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Abstract

Carbon-supported Pt,Os (PtOs/C) nanoparticles in 3.1 nm size are synthesized
from a wet chemical reflux process. Subsequently, the Pt2Os/C undergoes a dealloying
treatment in which multiple cyclic voltammetric scans are imposed in a 50 mL of
deaerated 0.1 M aqueous HCIO4 solution to dissolve the Os atoms selectively from
the surface of the Pt>Os nanoparticles. X-ray diffraction signals from the dealloyed
sample (DA —Pt20s/C) indicate a fcc phase and composition analysis suggests Pt4Os.
Line scans from the scanning transmission electron microscope confirm that the
surface of Pt4Os is depleted with the Os atoms. The DA~ Pt2,0s/C shows impressive
electrocatalytic behaviors (0.29 mA pge:* in mass activity and 1.03 mA cme? in
specific activity) for oxygen reduction reaction (ORR) in oxygen-saturated 0.1 M
aqueous HCIO4 solution, as compared to those of commercially available Pt/C and
as-synthesized Pt20s. In stability test, the DA —Pt20s/C demonstrates better retention
in ORR activities:and smaller loss of electrochemical active surface area. In addition,
a four-electron step is responsible for the ORR actions occurring on the DA —

Pt,Os/C.
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Introduction

1.1 Research background

Global warming has been the critical issue all over the world during the past
decade. The rising CO> concentration in the atmosphere caused by fossil fuel overuse
is considered as the major reason responsible for the global warming which not only
threatens human beings but also the entire environment. To mitigate the CO2 problem,
energy conservation and carbon emission reduction are proposed, in addition to the
development of many types of alternative clean energy resources. For examples, solar
cells, nuclear power, wind power, hydraulic power generation, have been developed
with the aim to replace the fossil-fuel power.

Hydrogen-power fuel cells are promising alternative energy resources, with
advantages like impressive energy conversion efficiency, low CO; discharge, and
quiet operation. The fuel cells operate by converting chemical energy directly to
electricity, with much  subdued. energy loss.-as compared with conventional
thermodynamic Carnot engine. Fuel cells can provide energy from a variety of fuels,
and the hydrogen and methanol are often used, and no charging time is needed.
Although the fuel cell had been studied for many years, its progress is far away from
commercialization. The main obstacle is the cost of the catalysts layer because of the
usage of noble metal like platinum at both anode and cathode for electrocatalytic
functions.

For now, scientists have developed many methods to reduce the usage of noble
metal and simultaneously maintain similar or better catalytic performance. For

instance, bi-metallic alloy catalysts and dealloying treatment have been reported as
1



effective ways. Transition metal elements like Ni, Fe, Co, Cu, Ru, and etc. were
studied in binary or ternary alloys with the platinum show activities that are better
than pure platinum catalysts. The dealloying method also provides an effective way to
remove the less noble atoms from the alloy nanoparticles and form a platinum-rich
surface enhancing the catalytic activity. In this research, we studied the Pt-Os alloy
system for catalytic activities for oxygen reduction reaction (ORR) at the cathodes of
polymer electrolyte fuel cells (PEFCs). Furthermore, we also imposed
electrochemical dealloying treatment on the PtOs alloy catalysts forming a Pt-rich
surface on the Pt-Os catalysts and studied the resulting ORR activity and material

characteristics.



1.2 Motivation

Previously, binary PtxOsy nanoparticles have been studied as promising
electrocatalysts for methanol oxidation reaction (MOR) in direct methanol fuel cells.
It is because both experimental results and quantum mechanical calculations indicated
active roles of Os to facilitate nearby Pt for MOR actions . For example, Zhu et al.
reported that the Pt-Os electrode exhibited a large MOR activity promoted by the
adsorbed OH species, but the formation of OsO> might be detrimental 3. In addition,
the adsorption and oxidation of CO had been investigated by Liu et al. in which the
threshold potential for CO oxidation on the. Pt-Os (4:1 in molar ratio) was nearly
identical to that of Pt-Ru-(4:1 in molar ratio) °. Moreover, according to Kim et al., the
oxidation of CO on the Os-modified Pt (111) plane was accelerated because the Os
atoms increased the mobility of the adsorbed CO by altering the electronic structure
of the Pt (111) surface, and thus greatly minimized the CO-poisoning effect °.

The oxyphilic nature of the Os atoms is a desirable attribute for ORR
electrocatalysts. A quantum mechanical simulation by Yu et al. suggested that the
Pt3Os alloy has a positive segregation energy (shown in Fig. 1.1), which allowed for
the formation of segregated surface structure (the 1% layer is 100% Pt, the 2" layer is
50% Pt and 50% Os, and the 3 layer is 75% Pt and 25% Os) 7. The Pt-skin surface is
expected to enhance the ORR activity by reducing the energy barrier for ORR steps .
This has been confirmed in a recent report in which a PtogOso.> monolayer deposited
on a Pd (111) demonstrated a rather impressive ORR activity because the presence of
surface Os atoms engendered a weaker affinity for the oxygen adsorption and

consequently, a reduction in the OH adsorption on the Pt active sites °. Therefore, we

3



rationalized that the alloyed PtOs nanoparticles might be promising electrocatalysts
for ORR in acidic electrolytes.

In this work, we demonstrated the synthesis of Pt.Os nanoparticles and engaged
a dealloying treatment to render a quasi core-shell Os@Pt nanostructure. The
dealloyed nanoparticles were evaluated for ORR activities and durability tests, and the
results were compared with commercially available Pt nanoparticles. Extensive
material characterizations were carried out to understand structural/compositional
evolution during the dealloying treatments. Electrochemical analysis was performed
to elucidate the correlation between the structure/composition variation and the

enhanced ORR activities.
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Figure 2.1 Illustration of the structures used for predicting the segregation of PtsX
alloys, where positive energy implies segregation with the top layer pure Pt, and the
second layer 50% Pt. A “ * ” symbol indicates that a stable Pt3X phase has been
observed experimentally ’.



Chapter 2 Literatures review

2.1 Fuel cells

2.1.1 General introduction of fuel cells

Fuel cell is one of the promising alternative clean energy providers in the future,
and it directly converts chemical energy from a fuel to electricity through oxidation
and reduction at the anode and cathode, respectively. The fuel cell have been studied
for more than 170 years. In 1839, Sir William Robert Grove developed his first fuel
cell stack driving the reverse reaction of water electrolysis (2H2 + O — 2H-0) and
produced electricity. At the beginning, the electricity was too small for other
applications. However, the performance had been steadily improved by many

researches. In general, fuel cells have some special advantages as listed below 1°:

(1) High energy conversion efficiency:
Fuel cells, converting chemical energy directly into electricity, are more
efficient than combustion engines.

(2) Stability and simplicity:
This can lead to a highly reliable and long-lasting system due to its
stable performance with sufficient fuel supply.

(3) Low emissions:
The product of the main fuel cell reaction is pure water with no harmful
SOx or NOyx, which means a fuel cell can be essentially “zero

emission”.



(4) Silence:
There is not so much machinery equipment in fuel cell system, and it

drives chemical reactions when working without noises.

Fuel cell is a power device which is driven through electrochemical reactions,
including the oxidation and reduction reaction. The common anode fuels are hydrogen,
methanol, formic acid, and ethanol for different types of fuel cells, and the
mostly-used fuel at the cathode is the oxygen. The final products is heat and water. It
is a pure and clean energy with low COzemission. in the future. Unfortunately, even
though the fuel cell has such advantages and had been used in space shuttles as a
power generator in NASA’s project Apollo in 1960s, it is still not commonly used
today. The main obstacles are the insufficient power performance and the
development of fuel supply systems. Furthermore, to enhance power performance, the
usage of noble metal-Pt as a catalyst results in a high cost to commercialize. These

problems need to be tackled as soon as possible.

2.1.2 Polymer Electrolyte Fuel Cell (PEFCs)

There are various types of fuel cells, but they all work in the same principle.
There are three major components that make up the fuel cells; the anode, the cathode
and the electrolyte. The classification of fuel cells are based on their working
temperature and the type of ion-conducting electrolyte. For example, there are solid
oxide fuel cells (SOFC), molten-carbonate fuel cells (MCFC), phosphoric acid fuel

cells (PAFC), polymer electrolyte fuel cells (PEFC) and alkaline fuel cells. The fuels
6



at the anode, cathode, and the type of electrolyte are shown in Figure 2.1. Among
these fuel cells, the polymer electrolyte fuel cells (PEFCs) has some advantages listed
below: the highest power density, lighter weight, starting quickly, and lower operating
temperature. These benefits make PEFCs desirable for applications in vehicle’s power

and portable electronic devices.

and reaction gasses

unconverted combustion |— Load

- Co, _
H0% SOFC Nitrogen,
900-1000 °C CO—> S unconverted
ti= 0 oxygen
Coz 2 I Xyg
HORS— MCFC
600-650 °C CO—» *_2_
Hz—T CQB'
H0 AFC
60-120°C H > F
|
. PAFC
160- 220 °C M 7
20-120°C : Wt
160-220 °C PEMFC
20-120°C Hy—> e ,
H Nitrogen,
Fue| s——p— unconverted
Electrolyte oxygen
Anode Cathode

Figure 2.1 The operating conditions and mechanisms of different fuel cell types
<http://www.doitpoms.ac.uk/tlplib/fuel-cells/types.php>.

Figure 2.2 shows a simple schematic diagram of polymer electrolyte FCs. Proton
exchange membrane is the electrolyte in PEFCs, which is an ion-conducting polymer.
The poly-matrix proton exchange membrane is a stacked film between two electrodes,
as shown in Figure 2.2. The most commonly used materials for PEM is Nafion

(Dupont), an ionomer with a perfluorinated backbone like Telflon (PTFE). One side

7
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of the membrane is bonded with the anode and the another side is bonded with the
cathode. Both electrodes are made of a catalyst layer and a gas diffusion layer. This
anode — electrolyte - cathode structure is known as a “Membrane Electrode
Assembly” (MEA). The performance of fuel cell power efficiency has high
correlation to MEAs. The electrochemical reactions at the anode and cathode side are

listed below;

Anode reaction: 2H, — 4H* + 4¢
Cathode reaction: Oz + 4H* + 4 — 2H,0

Overall reaction: 2H> + O2 — 2 H.0

Hydrogen is been oxidized into protons and electrons, and the hydrogen ions
(protons) migrate across the electrolyte to the cathode and the electrons transport
through the outer circuit to the cathode side. The oxygen at the cathode side is been
reduced by the electrons and protons and becomes the final product — water. In some
low-power applications like portable electronic devices, methanol and formic acid are
more suitable than hydrogen as an anode fuel because they demonstrate higher mass

power densities and they are relatively easier for storage.



Membrane Electrode
Assembly (MEA)

LOAD
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Proton Exchange

Membrane (PEM)

Gas Channel Catalyst Layer

Figure 2.2 A schematic diagram of PEFC.

Although the PEFCs have so many advantages, there are still serious obstacles to
be resolved before their eventual commercialization:

(1) Production cost and storage of hydrogen

(2) High cost from electrolyte and catalyst

(3) Complex heat and water management

(4) Poor tolerance for contaminates (CO, S)



2.1.3 Electrode structure in PE fuel cells

In PEFCs, catalysts play a very important role to overcome the activation
energies of reactions. Catalysts are known to help the hydrogen and oxygen split into
hydrogen and oxygen atoms easier, and lower the potential barrier in both oxidation
and reduction reactions. The state of the art catalysts for both the anode and cathode is
the platinum. However, the cost of platinum is very high, and in order to reduce the
system cost, the platinum catalyst is often formed as nano-scaled particles with an
ultrahigh surface area to catalyze the reactions .as much as possible. Platinum
nanoparticles are usually impregnated on the surface of larger electronic conductive
particles. To date, the carbon-nanopowders are widely used to obtain the largest
activity area exposed to the reactants. Fig. 2.3 shows an ideal schematic of
carbon-supported Pt catalysts and a TEM image of the Pt nanoparticles on the carbon

support (Vulcan XC-72).

Catalyst particles

Carbon support

Figure 2.3 The ideal schematic of platinum particles impregnated on the carbon
support and a TEM image of platinum nanoparticles supported on the Vulcan XC-72
carbon 1,
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In the electrode, an effective “three-phase contact region” between the electrolyte,
reactant fuel, and electrode catalyst is necessary for transporting electrons, ions, and
fuel efficiently to enhance the catalytic activity of the electrode. Figure 2.4 shows a
simple structure diagram of a PEFC electrode. To fabricate the membrane electrode
assembly, carbon-supported catalysts are usually impregnated on a carbon cloth or
carbon paper first. Subsequently, the catalyzed carbon is laminated with the proton
exchange membrane, and the other side of the electrode is processed with the same
method. The carbon cloth or carbon paper allow the diffusion of the gas fuel (the
hydrogen and oxygen) to the catalyst sites and are therefore known as the gas
diffusion layer. The parous and conductive carbon materials not only render faster
diffusion of gas, but also provide more connect regions for transporting electrons to
the external circuit. A thin layer of electrolyte is also coated on the catalyst, promoting
the so-called “three-phasec contact region” and increasing the performance of the

MEA.

Proton Carbon Electrically
Conducting Supported Conductive
Media . Catalyst Fibers \

FEM Catalyst GDL
Layer

Figure 2.4 Simple structural diagram of a PEFC electrode 2.
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2.2 Electrochemical reactions in PEFCs

2.2.1 Over all reactions and ideal cells voltage

In fuel cells, the driving force is the change of thermodynamic Gibbs free energy
of formation, AGt, between the reactant and product,

AGt = Gtproduct — G reactant
In PEFCs (hydrogen/oxygen fuel cells), the overall reaction is

Hz+ 1/2 O2 — H20
This means that the “product” 1s one mole of water, and one mole of hydrogen and
half mole of oxygen are the “reactants”, so the Gibbs free energy change can be
written in

Agi = (9)H,0 — (9)H, — 1/2 (7)o,
where the gr is'the Gibbs free energy of formation per mole, and its value varies
according to the temperature and states. The operating temperature of a PEFC is
around 80°C, and the Ags isabout -228 kJ/mole. In this electrochemical reaction, two
electrons are involved for each mole of water formation. If all electrons release their
energy, the charge flow is 2N x -1.602 x 10° (C) = -2F (C), where N is the
Avogadro’s number and F is the Faraday constant. The electric work done by moving
this charge can be presented as

W = charge x voltage = -2FE (J)
If the reaction is reversible with no energy losses, the Gibbs free energy can be
converted to the electric work entirely. Then the equation is derived as

Ags = -2FE, then the voltage is

E=-Agi/ 2F

12



And this equation gives the reversible open circuit voltage (OCV) of the
hydrogen/oxygen fuel cells. So the ideal hydrogen/oxygen fuel cell voltage operating
at 80°C equals to

E =-228 kdmol™ / (2 x 96485 C mol?) =1.18 V

2.2.2 Oxygen reduction reaction

Fuel cells performance is.controlled by the reaction rate at the anode and the
cathode. In PEFCs, the oxygen reduction reaction (ORR) at the cathode is the
“rate-determining step” due-to-its.slow kinetics because of the difficulty in the
bond-breaking of the O=0 double bond in oxygen molecules. In contrast to the anode
reaction, the hydrogen oxidation reaction (HOR), the reaction rate of ORR is much
lower than that of HOR by several orders on the Pt catalyst 13, So if we enhance the
cathode ORR kinetic reaction rate, the performance of PEFCs is expected to be
improved.

The oxygen reduction reaction..is_known to proceed in two distinct paths:
“peroxide pathway” (which transfers two electrons), and “direct four-electron

pathway” 14,

Peroxide pathway:

A. In acid electrolyte:

0O, + 2H* + 2¢° — H0» Eo = 0.670 V vs. NHE
H,O, + 2H* + 2e- — 2H,0 Eo = 1.770 V vs. NHE
2H,0, — 2H,0 + Oy

13



B. In alkaline electrolyte:

02 + H20 + 2 -HO2" + OH" Eo = -0.065 V vs. NHE

HO2 + 2H20 + 2¢" — 30H" Eo = 0.867 V vs. NHE

2HO, — 20H + O

Direct four electron pathway:

A. In acid electrolyte:

O2 + 4H" + 4¢- — 2H20 Eo

1.229 V vs. NHE

B. In alkaline electrolyte:

O2 + 2H20 + 4e — 40H" Eo = 0.401 V vs. NHE

If the oxygen reduction reaction is occurring through the peroxide pathway, some
intermediate products — H>O> might desorb from the catalyst surface, which means
that the oxygen reduction reaction does not react .completely. Thus the electricity
power and performance are expected to be decreased. Therefore, it is reasonably to
conclude that if all oxygen are reduced through the direct four electron pathway into
water, we could get a better conversion efficiency. To examine whether a ORR goes
through the 2-electrons or 4-electron paths, we can use a rotating ring-disk electrode
(RRDE) to determine the formation of H2O, *°, or by calculating the electron-transfer

number from Koutecky-Levich equation (to be described in Chapter 4).
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at high potential
at intermediate potantial
at low potential

Figure 2.5 Asimple schematic of ORR on the surface of catalysts 6.

In reality, the mechanism of ORR is very complicated, figure 2.5 shows a simple
path diagram of oxygen reduction reaction, the red balls represent the oxygen atoms,
the small white balls stand for the hydrogen atoms, and the gray balls are the Pt atoms.
Arrows in different colors represent possible reaction paths at different potential
ranges. From previous studies, there are seven fundamental steps involved in possible
reaction steps, and they are listed below:

i. O> dissociation: O2a — O3 + O4

il. OH formation; O; + Ha —OHa,

iii. H,O formation: OH, + Ha — H204

iv. OOH formation: O3 + Ha — HOO,

V. OOH dissociation: HOO; — OHa + Oq

Vi. H-OOH dissociation: Ha + HOO; — 20Ha4

15



Vii. O hydration: Oa + H2O — 20Ha

All these mechanisms are possibly-involved and their rates depend on the types
of electrolytes, catalyst materials, and operating environments. To find the most
possible reaction path, many simulation by different approached have been engaged in

calculating the energy barriers for all possible steps of ORR.
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2.3 Electrocatalysts for oxygen reduction reaction

2.3.1 Cathode catalysts for ORR

The barriers for PEFCs to scale up and commercialize are the high cost of using
noble metal-platinum as the catalyst at both anode and cathode to catalyze the HOR
and ORR separately. Specifically at the cathode of PEFCs, the electro-catalytic ability
for the ORR has received considerable attention because.its intrinsically slow kinetics
1721 considering as the rate determine step, limits commercial viability of PEFCs.
Therefore, it had a lot of interests to develop nanoscale catalysts to improve the ORR
activity which are compatible and even superior than that of Pt. Many materials have
been explored for the ORR activities in acidic electrolytes. For example, metals like
Pd and Fe, organometallic complexes-like cobalt phthalocyanines (CoPc) and Fe-Na,
transition metal oxides like MnOz and TiOx, as well as. chalcogenides like
Wi11-Cos3-Sess and C0eSg have been reported with various results 222°. Among them,
the Pt still has received the most attention-in recent years because of its impressive
ORR activities and chemical stability. So far, Pt in a wide variety of
nanostructures/morphologies have been synthesized and studied for ORR actions 313,

The Pt is a noble metal and its cost is a concern for the commercialization of fuel
cells. Therefore, substantial efforts have been devoted to identify secondary elements
to alloy with the Pt for cost reduction and possible ORR enhancements. The study of
binary PtM (M=Cu, Ni, Co, Fe, etc.) has produced significant results and the
PtsNi(111) has emerged as the leading candidate as an ORR electrocatalyst in acidic

electrolytes (shown in Fig. 2.6) 213+42_ It is rationalized that in the (111) of PtsNi, the
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unique surface geometry and electronic structure lead to the impressive ORR
activities and stabilities. Another approach to enhance the ORR activity is to
synthesize electrocatalysts in distinct core-shell nanostructures. In this way,
inexpensive elements can serve at the core whereas the expensive noble ones occupy
the shell and be responsible for the ORR actions. This can be realized by a copper
under potential deposition technique in which the Pt is deposited via a galvanic
displacement reaction to form a mono-layered film for extremely low Pt utilization
rate 4346, An alternative route to fabricate desirable core-shell nanostructures is the
dealloying method. The dealloying process entails an electrochemical step to induce a
selective dissolution of less noble element from a binary Pt-based electrocatalyst and
consequently, produces a surface enriched with the Pt atoms. According to Strasser et
al., the dealloyed nanocatalysts reveal a compressive strain in the Pt-enriched shell
that modifies the d-band structure of the Pt atoms and therefore, the electrocatalytic
activities for ORR are greatly enhanced 4’. To date, many dealloyed nanoparticles
including binary Pt-Cu, Pt-Co, and Pt-Ni, and tertiary Pt-Cu-Co, PtNizM (M=Cu, Co,
Fe, Cr) have been synthesized and evaluated for ORR activities “-°%. Fig. 2.7 shows a

simple illustration of dealloying process to of a dealloyed Pt-Cu catalyst synthesis.

18



ooy (111) (100) (110)

- OOOO0000

|Ad}14491=0.34.eV]

. l_‘l

Pt,Ni(111) Pt(111) |PtNi(100) Pt(100) |PtNi(110) Pt(110)

.1M HCIO,4 at 0.9 V versus RHE

Specific Activity: ix [mA/cm?]
0

d-band

center[eV]] -3:10 -2.76 -3.14 -2.90 -2.70 -2.54

Figure 2.6 Influence of the surface morphology and electronic surface properties on
the kinetics of ORR on Pt3Ni(hkl) surfaces as compared to the corresponding Pt(hkl)
surfaces (a horizontal dashed gray line marks specific activity of polycrystalline Pt)
Values of d-band center position obtained from UPS spectra are listed for each
surface morphology and compared between corresponding PtaNi(hkl) and Pt(hkl)
surfaces 2.,

Figure 2.7 llustration of the stepwise in-situ preparation of dealloyed Pt-Cu
electrocatalysts by voltammetric selective dissolution of Cu from a Pt2sCuzs precursor
catalyst °’.
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Chapter 3 Experimental

3.1 Pt20s on carbon supports catalysts synthesis

Carbon-supported Pt,Os nanoparticles were prepared in a chemical reduction
route. First, 80 mg of carbon powders (particle size <50 nm, Sigma Aldrich) were
suspended in 50 mL of deionized water at 80 °C. Next, 36 mg of H2PtCls-6H20
(UniRegion Bio-Tech) and 17 mg K20sCls (Sigma-Aldrich) were dissolved in 50 mL
of deionized water (molar ratio of Pt/Os = 2), and the selution was added to the
carbon suspension. Subsequently, 21 mg of citric acid was added as a chelating agent.
The mixture was stirred for 30-min-at 80 °C in an argon flow under reflux to produce
a homogeneous suspension. Afterward, 76 mg of NaBHs was added serving as a
reducing agent, ‘and the mixture underwent further stirring for 2 hr at 80 °C in an
argon flow under reflux to ensure the complete reduction of Pt and Os ions, and the
formation of Pt,Os nanoparticles impregnated on' the carbon powders. The
as-synthesized sample was labeled as Pt2Os/C. Next, the Pt.Os/C powders were
filtered and thoroughly washed to remove residual chloride ions. After drying at 25
°C in air for 8 hr, a reduction treatment at 250 °C in a hydrogen flow (100% H>) was
performed for 2 hr. The effective metal loading of the Pt2Os nanoparticles was 20

wit% of the Pt,Os/C sample.
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3.2 Electrochemical analysis

10 mg of Pt2Os/C powders underwent an ultrasonication mixing for 5 min in a
solution containing 3 mL of deionized water, 2 mL of ethanol, and 2 puL of 5 wt%
Nafion ionomer solution (Sigma-Aldrich) to render a homogeneous ink dispersion
(shown in Fig. 3.2). Subsequently, 15 uL of the ink dispersion was deposited on a
glassy-carbon rotation disk electrode (RDE) serving as a working electrode (Pine
Research, electrode diameter is 5 mm and the electrode area is 0.1963 cm?). To
initiate the selective dissolution of Os atoms from the Pt-Os nanoparticles, known as a
dealloying process, multiple cyclic voltammetry (CV) scans were imposed between
-0.2 and 0.8 V at 50 mV s in a 50 mL of deaerated 0.1 M aqueous HCIO4 solution.
After the dealloying process, the sample was labeled as DA —Pt,0s/C. The coulombic
charge associated with the hydrogen underpotential deposition region (-0.2 to 0.2 V vs.
Ag/AgCl) was estimated and divided by 210 puC cmee? 58%° to obtain the
electrochemical active surface area (ECSA) for the Pt,Os/C and DA—Pt,0s/C. To
explore the electrocatalytic activities for ORR, CV scans between -0.2 and 0.8 V were
performed at 10 mV s in 50 mL of 0.1 M aqueous HCIOy4 solution. Prior to the ORR
experiments, the HCIO4 aqueous solution was bubbled with oxygen for 30 min to
ensure it was fully saturated with the oxygen. Durability tests were performed using
CV scans at 50 mV st between 0.36 and 0.76 V in 50 mL of 0.1M HCIO4 aqueous
solution. The durability test lasted for 10,000 cycles and the electrolyte was exposed
to the ambient air throughout the entire cycles. The electrochemical measurements

were performed at 25 °C in a three-electrode arrangement using a Solartron 1287A
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electrochemical interface. A Ag/AgCl and Pt foil (15 cm?) were used as the reference
and counter electrodes, respectively. The potential for the reversible hydrogen
electrode (RHE) was -0.289 V (vs. Ag/AgCI). In our figures, all potentials were
plotted against the RHE. Lastly, identical electrochemical tests were performed on
commercially available Pt/C (20 wt% Pt on Vulcan XC72R, BASF) for comparison

purpose.

Figure 3.2 The optical photograph of catalysts ink and a rotating disk electrode tip.
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Figure 3.3 Three-electrode electrochemical system with a rotating disk electrode,
where the WE is the working electrode, the CE is the counter electrode, and the RE is
the reference electrode (Ag/AgCl).
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3.3 Materials characterization

A high-resolution transmission electron microscope (TEM; JEOL JEM3000F)
was employed to observe the morphologies, sizes, and distributions of the Pt,Os/C
and DA —Pt,0s/C. The structural and chemical investigations of the Pt,Os and DA —
Pt,Os nanoparticles were conducted using a JEOL spherical aberration corrected
scanning transmission electron microscope (ARM 200F) with an Oxford energy
dispersive spectrometer (EDS) X-max 80 mm?, in which the L, and M signals from
the EDS were recorded to determine the spatial distributions of the Pt and Os atoms in
the Pt20s and DA --Pt,Os nanoparticles. A scanning electron microscope (SEM,;
JEOL JSM6500F) and a total reflection X-ray fluorescence spectrometer (TRXF;
Bruker S2-PICOFOX) were adopted to estimate the atomic ratio of Pt/Os in the Pt,Os
and DA —Pt,0s nanoparticles. The exact Pt-amounts in our samples were obtained
using an inductively coupled plasma mass spectrometer (ICP-MS; Agilent 7500ce). A
X-ray diffractometer (XRD; Bruker D2 Phaser) equipped with a Cu Ka radiation
source (A =1.54 A) was used to identify relevant phases and crystal sizes for both

Pt,0Os/C and DA — Pt,0s/C.
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Chapter 4 Results and discussion

4.1 Material structure characterization

4.1.1 TEM morphologies of catalysts

In the literatures, binary PtxOsy nanoparticles have been prepared via wet chemical
routes such as chemical reduction and.electrochemical deposition 3>, Due to a
notable difference in the redox potentials between the Pt, Os, and their corresponding
ions, the careful control in the formation stage. is essential in order to obtain PtxOsy
nanoparticles with desirable compositions. Our reflux approach enabled the synthesis
of stoichiometric Pt,Os nanoparticles in large quantity. Fig. 4. 1 displays the TEM
images of Pt/C, Pt,0s/C, and DA — Pt20s/C, respectively. For both Pt/C and Pt>Os/C,
uniform distributions of irregularly-shaped nanoparticles with moderate aggregation
were observed, and their average sizes were 2.30.4 and 3.1x0.7 nm. The slight
increment in sizes and wider distribution for the Pt2Os/C over Pt/C were possibly due
to the reflux process that allowed for multiple events of nucleation and growth. After
the dealloying treatment, the DA — Pt,Os/C showed a similar morphology and

distribution, and the average size was 3.05+1.0 nm.
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1d (c)DA — Pt,0s/C.

4.1.2 XRD and chemical composition analysis

Fig. 4.2 demonstrates the XRD patterns of Pt/C, Pt,Os/C, and DA —Pt20s/C, as
well as standard Pt (JCPDS: 004-0802) and Os (JCPDS: 006-0662) for comparison
purpose. For the Pt/C sample, a broad peak between 25° and 30° was attributed to the
interference from the carbon support. In addition, the diffraction signals located at

39.6°, 46.2°, and 67.3° were identified as the (111), (200), and (220) peaks of the Pt
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face-center-cubic structure. These diffraction signals revealed characteristic
peak-broadening phenomenon because of the finite Pt particle size. We estimated the
Pt particle size of 2.09 nm using the Debye-Scherrer equation on the (111) peak. For
the PtoOs/C sample, similar diffraction signals were obtained and they were located at
41°, 47.4°, and 69°, respectively. Because the size of the Os atom (1.35 A ) is smaller
than that of Pt (1.39 A), in Pt,Os nanoparticles, the Os atoms were likely to adopt the
fcc Pt structure and form a homogeneous solid solution with the Pt. As a result, the
Pt,Os diffraction peaks were expected to shift slightly to larger angles, which is
consistent with our results. Using the Debye-Scherrer’s equation on the (220) peak,

the size of the Pt2Os nanoparticle was estimated at 3.65 nm.
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Figure 4.2 The X-ray diffraction patterns of Pt/C, PtOs/C, and DA —Pt,0s/C, as
well as fcc Pt (JCPDS:004-0802) and hcp Os (JCPDS: 006-0662).

28



According to the binary phase diagram of Pt and Os, a homogeneous solid
solution is present when the molar ratio for the Os atoms is in the range of 0~20% 4.
Above 20%, the Os atoms precipitate out as a hcp phase with limited solubility of Pt.
However, in the case of nanoparticles synthesis, it has been confirmed that a single
fcc phase is still possible with a Pt:Os molar ratio of 1:1.1 %, Therefore, we believed
that our PtoOs nanoparticles existed as a single fcc phase. The hcp Os phase has
characteristic peaks at 38°, 42° 44°, 58° and 69° (JCPDS: 006-0662). From the
diffraction peak of Pt>Os/C, the possibility of minor presence of Os peaks at 42° and
44° cannot be ruled out. However, we want to point out that we did not observe the
presence of single-phase Pt and Os nanoparticles from STEM images (to be discussed
in Fig. 4.4) so we could reasonably conclude that the as-synthesized Pt.Os is a fcc
single crystal.

In the formation stage of Pt,Os nanoparticles, the Pt atoms exhibited a higher
redox potential and therefore were expected to be reduced first forming nuclei
relatively-enriched with-the Pt atoms. Accordingly, the Os atoms became enriched in
surface. Therefore, we surmised that the composition of the Pt,Os nanoparticles might
be slightly segregated into a Pt-enriched state at core and an Os enriched state at shell
so the resulting diffraction signals between 41 and 47° became somewhat broadened.
However, the segregation behavior was likely to be rather subdued as line-scans from
STEM (Fig. 4.4(a)) indicated an alloyed state. After the dealloying process, the
broadened diffraction signals between 41 and 47° became sharpened considerably.
After the removal of Os atoms from the surface of the Pt,Os nanoparticles, the
diffraction peak became clearly Pt-dominant signals from the (111), (200), and (220)

planes.
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Table 1 Structural parameters and composition of Pt/C and Pt20s/C catalysts

Sample Peak Lattice Particle size?  Particle size® Atomic Atomic ratio®
angle constant (A) (nm) (nm) ratio® Pt/Os
(20) Pt/Os
Pt/C 39.62 3.94 2.09 2.3:0.4 - -
Pt.0s/C 41.01 3.81 3.65 3.1+0.7 68/32 67/33
DA-Pt,0s/C 40.43 3.85 3.70 3.05£1.0 93/7 81/19

Mean particle size calculated from Debye-Scherrer equation on Pt (111) and Pt,Os (220) planes

T &

Mean particle size observed from TEM images.

124

Atomic ratio determined by TXRF.
d. Atomic ratio determined by SEM-EDS.

In general, the X-ray absorption spectroscopy (XAS) is able to detect the
segregation phenomenon in binary nanoparticles because the bonding distance, the
number, and the type of the neighboring atoms of the absorbing atoms are different
depending whether they are residing at the core or on the shell. However, the
difference in the atomic number between the Pt and Os is 2, and this minute value
renders their Ly absorption peaks (11,564 and 10,871 eV for the Pt and Os atoms,
respectively) interfere with each other during XAS analysis and thus the detailed
bonding information cannot be determined accurately.

Table 1 lists the particle size of our samples from XRD diffraction signals and
TEM images, as well as results from the composition determination. The estimation
of nanoparticles sizes using the Debye-Scherrer equation was rather consistent with
those from TEM images. In addition, composition analysis from the TXRF and SEM
—EDS confirmed that the atomic ratios of Pt/Os were 68/32 and 67/33 for the Pt2Os

nanoparticles. These values were very close to the stoichiometric ratio of 2:1. The
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atomic ratios of DA—Pt2,0s from SEM—EDS was 81/19. This result substantiated
our dealloying process to covert the as-synthesized Pt,Os into Pt4Os. It is noted that
the dalloying process removed the Os atoms selectively from the surface of the Pt.Os
nanoparticles and consequently, the surface regime became fully-depleted with the Os
atoms. Hence, the PtsOs should be recognized as the average composition of the

dealloyed sample.

4.1.3 Dealloying treatment analysis
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Figure 4.3 The CV curves of Pt.0s/C undergoing the dealloying treatment of 3",
10", 50™, and 60" cycles, respectively. The electrolyte was deaerated 0.1 M aqueous
HCIO; solution and the scan rate was 50 mV s™. The highlighted area was used to
estimate the ECSA values. Inset is the CV curve for the Pt/C for ECSA determination.
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Fig. 4.3 shows the CV curves for Pt>Os/C in deaerated 0.1 M HCIO4 aqueous
solution at the 3™, 10", 50" and 60" cycles, respectively. For the CV curve of the 3"
cycle, two separate oxidation signals were observed; one minor peak at 0.7 V and the
other strong one starting at 0.85 V. From the previous studies on the Os systems, the
oxidation peak at 0.7 V is attributed to the oxidation of Os atoms to OsO. whereas the
oxidation peak of 0.85 V is associated with the oxidation of OsO, to OsOg 62,
According to Greedan et al. %, in an aqueous solution the OsO: is insoluble but the
OsO4 can be dissolved moderately. Therefore, in our case we observed a relatively
strong oxidation current at 0.85 V in the anodic scan but a subdued current at 0.3-0.5
V in the cathodic scan as most of the OsO4 was dissolved in the electrolyte and thus
was unable to participate in the subsequent reduction process in the cathodic scans. It
is noted that our results of broad reduction currents are consistent with a previous
report by Rhee et al. in which the Os nanoislands were spontaneously deposited and
electrochemically stripped from a Pt (111) single crystal substrate . It is noted that
the Pt oxidation also occurred at 0.8 V and the corresponding reduction peak was
located at 0.75 V during the cathodic scan (as shown.in the inset of Fig. 4.3). Hence,
in our case at voltage above 0.85 V, the oxidation of OsO, to OsQO4, and the oxidation
of Pt were both responsible for the anodic currents.

Upon further cycling, the currents associated with the Os oxidation and reduction
were progressively reduced. This confirmed that the Os atoms in the Pt0s
nanoparticles were selectively removed resulting in a surface gradually enriched with
the Pt atoms. This dealloying process was effective until the 50" CV as further CV
cycles engendered a negligible difference in the CV curves. At this stage, the
remaining Os atoms exposing to the electrolyte was rather limited, and the

out-diffusion of the Os atoms from the core was considered unlikely due to the
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relatively low working temperature (25 °C) and short dealloying time (33 min). In
conjunction with the steady loss of Os atoms from the Pt,Os nanoparticles, more Pt
atoms were exposed to the electrolyte and consequently, a larger ECSA was obtained.
The areas used to estimate the ECSA was highlighted at a potential window of 0.09
and 0.35 V, and the ECSA value was determined by the highlighted area divided by
210 pC cmpr2 %85, From Fig. 4.3, the respective ECSA values were 0.32, 0.66, and
1.13 cmg? for the 3™, 10", and 50" cycle, respectively. These increasing ECSA values
substantiated that the de-alloying process was achieved successfully that rendered a
greater number of Pt atoms-on the surface. Because the CV profiles after 50 cycles
revealed negligible variation, we selected the 50" cycle as the standard de-alloying

treatment for following tests.

4.1.4 ‘Structure analysis of single Pt>Os particle

The elemental profiles of Pt and Os in the Pt,Os and DA —Pt20s nanoparticles
were determined by the STEM-EDS measurement with a probe size of about 1.5A .
Fig. 4.4(a) exhibits a STEM image and the corresponding line —scan profile cross a
Pt.Os nanoparticle in 4.5 nm size. The result suggests an alloy status for the
as-synthesized Pt;Os nanoparticles. Fig. 4.4(b) shows a STEM image and the
scanning profile of a DA —Pt>Os nanoparticle of 7 nm in diameter. Apparently, the Os
atoms residing on the surface regime were mostly removed and the DA —Pt,0s
revealed a quasi-core-shell structure in which the core retained some Os atoms

whereas the shell was occupied by the Pt atoms exclusively.
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Figure 4.4 The HR-STEM images and EDS line-scans of (a) Pt.Os and (b) DA—
Pt,Os nanoparticles.
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4.2 Electrochemical analysis

4.2.1 Electrochemical activity for ORR

Fig. 4.5 demonstrates the ORR CV curves in apparent current density for PtoOs/C,
DA —Pt20s/C, and Pt/C. In the literatures, at potential below 0.6 V, the ORR response
IS under mass transport control limited by the diffusion of the dissovled oxygen in the
electrolyte whereas at potential between 0.8-and 1.V, the ORR response is dominated
by kinetics (the electrocatalytic activties of electrocatalysts involved in the ORR
process) . Hence, a simple-method to quickly evaluate the ORR behavior of a
potential electrocatalyst is the reading of half-wave potential, which is defined as the
potential at which the magnitude of the current is half of the limiting current. In
gerneal, the larger the half-wave potential, the greater the ORR activity. As shown, the
half-wave potentials for the Pt/C, Pt2Os/C, and DA — Pt>.Os/C were 891, 837, and 908
mV, respectively. Moreover, the DA —Pt0s/C exhibited the highest on-set potential
of 1V, and this provided another evidence of better electrocatalytic ability among
these samples. It is noted that the diffusion-limiting current for the Pt,Os/C and DA —
Pt,Os/C at a rotation speed of 1600 rpm was 5.23 mA cm™, a value that was rather
close to that of PtsNi (5.36 mA cm™) ®. This consisentce indicated that our ORR

experiments were carried out properly.
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Figure 4.5 The ORRcurves of Pt/C, Pt2Os/C, and DA —Pt.,Os/C in apparent current

density. The electrolyte was oxygen-saturated 0.1 M aqueous HCIO4 solution and the
scan rate was 10 mV s,

Fig. 4.6(a) demonstrats the ORR curves from the DA —Pt>,0s/C at various rotation
speeds of RDE. Among these curves, the ORR responses at voltage below 0.6 V were
stabilzed at limiting currents whose values were proportional to the rotation speed as
expected. To extract the kinetic information, we employed the Koutecky— Levich

equation listed below &,

1/i = Uikinetic + Liditrusion limit = 1/ikinetic + 1/0.62nFAD022’3w1/2V'1/6C02 (1)

where the i is the experimentally-measured current, the ikinetic is the kinetic current
assoicated with the ORR activity of DA—Pt,0s/C, the n is the number of electron

transferred in the ORR process, the F is the Faraday constant, the A is the reaction
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area on the RDE (0.196 cm?), the Do is the diffusivity of dissolved O in the 0.1 M
aqueous HCIOq4 solution (1.93 x 10° cm?s™) %', the w is the rotation speed of the RDE,
the v is the kinematic viscosity of the 0.1 M aqueous HCIO4 solution (1.009 x 107
cm?s™t) %, and the Co, is the concentration of dissolved O in the 0.1 M aqueous
HCIO4 solution (1.26 x 10 mol L) *". Fig. 4.6(b) provides the Koutecky— Levich
plots at different potentials. Obviously, these curves showed consistency and the
average slope was 11.105 mA™ s2. Thus, the resulting n value became 3.94.
Therefore, we concluded that the DA —Pt.Os/C nanoparticles adopted a four-electron

route to catalyze the ORR process, similar to that of Pt.
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Figure 4.6 (a) The ORR curves of DA—Pt,0s/C at various RDE rotation speeds.

The electrolyte was oxygen-saturated 0.1 M aqueous HCIO4 solution and the scan rate
was 10 mV s*. (b) The Koutecky — Levich plot of DA —Pt,Os/C at different voltages.
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The values of ix obtained from the Koutecky —Levich equation were used to
calculate the mass activity and specific activity shown in Fig. 4.7. These Tafel plots
were obtained using ix values from 0.95 to 0.8 V divided by the effective mass of the
Pt in the working electrode (from ICP-MS) and ECSA (cmei?) values from Fig. 4.3.
For the Pt/C, its mass activity and specific activity at 0.9 V were 0.14 mA pgei* and
0.28 mA cmpi?, respectively. These values were comparable to what were reported in
the literatures for the Pt nanoparticles in simialr sizes . However, the Pt,Os/C
exhibited a lower mass activity (0.05 mA uger') and a greater specific activity (0.52
mA cmet2), as compared to those of Pt/C. The reduced mass activity is attributed to its
relatively larger size as compared-to-that of Pt/C and the predominant share of the Pt
atoms was residing at the core.-However, the 250% increment in the specific activity
suggested the complementary role of Os atoms to the Pt atoms for ORR activity. This
is because part of the surface of the Pt2Os nanoparticle was occupied by the Os atoms
and those Os atoms were oxyphilic and promote the ORR process via bifunctional
model and electronic mechanism. In the bifunctional model, the Os atoms exhibit a
strong affinity toward the adsorption-of OH.and thus, leads to substantially decrease
in the Pt-OH coverage °. In general, a larger percentage of OH coverage on the Pt
sites is considered disadvantgaeous for ORR action. According to Zhang et al. , two
OH species can adsorb onto a single Os atom and subsequently, initiates a

spontaneous breakup of the O-H bonding forming an oxygen atom and water °.
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Figure 4.7 The Tafel plots of the ORR curve (Fig. 4.5) in (a) mass activity and (b)

specific activity.
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Once the dealloying process was completed, the DA —Pt2Os demonstrated a
significantly-enhanced mass activity (0.29 mA ugec?) and specific activity (1.03 mA
cmei?). It is because the removal of Os atoms engendered a Pt-enriched surface with a
substantially-enlarged ECSA. This surface-roughening behavior has been reported in
the literatures for dealloying treatments "X. The contributory role played by the Os
atoms is critical for the impressive ORR activity which can be explained mostly by
the electronic effect because the electronic structure of the surface Pt atoms was
expected to be alatered by the Os atoms underneath. It is noted that the mass activity
and specific activity of DA~—Pt,0s/C were comparable to other prominent binary
nanoparticles such as PtNi and PtCo. In specific activity, the DA — Pt.Os/C
demonstrated a greater number over those of cubic PtsNi nanoparticles (0.51 mA
cmee?) %, activated PtsNinanoparticles (0.65 mA cmes?) 34, and octahedral PtsNi
nanoparticles (0:85 mA cmec?) 3, but lower than those of acid-treated Pt3Co
nanoparticles after 1000 K heat treatment (1.4 mA cmp:2) ¥, and ordered intermetallic
PtsCo nanoparticles (1.1 mA empi?) #2. In mass activity, the DA — Pt,0s/C exhibited
comparable values to those of cubic PtsNi nanoparticles (0.3 mA pge: ) %, activated
PtsNi-sono nanoparticles (0.33 mA pger2)-**, acid-treated PtsCo nanoparticles after
1000 K heat treatment (0.35 mA pge) ¥, and ordered intermetallic PtsCo
nanoparticles (0.31 mA pget?) #2, but lower than that of octahedral PtsNi nanoparticles
(0.53 mA puget) . These results suggest that the DA — Pt,0Os/C sample is a promising
electrocatalyst for ORR and more engineering work to modify its surface state and

morphology might lead to further enhancement in specific and mass activities.
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4.2.2 Durability performance

For durability tests, the DA —Pt20s and Pt/C samples were subjected to multiple
CV scans in a potential window of 0.65 and 1.05 V at 50 mV s in a 0.1 M aquesous
HCIO4 solution following procedures used by Wang et al. "2, Fig. 4.8(a) and Fig. 4.8(b)
show the ORR responses before and after the durability test for DA —Pt,Os/C and
Pt/C, respectively. Apparenttly, for both samples there appeared a very subdued
degradation during the durability tests, and both the onset potentials and
diffusion-limiting currents remained almost unchanged. The minor degradation is
manifested in the slight negative shift of the half-wave potential. For example, we
recorded a shift of 5 and 9 m\/-for DA —Pt;0s/C and Pt/C, respectively. These CV
curves suggested that the stability of DA —Pt:0s/C was comparable to that of

commercially available Pt nanoparticles.
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Figure 4.8 The ORR curves before and after the durability test for (a) DA —Pt,0s/C

and (b) Pt/C. The electrolyte was oxygen-saturated 0.1 M aqueous HCIO4 solution
and the scan rate was 10 mV s,
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To further validate the stability of the DA —Pt,Os/C and Pt/C, we carried out the
ECSA measurements before and after the durability tests, and the resulting CV curves
are exhibited in Fig. 4.9. After the durability tests, the ECSA of DA —Pt,0s/C was
reduced 10.9% (from 1.46 to 1.30 cmpi?), and a loss of 11.1% in the mass activity
(0.27 to 0.24 mA pgprt, assuming the Pt loading remained constant and the loss was
attributed to the minor reduction of ik at 0.9 V from Fig. 4.8) was observed. We
reasonably assumed there was negligbile physical detachment of electrocatalysts from
the RDE during the durability tests because the diffusion-limiting currents were
constant. In contrast, the Pt/C revealed a loss of 14.7% in the ECSA (from 3.06 to
2.61 cmpr?) and a loss of 24.64% in the mass activity (0.142 to 0.107 mA pget?).

Clearly, the DA —Pt,0s/C revealed a better durability for the ORR.
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Figure 49 The CV curves of (a) DA—Pt.Os/C and (b) Pt/C in deaerated 0.1 M
aqueous HCIO4 solution at a scan rate of 50 mV s. These curves were used to
determine the ECSA (highlighted area) before and after the durability test.
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Chapter 5 Conclusion and future work

Carbon-supported Pt20s nanoparticles were synthesized from a wet chemical
reflux process and underwent a dealloying treatment in which the as-synthesized
Pt,Os/C experienced multiple CV scans to dissolve the Os atoms selectively from the
surface of the Pt2Os nanoparticles. XRD diffraction signals from the dealloyed sample
indicated a fcc phase and composition analysis suggested Pt4Os. Line scans from the
STEM confirmed that the surface of Pt4Os was depleted with the Os atoms. The
dealloyed sample revealed impressive ORR electrocatalytic abilites (0.29 mA pgprt in
mass activity and 1.03 mA emer?-in-specific activity), as compared to commercially
available Pt/C and as-synthesized Pt20s. In stability test, the dealloyed sample
demonstrated better retention in cataltyic activities and smaller loss of ECSA as
compared to those of Pt/C. In addition, we verified that the ORR Steps occurring on
the dealloyed sample was a four-electron process.

In the future, we will attempt to fabricate Pt30s nanoparticles through different
synthetic schemes and determine the exact composition (surface and bulk) of the
dealloyed samples. Our objective is to vertify the segregation phenomenon on the
PtsOs surface which has been predicted by extensive DFT modeling. In addition, we
will measure the ORR electrocatalytic activities and validate the performance

prediction by quantum mechanics computation.
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