanostructured electrocatalysts [121-125]. Compared with chemical vapor phase
deposition methods, sputtering deposition can produce highly dispersed particles with
a narrow size distribution and the fabricating process is relatively simple. Hirano et al.
prepared an ultra-low level of Pt (0.1 mg cm"2) and relatively thin electrocatalyst layer
on a gas diffusion electrode substrate using the sputtering deposition method. The fuel
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cell performance of this electrode w a s comparable to that of standard commercial
electrode with a platinum loading level of 0.4 mg cm"2 [125]. Cha and co-workers
directly deposited Pt particles on a Nafion membrane. This catalyst layer exhibited

remarkable improvement in utilization efficiency in a fuel cell evaluation with about
ten times higher than that of the electrodes prepared by conventional methods [123].
This method has been considered as a new method of applying Pt catalyst and
necessitates a new methodology for creating the membrane electrode assembly (MEA)
structure [123].

1.3.1.5 Microwave Polyol Process

Microwave irradiation through dielectric heating loss provides a convenient, fast,
uniform, energy saving method, which has attracted a great deal of interest for

materials synthesis [126-132]. In a typical chemical reaction, conventional conductiv

heating is used with heat, passing first through the walls of the container and reac
the reactants. This process is slow and inefficient due to the simultaneous cooling
the dependence of heat transfer on the thermal conductivity of the various materials

that must be penetrated. Normally, the temperature of the container is higher than t
of the reaction mixture inside unless sufficient time has been applied to allow the
container and contents to attain thermal equilibrium. Generally, the process for
preparation of nanocatalysts takes hours. Microwave heating, on the other hand, is

very fast and the released electric energy can be directly transferred to the reactiv
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species (molecular heating), resulting in a rapid rise in temperature. The microwave
heating process is independent of the thermal conductivity of the container materials,
leading to an instantaneous localized superheating of anything that will react to either
dipole rotation of ionic conduction, the two fundamental mechanisms for transferring
energy from microwaves to the substance being heated [Figure 1.11] [133]. Generally,
the process takes several minutes or even less than one minute. [128]

Conductive Heating

Microwave Heating

Figure 1.11. Schematic of sample heating by conduction and microwave [133].

Recently, there have been a lot of successes in preparing high performance Pt or Pt
alloys nanostructured electrocatalysts supported on carbon nanotubes by a
microwave-assisted polyol process [134-142]. This method has often been coupled
with a polyol method as a new rapid preparation method of metallic nanoparticles.
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Most commonly, microwave polyol processes use ethylene glycol (EG) as reducing

agent for the reduction of the metal precursors. EG is an alcohol and readily oxidized
at highly temperature under microwave irradiation heating which generates reducing
species for the reduction reaction. The nanoparticles produced could be captured by
carbon supports by dispersing the supports in the solution prior to the microwave
heating [96, 138].

In the microwave polyol process, the pH of the solution and the microwave heating
time have a significant impact on the Pt nanoparticle size and the loading level
obtained. Zhao and co-workers observed that the mean size of microwave polyol
prepared Pt nanoparticles on carbon black decreased from 5.5 to 2.7 nm as the pH
value of solution increased from 3.4 to 9.5, leading to the electrochemical
performance enhancement of the electrocatalysts [143]. The optimal microwave time
for preparation of Pt nanostructured catalysts with uniform distribution on carbon
black and high catalytic activity was studied by Chu and co-workers which 40 s
duration time was found as the suitable microwave heating time [144].

1.3.2 Electrodeposition

Electrodeposition is a versatile technique for the deposition of metal or alloys

electrocatalysts at desirable locations in the substrate through readily controlling
nucleation and growth of the metal nanoparticles [145-150]. A typical
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electrodeposition process includes five steps [151-152]: (1) transport of metal ions
from the bulk solution to the electrode surface, (2) electron transfer from the
electronic conductive phase to the ionic conductive phase, (3) formation of metal
adsorbed-atoms, (4) 2-D or 3-D nucleation and growth of metal particles, (5) growth
of the 3-D metal particles. The most commonly used electrochemical deposition
methods are pulse current, direct current, cyclic voltammetry, and underpotential
deposition (UPD) [148, 150, 153-158].

Day and co-workers investigated the direct current electrodeposition for the synthesis
of metal nanoparticles supported on CNTs [159]. They studied the nucleation and
growth mechanisms of the electrodeposition of metals onto the nanostructures. In
their study, they deposited Pt nanoparticles on a CNT networks by stepping the
potential from 0.0 V to -0.4 V (vs. Ag/AgCl) for 30 s and then back to an open circuit.
They found the density and size of metal nanoparticles can be controlled by selecting
appropriate operating potential and duration time. Figure 1.12 shows the SEM images
of CNT network after the Pt deposition.

Zhang and co-workers [160] used the UPD method to prepare gold cluster stabilized
platinum catalyst as an electrocatalyst for oxygen reduction. This method involves a
monolayer-limited process at potentials above the thermodynamic values and was
used to coat a Pt surface with a monolayer of Cu. The Pt catalyst (carbon-supported Pt
nanoparticles) surface was modified with Au clusters by galvanic displacement of the
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C u monolayer. The stabilizing effect was confirmed in an accelerated stability test by
application of continuous linear potential sweeps between 0.6 - 1.1 V in an 02

saturated electrolyte. The results showed that almost no loss of Pt surface area be

observed on the Au/Pt/C catalyst after 30,000 cycles with only a 5 mV degradation i
half wave potential. In comparison, only ca. 55% of the original Pt surface area
remained and 39 mV degradation was observed in the half wave (Figure 1.13) [161].

Figure 1.12. F E - S E M images of (a) Pt/SWNTs, deposited at potential of-0.4 V (vs. Ag/AgCl) for
30 s. The SWNTs network density was 6.8 urn SWNTs urn*. In the bottom right of the image is
the Au contact electrode which was also exposed to solution, (b)-(d) are higher resolution
FE-SEM images:(b) close to, (c) ca. 15 um from, and (d) further away (ca. 25um) from the
contact electrode [159].
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Figure 1.13. Linear sweep voltammograms comparison of Au/Pt/C (A) and Pt/C (C) catalysts on a

rotating disk electrode, before and after 30,000 potential cycles. Scan rate 10 mV s"\ R

speed 1600 rpm. and cyclic voltammograms of Au/Pt/C (B) and Pt/C (D) before and after 3
cycles; Scan rate 50 and 20 mV s"1, respectively. The potential cycles were from 0.6 to

02 saturated 0.1 M HC104 solution at room temperature. For all electrodes, the Pt loading

1.95 ug (or 10 nmol) of Pt on a 0.164 cm2 glassy carbon rotating-disk electrode. The sha
in (D) indicates the lost Pt area [160].

K i m et al. [161] investigated the effect of different electrodeposition techniques on the
morphology and electrochemical activity of Pt nanoparticles. They observed that the
pulse current electrodeposition method provided uniform Pt nanoclusters of ~ 40 n m
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composed of 3 n m nanoparticles, and direct current electrodeposition method resulted

in the formation of dendritic growth of Pt. In comparison, the pulsed electrodeposited

Pt has a 1.86 times higher electrochemical active surface area than the direct current
electrodeposited Pt.
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Figure 1.14. A n illustrated strategy for the electrochemical deposition of Pt or P d nanoparticles
onto SWNTs [145,162-163].

A recent praetieal and operational electrodeposition method for preparation of Pt
nanopartic.es with a narrow size distribution on CNTs was deve.oped by Guo and
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co-workers [162-163]. A s shown in Figure 1.14, this method involves three steps: (1)
electrochemically activating single-walled carbon nanotubes (SWNTs) to introduce
various oxide functional groups such as quinonyl, carboxyl, or hydroxyl groups
without damaging them, (2) formation of the octahedral complexes of Pt (IV) with the
functional groups on the surface of SWNTs, (3) electrochemical reduction of the Pt
complexes to Pt nanoparticles. Their morphological analyses showed that the
nanoparticles were well distributed on the walls of the SWNTs with a mean size of 4 6 nm in diameter.

1.4 Goals for the Study

The main purpose of this study is to develop new electrocatalysts with high catalytic
activity to replace or lower the utilization amount of Pt in fuel cell catalysis. The
research contents include preparation of non-precious catalyst such as conducting
polymer enhanced transition metal porphyrins, nanostructured carbon materials
supported platinum nanocatalysts, high catalytic activity Pt-based alloy catalyst, etc.

Chapter 3 will consider the synthesis of PPy/Co-TPP electrode for oxygen reduction
by vapor phase polymerization. This chapter will investigate the vapor phase
polymerization conditions on the electrochemical performance and mechanism for
oxygen reduction.
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Chapter 4 will consider the preparation of carbon black supported and PPy enhanced
Co-TPP as an electrocatalysts for oxygen reduction. This chapter will study the

preparation strategy for the novel catalyst and its electrochemical characterizat

Chapter 5 will consider the preparation of carbon materials supported platinum
catalyst by microwave-assisted polyol process. The aim of the chapter will be to

optimize the conditions for the synthesis of carbon black or CNTs supported plati
catalysts using microwave-assisted polyol method.

Chapter 6 will consider a practical method to prepare bimetallic electrocatalysts,

namely MCNTs supported palladium modified platinum catalyst for fuel cells and the
electrochemical performance evaluation.

Chapter 7 will consider the preparation of a nano-Pt loaded aligned carbon nanotub
electrode and its application in a PEM fuel cell.
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2.1 Reagents and Materials

Reagent N a m e

Grade

Company

Acetone

Analytical Reagent

Ajax Finechem

190 Grade Ajax Finechem
Acetonitrile
CABOT black (Vulcan XC72R)
Carbon
Purified
Unidym (single-walled)
Carbon
nanotubes
Thin 95+%
C purity
Nanocyl
Carbon
nanotubes
(multi-walled)
Aldrich
Chloroplatinic
acid hydrate
Analytical Reagent Ajax Finechem
Ethanol
Reagent Plus+
Ethylene
glycolSigma-Aldrich
5 mmdiffusion
thick GEFC,
Beijing
Gas
layer
Analytical Reagent
Ajax Finechem
Hydrochloric
acid
Analytical
Reagent 30%
Ajax Finechem
Hydrogen
peroxide,
Iron (Ill)p-toluenesulfonate
Sigma-Aldrichtech
hexahydrate,
Analytical Reagent Ajax Finechem
Isopropanol
~ 5% in 117
a mixture
of
Nafion®
solution
lower aliphatic
alcohols and waters Fluka
Nafion® 115, perfluorinated
membrane 0.005 in. thick Aldrich
Nitric

Analytical Reagent Ajax Finechem

Palladium (II) Chloride, 99.9+% Sigma-Aldrich
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Polytetrafluoroethylene,
Aldrich

60 w t % dispersion in water
PVP-40

Sigma

(^98.5%)

Reagent Grade

Sigma-Aldrich

Sodium hydroxide

Analytical Reagent

Ajax Finechem

Sulphuric Acid

Analytical Reagent

Ajax Finechem

Tetrahydrofuran

Laboratory Reagent

Ajax Finechem

Polyvinyl-pyrrolidone
Sodium borohydride powder,

2.2 Physical Characterization

2.2.1 X-ray Diffraction (XRD)

X-ray diffraction ( X R D ) is a non-destructive technique that can reveal detailed
information about the chemical composition and crystallinity of metal or metal alloy

90

•*»2... Paraph „,GBC M M A diffract „,„*„,,„, a „ d

XRD

100
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nanocatalysts.
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In this study, a G B C M M A

diffraction meter ( G B C Scientific

Equipment Pty Ltd, Australia) with a monochromatic Cu-Ka radiation source was
utilized to confirm the crystalline nature of metal or bimetallic catalysts and particle
size. An example of XRD pattern of Pt/C and the corresponding equipment are shown
in Figure 2.1.

2.2.2 Raman Spectroscopy

A JOBIN YVON HR800 confocal Raman spectrometer (HORIBA, Ltd., France) with
632.8 nm diode laser excitation on a 900 lines/mm grating at room temperature was
used to examine the surface functionality of SWNTs and identify the formation of
conducting polymers or conducting polymer/cobalt porphyrin composite. Figure 2.2
shows the Raman spectrometer and a reprehensive spectrum of polypyrrole on glass
slide prepared using vapour phase polymerization method.

Figure 2.2. Photograph of Raman spectrometer and Raman spectroscopy of vapor phase
polymerized polypyrrole.
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2.2.3 S c a n n i n g Electron M i c r o s c o p y ( S E M )

Scanning Electron Microscopy (SEM) was used for morphological analysis of
nanostructured materials. In this study, the FE-SEM images were recorded using
JEOL JSM7500FA cold-field-gun scanning electron microscope (CFG-SEM) (JEOL

Ltd., Japan) (Figure 2.3). For a typical sample preparation for SEM analysis, 1

solid sample (such as Pt/CB and Pt/CNTs) was dispersed in 10 mL ethanol using a

ultra-sonication method and 5 pL the top solution was dropped on a copper grid.

dried at the room temperature for overnight, the sample was ready for analysis.

Figure 2.3. Photograph of JEOL JSM7500FA cold Field Emission Gun Scanning Electron.

2.2.4 Transmission Electron M i c r o s c o p y ( T E M )

Transmission electron microscopy ( T E M ) was performed

using a Philips C M 2 0 0 F E G
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T E M or a J E O L 2011 F Transmission Electron Microscope ( T E M ) (JEOL Ltd., Japan)
for morphological analysis of electrocatalysts. The sample preparation for TEM
measurements was the same as that for SEM.

2.2.5 Thermogravimetric Analysis (TGA)

The determination of metal loading on CB or SWNTs was carried out by the
thermogravimetric analysis technique on a Q500 TGA analyzer (TA Instruments, UK)
(Figure 2.4). For a typical measurement, 4 mg sample was weighed for the analysis
and heated in a platinum pan. Samples were heated in 90% air from room
termperature to 900 °C at a heating rate of 5 °C/min. The mass of the residual was
used to estimate the loading of metal catalyst. TGA was also performed to evaluate
the residual level of impurity in the SWNTs before and after sonochemical-treatment.

Figure 2.4. Photograph of Q500 T G A analyzer.
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2.2.6 UV-visible S p e c t r o s c o p y

UV-visible (vis) spectra were recorded using a Shimadzu UV 1601 spectrophotometer

to monitor the concentration change of cobalt porphyrin solution in tetrahydrofura
before and after adsorption by carbon black. The measurements were performed by

scanning from the wavelength of 400 nm to 700 nm. Based on the linearity of that th
absorbance responses in the range of 400 ~ 450 nm and the mass concentration of
cobalt porphyrin solutions, the decrease in the cobalt porphyrin solution can be
obtained and used to calculate the loading amount of cobalt porphyrin on carbon
black.

Figure 2.5. Photograph of Shimadzu U V 1601 spectrophotometer.

Chapter 2

53

2.3 Electrochemical Methods

2.3.1 Electrochemical Cells

The electrochemical measurements were carried out in three types of cells: threecompartment cell, two-compartment cell, and single-fuel cell (Figure 2.6, Figure 2.7,
and Figure 2.8).

Figure 2.6. Schematic of three-compartment electrochemical cell.

As depicted in Figure 2.6, the three-compartment cell is made of glass and a Luggin
capillary was built in the cell in order to minimize the impact of uncompensated
electrolyte resistance. The cell uses an Ag / AgCl / 3M NaCl reference electrode and a
Pt mesh counter electrode for all electrode measurements.
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A two-compartment cell was designed to evaluate electrocatalysts in a half-fuel cell.
The Figure 2.7 shows the schematic of such a cell, which uses an Ag/AgCl reference
electrode, platinum mesh counter electrode and a gas diffusion electrode. As an
example for the investigation of PPy/Co-TPP elelctrode, the gas diffusion electrode
comprised a gas diffusion layer and a catalyst layer that was a PPy/CoTPP catalyst
layer deposited on carbon fibre paper. An 02 flow of 200 ml mm1 was used

throughout all the experiments. The electrode geometric area of the electrode expose
to the electrolyte was 3.14 cm2. The gas diffusion layer was prepared by a rolling
method. The weight composition of the diffusion layer was 62.5 wt. % carbon black
(Vulcan XC 72, Carbot) and 37.5 wt. % PTFE. The catalyst layer was deposited on
the carbon fibre paper using a vapor phase polymerization method. The working
electrode assembly was made by pressing the catalyst layer with the gas diffusion
layer for 2 minutes and 50 kg cm" .

Reference
electrode
Gas outlet

counter
electrode
vzzzzfr. J/
JZZZZZZZZZZZZZt
^

>;;/;/s;///>//////>'?;/,;/,/

w/////;/;;;/;///;////;//

Gas inlet

izzzzzzzzzzzzzzzzzzzzzz.

>»/»//////»////////

^ U p 1 Gas diffusion layer
Catalytic layer- Carbon fibre paper

of two-compartment electrochemical cell for half-fuel cell investigati
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Figure 2.8 depicts a single-fuel cell hardware and a membrane electrode assembly
used to evaluate electrocatalysts under real fuel cell conditions.

Figure 2.8. Photograph of single-fuel Cell hardware and a M E A .

2.3.2 Cyclic Voltammetry

In a classical cycle of Cyclic Voltammetry triangle waveform, the potential is swept
from an Initial E, to vertex E, and back to Final E. An example of this applied
waveform is shown Figure 2.9. Repeating this waveform for multi - times will
perform multi- cycles of Cyclic Voltammetry. This technique is widely used to study
the mechanism, kinetics, electrochemical active surface area (ESCA) of platinum and
thermodynamics of electrochemical reactions. Both heterogeneous reactions
occurring at the electrode surface and homogeneous reactions in solution can be
studied.

In this study, cyclic voltammetry ( C V ) w a s mainly used to determine the
electrochemical active surface area (ECSA), confirm the surface functionality of
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single-walled carbon nanotubes ( S W N T s ) , and identify the formation of conducting
polymers or conducting polymer/cobalt porphyrin composite. In general, the CV
measurements were performed using a CHI 720C biopotentiostat (CH Instruments,
USA).

500
Vertex E
400 -

ex
i/5

-•Final £

100

200

300

400

500

600

Time (sec.)

Figure 2.9. A n e x a m p l e of a classical cycle of Cyclic V o l t a m m e t r y triangle w a v e f o r m used in
cyclic voltammetry.

For the ECSA determination, the CV was recorded in a high purity N2 saturated 0.5

H2S04 electrolyte (Figure 2.10). The calculation involves calculation of the charg

transfer for the hydrogen adsorption and desorption of the catalysts from the CV

specific charge transfer due to hydrogen adsorption and desorption can be obtain
from the following equation.

&=^fer-aJ

(2.1)

Where QT is the total speeifie eharge transfer in the hydrogen adsorption/desorption

potential region and QDL is the speeifie eapaeitive charge in the double layers o

Chapter 2

57

Pt and the carbon support. QT can be obtained by integration of the C V curves in the
relevant potential region:

Qr=-i(ld-Ia)dE

(2.2)

where v is the scan rate, i^and la are the specific current of desorption and adsorption,
respectively, and E is the potential. QDL can be similarly obtained by integrating the
double layer charging region.

Generally, assuming the charge per real c m 2 of Pt with monolayer adsorption of
hydrogen is QH° =210 /JC/cm, then the electrochemical surface areas can be obtained
from
9

=2jL

act

-0.25

0.00

(2.3)

Ql

0.25

0.50

0.75

1.00

1.25

Potential (V vs. Ag/AgCl)

Figure 2.10. A typical C V curve of a platinum electrode in a high purity
N2 saturated 0.5 M H2SQ4 electrolyte.
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2.3.3 Linear Sweep Voltammetry

Linear Sweep Voltammetry (LSV) is a simpler subset of Cyclic Voltammetry,

consisting of a single unidirectional voltage sweep. In our study, the LSV technique
was used to study the electrochemical performance of electrocatalysts toward oxygen
reduction reaction (ORR).Typically, the LSV was recorded in an 02 saturated 0.5 M
H2S04 electrolyte. The steady-state LSV curves were obtained by applying a scan
rate of 5 mV s"1 for platinum-based electrocatalyst modified electrode and 10 mV s"1

for non-platinum electrocatalysts modified electrodes since further decreases in the
scan rate result in no change in the LSV curves.

2.3.4 Rotating (Ring) Disk Electrode Technique
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Rotating (ring) disk electrode (Figure 2.11) techniques were used to investigate the
mechanism of oxygen reduction on different catalysts. The rotating disk electrode
(RDE) consists of a glassy carbon disk set into an insulating PTFE material surround.
The electrode is rotated about its vertical axis, typically between 500 and 2500 rpm.
The RDE was used to study the kinetics of the PPy/Co-TPP electrode interfacial
process. The measurements were carried out in a 0.5 M H2SO4 electrolyte in a threeelectrode electrochemical glass cell. The background current for the electrode was
measured after the electrolyte was deaerated with N2 for 30 minutes. The oxygen
reduction current was recorded in the oxygen saturated electrolyte.

Figure 2.12. Working principle of the R R D E technique for O R R pathway detection.

Compared with RDE, the rotating ring disk electrode (RRDE) has an additional ring
electrode which is used to identify the H202 production (Figure 2.12). The selectivity
for the oxygen reduction and the number of electrons n transferred to 02 in oxygen
reduction reaction (ORR) are determined by the following equations. The theoretical
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collection efficiency N of the Pt-ring disc electrode was obtained in an independe
experiment carried out in 0.05 M ICfe (CN) 6/0.5 M NaNQ3 electrolyte.

N = p\

(2-4)

n = 4ID/ (ib+ (IR/#)) (2-5)

X(H202, %) = 100 (4-n)/2 (2.6)
X(H20, %) = 100 - %H202 (2.7)

where I'R and z'D are the limiting currents on the ring electrode and disc electr
respectively. X (H202, %) and X (H20, %) are the selectivity for H202 formation and
H20 formation, respectively.

2.3.5 Electrochemical Impedance Spectroscopy (EIS)

Electrochemical Impedance Spectroscopy (EIS) is used to characterize the interfac

between an ionic conductor and an electronic conductor in electrochemical systems

Figure 2.13 shows the EIS test system used to quantitatively analyze the resistan
and capacitance properties of the electrodes. The system includes a Model 1260A
Impedance/Gain-phase Analyzer (FRA) (Solartron Analytical, Hampshire, UK) and
an EG&G PAR 283 potentiostat (Princeton Applied Research, USA). For a general

measurement in an electrochemical reaction, the AC perturbation was 10 mV and the
frequency range was 100 kHz-O.lHz.

Chapter 2

61

The EIS technique was also used for evaluation of fuel cell properties such as
membrane and electrode resistance, reaction kinetics, and mass transport effects. The
spectra were acquired using a built-in 880e frequency analyzer (Scribner Associates,
Inc., USA). Typically, for fuel cell measurement, the AC perturbation was 10 mV and
the frequency range was 10 kHz-0.1 Hz.

Figure 2.13. Photograph of electrochemical impedance spectroscopy test equipment.

2.3.6 S t e a d y State Polarization

The steady state polarization curves of fuel cell were acquired by a scan current
method using a 850e fuel cell test system (Scribner Associate Inc., USA) (Figure
2.14). The fuel cell activation was carried out by elevating the temperature and
pressure. The cell temperature was 80 °C , hydrogen humidification temperature of
80°C, and oxygen humidification temperature of 80 "C. The back pressure for both
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sides of the fuel cell w a s 100 kPa. T h e flow rate for 0 2 / H 2 w a s fixed at 80 m l min'1.
The fuel cell performance was monitored every hour until no further increase in
performance was observed which was considered to be the end of the activation
procedure. The E-I curves were recorded using a scan current method by holding the

cell at each current-density value for 60 s in order to obtain the steady-state volt
value.

Figure 2.14. Photograph of 850e multi range fuel cell test system (Scribner Associate Inc., USA).

2.4 Synthesis of Nanostructured Electrocatalysts

2.4.1 Vapor Phase Polymerization (VPP)

20 % Fe (III) tosylate was eoated onto ITO glassy or glassy carbon snbstrates from nbutanol sohttions and then coated snbstrates were transferred on a hot plate. The
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sample w a s put into a chamber full of pyrrole vapor at room temperature (Figure
2.15). Normally, the polymerization takes 20 minutes. The sample was washed with
ethanol twice and dried in the air.

• Fe(III) tosylate coated
substrate
Pyrrole Vapor -4

Figure 2.15. Schematic of V P P chamber.

2.4.2 Ultra-sonication of Carbon nanotubes

Figure 2.16. Photograph of Branson Digital Sonifier.
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The dispersion of carbon nanotubes in ethylene glycol solution containing H 2 PtCl 6
was carried out using a Branson Digital Sonifier Model 102C (Figure 2.16) at 45 W,
20 Hz in a pulsed method (2 seconds on/1 second off). The dispersion of catalysts in

diluted Nafion solution during fabrication of gas diffusion electrodes was carried o
using the same procedure.

2.4.3 Microwave Assisted Synthesis

The microwave-assisted polyol process for synthesis of nanostructured materials was
carried out using an atmospheric pressure microwave synthesis/extraction system
(Figure 2.17) (Shanghai EU Microwave Chemical Technology Co., Ltd, China). The
microwave system performed in a controlled power mode throughout the polyol
process with a power of 750 W under high purity N2 protection.

Figure 2.17. Photograph of Apex atmospheric pressure
microwave synthesis/extraction system.
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2.4.4 Fabrication of Membrane Electrode Assembly

The fabrication processes of gas diffusion electrodes (GDEs) and membrane electrode
assembly (MEA) are shown in Figure 2.18. For the GDE preparation, an ink slurry
was obtained by dispersing required amount of Pt catalysts on carbon black (CB) or
carbon nanotubes (CNTs) in an isopropanol solution containing 0.05 wt% Nafion
using an ultra-sonication method. The mass ratio of Pt/CB or Pt/CNTs to dry Nafion
was 3:1. The GDEs were obtained by uniformly brushing the ink slurry on gas
diffusion layers and dried in a vacuum oven at 130 °C for 3 hours. Then the
membrane electrode assembly was prepared by sandwiching a piece of Nafion
membrane between two pieces of gas diffusion electrodes (anode and cathode) using a
PHI P210 C Hydraulic Compression Press (PHI, USA).

Pt/CB or Pt/CNTs,
0.05 w t % Nafion

Ultra-sonication,
60 minutes

Ink
Brush

Gas diffusion
electrodes

Gas diffusion la\'ers

Gas diffusion electrode (Anode)
Press
Nafion m e m b r a n e electrode

Membrane electrode
Assembly ( M E A )

Gas diffusion electrode (cathode)

Figure 2.18. Schematics of fabrication processes of gas diffusion electrode (GDE) and membrane
electrode assembly (MEA).
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3.1 Introduction

Besides the platinum-based electrocatalysts, N4-chelates containing a transition metal
(Fe, Co, and Ni, et al.) as a central atom are promising electrocatalysts for
electrochemical reduction. As previously reported, their electrochemical activity and
stability could be enhanced by embedding in a conducting polymer matrix or
heat-treatment at high temperature [1-3]. Both methods are promising for the
improvement of catalytic efficiency but it seems that the former is more attractive
since loss of catalysts occurs during high temperature heat-treatment. It is also
believed that, by embedding a catalyst in a conducting polymer matrix, cooperative
catalysis between neighboring molecules can be expected to occur since these
catalysts molecules are closely arranged within the matrix. The electron-donating
ability can also be changed if the catalyst is embedded into the conducting polymer
[4]-

In this chapter, we present a new technique for immobilizing neutral 5, 10, 15,
20-tetrapheny.porphyrinato cobalt (II) (Co-TPP) (Figure 3.1) within a thin layer of
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conducting polymer, namely polypyrrole (PPy, Figure 3.1) via vapor phase
polymerization (VPP). The investigations focus on the effect of synthesis conditions
on the electrochemical catalytic activity toward oxygen reduction. The synthesis
conditions include the concentration of oxidant, and the concentration of Co-TPP. The
electrocatalytic activity obtained using PPy/CoTPP for oxygen reduction reaction
(ORR) was also explored.

Figure 3.1. Structures of PPy (left) and Co-TPP (right).

3.2 Experimental Section

3.2.1 Reagents

5, 10, 15, 20-Tetraphenylporphyrin (TPP, Sigma-Aldrich), chloroform

(Ajax
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Finechem), tetrahydrofuran (THF, Ajax Finechem), pyrrole (Sigma-Aldrich), iron (II

p-toluenesulfonate hexahydrate (Fe (III) tosylate, 40% solution in n-butanol, Bay

C, Bayer), mesoporous carbon fibre paper (CFP, Ballard Material Products Inc., US
sulfuric acid (H2S04, Ajax Finechem) were used as received.

3.2.2 Synthesis of Polypyrrole (PPy)/Co-TPP Composite

3.2.2.1 Catalyst Preparation (5, 10, IS, 20-tetraphenylporphyrinato cobalt (II), (Co-TPP))

TPP was synthesized by the Adler method [5], Co-TPP was synthesized by a modified
method described previously [6]. TPP was dissolved in hot chloroform and a
methanolic solution of cobalt (II) acetate tetrahydrate was added. The resulting
mixture was heated under reflux for 1 h and then cooled to room temperature. The

solvent was evaporated to dryness under reduced pressure and the remaining purpl
solid was recrystallized from chloroform to yield Co-TPP as fine purple crystals
(quantitative).

3.2.2.2 Preparation of Polypyrrole/Co-TPP Complex

physical characterization and electrochemical measurements, the

71

Chapter 3

polypyrrole/Co-TPP complex on the substrates (ITO glass or glassy carbon electrode)
was prepared according to the procedures shown in Figure 3.2. Iron (III) tosylate/
Co-TPP mixed solution was spin-coated onto the substrate at a speed of 1000 rpm
from a tetrahydrofuran solution containing 20% Fe (III) tosylate and 0.5 mM Co-TPP.
After the solvent evaporated, the electrodes were transferred to an atmosphere of
pyrrole monomer and polymerized for about 20 minutes. Subsequent washing with
ethanol (twice) was performed to remove the Fe (II) generated during polymerization
and caused the polymer layer to shrink dramatically.

Figure 3.2 Schematic depiction of V P P process used for the preparation
of PPy/Co-TPP complex.

In this study, Fe (III) tosylate of varying concentrations and Co-TPP was applied
during the VPP process in order to determine the best conditions for the synthesis of
PPy/Co-TPP as a catalyst for oxygen reduction.
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3.2.2.3 Preparation of PPy/Co-TPP Modified Carbon Fibre Paper
Electrode

Polypyrrole/Co-TPP film was deposited onto carbon fibre paper (CFP) using the

following procedure. A solution containing Fe(III) tosylate and Co-TPP was prep
by mixing a 20%(w/w) Fe(III) tosylate/THF solution with a 0.5 mM Co-TPP/THF

solution (1:1 v/v). A piece of carbon fibre paper (2 cm x 5 cm, pretreated with

was then dip coated with a thin film of iron (III) tosylate/Co-TPP from the abov

solution. The resulting iron (III) tosylate/Co-TPP-modified CFP was then placed

chamber containing pyrrole monomer vapor, for vapor phase polymerization at roo

temperature (20 min). Following the polymerization step, the PPy/Co-TPP modifie

CFP was washed with pure ethanol to remove the iron (II) and iron (III) from th

to obtain a highly dense PPy/Co-TPP film which strongly adhered to the carbon f
paper.

3.2.3 Physical Characterization

3.2.3.1 R a m a n Spectroscopy

Raman spectroscopy was used to identify the composite materials using a JOBIN
WON HR800 confocal Raman system (HORIBA, Ltd., France) with 632.8 nm diode
laser excitation on a 900 lines/mm grating at room temperature. Raman
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characterization was carried out on the polypyrrole/Co-TPP supported carbon fibre
paper.

3.2.3.2 Scanning Electron Microscopy

The SEM images of PPy/Co-TPP on glass slides were taken in a JEOL JSM7500FA
cold Field Gun Scanning Electron Microscope (CFG-SEM) (JEOL Ltd., Japan).

The morphology of the carbon fibre paper electrodes (with and without PPy/Co-TPP
thin films) and elemental mapping (to determine the Co-TPP distribution) were
obtained using a Hitachi S3000N scanning electron microscope with energy
dispersive X-ray analysis (EDX-ray).

3.2.4 Electrochemical Measurements

Linear Sweep Voltammogram curves of PPy/Co-TPP/ITO glass were recorded in an
02 and N2 saturated 0.5 M H2S04 with a scan rate of 10 mV s"1 using a CHI 720 C
bipotentiostat.

The mechanism of ORR on PPy/Co-TPP was studied using rotating disk electrode
(RDE) and rotating ring disk electrode (RRDE) techniques. The PPy/Co-TPP catalyst
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was prepared on the disk belonging to a rotating ring disk electrode wherein the di
was composed of platinum (Pine Instrument Company, USA). A rotating glassy
carbon disk ((RDE), Princeton Applied Research, USA) was used for other
electrochemical studies. Prior to use, the electrodes were polished carefully with
A1203 powder and cleaned in Milli-Q water and then an acetone bath with an aid of
ultra-sonication for three minutes in both solvents.

The RRDE and RDE measurements were recorded using a 636 rotating disc electrode

system controlled by a CHI 720C bipotentiostat (CH Instruments, USA). The reference
electrode was a Ag/AgCl/3 M NaCl electrode and the counter electrode was a
platinum wire that was separated from the working electrode by a porous glass frit.
The electrolyte was a 0.5 M H2S04 aqueous solution.

Electrochemical impedance spectra (EIS) were acquired using a Model 1260A
Impedance/Gain-phase Analyzer (FRA) (Solartron Analytical, Hampshire, UK) and
an EG&G PAR 283 potentiostat (Princeton Applied Research, USA), driven by
PowerSINE software. Spectra were obtained at various potentials between 300 mV
and -100 mV vs Ag/AgCl/3 M NaCl in 0.5 M H2S04. A frequency range from 100
kHz to 0.1 kHz and a 10 mV r.m.s amplitude perturbation were applied for all EIS
measurements.

performance of PPy/Co-TPP was evaluated by synthesizing the
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PPy/Co-TPP complex on a piece of carbonfibrepaper, which formed a gas diffusion
electrode (GDE) for the fuel cell. The half-fuel cell was a two-compartment cell with
a Ag/AgCl reference electrode, platinum mesh as the counter electrode and a gas
diffusion working electrode (Figure 2.6). The gas diffusion electrode was prepared
using rolling and pressing processing procedures, and comprised a gas diffusion layer
(carbon black (Vulcan XC 72R)/PTFE) and a catalyst layer (PPy/Co-TPP coated
CFP).

3.3 Results and Discussion

3.3.1 Morphological Analysis

FE-SEM images of PPy/Co-TPP/ITO glass synthesized using various concentrations
of Fe(III) tosylate solutions to precast the substrate are shown in Figure 3.3. A
uniform and smooth morphology was observed on the PPy/Co-TPP films prepared
with the Fe (III) tosylate with a mass concentration below 15 wt%. When the
concentration of oxidant solution increased to 20 wt%, a porous structure of
PPy/Co-TPP films was observed and further increase in the concentration led to
aggregation on the film surface.
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Figure 3.3. FE-SEM images of PPy/Co-TPP prepared with Fe (III) tosylate of various
concentrations. (A) 5 wt%. (B) 10 wt%. (C) 15 wt%. (D) 20 wt%. (E) 25 w t % . (F) 3 0 % .
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3.3.2 Electrochemical Measurements

3.3.2.1 Electrochemical Impedance Spectra

Since Co-TPP is an insulator, only the part in contact with the conducting electrode is
active for the electrochemical reduction of oxygen. The use of the conducting PPy as
a matrix to confine the catalyst was expected to enable electrocatalysis to occur
throughout the polymer layer [7]. We used electrochemical impedance to verify the
resistance and capacitance properties of the Co-TPP electrode with and without PPy
as a matrix. Shown in Figure 3.4 are the Nyquist plots of PPy/Co-TPP/ITO glass
electrodes and Co-TPP/ITO glass electrode in 0.5 M 02 saturated H2S04 electrolyte at
-100 mV (vs Ag/AgCl). Three characteristic regions are observed in the
complex-plane impedance spectra of PPy/Co-TPP while only two regions appear in
the spectra of Co-TPP. For the PPy/Co-TPP electrodes, a semicircle-shaped time
constant due to interfacial charge transfer process, which indicates the parallel
combination of a charge transfer resistance and the interfacial capacitance of the film
is evident at the high frequency region. A Warburg-type impedance, due to finite
diffusion of electroactive species within the films, with less than 45 degree slope
appears at intermediate frequencies. At low frequency the impedance plots form a
nearly vertical line, which indicates charge saturation within the polymers [8-10].

From Figure 3.4, it is clear that the total impedance of Co-TPP electrode decreased
sharply when the catalyst was confined within the conducting polymer matrix. To
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analyze quantitatively the behavior of the electrode, two equivalent circuits shown in
Figure 3.5 was created to fit the results obtained from Co-TPP and PPy/Co-TPP
electrodes, respectively. Rs is the uncompensated ohmic resistances due to the

solution and the PPy films. For better fitting of experimental results, the double layer
capacitance was replaced with the constant phase element (CPE). Ret is the electron
transfer resistance at the electrode interface. The finite diffusion process is
represented by a Warburg element Wl. Ce is the limiting capacitance in the
non-Faradic regimes. The fitted results are given in Table 3.1. The value of the
double-layer capacitance is a good indication of the electrochemical active surface
area involved in the electrode reaction [11]. The value could be roughly estimated by
that of CPE (T). The value at PPy modified Co-TPP electrode is 4.86 xlO"6 7.98x10"6F, which means that the electrochemical active surfaces in the PPy/Co-TPP
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Figure 3.4. Nyquist plots of PPy/Co-TPP/ITO glass electrodes and Co-TPP/ITO glass electrode i
0.5 M 02 saturated H2S04 electrolyte at -100 mV (vs Ag/AgCl) with frequency range from 100
kHz to 0.1 kHz.
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electrodes were 1.7-3 times higher than that at a Co-TPP electrode. From the fitted
parameters in Table 3.1, the highest CPE value was obtained at PPy/Co-TPP electrode
prepared using 20 % Fe (III) tosylate solution. The Ret value decreased from 615.9 Q
to 56.4 Q when the Co-TPP was embedded in the PPy layer prepared using 10 %
oxidant solution, which means the presence of PPy clearly decreased the reaction
resistance of the oxygen reduction reaction at the Co-TPP electrode. The value kept
decreasing with an increase in the concentration of the oxidant until it reached 20%
where a minimum value of the Ret was obtained. These values are in good accord
with the estimated double-layer capacitance values.

Table 3.1. Impedance parameters obtained from Nyquist plots of Co-TPP/ITO electrode and
PPy/Co-TPP electrodes prepared with Fe (III) tosylate of various concentrations (in Figure
3.4). 10%, 15%, 20%, 25% represented the concentrations of Fe (III) tosylate used for

polymerization.

Electrode

Rs/Q

Wl

Rct/fi

CPE1

T/F

P

R/n

T

P

Ce/F

Re/ft

PPy/Co-TPP (10%)

12.18

6.20x10"6

0.92

56.4

67.69

0.18

0.41

0.0021

3485

PPy/Co-TPP (15%)

12.43

6.78x106

0.92

48.43

109.5

0.49

0.34

0.0023

2858

PPy/Co-TPP (20%)

10.78

7.98x10'6

0.93

44.43

76.24

0.51

0.33

0.0036

1215

PPy/Co-TPP (25%)

11.18

4.86x10"6

0.92

148.40

113

0.22

0.38

0.0021

1981

Co-TPP

11.62

2.71xl0"6

0.90

615.9

8588

110.8

0.37

N/A

N/A
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Figure 3.5. Equivalent circuit used for the analysis of the impedance spectra data.
(a) PPy/Co-TPP electrodes. Ob) Co-TPP electrode.

3.3.2.2 O R R at PPy/Co-TPP/ITO glass

Figure 3.6 shows the linear sweep voltammograms (LSV) of PPy/Co-TPP deposited
onto ITO glass. The results indicated a substantial reduction process negative of
0.41 V (vs. Ag/AgCI/3 M NaCl) under an 02 atmosphere. In comparison, no oxygen

-o.i

o.o

0.1

0.2

0.3

0.4

^J

Potential (V vs Ag/AgCl)

Figure 3.6. Linear sweep voltammograms (vs. Ag/AgCl/3 M NaCl) of PPy/CoTPP/ITO glass
prepared using 2 0 % Fe (III) tosylate and 0.5 m M Co-TPP in N
2 and 0 2 saturated 0.5 M H 2 S 0 4 .
Scan rate 5 m V s"1.
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reduction current w a s observed w h e n using the N 2 saturated electrolyte. The former
current is therefore unequivocally due to dioxygen reduction. The current profile is,
however, not expected for a first-order reaction under diffusion control. Rather, it is
more typical of a reaction at steady-state on, for example, a
microelectrode/microelectrode array or a rotating disk electrode.

3.3.3.3 RDE Measurements

In order to determine the number of electrons during 02 reduction, LSV's (Figure 3.7
and Figure 3.8) were obtained at different rotation speeds with PPy/Co-TPP deposited
onto a glassy carbon working electrode. The number of electrons involved in the 02
reduction was calculated using the Koutecky-Levich equation, which relates the
current i to the rotation rate of the electrode co

where k is the kinetic current and B is the Levich slope
B = 0.2nFA(DOi)2l3v-V6CO2 (3.2)
Here n is the number of electrons transferred in the reduction of one 02 molecule, F is
the Faraday constant (F = 96485 C/mol), A is the geometric area of electrode (A =
0.24 cm2), D0f\s the diffusion coefficient of 02 (£>O2=2.1xl0"5 cm2 s"1), v is the
kinematics viscosity for sulfuric acid ( v = 1.07 *10"2 cm2 s"1) and C0i is
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concentration of 0 2 in the solution (C0 = 1.03 x 10"3 mol dm" 3 ). The constant 0.2 is
adopted when the rotation speed is expressed in rpm.
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Figure 3.7. Linear sweep voltammograms of PPy/Co-TPP prepared using 2 0 % Fe (III) tosylate
and 0.5 mM Co-TPP modified rotating glassy carbon disk in 02 saturated 0.5 M H2S04 at
different rotation speed. Scan rate 10 m V s"\

The kinetic current z'k can be obtained by extrapolation of the Koutecky-Levich plots
1/9

for CB" ->0. Table 3.2 depicts representative data, including the number of electrons
transferred during 0 2 reduction in the potential range -50 m V to 100 m V . A s can be
seen, electrons between 3.3 and 4.0 are involved in the reaction. This corresponds to
a product distribution of 6 5 - 1 0 0 % H 2 0 and 3 5 - 0 % H 2 0 2 , respectively. The fact that
4-electrons are involved indicates that the reduction involves direct conversion of 0 2
to H 2 0 by a concerted process and not two-electron reductions in a sequence of 0 2 to
H 2 0 2 followed by H 2 0 2 to H 2 0 .

The variation in product distribution as a function
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of applied voltage m a y be due to differences in the rate of electron transfer, which has
previously been proposed to influence product distribution [12-13].

0.025 0.030 0.035 0.040 0.045 0.050 0.055 0.060 0.065
a 1 ' 2 (rpm- 1/2 )

Figure 3.8. Koutecky-Levich plots for 0 2 reduction at PPy/Co-TPP prepared using 2 0 % Fe (III)
tosylate and 0.5 mM Co-TPP in 02 saturated 0.5 M H2S04. Data taken from Figure 3.7.

Table 3.2. Slopes k, of the Koutecky-Levich plots and corresponding number of electrons
transferred for the oxygen reduction at polypyrrole/Co-TPP in 02 saturated 0.5 M H2S04
solution.

ki

1/ik (mA~)

-50

32.4

-0.771

4.0

0

35.0

-0.769

3.7

50

37.4

-0.759

3.5

100

38.8

-0.815

3.3

E/mVvs.Ag/AgCl

n>
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Figure 3.9. Dependence of H 2 0 2 (a) and transferred electron number (b) in 0 2 reduction at
Co-TPP loading in PPy/Co-TPP composites prepared using 20% Fe (III) tosylate and 0.5 mM
Co-TPP. The data for the plots were taken from RDE measurements at 50 mV (vs Ag/AgCl).

Studies also examined the influence of Co-TPP concentration used to prepare the
PPy/Co-TPP layer on the oxygen reduction mechanism. The electrode was prepared

using the oxidants containing Fe (III) tosylate with a fixed concentration of 20% an
Co-TPP with various concentrations. The RDE technique was used to identify the
transferred electron number for molecular oxygen reduction at the different
PPy/Co-TPP electrodes. Figure 3.9 indicates that, whereas low Co-TPP loading
facilitates the two-electron pathway reduction of 02 to H202, it generates
predominantly H20 by a four-electron pathway when trapped in a concentrated form
since the concentration amounted to 0.025 mg cm"2 within the PPy layer (prepared
with the oxidant containing 20% Fe (III) tosylate and 0.5 mM Co-TPP). The number
of electron transferred leveled off to ca. 3.5 (Figure 3.9 b) and the corresponding
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percentage of H 2 0 2 product is ca. 2 5 % .

3.3.2.4 RRDE Measurements

These results were separately confirmed by a controlled Rotating Ring Disk
Electrochemical (RRDE) study which employed a Pt ring and Pt disk electrodes
rotating at 1500 rpm.

The RRDE has proven powerful for the investigation of the ORR. Oxygen reduction
reaction takes place in a four-electron pathway or two-electron pathway at the disk
electrode and accordingly yields H20 or H202 (Eq.3.3 and 3.4). Since the intermediate,
H202, is electroactive and can be re-oxidized at the Pt ring to 02 under a certain
overpotential, hence we can use the RRDE technique to study the ORR mechanism
according to the disk and ring limiting currents (Eq. 3.5). The disk current output is
the total current of ORR and the ring current comes from the oxidation of H202.
Therefore, the ring current can reveal the contribution from the two-electron pathway.

Disk:
02 + 4H+ + 4e- -2H20 (3.3)
And
02 + 2H+ + 2e" ^H202 (3.4)
Pt ring:
H202 ^02 + 2H++ 2e" (3.5)
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In such studies, the ring electrode is poised at 1.0 V in order to oxidize any H 2 0 2
released during 02 reduction at the disc electrode [12]. H20 is not oxidized at this

potential. The released H202 travels by convection from the disc to the ring electrod

during rotation. The collection efficiency of the ring disk was found to be 7Vb=0.22,
obtained in an independent experiment with the Fe(CN)e3+/4+ couple.

The reaction efficiency for the oxygen reduction and n are determined by the
following equations.
\lR

N

]R
o=T~\
l

D

n = 4y (iD+ (iR/N0))

(3-6)
(3 j)

X(R202, %) = 100 (4-«)/2 (3.8)
X (H20, %) = 100 - %H202 (3-9)

iR and iD are the limiting currents on the ring electrode and disc electrode, respect
X(H202, %) and X(H20, %) are the reaction efficiency for H202 formation and H20
formation, respectively.

As can be seen from Figure 3.10, a very small current (0.00837 mA at 200 mV vs
Ag/AgCl) was observed at the ring electrode due to the oxidation of H202, while the
disk electrode produced a large reduction current (0.273 mA at 200 mV vs Ag/AgCl).
The low current observed at the ring confirms the efficiency of the 4-electron
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reduction of 0 2 to H 2 0 [12]. Calculated according to the above equations, this
corresponds to 76% of the charge consumed at the disk electrode being involved in
the conversion of 02 to H20 and the remaining 24% is involved in converting 02 to
H202. The transferred electron number is 3.52 at 200 mV (vs Ag/AgCl).
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Figure 3.10. R R D E votammetry of PPy/Co-TPP electrode prepared using 2 0 % Fe (III) tosylate
and 0.5 mM Co-TPP in 02 saturated 0.5 M H2S04. Scan rate 10 mV s"1.

Similar R R D E measurements were also performed using just Co-TPP as the
electrocatalyst for ORR for comparison. Figure 3.11 shows the result for oxygen
reduction at 0.5 mM Co-TPP modified RRDE electrode (2-fold Co-TPP loading on
electrode in order to obtain its limiting current). Results indicate n = 2.5 and a 76.7%
reaction efficiency of H202.
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Figure 3.11. R R D E votammetry of C o - T P P electrode in 0 2 saturated 0.5 M H 2 S 0 4 .
Scan rate 10 m V s"1.

3.3.3 Single Cell-Fuel Cell Measurements

3.3.3.1 Characterization of PPy/Co-TPP/CFP

The PPy/Co-TPP deposited on carbon fibre paper (CFP) electrode w a s characterized
by cyclic voltammetry in 1.0 M NaN03/H20 solution. A typical oxidation-reduction

profile (Figure 3.12) for the polypyrrole material is clearly visible, thereby confirmi
that polypyrrole had been successfully deposited onto the carbon fibre paper with
good electro-activity. Further evidence for polypyrrole was found in the Raman
spectra of the electrode, which also showed the normal response of a polypyrrole film
(insetinFigure3.12).
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Figure 3.12. Cyclic voltammogram of PPy/Co-TPP prepared using 20% Fe (III) tosylate and 0.5
mM Co-TPP modified CFP electrode in 1.0 M NaN03 aqueous solution at the scan rate of 50 mV
s"1. The inset is the Raman spectra of PPy/Co-TPP.

SEM images of the CFP electrode coated with PPy/Co-TPP were obtained (Figure
3.13a). The images revealed that a thin coating of PPy/Co-TPP entirely covered the
individual carbon fibres, whilst still maintaining the overall porous microstructure of
the carbon fibre paper. The deposited PPy/Co-TPP film on each carbon fibre is
therefore highly accessible to oxygen during electrochemical activity; this is a key
parameter for successful and durable oxygen reduction electrocatalysis. The
distribution of the Co-TPP immobilized within the polypyrrole film was studied using
SEM EDX-ray mapping. Figure 3.13b shows a typical SEM EDX mapping image of
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PPy/Co-TPP, where the bright spots correspond to cobalt (Co) sites of the C o - T P P
unit. As can be seen, the incorporated Co tetraphenylporphyrin was uniformly
distributed throughout the whole polypyrrole film without significant clustering, such
an arrangement is ideal for efficient catalytic performance during oxygen reduction.
The final loading of Co-TPP in the PPy matrix was 0.89 %( w/w) obtained from
elemental analysis.

I^OIS.

Figure 3.13. (a) S E M image of PPy/Co-TPP/CFP electrode prepared using 2 0 % Fe (HI) tosylate
and 0.5 mM Co-TPP. (b) EDX-ray mapping image of the cobalt distribution in the PPy matrix.
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Figure 3.14. Linear sweep voltammograms (vs Ag/AgCl) for oxygen reduction at
PPy/Co-TPP/CFP electrode prepared using 20% Fe (III) tosylate and 0.5 mM Co-TPP in 0.5 M
H2S04 aqueous solution. Scan rate 10 mV s"1.

Studies of the catalytic oxygen reduction were carried out by linear sweep
voltammetry (LSV) of the resulting PPy/Co-TPP modified CFP electrode immersed
(and stationary) in an aqueous 0.5 M H2S04 solution. A substantial reduction process
was observed under an 02 atmosphere whilst no response was obtained in the same
region under an N2 atmosphere (Figure 3.14). Thus, the PPy/Co-TPP/CFP electrode
facilitates oxygen reduction.

In our previous study [1], we showed that four electrons are transferred during 02
reduction by PPy/Co-TPP at 0.0 V. For this reason, we investigated the long-term
catalytic performance of the above electrode at 0.0 V in a designed, half- cell system
(Figure 2.6). The anode part of the half-cell was filled with 0.5 M H2S04/H20
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solution under an air atmosphere. The cathode part of the half-cell w a s subjected to a
constant oxygen flow of 200 ml min"1 throughout all experiments. The test working
electrode was prepared by pressing the PPy/Co-TPP/CFP electrode with a gas
diffusion layer for 2-5 min at a pressure of 50 kg cm" .

^Unmodified carbon fibre paper
PPy modified carbon fibre paper

•e -1

PPy/Co-TPP modified carbon fibre paper
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Figure 3.15. Current density of PPy/Co-TPP prepared using 2 0 % Fe (III) tosylate and 0.5 m M
Co-TPP modified CFP, unmodified CFP, and PPy/CFP electrodes at 0.0 V (vs Ag/AgCl) for
catalytic oxygen reduction in 0.5 M H2S04 aqueous solution under 02 gas flow of 200 ml/min.

A typical current density vs. time plot for catalytic oxygen reduction is shown in
Figure 3.15. After an initial decline, the oxygen reduction current at the
PPy/Co-TPP/CFP electrode levels off, generating a current density of 1.083 mA cm"2

after 15 h (Figure 3.15). A current of this size and persistence (at 0.0 V) is attrib

to a sustained catalytic process. This was confirmed by control experiments, in which
CFP and PPy/CFP electrodes were investigated under the identical conditions. After
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15 h, the control electrodes yielded a current density of only 0.008 m A cm" 2 at C F P
electrode and 0.062 mA cm"2 at PPy/CFP electrode. Thus, the PPy/Co-TPP modified
CFP electrode demonstrates a significant, sustained, and stable long-term performance
for electrocatalytic oxygen reduction. No visible degradation of the polypyrrole film
on the CFP and no visible color change of the electrolyte were observed over 15 hours.
This is likely due to the mechanical stability of the PPy matrix, as well as its excellent
electrochemical stability and electron transfer properties. The matrix clearly retained
the Co- TPP catalyst.

Conclusion

In this chapter, w e discussed the preparation, characterization and application of a
cobalt porphyrin catalyst embedded in a PPy matrix as an electrocatalyst for
electrochemical reduction of oxygen.

The concentration of the oxidant used for the VPP greatly influences the morphology
of PPy/Co-TPP films. Uniform films can be formed in the polymerization process
using the Fe (III) tosylate with a concentration below 25%. EIS studies for the
PPy/Co-TPP films showed that, PPy matrices prepared using oxidant of different
concentrations facilitates the electron transfer process for the electrochemical
reduction of oxygen differently. The film prepared with 20% Fe (III) tosylate however
exhibited the highest capacitance and catalytic activity.
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R D E measurements showed that the transferred electron number for PPy/Co-TPP

films is a function of applied potential and loading of Co-TPP in the films. Fur
RRDE tests have confirmed the transferred number measurements.

The PPy/Co-TPP films have been successfully deposited onto mesoporous carbon

fibre paper via a VPP technique. The catalytic performance of the resulting elec
during oxygen reduction was investigated in a half-fuel cell apparatus. Under a
constant flow of oxygen (200 ml min"'), the PPy/Co-TPP/CFP electrode displayed

excellent electrocatalytic activity and stability for oxygen reduction. These re

confirm the practical utility of Co-TPP immobilized within vapor-phase synthesiz
PPy as a potential fuel cell catalyst.
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4.1 Introduction

Metal porphyrins have been investigated extensively as electrocatalysts of dioxygen
reduction [1-2]. Such species are typically immobilized by adsorption onto carbon
substrates of high surface area, such as carbon black nanoparticles. The resulting
composite material is then incorporated onto a gas diffusion electrode that serves as
the cathode of a H2/O2 fuel cell. However, electrodes of this type normally lack
long-term durability and activity for oxygen reduction catalysis, so that they are
typically unsuitable for commercial devices [3]. This is presumably because simple
adsorption of the metal porphyrin molecules onto the carbon surface provides only
poor immobilization, with the active metal porphyrin species progressively lost during
operation.

Significant efforts have, consequently, been made to improve the immobilization of
metal porphyrins on carbon black, so as to enhance their activity and stability for
oxygen reduction. One approach has been to heat-treat metal porphyrins supported on
carbon at elevated temperatures. While substantial improvements may be achieved
in long-term catalytic activity using such techniques [4-6], the porphyrin ligands are
decomposed, so that the resulting catalyst is fundamentally changed.
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Conducting polymers have elicited considerable interest as matrices for the secure
immobilization of metal porphyrins [7-11]. In previous work, we have described the
preparation and properties of an efficient catalyst for oxygen reduction involving high
concentrations of monomelic cobalt (II) tetraphenylporphyrin (Co-TPP) immobilized
within a thin polypyrrole (PPy) layer on an ITO coated glass substrate [12]. Co-TPP
normally catalyzes 2-electron of 02 to produce H202 production. However when
immobilized in the polypyrrole it generated predominantly the 4-electron product H20
[12]. This was consistent with concerted interactions between the Co-TPP
monomers in the high concentration environment [12]. However, it was not clear
whether the polypyrrole layer facilitated mass transport of the 02 reactants and
H20/H202 products through the full thickness of the polypyrrole layer, and whether
catalysis therefore took place everywhere within the layer. It was additionally not
clear whether the polypyrrole itself participated in the catalytic process, as a possible
catalytic group.

In this chapter, we again examine the Co-TPP polypyrrole combination as a dioxygen
reduction electrocatalyst, but this time on a nanoparticulate substrate of carbon black
in an operating, gas-diffusion, half fuel cell. Since Co-TPP/polypyrrole cannot be
deposited onto carbon black nanoparticles in the same way as in the earlier study [12],
we have first adsorbed Co-TPP onto the substrate particles and then coated them with
a thin layer of polypyrrole. The expected de-adsorption of the Co-TPP during
electrochemical operation should then result in the Co-TPP molecules migrating into
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and becoming trapped within the overlying polypyrrole layer, where they are known
to be capable of active dioxygen reduction catalysis. The initial separation of

Co-TPP and the overlying polypyrrole layer should also provide insights into the
questions that came out of the previous study.

4.2 E x p e r i m e n t a l Section

4.2.1 R e a g e n t s

The carbon black employed in this work was Vulcan XC-72 supplied by Cabot. The

surface area was 250 m2 g"1 and it also had a very low iron content (0.002 wt. %)
[13-15]. 5,10,15,20-Tetraphenylporphyrin (TPP) (Figure 1) was synthesized as
previously reported elsewhere [16-18]. Iron (III) p-toluenesulfonate hexahydrate
(iron (III) tosylate) was purchased from Sigma-Aldrich. A 5 wt% Nafion 117

solution in a mixture of lower aliphatic alcohols and water was bought from Fluk
All other chemicals were also obtained commercially.

4.2.2 Synthesis

Preparation of Co-TPP adsorbed onto Vulcan X P 7? o ^
u, ,
uinu vmcan A U - 7 2 carbon black was carried out
using the following equilibrium method. The carhrm Mont /«, x
i ne carbon black (50 m g ) was dispersed in
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10 mL of tetrahydrofuran (THF) solution containing 2.5 mg Co-TPP in a beaker.
The suspension was subjected to sonication for 30 min and then strirred for 24 h in an
airproof environment. The carbon black-supported Co-TPP was collected by
centrifugal separation. The dispersant solvent was separated with filter paper that was
also used to evaluate the amount of adsorbed Co-TPP on the carbon black.

A polypyrrole layer was chemically synthesized on the Vulcan XC-72 carbon black
containing adsorbed Co-TPP. An iron (III) tosylate salt was used as the oxidant for
the chemical polymerization of the pyrrole. Milli-Q water was used as the solvent
for the conducting polymer synthesis. The preparative procedure was as follows.
Firstly, a 2 mM aqueous solution of pyrrole was prepared. To this was added 0.1 g
carbon black, which was then stirred in an ice bath for 2 h. A freshly prepared, 4
mM iron (III) tosylate aqueous solution was added dropwise to this solution while
stirring. The solution was stirred in an ice bath for 40 h to complete the
polymerization. The PPy/Co-TPP/carbon black was separated from the solution by
centrifugation. The samples were washed twice with water in order to remove
excess oxidant and dried in a vacuum oven at 60 °C. For comparative purposes, a
sample of virgin carbon black (without adsorbed Co-TPP) was also coated with
polypyrrole using the same procedure described above.
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4.2.3 Physical Characterization

4.2.3.1 UV-vis S p e c t r o s c o p y

UV-vis spectroscopy was used to confirm the Co-TPP loading on carbon black using a
Shimadzu UV 1601 spectrophotometer. The equilibrium adsorption amount of

Co-TPP on carbon black was evaluated by subtracting the filtrate concentration f
the solution concentration before the carbon black was added, according to a

previously published method [19]. The concentrations of Co-TPP were determined b
the absorbance of the Soret band in the range between 410 nm and 450 nm in the

UV-Vis curves. We used the first 1 mL filtrate solution and diluted it by 20-tim
the measurement. The absorbance of the Soret band shows a well-defined linear
relationship as a function of the concentration of Co-TPP in THF. After the

adsorption by carbon black, 1.53 mg Co-TPP was calculated to have adsorbed on th

carbon black. The loading amount of Co-TPP on carbon black was therefore 3 wt %.

4.2.3.2 T r a n s m i s s i o n Electron M i c r o s c o p y

Transmission electron microscopy (TEM) was performed with a Philips CM200 PEG
TEM to monitor the carbon black panicle size before and after catalytic coating.
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4.2.3.3 Thermogravimetric Analysis

Thermogravimetric analysis (TGA) was carried out using a Q500 thermogravimetric

analyzer by TA Instruments (UK). The measurement was carried out to evaluate the

thermal stability and loading of catalyst on the carbon black. The weight loss w
recorded in the range from room temperature to 800 °C at a heating rate of 2 °C
in an air atmosphere.

4.2.3 Electrochemical Characterization

4.2.3.1 RRDE Measurements

Rotating ring disk electrode (RRDE) voltammograms were obtained using an
EG&G/PAR model 636 ring-disk electrode system. Electrochemical experiments
were carried out using CHI720 C system (CH Instruments, Inc.). The RRDE

apparatus (Pine Instrument Co., USA) comprised in a concentric arrangement a gla

carbon disk centre, separated from a platinum ring by an insulating Teflon ring.

rotation rate was set to 1000 rpm. The ring collection efficiency was measured t
= 0.37, determined using the Fen/Fem redox system in a solution containing 1 mM
K3Fe (CM)

6

and 0.1 M NaN03.

In the experiments 5 mg of finely divided catalyst, 12 mg of a 5 wt % Nafion in
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alcohol-water solution and 0.5 g isopropanol were ultrasonically blended for 30
minutes in order to obtain a homogeneous dispersion. Then 5 pL of this suspension

was transferred onto a glassy carbon disk electrode. The electrode was dried in air
1 h until the solvent had completely evaporated.

4.2.3.3 Half-Single F u e l Cell T e s t

The short-term performance of the catalysts for oxygen reduction was investigated
using a specially designed half-fuel cell. The gas diffusion electrode was prepared
by a direct brushing method. Typically, 25 mg catalyst was dispersed in 0.5 g
isopropanol containing 60 mg Nafion (5%). The suspension formed an ink after 30
min sonication. The ink was brushed onto a carbon fibre paper, which was placed in
contact with a gas diffusion layer. The contact geometry area of the electrode was
3.14 cm2. The oxygen flow rate was 200 mL/min and the applied potential was
fixed at 200 mV (vs Ag/AgCl).

Electrochemical impedance spectra of the half-fuel cells for oxygen reduction react
(ORR) were measured potentio statically when the current density had reached a

steady state using a PCI4/750 Potentiostat/Galvanostat/ZRA (Gamry Instruments, Inc.
USA). The frequency range was from 100 kHz to 0.1 Hz.
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4.2.3.4 Single Fuel Cell Test

Single fuel cell performance was determined using a custom-built test system. The
cell voltage-current density and power density-current density curves were recorded
using a programmable IT8514F electronic load (ITECH Electronic Co., LTD. USA).
Evaluation of the membrane electrode assembly (MEA) performance involved the use
of a conventional test fixture with gas flow fields. The MEA was sandwiched
between two blocks of condensed graphite in the fuel cell test fixture. After MEA
conditioning, the current density dependence on cell voltage was determined at a cell
temperature of 80 °C with pure hydrogen and externally humidified oxygen at 0.1
MPa. An oxygen flow rate of 80 mL/min and a hydrogen flow rate of 50 mL/min
were used throughout the experiments.

4.3 Results and Discussion

4.3.1 UV-vis Spectroscopy

UV-vis spectroscopy was used to investigate the concentration of Co-TPP in THE
The concentration of Co-TPP can be calculated according to the Lambert-Beer law

A = ]ogl0I*- = eALc, (4-1)

Where A is the absorbance, I0 is the incident light intensity, / is the amount of light
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transmitted through a solution, £ x is the molar absorbance (which depends on the
wavelength A), L is the light path through the sample and c is the solution
concentration. Figure 4.1 shows the UV-vis of THF solution containing Co-TPP of
various concentrations. Two well-defined absorbance responses were obtained. We
can see from Figure 4.2 that the absorbance responses at between 400 and 450 nm are
linear with concentration. Based on the least squares method, the linearity can be
described as the following equation.

Y=0.091+327.3X

400

(4.2)

450

Wavelength (nm)

Figure 4.1. UV-vis of Co-TPP in the T H F solutions.

The UV-vis spectrum in Figure 4.3 was recorded using thefiltratewhich was diluted
40 times by THF solvent. Adsorption amount = (0.250-(0.882-0.091) /327.3x40)
xlO=1.53 mg, indicating the adsorption amount of Co-TPP on Vulcan XC-72 carbon
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black was 0.3 w t % and that 61.2% Co-TPP in the T H F solution was adsorbed

on

Vulcan XC-72 carbon black.
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Concentration of Co-TPP in T H F (mg/mL)

Figure 4.2. The linearity between the absorbance in between 400 and 450 n m wavelength of
Co-TPP and the concentration.
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Figure 4.3. UV-vis spectrum of the filtrate.
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4.3.2 Morphology analysis

Figure 4.4 shows Transmission Electron Microscopy ( T E M ) images for the
Co-TPP-decorated carbon black without (Figure 2(a)) and with (Figure 2(b)) a
polypyrrole overcoat. The size of the uncoated Co-TPP-carbon black particles

varied from 20-25 nm. After coating with polypyrrole, the particles were as large as
30-35 nm.

Figure 4.4. T E M images of (a) Co-TPP/carbon black and (b) polypyrrole/Co-TPP/carbonblack.

4.3.3 Thermogravimetric Analysis

Figure 4.5 shows the T G A curves for Co-TPP/carbo„ black with and without the
polypyrrole coating. For polypyrrole/Co-TPP/carbon black (curve 2 in Figure 4.5), a

Chapter 4

109

weight loss of 6.28% occurred between room temperature and 150 °C. This was
attributed to the elimination of absorbed water.

Compared with the T G A for Co-TPP/carbon black (curve 1 in Figure 4.5), the heat
yield for polypyrrole/Co-TPP/carbon black between 237 and 362 °C was drastically
enhanced and quite visible. The weight loss in this range was 19.4% and is attributed
to the loading of PPy/Co-TPP on the carbon black, indicating that by 362 °C, all of the
adsorbed and attached materials on the carbon black were eliminated.
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Figure 4.5. Temperature dependence of weight loss for 1: Co-TPP/carbon black and 2:
PPy/Co-TPP /carbon black as a function of temperature in an air atmosphere.

The greatest decomposition in the Co-TPP/carbon black, both with and without the
polypyrrole layer, occurred in the region 362-515 °C, with a 66.8% weight loss.
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This was attributed to thermal degradation of the carbon black.

4.3.4 RRDE Measurements

Rotating ring disk electrochemistry (RRDE) was used to study the mechanism and
kinetics of electrocatalytic oxygen reduction in these systems. As noted previously,
the disk current in such studies provides a measure of the overall activity of the
catalyst for dioxygen reduction to the 4-electron product H2O and the 2 electron
product H202 [12]. The ring current indicates the proportion of the products which
is the unwanted, 2 electron species, H2O2. The lower the relative ring current, the
less H2O2 formed and the more efficient is the catalysis. The measurements were
performed under O2 atmosphere in 02-saturated 0.5 M H2SO4.

Figure 4.6 shows that the overall electrocatalytic activity of the polypyrrole-coated
Co-TPP/carbon black electrode is significantly enhanced relative to the uncoated
Co-TPP/carbon black electrode. Moreover, despite the larger disk current for the
polypyrrole/Co-TPP/carbon black, the accompanying ring current is smaller over
most of the voltage range, indicating that a diminished proportion of H202 is
generated when the Co-TPP/carbon black is coated. By substituting ID (current
output of the disk electrode) and IR (current output of the ring electrode) into the
well-known equations below [4], one can calculate the average number of electrons (n)
involved in the oxygen reduction reaction and the percentage of hydrogen peroxide
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(% H202) generated.

41,
(4.3)

ID+(IR'N0)

'2^2

(4.4)

2

(n is the average number of exchanged electrons, IR is the current on the ring electrode,
ID is the current on the disk electrode, and No is the collection efficiency of the RRDE
apparatus used in this study).

0.06

PPy/Co-TPP/caibon black.
Co-TPP/caibon black.
0.1

0.2

0.3

0.4

Potential (V vs Ag/AgCl)

Figure 4.6. R R D E data for oxygen reduction at Co-TPP modified carbon black, and
polypyrrole/Co-TPP modified carbon black. Rotation rate 1000 rpm. Scan rate 10 mV s'.

Calculations based on Figure 4.6 show that the average number of electrons involved
in oxygen reduction at 0.2 V is 3.19 for uncoated Co-TPP/carbon black, whereas it is
3.53 for coated polypyrrole/Co-TPP/carbon black. This corresponds to 40.3% of the
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products being the unwanted 2-electron H 2 0 2 product (59.7% of the desired
4-electron H20) when uncoated Co-TPP/carbon black is used. With
polypyrrole-coated Co-TPP/carbon black, only 24.0% of the products are H202
(76.0% H20).

The average of 3.53 electrons transferred per reduction reaction on
polypyrrole/Co-TPP/carbon black compares exceedingly well with our previous study
involving Co-TPP dispersed within a layer of polypyrrole deposited on ITO glass,
which required the more negative potential of 0.05 V to achieve an average of 3.5

electrons transferred [12]. At 0.10 V in the previously studied system, 3.3 electron
were transferred per reduction reaction [12].

4.3.5 Half Fuel Cell Test

The linear voltammetric responses for electrocatalytic oxygen reduction by carbon
black alone, polypyrrole-coated carbon black (no adsorbed Co-TPP), Co-TPP/carbon
black, and polypyrrole/Co-TPP/carbon black were obtained from the half-cell testing
system at a scan rate of 10 mV s"1 in 0.5 M H2SOVH20 electrolyte. Under a N2
atmosphere and with N2 saturation of the electrolyte, no voltammetric response was
seen for any of the electrodes between +0.6 V and -0.1 V (vs. Ag/AgCl). Under an
02 atmosphere, no voltammetric response was seen for the polypyrrole-coated carbon
black (without adsorbed Co-TPP). However, as can be seen in Figure 4.7, under
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conditions of 0 2 saturation, responses were observed for the remaining electrodes.
Oxygen reduction catalysis commenced at ca. +0.40 V (vs. Ag/AgCl) for
PPy/Co-TPP/carbon black, which was nearly 100 mV positive of the onset potential
for Co-TPP/carbon black (ca. +0.30 V), which was itself significantly more positive
than that of the control, untreated carbon black (ca. +0.15 V). At +0.20 V, the
current density for polypyrrole-coated Co-TPP/carbon black was more than three
times larger than for uncoated Co-TPP/carbon black.

carbon black

E
-5 -

-10 -

s
U

polypyrrole/Co-TPP/carbon black
-15
-0.2

-0.1

0.0

_i_
0.1

0.2

0.3

0.4

0.5

0.6

Potential (V vs Ag/AgCl)

Figure 4.7. Linear sweep voltammograms of oxygen reduction at carbon black, Co-TPP modified
carbon black, and polypyrrole/Co-TPP modified carbon black in 02 saturated 0.5 M H2S04. Scan
rate 10 m V s.

The

polypyrrole

layer

therefore

significantly

improved

the

electrocatalytic

performance of Co-TPP/carbon black. It should be noted that this improvement
occured immediately upon coating the Co-TPP/carbon black with polypyrrole. It did
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not require any electrochemical conditioning at negative potentials to afford C o - T P P
the time to desorb from the carbon black. The immediate and dramatic influence of
the polypyrrole layer on the electrocatalysis is quite remarkable.

The lack of any sort of dioxygen reduction current w h e n C o - T P P w a s absent from the
system indicates, rather incontrovertibly, that Co-TPP was the key catalytic group
involved in the reaction.
-0.20

PPy/Co-TPP/Vulcan XC-72

Co-TPP/VulcanXC-72
0.00
500

1000

1500

2000

2500

3000

3500

4000

Time (second)

Figure 4.8. Current-time curves in Q2-saturated 0.5 M H 2 S 0 4 at 0.2 V, vs Ag/AgCl.

W e also wished to examine, in a preliminary way, the electrochemical stability of
these catalysts. Potentiostatic experiments were therefore carried out using a gas
diffusion electrode ( G D E ) in a half-fuel cell. Figure 4.8 shows that, w h e n poised at
0.2 V, the Co-TPP/carbon black electrode with and without a polypyrrole layer
initially displayed similar catalytic activities.

However, these currents rapidly

diverged with time. The uncoated Co-TPP/carbon nanoparticle electrode stabilized
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after about 1500 s at a current density of ca. -20 m A
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mg" 1 Co-TPP.

The

polypyrrole-coated catalyst was, by contrast, more stable and exhibited a higher
overall activity for oxygen reduction. After 500 s, the oxygen reduction current at
the PPy/Co-TPP/Vulcan XC-72 electrode flattened out at ca. -60 mA mg"1 Co-TPP.
This is nearly three times that of the uncoated Co-TPP/carbon electrode. These
currents continued essentially unchanged for at least 1 h of testing.

Thus, coating of a nanoparticulate Co-TPP/carbon black electrode material with a thin
layer of polypyrrole has the effect of significantly enhancing both the activity and the
specificity of its oxygen reduction catalysis. The enhancements are substantial. An
approximate tripling of the catalytic activity is observed, while the proportion of
unwanted H2O2 product is almost halved.

As observed in the Nyquist plot in Figure 4.9(a), two loops were distinctive for the
polypyrrole/Co-TPP/carbon black gas diffusion electrode in the frequency range 0.1
Hz to 100 kHz. The size of the loop at high frequency remained unchanged with
polarization, indicating that this portion of the impedance is attributed to the ohmic
process within the porous structure. The size of the loop at low frequency decreased
with polarization however, consistent with kinetic impedance of electrochemical
reduction of oxygen. We also observed that the total size of the loops decreased when
the catalyst was modified with polypyrrole, indicating that electrode impedance

decreased markedly.
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A quantitative analysis w a s performed to estimate ohmic, kinetic, and mass-transport
resistances and double layer capacitance by fitting the impedance spectra with the
model shown in Figure 4.9(b). The quantity Rs is the combination of the ohmic
resistance between the reference electrode and the current collector (carbon fibre
paper) of the gas diffusion electrode; it includes the ionic resistance of the bulk

electrolyte, the ionic resistance across the electrolyte film on the reaction sites with
the gas electrode, and the electronic resistance of the catalyst between reaction sites
and the carbon fibre paper. The quantity CPE1 is defined as a constant phase
element, which illustrates the capacitor properties of the electrode. Ret represents

the kinetic resistance for the electron-transfer in the oxygen reduction reaction. Wl is
the Warburg diffusion resistance during the oxygen reduction [20].

As can be seen in Table 4.1, the Rs and CPE data for uncoated and polypyrrole-coated
Co-TPP/carbon black is not significantly different. However the kinetic resistance to
electron transfer during oxygen reduction (Ret) is substantially higher in the
polypyrrole-coated Co-TPP/carbon black than it is in its uncoated analogue (0.938 Q
vs. 0.312 Q). This suggests that the active, adsorbed Co-TPP species may become
less closely associated with the carbon black substrate when it is coated with
polypyrrole. Indeed, substantial desorption and migration of the Co-TPP into the
polypyrrole layer may occur during or after the coating process. The diffusion
resistance of the system (Warburg element) also changes significantly after coating
with polypyrrole.
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200 m V (vs Ag/AgCl)
100mV(vsAg/AgCl)
0 m V (vs Ag/AgCl)
-100mV(vsAg/AgCl)
-200 m V (vs Ag/AgCl)
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(a)

(b)
Figure 4.9. (a) Impedance spectra (Nyquist plots) of PPy/Co-TPP/carbon black electrode for

oxygen reduction at various potentials; (b) Equivalent-circuit model for the oxygen reductio

Table 4.1. Electrochemical Impedance Data for Figure 7 (Electrode 1 = uncoated
Co-TPP/carbon black; electrode 2 = polypyrrole/Co-TPP/carbon black).

Rct/Cl

CPE

Electrode Rs/Cl

R/Cl

T/F
0.046

Warburg Element

1

7.255

0.558

0.312

4.396

2

7.026 0.084 0.615 0.938 10.490 0.539 0.516

3.383

0.501
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4.3.6 Fuel Cell Test

In order to assess the actual performance of these electrode materials in a fuel cell,
uncoated and polypyrrole-coated Co-TPP/C were compared in use as cathode
catalysts in a hydrogen/oxygen single cell. Figure 4.10 shows the results of I-V
curves at a temperature of 80 °C using pure hydrogen and externally humidified
oxygen at 0.1 MPa. A surface-treated, wet-proofed, gas diffusion layer (GDL)
loaded with commercial 48 wt% Pt/C-JM catalyst, was used for anode. A similar
GDL of PPy/Co-TPP/C or Co-TPP/C was used as the cathode. Both of the anode
and cathode electrodes were pressed onto a Nafion 117 sheet to form a membrane
electrode assembly (MEA).

40
1.00 •

-•*— PPy/Co-TPP/C
*— Co-TPP/C
30

3"
20 a
a.
2
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0
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50
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Current density (mA/cm2)

Figure 4.10. P E M fuel cell performance using PPy/Co-TPP and Co-TPP
on carbon black as
cathodes.
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As can be seen in Figure 4.10, the PPy/Co-TPP/C cathode generated a substantially
larger current density than the Co-TPP/C cathode at the same cell voltage. At 0.10 V
for example, the current density using uncoated Co-TPP/C was 58 mA/cm2, while it
was 180 mA cm"2 using PPy/Co-TPP/C.

This means that the single fuel cell with PPy/Co-TPP/C as the cathode yielded a
substantially higher power density than was the case with uncoated Co-TPP/C as the
catalyst. The maximum power density using the PPy/Co-TPP/C electrode was ca. 28
mW cm" (at a current density of ca. 110 mA cm"). The maximum measured power
density using the uncoated Co-TPP/C electrode was, by contrast, ca. 16 mW cm" (at a
current density of ca. 50 mAcm"2).

The presence of the polypyrrole layer on the Co-TPP/C nanoparticles therefore
dramatically improved the performance of the single fuel cell, particularly at high
current densities.

4.4 Conclusion

Co-TPP/carbon black nanoparticles have been prepared and studied as oxygen
reduction electrocatalysts, both with and without a polypyrrole coating. These
materials were characterized by UV-Visible, TGA and TEM techniques. Linear
sweep voltammetry and RRDE experiments indicated that the polypyrrole-coated
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Co-TPP/carbon black is significantly m o r e catalytically active and selective for
4-eIectron H2O formation than the uncoated analogue.

Moreover, coating of the virgin carbon black with polypyrrole, without any C o - T P P
present, yields a material that is entirely inactive as an oxygen reduction catalyst.
Thus, the Co-TPP is indubitable the key catalytic group in the reaction. Polypyrrole
alone is unable to catalyze dioxygen reduction at positive potentials (vs. Ag/AgCl), at
least within the system that has been studied.

The polypyrrole clearly does, however, facilitate mass transport of the reactants (02)
and products (H20, H202) through the full thickness of its layer. This finding
suggests that our previously described dioxygen reduction catalysis (involving
possible concerted interactions between monomeric Co-TPP molecules) [12] occurred
throughout the full thickness of the polypyrrole layer.

Finally, we cannot escape the conclusion that the polypyrrole layer significantly
influences the immobilization of Co-TPP on the carbon black. The available data
suggests however, that the polypyrrole does not merely catch and trap Co-TPP
molecules when they desorb from the carbon black during electrocatalysis under
extended biasing at negative potentials. Rather, it appears to induce competitive
desorption, attracting Co-TPP molecules off the carbon black and into the polypyrrole
matrix.
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At this stage, w e remain unable to provide a definitive explanation for the apparent
ability of polypyrrole to significantly enhance catalysis by Co-TPP relative to

adsorbed state on the carbon nanoparticles. Several possible explanations presen
themselves, including the ability of polypyrrole to efficiently conduct protons

catalytically active sites, where they are reactants) and electrons (to thereby f
more widespread and efficient electron transfer).
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5.1 Introduction

Platinum is so far considered the best and most important fuel cell catalyst. Since Pt is
an expensive metal of low abundance, one of the present approaches to reduce cost
and utilize the precious catalyst to the maximum involves the deposition of Pt
nanoparticles on carbon substrates. Typically the most commonly used carbon
substrates are carbon black and carbon nanotubes, which have many attractive
properties such as chemical stability, high surface area, and electrical conductivity
[1-2]. To ensure efficient electrocatalysis, the deposited Pt must have small particle
size, narrow size distribution, and excellent dispersion on the support [3]. Over the
last few decades, material synthesis techniques based on microwave chemistry have
enjoyed significant attention due, in no small measure, to the ability to better control
particle shape, size, and size distribution, amongst others [4-6]. Microwave irradiation
has many advantages over conventional heating, such as more rapid heating, selective
materials coupling, and enhanced reaction kinetics; that make the process an attractive
alternative route for materials synthesis [7-14].

The microwave-polyol preparation of metal nanoparticles with a narrow size
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distribution has attracted a great deal of attention. In this process, a polyol such as
ethylene glycol (EG) was used as solvent with a precursor of the reducing agent
which was decomposed at high temperature under conductive or microwave dielectric
loss heating and in situ generate species of reducing agent diacetyl. Typically this

diacetyl formation occurs at the same time as the appearance of metallic nanoparticles
Several reaction mechanisms of the polyol process are proposed for the process. Most
generally, for the case of platinum, the microwave-polyol preparation process using
H2PtCl6 as precursor may be interpreted as follows [15].

HOH 2 C—CH 2 OH -^-* H 3 C — C H O
£LjL

-»- Pt(0) + O C H C — C H 3 C O +2H+

However, the mechanism of this reaction is still debated. For example, B o c k and
co-workers reported a reaction mechanism, shown in the following scheme, where the
nanoparticles formation involves the interaction of-OH groups of EG (A) with Pt-ion
sites leading to the oxidation of the alcohol groups to aldehydes (B and C). The
aldehydes can be further oxidized to two carboxylic acids which are glycolic (D) and
oxalic acid (E). The two carboxylic acids may be oxidized again in alkaline
environment to C02 or carbonate. In this way, Pt ions can obtain the electrons from
the oxidation reaction for reduction to their zero oxidation state [16].

Chapter 5

127

/

H2C

CH2—**H2C

c'

+

+ 2H-**

\

C

/

+

C

+ 2H +

II I \ / \
OH

OH

OH

H

O

(A) (B) (C)
H2C-

C

(D)

2C02 + 2H+

(E)

(5.2)

This chapter focuses on the effect of synthesis conditions on the loading level,
crystalline nature and electrochemical properties of platinum nanoparticles on carbon
black or carbon nanotubes. The effect of solution pH, microwave apply time and
loadings of platinum metal on substrates during the polyol process were investigated.

5.2 Experimental Section

5.2.1 Reagents

Vulcan X C 7 2 R carbon black ( C B ) (Cabot Corporation), Single walled carbon
nanotubes (SWNTs) (Unidym, Inc., USA), nitric acid (HN03, Ajax Finechem), sulfuric
acid (H2S04, Ajax Finechem), ethylene glycol (EG, Sigma Aldrich), Chloroplatinic
acid hydrate (H2PtCl6-xH20, Sigma Aldrich), Nafion® 117 solution (-5% in a mixture
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of lower aliphatic alcohols and water, Sigma Aldrich), Nafion

perfluorinated

membrane (Nafion 115, Sigma Aldrich), Sodium hydroxide (NaOH, Sigma Aldrich)
were used as received.

5.2.2 Synthesis

For general physical and electrochemical investigations, 40 wt %

platinum

nanoparticles on carbon black were synthesized by a modified microwave-polyol
process using a microwave chemical reactor (Shanghai EU Microwave Chemical
Technology Co., Ltd, China) at a microwave power of 750 W according to the
following procedure. 20 mg of carbon black was dispersed in 25 mL EG solution

containing 68.35 mmol H2PtCl6. The pH value of the solution was adjusted to ca. 9 by
a 2 M NaOH aqueous solution which was monitored by a TPS 900-P
pH-mV-Temperature meter (TPS Pry Ltd, Australia). The solution was thereafter

heated for 45 seconds and then stirred overnight to allow for complete deposition o
the particles over the CB supports. The solid Pt/CB catalyst was recovered via
centrifugation and washed with acetone four times, then dried in a vacuum oven at
85 °C overnight.

In order to obtain correlation between solntion pH and platinum loading on carbon
black, various pH solutions from 0.92 to 12.15 were employed in the
microwave-polyol process. The PtfCB catalysts with a ptoinum loading of 40 wt %
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prepared at different microwave irradiation time from 30 seconds to 75 seconds were
investigated for the effect of microwave irradiation time on these crystalline nature
and electrochemical properties. Pt/CB nanocomposites of various Pt loadings from 20
wt % to 60 wt % were also prepared.

For comparative purposes, platinum nanoparticles with a metal loading of 40 wt%
were prepared on single walled carbon nanotubes under identical conditions to the 40
wt % Pt/CB. Prior to the microwave-polyol process, the SWNTs were functionalized
(F-SWNTs) using a conventional sonochemical treatment method. The raw CNTs
(R-SWNTs) were dispersed in a mixture of concentrated H2SO4 and 70 % HNO3 (1:3
molar ratio) and ultra-sonicated for 2 hours. These resulted functionalized SWNTs
were washed with Milli-Q water several times until the pH value of the washing
solution was close to 7. The solid F-SWNTs powder was isolated via centrifugation
and dried in a vacuum oven at 85 °C for 24 hours.

5.2.3 Physical Characterization

The determination of metal loading on CB or SWNTs was carried out by
thermogravimetric analysis using a Q500 TGA analyzer (TA Instruments, UK) in a
manner similar to that described elsewhere[12]. 4 mg of sample was weighed for the
analysis and heated in a platinum pan. Samples were heated in 90% air at a heating
rate of 5 °C/min. TGA was also performed to evaluate the residual level of impurity

Chapter 5

130

in the S W N T s before and after the sonochemical-treatment.

The crystallinity of the platinum nanoparticles was examined by X-ray powder
diffraction (XRD) analysis, performed using a GBC MMA diffraction equipment
(GBC Scientific Equipment Pty Ltd, Australia) with a monochromatic Cu-Ka
radiation. The spectra were recorded at a low scan rate of 1 deg/min at a range of

from 15° to 90° in order to ensure fine crystalline structures were obtained for t
catalysts.

The effect of sonochemical treatment on the surface functionality of S W N T s was
examined using a JOBIN YVON HR800 confocal Raman spectrometer (HORIBA,

Ltd., France) with 632.8 nm diode laser excitation on a 900 lines/mm grating at ro
temperature.

The FE-SEM images were obtained using a JEOL JSM7500FA cold-field-gun
scanning electron microscope (CFG-SEM) (JEOL Ltd., Japan).

5.2.4 Electrochemical Characterization

Electrochemical measurements were performed using a glassy carbon electrode. A Pt
mesh and an Ag/AgCl/NaCI (3 M) served as the counter and reference electrodes,

respectively. The preparation of catalyst ink modified rotating disk electrode (RD
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(0.2826 cm 2 , glassy carbon disk) was prepared as follows [13-14]. The catalysts inks
were prepared by ultrasonicating dispersing 10 mg catalyst (Pt/CB or Pt /SWNTs) in
10 mL 0.05 wt% Nafion isopropanol solution. A known volume of each ink was cast
on the glassy carbon RDE to yield a nominal catalyst loading of 28.2 pg metal per
cm . Before measurement the RDE was dried in the air until the solvent evaporated
completely.

Rotating ring disk electrode (RRDE) measurements were carried out using a 636
system (RDE, Princeton Applied Research) controlled with a CHI 720C
electrochemical Biopotentiostat (CH Instruments, USA) at ambient.

5.2.5 Fuel Cell Testing

The membrane electrode assemblies (MEAs) were prepared using the following
procedures. Catalyst inks were prepared by ultrasonically dispersing the solid
catalysts in 0.05 wt % Nafion (5 wt % Nafion solution diluted in a mixed solvent of
H20 and isopropanol). The mass ratio of catalyst powder to Nafion was fixed at 3:1.
Gas diffusion electrodes were prepared by brushing the ink over a gas diffusion layer
(Golden Energy Fuel Cell Co., Ltd., Beijing, China). Here we prepared the cathode
using microwave prepared Pt/CB and Pt/SWNTs catalysts respectively to compare
their catalytic activities toward oxygen reduction. The anode consisted of a 5 cm2
platinum loaded (0.4 mg cm'2) electrode. This was prepared with 50 wt% Pt/CB
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catalysts obtained from Johnson Matthey (U. K.). The M E A s were prepared by
pressing the anode and cathode on either side of the Nafion membrane at 130 "C.
The MEAs performances were evaluated using a 850e fuel cell test system (Scribner
Associates, Inc., USA) in a single fuel cell hardware assembly (Fuel Cell
Technologies, Inc., USA) fed with fully humidified pure H2 and 02, respectively. The
dimensions of the MEA electrode used in the testing single-cell was 5 cm2 with Pt
loading of 0.4 mg cm"2 on both anode and cathode catalyst layers. The gas flow rates
were fixed at 0.08 L min"1. The fuel cell measurements were carried out at 80 "C
under 100 kPa back pressure. The E-I curves were recorded using a scan current

method by holding the cell at each current-density value for 60 s in order to obtain
steady-state voltage value.

5.3 Results and Discussion

5.3.1 Preparation of Pt/CB

5.3.1.1 Effect of pH value on Synthesis of Pt/CB

The pH value of the EG solutions plays a very important role in the microwave-polyol

process and can significantly affect the Pt nanoparticle size as well as the loading
level obtained on the carbon substrates. For the polyol process, Bock et al. [16]

suggested that the glycolate anion, which is a deprotonated form A" of glycolic acid
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in alkaline solutions, acts as a good stabilizer for the colloidal Pt nanoparticles by
forming chelate-type complexes via the carboxyl groups. Therefore, the pH of the
synthesis solution is believed to have a significant impact on the stability and size of
the resultant particles, in the range where the glycolate concentration changes. The
average particle size of Pt nanoparticle loaded onto CB was determined from the
broadening of the Pt (111) diffraction peaks shown in Figure 5.1 according to the
Scherrer equation:

, 4x0.92
d = ~
3wxcose/

(5.3)

Where d is the average diameter of nanoparticles; X is the wavelength of the X-rays
used (1.54056 A for CuKa radiation), w is the full-width of the peak at half-height at
an angle 29. The calculated results are summarized in Table 5.1. From Figure 5.1, we
can observe that with increasing NaOH volume, the diffraction peaks of Pt become
broad, indicating the Pt nanoparticle size decreases with an increase in the EG
solution pH value. In the absence of NaOH in the solution, the pH value of solution
is 0.92 and the Pt nanoparticles are fairly large with an average particle size of 5.5
nm. It was believed that the changes of glycolate and glycolic acid concentration
take place within the pH range between 2 and 6. A constant glycolate anion
concentration is obtained at pH higher than 6 and the glycolate anion is not expected
to exist in the solution at pH lower than 2. For this reason, it can be seen from Table
5.1 that the most remarkable changes in the particle size occurred in the range of pH
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between 0.92 and 5.19, 5.19 and 9.92, which decreased from 5.5 n m to 3.0, 3.0 to
2.5,respectively[17-18].
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Figure 5.1. X R D patterns of Pt/CB prepared with H ^ t C l * E G solutions at various p H value.

Besides the particle size, the p H of the solution has a remarkable effect on the metal
loading obtained on carbon. In order to determine the Pt loading level on the carbon
supports synthesized by the microwave-polyol process, TGA measurements were
performed for the samples prepared from various pH solutions, as shown in Figure

5.2 and Table 5.1. From the results we can see that most of the Pt salts were reduced
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and deposited on C B substrates when no N a O H was added in the solution during the

Figure 5.2. T G A curves of Pt/CB (a) and the variation of Pt w t % loaded on C B as a function of
solution pH value (b).
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microwave-polyol process. U p o n increasing the p H of the E G solution, the Pt loading

underwent a continuous decrease and a rapid fall was observed at pH higher than 10,
indicating that the presence of NaOH in the EG solution is helpful for controlling

nanoparticles size but seriously reducing the metal loading on the CB. The reason i

probably because the adsorption of Pt nanoparticles is higher when the charge of th

Pt colloids is opposite to that of the carbon supports at low pH, while the decreas
Pt loading with increasing pH of solution mainly resulted from the electrostatic
repulsion between carbons and the Pt nanoparticles [19].

Table 5.1. Effect of p H on the as-prepared Pt nanoparticles size and loading on C B .

No. Volume of2 M Initial Final Nanoparticles size Loading of Pt
NaOH(yL) pH* pH (nm) from XRD onCB(wt%)

1

0

0.92

1.91

5.5

37.86

2

50

5.19

2.45

3.0

36.04

3

100

9.92

4.31

2.5

35.99

4

150

10.20

5.02

2.4

33.24

5

200

11.56

6.01

2.1

14.18

6

250

12.15

8.03

1.2

12.15

Initial p H is the p H value of E G solution containing H 2 PtCl 5 and N a O H before microwave irradiation.

And the Final pH is the pH value of the solution after microwave irradiation for 45 seconds under
power of 750 W.
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5.3.2.2 Effect of Micro wave Irradiation Time on Synthesis of Pt/CB

The Pt/CB nanocomposites were synthesized using the microwave-polyol method
under a microwave power of 750 W for 30-75 seconds. The maximum temperature in
the reaction was measured to be: 167 °C, 192 °C, 199 °C, and 252 °C when 30s, 45s,
60s, and 75s microwave irradiation time were applied in the polyol process,
respectively. As can be seen from Figure 5.3, the microwave irradiation time clearly
influenced the metal loading level on CB. The Pt loading on CB increased from 36.13
wt% to 37.24 wt % when the irradiation time was increased from 30 seconds to 60
seconds in the polyol process. However, the loading of Pt on CB fell to 35.22 wt %
when 75 seconds microwave irradiation was applied in the process.

Figure 5.3. T G A curves of Pt/CB prepared by microwave-polyol process for 30,45,60,
seconds, respectively.
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The crystalline nature of the Pt/CB w a s confirmed by X R D analysis, as shown in

Figure 5.4. All the Pt/CB catalysts exhibit characteristics of a Pt face-centered-cub
structure. The average particle sizes were calculated using the Debye-Scherrer
equation from the broadening of the Pt (111) reflection as ca. 2.4 nm for Pt/CB (30
seconds), 2.5 nm for Pt/CB (45 seconds), 2.8 nm for Pt/CB (60 seconds), and 3.1 nm
for Pt/CB (75 seconds). It is clear that an extended reaction time can result in size
growth of the Pt nanoparticles.
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Figure 5.4. X R D patterns of Pt/CB prepared with various time.

Figure 5.5 shows the C V curves for the Pt/CB catalysts recorded in a N2-saturated 0.5
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M H 2 S 0 4 solution at a scan rate of 25 m V s . Three characteristic potential regions
are shown in the CV curves: the hydrogen adsorption/desorption region (- 0.2 < E <
0.1 V vs Ag/AgCl/3 M NaCl), is followed by the double-layer region (ca. 0.15 < E <
0.6 V vs Ag/AgCl/3 M NaCl) and then by the surface oxide (OHads)
formation/stripping region (E > ca. 0.6 V vs Ag/AgCl/3 M NaCl). [20] The hydrogen
adsorption charge (Eq. 5.4), the well-established relationship of 210 pC cm"2 Pt from
solid planar polycrystalline platinum electrodes, and metal loading measured by TGA
were employed to calculate the electrochemical active surface area (ECSA) (Eq. 5.5).

Pt + H+ +e" ^^ Pt-H

(5 4)

ECSA(m2 g_1 Pt) = charge (pC cm"2)/ [(210 (pC cm'2 Pt)
x electrode loading (g Pt cm )] (5.5)

Figure 5.5. Cyclic voltammograms of Pt/CB synthesized at various microwave heating times of
30-75 seconds in a N2-saturated 0.5 M H2S04 solution at a scan rate of 25 mV s1.
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The E C S A of Pt for Pt/CB (30 seconds), Pt/CB (45 seconds), Pt/CB (60 seconds), and

Pt/CB (75 seconds) were calculated to be 81.10 m2 g'Pt, 80.30 m2 g"1 Pt, 76.05 m

Pt, and 74.11 m2g_1 Pt, respectively. The results indicate that microwave irradi

long duration tends to cause aggressive overheating and results in a rapid grow
coalescence of Pt nanoparticles and consequent low ECSA of Pt/CB catalysts.

5.3.2.3 Effect of Pt loading o n the Electrochemical Catalytic
Activities
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Figure 5.6. X R D patterns of 20 wt %, 30 w t % , 40 w t % , 50 w t % , and 60 w t % Pt/CB.
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Carbon black-supported Pt (Pt/CB) with varying amounts of support was synthesized
by the microwave-polyol method. Shown in Figure 5.6 are the X-ray diffraction
patterns of 20 wt%, 30 wt%, 40 wt%, 50 wt% and 60 wt% Pt/CB. It is clear that the
broadening of the Pt peaks decreased with the Pt loadings on CB which indicated the
growth of nanoparticles size. The average is calculated from the full width at half
maximum and the Debye-Scherrer equation. The calculated particles were 1.7 nm, 2.1
nm, 2.5 nm, 2.8 nm, and 3.1 nm for 20 wt% Pt/CB, 30 wt% Pt/CB, 40 wt% Pt/CB, 50
wt%, and 60 wt%, respectively.

Figure 5.7 shows the CV curves of Pt/CB with varying amounts of support. Similar to
the discussion above, the ECSA were estimated from the integrated charge (after
subtraction of capacitance contribution) in the hydrogen adsorption region of the CV
curves in a supporting electrolyte (i.e., 0.5 M H2S04), based on a monolayer hydrogen
adsorption charge of 210 pC cm"2 on polycrystalline Pt. The ECS As of Pt were
determined to be 70.68 m2 g"1 Pt, 76.70 m2 g"1 Pt, 80.30 m2 g1 Pt, 61.47 m2 g"1 Pt, and
50.30 m2 g1 Pt for 20 wt% Pt/CB, 30 wt% Pt/CB, 40 wt% Pt/CB, 50 wt% Pt/CB, and
60 wt% Pt/CB, respectively; revealing that the highest utilization efficiency was
obtained at 40 wt% Pt/CB catalyst. The results indicated that the ECSA of Pt
increased from 20 wt% to 40 wt% Pt/CB catalyst but then fell for further increase of

Pt loading on Pt/CB.
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Figure 5.7. Cyclic voltammograms of 20 wt%, 30 wt%, 40 w t % , 50 wt%, and 60 w t % Pt/CB in a
N2-saturated 0.5 M H2S04 solution at a scan rate of 25 mV s"1.

The linear sweep voltammograms were recorded in 02-saturated H 2 S O 4 using a
rotating ring disk electrode system (RRDE), as shown in Figure 5.8. On all Pt/CB

electrodes, well-defined diffusion limiting currents were obtained below the potential

region where there is mixed kinetic-diffusion control of the reaction. Here we used th
half-wave potential value to quantitatively evaluate the electrocatalytic activity of
Pt/CB catalyst for the oxygen reduction reaction (ORR). Generally, a more positive

half-wave potential indicates a better electrocatalytic activity toward ORR. As can be

seen from Figure 5.9, the electrocatalytic activity of Pt/CB catalysts for ORR changed
according to the same sequence as the calculated ECSA of Pt on Pt/CB which
increased for up to 40 wt% loading and then fell with further increase in the loading.
That probably is because the higher loaded catalysts lead to thinner catalyst layers
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Figure 5.8. Linear sweep voltammograms for oxygen reduction of Pt/CB catalysts in 02-saturated
0.5 M H2S04 at a rotating speed of 1000 rpm and scan rate of 5 mV s"1.
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which are favorable for reactant transportation. Another reason may be due to large

particles favorite two-electron pathway as shown in ring current curves of Figure 5.8

5.3.3 Synthesis of Pt/SWNTs

Because of their extraordinary electrical, mechanical, and structural properties, carb
nanotubes have been widely studied as supports for Pt catalysts in fuel cell
applications [21-25]. Pt nanoparticles generally display superior electrocatalytic
performance when supported on carbon nanotubes compared to carbon black [26-27].
In order to make a comparison between Pt/CNTs and Pt/CB for fuel cell application,
40 wt % Pt on SWNTs was prepared using the same method as for Pt/CB.

Prior to depositing Pt nanoparticles on SWNTs, activation of the substrate was carried
out because SWNTs are chemically inert and generally do not provide enough surface
groups for Pt deposition. Sonochemical treatment using extremely aggressive reagents
is probably the most common method for surface activation since a mixture of strong
acids will typically not only remove most impurities on SWNTs, but also allow the
tubes to be functionalized with groups such as carboxyl (-COOH), hydroxyl (-OH)
and carbonyl (>C=0) that are suitable to anchor Pt metal ions. [28-31]
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5.3.3.1 Characterization of S W N T

The T G A spectra for the S W N T s before and after ultrasonication were obtained
(Figure 5.10). The initial mass loss for the F-SWNTs below 100 °C is attributed to the
removal of water and residual solvent. The mass loss between 200 °C and 400 °C was
due to burning of the amorphous carbon and the removal of functionalities. As can be
seen in Figure 5.10, the mass loss was substantially less for the R-SWNTs in this
temperature range. Final residual weights of 3.29% and 9.28% were obtained for the
F-SWNTs and R-SWNTs, respectively, indicating that an improved purity of 96.7%
SWNTs was obtained after ultrasonication in mixed acids.
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Figure 5.10. T G A curves of F-CNTs and R-CNTs under air atmosphere at a heating rate of 10 V
per minute.

Figure 5.11 shows the cyclic voltammograms obtained in 0.5 M H 2 S 0 4 solution using
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a glassy carbon electrode upon which fixed weights of F - S W N T s or R - S W N T s were

cast. As can be seen, the redox peaks attributed to the reduction and oxidation of t

carboxyl groups (0.3-0.4 V) were significantly enlarged after ultrasonocation. This

confirms that additional carboxyl groups were successfully introduced on the surfac
of the SWNTs through the sonochemical treatment. [32]
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Figure 5.11. Cyclic voltammograms obtained using F - S W N T or R-SWNT-modified glassy carbon
electrodes (GC) as the working electrode in 0.5 M H2S04 at a scan rate of 25 mV s\ The mass
CNTs deposited on the G C electrodes was the same.

R a m a n spectroscopy was used to study defects and the extent of functionalization on

the surface of the SWNTs before and after functionalization (Figure 5.12). The Raman
spectra of both the R-SWNTs and the F-SWNTs display a strong peak at about 1592
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cm"1 (G band) and a weak peak at 1330 cm"1 (D band). These correspond to the sp3and sp - hybridized carbons present, signifying graphitic disorder and ordered state on
the SWNT surface, respectively. The intensity of the D-band describes the degree of
disorder present along the tube, indicating the presence of pentagons, heptagonal
defects, the pentagon-heptagon pairs, or line defects. The extent of the modification
and associated defects on the SWNTs can be evaluated by the ratio of the intensities
of the D-band and G-bands. For the F-SWNTs and R-SWNTs, intensity ratios ID/IG of
0.133 and 0.068 were observed, respectively. The strong acid treatment used to
produce carboxylic acid sites on the surface of the SWNTs, therefore also leads to the
formation of significant structural defects suitable for the subsequent deposition of Pt.
[23, 33-34]

Figure 5.12. Raman spectra of Functionalised S W N T s (F-SWNTs) and Raw SWNTs (R-SWNTs).
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5.3.3.2 Characterization of Pt Nanoparticles Loaded on S W N T
Supports

After the Pt-loading using microwave assisted heating, the TGA spectra of
Pt/F-SWNTs, Pt/R-SWNTs and the control Pt/C in an air atmosphere were obtained

(Figure 5.13) to monitor the loading level of Pt nanoparticles. As can be seen, th
highest residual mass was observed from Pt/R-SWNTs due to the fact that they
contained more metal impurities (catalyst used for SWNT growth) than the
Pt/F-SWNTs electrode. The mass loadings of Pt on the different substrates were
determined as 39.29 wt%, 37.19 wt% and 36.41 wt% for Pt/F-SWNTs, Pt/R-SWNTs
and Pt/CB, respectively, by subtracting the mass percentage of impurities in the
F-SWNTs and the R-SWNTs before Pt-loading. Thus, the Pt-loading level on the
F-SWNTs (39.29 wt %) is higher than on the R-SWNTs (37.19 wt %). This might be
due to fewer functional groups and surface defects on the R-SWNTs. The SEM image

depicted in Figure 5.14 indicates that the Pt nanoparticles were uniformly distrib

over the F-SWNTs with an average size of 2.5 ~ 4 nm. Such an arrangement is crucia

for efficient electrochemical operation. In comparison, aggregations of Pt particl
were observed on R-SWNTs.
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Figure 5.13. T G A curves of F-CNTs, R-CNTs, and Vulcan X C R72 carbon black in air at a
heating rate of 10 "C min"1.

Figure 5.14. F E - S E M images of Pt loaded F-SWNTs (A) and R-SWNTs (B).

The crystalline nature of the supported Pt nanoparticles w a s examined by X-Ray
Diffraction (XRD) (Figure 5.15). The XRD patterns show similar crystalline
properties for the Pt catalysts deposited on all three substrates. The diffraction peaks
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at Bragg angles of about 39°, 46°, 67°, and 81° corresponding to the (111), (200),
(220) and (311) Pt facets. These patterns are all in good agreement with those of
reference pattern (JCPDS 75-1621) for Pt. [27]

Figure 5.15. X R D patterns of 40 w t % Pt/F-SWNTs, 40 w t % Pt/R-SWNTs and 40 w t % Pt/CB.

5.3.3.3 Electrochemical Activities of the S u p p o r t e d P t Catalysts

The electrocatalytic activity of the Pt nanoparticles is generally closely related to the
electrochemically active surface area of the Pt on the supporting F-SWNTs,

Chapter 5

151

R - S W C N T s , and carbon black. Cyclic voltammograms were recorded (Figure 5.16) in
0.5 M H2S04 to determine atomic H adsorption on each of the Pt/F-SWNTs,
Pt/R-SWNTs, and Pt/CB catalysts, deposited by casting equal weights on a glassy
carbon electrode. According to the CV curves in Figure 5.16, the estimated ECSA
values are: 163.5 m2 g"1 Pt (Pt/F-SWNTs), 126.5 m2 g"1 Pt (Pt/R-SWNTs), and 80.3
m2 g"1 Pt (Pt/CB). The highest value of ECSA is consistent with improved adhesion,
accessibility, and dispersion of the Pt on the F-SWNT support. The Pt
loaded-F-SWNTs would then also be expected to display the better performance in a
PEM fuel cell.

Figure 5.16. Cyclic voltammograms obtained using (1) Pt/F-SWNTs, (2) Pt/R-SWNTs, and (3)
Pt/CB modified GC as the working electrode in 0.5 M H2S04 at a scan rate of 25 mV/s.
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Figure 5.17 shows the R R D E measurements for oxygen reduction at 40 w t %
Pt/F-SWNTs, 40 wt% Pt/R-SWNTs, and 40 wt% Pt/CB catalysts in 02-saturated 0.5
M H2SO4 at a rotating speed of 1000 rpm and scan rate of 5 mV s"1. It is clear
activity for oxygen reduction in 0.5 M H2SO4 decreases in the sequence
Pt/F-SWNTs > Pt/R-SWNTs > Pt/CB. Compared with the reaction at Pt on SWNTs,
much more peroxide was detected from the reduction at the Pt/CB electrode which
indicated that there was more oxygen reduced via a two-electron pathway.
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Figure 5.17. Linear sweep voltammograms for oxygen reduction at 40 w t % Pt/F-SWNTs, 40 w t %
Pt/R-SWNTs, and 40 wt% Pt/CB catalysts in Obturated 0.5 M H2S04 at a rotating speed of
1000 rpm and scan rate of 5 mV s"1.
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5.3.3.4 Fuel Cell Performance

A comparison of the proton exchange membrane (PEM) fuel cell, using Pt loaded on
the three different supports, F-SWNTs, R-SWNTs and CB as cathode catalyst, is
shown in Figure 5.18. The depicted polarization curves were recorded under the same
working conditions (0.4 mg/cm2-Pt) and using the same anode catalyst, Pt/Vulcan XC
72R. As can be seen, the best fuel cell performance, with the highest current and
power density output was obtained using the Pt/F-SWNTs as the cathode catalyst. The
single-cell PEMFC test rig with Pt/F-SWNTs as the cathode catalyst, displayed a
current density of ca. 790 mA cm"2 at a potential of 0.6 V. The power density was ca.
474 mW cm"2. Under the same operating conditions, the PEMFC with Pt/R-SWNTs
displays a current density of around 710 mA cm"2 at a potential of 0.6 V, with a
coorresponding power density of <428 mW cm"2, which is 40% lower than the
electrode containing Pt/F-SWNTs. This trend is consistent with the observed
electrocatalytic surface areas of the Pt/F-SWNTs and Pt/R-SWNTs. Sonochemical
treatment of the SWNTs also results in enhanced surface functionalization, which
likely provides for better adherence of the Pt nanoparticles on the support surface.
This would also be expected to give a better performance resulting in higher current
densities. The weakest fuel cell performance was obtained using Pt/CB. This can be
attributed to the lower surface area and poorer electrical properties compared with

SWNTs.
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Figure 5.18. Polarization curves of a testing single P E M fuel cell using 40 w t % Pt/FCNTs, 40
w t % Pt/RCNTs, and 40 w t % Pt/C as cathode catalyst, respectively.

The experimentally obtained polarization data were analysed using the semiempirical
equation [35].

E = E° - blogi - Ri

(5.6)

E° = Er + blogi0

(5.7)

where E and / are the cell voltage and current density; Er is the reversible potential for

the cell; i° is the exchange current density for oxygen reduction, b is the Tafel slo
for oxygen reduction, and R represents the total resistance of the MEA and hardware.
The fitted parameters are summarized in Table 5.2.
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Table 5.2. Kinetic parameters derived from a regression analysis of the polarization curves i
Figure 5.18.

Catalysts E° fefVdec"1) R(Clcm2)
Pt/F-SWNTs 0.801 0.0572 0.218
Pt/R-SWNTs 0.794 0.0595 0.286
Pt/CB 0.777 0.0642 0.462

A s can be seen, the P E M F C employing Pt/F-SWNTs has the lowest dc resistance
(0.218 Q cm2), compared to Pt/R-SWNTs (0.286 Q cm2) and Pt/CB (0.462 Q cm2).
The three supported catalysts display similar Tafel slopes for oxygen reduction (55-65
mV/decade). This is in accord with the previous reports for Pt catalysts in fuel cell.
[23, 4, 36]

5.4 Conclusion

In this chapter, we have developed a modified microwave-polyol process using
ethylene glycol (EG) as a precursor of the reducing agent for synthesis of Pt
nanoparticles on carbon substrates such as carbon black and carbon nanotubes. The
pH, irradiation time, and the concentration of Pt salt solutions have proven to be key
factors for controlling the size of nanoparticles.

Chapter 5

The increase in p H is believed to result in the formation of glycolate, which acts as a
good stabilizer for nanoparticles, leading to a reduction in particle size. However,
poor adsorption or repulsive forces between the Pt nanoparticles and the carbon
substrates occurred at pH higher than 10, leading to a significant reduction in Pt
loading.

The microwave heating time has a significant effect on nanoparticles size and metal
loading on CB. Longer heating times enable more Pt salt to be reduced on CB but

overheating resulted in a reduction of metal loading. In addition, particle size gro
was observed with an increase in heating time; which may decrease the ECSA of
Pt/CB catalysts.

The effect of metal loading of Pt/CB on the electrochemical catalytic activity was
investigated in this chapter. The electrochemical performance of Pt/CB catalysts
toward oxygen reduction was found to increase with metal loading of 20 wt% to 40
wt% but fell with 50 wt% and 60 wt%

As another important carbon material, SWNTs were employed as substrates for
supporting Pt nanoparticles. The SWNTs were functionalized by a ultrosonication
method and confirmed by TGA as well as Raman spectroscopy techniques. Physical
characterization showed that Pt nanoparticles uniformly deposited on the F-SWNTs;
leading to superior electrochemical performance as well as fuel cell performance as
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compared with that on the unfunctionalized S W N T s and CB.
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6.1 Introduction

The dominant challenges to commercialization of proton exchange m e m b r a n e ( P E M )
fuel cells are high cost and low durability. Both cost and durability rely strongly on

the electrocatalysts that drive the electrochemical reaction in fuel cells [1]. Therefo
intensive research efforts have been focused on developing new methods of

synthesizing electrocatalysts with high catalytic activity, durability and with a lower
amount of platinum loading [2-7], One of the practical and promising strategies is to

alloy Pt with other metals to improve the catalytic activity and reduce the utilization
of Pt [2-3, 8-12]. It was found that alloying Pt with other elements can lead to an

improvement of specific activity and mass activity by several times relative to pure Pt

metal catalyst in electrocatalytic reactions [1]. For example, Zhang et al. investigate
the kinetics of oxygen reduction on Pt modified Pd nanoparticles on carbon support.
They were prepared by a modified deposition method and resulted in a Pt
mass-specific activity of the Pt/Pd/C electrode that was 5-8 times higher than that of
the Pt/C electrocatalyst [10]. A Pt3Ni (111) catalyst for oxygen reduction was used by
Stamenkovic and co-workers, who demonstrated a 10-fold increase in catalytic
activity for oxygen reduction over the corresponding Pt (111) surface and 90-fold
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more activity than the current state-of-the-art Pt/CB catalyst. [3] L i m et al. prepared a
dense array of Pt branches on a Pd core by reducing K2PtCl4 with L-ascorbic acid
using uniform Pd nanocrystals as seeds to form Pd-Pt bimetallic nanodendrites.
Electrochemical characterization showed that the Pd-Pt bimetallic nanodendrites
exhibited 2.5-fold higher catalytic activity than a simple Pt/C catalyst and was 5 times
more active than a Pt-black catalyst towards oxygen reduction [13].

However, these methods typically involve the preparation of catalysts on solid state
substrate such as a glassy carbon electrode or formation of colloidal nanoparticles in
liquid solution. Although Pt alloy catalysts show great improvement for
electrocatalytic reactions, the limited procedures for controlled large-scale synthesis
has prevented them from being applied commercially. Therefore, this chapter
considers attempts to develop a practical method to prepare Pt alloy catalyst on a
carbon substrate, namely direct modification of palladium nanoparticles on
multi-walled carbon nanotubes (MWNTs) with platinum by a microwave-assisted
method.

6.2 Experimental

6.2.1 Reagents

Palladium chloride (PdCl 2 , Aldrich), polyvinylpyrrolidone (PVP, average
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weight 40,000, Aldrich), hydrochloric acid (HC1, Ajax Finechem), nitric acid ( H N 0 3 ,
Ajax Finechem), sulfuric acid (H2S04, Ajax Finechem), ethylene glycol (EG, Sigma
Aldrich), chloroplatinic acid hydrate (H2PtCl6'xH20, Sigma Aldrich), Nafion® 117

solution (~5% in a mixture of lower aliphatic alcohols and water, Sigma Aldrich),
Nafion® perfluorinated membrane (Nafion 115, Sigma Aldrich), multi-walled carbon
nanotubes (MWNTs, Nanocyl), sodium hydroxide (NaOH, Sigma Aldrich) were used
as received.

6.2.2 Synthesis of Pt/MWNTs and Pd/MWNTs

The synthesis of Pd nanoparticles supported on M W N T s was carried out by a
modified microwave-assisted polyol process. The procedure is as follows: H2PdCl4
aqueous solution (0.1 M) was prepared by dissolving 20 mmol of PdCl2 in 20 mL of
0.4 M HC1 aqueous. 1.65 mL of 0.1 M H2PdCl4 was added into 50 mL EG solution
containing 366.6 mg PVP (3.3 mmol as monomeric unit). After that, 100 mg MWNTs
were weighed and thoroughly dispersed in this solution. The pH value of the EG

solution was adjusted to ca. 9 using a 0.5 M NaOH solution. The mixture was heated
in a microwave chemical reactor (Shanghai EU Microwave Chemical Technology Co.,
Ltd, China) for 45 seconds under nitrogen flow protection and with a microwave
power of 750 W. The solution was stirred overnight to enable PVP-stabilized Pd

nanoparticles to efficiently deposit on the MWNTs. After the reaction, the 20 wt %
Pd/MWNTs was isolated by centrifugation. The sample was washed with acetone and
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Milli-Q water four times, respectively. A metal loading of 20 wt % Pt catalyst on
MWNTs was also synthesized by using the same method for benchmarking the
catalyst performance.

6.2.3 Modification of MWNTs supported Pd nanoparticles surface
withPt

The modification of Pd/MWNTs with Pt was carried out by in-situ galvanic
replacement of Pd surface atoms with Pt in a Pt salt aqueous solution under
microwave-assisted heating. Generally, 20 mg of 20 % Pd/MWNTs was dispersed in
50 mL of 0.65 mM H2PtCl6 aqueous solution based on a nominal atomic Pt/Pd ratio of
30/70. The suspensions were separately refluxed at 100 °C under nitrogen gas flow
in the microwave chemical reactor for 30 minutes. The powders were obtained by
centrifugation, and dried in a vaccum oven at 100 "C overnight. The sample was
labelled as Pt3o@Pd7o/MWNTs.

For investigation into the effect of the atomic ratio of Pd:Pt on the electrocatalytic
activity, H2PtCl6 solutions of various concentrations were used for the modifications.
The samples were labelled as Pt10@Pd9o/MWNTs, Pt20@Pd8o/MWNTs, and
Pt40@Pd60/MWNTs, respectively corresponding to different Pt/Pd atomic ratios.
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6.2 A TGA measurement

The

determination

of metal

loadings

on

MWNTs

was carried

out by

thermogravimetric analysis using on a Q500 TGA analyzer (TA Instruments, UK) in a
manner similar to that described elsewhere. [14] 4 mg sample was weighed for the
analysis and heated in a platinum pan. Samples were heated from room temperature
900 °C in 90% air at a heating rate of 5 °C min"1.

6.2.5 Physical Characterizations

X-ray powder diffraction analysis was performed using G B C M M A diffraction
equipment (GBC Scientific Equipment Pty Ltd, Australia) with monochromatic Cu

Kor radiation. The spectra were recorded at a low scan rate of 1 deg min"1 at a ra

20 from 15° to 90° in order to ensure fine crystalline structures were obtained f
bimetallic catalysts.

The SEM images were taken in a JEOL JSM7500FA cold-field-gun scanning electron
microscope (CFG-SEM) (JEOL Ltd., Japan) to indentify the surface morphologies of
the catalysts.

The morphology change of P d / M W N T s before and after modification with Pt

was

also examined using a JEOL 2011 F Transmission Electron Microscope (TEM) (JEOL
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Ltd., Japan).

6.2.6 Electrochemical Measurements

Electrochemical measurements were carried out using a 636 rotating disk electrode
(RDE, Princeton Applied Research) controlled with a CHI 720C electrochemical
Biopotentiostat (CH Instruments, USA) under ambient conditions. A Pt mesh and a
Ag/AgCl/NaCl (3 M) served as the counter and reference electrodes, respectively.
Catalyst inks-modified RDE (0.2826 cm2, glassy carbon disk) were prepared as
reported elsewhere [15-16]. The catalysts inks were prepared by ultrasonically
dispersing 10 mg catalyst (Pt/MWNTs or Pt@Pd/MWNTs) in 10 mL of 0.05 wt%
Nafion isopropanol solution. A calculated volume of the ink was cast on the glassy
carbon RDE to yield a nominal catalyst loading of 14.1 pg metal per cm2. Then the
RDE was dried in air until the solvent was evaporated completely, before
measurement. For rotating ring disk electrode (RRDE) measurements, the preparation
of electrode used the same procedure as that of RDE measurements.

6.2.7 Preparation of Membrane Electrode Assemblies (MEAs)

Catalysts inks were prepared by ultrasonically dispersing the solid catalysts in 0.05
wt % Nafion (5 wt % Nafion solution diluted in a mixed solvent of H20 and
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isopropanol). The mass ratio of catalyst powder to Nafion was fixed at 3:1. Gas
diffusion electrodes were prepared by brushing the ink over a gas diffusion layer
(Golden Energy Fuel Cell Co., Ltd., Beijing, China). Here we prepared the cathode
using Pt/MWNTs and Pt30@Pd7o/MWNTs catalysts based on the same metal loading
amount respectively to compare their catalytic activity toward oxygen reduction.
Whilst the anode was kept constant by using a 5 cm2 platinum loaded (0.4 mg cm")
electrode prepared with 50 wt% Pt/CB catalysts (Johnson Matthey, U. K.). The MEAs
were prepared by pressing the anode and cathode on either side of the Nafion
membrane at 130 °C.

6.2.8 Single-Fuel Cell Performance Testing

The MEAs performance was evaluated using a 850e fuel cell test system (Scribner
Associates, Inc., USA) in a single fuel cell hardware assembly (Fuel Cell

Technologies, Inc., USA) fed with fully humidified pure H2 and 02, respectively. The

dimension of the MEA electrode used in the testing single-cell was 5 cm2 with metal

catalysts loading of 0.4 mg cm"2 for both anode and cathode catalyst layers. The gas

flow rates were fixed at 0.08 L min"1. The fuel cell measurements were carried out a

80 V under 100 kPa back pressure. The E-I curves were recorded using a scan current

method by holding the cell at each current-density value for 60 s in order to obtai
steady-state voltage value.

Chapter 6

169

6.2.9 Electrochemical Impedance Spectra of Fuel Cells

Electrochemical impedance spectroscopy (EIS) measurements were carried out using
a 880 e built-in frequency response analyzer (FRA) (Scribner Associates, Inc., USA)
in the range of 1 k-0.1 Hz at 500 mA. The perturbing amplitude was 10% of the DC
current applied to the cell. During the electrochemical impedance spectra
measurements, the fuel cells using different cathode were operated with fully
humidified gases (100 % RH). The operating temperature was the same as used for
the measurements of polarization curves.

6.3 Results and Discussion

6.3.1 Stoichiometric Synthesis of Pt@Pd/MWNTs catalyst.

The reduction potential of PtCl42" is +0.755 V relative to the potential of a standard
hydrogen electrode (SHE), and it is above the oxidation potential of Pd which is
+0.64 V vs. SHE. The relative potential levels could result in electron transfer from
the Pd metal (oxidation) to the PtCl42" and its reduction. According to the equations
below (eq. 6.1-6.3), this is a consequence of the stoichiometry of the redox
replacement reaction which involves exchanging a Pt atom with a Pd atom without
any extraneous reducing agent added during the preparation process (Figure 6.1).
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PtCl42-+2e-^Pt+4Cl-

^vsSHE=+0.775V

(6.1)

PdCl 4 2 -+2e-^Pd+4Cl-

^vsSHE=+0.64V

(6.2)

PtCl 4 2 -+Pd^Pt+PdCl 4 2 -

(6.3)

H2PdCl4 in EG,

HjPtCltf

aqueous

PVP, N a O H

solution

Microwave heating

Microwave heating

Figure 6.1. Synthesis strategy of Pt modified P d / M W N T s electrocatalyst.

6.3.2 T G A characterization of Catalysts

Figure 6.2 shows the T G A curves for multi-walled carbon nanotubes ( M W N T s )
substrates and various Pt@Pd electrocatalysts on MWNTs. The impurities content
the MWNTs was calculated to be 6.2 wt% based on the mass of the residual after

900 °C heating treatment. The TGA results (Figure 6.2 b) indicated that the ma
metal on MWNTs increased with the increase in concentration of Pt salt in the

solution. Table 6.1 shows the metal loadings of Pt@Pd catalysts calculated bas

the precursors and TGA results which have subtracted the content of impurities

metal loadings were calculated from the precursors based on the assumption tha
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Pt salt w a s depleted in the galvanic replacement to substitute the surface atoms of Pd
nanoparticles.
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The TGA results are in accord with those calculated from the precursor but showed

slight increase compared with the calculated values, except when the Pt/ (Pt + Pd

ratio increased to 0.4 (Figure 6.2). The higher values determined by TGA relative

the calculated results, can probably be ascribed to the spontaneous deposition of

small amount of Pt on the MWNTs. According to the TGA results, the metal loading

leveled off when the Pt/ (Pt + Pd) ratio increased to 0.3. That is probably an in

of the end of the galvanic replacement reaction and that the Pd surface had been
covered by a monolayer of Pt atoms.

Table 6.1. Metal loadings of samples calculated from precursors and T G A results.

Sample

Pd

Pt

Metal loading

Metal loading

(moles)

(moles)

(Calculatedfromthe

(TGA) (wt % )

precursor) (wt % )
Pd/MWNTs

0.190

0

20

14.9

Ptio@Pd90/MWNTs

0.126

0.014

16.13

16.89

Pt20@Pd8o/MWNTs

0.112

0.028

17.38

17.98

Pt30@Pd7o/MWNTs

0.098

0.042

18.62

20.01

Pt 40 @Pd 60 /MWNTs

0.076

0.064

20.58

20.13

6.3.3 T E M , S E M , a n d X R D characterization of Catalysts

Shown in Figure 6.3 are the S E M and T E M images of P d / M W N T s and
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Pt 3 o@Pd 7 o/MWNTs. The prepared Pd nanoparticles were uniformly deposited on the
sidewalls of the MWNTs. The average nanoparticle size was estimated to be about 5
nm. We can observe no significant morphological changes for the Pt3o@Pd7o/MWNTs
compared with the Pd/MWNTs nanocomposite.

Figure 63. S E M (A, B) and T E M (C, D) images of Pd/MWNTs (A,C) and Pt3o@Pd70/MWNTs (B,

D).

The average particle sizes for the P d / M W N T s and P t @ P d / M W N T s were also
determined from the XRD data shown in Figure 6.4; from the broadening of the (111)
diffraction peaks according to the Scherrer equation:
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d =

4x0.9A
3wxcos#

(6.4)

Where d is the average diameter of nanoparticles; X is the wavelength of the X-rays

used (1.54056 A for CuKa radiation), w is the full-width of the peak at half-hei
an angle 29 [17-18]. The particle sizes determined for Pd/MWNTs,
Pt 3 0 @Pd 7 o/MWNTs,

Pt 2 o@Pd 8 o/MWNTs,

Ptio@Pd 9 o/MWNTs,

Pt 4 0 @Pd 6 o/MWNTs were 5.32, 5.62, 5.84, 6.01, and 6.03 nm, respectively.
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Figure 6.4. X-ray diffraction pattern of P d / M W N T s and P t @ P d / M W N T s .
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6.3.4 Electrochemical Measurements

Cyclic voltammograms of Pt/MWNTs and Pt@Pd/MWNTs in high purity
nitrogen-purged 0.5 M H2S04 are presented in Figure 6.5. Three typical regions in the
voltammogram are quite clear: the hydrogen adsorption/desorption region (- 0.2 < E <
0.1 V vs. Ag/AgCl/3 M NaCl), is followed by the double-layer region (ca. 0.15 < E <
0.6 V vs. Ag/AgCl/3 M NaCl) and then by the surface oxide (OHads)
formation/stripping region (E > ca. 0.6 V vs. Ag/AgCl/3 M NaCl) [19-20]. As can be
seen from Figure 6.5 (a), the oxide stripping peak shifted positively with an increase
in the Pt content and was approaching that of bulk Pt nanoparticles. As can be seen
from the separated CV curves (Figure 6.5 (b)) of Pt/MWNTs, Pt30@Pd70/MWNTs,
and Pd/MWNTs, the oxide stripping peak of Pt/MWNTs is much more positive than
that of Pd/MWNTs. The oxide stripping peak of Pd/MWNTs shifted positively after
being surface modified with Pt. Therefore, it is clear that the oxide stripping peaks of
Pt@Pd catalysts shift positively compared with Pd catalysts due to the surface
enrichment with Pt. The electrochemical active surface area (ECSA) of these catalysts
were determined by integrating the hydrogen desorption areas of the CVs (assuming
210 pC era"2 g"1 Pt) and calculating according to the following equation [21].

Pt + H++e~ <*Pt-H (6-4)
ECSA=charge (pC cm"2)/ [210 (pC cm"2 g1 Pt) xmetal loading (g Pt cm'2)] (6.5)
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Figure 6.5. Cyclic voltammograms of P d / M W N T s , P t 1 0 @ P d 9 0 / M W N T s , Pt 2 o@Pd 8 o/MWNTs,
Pt3o@Pd70/MWNTs, Pt4o@Pd60/MWNTs, and Pt/MWNTs in high purity nitrogen saturated 0.5 M
H2S04 (a) and separated CV curves from (a) (b). Scan rate 25 mV s1. Ambient temperature.

The ECSAs

of Pt 10 @Pd 9( /MWNTs, Pt2o@Pd8o/MWNTs, Pt 3 o@Pd 70 /MWNTs,

Pt4o@Pd6oMWNTs, and Pt/MWNTs were calculated to be 108.7 m2 g1 Pt 109.3 m2

Chapter 6

g"1 Pt, 118.7 m 2 g'1 Pt, and 116.9 m 2 g 1 Pt, respectively.

6.3.5 Oxygen Reduction Reaction Performance

Figure 6.6 (a) shows the oxygen reduction reaction ( O R R ) polarization curves for
Pd/MWNTs, Ptio@Pd90/MWNTs, Pt2o@Pd80/MWNTs, Pt3o@Pd7o/MWNTs,
Pt40@Pd6o/MWNTs, and Pt/MWNTs. It is clear that the onset potential of ORR at Pt
enriched Pd nanocatalysts was shifted positively with the increase in Pt on the Pd
surface until the ratio of Pt to Pd reached 30:70. Additionally, the sample
Pt4o@Pd6o/MWNTs shows a larger limiting current than the rest of the samples
whereas it shows inferior performance to Pt3o@Pd7o/MWNTs in the kinetic controlled
region (low overpotential region). This is probably due to excess spontaneous Pt
deposition on MWNTs and the formation of Pt multilayers on the Pd surface.
Typically, the lack of interaction of Pt-Pd atoms would result in inferior performance
of Pt to Pt-Pd nanoparticles [12, 22-23].

In addition to the voltammograms, mass-specific activity is also an effective way of
comparing the catalytic activities of electrocatalysts. Shown in Figure 6.7 is the metal
mass-specific activities comparison of the electrocatalysts expressed as the current at
0.65 and 0.6 V (vs Ag/AgCl/3 M NaCl) divided by the total mass. It is clear that the
Pd mass-specific activities were significantly enhanced after the introduction of Pt
and higher than that of Pt with the same mass. That is ascribed to the fact that the
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Figure 6.6. Voltammograms

of P d / M W N T s , Pti 0 @Pd 9 0 /MWNTs,

Pt 2 o@Pd 8 0 /MWNTs,

Pt3o@Pd7o/MWNTs, Pt4o@Pd6()/MWNTs, and Pt/MWNTs in high purity oxygen saturated 0.5
M H2S04 with a scan rate of 5 mV s1 and a rotating speed of 1000 rpm (a) and highlights for
the kinetic controlled region (b).

bond significantly changing the Pt-Pd electronic interaction in the
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P t @ P d / M W N T s , and accordingly, their catalytic activities toward electrochemical
reduction of molecular oxygen were improved.

0.65 V vs. Ag/AgCl, 3 M NaCl
Pt30@Pd 7 o
Pt40@Pd60

Pt20@Pd80

Ptio@Pd90 ep
Pt/MWNTs

stvZtyy^yZ
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M a s s Activity

- 0.60 V vs. Ag/AgCl, 3 M NaCl

Pt 3 o@Pd70

P<40@Pd60

Pt 2 0@Pd80
Pt] 0 @Pd90

Mass Activity

Figure 6.7. Mass-specific activities of electrocatalysts as a current at 0.65 and 0.6 V vs Ag /AgCl /3

M NaCl.
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6.3.6 Rotating Ring Disk Electrode Measurements

Figure 6.8 shows rotating ring disk electrode (RRDE) measurements of the oxygen
reduction on the Pt30@Pd7o/MWNTs, Pt/MWNTs, and Pd/MWNTs in oxygen

saturated 0.5 M H2S04 aqueous solution. It is clear that well-defined limiting curre
were obtained on Pt3o@Pd7o/MWNTs and Pt/MWNTs electrodes. In comparison, no
limited current was observed on the Pd/MWNTs electrode. The lower limited ring
current on the R3o@Pt7o/MWNTs compared to that on Pt/MWNTs indicated that the
bimetallic electrode had a higher efficiency for oxygen reduction reaction towards
four-electron pathway with lower hydrogen peroxide generated than the bulk Pt
catalyst. The number of electrons exchanged in the reduction of an oxygen molecule
and the percentage of hydrogen peroxide (% H2O2) generated can be obtained based
on the following equations [24].
n = ^ (6.6)
ID+V* IN)

%H2o2-m^ (6.7)

(71 is the average number of exchanged electrons, IR is the current on the ring elec
ID is the current on the disk electrode, and AT is the collection efficiency of the
apparatus used in this study which is 0.37 as determined using the Fen/Fem redox
system in a solution containing 1 mM K3Fe (CN) 6 and 0.1 M NaN03.).
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Calculations based on Figure 6.8 show that the average number of electrons involved
in an oxygen molecule reduction is 3.89 on Pt3o@Pd7o/MWNTs electrode, whereas it
is 3.83 on Pt/MWNTs electrode. The corresponding percentages of hydrogen peroxide
product in the reduction of an oxygen molecule are 5.5 % and 8.5 % for the
Pt30@Pd7o/MWNTs electrode and Pt/MWNTs, respectively, indicating that the oxygen
reduction predominantly proceeds via four-electron pathway on the two electrodes.
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6.3.7 Fuel Cell Performance

Single fuel cell performance (Figure 6.9) of Pt3o@Pd 7 ( /MWNTs catalyst or

Pt/MWNTs was compared. The fuel cells were activated as described elsewhere [2

before each measurement. Under the same operating conditions, the PEMFC with th
Pt3o@Pd70/MWNTs cathode showed a better performance than the Pt/MWNTs fuel
cell, with a current density of 690 mA cm"2 and a power density of 414 mW cm"2
cell voltage of 600 mV. In comparison, the PEMFC with Pt/MWNTs cathode gave a

current density of 590 mA cm"2 and a power density of 353 mW cm"2 at the same c
voltage. This confirmed the results that were obtained by linear sweep
voltammograms.
600
pygPcyMWNTs
Pt/MWNTs
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400 §
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Figure 6.9. Polarization curves of a testing single P E M F C using P t / M W N T s and

Pt3„@Pd70/MWNTs as the cathode catalyst, respectively. Electrocatalysts loading: 0.4 mg metal
cm2 on cathode and 0.4 mg Pt cm"2 on anode.
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The polarization curves were fitted to the following semi-empirical equations in order
to evaluate the electrode kinetic parameters [21, 26].
E = E° - blogi - Ri (6.6)
E°=Er +blogi0 (6.7)
where E and /are the cell voltage and current density; Er is the reversible potential for
the cell; / is the exchange current density for oxygen reduction, b is the Tafel slope
for oxygen reduction, and R represents the total resistance of the MEA and hardware.
The fitted parameters are summarized in Table 6.2. The fuel cells using the two
catalysts as the cathodic electrode showed similar Tafel slope (b), indicating the
oxygen reduction showed the same reaction mechanism on the two catalysts.
However, the higher exchange current density (i°) of the fuel cells with
Pt3o@Pd70/MWNTs than that using Pt/MWNTs cathode indicated the oxygen
reduction proceeds more readily on the Pt3o@Pd70/MWNTs catalyst than the
Pt/MWNTs catalyst.

Table 6.2. Electrode kinetic parameters from Figure 6.9.

Electrode E°(V) b (Vdec1)

R (Clem2)

Pt/CB 0.748 0.0635

0.639 2.57 x 10"!

Pt3o@Pd7o/MWNTs 0.720 0.0631

0.424 1.06x10"'

f

(Acm2)
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6.3.8 Fuel Cells Electrochemical Impedance Spectra

In-situ electrochemical impedance spectroscopy (EIS) technique w a s used for the

evaluation of fuel cell properties such as membrane and electrode resistance, reactio
kinetics, and mass transport effects. The EIS results are shown in Figure 6.10 and
were fitted using a simple equivalent circuit (Figure 6.11). According to the results
summarized in Table 6.3, the fuel cells showed similar membrane and electrode

resistance and mass transport properties due to the similar physical properties for t
two catalysts. The charge-transfer resistance (Ret) of the fuel cell with the
Pt3o@Pd70/MWNTs cathode is 0.0045 Q which is less than half of the value of the
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Figure 6.10. Electrochemical impedance spectra of fuel cells using different cathodes at a
frequency range from 10 kHz to 0.1 Hz.
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fuel cell using Pt/MWNTs cathode (0.01Q), indicating that the single-fuel cell using
Pt3o@Pd70/MWNTs electrode had a substantially lower kinetic resistance (relative to
the overall cell reaction) than the one using the Pt/MWNTs catalyst [27].

Rs

CPE

Ret

W1

Figure 6.11. Equivalent-circuit model used to represent the fuel cells process.

Rs - Uncompensated resistances between the two current collectors in the fuel cell.
CPE - Constant phase element representative of the electrode double layers.
Ret - Cathode charge-transfer resistance.
Wl - Warburg impedance element represent the mass transport effects from the finite diffusion
(finite length diffusion) limitations in the gas diffusion electrodes.

Table 6.3 Fitted parameters using the equivalent circuit shown in Figure 6.11.

Electrode

Rs/Q

Pt 70 @Pd 3 o/MCNTs 0.0254
0.0271
Pt/MWNTs

CPE
Ret
W_
T/F
P
R/fi
R/fi
T
P
3
3
8.0x10" 0.99 0.0045 0.166 9.81 xlO" 0.422
l.OxlO"2 0.91 0.010 0.195 1.03xl0"2 0.408
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Conclusion

Pt modified MWNTs supported Pd electrocatalysts have been prepared by galvanic
replacement of Pd on MWNTs with H2PtCl6 aqueous solution. The electrocatalysts
were characterized using TGA, XRD, TEM, SEM, CV, RDE, RRDE and fuel cell
techniques.

Morphological analysis showed that there was no significant change before and a

the modification of Pd/MWNTs with Pt. The TGA results indicated that the Pt/ (P
Pd) atomic ratio of 30/100 (Pt30@Pd7o/MWNTs) was the maximum result obtained
from the galvanic replacement of a monolayer of Pd surface by Pt.

The XRD and CV in H2S04 electrolyte confirmed that the Pd/MWNTs exhibited
characteristics of Pt after the galvanic replacement.

The best catalyst for oxygen reduction and fuel cell was shown to be the
Pt3o@Pd70/MWNTs, by the RDE, RRDE techniques, and fuel cell performance
evaluation.
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7.1 Introduction

Proton exchange membrane (PEM) fuel cells have received increasing attention
because they offer a promising future power source, in particular for mobile
applications. The electrocatalysts used in PEM fuel cells (generally Pt-carbon) must
provide a high specific surface activity, since the catalytic oxidation of
hydrogen/methanol (anode) or reduction of oxygen (cathode), are surface dependent
processes. To become commercially viable, PEM fuel cells also have to overcome the
high costs and relative scarcity of Pt-based catalyst materials, which are estimated

contribute as much as 50% of the total price[l]. One solution is to use nano-dispersed
Pt to maximize PEM fuel cell performance. However, the poor stability of nano-Pt

poses a barrier to their use. New routes to highly effective catalytic electrodes are
required. It is well known that the size of the Pt particles and their support

significantly affect their catalytic activity [2-3]. To increase the performance of PE
fuel cell electrodes, efforts have therefore focused on the development of new

nanostructured supports to replace activated carbons, like the carbon black (CB) used
in commercial Vulcan XC 72R catalysts. Such electrodes act to prevent detachment
and/or aggregation of the Pt catalyst [4,5]. Carbon nanotubes (CNTs) provide high
electrical conductivity and a specific interaction with metal catalysts (through the
delocalized CNT n electrons and Pt d-electrons) that typically result in a higher
catalytic activity [6-9]. Most studies have focused on achieving high loadings of
nano-Pt on CNT powder [10-12]. An alternative approach however, involves
preparing carbon nanotubes of high surface area directly on suitable
conductive/metallic substrates and using these as a support for nano-Pt [13-15].
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Typically, in a membrane electrode assembly (MEA), only the platinum catalysts on
the carbon support which is in contact with both the electronic conductor (gas
diffusion layer) and the ionic conductor (membrane electrode) are available for the
fuel cell catalytic reactions. In the conventional manufacturing procedure of a MEA,
the catalytic sites of the platinum catalyst on carbon supports are often blocked during
the pasting process on gas diffusion electrodes (GDE) due to lack of contact with the
either or the both conducting phases. Recently, the fabrication of free-standing
aligned CNT (ACNT) electrodes has been demonstrated [15,16]. The procedure uses
a polymeric layer to keep the extended structure intact after transfer from a silicon
substrate (upon which the ACNTs were grown). The novel vertical structure of the
ACNTs is expected to enable every Pt/CNT to be in good contact with both the gas
diffusion layer and Nafion membrane, leading a maximization of the efficiency of the
platinum catalysts.

In this chapter, we investigate the attachment of two sets of such ACNT electrode
structures, loaded with nano-Pt, to opposite sides of a Nafion PEM membrane in a
free-standing, sandwich arrangement. The crystallinity of the Pt nanoparticles on
ACNT/Nafion membrane was investigated using XRD technique. The in-situ CV, EIS
and polarization curves showed that the nano-Pt-loaded ACNTs membrane electrode
(Nano-Pt-loaded ACNT/Nafion membrane electrode) provides significantly improved
performance compared to commercially available catalysts used in PEM fuel cell
applications.
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7.2 Experimental Section

7.2.1 Reagents

Iron (II) phthalocyanine, Nafion® 117 solution (5 wt%, Sigma-Aldrich),
chloroplatinic acid hexahydrate (H2PtCl6-6 H20, Sigma-Aldrich), sodium borohydride
(NaBH4, Sigma-Aldrich), 40 wt% Pt/C catalyst (HiSPEC™ 4000, Johnson Matthey
Ltd. U.S.A.) were used as received.

7.2.2 CVD Growth of Aligned CNT Arrays

Vertically aligned carbon nanotubes arrays with an average height of 4 pm were
prepared on a quartz plate (5 cm2) by thermal chemical vapor deposition (CVD) and
pyrolysis of iron (II) phthalocyanine (FePc) in a Ar/H2 mixed atmosphere using a
commercially available Thermal CVD System (Atomate Corporation) (Figure 7.1a)
[17]. Briefly, 25 mg FePc on a quartz boated was put into the system and used as

precursor. Three pieces of clean quartz were used as substrates. The furnace syste

was flushed with argon (200 mL min"1) for 30 minutes. Then the furnace temperature
was increased to 600 °C and the atmosphere was changed into Ar/H2 =150 mL min"1 /
20 mL min"1. The temperature and the mixed gas flow were held for 10 minutes in
order to reduce the iron (III) to iron nanoparticles. The temperature was further

increased to 900 °C and maintained for 10- 20 minutes. The aligned CNT arrays were
then formed in-situ on the quartz substrates.
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7.2.3 Preparation of Nano-Pt-Loaded ACNT/Nafion/ACNT
Membrane Electrode

The procedure used to fabricate the sandwiched, nano-Pt-loaded,
ACNT/Nafion/ACNT are outlined in Figure 7.1. Following the growth of Aligned
CNTs arrays, a controlled catalyst loading process in which Pt nanoparticles were
deposited onto the individual CNTs in the aligned arrays (Figure 7.1b) using a
conventional impregnation-borohydride reduction method. Prior to the Pt loaded, the
ACNT arrays on quartz were purified in a 0.5 M Nitric acid aqueous solution to
remove metal impurities and washed three times with milli-Q water. Then the
ACNT/quartz was dipped in an aqueous solution containing 5 mM H2PtCl6-6H20 for
3h to adsorb platinum precursors. The ACNT/quartz with PtCl62" adsorbed was
immersed into a 10 mM NaBFL aqueous solution to reduce the platinum precursors to
nano-Pt particles.

Prior to constructing the MEA, 5 ml 0.05 wt% Nafion solution in isopropanol was
uniformly cast onto nano-Pt-loaded ACNT/quartz templates respectively and dried in
air in order to form ionic conductive channel between the platinum nanocatalysts and
the membrane electrolyte. Finally, two sets of such nano-Pt-modified ACNTs (5 cm2
each) were transferred from their quartz plates onto opposite sides of a Nafion PEM
membrane using a temperature-controlled, hot-press process (5,000 psi, 160°C). The
resulting structure comprised two nano-Pt/ACNT arrays sandwiching the Nafion
membrane (Figure 7.1c). This novel 3-D PEM MEA was ready for further
characterization & electrochemical investigations.
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Figure 7.1. Schematic procedures for the preparation of Nano-Pt loaded A C N T / N a f i o n / A C N T
membrane electrodes. Digital photographic and SEM images of (a) aligned CNT arrays; (b)
Nano-Pt loaded ACNTs; (c) Nano-Pt loaded ACNT/Nafion/ACNT membrane.

7.2.4 Thermogravimetric Analysis

Thermogravimetric analysis (TGA) was carried out for determination of the plati
loading level on ACNT/Nafion/ACNT using a Q500 TGA analyzer (TA Instruments,

UK) in 90% air at the temperature from room temperature to 900 °C with a heating

rate of 5 °C min"1. Typically, the sample electrode was cut in to a 1 cm2 area an
heated in a platinum plate for the measurement.
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7.2.5 M o r p h o l o g y Analysis

The FE-SEM images were taken in a JEOL JSM7500FA cold-field-gun scanning
electron microscope (CFG-SEM) (JEOL Ltd., Japan) to identify the morphologies of
ACNT arrays and Nano-Pt on ACNT arrays.

7.2.6 X-ray Diffraction

The crystallinity of the platinum nanoparticles on ACNT were examined by X-ray
powder diffraction (XRD) analysis, performed using a GBC MMA diffraction meter
(GBC Scientific Equipment Pty Ltd, Australia) with a monochromatic Cu-Ka

radiation. The spectra were recorded at a low scan rate of 1 deg min"1 at a range of 29

from 15° to 90° in order to confirm the fine crystalline structures obtained for the P
catalysts.

7.2.7 Fuel Cell P e r f o r m a n c e

The fuel cell performance was measured under the same conditions as described in
Chapter 5. The MEAs performance was evaluated using a 850e fuel cell test system
(Scribner Associates, Inc., USA) in a single fuel cell hardware assembly (Fuel Cell
Technologies, Inc., USA) fed with fully humidified pure H2 and 02, respectively. The
dimensions of the MEA electrode used in the testing single-cell was 5 cm2 with Pt
loading of 0.4 mg cm"2 on both anode and cathode catalyst layers. The gas flow rates
were fixed at 0.08 L min"1. The fuel cell measurements were carried out at 80 C
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under 100 kPa back pressure. The E-I curves were recorded using a scan current

method by holding the cell at each current-density value for 60 s in order to obt
steady-state voltage value.

In order to construct a reference cell, a 40 wt% Pt/C catalyst was used for the
electrocatalysts on both sides of the fuel cell. The Pt/C coated MEA was prepared
the conventional brushing method. The platinum loading on both sides was 0.142 mg
Pt cm"2. The mass ratio of Pt/C catalyst to the Nafion was 3:1.

7.2.8 Electrochemical Characterization

In-situ cyclic voltammetry (CV) measurements were performed to determine the
catalytic activity using a special "hydrogen-pump-mode" configuration. In these
measurements, high purity nitrogen gas was passed through the cathode instead of
oxygen, while the anode was supplied with hydrogen. The CV measurements were
conducted using an EG&G 283 potentiostat/galvanostat (Princeton Applied Research,

USA) by sweeping the voltage of the testing single fuel cell between 0.08 V and 1.
V with respect to the anode, at a scan rate of 25 mV s"1.

In-situ electrochemical impedance spectroscopy (EIS) measurements were carried ou

using a 880 e built-in frequency response analyzer (FRA) (Scribner Associates, In
USA) in the range of 1,000-0.1 Hz at 500 mA. The perturbing amplitude was 10% of
the DC current applied to the cell. During the electrochemical impedance spectra
measurements, the Pt/ACNTs fuel cell was operated with fully humidified (100 %

RH).
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7.3 Results and Discussion

7.3.1 TGA Analysis

Shown in Figure 7.2 is the TGA curve of nano-Pt-loaded ACNT/Nafion membrane
electrode. The result showed that a very small amount of Pt was loaded on the
membrane electrode. Based on the mass of the final residual, the loading of Pt on the
membrane was calculated to be 0.142 mg per cm2, indicating a low utilization of Pt
catalyst for the fuel cell.
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Figure 7.2. T G A curve of nano-Pt-loaded ACNT/Nafion membrane.

7.3.2 Physical Characterization

Scanning electron microscopy (SEM) (Figure 7.3 B) of the nano-

Pt/ACNT/Nafion/ACNT/nano-Pt membrane shows a clear array structure, with the

roots of the ACNTs being held tightly by the underlying Nafion membrane (the ri

inset in Figure 7.3 B). The aligned CNT arrays were remarkably robust and adher

they were not removed by rubbing or, even abrasion on a hard surface. The SE

images in Figures 7.3 C-D show that Pt nanoparticles with an average size of
were successfully deposited along the walls of the individual nanotubes.

Figure 7.3. Images of nano-Pt-loaded ACNT/Nafion membrane electrode; (A) designed structure
of the ACNT/Nafion membrane electrode; (B) SEM image of the aligned CNT array on the
Nafion membrane (the right inset shows an SEM image of the cross-section of ACNT/Nafion
membrane electrode; the left inset depicts the whole nano-Pt-loaded ACNT/Nafion membrane

array as tested in a single-cell arrangement; (C) & (D) SEM images of nano-Pt on aligned C
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The crystalline nature of the supported Pt nanoparticles was examined by X-Ray
Diffraction (XRD) (Figure 7.4). The XRD patterns confirm the crystallinities of the
nano-Pt catalysts deposited on the ACNT arrays. The diffraction peaks at Bragg
angles of ca. 39°, 46°, 67°, 81°, and 86° correspond to the (111), (200), (220), (311)
and (222) Pt facets respectively. These patterns are in good agreement with those of
the reference pattern (JCPDS 75-1621) for Pt [18]. The mean particle size was
calculated from XRD according to the Scherrer equation. The result reveals a mean
size of Pt nanoparticles of 3.71 nm for the Pt/ACNTs [19].
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Figure 7.4. XRD pattern of nano-Pt-loaded ACNT/Nafion/ACNT membrane array.

7.3.4 Electrochemical Performance

The electrocatalytic activity of the Pt nanoparticles on the aligned CNT arrays is
known to be closely related to the electrochemical ly active surface area of the Pt [20-
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21]. In-situ cyclic voltammograms were recorded in a single fuel cell arrangement to
determine hydrogen (H) adsorption by the nano-Pt-loaded ACNT electrodes (Figure
7.5).The electrochemically active surface area (Sact) for the deposited Pt could be
estimated from the average charge transfer (QH) of hydrogen adsorption/desorption,
integrated over the relevant peaks and assuming 210 pC cm"2 for the adsorption of a

monolayer of hydrogen on a Pt surface. Then, the specific Sact can be calculated ba
on the following equation [19, 20].
QH

(7.1)

ECSA

m x210

where m is the loading amount of Pt on the electrode.
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Figure 7.5. The in-situ cyclic voltammograms of nano-Pt-loaded A C N T / N a f i o n / A C N T and

commercial Pt/CB-loaded electrodes obtained by sweeping the voltage of the testing single fue
cell between 0.08 V and 1.00 V with respect to the anode, at a scan rate of 25 mV s"1.
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The nano-Pt-loaded membrane electrodes displayed a larger specific charge transfer
than a commercial Pt/CB electrode with the same Pt loading level. The estimated Sact
value for the nano-Pt on ACNT/Nafion/ACNT membrane electrode was 78.72 m2 g"1
Pt. This is significantly more than the 52.22 m2 g"1 Pt measured for the commercial
Pt/CB catalyst when incorporated in the testing single-cell under identical conditions.
The larger Sact value would be expected to provide the nano-Pt-loaded
ACNT/Nafion/ACNT with improved catalytic performance in a single PEM fuel cell.

Electrochemical impedance spectroscopy (EIS) has been proved as an effective and
non-invasive for evaluation of fuel cell properties such as membrane and electrode
resistence, reaction kinetics, and mass transport effects. Figure 7.6 shows typical
Nyquist plots obtained at 100 mA cm"2, 80 "C cell temperature, 15 psi backpressure,
and 100% RH. Two distinct impedance loops are evident in the impedance spectra
plots. The high frequency loop is attributed to the combination of an effective charge
transfer resistance for the oxygen reduction and double layer capacitance within the
catalyst layer. The impedance loop at the low frequency is associated with the finite
diffusion (finite length diffusion) limitations of gas phase reactant within the gas
diffusion electrodes [22-23].

As can be seen from Figure 7.6, the single cell using nano-Pt-loaded
ACNT/Nafion/ACNT membrane electrodes had lower total impedance (relative to the
overall cell reaction) than the one using the Pt/CB catalyst. The impedance spectra
can be interpreted with reference to the equivalent circuit shown in Figure 7.7. The
ohmic resistance Rs is the sum of all the uncompensated resistances between the two
current collectors in the fuel cell. We used constant phase element (CPE)
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representation of the electrode double layers instead of capacitor to compensate for

non-homogeneity in the gas diffusion electrode in the fuel cells. The Ret is a cathod
charge-transfer resistance. A Warburg impedance element was incorporated into the
equivalent circuit to represent the mass transport effects from the finite diffusion
(finite length diffusion) limitations in the gas diffusion electrodes.

Nano-Pt loaded ACNT/Nafion/ACNTs
Commercial Pt/CB

J J
0.025

0.050

0.075

0.100

0.125

0.150

0.175

0.200

Z'(O)

Figure 7.6. Electrochemical impedance spectra of testing single fuel cells using nano-Pt-lo
ACNT/Nafion/ACNT and commercial Pt/CB-loaded electrodes in the frequency range from 100
kHz to 0.1 Hz.

According to the fitted parameters in Table 7.1, the fuel cell using the nano-Pt-loaded
ACNT/Nafion/ACNT showed a lower ohmic resistance of the

electrochemical/electrical circuit than that using Pt/C MEA. The higher value of CPE
T of the nano-Pt-loaded ACNT/Nafion/ACNT fuel cell than the Pt/C fuel cell is an

indication that this electrode has a higher electrochemical active surface area invo
in the electrode reaction, which coincides with the results calculated from the CV

measurements (Figure 7.5) [24]. The charge-transfer resistance (Rcf) of the fuel cel
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with the nano-Pt-loaded ACNT/Nafion/ACNT MEA is 0.0362 Q that is nearly half

the value of the fuel cell using Pt/C MEA (0.0671Q), indicating the single cell u
nano-Pt-loaded ACNT/Nafion/ACNT membrane electrodes had a substantially lower

kinetic resistance (relative to the overall cell reaction) than the one using the
catalyst. The Warburg impedance value of the fuel cell using nano-Pt-loaded
ANCT/Nafion/ACNT MEA is 0.0696 Q which is lower than that using Pt/CB catalyst

(0.0760Q). The fitted results for the Warburg impedance confirmed that the vertic
structure of CNTs facilitates the gas transport of gas in the fuel cell.

Rs CPE
W1

Ret

Figure 7.7.Equivalent-circuit model used to represent the fuel cells process.

Table 7.1. Fitted parameters using the equivalent circuit shown in Figure 7.8.

Electrode

Rs/Q

Nano-Pt/ACNT 0.0268
Pt/CB (JM)

T/F

W

Ret

CPE
P

R/n

R/fi

1.94xl0"3 1.074 0.0362 0.0696

T

P

1.29xl0"3

0.496

3
0.0295 0.77x10"3 1.082 0.0671 0.0760 0.636x10" 0.484

7.3.3 Fuel Cell Performance

A comparison of the single fuel cell performance using the nano-Pt-loaded ACNT a

the commercial Pt/CB electrocatalyst, is shown in Figure 7.8. The polarization cu
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were recorded under identical working conditions (0.142 m g cm"2-Pt on both anode
and cathode). As can be seen, the single PEM fuel cell using nano-Pt-loaded
ACNT/Nafion/ACNT, displayed a much better fuel cell performance (Figure 7.8),
with a current density of 767 mA cm"2 and a power density of 460 mW cm"2 at a

potential of 0.6 V. Under the same operating conditions, the single PEM fuel cell
with Pt/CB electrodes yielded a current density of 416 mA cm"2 at a potential of
with an accompanying power density of 252 mW cm"2; this is nearly 50% less than
the nano-Pt loaded ACNT/Nafion/ACNT membrane electrode. This trend is

consistent with the observed electrochemically active surface areas of the nanoACNT/Nafion/ACNT and the Pt/CB catalysts. The poorer fuel cell performance using

Pt/CB can therefore be attributed, at least in part, to a lower electroactive sur
relative to the novel ACNT-sandwich membrane structure.
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Figure 7.8. Polarization curves of a testing single P E M fuel cell using Nano-Pt loaded
ACNT/Nafion/ACNT membrane electrode (data points = closed squares), and commercial Pt/CB
catalyst (HiSPEC™ 4000, Johnson Matthey Ltd. U.S.A.) (Data points = open squares)
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The experimental polarization curves may be analyzed using the semi-empeirical
equation as the following [25-26].
E = E°-blogi-iR (7.2)
where
E°=Er +blogi0 (7.3)
E and i are experimentally recorded cell voltage and current density; Er is the
reversible cell voltage; i° and b are the exchange current and the Tafel slope for
oxygen reduction, respectively. R represents the total resistance of the MEA and
hardware [25-26]. The kinetic parameters of the two MEAs from regression analysis

are summarized in Table 7.2. The two electrodes showed similar Tafel slope values of
ca. 0.06 which is common to most carbon supported Pt electrodes [26]. However, the

higher exchange current value of Nano-Pt/ACNT indicated that this electrode exhibits
higher electrocatalytic activity than the conventional Pt/CB electrode.

Table 7.2. Electrode kinetic parameters from Figure 7.8.

Electrode

E°(V)

b (Vdec1)

R (Qcm2)

f (A cm2)

Nano-Pt/ACNT

0.778

0.060

0.164

2.92 x 10"8

Pt/CB (JM)

0.723

0.058

0.477

1.81 x 10"9

7.4 Conclusion

A high performance MEA with nano-Pt loaded ACNT as electrocatalyst was
fabricated using hot transfer and pressing method. The ACNT electrode was prepared
by a CVD method under controlled time. The Pt nanoparticles were chemically
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deposited on the CNTs and yielded a Pt loading of 0.142 m g cm" which was

calculated based on the TGA result. The SEM morphological analysis and X

analysis indicated that the mean size of the particles was ca. 4 nm. Th
performance using nano-Pt loaded ACNT compared with Pt/C showed higher
density and power density output were generated by the nano-Pt-loaded

ACNT/Nafion/ACNT fuel cell; with a current density of 767 mA cm" and a p

density of 460 mW cm"2 at a potential of 0.6 V. In-situ ECSA measurement

indicated that the nano-Pt-loaded ACNT/Nafion/ACNT electrode had a high
utilization efficiency than the conventional Pt/C electrode.
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