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Abstract

Proton exchange membrane fuel cell (PEMFC) is an electrochemical energy
conversion devise that uses hydrogen and oxygen as fuel. PEMFC can convert chemical
energy directly to electricity without any mechanical process. Because of this advantage it
is much more efficient than combustion engine. However, there are several disadvantages
of PEMFC that preclude any further commercialization. Those problems are related to
fuel reforming and storage, operation conditions, membrane electrode assembly, and
device fabricating procedure, but the heaviest problems are high stability and high
activity of the catalyst. Especially for PEMFC there is a large overpotential loss
phenomenon in the cathode. Due to this overpotential, in a low current density region
charge transfer resistance for the sluggish oxygen reduction reaction has been detected.
To avert this problem many researchers have focused on synthesizing PtM (M = Fe, Co,
Ni) alloyed, core-shell structured, and various shape controlled nanocatalysts.

It is considered that nanocatalysts with particular facets, such as (111) and (110) can
shed a new light on obtaining high stability and high activity for the PEMFC. To enhance
the stability and ORR activity of Pt itself, Pt cluster, a 20-30 nm nanostructure that is
formed by 5 nm nanoparticles, was synthesized. The Pt cluster was oriented by using a
capping agent containing amine ligand and heat control. The characterization of

morphology, crystalline structure, and surface structures were mainly studied by



transmission electron microscopy (TEM), X-ray diffraction (XRD), X-ray photoelectron
spectroscopy (XPS), and CO oxidation current measurement. In addition, the effect of
high coordination and lattice contraction on Pt cluster structure was confirmed by the X-
ray absorption near-edge structure (XANES) and extended X-ray absorption fine
structure (EXAFS). The formation of (111) facets, high coordination structure, and lattice
contraction induced high stability and high activity towards ORR. Secondly, to cut down
the cost of the Pt catalyst Pt alloyed with cheap transition metals such as Ni, Fe, Co have
been studied. Among those alloy nanoparticles PtNi is one of the best well know catalyst
that has higher ORR activity than Pt. However, PtNi itself suffers from low stability
which originates from fast dissolution of Ni. In this thesis we report a urchin like PtNi
nanostructure that has a high stability and high ORR activity in comparison with
commercial PtNi. The characterization of morphology, crystalline structure, and surface
structures were mainly studied by TEM, XRD, XPS, and CO oxidation current
measurement.

In third, to avoid using substantial amount of Pt many researchers did empirical and
theoretical studies of scrutinizing PdM (M = Fe, Co, Ni, Cu) alloyed and PdM core-Pt
shell (PdM@Pt) nanocatalysts. Theoretical calculation results by former researchers
announce Pd-skin PdFe-core can have a similar ORR activity with Pt and PdFe@Pt
possesses high potential for strong stability. Therefore, we applied this theoretical result
and synthesized the proper PdFe core and decorating Pt on the surface of the core by

hydroguinone method. To make Pd-skin PdFe-core structure from the pristine PdFe



nanoparticles post heat treatment was chosen. The heat procedure started with removing
the carbon by heating the pristine PdFe up to 200 °C in air flow for 1h 30 min. After the
reaction the sample was heated up to 500 °C in H, flow for 2 h. The morphology,
crystalline structure, and surface structures of Pd-skin PdFe-core sample were mainly
analyized by TEM, XRD, XPS, and CO oxidation current measurement. In addition, the
ORR activity of Pd-skin PdFe-core exhibited remarkable enhancement in comparison
with that of pristine PdFe.

PdFe was decorated with Pt to preserve the high activity even after a long term cycling.
The surface property of the PdFe@Pt was verified by cyclic voltammetry (CV) and CO
oxidation measurement. The retention of ORR activity of PdFe@Pt was confirmed by
ADT test followed by 4,000 cycles.

These structure modifications of fuel cell catalysts could give enhancement of the
electrochemical property, stability and catalytic activity in PEMFC. In addition, we need
an empirical and theoretical harmony for understanding these enhancements and finding

the most suitable catalyst that possess high stability and high activity for PEMFC.
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Chapter 1

Introduction

1.1 Fuel cell basics

1.1.1. Categorization of Fuel Cells

A fuel cell is an electrochemical device that can convert the chemical energy of a
reaction directly into electrical energy. A fuel cell is in some parts similar to a battery. It
has an anode, cathode, and electrolyte, and it generates direct current electricity through
electrochemical reactions. However, some aspects of a fuel cell are different to a battery;
a fuel cell requires a constant feed of fuel and oxygen, and cannot be discharged as long
as reactants are supplied. Fuel cells have the numerous advantages, such as low emission
of pollutants, higher energy efficiency and reliability [1]. The reaction mechanism of fuel
cell system is between hydrogen and oxygen. Various types of fuel cells have been
studied by many researchers, as a new energy source, because they have many advantages
[2]. Nevertheless, there is still cumbersome phenomenon for fuel cell to prevail in
industry. These fuel cells can be categorized into five types according to their electrolytes;
alkaline fuel cells (AFC), phosphoric acid fuel cells (PAFC), solid oxide fuel cells, molten

carbonate fuel cells (MCFC), and polymer electrolyte membrane fuel cells (PEMFC). The



indispensable characteristic of the PEMFC is the simplicity. The electrolyte is a solid
polymer (Nafion), which is intrinsically immobile. These fuel cells operate at relatively
low temperatures. Due to this feature not like the other fuel cells PEMFC can be applied
to both electric vehicles and portable devices such as cell phones, digital cameras, and

laptop computers (Fig. 1.1).
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Fig. 1.1 Applications of fuel cells



1.1.2 Polymer electrolyte membrane fuel cell

As mentioned above PEMFC can be applied to both electric vehicles and portable
devices such as cell phones, digital cameras, and laptop computers due to high coverage
of various working voltages and various electric powers. The operation of PEMFC is
initiated by injecting H, in anode and O, in cathode as a fuel (Fig. 1.2). In anode involved
electrochemical reaction is the hydrogen oxidation reaction (HOR) which produces 2
protons and 2 electrons from a hydrogen molecule. HOR is a very rapid reaction which is
a counterpart reaction of hydrogen evolution reaction. By and large, HOR mechanism is
explained from three elementary reactions: Tafel reaction (dissociative adsorption of
hydrogen molecule without electron transfer), Heyrovsky reaction (dissociative
adsorption of hydrogen molecule with electron transfer), and Volmer reaction (desorption
of hydrogen atom with charge transfer). However, improvement of HOR still does not
provide enough power to overcome the power loss of PEMFC due to high overpotential
in cathode. In cathode, the electrochemical reduction reaction involves oxygen molecule
which produces water. The oxygen reduction reaction (ORR) is highly irreversible
reaction in acidic condition, unlike HOR, with low exchange current density (range of 10°
1010 A cmpd).

The overall reaction of PEMFC (Fig. 1.3) is governed by the overpotential in anode,

cathode, and electrolyte which follows the equation;



E = Eo — #acta — Nactc — Hohm — Imt.a — mtc (1-1)

Eo is the thermodynamic reversible potential, and the other terms can be divided into
two categories one is charge transfer related overpotential and the other is mass transfer
related overpotential. For The terms #acta and 7actc are the activation overpotentials
related to the charge transfer in the anode and cathode, respectively. The terms #onm is the
ohmic overpotential in the cell, 7mta and #7mc are the mass transfer overpotentials in the
anode and cathode, respectively. Among above overpotentials it has been known that
Nactc, the slow ORR, is the main reasons for potential losses during the PEMFC operation.

The polarization curve of PEMFC is shown in Fig. 1.4. In the figure large potential losses
in the low and high potential area, which are induced due to the charge transfer resistance

of the ORR is well depicted [2].
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Fig. 1.2 Scheme of PEMFC operation



Mechanism of Polymer Electrolyte Membrane Fuel Cell

B Anode Hz(g)‘:.'} 2H*(aq)+ 2¢ (E=0.000V)

-lCathoclc 1/204(g) + 2H'(aq)+ 2e- == H,0 (E=1.229V)

Overall H,(g)+ 1/204(2) == H,0 (E=1.229V)

Fig. 1.3 Overall reaction of anode and cathode reaction in PEMFC
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Oxygen reduction reaction (ORR)

E ocv, theor :H,+ % 0,= H,0
2 2 2 i act,a + Naet,c

Honm

Voltage / V

” nit + ’l mit,e

l)' masy (ransporft

h 4
(

Current Density / A cm™

Fig. 1.4 Polarization curve of anode and cathode reaction in PEMFC
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1.2 Concepts of Study

Over the past two decades nanocatalysts have attracted extensive amount of interest as
the key to resolve the hardship of commercialization of fuel cells. In first stage of
nanocatalysts study it was focused forging high catalytic activity by tuning the surface
structure of the nanocatalysts, size and shape of the nanocatalysts, and alloying different
metals [4-20]. The enhanced ORR activity of Pt skin on single crystal substrates had been
suggested by Adzic’s group applying various Pt skin electrocatalyst which was prepared
using Cu displacement reaction. The Pt skin catalyst showed 10-fold mass activity
compared to that of Pt nanoparticle catalyst. Norskov’s group has researched theoretically
the effect of substrate on the electronic structure and electrocatalytic properties of Pt skin
catalyst. They proposed a “d-band model” which describes the ORR activity of Pt skin
catalysts using a one parameter, average energy level of filled 5d-band n R skin hyer.

As a result, satisfactory catalytic activity was obtained; however, in contrast to
evolvement of catalytic activity insufficient of improvement was found for the stability.
Resolving the insufficient stability of the nanocatalysts may play a role as an engine to
boost up the nanocatalysts study to a second stage.

Many researchers did empirical and theoretical study to reconcile the high activity and
high stability of the nanocatalysts.[21-23] In recent study, the enhanced stability of PtNi
tuning the composition and surface morphology was reported by Markovic et al.[24] The

computational screening of Pt coated on various core materials was scrutinized to select



the suitable nanocatalysts for activity and stability.[25] Kim et al. did a study on a
highly porous structured Pt that possess high stability and reasonable catalytic activity for
ORR.[26]

In this thesis, the effect of structure enhancement on the nanocatalysts for ORR
activity was investigated using carbon supported nanostructure catalysts which have
different nanostructure and heterogeneous atoms core decorated by Pt effect in the
catalyst surfaces. The structure modifications were conducted in four different ways: 1)
synthesis of 20 nm Pt cluster formed with small 5 nm sized Pt nanoparticles, 2) urchin
like structured PtNi with formed with 1-D rod 3) post thermal treatment of Pd-Fe alloy
nanoparticles under air and H, gas which led to Pd rich surface Pd-Fe core compositions
with high alloying degree 4) decorating Pd-Fe alloy nanoparticles with Pt applying

hydroquinone method.
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Chapter 2

Experimental

2.1 Catalyst preparation

2.1.1 Synthesis of Pt cluster

Materials. Platinum acetylacetonate (Pt(acac),) was purchased from Strem. 1-
Adamantanecarboxylic acid (ACA, 99%), 1,2-hexadecanediol (HDD), 1-hexadecylamine
(HDA, 90%), diphenyl ether (DPE), were purchased from Aldrich. All chemicals and

reagents were used without further purification.

In a standard synthesis, 22.5 mg of ACA (0.125 mmol) and 0.5 g of HDA (2.05 mmol)
were dissolved in 5 mL of DPE. After an sufficient mixing with the magnetic stirring 25
mg of Pt(acac), (0.063 mmol), and 0.4 g of HDD (1.55 mmol) were poured into the
mixture under a vigorous stirring. The mixture solution was transferred to a three neck
flask and was heated to 160 °C at a heating rate of 4 °C/min under Ar atmosphere and
kept at this temperature for 1 hr. The mixture solution was cooled to room temperature
after the reaction and the products were precipitated by centrifugation after adding

ethanol. After the reaction the mixture solution was cooled and the products were

14



precipitated by centrifugation after adding ethanol and dried in a vaccum desicator for
over a night. The Pt cluster nanostructures were loaded on the carbon using hexane. 300
ml of hexane was poured into the beaker with the following step of putting in the
optimum amount of carbon black (Vulcan XC-72R) in to the solvent. The mixture was
stirred for 30 min and sonicated for 30 min to achieve uniform dispersion of carbon.
After the sonication Pt cluster nanostructures were plunged into the mixture and
sonicated for 1hr 30 min. Subsequently, the mixture was removed from the sonicator

and placed onto the magnetic stirrer for 12 hr stirring.

2.1.2 Urchin like PtNi nanostructures

Materials. Platinum acetylacetonate (Pt(acac),) Nickel acetylacetonate (Ni(acac),)
were purchased from Strem. 1-Adamantanecarboxylic acid (ACA, 99%), 1,2-
hexadecanediol (HDD), 1-hexadecylamine (HDA, 90%), diphenyl ether (DPE), were
purchased from Aldrich. All chemicals and reagents were used without further

purification.

The Pt-Ni nanostructures were synthesized by using heat-up process of a mixture
solution containing Pt(acac),, Ni(acac),, hexadecylamine (HDA), l-adamantane
carboxylic acid (1-ACA). 22.5 mg of ACA (0.125 mmol) and 0.5 g of HDA (2.05 mmol)

were dissolved in 5 mL of DPE. After an sufficient mixing with the magnetic stirring 25
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mg of Pt(acac), (0.063 mmol), and 0.4 g of HDD (1.55 mmol) were poured into the
mixture under a vigorous stirring. The mixture solution was heated at 240 °C, and aged
for 30 min. After the reaction the mixture solution was cooled to room temperature and
the products were precipitated by centrifugation after adding ethanol and dried in a
vaccum desicator for over a night. The urchin like PtNi nanostructures were loaded on
the carbon using hexane. 300 ml of hexane was poured into the beaker with the
following step of putting in the optimum amount of carbon black (Vulcan XC-72R) in
to the solvent. The mixture was stirred for 30 min and sonicated for 30 min to achieve
uniform dispersion of carbon. After the sonication urchin like PtNi nanostructures were
plunged into the mixture and sonicated for 1hr 30 min. Subsequently, the mixture was

removed from the sonicator and placed onto the magnetic stirrer for 12 hr stirring.

2.1.3 Synthesis of PdFe nanoparticles

Carbon supported Pd-Fe (40 wt %) alloy nanoparticles were prepared via two-step
reduction method. Synthesizing Pd nanoparticles with oleylamine has previously been
reported in detail and took an advantage of that [27]. Pd-Fe alloy nanoparticles were
synthesized by polyol reducing method using 1,2-propanediol as solvent and reducing
agent. 0.15 g of carbon black (Vulcan XC-72R) and 0.36 ml of oleylamine (1.58 x 10°
mol), as a stabilizer, were dispersed in 1,2-propanediol (200 ml) and stirred for 1 hr and

sonicated for 30 min. In sequence, certain amounts of Palladium (I) acetylacetonate

16



and Fe (I1) acetylacetonate, as precursors, were added to the mixture solution and kept
in stirring condition for 6 hr. After sonication for 3 min, the solution was heated to
110 °C in a three neck flask under an Ar atmosphere and maintained at the temperature
for 1 hr to withdraw residuary water. 0.2270 g of NaBH, (0.012 mol) was added to the
heated solution under vigorous stirring circumstances and held it for 1 hr to reduce the
reduction energy gap between Pd and Fe precursors and to initiate the nucleation. The
mixture was heated up to 165 °C and remained at this temperature for 2 hr for complete
reduction of two precursors. After cooling to room temperature, the solution was

filtered, washed with ethanol, and dried in a vaccum desicator.

2.1.4 Pd-rich PdFe alloyed nanoparticles by post treatment

In order to make carbon supported Pd rich PdFe nanoparticles post treatment method
has been used. Pristine PdFe catalysts with atomic ratios of Pd to Fe varying from 3:1,
1:1, and 1:3 were were heated in a tube furnace at 200 °C in air for 1 hr, and heated up
to 300 °C for 3hr and to 500 °C for 2hr. After the heat process samples stayed inside the
furnace for 12 hr under 5 vol % H, in Ar. Subsequently, the samples were cooled down
to room temperature under Ar. The resulting post heat treated ASP Pd,Fe is denoted as

HT Pd,-Fe.

2.1.5 Pt decorated on PdFe core nanoparticles

PdFe-core nanoparticles decorated with Pt were prepared using a redox chemistry of

hydroquinone/quinine (HQ/Q) in a protic solvent (ethanol, anhydrous). PdFe-core
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catalysts were mixed in a 100 ml of ethanol for 3hr to obtain a homogeneous state for the
decoration of Pt. HQ and PtCl, was dissolved in an each vial which contained 20 ml of
ethanol. Subsequently, the HQ solution and PtCl, solution was poured inside the PdFe-
core solution and deaerated for lhr with Ar flow in room temperature. After the
deaeration the mixture was transferred to a three neck flask and heated up to 70 °C and
stayed at that temperature for 2 hr. Finally, the mixture solution was cooled to room
temperature under Ar. The mixture solution was filtered, washed with ethanol, and dried
in a vaccum desiccator. As a result Pt/PdFe atomic ratios of PdFe@Pt were 0.1/1, 0.5/1,

and 1/1.

2.2 Physical and electronic structure measurements

2.2.1 X-ray diffraction

X-ray diffraction (XRD) is a well known relatively easy, non-destructive, and quick
analyzing technique in examining the internal structure of materials. The principle of
diffraction is related with the phase relations between two or more X-ray waves. For
example, X-ray diffraction of a crystal, an interaction between the incident X-ray and the

crystalline planes which satisfy Bragg condition make constructive interference.

nA = 2dsinf
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In above equation, n means the order of diffraction (natural number), A indicates the
wave length of the X-ray, d is the distance between crystalline planes, and 6 is incident
angle of X-ray [27-29]. In 6-26 scan mode, crystallographic structure of materials are
depicted as crystal structure and lattice parameter. Imperfectness of crystal make line
broadening of diffraction peak which is commonly represented by full with half maxima
(FWMH). As the finite size of crystal gave increase of FWHM which follows the
Scherrer equation, the crystalline size of nanoparticles can be calculated form the line

broadening of XRD peak.

d= 0.94 xAK
B(26)><@OS max

Where, d is the mean crystalline size, Ak, is the wave length of X-ray, 0. indicates
the angle at the maximum, and B is the width of the peak at half height. In this thesis a

powder X-ray diffraction (XRD) patterns were recorded by Rigaku D/MAX 2500
operated with a Cu Ka source (I = 1.541 A’) at 40 kV and 200 mA. The angle extended

from 20°to 80° and the scan rate was 2° per minute.

2.2.2 Transmission electron microscopy
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Transmission electron microscopy (TEM) is one of the most efficient and resourceful
tool for the characterization of morphology and spatial range of nanocatalysts. Nano-
sized materials can be analyzed by under large magnifications, high elemental resolution
with a scanning prove apparatus. In this thesis, the particle distribution and size of the
nanocatalysts were analyzed by high resolution-transmission electron microscope (HR-
TEM). TEM images were taken by using a 2100F, JEOL 2010, and TEKNI F-20 electron
microscope for TEM and scanning transmission electron microscopic images,
respectively. The samples were prepared by dispersing a small amount of nanocatalyst
powder in a volatile solvent (ethanol) subsequently with ultrasonication. Then, the
catalyst/ethanol mixture was dropped onto a holey carbon film on 200 mesh copper grid

and dried in oven at 60 °C.

2.2.3 X-ray absorption spectroscopy (XAS)

XAS is a widely used technique usually performed at synchrotron radiation sources,
which provide intense and tunable various X-ray beams. Through this XAS measurement
it is favorable to determine the local geometric and electronic structure of the material.
XAS is a data that involves excitation of core electrons by photon energy injected from
ring source. The principal quantum numbers n=1, 2, and 3, correspond to the K-, L-, and
M- edges, respectively. The excitation of 1s electron refers to K-edge and 2s or 2p
excitation refers to L-edge. XAS data is divided into three regions 1) pre edge 2) rising

edge 3) extended X-ray absorption fine structure (EXAFS). Pre edge region is called X-
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ray absorption near-edge structure (XANES) and corresponds to oxidation state and
chemical environment of absorbing element. On the other hand, EXAFS region is
sensitive to the radial distribution of electron density and is useful to analyze
quantitatively the bond length and coordination number. Pt L, edge and Ni K edge of Pt
cluster and urchin like PtNi were obtained at the Pohang Light Source (PLS) using the 8C
and 10C beamline with a ring current of 120-170 mA at 2.5 GeV (Fig. 2.3). In case of
PdFe Pd K edge was obtained with the light source using 7D. Before the measurements,
X-ray energy was calibrated to the Pt L, edge energy using Pt foil as a reference and for
Pd and Ni K edge it was Pd foil and Ni foil, respectively. XAS spectra were collected
using a fluorescence detector in air ambient. The XAS data were fitted with ATHENA and
ARTHEMIS software to obtain the absorbance of the material. The background removal
of XANES spectra were the first step of the fitting. Fitting pre-edge data to a Victoreen-
type formula over a range of 200-40 eV below the edge was followed by extrapolation
over the energy range of interest and subtraction from the data. After removal of all
backgrounds, second step was plotting second derivatives calculated from inflection
points of data from the reference channel. Third step, the normalization value was chosen
as the absorbance at the inflection point of one extended X-ray absorption fine structure
(EXAFS) oscillation. The spectra were thus normalized by dividing each datum point by

the normalization value.
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2.3 Electrochemical characterizations

2.3.1 Cyclic electrode voltammetry and Rotating disk

Cyclic voltammetry (CV) is an electrochemical measurement that measures the
changes in the cathodic and anodic current with gradual potential increase. For cathodic
and anodic scan when the potential reaches a set potential the working potential ramp is
inverted. In CV plot vertical axis is the current of working electrode and horizontal axis is
applied voltage. To prepare a catalyst ink for working electrode the catalyst ink slurry was
prepared by mixing 0.01 g of carbon supported alloy nanoparticles with 20 uL DI water,
60 puL 5 wt% Nafion solution (Aldrich Chem. Co) as a binding material, and 700 pL
isopropyl alcohol (IPA). After mixing and ultrasonication, 7 pL of ink slurry was
pipetted and dropped onto a glassy carbon substrate (geometric surface area 0.196 cm?).
Electrochemical measurements were carried out in an Autolab potentiostat (PGSTAT101)
using a conventional three-electrode electrochemical cell comprised of a glassy carbon
working electrode, a platinum wire counter electrode, and a saturated calomel reference
electrode (SCE). All electrochemical measurements are quoted with respect to reversible
hydrogen electrode (RHE) and were conducted at 293 K. ORR was measured by rotating
disk electrode (RDE) technique. RDE technique is a system for which the hydrodynamic
equations and convective-diffusion equation have been used for steady state. The RDE is

consisted of a disk of electrode, glassy carbon or platinum, in a insulating material. ORR
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polarization curves were obtained using a RDE 1,600 rpm, with scanning from -0.094 to

0.756 VV vs SCE at 5 mV st in 0.1 M HCIO, under an O, flow.
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Fig. 2.3 Profile of cyclic voltammetry
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2.3.2 CO electrooxidation

The mechanism of electrochemical oxidation of CO is governed by Langmuir-
Hinshelwood model (Fig 2.5). Reaction of CO electrochemical oxidation begins with the

elementary reaction steps of water activation

H,O — OHqq + H" + €

Where OH,qrepresents to adsorbed oxide species. Adsorbed CO oxidation follows the

equation

CO, +OH,g — CO, + H + €

The onset of CO,4 oxidation for CO adlayer can be explained from displacing of Hgq
during the CO adsorption. Oxidation of remaining H,q works as a CO-free site which

induces the oxidation of COq [30-32].

CO displacement experiments, described in detail by Clavilier et al. allow the
potential of zero total charge (PZTC) to be calculated. After cyclic voltammetry test
in Ar-purged 0.1 M HCIO, (ag.), CO (99.99 % purity) was flowed into the electrolyte
for 10 min at a constant potential (-0.044 V vs SCE) and the current generated by
displacing the existing adsorbates with CO,qs was then recorded. After saturation of
PdFe surface by CO,gs, excess COpyx Was eliminated from all parts of the cell using
an Ar flow for 30 min. Cyclic voltammetry of oxidation were then obtained. To

calculate the PZTC, the CO displacement charge was subtracted from the Hyyq charge
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that was integrated from the CO dosing potential. Because PZTC is the potential at
which an excess charge on the electrode is zero, it is the potential at which the

subtraction equals to zero.
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Chapter 3

Results and discussion

3.1 Cluster Shaped Nanocatalysts

3.1.1 Pt nanocluster structure

The Proton exchange membrane fuel cells (PEMFCs) are the most promising
renewable energy technologies to solve the exhaustion of fossil fuel and oil because of
the advantages such as low operating temperature, high power density, low production of
byproducts leading to the pollution and climate change induced by fossil fuel combustion.
Until now, platinum group metal (PGM)-based materials are a dominant class of
electrocatalyst for efficient electrochemical energy conversion devices. However,
commercialization of PEMFC’s has been hindered due to the slow kinetics of the oxygen
reduction reaction (ORR), which, in turn, decreases the overall performance of PEMFCs.
In addition, the scarcity and high cost of Pt metal drives up the cost of manufacturing fuel
cells. Therefore, a majority of fuel cell research focuses on searching for catalysts not
only reduce the amount of Pt used but also enhances the catalytic activity and stability of
the ORR.

Pt dissolution follows three reaction steps [1]:
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Pt — Pt +2e (Pt dissolution) (1)
Pt+H,0 —PtO+2H"+2¢"  (Ptoxide formation) 2)
PtO + 2H" — Pt*" + H,0 (Pt oxde dssolution) (3)

In order to prevent the Pt catalyst dissolution each steps reaction has to be hindered. In
order to reconcile these requirements, several approaches have been developed, such as
making nanostructures to increase the surface-to-volume ratio, controlling the shapes to
increase the number of active sites on Pt nanoparticles, and alloying two or more non-
precious metals into the nanostructures [2-5]. The activity and the stability of the Pt can
be tailored by regulating the shape and morphology due to the edge and corner atoms.
Therefore, many scientists have studied on the synthesis of Pt with tetrahexahedral,
multiarmed nanostar, and multioctahedral shape. Lim et al. reported that highly faceted
multioctahedral Pt nanocrystals consisted of interconnected arms with quasi-octahedral
shape have a substantial amount of edge, corner, and surface stepped atoms on the
catalyst surfaces [6-7]. As a result, it was evident that high ratio between (111) and (100)
exhibited higher ORR specific activity. Kim et al. did an investigation on the urchin like
highly porous Pt with high proportion of surface atoms [1]. In case of urchin like Pt, the
(111) and (110) facets played a pivotal role to improve electron retention and to decrease
the proportion of low-coordinated sites, which enhanced the stability against Pt
dissolution. There are other ways to improve the stability of the nanocatalysts that are

used for ORR catalyst. Adzic et al. improved the stability of Pt by depositing Au cluster
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on to the Pt [3]. In the paper, they explained because of the efficient spillover of H,O,
from Au clusters to the surrounding Pt atoms confronts additional reduction to H,O which
enhances the stability.

Here we would like to report a 20-30 nm Pt nanostructure that is constructed with small
Pt nanoparticles (5 nm), which is defined as a cluster, which has high oxygen reduction
reaction activity and stability. Pt cluster synthesis method applies HDD as a reducing
agent to control the reduction of the Pt(acac), and long-chain amine HDA as a main

capping agent.

3.1.2 Crystalline and surface structure of Pt cluster

The chemical analysis of Pt cluster was conducted by inductively coupled plasma-
atomic emission spectroscopy (ICP-AES). The weight percent of Pt cluster (20.4 wt %)
loaded on carbon was confirmed by elemental analysis. The lattice structure and the
morphology of the Pt cluster were confirmed from the high resolution TEM images. As
shown in Fig. 3.1, the Pt cluster nanostructures are formed with small nanoparticles that
have 5 nm of average size which is in good agreement with the XRD result (5.40 nm).
Furthermore, Fourier transformed dark-field image corroborated reciprocal lattice points
to identify the facets of the Pt cluster. It turned out that Pt cluster is dominantly consisted
with (111) and (110) facets. The average particle size of Pt cluster and commercial Pt was

calculated by using Scherrer’s equation [8-10];
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Where, L is the average particle size, K is the constant which refers to the shape of
crystals, A is the wave length of radiation, B is the FWHM (in radians) of the peak, and 6
is the diffraction angle of the crystal plane. There was no peak difference between Pt
cluster and commercial Pt (Fig. 3.2). The (220) peak was chosen to evaluate the particle
size and shift of the peak. Because it is obvious that (220) peak does not have any
neighboring peaks such as a carbon peak. The particle size for Pt cluster and commercial
Pt were 5.40 nm and 3.77 nm, respectively. In other words, Pt cluster is a large structure
that is formed with small nanoparticles. Therefore, the physical and chemical
characteristics of Pt cluster can be interpreted as a 5 nm size Pt nanoparticles.
Additionally, the (111) peak area / (220) peak area ratio was 3.90 and 2.73 for Pt cluster
and commercial Pt, respectively. The (111) peak area / (220) peak area ratio supports, Pt
cluster has dominant (111) facets in comparison with that of commercial Pt. The stability
of morphology and crystallinity were confirmed by the TEM images that have been
obtained after 10,000 cycles of ADT test (Fig. 3.3). There was no agglomeration between

the Pt clusters and no destruction of (111) facets of Pt cluster.

3.1.3 Electrochemical characterization of Pt cluster

Electrochemical measurements were performed in a room temperature (20 °C)

controlled electrolyte with a conventional three electrode electrochemical cell comprised
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of a glassy carbon working electrode, a platinum wire counter electrode, and a saturated
calomel reference electrode (SCE). The reference electrode potential was corrected to a
reversible hydrogen electrode (RHE). Catalyst ink was prepared with 5 wt % Nafion
solution, 2-propanol, and 0.01 g of Pt cluster catalyst. The catalyst ink (3 ul) was dropped
onto the working electrode and dried at 60 °C oven for 15 min.

Pre cycling of the catalyst was taken in an Ar saturated 0.1 M HCIO, electrolyte
before cyclic voltammogram (CV) measurement. The potential range, scan rate, and
cycling number of the pre cycling were 0 V to 0.4 V, 100 mV s™, and 30 cycles,
respectively. After the pre cycling, when the double layer is stable and the surface
cleaning is completed, cyclic voltammogram measurement was conducted with a scan
rate of 20 mV s™for 3 cycles. CO electrooxidation was performed in the 0.1 M HCIO,
electrolyte, saturated with 10 % CO at the adsorption electrode potential of 0.01 V to
define the specific surface domains and sites. In order to survey the ORR activity of the
Pt cluster the ORR measurement was conducted on the rotating disk electrode (RDE).
ORR polarization curve was obtained in an O, saturated 0.1 M HCIQ, electrolyte at a
scan rate of 5 mV s and at a rotating rate of 1600 rpm. ADT test condition was identical
with the US Department of Energy recommended for the ADT test. The total number of
the cycle was 10,000 cycles and the ADT potential range was from 0.6 V to 1.1 V.

Ross et al. elucidated that three different levels of crystallinity affects the adsorption of
anion in an acid medium and Pt (111) facet shows the best ORR activity in perchloric

acid [11]. Fig. 3.4 shows the difference of H, adsorption and desorption of Pt cluster and
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commercial Pt. In case of commercial Pt (20 wt %) it is obvious that H, adsorption peak
has been formed. In contrast, Pt cluster manifested potential ranging from 0.05 V to 0.4 V.
For commercial Pt, the anodic potential range between 0.7 V and 1.0 V there is a distinct
peak indicating OH oxidation. This phenomenon is observed for a catalyst with a small
particle size, which in terms of low-coordinated sites such as edge, kink, and corner sites.
In contrast, Pt cluster OH formation is shifted to a higher potential

As shown in Fig. 3.5, the ORR polarization curves of Pt cluster and commercial Pt, the
half wave potential (E;;) of Pt cluster is (0.92 V) located 0.03 V higher than that of the
commercial Pt (0.89 V), construing that ordered single crystalline phase, small proportion
of low-coordinated sites, and lattice contraction gained by the porous structure are the
factors for the ORR enhancement.

Jerkiewicz et al. studied on the correlation between CO monolayer oxidation and Pt
nanoparticle surface structure with cubic, octahedral, and cuboctahedral. The desorption
of CO¢hem process follows a Langmuir-Hinshelwood mechanism;

Pt+ H,O — Pt-OHggs + H'yq + €
Pt-COchem + Pt-OHags — Pt+COp + H' g + €

To intensively study the surface structure of the Pt cluster, CO oxidation measurement
was conducted in the perchloric acid. As shown in Fig. 3.6 the pre-ignition peak around
0.7 V and 0.85 V was detected for Pt cluster and commercial Pt. In case of Pt cluster the

peak at 0.72 V is attributed to (111) and (100) facets. These relatively ordered facets
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verified from the CO oxidation correspond to the increment of Pt cluster’s crystallinity. In
addition, the unique structural property of Pt cluster affected the d-band center of Pt
which changes the adsorption energy between Pt and oxygenated species.

The most important research result from Pt cluster was retention of the stability even
after 10,000 cycles of cyclic voltammetry. The cyclic voltammogram of Pt cluster and
commercial Pt before and after ADT test is well depicted in Fig. 3.7. The initial ESA and
after 10,000 cycles of ADT ESA of Pt cluster were 4.176 m* g* and 4.04 m* g-,
respectively. The total percentage of the decrement was 4.11 %.

In case for commercial Pt the initial ESA and after 10,000 cycles of ADT ESA were
68.46 m? g-'and 23.04 m® g-'. The total percentage of the decrement for commercial Pt
was almost 18 times higher than Pt cluster (63.64 %). The reason for this high stability
can be explained from several factors certified from the surface structure and
electrochemical analysis. Sun et al. synthesized 1-D morphology Pt catalyst with (111)
facet growth [13]. They did 4000 cycles of the ADT test with their 1-D morphology Pt
catalyst and commercial Pt samples. 1-D morphology Pt catalyst exhibited higher
stability than commercial Pt due to the (111) facet oriented 1-D multiarms. This theory
could also be applied to Pt cluster for the enhancement of stability. Pt cluster crystallinity
dominantly oriented with (111) was confirmed by the TEM images, CO oxidation, and

XRD.
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Fig. 3.1 TEM images of Pt cluster.
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Fig. 3.3 TEM images of Pt cluster after 10,000 cycles ADT test

41



20
T o15F .
b g !’ \\ ,-"____’:
'an- 10 | ; v X/ I
< sL ’
‘h“‘ ) =
Z of
= I
s 5f
)
2 _wtkl /S 7 - Pt/C J.M.
‘b ’ &l Y &
5 151 E ‘ —— Pt cluster 203 K
5 20 :\\ : 20mVs”
@) o 0.1IM HCIO,
-2:‘ [ n 1 " 1 L 1 L 1 1
0.0 0.2 0.4 0.6 0.8 1.0
Potential / Vo

Fig. 3.4 Cyclic voltammetry of Pt cluster and Pt/C J.M.

42



o g 0 _ —— Pt cluster

=) P Pt/C J.M.

L]

- i

g -2} 1600 rpm

— - ) ._"

3’ 3l Sml's _

‘® 0.1M HCIO,

E o

a -ir

pra

g st

P
5
U L L 1 L L 1 L 1

0.2 03 04 05 06 07 08 09 1.0
Potential / VRHE

Fig. 3.5 ORR polarization curve of Pt cluster and Pt/C J.M.

43

A L] &
¥ el I o



60

— Pt cluster
- [NEERRERES Pt/C J.M.
g 50 -
Yo I
« 40 -
- L
b 30 -
0; L
S 20|
o) i
E 10 -
W L
= 0|
@
0.0 0.2 0.4 0.6 0.8 1.0

Potential / V RHE

Fig. 3.6 CO¢nem OXidative stripping voltammograms of Pt cluster and Pt/C J.M.

44



-1

Clll'ent DeHSity 'l A gmeml

-1
‘metal

Curent Density /A g

10+

n
T

—— initial
- 10,000 cycles 293K

Pt cluster

20mVs”
0.IM HCIO,

0.4

0.6 0.8 1.0

Potential / VRHE

——initial

Pt/C J.M.

293 K
20 m1 s
0.1M HCI ()J

10,000 cycles

0.2

0.4

0.6 0.8 L0

Potential / VRHE

Fig. 3.7 Cyclic voltammogram of Pt cluster and Pt/C J.M. after ADT test.

45



(=]
T

g Pt cluster a1’
gt initial e
S -Tr 10000 cycles
< i E-a
g -2- jem0 rpm Eosp
~ 2 2 4
>, SmVs R ¥ TR Y Ty e 1Y
=3 oamHCO, Potetn /Y,
2 I
g 4
- A
S 5
0.2 03 04 05 06 07 08 09 1.0
Potential / V.
" £ OF pucam.
[ ——initial
L SRS 10,000 cycles
< l
E 2 1600 rpm
smys’
-? ST oam HCIO,
8 I
a A
- Lo s
= L
S
0.2 03 04 05 06 07 08 09 1.0

Potential / VRHE

Fig. 3.8 ORR polarization curve of Pt cluster and Pt/C J.M. after ADT

46



3.2 Urchin like PtNi nanostrucutre

3.2.1 Urchin like PtNi nanostructure

The Proton exchange membrane fuel cells (PEMFCs) are the most promising
renewable energy technologies to solve the exhaustion of fossil fuel and oil because of
the advantages such as low operating temperature, high power density, low production of
byproducts leading to the pollution and climate change induced by fossil fuel combustion
[14]. Until now, platinum group metal (PGM)-based materials are a dominant class of
electrocatalyst for efficient electrochemical energy conversion devices. However,
commercialization of PEMFC’s has been hindered due to the slow kinetics of the oxygen
reduction reaction (ORR), which, in turn, decreases the overall performance of PEMFCs
[15]. In addition, the scarcity and high cost of Pt metal drives up the cost of
manufacturing, fuel cells. Therefore, a majority of fuel cell research focuses on finding
catalysts that not only reduce the amount of Pt used but also enhances the catalytic
activity and stability of the ORR. In order to address these requirements, several
approaches have been developed, such as making nanostructures to increase the surface-
to-volume ratio [15] controlling the shapes to increase the number of active sites on Pt
nanoparticles [16] and alloying two or more non-precious metals into the nanostructures
[17].

Markovic and co-workers demonstrated that Pt-Ni bimetallic material is one of the

most promising candidates showing enhanced performance for the ORR [23]. Recently,
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Yang group reported the synthesis of truncated octahedral Pt;Ni nanoparticles and showed
enhanced electrochemical performance compared to commercial Pt catalyst [27]. Fang
and co-workers synthesized Pt;Ni nanoctahedra and nanocube nanoparticles to compare
activity of {111}- and {100}-bounded nanocatalysts [28]. Carpenter and co-workers
developed the synthesis of Pt-Ni bimetallic nanoparticles without capping agents [29].
Although there are a few papers considering the synthesis of Pt-Ni bimetallic
nanoparticles, their morphology control has been not intensively investigated until now.
We herein report on the simple synthesis of urchin like Pt-Ni nanostructures through one-
pot synthesis from thermolysis of metal acetylacetonate mixture solution. In order, to
achieve control of the composition of our synthesized Pt-Ni nanostructures, the molar
ratios of the precursors were adjusted. We demonstrated that these synthesized
nanostructures exhibited better electrocatalytic performance compared to commercial Pt
and Pt3Ni catalyst. We performed several kinds of control experiments to optimize the
synthesis conditions and understand the formation mechanism. When only Pt(acac), was
used as the precursor, truncated Pt nanoparticles with size of 30 nm were formed. On the
other hand, when only Ni(acac), was used, no particles were produced, which showed
that it is hardly difficult to decompose Ni(acac), at that temperature. This result showed
that Ni(acac), is required in the synthesis to control morphology and generate urchin like
nanostructures. Optimal synthesis conditions were found by varying heating rates,
temperature, and concentration of surfactants. It was found that multi-pod shaped Pt-Ni

nanostructures were observed when the synthesis was conducted under other heating rates.
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The use of only one capping agent produced aggregates consisting of spherical
nanoparticles.

To understand the formation mechanism, we took aliquot samples and analyzed them
with TEM and ICP at various stages during the synthesis. No particles were obtained until
temperature reached to 220 °C, which indicated no reaction in the mixture solution

occurred.

At 220 °C the color of mixture solution started to change, showing nucleation occurred.
When an aliquot of the mixture solution at this temperature was taken and analyzed by
ICP, we obtained the result that no Ni element was detected and Pt element was observed,
showing that only Pt nanostructures were generated at 220 °C. As the reaction
temperature increased, Ni concentration in the nanostructures increased, indicating that
the Ni metal was reduced and incorporated into the Pt nanoparticles. The final products
were Pt;Ni bimetallic nanostructures with an urchin like morphology (Fig. 3.9). Recently,
Li demonstrated the synthesis of Au-Co core-shell nanocrystals and Au-Ni spindly
nanostructures using a noble-metal-induced reduction (NMIR) process [45]. In this
system, the coexistence of octadecylamine (ODA) and Au metal resulted in the reduction
of Co® and Ni** and Au-Co core-shell nanocrystals and Au-Ni spindly nanostructures
were successfully synthesized although it is hardly difficult to reduce Co®* and Ni** by
ODA or noble metals. In addition, he indicates that bimetallic nanocrystals can be
successfully obtained by controlling the experimental conditions using NMIR strategy.

Therefore, the formation of Pt-Ni nanostructures in our synthetic system can be explained
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by NMIR process. HDA and 1-ACA don’t reduce Ni ions, but the addition of Pt metal
makes the reduction of Ni ions viable. Fig. 3.10 shows a schematic diagram of the

synthesis of Pt-Ni bimetallic nanostructures by NMIR process.

3.2.2 Crystalline and surface structure of urchin like PtNi

To reveal distribution of Pt and Ni metal in the products, energy dispersive
spectroscopy (EDS) mapping analysis was performed. Fig. 3.9 shows that Pt and Ni
element were evenly distributed in nanostructure, indicating formation of Pt-Ni alloy
nanostructures. When the crystal structure was verified, all peaks of the X-ray diffraction
(XRD) pattern can be assigned to the (111), (200), (220), and (311) lattice planes of a
face-centered cubic (fcc) Pt-Ni bimetallic nanostructure [26-27]. When the intensity ratios
between main two peaks (lo0)/l111)) Was calculated, the values obtained were 0.39 for
PtNi, 0.36 for Pt;Ni, and 0.38 for Pt;Ni nanostructures. The fact that all 3 values are
below the values of the bulk materials (0.53) indicates the (111) diffraction was dominant
[29]. As the Ni composition in the Pt-Ni bimetallic nanostructures is rich, the (111) peak
slightly shifts to higher degree from reference peak position of Pt, showing a decrease of

lattice constant due to the replacement of Pt with Ni in the crystal lattice.

50



3.2.3 Electrochemical characterization of urchin like PtNi

To evaluate electrochemical activity of urchin like Pt-Ni bimetallic nanostructures,
nanostructures were loaded on to carbon (VMulcan XC-72) via a hexane solution.
Polarization curves and cyclic voltammetry (CV) for urchin like Pt-Ni nanostructures
with three different compositions and commercial Pt catalyst as reference are displayed in
Fig. 3.13. It revealed that Pt;Ni nanostructures exhibit the best ORR activity among them
and Pt-Ni nanostructures have lower activity than commercial Pt catalyst, indicating that

the ORR

It is well known that the activity of Pt-Ni nanostructures is dependent on its composition.
The result has good agreement with the observation from the previous works of Pt-Ni

bimetallic nanocatalyst [32].

We used cyclic voltammetry to investigate the difference of electrochemical properties
between urchin like Pt;Ni nanostructures and commercial Pt;Ni E-tek. CV was recorded
at 20 °C in an Ar purged 0.1 M HCIO, at with the scan rate of 20 mV s™. Fig. 3.13 shows
CV curves of urchin like Pt;Ni and Pt;Ni E-tek. Intriguingly, the oxide
formation/reduction potential of urchin like Pt;Ni is more positive than that of PtzNi E-tek,
which the adsorption may be attributed to a growth of 1D structure.[13] Specific activity
and mass activity of urchin like PtzNi nanostructures was 2.4 times and 2.4 times of that

of that of Pt;Ni E-tek (Fig. 3.14).
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It is known that (111) plane exhibits better activity than (100) plane in Pt-Ni bimetallic
compounds [25-27]. The enhanced ORR activity of urchin like Pt;Ni nanostructures is
caused by the substantial amount of higher electrochemical active (111) plane on the
surface in nanostructures. Fig. 3.9 (b) indicated that arm in nanostructures consisted of
(111) planes rather than (100) planes. Fig. 3.12 XRD profile also manifests the unique
characteristic of urchin like Pt3Ni nanostructures, which the increased sharpness of the
(111) peak has a good correspondence with the increment of (111) facets. Results of
cyclic voltammetry and ORR polarization curves after 4000 cycles of ADT results are
manifested on Fig. 3.15 and 3.16. The initial ESA of urchin like Pt;Ni (5.047 m* g*) was
decreased to 2.933 m? g™. For Pt;Ni E-tek the ESA was decreased from 32.614 m* g™ to
14.423 m? g™*. The ORR activity showed a correlation with the ESA result. The half —
wave potential of urchin like Pt;Ni shifted from 0.92 V to 0.793 V. In case of Pt;Ni E-tek
the half-wave potential shifted from 0.90 V to 0.69 V. The role of urchin like structure
was verified by XANES analysis to support the enhancement of urchin like PtzNi in
comparison with PtzNi E-tek. Fig. 3.17 represents the Pt L, edge and Ni K edge of urchin
like Pt;Ni and Pt3Ni E-tek. From white line analysis, it can be explained which sample
has a favorable electronic structure for ORR. The intensity of Pt L, edge decreased and
Ni K edge increased for urchin like Pt3Ni. In other words, it means that urchin like
structure is favorable transferring Ni electron to Pt and fill the d-band down shifts the d-

band center.
In conclusion, we demonstrated the facile synthesis of urchin like Pt-Ni nanostructures
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by controlled one-pot NMIR process. The composition control of Pt-Ni nanostructures
was achieved by varying molar ratio of Pt(acac), and Ni(acac),. Cyclic voltammetry
method was used to investigate the difference of electrochemical properties between
urchin like PtsNi nanostructures and commercial Pt;Ni E-tek. Intriguingly, the oxide
formation/reduction potential of urchin like Pt;Ni is more positive than that of Pt;Ni E-tek,
which the adsorption may be attributed to a growth of 1D structure. The urchin like Pt;Ni
nanostructures showed 2.4 times higher electrochemical oxygen reduction activity than

the commercial Pt;Ni E-tek for ORR.
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Fig. 3.9 TEM and EDX of urchin like PtzNi nanostructure
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Fig. 3.10 Scheme of synthesis of urchin like Pt,Ni with one dimension.
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Fig. 3.11 X-ray diffraction pattern of Pt;Ni, Pt;Ni, and Pt;Ni.
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Fig. 3.12 X-ray diffraction pattern of Pt;Ni and Pt;Ni E-tek.
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3.3 Carbon supported PdFe nanoparticles

3.3.1 PdFe nanocatalyst

Polymer electrolyte membrane fuel cells (PEMFCs) are state of the art energy
conversion devices for automotive and stationary applications, due to its high efficiency.
However, the possibility of commercialization of PEMFCs is significantly obstructed by
the high price of Pt and sluggish kinetic reaction of Pt with oxygen. A considerable
amount of study has been done to decrease the usage of Pt while maintaining high oxygen
reduction reaction (ORR) activity and low cost; forming Pt based alloy with other
transition metals and core-shell structured nanoparticles [46-62]. However, these
nanoparticles still holds the problem of using Pt. In consequence, ongoing research has
been concentrated on forming non-Pt electrocatalysts which is primarily intended for
lowering the cost of the PEMFC while possessing high ORR activity. Recently, many
researchers focused their study on alloying Pd with cheap transition metals (M = Co, Fe,
and Ni) for a substitution of Pt due to their modified valance band structure and lattice
parameter. Adzic reported that if PdsFe is heat treated in high temperature Pd layer is
segregated and forms a same surface structure with Pd but possessing different electronic
properties [46]. Shao et al. reported alloying Pd with Fe gives a higher ORR activity than
with Co because a Fe atom size is smaller than a Co atom size [47]. The relationship
between Pd-Pd bond distance and surface-specific activity was studied to gain

information about the role of surface structure. Abruna et al. managed to obtain PdCo
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nanocatalysts that have the structure of Pd rich on the surface and PdCo inside the core to
enhance the ORR activity and to decorate Pt [48]. Tailoring the structure of PdCo by
conducting a heat treatment at 500 °C in H, flow for 2 hyielded a core-shell structure and

the enhancement of ORR activity.

Pd-Fe alloy nanoparticles show great performance for ORR in the PEMFC. However,
most of them were single crystals which have certain disadvantages for the
commercialization. In this study, we synthesized a well dispersed Pd-Fe alloy
nanoparticles supported on a carbon so it can be commercialized due to mass production
and shed a light on the post heat treatment to enhance the ORR activity of the PdFe

nanocatalyst.

3.3.2 Crystalline structure of PdFe after heat treatment

PdFe alloy nanoparticles with different composition XRD result is manifested in Fig.
3.18. (220) XRD peak of pristine PdsFe;, Pd;Fe;, Pd;Fe; allows to calculate the particle

sizes of the pristine PdFe samples using Scherrer’s equation;

The particle sizes were 3.1 nm, 2.9 nm, 2.7 nm for PdsFe;, Pd;Fe;, and Pd,Fes,

respectively. Additionally, the lattice parameters of each samples are denoted in table 3.1.

64



Jeon reported Pd nanoaprticles synthesized with Pd(acac), have the trace of carbon

attributed to long captaining ligands from the acetylacetonate [63].

In order to remove this carbon residue high temperature annealing in air flow process
was applied. However, Fe has an intrinsic property of quickly turning into an oxide
material. To prevent this affect PdFe nanocatalysts requires heat treatment in H, flow
under high temperature. Yang et al. modified the surface compositions and morphologies
of PdsFe(111) alloy single crystal by high temperature heating in UHV. As a result, heat
treated PdsFe(111) showed five to eight times more active than Pd(111) and twice as
active as Pt(111). The lower surface energy of Pd induces surface segregation to the
topmost surface layer of Pd-Fe alloy. This high heat treatment will also provoke Pd rich
PdFe core structure (Fig. 3.19). In addition, due to the high temperature post heat
treatment, partially reduced Fe nanoparticles can transform into fully reduced Fe
nanoparticles which leads to higher alloy with Pd nanoparticles. Therefore, we proceeded
an annealing process up to 300 °C and 500 °C in H, atmosphere after the 200 °C post heat
treatment in air. All the post heat treated PdFe alloy nanoparticles peak shifted to higher
angle compared to the pristine samples which is in good agreement with the result that
Jeon reported (Fig. 3.21) [63]. This phenomenon can be explained from two reasons. First,
the carbon dissolution which provokes a volume change. When the volume of the sample
shrinks the lattice parameter value shows the same propensity. Due to lower lattice
parameter the XRD peak shifts to higher angle. Second, the alloying degree between Pd

and Fe has been increased. TEM images of the PdFe before and after the post heat
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treatment are manifested in Fig. 3.20. Fig. 20 (a), (d), and (g) there were no significant
difference of the morphology and size of the PdFe nanocatalysts. However, in Fig. 3.20
(b)(c), (e)(f), and (h)(i) drastic change of size and morphology were detected from the
300 °C and 500 °C post heat treatment. The average particle sizes of 500 °C heat treated
PdsFe;, Pd;Fe;, and Pd;Fe; calculated from XRD were 4.10 nm, 3.72 nm, 3.70 nm,

respectively.
3.3.3 Electrochemical characterization of PdFe after heat

treatment

The cyclic voltammetry data of pristine PdFe alloys and 500 °C post heat treated PdFe
nanocatalysts manifest the distribution charge under the H,,4 potential region (Fig. 3.24).
The Hypq region gives us an information of surface composition. By and large, Pd is a well
known metal for strong absorption of H,. Therefore, if Pd metal is rich outside the surface
hydrogen absorption peak near 0.2 V arises. In Fig. 3.24 (a) it is obvious that pristine
PdFe samples obey the propensity explained above. On the other hand, for 500 °C post
heat treated PdFe samples Pd;Fe; show the highest hydrogen absorption peak around 0.2
V which implies that when PdFe samples are heat treated Pd;Fe; has the most Pd at outer

surface.

The rotating disk electrode (RDE) technique was used to conduct assessment of oxygen
reduction reaction in 0.1 M HCIQ, solution. The ORR polarization curve measurements

were initiated in the positive direction from 0.05 V vs RHE. In Fig. 3.25 (a), it is
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manifested that half-wave potentials increased in following order: Pd;Fe; < Pd;Fe; <
PdsFe; with the half wave value of 0.71 V, 0.75 V and 0.78 V, respectively. However, the
ORR activity of PdFe samples were insufficient in comparison with commercial Pt. In
contrast, 500 °C post heat treated PdFe samples exhibited dramatic increase in ORR half
wave potential. As shown in Fig. 3.25 (b) the half-wave potentials increased in following
order: PdsFe; < Pd;Fe; < Pd;Fe; (0.77 V <0.89 V < 0.92 V). Through the electrochemical
characterization of PdFe and post heat treated PdFe samples using cyclic voltammetry
and ORR measurement we found a correlation with Pd rich surface and enhancement of

ORR activity. Pd rich surface gives a rise to an enhancement of ORR activity,
3.3.4 XANES characterization of PdFe after heat treatment

The transition of oxidation state of Pd and Fe were verified by XANES analysis in order
to clarify the peak shifts of XRD. Pd K edge can be utilized for assessing the qualitative
changes in the oxidation state of the PdsFe;, PdiFe;, and Pd;Fes. Fig. 3.22 represents the
alternation of Pd K edge of the PdFe samples in accordance with the temperature. All the
samples’ Pd K edge white line intensities were analogous to one another even after the
increase of the temperature in the post heat treatment. Which means that Pd was fully
reduced as a metal before the post heat treatment was conducted. However, for Fe the K
edge white line intensities exhibited different transition tendency compared with that of
Pd. As shown in Fig. 3.23, the pristine Fe had the highest white line intensity on account

of low reduction potential of Fe which aggravates the hindrance of reduction to metallic
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phase. Consequently, this result states that partially reduced Fe oxide or hydroxide exist
for the pristine PdFe samples. To enhance the amount of Fe metallic phase post heat
treatment temperature was increased and as the temperature increased, Fe began to be
reduced and eventually formed the metallic phase. The increment of Fe metallic phase

induces the decrement of white line intensity which is in inversive relationship.

68



ps.

-

Intensity / ¢

20 30 40 50 60 70 80
20/ degree

Fig. 3.18 XRD profiles of pristine PdFe samples.
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Peak Lattice Parameter Particle size
positions(220)

Pd;Fe, 66.905 3.9536 3.009
Pd, Fe, 66.448 3.9796 3.245
Pd,Fe, 66.620 3.9705 3.772

Table 3.1 Lattice parameter values for PdFe samples.
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Fig. 3.20 TEM images of pristine, 300 °C, and 500 °C post heat treated PdFe samples (a)(b)(c)
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72



(a) i PdFe 3:1
l PdFe 3:1 300°¢ H, 3hr
| PdFe 3:1 500 °c H, 2hr

Intensity / a.u.

20 30 40 50 60 70 80
20 /degree

(b) ) PdFe 1:1
PdFe 1:1 300-¢ H, 3hr

A

Intensity / a.u.

20 30 40 50 60 70 80
20/ degree

—— PdFe 1:3
PdFe 1:3 300°¢ 1, 3hr
PdFe 1:3 500 ¢ H_ 2hr

Intensity / a.u.

20 30 40 50 60 70 80
2 0/degree

Fig. 3.21 XRD profiles of pristine, 300 °C, and 500 °C post heat treated PdFe samples.
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Fig. 3.24 Cyclic voltammetry of pristine PdFe and 500 °C post heat treated PdFe samples.
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3.4 Pt decorated on PdFe core nanoparticles

3.4.1 Carbon supported PdFe@Pt nanoparticles

For many years, designing new catalysts for the use in low temperature fuel cells have
been a major area of research. Possible catalysts have been demonstrated with the help
of theoretical studies. From these simulations, researchers have begun to research
different composition ratios of noble metal and transition metal alloys, some of which
have catalytic ORR activity comparable to a Pt catalyst. However, in contrast to high
ORR activity the alloyed catalysts possess sever low stability which is an huge obstacle
for the commercialization. To overcome this problem core-shell structured catalyst
received a lot of attention from the researchers recent years. Core-shell structured catalyst
is considered as a prominent catalyst which can reconcile durability and Pt utilization.
Adzic et al. reported Pd core protected by Pt monolayer shell exhibited high stability
compared with Pt catalyst. In addition, the theoretical calculations using density
functional theory with the concept of oxygen adsorption energy and vacancy formation
energy have been applied. The computational screening was performed on the overlayer-
substrate system in order to diminish the effect of complexity originated from multiple
atoms in the nanoparticles (Fig. 3.26). As a result, it is shown that Pd;Fe@Pt catalyst is

the most suitable catalyst for high stability. Therefore, we studied the surface composition
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of PdFe core-Pt shell nanoparticles by using XRD and electrochemical measurments.
PdFe 3:1 nanoparticles post heat treated at 300 °C were chosen as a core due to its
similarity in dispersion and particle size in comparison with the pristine PdFe 3:1

nanoparticles with high ORR activity.

3.4.2 Crystalline and surface structure of Carbon supported

PdFe@Pt nanoparticles

As the atomic ratio of Pt/PdFe increases the XRD peak was shifted to a lower angle
closer to Pt (111) peak and had the inclination to increase in size (Fig. 3.27). Through the
XRD analysis it was possible measuring the changes of the particle size of the PdFe@Pt.
The particle size for PdFe, Pt[0.1]/PdFe, Pt[0.5]/PdFe, and Pt[1]/PdFe was 2.71 nm, 2.89

nm, 3.18 nm, and 3.24 nm, respectively (Table 3.2).

3.4.3 Electrochemical characterization of Carbon supported

PdFe@Pt nanoparticles

Electrochemical measurements were performed in a room temperature (20 °C)
controlled electrolyte with a conventional three electrode electrochemical cell comprised
of a glassy carbon working electrode, a platinum wire counter electrode, and a saturated
calomel reference electrode (SCE). The reference electrode potential was corrected to a
reversible hydrogen electrode (RHE). Catalyst ink was prepared with 5 wt % Nafion
solution, 2-propanol, and 0.01 g of Pt cluster catalyst. The catalyst ink (3 ul) was dropped

onto the working electrode and dried at 60 °C oven for 15 min. Pre cycling of the catalyst
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was taken in an Ar saturated 0.1 M HCIO,electrolyte before cyclic voltammogram (CV)
measurement. The potential range, scan rate, and cycling number of the pre cycling were
0 Vto 0.4V, 100 mV s*, and 30 cycles, respectively. After the pre cycling, when the
double layer is stable and the surface cleaning is completed, cyclic voltammogram
measurement was conducted with a scan rate of 20 mV s™for 3 cycles. In order to survey
the ORR activity of the PdFe@Pt nanoparticles the ORR measurement was conducted on
the rotating disk electrode (RDE). ORR polarization curve was obtained in an O,
saturated 0.1 M HCIO, electrolyte at a scan rate of 5 mV s and at a rotating rate of 1600
rpm. For CO and CO; oxidation the adsorption of CO and CO, were conducted at 0.02 V
and 0.01 V, respectively. Fig. 3.28 (a) shows cyclic voltammograms of carbon supported
PdFe (20 wt %) and PdFe@Pt nanoparticles with different Pt/PdFe atomic ratios. The
stepwise increase of Pt loading on PdFe nanoparticles shifts the reduction peak to a
higher potential from 0.72 V to 0.8 V. This reduction peak potential shift manifests that Pt
decorated PdFe surfaces are more stable from the surface oxidation than that of PdFe.
However, the largest Hyy area was for Pt[0.5]/PdFe which also had the highest ORR
activity in comparison with other Pt decorated PdFe nanoparticles.

As shown in Fig. 3.28 (b) the half wave potential (Ey,) of Pt[0.1]/PdFe, Pt[0.5]/PdFe,
and Pt[1]/PdFe are located at 0.857 V, 0.905 V, and 0.889 V, respectively. Pt[0.5]/PdFe
exhibited the highest ORR activity compared to the other Pt decorated PdFe samples.
PdFe core decorated with Pt structure exhibited enhancement in both the Pt utilization

and ORR activity compared to Pt nanoparticles. Fig. 3.29 (a) shows CO oxidation cyclic
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voltammograms of Pt decorated PdFe with different Pt/PdFe atomic ratios. As the amount
of decorated Pt atoms escalates the CO oxidation peak shifts to lower potentials close to
pure Pt. This phenomenon is believed to be caused by hydroxide formation of Pd at 1.1 V
in acidic solution. In conclusion, the CO oxidation peak shift to low potential means that
Pt atoms are gradually deposited on the PdFe core. However, CO gas has an intrinsic
property that it can be adsorbed both on Pt and Pd. Therefore, in order to exclude the Pd
effect the gas was changed to CO, because CO, does not adsorb on Pd atoms. From the
Fig. 3.29 (b) it was clear that low amount of Pt atom decorated PdFe had a H,,q4 region in

comparison with large amount of Pt atom decorated PdFe.
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Fig. 3.26 Computational screening of Pt coated suitable core materials for the high activity

and durability [64].
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Fig. 3.27 XRD profiles of Pt decorated PdFe 3:1 300 °C H, 3hr.

83



Sample Peak position (20) FWHM Particle size (nm)
PdFe 3:1300 C H, 3hr 67.96 2.7816 2.71
Pt [0.1)/PdFe 67.76 2.8241 2.89
Pt [0.5]/PdFe 67.65 3.3638 3.18
Pt [1]/PdFe 67.60 3.6970 3.24

Table 3.2 FWHM and particle size values for Pt decorated PdFe 3:1 300°C H, 3hr.
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Chapter 4

Conclusions

Over the past two decades nanocatalysts have drawn immense amount of interest as the
key to overcome the obstacle of commercialization of PEMFCs. Pt nanocatalyst was the
most widely used nanocatalyst for PEMFC in anode and cathode. However, the cost of Pt
itself was very high for the commercialization and ORR activity of Pt nanocatalyst
required improvement. Therefore, the catalyst that can overcome the high cost, sluggish
reaction of oxygen reduction reaction (ORR), and low durability is considered as a new
catalyst for PEMFC.

In the beginning of the nanocatalysts study it was concentrated on forging high oxygen
reduction activity by tuning the surface structure of the nanocatalysts, size and shape of
the nanocatalysts, and alloying different metals. The enhanced ORR activity of Pt skin on
single crystal substrates had been suggested applying various Pt skin electrocatalyst
which was prepared using Cu displacement reaction. As a result, satisfactory catalytic
activity was obtained; however, in contrast to evolvement of catalytic activity insufficient
improvement of the stability was found. Resolving the insufficient stability of the
nanocatalysts may play a role as an engine to boost up the nanocatalysts study to a second
stage. Therefore, many researchers did empirical and theoretical study to reconcile the

high activity and high stability of the nanocatalysts. Recently, computational screening of
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Pt coated on various core materials was scrutinized to select the suitable nanocatalysts for
high activity and high stability, and enhanced stability of PtNi tuning the composition and
surface morphology of PtNi.

In this thesis, the effect of structure enhancement on the nanocatalysts for ORR activity
was investigated using carbon supported nanostructure catalysts which have different
nanostructure and PdFe core decorated by Pt effect in the catalyst surfaces. The
nanocatalyst with high activity and high stability were formed in four different ways: 1)
synthesis of 20 nm Pt cluster formed with small 5 nm sized Pt nanoparticles, 2) urchin
like structured PtNi with formed with 1-D rod 3) post thermal treatment of Pd-Fe alloy
nanoparticles under air and H, gas which led to Pd rich surface Pd-Fe core compositions
with high alloying degree 4) decorating Pd-Fe alloy nanoparticles with Pt applying
hydroquinone method.

Pt cluster can be considered as a break through catalyst for the commercialization of
PEMFC. Because it possess high activity for oxygen reduction and strong resistance
against high potential. Therefore, we synthesized Pt cluster by using organic solvent and
applied HDD as a reducing agent to control the reduction of the Pt(acac), and long-chain
amine HDA as a main capping agent. Pt cluster had a strong durability due to dominant
(111) facet. The ORR polarization curves of Pt cluster and commercial Pt, the half wave
potential (Ey,) of Pt cluster is (0.92 V) located 0.03 V higher than that of the commercial
Pt (0.89 V), construing that ordered single crystalline phase, small proportion of low-

coordinated sites, and lattice contraction gained by the porous structure are the factors for
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the ORR enhancement.

We synthesized different composition of urchin like Pt-Ni nanostructures by controlled
one-pot NMIR process. The composition control of Pt-Ni nanostructures was achieved by
varying molar ratio of Pt(acac), and Ni(acac),.Cyclic voltammetry method was used to
investigate the difference of electrochemical properties between urchin like PtNi
nanostructures and commercial PtNi. Intriguingly, the oxide formation/reduction
potential of urchin like Pt;Ni is more positive than that of commercial Pt;Ni, which the
adsorption may be attributed to a growth of 1D structure. Specific activity and mass
activity of urchin like PtzNi nanostructures was 2.4 times and 2.4 times of that of that of
commercial Pt3Ni. It is known that (111) plane exhibits better activity than (100) plane in
Pt-Ni bimetallic compounds. The enhanced ORR activity of urchin like Pt;Ni
nanostructures is caused by the substantial amount of higher electrochemical active (111)
plane on the surface in nanostructures. 1-D arms in urchin like structure are consisted of
(111) planes rather than (100) planes. XRD profile also manifests the unique
characteristic of urchin like Pt3Ni nanostructures, which the increased sharpness of the
(111) peak has a good correspondence with the increment of (111) facets.

A new catalyst to enhance the ORR activity and to reduce the manufacturing cost PdFe
was proposed. We investigated that PdFe with post heat treatment can exceed the ORR
activity of the Pt due to the metallic phase change of Pd and Fe. PdFe nanoparticles were
synthesized via two-step reduction method. Pd-Fe alloy nanoparticles were synthesized

by polyol reducing method using 1,2-propanediol as solvent and reducing agent and
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oleylamine as a stabilizer. After the synthesis PdFe samples were post heat treated in air
and H,atmosphere at 300 °C and 500 °C. XRD data manifested that the PdFe alloying
degree increased as the post heat treatment temperature increases. Analysis of Pd K edge
and Fe K edge XANES data showed that the oxidation state of Pd stays as a metallic
phase before and after of the post heat treatment but the oxidation state of Fe shifts from
Fe oxide phase to metallic phase after the post heat treatment. Therefore, for the
bimetallic catalyst the amount of metallic phase of each atoms play an important role to
enhance the alloying degree and ORR activity. As prepared Pd;Fes, Pd;Fe;, and Pds;Fe;
samples half wave potential values were 0.71 V, 0.75 V and 0.78 V, respectively. In
contrast, 500 °C post heat treated PdFe samples exhibited dramatic increase in ORR half
wave potential. The half-wave potentials increased in following order: PdsFe; < Pd;Fe; <
Pd;Fe; (0.77 V <0.89 V < 0.92 V). Through the electrochemical characterization of PdFe
and post heat treated PdFe samples using cyclic voltammetry and ORR measurement we

found a correlation between metallic phase and enhancement of ORR activity.

Core-shell is a well known structure to enhance the ORR activity of core material. In
general, cheap metals are chosen as a core material and Pt is selected for shell material to
improve the Pt utilization. The surface composition and particle size of PdFe core-Pt shell
with different Pt loadings were measured by XRD and reductive adsorption of CO and
CO.,. As the loading of Pt increases the particle size grows to 3.24 nm and CO and CO,

oxidation peak of PdFe@Pt shifts toward to that of Pt.
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These catalysts shed a new light on PEMFC, that tuning the structure of the catalyst
with high proportion of (111) facet and metallic phase can lead to the high activity and

durability.
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