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Abstract

Proton exchange membrane fuel cells (PEMFCs) are being used in the automobile industry as
one of the replacements for gasoline powered engines. This is because PEMFCs have many
advantages over traditional engines including their being light weight and that they are a
cleaner energy conversion system. There are, however, challenges with PEMFCs. These
include their low durability due to dissolution of the metal catalysts; the electrochemical
oxidation of the carbon supports that are used due to the corrosive acid media found in
PEMEFCs, and the highly oxidising potentials reached during start up or during load cycling.
Therefore, there is a quest to find highly active catalysts that are durable, and which are
essential for the full-scale commercialization of PEMFCS for a range of applications such as
in automobiles and home power generation systems. Even though other corrosion resistant
supports like metal oxides and doped metal oxides have been used to replace carbon supports,
their low conductivity and high cost still makes carbon- or carbon-based supports more

attractive.

Many carbon supports have only shown low durability, but new and novel structured carbon
supports have been shown to have a wide range of favourable properties that can make them
suitable and durable ORR catalyst supports. Metal-free nitrogen doped structured carbons have
also shown catalytic activity and durability towards ORR. In this study new hollow carbon
spheres and hemispherical broken bowl-like carbons have been used as carbon supports for
potential use in PEMFCS. Hollow, graphitic, mesoporous carbon spheres (HCSs) and their
nitrogen doped counterparts (NHCSs) have been made to use as supports for the synthesis of
highly active and durable Pt oxygen reduction reaction (ORR) catalysts. HCSs with a large
diameter (~ 318 nm) were made by a templating method using Stober spheres as the template.
A post synthesis technique using melamine was used to dope the surface of the HCSs with
nitrogen to give NHCSs (d ~ 320 nm). Smaller aggregated silica templates were also made and



were used as templates to form hemispherical, broken bowl like hollow carbon spheres
(BHCSs) with a diameter of ~ 58 nm. A post synthesis technique (also using melamine) was
used to make nitrogen doped broken bowl like hollow carbon spheres (BNHCSs) with a
diameter of ~ 60 nm. A metal-organic deposition technique was used to deposit Pt nanoparticles
on the different carbon supports and these materials were used to study the Pt catalyst on the
different supports for ORR activity and durability. Also, for comparison, a reflux method was
used to deposit Pt particles on the HCS and NHCS and the materials were also studied for ORR

activity and durability.

The spherical and hemispherical morphology of the supports was confirmed by TEM and SEM
analysis. Raman spectra confirmed the incorporation of defects due to nitrogen doping while
the thermal stability of the pristine supports was significantly lowed upon nitrogen doping.
Nitrogen incorporation on the doped supports, XPS (4.2 - 5.5 atomic %) was found to be due
to the presence of pyridinic, graphitic, pyrrolic nitrogen, metal-N-pyridyl groups as well as the
oxidised nitrogen groups. Surface oxidation of the supports was significantly decreased upon
nitrogen doping. TGA confirmed a loading of about 40 wt.% Pt on the supports and that the
thermal stability of the supports decreased upon metal nanoparticle decoration. The supports
were decorated with Pt nanoparticles (d = 3.8 — 4.6 nm) with Pt — Pt distances between 5.8 —
6.5 nm on all supports. ADF-BF-STEM and in-situ PXRD studies confirmed pore confinement
of the Pt which enhanced the durability of the catalysts. Nitrogen doped supports had smaller
Pt particle sizes (d =4.0 £ 0.6 nm (Pt/HCSs) and d = 4.6 £ 0.9 (Pt/BNHCSSs)) and shorter Pt -

Pt distances between 5.8 — 6.5 nm.

ORR studies were performed on the Pt/BHCSs, Pt/BNHCSs, Pt/HCSs and the Pt/NHCSs
catalysts. The materials exhibited ECSA values between 50 — 69 m?.g* consistent with the Pt
particle sizes obtained from TEM. The obtained mass activity (MA) was between 90 — 263
A.g! compared to between 65 - 203 A.g™* for the commercial Pt/Vulcan benchmark catalyst.



The obtained surface area specific activity was between 134 — 391 pA.cm compared to 107 —
350 pA.cm for the commercial benchmark catalyst. After 6000 durability cycles, the catalysts
retained between 57.2 — 65.4 % of the initial ECSA compared to 47.6% for the commercial
benchmark catalyst. Enhanced activity in ORR of the catalysts was attributed to the small Pt
particle sizes, the thin carbon shells that enabled better electronic conductivity and faster mass
transport of reactive gases. The presence of nitrogen in the support also modified the electronic
structure of the Pt. For the smaller Pt/BHCSs and Pt/BNHCSs catalysts, the very thin support
shell (d = 4.5 — 4.6 nm) promoted higher Pt utilization of the supports. A better electronic

conductivity resulted in better activity.

Our studies thus confirmed that the high activity and durability of the catalysts could be
attributed to a thin graphitic mesoporous shell, the presence of defects and the presence of
nitrogen functionalities. Nitrogen doping altered the electronic state of the Pt. The thinner and
broken shells of the Pt/BHCSs and Pt/BNHCSs materials allows for deposition of Pt on either
side of the support thereby enhancing the electronic conductivity and gas mass transport of the
materials leading to higher activity. We also confirmed that different synthetic procedures for

Pt nanoparticles can yield Pt particles with comparable ORR activity.
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Chapter 1

Introduction to the study and literature

review

1.1: Introduction

The demand for energy, globally, has been increasing dramatically over this past century. This
has been due to industrialization of previously less industrialized nations like China, India and
Saudi Arabia. Also, the further growth in industrialization in previously industrialized nations
like the United Kingdom, the United States of America and Germany, among many others, has

contributed to the increase in energy demand globally.

Global energy sources 2019

m coal 27% = hydro 2% nuclear 6%

oil 33% = natural gas 21% = other 11%

Figure 1. 1: Global energy sources for all purpose use in 2019.



Globally energy sources for all countries stand at 27% coal, 2% hydro, 6 % nuclear, 33% oil,
21% natural gas and 11 % for other sources like wind, solar and biomass (Figure 1.1), clearly

showing an over dependence on fossil fuels.

Rapid industrialization in China, the second-largest economy in the world, has resulted in
annual growth in demand for energy of about 5.7%.2 On its own, China is the largest consumer
of energy accounting for about 22% of energy demands globally. In 2019 China’s main source
of energy (Figure 1.2) was coal accounting for about 66% of its demand. Renewable energy

sources like wind, hydro and solar accounted for only about 28%.

China energy sources 2019

-

m coal 65.2% = solar 1.1% = wind 4.0%
nuclear 3.6% = hydro 19.7% = other thermal 3.3%
mgas 3.1%

Figure 1.2: Sources of energy for all purpose use in 2019 China.*

The same applies to South Africa where coal usage is about 68%, biofuels and waste 11%,
natural gas 3%, renewables 0.3%, crude oil 16% and nuclear energy is 2.2% as of December

2015.3

In contrast, countries like Germany and the UK have a lower coal usage for energy than China.

About 6% of the energy consumed in the UK is from coal and Germany consumes about 36%



of its energy from burning coal. However, in Iceland, 100% of the energy consumed is from
renewable sources. Hydropower and geothermal are the main sources of energy in Iceland.

Thus, the global values may not reflect national usage. °

The challenge associated with the high use of fossil fuels like coal and petroleum is the limited
supply and the pollution they cause. At the current consumption rate of about 11 billion tonnes
of oil per year, the current proven oil reserves and global supply cannot go beyond 53 years for

crude oil.

British Petroleum (BP) predicted in 2016, in a review of the world energy consumption, that
the global reserves for coal and crude oil will only last 115 years and roughly about 50 years
for both crude oil and natural gas. This implies that within 115 years, new sources of energy
will be required to meet the daily needs of the global population While predictions like this
have been made before and proven incorrect in terms of usage, there is no doubt that there is

an eventual limit to coal/oil/gas supplies.

Besides the depletion of these fossil fuels, the other challenge associated with using non-
renewable energy sources based on carbon is the polluting gases, in particular CO2, NO and
NO, that these fuels produce. These polluting gases and other drivers have been shown to
accelerate climate change. Climate change has been manifested as global warming, rising of
sea levels, erratic weather patterns, massive recurring droughts, and fires. Globally hundreds

of billions of dollars have been lost due to extreme weather. 78

At the current rate of emissions, the melting glaciers in the Arctic and Antarctic will result in
at least a 30 cm rise in sea levels in some places by the year 2050. Rising sea levels negatively
impact low-lying places and cities like Miami, Guangzhou, Mumbai, New Orleans, and Osaka.
These cities have a total population of about 55 million inhabitants and a GDP of about 3 trillion

American dollars (US$ 3 trillion). Rising sea levels would affect the economies and livelihoods



of these individuals and the global population dependent on these cities in terms of supply

chains of goods and services.®

Evidence suggests that extreme weather events and rising sea levels are due to the use of highly
polluting fossil fuels. "Fossil fuels like coal, natural gas, and petroleum produce greenhouse
gases which have been linked to an increase in global temperatures. Rising temperatures cause
the melting of glaciers causing sea levels to rise. An increase in the levels of these gases also
causes an imbalance in the way the earth regulates temperatures affecting rainfall patterns and
causing droughts. Higher temperatures are known to spontaneously cause wildfires in areas
where there is vegetation that can be burned. Also, the clearing of forests for agriculture and
residential purposes particularly in the Amazon and Congo basin is causing an imbalance in

the way nature regulates the excess carbon dioxide levels.'°

There is, therefore, a great need for alternative energy sources and energy conversion systems

that have a neutral carbon footprint but that are equally efficient when compared to fossil fuels.

Renewable energy sources that can be harnessed globally are geothermal, wind, solar energy,
and hydroelectricity among others. Also, fuel cells can be used as an energy conversion system
transforming chemical energy stored in hydrogen or carbon containing sources like methanol

into usable electricity.

In this thesis the focus will be on using hydrogen, an abundant, renewable and sustainable
energy source and using a process to convert the chemical energy source to products that are
electricity and the by-products heat and water. Fuel cells do not have to use only H; as the
energy source. Fuel cells can use carbon-based reactants, but these fuel cells also generate CO».

However, this thesis does not report on carbon fuel-based fuel cells.



1.2: Fuel Cells - PEMFCs

Fuel cells are attractive energy conversion systems that can significantly contribute to the use
of renewable energy resources. Fuel cells are devices that convert chemical energy into a usable
electrical current. The current is used to power machinery and technological devices. Different
types of fuel cells exist and among them are solid oxide fuel cells, proton exchange membrane
fuel cells, direct alcohol fuel cells, alkaline fuel cells, phosphoric acid fuel cells, molten
carbonate fuel cells, and reversible fuel cells. The fuel cells that have been studied are classified

according to their properties (Table 1.1)

Fuel cells can be used in mobile applications like cars, airplanes, and ships. They are
lightweight and portable and when hydrogen and oxygen, used as fuel and oxidant in proton
exchange membrane fuel cells (PEMFCs), is sourced from the solar electrolysis of water, they
have a zero-carbon footprint. Heat and water produced can be reused during the operation of

these fuel cells making them clean and sustainable. 1?

Table 1. 1: Some of the fuel cell types 317

Type Electrolyte Temp°C  Fuel Advantage Problems
Pure H2

Polymeric Polymeric 30 - 100 H2 Fast start-up needed,

(PEMFC) membrane solid electrolyte expensive
catalysts
Slow

Direct Polymeric 30 - 100 CH3OH Liquid  fuel no reaction, fuel

methanol membrane reforming step for crossover

(DMFC) fuel from anode to
cathode




Alkaline Better current Reactants
(AFC) KOH liquid 65 - 220 KOH response fast cathode must be

reaction removed

High efficiency with Low  power

Phosphoric ~ HzPO4 150-220 H: heat cogeneration and current,
acid (PAFC) expensive
catalysts
Molten Carbonates Better conductivity Slow start-up,
Carbonate of (Li, Na, 600-1000 H: high current density ~ material
(MCFC) K) problems
Solid Oxide  Oxides of Solid electrolyte low- Material
(SOFC) (Zr,Y)O2 600-1000 H: cost material problems,

corrosion of

metal

The proton exchange membrane fuel cell (PEMFC) is the most appealing of the fuel cells due
to its properties and mode of operation. The PEMFC or hydrogen fuel cell converts chemical
energy stored in hydrogen gas into current in the presence of oxygen. The other products are
heat and water. PEMFCs are attractive because they possess other good properties such as light
weight, fuel efficiency, applicability in mobile use and the use of lightweight hydrogen fuel.
This type of fuel cell is portable and is the number one choice for the FCEV (fuel cell electric
vehicles) car makers. The PEMFC is also versatile when cells are placed in series and they can

be assembled to produce electricity in the mega and gigawatt-scale.®
Some examples of the role of industries in developing fuel cell technologies are given below.

Currently, companies like Hydrogenics are global leaders in the use of megawatt-scale fuel cell
stations (figure 1.3). They have a flagship 1 MW (Megawatt) PEMFC plant that can generate
a system output voltage of between 380 — 480 VACS (alternating current-voltage) at >50%

hydrogen fuel efficiency at the beginning of their life before factoring important parameters
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like catalyst durability. This standby power unit has a system output frequency of between 50
— 60 Hz and noise levels of less than 75 decibels. To put it into perspective, an average
motorcycle produces about 90 decibels of noise. This fuel cell system is also advantageous as
it has a lifespan package design life of about 20 years with fuel consumption of about 750

Nm3/h per 1 MW, 1920

Figure 1. 3: Hydrogenics’ 1 Megawatt fuel cell power generation platform.

Recently Ballard Power systems (Ballard is a fuel cells developer) and Hydrogen de France
(HDF Energy), an independent power producer from France, signed a product development
contract for the manufacture and connection of a multi-megawatt PEMFC fuel cell system for

addition to the HDF energy network for stationary power applications.?

Toyota and Fuel Cell Energy signed an agreement to produce a fuel cell system to be in

operation by the end of 2020. The Tri-Gen plant will produce about 2.4 MW of electricity and



1.2 tonnes of hydrogen per day to support the Toyota Mirai passenger cars that are powered by

PEMFCs.??

These kinds of investments into fuel cell technologies are an indication that many companies
see a future that will depend on a hydrogen economy. If this occurs, fuel cells will be a primary
energy conversion system used by future generations. These investments come at the back of

increases in sales of fuel cell and non-fossil fuel-based cars 2324

In mobile applications, Ballard is working with several companies that operate motor vehicles
for various purposes. In 2019, Ballard received a purchase order from Anglo American for 900
KW of fuel cell modules for use in an experimental mining dump truck demonstration project.
The fuel cell dump trucks would be tested in 2020 in South African mines followed by
deployment of these trucks in its global network of operations. Anglo American plans to
implement these mining trucks using MW scale fuel cell modules in the future in its global

mining operations.®

PEMFCs are platinum dependent and platinum or its alloys or core shells have proven to be
the best catalysts for the oxygen reduction reaction.?® Other catalysts that are platinum
independent have either been shown to be highly active and less durable or possess low activity

such that they cannot be commercially viable.?-?°

Platinum is abundant in South Africa and Zimbabwe and therefore this puts these countries in
a better PEMFCs supply chain position if research on these is prioritized. South Africa has the
largest proven platinum group metals reserves globally. For many decades South Africa has
been looking at ways to promote value addition of the Pt as well as to find new markets for the
Pt group metals. Now, South Africa is seeking to place itself at the top of fuel cell components
supply chain. Unfortunately, Pt which is abundant in South Africa, is the most expensive

component of a PEMFC.



In the past the Pt market has been largely driven by catalytic converter industry. The catalytic
converter market is expected to fall dramatically in the future when international restrictions
on fossil fuel cars come into place. Most countries in the European Union have already put in
place legislature that prevents the use of fossil fuel powered cars by 2040.32 Fossil fuel cars
are to be replaced by battery driven cars and fuel cell electric vehicles (FCEVs) and these cars

use fuel cells or a fuel cell-battery combination.

Platinum is one of the major components of a PEMFC, mostly used to power cars. As a result,
the Department of Science and Innovation (DSI) in South Africa through its fuel cell research
arm, HySA (Hydrogen South Africa) has been involved in several research initiatives to
develop the use of Pt in fuel cells. HySA catalysis has been developing PEMFC electrocatalysts
and through its business vehicle company, HyPlat, has been selling catalysts and fuel cell

components to numerous global customers. 3

1.3. Advantages of PEMFCs

Some of the advantages of PEMFCs are listed below.

e PEMFCs can be used in both stationary and mobile applications. They can be used to
power both homes and moving cars. This makes it possible to replace gasoline and
natural gas-powered engines with fuel cells.®

e Fuel cells have a theoretical energy efficiency of about 40% which is double that of the
gasoline-powered engine. 3637

e They are lightweight and therefore favourably applicable for use in cars, buses and
other engine powered vehicles. Recently Hyundai commercialized an FCEV for the
market that is powered by a PEMFC. The Hyundai ix35 FCEV or Tucson FCEV is a
hydrogen-powered fuel cell vehicle with an 80-kW electric motor engine and a 152 V

battery plus a 153 L hydrogen tank. The car has a range of 300 Km and a top speed of



150 Km.ht. Another fuel cell automobile manufactured by Hyundai is the Hyundai
Nexo, a crossover SUV with a range of 600 Km powered by an upgraded 120 Kw
electric motor. Other automobiles manufacturing companies have produced these fuel
cell electric vehicles (FCEV) including the Toyota (Mirai), Mercedes Benz, Honda,
BMW among many others.3##
e For fuel cell cars, PEMFCs offer a driving range comparable to the gasoline engine. #
e Hydrogen and oxygen which are highly abundant materials are the fuel and oxidant
used in PEMFCs. Hydrogen can be produced by the catalytic electrolysis of water.
e Fuel cell vehicles are carbon neutral, the only by-products are heat which can be reused
in the fuel cell engine and portable water which can be consumed.

e Hydrogen is one of the lightest elements and as a result does not provide challenges in
terms of tank volume to weight ratio in transportation and mobile applications.

e PEMFCSs produces more power per volume of fuel that is used compared to other fuel
cell types.

e PEMFCs are compact and lightweight due to the low-density fuel and as a result, are
easily applicable in mobile applications.

e PEMFCs have a low operating temperature, below 100 °C, making rapid start-up easier
thereby making this fuel cell type more convenient for use.?

e PEMFCs can be modelled to suit various sizes of vehicles (figure 1.4). They can power
aeroplanes, ships, cars, heavy duty trucks and passenger vehicles.

e PEMFCs can be used off-grid and in remote places providing clean energy.

To date, fuel cells have been used in stationary applications as well as in transportation.

Hydrogen fuel cells have been used to power trains, heavy-duty trucks, passenger sedan
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vehicles like the Toyota Mirai as well as passenger SUV crossover vehicles like the Hyundai

Nexo (figure 1.4).

Powered by hydrogen

TOYOTA MIRAL | Zevo CO, Emvissions

Figure 1.4: (a) PEMFC run passenger train from Germany, (b) Toyota PEMFC heavy duty
truck, (c) Toyota Mirai fuel cell passenger sedan and (d) Hyundai Nexo crossover SUV running

a hydrogen fuel cell. 384547

1.4: Reactions in the PEMFC

The critical reactions for the PEMFC are the hydrogen oxidation reaction (HOR) at the anode
and the oxygen reduction reaction (ORR) at the cathode. The hydrogen oxidation reaction has
favourable kinetics and occurs at an affordable over-potential. Very low loadings of the highly
active Pt are needed for this reaction to occur with ease and to go to completion. In the acid
type electrolytes, ORR occurs mainly via two known mechanisms. The direct four-electron
pathway from Oz to H>O or the slower and indirect two-electron pathway via the formation of

hydrogen peroxide.*¢>° To prevent the unfavourable H.O pathway, high loadings of Pt are

11



used. High Pt loadings in cathodes are major cost drivers in the development and adoption of
fuel cells. Lower loaded Pt catalysts are being developed with better activity and

durability. 55153

The schematic of a PEMFCS is shown in Figure 1.5.

PEM FUEL CELL
Electncal Current

Water and
Fuel Heat Out

—_—

e ,
FuelIn Air In
Anod

Electrolyte

Figure 1.5: Schematic illustration of a PEMFC.>*

12



At the PEMFC anode the hydrogen oxidation reaction occurs resulting in the formation of
protons and electrons. The produced electrons flow across the circuit to the cathode where they
combine with the protons which would have flowed through the proton selective membrane.
Here they will encounter oxygen. The hydrogen oxidation reaction (Equation 1.1) is a
thermodynamically and Kinetically favourable reaction that occurs at a very low

overpotential >
2H, — 4H™ + de (1.1)

At the cathode, the oxygen reduction reaction occurs (Equation 1.2). Here the oxygen gas that
is fed to the cathode reacts with the electrons from the circuit and protons from the hydrogen

oxidation forming water and completing the fuel cell reactions.
O; + 4H" + 4 —  2H0 (1.2)
The overall PEMFC reaction is shown in Equation (1.3).%°

02+2H, —2H,0 E°=1.229V (1.3)

1.5: Approaches to higher activity and durability in ORR - a

review

Commercialization of fuel cell vehicles is peaking, and the markets are ready for the change.
Demand for fuel cell vehicles will increase and this must be met by reliable fuel cell driven
engines and active and durable catalysts. In this regard, numerous approaches have been
adopted to make the fuel cell catalysts. Among the many initiatives to find highly active and
durable catalysts, metal oxide supports, structured carbon-based supports and other supports
have been used to stabilize the catalyst which is made of Pt nanoparticles for the ORR. Precious
metal-free ORR catalysts have also been studied in-order to bypass the high cost factor when

using Pt. 5658 The quest for highly active and durable ORR catalysts is thus an ongoing one.
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1.5.1: Pt catalysts deposited on various carbon- and carbon-based

supports

In early studies, various pristine carbon supports were used in the quest of finding durable and
highly active ORR catalysts. Carbon supports have many advantages, one of which is that they
can readily be oxidized (burnt off) in air after their use in fuel cells allowing for the recovery

of the precious metal catalyst components.

The supports studied include reduced graphene oxide, boron carbide, single wall carbon
nanotubes, multiwall carbon nanotubes, Ketjen and acetylene black, bamboo like carbon
nanotubes, ordered mesoporous carbon and Vulcan carbon. The carbons can be doped with
heteroatoms like nitrogen to improve the properties of the whole catalyst system thereby
improving parameters like selectivity, durability, and reusability. The pore structures of carbon
materials can also be tailored such that supports with enhanced properties can be synthesized.
The tunability of the carbon supports to yield materials with specific properties makes them
attractive as fuel cell cathode supports. Examples of some carbon materials that have been

studied as carbon-based supports for Pt in ORR catalysis are described below (Table 1.2).

The studies involving platinum and the various forms of carbon highlight the versatility of
carbon in fuel cell supports. It is imperative to say that a well-dispersed Pt catalyst of optimum
particle size, deposited on the surface of a nanostructured carbon or doped carbon support can
be used as a good ORR catalyst offering high activity and durability beyond the envisaged

5000 .59

Hasche and colleagues® studied the activity, stability, and degradation of multiwall carbon
nanotube supported Pt in fuel cell reactions. Their study aimed at obtaining insight into the
mechanisms controlling the degradation of the catalysts, focusing on nanoparticle coarsening

and the corrosion of supports. They studied platinum nanoparticles supported on both multiwall
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carbon nanotubes (Pt/MWCNTS) and platinum nanoparticles supported on a Vulcan carbon
(Pt/Vulcan XC 72R) catalyst with comparable mean Pt particle sizes (diameter between 1 — 4
nm). The catalysts were subjected to two durability tests (at 0.5 — 1.0 V vs. RHE and at 0.5 —
1.5 V vs. RHE) for lifetime and start-stop simulation studies respectively. The group studied
the beginning of life (BOL) by ORR activity and physical characterization (TEM, PXRD, BET-
BJH) studies followed by end of life (EOL) characterization studies. Their ORR results did not
indicate any kinetic benefit of using MWCNTSs over Vulcan XC 72 R as a support. In the
lifetime durability test, the Pt/MWCNT showed smaller losses in mass specific activity (MA),
area specific activity (SA) and electrochemical active surface area (ECSA) compared to the
Pt/Vulcan XC 72 R. Similar trends were observed for the start-up but bigger losses were
observed in the Pt/Vulcan XC 72 R material relative to the PYMWCNT catalyst. Using the
obtained data, they suggested that ECSA loss during the durability studies was not associated
with particle growth but rather was due to carbon support corrosion, Pt detachment and loss of

electrical contact between the nanoparticles of the metal and the support.

To better explain the dissolution mechanism, they used the relation of particle size and
dissolution potential given in the combination Nernst and Gibbs—Tomson equation (Equation

1.4)

E=E (0)-RT/(nF)InK - 2YQ)/mF  (1.4)

where E - particle dissolution potential, E(0) - dissolution potential of a flat metal surface, n —
number of transferred electrons , QQ — molar volume, Y — the surface energy and r — the particle
radius. Using the above relationship, they postulated that ECSA loss due to durability cycling
as a result of dissolution and redeposition, would be significantly larger at higher electrode

potentials and smaller Pt particle sizes.
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Carbon corrosion is known to be facilitated by unsaturated dangling bonds and as Vulcan XC
72 R is an amorphous carbon it would exhibit more sp® dangling bonds than ordered sp?
domains in MWCNTSs. The graphitization extent (G) was determined from the averaged

spacing of the studied carbon supports using the formulae (Equation 1.5)
(G) = (3.440 — doo2)/ (3.440—-3.354) (1.5)

A graphitization extent of near zero was determined for the Vulcan XC 72 R compared to the
graphitization extent of 19% for the MWCNT support. Both catalysts had similar crystallite Pt
sizes, but the Vulcan support had a higher BET surface area (205 m2.gt) compared to the
MWCNTSs (153 m?/g). Under a lifetime durability protocol, the ECSA value for PYMWCNT
dropped a mere 12% compared to 25% for the Pt/VVulcan XC 72 R. Under the more severe
start-up cycling conditions, the ECSA of the PUMWCNT dropped by 48% whereas the
Pt/Vulcan experienced a 68% decrease. They concluded that high durability was dependent on

high extent of graphitization of the support and its lower BET surface area.

Platinum supported on bamboo carbon nanotubes was studied for ORR activity and durability
by Shao and colleagues®. They discovered that Pt nanoparticles were preferentially deposited
on the highly defective bamboo knots of bamboo CNTs (Pt/B-CNTSs). They attributed the better
durability to the metal-support interactions associated with the special nanostructure of the

bamboo CNTSs.

Kongkanand and co-workers®? studied Pt/CNT catalysts for ORR activity and durability with
similar Pt loading of 14 pg.cmec? for the CNT catalyst and a commercial benchmark catalyst.
Despite the similar Pt loading, the ECSA for the commercial catalyst was 33.5 m?.g™t compared
to 17.8 m%.g! for the Pt/CNT catalyst. The lower ECSA for the CNT catalyst was attributed to
the poor dispersion of the Pt nanoparticles. However, despite the lower ECSA, a 10 mV earlier

onset ORR potential was observed for the Pt/CNT catalysts indicating that the CNTSs
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themselves were involved in the electrochemical process. The high ORR activity was attributed
to the porous nature of the supports. Potential cycling for 36 h resulted in a 70% reduction in
ECSA for the commercial catalyst and a negative shift of the ORR onset potential. However, a
small 15 mV negative decrease in onset potential for ORR was observed for the Pt/CNT
catalyst coupled with a 40% loss in ECSA. The minimal losses in onset potential and ECSA

were attributed to the better anchoring between the Pt and the support.

Nagasawa and co-workers®® studied various Pt/Ketjen black and Pt/Acetylene black carbon-
based catalysts for ORR activity and durability. Their findings indicated that the differences in
MA originated from the differences in the fraction of Pt on the carbon supports which was
available for utilization. They attributed the low durability observed in the Pt/Ketjen black
catalyst to the surface oxidation of the Pt catalysts which led to the formation of PtO layers.
These layers were more easily removed when compared to the Pt/Acetylene black catalysts.
PtO layers of the Pt/Ketjen black catalysts were readily reduced to metallic Pt resulting in better
durability. They attributed this behaviour to the variation in Pt coordination numbers and Pt-Pt

distances due to the surface properties of the various supports examined.

He and colleagues® synthesized poly(diallyl dimethyl)ammonium chloride (PDDA; a
surfactant and passivation agent) stabilized Pt nanoparticles and Pt-Pd catalysts supported on
reduced graphene oxide. They observed high activity and durability and attributed this to better
Pt dispersion facilitated by PDDA passivation of the Pt. They proposed that the PDDA coating
hindered the dissolution of the Pt. They also proposed that preferential dissolution of the Pd
would occur resulting in the formation of Pt rich surfaces. Confinement of Pt-Pd to the RGO
sheets was the explanation for the reduced agglomeration that they observed. After 3000
potential cycles, the catalyst without PDDA passivation denoted as no PDDA-Pt/RGO,
retained about 50% ECSA compared to about a 78% ECSA retention for the PDDA passivated
catalyst denoted as PDDA-Pt/RGO. Also, the oxophilic Pd facilitated the favourable binding
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of oxygenated groups on the Pt thereby limiting the binding of the OH groups to the Pt, and as

a result facilitating enhanced ORR activity.

Zhang and colleagues® studied Pt nanoparticles supported on three-dimensional ordered
mesoporous carbon (PtYOMCS) for ORR activity and durability. They compared the catalysts
with a commercial Pt/C catalyst. They attributed the higher activity and durability to the high
dispersion of the Pt and availability for ORR of the active sites on the Pt/OMCS. The three-
dimensional connected mesopores facilitated facile mass transport of the gases, increasing
ORR. The pore confined Pt was restricted from detachment due to its partial or complete
exclusion from the surface. Higher activity was attributed to the abundant Pt active sites with

hydroxyl intermediates that facilitated CO oxidation leading to enhanced tolerance.

Other corrosion-resistant materials have been used as supports. Jackson and her co-authors
used boron carbide with a low BET surface area as a support for a 20wt% Pt catalyst. MA and
SA activity was high, eclipsing 0.20 A.mg™ and 0.17 mA.cm respectively. They observed
more than a 50 % ECSA retention after 6000 potential cycles using an aggressive rectangular
wave profile. The strong metal to support interactions were attributed to the high durability of
the boron carbide supported Pt catalyst and the enhanced activity was attributed to the
modification of the electronic structure of the Pt by the BC support due to charge transfer

between metal and support.®®

Table 1. 2: Examples of platinum catalysts supported on various carbon supports for the ORR

Catalyst Comment/ reason for enhanced activity and | ref

durability
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Pt/BC

Change in electronic structure of Pt, enhanced
metal -support interaction between graphite

rich boron carbide (BC) and Pt.

66

Pt/SWCNT

High porosity of SWCNT allowing diffusion

of gases, higher electron transfer rate,

62

PDDA-PY/RGO

Pt-Pd/RGO

PDDA coating hindered the dissolution of the
Pt. Preferential dissolution of the Pd resulted
in the formation of Pt rich surfaces.
Confinement of Pt-Pd to the RGO sheets
caused reduced agglomeration. Oxophilic Pd
facilitates favourable binding of oxygenated

groups facilitating ORR activity

64

Pt/Ketjen black

Pt/Acetylene black

High durability of Pt/AB attributed to the
variation in Pt coordination numbers and Pt-Pt
distances induced by support surface

properties.

63

Pt/B-CNT

Bamboo like nanostructure which provide
more bamboo knot defects and edge plane like

defects. Enhanced Pt — support interaction

61

Pt/OMSC

Unique hierarchical structure with ordered
macropores and mesopores that facilitate the
mass transfer and improve the Pt particle

dispersion. Meso structure and pore

65
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confinement  prevents dissolution and

agglomeration of Pt.

Pt/Vulcan XC 72 R Lower BET surface area for PUMWCNT and | 61
PYMWCNT high extent of graphitization promoted better
durability. sp® dangling bonds and defects

promoted degradation of Pt/VVulcan XC 72 R

1.5.2: Pt Catalysts deposited on nitrogen doped supports.

Nitrogen doped carbon has been studied extensively due to the favourable properties associated
with the nitrogen dopant. The electron density associated with the extended m conjugation of
the nitrogen functional groups has been shown to influence the Pt particle size and subsequent
activity and durability of the Pt catalyst.%” Nitrogen groups rich in electron density actively
influence nucleation and growth of Pt nanoparticles thereby controlling the final Pt particle
size. Also, the introduction of nitrogen functional groups generates defects in the carbon
support. These defects enhance the surface area of the support and provides places where Pt
favourably deposits. Highly defective materials have been shown to enhance the formation of
smaller particle sizes of Pt and have led to subsequent improved activity.®3% Some examples

of Pt supported on N-doped carbons are given in Table 1.4

Melke and co-workers’® studied the metal-support interaction (MSI) between Pt and nitrogen-
doped carbon nanofibers for ORR. In their study, they showed that Pt shifted its electrons into
the 7 conjugated system of the support thereby increasing the support electron density. This
then enabled the nitrogen centres to operate as nucleation centres where smaller Pt
nanoparticles were grown, resulting in better dispersion being observed in the nitrogen-doped

supports.
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Higgins and co-workers® studied nitrogen-doped carbon nanotubes as supports for platinum
in oxygen reduction reactions. They made comparisons between three catalysts, a pristine
Pt/CNT, Pt/ED-CNT with about 35% pyridinic nitrogen and Pt/PY-CNT with a lower content
of pyridinic nitrogen. They found similar Pt particle sizes for the nitrogen-doped supports. The
Pt was in the 2 — 4 nm size range whereas for the pristine CNTs, Pt particle sizes were slightly
larger and in the 3- 6 nm range. Nitrogen doping enhanced the better Pt dispersion and the
resulting Pt particle sizes. The PY/ED-CNT catalysts had better ORR activity with an earlier
onset potential when compared to the Pt/PY-CNT with less pyridinic nitrogen. The order of
ORR onset potential was P/ED-CNT > Pt/PY-CNT > Pt/CNT. Their findings consolidated the
idea that nitrogen doping improved support surface properties and enhanced characteristics like
dispersion of metal nanoparticles and the final particle size. They could not explain why a
higher pyridinic nitrogen proportion was responsible for better ORR activity. However, it was

clear that pyridinic nitrogen was responsible for better ORR than the other forms of nitrogen.

Wang and co-authors™ studied platinum supported on nitrogen-doped carbon nanofibers for
ORR. The nitrogen-doped supports had higher proportions of graphitic nitrogen compared to
pyridinic nitrogen. Nevertheless, higher ORR activity was observed for all the catalysts studied.
After 3000 cycles of durability studies, the commercial catalyst had a -53 mV change in the
half-wave potential compared to the -21 mV for the nitrogen-doped carbon nanofiber support.
Pore confinement of the Pt was attributed to the minimal loss in the ORR activity after
durability tests. The improved stability of the nitrogen-doped catalysts was also attributed to
the Pt-n orbital bonding strength and the presence of functional anchoring groups. Mass and
specific activity were more than 100% larger than the commercial JIM20 catalysts used for
benchmarking. This trend was attributed to the presence of defects (as shown by Raman

spectroscopy), pores, roughness, and nitrogen doping.
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Galeano and co-workers’? synthesized mesoporous graphitic and nitrogen-doped hollow
carbon spheres and supported Pt nanoparticles on the carbon supports. Using dark field
scanning tunnelling electron microscopy (DF-STEM), they discovered that the Pt nanoparticles
were mostly confined within the pores of the HCS shell and thereby reduced the tendency of
the Pt particles to undergo detachment and agglomeration. Pore confined Pt was found to be
less prone to migration and coalescence. In their study, the mass specific activity (MA) and
surface area specific activity (SA) of the catalysts was enhanced due to the nitrogen doping.
The hollow graphitic carbon spheres had a diameter of about 250 nm and a shell thickness of
about 25 nm. In situ XRD data showed restricted growth of the Pt crystallites after the catalysts
were annealed in argon up to 850°C (Figure 1.6). The restricted growth was attributed to pore
confinement of the Pt. The authors concluded that the observed durability during potential
cycling was due to the confinement of the Pt nanoparticles as well as the favorable anchoring
of the Pt to the nitrogen groups after doping. DF-STEM data showed the presence of Pt clusters
concentrated in the HCS or NHCS shell, an indication that indeed most of the Pt was confined
inside the pores of the catalyst supports (figure 1.6 a -d). Using identical location — transmission
electron microscopy (IL-TEM), they were able to trace the growth of the Pt nanoparticles
during ORR durability studies. Pore confined Pt was shown not to grow at the same rate as free
surface embedded nanoparticles. Meier’s group observed that incorporating nitrogen into the
structure of the support was advantageous. Nitrogen doping restricted the growth of the Pt
particle size resulting in enhanced dispersion and better ORR activity for smaller Pt sizes. XPS

studies confirmed the presence of pyridinic-N groups.
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Figure 1.6: (a) to (d) are DF-STEM images showing pore confined Pt in the hollow carbon
supports and (e) variable temperature in-situ PXRD diffractograms for a Pt/C catalyst

confirming pore confinement. "2

Jukk and co-authors™ studied Pt deposited on nitrogen-doped graphene nanosheets for ORR.
They observed better dispersion of Pt on the nitrogen-doped surfaces and Pt particle sizes
smaller than 6 nm. They attributed the small Pt particle sizes and good dispersion to the

favourable electronic interaction between Pt and the electrons in the nitrogen functionalities.

Jung and colleagues’ observed improved durability of Pt supported on N-doped graphitized
carbon in ORR (Pt/NMGC) (Table 1.3). The NMGC was enhanced with traces of Ni and Fe
respectively for improved graphitization.

Table 1.3: ORR activity data for the Fe and Ni-rich Pt supported on nitrogen-doped mesoporous

graphitic carbon

Sample ECSA (m%.g?) MA (A.mg™?) SA (LA.cm?)
Pt/C 79.8 0.08 100
Pt/NMGC-Fe 61.7 0.10 150
Pt/NMGC-Ni 60.5 0.07 120
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They speculated that the enhanced ORR activity was due to the interaction between the Pt and

the various supports which resulted in a positive synergistic effect. The observed durability for

Pt/NMGC-Fe was attributed to the interaction between Pt and the support due to the enhanced

7 sites on carbon induced by a high degree of graphitization and the structurally improved

stability of the Pt that reduced Pt dissolution. This was due to delocalization sites of sp?

hybridized carbon overlapping with the d orbitals of the Pt.

Table 1. 4: Platinum catalysts supported on various nitrogen doped carbon supports

Catalyst

Comment/ reason for enhanced activity and

durability

ref

Pt/NCNFs

High Pt utilization due to improved dispersion.
Improved Pt — support interaction. Pt electron
density accepted by nitrogen doped CNF

support improving metal -support interaction.

71

Pt/NHCSsAT

nitrogen doping of the carbon supports lead to
high initial mass activities due to improved
high platinum dispersion. however, it did not
lead to an improvement of the catalyst
stability. Heat treatment caused slight growth

of Pt prior to ADT leading to better durability.

72

Pt/NCNTSs

Increase in performance is attributed to
distinct structure and electronic enhancement

from nitrogen doping.

68

Pt/NGSs

High dispersion of Pt on nitrogen doped
graphene nanosheets due to strong interaction
between Pt and N functionalities. Nitrogen

groups amounting to between 6 — 7 at.%.

73

Pt/NMGC - Fe

The strong interaction between Pt and NMGC-
Fe contributes to high durability. Electron

74
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density of nitrogen functionalities caused
small Pt size and higher dispersion. The Fe in
the NMGCs improved graphitization and
electronic conductivity.

Pt/NHCS Durability due to pore confinement of Pt, | 72

Nitrogen enhanced tethering between Pt and
support, favourable metal -support interaction.

Pt/Py-CNT Nitrogen doping improved support surface | 68
Pt/EDA-CNT properties enhancing characteristics like

dispersion of metal nanoparticles and the final

particle size.

1.5.3: Unsupported Pt, Pt-alloy and binary Pt-M (M = metal)

catalysts

Pt and its alloys offer the best-known ORR activity. However, Pt alloyed with transition metals
suffer from leaching of base metals in acid electrolyte.>®">-"® Therefore, with careful tailoring

of the catalysts, better activity and durability has been achieved.

Reports have indicated that alloys and core-shell catalysts made of Pt and another component
possess better activity and durability than pure Pt catalysts.”®®2 This is as a result of the
interaction between the Pt and the other metal where synergistic effects have been reported to
enhance the Pt activity. Some of the base metals or precious metals alloyed with Pt have been
shown to either have a stabilization effect on Pt or possess sacrificial properties in durability
studies whereby the base metal or precious metal catalysts undergo sacrificial dissolution
resulting in a cleaner, higher surface area Pt surface. Examples of these types of studies are

given in Table 1.5.
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Zhang and co-workers*® studied the stabilization of Pt ORR electrocatalysts using gold clusters.
The catalysts were used in simulated durability studies in the 0.6 — 1.1 V vs. RHE in over 30
000 cycles. They observed insignificant changes in the MA, SA, and ECSA of the Au modified
Pt in contrast to the significant losses observed with the pure Pt catalyst. They attributed the
better stability of the catalyst to the Au conferring stability to the Pt catalyst by raising the Pt
oxidation potential. The Au is not an active ORR catalyst, but rather spontaneously produces
H20> in the 2-electron process, at the Au (100) and its vicinal surface in alkaline solutions. The
ORR results were not consistent with this reaction. The authors, therefore, ascribed the activity
of the Au clusters to their interaction with the oxides resulting in charged Au particles. A spill
over of the H,O, formed from Au clusters to the surrounding Pt atoms where the H2O; is
reduced to H20 was thus proposed to explain the data. They alternatively proposed that if the

AUOH is formed at certain potentials, it would reduce the H.O> to H;O.

In a study by Alia and colleagues, Pt coated Pd nanotubes were applied in ORR activity and
durability studies. The materials were synthesized using the galvanic displacement of Pd
nanotubes. The Pt coatings were limited to loadings of 9, 14 and 18 wt%, (PtPd9), (PtPd14)
and (PtPd18). The synthesized Pt/PdNTs had a wall thickness of 6 nm and a length of 5 — 20
pm. The metal layer was estimated to have a thickness of 1.1, 1.7 and 2.2 Pt atoms assuming a
uniform and continuous coating. They observed cost and area normalized ORR activities for
the Pt/PANTs exceeding the US DoE targets. PtPd9, PtPd14, and PtPd18 produced cost
activities of 10.4, 9.4 and 8.7 A$™ respectively. PtPd9 exceeded the DoE dollar activity target
(9.7 A$Y) by about 70%. The PtPdNTSs catalysts further exceeded the DoE area-specific

activity targets by 40 — 43%. 83

In another study on ORR activity and durability, Su and colleagues studied platinum copper
nanotubes (PtCuNT). They discovered that the PtCUNT was 10-fold better than Pt/C in terms
of specific activity and 3-fold better than the DoE (US Department of Energy) technical target
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of 0.72 mA.cm?p @0.9 V vs. RHE. The PtCuNT experienced enhanced durability as shown
by the -9-mV shift in the ORR polarization, compared to -25 mV experienced by commercial
Pt/C. The high specific activity could be explained by the numerous active sites available for
the reaction. In pure Pt, the Pt d band centre is close to the Fermi level and the adsorption of
spectator species is strong and the desorption of oxygenated species is weak. Therefore, a
downshifted d band centre dramatically decreases the pre-covering of spectator species,
enhancing activity. The preferable orientation of the (111) and (110) facets on the PtCuNTs
are less vulnerable to strong OH adsorption than the (100) facet, resulting in an enhanced
activity. The authors also postulated that the PtCuNTs alloy resembled extended Pt surfaces
that have shown to be advantageous in terms of the specific activity. Also, the one-dimensional
structure could facilitate the mass transport of gases compared to zero-dimensional materials.
The durability of the catalysts was confirmed by the minimal ECSA loss of - 14% and an ORR
polarization negative shift of -9 mV. This was in comparison to the -40% ECSA loss and -25
mV negative shift of the E1/> for Pt/C. The dissolution of Pt occurs at a higher electrode potential

(than Cu) as shown in the equation 1.6,
Pt?* +2e°— PtE°=1.188V (1.6)

They proposed that the dissolution of Pt is hindered by the sacrificial dissolution of copper that

occurs at a much lower electrode potential, shown in equation 1.7,
Cu**+2e — CuE°=0340V (1.7)

Further, the zero-dimensional structure of the PtCuNTs makes it less susceptible to dissolution

compared to multidimensional nanostructures.®

Zhang and colleagues studied for ORR activity and durability. They used various Pt:Pd molar
ratios of 1:4, 1:1 and 1:2 to form Pty/Pd>/C, Pt1/Pd4/C, and Pt1/Pdi/C. The ORR activity of

Pt1/Pd2/C and Pt1/Pd4/C were superior to Pt/C. After 40 000 — 80 000 potential cycles in the
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0.65—1.05 V vs RHE, Pt1/Pd»/C, and Pt1/Pd1/C were found to be more durable than Pt/C. They
attributed the higher activity and durability to the sacrificial dissolution of Pd and the
corresponding structure transformation from core-shell to Pt-Pd alloy with a Pt enriched

surface.”

Similar trends were observed when Pt-Ni nanocages that were studied for ORR activity and
durability. Peng and colleagues observed that half-wave potential for the PtNi nanocages were
+30 mV higher than found for Pt/C. The SA and MA were 2-fold and 4-fold higher than found
for Pt/C. After 30 000 potential cycles, the PtNi cages retained a higher than DOE target value
42% of MA compared to 19% for Pt/C. The higher durability was attributed to the reduced

dissolution of the 3D framework of the catalyst.%

Sasaki and colleagues studied ORR catalysts synthesized by the monolayer deposition of Pt on
PdAu. The catalysts demonstrated superior durability over 100 000 cycles for both the 0.6 —
1.0 V window as well as in the 0.6 — 1.4 V vs RHE window. They demonstrated that adding a
small amount of gold to Pd and forming highly uniform nanoparticle cores made the Pt

monolayer significantly more tolerant to the ORR oxidizing environment.8®

Zou and co-workers studied the structural transformation of carbon-supported ordered and
disordered PtsCr supported on carbon for ORR. They observed an intermetallic nanoparticle
size of about 7.2 nm using TEM and PXRD. Using line scanning EDX they observed that the
Pt-Cr atomic ratio was approximately 3:1. In terms of activity, the Pt3Cr/C intermetallic
nanoparticles exhibited enhanced MA and SA towards ORR better than the Pt/C but slightly
lower than the disordered Pt3Cr alloy nanoparticles. In 5000 durability cycles, in the 0.5 — 1.0
V vs. RHE, 0.1 M HCIO4, nitrogen saturated electrolyte and 50 mVs, the PtsCr intermetallic
nanoparticles displayed negligible decay in MA, however the oxygen reduction reaction mass

activity for the disordered Pt3Cr alloy decreased by about 50%. Much higher durability of the

28



PtsCr intermetallic nanoparticles was attributed to the higher structural and compositional
stabilities of the PtsCr/C intermetallic nanoparticles than that of the disordered Pt3Cr/C alloy

nanoparticles.®’

Takahashi and colleagues examined the durability and activity of carbon-supported Pt in liquid
electrolytes. They optimized their ink formulation using different ratios of isopropy! alcohol
and deionized ultra-pure water. They compared the variations in activity between Pt/C, Pt/C-
HT (heat-treated) and a PtCo/C catalyst. Even though the specific activity of the Pt/C was
higher due to the smaller Pt nanoparticles, they observed higher mass activity and durability
for the heat-treated and the cobalt alloy catalyst. They attributed the higher activity of the
PtCo/C to the negative shift in the d-band vacancy centre for the PtCo/C. This negative shift
was proposed to lead to lower adsorption of both blocking and spectator intermediates. The
observed positive shift in the onset of the oxidation peak of the PtCo/C and Pt/C-HT was

attributed to the low amounts of adsorbed spectator intermediates.®®

Wang and colleagues studied Pt nanoparticle net-like assemblies for ORR activity and
durability. They observed changes in the Pt sizes from 5.3 — 5.9 nm for the net-like assemblies
and corresponding 3.3 — 4.9 nm for the commercial Pt/C which showed superior durability for
the former. The half-wave potential for the PtNNA of 0.912 V vs RHE was higher than the
0.892 V vs RHE and 0.8740 V vs RHE for Pt black and Pt/C respectively. The MA for PtINNA
was 1.5 times and the SA was 2.9 times greater than for the Pt/C, respectively. After 20000
potential cycles in the 0.6 — 1.1 V vs RHE in an acid electrolyte, the PtINNA had a minimal loss
of ECSA of about -9% compared to -37% for Pt black and -47% for Pt/C. They observed that
the netlike feature was preserved after 20 000 cycles and they demonstrated that the control of
the assembling mode of Pt nanoparticles can be a promising route to active and durable

catalysts.%°
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Kibsgaard and co-workers studied Pt thin films for ORR application. The formed double gyroid

Pt (DG-Pt) was observed to exhibit a positive 30 mV shift of the OH adsorption/desorption

peak compared to the commercial Pt/C. The positive shift was attributed to the surface sites of

the DG-Pt not binding to oxygenate and hydroxylate species as strongly as they do on the Pt/C.

They attributed the observed higher durability to the continuous network of the DG-Pt

exhibiting a smaller fraction of under-coordinated Pt atoms at the surface having a surface

structure that is comparable to large nanoparticles rather than to small nanoparticles. As is

known, bigger nanoparticles are less prone to dissolution compared to smaller ones.*

Table 1.5: Unsupported, alloyed, and binary Pt -M (M- metal) catalysts and the explanation of

properties contributing to enhanced activity and durability

Catalyst

Comment/ reason for enhanced activity and

durability

ref

PtmL/PdsAuy/C

Slight contraction of Pt monolayer due to Pd
dissolution, rearrangement of Pt surface atoms
into smoother and highly coordinated surfaces,

sacrificial Pd dissolution leaving Pt rich surface.

86

DG - PtxNi

PtNi thin films with double gyroid morphology,
mesostructured nature of DG-Pt inhibits activity
losses associated with the high fraction of low
coordinated surface atoms present. Sacrificial Ni
dissolution leaving Pt rich surfaces.

90

Pt/CoC

Heat treatment results in less relaxed surface
structure forming °‘skin like’ structures less
prone to dissolution. Heat treatment led to
alloying of Pt and Co and more resistance to

dissolution.

88

Pt1Pd4/C
Pt;Pd,/C

Durability associated with Pd dissolution and

corresponding structure transformation from

83
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Pt1Pd:/C core -shell structure to Pt — Pd alloy with Pt rich

surface.

PtNi nanocages Open cage nanostructure which does not waste | 85
Pt like bulk Pt. High intrinsic activity enabled by
the alloy shift in the d-band centre as well as the
open architecture of cages leading to improved
access to active sites. Nanocage structure

enhanced durability

PtCu NTs Sacrificial Cu dissolution leaving Pt rich surface. | 84
PtCu alloy bulk and Pt enriched surface with
downshifted d band centre position driving

activity and durability

Pt NNA High specific surface area, controlled assembly | 89

enhanced activity and durability

Pt:Cr/C Higher structural and compositional stabilities | 87
of the intermetallic nanoparticles than that of the

disordered PtsCr/C alloy nanoparticles.

1.5.4: Pt catalysts supported on metal oxides and other supports

Metal oxides have also been studied as Pt supports for ORR activity and durability studies.
Metal oxides have a low electronic conductivity, show poor Pt dispersion and mostly
unfavourable metal-support interactions. However, recently metal oxides have been modified
in synthetic procedures to produce favourable properties and to enhance conductivity and

surface area for better nanoparticle dispersion. See Table 1.6 for some examples.

Wang and co-workers studied Pt supported on carbon nitride modified with silica for ORR.
The Pt/CNx/SiO was synthesized by the calcination of polypyrole coated silica (Ppy/SiO>) at
800°C followed by the deposition of Pt nanoparticles onto the support. They observed ECSA

of 90 m?/g for the Pt/CNx/SiO; and 50 m?/g for a Pt/Vulcan reference. The supports had
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comparable BET surface areas. The MA for Pt/CNx/SiO2 was 2.9 greater than for Pt/C and 2.3
times better than Pt/CNx/C at 0.85V vs RHE. The observed better MA, for Pt/CNx/SiOz than
Pt/C was attributed to the composite nature of the support. The authors proposed that N species
gave a synergistic effect between Pt and the support. They proposed that the silica adsorbed
harmful oxygenate intermediates resulting in the decreased adsorption of hydroxylate groups

on the Pt surface, thereby making Pt more available for ORR which enhanced activity.*

Cheng and colleagues synthesized a robust Pt/ZrC nanocomposite catalyst using atomic layer
deposition (ALD) to improve the strong metal support interactions (SMSI) at the atomic level.
They studied the highly stable ORR electrocatalysts (ALD-Pt/ZrC) and observed atomic-scale
enhancement of metal support interactions (MSI) between Pt and the zirconium carbide (ZrC).
The catalysts were studied for durability in 4000 potential cycles in the 0.6 — 1.2 V vs. RHE at
room temperature. The ALD-Pt/ZrC had a 17% loss in ECSA compared to a -52% loss for
CW-Pt/ZrC and a -78% for the Pt/C. The observed durability trends amounted to a 5-fold and
a 3-fold better durability than found for Pt/C and CW-Pt/ZrC (conventionally synthesized). The
ALD-Pt/ZrC was observed to exhibit higher ORR activity compared to the conventionally
synthesized and the Pt/C commercial catalyst. At 0.9V vs. RHE, the ALD-Pt/ZrC activity was
0.09 Amg?, the CW-Pt/ZrC activity was 0.03 Amg™ and the Pt/C activity was 0.01 Amg™.
After accelerated degradation tests the Pt particle size changed: ALD-Pt/ZrC from 3-5 nm to
3-7 nm, CW-Pt/ZrC from 3-5 nm to 4-12 nm and the Pt/C from 3-5 nm to the 7-25 nm size
range. Using X-ray absorption near-edge spectroscopy (XANES) results, they observed
noticeable changes in the electronic structure of the Pt due to the strong metal-support
interactions with the ZrC support. They attributed the high activity of the ALD catalyst to the
synergistic effects between the Pt and ZrC support. They concluded that better ORR on the

ALD catalyst was due to the impeded migration or dissolution of Pt due to the strong MSI
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while for the Pt/C catalyst, facile dissolution due to the weaker MSlIs was responsible for the

lower ORR activity.%

In a related study, Cheng and colleagues studied an atomic layer deposited metal
oxide/nitrogen-doped graphene hybrid of Pt (Pt/ZrO2/NGNs) for ORR activity and durability.
They compared the composite Pt/ZrO2/NGNs with Pt/NGNSs. The synthesized Pt/ZrO2/NGNs
had a loading of 14 wt% Pt and a Pt particle size of 3 nm whereas the Pt/ZrO> had a Pt particle
size of 3.2 nm and Pt loading of 21 wt%, as confirmed by ICP-OES (inductively coupled
plasma optical emission spectroscopy). The catalysts were applied in the oxygen reduction
reaction and for durability studies. Potential cycling was carried out in 0.5 M H2SO4 saturated
with oxygen in the 0.6-1.2 V vs RHE window. They observed that Pt/ZrO./NGNs were at-least
2.1 and 2.2 times better than Pt/NGNs in terms of methanol oxidation and durability
respectively. The peak currents due to methanol oxidation in the forward scan for the Pt -
ZrO,/NGNs and the Pt/NGNs were 476 and 231 mA.mg™* respectively. Using HRTEM they
observed that the Pt nanoparticles in both supports were located between the grain boundaries
of ZrOz or the NGNs. They proposed that the Pt-metal oxide interaction could promote OH
ions removal on the Pt surface by the ZrO> nanoparticles. They also postulated that the activity
towards methanol oxidation was enhanced by the Pt/ZrO2/NGNs hybrid nanostructure. They
hypothesized that the Pt-ZrO./NGNs hybrid nanostructure promoted the Pt catalyst towards

methanol oxidation in the following reaction sequence

Pt+H,O — Pt—OH+H" +e- (1.8)
ZrOz + HO — ZrO — OH + H* + e- (1.9)
Pt-CO + Pt - OH — 2Pt++ CO2 + H" + e- (1.10)

Pt—CO + ZrO2 -~ OH — Pt + ZrO2 + CO2 + H" + e- (1.11)
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The authors suggested that the surface oxygen of a reducible oxide helped in the oxidation of
the CO on Pt surfaces. Therefore, the enhancement of the Pt-ZrO,/NGNs towards methanol
oxidation is likely to occur at the interface of Pt and ZrO- in reaction (1.4). Durability cycling
over 4000 cycles in the 0.6-1.2 V vs. RHE in oxygen saturated H.SO4 showed that about 24%
of ECSA remained for Pt/NGNSs and 51% for Pt-ZrO2/NGNs respectively. They proposed that
the better durability observed was due to the triple interaction of the Pt-ZrO>-NGNs hybrid

nanostructure.®

Xu and colleagues studied a Pt/CeO,/C catalyst for improved ORR activity and durability.
They synthesized, using a facile one-pot method, the Pt/CeO./C composite catalysts. Using
CeO2 nanoparticles with high Ce* concentration ranging from 30.9% to 50.6% they discovered
that the defective surface preferentially allowed for the nucleation and growth of Pt
nanoparticles. They observed the Pt nanoparticles were preferentially deposited on the CeO
surface thereby increasing the Pt-CeO; interface. The high concentration of oxygen vacancies
on the CeO: surface and the large Pt-CeO: interface led to a favourable Pt-CeO: interaction
and as a result this enhanced the ORR activity and durability. They observed a 50 % increase
of the mass activity from 36.44 mA mg* for Pt/C to 52.09 mA mg* for Pt/CeO,/C containing
20 wt.% CeO>. Due to its enhanced durability, the Pt/CeO,/C composite catalysts containing
10-30 wt.% CeO- lost about 80% ECSA after 10,000 cycles compared to Pt/C which lost 79%

electrochemical surface area after 2000 cycles. %

Mohammed and colleagues studied Pt supported on commercial antimony doped tin oxide
(Pt/Sb-Sn0y), in ORR reactions. Using a facile deposition technique involving the use of metal-
organic deposition of Pt on the supports, they obtained uniform Pt particles in the 2 - 4 nm size.
The observed high electrochemical stability during high-potential cycling was attributed to
potential-dependent in situ conductivity switching of the antimony-doped tin oxide (ATO)
support. They attributed the ORR activity of the Pt/ATO catalysts to a combination of Pt
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particle size effects, ATO support in situ conductivity limitations at PEFC operation potentials,

and metal-support interactions.®

Table 1. 6: Platinum catalysts supported on various metal oxides and other supports

Comment/ reason for enhanced activity and | ref

Catalyst durability

Pt/CNx/SiO2 N species leads to synergistic effect between Pt | 91
and support. SiO; is oxophilic like Ru,
promotes adsorption of harmful oxy species
(intermediates) leading to decreased OH
adsorption on Pt surface -enhanced ORR
activity.

ALD-Pt/ZrC Strong MSI between Pt and ZrC enabled by | 92
atomic layer adsorption (ALD)

Pt-ZrO; Unique triple interaction at the interface of Pt- | 93
ZrO2 -NGNs, synergistic effect, promotion of
ORR by ZrO- on Pt surface

Pt/Ce0,/C High concentration of oxygen vacancies on | 94
CeOg, strong Pt — CeO: interaction due to large
Pt — CeO interface

Pt/Sb-SnO> Potential ~dependent in-situ  conductivity | 95
switching of the ATO (Sb — SnOy) support,
particle size effects, negative MSI enhanced
activity and durability

1.5.5: Metal free ORR catalysts

Metal free ORR electrocatalysts have also been employed in ORR reactions (Table 1.7). These

materials do not use expensive precious metals like Pt and therefore can be cheaper alternatives.
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However, the challenge associated with metal free catalysts is the low activity that they possess.

Numerous studies of ORR activity have been carried out on these materials.

Guo et. al studied the active sites of nitrogen-doped carbon for oxygen reduction reaction
applications using model catalysts. In their study, model well-defined model catalysts such as
highly ordered pyrolytic graphite (HOPG) with well-defined & conjugation and well-controlled
nitrogen doping were studied. Using CO, adsorption experiments they discovered that the
pyridinic nitrogen sites created Lewis base sites on the carbon atoms adjacent to them. They
concluded that the ORR active sites are the carbon atoms adjacent to the pyridinic nitrogen and

not the nitrogen atoms themselves.*

Zhang and colleagues studied highly graphitized nitrogen-doped carbon polyhedral
synthesized from ZIF-8 nanocrystals as efficient ORR catalysts. The formed doped carbon
showed comparable ORR to Pt/C with the 4-electron process being the dominant mechanism
for ORR. The material showed superior methanol tolerance as well as cycling stability in
alkaline media. The optimum activity was attributed to the synergistic contribution of the

abundant active sites with high graphitic nitrogen contribution.®’

Table 1. 7: Metal free ORR catalysts and the possible explanation for the observed activity

Comment/ reason for enhanced activity and | ref

Catalyst durability

N-doped carbon (HOPG) Pyridinic nitrogen created Lewis base sites on | 106
the carbon atoms adjacent to them. ORR active
sites are the carbon atoms adjacent to pyridinic

nitrogen and not other types of nitrogen atoms.
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Nitrogen-doped carbon polyhedra | Activity was attributed to the synergistic | 108
contribution of the abundant active sites with
high graphitic nitrogen contribution

The major challenge with metal free catalysts is their inability in some cases, to attain high
activity and durability comparable to metal loaded catalysts. This has led to the need to
fabricate metal decorated catalysts with good activity, durability, and the accompanied low

cost.%8

1.6: Degradation of fuel cell catalysts.

Fuel cells are an attractive energy conversion system and are poised to overtake gasoline
engines as the choice automobile powering device in the next three decades. However, low
durability of catalysts is proving to be detrimental to the full-scale adoption of these renewable

energy systems.%%-10%

In fuel cell cathodes for ORR, durability decline is normally observed when the
electrochemical surface area (ECSA) decreases due to various catalyst degradation processes.
Degradation of fuel cell catalysts occurs as a result of the electrochemical oxidation of the
carbon supports at potentials above 1.5 V (RHE) as well as dissolution of the Pt catalyst
resulting in its redeposition on bigger Pt clusters (agglomeration) and detachment of Pt due to
the electrochemical oxidation of carbon. Another process which can occur as a result of catalyst
degradation is Ostwald ripening. This process occurs when small Pt clusters migrate and

deposit on bigger Pt clusters.

1.6.1: Carbon support corrosion

Apart from Pt dissolution, carbon support corrosion significantly contributes to catalyst

degradation (Figure 1.7). Carbon is thermodynamically prone to oxidation to carbon dioxide
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(standard potential 0.207 V vs. NHE). The reaction does not readily occur, however, at elevated
temperatures and a potential above 1.5 V vs. RHE this reaction is significant. During start-stop
or load processes in a fuel cell, the cathode potential can reach up to 1.5 V vs. RHE. These are
highly oxidizing potentials and can result in the electrochemical oxidation of the various carbon

supports used for supporting platinum electrocatalysts.

Platinum Dissolution
%w\3D

Ostwald Ripening

Particle Detachment

Agglomeration

Figure 1.7: Schematic illustrations of the proposed mechanisms of degradation of Pt/C

catalysts.%?

Structured carbon supports have been adopted for use as supports for Pt catalysts. These include
mesoporous and graphitized carbon materials such as hollow carbon spheres and carbon nitride.
Graphitized carbons are known to be less prone to electrochemical oxidation as reported in the
literature. %3105 However, they tend to have weak interactions with nanoparticles. This weak
link between the metal nanoparticles can result in easier degradation through detachment and

agglomeration.
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1.6.2: Ostwald Ripening

Ostwald ripening and agglomeration are the two processes that have been proposed to explain
the growth in particle sizes of Pt in fuel cells. Ostwald ripening is a secondary process that
follows the primary process of dissolution. Pt dissolves into solution followed by precipitation
and deposition onto pre-existing Pt particles causing agglomeration and particle growth.
Particle dissolution is more prominent in Pt particles that are less than 2 nm in diameter. High
surface energy particles under 2 nm undergo dissolution and agglomeration to minimise the
surface energy. Ostwald ripening can occur as a result of the dissolution and redeposition of
the Pt (3D ripening). Another form of catalyst Ostwald ripening occurs when the smaller Pt
particles diffuse through the carbon supports to form bigger Pt particles. This is known as 2 D

ri pen I ngl102,106-107

1.6.3: Agglomeration

Agglomeration is another process suggested to occur during the degradation of fuel cell
catalysts. Agglomeration occurs as a result of the migration of Pt particles onto other bound
and supported Pt clusters thereby forming bigger agglomerates. Agglomeration is thought to
be responsible for the coarsening of pre-existing and supported Pt particles. Another process
that is an indicator of existing agglomeration is a phenomenon known as the necking of
adjacent Pt particles. Necking can be explained by the existence of a low diameter bridge
between two or more Pt particles. Shao-Horn and colleagues also showed that a synthesis
procedure alone can also result in necking even in instances where the catalysts were not

subjected to degradation processes.%®
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1.6.4: Particle Detachment

Detachment occurs when the interaction between the Pt and the support decreases. This process
occurs as a result of the weakening of a metal to support interaction (MSI). The precursor to Pt
particle detachment is usually corrosion of the carbon support. Detachment and agglomeration
occur in parallel as these processes are related. To enhance tethering and better anchoring of
the Pt on the supports, heteroatom doping of a carbon support with nitrogen has been studied

to enhance durability. 109110

The degradation by electrochemical oxidation of Pt loaded carbons can be decreased by using

highly graphitized and low BET surface area carbon supports.'®

1.7: Carbon supports in catalysis

Carbon materials have been used extensively as metal catalyst supports in catalysis. This is
because of the versatility of the carbon and the properties the carbon exhibits. Carbon exists in
many forms and many of these have been applied in catalysis either as supports or the carbon
being the catalyst itself. Among the many carbon materials that have been documented in
catalysis are carbon nanotubes (CNTs), carbon nanofibers (CNFs), graphene, reduced graphene
oxide (RGO), graphite, solid carbon spheres, onion like carbon materials (OLC), hollow carbon
spheres (HCSs), activated carbon (AC), diamond and amorphous carbon among many others
(Figure 1.8 for some examples). Also, the boron doped, and nitrogen doped counterparts of
these carbon materials have also been applied in catalysis with difference in results based on

their properties.

The properties of carbon that makes it attractive in catalysis is its high surface area, continuous
network of meso and micropores, high thermal stability, the ability to be tailored into various
shapes and its stability in acid or alkaline media. The extent of graphitization can also be

tailored by annealing the carbon material in inert gases like nitrogen or argon. Carbon materials
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can also be post-functionalized using acids for enhanced surface properties. Solutions of nitric
and sulfuric acid have been used to post functionalize carbon nanotubes for better

applicability.!t?

Nitrogen and boron doping of carbon supports has also been done to enhance properties. For
example, through Raman spectroscopy studies, nitrogen doping has been proven to introduce
defects in the structure of the carbon.!!31%° Highly defective carbons have been shown to have
better carbon to metal interactions which enhances the activity of catalysts or their durability
or both. Also, nitrogen doping has been shown to introduce favourable surface properties that

affects the nucleation and growth of metal nanoparticles during deposition of the catalysts.1!

High thermal stability is essential in catalysis where reactor temperatures reach beyond 200°C.
Carbon materials have been shown to be thermally stable up to around 700 °C in inert

environments making them useful in these systems. "8

Figure 1.8: SEM images of some of the carbon materials that have been used in catalysis either
as supports or as catalysts themselves: (a) carbon nanotubes, (b) carbon nanofibers, (c) solid
carbon spheres and (d) graphene sheets, 119122
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1.8: Hollow Carbon Spheres

Of all the carbon morphologies used up to date in catalysis, the spherical carbon materials have
shown some novel advantages.!'’'? The spherical morphology is favourable as it has an
inherent higher surface area per unit volume compared to other morphologies. Coupled with
an intrinsic high BET surface area when associated with the presence of an array of pores and
defects, these materials can be applied in a range of suitable applications. Spherical carbons
like solid carbon spheres, HCSs and NHCSs have seen widespread application in a wide range
of catalytic processes including Fischer-Tropsch synthesis, fuel cell oxygen reduction reaction,

lithium ion batteries and in solar cells,116:117.124.125

Hollow carbon spheres shells can be fine-tuned to modify their specific porosity and thermal
stability. The hollow carbon spheres have also been exploited as nano-reactors due to their
spherical nature and the presence of a hollow core.!'® Metal nanoparticles have been
encapsulated inside the HCS to minimise loss of surface area due to agglomeration.*?* They
have also been used to study spill over effects. In a study by Phaahlamohlaka and colleagues,
cobalt nanoparticles were encapsulated inside the HCSs and used to differentiate primary from

secondary spill over reactions.'?3

Depending on the target catalyst, metal nanoparticles can be deposited inside the pores of HCSs
(pore confinement)*?®, on the outside of the shells, or the metal nanoparticles can be deposited
inside the HCS shell (encapsulation) to yield a catalyst system that best suits the target
reactions. The porous carbon shell can be tuned to a specific thickness, porosity, pore size and
its extent of graphitization can be tailored to suit the desired catalytic and stability properties

of choice.
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1.8.1: Hollow carbon spheres in catalysis

Due to the favourable properties and ease of synthesis, the use of HCSs has been widespread
in catalysis. Among many other applications, Shi and colleagues studied copper nanoparticles
encapsulated inside HCSs (Cu@HCS) for methanol oxidative carbonylation reactions (Fig
1.11). They optimised the catalytic performance by fine tuning of the structure of the support
core and the shell thickness. Using a hard silica template, they formed HCSs with an average
diameter of 190 nm and an average shell thickness of 15 nm. The size of the Cu nanoparticles
was optimized through the control of the parameters for the hydrothermal impregnation and

hydrogen reduction processes.

Et/H20 Calcination
Slllca sphere ees——)
Alkalme HF etching
RF resin
Cu? Hydrothermal

impregnation

Figure 1.9: Schematic illustration of the encapsulation of Cu inside HCSs to form Cu@HCS.1%

They discovered that the thin HCS carbon shell was beneficial for the diffusion of reactants
and products and that the small copper nanoparticles in the Cu@HCS provided a large active
specific surface area and superior activity compared to a commercial CuCl catalyst. The
turnover frequency and activation energy reached 23.1 h™*and 20.5 kJ-molrespectively. They

also observed that the CU@HCS catalyst exhibited higher stability than that of CuCl due to the
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carbon shell preventing the aggregation and leaching of copper nanoparticles during the

reaction.?8

Kang and colleagues studied gold nanoparticles supported on mesoporous HCSs for acetylene
hydrochlorination. They prepared the mesoporous HCSs using silica spheres followed by the
sodium borohydride assisted deposition of gold nanoparticles on the surface of the HCSs. TEM
images confirmed that the Au nanoparticles were smaller on the HCSs supports compared to
the activated carbon (AC) support. The Au/HCS catalyst displayed superior catalytic activity
and stability for acetylene hydrochlorination. The catalytic conversion of acetylene by Au/HCS
was maintained above 92% for durations above 500 h. They attributed the superior catalytic
activity of Au/HCS to the reduced aggregation of the gold catalyst due to its interaction with

the HCS support.*?’

Liu and colleagues studied discrete and highly dispersible hollow carbon spheres (HCSs)
prepared by a confined space pyrolysis method. In the method, polystyrene particles were
coated with a phenol-formaldehyde polymer inner shell and a silica outer shell. The
monodisperse HCSs were obtained after the pyrolysis of the spherical composite followed by
the elimination of the outer silica shell. They prepared the PtRu/HCS catalysts using the sodium
borohydride assisted impregnation method. Well-dispersed PtRu nanoparticles with a narrow
particle size distribution were observed and their size depended on the total metal loadings.
They investigated the oxidation of methanol on the supported catalysts using electrochemical
impedance spectroscopy, chronoamperometry, and cyclic voltammetry. The results showed
that the catalyst with PtRu loading of 15.75 wt% possessed the highest catalytic activity, higher
than the other PtRu catalyst studied. They attributed the improved electrocatalytic activity to

the high dispersion of the PtRu nanoparticles on the HCSs.1%8
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1.9: Templating

The use of hard templates is essential for the synthesis of spherical and hollow carbon materials.
Templates acts as moulds on which the shell materials are deposited. One of the properties of
the hard templates is the ability to be synthesized to a size specific to the properties of the
carbon to be synthesized. The templates are typically removed after synthesis using mild
conditions with minimal damage to the carbon shell. Among the favourable templates used for
the synthesis of hollow carbon spheres are silica and polystyrene. Silica can be etched out using
a low concentration of sodium hydroxide or 10% hydrofluoric acid (HF). Polystyrene can be
removed by heating in a furnace at temperatures between 300 - 400 °C. Some examples of the

use of polystyrene spheres as templates for the formation of HCSs and NHCSs are given below.

Dai and colleagues prepared hollow carbon spheres from the pyrolysis of a composite of
sulfonated polystyrene spheres (d = 200 nm) and polyaniline (Figure 1.10). After pyrolysis at
800°C for 3 h, they formed HCSs with an average diameter of 205 nm and carbon shell
thickness of 35 nm. They also found that the HCSs maintained the spherical shape for the thick
carbon shells and for the thinner carbon shells, the HCSs were mostly collapsed. From the XRD
diffractograms of the HCSs, they observed two distinct diffraction peaks found at 26 of
24.5°and 44.8° which were indexed for the graphitic (002) and (101) planes respectively. They
attributed the peak broadening of the diffractograms to the low extent of graphitization of the

HCSs.

Hassan and colleagues synthesized nitrogen doped HCSs from the pyrolysis at 500°C for 2 h
in nitrogen of a composite of polystyrene spheres (d ~ 450 nm) and polymerized polypyrrole
and polyaniline. The formed NHCSs had a carbon shell thickness of about 35 nm and BET
surface area above 330 m2.g™t The materials were applied as supercapacitors and ORR catalysts.

The formed NHCSs exhibited specific capacitance of294.9 F. g'lat a 5 mVs™ with good cycling
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stability of 95% after 5000 cycles at 0.5 A g*. The materials also showed enhanced ORR
activity with an onset potential of 0.83 V vs. RHE at 1600 rpm coupled with a favourable four-
electron pathway in an alkaline medium. They attributed the enhanced electrocatalytic
performances to the hollow porous morphology and to the presence significant amounts of

pyrrolic and pyridinic nitrogen.*

O,H-
0 Polymerization. . H, SO, O,H*
Sulfonation O H-
Styrene PS core
monomer

Aniline, APS
Polymerization

800 °C.,3 h

Carbonization

Hollow carbon sphere PS/PANI corelshell polymer

Figure 1.10: Schematic of the formation of HCSs from polystyrene.!?

Hu and colleagues prepared Pd particles supported on high surface area HCSs (Pd/HCSs) for
direct alcohol fuel cell catalysis. The HCSs (d ~ 1.5 pum, carbon shell thickness ~ 150 nm and
BET surface area 1249.3 m?.g™!) were prepared by the hydrothermal coating and carbonization
of a glucose and polystyrene composite in the presence of poly(ethylene glycol)-block-
poly(propylene glycol)-block-poly(ethylene glycol) at 180 °C for 12 h followed by microwave
treatment which resulted in the removal of the polystyrene template. They formed the Pd/HCS
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and Pd/C electrocatalysts by the microwave aided formic acid reduction of a palladium
precursor salt. They attributed the higher catalytic activity to the high electrochemical active

surface area due to the hollow carbon structure with open micropores and nanochannels.*3!

Silica spheres have been in widespread use ever since LaMer and subsequently, Stober
developed models to explain their growth mechanism.t®2133 Porous silica particles have been
applied as adsorbents in waste treatment, as drug delivery agents, and importantly for this
thesis, as templates for the synthesis of shaped carbon materials. Silica spheres of various size
can be synthesized from the hydrolysis and condensation of tetraethyl orthosilicate in the
presence of ethanol, deionized water, and ammonia solution. The formed colloids are then
centrifuged, washed in a water-ethanol solution followed by drying. Silica spheres have been
used by many researchers as hard templates for the formation of HCSs with varying porosities
and BET surface areas. The advantage of using silica templates is that the resulting shape of
the formed hollow carbon spheres is predetermined depending on the shape and size of
templates used. Silica spheres have been extensively used as templates for the synthesis of

shaped carbon materials. Some examples follow.

In one study, Buchel and co-workers synthesized modified sub-micrometre size solid core
mesoporous shell silica spheres. To modify the solid core silica sphere, they used C1sTMS
(octadeclytrimethoxysilane) with TEOS (tetraethyl orthosilicate) in a 4.7:1 TEOS/C1sTMS
molar ratio. They formed mesoporous silica spheres with a pore width of 3.8 nm, pore volume

of 0.43 cm®.g! and a BET surface area of 348 m2.g%, 134

Su and co-workers synthesized hollow carbon spheres of a controlled shell thickness using
benzene vapor as a carbon source. To synthesize nitrogen-doped hollow carbon spheres, they
bubbled the carrier gas, nitrogen, through acetonitrile. They controlled the extent of the

graphitization of the formed HCSs by increasing the duration of the chemical vapor deposition
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(CVD) process. The shell thickness of the hollow carbon spheres was controlled by the duration
in the CVD furnace. In their application of the materials as lithium-ion batteries anodes, they

discovered that cyclability as an anode was improved after nitrogen doping.*®®

Chen and colleagues synthesized thin-walled, mesoporous and nitrogen-doped hollow carbon
spheres using ionic liquids as precursors (Figure 1.11 and Figure 1.12). They used a simple
silica template followed by impregnation with an ionic liquid ([CnMim]Br, n = 4, 8, 12, and
16; 1-alkyl-3-methylimidazolium bromide) as the precursor for the synthesis of NHCSs. The
negatively charged surface of the silica particles induced the assembly of cationic [ChMim]+.
This was subsequently followed by carbonization at 800 °C thereby converting the ionic liquid
into the nitrogen doped carbon as the shell covering the silica spheres. The NHCS were
obtained after etching out the silica using HF solution. The hollow spheres had a uniform wall
thickness, which could be altered by controlling the synthesis parameters such as type of ionic
liquid and the molar ratio of the ionic liquid to silica spheres. The thin shell NHCSs were

mesoporous with BET surface areas ranging from 66 — 210 m?/g.13®

Using silica templates, NHCSs with tuneable porosity have also been synthesized. Tang and
colleagues synthesized mesoporous (pores ~ 20 nm) nitrogen-doped hollow carbon spheres
using diblock copolymer micelles as a pore forming agent. They used colloidal silica (hard
template) and the block copolymer PS-b-PEO as templates and dopamine as carbon precursor.
They carbonized the composite at 800 °C under nitrogen and the silica template was removed
using HF. They formed NHCSs with an average diameter of 350 nm and shell thickness

between 17 — 50 nm depending on the synthesis conditions (Fig 1.13 and Fig 1.14).%%'
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Figure 1.11: Schematic illustration of the formation of NHCSs using silica and ionic liquids.**

Figure 1.12: SEM and TEM images of NHCS synthesized using different ratios of silica and

ionic liquid [C1sMim]Br (a - c) 1
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Using mesoporous silica spheres as templates, Li and co-workers encapsulated germanium
nanoparticles inside mesoporous HCSs for lithium-ion batteries applications. To form the
Ge@HCS, they used a mesoporous silica template, CTAB, and resorcinol-formaldehyde to
form a coat of carbon precursor around the silica. The formed Ge@HCS had a specific

capacitance of 773 mA.h g** which was higher than the Ge/C benchmark catalyst.*?*

Dlamini and co-workers used silica templates to synthesize Fischer-Tropsch catalysts using
porous HCS and NHCS supports. NHCSs synthesized at 600 °C had a higher nitrogen content
compared to those synthesized at 900 °C. The 600 °C catalyst had a higher BET surface area
of 510 m2.g"t compared to 440 m2.g™* for the 900 C catalyst. All the catalysts had CO conversion

between 35-50% and were highly selective towards Cs. hydrocarbons in the 50 — 60% range. !’

1.9.1: Broken HCSs or hemispherical carbon spheres

Carbon with hemispherical morphology has also been used as catalysts or as catalyst support
in several studies. For example, Yan and colleagues prepared hollow carbon hemispheres
(HCHs) using glucose as a carbon source and polystyrene spheres as a template and supported
palladium nanoparticles for fuel cell alcohol oxidation studies. The glucose precursor and
polystyrene template composite was hydrothermal and microwave treatment at 160 °C for 15
h followed by carbonization at 900 °C for 3 h in nitrogen to yield the HCSs as shown in Figure

1.16.

| hydrothermal | IMH & carbonization
— —
PS/glucose PS wrapped Hollow carbon
solution by glucose hemisphere

Figure 1.15: Schematic illustration of the synthesis procedure of the HCHs.!3®
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The Pd supported catalysts were prepared by the microwave assisted reduction of the composite
of a Pd precursor salt and the carbon in the presence of ethylene glycol. The hollow carbon

hemispheres (HCHs) prepared with different starting materials are shown in figure 1.16.

Figure 1.16: SEM micrograms of the HCHs with the mass ratios of PSs to glucose were (a)
1:4, (b) 1:3, (c) 1:2 and (d) 1:1.1%®

They observed a 2.8-times higher electrocatalytic activity in methanol oxidation than the
commercial Pd supported on Vulcan XC-72 carbon catalyst with similar Pd loadings. The
enhanced activity was attributed to the high surface area of the HCHs which improved the

dispersion of the Pd nanoparticles. They further postulated that the hemispherical morphology
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with a hollow shell was responsible for improved mass transfer of the concentrated ethanol

solution resulting in increased energy density.*3®

Liu and colleagues synthesized hollow carbon hemispheres (Figure 1.18) as support material
for platinum nanoparticle catalyst for methanol electro-oxidation studies. For the synthesis of
the HCHs, polystyrene spheres were sulfonated in concentrated sulfuric acid followed by the
in-situ polymerization of phenol-formaldehyde (PF) covering the polystyrene spheres (Figure
1.18). The PF/PS composite was then carbonized in argon at 900 °C resulting in the formation
of the HCHSs and the removal of the template. Pt nanoparticles were deposited by the reduction

of chloroplatinic acid in ethylene glycol at 130°C.

H SO,

“50,"H' lAbsorbing

Resolype phenol

~fo rmal;lehyde resin
z
=
; 2
Calcined at e
900 C in argon O

S —

5 e Tl P
v

HCSs

PF/PS
composite spheres

Figure 1.17 : Schematic of the preparation of hollow carbon hemispheres (HCHS).13®
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Figure 1.18: SEM images of hollow hemispherical carbon

The Pt/HCHs exhibited enhanced methanol electro-oxidation activity as proved by the early
onset potential, current density and stability in alkaline solution compared with carbon black

supported Pt catalyst.

From the above review, the synthesis of various carbon supports using either modified Stober
silica spheres or polystyrene spheres has been an important area of study over many decades
by many researchers. As new synthesis strategies and techniques become available to make
and evaluate Pt- structured carbon materials, new studies will generate new information on

their use in the ORR and other reactions. This rationale provided the basis for this thesis.

1.10: Aims of the study

e To synthesize structured carbon materials in the form of hollow carbon spheres (HCSs)
and nitrogen-doped hollow carbon spheres (NHCSs). These materials were to be made
in the diameter range of 200 < d <500 nm and possessing a mesoporous shell thickness
in the range of 5 — 30 nm.

e Tosynthesize small broken hollow carbon spheres (BHCSs) and nitrogen-doped broken
hollow carbon spheres (BNHCSs). These materials were to be in the 40 < d < 100 nm

range with a mesoporous shell thickness range of 2 — 20 nm.
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To synthesize and deposit platinum (Pt) nanoparticles with a small diameter (~ 3 nm)
on top and inside the mesopores of the supports thereby forming the following catalyst
systems, Pt/HCSs, Pt/NHCSs, Pt/BHCSs, and Pt/NHCSs. The aim was to achieve
loadings of 40 wt.% Pt/C.

To apply the formed catalysts in fuel cell oxygen reduction reactions and to determine
mass activity (MA), specific activity (SA) and durability data. The data were to be
compared with a commercial benchmark 40 wt.% catalyst from Johnson and Matthey
(Hispec) or Tanaka Kikinzoku Kogyo (TKK).

To modify the observed MA, SA, and durability of the formed catalysts by synthesis
procedures and to evaluate these parameters on the MA, SA, and durability of the
catalysts.

To characterize the new Pt/C catalysts by a range of classical techniques.

To study and understand the correlation between the structure of the catalysts and its
durability and activity.

To derive synthetic strategies to improve the catalyst system for upscaling and testing

in a real fuel cell system.

To achieve these aims the synthesis of mesoporous, thin shell, porous, and high surface area

HCSs, NHCSs, BHCSs and BNHCSs supports for Pt nanoparticles for fuel cell cathode

applications was undertaken. It was expected that a high extent of graphitization of the carbon

shell would be needed since previous studies have shown that highly ordered and graphitic

carbon supports were highly resistant to electrochemical oxidation during the stop/start or load

cycling of a fuel cell. To achieve high graphitization, the use of thin shell HCSs and NHCSs in

the 5 — 30 nm size range were to be made. It was expected that nitrogen doping would enhance

electrochemical activity through improving metal support interaction as well as promoting high
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support utilization by the Pt nanoparticles. A balance between high graphitization and defects
was required since defect rich support materials have been shown to possess good metal—

support interactions.%3140

The Pt nanoparticles were also deposited on the surface outside of the supports instead of being
encapsulated inside the HCSs. This was because electro-catalysis is a surface process and
reagents need to have enhanced mass transport with unrestricted access to the catalyst surface

and swift product removal from the surface of the catalysts for a continuous process.

Initially it was intended to synthesize small HCSs and small NHCSs. However, small broken
bowl-like hollow carbon spheres (BHCSs) were instead synthesized, due to aggregation of the
small silica templates. There are no literature reports on the study and use of these small
materials (BHCSSs) or their N doped equivalents (BNHCSSs) in Pt based hydrogen fuel cell ORR

catalysis, and they were thus studied to evaluate their interaction between the Pt and the shells.

Would these new supports enhance catalytic activity and durability? The small broken bowl-
like hollow carbon spheres would enable the deposition of Pt on both the inside and outside of
the HCS shell (as shown in figure 1.19 schematic). This would enable a higher Pt density per
unit mass of support and enhanced confinement on both sides of the support shell such that the

challenge of inferior durability encountered with other carbon supports could be resolved.

Figure 1.19: Schematic showing Pt (grey octahedra) deposited both sides of a
(BHCSs/BNHCSSs) shell (black region) with high support utilization.

These supports (BHCSs/BNHCSs) have a higher spherical surface area compared to the larger

spheres and as a result, it was expected that a better dispersion of Pt would occur on these
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supports. Further, the thinner shells should show enhanced graphitization and better durability

when compared to thicker amorphous shells.

1.11: Objectives of the Study

The objectives of this study were:

To synthesize various size silica templates for use in forming the catalyst supports.

To synthesize a resorcinol-formaldehyde (RF) resin to cover the silica spheres,
SiO2@RF.

To carbonize the SiO2@RF at high temperature forming SiO.@C.

To etch the silica using hydrofluoric acid solution to form the HCSs.

To anneal the HCS material at high temperatures to enhance its physico-chemical
properties.

To use ex-situ doping technique to synthesize nitrogen-doped hollow carbon spheres
(NHCSs) using the SiO2@RF and a nitrogen rich source.

To synthesize small SiO, spheres (40 < d < 100 nm) and use them as templates for
making small broken hollow carbon spheres (BHCSS).

To nitrogen dope the BHCSs to form BNHCSs.

To use a porogen surfactant to enhance the formation of pores in the support (HCSs,
NHCSs, BHCSs, and BNHCSS) shell.

To deposit Pt on the supports using a reliable and reproducible metal-organic deposition
technique in use at HySA catalysis at the University of Cape Town.

To characterize the samples to evaluate structure to function relationships. This
involved the use of transmission electron microscopy (TEM), scanning electron
microscopy (SEM), scanning tunnelling electron microscopy (STEM), Raman

spectroscopy, Brunaeur - Emmett — Teller (BET) and Barrett -Joyner - Halenda (BJH)
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surface area and porosity measurements, thermogravimetric analysis (TGA), powder
X-ray diffraction (PXRD) and X-ray photoelectron spectroscopy (XPS).

e To carry out electrochemical characterization procedures to evaluate the
electrochemical active surface area (ECSA), mass specific activity (MA), surface area
specific activity (SA) and durability studies using a three-electrode cell setup that
mimics a PEMFC electrode.

e To improve the catalysts based on the observed values obtained for MA, SA, ECSA,
and durability studies.

e To upscale the improved catalysts for testing in a real fuel cell system.

e To make available new knowledge for HySA Catalysis for technology uptake.

1.12: Thesis Outline

Chapter 1

This provides background to the study. Introduces fuel cells and various factors affecting
activity and durability. Discusses in brief the concept of templating as a route to structured

carbon supports in electrocatalysis.

Chapter 2

Discusses the experimental procedures used in the synthesis and provides background
information on the physicochemical characterization techniques used for the materials under

study.

Chapter 3

Discusses the synthesis of various sizes of silica templates. Evaluated parameters that

influenced the size and possible growth models.
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Chapter 4

Discusses the use of large silica spheres and the subsequent synthesis of large hollow carbon
spheres and nitrogen-doped hollow carbon spheres (HCSs and NHCSs). Additionally, the
deposition of platinum nanoparticles to form Pt/HCSs and Pt/NHCSs and the physicochemical

characterization of these materials was also discussed in detail.

Chapter 5

Discusses the use of small silica spheres as templates for the synthesis of broken bowl like
hollow carbon spheres (BHCSs) and the nitrogen-doped broken bowl-like hollow carbon
spheres (BNHCSs). Furthermore, the subsequent deposition of platinum nanoparticles to form
Pt/BHCSs and Pt/BNHCSs and the physicochemical characterization of these materials was

also discussed.

Chapter 6

Discusses the electrochemical characterization of the catalysts (Pt/HCSs, Pt/NHCSs,
Pt/BHCSs and Pt/BNHCSs and the commercial benchmark catalyst Pt/Vulcan) in oxygen
reduction reactions. Discusses the link between the physicochemical properties of the materials

and the observed activity and durability of the catalysts.

Chapter 7

Discusses the preparation of Pt/HCSs and Pt/NHCSs using the ethanol reflux of a Pt precursor
and the subsequent electrochemical characterization through ECSA, MA, SA and durability
studies. This chapter provides comparison between Pt prepared via the metal-organic

deposition technique and the Pt prepared alternatively.
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Chapter 8

Discusses the general conclusions drawn from the work and the outlook.
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Chapter 2

Experimental procedures for the synthesis
and characterization of the carbon supports

and the Pt/carbon catalysts

2.1: Summary of Chapter Content

Various synthesis techniques were used to produce large and small spherical silica particles.
The method developed by Stober and colleagues was modified in order to produce
monodisperse silica particles with low surface area by extensive cross linking of the silica
reactants used to make the spheres. To obtain small silica particles, dilute reagents were used.
However, the concentration of reagents had to be optimum to ensure formation of spherical

particles.

HCSs and NHCSs were synthesized using the hard-templating method whereby the large silica
was used as sacrificial templates. Among the many carbon coating methods, the resorcinol —
formaldehyde coating process was preferred for use in this study due to its simplicity and the
high quality of HCSs produced. NHCSs were synthesized using a simple post synthesis doping

method using a nitrogen rich precursor, melamine.

Similar methodology was used for the formation of the hemispherical broken bowl-like hollow

carbon spheres (BHCSs) and broken nitrogen doped bowl-like hollow carbon spheres
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(BNHCSs). The spherical carbon and hemispherical carbon support synthesized were used as

supports for Pt using a simple deposition method called metal-organic deposition.

The physico-chemical properties of the catalysts were evaluated using transmission electron
microscopy (TEM), scanning electron microscopy (SEM), dark field scanning tunneling
electron microscopy (DF-STEM), thermogravimetric analysis (TGA), nitrogen gas
physisorption (BET), powder X-ray diffraction (PXRD), X-ray photo-electron spectroscopy
(XPS) and Raman spectroscopy. The electrochemical activity and durability of the Pt-carbon
materials were evaluated using cyclic voltammetry and linear sweep voltammetry using a glass

cell and a three electrodes setup.

2.2: Synthesis of large silica templates

All the silica spheres were synthesized according to a method reported by Stober and
colleagues.! Silica powders were formed by the hydrolysis and condensation of alkyl-
alkoxides. The reagents for the hydrolysis and condensation reactions were ethanol (EtOH,
Sigma Aldrich, 99.99%), deionized water (DIW) and tetraethyl-orthosilicate (Sigma Aldrich,
98%). Ammonia (NH4OH, Fluka, 25%) was required for the control of spherical morphology

and to facilitate hydrolysis and condensation.?3

To synthesize less porous and large SiOz spherical particles, the solvent EtOH (390 mL) was
mixed with DIW (50 mL) in a round bottom flask (1 L) mounted on a magnetic stirrer. The
TEOS (50 mL) was added ‘all at once’ followed by stirring for 30 minutes for thorough mixing.
To the above mixture was added 25% NH4OH (30 mL) followed by sealing of the round bottom

flask with three layers of parafilm to prevent any evaporation of the NHsOH solution.

The solution was stirred vigorously for 6 h whereby the solution changed from an off-white
color to a deep white color of suspended silica colloids. After 6 h the silica was centrifuged at
18 000 rpm for a total of 30 minutes. The silica was washed with 200 mL of a solution of
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ethanol and water, 50:50 vol.% followed by a DIW wash and centrifugation. The silica powder
was dried in an oven at 100°C overnight followed by calcination at 500°C in an oven. The
white silica powders were weighed amounting to 22.6 g, equivalent to a 68% yield. The silica
powders were characterized using SEM for morphology determination and particle size
distribution. Also, the silica was characterized by BET analysis for the determination of textual

properties.

2.3: Synthesis of small silica templates

In a typical synthesis, EtOH (1.2 L) was mixed with TEOS (50 mL) and DIW (50 mL) and
allowed to stir on a magnetic stirrer for 30 minutes. After thorough mixing, to this solution was
added 25% ammonia solution catalyst (30 mL) followed by stirring for 6 h. The reaction vessel
was sealed with parafilm to prevent the room temperature evaporation of ammonia solution.
The solution changed from an off-white to a deep white color as the yield of the formed silica
product increased. The silica particles were separated from solution by centrifugation at 18 000
rpm. The silica was further washed with 200 mL of a 50:50 vol% EtOH/DIW solution and
centrifugation at the same rpm. The silica was further washed with 100 mL of DIW and allowed
to dry in an oven at 100°C overnight. The silica was placed in a ceramic crucible and calcined
at 500°C in air in an oven for 5 h. The white silica powder yield was 8.5 g amounting to 60 %
product yield. The silica particles were characterized using SEM for the calculation of particle

size distribution and BET for textual properties.

2.4: Synthesis of hollow carbon spheres (HCSs)

HCSs were synthesized using the resin polymerization method using resorcinol-formaldehyde.
The method was adopted due to its ease of application as well as the ability to fine tune the

product properties.*
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In a typical synthesis 3 g of finely ground silica particles were placed in a 1 L round bottom
flask mounted in a sonicator followed by the addition of a solution of absolute EtOH (210 mL)
and DIW (45 mL). The silica was thoroughly dispersed in solution by sonication for 10 min
followed by the addition a solution of resorcinol (1 g) (Sigma Aldrich) plus 1 mL of
formaldehyde (Sigma Aldrich, 37%) and subsequent sonication for 10 minutes. Cetyl
trimethylammonium bromide (CTAB; 2 g) (Sigma Aldrich), a surfactant and porogen was
added to the mixture plus 25% ammonia solution (10 mL). The reaction vessel was sealed using
3 layers of parafilm followed by sonication for another 30 minutes whereupon the temperature
of the sonication bath was increased from room temperature to ca. 50°C. During this time the
reactor contents changed from white to pale brown due to the formation of the resorcinol-
formaldehyde (RF) resin that covered each silica particle. The reactor was placed on a magnetic
stirrer for 24 h at room temperature whereby the color intensity of the reactor contents
intensified from light brown to deep brown as the concentration of the SiO,@RF product

increased.

After 24 h the SiO>@RF was filtered under vacuum with frequent washing with DIW (200 ml)
followed by drying at 100°C in an oven for 4 h. The brown SiO2@RF powders were placed in
a quartz boat in a tubular furnace set at 900°C and a nitrogen flow rate of 50 ml.min. The
tubular furnace was ramped at a heating rate of 10°C.min for 90 minutes followed by holding
it at 900°C for another 2 h. The furnace cooled naturally overnight. The carbon soot was etched
with 200 mL of a 10% hydrofluoric acid (HF) (Sigma Aldrich, 48%) solution placed in a
designated fume-hood for 24 h without stirring to avoid breakage of the HCS shells. The
formed HCSs were filtered and washed 5 times with 2 L of DIW to remove the excess HF and
other impurities. The HCSs were dried in an oven at 100°C overnight followed by annealing
in a tubular furnace (Figure 2.1) at 900°C for 2 h. For annealing, the furnace was ramped at a

heating rate of 10°C.min! for 90 minutes until it had reached 900 °C. The furnace was held at
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900°C for a further 120 minutes and cooled to room temperature naturally overnight. A yield
of 230 mg HCSs was obtained amounting to a yield of 78% based on the amount of resorcinol

used.

2.5: Synthesis of nitrogen doped hollow carbon spheres (NHCSs)

SIO,@RF (2 g) was mixed with melamine (2 g) (Sigma Aldrich) followed by dry sonication
for 30 minutes. The dry powder mixture of melamine and SiO.@RF was annealed at 900°C
for 120 minutes. The furnace was ramped at a heating rate of 2.5°C/min for 6 h followed by a
120 minutes hold at the same temperature. The furnace was cooled naturally overnight
followed by removal of the silica by etching of the formed nitrogen doped carbon shell. The
material was etched in a 10% HF solution for 24 h. The NHCSs were filtered under vacuum
and washed with 2 L of DI to remove contaminants and reagents. The NHCSs were dried in an
oven set at 80 °C for 2 h and weighed. The yield of the formed NHCs was 280 mg amounting
to 73% yield based on the amount of resorcinol used. The NHCSs were annealed in a similar

manner as performed for the HCSs.®

2.6: Synthesis of Pt/HCSs - metal organic deposition route

The supports were loaded with Pt nanoparticles of a nominal 40 wt.% Pt/HCSs and 40 wt.%
Pt/NHCSs. Pt was loaded onto the supports according to a metal-organic deposition technique.
® In a typical synthesis, 100 mg of HCSs or NHCSs were mixed with 200 mg of platinum
acetylacetonate (Pt(acac)z, Sigma Aldrich, 97%) and dry sonicated for 30 minutes to allow for
homogeneous mixing. During the sonication period, some of the Pt(acac). penetrated the pore

system of the supports and becomes lodged therein.

The Pt precursor-support mixture was loaded into a steel cylindrical reactor (Figure 2.1)

followed by sealing both ends and connection to an argon line. The cylindrical reactor loaded
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with the mixture was placed in a tubular furnace (Figure 2.1) and the reaction was allowed to
proceed. The furnace was ramped at a heating rate of 2.5 °C.min* until it reached 100°C
followed by a 30 min hold at the same temperature to drive off moisture. The furnace was
further ramped up at 2.5 °C/min until it reached 350°C followed by a 120 min hold at the same

temperature.

Argon gas was flowed through the cylindrical reactor at a flow rate of 50 ml.min* for the
duration of the reaction. The furnace was cooled naturally overnight. The formed Pt/HCSs was
weighed (155.8 mg) catalyst amounting to 93% yield. The 7% loss was attributed to losses due

to sample transfer and weighing.

2.7: Synthesis of Pt/NHCSs - metal organic deposition route

The synthesis of the Pt/NHCSs used the same synthesis process as that used to make Pt/HCSs.’
In a typical synthesis, 150 mg of Pt(acac). was mixed in a borosilicate vial and dry sonicated
with 100 mg of NHCS. The mixture was sonicated for 30 minutes followed by loading into a
cylindrical steel reactor. The reactor was attached to an argon gas line and loaded into a tubular
furnace. The furnace was ramped at 2.5 °C.min until it reached 100 °C followed by a 30 min
hold at the same temperature to drive off moisture. The furnace was further ramped up at 2.5°C.
mint until it reached 350 °C followed by a 120 min hold at the same temperature. The furnace
and reactor were allowed to cool to room temperature overnight. The Pt/NHCSs sample was

weighed (150.3 mg) amounting to 90 % vyield.

2.8: Synthesis of Pt/HCS and Pt/NHCS - the ethanol reflux route

Typically, 100 mg of HCSs or NHCSs are dispersed in 200 mL of ethanol in a round bottom
flask. To this solution was added 135 mg of Pt(acac). and the mixture was sonicated for 30 min

to allow for thorough mixing. Meanwhile, under reflux, the round bottom flask was mounted
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in an oil bath heater and the reaction was ramped to 100 °C and kept isothermal for 30 min to
allow for the removal of moisture from the reaction. The oil bath temperature was increased to
250 °C at a heating rate of 5°C/min and kept isothermal for 1 h. The reaction was allowed to
cool to room temperature, the products filtered under vacuum and washed with 500 mL of
deionized water. The products were dried at 80 °C followed by characterization. The weighed
Pt/HCSs and Pt/NHCSs amounting to 148.5 mg and 149.2 mg amounted to 91 % and 90 %

yield respectively.

2.9: Synthesis of small broken bowl like hollow carbon spheres

(BHCSs)

Small broken bowl like hollow carbon spheres were synthesized from small silica particles
with a size between 40 — 100 nm. The synthesis procedure followed the same path used for the

synthesis of HCSs.

In a typical synthesis a solution of EtOH (280 mL) and DI (60 mL) was mixed with SiO2 (4 g).
To the mixture was added CTAB (2 g) and a solution of 37% formaldehyde (1.5 ml) and
resorcinol (1.5 g) under sonication. A 25% NH4OH solution (10 mL) was added and the system

stirred magnetically.

The solution turned from an off-white color to brown with stirring. After 24 h the SIO.@RF
was filtered and washed with copious amounts of DIW followed subsequently by drying in an

oven overnight at 100°C and carbonization in a tubular furnace under argon flow at 900°C.

The carbonization, etching and annealing process was similar to that used for the synthesis of
HCSs and NHCSs discussed above. Typically, the SiO2@RF (200 mg) in a quartz boat was

placed in a tubular horizontal furnace connected to an argon gas line flowing at 50 ml.min.
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Figure 2.1: Steel cylindrical reactor (a), Horizontal tubular furnace used for Pt deposition,
carbonization of SiO>@RF and annealing of HCSs and NHCSs (b).

The furnace was ramped up to 900 °C at a heating rate of 10°C.min™ and held at the same
temperature for 2 h followed by a natural cooling process overnight. The formed black soot

SiO,@C was etched to remove the silica using a 10% HF solution (200 ml) for 24 h. The
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solution was vacuum filtered, washed with 500 ml of DI and dried in an oven at 80 °C. The
formed BHCSs were annealed in a tubular horizontal furnace at 900 °C for 2 h at a heating rate
of 10°C.min"* and an argon flow rate of 50 ml.min™. The yield of the BHCS was 223.5 mg

amounting to a 88% yield based on the amount of resorcinol used.

The synthesis process to make nitrogen doped broken bowl like hollow carbon spheres was
similar to that used for the synthesis of NHCSs discussed above. Typically, 3 g of SiO.@RF
was mixed with 3 g of melamine in a borosilicate vial filled with methanol (20 ml). The
composite was sonicated for 30 minutes followed by drying in an oven set at 80 °C. The
composite of melamine and SiO2@RF was carbonized at 900 °C for 2 h using a heating rate of
10°C.min! followed by etching to remove the silica with a 10% HF solution (200 mL) for 24
h. The materials were filtered and washed with DI (500 mL) followed by drying at 80°C in an
oven. The BNHCSs were annealed at 900 °C for 2 h at a heating rate of 10 °C. min™ and an
argon flow rate of 50 ml.min™. The yield of the BHCSs was 238.3 mg amounting to a 78 %

yield based on the amount of resorcinol used.

Deposition of Pt nanoparticles on top of the BHCSs and BNHCSs was similar to that used for
the Pt deposition on HCSs and NHCSs. Typically, BHCSs or BNHCSs (100 mg) was mixed
with Pt(acac). (200 mg) and sonicated for 10 min to allow for thorough mixing. The composite
was then transferred into a cylindrical steel reactor which was placed in a tubular horizontal
furnace. The furnace was ramped to 100 °C and kept for 30 min to drive moisture off the
sample. The furnace was further ramped up to 350 °C at a heating rate of 2.5 °C. min™* followed
by a 2 h hold at the same temperature while the reaction continued. The reactor was allowed to
cool naturally, and the products weighed. The Pt/BHCSs and Pt/BNHCSs produced a yield of

160.9 mg and 155.7 mg amounting to yields of 95.8% and 93.2% respectively.
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2.10: Electrochemical analysis

The formed catalysts were tested in electrochemical reactions for oxygen reduction reaction

activity and durability.

2.10.1: Cyclic Voltammetry (CV)

Cyclic voltammetry was used to measure the ECSA of the Pt-catalysts synthesized in this work.
CV is a potentiodynamic technique whereby the potential of the working electrode (WE) is
swept between two points while at the same time the current response is measured. The current
response measured is a result of electrochemical processes that are being pushed or activated
by the applied potential. 8 The WE was made up of a catalyst paste deposited on a glassy carbon
electrode (GCE) mounted to a rotator shaft connected to the potentiostat. CV provides
information about the electrochemical processes occurring on the catalyst active sites. Lower
activation energy reactions occur at lower potentials with the underpotential deposition of
protons on a Pt surface being a good example. The evolution of oxygen is a high activation

energy process, hence the high activation potential required to activate it.°

The CV profile of a typical Pt/C catalyst in acidic media is shown in Figure 2.2.1° Reversible
hydrogen adsorption and desorption occurs at potentials between 0 — 0.5 V vs. RHE and is
attributed to the underpotential deposition of a monolayer of protons on the surface of the Pt in
the cathodic potential sweep.!* The desorption of the monolayer of protons occurs in the same
potential window during the anodic sweep. The numerous facets of a Pt crystal are responsible
for the multiple peaks in the proton adsorption-desorption regions.*? These Pt facets bind with
the protons at differing surface sites that have different energy requirements which results in

these peaks occurring at differing potentials.
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Figure 2.2: Cyclic voltammograms of a Pt/C catalyst of various catalyst film quality.

The region between 0.4 — 0.7 V vs. RHE is featureless because there are no electrochemical
processes occurring. In this region the applied potential is not driving a chemical reaction,
rather the potential is stored as charge and at this moment the material acts as a double layer

capacitor.*>* The region between 0.8 — 1.2 V vs. RHE corresponds to the Pt-oxide formation

and Pt-oxide reduction.

The Pt catalyst electrochemical active surface area (ECSA) is calculated from the integrated

charge associated with the adsorption or desorption of the hydrogen in the 0 — 0.4 V vs RHE

region.

The ECSA is calculated according to the Equation (2.1)°
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ECSA (m°.gY) = (Ques) / (Qrt X Lpr) (2.1)

where Qqes is the integrated charge due to the desorption of protons from a clean Pt surface. Qpt
is a Pt constant associated with monolayer hydrogen adsorption (210 uC.cm?), and Lp refers

to the loading of Pt per surface area of the glassy carbon electrode.®

2.10.2: Linear sweep voltammetry — rotating disk electrode.

The catalysts activity towards the oxygen reduction reaction was tested using the
hydrodynamic linear sweep voltammetry coupled to a rotating disk. This is a type of electrode
which consists of a polytetrafluoroethylene shroud encasing a conductive glassy carbon (GC)
cylinder. The top end of the GC cylinder is the working electrode where a catalyst paste of
known Pt loading has been pasted. The cylinder is connected to a rotating shaft connected to a
potentiostat and rotator for speed control (Figure 2.3). The rotating shaft stirs the electrolyte
and in the process pumps fresh, saturated electrolyte to the WE where the catalyst interacts
with oxygen from the electrolyte. A diffusion layer is formed at the interface of the WE and
the electrolyte. In the diffusion layer there is no convection of the oxygen, rather, the diffusion
is the only process responsible for the mass transfer of the oxygen to the WE surface. The
thickness of the diffusion layer can be controlled by the rate of the WE rotation. At faster

rotation the diffusion layer is thinner whereas at slower rotations, the diffusion layer is thicker.

The mass transfer rate in the diffusion layer is described by a linear form of the Fick’s law

(Equation 2)*®
J=D(Co—-Cs)/ (2.2)
where J is the mass transfer rate, D is the diffusion coefficient of the transferred ion, Co is the

concentration of the ion in the bulk of the solution, Cs is the concentration of the ion on the

surface of the disk and & is the thickness of the diffusion layer.
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For the RDE the diffusion layer thickness is described by Equation (2.3).}7

5§=1.61D VYo 12 (2.3)

where, V is the kinematic viscosity of the electrolyte and  is the rotation rate of the RDE. At

the interface between the WE and the electrolyte, the diffusion of the oxygen across the
diffusion layer is known as the mass transport and the charge transfer across the interface due

to the chemical reactions occurring is a parameter of the kinetics of the chemical reaction.

In mass transfer-controlled reactions, the concentration of the intermediates at the surface of
the electrode is zero, i.e. Cs = 0. In this kind of reaction, the reaction rate is fast such that any

intermediate present is immediately consumed at the WE surface. The current flowing due to

(a) rotat'i?r;g disc (b)

radial flow

solution

Figure 2.3: (a) Schematic of electrolyte flow towards a RDE surface and (b) electrolyte flow

near its surface.
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a diffusion process is known as a diffusion limiting current I (Figure 2.5). For a combined

diffusion-convection driven process, Levich 1" gave an explanatory equation (2.4) of the form

I. = 0.62zFAD?3V8q12Cy  (2.4)

where, F is the Faraday constant (F = 96485 C.mol™) and A is the geometric surface area of
the working electrode (GC). In our studies, we used a glassy carbon disk embedded inside a

PTFE shroud with a geometric surface are of 0.196 cm?.

Koutecky and Levich formulated the Koutecky-Levich equation**® which describes reactions

controlled by both mass transfer and kinetics (Equation 2.5).

1
e (1/1k) + (1/(0.62 nFAD 2BV Y6Cey 12)  (2.5)

A plot of 1/ against (o™*?) (Figure 2.4) is a straight line with 1/I«is the intercept. The kinetic

current is obtained from the intercept.
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Figure 2.4: (a) Linear sweep voltammograms at various rpm and (b) Koutecky-Levich plot for

three different overpotentials.t’

90



The Kinetic current is the reaction current that would be observed in the absence of mass
transport limitations. The standard rate constant for the reactions can be calculated using the

Kinetic currents at different potentials of the LSV.

2.10.3: Preparation of the catalyst ink

The quality of the catalyst paste that is deposited on the WE must be optimized for
reproducible, representative data of the catalysts. As shown in the illustration in Figure 2.5,
bad films of catalyst paste produce ECSA and ORR data lower in size, when compared to

carefully prepared and deposited catalyst pastes.

In a typical preparation, 5 mg of Pt/HCSs was added to a solution of isopropanol (Merck
Millipore, HPLC grade; 3.5 mL) and ultrapure water (Merck Millipore, 18.2 mQ.cm?; 1.5 mL).
Then 20 pL of Nafion perfluorinated resin (Sigma Aldrich, 5 wt% in aliphatic alcohols,) was
added to the ink to act as a binder for the catalyst layer. The ink was sonicated for 30 min while
maintaining room temperature. Finally, 20 pL of the ink was pipetted onto the GC and allowed
to dry under rotation at 400 rpm under a nitrogen stream. The dry WE was immersed into a
nitrogen (Afrox, 99.999% purity) saturated 0.1 M HCIO4 (perchloric acid) electrolyte. (Merck

Suprapur, 70%).°

2.10.4: Working electrode preparation

The GC electrode was polished using 0.1 um alumina (Buehler) in a figure eight motion on a
polishing cloth (Buehler) for 10 minutes. The polishing cloth was wetted using ultra-pure

water.

The polished electrode was rinsed with ultrapure water and sonicated in ultra-pure water for 30
minutes. This was followed by another alumina (0.05 um) polish and sonication. The electrode

was dried under an inverted 50 mL beaker followed by pasting the catalyst layer.'°
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2.10.5: Electrochemical cell cleaning

The electrochemical cell, purge tubes, stoppers, bridging tubes, volumetric flasks, beakers and
O-rings were placed in a 5 L beaker and immersed into a bucket of prepared Nochromix bath
(Gordax Laboratories). The Nochromix was prepared by the mixing of 10 L of concentrated
sulfuric acid (Sigma Aldrich, 98%) with a sachet of Nochromix crystals. The glassware
remained in the bath for 24 h followed by multiple rinses in ultrapure water. The smaller
glassware including the electrochemical cell were loaded into the rinsed 5 L beaker and boiled
for 5 h at 100°C. The water was discarded, and all the glassware was rinsed 3 more times with
fresh ultrapure water. After all the rinses, all the glassware was stored in an ultrapure water

filled 5 L beaker sealed with parafilm until use.

Using the molar weight of perchloric acid and the concentration of the stock solution of 70%,

the stock solution is calculated to be 11.595 M with a density of 1.664 g.mol™,

To make a 0.1 M HCIO4 solution, 4313 pL of the stock solution was pipetted into a volumetric
flask containing 122 mL ultrapure water (18.2 mQ.cm). The solution was swirled for a minute

and ultrapure water was used to make up the solution to 500 mL.

The Hg/HgSO. reference electrode was calibrated by measuring the potential difference
between the RHE (reversible hydrogen electrode) and the reference electrode. Firstly 150 mL
of 0.1 M HCIO4 was poured into the clean electrochemical cell. A clean Pt coil was placed into
the cell followed by the saturation of the solution with pure hydrogen gas (Afrox,99.99%
purity). The Pt counter electrode was kept under H> saturation while the voltage difference was
recorded using an electrical multimeter. The voltage value was used to convert Hg/HgSO4

values to RHE.
Calculation of the catalyst loading:

For a 39 wt% Pt/C catalyst, 5 mg was used to prepare the working electrode.
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0.39 x 5 =1.95 mg of Pt

If 5 mg of catalyst was dispersed in a 5 ml (5000 pL) solution of deionized water and

isopropanol followed by the extraction of 10 pL ink therefore,
(10 /5020) x 1.95 mg = mg of Pt deposited on a 0.196 cm? GC, WE
0.003884462 g of Pt on a 0.196 cm? WE GC disk

Therefore = (1/0.196) x 0.003884462 pg.cm?  and Lyt=19.82 pug.cm™

As explained above, some reactions are controlled by both mass transport and Kkinetics. The
kinetic region occurs between 0.9 — 1.0 V (Figure 2.5). The region between 0.75 — 1.00 V is
the mixed kinetics and diffusion region whereas the diffusion limited current region occurs
between 0.20 — 0.70 V. Oxygen evolution occurs at overpotentials above 1.23 V whereas
hydrogen evolution occurs at potentials close to 0.0 V. The electrochemical measurements
were carried out at 1600 rpm rotation of the WE. The perchloric acid electrolyte was 0.1 M
saturated with pure nitrogen for CV measurements and saturated with oxygen for the oxygen
reduction reaction. CV measurements were carried out both for ECSA measurements and for

accelerated degradation studies.®1°

The three-electrode cell system was used for the electrochemical characterization of the
catalysts. The three-electrode system consisted of a 200 mL glass electrochemical cell filled
with 0.1 M perchloric acid electrolyte. For CV measurements, the electrolyte is saturated with
nitrogen or argon. The cell consisted of a Hg/HgSO4 reference electrode, a high surface area
counter electrode made of Pt coil plus the GC shrouded in PTFE and connected to a rotator
shaft. The catalyst modified electrode was cycled between 0.0 — 1.3 V vs. RHE at a scan rate
of 50 mV.s ! and the CVs were recorded. After 50 cleaning cycles, the WE was cycled between
0.05 — 1.2 V vs. RHE at a slow scan rate of 20 mV.s™ three times. The third CV was used for

the calculation of the ECSA according to Equation (2.1). After the CVs were recorded the
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solution was saturated with pure oxygen (Afrox, 99.99%). While rotating at 1600 rpm, the WE
was cycled between 0.05 — 1.2 V vs. RHE. The LSV polarization profile was used in the

calculation of the kinetic current (Equation 2.6)’

Ik=(x)/(.-1) (6)
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Figure 2.5: ORR polarization profiles for a Pt/C catalyst of different catalyst film quality.°

where Ik is the Kinetic current, I_ is the diffusion limited current (at E° =0.4 V) and | is the

current at 0.9 V vs. RHE (mixed diffusion and kinetic current region).

The Pt mass specific activity (MA) and surface area specific activity (SA) were calculated
using the kinetic current. Current readings were carried out at E° = 0.9 V because in this mostly

kinetic region, contributions due to mass transport cannot be ignored.
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The Pt mass specific activity is the normalization of the kinetic current () with the Pt loading
on the GC electrode Lpt (Equation 2.7)%
A
IR )

cm?2
~ Lpt(u=2>) @7)

cma2

The surface area specific activity of the catalyst is obtained by the normalization of the kinetic
current with the ECSA (Equation 2.8).1°
A
IK(h—)
A= —<22- (2.8)
ECSA(—)
g
The mass-transport free kinetic current was used for the calculation of specific and area
activity. Electrochemical measurements were executed using a three electrode and cell setup
consisting of an electrochemical cell, reference electrode, Pt wire counter electrode and a
Hg/HgSO4 reference electrode. The system was coupled with a biologic SP300 potentiostat

coupled to a Gamry rotator unit capable rotation of 10 000 rpm (Figure 2.6).

Figure 2.6: Three electrode setup showing RDE box, potentiostat, electrochemical cell and
electrodes.
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2.11: Powder X-ray diffraction (PXRD)

In the technique, X-rays are passed through a sample to determine the crystal structure of
materials. Sir W.H. Bragg and his Son Sir W.L. Bragg developed a relationship (Equation
2.9)?! between the parameters of a crystal and the X- ray diffractogram observed when a

measurement is taken. The relationship is as follows:

nA = 2dSin© (2.9

where © is the X-ray beam incidence angle, d is the distance between the layers of atoms in a

crystal (or lattice spacing), n is an integer and A is the wavelength of the incidence X- ray beam.

Figure 2.7: D8 Advanced diffractometer (a), Internal components of an X-ray diffractometer

(b)
An X-ray diffractometer consists of three main components which are the X-ray tube (source
of X-rays), sample holder and X-ray detector. PXRD measurements were carried out on a
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Bruker D8 Advance diffractometer (Figure 2.7) with a Cu Ka radiation source operating at
40 kV. Rietveld refinement on the XRD patterns was completed using Bruker AXS TOPAS V

2.8.

2.12: Transmission electron microscopy (TEM)

TEM is used for viewing samples in the nanometer size range. In a TEM instrument, a beam
of electrons emitted from a source (TEM gun) passes through the sample and interacts with it.
The beam that interacts with the sample is focused into an image. Sample preparation involved
the dispersion by sonication of 1 mg of the material in 2 ml of ethanol. One droplet of the

formed ink was deposited on a copper grid with a lacey carbon film and allowed to dry.
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Figure 2.8: (a) Schematic of a TEM and (b) F20 Tecnai transmission electron microscope.?

The sample coated copper grid was then loaded into the TEM for viewing. TEM was performed
on a Tecnai F20 with a FEG at 200 kV (Figure 2.8) and a Tecnai T12 operating at 120 KV

electron microscope operating at 200 kV to determine particle sizes and the morphology of the
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catalysts. ImageJ software was used to analyze the particle sizes of the catalysts. About 100

particles per sample were measured to produce particle size histograms.

2.13: Scanning electron microscopy (SEM)

In this study, SEM was used to view the morphology of the catalysts. With this technique the
surface of the materials could be viewed at high resolution in the experiment. An electron beam
of relatively low energy is passed through the specimen just like in TEM. High energy back
scattered electrons and low energy secondary electrons from the surface of the sample were

then detected and focused to produce an image.

A spatula tip of sample was placed on a double-sided carbon film pasted on an aluminum stub.
The sample was sputter-coated with a single layer of graphite and two layers of gold/palladium
to reduce the charging effects and enhance the conductivity of the sample. The sample was
loaded into the SEM for measurement. SEM data were recorded on a FEI Nova Nanolab 600
microscope operated at a maximum 30 kV and on a Tescan MIRA3 RISE SEM(Figure 2.9)

operated also at 30 kV.

Scanning electron microscope

eloctron beam - -
S

© 2012 Encyclopmala Britannica. Inc

Figure 2.9: (a) Schematic of a SEM and (b)Tescan MIRA3 RISE scanning electron

microscope.?
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2.14: BET analysis

Nitrogen physisorption was used to determine the geometric surface area of the materials. In a
method devised by Brunaeur, Emmet and Teller (BET), the nitrogen is adsorbed by the material
at a certain temperature and relative pressure from a high vacuum to ambient conditions. The
method is based on an oversimplified extension of the Langmuir mechanism of multi-layer gas
adsorption.?*% Nitrogen is passed through the sample at a given temperature and relative
pressure and the amount of adsorbed gas is measured. The adsorption process can occur via the
chemisorption or by weak van der Waals forces known as physisorption or physical adsorption.

BET equations and isotherms were used in the determination of surface area and porosity.

All N2 physisorption measurements were performed under isothermal conditions at -196 °C
maintained by using liquid N2. Surface area data were determined in the relative pressure range

P/Po = 0.05-0.30. Pore volumes were determined at a relative pressure of P/Po = 0.995.

Figure 2. 10: A Tristar 3000 physisorption instrument.
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Physisorption experiments were performed on a Tristar 3000 (Figure 2.10) instrument
operating at -196 °C, due to the circulation of liquid nitrogen. Prior to measurements, the

samples were degassed at 150°C overnight.

2.15: Thermogravimetric analysis (TGA)

TGA was used to study the thermal stability of the materials and to confirm the loading of Pt
on the catalysts. In a TGA experiment a sample on a microbalance was heated in a chosen
temperature range in the presence of a reactive or non-reactive gas at a given flowrate. The
technique monitors the change in mass of the sample as a result of the heat/gas treatment and
plots a profile. Another profile simultaneously plotted is the derivative weight change with
respect to time or temperature. The profiles give data on where significant losses in mass are
observed due to either oxidation or decomposition. The residual mass for Pt loaded carbon,
analyzed in oxygen for up to 900 °C gives the loading of Pt in wt.% on that catalyst.

To confirm the loading of a nominal 40wt% Pt/HCS catalyst, 10 mg of that sample was loaded

to the TGA crucible.

Figure 2.11: A Perkin Elmer STA6000 TGA instrument.
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The crucible was placed inside the TGA Perkin Elmer 6000 instrument (Figure 2.11) with
oxygen flowing at 10 ml.min. The TGA reactor cell was heated from room temperature to

900°C at a heating rate of 10°C.min™ The reactor was cooled off under a N2 flow overnight.

2.16: Raman spectroscopy

Raman spectroscopy is dependent on a material’s ability to scatter monochromatic light
inelastically. The scattering ability of the material is dependent on vibrational energy and
polarizability of its bonds. Raman spectroscopy can detect and quantify the vibrational modes
due to the sp? and sp® bonds in carbon. The ratio of the intensity of the sp?/sp? bonds describes

properties like defect density and graphitization extent.?6-28

Figure 2.12: A Horiba Jobin-Yvon Raman spectrometer.

Raman spectroscopy measurements were performed on a Horiba Jobin-Yvon Raman spectrometer

of A =514 nm (Figure 2.12).
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2.17: X-ray photoelectron spectroscopy (XPS)

XPS was used to determine the electronic and chemical state of the Pt, the carbon and the
nitrogen doped carbon in the catalysts and the supports. X-ray photoelectrons are produced
when a source is irradiated with X-rays.?%32

Knowing the energy of the X-ray photons and measuring the kinetic energy of the extracted
electrons, one can determine the binding energy of the extracted electrons. Binding energies
for electrons are unique and can be used to identify the elements from which the electrons were
extracted. To compensate for the charging effects that can manifest as shifted binding energy,

the C-C sp? bond energy is used for calibrating other binding energies.*

FSCALAR 230X

Figure 2.13: A Thermo Scientific ESCALAB 250Xi spectrometer.
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Except for hydrogen and helium, the technique can detect all the elements. However, XPS is
not useful in detecting compounds because the binding energy of an element differs from
compound to compound. Photoelectrons can only penetrate a sample depth of between 2 — 10
nm, therefore it can only be used mainly as a surface technique unlike PXRD which measures
the whole bulk of the sample.

The detection limit of XPS is approximately 0,1 at.%. Information from subsequent layers
beneath the outer surface can be obtained by sputtering the surface with energetic argon ions,
while monitoring the binding energy regions of specific elements.

The XPS measurements were carried out at the National Institute of Meteorology South Africa
situated at the Council for Scientific and Industrial Research (CSIR) in Pretoria, using a
Thermo Scientific ESCALAB 250Xi spectrometer (Figure 2.13) with a monochromatic Al ka
(1486.7eV) operating with an X-ray power of 300 W, X-ray spot size of 900 um, low resolution

pass energy of 100eV, high resolution pass energy of 20eV and a pressure of 10 mbar.

2.18: Annular Bright-Field - dark Field Scanning Transmission

Electron Microscopy (ABF-DF STEM)

The catalysts were also studied using scanning transmission electron microscopy (STEM) in a
probe corrected JEOL ARMZ200F at the David Cockayne Centre for Electron Microscopy,
University of Oxford, operated at 200 kV. A probe current of 13 pA, convergence semi-angle
of 14 mrad, annular dark field (ADF) inner and outer detector angles of 77.43-241.21 mrad,
and a bright-field (BF) outer detector angle of 13.2 mrad were used for simultaneous
acquisition of both ADF and BF signals. Typically, sample preparation involved the dispersion
by sonication of 1 mg of the material in 2 ml of ethanol. One droplet of the formed ink was
deposited on a copper grid with a lacey carbon film and allowed to dry. The sample coated

copper grid was then loaded into the STEM for analysis.
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( a) G . Symbol Component

G Electron Gun

A Apertures

CL Condenser Lenses
SL Scamning Lenses
oL Objective Lens

S Sample

PL Projector Lenses
BF Bright Field Detector

ADF Anndar Dark Field Detector

HAADF High-Angle ADF Detector
XEDS X-ray Detector
EELS EELS Spectrometer

Figure 2.14: The schematic of the mode of operation of a STEM microscope (a)** and A JEOL

ARMZ200F scanning transmission electron microscope (b).
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Chapter 3

Study of the formation of silica templates

under various conditions

3.1: Introduction

Silica particles are formed from the hydrolysis and condensation of silicon alkoxides. A classic
example of these silicon alkoxides is tetraethyl orthosilicate (TEOS). The hydrolysis and
condensation processes are known to occur in the presence of low molecular weight alcohols
like ethanol (EtOH) and sufficient amounts of deionized water (DIW). To obtain spherical silica
particles, the condensation hydrolysis and precipitation reactions must occur in the presence of
ammonia. Without at least small amounts ammonia (NH4OH), the precipitating silica material
flocculates into sheets and clumps as shown in Figure 3.4, confirming that the ammonia catalyst
is essential. Silica spheres have been used for a variety of applications including as adsorbents
of chemicals, in electronics, drug delivery and as templates for the synthesis of shaped

nanomaterials.!

It is known that mixing TEOS, DIW, EtOH and NH4OH solutions together produces silica
particles of different sizes depending on the initial concentrations of reactants and reaction
conditions. However, a challenge has been with understanding the growth mechanism of these
silica spheres and to understand the reaction parameters and conditions which produce a

specific particle size and other desirable properties.®
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Equation (3.1) shows the TEOS hydrolysis into silicon hydroxide. Equation (3.2) shows the
condensation of the silicates into the silica particles.®’ Both processes require the presence of
ammonia. Formation of a cross linked silica framework occurs naturally in these processes.
This can be enhanced by calcination or the use of excess water which yields extra cross linking
of the terminal silanol groups resulting in a denser structure as revealed by a low BET surface

area as the pores are closed off.80

Si(OR)s + 4H,0 » Si(OH); + 4ROH...........3.1)

nSi (OH)4 > nSiO; + 20H20 eeeeenni(3.2)

For the hydrolysed TEOS monomers to develop into spherical silica particles, nucleation or
seed growth must occur first. Nucleation can be described as a process whereby hydrolysed
TEOS monomers coalesce into a silica or pre-silica core which matures into a silica particle
when critical conditions are met.!! These nuclei then grow until they become stable and
precipitates out of the solution. 12 Several parameters affect the final particle size of the formed
silica. These include the concentration of reactants, the molar ratio of reactants, presence or
absence of stirring, the synthesis reaction temperature and whether the reaction is performed

in an open or closed system among many other not yet understood factors.

Several nucleation and growth models have been proposed for the formation and growth of
silica particles and these include the Le Mar model, the aggregative growth model and the

monomer addition growth model.?%314

In this work our intention was not to fully investigate and understand the complicated
nucleation and growth process of the silica particles. Our intention was to find the combination

of parameters that would produce monodisperse and small silica particles and to use these silica
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templates to synthesize hollow and nitrogen doped hollow carbon spheres with a small external

diameter (d < 100 nm) for application as supports for Pt in ORR catalysis.

3.2: Experimental

Silica particles were synthesized according to the method of Stober and co-workers.™® In a
typical synthesis a clean round bottom flask was filled with 390 mL of absolute ethanol (EtOH)
solvent. To this solvent was added a solution of 50 mL deionized water (DIW) and 20 mL of
25% ammonia solution (NH4OH) with stirring. Since ammonia evaporates at room
temperature, the reaction vessel was sealed to minimise the evaporation of the ammonia
catalyst. The solution was stirred for 10 minutes to allow for thorough mixing followed by an
‘all at once’ addition of 30 mL of tetraethyl orthosilicate (TEOS). The resulting solution was
stirred at room temperature at low speed for a period of 6 h. During the stirring period the
solution changed colour from colourless, to off-white and then white as silica colloids were
formed. The formed silica particles were collected by high speed centrifugation followed by 5
washes in a mix of 50% v/v DIW/EtOH with centrifugation at 18 000 rpm. The silica was dried
in an oven overnight at 80°C followed by calcination in air in oven at 500°C for 5 h. The formed
silica was evaluated with SEM for morphology and to confirm crosslinking, some of the silica

was evaluated using BET for textual properties.

Concentrations of these reagents were varied in different experiments in order to determine

which parameters gave particles of a specific size (d < 100 nm).

To synthesize silica particles of about 80 nm in diameter, a larger volume of EtOH was used as
more dilute reagents were necessary. In this synthesis 1.2 L of EtOH was mixed with 50 ml of
DIW and 50 ml of ammonia. The solutions were stirred as above followed by the addition all
at once of TEOS (30 mL). The reaction proceeded for 6 h and the silica particles were harvested

by centrifugation followed by calcination and characterization.
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To investigate the role of ammonia on the silica morphology, TEOS, DI and EtOH were mixed
and stirred followed by the syringe pump addition of an ammonia solution for a period of up
to 1 h at a flow rate of 1 ml.min"!. The formed silica particles were then centrifuged and washed

followed by calcination and characterization.

Characterization techniques used (SEM, TEM, BET) were described in Chapter 2. At least 100

particles were counted in SEM images to determine the particle size distributions.

3.3 Discussion

A range of variables were investigated to evaluate their effect on the size of the silica spheres
produced in the Stober reaction. The focus in the study was to determine the parameters needed
to produce small (d <100 nm) silica spheres. These parameters included: the concentration of

TEOS, ammonia solution, DIW and the concentration of absolute ethanol.

3.3.1 TEOS Study

In this study we investigated the effects of varying the concentrations of TEOS on the silica
particle size. The concentration of TEOS in the final reaction mixture were varied from 0.1 M
to 3.2 M with a doubling effect after each concentration. The concentrations of DIW (5 M),

NHsOH (2 M) and EtOH (8 M), were kept throughout.

The particle sizes were observed to increase as the TEOS concentration was doubled. SEM
images of the synthesized silica spheres are shown in Figure 3.1. The silica was of a spherical
morphology with particle sizes ranging from about 57 nm to about 342 nm in diameter as
determined by scanning electron microscopy (SEM).'® The particle size distributions for the
silica spheres formed are shown in Figure 3.2. The formed silica spheres were more aggregated
in the smaller size range compared to the bigger size range. The bigger silica spheres were

cleaner and more isolated when compared to the smaller ones.r” All the silica spheres had a
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narrow size distribution and were mostly monodispersed. Figure 3.1 shows that at low
concentrations of TEOS, there are many silica particles per image grid compared to higher
concentrations where bigger and fewer silica particles are present. This suggests a growth
model in which at low concentrations of TEOS (using the concentrations of other reagents
listed), a high rate of nucleation resulted in many silica nuclei whereas at higher concentrations
of TEQS, the nucleation process proceeds to a larger extent yielding bigger particles. At higher
concentrations of TEOS, the small initial nuclei may have aggregated to form bigger
particles.>®> Monomer addition of the hydrolysed TEOS could also be occurring to give
formation of the bigger particles. Thus, at higher concentrations of TEOS, there is a constant
supply of hydrolysed TEOS monomers which resulted in constant addition of these monomers

on the initial nuclei seeds resulting in bigger silica spheres.8

As shown in Figure 3.3, the particle sizes of the silica formed increase with an increase in
TEQS concentration in a near linear manner. This means, from the study, doubling the TEOS

concentration will result in a linear increase in silica size.
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Figure 3.1: SEM images of silica particles synthesized with NHsOH (2 M), DIW (5 M), EtOH
(8 M) and increasing concentrations of TEOS (a) 0.1 M, (b) 0.2 M, (c) 0.4 M, (d) 0.8 M, (e)
16M,(f)3.2M
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Figure 3. 2: Particle size distributions of silica particles synthesized with NHsOH (2 M), DIW (5 M), EtOH (8 M) and increasing concentrations

of TEOS (a) 0.1 M, (b) 0.2 M, (c) 0.4 M, (d) 0.8 M, (e) 1.6 M, (f) 3.2 M.
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Table 3.1: Data showing variation of SEM particle sizes due to changes in TEOS concentration.

[TEOS]/M 0.1 0.2 0.4 0.8 1.6 3.2

dsem 56+ 6 134 +10 141 + 13 155+ 24 203 £ 17 342 + 22

50 T | T T v T v T ¥ L] M V M
0,0 0.5 1,0 135 2,0 2,5 3,0 3,5
[TEOS] M

Figure 3.3: Particle size changes of silica particles synthesized with NH4sOH (2 M), DIW (5
M), EtOH (8 M) and increasing concentrations of TEOS (a) 0.1 M, (b) 0.2 M, (c) 0.4 M, (d)
0.8 M, (e) 1.6 M, (f) 3.2 M.

The data are consistent with a growth model in which an initial low concentration of TEOS is
required to initiate a short burst of hydrolysis and condensation. This results in a high number

of stable nuclei in solution. These small nuclei are stabilized by the negative charge on the
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silica surface and the resulting repulsive forces at high pH due to the presence of ammonia.
¥Growth is prescribed to the slow addition of hydrolysed monomers against the repulsive
forces of the negatively charged surface of the silica thereby minimizing the extent of growth.

This mechanism yields smaller silica particles at the saturation point.°

At higher concentrations of TEOS, the hydrolysis process could have taken place at a similar
rate as the low TEOS concentration however, the constant supply of the hydrolysed TEOS
monomer results in a continuous nucleation process forming new nuclei. Silica particle growth
then proceeds via multiple monomer addition steps or the aggregation of the smaller unstable
nuclei to form bigger particles.”*® Few and bigger spheres occur as a result of the coalescence

of the many smaller silica spheres into bigger spheres.?

3.3.2: Ammonia solution study

Very low concentrations of ammonia solution were used to investigate if indeed ammonia is a
morphology catalyst.?’?? Figure 3.4 below show that as ammonia concentrations were
increased, the spherical morphology of the formed silica became more defined. As ammonia is
a hydrolysis, condensation and morphology catalyst, low concentrations of this reagent retard
these processes resulting in silica material with no defined morphology. Low concentrations of
ammonia solution resulted in the formation of the deformed silica indeed confirming the

requirement of the reagent in the formation of silica particles.?
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Figure 3.4: SEM images of not formed silica particles at very low ammonia solution
concentrations below 0.1 M, with (a) 0. 01 M, (b) 0.02 M, (c) 0.04, (d) 0.08 M NH4OH

Ammonia concentrations were varied from 0.5 — 3.0 M to study the effect on the silica particle
size and their growth. The concentrations of the other critical reagents TEOS (2 M), EtOH (8

M) and DIW (5 M) were kept at an optimum constant throughout the study.

The SEM images confirmed the spherical morphology of the silica particles. Few and bigger
silica spheres were observed for high ammonia concentrations whereas small and numerous
silica spheres are observed for low concentrations of ammonia solution (Figure 3.5). There are
many silica spheres in the lower ammonia concentrations of 0.5 M compared to when the

concentration is increased to about 2.5 M.
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Ammonia solution has three effects in terms of acting as a catalyst in the synthesis of silica
spheres from silicon alkoxides. Ammonia is essential for the hydrolysis, condensation as well
as for causing the spherical morphology of the silica formed.?*? It is important to balance the

ammonia concentration in order to maximise the control of these processes.

When the concentration of ammonia is low, it takes longer for the nucleation process to be
complete.?! This results in the number density of formed nuclei gradually increasing over
time.?® This increase in the number of these nuclei will continue until such a time as when
saturation occurs and if the amount of ammonia is not increased, the process ceases. At high
ammonia concentrations, hydrolysis of the TEOS is faster and subsequent nucleation occurs at
a faster rate resulting in the formation of numerous small nuclei.’* However, as there is a
constant supply of the ammonia, further hydrolysis occurs resulting in the monomer addition
and growth of the silica.” When saturation is reached, solid silica colloids are precipitated, and
these can be separated easily from solution by filtration or high-speed centrifugation,

depending on their size.1>?’

For the bigger particles, monomer addition to the bigger, fewer nuclei continues to occur until
either the reaction is stopped or until the hydrolysed TEOS precursor is depleted.® A spherical
morphology is maintained by the presence of the ammonia solution.? Growth of the bigger and
fewer silica particles at high ammonia concentrations can also be compounded by the
2mechanism whereby smaller unstable silica nuclei aggregate with similar size nuclei or

aggregates to form bigger nuclei.

Neglecting monomer addition as the primary silica growth model, which can be assumed that
the nuclei are colloidally unstable. In this model it is proposed that both fresh nuclei and older

aggregates forms more stable particles. When the rate of aggregation of large pairs is slower
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than for small to small or small to large pairs, the aggregation model can then explain the

narrow final size distribution observed in Figure 3.6 and Figure 3.7.2°

Figure 3.5: SEM images of the silica spheres formed at an optimum of the other reagents with
TEOS (2 M), DIW (5 M), EtOH (8 M) and various ammonia concentrations of NHsOH (a) 0.5
M, (b) 1.0 M, (c) 1.5 M, (d) 2.0 M, (e) 2.5 M and 3.0 M.
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Table 3. 2: Changes in particle size due to variation of ammonia concentration.

[NH,OH)/M 0.5 1.0 15 2.0 2.5 3.0

dsem 82+6 153+ 11 165+15 223+19 381+22 504+ 36

Particle size distributions in Figure 3.5 shows a narrow size range and a high degree of mono

dispersity.
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Figure 3.7: Dependence of Silica particle sizes on the concentration of NHsOH and at an
optimum of the other reagents with TEOS (2 M), DIW (5 M) and EtOH (8 M).
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3.3.3: Deionized water study

Hydrolysis and condensation of TEOS occurred in the presence of water and therefore water
plays a key role in the process.®® As the DIW concentration was increased from SM — 30 M,
silica particles were observed to grow in diameter from about 82 nm to about 390 nm (Table

3.3, Figure 3.8 — 3.9).

As in previous studies with ammonia and TEOS, SEM images show that for low concentrations
of DIW, there are more silica spheres formed compared to at 30 M DIW. At low DIW
concentrations TEOS hydrolysis and condensation occurs more slowly than at high DI
concentrations; resulting in faster nucleation and growth as more TEOS monomers are

hydrolysed and added to already formed particles according to a monomer growth model.*

At low DI concentrations (and with sufficient TEOS and ammonia), nucleation occurs but is
restricted by the low availability of the essential DIW such that the small numerous nuclei that
are formed do not continue to grow as the monomer TEOS is not continuously added due to

minimal hydrolysis.

Smaller nuclei that form will either dissolve or deposit on bigger silica spheres because of
Ostwald ripening.®? Another growth mechanism could also be due to the hydrolysed TEOS

monomers adding onto the smaller silica until they are fully grown.
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Figure 3.8: SEM images as the deionized water concentration is varied from (a) 5 M, (b) 10 M,
(c) 15 M, (d) 20 M, (e) 25 M, (f) 30 M and optimum concentration of the other reagents NHsOH
(2 M), TEOS (2 M) and EtOH (8 M).
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Table 3. 3: Particle size variation of the silica spheres due to changes in deionized water

concentration

[DIJ/M 5 10 15 20 25 30

dsem 82+6 140 + 13 151+ 20 190 + 12 332+ 17 386 + 21

As shown in Figure 3.9, the effect of DI concentration on the silica particle size follows a linear

relationship.
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Figure 3.10: Changes in the silica particle size due to the variation of the deionized water
concentration was varied from 5 - 30 M at optimum concentration of NH4OH (2 M), TEOS
(2 M), EtOH (8M).
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3.3.4: Controlled addition of TEOS

To better understand the growth mechanism of the silica spheres, controlled addition of the
TEOS was done to the optimum concentrations of all the other reagents. It was hoped that the
controlled addition would result in controlled hydrolysis and condensation such that small
particles would be formed.®® In the synthesis, DIW (5 M), NH,OH (2 M) and a dilute solution
of EtOH (8 M) were premixed followed by the controlled addition of the TEOS using a syringe
pump supplying TEOS at a slow flow rate of 1 ml.min to control the addition. The TEOS
was continuously supplied to the reaction for a period of 20 min (a), 30 min (b) 40 min (c) and
50 min (d), followed subsequently by stirring up to 6 h. The SEM images of silica particles
formed by the different addition durations (Figure 3.11), show that poly disperse particles were
formed with a wide standard deviation.>® (As shown in Figure 3.10 both small and bigger

particles were simultaneously formed during the 6 h synthesis duration.) 3.3.3
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Figure 3. 11: SEM images of polydisperse silica spheres formed with slow addition of TEOS

(@) 20 ml.mint (b) 30 mil. min* (c) 40 mil.min (d) 50 mil.min! using a syringe pump.

Figure 3.12 (b and d) show that the silica particles are bimodal with particles showing two
average diameters of 185 nm and 206 nm respectively. The Figure 3.12b also show a smaller
average particle size of 130 nm and a larger average of 250 nm. A similar trend is also shown
in Figure 3.11 d where the smaller particles have an average diameter of 150 nm and the larger

particles have a diameter of 310 nm.
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Figure 3.12: Particle size distributions of polydisperse silica spheres formed with slow addition
of TEOS (a) 20 ml.min-1 (b) 30 mil. min? (c) 40 mil.min* (d) 50 mil.min using a syringe
pump.

A growth model in which the added TEOS at low concentrations is hydrolysed fully into small
silica nuclei can explain the data. Further addition of hydrolysed TEOS monomers results in
the formation of more nuclei until the solution is saturated with silica nuclei. Upon further
addition of the TEOS precursor, the hydrolysed silica monomers add to the nuclei formed
resulting in bigger particles. However not all silica nuclei grow to bigger silica as there is not
enough supply of TEOS. This growth models is aligned with the monomer addition growth

model suggested by LaMer and co-workers.?
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3.3.4: Effect of EtOH.

The effect of EtOH dilution on the reaction was investigated. In previous studies of the effect
of NH4OH, DIW, and TEOS, lower concentrations of EtOH (8 M) were used. In this
investigation, a higher concentration of EtOH (15 M) was used to investigate the effect of using
very dilute reagents. Small silica particles were formed when dilute solution of reagents was
used. The formed silica particles were of a spherical morphology with a smaller average
diameter of 82 nm indicating that the use of dilute reagents does indeed result in the formation
of smaller particles of silica. However, a degree of aggregation of these small silica particles

was noted (Figure 3.13 a and b).

Frequency /%
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Figure 3.13: SEM(a), TEM(b) images and particle size distribution (c) of the small silica
particle (d < 100 nm) formed at low concentrations of TEOS (2 M), NH4OH (2 M) and DI (5
M) and EtOH (15 M).
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3.4: Textual properties

3.4.1 Effect of DI

To confirm the cross linking due to different levels of water concentration used during the
synthesis, the textual properties of the silica formed in these conditions were investigated using
BET.?2% As shown in the study, DIW was shown to be an important reagent in the formation
of'silica spheres (section 3.3.3). DIW is needed for the hydrolysis of TEOS to form the silicate

species prior to precipitation.?

Table 3.4 shows a decrease in BET surface area as the DI concentration was increased. The
silica formed with 5 M of DIW had a BET surface area 10 times more than the silica formed
using a DIW concentration of 30 M. A similar trend is observed for the pore volume which is
0.41 cm®g! for the 5 M DIW reaction compared to the 30 M reaction which is at 0.047 cm’g”
!, The BET isotherm data are shown in figure 3.14. The hysteresis loop is attributed to capillary
condensation of the adsorbed gas which occurs as a result of the pore structure of the
material.3"® The absence of the hysteresis loop is further supported by the low pore volumes
of the high DIW concentration silica. Silica spheres formed in the presence of high
concentrations of DIW tend to be less porous with very low BET surface area below 100 m?g"
!, The low BET surface area and low incidence of pores is attributed to the extra cross linking
that occurs at the terminal silanol groups resulting in a tight knit silica framework with minimal

pores (Table 3.4).

Table 3.4: Comparison of textual properties of silica spheres on different deionized water

concentrations
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[DI] /M 5 10 15 20 25 30
BET SA 89.87 24.21 23.93 22.10 16.83 8.62
/m?, gt
Pore 0.41 0.025 0.023 0.021 0.025 0.047
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Figure 3. 14: BET properties of the formed silica at varying DI concentrations.

132



3.5: Controlled synthesis of small silica particles

The synthesis of small silica particles is a difficult exercise. A balance must be reached by the
use of less concentrated ammonia to initiate hydrolysis and condensation and a sufficient
ammonia concentration to build the spherical morphology and at the same time to limit
accelerated nucleation and particle growth. At the optimum point, too much ammonia solution
would result in the formation of large particles as aggregative growth or monomer addition
would occur. A lower ammonia solution would result in the formation of silica flocculates of
undefined morphology due to the scarcity of the morphology catalyst (figure 1.09). Further,
this study reveals that dilute concentrations are critical to the formation of small silica particles.
However, TEOS also limits nucleation. Monomer addition or aggregative growth occurs until
the TEOS is used up leading to small particles of different sizes. Due to the variations in surface
energy of these small particles of different size, aggregative growth can occur resulting in small
and uniformly distributed particles. The dilute solution enabled reasonable separation between

these small particles such that aggregative growth was limited.

3.6: Conclusions

Silica particles were formed by the hydrolysis, condensation and precipitation of TEOS in the
presence of the ammonia catalyst. Low concentrations of ammonia result in the formation of
silica particles with undefined morphology and confirm that ammonia is a morphology catalyst.
Optimum and low concentrations of ammonia solution are seen to facilitate controlled
hydrolysis resulting in a nucleation process that yields smaller silica templates. An increase in
the ammonia concentration resulted in the formation of bigger silica particles as the rate of

condensation was increased resulting in the primary addition of hydrolysed TEOS monomers.

It was noted that a nonlinear increase in silica particle size occurred if the ammonia solution

was exponentially increased at a constant TEOS concentration. We believe that when the TEOS
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concentration is not increased at higher ammonia doses, growth of silica particles will level off
as there would be no more TEOS monomers to add to the silica cores. Even if the pre-existing
smaller silica nuclei are reverse hydrolysed and deposited on the bigger cores, still a final
particle size would be reached. Controlled hydrolysis of TEOS also resulted in smaller silica
particles. Lower concentrations of TEOS resulted in smaller silica spheres compared to higher
concentrations. It was proposed that at lower TEOS concentrations and enough DI, EtOH and
ammonia solution, hydrolysis of TEOS occurs faster resulting in the formation of numerous
silica nuclei in a process known as nucleation. As the TEOS concentration is low, the further
growth of these nuclei is diminished resulting in the formation of small, monodispersed silica
at the critical precipitation point. This only occurs with TEOS as it is the primary building

block in the building of silica particles.

In the presence of sufficiently large amounts of TEOS, the hydrolysis process proceeds at a fast
rate forming nuclei which grows bigger as hydrolysed TEOS monomers are added. The primary

addition of TEOS monomers becomes the primary driver of particle growth.

DI has been shown to be an important particle size growth driver. Low concentrations of DI
promote subdued hydrolysis and condensation resulting in the nucleation of small silica
particles. As the DI concentration is increased, enough hydrolysis of the TEOS occurs resulting
in the primary addition of these monomers forming bigger particles. The increase in size can
only occur as long there is enough amounts of TEOS as growth would tail off once TEOS is

diminished.

Ethanol has been used as a dilution material apart from its role in the hydrolysis and
condensation. To form the very small silica particles, large amounts of EtOH were used to
dilute the concentrations of the reagents. At optimum amounts of reagents, the data shows that

nucleation occurred at a reasonably faster rate. However, as these nuclei diffuse in the large
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EtOH solution, they are reasonably separated from one another such that even when small

amounts of hydrolysed TEOS are deposited, growth is kept to the minimum. Due to the dilution

effect of EtOH, aggregative growth is also minimised as these particles are enough distance

apart from one another.

We were successful in synthesizing the very small silica particles as shown in figure 3.13. The

silica particles were used as templates in the synthesis of novel broken bowl like hollow carbon

spheres and the nitrogen doped counterparts. The materials were subsequently applied as

oxygen reduction reaction catalysts with promising area and mass specific activity.
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Chapter 4

Synthesis and characterization of large
HCSs, NHCSs and the Pt supported

materials (Pt/HCSs and Pt/NHCSSs)

4.1: Introduction

Proton exchange membrane fuel cells (PEMFCs) are currently a subject of widespread research as
they are a promising energy conversion system applicable in automobiles. 3 They have potential
to replace the polluting internal combustion engine due to the neutral carbon footprint they possess.
For outstanding performance and reliable power output, the PEMFCSs reactions are dependent on
electrocatalysts which play the important role of facilitating the fuel cell reactions. The general fuel
cell catalysts are platinum particles deposited on top of carbon supports. “° Alloys of Pt with
transition metals have also used as fuel cell catalysts.’®** However, all these catalyst materials are
expensive due to the high cost of platinum and the catalysts also suffer from low durability which
has minimised the uptake of fuel cells for commercialization. The low durability of the catalysts due
to the support corrosion or agglomeration of the Pt nanoparticles, or the dissolution of the Pt and
detachment of the Pt from the support are the major causes of loss of activity of the catalysts and a

major contributor to the shortening of the life span of a fuel cell.*>
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To mitigate for the loss of durability, various supports have been studied as it is understood that the
properties of the support are essential for improving the final properties of activity and durability of
a catalysts system. Supports that have been studied with promise in improved activity and durability
are doped metal oxides, multiwall carbon nanotube, single wall carbon nanotube, reduced graphene

oxide, Vulcan carbon and some nitrogen doped carbons.*®2

From these studies, it has become clear that tailoring the structure of the support can improve the
resulting catalyst system. Hollow carbon spheres have been attracting huge attention due to their
various favourable properties. 242 These include their light weight, thermal stability, chemical
stability and high surface area among many others. Thus, they are desirable for applications as
catalyst electrode supports, composite materials and as gas storage media.2” Among many methods
of synthesising HCSs, the templating method has found widespread application. Other methods
include high temperature pyrolysis and hydrothermal methods.?*?>2%2° Nitrogen doped hollow
carbon spheres (NHCSs) also possess favourable properties that are found for the hollow carbon
spheres. Nitrogen doping is known to introduce defects in the carbon shell which can enhance the
interaction between the support and the metal nanoparticles deposited. Also, the electron density in
the extended m—conjugated system of the nitrogen functionalities assists in the electrocatalytic

process.0-32

HCSs can be made with a range of diameters. If the shell is thin, then the diameter will potentially
affect the carbon-carbon bonds that make up the carbon layer. HCSs with a large diameter should
not show a large effect as the curvature of the shell will be small. The HCS surface will thus be like
that found in a typical graphene layer. Similarly, N doping of large HCSs should have similar
properties to those found in N-doped graphene’s. However, since the HCSs can be loaded with
metals (e.g. Pt) on the outside and inside of the HCSs as well as in the pores of the HCS they will

have different properties to those found in graphene supports.
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In this study, large, high surface area, graphitic HCSs and NHCSs with thin shells and with a
network of pores were synthesized. Small Pt nanoparticles in the 3 -5 nm size were deposited, using
the metal-organic deposition technique, on top of these supports. The materials were then tested in

the PEMFC oxygen reduction reaction and their activity and durability studied.

4.2: Synthesis of the hollow carbon and nitrogen doped hollow

carbon spheres.

Silica particles with a diameter of 310 + 18 nm (Figure 4.1 ) were synthesized according to a
modified Stober method.* The silica particles were synthesized from the hydrolysis of tetraethyl
orthosilicate (TEQOS) in the presence of ethanol (EtOH), deionized water (DIW) and ammonia
solution (NHsOH). Ammonia solution (25% in water) which was used as both a hydrolysis and
condensation catalyst, was also used for the promotion of spherical morphology.3* The detailed
description of the synthesis of spherical silica particles was provided in chapter 2 and chapter 3 of

this thesis.

The formed silica particles were used as hard templates  for the synthesis of hollow carbon spheres
(HCSs) and nitrogen doped hollow carbon spheres (NHCSSs). A resorcinol-formaldehyde resin (RF)
was used to cover the silica. In the process formaldehyde (1.5 ml) and resorcinol (1.5 g) were added
to a suspension of silica particles (3 g) in absolute ethanol (EtOH) (45 ml), ammonia solution
(NH4OH) (10 ml) and deionized water (DIW) (210 ml). Cetylammonium bromide (CTAB) (2 g)
was added to the mixture to enable the formation of pores in the structure of the RF carbon layer.
The mixture was then sonicated in a water bath for 30 minutes whereby the temperature of the water
bath and subsequently of the reaction changed from room temperature to about 50 °C. At that point
the reaction contents had changed from an off-white colour suspension to light brown due to the
formation of the RF resin covering the silica. The reaction was stirred for 24 h and the formed

SIO>@RF suspension was filtered, and vacuum washed several times with DI followed by drying
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inan oven at 100 °C for 2 h. The dry SiO.@RF was carbonized in a tubular horizontal furnace under
a steady argon flow (100 mil.min™) at 900 °C for 2 h and formed a black soot like material SiO.@C
which was etched with a 10% solution of HF (48%) to remove the silica and give the HCSs with a

yield of 90 % based on the resorcinol used.

After etching, the formed HCSs with an average diameter of about 318 £ 14 nm (figure 4.4) were
washed with copious amounts of water (DI) to remove the dissolved silica. The HCSs were annealed

in argon at 900 °C for 2 h in a tubular horizontal furnace at a heating rate of 10 °C. min™.

Nitrogen doped hollow carbon spheres (NHCSs) with an average diameter of 320 + 20 nm (figure
4.4) were synthesized using the similar method as were used to make the HCSs. The variation was
that the SIO.@RF (2 g) was mixed with melamine (2 g) and acetone (20 mL) followed by sonication
for 30 minutes to obtain a thoroughly mixed composite SiO.@RF@melamine. The composite was
carbonized using a similar method as discussed for the HCS synthesis (900 °C for 2 h) albeit at a
slower heating rate of 2.5°C.min™!, The formed carbon material was etched with HF in a similar

manner as used to make the HCSs with a yield of 95% based on the resorcinol used.

4.3: Morphology and size of the silica, HCS, and NHCS

The spherical morphology of the formed silica particles was confirmed by SEM images (Figure
4.1). The average diameter of the silica particles was 310 + 18 nm. The particle size distribution of

the silica particles showed a narrow size range.

The spherical morphology, (figure 4.3) particle size and shell thickness (figure 4.4) of the formed
HCSs and NHCSs were also confirmed by SEM and TEM analysis. The HCSs and NHCSs had
particle sizes of 318 + 8 nm and 320 + 11 nm respectively. The thickness of the NHCSs shell (12 £

6 nm) did not significantly change after nitrogen doping of the HCSs (10 £ 4 nm). The small increase
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in the thickness of the shell of the NHCSs material was consistent with the formation of only a few

extra layers in the shell due to the melamine added during the post synthesis nitrogen doping process.

SEM HV: 5.0kV
SEM MAG: 50.0 kx __ View flold: 4.15

Frequency (%)
0

312 314 316 318 320 322 324 326 328
Diameter (nm)

Figure 4.1: SEM micrograph of silica particles (a), TEM micrographs of HCSs (b) and particle
size distribution of the HCSs (c).

The particle size distributions of the HCSs and NHCSs (figure 4.4) indicated a uniform distribution
of the diameters. The data also indicated that the RF coating was uniform over the spheres. A similar

trend in the shell thickness of these materials also confirmed a good coverage during the coating

process.
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4.4: Raman spectroscopy analysis

The extent of graphitization of the materials was investigated using Raman spectroscopy with focus
on the D (disorder) and G (graphitic) bands located at about 1350 and 1600 cm respectively. (figure
4.2).3%37 The D band occurred as a result of the vibrational modes of the defects in the sp® hybridized
carbon whereas the G band occurs as a result of the vibrational modes of the sp? graphite-like
hybridized carbons.®® The D bands could be further deconvoluted into a peak labelled D2 which
was attributed to the Raman vibrations for disordered, amorphous and defective carbon present in

the sample and a D3 peak that could be attributed to the presence of ionic impurities or polyenes 83°

Raman spectroscopy was also used to study a commercial Pt supported on a Vulcan carbon support
material used as a benchmark catalyst. In the highly graphitic Vulcan carbon, the G’ or 2G peak is
attributed to the disorder occurring in the graphite-like sp? hybridized carbon and its presence has
previously been attributed to the presence of highly graphitized carbon lattices.*® The Ip/lg ratio is
known to provide information on the graphitic nature of a carbon material®® The obtained HCSs had
an Ip/lg ratio of 0.97 whereas the nitrogen-doped HCSs had an Ip/lg ratio of 1.04 (table 4.1). The
increase in the Ip/lg ratio for the doped material indicates an increase in the defect density for the
material as nitrogen groups incorporated affects the lattice of the carbon and hence causing defects
41 The HCSs had narrower D and G bands as evidenced by the smaller full width at half maxima
(FWHM) of the peaks compared to the NHCSs, due to the higher degree of sp? order in the carbon
lattice of the pristine HCSs. The FWHM of the pristine HCS was also broader compared to that of
the doped NHCSs, another indication of increased crystallinity in the structure of the HCSs
compared to the NHCSs. The G band of the HCSs appeared at 1588 cm™ compared to the G band
of the NHCSs which occurred at 1590 cm™. This upward shift for the doped material is another
indication of the increased defects in the doped material compared to the undoped material. This is

also confirmed by the size of the D2 peak for the NHCSs which is bigger than that of HCSs.
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The G peak of the Vulcan carbon occured at a lower Raman frequency compared to the HCSs

and NHCSs supports and also a distinct G’ peak was observed for this material, an indication

of higher graphitization and fewer defect sites compared to the HCS/NHCS materials.*?
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Figure 4.2: Deconvoluted Raman spectra of (a) HCSs, (b) NHCSs, (¢) Vulcan carbon and (d)

stacked Raman spectra for all supports showing the different G peak positions.

Table 4. 1: Raman spectroscopy data for the HCSs, NHCSs and Vulcan carbon

D band G band
FWHM Intensity  Position ~ FWHM Intensity ~ Position  Ip/lg
Vulcan 44 449 1345 38 649 1576 0.69
NHCSs 148 86 1354 80 77 1590 1.12
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HCSs 144 110 1334 66 104 1588 1.06

4.5: Synthesis of Pt/HCSs and Pt/NHCSs

The formed HCSs and NHCSs materials were used as supports for Pt nanoparticles. These materials
were latter applied as oxygen reduction reaction catalysts for fuel cells. The platinum nanoparticles
were deposited on top of these supports using a well-established method known as metal-organic
deposition.*® In a typical deposition synthesis procedure, to attain a nominal 40 wt.% catalyst, HCSs
or NHCSs (150 mg) were mixed with a platinum precursor salt, platinum acetylacetonate (Pt(acac).
(202 mg), in a borosilicate glass vial. The vial was sealed and sonicated for 30 min to allow for the
homogeneous mixing of the materials. The mixed materials were loaded into a cylindrical steel
reactor and placed inside a tubular horizontal furnace. The furnace was ramped to 250 °C at a slow
heating rate (5 °C. min™) followed by a 2 h hold at the same temperature. Meanwhile, argon gas at
a slow flow rate (20 ml.min™!) was constantly flowed through the reactor to maintain an inert
atmosphere, to prevent the combustion of the carbon at the elevated temperatures. The reactor was
cooled to room temperature after completion of the reaction. The formed Pt/HCSs and Pt/NHCSs
were collected and characterized using TEM, SEM, TGA, XPS, PXRD, DF-STEM. Finally, the
materials were characterized using cyclic voltammetry and linear sweep voltammetry to quantify

their suitability for application as fuel cell catalysts.

4.6: Pt/HCSs and Pt/NHCSs materials

Uniform and small quasi-spherical platinum nanoparticles were successfully deposited on the HCS
and NHCS supports. (Figure 4.3) The Pt nanoparticles deposited on the NHCSs (4.0 £ 0.6) were
slightly smaller than those deposited on the HCSs supports (4.2 £ 0.5) respectively (table 4.2). The
TEM images (figure 4.3) confirmed the uniform distribution of the Pt on these supports. The
relatively smaller average particle size of the Pt on the PNHCS were attributed to the nitrogen
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doping. The electron density of the nitrogen groups affects the nucleation and growth kinetics of
metal nanoparticles resulting in smaller nanoparticles being formed. Nitrogen doping introduced
defects on the supports, creating numerous sites where Pt could be deposited. These defects and the
enhanced surface area of the support provided numerous sites on the supports where nucleation and

growth of the Pt nanoparticles could be initiated and occur.

The numerous sites were evidenced by a smaller Pt-Pt distance (5.8 £ 0.3 nm) on the NHCSs
compared to the HCSs (6.3 £ 0.8 nm), (Table 4.2). Shorter inter Pt particle distance are known to
enhance the catalytic performance due to a better electronic interaction between neighbouring Pt
nanoparticles. The electron density on the nitrogen groups was responsible for the restricted growth

of the Pt nanoparticles.*4*°

SEM micrographs of the Pt/HCSs and Pt/NHCSs (Figure 4.3) did not show the Pt nanoparticles
deposited on the surface of these materials due to the small size of the Pt. SEM images did confirm
the spherical morphology of the HCSs and that the post doping with nitrogen via the melamine
pyrolysis route rendered some surface roughness to the NHCSs (Figure 4.3 (b) due to the additional

melamine layer and the defects formed.*®
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Figure 4.3: SEM image of Pt/HCSs (a), SEM image of Pt/NHCSs (b), TEM image of Pt/HCSs
(c), TEM image of Pt/NHCSs (d), higher magnification TEM image of Pt/HCSs (e) and higher
magnification TEM image of Pt/NHCSs (f).
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Figure 4.4: Diameter distribution of HCSs (a) and NHCSs (b), shell thickness distribution of
HCSs (c) and NHCSs (d)

Table 4.2: Comparison of the Pt particle size and the Pt — Pt distance of the Pt/HCSs and
Pt/NHCSs

TEM particles
Sample Pt size /nm Pt — Pt distance /nm
Pt/HCSs 42+05 6.3+0.8
Pt/NHCSs 40+0.6 58+0.3
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4.7: Thermal gravimetric analysis (TGA)

Both the HCSs and NHCSs gave a residual weight% of < 3 % after the thermogravimetric analysis
(TGA) process (figure 4.5). The TGA process was conducted from 25 - 900°C with a heating rate
of 10°C.min’! and an oxygen flow rate of 10 ml.min™%. The low residual weight below 3% was an
indication that the silica etching process was complete. The NHCSs had an early onset
decomposition temperature (396 °C) compared to the onset of the HCSs (450 °C) material and
Vulcan carbon (526 °C). The final decomposition temperature for the HCSs (652 °C) indicated a
higher thermal stability compared to the NHCSs (647 °C). The Vulcan had a higher decomposition
final temperature (712 °C). The lower decomposition temperature for the NHCS material was
attributed to the defects that are present as a result of the doping with nitrogen.*® VVulcan has a higher
decomposition temperature due to its higher extent of graphitization and fewer defects, as supported
by the Raman spectroscopy data (Table 4.1). The higher decomposition temperature of both the
HCSs and the NHCSs indicated good crystallinity in the material and lower levels of amorphous

carbon.

The Pt decorated catalysts Pt/Vulcan, Pt/HCSs and PtYNHCSs were also studied using TGA. The
TGA profiles showed that for all the three catalysts, the thermal stability of the materials
dramatically decreased compared to the pristine supports. The supports decomposed completely
between 390 — 720 °C for all the material whereas when loaded with Pt, the decomposition occurred
between 339 - 450 °C (Figure 4.5). Platinum is a known oxidation and combustion catalyst*"* and
its presence on the surface of these supports and inside the pore structure made the material prone
to combustion. The higher defect density coupled with the presence of Pt in PtYNHCSs caused

instability and hence an early onset decomposition temperature. (339 °C) (Figure 4.5).
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Figure 4.5: (a) TGA profiles of HCSs, NHCSs and Vulcan and (b) the corresponding derivative
profiles. (c) TGA profiles of Pt/HCSs, PUNHCSs, Pt/VVulcan (d) and the corresponding derivative
profiles.

The TGA profile also showed more than two distinct decomposition steps which are an indication
of different types of carbon present in the material. The amorphous carbon which is rich in defects
tend to have early combustion and decomposition temperatures compared to highly ordered and
graphitic carbon like graphite or graphene*®*° Therefore the less ordered defective carbon exhibits
an early onset at 200 °C and the highly ordered graphite-like carbon initiates combustion at 350 °C.
The Pt/HCSs has a later decomposition onset (362 °C) due to its highly ordered carbon and smaller

defect density. (Figure 4.5).

For the Pt/VVulcan commercial catalyst, the onset degradation temperature was higher (429 °C). The

higher decomposition onset for the Pt/\ulcan catalysts can be attributed to a lower number of defect
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sites. Raman data (Table 4.1) showed sharper peaks for the D and the G bands, an indication of

crystallinity and higher long-range order in the carbon lattices.

The residue after thermal treatment was attributed to solid metal platinum with traces of platinum
oxide (confirmed by XPS, section 4.10) nanoparticles and was used to confirm the actual loading of
the catalysts. The Pt loading were determined to be 38.5 wt. % for Pt/\Vulcan, 39.4 wt. % Pt/HCSs
and 38.2 wt. % for the PYNHCSs materials. All three materials had comparable amounts of the

active catalyst and the effects of the support structure could be compared between these materials.

4.8: Surface area and porosity of the supports and the catalysts

The surface area and porosity of all the materials (HCSs, NHCSs, Pt/HCSs and Pt/NHCSs) were
studied using nitrogen physisorption—desorption. The BET equations were used to calculate the
surface area and pore properties. The materials were observed to have a mesoporous structure and
type IV BET isotherms (Figure 4.6) -2 which are characterized by monolayer gas adsorption at
low relative pressure and multi-layer adsorption of gas molecules at higher relative pressure. The
BET surface area for the HCSs was 577 m%.g* whereas for the NHCSs it was 519 m%.g?. The
slightly higher surface area for the NHCSs was probably because of the thin additional layer of
melamine added to the surface of the HCSs during nitrogen doping. Nitrogen doping also
introduced defects in the carbon structure. The additional melamine layer and the defects were
responsible for the creation of new defects surface area.>®> HCSs and NHCSs had comparable pore
volume of 0.31 cm3.g™ and 0.32 cm®.g™* respectively. The pore diameters for these carbon materials
were between 4.5 and 5.0 nm which would enable the confinement of platinum nanoparticles with

an average diameter of 4.0 nm.
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Figure 4. 6: Type Il BET isotherm for HCSs (a) and NHCSs (b), Pore size distribution for
HCSs (c) and for NHCSs (d)

After deposition of Pt nanoparticles on the HCSs, the BET surface area was reduced to 312 m2.g™,
a 46 % reduction in the Pt/HCSs catalyst surface area. For the NHCSs support, the BET surface was
reduced to 363 m2.g* for the PUNHCSs catalyst, a reduction of 30 % in the surface area. This was
accompanied by a corresponding 38 % reduction in pore volume to 0.19 cm®.g™ and a 51% reduction
in pore width to 2.2 nm respectively for the HCSs when compared to the supported PtHCSs. Similar
pore volume reductions for the Pt/NHCSs relative to the NHCSs were observed with a 38%
reduction in pore volume to 0.20 cm®.g™. This was accompanied by a 50% reduction in pore width
to 2.5 nm (Table 4.3). However, the BET isotherms remained type IV isotherms after Pt deposition,
suggesting that multilayer gas adsorption remained. These dramatic changes in the textual properties

for both materials are an indication that the deposition of Pt nanoparticles resulted in either the partial
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blockage of some of the pores or the confinement of Pt nanoparticles inside the pore structure of

these materials.

Table 4.3: Comparison of the BET surface area and pore properties of the HCSs, Pt/HCSs,
NHCSs and Pt/NHCSs

Sample BET Surface Area Pore Volume Pore Width
m?/g cm3/g /nm

HCS 577 0.31 4.5

Pt/HCS 312 0.19 2.2

NHCS 519 0.32 5.0

Pt/NHCS 363 0.20 2.5

4.9: Powder X-ray diffraction (PXRD) studies

PXRD measurements were carried out on all the materials (Vulcan, HCSs, NHCSs, Pt/Vulcan,
P/HCSs and P/NHCSs). The data for the HCSs and NHCSs were obtained in the 20 range of 5 to
90 ° whereas for the catalysts Pt//HCSs and Pt/NHCSs the range was extended from 20 to 120 °
(Figure 4.7) to accommodate Pt reflections occurring at higher 26 values. The obtained
diffractograms for the carbon materials showed the 002 and 001 peaks at 28 and 45 degrees,
respectively. The peaks at these positions were typically broad, indicating that the carbon was
turbostratic and disordered.3”** The NHCSs peaks were broader compared to the HCSs due to the

higher defect density in the doped material.

The diffractograms for the Pt catalysts had similar peak heights due to the similar loadings of Pt on
the different carbon supports. All the diffractograms show the peaks characteristic of the face-
centred cubic (fcc) crystal structure of the Pt nanoparticles. This indicates that Pt was successfully
deposited on these supports. The peaks are at 20 positions of 46.5°, 54.2 2, 80.2 °, 98.2 ° and 104.3

° correspond to the Pt(111), Pt(200), Pt(220), Pt(311) and Pt(222) faces of the fcc structure
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respectively.>>* Rietveld refinement and Scherrer equation calculations for all the catalysts
indicated that the Pt average crystallite size was between 4.0 and 5.1 nm (table 4.4) whereas the
crystallite sizes determined using TEM images were slightly smaller (3.9 to 4.2 nm). PXRD
crystallite sizes are normally slightly larger compared to the TEM determined because the PXRD
has a lower detection limit and cannot adequately detect particles smaller than 2 nm.>” Additionally,
the average particle sizes determined by PXRD are volume-weighted which results in the bigger
particles having a larger contribution than the smaller particles. As a result, the bigger particles
contribute more to the final particle size than the smaller ones.®?> The carbon PXRD peaks are not
readily observed in the Pt/C materials due to the higher loading of Pt and the higher mass

concentration and effect of the Pt phases.

Table 4.4: Comparison of the Pt particle sizes of the Pt/HCSs, Pt/NHCSs and Pt/Vulcan as

determined using TEM, PXRD Scherrer equation and rietveld refinement

Size/nm Pt/HCSs Pt/NHCSs Pt/Vulcan
TEM 42+05 40+£0.6 3.9+0.9
Scherrer 43+0.8 41+0.7 40%1.2
Rietveld 51+1.2 45+09 4.8+0.6
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Figure 4.7: (a) PXRD diffractograms for HCSs, NHCSs, Vulcan and (b) for Pt/HCSs,
Pt/NHCSs, Pt/Vulcan.
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4.10: X-ray photoelectron spectroscopy (XPS) analysis

X-ray photoelectron spectroscopy (XPS) was used to investigate the electronic states and bonding
of the elements in the PHCSs and Pt/NHCSs materials and the full spectra are shown in Figure
4.8a. To compensate for charging effects of the materials, the instrument calibration was done using

the binding energy for sp? carbon of 284.7 eV.58°

High-resolution O1s data for the Pt/HCSs were deconvoluted into the respective contributions at
specific binding energy (figure 4.8). These were C-O bonds (532.4 eV), the C=0 bonds (531.6 eV),
the O—H bonds (533.8 eV) and the quinones (530.5 eV) respectively (table 4.5).6° The presence of
these double-bonded oxygen groups which are rich in electron density offers numerous nucleation
sites for Pt nanoparticles during deposition®* The binding energy for O1s in the HCSs occurs in the
same positions as for the NHCSs and the percentage contributions of the O1s species of the NHCSs
was comparable to the HCS material. There was no significant change in the binding energy
positions for the Ols of the Pt/NHCS sample even though nitrogen was incorporated into its

structure.

The atomic percent contribution of the surface oxygen groups in PtYHCSs was 7.9 at. % (table 4.5)
which was constituted by C=0 (2.7%), C-O (4.1%), O-H (0.8 %) and quinones (0.8 %). The
contribution of the oxygen groups in the PYNHCSs was 5.3%. The lower oxygen content was
attributed to the incorporation of nitrogen into the structure of the supports, hence reducing the
surface oxygen species. The atomic percent contribution of the oxygen groups in the Pt/NHCS were

C=0 (1.8%), C-O (2.8%), O-H (0.6%) and the quinones contributed 0.6%.
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Figure 4.8: (a) XPS low resolution survey spectra for Pt/HCSs, Pt/NHCSs and high resolution
(b) C1s, (c) O1ls, and (d) Pt4f spectra for Pt/HCSs.

Table 4.5: Deconvoluted O1s data for Pt/HCSs and Pt/NHCSs

O1ls
Sample C=0 C-O O-H Quinones
(BE/eV)Pt/HCSs 531.6 532.4 533.8 530.5
(BE/eV)Pt/NHCSs 531.6 532.4 533.9 530.5
A eV 0 0 0.1 0
(Atomic%)Pt/HCSs 2.7 4.1 0.8 0.8
(Atomic%)Pt/NHCSs 1.8 2.8 0.6 0.6
A Atomic % 0.9 1.3 0.2 0.2
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High-resolution C1s data for the Pt/HCSs were collected between the binding energy of 282 — 292
eV (Figure 4.8) The peaks were deconvoluted to give C=C (sp?) bonds (284.1 eV), C-C bonds
(284.5eV), C-O bonds (285.8 eV), C=0 bonds (287.1 eV) and the least pronounced O-C=0 bonds
(288.5 eV) (Table 4.6).52 The sp? hybridized (C—C) bonded carbon was the most abundant,
contributing about 35.9 at.% of all the carbon present and the contribution of the sp® hybridized

carbon was 28.9 at. %.
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Figure 4.9: High resolution (a) C1, (b) O1s, (c) N1s and (d) Pt4f spectra for Pt/NHCSs.

Even though there were no significant changes in the binding energy of the C1s species, the
contribution of the sp? hybridized carbon decreased in the PUNHCSs to about 31.5% (Table 4.6).
The contribution of sp® carbon increased to about 35.4 at.%. Upon doping with nitrogen, the
graphitized HCSs were converted into more defective NHCSs as shown by the relative amounts of

the sp®/sp? carbon. The contributions of the other C1s species did not significantly change due to
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nitrogen doping. There were decreases of a 0.1 at. % (C-O), 0.6 at% (C=0) and 0.8 at.% (O-C=0)

due to nitrogen doping.

Table 4.6: Deconvoluted C1s data for Pt/HCSs and Pt/NHCSs

Sample Cls
c=C c-C C-0 C=0 0-C=0
(BE/eV)Pt/HCSs 284.1 284.5 285.8 287.1 288.5
(BE/eV)Pt/NHCSs 284.1 284.6 285.8 287.2 288.4
AeV 0 0.1 0 0.1 0.1
(Atomic%)Pt/HCSs 35.9 28.9 4.8 3.9 5.1
(Atomic%)Pt/NHCSs  31.5 354 4.1 3.3 4.2
A Atomic % 4.4 6.5 0.7 0.6 0.9

High-resolution N1s data for PtNHCSs was collected between the binding energy of 395-406 eV

(Figure 4.9). 1%3The resulting peaks were further deconvoluted into pyridinic nitrogen occurring at

a binding energy of 398.1 eV, metal-nitrile nitrogen (399.1 eV), pyrrolic nitrogen (400.7 eV),

quaternary nitrogen (401 eV) and a small contribution due to oxidized nitrogen (403.1 eV). (table

4.7) The contribution of all the N1s was calculated to be 4.8 at.%.

Table 4.7: Deconvoluted N1s data for Pt/NHCSs

Sample N1s
Pyridinic ~ Metal Pyrolic N  Graphitic  Oxidized
Pt/NHCS N Nitrile N N
(BE/eV) 398.1 399.1 400.7 401.9 403.1
(Atomic%) 1.2 0.3 1.8 0.9 0.6
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The nitrogen groups contribute towards the enhancement of the cxygen reduction reaction. Studies
have shown that nitrogen groups influence the carbon atocms close to them causing the carbon to be
better oxygen reduction catalysts.5*%® Apart from directly influencing ORR, nitrogen groups are rich
in electron density. The electron density influences the nucleation and growth of platinum
nanoparticles during deposition. Studies have confirmed that nitrogen doped support surfaces cause

the formation of smaller metal nanoparticles compared to pristine surfaces.?%¢

High-resolution Pt 4f spectra of the samples (Pt/HCSs and PtYNHCSs) were used to investigate the
bonding and the chemical environment in which the Pt existed for the two samples. (Figure 4.8 and
4.9) The Pt4f peaks were deconvoluted into the corresponding Pt?* (72.5 and 75.4 eV) and metallic
Pt (71.2 and 74.5 eV) contributions.3 Pt existed as PtO and metallic Pt in both samples with more
than 95% of the Pt existing as unoxidized metal. Less than 5% was shown to exist as PtO (Pt?*).
Surface oxidation of the Pt surface decreased slightly as a result of the nitrogen doping ®with the
Pt2* decreasing from 1.2 at.% to 0.8 at.% after nitrogen doping. The contribution of the metallic Pt

decreased correspondingly from 5.4 at.% to 4.8 at.% (Table 4.8).

Table 4.8: Deconvoluted Pt4f data for Pt/HCSs and Pt/NHCSs

Pt4f

Sample Pt4f7 Pt4f7 Pt4f5 Pt4f5

metal PtO metal PtO
(BE/eV)Pt/HCSs 71.2 72.5 74.5 754
(BE/eV)Pt/NHCSs 715 72.6 74.8 75.5
Difference (A eV) 0.3 0.1 0.3 0.1
(Atomic%)Pt/HCSs 2.8 0.8 2.6 0.4
(Atomic%)Pt/NHCSs 2.6 0.5 2.2 0.3
Difference in Atomic 0.2 0.3 0.4 0.1

%
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The change in surface oxidation of the Pt due to the nitrogen doping was accompanied by
corresponding binding energy shifts of the Pt4f electronic states (0.1 — 03 eV) to higher binding
energies. The literature data also shows that the Pt 4f spectra of the commercial Pt/Vulcan catalyst
had Pt binding energy occurring at much lower values (0.1 — 0.2 eV) compared to Pt/HCSs.*® The
binding energy shifts in the samples were attributed to the different levels of surface oxidation of
the platinum nanoparticles.%8°%° Also, the different nature of the supports caused different levels
of charge transfer from the Pt to the support. The amount of charge transfer and equilibration
influenced the metal to support interactions between the Pt and the different carbon supports on
which the Pt is deposited. These varying metal-support interactions caused the shift in the binding

energy of the Pt electronic states.'>2158.70

The lower atomic percent contribution of the Pt was due to the XPS technique measuring only down
to 10 nm into the sample structure. Most of the Pt was confined’":"? deeper inside the shell of the

HCSs and NHCSs.

4.11: Conclusions

In conclusion, HCSs with an external diameter of 318 + 8 nm and with a thin shell thickness of 10
+ 4 nm were synthesized. Correspondingly, NHCSs with an external diameter of 320 £ 11 nm and
with a shell thickness of 12 + 6 nm were also synthesized. The materials had a high BET surface
area and mesoporosity. Raman spectroscopy confirmed the presence of defects as well as a
considerable extent of graphitization. The materials were thermally stable, completely decomposing
at temperatures around 700 °C. Nitrogen doping was confirmed by XPS with an approximate
incorporation of about 4.8 at. % N on the HCSs. The additional melamine layer caused more defects
on the NHCSs and a small increase in the shell thickness. Nitrogen doping affected the thermal
stability of the HCS. The successful deposition of Pt nanoparticles in the size range (3 —5 nm) saw

the reduction in thermal stability of the materials. Also, a decrease in the BET surface area, pore
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widths and pore volumes of the materials was noted. The decrease in textual properties was

suggested to be due to the Pt occupying the pores of the supports, a phenomenon known as pore

confinement. Pt nanoparticles were well dispersed with a short average inter particle distance. The

loading of the Pt on the supports was about 40 wt.% on both supports.
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Chapter 5

Synthesis and characterization of small
hemispherical BHCSs, BNHCSs and the Pt
supported materials (Pt/BNHCSs and

Pt/BNHCSS)

5.1: Introduction

The PEMFCSs has an ability to revolutionize the use of energy in transportation and home use
due to the light weight, fuel efficiency and the low noise levels associated with their use. For
decades, research into PEMFCSs has been growing and companies like Anglo American are
adopting PEMFCS for home use and their mining operations.>> PEMFCSs are fuel efficient,
light weight and they use Pt as catalysts, which is abundant in South Africa. The challenge
associated with PEMFCS is the low durability of the catalysts used in the electrodes especially
the cathode where potentials reach above 1.5 V vs RHE during start-up and load sequences.®®
These high potentials lead to the electrochemical oxidation of the carbons that are normally
used as supports in fuel cell catalysts. This results in the detachment of Pt nanoparticles from
the carbon and subsequent agglomeration and loss of activity of the catalysts. Hence, most of

the fuel cell catalysts made to date have been known to be highly active but have poor

174



durability. This has been an ongoing problem as it has hindered the adoption of fuel cells in

automobiles and for use in other applications.

To mitigate for the low durability, structured carbon materials have been used as supports. The
issue of the metal to support interaction is critical as it affects catalyst durability patterns.®3
Structured carbon has been adopted due to their numerous advantageous properties. In this
chapter we describe the use of hemispherical bow! like materials derived from attempts to make
small diameter hollow carbon spheres (HCSs) and which will be called BHCSs. The BHCSs
were investigated as potential carbon supports for Pt as they are light weight, possess high
surface area, have a network of pores, have defects and they also possess good thermal stability.
Nitrogen doped BHCSs were also synthesized. The nitrogen doped bowl like hollow carbon
spheres (BNHCSs) were also found to possess similar properties as found for the BHCSs.
Furthermore, the nitrogen doping enhanced the surface properties of the materials introducing
defects and generated an extended m conjugated system of overlapping orbitals. The defects
enhanced metal to support interactions whereas the electron density of the nitrogen
functionalities enhanced the electronic properties of the Pt nanoparticles. The advantage of
these hemispherical carbons is the ability of the Pt nanoparticles to be deposited on either side
of the curved support. This results in a thin carbon graphitic carbon shell surrounded by Pt
nanoparticles on either side of the support resulting in better Pt utilization for catalysis,
enhanced electronic conductivity between the Pt and the support, and more Pt per surface area
compared to the Pt/HCSs and Pt/NHCSs where Pt is deposited only on the outside curvature
of the support. Also, due to the hemispherical morphology of these materials, very thin shells
can be synthesized. The advantages of the very thin shells with a sectional diameter less than
10 nm are that they can be heat treated and, graphitization and defects concentrations can be
controlled. Graphitization promotes electronic conductivity and durability due to elimination

of some amorphous parts of the materials (due to high temperature annealing at 900°C) and the
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defects provides nucleation sites® where Pt nanoparticles are deposited with favourable
properties. The Pt deposited on the defects is less prone to degradation processes like
agglomeration because of the restricted movement they possess due to the barrier effect of the
defects. This is not the case with small Pt particles deposited on a flatter surface where
restricted movement is not prevented. The other advantage of these small hemispherical
carbons is the ease of packing compared to the bigger spheres. The smaller BHCSs and
BNHCSs have a smaller diameter which results in numerous particles closely packing leaving
less empty space between support particles. This enhances support — support conductivity
resulting in better performing catalysts especially in electrocatalysis where the flow of
electrons is critical. The smaller materials also possess a high surface area per unit volume of
support due to the close packing and presence of numerous smaller support particles compared
to the larger HCSs and NHCSs. The same applies to the concentration of defects where per
unit volume of material, the smaller BHCSs and BNHCSs contains more defects compared to

the larger HCSs and NHCSs.

While these types of materials have not been used in the ORR reactions, they have been used

in other reactions as discussed in the review in Chapter 1 section 1.9.3

In this study BHCSs and BNHCSs were synthesized and Pt nanoparticles deposited on both

sides of the carbon shell of these support materials.

5.2: Morphology of the BHCS and BNHCS

A modified Stober method*® was used to synthesize the silica spheres with a diameter of 55 +
0.9 nm. The SEM and TEM micrographs (Figure 5.1) confirmed the spherical morphology and

uniform size of the silica spheres.

To form a carbon shell around the silica template, a resorcinol-formaldehyde resin'! was
synthesized in-situ. In the process, formaldehyde (0.5 ml) and resorcinol (0.5 g) were added to
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SiO2 (2 g) dispersed by sonication in absolute ethanol (15 ml), ammonia solution (3 ml) and
deionised water (75 ml). The cetylammonium bromide (CTAB, 2 g) was added to the
suspension with sonication as a pore forming surfactant. The brown resin, SiO,@RF, was
filtered from the solution after 24 h reaction. The product was then carbonized in a quartz tube
reactor at 900 °C for 2 h. The SiO.@C black soot-like material that formed was subjected to a
standard silica etching procedure to remove the silica template using a 10 % hydrofluoric acid
(made from a 48% HF commercial sample) solution. The SiO.@C was etched for 24 h without
stirring to prevent excessive breakage of the carbon shells, followed by filtration and washing
of the resulting carbon material. It was observed that the HCSs synthesized using this route

were broken and produced bowl like carbon spheres (BHCSs) (Figure 5.2).
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Figure 5.1: (a) SEM micrograph, (b) TEM micrograph of SiO2 and (c) particle size distribution
of the small silica particles.
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The broken nature of the HCSs relates to the high surface energy of the small silica nano
templates which stick together/aggregate after drying and annealing.'>'® Addition of the
resorcinol-formaldehyde coats the silica agglomerates rather than the individual silica particles.
This provides stress due to the carbon coating at the juncture of two silica spheres resulting in

breakage after silica etching.

To obtain nitrogen doped broken hollow carbon spheres (BNHCS), the SiO2@RF (2g) was
mixed with melamine (2g) and sonicated in methanol (20 ml) followed by drying in an oven at
50 °C. The SiO.@RF@melamine was then carbonized at 900 °C for 2 h at a heating rate of 5
°C/min. The melamine decomposed at the high temperatures forming a layer on top of the

BHCS resulting in the formation of the BNHCSs.1*

The SEM micrographs (Figure 5.2) confirms the spherical and broken bowl like morphology
of the BHCSs and the BNHCSs. Each BHCS and BNHCS moiety appears to be attached to
other neighbouring BHCSs and BNHCSs. There is no observable morphological change in the
SEM images due to the nitrogen doping. This is an indication that the solid melamine used for
the doping process covered the structure of the BHCSs altering the chemical composition but

not the physical appearance of the material at the nanoscale.

The TEM micrographs (Figure 5.2) also confirmed the spherical morphology of the BHCSs
and the BNHCSs. TEM images also showed the thin shells of the BHCSs and the BNHCSs.
The open edges of the carbon material shown in the TEM images is an indication of the broken

nature of the BHCSs and BNHCSs.

The particle size distribution of the formed BHCSs and BNHCSs (Figure 5.3) show diameters
of 58 + 0.9 nm and 60 £1.1 nm and a carbon shell thickness of 4.5 + 0.6 nm and 4.6 £ 0.9 nm
respectively. The similarity in particle diameter and shell thickness for the materials indicates

that the nitrogen doping process did not substantially impact on the size of the BHCSs.
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SEM HV: 5.0 kV WD: 5.00 mm MIRA3 TESCAN
SEM MAG: 150 kx View field: 1.38 pm 200 nm SEM HV: 5.0 kV WD: 5.01 mm
Det: In-Beam SE  Date(m/dly): 05/07/19 University of Cape Town SEM MAG: 150 kx  View field: 1.38 pm 200 nm

Figure 5.2: (a) TEM micrograph for BHCSs and (b) BNHCSs. (c) SEM micrograph of BHCSs
and (d) BNHCSs.
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Figure 5.3: (a) Particle size distribution of BHCSs and (b) BNHCSs. Shell thickness of (c)
BHCSs and (d) and BNHCSs.

5.3: Raman Spectroscopy

The materials were characterized with Raman spectroscopy to determine the structural order
and defects in the new materials. Deconvolution of the Raman spectra (Figure 5.4) was used to
separate the contributions of the respective D, D1, D2 and G bands. The G band of the materials
is due to the contributions of the vibrational modes of the graphite like sp? hybridized carbon.*®
The D band contribution is due to the defective sp® hybridized carbon and the ratio of the
contributions of the D and the G bands, the Io/lg, ratio provides information on the extent of
graphitization and defects in the materials.*® BHCSs had an Io/lc of 0.97 whereas the BNHCSs
had an Io/lc = 1.00 (table 5.1). The higher Io/lc ratio for BNHCSs shows that the amount of
disordered carbon increased due to doping with nitrogen. However, the small difference in size
of the Io/lc ratios indicates that the extent of disorder due to nitrogen doping is small.t’

Another measure of graphitization is the position of the G band which occurred at lower
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frequency for the highly graphitic materials and at higher Raman frequency for the less
graphitic or amorphous materials as suggested by Ferrari and co-workers. The BHCSs had a G
peak position of 1586 cm™ whereas the BNHCSs had a G peak at 1595 cm™ (Table 5.1). The
G peak position shift is also shown in the overlaid deconvoluted Raman spectra (Figure 5.4).
The FWHM which shows the quality of the sp? hybridized carbon is smaller (68) with a higher
intensity (773) for the BHCSs compared to the BNHCSs, (FWHM (72); and intensity
(643))(Table 5.1). The higher intensity and the smaller FWHM for the BHCSs is an indication
that BHCSs have more ordered and graphitized carbon with better quantity of the sp?

hybridized carbon compared to the BNHCSs.*8:1°
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Figure 5.4: Deconvoluted Raman spectra for BHCSs(a) and BNHCSs(b) showing the shift in
the G peak position (blue and red grid lines).

A similar profile was observed for the D band where the FWHM (150) for the BNHCSs was

larger than that of the BHCSs (147) indicating that BNHCSs had more disordered diamond like
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carbon. Both the pristine and doped BNHCSs had a characteristic Gaussian band centred at
about 1175 cm™ which was attributed to the impurity ions and polyenes present in the

samples.?

Table 5.1: Deconvoluted Raman spectra data for BHCSs and BNHCSs

D band G band

FWHM Intensity  Position  FWHM Intensity  Position  Ip/lc
BNHCS 150 643 1344 72 643 1595 1.00

BHCS 147 750 1345 68 773 1586 0.97

Though doping with nitrogen increased the defect density of the material, the Io/lc ratios did
not significantly change and hence it was expected that these materials would exhibit similar

properties due to their similar Raman spectra.

5.4: Synthesis of Pt/BHCSs and Pt/BNHCSs

Platinum nanoparticles were deposited on the BHCS and BNHCS supports using the metal-
organic deposition technique. In this technique a requisite amount of Pt(acac). (200 mg) and
either the BHCSs or BNHCSs (150 mg) were mixed and dry sonicated for 30 min to enable
homogenization. The mixture of the platinum precursor and the support were then transferred
into a quartz reactor tube (Figure 5.5) and held at 100 °C for 30 min for moisture removal. The
furnace was then ramped to 350 °C using a slow heating rate of 2.5 °C.min to discourage
agglomeration of the platinum nanoparticles. The reaction then proceeded at 350 °C for 2 h.
Argon gas was used at low flow rate of 20 ml.min to provide an inert environment. The slow
flow rate was used to discourage the removal of the fluffy light weight material in the gas

stream.
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Figure 5.5: Schematic diagram of the metal-organic deposition equipment.?:

5.5: Morphology of the Pt/BHCSs and Pt/BNHCSs

The platinum nanoparticles had a spherical morphology (Figure 5.6) with TEM particle sizes

of 3.9 £ 0.5 nm and 3.8 = 0.6 nm (Figure 5.7, Table 5.2) for the Pt/BHCSs and Pt/BNHCSs,

respectively. The particle sizes as determined by TEM and other techniques are displayed in

table 5.4. The Pt particles for both supports had a diameter like that of the shell thickness of

the supports.
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SEM HV: 5.0 kV WD: 5.01 mm el SEM HV: 5.0 kV WD: 4.77 mm Pl MIRA3 TESCAN|
SEM MAG: 150 kx  View field: 1,38 pm | 200 nm SEM MAG: 200 kx  View field: 1.04 ym 200 nm

Figure 5.6: SEM micrographs of (a) Pt/BHCSs, (b) Pt/BNHCSs, TEM micrographs of (c)
Pt/BHCSs, (d) Pt/BNHCSs, ADF-BF STEM images of (e-f) Pt/BNHCSs.
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Using STEM ADF-BF, (Figure 5.6 (e-f)), it was shown that the Pt nanoparticles are mostly
embedded within the shell of the support. This is reflected by the brighter ADF contrast in the
shells compared to the hollow interior of the BHCSs and BNHCSs supports, and the lack of Pt
nanoparticles protruding into the vacuum at the support surface. This embedding of Pt
nanoparticles in the support pores and voids is known as pore confinement. Pt confined inside
the pores and the voids of the support is strongly bound and more resistant to degradation due

to detachment, dissolution, and agglomeration.

Figure 5.7: High resolution ADF-BF STEM images of (a-b) Pt/BHCSs and (c-f) Pt/BNHCSs.

The insert in (b) is the power spectrum of a <110> projection of the fcc Pt.

The local atomic structure of the Pt/BHCSs and Pt/BNHCSs was investigated using aberration-

corrected STEM ADF-BF imaging by defocusing the probe at the surface of the carbon support
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to access the confined Pt within the support (Figure 5.7 (a —f)). Here, the two catalysts showed
no differences in the crystallographic phase of the Pt nanoparticles at the local scale, consistent
with the phase determined by bulk PXRD, discussed later. The high-resolution STEM ADF-
BF images (Figure 3 (a-d)) showed hexagonal faceted Pt nanoparticles. Examination of the
power spectrum (Figure 3 (b) insert) and the measured 0.24 nm interplanar spacing consistent
with {111} planes is consistent with a typical <110> face-centred cubic (fcc) structure that is
characteristic of Pt particles enclosed with {111} facets (Figure 3 (a)). Some of the Pt
nanoparticles (Figure 3 (e-f)) exhibit twin boundary defect commonly observed in fcc transition
metals due to symmetrically mirrored <111> fcc Pt grains.?? According to DFT studies?®, {111}
surfaces in fcc Pt are considered to be the active sites for ORR, however in contrast to flat
facets, twin boundaries are essential defects in catalysis since they typically have higher

adsorption energies in comparison to flat facets and are stable during chemical reactions.?*?°

The Pt nanoparticles deposited on both supports had small inter platinum distances of 6.5 + 0.5
nm for Pt/BHCSs and 6.4 + 0.2 nm for Pt/BNHCSs respectively (Figure 5.8, Table 5.2). The
smaller interparticle distances for these Pt catalysts are due to the deposition technique used
and the numerous defects on the supports which provides for numerous nucleation sites during
deposition.?6-2 Pt nanoparticles supported on the BNHCSs were expected to have a smaller
inter-particle distance due to the presence of the electron rich nitrogen groups. The defects are
accompanied by electronic effects associated with the nitrogen electron rich groups which

facilitate and regulate the nucleation and growth process of the Pt.
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Figure 5.8: Pt particle size distribution of (a) Pt/BHCSs and (b) Pt/BNHCSs. Pt — Pt

interparticle distance of (c) Pt/BHCSs and (d) Pt/BNHCSs.

Pt — Pt distance /nm

TEM particles

Pt size /nm

Sample

Table 5.2: TEM Pt particle size and Pt — Pt distance for Pt/BHCSs and Pt/BNHCSs

5+05

6

3.9+05

Pt/BHCSs

3.8+0.6 6.4+0.2

Pt/BNHCSs

5.6: Surface area and porosity of the supports and the catalysts

The textual properties and surface area of the materials were investigated using BET and BJH

methods. The BHCSs and BNHCSs were both found to exhibit a type Il BET isotherm (Figure
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5.9) that is characterized by monolayer gas physisorption at low relative pressure and
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Figure 5.9: BET Isotherms for (a) BHCSs and (b) BNHCSs. Pore size distribution for (c)
BHCSs and (d) BNHCSs.

The pristine BHCSs and the BNHCSs had a comparable high BET surface area of 755 m?/g
and 782 m?/g (Table 5.3). After the deposition of the Pt nanoparticles the Pt/BHCS had a 39 %
reduction in BET surface area leading to a BET surface area of 462 m?/g whereas for the
Pt/BNHCS, had a 63 % reduction in BET surface area. The observed reduction in surface area
is coupled with a 43 % reduction in pore volume and a 30 % reduction in pore width for the
BHCS/ Pt/BHCS samples. For the BNHCSs/ Pt/BNHCSs there is an observed 80 % reduction

in pore volume and a 47% reduction in pore width.*2
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Table 5.3: Textual properties of BHCSs, BNHCSs, Pt/BHCS and Pt/BNHCS

Sample BET Surface Area BJH Pore Volume BJH Pore Width /nm
m?/g cm?®/g
BHCSs 755 1.12 8.6
Pt/BHCSs 462 0.64 6.8
BNHCSs 782 1.45 10.3
Pt/BNHCSs 347 0.31 5.5

There were no significant differences in terms of BET surface area, pore volume and pore width

when the pristine support was compared to the doped broken hollow carbon spheres.
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Figure 5.10: BET Isotherms for (a) Pt/BHCSs and (b) Pt/BNHCSs. Pore size distribution for
(c) Pt/BHCSs and (d) Pt/BNHCS.
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The reduction in textual properties due to the deposition of Pt was attributed to some of the Pt
nanoparticles being confined inside the pores of the supports and hence changing the overall
pore structure of the metal supported materials.®*=*> During inert gas physisorption the gas
molecules are adsorbed on the surfaces of the material including inside the pores. Pore volume

and pore size are reduced by the same phenomena.

Both the BHCSs and BNHCSs samples showed that they had a type 1l BET isotherm in terms
of gas physisorption and desorption. This type of isotherm is characterized by monolayer inert
gas adsorption at higher relative pressures multilayer physisorption occurs. At these higher
relative pressures capillary condensation occurs of the inert gas molecules inside the mesopores
leading to a hysteresis loop during desorption.®® There is no difference in the isotherm type
(type 11) between the pristine and the doped supports, an indication that both materials are both
mesoporous. This is also shown by the pores size distributions. (Figure 5.10 ¢ and d). The
isotherms show a significant change in the size of the hysteresis loop of the Pt/BHCSs and
Pt/BNHCSs compared to the supports BHCSs and BNHCSs. The smaller hysteresis loop for
the Pt supported catalysts indicate that there is less capillary condensation of the inert gas

compared to the pristine supports.

There is an observable change also in the pore structure of the Pt supported materials versus
the pristine and the nitrogen doped supports. The pores with significant volume are widely
distributed between 5 and 30 nm for both supports (Figure 5.9). However, after the deposition
of platinum the pores with significant volume were now mostly in the 1 to 10 nm range (Figure
5.10). The reduction can be attributed to the pore confinement and presence of Pt nanoparticles

inside the pores hence causing a reduction in pore volume.
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5.7: Thermogravimetric analysis (TGA)

The pristine and the nitrogen doped material were studied using TGA (from room temperature

to 900°C) to investigate the thermal stability of the materials.
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Figure 5.11: TGA profile for (a) BHCSs and BNHCSs, (b) Pt/BHCSs and Pt/BNHCSs. DTA
profiles for (c) BHCSs and BNHCSs, (d) Pt/BHCSs and Pt/BNHCSs.

The pristine BHCSs were found to have a higher final decomposition temperature of 780°C
compared to 680°C for the nitrogen doped carbon (Figure 5.11). The lower decomposition
temperature for the doped BNHCSs was attributed to the defects in the structure of the carbon
which makes it more prone to thermal degradation.®®%" It has been concluded from previous
studies that ordered and more graphitic carbon materials tend to me more thermally stable

compared to defective carbon materials. For example, it is known that highly ordered carbon
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nanotubes tend to be more thermally stable compared to soot which is mostly amorphous

carbon. 3840

For both the materials, the final residual weight% is zero which is an indication that at 900°C
all the materials have decomposed completely. This is also an indication that the SiO- etching
process was successful (error bar < 0.5%). SiO. does not decompose at temperatures below

900°C hence its presence would show as a residual weight%.

After the deposition of platinum particles, the residual Pt was 40.5 wt% for Pt/BHCS and
Pt/BNHCS respectively (Figure 5.11) as determined by TGA. The deposition of Pt enhanced
the combustion of the catalysts and promoted the lowering of the thermal stability of the
materials as shown by the lower decomposition temperature of Pt/BHCSs at 380°C compared
to 780°C for BHCSs. The decomposition of PtYBNHCSs also occurred at a much lower
temperature (320°C) compared to the BNHCSs (680°C) as shown in the DTA profiles. The
platinum is known for its combustion catalyst properties. Platinum has been shown to initiate
the combustion of organics including hdrocarbons.*~** This catalytic effect of Pt enables the
faster combustion of the carbon supports and hence enables the process to occur at lower
temperatures than the unsupported materials. Addition of Pt on the surfaces and inside the pores
of the support materials also tends to affect the structural integrity of the material. The presence

of Pt has a similar effect as that due to the defects introduced by nitrogen doping.

The unsupported carbon materials show a single broad decomposition peak. However, for
Pt/BNHCSs, the DTA profile shows multiple peaks. The numerous decomposition processes
are attributed to the defects and changes in structure of the carbon due to doping and the

presence of Pt.3940
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5.8: Powder X-ray diffraction (PXRD)

The crystallinity of the materials was investigated using PXRD. Both the BHCSs and BNHCSs
showed a structure typical of turbostratic carbon made mostly of amorphous carbon (Figure
5.12).%% The PXRD diffractograms showed the presence of the broad C (002) peak at around
25 degrees (20) for both the pristine and the doped material. The C(002) peaks are sharper
compared to peaks from amorphous soot, another indication of improved ordering in these
carbons compared to highly amorphous soot.*> There are no significant differences in the
diffractograms between the BHCSs and the BNHCSs samples. After the deposition of platinum
nanoparticles, the PXRD diffractograms showed the presence of the Pt through the different
reflections which are characteristic of the face centred cubic (fcc) unit cell of Pt with the

characteristic finger print peaks at various 20 values as shown in figure 3.10b*74®

Rietveld refinement of the Pt peaks yielded a Pt particle size of 4.8 £ 0.9 (Pt/BNHCSs) and 5.2
+ 1.2 (Pt/BHCSS), (Table 5.4). The Pt particle size as determined with the Scherrer equation*®
were 4.5 + 0.7 nm and 4.3 = 0.8 nm for Pt/BHCSs and Pt/BNHCSs respectively. As expected,
the Pt nanoparticles are smaller in the nitrogen doped support as doping with heteroatoms
increase defects on the supports whereupon the Pt grows during deposition °%° and also that
the electron density on the nitrogen groups affects the growth and nucleation kinetics of Pt

resulting in smaller Pt nanoparticles?’
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Figure 5.12: PXRD diffractograms of BHCSs and BNHCSs (a), Pt/BHCSs and Pt/BNHCSs
(b).

The PXRD measured Pt nanoparticle sizes were slightly larger than the TEM measured
nanoparticles due to the volume averaging of particle size determination in PXRD.?"%2 In
PXRD particle size determination, particles smaller than 2 nm tend to not be detected and as a
result the final average particle size is due to the effect on mostly bigger particles. In TEM,
counting is mostly done manually. The counting includes the smaller Pt particles and the

average tends to be give smaller particle sizes than measured by PXRD methods The Pt
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particles for the novel Pt/BHCSs and Pt/BNHCSs were of comparable size to the Pt particles

of the commercial Pt/VVulcan catalysts (Table 5.4).

Table 5.4: Pt particle sizes of Pt/BHCSs, Pt/VVulcan and Pt/BNHCSs as measured by TEM and

PXRD techniques

Size/nm Pt/BHCS Pt/BNHCS Pt/Vulcan
TEM 3.9+05 3.8+0.6 3.9+0.9
Scherrer 45+0.8 43+0.7 41+1.72
Rietveld 52+1.2 48+09 4.7+0.6

5.9: X-ray photoelectron spectroscopy (XPS)

XPS was used for quantitative surface analysis of the support BHCSs, BNHCSs and for the
supported Pt/BHCSs and Pt/BNHCSs.>*** The advantages of XPS are that it is a versatile
technique which provides material surface information on elemental identification and the
chemical state of the elements, relative composition of the constituents in the surface region
and the valence band structure of the materials.>> To compensate for sample charging effects,
the binding energy of adventitious sp? carbon (284.4 eV) was used as a measurements

calibration standard.>®

The low-resolution surface survey scan were obtained in the 50-550 eV binding energy
window (Figure 5.13) and the photoelectrons without energy loss were revealed by the distinct
peaks associated with the Pt4f, C1s, O1s and N1s electronic states in both the Pt/BHCSs and

Pt/BNHCSs samples.
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Figure 5.13: XPS surveys for (a) Pt/BHCSs and Pt/BNHCSs. High resolution (b) C1s, (c) Ols
and (d) Pt4f spectra for Pt/BHCSs.
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Figure 5.14: Deconvoluted high resolution (a) C1s, (b) O1s, (c) N1s and (d) Pt4f spectra for
Pt/BNHCSs.

The C1s spectra were deconvoluted and no significant changes were found in the component
peaks for both Pt/BHCSs and Pt/BNHCSs samples. These peaks were deconvoluted into the
component C=C, C-C, C-C, 0-C=0 and C=0 bonds (Figure 5.13 and Figure 5.14).>’ No
significant changes were found in the position of the peaks for both the Pt/BHCS and
Pt/BNHCS samples (Table 5.5). An upward binding energy shift of 0.5 eV for the O-C=0 bond
in the P/BNHCS sample was observed. The positive binding energy shifts in the deconvolution
of the Cl1s peak was attributed to the different chemical environment of the carbon atoms

enabled by nitrogen doping.>8°
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Deconvolution of the carbon species present indicates the presence of about 31 at. % sp? (C=C)
hybridized carbon for the Pt/BHCS compared to 26 at. % for P/BNHCS samples. More
graphitic carbon in the Pt/BHCS sample is an indication that there are fewer defects in the
sample compared to the nitrogen doped sample, which agrees with Raman analysis data (Table

5.1).60

Table 5.5: Data of deconvoluted high resolution C1s spectra for Pt/BHCSs and Pt/BNHCSs

Sample Cls
C=C C-C C-O0 C=0 O0-C=0
(BE/eV)Pt/BNHCS 284.3 284.7 285.6 286.2 287.7
(BE/eV)Pt/BHCS 284.3 284.6 285.3 286.1 287.1
BE Difference (A eV) 0 0.1 0.3 0.1 0.6
T (Atomic%)PUBNHCS 263 362 128 32 17
(Atomic%)Pt/BHCS 30.4 39.0 13.9 3.3 1.7
Atomic % difference 3.9 2.8 1.1 0.1 0

Deconvolution of O1s spectra (Figure 5.13 and Figure 5.14) show the presence of quinones
(530.3 eV), C=0 bonds (531.2 eV), C-O bonds (532.0 eV) and terminal O—H bonds (533.1
eV).%! There was an observed upward binding energy shift for the Pt/BNHCSs sample which

was attributed to the varying chemical environment of the oxygen atoms.®

Table 5. 6: Data of deconvoluted high resolution O1s spectra for Pt/BHCSs and Pt/BNHCSs.

Ols
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Sample C=0 C-O O-H Quinones

(BE/eV)PUBNHCS 531.2 532.0 533.1 530.3
(BE/eV)PY/BHCS 531.5 532.5 533.5 530.5
AeV 0.3 0.5 0.4 0.2
T(Atomic%)PUBNHCS 29 32 05 06
(Atomic%)Pt/BHCS 2.1 3.5 0.8 0.5
A Atomic % 0.8 0.3 0.3 0.1

Deconvolution of the N1s high resolution spectra for Pt/BNHCSs show the presence of
pyridinic nitrogen (398.3 eV), pyrrolic nitrogen (400.7 eV), graphitic nitrogen (401.6 eV),
oxidized nitrogen (403.1 eV) and metal bonded nitrogen (metal-N-pyridyl) nitrogen (399.7 eV)

(Table 5.7).92

The total atomic % contribution of the nitrogen groups was about 7.4% an indication that the
doping process was completed. It is important to note that the electronic effects on the surface
of the materials is mostly due to the interaction of the carbon material with the electronegative

oxygen and nitrogen groups.5®

Table 5. 7: Data of deconvoluted high resolution N1s spectra for Pt/BNHCSs.

Sample N1s

Pyridinic ~ Metal Pyrrolic ~ Graphitic ~ Oxidized

N Nitrile N N N

(BE/eV)Pt/NHCS 398.3 399.7 400.7 401.6 403.1
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(Atomic%)Pt/NHCS 1.4 1.2 2.1 1.8 0.9

The Pt4f spectra for Pt/BHCSs and Pt/BNHCSs samples were deconvoluted (Figure 5.15) and
the peaks were assigned (Table 5.8). An observed upward binding energy shifts for the

Pt/BNHCSs samples compared to the Pt/BHCSs was observed.®8:646°

Table 5.8: Data of deconvoluted high resolution Pt4f spectra for Pt/BHCSs and Pt/BNHCSs

Ptaf

Sample Pt4f7 Pt 417 — Pt4f5 - metal PtAf5 —
metal PtO PtO
(BE/eV)Pt/BHCS 71.0 72.0 74.4 75.5
(BE/eV)P/BNHCS 70.9 71.7 74.2 75.2
AeV 0.1 0.3 0.2 0.3
(Atomic%)Pt/BHCS 2.0 0.6 2.0 0.6
(Atomic%)Pt/BNHCS 2.0 0.4 2.0 0.4
A Atomic % 0 0.2 0 0.2

The observed upward shift in the binding energies is attributed to the interaction between the
Pt metal and the BHCSs and BNHCSs supports.>*¢¢7 Due to the differences in the surface
chemistry of these supports, the metal-support interaction is expected to vary. It is widely
known through X-ray studies that charge transfer occurs between the platinum nanoparticles
and the electronic groups on the surface of the supports.®® The quantity of this charge transfer
is different from support to support and the presence of these electronegative nitrogen groups

causes the upward binding energy shift for the Pt4f spectra.
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The Pt 4f spectra was deconvoluted into metallic Pt and oxidized Pt (PtO) with metallic Pt
accounting for more than 90 at. % of Pt species present for both samples. This shows that most
of the platinum on the surface and in the pores of both the catalysts exists as metallic Pt more

than it exists as PtO. However, both Pt and PtO are useful in oxygen reduction reactions
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Figure 5.15: Stacked deconvoluted Pt4f XPS spectra for (a) Pt/BHCSs and (b) Pt/BNHCSs

showing binding energy shifts.

5.10: Conclusions

In conclusion, the BHCSs and BNHCSs were synthesized with a diameter of 58 +£ 0.9 nm and

60 £ 1.1 nm respectively. The materials possessed thin carbon shells of 4.5 + 0.6 and 4.6 £ 0.9
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nm respectively. Raman spectroscopy data indicated the presence of defects and a large extent

of graphitization which would be beneficial for catalysis. The materials had high BET surface

area and possessed a network of mesopores. XPS data confirmed the successful nitrogen

doping and deposition of Pt. The BET surface area decreased after the deposition of Pt due to

the blocking of the pores and possible Pt pore confinement. The Pt particles formed were small

and suitable for electrocatalysis applications. The thermal stability significantly decreased after

the deposition of Pt and the Pt loading was confirmed to be around 40 wt.%. The materials

had distinct hemispherical morphology which could prove advantageous in electrocatalysis.
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Chapter 6

ORR activity and durability studies of the
Pt/HCSs, Pt/NHCSs, Pt/BHCSs and
Pt/BNHCSs prepared using a metal-organic

deposition method.

6.1: Introduction

Proton exchange membrane fuel cells (PEMFCs) are advantageous when compared to other
fuel cells because they have excellent properties. They are known to have a neutral carbon
footprint if the hydrogen fuel is sourced from water electrolysis using solar energy. Also they

can be used in many applications including automobiles and portable devices.*?2

To operate PEMFCs, hydrogen gas fed at the anode is electrolysed into protons and electrons.
The produced electrons flow across an external circuit generating a current that can power

equipment while the protons migrate across a proton selective membrane into the cathode!

Sections of this chapter were submitted for publication to the Journal of power sources under the title:
Platinum supported on pristine and nitrogen doped bowl-like broken hollow carbon spheres as oxygen
reduction reaction catalysts. The manuscript is under review.
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compartment. At the cathode the fed oxygen gas reacts with the electrons and protons from the

anode forming water and completing the PEMFCs reactions.®

These PEMFCs reactions are known to occur faster and more efficiently on platinum catalyst
electrodes for both the anode hydrogen splitting (HOR) and cathode oxygen reduction reaction
(ORR).*® Other metals like palladium, iron and nickel are also known to exhibit ORR
properties; however, their mass specific activity (MA) and surface area specific activity (SA)
are not as high as found for Pt. Interestingly, for improved ORR activity, Fe and Ni have been
alloyed with Pt to result in catalyst systems with MA and SA two to three fold better than found

for the Pt catalysts.5°

Bulk Pt is not convenient to use as a PEMFC catalyst as it is expensive and has a low surface
area compared to Pt nanoparticles supported on high surface area, porous carbons or conductive
metal oxides like antimony doped tin oxide (ATO) or cerium oxide (ACO).1%*? The challenge
with these oxides is their low conductivity and porosity which in some cases also leads to low

SA and MA values compared to conductive carbon supports.

During operations like start-up of the fuel cell, cathode potentials can reach above 1.5 V vs
RHE, causing degradation of Pt catalysts supported on carbon.'® The degradation process due
to the carbon corrosion, Pt dissolution, detachment and agglomeration, results in the loss of the
electrochemically active surface area (ECSA) of the Pt catalysts and thereby negatively affects

the MA and SA of the catalysts.}*1°

The mass specific activity and area specific activities are important parameters when
determining the usefulness and surface cost effectiveness of a catalyst system. The MA gives
information on how much of the precious metal Pt is needed to achieve a specific current in a
PEMFC. The SA gives information on how much catalyst surface area and active phases are

available in the catalysts system to achieve a given current.
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Researchers on PEMFCs have studied and investigated Pt or Pt alloy catalysts systems in an
attempt to obtain higher MA, SA and durability in order to accelerate the commercialization
and acceptance of PEMFCs as energy conversion technology. These new catalysts must have
MA (> 0.44 Amgl @ 0.90 V vs. RHE) , SA (> 0.72 pA.cm? @ 0.90 V vs. RHE) and
durability values higher than the DoE (USA Department of Energy) requirements and also
electrocatalyst support stability in order for the -catalysts to be adopted for

commercialization.16-18

Herein we report on a study of Pt nanoparticles (3.8 — 4.2 nm) supported on broken bowl like
hollow carbon spheres, Pt/BHCSs and Pt supported on nitrogen doped broken bowl like hollow
carbon spheres, Pt/BNHCSs. The in-depth physical characterization and elucidation of the
properties of the supports and catalysts were discussed in chapter 4 and chapter 5 of this thesis.
The synthesized catalysts were investigated by ECSA, MA and SA while Pt catalyst durability
studies were performed in a 3-electrode electrochemical setup that mimics a PEMFC electrode.
The catalysts were compared to catalysts that had Pt nanoparticles (3.8 — 4.2 nm) supported on
complete hollow carbon spheres (HCSs), Pt/HCSs and Pt supported on complete nitrogen
doped hollow carbon spheres, Pt/NHCSs. The new catalysts have shown improved MA, SA
and catalyst durability as benchmarked against a commercial Pt/C (Hispec) referred to as

Pt/Vulcan with a nominal 40 wt.% catalyst from Johnson and Matthey as well as DoE values.

6.2: Experimental

The synthesized catalysts were physically characterized using various techniques including
PXRD, XPS, BET, TGA, TEM, TGA, Raman spectroscopy and SEM. Detailed discussions of

these techniques are given in Chapter 3 in this thesis.
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6.3: Electrochemical Characterization

All experiments were performed in a three-electrode setup at room temperature (approx. 25 °C)
in a solution of 0.1 M HCIO4 (Merck, Suprapur). The 0.1 M concentration of the HCIO4 was
chosen to minimise the chloride contamination of the Pt catalyst and Suprapur brands are
known for their high purity. The perchloric acid electrolyte was in all cases either saturated

with argon or oxygen (Afrox, 99.99%) for the cyclic voltammetry (CV) or ORR experiments.

A high surface area Pt wire was used as the counter electrode, mercury/mercurous sulphate
(Hg/HgSO0.) as a reference electrode and a catalyst coated glassy carbon (GC) electrode with
a working area of 0.196 cm? was used as the working electrode. The reference electrode was
calibrated against the reversible hydrogen electrode by measuring the potential difference
between the Pt wire in a hydrogen saturated electrolyte. All potentials in these studies were

reported against the reversible hydrogen electrode potential (vs. RHE).

Catalyst inks were prepared by mixing about 5 mg of the catalyst with 1.5 ml of Ultrapure
water (18.2 MQ-cm — resistivity), 3.5 ml isopropyl alcohol (Merck, HPLC grade) and 20 pl
Nafion perfluorinated resin solution (Merck) (5 wt. % in a mixture of lower aliphatic alcohols
and water). The nafion resin was used to enhance the binding of the catalyst particles to the
glassy carbon electrode surface. The ink mixture was ultra-sonicated in a cold-water bath for

30 minutes to obtain a homogeneous ink solution before analysis.*°

Loading of the platinum on the working electrode (WE) was calculated as follows: 5 mg of a
40 wt% Pt catalyst was made into an ink consisting of 5 mL solvent (isopropy! alcohol and
ultrapure water) and 20 pL Nafion resin, then a 10 pL aliquot of the ink that contained 3.984

ug of Pt spread over the 0.196 cm? of the WE. Thus, the loading Lpt was 20.32 pig.cm.

viz: (0.4 x 5mg) x (10pL/5020puL) x (1000pg/1mg) x (1cm?/0.196 cm?)
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= 20.32 pgpt.cm

The resulting black ink (10 pL) was pipetted onto the GC electrode (Pine Research
Instrumentation) coupled to an RDE710 Gamry rotator box and dried under rotation for 20
minutes under ambient conditions. This formed a thin film of uniformly distributed catalyst
on the GC. The Ultrapure water and isopropyl alcohol were evaporated during the drying

process.

The electrochemical cell, electrolyte volumetric flasks, purge tubes and reference electrode
bridge tubes were all soaked overnight in a solution of Nochromix (Gordax laboratories) and
concentrated sulfuric acid (Merck). This was followed by a 7 times rinse in Ultra-pure water
(18.2 mQ.cm). After rinsing, the glassware was boiled at 100 °C for 5 h and before use, the
glassware was filled with new clean ultra-pure water (18.2 mQ.cm - resistivity) and sealed in

a 5 L beaker to maintain an ultra-clean interior.

The GC electrodes were prepared before ink deposition and drying. Even though the catalyst
film thickness was not measured, It was maintained to a few micrometres thickness to promote
good mass transport of reactive gases and the removal of the water product. The electrode was
cleaned by first using a 1 um alumina (Buehler) and a wet micro-smooth polishing cloth pad
(Buehler). A figure eight cleaning protocol was adopted followed by rinsing in ultra-pure water
and ultra-sonication in isopropyl alcohol and ultra-pure water. The routine was repeated with
a smoother 0.05 um alumina (Buehler) followed by thorough rinsing to remove the dirt and the
sticking alumina. The GC electrode was polished to a mirror finish and allowed to dry under

an inverted beaker before ink deposition.

Perchloric acid electrolyte was made using a low chloride impurity 70% stock solution (Merck,
Suprapur). Chlorides bind irreversibly to the Pt surface reducing the surface area of the

catalysts. The 0.1 M perchloric acid was chosen as the standard electrolyte because it simulates
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a perfluoro-sulfonic acid ionomer in RDE measurements. A Biologic SP300 potentiostat

coupled to a Gamry RDE710 Rotator was used for CV and RDE measurements.

6.4: Cyclic Voltammetry (CV)

For CV measurements the thoroughly cleaned electrochemical cell was filled with fresh 0.1 M
HCIO4 and de-aerated or purged with a steady stream of pure argon for about 30 minutes. The
working electrode (WE) made of a catalyst coated GC was screwed to the rotator shaft and
immersed into the de-aerated acid electrolyte. The WE was placed close to the tip of the
reference electrode by use of a luggin capillary bridge tube to minimise solution resistance
between the WE and the RE and guided into the electrolyte. Any gas bubbles present on the
WE were removed by rotation at about 500 rpm prior to testing. After the immersion of the
WE the argon (Ar) gas stream was restored but this time at a slower steady rate to avoid the
formation of gas bubbles that could stick to the surface of the WE. All electrodes were
connected to the Biologic SP300 potentiostat using shielded cables for potential control. In an
argon saturated electrolyte, the potential of the WE was swept between 0.075 — 1.225 V vs.
RHE for 100 cycles at 100 mV.s™ for the electrochemical oxidation of all the impurities on the
surface of the catalyst coated WE. The scan rate was then reduced to 50 mV.s™* and the 3™
cycle was used for the calculation of the ECSA (electrochemical active surface area) assuming
a monolayer charge associated with hydrogen adsorption of 210 uC.cm. The area under the
CV curve associated with the under potential deposition of hydrogen was integrated and used

for the calculation of ECSA using the formulae in Equation 6.1.
ECSApt = (Qdes) / (210 uC.cm™? x Lpt ) (6.1)%

where Qqes IS the integrated charge on the CV associated with the under potential deposition of

hydrogen, Lp; is the loading of platinum on the surface of the working electrode normalised to
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the 0.196 cm? area of the GC electrode. The charge associated with the adsorption of a

monolayer of protons on the clean surface of Pt is 210 pC.cm=2.2

6.5: Linear Sweep Voltammetry (LSV)

Oxygen reduction reaction (ORR) I-V polarization curves were obtained at 1600 rpm from the
electro-catalyst coated working electrode. The WE was swept at 10 mV.s between 0.075 —
1.225 V vs. RHE. To correct for a non—-ORR background current, the LSV obtained in an argon
saturated electrolyte without rotation was subtracted from that obtained from the O, saturated
electrolyte. The ORR polarization 1-V curves were used to calculate the kinetic current
(Equation 6.2), a parameter required in the determination of the electrocatalyst area specific

(SA) and mass specific (MA) activities of the catalysts.
Ik = (lim X 1) / (him — 1) (6.2)%

where Ik is the kinetic current (A) and lim is the measured limiting current (A). Then, I is the
current value of the ORR polarization curve at E° = 0.90 V and him is the current value that is

at E° =0.40 V versus RHE (Figure 2.5, Chapter 2) (Equation 6.3)
SA = I/ ( Ques / 210 uC.cm?) (6.3)°

The Pt specific activities were estimated via calculation of Ix and normalization to the Pt-

loading of the disk electrode.

Normalization of the Ix with the under potential deposition of hydrogen charge as shown in the
equation above was used to estimate the area specific activity (SA). The mass specific activity
(MA) of the catalysts were estimated when the kinetic current (lx) was normalized with the
loading and the catalysts on the working electrode. The simplified equation for MA (Equation

6.4), is
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MA = SA x ECSA (6.4)

6.6: Durability measurements

Durability load cycling was carried out after the measurement of the beginning of life (BOL)
CV and activity. Initially the WE was swept between 0.075 — 1.225 V vs. RHE at 100 mV.s™!
to clean the catalysts of any impurities and contaminants. This was followed by 5 CVs at a

lower scan rate of 20 mV.s™ for ECSA measurements (Figure 6.1).

0.20 4

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 L1 1.2
(EV vs. RHE)

Figure 6. 1: Cyclic voltammograms for ECSA and load cycling (catalyst durability cycle)

recorded in 0.1 M HCIO4 (room temperature and in argon saturated electrolyte) for Pt/BHCSs.
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Figure 6.2: Load cycle durability test protocol for the Pt corrosion test.

At the end of each load cycling CV set, five ECSA CVs were obtained and the 3" was used for

the calculation of the new ECSA.

Load cycling for catalyst durability measurements was carried out in a 0.1 M HCIO4 solution
at 25 °C, in an argon saturated solution. The WE was cycled at 50 mV.s™ between 0.6 — 1.0 V
vs. RHE using a triangular wave profile with a zero seconds hold at each potential and a

complete cycle duration of 16 seconds (Figure 6.1 and Figure 6.2).%

Load cycling was carried out in units of 10, 100, and 1000 cycles until when the 6000™" cycle

was reached after 27 h of continuous cycling and argon saturation.

6.7: Results and Discussion

6.7.1: Electrochemical Characterization

The ECSA of all the catalysts were determined using CV in argon saturated 0.1 M HCIO4 at
room temperature. The WE was cycled in the 0.075 — 1.225 V (Figure 6.5a) voltage range at a
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50 mV.s? scan rate. All samples exhibited typical features of a Pt/C catalyst. These features
included the peaks for the under potential deposition of hydrogen, Hupp, in the region from 0.0
—0.4 V vs. RHE. Also present are the peaks for the desorption of hydrogen in the same potential
window. For all the catalysts there was no observable peak in the 0.4-0.5 V vs RHE window
as this is the double layer region of the CV due to the capacitive effects of the materials. Pt
oxidation occurred as shown from the peaks between 0.75-1.2 V vs RHE. In this region pure
metallic Pt was oxidised to PtO and at the reversal of the cycle, in the same region of 1.2-0.75

V, the PtO was reduced again to metallic Pt in its zero oxidation state.®

All the materials had a different size of the capacitive double layer due to the variety in the
chemical nature of the support materials used in the making of these catalysts. It is known that
doping with nitrogen, or even altering the size of carbon materials affects the capacitive effects
of these materials (Figure 6.5a).24% The respective ECSA values were between 57-69 m2.g*t
and consistent with the TEM observed particle sizes (Table 6.1). Also, the Hqes Obtained ECSA
values are consistent with the theoretical metal surface area (MSA) calculated based on the
particle sizes (Figure 6.3, Table 6.1). The theoretical metal surface area, according to the
parameters used, will always be above the Hupp obtained ECSA value. Assuming uniformly
spherical Pt nanoparticles deposited on the supports, the MSA of an ideal monodisperse Pt

catalyst per unit mass is related to its diameter d?"? as
MSA =6/pd (6.5)

where p is the density of Pt (21.45 g.cm™). For a Pt nanoparticle of diameter of 5 nm, the
corresponding MSA would be 56 m?.g™! and for a 2.2 nm Pt nanoparticle, it would be 127 m?.g°
1 (Figure 6.3). The largest attainable MSA for the studied catalysts would be for Pt/BNHCSs
with a particle diameter of 3.8 + 0.6 nm at a value of 74 m2.g%. It must be noted however that

these Pt nanoparticles do not all have a uniform size such that some are smaller than the average

222



whilst some agglomeration of the Pt particles might also exist. The lower values of ECSA
compared to the MSA could be due to some of the Pt nanoparticles being partly embedded in
the shell of the supports such that they are not available for electrochemical processes. In this
study we have also confirmed the pore confinement of Pt (Figure 6.14 and Figure 6.15) which
is also consistent with the Pt durability during cycling. It is however safe to apply the MSA

formulae (Equation 6.5) as a guide to avoid overestimation of ECSA in these calculations.
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Figure 6.3: Theoretical total Pt surface area (MSA) as calculated using the density of Pt,

assuming uniform spherical morphology and a given particle diameter.

The ECSA of the synthesized catalysts was found to be between 57 and 69 m?.g* which is
consistent with the theoretical metal surface area (MSA) values calculated. The MSA values

calculated for the given Pt average diameters are between 67 and 74 m?.g. To validate the
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MSA method, the ECSA for the commercial Pt/Vulcan catalyst was calculated using the Hurp
method and the value was found to be 61 + 4 m%.g™* and when calculated using the MSA
method, the MSA was found to be 72 m?.g™. Assuming the MSA method holds, Pt metal
utilization for Hupp was calculated, to determine the utilization of the Pt nanoparticles in the
determination of ECSA. The data are shown in table 4.5. The data shows that the Pt utilization

was between 85 — 96%.

Table 6. 1: Calculated ECSA and theoretical metal nanoparticles surface area based on average

particle size. Platinum utilization was calculated based on the theoretical surface area (MSA)

Catalyst ECSA Pt-d MSA Pt Utilization
/m?.g? /nm /m?.g? ECSA/MSA(%)
Pt/Vulcan 61+4 39+09 72 85
Pt/HCS 57+6 42+0.5 67 85
Pt/NHCS 67 +3 40+0.6 70 96
Pt/BHCS 62+9 39+05 72 86
Pt/BNHCS 69+4 38+29 74 93

Figure 6.10 shows the I-V polarization curves of all the studied catalysts for ORR. Oxygen
reduction reaction activity is one of the best ways to compare catalysts activities using a
rotating disk electrode. Catalysts studied here were of moderate Pt loading ranging between
18 — 22 pg.cm 2 on the working electrode. The observed higher diffusion limiting current in
the Pt/BNHCSs could be due to the structure of the catalyst, as the catalysts displayed an
unusually higher ECSA at 69 m?.g* for a 3.9 nm average diameter even though other similar
particle sizes for the Pt/BHCSs and Pt/Vulcan had lower ECSA values (Figure 6.5). The higher

diffusion limiting current was not due to an increased rotation rate as all the catalysts were
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studied at a pre-set 1600 rpm. The higher limiting current can be attributed to the roughness of
the catalyst film with more exposed active sites. Unlike the Pt catalysts where the Pt was
deposited only on the outside surface of the supports, in this catalyst system, Pt is deposited

both the inside and outside of the broken shell.

Pt Particles Interconnected carbon support

Figure 6.4: Schematic illustration of the Pt nanoparticles supported on top and inside pores of

interconnected broken bowl like and broken bowl like nitrogen doped hollow carbon spheres.

Therefore, more Pt active sites are exposed to the oxygen saturated electrolyte for the
Pt/BHCSs and Pt/BNHCSs compared to the Pt/HCSs and Pt/NHCSs. This is supported by the
observed SA trend viz. Pt/BNHCSs > Pt/BHCSs > Pt/NHCSs > Pt/HCSs with the commercial

Pt/Vulcan having the lowest SA, an indication of lower activity.

Kinetic currents were normalized with the loading of the catalysts on the WE yielding the mass
specific activities (MA). The observed trend is similar with the one observed for SA with
Pt/BNHCS being the highest at 188 A.g™* compared to Pt/Vulcan at 65 A.gt. ORR activity

data seems to be lower than literature because cathodic sweeps were used for ORR.?

The catalysts had similar ECSA values and similar Pt particle sizes however different SA and
MA values. The differences in activity could be due to the nature of the supports introduced by
parameters like nitrogen doping which affects the electronic properties of the catalysts.3%%
XPS data (Chapter 5) confirmed the presence of N1s electronic states for Pt/NHCSs and
Pt/BNHCSs. These were not present in the Pt/VVulcan, Pt/BHCSs and Pt/HCSs catalysts. The

deconvoluted N1s spectra showed the presence of pyridinic, pyrrolic and metal-n-pyridyl
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groups. The metal-N-pyridyl groups indicated that metal-nitrogen bonding is evident. An
electronic interaction between these species would promote better activity for the doped

materials when compared to the pristine catalysts.323
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Figure 6.5: Electrocatalysis characterization data for the 40 wt% catalysts showing (a) Cyclic
voltammograms, (b) ORR polarization I-V curves, (c) Tafel plots and (d) Mass specific (MA),

area specific (SA) activities and electrochemical surface area (ECSA).

At 0.90 V vs RHE, the Tafel plots shows the order of catalysts activity to follow the trend Pt
/BNHCS > Pt/BHCS > Pt/NHCS > Pt/Vulcan with the least active catalysts being the Pt
supported on hollow carbon spheres. Table 6.4 data summarises the activities of the catalysts.
The kinetic currents at 0.90 V vs. RHE confirms the activities as discussed above. Pt/BHCS
has the highest kinetic current at 2956 pA.cm compared to the lowest, for Pt/HCS at a very
low 290 pA.cm. The Kinetic currents were normalised with the ECSA to yield area specific

activities (SA) of the catalysts. All the synthesized catalysts had higher SA activities compared
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to the commercial catalysts with the Pt/BNHCSs having a SA value that were 65% larger than

the commercial benchmark Pt/Vulcan catalyst (table 6.4).

Table 6.2: Calculated ECSA and ORR activity for the 40 wt% catalysts at 0.90 V vs RHE

Catalyst ECSA MA (0.90V) _ SA (0.90 V) 1 (0.90 V)
/m?.g?t IA.g* JUA.cm™ /(MA.cm?)
Pt/\Vulcan 61x4 65+ 13 107 £ 19 1099 £ 10
Pt/HCS 576 90 £ 22 134 + 16 290 £ 20
Pt/NHCS 673 95+ 16 138+ 12 1431 £ 10
Pt/BHCS 629 109+ 14 162 + 22 1346 £ 18
Pt/BNHCS 694 188 + 25 303+ 10 2956 + 30

The catalysts are also known to have varying BET surface areas (Chapter 5). The higher
activity Pt/BNHCS and Pt/BHCS have twice as large a BET surface area when compared to
the Pt/Vulcan catalyst with a BET surface are of 220 m?.g™. Also, of note are the higher pore
widths for the Pt/BHCS and Pt/BNHCS at 6.8 nm and 5.5 nm respectively compared to a value
of 4.8 nm for the Pt/Vulcan catalyst. The bigger pore size allows for the confinement of Pt
nanoparticles inside the pores of the supports forming a matrix of Pt/C that in turn promotes
metal to support electronic conductivity. This kind of metal-support interaction and resulting
enhanced activity is normally higher when compared to metal nanoparticles that are deposited

mostly on the surface of the catalyst.

6.7.2: Catalyst durability

Catalyst durability is of fundamental importance if the PEMFCs are to be utilized as a reliable

renewable energy conversion technology. In this study the WE was cycled at 50 mV.s™ for
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6000 cycles between 0.6 — 1.0 V vs RHE (Figure 6.1) using a triangular wave profile (Figure
6.2) in order to determine the Pt catalyst durability. It is in this potential window where Pt—
oxide formation and Pt-oxide reduction occurs to produce a clean Pt surface at the reversal of
the potential cycling. The choice of the potential window to be used was based on the changes
of Pt surface from an oxide-free surface at about 0.6 V vs RHE to an oxide-covered surface at
about 1.0 V vs RHE.?’ It is in this potential window that the chemical nature of the Pt catalysts
changes due to potential cycling leading to ECSA degradation. This is a typical load cycle
window which specifically induces Pt dissolution and agglomeration and hence was chosen so
as to be able to investigate the effect of the different support structure and pore network. Also,
in consideration is the fact that when the chemical nature of the Pt catalyst changes during a
PEMFC life cycle, this can prove to be detrimental in its application, for example, as a source
of energy in automobiles. Cycles were limited to 6000 to mitigate the effects of electrolyte and
subsequently catalyst contamination and occasional flaking from the electrode tip that occurs
during cycling experiments that run beyond many days. Figure 6.11 show the changes in the
CVs of the catalysts due to potential cycling. It can be seen for all catalysts that there was a
change in the size of the regions associated with hydrogen adsorption and desorption, the size
becomes smaller with potential cycling. The change in size of this region is denoted by the
arrows which show the direction of the changes. Figure 6.11 (a) depicts the CVs for the change
in the peak position of the Pt/HCSs for the reduction of the Pt-oxide. The CV curves show that
for all the catalysts, the intensities of the signals relating to hydrogen adsorption and desorption
in the 0.0-0.4 V vs. RHE region as well as in the Pt - oxide formation and reduction region
above 0.5 V vs. RHE decrease as a result of the potential cycling (Figure 6.6). Two parameters
were used when investigating the support durability. These were the changes in the double
layer capacitance and the formation of hydroquinone/quinone (HQ/Q) functionalities as carbon

is partially oxidised.33®
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Figure 6.6: Durability cyclic voltammograms from beginning of life (BOL) to 6000 cycles
showing the change in the structure due to the accelerated degradation for (a) Pt/HCS, (b)
Pt/NHCS and (c) Pt/BHCSs, (d) Pt/BNHCSs and (e) the commercial benchmark Pt/Vulcan
catalyst. Cycling was done between 0.6 — 1.0 V vs RHE at 20 mV.s™ and at room temperature
(25°C).

Carbon corrosion is observed from the CV curves during the oxidation of hydroguinone to

quinone and this normally occurs as a redox peak at about 0.6 V' vs. RHE. The released charge

coupled to partial oxidation in the HQ/Q reaction is proportional to the amount of hydroquinone
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species that forms on the surface of the carbon supports due to the degradation. For all the
catalysts studied, the HQ/Q peak did not form. This shows that the protocol used in the
intentional degradation of the catalysts results in minimal carbon corrosion and that the
predominant cause of ECSA reduction is due to the degradation of only the Pt. This is expected,
when using the 0.6-1.0 V vs. RHE potential cycle for Pt. This is the potential window in which
the Pt surface is chemically oxidised followed by the reduction of the Pt-oxide back to Pt.
Degradation in fuel cells is known to occur via processes that include Pt dissolution, Ostwald
ripening, agglomeration, particle detachment as well as support corrosion.?%3¢-3 |n this study
support corrosion is ruled out as there is no observable increase in the double layer 0.35-0.50
V vs. RHE region. This therefore leaves Pt dissolution, Ostwald ripening, particle detachment
and agglomeration as the possible mechanisms of degradation of the Pt. The degradation of the

Pt was observed as a decline in ECSA as load cycling was carried out.

Figure 6.7 shows the changes in normalized ECSA during the different stages of the cycling
protocol. During the initial 100 cycles, there is an observed increase in ECSA for the
Pt/BNHCSs while most of the other catalysts have the ECSA declining in size. The ECSA
increase could be attributed to the cleaning effect of the cycling protocol which results in some
organics, presumably from the Pt precursor salt being electrochemically oxidized leaving a
cleaner Pt surface available for electrochemical reactions.*® At this stage the number of Pt
active sites increases and as a result ECSA initially improves. Another possible explanation is
the roughening of the surface of the Pt due to initial Ostwald ripening leading to a rougher Pt
surface with a higher surface area compared to the initial surface area.*! During the initial 1000
potential cycles, the Pt/BNHCSs catalyst loses a mere 0.2% of the initial ECSA. The biggest
loss occurred for the Pt/Vulcan catalyst which loses about 24% of the initial value in a steep
decline of its ECSA. The catalysts Pt/HCS and Pt/NHCS lose about 13% of the initial ECSA.

The near identical loss for the catalysts supported on unbroken HCSs suggests that in this cycle
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duration, the chemical nature of the supports is not significantly different and hence the
interaction of the Pt with the supports could be identical. The Pt/BHCSs catalyst had the second
least reduction in ECSA, which was comparable to the Pt/BNHCSs. The observed durability

was attributed to the structure of the supports used for these two catalysts.

A correlation is indicated between the degradation and the structure of the supports used.
Particle size effects for the catalysts could be ruled out as all the catalysts studied had particle
sizes in the same size range. Also, the catalysts studied were of similar Pt loading between 38
— 41 wt.% Pt. Another explanation for the sudden reduction in ECSA for the Pt/Vulcan catalyst
can be found in its textual properties. The Vulcan carbon support used in the commercial
benchmark catalyst material had a BET surface area of about 250 m?2.g™* whereas when loaded
with Pt the BET surface area is reduced to about 220 m2.g%. This was a relatively small change
in surface area of about 12% compared to other catalysts. For example, the Pt/BNHCS showed
a reduction from 780 m2.g! to 347 m?.g%, which is a 45% reduction in surface area. BNHCS
to P/BNHCS experienced a 39% reduction in BET surface area during the same process of
metal deposition. This suggests that these surface area reductions are due to a process known

as Pt pore confinement.
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Figure 6.7: Catalyst durability study showing the change in normalized ECSA (a) from BOL
to 6000 cycles, (b) From BOL to 1000 cycles, (c) from 2000 to EOL (end of life — 6000 cycles)
and (d) from the 5000 to the end of life (EOL) 6000 cycle.

Table 6.3: Comparison of normalized ECSA between BOL and after 1000 cycles. Also shown
is the percentage loss in ECSA due to accelerated cycling

Sample Normalized BOL Normalized ECSA Change
ECSA 1000 cycles ECSA 1%
1% 1%

Pt/Vulcan 100 76.1 23.9
Pt/HCS 100 86.4 13.6
Pt/NHCS 100 86.8 13.2
Pt/BHCS 100 94.5 5.5
Pt/BNHCS 100 99.8 0.2
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This improved tethering reduces agglomeration and dissolution of the Pt due to the strong

bonds that occur with the supports.®® Another point to note is the comparable pore sizes for the

supports and the size of the resulting Pt nanoparticles. The Pt nanoparticles (3.9 nm) on average

and the average pore widths for Pt/BHCS (6.8 nm) and Pt/BNHCS (5.5 nm) (Table 6.4)

respectively could conveniently have resulted in Pt nanoparticles that can fit into the pores.

These Pt nanoparticles have improved contact with the supports and hence higher durability

compared to less strongly bound Pt on the carbon surface as suggested for the less porous

Pt/Vulcan catalyst.

Table 6.4: Comparison of the textual properties of the supports and the complete catalysts

showing reductions in BET surface area, BJH pore volume and BJH pore widths due to Pt

deposition

Material BET SA BJH PV BJH PW

Im?.g? femé.gt /nm

Support | Catalyst | % Support | Catalyst | % Support | Catalyst | %

change change change

Pt/Mulcan | 250 220 12.0 0.28 0.24 14.3 5.2 4.8 7.3
Pt/HCS 520 313 39.8 0.31 0.19 38.8 6.8 4.5 33.8
Pt/NHCS 570 368 35.4 0.32 0.20 37.5 6.5 5.0 23.1
Pt/BHCS 735 462 38.8 1.12 0.64 42.9 8.6 6.8 20.9
Pt/BNHCS | 782 347 55.6 1.45 0.31 78.6 10.3 5.5 46.6

233



Similar trends were observed for the Pt/HCS and Pt/NHCS where reductions in surface area of
about 40% and 35% are observed. We propose pore confinement in these supports as the

predominant mechanism in which durability is enhanced.

In respect of the above argument where Pt/Vulcan, Pt/HCS and Pt/NHCS all have similar
particle sizes in the 3.9 — 4.2 nm,*2*3 pore widths in the 4.8 — 5.8 nm and a small pore width to
Pt particle size ratio, the improved durability in the Pt/HCS and Pt/NHCS relates to the BET
surface area reduction which is higher for the Pt/HCS and Pt/NHCS catalysts suggesting
improved pore confinement.** During the initial 1000 durability cycles, the catalyst/support
system with the smallest change in textual properties had the highest ECSA loss whereas those
with high changes in textual properties (Table 6.4), had small losses in ECSA. The explanation

for this is Pt pore confinement.

Table 6.5: Comparison of normalized ECSA between 1000 and EOL (6000™ cycles) The total

loss in ECSA due to accelerated cycling is shown.

Sample Normalized Normalized ECSA lost

1000 cycles ECSA 6000 cycles ECSA 1%
1% 1%

Pt/Vulcan 76.1 47.6 28.5
Pt/HCS 86.4 64.4 22.0
Pt/NHCS 86.8 57.3 29.5
Pt/BHCS 94.5 65.4 29.1
Pt/BNHCS 99.8 59.1 40.7

During the 5000 cycles that followed the initial 1000 cycles, the highest durability loss as

shown by ECSA reduction occurred in Pt/BNHCS catalyst. This catalyst system loses about
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40.5 % ECSA in this region compared to Pt/HCS with a coupled 22% loss (table 6.5). As
discussed above, it had been proposed that pore confinement of Pt is highest in this catalyst
system (Pt/BNHCS), meaning that the durability loses could be due to other properties of the
catalyst. The durability loss is attributed to the small initial particle size for the Pt/BNHCS (3.8
nm).*"*8 The small Pt nanoparticles have higher surface energy compared to bigger Pt
nanoparticles. Therefore agglomeration, Ostwald ripening and Pt dissolution could be the

driving force behind this durability loss.

Pt nanoparticles agglomeration could occur as a result of higher surface energy which would
lead to migration and coalescence. In this case, the process is independent of support corrosion
as shown in the durability CVs (Figure 6.6) where there is no double layer change or formation
of the HQ/Q redox couple. The ECSA losses for this catalyst system could also suggest that a
substantial amount of Pt is not pore confined and due to particle size effects on durability, these
Pt nanoparticles could have agglomerated resulting in a dramatic ECSA loss. Particle size
dependent degradation could also be observed in the Pt/Vulcan, Pt/NHCS and Pt/BHCS where
mild losses of between 28.5 — 29.5% were observed for the smaller Pt particles in the 3.9 — 4.0
nm size range (Table 6.1). The ECSA decreases for these catalysts systems which have similar
particle sizes were also comparable. This was further supported by the minimal ECSA loss of
22% which is the lowest, for the Pt/HCS system which has the largest Pt particle size of 4.2

nm.

The bigger durability loss in the P/BNHCS and the Pt/NHCS systems could have been
exacerbated by the nitrogen doping of the support.*®5® N-doping affects the long range
crystallinity of the supports and this normally leads to a more amorphous support. Amorphous
supports could be degraded more easily through the electrochemical degradation of carbon or
they could experience negative electronic effects, negative metal — support interaction and

reduced tethering of the Pt and hence possible reduced durability.5!5?
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Table 6.6: Comparison of normalized ECSA between 5000 and EOL (6000 cycles). The loss
in ECSA in the final 1000 cycles due to accelerated cycling

Sample Normalized Normalized ECSA lost

5000 cycles ECSA 6000 cycles ECSA 1%
1% 1%

Pt/Vulcan 54.3 47.6 6.7
P/HCS 64.5 64.4 0.1
Pt/NHCS 59.9 57.2 2.7
Pt/BHCS 66.2 65.4 0.8
Pt/BNHCS 62.1 59.1 3.0

After 5000 cycles of durability testing, the ECSA losses decreased for most catalysts. During
the last 1000 cycles, the highest ECSA loss was experienced by the Pt/\Vulcan catalyst with a
loss in ECSA of 6.7%. This was followed by the Pt/BNHCSs and the Pt/NHCSs with loses of
3.0 and 2.7 respectively. Minimal loses of 0.8 and 0.1 % were experienced by the Pt/HCS and
Pt/BHCS respectively. As all these catalysts are in a similar size range, we propose the ECSA
loses to be due to changes in the textual properties of the supports used. We propose that the
smaller value of BET surface area of the Vulcan enhances the degradation of Pt, as it is less
porous and less defective and hence minimal confinement of Pt. For all the supports studied,
the Pt/Vulcan had a lower Ip/lg ratio (Table 6.7) indicating that it was more crystalline and
hence less defective and has less anchor sites for Pt than other catalyst supports. Pt/VVulcan also
had the smallest Pt—Pt distance (Table 6.7) making agglomeration to occur easier when the

surface energy of the Pt nanoparticles is increased during potential cycling.
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Table 6.7: Correlation between Ip/lg ratio, TEM particle sizes and Pt-Pt interparticle distances

for the catalysts

Sample In/lG ratio TEM particle Pt inter particle
size/nm distance /nm
Pt/Vulcan 0.69 3.9+09 5.3+2
P/HCS 1.12 42+0.5 5.8+3
Pt/NHCS 1.06 40+0.6 5.1+3
Pt/BHCS 0.97 3.9+05 6.2+4
Pt/BNHCS 1.00 3.8+0.6 6.0+4

The Pt/Vulcan had a lower Ip/lg ratio compared to Pt/HCS. This relationship could be used to
explain the final ECSA after 6000 cycles where Pt/Vulcan had the highest degradation whereas

Pt/HCS had the least degradation.

After 6000 cycles, it was the Pt/BHCS catalyst that retained the highest ECSA (table 6.5). The
catalyst maintained 65.4% of the initial surface area. Pt/NHCS maintains 64.4% of the initial
ECSA indicating that particles size dependant degradation, pore confinement and favourable
metal-supports interactions between the Pt and the support led to a more stable catalyst. Pt/HCS
had a slightly higher value of initial ECSA however the value at 57.3% was still high. When
comparing the Pt/HCS and Pt/NHCS catalyst systems, the higher durability of the nitrogen
doped system is ascribed to the smaller inter Pt distance and better anchoring of Pt due to the
induced favourable electronic effects due to nitrogen doping. We would expect the nitrogen
doped catalyst to have a lower durability because of the smaller Pt size of 4.0 nm (). However,

the Pt size difference of 0.2 nm is not significant enough to claim a particle size dependant
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degradation. Therefore, we conclude that Pt-support interactions and pore confinement are the

major influences to explain the enhanced durability of these catalysts.

Table 6.8: Comparison of normalized ECSA between BOL and EOL (6000 cycles), also shown

is the total loss in ECSA due to accelerated cycling

Sample Normalized BOL Normalized ECSA LOST ECSA kept

ECSA 6000s cycle /% 1%

1% ECSA

1%

Pt/Vulcan 100 47.6 52.4 47.6
Pt/HCS 100 57.3 42.7 57.3
Pt/NHCS 100 64.4 35.6 64.4
Pt/BHCS 100 65.4 34.6 65.4
Pt/BNHCS 100 59.1 40.9 59.1

Under in-situ PXRD conditions, heating the catalysts from 25-725 °C in an inert gas (nitrogen)
resulted in a Pt crystallite size increase from 5.20 nm at 25 °C to 5.34 nm at 725 °C. The Pt
crystallites for Pt/BHCSs managed an increase of 3% over the temperature range compared to
a change of 70.6% for the Pt/HCS and 75.5% for the benchmark Pt/C catalysts (Figure 6.8,
Table 6.9 and Figure 6.10 and Table 6.10, Table 6.11 and Figure 6.12). The small change in Pt
crystallite size shows that even though the Pt particles were provided with enough energy to
degrade and agglomerate, the extent of the agglomeration process was minimal for the Pt/C

sample.
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Table 6.9: Growth of Pt crystallite size (Rietveld refinement) for Pt/BHCSs as a function of

reaction temperature

Parameters Pt/BHCSs

Temperature/°C 25 75 125 175 225 275 325 375 425

Pt crystallite 520 520 521 522 525 528 530 531 531

size /nm

Temperature/°C 475 525 575 625 675 725

Pt crystallite 532 533 534 534 534 534

size /nm

Also, the Pt/HCS sample did not experience the same agglomeration due to in-situ PXRD
conditions. The minimal increase in particle size for the in-house Pt/BHCSs and Pt/HCSs is
attributed to the structure of the supports used in the preparation of these samples. As
confirmed by Raman spectroscopy, XPS and BET studies, the BHCSs support had many
defects and the Pt nanoparticles were lodged and supported in the pores resulting in strong Pt-
support interactions.>*>* The strong Pt-support interactions were revealed by XPS data (figure
6.8) which were manifested as Pt4f binding energy shifts for the various supports
employed.>>*® The high initial BET surface area and the array of micropores allowed for the
deposition of Pt inside the pores resulting in the confinement of the Pt inside the pores (Figure
6.14 and Figure 6.15). The pore confinement is thought to have existed in all the synthesized
catalysts. This is because all the catalysts had similar support properties as elucidated by XPS,

Raman, BET and many other characterization techniques.
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Figure 6.8: Variable temperature PXRD diffractograms for Pt/BHCSs (a) and the

corresponding variable temperature dependent Pt crystallite growth (b). See Table 6.7: In-situ

PXRD Pt crystallite size changes due to the variable temperature for Pt/BHCSs.
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Figure 6.9: DF-STEM images (a — d) of platinum particles confined inside the carbon shell of
the supports for the Pt/BHCSs sample.

These pore confined Pt particles were typically found below the surface of the support (Figure
6.9 and Figure 6.11) and as a result they their interaction with other Pt nanoparticles would be
reduced and thus limit processes like agglomeration. Also, pore confined Pt nanoparticles have
improved anchoring to the supports due to the enhanced contact as a result of pore enclosure

and restricted ease of migration.®’
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Table 6.10: Growth of Pt crystallite size (Rietveld refinement) for commercial Pt/HCSs as a

function of reaction temperature

Parameters Pt/HCSs
Temperature/°C 30 100 150 200 250 300 350 400 450
Pt crystallite 288 292 340 496 530 632 7.69 8.85 9.17
size /nm
Temperature/°C 500 550 600 650 700 750
Pt crystallite 9.33 9.64 995 9.64 9.73 9.81
size /nm

In Pt pore confinement, when the nanoparticles are reduced at the end of the reduction and

deposition process, most of these Pt occupy the pores, voids and defects of the support and

thereby lead to a BET surface reduction due to pore blockage and subsequent pore volume

reduction. The reduction has also been shown to occur in the pore volumes and pore width

data.
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Figure 6.10: Variable temperature PXRD diffractograms for commercial Pt/HCS (a) and the
corresponding variable temperature dependent Pt crystallite growth (b). See Table 6.8: In-situ

PXRD Pt crystallite size change due to the variable temperature for Pt/BHCSs.
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Figure 6.11: (a) DF-STEM images of Pt/HCSs showing the bright edges of the HCSs support
due to Pt. (b) and (c) Pt map showing location of Pt in the shell region of the support. (d) EDX
showing the presence of Pt on the supports, the copper is due to the copper grid used for

analysis.

Table 6.11: Growth of Pt crystallite size (Rietveld refinement) for commercial Pt/C as a

function of reaction temperature

Parameters Benchmark Pt/C

Temperature/°C 30 100 150 200 250 300 350 400 450

Pt  crystallite 2.89 278 340 496 630 732 7.69 7.85 8.18

size /nm
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Temperature/°C 500 550 600 650 700 750

Pt  crystallite 833 8.64 895 9.64 1073 11.81

size /nm
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Figure 6.12: Variable temperature PXRD diffractograms for commercial Pt/C (a) and the
corresponding variable temperature dependent Pt crystallite growth (b). See Table 6.8: In-situ
PXRD Pt crystallite size change due to the variable temperature for Pt/BHCSs.

6.8: Conclusion

Pt catalysts were deposited on hollow and broken carbon and nitrogen doped carbon supports

(Pt/HCSs, Pt/NHCSs, Pt/BHCSs and Pt/BNHCSSs). The textual properties showed that the new
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Pt-carbon catalysts had higher surface areas than the commercial Pt/\Vulcan benchmark
catalyst. The higher surface area and better pore widths and volumes of the new materials

enabled Pt pore confinement and enhanced catalyst durability.

Pt nanoparticles were smaller on the nitrogen doped and high surface area supports as
compared to the Pt particles deposited on the pristine supports. As discussed, the nitrogen
groups, confirmed by XPS, had positive electronic effects that restricted Pt particle growth
during deposition. The smaller Pt particles from nitrogen doped supports had a higher ECSA
compared to the bigger Pt particles supported on pristine supports. Pt utilization in ECSA data

showed no particle size dependent correlation.

All the synthesized catalysts had higher mass specific activity (MA) compared to the
commercial catalyst. The Pt/Vulcan had the lowest MA value (65 A.g™l) compared to the
highest value for the Pt/BNHCS at 188 A.g™; this is a 172% increase. For the other catalysts
MA increases were between 19 - 32%. Similar trends were observed for the specific activity
(SA) where the commercial Pt/Vulcan had a value of 107 pA.cm (anodic) compared to the
303 pA.cm for the Pt/BNHCS; a 128% increase, for a similar particle size and comparable

ECSA.

Particle size effects were not related to SA, ECSA and MA trends, as all the materials had
similar Pt sizes. The possible explanations for the observed dramatic increase in MA and SA
were attributed to the textual properties of the new supports as well as the nitrogen doping. The
higher BET surface area for the Pt/BNHCSs could have permitted better diffusion of the
oxygen allowing better ORR. Nitrogen doping could have influenced the electronic properties
of the supports allowing for favourable charge transfer and equilibration between the Pt and

the support, and better Pt ORR activity as a result.

247



The Raman data confirmed the presence of defects on the supports allowing for small particles
of Pt to be deposited effectively. The higher defect density of the synthesized materials, as
confirmed by the Ip/lg ratios, allowed for numerous sites for Pt deposition with a high degree
of dispersion and support utilization. These uniformly dispersed Pt particles with small Pt-Pt
distances were near each other and hence allowed for better conductivity for the ORR electrons,

resulting in the higher SA and MA values obtained.

Higher durability was observed for the Pt/BNHCSs compared to the Pt/\VVulcan benchmark
catalyst. At the end of load cycling, this catalyst retained about 59% of the initial ECSA
compared to about 48% for the Pt/\Vulcan. The other catalyst durability values were in between
these extreme values. There was a correlation between BET surface area, Ip/lc ratio and small

contributions due to particle size effects of the Pt catalysts and their activities.

Nitrogen doping was shown to enhance the MA and SA of the catalysts; however, the durability
of Pt was negatively affected. Nitrogen doped supported catalysts had lower durability
compared to the pristine materials. The lower durability was attributed to the higher defect
density on these supports which could have contributed to Pt degradation possibly by

detachment or dissolution.

The new synthesized catalysts had higher MA, SA and ECSA compared to the commercial
catalyst. Further studies on support durability would allow these materials to be used in
membrane electrode assembles (MEA). The MEA could then be tested in real fuel cell test

stations, followed by commercialization if the further testing gave positive outcomes.

Therefore, through the careful tailoring of the support structure of the carbon fuel cell supports,
we proved that tailored carbons can still be used as cathode supports. The HCSs, NHCS,
BHCSs and BNHCSs supports can be applied in fuel cells as they offer better mass and specific

activity as well as conferring better durability to Pt than the commercial Vulcan.
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Chapter 7

Study of the activity and durability of
Pt/HCS and Pt/NHCS prepared by the

ethanol reflux method using Pt(acac):

7.1: Introduction

The proton exchange membrane fuel cell (PEMFC) has demonstrated that it has promising
characteristics for application in automobiles due to its light weight and high-power density.'?
The primary reaction in these fuel cells, the oxygen reduction reaction (ORR) is one of the
important chemical reactions for the conversion of chemical to electrical energy.3 This reaction,
Oz + 4H* + 4e- — 2H>0, proceeds mostly via a four-electron pathway that is catalyzed by

Platinum (Pt).?

Even though Pt is an excellent ORR catalyst, the sluggish Kinetics at the cathode requires that

huge loadings of Pt be used for the reaction to be useful for purposes of its application in

This chapter will be submitted for publication with the title: Pristine and nitrogen doped hollow carbon
spheres promotes the activity and durability of platinum oxygen reduction reaction catalysts. There is some
duplication of the experimental section form earlier chapters in this chapter, this arises since this chapter

has been written in paper format for the publication
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automobiles. The use of high loading of Pt in fuel cell electrodes has driven up the cost of fuel
cell systems, hence hindering their fast commercialization, which is disadvantageous as these
energy conversion systems have an efficiency better than internal combustion engines and also
possesses good characteristics of sustainability. These PEMFCs have a neutral carbon footprint
if the hydrogen fuel is sourced from the solar electrolysis of water.* This therefore suggests
that the current regimen of Pt based catalysts must be improved in such a way that the activity

and durability increase while the amount of Pt in the electrode must be reduced dramatically.

The USA Department of Energy set fuel cell commercialization targets for the year 2020
prioritizing catalysts with a mass activity > 0.44 A.mg™, and more than 5000 h of cycling
durability.® To that effect, a number of research efforts have been made to sustain and enhance

Pt catalysts in the fuel cell reactions.

One of the approaches used to enhance the activity of Pt is to use an appropriate support. To
date, conventional ORR catalysts have been Pt nanoparticles supported on high surface area
and conductive carbons or conductive metal oxides including Sbh doped SnO..® However, the
metal oxide support can be expensive, possess low conductivity, low porosity and low surface
area resulting in poor dispersion of the active Pt or Pt alloy catalysts. This can, in some cases,
also lead to low SA and MA values compared to Pt deposited on the standard conductive and
porous carbon supports. For these reasons, carbon is currently the support of choice. However,
during the start-up of the fuel cell cathode potentials can reach above 1.5 V vs. RHE, causing

degradation of both the Pt catalysts and the C supports.’

Another approach to produce highly active and durable ORR catalysts has been to alloy Pt with
other transition metals like cobalt or manganese. Fundamental studies of the well-defined

extended surfaces of these alloy catalysts demonstrated that the improved activity stems from
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the modified electronic structure of the Pt which causes a reduction in the adsorption of
oxygenated species on the Pt surface. This causes an increase in the number of Pt active sites
accessible to the oxygen. Challenges with these alloy catalysts is the dissolution of the
transition metals causing a reduction in the number of active sites of the Pt as the electronic
effects are diminished. Also, it is difficult to use the conventional synthetic procedures to obtain

catalysts that demonstrates the same level of activity enhancement.

Even though high surface area graphitic carbons are characterized by low durability in fuel
cells, structured carbon supports are known to exhibit characteristics that can be exploited to
generate suitable Pt or Pt-alloy catalyst supports for fuel cell applications.® The low cost, high
BET surface area, arrays of mesopores and micropores, electronic conductivity, high thermal
stability, ability to be moulded into various shapes and allotropes, light weight for mobile
applications and mechanical durability makes structured carbons suitable candidates for ORR
catalysis. In-situ or post-synthesis functionalization of these structured carbons modifies the
surface chemistry of these supports, sometimes resulting in better tethering of the Pt to the

support and subsequently promoting durability.®

Despite the promising properties of the various carbon supports, it is the metal nanoparticle
preparation that needs to be mastered in order to produce catalysts that have small particles and
a small particle size distribution. To date several synthetic approaches have been adopted and
these include the pylol method'?, the microwave assisted deposition'!, the chemical reduction
route'? and the metal-organic deposition.*® Even though these methods have produced Pt
particles with promising properties, there are still some challenges associated with these
approaches, especially the wet chemistry-based methods. The challenges associated with these
methods are the complexities of the synthetic methodology which makes unpredictable the

particle size and dispersion of the nanoparticles. In some cases, agglomerated nanoparticles are
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formed and in other cases, dispersion is hindered, or poly dispersity of the nanoparticles has
been experienced. Agglomeration, poor dispersion, bigger particles and poly dispersed
nanoparticles results in a lowered electrochemical surface area (ECSA) and subsequently poor

activity.

Therefore, synthetic procedures that produces Pt particles of good dispersion, high surface
coverage, small particle size distribution, good support -Pt anchorage are a requirement if these
Pt catalysts are to reach their full potential. In this study Pt nanoparticles prepared by the reflux
in ethanol of a platinum precursor salt were deposited on the hollow carbon spheres (HCSs)
and the nitrogen doped hollow carbon spheres (NHCSs). As the HCSs and NHCSs were
completely spherical and unbroken, unlike the BHCSs and BNHCSs (discussed in Chapter 6),
the Pt nanoparticles were only deposited on the outside shell of these supports and possibly
inside the pores when forming the Pt/HCSs and Pt/NHCSs. As discussed in previous Chapters,
these support materials possess defects that enable good dispersion of metal catalysts. Further,
N doping provides anchoring sites for the adsorption of platinum ions and this controls the
nucleation and growth of Pt particles which results in the formation of smaller particles with
better dispersion. ** The metal-support interactions of the Pt with the N doped supports thus
promote better activity and durability.'® The Pt nanoparticles prepared by the ethanol reflux
method should possess similar properties to the Pt particles prepared by the other methods like
metal-organic deposition method (discussed in Chapter 4 and Chapter 5). In this case we
wished to investigate if properties like dispersion of the catalysts would be affected by this
method of synthesis. Also, the presence of these organic moieties (ethanol from the refluxing),
was also investigated for its possible in the hindrance of the oxygen reduction reaction. The
thin carbon shell of the support can also promote the better metal-support interaction resulting

in better electronic conductivity in ORR catalysis.
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The new Pt containing materials described in this study were characterized and tested for ORR
activity and durability. These catalysts have shown improved MA, SA and catalyst durability

as benchmarked against a commercial Pt/C catalyst with a nominal 40 wt.% Pt/C loading.

7.2: Experimental

7.2.1: Chemicals

Hydrofluoric acid (48%), cetyltrimethylammonium bromide (CTAB), melamine (99%),
methanol (99%), sulfuric acid (98%), platinum acetylacetonate (Pt(acac)z, 97%), tetraethyl
orthosilicate (TEOS, 98%), resorcinol, formaldehyde (37%), and nafion perflourinated resin
solution (5 wt% in water) were all purchased from Sigma-Aldrich and used without further
purification. Nochromix crystals (Gordax laboratories), ammonia solution (25%, Associated
Chemical Enterprises), absolute ethanol (99.6%, MK chemicals), perchloric acid (70%,
Suprapur, Merck), ultrapure water (18.2 MQ.cm, Merk-Millipore), alumina polish (0.05pum
and 0.1 um and polishing cloths, Buehler), argon gas (99.99%), oxygen gas (99.99%), nitrogen

gas (99.99%), were sourced from Afrox and also used as received without further purification.

7.2.2: Synthesis of silica templates

The details of the preparation of the spherical silica templates is provided in Chapter 2.2 and
Chapter 3. Silica particles were prepared according to the method described by Stober and
colleagues.!’ Typically, absolute ethanol (500 mL) was mixed with tetraethy! orthosilicate (100
mL) and deionized water (50 mL) and allowed to stir at room temperature on a magnetic stirrer
for 30 minutes. To this mixture was added 50 mL ammonia solution (25%) and the reaction
was allowed to stir for a further 6 h. Meanwhile, the reaction vessel was sealed to prevent the
room temperature evaporation of the ammonia solution. The silica particles were separated

from solution by centrifugation for 30 minutes followed by washing with 200 mL of a 50:50
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vol% absolute ethanol: deionized water solution. The silica particles were separated by
centrifugation and allowed to dry in an oven at 100°C overnight. The silica was placed in a
ceramic crucible and calcined at 500°C in air in a muffle furnace for 5 h. The weighed silica

powders (18.5 g) amounted to a yield of 88% based on the TEOS used.

7.2.3: Synthesis of hollow carbon spheres (HCSs) and nitrogen

doped hollow carbon spheres (NHCSs)

The detailed description of the preparation of the HCSs is provided in Chapter 4.2. Ina typical
synthesis, a solution of EtOH (280 mL) and DI water (60 mL) was mixed with the SiO2 spheres
(4 g) by sonication. To the solution, a previously sonicated mixture of CTAB (2 g), 37%
formaldehyde solution (1.5 mL) and resorcinol (1.5 g) were added. A 25% NH4OH solution
(10 mL) was added and the system was magnetically stirred at room temperature. The solution
turned from an off-white color to brown with stirring. After 24 h the SiO.@RF (resorcinol
formaldehyde resin covering the silica) was filtered and washed with copious amounts of DI

water, followed by drying in an oven overnight at 100°C.

The dried brown product was carbonized in a tubular horizontal furnace under an argon flow
at 900°C. Typically, the SiO>@RF (200 mg) was loaded into a quartz boat and placed in the
furnace connected to an argon gas line flowing at 50 mL min™. The furnace was ramped up to
900 °C at a heating rate of 10 °C min™! and kept isothermal for 2 h followed by a natural cooling
process overnight. The black soot (SiO>@C) was etched using a 10% HF solution in water (200
mL) for 24 h to remove the SiO, template. The solution was vacuum filtered, washed with 500
mL of DI water and dried in an oven at 80 °C overnight. The formed HCSs were annealed in a
tubular horizontal furnace at 900 °C for 2 h at a heating rate of 10°C.min under argon flowing
at a rate of 50 ml.min. The weighed HCSs (250 mg) amounted to a yield of 94% based on

the amount of resorcinol used.!8
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For the preparation of NHCSs, typically, 3 g of SiO2@RF was mixed with 3 g of melamine in
a borosilicate vial containing methanol (20 mL). The composite was sonicated for 30 minutes
followed by drying in an oven at 80 °C for 2 h. The SiO2@RF@melamine composite was
carbonized at 900 °C for 2 h using a heating rate of 10 °C min™ under argon, followed by
etching to remove the silica with a 10% HF solution (200 mL) for 24 h. The product was filtered
and washed with DI water (500 ml) followed by drying at 80°C in an oven overnight. The
BNHCSs were annealed at 900 °C for 2 h at a heating rate of 10 °C min™ under argon flowing
at a rate of 50 mL min. The weighed BNHCSs (265 mg) amounted to a yield of 92 % based

on the amount of resorcinol used. 8

7.2.4: Synthesis of Pt/HCSs and Pt/NHCSs.

To achieve a nominal 40wt.% Pt/HCSs or Pt/NHCSs catalysts, HCSs or NHCSs (100 mg) were
mixed with Pt(acac). (135 mg) in a solution of absolute ethanol (200 mL) and sonicated for 30
min to allow for thorough mixing. The composite was then transferred into a round bottom
flask which was placed in a oil bath heater. The oil bath heater was ramped to 100 °C and kept
isothermal for 30 min to drive moisture off the sample. The reactor was further ramped up to
250 °C at a heating rate of 2.5 °C min™ and kept isothermal for 2 h while the reaction continued
under reflux. The reactor was allowed to cool naturally to room temperature, and the products

were washed twice with 300 mL deionized water followed by drying at 80 weighed.*®

7.2.5: Catalyst characterization

TEM analysis was performed using a Tecnai F20 transmission electron microscope with a field
emission gun (FEG) operating at 200 kV. Spatula tips of samples were dispersed in ethanol by
ultrasonication and a few droplets were transferred to lacy carbon coated copper grids for TEM
analysis. Particle size analysis was carried out by measuring the diameter of at least 100

particles from different TEM images and using the software ImageJ. The particle size
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distribution was plotted using Origin lab version 8.5. SEM analysis was performed on a Tescan
MIRAS3 RISE scanning electron microscope operating at 30kV. Spatula tips of samples were
spread on a carbon tape mounted on an aluminium stub and coated with a gold-palladium layer
before the analysis to enhance sample conductivity and to reduce charging effects. PXRD
measurements were carried out on a Bruker D8 Advance diffractometer with a Cu Ko radiation
source operating at 40 kV to determine the crystalline phases present in the catalyst with 20
between 0° and 120°. Rietveld refinement of the PXRD patterns was completed using Bruker
AXS TOPAS software, Version 4.1. The Scherrer equation was also used to deduce the sizes
of the Pt particles. In-situ PXRD experiments were performed under nitrogen on a Bruker D8
Advance diffractometer fitted with an Anton Paar XRK 900 in situ cell. The diffractometer
used a sealed copper tube as the X-ray source operating at 40 kV and 40 mA that provided X-
rays with a wavelength of 0.15418 nm in a parallel beam geometry. The Rietveld refinement
method was used to analyse the PXRD profiles. Indexing the compounds detected by the PXRD
technique was achieved using the EVA software. TGA was performed with a Perkin-Elmer
STA6000 analyser using N2 as the purge and coolant gas (20 ml.min) and air for combustion
(10 ml.min') and a heating rate of 10 °C mint. Small amounts of sample (10 mg) were used
for TGA analyses. Nitrogen physisorption experiments were conducted using a Micromeritics
Tristar 3000 surface area and porosity analyser set at -195°C, with sample degassing conducted
at 150 °C overnight. The BET surface area was obtained from adsorption data in a relative
pressure range from 0.05 to 0.30. The total pore volumes were calculated from the amount of
nitrogen gas adsorbed at a relative pressure of 0.99. The pore size distributions were evaluated
from the desorption branches of the isotherms using the Barrett-Joyner-Halenda (BJH) method.
The micropore surface area and volume were calculated using t-plot data. Raman spectroscopy
measurements were performed on a Horiba Jobin-Yvon Raman spectrometer with a laser

wavelength of (A = 514 nm). The XPS measurements were carried out at the National Institute
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of Meteorology South Africa (NMISA) at the Council for Scientific and Industrial Research
(CSIR) in Pretoria, using a Thermo Scientific ESCALAB 250Xi spectrometer with a
Monochromatic Al ko (1486.7¢V) source operating with an X-ray power of 300 W, X-ray spot
size of 900 um, low resolution pass energy of 100eV, high resolution pass energy of 20 eV
and a pressure of 10 mBar. The catalysts were also studied using scanning transmission
electron microscopy (STEM) in a probe corrected JEOL ARM200F at the David Cockayne
Centre for Electron Microscopy, University of Oxford, operated at 200 kV. A probe current
of 13 pA, convergence semi-angle of 14 mrad, annular dark field (ADF) inner and outer
detector angles of 77.43-241.21 mrad, and a bright-field (BF) outer detector angle of 13.2 mrad

were used for simultaneous acquisition of both ADF and BF signals.

7.2.6: Electrochemical characterization

Details of the electrochemical procedures and methods are provided in Chapter 6.2 — 6.6. In
summary, all experiments were performed in a three-electrode cell at room temperature
(approx. 25 °C) in a solution of 0.1 M HCIO4. As discussed, the perchloric acid electrolyte was
in all cases saturated with either argon or oxygen for the cyclic voltammetry (CV) or oxygen
reduction reaction (ORR) experiments, respectively. A high surface area Pt wire was used as
the counter electrode, a Hg/HgSO4 electrode with a bridge tube as a reference electrode and a
catalyst coated glassy carbon (GCE) electrode with a working area of 0.196 cm? as the working
electrode (WE). The reference electrode was calibrated against the reversible hydrogen
electrode by measuring the potential difference between the Pt wire in a hydrogen saturated
electrolyte. All potentials in these studies were reported against the reversible hydrogen
electrode potential (vs. RHE). Catalyst inks were prepared by mixing about 5 mg of the catalyst
with 1.5 ml of ultrapure water (18.2 MQ-cm), 3.5 ml isopropyl alcohol (HPLC grade) and 20
pl Nafion per fluorinated resin solution (5 wt. % in a mixture of lower aliphatic alcohols and

water). The ink mixture was ultra-sonicated in a cold-water bath for 30 minutes to obtain a
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homogeneous ink solution before analysis. The resulting black ink (10 ul) was pipetted onto
the GC electrode (Pine Research Instrumentation or Metrohm) coupled to an RDE710 (Gamry)
or RDE-2 (Metrohm-Autolab) rotator box and dried under rotation (250 rpm) for 20 minutes
in ambient conditions. This formed a thin film of uniformly distributed catalyst on the GC
electrode. The ultrapure water and isopropyl alcohol were evaporated during the rotational
drying process. The electrochemical cell, electrolyte volumetric flasks, purge tubes and
reference electrode bridge tubes were all soaked overnight in a solution of Nochromix and
concentrated sulfuric acid. This was followed by a 7 times rinse in ultra-pure water. The GC
electrodes were prepared before ink deposition and drying, first using 1 um alumina and a wet
micro-smooth polishing cloth pad. A figure eight cleaning protocol was adopted followed by
rinsing in ultra-pure water and ultra-sonication in isopropyl alcohol and ultra-pure water. The
routine was repeated with a smoother 0.05 um alumina polish followed by thorough rinsing to
remove the dirt and the sticking alumina. A Biologic SP300 potentiostat or Metrohm Autolab
PGSTAT302N coupled to a Gamry RDE (rotating disk electrode) 710 Rotator or a Autolab

RDE-2 rotator was used for CV and RDE measurements.

In an Ar saturated electrolyte, the potential of the WE was cycled between 0.0 and 1.2 V vs.
RHE for 100 cycles at 100 mV.s™ for the electrochemical oxidation of all the impurities on the
surface of the catalyst coated WE. The scan rate was then reduced to 50 mV. s and the 3"
cycle was used for the calculation of the electrochemical active surface area (ECSA) assuming
a monolayer charge associated with hydrogen adsorption of 210 uC.cm2.2° The area under the
CV curve, associated with the under potential deposition of hydrogen, was integrated and used
for the calculation of ECSA. Oxygen reduction reaction (ORR) I-V polarization curves were
obtained at 1600 rpm of the electro-catalyst coated working electrode. The WE was cycled at
10mV.s between 0.075 — 1.225 V vs. RHE in the cathodic direction. To correct for non-ORR

background current, the LSV obtained in an argon saturated electrolyte without rotation was
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subtracted from that obtained from the oxygen saturated electrolyte. The kinetic ORR currents
(k) were extracted from the measured ORR currents () and the limiting currents (lim)
determined at 0.4 V vs. RHE using the Koutecky-Levich equation. Finally, Kinetic currents
were normalised with the ECSA and the initial Pt mass loading to obtain the surface area
specific activity (SA) and the mass-specific activity (MA), respectively. All the activity data
reported was obtained with cathodic scans and not corrected for mass transport and solution

resistance.

Durability load cycling was carried out after the measurement of the beginning of life (BOL)
CV and ORR activity.?! Initially the WE was cycled between 0.075 — 1.225 V vs. RHE at 100
mV.s to clean the catalysts of any impurities and contaminants and to produce a reproducible
CV. This was followed by 3 CVs at a lower scan rate of 20 mV.s™ for ECSA measurements.
At the end of each load cycling CV set, three CVs were obtained, and the 3™ was used for the
calculation of the new ECSA. Load cycling for catalyst durability measurements was carried
outin a 0.1 M HCIO4 solution at 25 °C, in an argon saturated solution. The WE was cycled at
50 mV.s* between 0.6 — 1.0 V vs. RHE using a triangular wave profile with zero seconds hold
at each potential and a complete cycle duration of 16 seconds (Figure 6.1 and Figure 6.2).2
Load cycling was carried out in units of 10, 100, and 1000 cycles until when the 6000™" cycle
was reached after 27 h of continuous cycling and argon saturation. As Pt durability was under
investigation, in all durability experiments, the Pt counter electrode was replaced with a gold

counter electrode of high surface area.
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7.3: Results and Discussion

7.3.1: Synthesis and characterization of HCSs and NHCSs

The SiO2 spheres were reacted with formaldehyde and resorcinol mixture, together with CTAB

to produce SiO.@RF as a porous structure, under hydrothermal conditions. Removal of the
silica produced the hollow carbon spheres (HCSS). Reaction of SiO-@RF with melamine, a

nitrogen source, produced SiO,@RF@Melamine and after thermal reaction and removal of the

silica, the nitrogen covered HCSs (NHCSs) were produced. A schematic showing the synthesis

= O
lii

= O

Figure 7.1: Schematic of the formation of Pt/HCSs and Pt/NHCSs. (i) SiO2 to SiO2@RF (ii)
SiO,@RF to HCSs or NHCSs, (iii) HCSs or NHCSs to Pt/HCSs or Pt/NHCSs.

procedure is shown in Figure 7.1.
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The spherical morphology of the HCSs and the NHCSs was confirmed by SEM, (discussed in

Chapter 4.2).

The HCSs and NHCSs were characterized using Raman spectroscopy to determine the
structural order and defects in the material. The area under the Raman spectra (Figure 7.2) was
deconvoluted to separate the contributions of the respective D, D1, D2 and G bands. The G
band of the occurs as a result of the contribution of the vibrational modes of the graphitic carbon
23 while the D band occurs as a result of the contribution of the diamond like carbon with an
sp? hybridization. The extent of graphitization and defects in the materials is measured by the
ratio of the area under the D and G band using a formula known as the Ip/lg ratio. For a
comparison of two materials, the one with a lower ratio is considered more graphitic as the
contribution of its G band is more pronounced than that of the D band which is due to defective
amorphous carbon. The HCSs had an Ip/lc of 0.98 while the NHCSs had an Ip/lg of 1.22
(Table 7.1). Comparatively, the carbon of the commercial benchmark catalyst had a much
lower ratio of 0.68 indicating a higher extent of graphitization. It was expected that the NHCSs
would exhibit a much higher Ip/lg ratio compared to the pristine HCS. This is due to the
nitrogen disturbing the long-range order of the carbon in the pristine material resulting in the
in cooperation of defects in the structure of the carbon of the HCS. The presence of these
defects increases the disorder of the carbon?*. For more graphitic materials, the G peak occurs
at lower Raman frequency as seen in the HCS (1586 cm™), (Table 1) while the less graphitic
materials exhibit G peaks at higher Raman frequency. In the case of NHCS, the G peak occurs

at 1601 cm™. %
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Figure 7.2: Raman spectra of HCSs (a) Raman spectra of NHCSs (b) TGA profiles of HCSs,
NHCSs, Pt/HCSs and Pt/NHCSs (c) TGA derivative profiles of HCSs, NHCSs, Pt/HCSs and

Pt/NHCSs.

Table 7.1: Deconvoluted Raman spectra data for HCSs and NHCSs

D band G band
FWHM Intensity  Position ~ FWHM Intensity ~ Position  Ip/lg
Vulcan 44 449 38 649 1576 0.69
NHCSs 152 79 73 79 1601 1.22
HCSs 138 105 61 98 1586 0.98

270



The HCSs and NHCSs were analysed using TGA (up to 900°C) in air to investigate the thermal
stability of the materials under oxidizing conditions. The TGA (Figure 7.2 (c)) and DTGA
(differential TGA) (Figure 7.2 (d)) profiles of the HCSs and NHCSs are reported are shown
above. The pristine HCSs completely decomposed at a slightly higher temperature of 660°C
compared to 658°C for the N doped carbon. Also shown is the earlier onset of the thermal
degradation of the NHCSs (400°C) compared to the HCS (450°C). The slightly lower
decomposition temperature for the doped NHCSs is attributed to the defects in the carbon
structure introduced by doping with Nitrogen atoms. These defects make the carbon more
prone to chemical processes like combustion, compared to the more ordered, pristine HCS*®,
For both support materials, the final residual weight (%) is less than 2% indicating that at 900°C
all the carbon has decomposed and that the SiO> etching process was successful. The TGA and
DTGA profiles of Pt/HCSs and Pt/NHCSs are shown in Figure 7.2 (c) and 7.2 (d). The residual
Pt was found to be approximately 38 wt.% for both the Pt/HCSs and Pt/NHCSs catalysts. The
deposition of Pt nanoparticles enhanced the combustion of the carbon and consequently
lowered the thermal stability of the materials as shown by the lower decomposition
temperatures of the Pt/HCSs. The decomposition of Pt/NHCSs also occurred at a lower
temperature compared to the NHCSs. This catalytic effect of Pt enables the faster combustion
of the carbon supports and hence enables the process to occur at lower temperatures than for
the support materials.?® The Pt/HCSs and Pt/NHCSs showed multiple decomposition
temperatures corresponding to disordered and ordered carbon for the low and high

decomposition temperatures, respectively.?’
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The HCSs or NHCSs supports were reacted with Pt(acac). in ethanol under reflux to give

Pt/HCSs and Pt/NHCSs catalysts with a weight loading of approximately 40wt.%.°

The synthesized Pt nanoparticles appear to have spherical morphology under TEM (Figure 7.3)
with measured particle sizes of 3.9 + 0.5 nm and 3.8 = 0.6 nm for the Pt/HCSs and Pt/NHCSs

respectively (Table 7.3).
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Figure 7.3: TEM image of (a) Pt/HCSs, (b) Pt/NHCSs, (c) particle size distribution of Pt on
Pt/HCSs and (d) particle size distribution of Pt on Pt/NHCSs.
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Figure 7.4: TEM image of (a) Pt/HCSs (b) Pt/NHCSs (c) Pt — Pt interparticle distance of
Pt/HCSs (d) Pt — Pt interparticle distance of Pt/NHCSs.

A strong support interaction is suggested by the small inter-particle distances of the Pt
nanoparticles deposited on both supports (6.5 £ 1.9 nm for Pt/HCSs and 6.1 + 1.1 nm for
Pt/NHCSs (Figure 7.4, table 7.3)). The smaller Pt interparticle distances are due to the
numerous defects on the supports that provides numerous nucleation sites for Pt during
deposition.?® The Pt nanoparticles supported on NHCSs were expected to have smaller inter-
particle distance due to the combination of electron rich nitrogen groups and defects that
improved the nucleation and growth dynamics of the Pt particles.?® The average Pt size
increased after catalyst durability studies (figure 7.5) whereby Pt/HCS (4.8 + 1.2 nm) and

Pt/NHCSs (4.9 £ 1.7 nm).
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Figure 7.5: After durability study TEM image of (a) Pt/HCSs (b) Pt/NHCSs (c) particle size
distribution of Pt on Pt/HCSs (d) particle size distribution of Pt on Pt/NHCSs.

The textual properties and surface area of the materials were investigated using BET. The
materials were both found to exhibit type Il BET isotherms (Figure 7.6) that is characterized
by monolayer gas physisorption at low relative pressure and multilayer gas adsorption at high

relative pressure.*
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Figure 7.6: BET isotherms for (a) HCSs and Pt/HCSs and (b) NHCSs and Pt/NHCSs. Pore size
distribution plots for (c) HCSs and Pt/HCSs and (d) NHCSs and Pt/NHCSs.

The pristine HCSs and the NHCSs had comparably high BET surface areas of 832 m?/g and

604 m?/g (Table 7.2), respectively. This was coupled with micropore surface areas of 595 m?/g

and 322 m?/g respectively. The micropore surface area for the supports contributed 72 % of

total BET surface area for HCS and 53 % for the NHCS. After deposition of the Pt

nanoparticles the Pt/BHCSs had a BET surface area of 555 m?/g while the Pt/NHCSs, had a

surface area of 309 m?/g. After deposition of Pt, the contribution of micropores for the Pt/HCS

decreased to 62% whereas for the Pt/NHCSs, the contribution of micropores increased to 65%.
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Table 7. 1: Textual properties of HCSs, NHCSs, Pt/HCSs and Pt/NHCSs

Sample BET  Micropore % Pore Micropore % Pore
SA SA m?/g micropore Volume volume micropore Width
m?/g SA cm®/g cm®/g volume  /nm

HCS 832 595 72 0.53 0.29 55 12.1

Pt/HCS 955 343 62 0.70 0.18 26 5.1

A 277 252 91 0.22 0.10 45 7

NHCS 604 322 53 0.62 0.16 26 8.3

PUNHCS 309 199 64 0.35 0.10 29 4.1

A 295 123 42 0.27 0.06 22 4.2

This reduction in surface area is coupled with a 29% reduction in micropore volume for the
HCSs sample. For the NHCSs and Pt/NHCSs, there is an observed 7% reduction in pore

volume (Table 7.2).

From the data, the deposition of the platinum resulted in some of the Pt nanoparticles occupying
the pores of the supports, hence changing the overall pore structure of the support materials.®!

As discussed in Chapter 6, this phenomenon is known as pore confinement.

The crystallinity of the materials was investigated using PXRD and the corresponding
diffractograms were also used to estimate the Pt particle size using Rietveld refinement and the
Scherrer equation. Both the HCSs and NHCSs showed a structure typical of a mix of both
graphitic and amorphous carbons, which is characterized by the PXRD peak broadness (Figure
7.7). The Pt on the HCSs and NHCSs showed reflections characteristic of the fcc unit cell of
Pt 32 (Figure 5b). Rietveld refinement of the Pt peaks yielded a Pt crystallite size of 5.2 + 1.2

(Pt/HCSs) and 4.8 = 0.9 (Pt/NHCSs) (Table 7.3). The Pt crystallite sizes as determined using
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the Scherrer equation were 4.5 + 0.8 nm and 4.3 + 0.8 nm for Pt/HCSs and Pt/NHCSs
respectively. As expected, the Pt nanoparticles are smaller on the nitrogen doped support *3 and

the particle diameters measured using PXRD are comparable to the TEM particle diameters.
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Figure 7.7: PXRD diffractograms of (a) HCSs and NHCSs, (b) Pt/HCSs and Pt/NHCSs.
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The Pt nanoparticle sizes were slightly bigger than the TEM measured nanoparticles as
expected from the volume averaging of particle sizes, as done in PXRD measurement of
crystallite size, which tend to overlook the smaller crystallites over the larger ones.* Further,
the reported particle sizes follow a similar trend as found for the NHCSs with smaller
nanoparticles than the HCSs.

Table 7.3: Pt crystallite sizes of Pt/HCSs, Pt/NHCSs and the commercial benchmark Pt/C as
measured by TEM, the Scherrer equation and Rietveld refinement

Size/nm Pt/HCSs Pt/NHCSs Pt/C

TEM 3.9+05 3.8+£0.6 3.9+0.9
Scherrer 45+0.8 43+0.8 41+1.72
Rietveld 5.2+1.2 48+0.9 4.7+0.6
Pt-Pt distance/nm 6.5+19 6.1+1.1 6.7+0.8

The analysis of the chemical bonding of the constituents in the surface regions of the materials
was studied using XPS. For both Pt/HCSs and Pt/NHCSs, the surface surveys were measured
from 50 — 550 eV binding energy. (Figure 7.8(b)). Deconvolution of the O1s spectra (Figures
7.8 and Figure 7.9) showed the presence of quinones (530.1 eV), C =0 and C — O bonds (531.8
eV) and terminal O —H bonds (533.9 eV). The N1s spectra of the Pt/NHCS was deconvoluted
into pyridinic nitrogen (398.1 eV), pyrrolic nitrogen (400.7 eV), graphitic N (401.9 eV),
oxidized N (403.1 eV) and metal bonded N (metal-N-pyridyl) nitrogen (399.1 eV) (table 7.4).%

The total atomic % contribution of the N groups were about 4.8 at. %, an indication that the
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doping process was successful. The C1s spectra were deconvoluted into their component peaks
(C=C,C-C,C-C,0-C=0andC =0 bonds) for both Pt/HCSs and Pt/NHCSs (Figures
7.8 and Figure 7.9). Deconvolution of the C species present indicates the presence of ca. 29 at.
% sp? (C = C) hybridized carbon for the Pt/HCSs compared to 23 at. % for the Pt/NHCSs. The
increased graphitic carbon in the Pt/HCSs indicates the presence of fewer defects in the C of
this sample compared to the N doped Pt/NHCSs. The functional groups shown by the
deconvolution of the XPS spectra indicated the presence of a chemically active support surface
able to influence the behaviour of the Pt catalyst through processes such as charge transfer,

better Pt-support contact, and better Pt-support interactions.®

Table 7.4: Data for the deconvoluted high resolution N1s spectra for Pt/NHCSs

Sample N1s

Pyridinic  Metal N Pyrrolic  Graphitic ~ Oxidized

PYNHCS N (i) (ii) N (i) N(iv) N (V)
(BE/eV) 398.1 399.1 4007 401.9 403.1
(Atomic%) 1.2 0.3 1.8 0.9 0.6

The Pt4f spectra for Pt/HCSs and Pt/NHCSs samples were also deconvolved (Figures 7.8 and
Figure 7.9) with peak assignments are shown in Table 7.5. Upward Pt binding energy shifts

were observed for the Pt/NHCSs when compared to the Pt/HCSs.
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Table 7.5: Data for the deconvoluted high resolution Pt 4f spectra for Pt/HCSs and Pt/NHCSs

PtaAf
Sample Ptaf7 Ptaf7 Pt4f5 - metal Pt4f5 —
metal PtO PtO
(BE/eV) Pt/HCSs 71.2 72.0 74.5 75.9
(BE/eV) Pt/NHCSs 71.1 72.1 74.5 75.9
A eV 0.1 0.1 0 0
(Atomic%) Pt/HCSs 2.7 0.9 2.6 0.3
(Atomic%)Pt/NHCSs 2.6 05 2.2 0.3
A Atomic % 0.1 04 04 0.1
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Figure 7.8: Deconvoluted high resolution XPS spectra for Pt/HCSs (a) C1s, (b) low resolution
surveys of Pt/HCS and Pt/NHCS (c) O1s and (d) Pt 4f.
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The shifts in the binding energies are attributed to different interactions between the Pt and the
HCSs and NHCSs supports. The Pt 4f spectra were deconvolved into metallic Pt and oxidized
Pt (PtO) with metallic Pt accounting for more than 90 at. % of Pt species present in both
samples. This shows that most of the Pt on the surface and in the pores of both the catalysts is

metallic Pt.
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Figure 7. 9: Deconvoluted high resolution XPS spectra for Pt/NHCSs (a) C1s, (b) N1s (c) Ols
and (d) Pt 4f.
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7.4: Electrochemical characterization

7.4.1: Catalyst activity

Electrocatalysis characterisation of the catalysts are presented in Figure 7.10. The materials
were studied using cyclic voltammetry and linear sweep voltammetry for ORR activity. All
samples exhibited typical features of a Pt/C catalyst (Figure 7.10a) specifically the peaks for
under potential deposition of Hz, Hupp, region, 0.0 — 0.4 V vs. RHE and peaks for the desorption
of Hz in the same potential window in the positive scan direction. The oxidation of a clean Pt
surface occurs between 0.75 - 1.2 V vs RHE and in the same window, in the reverse scan, the
PtO — Pt reaction occurs. The materials exhibited ECSA values between 58 — 68 m?/g consistent
with the metal surface area calculated from the measured TEM particle sizes (Table 7.3).%" At
an electrode potential of 0.90 V vs. RHE, the kinetic current as provided by the Tafel plots
(Figure 7.10c) shows that the Pt/NHCS sample is the most active followed by the Pt/HCSs and
lastly the commercial Pt/C. ORR kinetics as supported by the Tafel plots (Figure 7.10e)
supports the kinetic current data. The Pt/NHCS sample has the lowest Tafel slope of 92 £ 2.9
mVdec? compared to 96 + 6.5 mVdec? (P/HCS) and 102 + mVdec™ (commercial Pt/C). The
Tafel slops confirms that ORR kinetics are more favourable on the nitrogen doped catalyst

followed by the Pt/HCS.®

The area specific activities (SA) of the catalysts were obtained from the normalization of the
kinetic current with the ECSAs of the catalysts. The Pt/NHCSs had a SA (391+16 pA.cm™)
that is 10.5% larger than the commercial Pt/C (350 + 10 pA.cm) catalyst sown in table 7.6
whereas the Pt/HCSs had a SA value (387 + 8 pA.cm) that is 9.5 % larger than that of the
benchmark Pt/C catalyst. The kinetic current of the catalysts were then normalized with the
loading of platinum on the catalysts on the WE to yield the mass specific activities (MA) shown

in figure 7.9(d). The observed trend shows that the Pt/NHCSs has a MA (263 + 13 A.g™) that.
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Figure 7.10: The (a) cyclic voltammograms, (b) ORR polarization I-V curves, (c) log (Ik)Tafel
plots and (d) ORR activity and ECSA data for the Pt/HCSs, Pt/NHCSs and the commercial
benchmark Pt/C (e) Tafel plots for the three catalysts.

is 22.8% compared to Pt/C (203 + 7 A.gY). The MA value for Pt/HCS (246 + 17 A.g™%) is 17.5%

larger than that of the benchmark Pt/C. The Ei and Eonset data (from Figure 7.9(b)) supports
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the trends observed in the MA and SA data. The Pt/NHCS has an ORR onset potential of 1.028
V vs. RHE and an Ey value of 0.862 V vs. RHE compare to 1.027 and 0.854 V vs. RHE
(Pt/HCS) and 1.022 and 0.831 V vs. RHE (Pt/C). The catalysts activity data is summarized in

Table 7.6

Table 7.6: Calculated ECSA and ORR activity for the Pt/HCSs, Pt/NHCSs and the commercial

benchmark Pt/C catalysts. MA, SA, Ik measurements obtained at 0.90 V vs. RHE

Catalyst ECSA  MA (0.90V) SA (0.90V) I1x090V) Ewe E oncet
[ (m2gh)  1(Ag?h) I(MA.cm?)  /(MA.CM?)  V.vsRHE  V.vsRHE
Pt/C 588 2037 350 £ 10 2.7+6 0.831 1.022
Pt/HCSs 63+11 246 = 17 3878 2911 0.854 1.027
Pt/NHCSs 68+9 263+ 13 39116 3.1+6 0.862 1.028

The variation of the catalysts in terms of activity were ascribed to the nature of the supports
and N doping which affected the electronic properties of the catalysts. The interaction of the
Pt and the N groups alters the electronic properties of the Pt resulting in better activity and
better Pt-support interaction. This interaction and enhanced electronic properties of Pt is absent

in the pristine supports.*

The higher BET surface area of the Pt/HCS (555 m?/g) and Pt/NHCS (309 m?/g) and an array
of micro and mesopores promotes better mass transport of oxygen reaching the Pt active faster
compared to the less porous Pt/C benchmark with a surface area less than 200 m?/g. The larger
pores in the Pt/HCSs (5.1 nm, 0.70 cm®/g) and Pt/NHCSs (4.1 nm, 0.35 cm?®/g) facilitates better
confinement of the Pt inside the pores and thereby promoting Pt-support contact. This is

advantageous as it can result in better support — Pt electronic conductivity.
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A comparison with other similar Pt loaded (Pt/C) catalysts has been made (Table 7.7), and from

the results provided, the materials described here exhibit ECSA, mass specific activity and area

specific activity comparable to other carbon based supports as well as to other catalysts where

confinement of Pt has been reported.

Table 7.7: Comparison of Pt/NHCSs and Pt/HCSs to other Pt/C catalysts reported. MA, and
SA data are calculated from data at 0.90V vs. RHE
Sample Pt loading ECSA MA SA Comments Ref
A.cm”
(wt.%) (mgh)  (Ag? %‘
Pt/HCSs 40 63+11 246 387 Pt pore This
confinement  work
Pt/NHCSs 40 68+9 263 391 Pt pore This
confinement  work
Pt/C 38 58 +8 203 350 No Ptpore  This
_ work
(HiSpec4000) confinement
Ptinside/ KI600 40 113 550 492 Pt Pore 41
confinement
Pt@GB-1 28 - 175 - Pt pore 42
confinement
Pt@GB-2 52 - 134 - Pt pore 42
confinement
Pt@HGS 20 7511 350 470 Pt pore 40

confinement

7.4.2: Catalyst Durability

The durability LSVs of the catalysts are shown in Figure 7.11b. The bold lines are cycles before

durability testing and the dashed lines are LSVs after durability testing (6000 cycles).
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Figure 7. 11: (a) Normalized ECSA% degradation of the catalysts, (b) catalyst LSVs before
and after durability studies for the Pt/HCSs, Pt/NHCSs and the commercial benchmark Pt/C
catalysts (c) SA data before and after durability studies (d) MA data before and after durability
studies.

For the Pt/C catalyst, there is an observed 30 mV shift in the LSV whereas for the Pt/HCS (18
mV) and Pt/NHCS (22mV) the shifts are smaller. This shift in LSVs is attributed to the loss of
activity due to degradation of the Pt catalysts. The shift in the LSVs is also observed in the
changes in the MA and SA of the catalysts after durability tests (Figure 7.11 c and d). There is
an observed 51.7% change in MA for the benchmark Pt/C catalyst compared to 43.9%
(P/HCS) and 20.7% (Pt/NHCS). The decline in MA was also coupled a decline in SA. For the
benchmark Pt/C, a 40% decline was observed compared to a 22.4% (Pt/HCS) and 20.7%
(Pt/NHCS) decline for the two new catalysts. Degradation in fuel cells is known to occur via

processes that include Pt dissolution, Ostwald ripening, agglomeration, particle detachment as
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well as support corrosion.*® The degradation of Pt was observed as a decline in normalized
ECSA % as load cycling was carried out. During the initial 1000 cycles (Table 7.9), the
benchmark Pt/C maintained 76.1% of the initial ECSA compared to 94.5 % (Pt/HCS) and 99.8
% (Pt/NHCS). After 5000 cycles, the benchmark catalysts maintain 54.3 % of initial ECSA
compared to Pt/HCS (66.2%) and Pt/NHCS (62.1%). After 6000 cycles, the largest ECSA loss
was observed for Pt/C (52.4%) compared to Pt/HCS (34.6%) and Pt/NHCS (37.9%).

Table 7. 9: Comparison of the activity of the Pt/HCSs, Pt/NHCSs and commercial Pt/C before
and after 6000 durability cycles

Catalyst MA/(0.90 MA (0.90V) SA (0.90V) SA (0.90V) A A
V) (m%gY) /(Ag?) I(uA.cm?)  /(uA.cm?)  MA/%  SA/%
Cycle 1 Cycle 6000 Cycle 1 Cycle 6000
Pt/C 2037 98+ 13 350+ 10 210 £ 13 51.7 40.1
Pt/HCSs 246 = 17 138 £ 21 3878 30011 43.9 22.5

Pt/NHCSs 263+13 13916 391+ 16 310+ 21 47.1 20.7

The loss in ECSA, MA and SA was attributed to the agglomeration of Pt particles forming
bigger ones with less surface area. The growth in Pt particles can be seen from the comparison
of Figures 7.3 and 7.4 above. As shown in these figures, the Pt particle size increased from 3.9
+ 0.5 nm to 4.8 £ 1.2 nm (Pt/HCS). A similar increase is observed for the Pt/NHCS sample
where Pt particle size increased from 3.8 £ 0.6 nm to 4.9 + 1.7 nm. The slightly higher particle
size increase in the N doped sample is due to the initial smaller size of Pt which is more prone
to agglomeration due to its higher surface energy compared to bigger particles.** The higher
durability of the hollow carbon sphere-based supports is attributed to the structure of these
materials. The HCS (832 m?/g) and NHCS (604 m?/g) supports have higher BET surface area
and an array of mesopores and micropores which promotes the confinement of Pt particles

resulting in better support to metal contact. Also confined Pt particles are more resistant to
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migration and agglomeration. The higher loss in activity of the benchmark Pt/C is ascribed to
low pore confinement compared to the new materials hence the Pt is easily migrated forming
larger aggregates with lower surface area. Pore confinement of the Pt in the structure of the
HCSs based supports was confirmed in in-situ pxrd studies discussed in Chapter 6.

Table 7.2: Loss of ECSA due to durability cycling for the Pt/HCSs, PtYNHCSs and the
commercial benchmark Pt/C catalysts

Sample ECSA% ECSA% ECSA% ECSA% ECSA %
0 cycles 1000 cycles 5000 cycles 6000 cycles  lost

Pt/C 100 76.1 54.3 47.6 52.4

Pt/HCSs 100 94.5 66.2 65.4 34.6

Pt/NHCSs 100 99.8 62.1 59.1 37.9

7.5: Conclusions

The Pt/HCSs and Pt/NHCSs catalysts were prepared by the ethanol reflux reduction method.
Small Pt particle sizes were obtained, and the porosity of the supports and high surface area
promoted good dispersion of the nanoparticles. Pore confinement of the Pt inside the pore
cavities was confirmed by the enhanced durability as well as in-situ PXRD studies. The Pt
nanoparticles were smaller on the nitrogen doped supports due to the modification of deposition
dynamics on nitrogen rich surface. Nitrogen functional groups forms numerous defects on the
surface of the support where nucleation and growth of small Pt particles can be initiated. The
high BET surface area of the supports also promoted the deposition of smaller Pt particles. The
Pt catalysts prepared by the ethanol reflux method demonstrated high activity and durability
(Tables 7.7 — 7.9) comparable to other pore confined Pt catalysts indicating that regardless of
the synthetic route, if the Pt particles are of an optimum size and supported on a chemically

active support, ORR catalysis can proceed favourably.
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Chapter 8

8.1 General Conclusions

In this study we demonstrated that silica particles of various sizes can be prepared as moulds
for supports of Pt catalysts. Even though we did not go in depth in elucidating the various
growth mechanisms to make silica particles from the precursor TEOS, DIW, EtOH and
ammonia solution, we manged to show that ammonia is required for the hydrolysis,
condensation and to produce the spherical morphology of the silica. Dilute concentrations of
reagents are suitable for a slow silica formation process. Use of large volumes of solvent
requires the requisite conditions for the formation of small aggregated silica particles with a
diameter approximately 60 nm. The use of concentrated reagents was needed for the formation
of silica particles with a wider diameter. Holding the concentration of the other reagents
constant, a comparison between the use of 1.2 L and 0.4 L of ethanol solvent resulted in silica
particles varying between 60 nm and 318 nm respectively. We also manged to show that very
dilute concentrations of ammonia solution can actually slow down the formation and
generation of the spherical morphology. In reactions where less than optimum amount of
ammonia was used, the silica did not form spheres.

The formed silica particles were used to prepare thin shell HCSs with confirmed spherical
morphology and using an additional step involving melamine, NHCS were prepared. Raman
spectroscopy and thermogravimetric analysis studies showed that the extent of graphitization
and thermal stability of the HCSs decreases upon nitrogen doping. This lower thermal stability
and low graphitization was attributed to the defects incorporated into the structure of the carbon
by the nitrogen functional groups. The presence of the nitrogen groups was confirmed by XPS

with an average nitrogen incorporation of approximately 7 at.%.
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The textual properties of the materials revealed that they had high BET surface area with an
array of meso and micropores for the supports. This was observed for the HCS, NHCS, BHCS
supports. Nitrogen doping using the melamine route showed the BET surface area was reduced,
however, the reduction in the BET surface area, micropore surface area, pore widths and pore
volumes was not as significant as compared to when the Pt particles were deposited on the
supports. Upon Pt deposition, it was observed that for all the new materials that the textual
properties exhibited approximately about 50 % surface area reduction. The reduction in textual
properties was attributed to the confinement of the Pt inside the pores of the HCS and NHCSs.
Further, due to the similarity between the shell thickness of the BHCS and the BNHCSs with
the Pt diameter, some of the Pt was actually confined with exposure on both ends of these
supports. The pore confinement was confirmed by ABF-DF STEM studies as well as in situ
PXRD measurements. In in situ PXRD measurements, Pt crystallite size was measured as
function of the reaction temperature. It was observed that even though the Pt particles were
provided with enough heat energy to agglomerate, the extent of agglomeration was low for the
new Pt/HCS, Pt/NHCSs, Pt/BHCSs and Pt/BNHCSs catalysts. When compared to the
commercial benchmark catalyst, the crystallite growth was minimal for these new materials.
High degradation of the commercial benchmark Pt/C catalyst was attributed to its low BET
surface area and low porosity which resulted in low confinement of the Pt.

TGA studies of the Pt loaded samples showed that all the new materials were loaded with
approximately 40 wt.% Pt comparable with the benchmark Pt/C catalyst. The thermal stability
loss of these materials compared to the unsupported supports was attributed to the catalytic
properties of Pt in combustion reactions. The numerous degradation steps of the Pt supported
catalysts was attributed to the various carbon arrangements in the supports. These various
carbons were the more ordered graphitic carbon decomposing at higher temperature and the

less ordered defective amorphous carbon decomposing at lower temperatures.
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Deposition of Pt on the supports using the metal-organic deposition and ethanol reflux method
resulted in Pt particles of comparable dispersion and particle size.

In oxygen reduction reaction activity and durability studies the novel materials Pt/HCSs,
Pt/NHCSs, Pt/BHCSs and Pt/BNHCSs demonstrated superior activity and durability compared
to the commercial benchmark Pt/C of similar Pt loading and dispersion. For the new materials
durability was attributed to the pore confinement of the Pt as well as the favourable interaction
between the Pt and the supports as confirmed by the XPS core levels binding energy shifts.
Higher activity for the Pt/BHCSs, Pt/HCSs was attributed to a higher number of active sites
exposed due to the hemispherical morphology of the support, the thin carbon support shells,
high porosity, and the deposition of Pt on either side of the hemispherical support resulting in
better Pt utilization and exposure of numerous active sites. Also, the pore confined Pt was
exposed on both sides of the carbon shell enhancing its electronic conductivity.

The Pt/NHCSs and Pt/BNHCS samples exhibited much higher activity than the pristine
samples due to the initial Pt size caused by nitrogen doping resulting in much higher Pt active
sites. The slightly lower durability of the nitrogen doped supports was attributed to the defects

in the structure of the carbons supports which was more prone to degradation.

8.2: Outlook

Pt/C materials need to be produced with a balance between high graphitization for conductivity,
thermal stability and electrochemical stability and materials with enough defects to enable Pt
deposition to generate a higher number of exposed Pt active sites. Using the promising BHCS
and BNHCSs supports, it may be possible to alloy Pt with other ORR active metals like Ni or
Co to enhance activity. The use of thinner graphitic carbon layers must also be probed as these
promotes electronic conductivity of the supports and possible better anchoring of the metal

nanoparticles.
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