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Abstract

The pressing demand for high performance, operationally stable and inexpensive electrocatalyst
materials for proton exchange membrane fuel cells (PEMFCs) has spurred significant research and
development interest in this field. Until now, fuel cells based on commercially available Pt/C
electrocatalysts have not met some of the technical challenges to the widespread commercial adoption
of PEMFCs. The main issues associated with the commercial validity of PEMFCs are the high cost
and inadequate long term operational stability of Pt/C catalysts typically used to facilitate the
inherently sluggish oxygen reduction reaction (ORR). Therefore, the replacement of Pt/C with novel
and more effective catalyst materials is critical. These expensive precious metal catalysts make up a
large portion of the overall PEMFC stack cost and suffer degradation under harsh potentiodynamic
conditions. Therefore, careful electrocatalyst design strategies must be developed to reduce the cost of
ORR catalysts with sufficient activity and stability to meet the technical targets set for the use of
PEMFCs.

In this work, two approaches are applied to develop new electrocatalyst materials for PEMFCs. The
first is to design unique sulfur-doped graphene (SG) and sulfur-doped CNT (S-CNT) supports with
the objective of replacing the traditional carbon black to enhance stability toward carbon corrosion.
The second is to deposit Pt nanoparticles and nanowires onto SG and S-CNT with the objective of
exceeding the activity and stability possible with conventional catalysts. These two catalyst
technologies are developed with the ultimate objective of integrating the Pt electrodes into membrane

electrode assembly (MEA) to provide excellent PEMFC performance.

The first study focuses on the use of SG prepared by a thermal shock/quench anneal process as a
unique Pt nanoparticle support (Pt/SG). These materials are subjected to a variety of physicochemical
characterizations and electrochemical investigation for the ORR. Based on half-cell electrochemical
testing in acidic electrolyte, Pt/SG demonstrated increased ORR activity and unprecedented stability
over the state-of-the-art commercial Pt/C, maintaining 87% of its electrochemically active surface
area following accelerated durability testing. Density functional theory (DFT) calculations
highlighted that the interactions between Pt and graphene are enhanced significantly by sulfur doping,
leading to a tethering effect that can explain the outstanding electrochemical stability. Furthermore,

sulfur dopants resulted in a downshift of the Pt d-band center, explaining the excellent ORR activity



and rendering SG as a new and highly promising class of catalyst supports for electrochemical energy
technology and PEMFCs.

The beneficial impacts of SG support can be utilized by growing more stable nanostructures such as
Pt nanowires on SG to further improve the activity and stability of Pt catalysts. Toward this end, we
carried out the direct growth of platinum nanowires on SG (PtNW/SG) by a simple, surfactant free
solvothermal technique. The growth mechanism, including Pt nanoparticle nucleation on SG,
followed by nanoparticle attachment with orientation along the <111> direction is also highlighted.
PtNW/SG demonstrated increased Pt mass activity and a specific activity that is 188% higher than
state-of-the-art commercial Pt/C catalysts. Most notably, under a harsh potentiodynamic condition
(potential cycles: 3000, potential range: 0.05 to 1.5 V vs RHE), PtNW/SG retained 58% of its
electrochemically active surface area and 67% of its ORR activity in comparison to Pt/C that retained
less than 1% of its surface area and activity and so failed.

Given the evidence that SG is a promising support for Pt catalysts, the next logical step is to
investigate the influence of sulfur on catalytic materials. Accordingly, we study the effects of sulfur
on the electrochemical activity and stability of various SG supported platinum nanowires
(PtNW/SGs). To investigate the influence of sulfur, a series of SG materials with varying sulfur
contents ranging from 0.35 to 3.95 at% are investigated as Pt nanowire catalyst supports. Based on
the physico-chemical characterizations, electrochemical measurements and DFT calculations, the
amount of sulfur is shown to significantly affect the electrokinetics of the Pt nanowires. The best
ORR Kkinetics are observed for the Pt nanowires supported on graphene with 1.40 at% sulfur. At
higher sulfur contents, further enhancements are not observed, and in fact, leads to a loss of activity.
At lower sulfur contents, the beneficial role of sulfur does not have a marked impact on performance
so that the characteristics and performance more closely resemble that obtained with undoped

graphene supports.

Obviously, the beneficial effect of sulfur dopant species can be utilized by doping sulfur into other
types of carbon supports such as CNT (S-CNT). Finally, we report on the synthesis, characterization
and electrochemical evaluation of S-CNT-supported Pt nanowires (PtNW/S-CNT). PtINW/S-CNT
synthesized by a modified solvothermal method demonstrated an increased mass activity and a
specific activity 570% higher than state-of-the-art Pt/C. The stability of PINW/S-CNT is also shown
to be very impressive through accelerated degradation testing. Only insignificant changes to the

electrochemically active surface area (ECSA, 93% retention) and mass activity (81% retention) of

Vi



PtNW/S-CNT are observed over the course of cycling, in contrast to sizable losses observed with

commercial Pt/C (<1% retention in ECSA and mass activity) under same conditions.
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Chapter 1 Introduction

1.1 Challenges and Motivation

The search for economically and environmentally sustainable energy sources is very important to
meet the growing global energy demand. The continuous depletion of fossil fuels and the negative
impact of carbon dioxide emissions on the environment have stimulated the development of
alternative clean energy technologies from renewable energy sources. Hydrogen is a promising clean
energy source with the potential to replace or reduce the reliance on hydrocarbon fuels and
thermomechanical engines. Although hydrogen is produced from non-renewable feedstocks such as
natural gas, it can also be produced from renewable energy sources such as wind, solar, hydro and
biomass. As an example, hydrogen produced via the electrolysis of water by using electricity
generated from the renewable energy sources is free of any impurities and carbon dioxide emissions
at the point of use. Due to these advantages, hydrogen is an ideal fuel for developing efficient energy

conversion technologies such as fuel cells *2

Proton exchange membrane fuel cells (PEMFCs) use hydrogen as fuel by oxidizing it to form protons
at the anode which are transported to the cathode where they participate in the reduction of oxygen to
form pure water as the only by-product. Therefore, PEMFCs are considered sustainable energy
conversion devices when operating with hydrogen from renewable resources and forming
environmentally benign products at the end. However, several factors such as performance, cost and
operational durability must also be considered for the widespread commercialization of PEMFCs. The
most expensive part of PEMFCs is the catalyst layer at each electrode that makes up to 55% of the
total PEMFC stack cost ®. The strong reliance on expensive noble metals consisting of platinum
nanoparticles dispersed on a high surface area carbon support (Pt/C) is principally responsible for the
high cost of PEMFC systems. One of the primary reasons for this reliance on platinum and the high
cost of PEMFC arises from the oxygen reduction reaction (ORR) at the cathode due to its very
sluggish kinetics compared to that of the anodic hydrogen oxidation reaction (HOR). Thus, relatively
high loading of platinum catalyst on the cathode is required. In fact, the slow kinetics of ORR at the
cathode leads to severe voltage loss i.e. activation loss that limit the overall performance of PEMFC
during operation. Thus, the development of effective cathode catalyst materials is very important in
order to enhance ORR kinetics and mitigate voltage losses in PEMFC devices. Furthermore, the
challenges associated with the physical, structural and chemical degradation due to the harsh

potentiodynamic and oxidizing conditions of fuel cell operation is of high interest for long term
1



operation of PEMFCs. If not overcome, these challenges will limit the acceptance and attractiveness

of PEMFCs due to their short operating lifetimes.

The specified targets for the cost and durability of transportation-based PEMFCs at the stack level set
by the US Department of Energy (DOE)* is shown in Table 1-1. Also included are the requirements
for the total amount of electrocatalyst and their mass-based activity (per unit platinum).

Table 1-1 US Department of Energy specified status and target for PEMFC

Targets
Characteristics Units 2011 | 2020
Power density wL? 400 | 850
Specific power W kg™ 400 | 650
Cost $kw* 49 | 30
Durability hours 2500 | 5000
Pt group metal total loading | mg cm™-electrode area | 0.15 | 0.125
Mass activity Amg Ptat0.9V e | 0.24 | 0.44

Therefore, the aforementioned challenges with ORR electrocatalysts highlight the need to develop
innovative material solutions for the development and commercialization of PEMFC systems. Three
common approaches are taken in research studies to simultaneously reduce the platinum content and
increase stability. These include the development of: (i) unique platinum catalyst supports, (ii)
extended surface platinum nanostructures such as nanowires/nanotubes, and (iii) non-platinum group
metal (non-PGM) catalysts. It is quite possible that advanced electrocatalyst solutions will comprise a
combination of these approaches. Therefore, intensive research efforts, such as those reported within

this thesis, are highly warranted for PEMFC implementation.

1.2 Objectives of this work

The approaches to meet the particular project objectives will include the development and
investigation of platinum catalysts supported on unique and advanced heteroatom-doped carbon

materials. The main objectives include:



1. Development of unique sulfur doped graphene (SG) materials to support platinum nanoparticles
(Pt/SG)

2. Apply SG materials to grow advanced platinum nanostructures such as Pt nanowires (PtNW/SG)

3. Optimization of SG supported Pt nanowire catalysts as a function of sulfur concentration and
investigation of sulfur influence on catalytic performance

4. Development of sulfur doped CNT (S-CNT) materials to support Pt nanowire catalysts (PtNW/S-
CNT) for further catalytic improvement.

1.3 Thesis outline

As already seen, Chapter 1 consists of an introduction relevant to the thesis work and the overall
project objectives. Detailed background information on PEMFC systems including history, types of
fuel cells and their applications, structure and operational principles, challenges associated with
PEMFCs and electrocatalyst technologies will be provided in Chapter 2. In Chapter 3, a detailed
description of support material synthesis, platinum nanoparticle deposition and platinum nanowire
growth, physicochemical and electrochemical characterization techniques along with the theoretical
principles, operation and their application to this thesis will be discussed. The results and discussion
of the research activities are included in Chapters 4-7. Chapter 4 describes the development of unique
SG materials and their use as platinum nanoparticle supports. Chapter 5 focuses on the growth of
platinum nanowires on SG by a simple and facile surfactant-free solvothermal technique. The
structure and electrochemical activity of these materials are carefully elucidated and discussed.
Further investigation and challenges associated with SG are addressed by developing various SG
materials by changing the amount of sulfur in SG supported platinum nanowire catalysts. Detailed
results and discussion are provided in Chapter 6. The beneficial impact of extended platinum surface
supported by one-dimensional S-CNT are carefully investigated and reported in Chapter 7. Finally, all
the results reported within the thesis are summarized in Chapter 8. Chapter 9 provides

additional/supporting information associated with the various projects accomplished in this thesis.



Chapter 2 Background and Literature Review

2.1 History of Fuel Cells

Fuel cells produce electricity directly by converting chemical energy of reactants into electrical
energy through electrochemical reactions. The concept of fuel cells originated with Sir William
Grove in 1839 who demonstrated that electric current could be produced between two Pt strips by
placing them in separate bottles containing hydrogen and oxygen that were also filled with dilute
sulfuric acid. However, it was only in 1889 when this idea was first applied by Ludwig Mond and
Charles Langer who constructed the first practical fuel cell device using industrial coal gas as the fuel
and air as the oxidant. However, practical implementation of fuel cells was not possible due to poor
understanding of their principles, unreliable fuel resources and the requirement for expensive
catalysts. Therefore, fuel cell research focused on laboratory-scale studies to further the basic
understanding of the process and solve the associated problems. In 1932, Francis Bacon produced a
fuel cell containing an alkaline electrolyte and a nickel electrode based on the previously proposed
concept of Mond and Langer. General Electric (GE) produced the first proton exchange membrane
fuel cells (PEMFCs) in 1950 that were used by NASA for the Gemini and Apollo space projects. In
recent years, the interest of the research community in PEMFCs for sustainable energy production has
grown dramatically due to the huge consumption of fossil fuels and increasing concerns about carbon

dioxide emissions.

2.2 Types and Applications of Fuel Cells

In a PEMFC, the anode and cathode are separated by an electrolyte and hydrogen or hydrocarbons are
used as fuel to be anodically oxidized, while pure oxygen or air is cathodically reduced. Regardless of
the type of charge carrier in the fuel cell, the liberated electrons at the anode pass through the external
circuit to the cathode. Thus, due to the difference in chemical potential, electric current is obtained
when a load is applied. The most common types® of fuel cells with their intrinsic operating

characteristics are shown in Table 2-1.



Table 2-1 Characteristics of five major types of fuel cells

Characteristics PEMFC PAFC AFC MCFC SOFC
Electrolyte Polymer Liquid H3PO4 | Liquid Molten Ceramic
membrane KOH carbonate
Charge carrier H* H* OH CO,> o*
Operating 80°C 200°C 60-220°C | 650°C 600-1000°C
temperature
Catalysts platinum platinum platinum Nickel Perovskites
(ceramic)
Cell components Carbon based Carbon based Carbon Stainless Ceramic
based based based
Fuel compatibility | H,, methanol H, H, H,, CH, H,, CH,, CO
Applications Electric utility, | Electric utility, | Military, Electric Electric
portable power, | transportation space utility utility,
transportation auxiliary
power

2.2.1 Proton exchange membrane fuel cells (PEMFCs)

PEMFCs contain a polymer membrane that allows transport of protons to the cathode after being
produced at the anode by hydrogen oxidation. These protons then participate in the oxygen reduction
reaction and produce pure water as the only by-product. The polymer membrane (ionomer) which is
very thin (thickness of ~ 20 um) is crucial for PEMFCs to achieve high power density. The operating
temperature of PEMFC also has a significant impact on the durability of polymer membranes due to
the effects of thermal degradation. The commonly used Nafion membranes made from perfluorinated
sulfonic acid (PFSA) can operate at temperatures below 100°C and provide excellent proton
conductivity. Moreover, PEMFCs are scalable, versatile and can be applied for a wide range of

stationary, portable and transportation applications in the range of 10 W to 1 MW.

Direct methanol fuel cells (DMFC) are a class of PEMFCs using methanol that is easy to store and
handle as a fuel at the anode and is oxidized in the presence of precious metal catalysts. The
polymeric membrane used in DMFCs is a bit thicker than those used when hydrogen is the fuel to
avoid methanol crossover, although this lowers efficiency or power density. The class of DMFCs also

includes other fuel cells such as direct ethanol fuel cells which are more reliable and promising.

2.2.2 Phosphoric acid fuel cells (PAFCs)

Highly concentrated or pure liquid phosphoric acid (H3PO,) serves as an electrolyte for PAFCs. High
temperature operation (200°C) makes PAFCs more tolerable to CO poisoning and so requires less

purification of the hydrogen fuel. The electrochemical reactions are similar to those operating in
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PEMFCs and also require platinum-based catalysts. However, the challenges associated with PAFCs
such as an aggressive electrolyte at high temperature, low start-up and low power density must be

considered before being used for practical applications.

2.2.3 Alkaline fuel cells (AFCs)

Alkaline fuel cells use aqueous potassium hydroxide (KOH) as the electrolyte generally as a 6M
solution operating at temperatures varying from 20 to 90°C. Hydroxyl ions (OH") travel from the
cathode to the anode in a direction opposite to PEMFCs. The electrochemical reactions involved in

AFCs are as follows:

anode: H, + 20H — 2H,0 + 2e” (2-1)
cathode: O, + 2H,0 + 4 — 40H (2-2)
overall: 2H,+ O, — 2H,0 (2-3)

The theoretical energy efficiency of these fuel cells is 83% with a thermodynamic cell voltage of 1.23
V at 25°C. Oxygen reduction kinetics is faster in alkaline solution than in acidic medium where
PEMFCs operate. Despite many advantages, the main drawback of AFCs is electrolyte poisoning by
CO, in the air when used as a fuel in anode. However, renewal of the electrolyte or use of pure
oxygen can mitigate the formation of undesired carbonates to make AFCs more reliable during
operation.

2.2.4 Molten carbonate fuel cell (MCFC)

MCFCs operate at high temperature (600°C or higher) and so expensive precious metal catalysts can
be substituted with inexpensive non-precious materials such as nickel. The electrolyte used is
composed of a molten carbonate salt (sodium or lithium) suspended in porous and inert beta-alumina
solid electrolyte. MCFCs have significant advantages over PAFCs in that they are cheaper, more
efficient and do not require externally supplied hydrogen since they are capable of internal reforming
of coal. Also, MCFCs are not susceptible to poisoning by CO, that is transported to the cathode along
with the oxidizer. In fact, CO, can be included in the fuel with gases obtained from coal. However,

start-up issues and durability of MCFCs strongly limit their large-scale applications.

2.2.5 Solid oxide fuel cells (SOFCs)

SOFCs make use of ceramic or solid oxide electrolytes such as yttria-stabilized zirconia (mostly
used), scandia-stabilized zirconia and gadolinium-doped ceria that conduct O® from the cathode to

the anode. SOFCs operate at very high temperature (up to 1000°C) allowing the replacement of
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expensive platinum catalysts with cheap perovskites or nickel catalysts. Also, high temperature
operation of SOFCs makes them suitable for combined heat and power (CHP) systems. Despite other
advantages such as low cost, durability, high efficiency, fuel flexibility and low emissions, SOFCs

suffer from slow start-up during high temperature operation.
2.3 Thermodynamics and Kinetics of Fuel Cells

2.3.1 Thermodynamics of fuel cells

Fuel cells convert the chemical energy of reactants into electricity. Its energy efficiency can be
defined by the ratio of change in Gibbs free energy (AGy) to the change in total enthalpy (AH;) for a

certain chemical reaction. In the case of H,/O, PEMFCs which make use of the overall reaction
H, + %0, » H,0 (2-4)

AG; and AH, are —237 and —287 kJ/mole, respectively, at standard condition of 25°C and 1 atm Py,
and 1 atm Po,. Based on these values, the maximum conversion efficiency that can be achieved is

83% which exceeds the level possible with any other current energy conversion devices.

At constant temperature and pressure, the maximum electrical work obtainable by converting the free

energy of the electrochemical reaction is:

E, = -%& (2-5)

nF

where n is the number of electrons transferred and F is the Faraday constant (96485 C mol™'). By
using these data, the cell voltage obtained for the H,/O, PEMFC at standard conditions is therefore E°
= 1.23 V SHE. The temperature dependence of the cell voltage E, can be estimated by the following
equation:

AS?

E.(T) = E2(298) + —

(T —298) (2-6)
Given that AS? is —163 J mol ' K™', E? for an H,/O, PEMFC operating at 80°C has a value of 1.18 V
SHE. Again, the relationship between the activity of reactants and products and the Gibbs free energy

can be written as:

AG, = AG? + RT In Li%izrod 2-7)

ITi aireact
The cell voltage E, of the PEMFC can be related to the activities of reactant and products by the

following equation



1/2
_ 0 4 RT , GHy9, )
Ey = Ef +0 In"2? (2-8)

The temperature and activity dependencies of the cell voltage can be combined to yield:

1/2
) ASP o RT , 3Hz2%; ]
E(T) = EP(298) + 0 (T = 298) + 1 In—22 (2-9)
or
AS? RT P Po.\1/2
E,(T) = EP(298) + =X (T — 298) + == In (%) (%) (2-10)

where P? is the standard pressure (1 atm).

2.3.2 Kinetics of fuel cells

Butler-Volmer equation can be employed to describe the kinetics of the electrochemical reactions
associated with fuel cells. The relationship between the current density i (A cm?) for a half-cell

reaction and the overpotential n (V) is as follows:

= o o (220) - e (- 520)] an
The kinetics for each reaction occurring at an electrode in a fuel cell can be described by its own
Butler-Volmer equation. The overpotential 1 is the difference between the potential of an electrode
and the equilibrium potential for the given half-cell reaction and is a measure of the deviation from
the reaction equilibrium. When a half-cell reaction is at equilibrium, it proceeds in the anodic
direction at the same rate as it does in the cathodic direction. The exchange current density iy (A
cm?) is the current density corresponding to this rate when the electrochemical reaction is at
equilibrium. The exchange current density is an intrinsic property of electrode materials and is used
as an important tool to measure the activity of a catalyst for a certain reaction. In the above equation,
a is the transfer coefficient and is related to the inverse of the Tafel slope (2.303 RT /n aF) and can
be obtained experimentally. The transfer coefficient is an important parameter to evaluate the
mechanism of an electrode reaction.

Under typical operating conditions, the magnitude of the overpotential at each electrode is larger than
0.1 or 0.2 V. In this situation, the rate of the backward direction of the reaction at each electrode
usually is negligible compared to the rate of the forward direction and the Butler-VVolmer equation for

the reaction at each electrode can be simplified as follow:

) ) anaF
lg = lo,q €XP (a RnT r]a) (2-12)
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__ BencF

= (2-13)

)

Some of the parameters in the expressions are identified with subscripts a and ¢ to signify that they

e = —loc exp(

are associated with the anodic and cathodic reactions, respectively. An example of plots of i, and i,
versus the overpotential is presented in Figure 2-1a. The effect of i, on the electrode response is
shown in Figure 2-1b and reveals that an increase in the exchange current density leads to a higher
current density at a given overpotential. Equations (2-12) and (2-13) can be re-arranged to give the

so-called Tafel equations for the anodic and cathodic reactions:

2.303 RT i
o= 22 1og (#) (2-14)
__ 2.303RT licl ]
Ne = BencF log (io,c) (2 15)

Semi-log plots of i, and i. versus the overpotential according to Equations (2-14) and (2-15) are

shown in Figure 2-1c. The slopes of these plots are known as the Tafel slopes and are given as

2.303 RT
agngF

2.303 RT

and — for the anodic and cathodic reactions, respectively. The magnitude of the Tafel

cNe

slope for the ORR typically has a value in the range of 0.04 to 0.12 V/dec depending on the reaction
mechanism, electrode material, structure, surface condition and temperature. It should be noted that a
decrease in the Tafel slope leads to an increase in the current density and improvement in fuel cell

performance.
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Figure 2-1 Diagrams depicting (a) Jx vs i (b) the effect of iy (=Jo) (c) determination of iy (=Jo) and b.



2.4 Introduction to Polymer Electrolyte Membrane Fuel Cells (PEMFCs)

2.4.1 Structure of PEMFCs

PEMFCs were first developed by General Electric in the early 1960s as an alternative to alkaline fuel
cells. PEMFCs are very attractive for low temperature operation, more environmentally benign and
more efficient compared to other fuel cell technologies. Figure 2-2 shows the three major
components (anode, cathode and membrane) of a typical H,/O,-based PEMFC. The polymeric
membrane sandwiched between the two electrodes is capable of conducting protons from anode to
cathode. A catalyst layer based on platinum is used in both the anode and cathode in order to
accelerate the electrochemical reactions at the interface between the membrane and electrodes. At the
anode, the protons generated by the splitting of H, diffuse across the membrane to the catalyst layer
in the cathode and combine with O, to produce pure water only. At the same time, the transport of
electrons from anode to the cathode in the external circuit generates electricity.

The most commonly used polymer electrolyte membrane is perfluorinated sulfonic acid (PFSA),
developed by Dupont and consists of a tetrafluoroethylene backbone with perfluorovinyl ether side
groups terminated by sulfonate moieties. The chemical structure of the Nafion membrane is also
included in Figure 2-2. The sulfonated groups in this material are responsible for conducting protons
by the hopping mechanism. At the same time, the membrane prevents the passage of electrons and

any short circuit recombination of protons and electrons from occurring.

Catalyst surface area is a key factor to obtain the maximum current by enhancing the electrochemical
reactions in the electrodes. Thus, Pt nanoparticles with high surface/volume ratio are utilized in order
to increase the surface area and minimize the required amount and cost of the catalyst. On the other
hand, the high surface energy of Pt nanoparticles tends to cause them to aggregate and reduce their
surface area significantly over time. To overcome this aggregation problem, high surface area carbon
is used to disperse and stabilize Pt nanoparticles and to provide highly conductive channels between
the catalysts and the current collector. Catalyst materials are usually dispersed in a highly porous
carbon paper known as the gas diffusion layer at both the anode and cathode. Normally, the two
electrodes and the membrane are combined together in a single unit called the membrane electrode
assembly (MEA). The MEA is then sandwiched between two bipolar plates which are made of
carbon, graphite or stainless steel due to having their distinct mechanical properties, electrical

conductivity and corrosion resistivity. These bipolar plates must meet a number of important
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requirements: satisfactory electrical conductivity, mechanical strength to maintain the intrinsic shape

and structure of the fuel cell and fast removal of the waste heat produced by the fuel cell reactions.

The reactions involved in a H,/O,-based PEMFC are as follows:

Anode: H, — 2H" +2e” E°= 0V vs. RHE (2-16)
Cathode: %0, +2H" + 26 - H,0O E°=1.229V vs. RHE (2-17)
Overall reaction: H, + ¥20,— H,0 E°=1.229 V vs. RHE (2-18)
-
A%

) =
2

0,+H*+4e’=2H,0
0,

é Hzo and 02

Anode membrane Cathode

Figure 2-2 Schematic diagram of a H,/O, PEMFC.
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Figure 2-3 Chemical structure of Nafion(R) membranes used in PEMFCs.

2.4.2 Challenges of PEMFCs

Although H,/O, PEMFCs have a theoretical cell voltage of 1.229 V, the voltages observed during
operation are always significantly lower than this value. This is due to irreversible voltage losses
during operation. Typically, the most significant loss is attributed to slow cathode kinetics associated
with the ORR. The HOR at the anode proceeds with a high exchange current density (3-10 mA cm?)
and so causes only a very minor loss (<10 mV) to the cell voltage. On the other hand, the exchange
current density of the ORR is lower (0.5-1.5 mA cm ™) and so leads to significant activation losses
(approximately 300 mV). Figure 2-3 presents a typical polarization curve for a PEMFC highlighting
the different losses and indicating that ORR kinetics contributes 70% of the total losses of an

operating fuel cell °.
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Figure 2-4 A typical PEMFC polarization curve, showing contributions of losses.

As shown in Figure 2-3, the losses in cell performance can be divided into the following regions as
the operating current is raised: (i) mixed-potential losses, (ii) activation losses primarily due to

cathode reaction Kinetics, (iii) ohmic resistance and (iv) mass transport limitations.

Mixed potential losses:- The open-circuit voltage (OCV) of 1.15 V at 80°C is lower than the
reversible value of 1.23 V H,/O, due to mixed potential losses related to fuel cross-over, short
circuiting and oxidation of the catalyst materials in the cathode. Possible secondary reactions that

occur at the cathode and lower the OCV are described below:

1. Cathode oxidization can occur due to a slight permeability of the PEM electrolyte to H, gas. This
enables some H, to cross over to the cathode where it can oxidize due to the high potential and
thereby decrease the overall cell potential by ~25-90 mV. Obviously, membrane thickness and
permeability have a large effect on the decrease in OCV.
2. Reversible adsorption of oxygen-containing species at the surface of the catalyst at the cathode can
lead to a reaction between Pt and PtO and losses of ~90-190 mV:

Pt + H,0 = PtO + 2H" + 2¢ (2-19)

(i) Activation loss:- Activation losses arise from limitations to the kinetics of the electrochemical
reactions of the electrodes. As mentioned previously, sluggish ORR kinetics at the cathode is the most
important and detrimental cause of the voltage drops in a PEMFC. The exchange current density of

this reaction is only 0.5 to 1.5 mA cm 2. As a result, the ORR exhibits a large overpotential ¢300 mV)
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even in the presence of the most active Pt-based catalysts. Thus, considerable scope exists to design
effective nanostructured catalysts on advanced carbon materials in order to reduce the voltage losses

and so is a primary objective of the research community.

(ii) Ohmic loss:- The ohmic losses in PEMFCs arise from the bulk electrical resistance of the cell
materials, cell connections (bipolar plates, catalyst layers, current collector cables etc.) and the
resistance to H" transport in the polymer electrolyte. By using appropriate materials including
electrode structures with high conductivity, these losses can be maintained small.

(iii) Mass transport limitation:- In this situation, the rate at which reactants are replenished at the
electrode surface cannot keep pace with the rate at which they are consumed by the electrode
reactions. When this limitation becomes severe enough, the surface concentration of the reactant is
driven to zero and the current density reaches a limiting value. No further increase in current is
possible under the given operating conditions. Reactant concentration, feed flow rates, cell
temperature and the structure of the gas diffusion and catalyst layers are the primary factors that

influence mass transport and determine the limiting current density of a PEMFC.

2.5 Electrocatalyst Stability Limitations

Activation voltage loss at the cathode due to sluggish ORR kinetics is perhaps the most significant
and critical problem preventing widespread commercialization of PEMFCs. Thus, catalyst materials
have a direct impact on the activation voltage loss and the overall performance of PEMFC devices.
The current status of electrocatalyst technology strongly relies on very expensive platinum
nanoparticles that are well dispersed on a high surface area carbon support, commonly known as Pt/C.
Besides the high cost and the slow rate of the ORR, another challenge for operating PEMFCs is their
durability due to the limited stability of platinum catalysts. The combined effects of potentiodynamic
cycling, start-up and shut-down, the nature of the polymeric membrane, humidity and elevated
temperature create a harsh environment for the electrocatalyst and cause its degradation and loss of
performance loss over time. The specific reasons for the degradation of the Pt/C electrocatalyst are (i)
carbon corrosion, (ii) platinum nanoparticle dissolution and/or agglomeration and (iii) catalyst

contamination and poisoning.

The oxidation/corrosion of carbon is thermodynamically favoured under normal operating conditions

with a standard equilibrium potential of 0.207 vs RHE.
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C + 2H,0 — CO, + 4H" + 4¢” (2-20)
Although the cathode potential is normally high enough to drive direct oxidation/corrosion of carbon,
platinum has been found to catalyze carbon oxidation. Humidity, temperature and the amount of
carbon also influence carbon corrosion " 2. Obviously, carbon corrosion is very detrimental towards
the long term operation of fuel cells and must be mitigated. The most common approaches
investigated in recent research to slow down carbon corrosion have been to replace the traditional

carbon black with highly graphitized carbon such as graphene or carbon nanotubes.

The dissolution and/or agglomeration of platinum nanoparticles play a key role in degrading PEMFC
performance. Since platinum nanoparticles are very small in size (2-3 nm), they have very high
surface energy that promotes migration and agglomeration into larger particles to reduce the surface
energy. This phenomenon is known as Ostwald ripening and can occur via the following pathways:
(i) migration of platinum ion through the ionomer layer in the catalyst and (ii) platinum dissolution
and subsequent deposition on neighboring particles. Figure 2-4 shows TEM images of Pt/C in fresh
and used states providing clear evidence of platinum agglomeration after 200 hours of operation in a
10 cell PEMFC stack °. Several techniques studied to overcome this detrimental phenomenon are (i)
design and development of unique support materials that can strongly tether to platinum nanoparticles
and inhibit their dissolution and agglomeration (ii) fabrication of controlled and more stable platinum

nanostructures such as nanowires.
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Figure 2-5 TEM micrographs of the fresh Pt/C catalyst (a) and the degraded catalyst after 200 hours.

2.5.1 Nano-structured carbon supports

The main objective in PEMFC development is to reduce the cost and improve the performance and
durability of materials. Design of improved carbonaceous electrocatalyst supports is one of the
approaches to achieve these goals. It is well known that supported metal catalysts exhibit superior
activity and stability than unsupported metal catalysts. An ideal support should possess good
electrical conductivity, good catalyst-support interaction, large surface area, ability to maximize the
triple phase boundary, good water handling capability to avoid flooding and good corrosion resistance
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% Thus, the choice of support material is very important in determining performance, durability and
cost effectiveness of the catalysts and the owverall fuel cell performance. Traditionally, highly
conductive electrocatalyst supports have been based on carbon blacks with high surface area such as
Vulcan XC-72R (Cabot corp. 250 m? g*), Shawinigan (Chevron, 80 m? g*), Black pearl 2000
(BP2000, Cabot corp. 1500 m? g, Ketjen Black (KBEC600JD & Ketjen International, 1270 m* g™
and 800 m* g™, respectively) and Denka Black (DB, Denka, 65 m* g™).

Carbon blacks, especially Vulcan XC-72R, are the most widely used supports for platinum and
platinum alloy catalysts in fuel cells and are produced from the pyrolysis of hydrocarbons. Carbon
black (CB) particles are nearly perfectly spherical in shape with a size < 50nm and grow to
approximately 250 nm when they aggregate and agglomerate. CB has a polycrystalline structure
consisting of several turbostratic layers with an interplanar spacing of 0.35-0.38 nm. The process of
thermal decomposition and the source material greatly affect the morphology and particle size
distribution of CB . Despite having a high surface area and being a widely used support material, the
use of CB suffers from a number of problems: (i) the presence of organo-sulfur impurities, (ii) deep
micropores which trap the catalyst nanoparticles and make them inaccessible to reactants leading to a
reduction of catalyst activity and (iii) thermochemical instability leading to the corrosion of CB which
is severe and the loss of active catalyst material from the surface. The interaction between the
Nafion® ionomer and the catalyst nanoparticles is affected by the CB pore size and distribution.
Since the typical size of Nafion® micelles (> 40 nm) is much larger than that of CB micropores,
many metal nanoparticles in recesses or micropores become inaccessible to the electrolyte and
therefore make no contribution to the electrochemical activity This has led to research into a
multitude of materials other than carbon blacks as support materials with unique and stable

nanostructure, as discussed below.

Mesoporous carbon: Mesoporous carbon materials are a class of porous carbon materials that have a
high electrical conductivity and high surface area with pore sizes in the range 2 — 50 nm. Two types
of mesoporous carbon exist based on the structure and method of preparation. The first one is ordered
mesoporous carbon (OMC), while the second is disordered mesoporous carbon (DOMC) which has
an irregularly interconnected structure and thus a lower conductivity and wider pore size distribution
than OMC. OMCs are generally prepared by using ordered mesoporous silica or triblock copolymer
template structures %, The structure of the carbon support determines the access of reactants to the

catalytic sites and the removal of the products which have strong effects on electrocatalyst

17



performance. OMCs have very interesting morphological structures with high surface area and three-
dimensionally connected mono-dispersed mesopores which help to facilitate the diffusion of reactants
and by-products. OMCs also contain some surface oxygen groups that improve the interaction
between the catalyst and support and so improve catalyst dispersion. Many researchers have shown
that platinum nanoparticles supported on ordered mesoporous carbon such as CMK-3 exhibit superior
ORR activity due to the uniformly dispersed nanoparticles, more electrochemically active sites and
higher electrochemical active surface area *>. ORR activity improvement was attributed to the highly
ordered structure and good 3D interconnection of the hexagonally arranged carbon nanorods that
enable higher catalyst utilization. Pore morphology, pore structure and surface chemistry were also
deemed to play key roles . As an example, platinum supported by ordered mesoporous carbon
CMK-3 has been found to be a promising catalyst for alcohol oxidation in DMFCs . Surface
functionalization or modification and doping of OMCs can also significantly improve electrocatalytic
activity, stability and resistance to fuel crossover.

Graphene: Graphene is a flat monolayer of hexagonally arranged carbon atoms tightly packed into a

> This material has been widely studied for many

two-dimensional (2D) honeycomb lattice
applications including fuel cell catalyst supports due to its high electron transfer rate, large surface
area and high conductivity *°. Catalyst nanoparticles can interact with the edge and basal planes of the
2D planar carbon sheets. Since these sheets are actually rippled, they have a very high surface area to
strongly attach to catalyst nanoparticles. Graphene enables very fast electron transport that facilitates
the ORR in fuel cells *" and has a band gap equal or close to zero *®. High quality graphene can be
synthesized by micromechanical exfoliation, epitaxial growth and CVD. Among the synthesis
procedures, CVD has distinct advantages for obtaining highly exfoliated large surface area graphene
from graphene oxide (GO). The GO used is normally obtained by the modified Hammers method and
then placed inside a furnace for annealing at high temperature (800-1000°C) in the presence of Ar.
The catalytic properties of graphene can be further improved by doping with heteroatoms such as

boron, phosphorous, nitrogen or sulfur to provide more active sites and tuning their band gaps *.

Carbon nanotubes (CNTs): CNTs are 1D nanostructures generally formed from rolled up single
sheets of hexagonally arranged carbon atoms. CNTs can be single-walled (SWCNT) or multi-walled
(MWCNT). Depending on the synthesis procedure and desired properties, SWCNTs or MWCNTSs are
used as carbon nanostructures for application as catalyst supports in fuel cells . SWCNTSs tend to

provide more surface area while MWCNTs are usually more conductive. MWCNTs can have
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diameters of a few tens of nanometers with a spacing of ~0.34 nm between the cylindrical walls.
However, since CNTs are chemically inert, it is difficult to attach them to catalyst nanoparticles. To
solve this problem, it is necessary to functionalize the surfaces of CNTSs, for example, by the use of a
strong oxidizing agent in order to make the surface more hydrophilic and improve the catalyst support
interaction #. The use of CNTSs as a support material enables better catalyst nanoparticle dispersion,
controlled size distribution and selective morphologies. CNTSs are strongly resistant to corrosion and
allow good catalyst activity to be maintained for longer periods of fuel cell operation than that
possible using commercial carbon black . Moreover, CNTs can also be doped with heteroatoms in
order to alter and improve their intrinsic catalytic properties.

Carbon nanofibers (CNFs): Carbon nanofibers (CNFs) have also been extensively studied as
promising supports for fuel cell catalysts . Unlike CNTs, CNFs have either a very thin or no hollow
cavity and are much larger than CNTs with diameters as high as 500 nm and lengths up to a few
millimeters. Three types of CNFs have been observed — ribbon-like, platelet and herringbone CNFs.
Herringbone CNFs show very promising activity and durability compared to the other types of CNFs.
Although CNFs have lower surface area and pore volume than carbon black, they display better
catalytic activity **. Moreover, they can be functionalized or acid-treated to improve their
performance as a support material. The most important difference between CNTs and CNFs is that
only edge planes are exposed in the case of CNFs, whereas the basal plane is primarily exposed in the
case of CNTs. The much larger area associated with the basal plane makes CNTSs a better choice as a

catalyst support for fuel cell applications.

2.5.2 Doping of nanostructured carbon materials

The introduction of heteroatoms such as B, P, N and S into nanostructured carbon frameworks is very
effective in modifying their electrical properties and chemical activities . Recent studies have
shown that N-doped carbon materials such as CNTSs, graphene and mesoporous graphitic arrays
exhibit high catalytic activity, long term durability and excellent methanol tolerance. Furthermore,
these materials are relatively inexpensive and environmentally friendly. The excellent catalytic
activity toward the ORR has been attributed to the areas of positive charge density on adjacent carbon
atoms due to the electronegativity of N (electronegativity of N: 3.04) which is favorable for O,
adsorption. Moreover, carbon materials doped with B and P (electronegativity of B: 2.04,
electronegativity of P: 2.19 respectively) also showed pronounced catalytic activity. On the other
hand, S-doped carbon materials have rarely been investigated for catalytic applications *. It is
19



important to note that the electronegativity of S is close to that of carbon (electronegativity of S: 2.58
and electronegativity of C: 2.55). The introduction of S atoms into nanostructured carbon materials
stabilizes their structure and improves their electrical properties significantly. It was found that the
formation energy for S-doped SWCNT is at least 0.7 eV larger than its N-doped counterpart and the
formation energy can even be increased to 1 eV for graphene with S-substitutional defects .
Therefore, these materials may be effective as catalyst support materials in fuel cells by adjusting the
amount of S incorporated to modulate the electronic properties of the sheets and using S atoms to
anchor platinum nanoparticles or nanowires. Due to these potential benefits, S-doped graphene and S-

doped CNT are extensively investigated throughout this project.

2.5.3 ORR electrocatalyst technologies

The potential uses of unique heteroatom doped nano-structured carbon supports for platinum

nanostructures such as nanoparticles and nanowires, are discussed in the following section.
(i) Platinum nanoparticles supported on S-doped graphene (Pt/SG)

As stated previously, support materials have direct impact on the ORR and so the selection of suitable
support materials is very important to obtain the highest catalytic activity and stability. The properties
of an ideal support include high surface area, excellent electronic conductivity, chemical stability,
favorable catalyst-support interaction and strong cohesive bond to the active materials. Support
materials also affect the interaction with the ionomer in the catalyst, electrode architecture and
properties. In order to achieve favorable nanostructures, the factors leading to the formation of triple
points, excellent mass transport of reactants, proper catalyst nanostructure are of great interest *'.
Surface properties of the support materials directly influence the utilization of platinum materials and
good dispersion of platinum nanoparticles. In general, platinum nanoparticles are deposited onto a
support by chemical reduction. In this method, chloroplatinic acid hexahydrate is reduced by ethylene
glycol or sodium borohydrate to form nanosized platinum metal particles. The high density of ©
electrons in the carbon-based support material provides necessary anchoring sites for nucleation and
growth of the platinum nanoparticles **. Common carbon supports used in Pt/C often do not exhibit
satisfactory stability and therefore new and improved configurations are required to obtain the desired
PEMFC durability. Furthermore, the cohesion between platinum and the support material should be
strong enough to hinder platinum migration, agglomeration and dissolution that greatly reduce the
material durability. Moreover, the interaction energy between platinum and support affects the

strength of the tethering of platinum to the support. Thereby, it should be possible to tailor PEMFC
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performance by developing novel catalyst support materials with favorable physicochemical

properties and catalyst-support interactions.

Graphene has recently emerged as a highly promising catalyst support material for PEMFC
applications due to its immense surface area, excellent conductivity and electron transfer capabilities
that are important criteria pertaining to electrocatalysis ***. Graphene is theoretically composed of
only graphitic carbon atoms which can provide added resilience against carbon corrosion during
PEMFC operation,®® However, the relatively inert and hydrophobic nature of its surface does not
culminate in facile Pt deposition and so it must be functionalized to obtain well dispersed
nanoparticles and overcome stability limitations *. To this end, nitrogen-doped graphene and other
graphitic carbons have been extensively developed and investigated for fuel cell catalyst applications,

either as stand-alone ORR electrocatalysts in alkaline media®*“

or as Pt nanoparticle supports under
acidic (i.e. PEMFC) conditions.*”** The presence of nitrogen dopants has been reported to promote
the tethering of Pt nanoparticles, benefiting both catalyst activity and stability ** **. While density
functional theory (DFT) simulations have been carried out to investigate the adsorption and binding

5558 3 fundamental

interactions between Pt and either nitrogen- and boron-doped graphene or CNTSs,
understanding of the interaction between Pt and heteroatom-doped graphene catalyst-support and
their associated impact on ORR performance and operational stability is still lacking. Furthermore,
the impact of graphene doped with various other heteroatoms (e.g., sulfur) remains largely

unexplored despite their high potential for applications such as ORR catalysis * ** ®

or catalyst
support materials®. The elucidation of these important considerations can be provided by linking

fundamental computational simulations with detailed experimental investigations.

(ii) Platinum nanowires supported on S-doped graphene (PtNW/SG)

One dimensional platinum nanowires have unique morphology and distinct advantages with respect
to ORR activity and stability. Ultrathin platinum nanowires possess unique photonic, electronic,
magnetic and catalytic properties. The anisotropic nature of platinum nanowires enables superior
stability in fuel cells compared to zero-dimensional platinum nanoparticles. The distinct properties of
platinum nanowires include (i) high catalyst utilization due to enhanced reactant/product mass
transport properties, (ii) high aspect ratio and (iii) micrometer-scale length that mitigates platinum
dissolution and agglomeration due to lower surface energy relative to that of platinum nanoparticles
6264 The synthesis of platinum nanowires is based on the use of templates or substrates such as

biomaterials, carbon nanotubes, block copolymers and other mesoporous materials to guide the
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growth and formation of nanowires. However, the requirements for template removal and scale-up
hinder the use of platinum nanowires in commercial applications and therefore, create great
challenges for the direct synthesis of platinum nanowire. Although researchers have shown that
surfactant- or ligand-assisted solution methods are effective at synthesizing single crystal ultrathin
noble metal nanowires, it is very difficult for platinum to grow directly into one-dimensional single
crystalline nanowires having high aspect ratios without using templates or substrates. Despite this
difficulty, some researchers have been able to show that a facile, highly reproducible and scalable
solvothermal technique can synthesize nanowires without stabilizers and templates ® ®. This facile
surfactant-free method is utilized for the direct growth of Pt nanowire on SG materials. In this way,
the combined properties of nanostructured platinum and the support materials effectively fulfill the
activity and stability requirements of the catalysts.

(iii) Platinum nanowires supported on S-doped CNT (PtNW/S-CNT)

The superiority of SG as a support for platinum nanoparticles/nanowires has been already discussed
in the previous section. The beneficial impact of 1D platinum nanostructures can be further extended
using 1D carbon nanotubes (CNTs). CNTs possess attractive mechanical, electrical and thermal
properties, which can help to significantly improve the ORR activity and stability. However, the
properties of CNTs can also be tuned by doping with sulfur. Therefore, an increase of the number of
sulfur sites should introduce more anchoring sites for the platinum nanowires that can provide

benefits in terms of the electrochemically active surface area availability and platinum utilization.
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Chapter 3 Experimental Methods and Characterization Techniques

The specific methods used to synthesize and characterize the materials throughout the projects are

discussed below:
3.1 Fabrication Techniques

3.1.1 Chemical based techniques

Chemical-based synthesis techniques comprise a broad range of procedures used to synthesize
various class of materials ranging from nanocarbon materials to ultrathin platinum/ruthenium

nanowires .

3.1.2 Chemical vapor deposition (CVD)

In general, chemical vapor deposition (CVD) is a process whereby a solid material is deposited from
a vapor phase onto the surface of a heated substrate or material of interest. By changing the
experimental conditions such as substrate material, temperature, composition of the reaction gas
mixture or ratio of precursors, pressure, gas flow rate etc., materials with various properties can be
obtained. CVD is an excellent technique that enables the formation at high temperature of a high
surface area material such as SG/S-CNT which can serve as a reliable and stable support material for

platinum nanostructured catalysts.

3.1.3 Platinum deposition

Platinum nanoparticles deposited onto SG has been synthesized and evaluated in this study.
Typically, platinum nanoparticles are deposited using ethylene glycol since this method is very
simple, reliable and uses non-toxic materials. Briefly, 80 mg of catalyst support are ultrasonically
dispersed in 60 mL of ethylene glycol and mixed with a magnetic stirrer for at least 1h. After that, 4
mL solution of H,PtCls.6H,0 are added into ethylene glycol (5 mg Pt mL™ solution) to achieve 20%
Pt in the final crystal material. In order to maintain pH >10, several drops of 2.5 M NaOH are added
to the solution and then the contents are heated at 140°C for 4 h under reflux conditions. Finally, a
few drops of 2M HCI are added to adjust the pH to 5-6 before filtering the solution and collecting the
solids. The final step is to wash and dry the solids in an oven overnight at 70°C for subsequent

characterization and evaluation.
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3.1.4 Solvothermal synthesis of extended platinum nanostructures

The solvothermal technique involves the synthesis of materials by using an organic solvent for the
precursors that are subjected to high pressure and temperature in order to obtain materials with a
controlled size and shape distribution and crystallinity. The properties or characteristics of materials
can be altered by varying certain experimental parameters such as reaction temperature, reaction time,
precursor type, surfactant type and solvent type. In this technique, the precursor solution is loaded
into a Teflon-lined sealed autoclave vessel and fastened securely before placing it in an oven at a
specified reaction temperature for a given duration. Solvothermal synthesis techniques are capable of
producing a wide range of materials such as SG/S-CNT, platinum nanowires and cobalt selenide

nanosheets etc.
3.2 Physico-chemical characterizations

3.2.1 Scanning electron microscopy

Scanning electron microscopy (SEM) is a useful technique to investigate the topography and
morphology of micro- and nano-structured materials. This instrument uses a powerful beam of
electrons (produced by a thermionic or field emission technique) to illuminate the sample and then
project images based on the secondary or back-scattered electrons collected by the detector after
scanning. The spatial image resolution depends on the spot size of the electron beam and the electron
interaction volume and can reach as high as 1 nm. In this project, distinct nanostructures of the
synthesized catalyst materials are analyzed using SEM. Sample preparation before SEM imaging
involves the spreading of solid catalyst powder onto a conductive carbon tape that is secured to a
sample holder. This holder is then placed in the SEM followed by evacuation of the chamber and

subsequent imaging.

3.2.2 Transmission electron microscopy

Transmission electron microscopy (TEM) is a powerful imaging tool for producing high resolution
images of samples that can approach near-atomic scale. Samples are illuminated by a high energy
electron beam (200 to 400 kV) that passes through several condensers and then is transmitted to the
sample. Electrons can be scattered elastically or inelastically and then collected. Based on diffraction
theory, the signals from the collected electrons are processed to produce images. TEM is a high
resolution technique which can effectively determine crystal structure, atomic arrangements, exposed

crystal facets and chemical compositions.
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3.2.3 Energy dispersive x-ray spectroscopy

Energy dispersive x-ray spectroscopy (EDX) can be carried out simultaneously with a common
imaging technique by adding an EDX detector to an SEM and TEM unit. When electrons bombard a
material surface of interest, x-rays are also emitted and can be collected by the EDX detector. The
energy of the x-rays and their corresponding intensities are related to the appropriate elemental
identity and quantity in a specific material. Moreover, elemental mapping can also be done by
analyzing the x-rays emitted from localized positions on the sample. Atomic contents depend on the
emitted x-ray intensities at various locations and can be used to map the concentration of different

elements over the entirety of the sample being investigated.

3.2.4 X-ray diffraction

X-ray diffraction (XRD) is a widespread characterization technique used to determine crystal
structures based upon comparison with a diffraction pattern database. Generally, x-ray beams are
emitted from a source (Cu, K, Mo, etc.) and directed to the sample of interest. Once these beams
interact with the atoms in the materials, a diffraction pattern of a specific crystal structure can be
obtained depending on the incident x-ray wavelength and the spacing between the atomic planes in
crystalline and polycrystalline materials. XRD is capable of determining the average nanoparticle size
and lattice parameter along with the crystal phases. The Scherrer equation can be employed to

estimate the average nanoparticle size as follows:

kA
d = BcosO (3_1)

where d is the average crystal or nanoparticle size, k is the shape factor (0.89), A is the x-ray
wavelength, B (20) is the full width at half maximum (FWHM) and cos0 is the maximum angle of the
diffraction peak. Furthermore, Vergard’s law can be used in order to calculate the lattice parameter a:

a= V2ik (3-2)

sinf

3.2.5 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) involves the use of x-rays to irradiate a sample and cause the
emission of electrons from its surface according to the photoelectric effect. The kinetic energies of
these emitted electrons are reflective of their specific binding energies which are characteristic of the
elements from which they are emitted and their oxidation states. Due to the short mean-free path of

electrons, only electrons emitted from the surface of a sample can escape and make it to the detector.
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Therefore, surface elemental compositions and oxidation state of the elements can be easily
determined by XPS. However, as XPS requires high vacuum (P ~ 10°® millibar), samples to be

investigated must be in solid form.

3.2.6 Raman spectroscopy

Raman spectroscopy is a useful technique to obtain the information on rotational and vibrational
modes in a system. The Raman effect which is small, but accessible by the use of lasers, involves the
interaction of the monochromatic laser light with the molecular vibrations, photons or other
excitations in the sample and the resulting shift in the energy of the laser photons. This shift in energy
provides information about the vibrational modes in a sample. In situ analysis of organic and
inorganic compounds can be performed by Raman spectroscopy along with the analysis of gas,
aqueous solutions and solid powders. In this study, Raman spectroscopy is used as an important

characterization tool for the investigation of defect sites in graphene or CNT.
3.3 Electrochemical and Performance Characterization

3.3.1 Cyclic voltammetry

Cyclic voltammetry (CV) is a potentiostatic electrochemical technique used to examine the
electrochemical properties of electrodes. In a cyclic voltammetry test, the potential of the working
electrode is varied linearly between two potential limits with respect to time and the corresponding
current is measured. A typical CV of Pt/C collected at a sweep rate of 50 mV s™ in N,-saturated 0.1
M HCIO, shows the current response of the working electrode when the potential is swept and cycled
between 0.05 to 1.3 V vs. RHE (Figure 3-1). Positive current corresponds to anodic current and
negative current represents the cathodic current. The CV can be divided into three regions: (i) H
underpotential deposition region ¢0.05 to 0.4 V vs. RHE), (ii) double layer region ¢0.4 to 0.7 V vs.
RHE) and (iii) Pt oxide formation region (above 0.7 V vs. RHE). As the potential increases from~
0.05 to 0.4 V vs. RHE during the forward scan, the pre-adsorbed H atoms on Pt surface are oxidized
to form H* which desorbs from the Pt surface and then diffuses into the electrolyte. When the
potential increases (in a potential window above 0.7 V vs. RHE), Pt is oxidized to form Pt hydroxide
or oxide, i.e. PtOH or Pt oxides by the adsorption and dissociation of H,O molecules. When the
potential is decreased to~ 0.7 V vs. RHE during the backward scan, the reduction of Pt-OH or Pt
oxide occurs. With a further decrease of the potential to 0.4 V vs. RHE, the protons in the electrolyte

adsorb on the Pt surface and are reduced via H underpotential deposition. The Pt surface is free of H
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or OH/H in the potential window of~0.4 to 0.7 V vs. RHE known as the double layer region. The
current measured in this region is not associated with a faradaic process and instead is associated with
capacitive effects due to the contribution from the large surface area carbon support and anionic
adsorption of the electrolyte. This capacitive current must be subtracted from faradaic currents before
estimating the electrochemically active surface area (ECSA) of platinum from such a CV. The charge
associated with H adsorption or desorption is integrated to determine the number of hydrogen atoms
adsorbed in a monolayer of coverage of the electrode surface. From knowledge of the electric charge
density C for each cm? covered by H atoms (0.21 mC m™ Pt), the specific ECSA of Pt (m” gm™ Pt)

can be determined as follows:

ECSA =< (3-3)

mcC

where Q is the total integrated charge for H adsorption/desorption (mC cm™ electrode) obtained from
the CV and m is the mass loading of platinum (mg cm electrode) .

0.2
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E/V (vs. RHE)

Figure 3-1 Typical CV of the commercial Pt/C catalyst.

3.3.2 Half-cell rotating disc electrode testing

The use of a half-cell rotating disc electrode (RDE) is a simple and effective approach for screening
of electrochemical reactions in electrodes. The electrocatalytic evaluation of catalyst materials is
cumbersome and time-consuming when it is done on the basis of full cell experiments in an operating

fuel cell. A typical three-electrode cell used in a RDE technique is shown below in Figure 3-2.
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Figure 3-2 Three electrode half-cell system.

In fact, the RDE technique allows the precise control of electrocatalytic activity measurements by
differentiating between effects due to the limited activity of the catalyst and poor mass transport of
reactant gas. The rotation of the working electrode induces convective mass transport to bring the
reactant to the surface of the electrode in a controlled fashion. The intrinsic properties of the
electrolyte and the rotation speed determine the flux of the reacting gas to the electrode surface. The
overall measured current i is related to the component i, associated with Kinetic limitations and the

mass transport limiting current iq which in turn can be described using the Levich equation to yield:

1 1 1 -
- = — + @ -
i i [0.620 nF AD*? v C] (3-4)

where n is the number of transferred electrons, F is the Faraday constant, A is the electrode area, C is
the concentration of the dissolved electroactive species O,, D is the diffusivity of the electroactive

species , v is the kinetic viscosity of electrolyte and o is the rotational speed. A plot of % vs. w= 2,
known as the Koutecky-Levich (K-L) plot should give a straight line with a y-axis intersect equal to

ii. From the measured slope, the number of electrons transferred due to the electrode reaction can be
k

determined. The obtained Kinetic current (typically obtained at 0.9 V) is significant in terms of the
specific and mass activities of the platinum catalyst. The former (mA m? Pt) measures the intrinsic

catalytic value of platinum, while the latter provides the activity normalized to the cost of platinum.

28



In a half-cell RDE test, the three electrodes are known as the working, counter and reference
electrodes. In order to evaluate the ORR, the working electrode is normally coated uniformly with the
catalyst material. To prepare the working electrode, the catalyst particles are first dispersed in 2 mL
ethanol containing SpL. (15 wt.%) Nafion solution for at least 30 minutes and then loaded onto the
glassy carbon (GC) electrode with a diameter of 5 mm. In order to compare the results obtained from
different experiments, the loading of catalyst in each case is controlled to be 20 pgpcm™. During the
coating of materials onto the GC electrode, efforts are made to ensure that the electrode thickness is
uniform to minimize any possible mass transfer limitations of the reactants. Also, each material is
tested at least three times to confirm the reproducibility of the results. The counter electrode is a
platinum-based electrode, while several possible reference electrodes (e.g., Ag/AgCl, standard
calomel electrode, reversible hydrogen electrode-RHE) can be used. The three electrodes are
immersed into an electrolyte, i.e. 0.1 M HCIO, or 0.5 M H,SQO,, to obtain a polarization curve for
ORR at a certain rotation speed. Figure 3-3 shows a typical polarization curve of the ORR on carbon-
supported Pt nanoparticles in 0.1 M HCIO, at a scan rate of 50 mV s™ and various rotational speeds.
The K-L plot is also obtained to calculate the number of electrons transferred by the ORR reaction.
Three regions are evident from the ORR polarization curve: (i) minimal current flows at potentials
more positive than 0.9 V due to the insufficient overpotential to drive the ORR forward, (ii) mixed-
controlled region where both ORR kinetics and O, mass transport affect the overall rate at potentials
from~0.7 to 0.9 V and (iii) diffusion-controlled region at potentials below 0.7 \VV when transport of O,

to the catalyst surface becomes rate-limiting.
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Figure 3-3 (a) ORR polarization curve of commercial Pt/C and (b) Corresponding K-L plot.
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3.3.3 Half-cell accelerated degradation testing

The RDE set-up can be used to conduct accelerated degradation testing (ADT) to investigate the
durability of the catalyst materials. In these tests, catalyst materials are normally subjected to repeated
potential cycles (normally several thousand at least) in a range between 0.05 and 1.5 V vs RHE.
These transient conditions are very harsh and will induce catalyst deactivation faster than what might
be encountered under normal operative conditions. In this way, it is possible to compare the ORR
activity, ECSA and electrochemical signature of the materials before and after ADT. This will enable
the electrochemical stability and the effects of any physical changes that may occur due to the
extended potential cycling to be assessed. Typical guidelines regarding experimental conditions that
can used for ADT testing have already been published (US Department of Energy-Fuel Cell
Technologies Office Webinar). Parameters can be modified during testing to induce different catalytic
degradation mechanisms. For example, a potential range that spans the oxidation/reduction of Pt
surface sites will accelerate Pt particle/nanowire degradation, while higher electrode potentials will
cause more rapid corrosion of the carbon support materials. Many different ADT conditions are
described in the literature and chosen according to the objectives of each particular study.
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Chapter 4 Platinum Nanoparticles on Sulfur-Doped Graphene

The following section is based on previously published work by Higgins, D. C.!, Hoque, M. A,
('equal contribution) Seo, M. H., Wang, R., Hassan, F., Choi, J-. Y., Pritzker M., Yu, A., Zhang, J.,
Chen, Z.

Advanced Functional Materials 2014, 24(24): 4325-4336

“Development and simulation of sulfur-doped graphene supported platinum with exemplary

stability and activity towards oxygen reduction”

Author contributions: H.M.A conducted the material preparations, characterizations and
electrochemical tests. HM.A and H.D.C co-wrote the manuscript. S.M.H performed the DFT

analysis. C.Z. and P.M co-supervised the project. All authors reviewed the manuscript.

Reproduced with permission from Wiley Online Library.

4.1 Introduction

Polymer electrolyte membrane fuel cells (PEMFCs) offer the great appeal of high energy conversion
efficiency, excellent energy density and environmentally benign operation; however, they require
highly active and operationally stable catalysts to facilitate the inherently sluggish oxygen reduction
reaction (ORR) occurring at the cathode. Conventional PEMFC systems employ platinum (Pt)-based
catalysts, which to date have been the only materials capable of catalyzing the ORR to practical rates,
although still insufficient for PEMFC operation. The widespread commercialization and deployment
of PEMFCs into advanced sustainable energy infrastructures including the automotive sector is still
limited by three primary factors: (i) high cost, (i) insufficient performance and (iii) low durability.®®
%9 At the root of these limitations lies the aforementioned expensive Pt catalyst materials employed;
generally consisting of Pt nanoparticles (ca. 2-3 nm) uniformly distributed on high surface area

carbon black supports (Pt/C).

Although significant improvements to state-of-the-art Pt/C catalysts and electrode designs for
automobile PEMFCs has been realized in recent years, an immense challenge in achieving the 2017
technical targets set by the United States Department of Energy still remains for the current state-of-
the-art catalyst technology. According to these targets, the total Pt loading (anode and cathode) must
be reduced to below 0.125 mg cm™ coupled with 5,000 hours of operational stability under simulated

drive cycleS by 2017.” Specifically, Pt/C is known to degrade under the harsh oxidizing conditions
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encountered at the PEMFC cathode due to corrosion of the carbon support materials or by
agglomeration and/or dissolution of the platinum nanoparticles resulting from weak interactions with
the catalyst supports.”* This in turn leads to a sharp loss in available electrochemically active surface
areas (ECSA) and by extension fuel cell performance.

A common approach to improve catalyst stability and activity has involved the design of non-

72-75

conventional catalyst supports, including transition metal oxides and nitrides; or alternative

carbon supports doped with heteroatoms such as nitrogen to enhance the interaction and synergy

between the catalyst particle and its support.>* " It

is well understood that the structure and properties
of the support materials will directly govern the performance and stability of the catalyst materials.
There still however remains a lack of fundamental understanding regarding the exact nature of these
particular catalyst-support interactions ’/, a phenomena that has widespread implications in many
fields of heterogeneous catalysis.”® Recent advances in density functional theory and computational
chemistry now provide the tools to adequately model catalyst behavior and enable a more advanced
understanding of electro-catalysis; including the specific catalyst-support interactions occurring at the
cathode of fuel cells. It is thereby a worthwhile approach to couple fundamental computational
simulations with experimental investigations of novel nanostructured support materials. This will
allow scientists to predict, understand and explain improvements in catalytic activity and durability
that are influenced by supports, thereby providing valuable guidance for future catalyst design

endeavors.

Graphene has recently emerged as a highly promising catalyst support material for PEMFC
applications due to its immense surface area, excellent conductivity and electron transfer capabilities
that are important properties for electro-catalysis.** * ™ Graphene is theoretically composed of only
graphitic carbon atoms which can provide added resistance against corrosion during PEMFC
operation,® although the relatively inert and hydrophobic nature of its surface does not culminate in
facile Pt deposition. This requires functionalization procedures to obtain well-dispersed nanoparticles
and overcome stability limitations.” To this end, nitrogen-doped graphene and other graphitic
carbons have been extensively developed and investigated for fuel cell catalyst applications, either as
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stand-alone ORR electrocatalysts in alkaline media®™™ or as Pt nanoparticle supports under acidic

(i.e. PEMFC) conditions.*** The presence of nitrogen dopants has been reported to exert a

53, 54

“tethering” effect on Pt nanoparticles, providing both beneficial catalytic activity and stability

enhancements. While density functional theory simulations of the adsorption and binding interactions
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between Pt and either nitrogen- or boron-doped graphene or CNTs,***®

a fundamental understanding
of the Pt-heteroatom doped graphene catalyst-support interactions and their associated impact on
ORR performance and operational stability is still lacking. Furthermore, the impact of graphene
doped with various other heteroatoms (i.e. sulfur) remains largely unexplored despite their high

19.99.%0 or catalyst support materials.®* Elucidation of these

potential for applications as ORR catalysts
important considerations can be provided by effectively linking fundamental computational

simulations with detailed experimental investigations.

In the present work, we report the development of sulfur-doped graphene (SG) as Pt nanoparticle
support materials by thermal shock/quench annealing a mixture of graphene oxide (GO) and phenyl
disulfide (PDS). After Pt deposition onto SG (Pt/SG) by a modified ethylene glycol (EG) method,
uniformly sized nanoparticles well dispersed across the entirety of the SG surface have been
successfully obtained. Improved ORR activity has been found for PY/SG in comparison to Pt
supported on undoped graphene (Pt/G) and to commercial state-of-the-art Pt/C. Furthermore and most
notably, we also observed significantly enhanced stability of Pt/SG; including excellent ORR activity
and ECSA retention after exposing the catalysts to repetitive potential cycles in a 0.1 M HCIO,

electrolyte.

On the basis of these observations, we performed ab initio density functional theory calculations to
investigate the interactions occurring between SG and Pt and elucidate the root causes of the ORR
performance and stability enhancements. Based on comparative simulations on both doped and
undoped G, we found that the strengthened interaction and binding energies between Pt and SG occur
exclusively due to sulfur incorporation. Specifically, sulfur doping leads to stronger adsorptive and
cohesive binding energies with Pt, leading to the aforementioned catalyst-support tethering effect,
along with a negative shift of the d-band center of the Pt atoms. These findings are used to explain the
dramatically enhanced stability and improved activity of Pt/SG, respectively, in comparison to both
Pt/G and Pt/C. This work represents the first comprehensive report of fundamental ab initio
simulations linked to rigorous experimental investigations for sulfur-doped graphene. Furthermore,
Pt/SG is presented for the first time as a highly active ORR catalyst material with exemplary stability
capabilities for PEMFC applications.
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4.2 Experimental Section

4.2.1 Graphene oxide (GO) synthesis

Graphene oxide was prepared from graphite powder (Alfa Aesar, natural, microcrystal grade, APS 2-
15 micron, 99.9995%) using an improved method reported previously by Marcano et al.?® Briefly, 2.2
g of graphite powder were added to 400 mL of a 9:1 volumetric mixture of concentrated
H,SO,/H3PO,. 18 g of KMnO, was then added slowly and the reaction was heated to 50°C and held
for 16 hours. After completion, the reaction mixture was cooled down to ca. 10°C in an ice container
and 400 mL DDI water was added in a dropwise fashion. Finally 15 mL of H,0, (30%) was added in
order to complete the oxidation reaction. The final mixture was centrifuged to separate out the solids

which were washed thoroughly with water, ethanol and HCI (30 %) before undergoing lyophilization.

4.2.2 Sulfur doping of graphene synthesis

A thermal shock/quench annealing process was utilized to prepare SG materials using a tube furnace
operating under the protection of argon (100 sccm). Specifically, 200 mg of GO and 100 mg of
phenyl disulfide (PDS, Sigma Aldrich) were ultrasonically dispersed in 4 mL of ethanol for 20
minutes. The residual solvent was then evaporated to obtain a uniform solid mixture by holding the
temperature at 70°C on a hot plate. The solid mixture was then transferred to a quartz boat, which was
placed in the large tube furnace for annealing. The sample was kept outside of the heating zone while
the temperature of the furnace was raised to 1000°C, after which the sample was slid inside the tube
furnace and left for 30 minutes before removal and cooling. The SG was washed with acetone, DDI
and ethanol thoroughly to remove any residual organic impurities, and then dried for further
processing. Pure graphene (G) was synthesized for comparative purposes by a similar procedure,
albeit in the absence of PDS.

4.2.3 Platinum nanoparticle deposition

Pt was deposited onto SG (Pt/SG) and G (Pt/G) using the modified ethylene glycol (EG) technique.®
Briefly, 80 mg of SG was ultrasonically dispersed in 50 mL EG for 1 hour, after which the pH was
adjusted above 10 by adding a 2.5 M NaOH in EG solution and the mixture stirred for 12 hours. 4
mL of hexachloroplatinic acid dissolved in EG (5 mL Pt per mL EG) was then added dropwise
corresponding to a Pt catalyst loading of 20 wt%. The temperature was then raised to 130°C to initiate
Pt reduction that was allowed to proceed for 7 hours under reflux conditions in order to ensure the

reaction went to completion. After cooling the mixture, several drops of 2M HCI were added to adjust
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the pH in the range of 6 to 7. Finally, the resulting mixture was filtered and washed thoroughly with
DDI water and then dried.

4.2.4 Physico-chemical characterization

The samples were characterized by transmission electron microscopy (TEM, JEOL 2010F) equipped
with energy dispersive x-ray spectroscopy (EDX) for elemental quantification and mapping. Further
physical and spectroscopic characterizations included Raman spectroscopy (Bruker -Senterra 314), X-
ray diffraction (XRD, Inel XRG 3000 diffractometer), x-ray photoelectron spectroscopy (XPS, PHI
Quantera) and scanning electron microscopy (SEM, LEO FESEM 1530).

4.2.5 Electrochemical activity and durability measurements

A conventional three-compartment electrochemical cell employing a Pt wire counter electrode and
reversible hydrogen reference electrode (RHE) was used for all electrochemical tests. A glassy carbon
working electrode was prepared by cleaning and polishing it thoroughly, followed by pipetting 10 uL
of catalyst ink (2 mg catalyst dispersed in 950 pL ethanol and 50 pL of 5 wt.% Nafion® solution).
All electrodes were prepared with a Pt loading of 20 ugecm?, while the ink concentration of
commercial state of the art Pt/C (TKK, 28.2 wt. % Pt) tested for comparison was modified
accordingly. Experiments were carried out in 0.1 M HCIO, electrolyte at 30°C, either saturated with
0O, for ORR measurements or N, for background current collection and ECSA measurements. The
ORR activity was measured at a potential scan rate of 10 mVs™ and CV curves were obtained for
ECSA measurements at 50 mVs™. Accelerated degradation testing (ADT) was carried out by cycling
the electrode potential 1,500 times under N, saturation between 0.05 and 1.3 V vs RHE at a scan rate
of 50 mVs™.

4.2.6 Computational details

82, 83

Density functional theory (DFT) calculations were carried out using the Vienna ab initio

simulation package (VASP).** The exchange-correlation energies of electrons are described by the

|85

Perdew, Burke and Ernzerhof (PBE) functional® for generalized gradient approximation (GGA).*

¥ % while

Core electrons were replaced by the projector augmented wave (PAW) pseudo-potentials,
Kohn-Sham wave functions for the valence electrons were expanded using a plane-wave basis set
with a cutoff energy of 520 eV. A periodic boundary condition was imposed on the doped graphene
unit cell with a vacuum space of 20 A for the graphene sheets to avoid interplanar interactions. To

sample the Brillouin zone, a Gamma point mesh of 36 x 36 x 1 was used in relation to the size of the
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graphene (1 x 1) unit cells with a smearing of the Methfessel-Paxton method® to find the
thermodynamically stable S-doped graphene structures. For larger supercells, smaller mesh sizes were
used. The graphene, graphitic and thiophene-like S-doped graphene sheets having (4 x 4) supercells
were fully relaxed to optimize the structures with Pt atom deposited on the surfaces. Furthermore, the
Pt nanoparticles deposited on (8 x 8) supercells of pristine graphene, graphitic and thiophene like S-
doped graphene were also calculated with a Gamma point mesh of (4 x 4 x 1). Spin polarized
calculations were performed and the tetrahedron method with Blochl corrections was used to
calculate the density of states (DOS).”

Equation (4-1) was used to calculate the formation energy (EF) of the SG structures investigated.

Ep = E(ConnSn) — (M = Wi graphene — ¢ i, (4-1)
Here, n is the concentration of sulfur in the graphene framework and E(C,,.,Sy) is the corresponding
energies obtained from the VASP program. p¢, grapnene and us, are the chemical potentials of carbon
and sulfur taken to be the total energy of a graphene sheet per atom and cyclo-hexasulfur,
respectively.*

The adsorption energy between Pt and the various carbon supports (E.g) was calculated by Equation
(4-2):

Eaas = Eptjsupport = Ept = Esupport (4-2)

Here, Ep; /support 1S the total energy of the support material with a single Pt atom on it, Ep, is the total

energy of the Pt atom and Ej,;,p0r IS the total energy of the support.

4.3 Results and discussion

4.3.1 Physicochemical characterization

After preparation, both SG and G demonstrated a wrinkled voile-like structure consisting of thin
single or multi-layer graphene sheets (shown in Figure A-1 in the Appendix) and indicative that the
presence of PDS during high temperature thermal annealing had negligible impact on the resultant
physical structures. With the whole preparation processes schematically depicted in Figure A-2

(Appendix), Pt nanoparticle deposition by the well-established ethylene glycol technique®® ® %

was
capable of achieving excellent nanoparticle dispersion and a narrow size distribution for both Pt/SG

(Figures 4-1a, b) and Pt/G (Figures 4-1c, d). The x-ray diffraction (XRD) profile displayed typical
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Pt fcc peaks with the diffraction pattern of the commercial state of the art Pt/C (TKK) used
throughout the present investigation included for comparison (Figure 4-1e). By applying the Scherrer
equation to the Pt(220) peak, average Pt nanoparticle sizes were calculated to be 2.16, 2.42, 2.25 for
Pt/SG, Pt/G and Pt/C, respectively. These values are in close agreement, albeit slightly larger than the
calculated average nanoparticle sizes of 2.10, 2.25 and 2.15 nm, respectively, obtained directly from

analysis of transmission electron microscopy (TEM) images.
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Figure 4-1 TEM images of (a,b) Pt/SG and (c,d) Pt/G, (e) XRD pattern and (f) Raman spectra.

The Raman spectra for SG and G (Figure 4-1f) display a strong D-band peak, typically attributed to
disorder or defects in the crystalline graphitic structure of carbon-based materials. These were
analyzed to obtain the ratio of the intensities of the D-band to G-band (Ip:lg). I attributed to the E,

vibrations from sp” bonded carbon is commonly used as a gauge for structural disorder in graphitic
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materials. Ip:lg values for SG and G were calculated to be 1.33 and 0.96, respectively. Both materials
exhibited higher Ip:lg ratios than that of pristine graphene in which the D-band is theoretically non-
existent.® Typically, good Pt nanoparticle distribution and uniform sizing are difficult to achieve on
relatively inert graphitic surfaces such as CNTs or graphene® and requires the use of specific pre-
treatment or functionalization procedures.***® Clearly the high temperature shock anneal/quench of
GO and PDS in the present study is capable of producing graphene-based materials with interruptions
in the planar crystal lattice as highlighted by Raman spectroscopy; and furthermore offers reasonable
explanation for the facile deposition of well-dispersed Pt nanoparticles. This notion is supported by
the reduced Ip:lg ratio of 1.21 for Pt/SG (Figure 4-1f), suggesting that the Pt nanoparticles deposit
favourably on the defect sites of SG and thereby suppress the vibrations from the underlying

functionalities.

To gain understanding of the identity and concentrations of the surface species most likely
responsible for the anchorage of Pt catalyst nanoparticles, x-ray photoelectron spectroscopy (XPS)
was conducted to yield the full range spectra displayed in Figure 4-2a. The surface atomic
concentrations for SG and G listed in Table A-1 (Appendix) have been obtained from the narrow
C1s scan spectra (Figure A-3 in Appendix). Of particular interest is the appearance of an S2p sulfur
signal centered at 161.1 eV for SG, representing a surface concentration of 2.32 at. %, a value
consistent with results from energy dispersive x-ray (EDX) analysis (2.41 at. %) that also indicated
the sulfur atoms are well distributed over the entirety of the materials (Figure A-4 in the Appendix).

19, 59, 60 and

Interestingly, this sulfur content is larger than that in SG materials reported previously
approaching that of a sulfur-doped microporous carbon obtained by heat treating sulfur-rich thienyl-
based polymers at the same temperature.®® This indicates the effectiveness of applying the thermal
shock/quench technique on a mixture of GO and DPS to incorporate sulfur dopants into the final

graphene structure.
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Figure 4-2 XPS spectra: (a) full range, (b) S2p, (c) Pt4f and (d) S2p.

Figure 4-2b provides a high resolution XPS scan of the S2p signal deconvoluted into two minor
peaks located at 166.69 (peak 1) and 165.51 (peak 2) and two major peaks located at 165.10 (peak 3)

and 163.92 eV (peak 4). While the minor peaks can be attributed to carbon bonded SO, species,* '

the two major peaks appear to result from the S2p spin-orbit doublet (S2py,; and S2psy,, respectively)
with a separation of 1.18 eV, which is in close agreement with the theoretical spin doublet separation
of 1.13 eV.* These peaks can be attributed to sulfur bonded directly to the carbon atoms in a

99, 100

heterocyclic configuration since no elemental sulfur was observed by XRD or TEM and, if

present, would have been removed by the rigorous washing procedure employed after SG synthesis.
We also speculate that these C-S-C species exist in the thiophene form, a notion consistent with

previously reported investigations® ® %!

and supported by our formation energy calculations
discussed later. Furthermore, thiophene species exist in a pentagonal arrangement, thereby residing

on the edge plane and defect sites of SG and most likely giving rise to the strong emergence of the D-
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band observed through Raman spectroscopy. It is expected that these sulfur-based species could serve
as anchoring sites for Pt-ion nucleation and subsequent nanoparticle growth.! In terms of Pt
deposition on G, well distributed nanoparticles are also most likely anchored on the edge plane or
defect sites.'® The presence of these moieties in G is indicated by XPS that also indicate a surface

oxygen concentration of 7.49 at. %, which is supported by the collected Raman spectra.

XPS also serves as an important tool for probing the electronic states of catalyst materials, which in
the case of Pt plays a governing role in terms of catalyst activity and stability.* Detailed Pt4f spectra
are provided in Figure 4-2c for Pt/G and Pt/SG. Both materials display the characteristic doublet of
zero-valence Pt'% with the Pt4f;, and Pt4fs;, peaks located at 71.60 and 74.93 eV for Pt/G, and 71.83
and 75.16 eV for Pt/SG, respectively. Small doublet contributions are observed for Pt(Il) species at
higher binding energies, although the differences between the two samples and contributions to the
overall spectra are difficult to resolve. It is important to notice the positive peak shifts of 0.23 eV for
Pt/SG in comparison to Pt/G. This provides indication of an enhanced interaction between the Pt and
the support materials. Furthermore, the increase in electron binding energy for Pt/S indicates a
transfer of electrons from Pt to the SG supports. This notion is further supported by a ca. 0.11 eV
negative shift in the S2p doublet peak positions for Pt/SG in comparison to SG, indicating that the

sulfur atoms in SG and Pt might exist in a Pt*"-SG® arrangement.***

4.3.2 Electrochemical activity and stability

To investigate catalyst stability, accelerated durability testing (ADT) protocols are commonly
employed to simulate the harsh, potentiodynamic and corrosive conditions encountered at the cathode
of PEMFCs during operation. Pt/SG, Pt/G and Pt/C catalysts were subjected to 1,500 cycles under
nitrogen-saturated electrolyte with cyclic voltammograms (CVs) collected before and after ADT, as
shown in Figures 4-3a, b and c, respectively. Pt/SG and Pt/G clearly provide higher double layer
current densities, attributed to the high surface areas and capacitance capabilities of graphene
materials. ECSA values were determined based on the calculated charge for hydrogen
adsorption/desorption initially and after each 500 subsequent cycles. It can be seen that the ECSA
retention of Pt/SG is clearly superior to that of the other two catalysts, retaining 87 % of its initial
surface area after 1,500 cycles compared to 54 and 48 % for Pt/G and commercial Pt/C, respectively.
The improved stability of Pt/G in comparison to Pt/C is an observation consistent with previous

investigations® % 1%

and primarily attributed to the higher graphitic content of graphene-based
supports, enhanced Pt-m orbital bonding strength and the presence of functional anchoring groups.
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However, the dramatically enhanced stability of Pt/SG in comparison to Pt/C, and more importantly
in comparison to Pt/G can be exclusively linked to sulfur incorporation into the graphene structure of
the support materials. This strongly suggests that improved catalyst-support interactions between SG
and Pt comprise the root cause of these stability enhancements. Interestingly the emergence of
guinone/hydroquinone redox peaks (around ca.0.6 V vs RHE) were observed after ADT especially in
the case of Pt/G (Figure 4-3b). This could be due to the formation of these species, most likely on the
planar edges of graphene induced by the high potentials encountered during ADT. In the case of
Pt/SG, suppression of the hydrogen adsorption/desorption peaks and large oxidative currents at
potentials above ca. 1.0 V vs RHE are not observed after ADT, indicating that no significant emission

of sulfur-oxide species from SG due to degradation occurs in these developed materials.*”’
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Figure 4-3 CV curves for (a) Pt/SG, (b) Pt/G, (c) Pt/C and (d) normalized ECSA.

ORR activity polarization curves for Pt/SG, Pt/G and Pt/C obtained both before and after ADT are
presented in Figures 4-4a, b and c, respectively. All three materials demonstrate typical ORR
polarization curves after correction for electrolyte resistance, with well-defined diffusion limited

currents below ca. 0.7 V vs RHE. Polarization curves at various rotation rates and the corresponding
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Koutecky-Levich plots for Pt/SG are shown in Figure A-5 in the Appendix. It can specifically be
seen that Pt/SG initially demonstrates excellent ORR activity, with a kinetically corrected Pt mass-
based activity of 139 mA mge" at an electrode potential of 0.9 V vs RHE (Figures 4-4d and f) and
rotation speed of 1600 rpm. This is superior to that of Pt/G (101 mA mge ") and commercial Pt/C
(121 mA mge;") measured under the same conditions at identical Pt electrode loadings. The order of
the mass-based activities (Pt/SG > Pt/C > Pt/G) is commensurate with the differences in average Pt
nanoparticle size. However, since the specific activity of Pt/SG (279 A cmp) is superior to that of
Pt/G (235 MA cm”p) and Pt/C (230 pA cm?y) despite smaller average nanoparticle sizes, it appears
that particular catalyst-support interaction effects also play a role in the enhanced activity of Pt/SG,
but to an unknown extent.
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Figure 4-4 ORR for (a) Pt/SG, (b) Pt/G and (c) Pt/C. (d-f) Pt mass based activities of each catalyst.

Pt/SG furthermore possesses excellent ORR activity retention after the ADT. After 1,500 potential
cycles, Pt/SG demonstrates only an 11.2 mV loss in its half-wave potential (E;,) and retains almost
78% of the Pt-mass based activity at 0.9 V vs RHE (Figures 4-4 e and f). Meanwhile, Pt/G exhibits a
23.0 mV loss in Ey, and retains 56% of its Pt mass-based activity at 0.9 V vs RHE, whereas Pt/C
demonstrates a significant Ey;, loss of 43.0 mV and retains only 33% of the initial Pt mass-based

activity. This culminates in Pt/SG boasting a 171% higher Pt mass-based activity after the ADT in
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comparison to that of the commercial Pt/C catalyst (i.e., 108.0 versus 39.8 mA mge " at 0.9 V vs
RHE). Consistent with the ECSA loss measurements determined through the ADT, Pt/SG displays
the highest stability among the materials investigated, followed by Pt/G and commercial Pt/C with

much poorer stability.

As Pt particle agglomeration and dissolution are among the primary mechanisms for catalyst
degradation and performance loss during PEMFC operation, TEM operates as a powerful tool to
investigate the morphological changes occurring in catalyst materials following ADT.*® *®° Figure 4-
5 provides TEM images and corresponding particle size distributions after ADT for Pt/SG (Figures
4-5 a and b), Pt/G (Figures 4-5 ¢ and d) and Pt/C (Figures 4-5 e and f, with TEM images of the as-
purchased Pt/C presented in Figure A-6 in the Appendix). Interestingly, Pt/SG still contains small Pt
nanoparticles uniformly distributed across the entirety of the SG support surface (Figure 4-5a).
Notably, based on measurement of over 200 individual nanoparticles (Figures 4-5a and A-7 in the
Appendix), the average Pt nanoparticle size increases from 2.10 nm to only 2.30 nm over the course
of the ADT. On the other hand, Pt/G (Figure 4-5c¢) and Pt/C (Figure 4-5e) nanoparticles grow much
more significantly. Evidence of particle agglomeration is most pronounced with Pt/C. Specifically,
the Pt nanoparticle size in Pt/G increases from 2.25 to 3.80 nm over the course of the ADT (Figure 4-
5d), while the average size in Pt/C rises from 2.15 to as much as 5.25 nm (Figure 4-5f). This provides
further verification of the beneficial impact of using SG support materials that can suppress the
agglomeration and growth of Pt nanoparticles during electrochemical cycling. To further
experimentally investigate the interactions occurring between sulfur dopant species in SG and Pt
nanoparticles, a select area of Pt/SG following ADT (Figure 4-5g) was subjected to high-angle
annular dark field (HAADF) imaging and EDX colour mapping. ADT on this sample was conducted
in the absence of binder in the catalyst ink solution in order to avoid interference from the sulfonate
species present in Nafion on sulfur mapping. Figure 4-5h displays the HAADF image of Pt/SG, with
the Pt nanoparticles clearly visible as bright spots distributed over the SG surface. This image is
overlapped with the EDX colour map of Pt/SG in Figure 4-5i. Clearly, the Pt species (displayed in
red) tend to reside in areas rich in sulfur content (displayed in green), providing further supporting
evidence of the favourable interactions and binding between these species. With experimental results
reflecting the improved interactions between Pt and SG and the enhanced ORR activity and
electrochemical stability, we turn to first-principles computational simulations in order to gain insight

into the exact nature of these enhancements.

43



a) B P e b)50 Average g)
e, v :. » e mm Initial (d = 2.10 nm)|
o 0ES Se ) eiel g ¢ X4op SYADT (d =2.30 nm)[
- .
A g * 5
. » 0578 o 30
. LA & . as S
et (3 £ & . - . % 20}
St A . O
-.‘."‘ ke S 10} §
i o e 20nm 2 \
L ® ive . ,  — 0 N N o -
s o £ - 1 2 3 4 5 6 7
d) Particle size / nm
C) o - S IRICE e P -_ E 50 N Average
. Y »'..‘.. e m Initial (d = 2.25 nm)|
Ry . .. o = 40t NYADT (d =3.80 nm)
: °
=
3
c
;@
o
[
o

4
Particle size / nm
f)so [ Average
H Initial (d = 2.15 nm),
NYADT (d =5.25 nm)

N w »
o o o
T
727

777

Percentage / %
B

1 2 3 4 5 6 7
Particle size / nm

Figure 4-5 (a-f) TEM images and size distributions initially and after ADT, (g-i) Pt and S overlap.

4.3.3 Computational investigations of sulfur doping

To investigate and understand the support effects of SG, a 4 x 4 supercell of a graphene sheet (Figure
4-6a) is selected for the calculations. We assume that one of the carbon atoms in the graphene sheet is
replaced by a sulfur atom as shown in Figure 4-6¢ and described as “graphitic S”. In addition, the
presence of thiophene-like sulfur (thiophene S) in a pentagonal arrangement is considered by
eliminating the carbon atom adjacent to the graphitic S from the model supercell (Figure 4-6e). The
formation energy (Eg) of each structure was calculated. Er can be regarded as a measure of the
additional stability of each structure, indicative of the energetic stability relative to that of a
homogeneous local environment at the same concentrations.*° E; values are calculated to be 0.21 and
0.19 eV atom™ for graphitic S and thiophene S, respectively. This provides indication that thiophene
S formation is more favourable during SG synthesis, a conclusion that is supported by the results of
XPS analysis after high temperature thermal annealing. In the case of pristine graphene, the C-C

bond distance is 1.42 A, which is very close to the experimentally measured value of 1.42 A.*'* On
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the other hand, the C-S distance in the model complex is found to change from 1.42 to 1.70 A for
graphitic S-doped graphene after relaxation, due to the difference in the atomic radius of sulfur (1.04
A) and carbon (0.77 A). For thiophene S-doped graphene, the C-S bond distance of 1.87 A is even

larger.

Previous investigations have linked enhanced catalytic activity and improved metallic nanoparticle
dispersion to the modulated electronic structures and chemical properties of graphitic materials
induced by heteroatomic doping.***™° Density-of-states (DOS) and projected density-of-states
(PDOS) analyses can provide insight into these modifications and furthermore allow further insight
into the interactions occurring between the surface of graphene and adsorbed species or reactants. ™"
115, 116,119,120 Tha regylts of DOS and PDOS analyses of the valence electrons of the pristine graphene
and sulfur incorporated graphene materials are shown in Figure 4-6. Specifically, the DOS for
pristine graphene reveals the conical shape near the Fermi level (Figure 4-6b), consistent with
previous reports.’?'? Thus, graphene is considered a semi-metal because no band gap or density of
electronic states occurs at the Fermi level.®® Thus, the electrical conductivity of these materials is
governed by the Dirac equation.®® The substitution of graphitic S into graphene results in a shift of
the Fermi level towards higher energies as shown in the PDOS of the carbon atoms and the DOS of
these materials (Figure 4-6d). Furthermore, electrons in graphitic S-doped graphene occupy the
energy states at the Fermi level, implying that this material should have excellent electrical
conductivity which is an important requirement of electrode materials."** Interestingly, the position of
the Fermi level for thiophene S-doped graphene (Figure 4-6f) is not significantly different from that
of graphene doped with graphitic S; however, a band gap appears at the Fermi level which implies
that excellent electrical conductivity should not be expected for this material. Nevertheless, this is not
a limiting factor for an ORR electrocatalysis support material because the band gap could be filled

after the deposition of Pt atoms onto these materials.
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Figure 4-6 Schematic top view of the model systems (a, c, e), PDOS (b, d, f) and Charge density
change of G and SG (g-h).

The atomic partial charges and changes to the charge density of individual atoms are obtained using
Bader charge analysis."® The total number of valence electrons calculated from the Bader charge
method are 128, 130 and 126 for a (4 x 4) supercell of pristine graphene, graphitic S-doped graphene
and thiophene S-doped graphene, respectively. The charge of the graphitic S atom in graphene is
depleted to 0.28 e (Figure 4-6g), whereas the thiophene S atom has a slight charge accumulation of -
0.01 e (Figure 4-6h). Generally, electron charge accumulation or depletion is attributed to charge
transfer from atoms with lower electronegativity to atoms with higher electronegativity.'?*"%
However, in the present case, the electronegativity of sulfur (2.58) on the Pauling scale is similar to
that of carbon (2.55).*° Interestingly, in graphitic S-doped graphene (Figure 4-6g), the electronic

charge of the sulfur atom is depleted towards the neighbouring carbon atoms which possess charge
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densities varying from -0.24 to -0.26 e. Conversely, the sulfur atom in thiophene S-doped graphene
has a slight charge accumulation (Figure 4-6h). Clearly, these results indicate that the exact charge
transfer phenomena and electronic properties of the SG materials depend on the specific arrangement
of the dopant atoms. Regardless, the disruptions of the sp? carbon hybridization caused by
heteroatomic sulfur dopants result in a change of the Fermi level and DOS of the materials that can
enhance the Pt catalyst-support interactions.

4.3.4 Electronic structure analysis of Pt atoms on SG

Prior to the investigation of SG-supported Pt nanoparticles, the adsorption of a single Pt atom on a
(4x4) unit cell of pristine graphene, graphitic S-doped graphene and thiophene S-doped graphene
have been investigated to gain a better understanding of the interaction between the support materials
and Pt and to obtain and visualize their stable configurations. For this analysis, each Pt atom is placed
on the top, hollow and bridge sites of the three different unit cells to elucidate the most energetically
favoured nucleation site, an important determination in order to ensure the reliability of subsequent
DFT simulations. The calculations show that the Pt atom adsorbs preferentially on a C-C bridge site
in pristine graphene (Figure 4-7a) and the bridge C-S site in thiophene S-doped graphene (Figure 4-
7¢); on the other hand, Pt adsorbs on top of the sulfur atom in graphitic S-doped graphene (Figure 4-
7b). In addition, the bond length between the Pt atom and nearest adjacent carbon atom on graphitic
S- (2.05 A) and thiophene S- (2.06 A) doped graphene is shorter than that of pristine graphene (2.08
A). This observation is likely related to the adsorption energy between Pt and carbon (E.g) on the
support materials that can be calculated as follows: Eags = Epysupport = Ept — Esupport, Where Epysypport 1S the
total energy of the support material with a single Pt atom adsorbed on it, E, is the total energy of the
Pt atom and Eqygport IS the total energy of the support. It has been well established that the interactions
occurring between a catalyst material (i.e., Pt) and support play a significant role in the final
composite structure in terms of nanoparticle size and distribution because the properties of the
support directly affect the nucleation and growth processes during preparation. >* *3* 3! The values of
Eass OF Pt on graphitic S- and thiophene S-doped graphene are found to be -3.27 and -2.68 eV,
respectively. These are more negative than that of Pt on pristine graphene (-2.01 eV), highlighting the
fact that Pt adsorbs much more strongly on SG materials as a result of sulfur incorporation. This
enhances the interaction between the Pt and support and facilitate Pt nanoparticle dispersion and size

uniformity as indicated by the TEM analysis. Moreover, the strengthened interactions will provide a
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tethering effect between the SG and Pt nanoparticles that can inhibit their self-agglomeration or

dissolution under conditions such as those encountered during fuel cell operation.

4.3.5 Ab-initio simulations of Pt nanoparticles on SG

Prior to the relaxation of graphene-supported Pt, we first conduct calculations in which free-standing
icosahedron Pt;; nanoparticles are fully relaxed to find their preferred structure under vacuum
conditions. Then, this icosahedron Pt nanoparticle is deposited onto pristine graphene (Figure 4-7d),
graphitic S- (Figure 4-7¢) and thiophene S- (Figure 4-7f) doped graphene for subsequent calculations
to gain a comprehensive understanding of the previously reported excellent electrocatalyst activity
and stability under acidic operating conditions. The d-band center model proposed by Ngrskov et
al.™®**® has turned out to be very useful for describing the underlying mechanisms of experimentally
observed, albeit complicated, surface catalytic reactions. Using the d-band center model, the
electronic structure of the surface exposed metal layer and its inherent catalytic activity can be
correlated."® This model relies on the assumption that the weighted average of the d-band electron
energies (d-band center) of a catalyst is strongly correlated to the binding energy of the catalyst atoms
with the chemical species adsorbed (e.g., oxygen).'** 13> 137 13 Utilizing these underlying
fundamentals, Pt alloys with weaker oxygen binding energies than conventional Pt materials have

132-134, 137. 138 a1 assertion that

been predicted to possess superior ORR activities by DFT calculations;
has been confirmed by experimental observations of a variety of researchers employing extended
surface and bulk catalysts."**** In the case of nanoparticles however, intrinsic ORR activity
enhancements cannot be exclusively linked to the d-band center theory due to complications related
to the coordination environment and Pt particle size that significantly affects the ability to adsorb
oxygen-containing species.'** Nevertheless, for our present purposes, it is reasonable to quantitatively
evaluate the adsorptive strengths of oxygen due to the fact these materials consist of pure Pt with
minimal differences in nanoparticle size.!* Therefore, the deposition of the icosahedron Ptys
nanoparticle on the G and SG materials is used as the basis to calculate the d-band center value and
predict variations in the ORR activity. From the PDOS of Pt atom, d-band center values are evaluated

on the graphene-based support materials using Equation (4-3):'*

_ [PF Epg(B)AE
T (EF pa(B)dE

a (4-3)
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Here, p4 is the density of states projected onto the d orbitals of a Pt atom. The d-band center value is
determined for a Pt atom located at a vertex site near the support and found to be -2.33, -2.50 and -
2.72 for graphene, graphitic S- and thiophene S-doped graphene, respectively. Independent of the
arrangement of sulfur dopants within the SG, their presence alone causes the d-band center of the
supported Pt nanoparticle to shift in the negative direction. This observation is consistent with a
previous investigation that indicated a negative d-band shift for a Pt nanoparticle supported on CNTs
functionalized with thiol groups that are not necessarily incorporated into the planar graphitic lattice
of CNTs, but rather as functional species extending from the basal plane of these supports.**’
Regardless, the negative shift in the d-band center for the Pt nanoparticles supported on SG is
reflected in the improved ORR Kkinetics of Pt/SG in comparison to Pt/G that is observed in our half-

cell experimental investigations.

Figure 4-7 (a-c) Schematic top and side view of Pt atom adsorption on G and S, (d-f) Schematic top

and bottom (inset) views of Pt atom adsorption on G and SG.

The Pt nanoparticles are stabilized by a subtle interplay occurring between the size-dependent
cohesive energy per atom and the propensity for nanoparticle surface energy minimization.*® It has

been proposed that lower cohesive energies results in a lowering of the electrochemical dissolution
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potential of Pt into acidic solutions.*** **¥%° The cohesive energies of Pt nanoparticles on different

support materials (E.,j) can be calculated using Equation (4-4):

E,. = Ept/suppm—E;uppm—nEm,g (4-4)
Here, Ep; 4 is the total energy of an individual Pt atom, n is the number of Pt atoms, Ep; /suppore IS the
total energy of the support with the Pt cluster adsorbed on it and Eg,p,,0r¢ is the total energy of the
support. The cohesive energy of the unsupported Pt;3 icosahedron is -3.62 eV taking spin-polarized
calculations into consideration, a value that is consistent with previous reports.**> **® The values of
E.,n, for the Pt;3 nanoparticles supported on graphene-based materials are calculated to be -3.67, -3.77
and -3.95 eV for the case of pristine graphene, graphitic S- and thiophene S-doped graphene,
respectively. Clearly, the cohesive energy of Pt;z; on graphene-based support materials is higher.
Moreover and most notably, the cohesive energy of the Pt nanoparticles can be increased when using
graphene doped with either graphitic- or thiophene-like sulfur species. By extension, this implies that
the electrochemical dissolution potential of Pt nanoparticles supported on SG could be increased.
Once again, the result of this computational analysis supports our findings that Pt/SG provides
excellent electrochemical stability investigated through ADT protocols in acidic electrolyte.

4.4 Conclusions

SG materials (2.32 at. % S) were synthesizd by thermally shock/quench annealing a mixture of GO
and PBS. The SG materials were used to support well-dispersed uniformly sized (ca. 2.10 nm) Pt
nanoparticles for ORR catalysis. Pt/SG demonstrated excellent ORR activity based on half-cell
investigations, providing a Pt-mass based current of 139 mA mge,* at an electrode potential of 0.9 V
vs RHE. This performance was superior to that of commercial Pt/C (121 mA mge ") and Pt/G (101
mA mge") and clearly illustrated the beneficial impact of sulfur dopants in graphene supports.
Notably, the outstanding electrochemical stability of Pt/SG was clearly demonstrated through ADT,
displaying only an 11.2 mV decrease in the ORR half-wave potential and maintaining 87% of its
initial ECSA after 1,500 potential cycles. This was a dramatic improvement over Pt/G and Pt/C,
which demonstrated 23.0 and 43.0 mV losses in the half-wave potential, while retaining only 54 and
48 % of their initial ECSA, respectively. Finally, in order to investigate fundamental aspects of the
role of catalyst-support interactions in these new materials, DFT computational simulations revealed
that sulfur doping of graphene leads to stronger interactions with Pt, enhanced nanoparticle cohesive

energies and ultimately the outstanding electrochemical stability of Pt/SG that has been observed.
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Furthermore, the sulfur dopants modify the electronic properties of Pt, resulting in a negative shift in
the d-band that should enhance ORR kinetics.
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Chapter 5 Platinum Nanowires on Sulfur-Doped Graphene

The following section is based on previously published work by Hoque, M. A., Hassan, F., Higgins,
D., Choi, J-. Y., Pritzker M., Knight S., Ye S., and Chen, Z.

Advanced Materials 2015, 27(7): 1229-1234

“Multigrain platinum nanowires consisting of oriented nanoparticles anchored on sulfur-doped

graphene as highly active and durable oxygen reduction electrocatalyst”

Author contributions: H.M.A conducted the material preparations, characterizations and
electrochemical tests. H.M.A wrote the manuscript. C.Z. and P.M co-supervised the project. All

authors reviewed the manuscript.

Reproduced with permission from Wiley Online Library.

5.1 Introduction

Recently, one-dimensional (1D) nanostructures such as Pt nanowires have been demonstrated capable
of overcoming some of the drawbacks of Pt nanoparticles in catalyzing ORR, in particular, providing
much improved catalytic activity and/or durability.> ****>* The durability of Pt nanowires can be
further improved by growing the nanowires onto stable nanostructured support materials, such as
graphene or carbon nanotubes (CNTSs)."****" Unlike the carbon black conventionally used to support
Pt catalysts, graphene in particular possesses very unique chemical, mechanical and electrical
properties due to its two dimensional sp® hybridized carbon network.™®® Studies have additionally
shown that doping graphene with heteroatoms is an effective way to tune the intrinsic properties,
which is beneficial for improving electrocatalyst activity and stability."* ** In our previous work, we
demonstrated that sulfur-doped graphene (SG) is a highly promising support for Pt nanoparticles,
providing a 14% increase in Pt-based mass activity in comparison to the state-of-the-art Pt/C and
remarkable stability in terms of electrochemically active surface area (ECSA) and mass activity

10 We propose that combining the beneficial

retention following accelerated durability testing.
catalyst-support interactions provided by SG with Pt nanostructure control strategies (i.e., 1D
nanowires) could provide further ORR activity and durability improvements to achieve practical

targets for commercial devices.

Herein we report the direct synthesis of Pt nanowires on SG (PtNW/SG) by applying a simple and

facile surfactant free solvothermal technique.®® The prepared PtNWSs are comprised of numerous
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single crystalline nanoparticles oriented along the <111> direction, and provide increased Pt mass-
based ORR activity in comparison to commercial Pt/C catalyst and PtNWSs supported on graphene
(PtINW/G). Most notably, PtNW/SG showed excellent stability through 3000 cycles of accelerated
durability testing (ADT) in terms of both ECSA and ORR activity retention. By combining the
advantages of both the 1D nanostructure of Pt and unique support materials, PtNW/SG are reported as
a practical and highly promising candidate for overcoming the long term durability issues of
conventional PEMFC cathode electrocatalysts.

5.2 Experimental section

5.2.1 Preparation of S-doped graphene (SG)

100 mg of graphene oxide (GO) prepared by a modified Hummer’s method was mixed with 100 mg
of phenyl disulfide (PDS) by grinding. The materials were loaded into a tube furnace and kept outside
the heating zone until the furnace temperature reached 1000°C. The sample was then slid into the
heating zone where it remained for 30 minutes under argon protection, followed by cooling to room
remperature. Graphene was prepared under identical conditions without PDS.

5.2.2 Preparation of S-doped graphene supported platinum nanowires (PtNW/SG)

9.2 mg of SG was dispersed by 2 hours of ultrasonication in a mixture of 12 mL ethylene glycol and
18 mL of N,N-dimethyl formaide. 30 mg of H,PtCls.6H,O was then added followed by the addition of
1.5 g KOH and stirring overnight. The final solution was transferred to a 40 mL Teflon-lined
autoclave and heated at 170°C for 8 hours. The resultant black product was collected and washed
thoroughly with ethanol and DDI water before drying in a vacuum oven at 80°C. The same procedure

was applied to prepare PINW/G, with a platinum loading of 50 wt% achieved for both materials.

5.2.3 Materials characterization

The catalyst materials were characterized using scanning electron microscopy (SEM, LEO FESEM
1530), TEM (JEOL 2010F) equipped with EDS, and XRD (XRG 3000) using monochromatic Cu Ka

X-rays.

5.2.4 Electrochemical characterization
1.75 mg of catalyst materials were dispersed in a solution of 1.9 mL ethanol and 0.1 mL 5wt% nafion

and dropcasted on a glassy carbon electrode to achieve a loading of 22 pg cm? CV curves were
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collected at 50 mV s* in N,-saturated 0.1M HCIO, and ORR measurements at 5 mV s™ under O,-
saturation with electrolyte resistance correction applied. To improve the dispersion of nanowire

catalyst on the electrode, 20 wt% carbon black (Vulcan XC-72) was added to the suspension.

5.3 Results and Discussion

SG with a sheet like morphology (Figure 5-1a) was prepared and found by x-ray photoelectron
spectroscopy (XPS) to possess a surface sulfur content of 1.05 at.%, consisting primarily of
thiophenic species (Figure A-8 in the appendix). After the solvothermal synthesis of PtNW on the
SG, the overall morphology of the materials is shown in Figure 5-1b. A variety of nanowire
diameters ranging from 3 to 25 nm are observed, along with nanowire lengths in excess of 1 um
(Figure 5-1c). The crystal structure of Pt nanowires was confirmed to be Pt-fcc (JCPDS No. 04-0802)
based on the x-ray diffraction (XRD) peaks shown in Figure A-9 in the appendix, with diffraction
patterns of commercial Pt/C and PtNW/G shown for reference. High resolution transmission electron
microscopy (HR-TEM) images of the Pt nanowires shown in Figure 5-1d indicate that the nanowires
are composed of numerous attached Pt crystals oriented along the <111> direction, with a measured
d-spacing of 2.24 A corresponded to the (111) facet. Interestingly, Pt nanowires with different
diameters possess the same crystallographic orientation along the <111> direction as shown from a
HRTEM image of a nanowire possessing a smaller diameter (ca. 7nm) in Figure A-10 in the
appendix. For comparison, the structure of undoped graphene and PtNW/G are shown in Figure A-
11a and b in the appendix, respectively. We investigated the time dependent growth mechanism of
Pt nanowires on SG and the results are shown in Figure 5-1f through j. After just 10 minutes of
reaction, growth is initiated by the nucleation of nano-sized Pt particles on the surface of SG (Figure
5-1f). After 1h, the number of nanoparticles on SG increases significantly, and side by side
attachment is observed (Figure 5-1g). Interestingly, after 2h, the process of attachment and
coalescence of nanoparticles eventually occurrs to the point that nanorods are formed (Figure 5-1h).
This process is continued with an increase in reaction time to 4h, where it can be clearly seen in
Figure 5-1i that the nanoparticles have attached together to form nanowires with larger lengths, and
finally,after 6h, smooth, continuous nanowires are obtained (Figure5- 1j). Based on these
observations, it appears that the PtNWSs evolve from the preferential attachment and crystallographic

161, 162

arrangement along the <111> direction, rather than a seed-initiated growth process.*®®

54



oo

i

¢ (0 min) L

Figure 5-1 (a-d) SEM and TEM images of SG and PtNW/SG, (e-g) Growth of nanowires.

The electrochemical properties and stability of the various catalyst materials were investigated using
cyclic voltammetry (CV) in 0.1 M HCIO,. CV curves before and after accelerated durability testing
(ADT), which involved subjecting the catalyst to 3000 potential cycles between 0.05 and 1.5 V vs.

RHE, are shown for PtNW/SG, PtNW/G and commercial Pt/C in Figure 5-2a, b and c, respectively.
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It should be noted that the ADT conditions employed are very harsh and include the potential regions
in which repeated Pt oxidation/reduction and carbon corrosion will occur.’® After ADT, additional
redox peaks appear in the range of 0.50 to 0.75 V vs. RHE. These peaks likely arise due to the
formation of quinone/hydroguinone redox species under the high potentials encountered during ADT.
The electrochemically active surface area (ECSA) of the various catalysts was calculated by
integrating the hydrogen adsorption-desorption region® with ECSA values of 24.5, 24.0 and 53 m?
gme - determined for PtNW/SG, PtNW/G and Pt/C, respectively. The reduced ECSA of PINW/SG
and PtNW/G in comparison to Pt/C is to be expected, owing to the thicker diameter and anisotropic
structure that results in a lower degree of Pt-atom exposure.'®> **® Normalized ECSA values obtained
after a varying number of ADT cycles are shown in Figure 5-2d. It can be seen that after 3000 cycles,
PtNW/SG loses only 42% of its initial ECSA, whereas the losses in ECSA for PtNW/G and Pt/C are
72 and 99%, respectively. These results exemplify the excellent stability of PtNW/SG in comparison
to PtNW/G and commercial Pt/C cunder the harsh potentiodynamic conditions of ADT. In our

previous study,'®

we found that Pt nanoparticle ECSA losses could also be significantly mitigated
using SG supports, owing to the strengthened adsorptive and cohesive interactions induced by sulfur
dopant atoms on Pt atoms and nanoclusters, respectively. The current results indicate a similar effect
in PtNW/SG based on the significant improvements in ECSA retention observed in comparison to
PtINW/G. To investigate the impact of nanostructure control (i.e., nanowires), the as prepared
PtINW/G was compared with Pt nanoparticles supported on un-doped graphene (PtNP/G).
Electrochemical testing results provided in Figure A-12 in the appendix demonstrate that PtNW/G
shows clear stability enhancements in comparison to PtNP/G, albeit not to the extent observed in the
presence of sulfur-doping. This stability enhancement could likely arise owing to surface of the
PtNWs that consists primarily of (111) facets, the most thermodynamically favourable configuration,
as the (111) planes possess the lowest surface energy of all the low-index crystallographic planes of

Pt
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Figure 5-2 CV curves for (a) PINW/SG, (b) PINW/G, (c) Pt/C. (d) Effect of cycle number on
normalized ECSA.

The ORR activity of PtNW/SG before and after ADT was investigated in oxygen saturated 0.1 M
HCIO,. Initially at 0.9 V vs. RHE, an improved Pt-based mass activity of 167 mA mge ' was
observed for PtNW/SG in comparison to PtNW/G (132 mA mge*) and commercial Pt/C (125 mA
mge:*). Moreover, PtNW/SG showed a very high specific activity of 0.675 mA cm™p, (Figure 5-3d-

inset), approaching the U.S. Department of Energy (DOE) target of 0.720 mA cm?,®

while
PtNW/G and Pt/C demonstrated specific activity values of 0.543 and 0.250 mAcm™, respectively.
This specific activity enhancement is attributed to the preferential exposure of the (111) facet of the
PtNWs that provides higher activity than the (100) facets'®®*™ that are abundant in nanoparticle
configurations.® Additionally, the 1D extended nanostructure of the PtNWs leads to a a reduced

fraction of defect, step and edge sites that bond spectator species (OH,q) too strongly, thereby
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impeding the ORR kinetics.'”®*"® On the other hand, it is very likely that the improved activity of
PtINW/SG in comparison to PtNW/G arises due to the beneficial catalyst-support interactions

occuring between Pt and the sulfur dopants present in SG.**°

Polarization curves obtained before and after ADT are shown in Figure 5-3a, b and ¢ for PtNW/SG,
PINW/G and Pt/C, respectively. After ADT, PtNW/SG shows only a 22 mV loss in half-wave
potential, significantly better than the 86 mV half-wave potential loss for PtNW/G and almost
complete loss of performance for commercial Pt/C. A comparison of Pt-based mass activities before
and after ADT is given in Figure 5-3d. Notably, PINW/SG demonstrated a mass activity of 112
mAmge " at 0.9 V vs. RHE after ADT, representing 67% of its initial activity. PINWG and Pt/C on
the other hand showed mass activity values of 22 and 0.5 mAmge,* following ADT, corresponding to
only 17% and < 1% of their initial activity, respectively. We additionally investigated the stability of
PtNW/SG using the DOE recommended durability testing protocol that involves 30,000 potential
cycles between 0.6 and 1.0 V vs. RHE in O, saturated 0.1M HCIQ, solution.* *** '™ Once again, the
ECSA and ORR activity retention of PtNW/SG was superior to that of commercial Pt/C (Figure A-
13 in the appendix). Following this testing, the ECSA retention for PtNW/SG and Pt/C were
approximately 65 and 33%, respectively, and the losses in half-wave potential were approximately 50
and 250 mV, respectively. Moreover, we collected CV curves of PtNW/SG after 6000 cycles (Figure
A-13(inset) in the appendix) and obseved only a 12% loss in ECSA. This is a significant
improvement over the 30% ECSA loss observed by Lim et al.'”® for unique Pd-Pt nanodendrites after
only 4000 cycles, although with a slightly higher upper potential limit (0.6 to 1.1 V vs. RHE). Our

results are in more close agreement with the results of Ruan et.al.'®

who reported an ECSA loss of
14.2% after 6000 cycles for ultrathin Pt nanowire networks, although the Pt mass and specific

activities of our PtNW/SG were significantly higher (16 and 385%, respectively).
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Figure 5-3 Voltammograms for the ORR on (a) PtINW/SG (b) PtNW/G and (c) Pt/C. (d) Comparison

of Pt mass-based specific activity among the different catalysts.

Since the performance degradation of electrocatalyst materials is an important issue, we investigated
the morphological and structural changes of the catalysts following ADT. After 3000 cycles, PtNWSs
were still observed to be anchored on the surface of SG (Figure 5-4a) with a crystallographic
orientation in the <111> direction (Figure 5-4b). An energy dispersive spectroscopy (EDS) elemental
map of PtNW/SG after ADT is shown in Figure 5-4c, demonstrating the locations of carbon, sulfur
and platinum species. To avoid interference of the sulfonate species present in Nafion, a binder-free
ADT test was conducted for the purpose of elemental mapping. Interestingly, sulfur atoms are
consistently observed to be well distributed along the lengths of the PtNWs, indicating that these

sulfur species serve as anchors to adhere the nanowires to the surface of the SG.*"’
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by our recent findings through an ab initio approach that highlighted stronger adsorption of Pt on SG
(-2.68 eV) compared to pure graphene (-2.01 eV), and an enhanced Pt nanoparticle cohesive energy
of -3.95 eV versus -3.67 eV, respectively.’®® For full details of the DFT calculations, please refer to
the previously published manuscript and supporting information.*® On the other hand, the structure
of PtNW/G was more vulnerable to ADT conditions, with PtNW degradation and aggregation
observed, along with the formation of nanoparticle agglomerates on the graphene surface (Figure 5-
4d). The harsh ADT conditions also had a significantly detrimental effect on the structure of Pt/C
(Figure A-14 in the appendix), demonstrating dramatic Pt nanoparticle growth and agglomeration.

P —
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Figure 5-4 (a,b) TEM images and (c) EDS mapping of PtNW/SG, (d) TEM image of PtNW/G.

5.4 Conclusions

In conclusion, SG was prepared as a support for the direct growth of platinum nanowires.
Investigation of the growth mechanism of Pt nanowires on SG revealed that the nanowires are
comprised of numerous single crystalline nanoparticles attached and oriented along the <111>
direction. Notably, PINW/SG exhibited excellent electrochemical ORR activity and stability in
comparison with PtNW/G and commercial Pt/C catalysts under harsh, potentiodynamic conditions.
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After 3000 ADT cycles, PtINW/SG retained 58% of its initial ECSA, superior to only 28% and 1%
retained by PtNW/G and commercial Pt/C, respectively. Additionally, PtNW/SG retained 67% of the
Pt-based mass activity, whereas the mass activity retention of PtNW/G and commercial Pt/C were
17% and < 1%, respectively. PtNW/SG also exhibited increased Pt-mass based activity, with an
excellent specific activity of 0.675 mA cm?, approaching the DOE recommended target of 0.720

-2
MA cm™“p,.
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electrochemical tests. H.M.A wrote the manuscript. S.M.H performed the DFT analysis. C.Z. and

P.M co-supervised the project. All authors reviewed the manuscript.

Reproduced with permission from Elsevier.

6.1 Introduction

The Kinetic limitations of the cathodic oxygen reduction reaction (ORR) must be overcome to meet
the practical demands for polymer electrolyte membrane fuel cells (PEMFCs) % *®8! The observed
overpotential is attributed to the slow kinetics of ORR occurring on the conventional carbon
supported platinum nanoparticle (Pt/C) catalysts '**%. These zero dimensional (0D) nanoparticulate
electrocatalysts lack activity due to a high number of defect sites, lattice boundaries and low
coordination atoms on the surface that results from their very small size. This leads to the strong
adsorption of oxygen containing species (i.e., OH groups) and thereby decreases the number of active
platinum sites available for the ORR *** %87 Stability is another pertinent concern, whereby Pt/C
degrades during PEMFC operation due to carbon corrosion and/or platinum nanoparticles

agglomeration, dissolution and Ostwald ripening % % 189,

In contrast to nanoparticles, one dimensional (1D) nanostructures, such as platinum nanowires, have
been highly touted as promising solutions to the inherent activity and durability issues associated with
state-of-the-art nanoparticle catalysts ® %2 %% 190192 These 1D platinum morphologies provide
significant advantages owing to their unique anisotropic structure and surface properties that lead to

excellent electrocatalytic activity and durability ® ** %

In particular, platinum nanowire
morphologies minimize the number of undesirable low-coordination defect sites due to their

preferential exposure of smooth crystalline planes *****°. Therefore, the cathodic overpotential caused
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by adsorbed oxygen-containing species can be significantly suppressed, leading to an increase in
ORR kinetics %1,

The performance of platinum nanoparticles or nanowires can be further improved by growing them
onto a variety of stable supports, including mesoporous carbon, carbon nanofibers, carbon nanotubes
and graphene °°1°7: 159 160. 198200 Among these supports, graphene has significant application potential
owing to its unique properties®’. The two dimensional sp? bonded hybridized carbon network in
particular possesses outstanding mechanical, chemical and electrical properties that are ideal for
electrochemical applications™®. Both theoretical calculations and detailed experiments have shown
that the intrinsic properties of graphene can be modified by the introduction of heteroatoms, such as
sulfur, nitrogen, phosphorus or boron into the carbon framework 2" %% 2%2 A |ot of research has been
carried out to investigate nitrogen-doped carbon materials as platinum catalyst supports, with
enhancements to both the ORR activity and electrochemical stability 2°**’. We were however the
first to develop sulfur-doped graphene (SG) as a platinum catalyst support, capable of providing
remarkable activity and durability improvements *** ', Through detailed density functional theory
(DFT) calculations and experimental investigations, we demonstrated that platinum binds strongly to
SG. These strong catalyst-support interactions lead to an enhancement in Pt stabilization, along with
modulated electronic properties that provide ORR activity enhancements. The amount of sulfur in SG
very likely has a significant impact on the interactions with platinum, owing to its influence on the
electrical and chemical properties of the resulting catalyst. Therefore, detailed knowledge of the
sulfur concentration dependency of the electro-kinetic parameters for oxygen reduction, along with
the physicochemical properties of the developed catalysts is of importance. This fundamental insight

is essential to the design and development of optimal Pt-SG catalysts.

In this report, we provide an extensive investigation to elucidate the effect of sulfur concentration on
the oxygen reduction performance of SG supported platinum nanowires (PtNW/SG). We examine the
morphologies, structural and electrical properties of PINW/SG with different sulfur contents, and then
investigated the electrochemical kinetic parameters such as Tafel slope, exchange current density and
activation energy towards oxygen reduction. These detailed experimental investigations are also
linked to computational simulations to systematically elucidate the impact and contribution of sulfur
on the ORR activity of PtNW catalysts.
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6.2 Experimental Section

6.2.1 Synthesis of Graphene Oxide (GO)

Graphite powder (Alfa Aesar, natural, microcrystal grade, APS 2-15 micron, 99.9995%) was oxidized
by an improved Hummers method in order to obtain GO ®. Briefly, 2 g of graphite powder was added
to a mixture of concentrated H,SO,/H3;PO, (360:40 mL) in a triangular shaped conical flask. After 30
minutes of magnetic stirring, 18 g of KMnO, was added very slowly and the reaction was heated to
50°C and held for 16 hours. Once the reaction was completed, the temperature was cooled down to
ca. 10°C in an ice container and then 400 mL of DDI H,O was added in a dropwise fashion. 15 mL of
H,O, (30%) was then added to complete the oxidation reaction. The final mixture was centrifuged

and washed with water, ethanol and HCI (30%), and then freeze dried for 3-4 days.

6.2.2 Synthesis of SG and G

Graphene with different sulfur concentrations was prepared by a thermal shock/quench annealing
process. Briefly, 120 mg of GO and the desired amount of phenyl disulfide (PDS, Sigma Aldrich)
were mixed together by grinding. Different sulfur contents were achieved by adding 10, 60, 240 and
480 mg of PDS to the mixture. This mixture was then transferred into a quartz tube for annealing at
1000 °C for 30 min under Ar atmosphere **°. This was accomplished by keeping the sample upstream
(out of the heating zone) while the furnace reached the desired temperature, at which point it was
inserted into the heating zone. After the desired reaction time, the sample was removed from the
heating zone so that it would cool rapidly. Pure graphene was also synthesized by directly annealing

GO under the same conditions.

6.2.3 Synthesis of PtINW/SG and PtNW/G

To grow platinum nanowires onto the SG, 20 mg of SG was first dispersed by ultrasonication for at
least 2 hours in a mixture of 4 mL ethylene glycol (EG) and 6 mL of N,N-dimethyl formaide (DMF).
53 mg of H,PtCls.6H,0 was then added to the solution, followed by the addition of 0.5 g KOH. The
resultant solution was magnetically stirred overnight and then transferred into a 20 mL Teflon-lined
autoclave to heat in a convection oven at 170°C for 8 hours. The final material was collected for
thorough washing with ethanol and DDI water before drying in a vacuum oven at 80°C. Using this
method, a platinum loading of 50 wt% was achieved. The same procedure was applied to prepare

platinum nanowires supported on pure graphene (PtNW/G).
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6.2.4 Material characterization

The samples were characterized by transmission electron microscopy (TEM, Zeiss Libra 200 MC)
equipped with EDX for elemental mapping, Raman spectroscopy (SENTERRA 314), XRD (Inel
XRG 3000 diffractometer), X-ray photoelectron spectroscopy (XPS, PHI Quantera) and scanning
electron microscopy (SEM, LEO FESEM 1530) equipped with EDX. The optical properties of the
prepared SG samples were analyzed by UV-visible spectroscopy (Ocean Optics, DT-MINI-2-GS).
Linear polarization (LPR) was carried out on a 2-point probe system to obtain the electrical

conductivity of G, SGs and GO prepared under different conditions 2.

6.2.5 Electrochemical characterization

To conduct electrochemical testing of the catalyst materials, the electrode was prepared by dispersing
2 mg of catalyst materials in a solution containing 0.95 mL ethanol and 0.05 mL 5% Nafion. The
electrode loading of the different nanowire catalysts and the commercial state-of-the-art Pt/C (TKK,
28.2 wt.% Pt) was controlled to be 22 pgPt cm™. Cyclic voltammetry (CV) curves were collected at a
scan rate of 50 mV s* in N,-saturated 0.1M HCIO, and the ORR measurements were conducted at a
scan rate of 5 mV s™ in O,-saturated 0.1M HCIO, at room temperature. Accelerated durability testing
(ADT) was performed by cycling the electrode potential 1000 times in a N,-saturated electrolyte
between 0.05 and 1.5 V vs. RHE at a scan rate of 50 mV/s. The temperature dependent Kinetic
parameters for ORR on oxide-covered and oxide-free platinum surfaces of the different catalysts were
calculated at atmospheric pressure. Throughout the electrochemical investigations, the temperature
was varied from 20 to 50°C using a water bath (Polystar®-Cole Polymer®) and the cell temperature
was initially maintained at 20°C for at least 2 hours in order to ensure thermal equilibration 2*. A
potential scan between 0.05 and 1.5 V vs RHE at a scan rate of 50 mV s* in O,-saturated 0.1 M
HCIO, was applied during the equilibration period to maintain the electrode in an activated state.
Then, slow scan voltamograms for oxygen reduction were collected by sweeping the potential from
0.3t0 1.2 VV vs RHE at scan rate of 1 mV s™ ?!°. In this way, all the kinetic parameters were calculated
at each temperature. Moreover, the temperature was subsequently lowered back to check for
hysteresis. It should be noted that all of the results were electrolyte resistance corrected %, 20 wt%
carbon black (Vulcan XC-720) was added to the suspension in order to improve the dispersion of the

nanowire catalyst on the glassy carbon electrode.
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6.2.6 Computational methods

The total internal energies of G and SG were calculated using the Vienna ab initio simulation package
(VASP) program *? with the implemented DFT method ® ®. The pseudo-potentials through the
projector augmented wave (PAW) method were used to replace the interaction potential of the core
electrons ® %2 The Perdew, Burke and Ernzerhof (PBE) functional was employed to describe the

electron exchange-correlation energy ®

, employing the spin-polarized generalized gradient
approximation (GGA) % 2. The valence electrons expressed by Kohn-Sham wave functions were
expanded with a plane-wave basis set. A gamma point mesh with (9 x 9 x 1) k-points was employed
for the G and SG unit cell to sample the Brillouin zone, and utilized the Methfessel-Paxton smearing
method 2°. The energies were cut off at 520 eV. During optimizing structural, whole ions were
completely relaxed until the internal energies were converged within 10 eV. To calculate DOS of
surface, the surface of G and SG were generated through the expansion of the (1 x 1) unit cell, and a
vacuum space of 13 A was employed. The tetrahedron method was used with Blgchl’s corrections »°

for the density of states (DOS) calculations.
6.3 Results and discussion

6.3.1 Physico-chemical characterization

Figure 6-1a depicts a TEM image that represents the general graphene morphology of all SG
materials. An EDX elemental map was carried out on each sample and the distribution of sulfur
species were depicted in Figure 6-1b (i-iv). It was observed that sulfur atoms are well distributed and
the amount of sulfur increases with increased amounts of PDS added during synthesis. Using both
EDX and XPS (Table A-2 in the appendix), the sulfur contents of SG were 0.35, 1.40, 2.70 and 3.95
at%, corresponding to the addition of 10, 60, 240 and 480 mg of PDS during synthesis, respectively.
These materials are named in order of increasing sulfur content as SG-1, SG-2, SG-3 and SG-4. The
morphologies of the PtNW after deposition on SG-2 were investigated using TEM as shown in
Figure 6-1c. The diameter of the nanowires was in the range of 3-30 nm, along with nanowire
lengths in excess of 1 um. We conducted elemental line scans to locate carbon, sulfur and platinum
species along both the length and cross section of the nanowires, shown in Figure 6-1d (i-ii).
Interestingly, the composition profile of the sulfur atoms closely matched that of platinum. One may
consider that this is due to the presence of free sulfur species “poisoning” the surface of the platinum

nanowires, owing to the affinity between these two atoms. To exclude this, EDX spectra were
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collected from a PtNW that extends beyond the surface of the underlying SG-2 support. No sulfur
was detected during this scan, suggesting that the similar composition profile of sulfur and platinum
is due to the sulfur species within SG acts as anchoring sites for the PtNWs. In our previous studies
1% jt was shown that the Pt nanowires grow directly onto SG, and are comprised of numerous single
crystalline nanoparticles oriented along the <111> direction. TEM images and the corresponding
cross sectional diameter distribution of the nanowires obtained by PtINW/G, PtNW/SG-1, PtNW/SG-
2, PtINW/SG-3 and PtNW/SG-4 are shown in Figure A-15 to A-19 in the appendix. Interestingly, a
major portion of nanowires having small sized diameter was observed for PtNW/SG-2 in comparison
to other catalysts. For example, the distribution of diameter of the nanowires was dominant in the
range of 8-23 nm for PtINW/G (Figure A-15), 8-18 nm for PtINW/SG-1 (Figure A-16), and 4-16 nm
for PINW/SG-2 (Figure A-17). However, PtNW/SG-3 possess relatively larger diameters, (i.e., 20)
nm along with some nanoparticles agglomerated in an elongated structure (Figure A-18) that we have
previously shown as one of the steps of platinum nanowire growth '*. On the other hand, the
formation of nanowires was significantly interrupted in the case of PtNW/SG-4 and a high proportion
of these elongated nanoparticle agglomerates was observed (Figure A-19). XRD was used to confirm

that all of these structures were in fact fcc phase platinum (Figure A-20 in the appendix).
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Figure 6-1 (a-b) TEM and S maps on SGs c¢) TEM image of PtNW/SG-2 and d) EDX line scans.

The nature of chemical bonding in SG was investigated by XPS. Figure 6-2 (a-d) show the
characteristic C 1s peak obtained for the various SG materials. The typical C 1s region was
deconvoluted into different envelopes, corresponding to the following bonds: sp? C=C (284.5 eV), sp®
C-C (285.1 eV), C-O (286.2 eV), C=0 (287.2), O-C-O (288.9 eV) and II-IT* transitions in
delocalized sp® bonded carbon structures (>290 eV) #®. These peak deconvolutions allowed for
measurement of the ratio of sp? to sp® bonded carbon contents #¢%*° with the values of 2.05, 1.86,
1.45 and 1.1 for SG-1, SG-2, SG-3 and SG-4 respectively. It is interesting to note that the
concentration ratio of sp2:sp3 carbon decreases significantly with increasing sulfur contents in SG.
This is to be expected, as the content of dopant species is commonly linked to decreased degrees of
graphitization > #!, In reality, a fraction of edge/defect sites always exist in the graphene and with
increasing amount of Phenyl disulfide (PDS) during synthesis, those fractions can be affected

significantly that leads to higher amounts of sp3 bonded carbon. Also, the S 2p XPS spectra for SG-1,
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SG-2, SG-3 and SG-4 are shown in Figure A-21a in the appendix. The peaks observed at 163.8 and
165.1 eV suggest the presence of thiophenic sulfur dopants, whereas the peaks above 165.5 eV are
assigned to —C-SO,- species ** ™. In addition with S peak analysis, the fitted Pt 4f;;, and 4fs), peaks at
71.6 and 75.2 eV, respectively, for SG-1, SG-2, SG-3 and SG-4 are also shown in Figure A-21b in
the appendix. It should be noted that no significant structural changes were observed in the S and Pt

spectra of the different SG samples, in contrast to the noticeable changes in the carbon bonding
configuration.
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Figure 6-2 XPS high resolution C1s spectra for SG materials a) SG-1, b) SG-2, ¢) SG-3 and d) SG-4.

The structure of the different SG supports was analyzed by XRD, with results shown in Figure 6-3a.

The average interlayer spacing corresponding to the (002) peak at ca. 25° were 3.49, 3.47, 3.41 and

3.38 A for SG-1, SG-2, SG-3 and SG-4, respectively. It is clear that the d spacing values of various

SG supports decrease with an increase in sulfur content. This is likely due to the fact that more

oxygen functional species are removed with increasing amounts of sulfur ??2. In particular, the oxygen

content of SG was found to decrease from 12.9 at% for SG-1 to 2.3 at% for SG-4 (Table A-2 in the
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appendix). In addition, the thickness of the graphene platelets can be determined by calculating the
crystallite sizes (L.) in the (002) direction using the Scherrer equation:
L. = AABcosb (6-1)

where A is the shape factor (~0.9), A is the X-ray wavelength, 0 is the Bragg angle and B is the full
width at half maximum (FWHM) of the (002) peak in radians. The crystallite size increases with an
increase in sulfur concentration, with thicknesses of 18.1, 20.0, 35.1 and 43.8 A for SG-1, SG-2, SG-
3 and SG-4, respectively. The number of graphene layers can then be estimated #** *** by correlating
L. with the corresponding d spacing values to be 5.4, 6.2, 10.3 and 13.1, respectively. The d spacing
and the number of layers were increased significantly for SG-3 and SG-4, which indicate that a high
loading of sulfur precursor may enhance the restacking of graphene layers. This likely occurs due to

increased removal of oxygen species that was found concurrently with higher sulfur contents.

Raman spectroscopy was used as a quantitative measure to estimate the degree of disorder in SG with
different sulfur concentrations and results are shown in Figure 6-3b. In the spectra, the ratio of the D
band intensity to the G band intensity (Ip/lg) were ca. 1.10, 1.23, 1.35 and 1.43 for SG-1, SG-2, SG-3
and SG-4, respectively. All of these values for SG materials were higher than that of un-doped G
(Io/lg: 0.96). This shows that the sulfur atoms present in SG are in the form of defects. This is to be
expected considering that XPS indicated sulfur atoms are present in thiophenic form, which is a five

ring structure that disrupts the crystalline planes of graphene.

Figure 6-3c shows the UV-vis absorption spectra of G, SG-1, SG-2, SG-3, SG-4 with a peak centered
at 268 nm. To determine the energy band gap (E,), Tauc’s equation was applied 2.

o’e = (ho-Ey)° (6-2)

where ¢ is the absorbance, o is the angular frequency of light which is 2m/A, h is the Planck constant
and A is the wavelength. On plotting €%/A versus 1/A (Figure 6-3d), a straight line intersecting with
the x-axis is 1/A4 (Aq is the gap wave length) *°??, The energy band gap was calculated based on
Eq=hc/Aq to be 0.45, 0.54, 0.61, 0.72 and 0.84 eV for of G, SG-1, SG-2, SG-3 and SG-4 respectively.
It should be noted that the band gap increases in the order of SG-4 > SG-3 > SG-2 > SG-1 > G,
suggesting a decrease in intrinsic conductivity due to an increasing amount of sulfur in graphene. The
trend observed is likely due to the lower graphitic character of the SG materials with increased sulfur
concentrations, confirmed both by XPS and Raman spectroscopy. The intrinsic conductivity of G and

various SGs was in fact measured using the 2-point probe method *® and the results obtained from
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the LPR technique are shown in Figure A-22 in the appendix. The following equation was applied
to measure the intrinsic conductivity of the materials.

6 =L/RA (6-3)

where 6 is the conductivity in S/cm, L is the thickness of the electrode in cm, R is the resistance in Q
and A is the cross-sectional area of electrode in cm?. From the LPR technique applied, the resistance
decreases in the order of GO > SG-4 > SG-3 > SG-2 > SG-1 > G. Therefore, the intrinsic
conductivities determined for G, SG-1, SG-2, SG-3, SG-4 and GO were 16.5, 13.9, 10.6, 7.3, 1.6 and
1.4x10™ S cm™, respectively, values that are within the range of previously reported results from the
literature **°. The trends clearly show that the electrical conductivity of SG decreases with an
increasing sulfur content. Despite the fact that conductivity plays an important role in electrocatalysis,
the best ORR performance was achieved for PINW/SG-2 with a sulfur content of 1.40 at% (vide
infra). This suggests that at this content, conductivity limitations do not present a significant issue.
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Figure 6-3 a) XRD for SG, b) Raman spectra of G and SG and c-d) UV absorption for G and SG.
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6.3.2 Electrochemical characterization

Cyclic voltammetry (CV) was used to investigate the effect of sulfur concentration on the
electrochemical properties of the PtNW/G and PtINW/SG. Figure 6-4a shows the steady state CVs of
PINW/G, PtNW/SG-1, PINW/SG-2, PtINW/SG-3 and PtNW/SG-4 obtained in N,-saturated 0.1 M
HCIQ, solution. The typical hydrogen adsorption/desorption signature is observed in the 0.05 to 0.4 V
vs RHE potential range. Electrochemical double layer capacitance is observed between 0.4 and 0.7 V
vs RHE, and platinum oxidation/reduction occur in the range of 0.7 to 0.9 V vs RHE. ECSA values
were determined based on the calculated charge for hydrogen adsorption/desorption of each
voltamogram using the following equation *° %°:

ECSA=Q/(0.21xL) (6-4)
where Q indicates the charge density for hydrogen adsorption (mC cm™) that can be calculated by
integrating the hydrogen adsorption/desorption region and dividing by the potential scan rate, L is the
mass loading of Pt on the electrode (mg cm™) and the factor 0.21 (mC cm?y) is due to the charge
required to reduce a monolayer of protons on Pt. The ECSA values determined for PtNW/G,
PtNW/SG-1, PtNW/SG-2, PtNW/SG-3 and PtNW/SG-4 are 24.2, 26.3, 28.5, 19.7 and 18.8 m? gp(”,
respectively. Figure 6-4b shows the CV curves obtained for various catalyst materials subjected to
1000 potential cycles between 0.05 and 1.5 V vs RHE. After ADT, the ECSA values calculated for
PINW/G, PtNW/SG-1, PINW/SG-2, PtNW/SG-3 and PtNW/SG-4 are 10.8, 14.1, 21.4, 10.8 and 9.5
m? gei, respectively. However, ECSA values obtained for Pt/C before and after ADT are 54.5 and
13.1 m* gph, respectively (Figure A-23 in the appendix). The reduced ECSA of the nanowire
catalysts in comparison to Pt/C is expected due to the thicker diameter and anisotropic structure that
results in a lower degree of Pt-atom exposure '* ' A comparison of the ECSA values of various
catalysts has been shown in Figure 6-4c. Normalized ECSA values obtained initially and after each
250 subsequent cycles are shown in Figure 6-4d. It can be seen that the ECSA retention of
PINW/SG-2 is higher, retaining 75% of its initial surface area whereas the retention was 45, 53, 55,
51 and 24% for PtINW/G, PtNWSG-1, PtNW/SG-3, PtNW/SG-4 and Pt/C, respectively. The least
ECSA retention exhibited by Pt/C in comparison to the nanowire catalysts can be explained by the
TEM images and the particle size distribution shown in Figure A-24 in the appendix. It can be seen
that the nanoparticles are significantly affected and the average size is increased from 2.15 to 7.5 nm.
These results indicate that PtNW/SG-2 has the highest electrochemical stability in terms of ECSA

retention during potential cycling. Additionally, it was found that regardless of sulfur content, SG
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supported PtNWs demonstrated increased electrochemical stability in comparison to PtNW/G,

reasserting the beneficial impact of sulfur species in the catalyst supports.
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ORR measurements were carried out in O,-saturated 0.1 M HCIO, solution using a GC rotating disc
electrode at room temperature in order to investigate the influence of sulfur on ORR activity of
different nanowire catalysts. The polarization curves shown in Figure 6-5 (a-b) display the diffusing-
limiting current region from ca. 0.05 to 0.65 V vs RHE and mixed kinetic-diffusion control region
between ca. 0.7 and 1.05 V vs RHE. All polarization plots were collected using identical platinum
loadings on the electrode. It is clear that the half-wave potential of PtNW/SG-2 before and after ADT
was higher than the other catalysts, indicating in addition to improved electrochemical durability,

PtNW/SG-2 also provides improved ORR activity. After ADT, the half wave potential loss was only
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15 mV for PtNW/SG-2. On the other hand, the losses in half-wave potential were 48, 40, 38, 45 and
56 mV for PINW/G, PtNW/SG-1, PINW/SG-3, PtNW/SG-4 and Pt/C, respectively (Figure 6-5c). To
compare the mass activity of the different catalysts, kinetic current densities were calculated from the
polarization curves by correcting for mass transport and then normalizing with respect to platinum
loading *** *"°. The following Koutecky-Levich equation was applied to calculate the kinetic current
density, jy:

1j = Uj + Ujq (6-5)
where j is the measured current density, jy is the kinetic current density and jq is the diffusion-limiting
current density. From Figure 6-5d, it can be seen that the initial mass activity calculated at 0.9 V vs
RHE for PtNW/SG-2 was 182 mA mge; ", demonstrating excellent ORR activity in comparison with
PENW/G (125 mA mge; "), PtNW/SG-1 (142 mA mge"), PINW/SG-3 (108 mA mge ), PINW/SG-4
(101 mA mge") and Pt/C (127 mA mge ). After the ADT, PtNW/SG-2 also demonstrated superior
ORR stability, providing a mass activity of 131 mA mgp* at 0.9 V vs. RHE that represents 72% of its
initial activity. Conversely, the mass activity retention after ADT for PtNW/G, PtNW/SG-1,
PtNW/SG-3, PtNW/SG-4 and Pt/C were 43, 45, 48, 46 and 28%, respectively. Moreover, the specific
activity determined at 0.9 V vs RHE shown in Figure A-25 in the appendix for PtINW/SG-2 was
higher (662 pA cm?y) in comparison to PINW/G (530 pA cm?y), PINW/SG-1 (556 pA cm’y),
PINW/SG-3 (567 pA cm?y), PINW/SG-4 (542 pA cm?p) and Pt/C (244 pA cm?y), respectively.
These results clearly indicate that SG-2 can effectively increase the activity of PtNW/SG-2. Notably,
the Pt mass and specific activity obtained by PtNW/SG-2 was higher than some other results reported
in the literature. These include carbon supported multi-armed star-like platinum nanowires that shows
a mass activity of 135 mA mge " and a specific activity of 611 pA cm?, ultrathin Pt multiple-
twinned nanowire networks that shows a mass activity of 144 mA mge;" and a specific activity of 139
nA cmy, platinum nanocrystal supported by reduced graphene oxide that shows a mass activity of
109 mA mgp;* and a specific activity of 212 pA cm™p, and Pt-Pd bimetallic nanodendrites that shows
a mass activity of 204 mA mge,* and a specific activity of 422 nA cm?2p 100 17> 17831 |t has been well
established that ORR activity of Pt nanostructures increases accordingly with an appropriate decrease

170, 171, 173, 232 This is because low

in the binding energy of oxygenated species to the Pt surface
coordination surface Pt atoms of nanoparticle structures that are prone to block the active sites by
oxygenated species, i.e. OH,g inducing higher binding energy than the optimal values (~ 0.2 eV) ™
3 However, Pt nanowires possess fewer undesirable low coordination sites that results in their

improved catalytic activity. Additionally, we believe that sulfur with 1.40 at% is an ideal amount in
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SG to achieve uniform Pt nanowire morphology and geometry leading to a higher ECSA, activity and
stability of PtNW/SG-2. Based on measurement of over 50 individual nanowires, the nanowires
supported by SG-2 are smaller than the nanowires supported by G and SG-1 and notably, the growth
of nanowires was significantly interrupted onto SG-3 and SG-4. The presence of a high amount of
sulfur in SG-3 and SG-4 might provide too many anchoring sites where nanoparticles nucleate and
begin to elongate, leaving insufficient platinum precursors in solution to continue the formation of

well-defined, smooth nanowires.
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Mass transport corrected Tafel plots at different temperatures for PtNW/G and PtNW/SG catalysts are
shown in Figure 6-6 (a-d). At any temperature, the low and the high Tafel slopes can be determined

for each catalyst and correspond to the potential regime where oxygen reduction proceeds on oxide-
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covered Pt surface (Temkin conditions) and on oxide-free Pt surface (Langmuir conditions),
respectively?”
temperatures for PINW/G, PtNW/SG-1, PtINW/SG-2 and PtINW/SG-3 catalysts remain essentially

constant (low Tafel slope: 60 + 5 mV dec™ and high Tafel slope: 120 + 5 mV dec™) . The exchange

. The low and high Tafel slopes from the logJ,-V plots calculated at different

current density (j,) corresponding to each Tafel slope was calculated by extrapolating the potential to
the temperature corrected reversible potential (E;), with the determined values listed in Table A-3 in
the appendix Note that, the dependence of E, on temperature was evaluated using the following
equations 2%

AG® = — 70650 —8.0T InT +92.84 T (6-6)

E. = — AGYnF (6-7)
where AG? is the free energy for O,-H, reaction producing liquid water, n is the number of electrons
transferred to produce one mole of water, n=2 and F is the Faraday’s constant (96485 C mol™).

The temperature dependence exchange current densities in both Tafel regimes for each catalyst are
plotted in Figure 6-6e, and the activation energy for oxygen reduction of the catalyst was determined
using the following Arrhenius equation.

E. = —2.303R [dlogj/d(1/T)] (6-8)
where E, is the activation energy in J mol™, R is the gas constant (8.314 J mol™ K™ and T is the
temperature in K. Figure 6-6f shows the apparent activation energy diagram of various catalysts in
both low and high current density regimes. The activation energy calculated for PINW/G, PtINW/SG-
1, PtNW/SG-2 and PtNW/SG-3 were 18.7, 17.3, 14.4, 22.1 kcal mol™ in the low current density
regime (at 0.95 V) and 7.31, 6.40, 5.94 and 8.23 kcal mol™ in the high current density regime (at 0.85
V), respectively. These values are in close agreement with values reported in the literature for both
the high current density regime 2 and the low current density regime ® ?*. It should be noted that
PtINW/SG-4 was omitted from temperature dependent studies owing to its relatively poor ORR
performance in comparison to other catalysts. Interestingly, PtNW/SG-2 possesses significantly
higher exchange current density and lower activation energy on both oxide-covered and oxide-free
surfaces in comparison to other catalysts. This again demonstrates the high electrocatalytic activity of
this catalyst towards the ORR. It has been shown experimentally and theoretically that the first
electron transfer (O, + H" + e — O,H,q) of the ORR s the rate determining step if the difference
between the activation energies on oxide-covered and oxide-free Pt surface is 4 kcal mol™ %*.
However, in our studies, the difference between the activation energies of each catalyst was above 8

kcal mol™, which might indicate the existence of a chemical step '"* following the first electron-
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transfer on the Pt surface %% 2%, Therefore, the following reaction mechanism can be considered to

elucidate the catalytic properties of various catalyst materials:

2Pt...0, < Pt;0s (6-9)

Pt,000stH ™ +€" <> Pt,0,H,qs (First electron-transfer step) (6-10)
Pt,0;,Hags — Pt-O+Pt-OH (chemical step) (6-11)
Pt-O+Pt-OH +H"+e" — Pt-OH+Pt-OH (6-12)
Pt-OH+Pt-OH+2H"+2e” — 2Pt+2H,0 (6-13)

While considering the reaction steps mentioned above, the fractional coverage of reaction
intermediates in the rate determining step can be significantly reduced for PtNW/SG-2 due to its high
exchange current density and low activation energy compare to other catalysts. This can be attributed
to a weak binding between oxygenated species and the Pt surface atoms which is beneficial for
enhancing ORR kinetics. Therefore, it is obvious that the amount of sulfur in graphene is a crucial
parameter to tune the electrokinetics of nanowire catalysts. It is now demonstrated that 1.40 at%
sulfur in graphene provides improved physico-chemical properties favorable to enhance Pt
electrocatalytic activity and stability. To illustrate, based on our DFT analysis on various SG
materials discussed in the next section it can be established that for SG with 0.35 at% sulfur (SG-1),
the DOS of SG is almost equal to that of pristine graphene, showing a Dirac point which has no band
gap and energy of states supposes to display a similar ORR activity in comparison with that on pure
graphene. Interestingly, the performance observed was similar for both G and SG-1 supported
PtNWs. On the other hand, at higher sulfur contents, the physico-chemical properties of SG-3 (2.70
at% sulfur) and SG-4 (3.95 at% sulfur) were adversely affected leading to an interruption on the

growth of well-defined PtNWs that can potentially result in the reduced ORR activity and stability.
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Figure 6-6 a-d) Mass transport-corrected Tafel plots for oxygen reduction as a function of
temperature, e) Arrhenius plot and f) Exchange current density.

6.3.3 Computational investigations

It was well established that the support materials can significantly enhance the catalytic activity and
stability of metallic nanoparticles such as Pt and Pd 12 7 118 124, 237244 "1 the graphene framework,
the heteroatoms change the electronic structure of graphene, providing sufficient anchoring sites for
metal nanoparticles deposition leading to an improved catalytic activity 2 7 240242 244246
Previously, we reported that both N and S-doped graphene (NG and SG) significantly improve the
activity and stability of Pt nanoparticles due to a downward shift in d-band center, reduced binding
energy of oxygen intermediates, and increased cohesive energy and dissolution potentials 2> °,
Therefore, the electronic structure of supporting materials (e.g., density of states, DOS) is an
important parameter that help us to understand the interactions occurring between the support and
nanoparticles, and also to investigate the alteration of intrinsic properties of the nanoparticles 2 2%
24224 Owing to the advantages of sulfur doping into the graphene matrix and its beneficial impact on
Pt nanoparticles, we were then motivated to elucidate the electronic structures of SG as a function of

sulfur concentration. Note that DFT analysis was conducted on SG to see how the DOS changes with
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a change in sulfur content. While this will have an effect on the electronic properties of the PtNWs,
owing to the complex nature of this systems and intense computational facilities that would be
required to investigate this, these investigations are not included. Figure 6-7 demonstrates detailed
DFT analysis on G and SG with different sulfur contents ranging from 0.35 to 3.23 at%. The
calculated spin resolved density of states (DOS) of the valence electrons were calculated in G and
SGs. As reported previously [20,21], graphene has a specific unique nature of semi-metal which
appears conical shape near the Fermi energy in DOS at the point where no band gap and DOS exists

with the electrical conductivity governed by Dirac’s equation %

(Figure 6-7a). Interestingly, SG
with 0.35 at% sulfur displays no band gap and DOS similar to the pristine graphene (Figure 6-7b).
However, further increasing the sulfur content of the graphene matrix, the disruption of the sp2
carbon hybridization occurs, resulting in a change of the Fermi level and DOS of graphene (Figure 6-
7c-e). The total DOS for thiophene like SG reveals that no energy of densities are generated at Fermi
level in both of spin up and down states, showing a well-defined band gap of 0.158, 0.323 and 0.476
eV for 1.02, 2.04 and 3.23 at% sulfur in graphene, respectively. The trend in band gap with increasing
amount of sulfur in the graphene framework clearly indicates the lowering of electrical conductivity

of SG materials which was also confirmed by the experimental investigations.
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Figure 6-7 a-e) Calculated spin resolved density of states and their designed models for G and SGs.

6.4 Conclusions

Through experimental and computational investigations, we provide detail fundamental insight for
designing PtNW/SGs as ORR catalysts in acidic electrolyte. A series of SG materials with varying
sulfur contents ranging from 0.35 to 3.95 at% was prepared. We found that the amount of sulfur

significantly affects the ORR kinetics of nanowire catalysts due to the influence of the sulfur dopants
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present in SG. With increasing sulfur content, the number of graphene layers increased as determined
by XRD. Furthermore, the ratio of sp® to sp* carbon decreases, indicating a less graphitic character of
SG. Moreover, the results obtained from UV-Vis and LPR technique show that the band gap increases
and the electrical conductivity decreases with an increase in the amount of sulfur in the graphene
matrix. Both of these effects are consistent with the results obtained from DFT analysis. PtNW/SG-2
(1.40 at% sulfur) shows the best electrokinetic performance, with a mass activity of 182 mA mgp™
and a specific activity of 662 pAcm?p at 0.9 V vs. RHE. Moreover, PtNW/SG-2 shows a high
exchange current density and low activation energy which leads to a weakened interaction between
the nonreactive oxygenated species and Pt surface atoms that is beneficial for enhancing the kinetics

of oxygen reduction.
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Chapter 7 Platinum Nanowires on Sulfur-Doped CNT

The following section is based on our recent work by Hoque, M. A., Hassan, M. F., Pritzker, M.,
Choi, J-. Y., Banham, D., Ye S., Knight S., and Chen, Z.
Angewandte Chemie International Edition (To be submitted)

“Web-like 3D architecture of platinum nanowires and sulfur-doped CNT with superior
electrocatalytic performance”

Author contributions: H.M.A conducted the material preparations, characterizations and
electrochemical tests. H.M.A wrote the manuscript. C.Z. and P.M co-supervised the project. All

authors reviewed the manuscript.

7.1 Introduction

Long term durability of the platinum catalyst at the cathode is one of the critical challenges that have

24" The loss of

limited the widespread application of proton exchange membrane fuel cells (PEMFCs).
the electrochemical surface area of Pt during fuel cell operation due to corrosion of carbon supports
and Pt dissolution/aggregation/Oswald ripening are mainly responsible for the rapid drop in the power
output of fuel cells.*®® Up to now, platinum nanoparticles (2-5 nm) dispersed on carbon black
supports (Pt/C) have been the most widely used catalysts in cathodes.® However, such nanoparticles
undergo severe Oswald ripening and/or grain growth due to their high surface energy and zero-
dimensional (0D) nanostructured characteristics.’®® ** %% |n addition, carbon black undergoes
electrochemical corrosion at low potentials that causes Pt nanoparticle migration, agglomeration and

detachment from the catalyst structure.'®

The control of Pt nanostructures is one of the effective strategies to improve the durability of Pt-based
catalysts against the loss of ECSA.* ** #° For example, one-dimensional (1D) Pt nanostructures
such as nanowires possess unique structural characteristics such as high stability and preferential
exposure of highly active crystal facets and easy electron transfer compared to their 0D
counterparts.”” #! The structural anisotropy of nanowires can slow down the ripening process and
impede dissolution/aggregation, thereby improving catalytic durability and/or activity.®> However, Pt
nanowire catalysts grown onto stable supports such as carbon nanospheres (CNSs), carbon nanotubes
(CNTs) and graphene have been shown to have significantly enhanced durability.™> *** % Among

these support materials, CNTs possess outstanding properties such as high surface area, high
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electrical conductivity, high tensile strength coupled with excellent mass transport ability.”* It has
been reported that doping CNTs with heteroatoms is an effective strategy to tune their intrinsic
properties and improve electrocatalyst activity and durability.* ** We previously demonstrated that
the doping of graphene with sulfur (SG) is a very promising support material for Pt nanostructures
that significantly improves stability compared to the state-of-the-art Pt/C.*** **® However, to our
knowledge, the use of CNTs doped with sulfur (S-CNT) as Pt supports has not been reported in the
literature. We have successfully synthesized S-CNT to support Pt nanowire electrocatalysts for the
ORR and show that the newly developed materials will have impact for a wide range of applications.

Herein, we report an advanced and robust 3D electrocatalyst to address both the activity and
durability problems associated with using 1D S-CNT-supported Pt nanowires (PtNW/S-CNT). We
provide details concerning the structure, properties and characteristics of S-CNT. We optimize and
investigate the role of precursor materials on the formation of Pt nanowires on S-CNT. Our
electrochemical studies show that PtNW/S-CNT exhibits exceptional activity retention over 3000
accelerated durability test (ADT) cycles over the potential range from 0.05 to 1.5 V vs RHE. The
unique 3D features of PtINW/S-CNT will have a significant role in the promotion of future cathode

electrocatalysts for practical application.
7.2 Experimental

7.2.1 Functionalization of CNT (F-CNT)

In a typical experiment, 500 mg of commercially available MWCNTSs (cheatubes.com) were added to
100 mL of a 3:1 mixture of concentrated H,SO, and HNO5.The mixture was treated in an ultrasonic
bath for 20 min and refluxed while being constantly stirred at 60°C for 1 h. The solid phase was
removed by centrifugation and washed with de-ionized water until pH of the filtrate was 7. The filter

cake was dried under vacuum at 80°C for 24 h to obtain F-CNT.

7.2.2 Synthesis of S-doped CNT (S-CNT)

To synthesize S-CNT, 100 mg of functionalized CNT (F-CNT) and 50 mg of phenyl disulfide (PDS)
were ultrasonically dispersed in 5 mL acetone for 1 h. The residual was then evaporated to obtain a
uniform solid mixture by maintaining it at 50°C on a hot plate. The solid mixture was then transferred
into a small quartz tube which was then placed inside a larger quartz tube for annealing. The sample

was not introduced inside the furnace until it reached a temperature of 1000°C. Once the furnace
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temperature was 1000°C, the sample was placed at the center of the furnace for 30 minutes. Then, the
sample was removed from the tube furnace and cooled to room temperature in ambient Ar. The S-
CNT was washed with DDI water and acetone to remove any organic impurities and dried overnight

at 80°C in a vacuum oven.

7.2.3 Synthesis of S-doped CNT supported platinum nanowires (PtNW/S-CNT)

The synthesis of PtINW/S-CNT was accomplished by a modification of our previously published
method of synthesis.'* In a typical synthesis, 15 mL ethylene glycol (EG) and 15 mL N,N-dimethyl
formaide (DMF), 1.5 gm KOH and 26.5 mg H,PtCls.6H,O (10 mg Pt) were mixed together and
stirred for 1 h to obtain a homogeneous solution. Then, 10 mg of S-CNT were added and stirred for
23 h. The final solution was transferred to a 50 mL teflon-lined autoclave for heating at 170°C for 8
h. The black product was finally collected and washed several times with ethanol and DDI water
before drying in a vacuum oven at 80°C. Using this method, a platinum loading of 50% was achieved.

The same procedure was applied to synthesize platinum nanowires on F-CNT (PtNW/F-CNT).

7.2.4 Materials characterization

The samples were characterized using scanning electron microscopy (SEM, LEO FESEM 1530),
transmission electron microscopy (TEM, JEOL 2010F), Raman spectroscopy (SENTERRA 314) and
X-ray photoelectron spectroscopy (XPS). Energy dispersive X-ray spectroscopy (EDX) and electron
energy loss spectroscopy (EELS) were used in conjunction with TEM to map the elemental analysis

over the sample surfaces.

7.2.5 Electrochemical characterization

For electrochemical testing, 2 mg of catalyst materials were dispersed in 2 mL of 1-propanol
containing 10 pL (5 wt.%) Nafion solution by sonication for at least 1 h. The loading of catalyst
materials onto glassy carbon electrode (5 nm diameter) was controlled to be 22 pg cm™. Cyclic
voltammetry (CV) scans between 0.05 and 1.5 V RHE at a rate of 50 mV s™* were conducted in a N,-
saturated 0.1 M HCIO,. Polarization curves were obtained by CV cycling between 0.05 and 1.2 V
RHE at a scan rate of 5 mV s? in O,-saturated 0.1M HCIO,. The positive-going scans during these
cycles were used to evaluate the electrocatalysis toward the ORR. All testing was conducted at room
temperature and the internal resistance (IR) drop was compensated to account for the effect of

electrolyte resistance on potential measurements.
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7.3 Results and Discussion

Figure 7-1 illustrates the flash heat treatment (FHT) process of as-prepared S-CNT and solvothermal
synthesis of Pt nanowires on S-CNT. More details on the experimental procedure is provided in the
supporting information. Briefly, the FHT process involves mixing F-CNT and phenyl disulfide (PDS)
and heating the solid mixture at high temperature (1000°C). At this temperature, FDS decomposes to
form carbonaceous gases and sulfur-free radicals, leading to the incorporation of sulfur atoms in the
carbon framework of F-CNT. To grow and support the Pt nanowires onto S-CNT, we followed a

simple solvothermal procedure without surfactant which is harmful to catalytic activity.

&
F-CNT/PDS

Figure 7-1 A schematic showing the simple process of synthesizing S-CNT and PtNW/S-CNT.

Figure 7-2a presents TEM images of F-CNT collected at low magnification. F-CNTs have diameters
of 25 + 8 nm and can be as long as several microns. An energy dispersive spectroscopy (EDS)
elemental map of carbon and oxygen in F-CNT (Figure 7-2b) reveals that oxygen functional groups
have been incorporated into the CNTs by contact with a HNO3/H,SO, mixture. High resolution TEM
(HRTEM) was used to count the number of walls in F-CNT, measure the inner and outer diameters,
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investigate structural integrity and identify structural changes (e.g., sidewall damage) caused by
surface modification.”®® The F-CNT in Figure7-2c has a 6.2 nm inner diameter, 14.7 nm outer
diameter and consists of approximately 20 layers. The HRTEM image of S-CNT in Figure 7-2d
clearly indicates that the incorporation of S species by FHT does not alter the structural integrity of F-
CNT. EDS mapping of carbon and sulfur in S-CNT (Figure 7-2e) shows that sulfur species are
homogeneously distributed over the carbon network in the F-CNT. Used in conjunction with TEM,
EELS can generate sulfur elemental maps of S-CNT in F-CNT. As observed in Figure 7-2f, sulfur
atoms are clearly incorporated into the carbon matrix.

Raman spectroscopy was used to give a quantitative measure of the defect density in the CNT
materials. The spectra in Figure 7-2g show that the ratios of D-band intensity to G-band intensity
(ID/IG) are 0.68, 0.82 and 1.05 in CNT, F-CNT and S-CNT, respectively. This result indicates that
the sulfur atoms are present in S-CNT as defects replacing carbon atoms via the reaction between
oxygen-containing groups in F-CNT and PDS. Using XPS, the identity and concentration of the
surface species of F-CNT and S-CNT was confirmed. Figure 7-2h displays the full range spectra of
F-CNT and S-CNT, while their corresponding surface atomic concentrations are provided in Table
A-4 in the appendix. Analysis of the S2p sulfur signal centered at 161.1 eV for S-CNT reveals a
surface concentration of 1.02 at%. This indicates the effectiveness of applying the FHT on a mixture
of F-CNT and PDS to incorporate sulfur dopants into the final F-CNT structure. Figure 7-2i presents
high resolution XPS scan of the S2p region deconvoluted into two major peaks located at 163.93 and
165.10 eV and four minor peaks located at energies abovel65.92 eV. The two major peaks appear to
result from the S2p spin-orbit doublet (S2p,,, and S2pg,, respectively) that can be attributed to sulfur
directly bonded to carbon atoms in the form of C-S-C.* We speculate that these C-S-C species exist
in the thiophene form, as supported by previously reported investigations and our formation energy
calculations.'® Furthermore, the pentagonal structured thiophene species reside on the edge plane and
defect sites of S-CNT and most likely give rise to the appearance of the D band in the Raman spectra.

The four minor peaks observed in the spectra can be assigned to carbon bonded SO, species.*
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Figure 7-2 a-c) TEM and EDX on F-CNT, d-f) TEM and EELS on S-CNT, g) Raman and h-i) XPS.

Figures 7-3a and b show representative scanning electron microscope (SEM) and transmission
electron microscope (TEM) images that reveal the interconnected 3D architecture of PtNW/S-CNT.
The nanowires have a range of diameters from 4 to 28 nm, while their lengths exceed 1 um. Our
previous investigation on the growth of Pt nanowires on the surface of SG shows that the nanowires
are composed of numerous Pt nanoparticles linked together.**® The nanowires supported by S-CNT
also appear to be composed of nanosized Pt particles joined together, with a crystallographic
orientation along the <111> direction, a distance of approximately 0.23 nm between (111) planes, as

shown by the HRTEM image in Figure 7-3c. Apart from our previous studies, we modified the
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synthesis and investigated the role of precursor materials in the formation of Pt nanowires in the
presence of S-CNT (Figure A-26 to A-31 in the appendix). We found that an ideal condition to
obtain the desired nanowire morphology can be achieved using 15 mL ethylene glycol, 15 mL DMF,
1.5 g KOH, 10 mg Pt and 10 mg S-CNT during synthesis. This leads to growth of small-diameter Pt
nanowires primarily in the range of 4-12 nm onto 1D nanostructured carbon supports such as S-CNT.
However, the nanowires grown on undoped F-CNT tend to have larger diameters mostly in the range
of 8-20 nm (see Figure 7-3d and Figure A-32 in the appendix). Sulfur in F-CNT appears to play a
key role in anchoring the direction of nanowire formation, binding the nanowires very tightly and
thereby avoiding their agglomeration/detachment. BET analysis (Figure 7-3e) shows that PtNW/S-
CNT possesses a specific surface area of 125 m”g™ which is higher than that of PtNW/F-CNT (101
m?g?). The pore size distribution clearly shows the presence of multiple porosities
(micro/meso/macro) in the catalyst materials. It is interesting to note that PtNW/S-CNT is highly
porous (total pore volume: 0.6 cm*g™) and contains predominantly macropores (65%), whereas only
45% of the overall pore volume in PtNW/F-CNT (total pore volume: 0.38 cm®g?) involves
macropores. It has been reported that ORR performance can be improved by the presence of
macropores that shorten the diffusion length of reactive molecules.?® Therefore, it is expected that the
presence of numerous large pores should promote the efficient electrocatalysis by PtNW/S-CNT. The
Ptaf spectra of PtNW/S-CNT and PtNW/F-CNT in Figure 7-3f-top show that both materials exhibit
the characteristic doublet of zero-valence Pt with the Pt4f7/2 and Pt4f5/2 located at 71.56 and 75.80
eV in PtINW/S-CNT and 71.25 and 74.58 eV in PINW/F-CNT. It is important to note that the peak
position in PtNW/S-CNT is shifted by 0.31 eV in the positive direction in comparison to that
observed for PtNW/F-CNT, providing a clear indication of an enhanced interaction between Pt and S-
CNT. Moreover, a noticeable negative peak shift in the S2p peak for PtINW/S-CNT by 0.33 eV
relative to that observed in S-CNT is observed (Figure 7-3f-bottom), indicating a transfer of
electrons from S-CNT to Pt.
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Figure 7-3 a-c) Micrographs of PEINW/S-CNT, d) TEM image of PtNW/F-CNT, e) BET and f) XPS.

Figure 7-4a shows cyclic voltammograms (CV) of PtINW/S-CNT immersed in N,-saturated HCIO,
(0.1M) obtained at a sweep rate of 50 mV s™. CV curves before and after cycling for up to 3000

cycles between 0.05 and 1.5 V RHE were collected to evaluate the long-term electrochemical stability
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of the catalysts. The electrochemical active surface area (ECSA) was estimated by integrating the
hydrogen adsorption/desorption region between 0 and 0.4 VV RHE and assuming Q= 0.21 mC cm™
for the adsorption of a hydrogen monolayer.*® The ECSA values obtained for PtNW/S-CNT before
and after ADT were measured to be 17.2 and 16.0 m?g™, respectively. For comparison, the stabilities
of PINW/F-CNT and commercial Pt/C catalyst (TKK, 28.2% Pt loading) were also evaluated, as
shown in Figure A-33 in the appendix. Under identical conditions, the ECSA values were found to
be 15.7 and 9.7 m°g™, respectively, for PtNW/F-CNT and 55.4 and 0.1 m*g’", respectively for Pt/C.
The reduced ECSA of PtNW/S-CNT and PtNW/F-CNT in comparison to Pt/C is to be expected due
to the larger diameter and the structural anisotropy of the nanowires that lowers the degree of Pt atom
exposure.'®> %0178 Eigyre 7-4b shows typical ORR polarization curves of the PtNW/S-CNT obtained
at room temperature in O,-saturated HCIO, (0.1M) at a sweep rate of 5 mV s™. The electrochemical
reduction reaches the mass transfer limit below 0.8 V RHE and a mixed kinetic-diffusion control
region between 0.8 and 1.0 V RHE. The polarization curves in Figure 7-4b obtained before and after
ADT shows only a 7 mV loss in the half-wave potential (E;,) for PINW/S-CNT. At the same time, a
loss of 54 mV in E;; for PINW/F-CNT and >400 mV loss for Pt/C was observed under identical
conditions (see Figure A-34 in the appendix). The variation of the normalized ECSA of the catalysts
with the number of ADT cycles is plotted in Figure 7-4c. After 3000 cycles, PtINW/S-CNT has lost
only 7% of the initial ECSA, while PtINW/F-CNT and Pt/C lost 38% and >99% of their initial ECSA,
respectively. Clearly, these ADT results demonstrate that PtNW/S-CNT has significantly higher
stability after 3000 cycles.

The specific and mass activities are good indicators of the quality of an electrocatalyst. As shown in
Figure 7-4d (inset), PtNW/S-CNT achieved a specific activity of 1.61 mA cm™Pt, which is higher
than that of PtNW/F-CNT (1.37 mAcm™Pt) and Pt/C (0.244 mAcm™Pt). A comparison of the Pt-
based mass activities before and after ADT is also shown in Figure 7-4d. Prior to the ADT, PtINW/S-
CNT showed an improved mass activity of 272 mA mg™Pt in comparison to PtNW/F-CNT (204 mA
mg~Pt) and PYC (130 mA mg'Pt). After the ADT, PtNW/S-CNT was able to maintain a mass
activity as high as 220 mA mg™Pt, which is 81% of the initial value. On the other hand, the mass
activities of PtNW/F-CNT and Pt/C dropped to 67 and 0.2 mA mg™Pt following the ADT, only 33%
and <1% of their initial activity, respectively. The improved stability and activity for the PtNW/S-
CNT could be attributed to several factors: 1) 1D nature of S-CNT and Pt nanowires that facilitates
easy mass/electron transport of reactants in the 3D architecture of PINW/S-CNT; 2) fewer surface

defects and preferential exposure of the (111) facets that exhibit higher specific activities; 3)
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interaction of chemically bonded sulfur species in F-CNT with Pt nanowires that leads to stronger
attraction and binding of nanowires and increased stability. Additionally, the adsorbed OH,4 species
tend to bond strongly on the defect, step and edge sites of nanoparticles, which would have a negative
impact on the ORR.'"? On the other hand, the 1D extended nanostructure of Pt nanowires should have
a fewer number of these undesired sites. We also investigated the morphology of PtNW/S-CNT
following the ADT and observed no visible morphology change (Figure 7-4e). After 3000 cycles, Pt
nanowires are still anchored on the S-CNT surface. An energy dispersive spectroscopy (EDS) color
map of PtNW/S-CNT in Figure 7-4f indicates that sulfur atoms are well distributed along the length
of the F-CNTs. Moreover, PtNWs tend to reside in areas rich in sulfur content, reflecting the affinity
and strong binding between Pt nanowires and S-CNT. This clearly confirms the beneficial impact of
S-CNT in hindering the dissolution, ripening and aggregation of Pt nanowires, which would
otherwise reduce both ORR activity and stability. On the other hand, the morphologies of PtNW/F-
CNT and Pt/C were significantly affected by the harsh ADT conditions, leading to severe catalyst

degradation and aggregation along with nanoparticle agglomerates (see Figure A-35 in the appendix).
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Figure 7-4 a-b) CVs and ORR, ¢) ECSA, d) Pt mass activities, e-f) TEM/EDX on PtNW/S-CNT.

7.4 Conclusions

In conclusion, novel 1D S-CNT materials were prepared to support 1D Pt nanowires for ORR. The
interconnected 3D nano-assemblies of Pt nanowires and S-CNT show higher electrochemical activity
and a remarkable long-term stability compared to the commercial Pt/C catalyst. After 3000 cycles of
ADT, PtNW/S-CNT demonstrated outstanding stability, retaining 93% of its initial ECSA, while
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PtINW/CNT and Pt/C retained only 62 and <1% of their initial ECSA, respectively. Additionally,
PtNW/S-CNT displayed only a 7 mV decrease in half-wave potential, a dramatic improvement over
PtNW/CNT and commercial Pt/C, which demonstrated 54 and >400 mV losses in half-wave
potential, respectively. The Pt-based mass activity retention of PtNW/S-CNT was superior to that of
PtNW/CNT and commercial Pt/C. PtNW/S-CNT also exhibited an excellent specific activity of 1.61
mA cm?, suppressing the DOE recommended target of 0.72 mA cm?y. The performance
enhancement exclusively illustrates the beneficial impact of S-CNT as a new class of supports for
PtNWs for the ORR and, the catalyst will have potential to replace the conventional cathode catalysts
for practical applications.
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Chapter 8 Summary and Future Work

8.1 Summary

The objectives of this thesis are to deliver advanced electrode materials with excellent ORR activity
and stability for PEMFC cathodes. The specific approaches include: (i) development of unique
support materials such as SG and S-CNT and (ii) deposition of Pt nanoparticles and nanowires onto
these support materials. These approaches are based on the hypothesis that the proper combination of
Pt nanostructures with stable supports will provide unique functionality to address the technical

targets set for PEMFC electrocatalysts.

In Chapter 4, SG-supported Pt nanoparticles (Pt/SG) were prepared. The materials were extensively
characterized both physicochemically and electrochemically to determine their activity towards the
ORR. Based on half-cell investigations, Pt/SG demonstrated improved ORR activity and excellent
stability through the ADT, superior to that of Pt/G and commercial Pt/C and revealed the beneficial
effects of sulfur dopants in graphene supports. Computational simulations which were conducted to
help explain the outstanding electrochemical stability of Pt/SG showed that sulfur doping of graphene
can provide stronger interactions with Pt and enhance the nanoparticle cohesive energies.
Furthermore, the sulfur dopants modulate the electronic properties of Pt by causing a negative shift in
its d-band which in turn would be expected to enhance ORR kinetics as observed experimentally. By
effectively coupling experimental and computational investigations, we have demonstrated that SG
materials can be considered a very promising new class of catalyst support materials that enhance
ORR activity and catalyst stability and so significantly advance the current state of PEMFC catalyst
technology.

The beneficial impacts of SG were utilized by growing extended surface Pt nanowires in order to
achieve further improvement of catalytic activity and stability. In Chapter 5, SG-supported Pt
nanowires (PtNW/SG) were prepared by a simple solvothermal technique. An investigation of the
growth mechanism of PINW/SG revealed that nanowires are comprised of numerous single
crystalline nanoparticles attached and oriented along the <111> crystallographic direction. PtNW/SG
exhibited an improved ORR activity and a remarkable stability in comparison with PtNW/G and
commercial Pt/C catalysts under harsh, potentiodynamic conditions (potential range: 0.05 to 1.5 V vs
RHE). After 3000 cycles of ADT, PtINW/SG retained 58% of its initial ECSA, superior to the 28%
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and less than 1% retention by PtNW/G and commercial Pt/C, respectively. The Pt-based mass activity
retention of PtNW/SG was also superior to that of PtNW/G and commercial Pt/C.

Chapter 6 focused further on the very important role of sulfur in SG-supported Pt nanowires catalysts.
To elucidate this, a series of SG materials with varying sulfur contents ranging from 0.35 to 3.95 at%
were prepared. We found that the amount of sulfur significantly affected the ORR Kkinetics of
nanowire catalysts due to the influence of the sulfur dopants present in SG. PtINW/SG with 1.40 at%
sulfur showed the best electrode kinetic performance with a high exchange current density and low
activation energy. This leads to a weakened interaction between the nonreactive oxygenated species
and Pt surface atoms that is beneficial for enhancing ORR kinetics.

In Chapter 7, S-CNT-supported Pt nanowires (PtNW/S-CNT) were prepared for the ORR. PtNW/S-
CNT possesses unique interconnecting three-dimensional scaffolds that can facilitate the reactant
molecule and electron transfer beneficial for ORR. PtNW/S-CNT exhibited an increased ORR
activity and outstanding stability compared to the PtNW/F-CNT and commercial Pt/C catalyst. After
3000 cycles of ADT over a potential range of 0.05 to 1.5 V vs RHE, PtINW/S-CNT retained 93% of
its initial ECSA, while PtINW/F-CNT and Pt/C retained only 62 and <1% of their initial ECSA,
respectively. Moreover, the Pt-based mass activity retention achieved by PtNW/S-CNT was
exceptional in comparison with PtNW/F-CNT and commercial Pt/C. The performance enhancement
demonstrates the beneficial impact of S-CNT as a new class of supports for Pt nanowires for the ORR

which can be integrated into MEAs.

8.2 Future work

It is recommended that future projects be rationally designed to leverage the progress and catalyst
technologies developed throughout the present thesis. These projects should focus on: (i) rigorous
durability investigation of Pt/SG, PtNW/SG and PtNW/S-CNT under PEMFC conditions and
elucidation of the mechanistic pathways of performance loss, (ii) integration of Pt/SG, PtNW/SG and
PtINW/S-CNT into MEAs and optimization of the developed catalysts for practical PEMFC

demonstration.
(i) Rigorous durability investigations

It is highly desirable to rigorously evaluate the durability capabilities of the developed catalyst

materials. For example, Pt/SG was subjected to ADT over a potential range from 0.05 to 1.3 V vs

RHE for only 1500 cycles in a nitrogen-saturated electrolyte. However, Pt/SG should be subjected to
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ADT between 0.05 and 1.6 V for 5000 cycles to elucidate both the catalytic activity and structure and
the corrosion resistance of the graphene/CNT support materials. Moreover, different ADT protocols
should be coupled with post-testing characterization of the developed catalysts. For example,
catalysts subjected to various ADT protocols designed to induce different degradation pathways can
then be investigated by TEM and EDX to elucidate the change in the properties and structure of the

materials.
(if) MEA integration

From a practical point of view, successful integration of Pt/SG, PtNW/SG and PtNW/S-CNT
catalysts into an MEA is the ultimate objective and is necessary if the findings presented here are to
have any impact on the real world application of PEMFCs. The electrode integration studies involve
optimization of catalyst layer preparation by investigating the impact of catalyst ink solvent,
concentration and deposition methods such as spraying, decal, etc. on MEA performance. The
electrode thickness and the loading of developed catalysts can be varied to determine the impact on
resulting PEMFC performance. A strategy that may be beneficial is to have platinum loading the
catalyst layer that varies with electrode thickness (Figure 8-1).%® Understanding and control of the
thickness, structure and properties of electrode and maximization of the Pt utilization are necessary to
improve the performance of PEMFCs. Also, correlation of the structural properties of the electrode
(e.g., porosity and ionomer distribution) to MEA performance data will be important for a better

understanding of their impacts and obtaining the best performing MEA catalyst for practical PEMFC

applications.
Proton Carbon Electrically
Conducting Supported Conductive
Media | Catalyst' Fibers

‘.I
\

PEM Catalyst GDOL
Layer

Figure 8-1. Method of integrating Pt/SG, PtNW/SG and PtNW/S-CNT catalysts for MEA evaluation.
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Appendix A

Additional Figures, Schematics and Tables

Figure A-1 SEM and TEM images of (a, b) SG and (c, d) G.

106



Phynyle disulfide

Pt-SG

Pt cluster

SG

Figure A-2 Schematic diagram illustrating the fabrication process of Pt/SG.
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Figure A-3 XPS high resolution C1s scan spectra for SG and G.

Figure A-4 TEM image of Pt/SG (left) and corresponding elemental color maps for carbon, sulfur,

oxygen and platinum.
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Figure A-5 (a) ORR polarization curves of Pt/SG at various electrode rotation rates and (b)
corresponding Koutecky-Levich plot.

Figure A-6 TEM images of commercial Pt/C.
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Figure A-7 TEM images of Pt/SG after ADT.
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Figure A-8 XPS analysis showing the S 2p peak for SG.
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Figure A-9 XRD pattern of commercial Pt/C, PtNW/G and PtNW/SG.

Figure A-10 HR-TEM image with d-spacing measurements of a small diameter platinum nanowire

grown on SG.
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Figure A-11 SEM images of (a) graphene and (b) PtNW/G.
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Figure A-12 Electrochemical results of Pt nanoparticles supported by graphene (PtNP/G) and
comparison with Pt nanowires supported by graphene (PtNW/G); (a) CV of PtNP/G before and after
3000 cycles (b) ORR of PtNP/G before and after 3000 cycles, (c) comparison of ECSA and (d)
comparison of Pt-based mass activity.
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Figure A-13 Electrochemical results obtained before and after the durability test using the DOE
recommended durability testing protocol: (30,000 cycles, potential range: 0.6-1.0, in O,-saturated
solution); (a) CV for PtINW/SG (inset-CV collected after 6000 cycles) and (b) Pt/C; (c) ORR activity
for PtNW/SG and (d) Pt/C.
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Figure A-14 TEM images of Pt/C: (a) fresh and (b) after 3000 cycles.
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Figure A-15 TEM image and particle size histogram of PtINW/G.
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Figure A-16 TEM image and particle size histogram of PtNW/SG-1.
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Figure A-17 TEM image and particle size histogram of PtNW/SG-2.
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Figure A-18 TEM image and particle size histogram of PtNW/SG-3.
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Figure A-19 TEM image and particle size histogram of PtNW/SG-4.
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Figure A-20 XRD pattern of Pt/C, PtNW/G, PtINW/SG-1, PINW/SG-2, PINW/SG-3 and PINW/SG-4.
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Figure A-21 a) XPS high resolution S2p scan spectra of SG-1, SG-2, SG-3 and SG-4, b) XPS high
resolution Pt4f scan spectra for PINW/SG-1, PINW/SG-2, PtNW/SG-3 and PtINW/SG-4.
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Figure A-22 V vs | plots for G, SGs and GO to obtain resistance using linear polarization technique
(LPR).
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Figure A-23 CV curves of Pt/C obtained before and after ADT.
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Figure A-24 TEM images and particle size histograms of Pt/C a-b) before and c-d) after ADT.
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Figure A-25 Kinetically corrected Pt-specific activities of PtNW/G, PtNW/SG-1, PtNW/SG-2,
PtNW/SG-3, PtNW/SG-4 and Pt/C.
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Figure A-26 SEM images of products obtained from reaction mixture containing 15 mL EG, 15 mL
DMF, 1.5 g KOH, 10 mg Pt and 10 mg S-CNT. Products obtained after a) mixing precursors together
for 24 h, b) dissolving Pt salt in EG and then adding the resulting solution dropwise into a
homogeneous mixture of DMF, KOH and S-CNT, c) dissolving Pt salt in DMF at first and then
adding the resulting solution dropwise into a homogeneous mixture of EG, KOH and S-CNT and d)
adding S-CNT to a homogeneous mixture of Pt salt, EG, DMF and KOH to produce well defined Pt

nanowires.
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Figure A-27 SEM images of the PtINW/S-CNT synthesized in 15 mL EG, 15 mL DMF, 10 mg Pt and
10 mg S-CNT using a) 1 g KOH, and b) b) 2.0 g KOH. When the amount of KOH is reduced from
1.5 to 1 g, a mixture of nanoparticles and nanowires was observed. However, as the amount of KOH
increases from 1.5 to 2 g, the amount of nanoparticles produced declines and large-diameter
nanowires are preferentially formed. In this system, more ammine species that promote the formation

of Pt nanowires are produced in the presence of KOH.
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Figure A-28 SEM images of the PtNW/S-CNT synthesized in 15 mL DMF, 1.5 g KOH, 10 mg Pt
and 10 mg S-CNT using a) 10 mL EG, and b) 5 mL EG. Reduction of the amount of EG from 15 to
10 mL leads to the formation of Pt nanowires and blocks of nanoparticles. When the amount of KOH

is decreased as well, only Pt nanoparticles form.
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Figure A-29 SEM images of the PtNW/S-CNT synthesized in 15 mL EG, 1.5 g KOH, 10 mg Pt and
10 mg S-CNT using a) 10 mL DMF, b) 5 mL DMF. A reduction in the amount of DMF significantly
interferes with the formation of Pt nanowires. It has been reported that ammine species produced by
the reaction of KOH/NaOH and DMF affect the growth of Pt nanostructures at the presence of
support materials.”®” Therefore, it is believed that a certain amount of DMF is required to obtain well-
defined Pt nanowires in the presence of S-CNT.
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Figure A-30 SEM images of the PtNW/S-CNT synthesized in 15 mL EG, 1.5 g KOH, 15 mL DMF
and 10 mg S-CNT using a) 6.7 mg Pt, b) 4.3 mg Pt. The formation of nanowires was inhibited by
lowering the amount of Pt loaded.
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Figure A-31 SEM images of the PtNW/S-CNT synthesized in 15 mL EG, 1.5 g KOH, 15 mL DMF

and 10 mg Pt. a) 15 mg S-CNT, b) 23 mg S-CNT. An increase in the amount of S-CNT used
significantly interrupt the formation of Pt nanowires.
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Figure A-32 Particle size histogram of a) PtINW/S-CNT and b) PtNW/F-CNT.
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Figure A-33 CV curves obtained before and after ADT. a) PtINW/F-CNT and b) Pt/C.
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Figure A-34 ORR polarization curves obtained before and after ADT. a) PINW/F-CNT and b) Pt/C.
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Figure A-35 TEM images obtained before and after ADT a-b) PtNW/F-CNT and c-d) Pt/C.
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Table A-1 Surface atomic concentrations for SG and G, as determined by XPS

Sample Carbon (at. %) Sulfur (at. %) Oxygen (at. %)
SG 93.03 2.32 4.65
G 92.51 -I- 7.49

Table A-2 Surface atomic concentrations for SG materials as determined by EDX and XPS

S (EDX/XPS) O (XPS)
SG-1 0.35+0.10/--<------ 12.90+0.02
SG-2 1.30+0.10/1.40+0.10 9.90+0.05
SG-3 2.70+0.05/2.80+0.05 4.45+0.06
SG-4 3.95+0.05/4.0620.03 2.30+0.10
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Table A-3 Comparison of exchange current densities (j,) for oxygen reduction reaction

2
Exchange current density, j (A/cm ) at low current regime
0

0

0

0

20 C 30C 40 C 50 C
PINW/G 76%10 3.2x10 6.9x10 1.9x10°
PtNW/SG-1 9.5x10 5.5x10 11x10 2710
PINW/SG-2 5.0x10 15x10 28x10 5.5%10
PINW/SG-3 4.0x10 2610 6.0x10 L7x10
Exchange current density, jO (A/cmz) at high current regime
PINW/G 9.8x10 29x10 32x10 4810
PINW/SG-1 15x10 23x10 3.9%10 6.0x10°
PINW/SG-2 2.0x10 7.6%10 46x10 8.0x10
PINW/SG-3 6.8x10 1.3x10 24x10° 43x10°
Table A-4 Surface atomic concentrations for F-CNT and S-CNT as determined by XPS
at% C O S
S-CNT 95.03 3.95 1.02
F-CNT 95.40 4.60 -/-
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