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Abstract

Direct methanol fuel cells are a promising, clean energy technology with many applications
including in the portable power sector. Catalyst materials which are an important part of
these devices have short lifetimes due to degradation from reaction intermediates. This is
particularly the case for the catalyst at the anode side of the direct methanol fuel cell — which

is typically made from platinum metal, or a platinum based alloy.

In this study, the use of hybrid catalyst supports was investigated with an aim to improving
the durability of the anode catalyst. A simple microwave synthesis method was utilised to
produce manganese oxide — graphene oxide and later manganese oxide — carbon black
catalyst supports. It was found that manganese oxide - graphene oxide hybrid supports have
good durability but suffer from re-stacking of the graphene sheets — inhibiting their
performance. Manganese oxide — carbon black supported platinum nanoparticle catalysts
had improved performance and durability over the commercial platinum and platinum alloy
catalysts. In addition, a preliminary study into the effect of the hybrid support on other novel
catalysts suggested that it is the interaction of the platinum and the manganese oxide in direct

contact which provides the improved durability.
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CHAPTER 1 Introduction

With an increase in the global average temperature now unavoidable, major efforts are
underway to mitigate the effects and to minimise the degree of warming that our planet
inevitably faces!. A key factor in these efforts is decarbonising the entire energy system of
nations who have largely relied on the same fossil fuel energy sources that powered the
industrial revolution in the 18™ Century. In order to achieve a <2°C temperature rise, it is vital
that countries move away from a system based on fossil fuels (coal, oil, gas) to a system which
is 100% renewable. This includes the entire energy sector: the electricity and gas network,

transport, and portable power systems.

To achieve such a massive change in the system, a blend of approaches is necessary.
Renewable energy generation accounts for an increasing proportion of the UK’s energy
generation?, however the mismatch between energy generation by renewables and typical
energy usage® means that large scale energy storage must be implemented to replace the
dependence on coal and gas. The options available which allow energy to be stored for a long
period of time are limited to pumped hydro storage, compressed air, and hydrogen storage®.
Battery storage is limited to shorter time periods due to self-discharge. In the case of
hydrogen storage, when the renewable energy generator (solar panels, wind turbine, tidal
power etc.) is producing a surplus of energy, the excess energy can be diverted to produce
hydrogen (e.g. via electrolyser to split water into hydrogen and oxygen). The hydrogen
produced can be stored (e.g. as a compressed gas in cylinders) and kept until a time and place
that it is needed. The hydrogen can then be recombined with oxygen to form water, either

through combustion, or through an electrochemical process in a fuel cell, at the same time

1



generating electricity with a maximum efficiency between 50% and 80% (if electricity and

heat generated can be used e.g. in a combined heat and power system).

In addition to providing a clean energy storage solution, hydrogen and fuel cell power is one
option for decarbonising the transport and portable power sectors, as it has the highest
gravimetric energy density of any known substance*. Hydrogen and fuel cells have already
started to prove themselves as an important part of the future transport sector. Fuel cell
power has already been implemented in a range of transport applications including: trains -
such as the first fuel cell train - the Coradia iLint from Alstom?>; buses - in cities globally®%; and
cars - with Hyundai, Toyota and Honda leading the way and other manufacturers to follow®.
In terms of portable power, fuel cells (in this instance typically powered by methanol rather
than hydrogen due to its superior volume energy density) have been used for a range of
applications, including: for leisure (in motorhomes, caravans, on boats etc); for military
purposes®; and for specialist off-grid applications (including remote documentary filming?©,

and powering remote research expeditions?!?).

With fuel cells already proving their worth in a range of areas with total shipments increasing

year on year®, it is important to note the various types of fuel cell that are available:



Table 1.1 Types of fuel cell on the market

Type Full Name Fuel Electrolyte'?'# | Catalyst Operating Moving Areas Of | 2018
Used'>13 Material'? | Temperature!* | lon!%'3 Use® Shipments
(Units)®
PEMFC Polymer Hydrogen Nafion Platinum <120°C H* Portable, 42600
Electrolyte Membrane Transport,
Fuel Cell Stationary
DMFC Direct Methanol Nafion Platinum/ 60 - 80°C H* Portable, 3700
Methanol Membrane Platinum - Transport
Fuel Cell Ruthenium
SOFC Solid Oxide Hydrogen, Yttria Nickel 500 - 1000°C OH- Portable, 27800
Fuel Cell Biogas, Stabilised Stationary
Natural gas | Zirconia
MCFC Molten Natural gas, | Liquid Sodium | Nickel / 600 - 700°C COs2 Stationary <50
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All fuel cells work based largely on the same principles. Fuel is oxidised at the anode, and
oxygen is reduced at the cathode. During this process, ions move across the membrane (or
electrolyte), and electrons are made to flow through the external circuit where they provide
power. The oxidised fuel, reduced oxygen, and electrons are combined to form water at the

cathode.

In a polymer electrolyte fuel cell (PEMFC), the H; fuel is oxidised at the anode to form H*

hydrogen ions and electrons following the equation (1.1):
H, » 2H* + 2e~ (1.1)

The hydrogen ion passes through the Nafion membrane, while the electrons flow through the
external circuit, providing the power to the electrical load. Then, at the cathode, oxygen is

reduced to form water with the equation (1.2):
1
EOZ+2H++2€_ - H,0 (1.2)
This gives rise to the overall equation for a PEMFC reaction (1.3):
1
EOZ+H2 - H,0 (1.3)

Clearly, the only by product of generating energy through this process is water (provided pure
hydrogen is used as the fuel source), making this an attractive option for the future low carbon

energy system.

This thesis focuses in particular on the DMFC, or Direct Methanol Fuel Cell. This fuel cell is
based on the PEMFC, but it uses methanol as its fuel source instead of pure hydrogen. DMFCs

are much more suited to small, portable applications than PEMFCs due to fuel storage and
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transport issues, and even have some commercial success in this area. There are some
drawbacks to using DMFCs which are mostly linked to the use of methanol fuel. Such issues
include methanol crossover where methanol can cross the electrolyte barrier. This not only
causes material issues across the fuel cell, but also decreases the overall energy output of the
fuel cell. The methanol environment at the anode also causes fast degradation of the catalyst,
which limits the lifetime of the DMFC. While this short device lifetime may be acceptable for
certain applications, for DMFCs to become more widely adopted, the short lifetime issues
have to be addressed. A key part to tackling these issues is materials development to produce
more stable material components which will enable the DMFC to work for longer. This thesis

focuses on the anode catalyst layer in DMFCs.



1.1 Objectives

The aim of this work is to investigate the potential of a hybrid material: manganese oxide on
high surface area carbon (graphene), as a novel anode catalyst support material for use in a
direct methanol fuel cell (DMFC). In particular, the aim is to evaluate the extent to which the
addition of manganese oxide to a carbon support can improve the durability and stability of

the anode catalyst in a DMFC. To determine this, the following will be investigated:

1. Develop a reliable method for fabricating manganese oxide - graphene oxide hybrid
catalyst supports.

2. The use of manganese oxide in a hybrid carbon - based support and its influence on
the catalyst when tested for DMFC applications.

3. The effect of varied amounts of manganese oxide in the catalyst support on the
performance of the catalyst.

4. The influence of manganese oxide on different carbon supports and the overall

performance for DMFC applications.



CHAPTER 2 Literature review

2.1 Hydrogen vs Methanol

When it comes to the use of hydrogen and fuel cells in the future energy system, there are a
number of challenges to overcome and drawbacks that need further improvement to increase
uptake of the technology and to make it as good as it can be. One such drawback for hydrogen
is that while its gravimetric energy density is the highest of all substances, its volumetric
density is very low when it is in the gas phase®. Storing hydrogen as a liquid is not practical for
portable applications due to the low temperatures required and the issue of boil-off where
the liquid hydrogen will evaporate over time due to a boiling point of -253°C*°. Research to
minimise boil-off and enable more widespread use of liquid hydrogen is underway?®, but
liquid hydrogen storage tends to be reserved for high cost applications such as space rocket
fuel tanks and for transporting hydrogen between pressurised gas containers!’. The most
common form of hydrogen storage is in the compressed gas phase. For many cases, the
hydrogen gas is compressed at 350 bar or 700 bar — giving a volume saving of >99.6%
compared to standard atmospheric pressure®. Storage of hydrogen at 700 bar is the standard
for automotive applications — with such a high storage pressure requiring strong 4-layer
composite tanks to ensure the passengers of the vehicle are kept safe. The problems arising
from the storage and transportation of hydrogen gas can be overcome if a hydrogen-rich

liquid fuel is used instead.

One such example of a hydrogen-rich, liquid fuel is methanol. The problems of storage and
distribution are removed, as the fuel can be stored in a standard liquid fuel container.

Methanol as fuel is currently more readily available, can be transported easily, and has a
7



higher volumetric energy density when compared to hydrogen®®. In addition to this, methanol

can also be produced renewably?®, from biomass, wastes and CO,.

Methanol has been used as a fuel not only in a fuel cell, but also in a traditional combustion
engine - as demonstrated in drag car racing in USA?! making it a viable energy source for a

variety of purposes.

2.2 Direct methanol fuel cells (DMFCs)

Methanol can be utilised directly in a fuel cell, with no pre-reforming®®, when it is used in a
direct methanol fuel cell (DMFC). A direct methanol fuel cell (DMFC), which can be seen in
Figure 2.1, is a low temperature fuel cell?? that is largely the same as a polymer electrolyte
fuel cell (PEMFC), consisting of a Nafion membrane in the centre. Platinum catalysts lie on
either face of the membrane, to facilitate the fuel (methanol or hydrogen) oxidation at the
anode and oxygen reduction reaction at the cathode. These platinum catalysts are typically
supported by porous carbon nanomaterials (such as carbon black). The supported catalysts
are deposited on porous carbon-based gas diffusion layers (carbon felt, carbon paper etc).
Bipolar plates made from graphite or metal are used to direct fuel and oxidant in, and reaction

products out of the fuel cell through their serpentine surface pattern.



/

Gas
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Bipolar  Layer  Catalyst
plates Layer
Electrolyte/
Membrane

Figure 2.1 Polymer electrolyte and direct methanol fuel cell layout

DMFCs offer significant advantages over PEM fuel cells, as they do not experience fuel storage
issues associated with hydrogen, as they utilise liquid methanol fuel, as opposed to gaseous
hydrogen fuel in the case of a polymer electrolyte fuel cell (PEMFC). Along with the fuel
benefits outlined above, DMFCs have already had commercial success across a range of
transport and portable applications>’1. However, DMFCs are not without their problems, as
they suffer from a low efficiency when compared to other fuel cell types?3. This low efficiency

is due to methanol crossover and catalyst poisoning.

Methanol crossover is the mechanism whereby methanol makes its way across the hydrated
Nafion membrane to the cathode. This causes the oxygen reduction reaction to have

competition as the methanol which has crossed over undergoes methanol oxidation,
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competing with the oxygen reduction and reducing the overall efficiency of the fuel cell**. To
overcome this, a thicker Nafion membrane tends to be used in commercial DMFCs to try to
prevent methanol crossover. Research is underway to use composite membranes, or
alternative and more selective membranes which do not permit methanol crossover?. An
alternative way to prevent methanol crossover would be to use a cathode catalyst which is
selective towards the oxygen reduction reaction and so methanol crossover would not affect

the cathode in this case?6-28,

Catalyst poisoning occurs when the surface active sites of the catalyst get blocked?°.
Chemicals and reaction intermediates (in the case of a DMFC anode, carbon monoxide) bind
to the active catalyst sites, which renders them inactive towards the desired reaction. This
causes a reduction in the overall efficiency of the catalyst as there are fewer active sites on
which the desired reaction can occur. In extreme cases, if enough of the catalyst surface

becomes blocked, the reaction can no longer proceed and the fuel cell will stop working??.

These mechanisms (catalyst poisoning and methanol crossover) affect the overall lifetime of
DMFCs, as the materials in the fuel cell are negatively affected by the methanol and its by-
products. In order to improve these problems, new or modified materials with better

performances need to be investigated and developed for use in DMFCs.

In a PEMFC, hydrogen is supplied to the anode to form hydrogen ions and electrons.

H, » 2H* + 2e~ (2.1)

The H* moves across the membrane to the cathode, while the e is diverted through an
external circuit to provide power. At the cathode O; is reduced and combines with H* and e

to form water (H;0).

10



02+4H++4e_—>2H20 (22)
This gives the overall PEMFC equation:

From the above equations (2.1 — 2.3) it is evident that this process produces clean electricity
as no carbon dioxide or other pollutants are formed. The only by-product is water when pure

hydrogen is used as the fuel.

<,

Electrical load

Fuel in ( CH;0H)

{7 Air (or 0,)in

H, | H* 0,
H,0
Water out
Excess fuel out .
Excess air & heat out
Anode: Cathode:
CHOH + H,0 = 6H* + 6¢" + CO, >0, +6H" + 66— 3H,0

Overall:
CH,OH + % 0,- 2 H,0+CO,

Figure 2.2 Schematic diagram of a direct methanol fuel cell.

In a DMFC, shown in Figure 2.2 the methanol fuel is oxidised in the presence of water to form

the hydrogen ions (H*) which travel through the membrane, and the electrons (e’) which
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travel through the external circuit to give power to the electrical load. This means that the
reaction at the anode becomes more complex than for pure hydrogen, with the methanol

oxidation reaction (MOR) involving 6 electrons:

CH;0H + H,0 - 6H* + 6e~ + CO, (2.4)

And at the cathode oxygen is reduced in the oxygen reduction reaction (ORR) to give water:

0, +4H* + 4e~ - 2H,0 (2.5)

This means that for a DMFC, the overall reaction is:

2CH,0H + 30, —» 4H,0 + 2C0, (2.6)

The oxidation of the methanol, involving 6 electrons, occurs via a complex pathway with many
intermediate steps. It is because of these intermediate steps that the platinum anode catalyst
from a DMFC is prone to poisoning from —CO intermediates. This limits the lifetime of these

fuel cells.

A range of direct electrochemical mass spectrometry investigations have proven that the
methanol oxidation reaction has two parallel pathways, which can be seen in Figure 2.3, with
one or the other being preferred under certain conditions3?=33, On platinum metal surfaces,
the competing pathways for the methanol oxidation reaction are shown in Figure 2.3 The
methanol oxidation pathway on platinum crystal surfaces (proposed by Hausmans et al 2006)
The first of the two is an indirect pathway, whereby methanol is oxidised through C/O/H
species adsorbed onto the platinum catalyst surface to —CO and finally CO,. The —CO adsorbed
on the platinum surface that occurs during this pathway acts as a poison, as it binds strongly

and blocks the platinum active sites, hindering the reaction. The second pathway is the direct
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pathway, where the methanol is oxidised via formate to CO,. On closer inspection to an
electrochemical cyclic voltammogram of the methanol oxidation reaction, the two pathways

can be seen with each pathway beginning at slightly different potentials3*.

The pathway selected is highly sensitive to the structure of the surface on which the reaction
takes place3. The direct pathway is favoured on smooth surfaces?*, and on the Pt(111) surface
in H2S04%°. When steps are present on Pt(111) surfaces in H2S04, the proportion of methanol
oxidised through the indirect pathway is increased3®, showing that surface structure has an
effect on the oxidation mechanism. The optimal Pt surface for selectivity towards the
methanol oxidation reaction is a combination of steps and terrace sites, such as those found

on the Pt(554) and Pt(553) surfaces?.

In the indirect pathway described, the -CO intermediates are strongly bound to the platinum
catalyst surface. The bond strength of the adsorbed intermediates may be reduced by the
employing a different catalyst support, or by using an alloy catalyst so that the reaction
intermediates do not poison the catalyst as readily®’. This is achieved by shifting the
preference towards linearly-bound -CO (which is bound onto a single Pt atom) vs bridge-
bound -CO (which is bound to two adjacent Pt atoms)37:38. In addition, a catalyst support that
is rich in -OH groups (either inherent or from dissociation of water) such as manganese oxide,
can assist in the removal of adsorbed intermediate species by donating the -OH groups383°,
This facilitates the removal of the adsorbed -CO groups on the platinum nanoparticle surface

through oxidation of the -CO to CO,.
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Figure 2.3 The methanol oxidation pathway on platinum crystal surfaces (proposed by Hausmans et al 2006)3>3°
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2.3 The catalyst layer and its degradation in DMFCs

In the catalyst layer of the methanol fuel cell, there are two major components: the catalyst
particles and the catalyst support. In a commercial DMFC, the anode catalyst particles are
typically either platinum or a platinum-ruthenium alloy and the catalyst support tends to be

carbon black?.

Catalyst degradation can occur through a series of different mechanisms: dissolution, Ostwald

ripening, agglomeration, detachment, and support corrosion-44,

Pt dissolution is where individual platinum atoms dissolve out of the nanoparticles, leading to
a reduction in the nanoparticle size. Pt dissolution is a particular problem at the cathode of a
PEM fuel cell, as it is subject to trace amounts of chloride and potentials greater than 0.85 V
(vs SHE) and pH values <2 (at 25°C) which is the region where Pt dissolution occurs according
to the Pourbaix diagram®. Pt dissolution is sensitive to pH, temperature, and potential, and
surface area of the Pt particle. As a result of Pt dissolution, Pt atoms can be found exiting the
fuel cell in the waste water stream, or migrating into the membrane, where they degrade the

membrane and block hydrogen transport.

Ostwald ripening occurs when Pt atoms are dissolved from smaller nanoparticles, but rather
than exiting the fuel cell or migrating into the membrane, the dissolved Pt atoms are re-
deposited onto other, larger nanoparticles. This mechanism is a secondary mechanism, which
relies on Pt dissolution. Ostwald ripening leads to a decrease in overall surface energy of the
catalyst. The dissolved Pt atoms can migrate along the surface of the support (2D Ostwald

ripening) or through the membrane/electrolyte (3D Ostwald ripening)
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Agglomeration occurs when whole nanoparticles migrate across the support to join up with
other nanoparticles. These combine together to form one larger particle with the result being

a decrease in surface energy.

Detachment happens when whole nanoparticles become disconnected from the support.
Both detachment and agglomeration occur when the interaction between the particle and

the support is low or decreases, for example due to support corrosion.

Support corrosion (or carbon corrosion) occurs when the carbon is oxidised at fuel cell
operating conditions to CO,*. The standard potential for this is 0.2V vs Standard Hydrogen
Electrode (SHE), which is well within the operating range for a fuel cell. Although this form of
degradation is thermodynamically facile, the kinetics of carbon support corrosion are slow,
which leads to the widespread use of carbon supports for fuel cell catalysts. Carbon corrosion
is most prevalent during fuel cell start up and shut down, due to the low potentials
experienced during the start up/shut down cycles. For typical carbon black, primary carbon
particles are joined up in a microporous network, with each primary carbon particle made up
of a more amorphous type core, with more ordered graphene — like sheets towards the outer
of the carbon black particle. IL-TEM studies have shown that the inner of the carbon black
particles corrodes first, followed by the more crystalline shell. Support corrosion has drastic
consequences for the fuel cell. Carbon corrosion can accelerate catalyst degradation through
agglomeration and detachment, and finally after more severe carbon corrosion, the mass
transport in the fuel cell (fuel supply, reaction products leaving) is affected due to a reduction

in porosity of the catalyst layer.
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Since the mechanisms of degradation in the catalyst layer are sensitive to the environment
and conditions (pH, temperature, potential etc), the different mechanisms are more or less
likely to occur during certain periods of operation through the fuel cell cycle. For example,
carbon corrosion is more likely during start up and shut down, and dissolution is more likely
to occur at the cathode. A combined approach, taking into account both the catalyst and
support, and their interaction is needed in order to achieve a stable catalyst and support and

is necessary to minimise the effects of degradation®’.

2.4 Catalyst materials in DMFCs

To improve the performance of catalyst particles, there are numerous investigations with a
range of approaches including modifying the commercial catalyst or even developing and
using an alternative catalyst material*®“°. Approaches include different Pt-based alloys and
non-precious metal catalysts?®®48°051 and carbon based materials such as N-doped

carbons®%°3 and carbon nanotubes>%°4,

The standard approach to improve durability that is used in commercial DMFC anode catalysts
is to use a PtRu alloy catalyst. The Ru component of the catalyst particle promotes the
dissociation of water to form —OH which then adsorbs onto the catalyst surface. This —OH can
then oxidise the -COaqs (seen in the indirect pathway described in Figure 2.3) to CO,, removing
the —CO which would otherwise block the active sites on the catalyst>>. The promotion of

—OHags formation is therefore a key to improving the DMFC anode durability.

Although the use of Ruthenium and other platinum group metals and rare earth metals in Pt
based alloys, such as Pt-Ru>%°® and Pt-Pd*%>7 have shown improvements in terms of catalytic

activity and resistance to poisoning, the alloyed metals are still expensive, and so do not offer
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a significant price advantage when looking at overall fuel cell cost and lifetime. On the other
hand, if Pt can be alloyed with cheaper transition metals, this would lead to an obvious price
advantage. Metals such as Ni, Co and Fe®® have been tested, and these also show improved

catalytic activity and higher tolerance to CO poisoning as opposed to pure Pt particles.

The improved durability and increased performance, coupled with the significant price
advantage exhibited by PtNi, PtCo, and PtFe over the rare earth and platinum group metals
makes these alloyed particles very interesting®®. However, alloyed nanoparticles are prone to

further degradation mechanisms on top of those already outlined.

Alloy particles can suffer from de-alloying and surface segregation, where the different
reactivity of the metals in the alloy lead to one metal being preferentially dissolved or leached
out®?, This leaching and dissolution may be due to incomplete alloying, excess of alloyed
metal, or thermodynamic instability®®. This results in a compromised structure of the
nanoparticle and ultimately only a Pt nanoparticle remains®?, which can undergo further

degradation at a more accelerated rate as it is no longer alloyed.

Ternary and quaternary alloys such as CoPtRu®3, PtRuRh>®, PtRuMo®*, PtCoW4°, PtRuMoW*°,
and more®* have been developed to further improve the stability of alloy catalyst particles.
Such alloyed catalyst particles exhibit increased performance and improved durability over
PtRu commercial catalysts, though a more complex synthesis route and issues of alloy

degradation may prevent such complex alloys from reaching commercialisation.

The aim for an alloyed catalyst is to produce an alloy which promotes —CO oxidation, and so
reduces the poisoning and degradation of the catalyst. The promotion of —CO oxidation may
proceed by a number of different mechanisms on an alloy particle. First, the bi-functional
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effect (seen in PtRu alloys) where —OH is formed, which can then oxidise the —CO to CO; can
still occur on non-Ru Pt-alloys?®. Secondly, a ligand effect can reduce the binding energy of
the —CO on the Pt surface, allowing CO; formation to occur more readily®®. Finally, a hydrogen
spillover effect may also occur®® which also promotes removal of -CO intermediates from the

catalyst surface.

The mechanisms outlined above to promote —CO oxidation may also be achieved to some

extent by modifying or altering the catalyst support?°,

2.5 Catalyst supports

An important part of the catalyst layer in low temperature fuel cells is the catalyst support.
The catalyst support has numerous purposes in the fuel cell. It anchors the catalyst particles
to ensure that they remain spatially in the location where they are needed - in the catalyst
layer - and ensures there are well dispersed nanoparticles across the support surface to
maintain a high catalyst surface area. The catalyst support also provides a conductive pathway
to facilitate the flow of electrical current through to the external circuit. A microporous
structure is also exhibited by the catalyst support to enable fuel and reactant gases to enter
and leave the catalyst active sites. In addition, the catalyst support can interact with the

catalyst to enhance the activity or durability of the catalyst particle!365-6°,

A material that is used widely as a catalyst support in low temperature fuel cells is carbon
black’. However, carbon black supports can suffer from corrosion’>72, meaning the catalyst
nanoparticle detaches from the support. Carbon corrosion also means that the structure of
pores in the support (which allow transport of gasses) are altered. Another problem relating

to carbon black supports is the possibility of movement and migration of the catalyst

19



nanoparticles, leading to the agglomeration of the nanoparticles. Catalyst nanoparticles can
agglomerate through a range of mechanisms. These include dissolution, Ostwald ripening —
both 2D and 3D, and nanocrystal migration on the support*”73, These problems of catalyst
agglomeration and support corrosion lead to reduced electrochemical surface area (ECSA),
and activity, so an improved support is desirable, as a stronger nanoparticle-support
interaction may help to increase stability’4. Examples of supports that have been investigated
include: non-carbon supports such as polymers (including PANI and PPY); metal oxides
(including Ti-oxides, W-oxides, and ITO); and other carbon based supports such as carbon

nanotubes and more recently graphene”.

The optimum support for the anode and the optimum support for the cathode of the fuel cell
may well be made from different materials. For example the 4-electron oxygen reduction
reaction (ORR) pathway is favoured on graphene based materials’®’’. Manganese based
supports and catalysts can be used to favour a 4-electron ORR pathway and provides
selectivity against MOR when in alkaline conditions’®. The promotion of the 4-electron

pathway makes these materials preferable for cathode catalyst supports.

For the anode in a DMFC, there are many possibilities of catalyst support. Carbon based
supports (such as graphene oxide’®, carbon nanotubes® etc) may provide some enhancement
of the catalyst durability, but they suffer from carbon corrosion to some degree®!. Metal
oxides®? and metal carbides®? are promising, but they suffer from lower electrical conductivity
compared to carbon based supports. Hybrid supports which utilise the best from both families
of support (carbon based and metal oxide based) show promise in the future development of
catalyst support materials, giving both durability and electrical conductivity?®4081.8485 |n this

thesis, a hybrid carbon - metal oxide support will be investigated.
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From the range of carbon materials that are available, graphene-based material looks like
promising catalyst support materials. Its 2D nature and high surface area should lead to good
dispersion of the catalyst particles on the support®®. In addition, defects arising from the
graphene’s production should provide good anchor sites for the catalyst particles to bind

strongly to?’.

Manganese oxide has been selected as the metal oxide to be investigated as it is readily
available and has a large range of oxidation states®®. It is possible to form a variety of
structures from various manganese oxides, giving a range of possible catalyst support
candidates. In addition, other first row transition metal oxides such as iron, cobalt or nickel

have shown promise in DMFC catalyst layers?9°88%,90,

2.6 Background to Graphene and Manganese Oxide and their role in catalyst

supports

2.6.1 Graphene

Since the experimental discovery of graphene in 2004 - by exfoliating graphite mechanically
with scotch tape®® - it has been investigated extensively by the scientific community. As a
completely two dimensional material, its unique and remarkable properties®°24 |end this
semi-metal to a wide variety of applications in a range of research areas, including; sensors®>,
antireflective coatings®®, transparent and flexible conducting films®”%8, supercapacitors®>1%,
batteries'®:192, and fuel cells®®193, There are various properties of graphene that make it
particularly interesting for fuel cells. Its proton selectivity makes it of particular interest for
use in membranes!®® to minimise gas crossover and improve efficiency. The electronic

conductivity properties of graphene sheets make it interesting for use in the catalyst layers®®,
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as a high performance support for the catalyst. Using graphene as a catalyst support has
shown previously to give higher ECSA, higher catalytic activity and enhanced durability%

when compared to traditional carbon black supports.

A popular production technique to produce large amounts of graphene is to use the
Hummers’ method'% (or a modified Hummers’ method). In the Hummers’ method, sheets
of graphite powder are intercalated by ions, and the expanded sheets are then oxidised and
further separated to produce graphene oxide. This produces graphene oxide sheets in large
guantities and at low cost compared with other graphene production techniques. These
sheets can then be reduced to give reduced graphene oxide (rGO). The resulting graphene is
not pristine, and has some defects and residual oxygen groups%. This means that whilst the
electrical conductivity and carrier mobility of reduced GO is higher than graphite, it is not as
high as pristine graphene due to the defects present on the rGO!%’. These defects and oxygen
groups that reduce the electronic properties however may be desirable in a fuel cell catalyst
support, as they have been shown to help to anchor the catalyst nanoparticles*®. The oxygen
groups and lattice defects present on rGO are believed to serve as nucleation sites for catalyst
nanoparticles to grow directly on the support'©®. Such a direct growth mechanism enhances
the contact and interaction between the catalyst and support, leading to a more stable
catalyst®®. These oxygen groups and defects on the reduced graphene oxide support also help

to reduce the effect of poisoning on the catalyst®>.

Transition metal oxides on graphene*?°%1%9 have shown promise for low cost, durable fuel
cell catalysts and can also be used with platinum to achieve high activity*®8>110, Metals

investigated include Fe, Co, Ni and Mn!!112 These metals when used in their oxide form on
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graphene show promise to fulfil the aim of low cost, highly durable and high activity catalysts

for low temperature fuel cells.

2.6.2 Manganese Oxide

Manganese is a transition metal and has been used for centuries, with one of its first uses
being as a colorant in glass!'3. Currently, 80 to 90% of world manganese produced is used in
the steel industry — where between 0.6 and 10 weight % is used to improve mechanical
properties of the steel''4, Other uses of manganese and its oxides include in batteries'>!1,
capacitors!'®’ livestock feed and plant fertiliser''4, and catalysis®®. Their high activity and
low cost make manganese oxides promising for use in fuel cells to help to lower the overall

cost of the device.

There have been many methods used previously to produce manganese oxide, and more
widely, transition metal oxide nanoparticles®®19%112115 \When producing a transition metal
oxide, it is important to select the appropriate synthesis method and conditions if a specific
single form of oxide is desired, because the manufacturing route selected and the conditions
used will affect the resulting metal oxide produced. Manganese oxide has a large range of
possible oxidation states, so it is clearly critical to control the synthesis route to achieve the
desired manganese oxide. Because of the abundance of oxidation states possible in
manganese oxide in particular, there are many synthesis routes, including solvothermal®?*?,
hydrothermal’®'9, calcination??°, and more recently an increase in green synthesis methods.
These use less energy and fewer harsh chemicals in the synthesis process. Such green

methods typically include the use of ultrasonics?'7123 or a microwave method?!!7:124125,
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A method that has been widely cited for the synthesis of monodisperse nanocrystals of
transition metal oxides uses thermolysis of metal-oleate complexes to produce transition
metal oxide nanoparticles'®. This method was first used successfully with Fe, Co and Mn.
However there have since been many types of transition metal oxides produced via this

method, or a modification of this method11>:126,

At the Swiss Nanoscience Institute (SNI) under the project Mangacat, there has been work to
produce MnO; nanoparticles on an industrial scale using a flame spray pyrolysis
technique'?’'28, This method can be used to produce vast quantities of nanoparticles,
although great care must be taken to ensure the correct conditions are used to produce the
desired product. Colloidal synthesis of manganese oxides is also possible??, for example using
PVA to obtain supported colloids, after which the PVA can be removed with heat to leave the
activated catalyst. The atmosphere under which the PVA is removed determines the type and
activity of the catalyst nanoparticles produced. A photo-assisted synthesis of manganese
oxide has been achieved, using manganese nitrate as a precursor, and NaOH or LiOH as the
hydroxide®3°. Depending on the time and concentrations used, different morphologies of
MnO2, MnOOH and Mn304 can be produced. Another option is to use a hydrothermal method
to synthesise manganese oxide!3!. This type of method is promising as it uses mild conditions,

is simple, holds good possibilities for scale up, and can even be used at room temperature.

The main drawback with the above synthesis routes for a hybrid support system is that they
then require the synthesised manganese oxide nanoparticles to be subsequently attached to
the supporting carbon, and in some cases require the removal of capping agents that are
covering the nanoparticle surface prior to (or alongside) attachment. Options to deposit the

synthesised manganese oxide nanoparticles onto the support include using ultrasonics*3? or
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electrodeposition methods'33

, which adds extra processing steps into the synthesis. More
steps in the manufacturing procedure gives more chance for problems to occur, with some
reported issues being; insufficient interaction between nanoparticles and graphene, uneven
dispersion of nanoparticles on graphene, and re-stacking of graphene sheets. These issues
mean that a one pot synthesis whereby manganese oxide is grown directly on the graphene

is highly desirable, as it can improve the properties of the hybrid material, and also makes the

synthesis route as simple as possible, minimising the chance for issues to occur.

One pot MnOy on graphene (or rGO) synthesis routes are desirable, as they lead to a reduced
contact resistance between the manganese oxide (nanoparticle) and the graphene (support).
The enhanced contact and interaction between the nanoparticle and support leads to
enhanced performance of the hybrid material as a catalyst support. This enhanced
performance can include: improved conductivity as contact resistance is reduced; reduced
particle detachment and carbon corrosion due to the strong binding between particle and

support; improved lifetime of the overall system?8686°,

2.6.3 Low temperature one-pot routes to producing MnOx-rGO materials

One option to produce a hybrid support in a one-pot route is to use a low temperature
reaction. These low temperature methods will not reduce the graphene oxide at the same
time as depositing the manganese oxide on the graphene oxide, so the graphene must first
be reduced before the manganese oxide growth step. One such example involves a redox
reaction being performed using reduced graphene oxide with sodium hydroxide and
potassium sulfate, resulting in flower-like MnO; directly grown on already reduced graphene

oxide!3*. The direct growth on rGO in this instance was shown to reduce the contact
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resistance, leading to faster electron transport rate. A synergistic effect between the rGO and
MnO; also leads to enhanced catalytic activity for ORR. This result however is in alkaline
media, and when tested in acid, there was low catalytic activity due to the instability of MnO;
in acid. The second example of a low temperature synthesis uses a dipping and stirring
method®3>. Carbon nanotube films were dipped into a precursor solution and stirred
vigorously — leading to MnO; deposition. For this method, it was found that stirring must be

very fast in order to grow any MnQ; on the carbon nanotube film.

Moving on from these low temperature methods, and in order to minimise experimental
steps and complexity, it is particularly favourable to reduce the graphene oxide
simultaneously with MnOy growth. Such methods require application of heat, or high energy
(such as provided in a microwave or ultrasonics method) to enable reduction of GO to rGO in

addition to growth of MnOx.

2.6.4 Hydrothermal one-pot routes to produce MnOx-rGO materials

One such higher temperature method demonstrated for a one-pot MnOx-rGO synthesis is a
hydrothermal route. This hydrothermal route has been used extensively, and often uses a
potassium permanganate precursor in solution with GO. This solution is typically heated in an
autoclave for around 12 hours at 180 — 200°C, to produce a MnOx-rGO composite material. A

range of resulting materials have been reported®36137,

Another hydrothermal route, which produced Mn304-rGO*® used a two-step method.
Initially, Mn(Ac)2 precursor and GO sheets were dispersed in DMF and water at 80°C to obtain
a dense uniform coating on GO. Then, this was hydrothermally treated for 10 hours at 180°C
to grow crystalline Mn304 nanoparticles. The nanoparticles produced by this method were
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uniformly distributed with around 10 wt% GO in the product. There was a good interaction
between the Mn304 nanoparticles and GO sheets, providing a good charge transport and also
good dispersion of nanoparticles to avoid agglomeration. This method used a lower
concentration of KMnO4 during the Hummers method production of GO, in order to obtain a

lower oxygen content on the GO.

It has been demonstrated that MnO,-rGO® can also be produced via a hydrothermal method.
In this case, the precursor solution of KMnO4 was mixed with MnSO3z and chemically reduced
GO, and then heated at 180°C for between 0 to 72 hours. This resulted in a range of
nanostructures of MnO; on the rGO. Up to 10 minutes resulted in MnOyx nanoparticles, 30
minutes to 15 hours resulted in MnO32 hanowires, and between 24 and 72 hours resulted in
MnO; micro prisms. Testing in alkaline media for ORR showed that these composites
exhibited a 4-electron reduction process. The nanowires showed best stability compared to
the other morphologies grown (nanoparticles or micro prisms), but again this was in alkaline

media.

A mixture of Mn,03 and MnO; on graphene'??

was produced by using Mn(NO3s); and GO (from
Hummer’s method) in water. This was then heated at 180°C for 12 hours, and then finally
after washing was either dried in an oven or freeze dried. Manganese oxide nanoparticles of

10 - 20 nm were distributed uniformly on the surface of the graphene, and the composite had

high conductivity.

Mn304-N-doped-rGO*2! was produced by first producing an N-doped graphene hydrogel from

Hummer’s method GO. This N-doped graphene was then ground into a fine powder and
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stirred with KMnO4 before being heated to at 180°C for 12 hours. From this method, tube like

manganese oxide dispersed on slightly wrinkled N-doped graphene sheets was produced.

It is worth noting that each hydrothermal synthesis has slight variations in the precursor
solution, dispersion, and heating parameters. This suggests that the forms of manganese

oxide produced are sensitive to synthesis conditions.

2.6.5 Green synthesis routes to producing MnO,-rGO materials

As an alternative to a hydrothermal method, and as a potential ‘green’ synthesis route,
ultrasonics can be used to produce a composite MnOx-rGO material. An ultrasonic probe is
used in place of, or just before, the autoclave step and similar precursor solutions can be used
to the hydrothermal methods. The ultrasonic probes work by acoustic cavitation, where the
chemical reaction takes place at high temperatures and pressures'3? generated by collapsing

bubbles.

MnO; needles on graphene!3? have been grown by mixing GO (from Hummer’s method) and
MnCl;.4H;0 in isopropyl alcohol, using ultrasonication for 30 minutes, followed by heating to
83°C and the addition of KMnQOs, and then refluxing. The resulting manganese oxide
nanoneedles were comprised of a few nanorods aggregated together and covered both

surfaces of the rGO sheets.

A purely ultrasonic synthesis method has also been reported to prepare Mn30s on
graphene'?. This method used potassium permanganate and GO (produced from a
Hummer’s method) in water, which were then subject to an ultrasonic probe for 30 minutes.

The authors suggested that an increase in precursor concentration in this method lead to an
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increase in Mn30a4 crystallinity. The manganese oxide forms flat patches across the rGO,

whose coverage increases with precursor concentration.

Another ‘green chemistry’ route to an effective and rapid synthesis of MnOx-rGO composite
material is through the use of a microwave!?*#1?>, Graphene oxide and a manganese oxide
precursor are simply mixed, and then microwaved. The solvent used must have a dipole to
enable it to absorb microwave energy, for example water. A hydrothermal method can be
adapted for use in the microwave — meaning that the synthesis time goes from 12 hours to

10 minutes - which is a clear advantage!4°,

Using a microwave synthesis method, MnO; has been grown on CNTs!!’. This method used
CNTs and KMnOa in water, which were stirred for 1 hour to enable the potassium
permanganate to adsorb onto the CNT wall. The mixture was then placed in a microwave at
700W for 10 minutes and cooled. This method resulted in a thin layer of MnO; on the CNT
wall. This method is by far the quickest synthesis method of all those discussed, as the
microwave step takes just 10 minutes, compared with up to 1 hour of sonication, or 12 hours

of heat treatment.

Other methods for producing a MnOx-rGO composite material include; calcination?°,
electrodeposition'4!, and even novel green methods using recycled powder materials!4? have
been investigated. Clearly there are many methods in which to produce manganese oxide-
graphene composite materials, which can often be adapted slightly to produce slightly

different materials.
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2.6.6 Microwave synthesis

Microwave synthesis methods are attractive as they can produce rapid localised heating of
the materials and create interesting structures and products. Microwave synthesis techniques
use microwaves which are electromagnetic waves with wavelengths in the cm range (0.1 —
100cm)!43. There are a range of different microwave devices which are used for microwave
synthesis methods. Some can use a standard microwave device like a household microwave,
which use standing wave formations inside the cavity of the machine and a rotating plate to
generate the heat. There are also more sophisticated scientific microwave heating devices
which include reflectors to generate a uniform microwave field inside the cavity to obtain
better, more reproducible results!**. These may also have temperature, pressure, and
irradiated power measuring capabilities. However, the underlying principles of the microwave

synthesis are the same for all microwave devices that can be used.

In a typical microwave synthesis, a polar solvent is needed so that the electric component of
the electromagnetic wave can interact with the dipole moment of the solvent molecule —
dielectric loss heating. The dipole of the molecule rotates to align with the applied electric
field, causing the molecules to oscillate with the applied field. The solvent molecules cannot
oscillate as fast as the rapidly changing field, which causes the solvent to heat up. This
dielectric heating of the solvent and can achieve temperatures above the boiling point of the
solvent. It is a much quicker and more uniform way to heat up a solvent than conventional
heating on a hot plate, and provides much more flexibility to produce interesting and novel
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materials'*>. In addition to dielectric loss heating, there are other mechanisms by which the

microwave can interact with the chemicals used in the synthesis.
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The microwave may interact with any electrically conductive material present in the beaker,
causing localised heating of the conducting surface — called conduction loss. The microwave
interacts in the same way as any other electromagnetic wave when it reaches with the surface
of a conductor, whereby the wave is attenuated as described by Maxwell’s equations'*®. The
incoming wave causes free electrons in the conductor to move, meaning the wave is absorbed
and so causing local heating of the conductor. Conduction loss is particularly strong in carbon
black and similar materials, so this form of localised heating will be present in the synthesis

methods described in this thesis, which will use carbon based supports'#3.

In addition to the electric field component of the microwave, the magnetic field component
may interact with any materials which have magnetic properties — in magnetic loss heating.
In magnetic materials and metal powders, the effect of magnetic loss is even greater than the
dielectric loss'*. The magnetic component of the microwave is absorbed strongly by
magnetic powder, leading to rapid heating of the material. Magnetic heating should be
present in the synthesis presented in this thesis, because transition metals and their oxides

in particular exhibit magnetic loss heating when exposed to microwaves!43.

The combination of manganese oxide and graphene oxide in the catalyst support means that
all three microwave heating modes will be present in the system described in this thesis.
Dielectric loss heating, magnetic loss heating and conduction loss heating will be present in

the carbon and metal oxide locations of the material, as well as in the polar solvent itself.

From a survey of the methods outlined in this section, a simple one-pot microwave synthesis
method has been selected. This method has been chosen, as it is a facile method, allowing for

variations of the MnOx-GO produced by tweaking the synthesis parameters such as
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microwave time, precursor concentration, graphene : manganese ratio etc. In addition, the
process of growing the manganese oxide nanostructures directly on the graphene has the
potential to generate a better material, as this type of method typically produces a material
which has a reduced contact resistance between the graphene and manganese oxide!3* and
enhanced stability. Two solvents were selected for synthesis: water and ethylene glycol.
These are both low toxicity solvents with high dielectric loss tangents, meaning they will heat

quickly via dielectric loss heating in the microwave.
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CHAPTER 3 Materials synthesis

For all materials produced in this work, 3 main methods were used. In the case of graphene
oxide, a Hummers method was selected due to the tuneable nature of the graphene oxide
product when made in this manner. For MnO«-GO synthesis, a microwave synthesis method
was used, which varied slightly throughout the work in order to achieve varying loadings of
manganese oxide and investigate the effects this had on the overall performance. Finally, to
deposit platinum on the array of supports produced, a second microwave method was used.
This platinum deposition method was kept constant across every support, so that only the

effect of the support varied throughout the range of materials produced.

3.1 Support synthesis

The first step towards producing the manganese oxide - graphene oxide hybrid support
materials used in this work was to produce the graphene oxide, onto which the manganese
oxide could be grown. Then, this hybrid support was further decorated with platinum

nanoparticles to produce a catalyst for testing.

3.1.1 Graphene Oxide synthesis

An effective catalyst support is required to have high electrical conductivity®®!4’, In order to
achieve this from a graphene oxide (GO) support, the GO should be produced with a low
oxygen content, so that when it is reduced, the majority of the oxygen functional groups can
be removed, leaving a highly conductive rGO. A modified Hummers’ method®>% was chosen
for producing GO because of its simplicity and tunability; and the results showed a lower
oxygen content than other authors42,
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First, 3 g of graphite powder (Sigma, 99.9%) and 2.28 g sodium nitrate (Sigma, >99.0%) were
added to the reaction vessel, in an ice bath to maintain a low temperature. Next, 100 mL of
sulfuric acid (Sigma, 95-98%) was added under continuous stirring. Meanwhile, 13.5 g
potassium permanganate (Sigma, >99.0%) was added to 200 mL water and thoroughly mixed.
The potassium permanganate solution was added dropwise to the reaction vessel, with
continual stirring over ice for several hours. Once all of the potassium permanganate had
been added to the mixture, it was left to stir for 5 days, with the ice bath removed after 1 day
of stirring. After the stirring period of 5 days had passed, the mixture was left to stand for 48
hours for solids to precipitate. The excess permanganate solution was then decanted, and the
slurry washed by filtration in 5% H,SO4 (made up from Sigma, 95-98%) / 30% H.0, (Sigma,
30%) solution for the first wash, followed by 9 washes in 3% H,S0O4 (made up from Sigma, 95-
98%) / 0.5% H,0; (made up from Sigma, 30%). The resulting slurry was washed by
centrifugation in water a further 10 times. The final product of graphene oxide was oven-

dried at 60°C.

3.1.2 Manganese Oxide — Graphene Oxide and Manganese oxide — Carbon Black synthesis

To produce the manganese oxide - graphene oxide (MnOx-GO) composite material, 150 to
400 mg of manganese salt (either KMnOa (Sigma, >99.0%) or Mn(NO3s), (Sigma, 297%) ) was
thoroughly mixed in a beaker with 50 mL ultrapure water. Meanwhile, 100 mg of graphene
oxide (produced via the modified Hummer’s method, as detailed above) was mixed with 50
mL ultrapure water in a second beaker. Once both solutions were thoroughly mixed via
stirring and sonication for 15 minutes each, the GO solution was added to the manganese
precursor solution. The GO — manganese precursor solution was then thoroughly mixed via

stirring and sonication. Then, the mixture was microwaved in a microwave oven (230-240 V;
34



~50 Hz; input power 1200W; microwave output power 700W, 2450 MHz, model MT1710) at
700 W for 4 minutes. The mixture was allowed to cool to room temperature, and then washed
by centrifugation (20,000 rpm, 21°C, 30 minutes) in water at least 3 times, or until the
supernatant was clear. Following washing, the GO-MnOyx material was oven-dried at 60°C

overnight.

The manganese oxide — carbon black (MnOx-CB) materials were made following exactly the
same method as for MnOx-GO but substituting Vulcan Carbon XC-72 instead of graphene

oxide as the carbon support component.

The following parameters were used to synthesise the MnOx-GO and MnOx-CB hybrid support

materials:

Table 3.1 Parameters used for deposition of manganese oxide onto graphene oxide or carbon

black supports
KMnOa4 GO (or CB) Microwave Time
(g) (g) (minutes)
Chapter 5 MnOx-GO(52) 0.30 0.10 4
Chapter 6 MnOx-GO(50) 0.20 0.10 4
MnOx-GO(61) 0.30 0.15 4
MnOy-GO(68) 0.45 0.1 4
Chapter7 & 8 MnOy-CB 0.30 0.10 4
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The MnOx-GO samples are identified and differentiated from each other with the annotation

MnOx-GO(xx) where xx is the MnOx mass % obtained from TGA.

3.2 Platinum Nanoparticle Growth

Platinum nanoparticles were grown directly on the supports through a microwave process.
The Pt nanoparticle deposition was the same (aiming at 30% Pt loading), regardless of the
support used with the aim to produce a 30% Pt loading to match the commercial catalysts
that are used for comparison. First, 40mg of the support (GO or MnOx-GO or carbon black)
was added to 20 mL of ethylene glycol (Sigma, 299%) and mixed thoroughly by sonication.
Then, 1 mL of 0.1 M solution of potassium hexachloroplatinate (Sigma, 98%) was added whilst
still sonicating. The mixture was further sonicated to mix the precursor thoroughly
throughout the solution. The solution was transferred to the microwave oven and irradiated
(230-240 V; ~50 Hz; input power 1200W; microwave output power 700W, 2450 MHz, model
MT1710) for 60 seconds. After being allowed to cool to room temperature, the product was
washed by centrifugation in acetone at least 3 times (10,000 rpm, 21°C, 15 minutes). The

resultant product was dried at 60°C for 3 hours, or until dry.
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CHAPTER 4 Methods

4.1 Characterisation.

4.1.1 Transition Electron Microscopy (TEM):

Transmission electron microscopy (TEM) is a microscopy technique which utilises the wave-
particle duality principle. It uses a beam of electrons behaving as a wave to generate an image
of a sample, in much the same way as an optical microscope. The wavelength of the electron

beam can be calculated using the de Broglie wavelength for a particle4°:

h
A=— (4.1)
m.v
Where h is Planck’s constant, m is the mass of the particle and v is the velocity. This gives a
wavelength for an electron of the order of 0.1 nm - much smaller than light - and means that

much smaller features of the sample can be resolved — down to the nanometre range. This

makes TEM particularly suited to imaging nanoparticles.

As the illuminating beam is composed of electrons rather than light, the TEM machine must
operate under vacuum to prevent scattering of the electron beam. The electron beam is
focused with a series of electric and magnetic lenses onto the sample. Once the focused beam
reaches the sample, the electron beam is diffracted through the sample to the detector. A
range of bright field and dark field detectors can be used, as shown in Figure 4.1, and while
the structure in the image looks the same, the bright field (BF) and dark field (ADF or HAADF)

images allow different information to be gathered from the sample®°,
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Figure 4.1 Diagram of a TEM with the different bright-field and dark-field detectors

The bright field images show the transmitted electron beam, so high mass or crystalline parts
of the sample appear darker. The ADF and HAADF detectors pick up scattered electrons, so
the parts of the sample which have higher mass or more sample appear bright, as these areas
will scatter electrons. The advantage of dark field mode is that the original (transmitted)
electron beam is not detected, so smaller crystalline features can be resolved using only the

scattered electron image.

Scanning transmission electron microscope (STEM) images are based on the same principle,
but the focused spot size of the electron beam is smaller, and is scanned across the sample,

enabling even higher resolution to be achieved.

Energy dispersive X-ray spectroscopy (EDX) uses the electron beam to cause X-rays to be
emitted from the atoms in the sample. The X-rays emitted are characteristic of the atoms

present, and so an elemental composition can be obtained. An image can be obtained using
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for example a silicon drift detector so that the elemental composition across the sample can

be mapped.

HR-TEM (High Resolution - TEM) images were taken by Mike Fay and Julie Watts at the NMRC,
Nottingham University, using a JEOL 2100F operating at 200kV, with a Gatan Orius CCD
camera. STEM images were taken on the same microscope, using a high angle annular dark
field (HAADF) detector, and energy dispersive X-ray (EDX) elemental mapping was obtained

using an Oxford Instruments 80mm X-Max detector.

TEM images were analysed using Imagel software. Particle size measurements were taken by
measuring at least 200 particles across the x-direction of the image, using the straight line
tool. This method was chosen, as the automatic intensity thresholding method in imagel
software, which is typically used to measure particle sizes computationally could not be used
due to the varying contrast of the Pt particles against the supporting carbon/manganese
oxide. This varying contrast is caused by an uneven background, which is due to the MnOx-
GO support being a layered structure, giving rise to darker and lighter areas of the support in
the background. In addition, the platinum nanoparticles have varying crystal orientations with
respect to the electron beam, so some appear darker, while some appear lighter due to the
varying degrees of scatter and diffraction. More than 200 particles were measured to achieve

a good statistical representation of the particle size.

4.1.2 X-ray Photoelectron Spectroscopy (XPS):

X-ray photoelectron spectroscopy (XPS) is a technique used to determine the chemical
composition and bonds present in a sample. The technique is based on the photoelectric
effect’!, where a photon is incident on a sample surface and provided it has sufficient energy,
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the photon interacts with an atom on the surface by ejecting an electron from the atom. If
this electron has enough energy, it escapes the atom and is ejected out. An XPS measurement
is performed using monochromatic X-rays in an ultra-high vacuum, and the ejected electrons
are directed at a hemispherical analyser which measures the energy of the electrons that have
been ejected!>?. These electrons will have a characteristic energy depending on the orbital
that they have been ejected from. According to equation 4.2, the kinetic energy of the ejected
electron depends on the binding energy of the ejected electron, work function and incident

X-ray energy.

K.E.=hv—B.E.—¢ (4.2)

Where K.E. is the kinetic energy of the ejected electron; B.E. is the binding energy of the
orbital where the ejected electron originated; ¢ is the work function of the spectrometer; and

hv is the energy of the X-ray.

The binding energy of the electrons will change depending on the local chemical environment
of the atom that the electron was ejected from. The photoelectron spectrum is measured by
counting the ejected electrons over the measured energy range. By measuring the energy of
ejected electrons accurately, the chemical structure of the sample can be obtained, as the

XPS peaks will shift and change shape depending on the chemical structure.

As the peaks shift and change shape depending on the chemical environment of the atoms,
the peaks measured from an XPS measurement must be deconvoluted to obtain the

component peaks, allowing the chemical composition to be quantified.

XPS spectra for this work were obtained at the National EPSRC XPS Users' Service (NEXUS) at

Newcastle University, an EPSRC Mid-Range Facility.
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From 2017 onwards, XPS spectra were obtained through Harwell XPS, an EPSRC Mid-Range

Facility, at both UCL and Harwell research campus.

XPS spectra were analysed using CasaXPS software, using an LF lineshape®3 for all carbon

components, and a standard GL(30) lineshape for all metal/metal oxide components.

The GL(30) lineshape is used to describe a line with a mixed Gaussian and Lorentzian lineshape
which is symmetric in nature!>*>>. The mixing in this case takes the form of the product
between a Gaussian and Lorentzian curve, with 30% Lorentzian. GL(0) would describe a pure

Gaussian curve, while GL(100) would describe a pure Lorentzian form.

The LF lineshape (Lorentzian Finite lineshape) is commonly used to describe carbon peaks!>*-
155, The LF lineshape is an approximation of a Doniach-Sunjic shape, but with a finite area
while still allowing for asymmetry to be introduced if required. It is a convolution of a
Lorentzian with a Gaussian shape similar to the GL(30), but with the ability to define extra
parameters so is more accurate in certain circumstances. The carbon peaks in this work were
fitted with an LF(1,1,55,180,5) shape — which is typical for carbon XPS peaks®°®. The first and
second numbers in the bracket describe a1 and ay, or the spread of the tail to the left and
right respectively. If a; and a; are the same, there is no asymmetry. The third number extends
the influence of these a terms and creates a limit of the asymmetry. The fourth number
describes the size of the Gaussian to convolute the Lorentzian component with - a larger value
here ‘sucks in’ the asymmetric tails. The final number describes how much the Gaussian and

Lorentzian should be convoluted with each other.

Once complete, the XPS fits from CasaXPS were exported to OriginLab graphing software for
plotting.
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4.1.3 X-ray Diffraction (XRD):

X-ray Diffraction (XRD) is a technique which utilises the diffraction of X-rays off crystal planes
to determine crystal structure of the sample material’>’. A monochromatic X-ray source is
used. These X-rays are directed through a slit at a powder sample and diffract off at different
angles depending on the crystal structure. A detector is moved in an arc around the sample

to measure the intensity of X-ray signal across all angles.

The diffraction of the X-rays obeys brags law:

2d.sinf = nA (4.3)

Where A is the wavelength of the incident X-ray, 6 is the angle of incidence, n is an integer

and d is the lattice parameter.

Figure 4.2 diagram of the Bragg condition for XRD peaks

When the angle of diffraction (6 or 206) is plotted against intensity, there will be a peak
wherever this condition is fulfilled. These peaks correspond to diffraction from different

crystal planes in the material structure, as shown by Figure 4.2. The crystal planes can be
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defined using Miller indices denoted by h, k, and I. The 3 Miller indices can be used to describe
a reciprocal lattice vector, which is orthogonal to the plane. The reciprocal lattice vector is
given by: gnu = hb1 + kb, + /bs, and the planes are described by (hk/). As an example, the plane

(111) for a cubic crystal lattice is drawn below in Figure 4.3:

Figure 4.3 The (111) lattice plane shown by the red surface. Blue dots represent atoms.

The XRD peaks obtained can be compared to standard powder diffraction files (pdf) from
JCPDS (The Joint Committee on Powder Diffraction Standards) to confirm the crystallographic

structure of the material being tested.

XRD spectra for all samples were obtained using a Bruker D8 diffractometer with a Cu source.
Measurements were taken from 2 to 80 ° (260). The X-ray energy was 1600 W and the samples
were rotated during the whole measurement. The rotation of the sample ensures that the
entire sample was illuminated by the X-ray slit. This provides a more reliable measurement

that is more representative of the sample as a whole.

The samples were prepared by sandwiching a small amount of powder between two pieces

of scotch magic tape. Scotch magic tape was selected as it is a cellulose based tape with an
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amorphous structure, and gives a low background reading with no sharp peaks and only a
small ‘hump’ around 20-30 degrees 2 8. This is in contrast to other tapes which are made of
polymers and tend to show diffraction peaks and sharp steps in the background of the
spectra. This sandwich of tape and sample was compressed so that the tape and powder lay
smooth. The tape-encapsulated powder was then attached to a plastic sample holder and
placed inside the sample mounting stage of the XRD machine. The XRD peaks obtained were
of low intensity, and broad in nature, as can be expected for nanomaterials**8%°, |n some
cases, the crystallite sizes were so small that the peaks were very broad, and the intensity was

so low that peaks were barely distinguishable from background.

XRD patterns were analysed for pattern matches to the JCPDS database using diffrac.suite

EVA software. The patterns were subsequently plotted using OriginLab graphing software.

4.1.4 Thermo-Gravimetric Analysis (TGA):

Thermogravimetric analysis (TGA) is a measurement technique where a sample is heated and
its mass measured®®, From this, a range of different material alterations can be measured
including: loss of water or solvent, oxidation, decomposition, amount of metallic catalytic

residue remaining on carbon support, and weight % of fillers.

In a typical TGA measurement, a sample of the material to be tested (typically a few mg) is
placed inside a small alumina crucible, on a precision balance!®?. The balance sits inside a
sample chamber furnace. The atmosphere in the sample chamber furnace is controlled by
flowing gas through it, allowing the material to be studied under different conditions e.g. an
oxidising, reducing, or inert atmosphere. The sample is heated at a slow rate (typically 5-10°C

per minute), whilst the desired gas is flowed through at a sufficient rate (typically around 50
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mLmin). The sample may lose or gain mass as it is heated, depending on the operating
conditions and the process occurring. The temperature at which a mass change occurs in a
given material (with given TGA parameters: heating rate, gas type, gas flow etc) is
characteristic for certain processes. For example: in many materials there will be a water loss
step around 100°C; and in graphene-based materials, the carbon backbone will be burnt off

at 600°C in an air environment.

The TGA measurement typically reads a mass % (taking the starting mass as 100%), which can
be plotted vs time or temperature. Reading off the mass change at given temperatures
provides information on the composition of the material (e.g. water content, carbon content
etc). By plotting the derivative of the curve, the points of maximum mass change can be read

off by looking at the peaks of this derivative curve.

In all TGA measurements taken, the crucible and furnace should be clean, and a blank curve
should be taken before measurement. The blank curve gives a background measurement so
that the mass fluctuation of the crucible does not appear in the measurement results. In this
work, a blank curve was taken before each measurement. Prior to running the blank curve,
the crucible was wiped out with acetone and then placed in the TGA sample chamber furnace
and heated under air flow to the max temperature (900°C) to remove any traces of organic

and carbon residues!®2.

TGA experiments were undertaken using a Netzsch 209 F1. 2 to 4 mg of sample was placed in
an alumina crucible with lid. Air was flowed at 30 mL.min%, and with a temperature increase
rate of 10°C.min, from 20 to 900°C. At 900°C, a 10 minute isothermal hold was performed

to ensure any residual mass was a consistent value.
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The Netzsch Proteus analysis software was used to determine step positions and mass drops,
as well as the residual mass. The data was then exported to OriginLab graphing software for

plotting.

4.1.5 Inductively Coupled Plasma — Mass Spectroscopy (ICP-MS):

ICP-MS is a highly sensitive measurement that can detect most of the elements in the periodic
table!®3, Exceptions to this include (but are not limited to) Oxygen and Nitrogen, as these
elements are present in the plasma, and so cannot be quantified'®. ICP-MS is used to
measure the elemental composition of samples. Samples must be in liquid form, with no
powder particles present else they will block the feed tube into the plasma. To achieve a liquid
sample for the ICP-MS measurement, the powder materials first must be digested in dilute
aqua regia. Then a small amount of sample is pumped into a plasma where it is ionised. The
ionised sample is then directed to a mass spectrometer. The mass spectrometer uses an
electromagnetic field to separate the ions so that they can be detected by the detector. The
ICP-MS machine is capable of measuring down to parts per billion, provided suitable

calibrations and standards are used, along with careful and accurate sample preparation.

In this work, to prepare the samples for ICP-MS, approximately 0.5 mg of sample powder was
digested in 10 mL dilute aqua regia (16.8% HCI (Sigma, 37%) & 5.5% HNOs (Sigma, 70%)) by
sonicating for 1 hour at 90°C. The samples were allowed to cool overnight, and then diluted
to approximately 2% nitric acid concentration by adding 20 mL ultrapure water. The samples
were then filtered using a filter-syringe before being pumped through the ICP-MS machine.
This filtration step was to prevent any blockages of the pump tubes by any remaining powder.

46



Calibration standards were produced, containing Pt, Mn, and K at concentrations of 0.01,
0.05, 0.1, 0.5, 1, 5, and O ppm. Li, In and Ge were used as internal standards to reduce
interference effects from other elements present in the sample. The potassium (K)
measurement (and associated Li internal standard) was run under Helium KED (kinetic energy
discrimination) to reduce polyatomic interferences. Helium KED pumps a portion of Helium
into the machine to collide with the particles in the ion beam. Since polyatomic particles have
a higher interaction cross section than single ions, they collide with the Helium, reducing their

kinetic energy and removing the interference of polyatomic ions'®4.

ICP-MS measurements were performed using a Perkin Elmer Nexion 300X, with a plasma
power of 1500 W. A seaspray nebuliser connected to a cyclonic spray chamber was used for

sample introduction. The sample was pumped through a peristatic pump at 0.3 mL.min™.

Once measured element concentrations (in ppm) were obtained, the original sample powder

mass and digestion liquid volume were used to calculate the sample composition in %.

4.2 Ex-Situ Electrochemical Testing:

To test the catalyst performance ex-situ, a standard 3 electrode electrochemical cell setup
and an Autolab potentiostat (PGSTAT101) was used. The counter electrode was a platinum
mesh, and the reference electrode was an Hg/Hg>SO4 (saturated K>SOi) with a working
potential of +0.65 vs SHE (potentials are converted to the SHE scale for convenience of
comparing to literature unless otherwise stated). The working electrode was a 3 mm diameter

glassy carbon disc, modified with the catalyst to be tested.

The reference electrode was tested vs a standard hydrogen electrode approximately every 4

weeks, and the potential monitored to ensure that the reference potential had not drifted.
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Use of a platinum counter electrode in this case is justified, despite some controversy
surrounding its use'®. The controversy arises from the dissolution - deposition process of the
platinum counter onto the working electrode, affecting the experimental results — particularly
in the hydrogen evolution reaction. In the case of methanol oxidation reaction experiments,
the process at the working electrode is an oxidation reaction, meaning a reducing potential is
passed through the counter, so any platinum dissolution should come from the working
electrode and be deposited on the counter electrode. This means that the platinum counter

electrode should not affect the properties of the working electrode.

The produced Pt/MnOx-GO catalyst/support materials were tested against two commercial
standard materials: Johnson Matthey HiSpec 3000 Pt/C and Johnson Matthey HiSpec 12100
PtRu/C. The PtRu/C was selected as it is a commercial standard DMFC anode catalyst, and the
Pt/Ccom was selected as it is a single metal catalyst, and so is a closer comparison to the
materials produced in this thesis. Hereafter, these commercial catalysts are referred to as

PtRu/Ccom and Pt/Ccom respectively.

To modify the working electrode the following method was used. First, a Nafion solution was
prepared using 20 mL isopropanol (Fisher, HPLC grade), 0.5 mL Nafion 10% dispersion (lon
Power, 1100 EW, 10 wt%, water based), and 79.5 mL ultrapure water (resistivity > 18.2
MQ.cm; MilliQ, Millipore). Then, a catalyst ink was produced by thoroughly sonicating this
Nafion solution and the catalyst powder to be tested at a concentration of 1 mg.mL™. Finally,
2 x 5 puL drops were deposited onto the 3 mm glassy carbon electrode and dried under a heat

lamp. Once dry, the modified electrode was used in the set-up described above.
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4.2.1 Electrochemical Surface Area Measurements (ECSA)

The ECSA was calculated using a widely adopted HUPD method. The catalyst was cycled in
0.5 M H,S04 (Sigma, >98%) at 50 mV s until a reproducible voltammogram was obtained
(typically 30 - 50 cycles). Then, the ECSA measurement cycle is performed 3 times (to ensure
reproducibility) at 20 mV s. This measurement was repeated 3 times for each catalyst, to

allow an average and error (the standard deviation) to be calculated.

4.2.2 Chronoamperometry

Chronoamperometry was performed in order to determine long term stability of the catalyst
when working at a given potential. The electrolyte for these experiments was 1 M CHsOH
(Fisher, HPLC grade)/ 0.1 M H,SO34 (Sigma, >98%). The catalyst was cycled 50 times from 0 —
0.9 V vs SHE at 50 mV s to ensure a reproducible voltammogram was obtained, and to
measure the methanol oxidation reaction (MOR) performance of the catalyst. Then, the
catalyst was held at a potential corresponding to that 50 mV beyond the oxidative (forwards)
peak current (If) for either 1 hour or 13 hours, whilst the current was measured. Finally, a
further 10 cycles, again from 0—0.9V vs SHE at 50 mV s, were performed in order to measure

the MOR performance of the catalyst after.

4.2.3 Cyclic Voltammetry and Degradation Cycling

Cyclic voltammetry was performed in order to determine the MOR performance of the
catalyst over a long time. Initially, the catalyst was cycled at measurement conditions in order
to obtain a reproducible voltammogram (typically 30 to 50 cycles). Then, the measurement
was taken by cycling from 0 — 0.9 V vs SHE at 50 mV s for 10 cycles. The peak current (Ip) for

both the forwards (lr) and backwards (lb) MOR peak was used to calculate the forwards:
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backwards peak current ratio, or lz:lp. A higher Is:lp indicates that the catalyst is less prone to

poisoning, and so indicates that these catalysts will be more durable!6167,

In the case of degradation studies, the catalyst was cycled for 1000 cycles to thoroughly
degrade the catalyst. The forwards peak current (lfpeak) value was plotted against scan number

in order to measure the degradation of the performance of the catalyst.
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CHAPTER 5 Investigation into GO vs MnOx-GO supports

and their comparison to commercial catalysts.

Graphene oxide (made via a modified Hummers method) and manganese oxide- graphene
oxide (made via a microwave method) — see section 3.1) supports were first tested to
determine their composition and appearance before being decorated with platinum catalysts

for testing.
5.1 Support characterisation

5.1.1 Graphene oxide

The graphene oxide (GO) was produced via a simple modified Hummers method%>1% as
described in section 3.1.1 in order to have some control over the type and amount of oxygen
functional groups. Graphene oxide made through a modified Hummers method can have a
range of properties, dependent on the functional groups present®. In order to determine

the composition and oxidation level, a range of materials characterisations were performed.

First, ICP-MS was used in order to test for K, Mn and Pt contaminants present. Contaminant
ions in graphene that has been produced chemically can impact dramatically on the
performance of the material, therefore it is important to know if there are any contaminants
— particularly in the case of Mn'6816° Table 5.1 shows that a small amount of Mn, Pt and K
were present in the GO produced, however these are negligible compared to the amounts of
Mn and Pt that were later added to the GO. These values may vary widely depending on the

method selected to produce GO and the purity of chemicals used in its manufacture. The low
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contaminant concentration reflects the high purity of the precursor chemicals and the

cleanliness of the GO produced.

Table 5.1 Contaminant ion content in GO produced, values from ICP-MS.

K/% Mn / % Pt/ %

Graphene

. 0.00+0.02 0.05+0.03 0.04+0.02
Oxide

Secondly, XRD was used in order to confirm that the dried material retained its interlayer

spacing and its graphene structure.

—— Graphene Oxide

200 -

150

100 -

Intensity (a.u.)

50

26

Figure 5.1 XRD spectra for graphene oxide, showing graphene and small graphite peaks.

From the XRD spectra seen in Figure 5.1, two peaks can be seen. These peaks fit with the

JCPDS diffraction file shows both a broad graphene peak at 11.4° (JCPDS PDF 00-065-1528),
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and a sharper graphitic peak at 26° (JCPDS PDF 00-001-0646). Using Bragg’s law (Equation

5.1), the interlayer spacing, d can be calculated:
2dsin 0 = ni (5.1)

where 0 is the diffraction angle, n is an integer (in this instance n=1), and A is the X-ray
wavelength. By using the first peak at 11.4°, attributed to the (001) graphene peak, the
interlayer spacing was calculated using the equation (5.1) to be 7.1 A, suggesting that the GO
has retained its sheet separation on drying, as the interlayer spacing for graphite is 3.35 A17°.
The second peak at 26.6°, is attributed to the (002) graphite peak, which suggests that there

are some of the layers remaining in the graphitic state, not fully exfoliated.
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Figure 5.2 TGA curve and differential of TGA curve (dTG) showing mass losses at different

temperatures for graphene oxide

Next, the oxygen content of the GO was determined by both TGA (Figure 5.2) and XPS (Figure

5.3). The TGA curve in Figure 5.2 shows three characteristic stepsi®. The first step, seen
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around 100°C can be attributed to the loss of residual water molecules on the GO surface and
intercalated between the GO sheets. The second step, at around 200 — 220°C is attributed to
the loss of oxygen functional groups. The final step around 600°C is attributed to the burning
of the carbon backbone of the GO. The lack of any final residue shows that the GO is not
contaminated with any metal ions. The C:O ratio of this GO sample is calculated from the
percentage weight loss at 200°C (Oxygen loss = 20%) and the percentage weight loss at 650°C
(carbon loss = 66%). The C:0O ratio is found to be 3.2 in this case, suggesting the graphene

oxide is oxidised sufficiently?3,

The XPS wide energy survey spectra, which can be seen in Figure 5.3, shows the C:0O ratio to

be 3.0 in this case, which agrees with the value obtained from TGA.

Survey Cls —c< |O1s

1500 1000 500 0 300 205 20 285 280 550 540 530
Binding Energy (eV) Binding Energy (eV) Binding Energy (aV)

Figure 5.3 XPS Survey, C1s and Ols spectra for as-prepared graphene oxide

The high resolution C1s and O1s XPS spectra, seen in Figure 5.3, show the oxidation of the GO
includes hydroxyl, epoxide, carbonyl and carboxyl oxygen functional groups. the peaks
corresponding to C-C, C-O (hydroxyl), C-O-C (epoxide), >C=0 (carbonyl), and COOH (carboxyl)
were fitted with peak positions of 284.2 eV, 284.8 eV, 286.6 eV, 288.3 eV, 289.9 eV

respectively, in agreement with literature®. The dominant oxygen groups on the graphene
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oxide are hydroxyl and epoxide groups, with only a small contribution from carbonyl and

carboxyl groups.

Figure 5.4 TEM image of as-prepared graphene oxide few layer sheets, with the lacey carbon

TEM support film visible in the background.

Finally, TEM images, as shown in Figure 5.4, confirm the existence of few-layer and single
layer GO sheets, with folds and wrinkles. The lacey carbon TEM support film can be seen in

the background of the image.

5.1.2 Manganese oxide — graphene oxide (MnOx-GO(52))

For this chapter, the MnOx-GO was produced by modifying 100mg of the graphene oxide using
300 mg of the KMnO4 precursor, and a microwave time of 4 minutes, as per section 3.1.2. This

was then characterised through ICP-MS, TGA, XRD, XPS and TEM.

As shown in Figure 5.5, TGA was performed to determine the total MnOy content. The residual
mass % left in the TGA after heating to 900°C will only be MnOy, as all the oxygen and carbon
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from the GO will have burned by that temperature. This means that 52% of the MnOx-GO
sample is MnOxy. A sharp step can be seen in the TGA curve at 380°C. This step is attributed to
the graphene oxide being burned. The step looks different to the shape of the curve for un-
modified graphene oxide (section 5.1.1), because the presence of the manganese oxide in the
material catalyses the oxidation of the carbon structure!’*. This leads to the graphene burning

step shifting to a lower temperature.

MnOx-GO (52) —TGA
100 4
X g0
n
2]
©
=
60
52% Residual Mass
40 ,

r T T T v T T T T
0 200 400 600 800 1000
Temperature (°C)

Figure 5.5 TGA curve and differential of TGA curve (dTG) showing mass losses at different

temperatures and residual mass for MnOx-GO(52)

Secondly, ICP-MS was used to determine the amount of Mn present in the sample, and to
check for any potassium contaminants. The values for manganese content and potassium
content can be seen in Table 5.2, which shows slightly lower amounts of metal compared to

the TGA curve.
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Table 5.2 Amount of Mn and K present in MnOx-GO(52), values from ICP-MS

K/ % Mn /%

MnO,-GO(52) 6.6+0.3 31.6+0.5

ICP-MS measures only Mn in the sample, and so the value from ICP-MS is expected to be

lower than the value from TGA, as the TGA % includes the oxygen contained in the MnOx.
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Figure 5.6 XPS Survey, C1s, O1s and Mn2p spectra for MnOxGO(52)
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The TGA and ICP-MS Mn % can be correlated by using XPS to identify the oxidation state of
the Mn. XPS, which is shown in Figure 5.6, was also used to check the oxidation state of the

GO, as it is expected to be reduced on addition of Mn.

The shape and peak separation of the Mn2p peak, and the absence of any satellite peaks
suggests that the manganese is in a mixed oxide state of Mn0O2/Mn,03%"2. This information
confirms the 52% MnOx - as seen from TGA, and the 31% Mn from ICP-MS, and proves that
they are consistent with each other, taking into account the masses and oxidation state of the

Mn.

The C1s peak was fitted with the same parameters as were used in section 5.1.1. On addition
of MnOy, there is a noticeable loss in oxygen containing groups, in particular the epoxide and
hydroxyl moieties which are easier to remove. This is consistent with previous work which
suggests that the MnOx nucleates and grows on the sites of oxygen groups present on the
GO4, In addition, a K2p peak is noticeable in the MnOx-GO sample, indicating that a small
amount of the potassium from the MnOx precursor remains despite washing, potentially

trapped in the MnOy layered structure!’3,

The O1s peak looks very similar to that of the GO O1s peak, however the C=0 peak has
reduced slightly, in line with the reduction of >C=0 and COOH from the GO component of the

material. There is also a noticeable MnOy peak, in line with the addition of 52% MnO,.

As shown in Figure 5.7, the XRD spectra for MnOx-GO (obtained from a Bruker D8) shows both
broad graphene peaks at 8.4° and 18.5° (JCPDS PDF 00-065-1528), and a sharper graphitic

peak at 26° (JCPDS PDF 00-001-0646). This graphitic peak indicates that there has been some
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re-stacking of the GO sheets during the MnOy deposition process. There is no evidence for

manganese diffraction peaks in this XRD spectra.

—— MnOx-GO(52)
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Figure 5.7 XRD spectra for MnOx-GO(52) showing both GO and graphitic peaks

TEM imaging and the accompanying EDX mapping (Figure 5.8) shows single and few layer
sheets of graphene oxide with manganese oxide uniformly distributed across the GO sheets.

This confirms the XRD spectrum which shows some graphene and some graphitic structure.
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Electron image

Figure 5.8 TEM image and corresponding EDX mapping showing MnOx-GO(52) with

manganese oxide uniformly distributed across the GO sheet.

HR-TEM images (Figure 5.9) confirm the presence of MnOx patches with the interlayer spacing

of 0.27 nm % 0.02 nm, which is consistent with the (031) plane of Mn0,74.

Figure 5.9 HR-TEM image showing the crystalline structure of the MnOy deposited in the

sample MnOx-GO(52)

Although the MnOy structure is very difficult to clearly resolve on the TEM images, it is visible

as thin patches across the graphene sheets, rather than as a defined particle structure. The
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MnOx presence can also be seen in the EDX mapping, shown in Figure 5.8. This thin
sheet/patch structure of the MnOx explains why there were no peaks seen in the XRD spectra
for MnOx. The TEM interlayer space is also within the range for graphene interlayer
spacings!’>. However, the strong TEM image contrast suggests that this is in fact MnOx layers

that are seen, it cannot be ruled out that the structure seen is due to graphene layers.

5.2 Platinum decorated supports (Pt/GO and Pt/MnOx-GO)

Platinum was deposited on both the GO and MnOx-GO supports as described in section 3.2

so that they could be tested for use in a DMFC anode.

5.2.1 Characterisation

The Pt/GO and Pt/MnOx-GO were first characterised through a range of characterisations to

see what kind of Pt was deposited and the effect the Pt deposition had on the support.

First, ICP-MS was used to determine the Pt, Mn and K present in the sample. This technique
was selected, as TGA would fail for the Pt/MnOx-GO(52) sample, as the residual mass would

be a combination of Pt and MnOy and there is no way to de-convolute these masses in TGA.

Table 5.3 Pt, Min and K present in Pt/GO and Pt/MnOx-GO(52), values from ICP-MS

K/% Mn / % Pt/ %
Pt/GO 0.23+£0.15 0.00+0.01 30.20+0.50
Pt/Mn0Ox-GO(52) 0.41+0.10 9.80+£0.30 31.73+£0.50
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The ICP-MS results (Table 5.3) show that the Pt deposited is close to the expected value of
30%, based on the synthesis route selected. The percentage of Pt deposited is similar in both
samples, indicating that the addition of MnOyx to the GO does not significantly affect the
guantity of Pt that is deposited on the support. In addition, there is very little potassium left
in both the Pt/GO and Pt/MnOx-GO(52), suggesting that the K has been released or washed
out during the Pt deposition and washing steps. For Pt/MnOx-GO(52), the value of 10 % Mn is
consistent with the proportion of Mn in the support remaining constant as MnO,, when
accounting for the addition of Pt to the sample. This means that the MnOy is not replaced or

altered when Pt is deposited.

Second, XPS was used to confirm the oxidation state of the deposited Pt, and to determine if
the Pt deposition had any effect on the MnOy or GO supports, and their oxidation. The XPS
spectra for Pt/GO can be seen in Figure 5.10, while those for Pt/MnOx-GO(52) are shown in

Figure 5.11.
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Figure 5.10 XPS Survey, C1s, O1s and Pt4f spectra for Pt/GO
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Figure 5.11 XPS Survey, C1s, O1s, Pt4f and Mn2p spectra for Pt/MnOxGO(52)

For both Pt/GO and Pt/MnOxGO(52), the Cls spectra show that the graphene component of
the support has been reduced, with only a small amount of oxygen containing groups left,
and a strong C-C peak remaining. The Pt/MnOx-GO(52) shows a significantly more reduced
graphene support, due to the two stages of reduction that this sample has undergone — first

to reduce MnOy onto the GO, and second to reduce Pt onto the MnOx-GO.

The O1s peak shows a the C-O, C=0 and H,0a.4s peaks as expected for the GO, but also a large
Mn-0O peak in the case of the Pt/MnOx-GO(52), confirming the presence of the MnOx in this

sample.

For both Pt/MnOx-GO(52) and Pt/GO, the Pt4f peak was analysed in terms of its Pt% Pt", and

PtV components. The Pt° component was found to account for 54% for Pt/GO and 56% for
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Pt/MnOx-GO(52) of the total Pt4f signal, suggesting that the deposited Pt nanoparticles

should be a good candidate catalyst.

The Mn2p peak for the Pt/MnOx-GO(52) sample was analysed, and again the shape and peak
separation suggests a mixed oxide state of MnO2/Mn,03'72. In addition to this shape analysis,
the Mn2p peak was fitted using the standard 6-peak analysis from Biesinger et al*’2, and was

found to require 2 additional peaks, indicating that the MnOy is bound to the GO and Pt.

The XRD for these two samples was run on a different machine to the other XRD spectra in
this work —in this case a Bruker D2 Phaser machine, using a Co X-ray source. Therefore, the
peaks are slightly shifted from the peaks from the previous sections in this chapter, which

were taken using a Bruker D8 (Cu source).
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Figure 5.12 XRD spectra of Pt/GO and Pt/MnOx-GO(52) showing clear Pt peaks

Figure 5.12 shows that clear Pt peaks can be seen at 46.5° and 54.3° 26, corresponding to the
Pt(111) and Pt(200) crystal planes, showing that the particles grown are crystalline in nature

(JCPDS pdf 00-001-1194). The peaks again are broad, indicating that these peaks originate
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from nanoparticles. The graphitic peak seen previously in the supports is now seen at 30.9°,

due to the Co source having a longer wavelength and shifting the peaks to a higher 26 value

compared to the Cu X-ray source used previously.

Finally, TEM images of the Pt/GO and Pt/MnOx-GO(52) samples were taken, including HR-TEM

for Pt particle sizing, and STEM-EDX maps to identify locations of C, O, Pt and Mn.

100

80

frequency
3

&
o
L

20 4

size (nm)

I PYGO

Figure 5.13 Pt/GO TEM image and EDX map, HR-TEM image and size distribution histogram.

For the Pt decorated samples, the Pt crystal structure is clearly visible, indicating a high degree

of crystallinity of the as-synthesised Pt nanoparticles. The Pt/GO (seen in Figure 5.13) shows
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an average particle size of 4.9 + 0.8 nm, whilst Pt/MnO«-GO(52) (Figure 5.14) shows an

average particle size of 3.3 £ 0.5 nm.
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Figure 5.14 Pt/MnOx-GO(52) TEM image and EDX map, HR-TEM image and size distribution

histogram.

The distribution of sizes was also narrower for Pt/MnOx-GO(52), showing that the addition of
MnOy gives more control of the particle size during this direct growth method. EDX mapping
of the Pt/GO and Pt/MnOx-GO(52) shows how the Pt particles and MnOy are deposited on the

GO sheets. For Pt/GO, the Pt is uniformly deposited and more regularly shaped, whereas for
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Pt/MnOx-GO(52), the position of the Pt nanoparticles appears to be associated with sites of

higher Mn concentration, and the particles are more angular and less regularly shaped.

5.2.2 Electrochemical Performance of Pt/GO and Pt/MnOx-GO

The Pt/GO and Pt/MnOx-GO were first tested to see how well they performed the methanol
oxidation reaction (MOR), and compared against two commercial standards: HiSpec 3000
Pt/C (hereafter: Pt/Ccom) and HiSpec 12100 PtRu/C (hereafter: PtRu/Ccom), both from

Johnson Matthey. The cyclic voltammograms (CVs) are shown in Figure 5.15:
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Figure 5.15 MOR plot showing Ir and I, peaks for Pt/GO, Pt/MnOx-GO(52), Pt/Ccom and

PtRU/Ccom

The MOR activity of each sample was assessed by measuring the forwards : backwards peak

current ratio (ls:ly) for all samples. This was measured when cycling in 1M CH30H / 0.1M H,S04
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solution at 50 mV/s. A higher Iz:lp indicates that the catalyst performs better at removing the
poisoning intermediates such as -COa.q4s. The values for the Is:l, ratios are shown in Table 5.4,
and found to be PtRu/Ccom > Pt/MnOx-GO > Pt/Ccom > Pt/GO, indicating that the Pt/MnOx-GO
catalyst shows promise for being a durable catalyst, being higher than both Pt/Ccom and
Pt/GO. However, there is some dispute to the validity to using the Il ratios to determine a
Pt catalysts durability and tolerance to CO, as Chung et.al.'’® have suggested that the
backwards peak is related to the oxophilicity of the metal, and not the CO tolerance. In
addition, Hofstead-Duffy et.al'’” and Zhao et.al'’® suggest that the origin of the backwards
MOR peak is not related to CO, and instead has the same origin as the forwards peak —
oxidation of freshly adsorbed methanol. Therefore, it is important to deploy accelerated

degradation cycling tests in order to validate these preliminary findings.

Table 5.4 MOR Iz:1, and ECSA values for Pt/GO, Pt/MnOx-GO(52), Pt/Ccom and PtRu/Ccom

ls:lp ECSA / m2.gp?!
PtRu/Ccom 1.54 +0.05 -
Pt/Ccom 0.82 £0.05 88.7+2.3
Pt/GO 0.80 +0.05 40+1.3
Pt/MnOx-GO(52) 1.10 +£0.05 41+0.4

The ECSA was obtained by the Hypa method (described in section 4.2.1) for the Pt/GO,
Pt/MnOx-GO(52) and the Pt/Ccom samples. No ECSA was obtained for the PtRu/Ccom sample,

as the Hypa method is not accurate due to the differences in the Pt and Ru active sites. The
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largest ECSA is obtained for commercial Pt/C, with much lower values obtained for Pt/GO and
Pt/MnOy-GO. This may be due to re-stacking of the graphene sheets during drop-casting and
drying onto the glassy carbon electrode, resulting in a much lower ECSA. In addition, the size
of the Pt particles on the GO and MnOx-GO samples (4.9 nm and 3.3 nm respectively) is much
larger than the commercial Pt/C HiSpec 3000, which has a maximum particle size of 2 nm.
This larger size particle size of the platinum in the Pt/GO and Pt/MnOx-GO(52) will give a much

lower surface area.

In order to validate the initial durability findings from the Il ratios, accelerated degradation
cycling tests were performed. The candidate catalyst samples were subject to 1000 MOR

cycles at 50 mV/s in 1M CH3OH / 0.1M H,S04 solution.
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Figure 5.16 Normalised MOR Ispeak degradation over 1000 cycles for Pt/GO, Pt/MnOx-GO(52),

Pt/Ccom and PtRu/Ccom

The accelerated tests can be seen in Figure 5.16, where the scan number is plotted on the x-

axis, and the y-axis is a normalised forwards peak current (lpeak), and in Figure 5.17, where
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the current — voltage curves for MOR cycles 1 and 1000 are plotted. The Pt/MnOx-GO(52)
catalyst exhibits the highest MOR durability over cycling, since it shows the shallowest
gradient in this graph. The commercial PtRu/Ccom and Pt/Ccom exhibit a 49 % and 42% drop in
initial forwards peak current after 1000 cycles respectively, whilst Pt/MnOx-GO(52) shows
only a 35% drop. There is a large initial drop in the forwards peak current for the commercial
samples, which is not the case for the GO and MnOx-GO samples. This accounts for a large
portion of the drop in activity for these commercial catalysts, and afterwards the degradation
for these commercial catalysts levels out. In contrast, the MnOx-GO degradation does not
have this sharp initial drop, and instead has a constant drop in activity. It may be interesting
to investigate the degradation beyond 1000 cycles for future experiments to see the effects
of these different degradations over a longer time. However, it is clear that addition of MnOx

improves the durability of the Pt-GO system.

There are a number of reasons why the addition of MnOx may improve the durability*®. The
first being that the channels in the tunnel structures of manganese oxides allows for fast ion
(and proton) transport, improving the adsorption and desorption of hydrogen, and helping
the adsorbed CO to be oxidised. The second reason is that hydrogen and CO are believed to
be able to migrate from the Pt to the MnOx support, leaving the Pt active sites available.
Finally, MnO2 may generate hydroxyl species, which can then help to oxidise the CO
intermediates on the Pt'7°. All of these effects improve the efficiency of the indirect pathway

in the MOR reaction, enabling the -COags to be more easily removed from the Pt surface.

The gradient of the normalised Ispeak degradation line (shown in Figure 5.16) was calculated

for the later part of the line from 600 to 1000 cycles, and these can be seen in Table 5.5. A
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higher gradient means the degradation is faster, and a lower gradient means a slower

degradation rate.

Table 5.5 Ifpeak degradation gradient showing the rate of degradation of Pt/MnOx-GO and

Pt/GO compared to the commercial PtRu/Ccom and Pt/Ccom

Normalised lspeak degradation gradient
from 600-1000 MOR cycles

PtRu/Ceom -0.00038
Pt/Ceom -0.00034
Pt/GO -0.00045

Pt/MnOx-GO(52) -0.00031

The smallest gradient is seen for Pt/MnOx-GO(52), which indicates that this catalyst/support
system exhibits the lowest rate of degradation compared to the commercial catalyst. The
Pt/GO material has the highest degradation gradient, suggesting that this has the fastest
degradation rate of the materials tested. This indicates that the incorporation of the MnOx

into the Pt/GO system to form Pt/MnOx-GO significantly improves the stability of the material.
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Figure 5.17 MOR degradation cycles. Shown are cycle 1 and cycle 1000 for Pt/GO, Pt/MnOx-

GO(52), Pt/Cecom and PtRu/Ceom

It is also important to refer back to the original degradation cycle graphs (Figure 5.17) and
note that the commercial catalysts display a much greater current than the Pt/MnOx-GO(52)
and the Pt/GO catalysts. This, linked with the poor ECSA values obtained for the Pt/MnOx-
GO(52) and Pt/GO suggests that with some materials improvements such as preventing re-

stacking of the GO sheets, and improvement of the Pt particle size the MnOx-GO supports

could be promising.

In addition, the shape of the MOR CV plot (Figure 5.17) does not change over 1000 cycles. The

initial scans and the final scans have the same general shape, with just a lower peak current.
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This reflects the degradation of the catalyst, but also indicates that the methanol oxidation
pathway does not alter due to the degrading catalyst in any of the tested materials. If the
methanol oxidation pathway did change over the lifetime of the catalyst, it is expected that
the shape of the MOR CV plot would change, as the oxidation potential depends on the MOR

pathway34.

5.3 Conclusions

Both a graphene oxide and a manganese oxide — graphene oxide hybrid support were
successfully produced, with the manganese oxide forming a Mn0O2/Mn;03 mixed oxide state.
The manganese oxide forms as a thin, crystalline sheet structure across the graphene oxide.
These were decorated with crystalline platinum nanoparticles, which for Pt/GO are 4.9 + 0.8
nm, whilst for Pt/MnOx-GO(52) they are slightly smaller, at 3.3 * 0.5 nm. Both GO and
Pt/MnOx-GO(52) show that the platinum nanoparticles grow favourably on defect sites, most

noticeably on folds of the graphene sheets, or on areas of high Mn content.

Whilst the ECSA for Pt/GO and Pt/MnOx-GO(52) are very poor in comparison to the
commercial Pt/Ccom and PtRu/Ccom, the Pt-MnOx-GO exhibits a high durability, both when
considering the forwards : backwards peak current ratio, and when looking at the

performance over 1000 degradation cycles.

Some materials improvements may be made (for example preventing re-stacking of the
graphene oxide sheets) in order to improve the ECSA with a view to improving the
performance. When combined with the good durability exhibited by the MnOx-GO supported

Pt catalyst, this may produce a promising catalyst.
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Moving forwards, the effect of the manganese will be investigated more thoroughly by

altering the MnOy content.
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CHAPTER 6 Varied manganese content in MnO,-GO
supports, and its effect on the durability of the Pt/MnO,-

GO system

Since the MnOx-GO support showed promise in Chapter 5, the Mn content on the GO was

altered in order to investigate the effect of the Mn on the overall Pt/MnOx-GO system.

6.1 Synthesis of MnOx-GO with varied MnOx content

The synthesis route outlined in Chapter 3 was followed, however the GO and KMnQO4
precursor concentrations were varied to alter the Mn content, as shown in Table 6.1. All other

parameters were kept the same: mixing time, solvent, and washing steps.

Table 6.1 parameters used to produce MnOx-GO with varied MnOx content

/e /g / min /%
MnO,-GO(50) 0.10 0.20 4 50.0
MnOx-GO(61) 0.15 0.30 4 61.2
MnOx-GO(68) 0.10 0.45 4 67.8

TGA showed the percentage of MnOx in the support was increased in approximately 10%

intervals: 50%, 62%, 68%.
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6.2 Characterisation of MnOx-GO with varied MnOy content

After initial testing by TGA, the MnOx-GO was characterised by ICP-MS to determine more

accurately the Mn content in the samples.

Table 6.2 Pt, Min and K present in MnOx-GO(50), (61) and (68), values from ICP-MS

K/ % Mn /% Pt/ %
MnOx-GO(50) 5.09 + 0.20 26.10 £ 0.50 0.00 + 0.01
MnO,-GO(61) 6.04 £0.20 33.72£0.50 0.00 + 0.01
MnOx-GO(68) 7.20 £0.20 42.73+0.50 0.00 + 0.01

ICP-MS — results seen in Table 6.2 shows that there is no Pt present in the MnOx-GO supports
of varying Mn content. It can be seen that the Mn % increases on increasing KMnQO4 precursor
in the synthesis solution, however there is also a notable increase in the K content as the Mn
content increases. This indicates that the potassium is not fully removed on washing the
samples, and may be trapped in the hollow tunnel structures or layers formed by manganese

oxides88173,

Secondly, XPS was performed on these MnOx-GO supports to determine the oxidation state
of the Mn and C in the MnOx-GO support prior to addition of Pt catalyst nanoparticles, with

these spectra shown in Figure 6.1.
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Figure 6.1 XPS survey, C1s, O1s, Mn2p and Mn3s spectra for MnOx-GO(50), (61), and (68)



The XPS survey spectra all show the main components of the material: C1s, Ols, and Mn2p.
Also evident on these survey spectra (though not labelled) are other Mn peaks, and some K

peaks. There is no evidence for any other contaminants.

The C1s spectral® all show that the GO has only been partially reduced, as previously seen in
Chapter 5. All contributing peaks except the C-C peak have been reduced (hydroxyl, epoxide,
carbonyl and carboxyl), but there remains a moderate contribution from the hydroxyl and
epoxide groups, however even these have been reduced somewhat from that of the GO. The
C1s spectra also shows a large K2p peak, indicating that there remains some potassium even
after washing, as expected from the ICP-MS results. Again, this is believed to have remained

after washing as it is trapped in the MnOy tunnel structure.

The O1s peaks all show a strong Mn-Ox peak, indicating that there exists a substantial amount
of Mn-0O bonds. Also evident are the C-O and C=0 bonds, and water. The water will be present,

as the GO is highly hydrophilic, and so even after drying, retains some water in its structure.

Finally, the Mn2p and Mn3s peaks all indicate that the MnOy is deposited as predominantly
MnO,. The Mn2p peak separation is 11.8 eV or 11.7 eV for all samples, and when coupled
with the peak shape, this indicates a Mn203/Mn0O; mixed oxide. The Mn3s peak which is more
accurate at determining the oxidation state of manganese!®, shows a peak separation of 4.7
eV or 4.8 eV, which is much closer to the value for MnO; (4.7 eV) than Mn;0s (= 5.3 eV),

indicating that the MnOx is predominantly deposited as Mn03172.

XRD was performed to determine if there was any crystallinity to the MnOy and to determine

the interlayer spacing of the GO sheets for all 3 MnOx loadings, shown in Figure 6.2.
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Figure 6.2 XRD spectra for MnOx-GO(50), MnOx-GO(61), and MnOx-GO(68)

The two broad graphene peaks at 8.4 and 18.5° are visible for all 3 samples (JCPDS PDF 00-
065-1528). There is no evidence for a graphite peak as was the case in Chapter 5, indicating
that the sheets have not re-stacked on drying in this case. However, for the MnOx-GO(61) and
even more so for the MnOx-GO(68), there is a small peak appearing between these 2
graphene peaks at 12°, which can be attributed to MnO, (JCPDS PDF 01-074-4231). The
intensity of this peak increases in line with an increase of MnOy content, confirming the

presence of MnQ; in these supports.

6.3 Platinum deposition on MnOx-GO with varied MnOy content

Platinum nanoparticles were deposited on the MnOx-GO supports, using an identical Pt
deposition procedure for each support. The aim was to deposit 30% of Pt nanoparticles on
each support to compare to similar levels used in commercial DMFC catalysts, using 40 mg of
supportin 20 mL ethylene glycol and 1 ml of 0.1 M solution of potassium hexachloroplatinate,
which was thoroughly mixed, and microwaved for 60 seconds. These were named after the
supports on which the catalysts were grown, Pt/MnO«GO(51), Pt/MnOx-GO(61), and

Pt/MnOx-GO(68).
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The first characterisation technique employed was ICP-MS. This was to determine the Pt

loading on each support and the results can be seen in Table 6.3.

Table 6.3 Pt, Min and K present in Pt/MnOx-GO(50), (61) and (68), values from ICP-MS

K/% Mn /% Pt/ %
Pt/MnO,-GO(50) 0.26 £0.20 8.52+£0.50 32.34+0.50
Pt/MnO,-GO(61) 0.26 £0.20 11.47 £ 0.50 26.55+0.50
Pt/MnOx-GO(68) 0.25+0.20 15.27 £ 0.50 23.96 £ 0.50

For all 3 samples, the level of potassium has dramatically decreased, to a negligible level. This
suggests that the Pt deposition process and subsequent washing steps enable the potassium
to be removed from the tunnel structures of the MnOx in the support. The amount of platinum
deposited decreases with increasing Mn content in the support. This indicates that the MnOx
inhibits the deposition of the Pt on the support because the Pt deposits on defect sites, and

the MnOx layer has fewer defects than the highly defected reduced graphene oxide support.

The XPS for these three Pt/MnO«-GO samples (Figure 6.3) shows the oxidation state of the
deposited platinum, in addition to showing how the GO and MnOx components of the support

are affected by this deposition step.
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Figure 6.3 XPS survey, C1s, and O1s spectra for Pt/MnOx-GO(50), (61), and (68)

The survey scan shows that C, O, Mn, and Pt are present in all samples despite their varying
Mn content. The Mn2p peak is much more noticeable for Pt/MnOx-GO(68), the sample with
the highest Mn content. The survey scans also show that there are no other major

contaminants present in any of the samples.

The Cls spectra show a variance in the carbon component of the support between the
Pt/MnOx-GO(68) vs Pt/MnOx-GO(61) and (50). The carbon in the Pt/MnOx-GO(50) and

Pt/MnOx-GO(61) has been further reduced from the MnOx-GO(50) and (61) supports, with
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large reductions in the hydroxyl and epoxide peaks. The potassium K2p peaks which were
very clear in the XPS C1s spectra for the supports have been dramatically reduced, to a very
small amount, as evidenced by the ICP-MS results. This indicates that the potassium which
was previously trapped in the Mn tunnel structures has been able to be released during the
Pt deposition and washing steps. For the Pt/MnOx-GO(68) sample, the Cls signal from this
sample is not as high as for the previous two samples, as is evident from the higher
background noise seen outside the fitted area. The carbon in this sample has not been as
highly reduced, with a large carbonyl peak still present. The potassium peak that was also
present in the blank MnOx-GO(68) support has been diminished, again indicating that this has
been removed during the Pt deposition and washing stages. The component C1s peaks from
this Pt/MnOx-GO(68) suggest that the high manganese content hinders the reduction of the
GO component of the support. This may be due to the MnOy sheet-like structure covering the

GO surface more completely, impeding the removal of the GO oxygen functional groups.

The O1s spectra for all 3 samples are made of a very similar set of component peaks. The
predominant signal is from the C-O peak, with contributions from the C=0 and Mn-Ox peaks.
There are small contributions from the Pt-Ox peak, and H,O, which is retained in the GO sheets

due to its hydrophilic nature.
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Figure 6.4 Mn2p and Mn3s spectra for Pt/MnOx-GO(50), (61), and (68)

The Mn 2p and Mn3s peaks (highlighted in Figure 6.4) were used to identify the Mn oxidation
state'’?. The Mn2p peak is present and very similar for all samples. The peak shape at the top
of the 3/2 peak and the energy split suggests that the MnOx is in the MnO; form, however the
existence of the shoulder around 647 eV may be due to the MnO satellite peak, indicating
that this MnOy is deposited in a mixed oxide state. Although the Mn3s peaks are more
accurate for determining the oxidation state for the manganese®%, the Mn3s peaks were not
visible for the lower MnOy content samples, this may be due to the lower Mn content in these,
or simply due to the low intensity Mn3s peak not being visible through the noise next to the
much more intense Pt4f peak. For the highest MnOy content — Pt/MnOx-GO(68) sample, the
Mn3s peak is just visible, and the peak separation indicates that the MnOx is deposited as
MnO. This may explain the minimal reduction of the carbon in the support for this sample, as

the Mn seems to have reduced rather than the GO component of the support.
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Figure 6.5 Pt 4f spectra for Pt/MnOx-GO(50), (61), and (68)

The Pt 4f spectra shown in Figure 6.5 all show Pt" and PtV contributions, however the Pt°
component is the largest component for all samples. This Pt° corresponds to Pt metal, which

is best for MOR, meaning that these Pt nanoparticles are good candidate catalysts.

Next, XRD spectra were obtained for all three Pt decorated samples in order to determine the
crystallinity of the deposited Pt nanoparticles, and to see if the Pt deposition had affected the

MnOy-GO supports. These are shown in Figure 6.6.

PYMnOx-GO(50) —— PYMnOx-GO(61) —— Pt/MnOx-GO(68)
C c c
Cc Cc C
£ E) El
s c > B =
% 3 % G
g B 5 Pt 5
E = E At
Pt Pt Pt
Pt Pt PL
0 10 20 30 40 50 60 70 80 920 o 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
26 (°) 26 (%) 26 (%)

Figure 6.6 XRD spectra for Pt/MnOx-GO(50), Pt/MnOx-GO(61), and Pt/MnOx-GO(68)

The broad graphene peaks are still visible on these 3 Pt decorated MnOx-GO supports at 8.4°
and 18.5° 26 (PDF 00-065-1528). The small peak which appeared at 12° for the blank MnOx-

GO supports, attributed to MnO; (JCPDS PDF 01-074-4231) has appears to have disappeared
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possibly due to its low intensity when compared to other components on the material. This
peak was only very small compared to the GO peaks in Figure 6.2, so when the much stronger
Pt peaks are seen in these XRD patterns, the intensity of the MnOy peak is too low for it to be
visible. There is a graphitic peak around 26° (JCPDS PDF 00-001-0646) on all of these Pt/MnOxy-
GO samples, which was not present for the blank supports, indicating that through the
process of Pt deposition, washing and a further drying stage, the graphene sheets have begun
to re-stack and form some graphite structures, or few-layer graphene structures. This is
expected to impact on the ECSA of these materials. Three clear platinum peaks can be seen
at 40°, 46°, and 68° 26 (JCPDS PDF 00-001-1194), indicating that the deposited platinum
nanoparticles are crystalline, and the MnOy content in the support does not drastically affect

the crystallinity of them.

Finally, TEM images of the Pt/MnOx-GO(50), (61), and (68) samples were taken, including HR-

TEM for Pt particle sizing, and STEM-EDX maps to identify locations of C, O, Pt and Mn.

For Pt/MnOx-GO (50), the EDX map (Figure 6.7) shows Pt covering the whole surface, with a

correlation between the Pt deposits and the Mn deposits.
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Figure 6.7 HAADF-STEM image and corresponding EDX maps of Pt/MnOx-GO(50)

There are some parts of the sheet that are not in focus, which arises from the 3D nature of
this sheet. When coupled with the EDX maps which show a much more intense signal in these
de-focussed areas, this suggests that there are some areas that are much thicker than others
on the sheet. The positions of the Mn and Pt deposits show that the Pt deposits favourably
on the Mn, which is believed to be due to the higher presence of defect sites in these

locations.
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Figure 6.8 HR-TEM images of Pt/MnOx-GO(50) and the corresponding particle size histogram

The HR-TEM images as seen in Figure 6.8 show Pt particles across the whole of the sheet,
which indicates that while Pt will grow across the whole of the sheet. The bright intensity of

Pt shown in the EDX map is due to a higher concentration of particles in this location, and not
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due to a lack of Pt elsewhere. Such a highly concentrated patch of Pt particles can be seen in

the left image of Figure 6.8 towards the bottom.

The particle sizes of the Pt/MnOx-GO(50) were measured using a sample of 260 particles,
giving an average size of 3.7 nm £ 0.7 nm, which is similar to the Pt/MnOx-GO(52) sample
from Chapter 5 of 3.3 nm, indicating that the Pt deposition onto MnOx-GO is relatively

consistent when using supports with similar MnOx loadings (in this case approximately 50%).

For Pt/MnOx-GO(61), the images show some very thick parts of many layers, and some

thinner parts of few or single layer MnOx-GO sheets.

Figure 6.9 HAADF-STEM image and corresponding EDX maps of Pt/MnOx-GO(61)

There are 3 sheets contained within the EDX map for Pt/MnOx-GO(61) (Figure 6.9), all showing
a similar story. The sheet at the bottom centre of the images is perhaps the easiest to
distinguish the arrangement of elements, as it is a thinner sheet. There is a large GO
component of this sheet towards the bottom right, identified by a brighter intensity in the C
and O EDX, whilst the Mn and Pt are more intense towards the top left of this sheet, indicating
that the Mn deposits preferentially on defect GO sites (sites where the GO has reduced,

leaving defects) and the Pt again deposits preferentially onto defect sites, which in the case
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of the MnOx-GO support is sites of more MnOy, such as step edges or folds in the sheet. A
similar pattern is observed on the other 2 sheets contained within this EDX map, with the C

and O being more intense in one area, and the Pt and Mn being more intense in another.
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Figure 6.10 HR-TEM images of Pt/MnOx-GO(61) and the corresponding particle size histogram

The HR-TEM image to the left in Figure 6.10 shows the deposition of Pt particles on Pt/MnOy-
GO(61) is again across the whole sheet, and clearly shows some clustering of Pt particles at
folds and wrinkles in the sheet. The second image (centre) shows a very dense accumulation
of particles towards the top right of the image, and some more disperse areas towards the
left of the image. These dense accumulations exist across the sheet, however there are also
many areas of disperse Pt particles. The very left hand side of the image is the carbon TEM

support film.

The particle sizes of the Pt/MnOx-GO(61) were measured using a sample of 276 particles,
giving an average size of 2.8 nm + 0.6 nm, which is smaller than Pt/MnO,-GO(50) 3.7 nm,
indicating that the Pt deposition onto MnOx-GO(61) has been altered by the MnOy content on

the support and caused smaller Pt nanoparticles to grow.
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EDX maps shown in Figure 6.11 show that the deposition of Platinum goes across the whole
sheet on the Pt/MnOx-GO(68), however again there are noticeable groups of densely packed

particles, as was the case for other materials in this chapter.

Figure 6.11 HAADF-STEM image and corresponding EDX maps of Pt/MnOx-GO(68)

The HAADF-STEM image (on the right of Figure 6.11) shows some clear bright patches across
the sheet, particularly at the edges. These coincide with areas of Pt and Mn in the EDX maps.
Like the previous Pt/MnOx-GO(50) and Pt/MnOx-GO(61), the Pt map shows a very similar
pattern to the Mn map, indicating that the Pt deposits preferentially onto areas where there
is more manganese. Again, it is believed that this is due to the larger amount of defect sites

such as steps and edges present here.
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Figure 6.12 HR-TEM images of Pt/MnOx-GO(68) and the corresponding particle size

The HR-TEM images of Pt/MnOx-GO(68) (Figure 6.12) show Pt particles dispersed across the
MnOx-GO sheet. There are areas of single layers of support, and areas of multiple support
layers stacked on top of each other. The areas where the HAADF images show bright Pt areas
show that they are formed of Pt particles that are distinct particles clustered together. There
are some of these clusters of particles across the sheet, tending to be at edges or near folds
or wrinkles of the MnOx-GO sheets. Between these clusters of particles are uniformly

dispersed particles that occupy both sides of the support sheet.

The particle sizes of Pt/MnOx-GO(50), Pt/MnOx-GO(61) and Pt/MnOx-GO(68) are shown in
Figure 6.13. The Pt particles of Pt/MnOx-GO(68) were measured using a sample of 307
particles, giving an average size of 2.3 nm * 0.7 nm, which is smaller than Pt/MnOx-GO(50) at
3.7 nm, and Pt/MnOx-GO(61) at 2.8 nm, indicating that the Pt deposition onto MnOx-GO is
affected by the MnOy content. MnOx-GO supports with more Mn content grow smaller Pt
particles. This is clearer in Figure 6.13, where the particle size histograms are shown in

comparison to each other.
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Figure 6.13 Particle sizes for Pt/MnOx-GO(50), (61), and (68) measured by >200 particles

While the Pt particle sizes decreases with MnOx content. The total Pt content (from ICP-MS)
also decreases with MnOx content. The Pt particles are known to grow on defect sites, and
the nature and location of these defects also affects the growth of the particles, as shown by
the TEM and EDX maps. It is expected that there are disperse defect sites on the GO, from
reduced oxygen groups, and the MnOy grows in flat layers, originating from these defects. For
the MnOQy, it is expected that the defect sites are the locations of MnOy step edges and crystal
defects, which are closer together, meaning lots of smaller Pt particles start to grow on these,
leading to the pattern seen in the TEM images, where there are more clusters of smaller
particles on the higher MnOy content supports, and less total Pt content evidenced by the
ICP-MS results. The addition of MnOy on the GO support appears to control the Pt particle
size through the nature and locations of the defect sites which are available for Pt particles to

grow onto.
6.4 Electrochemical performance of Pt/MnOx-GO with varying MnOy content

The Pt/MnOx-GO samples were tested electrochemically to determine the effect of the varied
Mn content on the durability of the Pt catalyst. Initially, the MOR was assessed by measuring

the forwards : backwards peak current ratio (I:lIp). The MOR cyclic voltammograms are shown
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in Figure 6.14. This may provide a good indication of the durability of the catalyst and
tolerance to CO, however this is disputed?’®~178, so the Is:ly ratio can only be used as an initial
test to check the catalyst performs the methanol oxidation reaction, and to give an indication

as to its durability.
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Figure 6.14 MOR plot showing Ir and I» peaks for Pt/MnOx-GO(50), (61), and (68) and for

comparison, Pt/Ccom and PtRu/Ccom.

The values for the Izl ratios can be found in Table 6.4, where they are shown to be PtRu/Ccom
> Pt/MnOx-GO(68) > Pt/MnOx-GO(61) > Pt/MnOx-GO(50) > Pt/Ccom, indicating that the
PtRu/Ccom catalyst shows the best promise for being a durable catalyst. However, for the Pt
based catalysts, all of the Pt/MnOx-GO catalysts have a higher Izl than Pt/Ccom. The catalysts
with higher MnOx content in the support exhibit a higher Il ratio, indicating that the MnOy

does have an effect on the catalysts and their durability.

In addition, the initial MOR plots show that there is a noticeable drop in current per mg
platinum as the MnOx content in the support is increased. This may be due to the high MnOx
content hindering performance, as MnOx is not electrically conductive.
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Table 6.4 Is:1y ratios and ECSA values for Pt/MnOx-GO(50), (61) and (68), and for comparison,

Pt/Ccom and PtRu/Ccom
Is:lp ECSA / m2.gpit
PtRU/ccom 1.54 + 0.05 -
Pt/Ccom 0.82 £ 0.05 88.7+2.3
Pt/MnOx-GO(50) 0.98 + 0.05 4.4 +0.7
Pt/MnOx-GO(61) 1.04 £ 0.05 53+1.8
Pt/MnOx-GO(68) 1.12 £ 0.05 35+1.1

As shown in Table 6.4, the ECSA values for the commercial Pt/Ccom Johnson Matthey HiSpec
3000 catalyst is far superior to the ECSAs of the Pt/MnOx-GO catalysts, which is much smaller
than previously reported for ECSAs of graphene supported catalysts!8. This is believed to be
due to the re-stacking effect of the GO sheet structure. In addition, the clusters of Pt particles
that can be seen in the TEM may contribute to this low ECSA, as there will be a large mass of
platinum that is on the inside of these clusters of particles that will not be fully accessible for

the electrolyte, reducing the ECSA further.

Finally, accelerated degradation MOR tests were performed to determine the durability of
the Pt catalysts on the MnOx-GO supports with varied MnOx content. These are shown in
Figure 6.15. The current is normalised to mg of platinum on the electrode, so accounts for the

slightly different Pt loading on the different supports.
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Figure 6.15 MOR accelerated degradation cycles for Pt/MnOx-GO(50), (61), and (68).

The Pt/MnOx-GO(68) catalyst exhibits the highest MOR durability over cycling, with only a
36% drop compared to the initial forwards peak current, whilst Pt/MnOx-GO(50) shows a 40%
drop, and Pt/MnOx-GO(61) shows a 49% drop. The commercial PtRu/Ccom and Pt/Ccom exhibit
a 49 % and 42% drop in initial forwards peak current after 1000 cycles respectively, meaning
that the larger MnOy content in the MnOx-GO supports leads to a greater durability, even

above the durability of the commercial Johnson Matthey HiSpec catalysts.

Again, there are a number of reasons why the addition of MnOx may improve the durability*°.
The first being that the channels in the tunnel structures of manganese oxides allows for fast
ion (and proton) transport, improving the adsorption and desorption of hydrogen, and
helping the adsorbed CO to be oxidised. The second reason is that hydrogen and CO are
believed to be able to migrate from the Pt to the MnOy support, leaving the Pt active sites
available. Finally, MnO; may generate hydroxyl species, which can then help to oxidise the CO
intermediates on the Pt'7°. However, in addition to these suspected improvements from the
MnOy, it must be remembered that the structure of the Pt on the differing MnQOy supports is
also different. It is widely documented that there exists an optimum platinum particle size,
where the particles are not too large, to maximise activity per gram of platinum, and not too

small so as the particles degrade quickly. Degradation of particles depends not only on size,
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but also on inter-particle distance, and particle size distribution*’. A platinum particle which
is less than 2 nm in diameter will have >50% of its atoms not fully co-ordinated, and thus will
be inherently unstable. Particles that are too close together will be attracted to each other
through electrostatics, and so will tend to agglomerate or coalesce. A wide particle size
distribution will waste precious mass of platinum on particles that are too large and so have
a lower activity, or too small and are unstable. The tight distribution of particles just larger
than 2 nm for the Pt/MnOx-GO(68) sample suggests that these particles have been optimally
grown, which when combined with the benefit from the MnO«-GO support providing stability
(as outlined in Chapter 5) leads this to be the most durable of the three variations of Pt/MnOx-

GO tested.

The increase in MnOx however has a detrimental effect on the MOR forwards peak current,
which drops by around 50 mV between Pt/MnOx-GO(50) and (61) and around a further 50 mV
between Pt/MnOx-GO(61) and (68). This is down to the greater proportion of the poorly
conducting MnOxy in the support, and in the case of the Pt/MnOx-GO(68) is due to the greater
proportion of oxygen functional groups which remain on the GO component of the support,
again decreasing the electronic conductivity of the support, and decreasing the maximum

current that can be obtained.

6.5 Conclusions

Varied amounts of MnOx have been incorporated into the MnOx-GO supports, using an
increased KMnOs precursor. This led to the production of supports with 50%, 61% and 68%

MnOx: labelled MnOx-GO(50), MnOx-GO(61) and MnOx-GO(68) respectively. These all formed

96



a Mn0O3/Mn;03 mixed oxide as shown by XPS, which also shows a significant potassium
contamination. This potassium is believed to be trapped in the tunnel structures of the
manganese oxides. XPS also shows that for the MnOx-GO(68) sample, the carbon in the GO
was not as significantly reduced, believed to be due to the large proportion of MnOx in this

sample.

On addition of platinum to all three supports, there is a further reduction in the carbon
component of the support, however the MnOx-GO(68) support did not reduce as much as the
other two supports with lower MnOyx content. XRD, TEM, and EDX results show that the
platinum is deposited as crystalline nanoparticles, but that the deposition is affected by the
MnOy content in the support. An increase in MnOy leads to a decrease in platinum particle

size and a narrower size distribution.

Two out of the three Pt/MnOx-GO catalysts exhibited an increase in MOR cycling durability
when compared to Pt/Ccom and PtRu/Cecom commercial catalysts, with the Pt/MnOx-GO(50)
showing a drop of 40% and Pt/MnOx-GO(68) showing the highest durability with only a 36%
drop in MOR performance after 1000 cycles. This is in comparison to a 42% drop for PtRu/Ccom
and 49% for Pt/Ccom. However as was the case in Chapter 5, the Pt/MnOx-GO catalysts suffer
from a re-stacking effect of the sheet structure, which leads to poor ECSA values, inhibiting

the attractiveness of this support to be used in a fuel cell.

Further work into improving the 3D structure of the catalyst support, preventing re-stacking

of the graphene oxide sheets will be undertaken.
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CHAPTER 7 Using manganese oxide to improve the

durability of platinum catalysts on carbon black supports

Since the MnOx-GO offers enhanced durability, but poor ECSA performance due to re-stacking
of the graphene sheets, an alternative 3-D carbon was selected to be used in an alternative
manganese oxide - carbon hybrid support. The aim being to provide the enhanced methanol
oxidation durability from the manganese oxide, combined with carbon for electrical
conductivity. In this instance a carbon which is 3-D was selected as it would not be affected
by the re-stacking issues on drying like the graphene oxide was. Vulcan XC-72 carbon black
was selected as it is a 3D structured conductive carbon and is a common commercial carbon

catalyst support used in fuel cells.

7.1 Growth of manganese oxide on carbon black (MnOx-CB)

Manganese oxide was added to carbon black in a similar synthesis route to the MnOx-GO
described in Chapter 5 and Chapter 6. 0.3g KMnO4 was added to 50 mL deionised water and
stirred. Meanwhile 0.1g Vulcan XC72 carbon black was added to 50mL deionised water and
sonicated in a sonic bath for 30 minutes to ensure it was dispersed evenly. After, the KMnOg4
solution was added to the carbon black solution and mixed thoroughly by stirring for 15
minutes followed by 15 minutes of sonication. The mixture was then microwaved at 700 W
for 4 minutes. After cooling, the mixture was washed in water and centrifuged (20,000 rpm,
21°C, 30 minutes) at least 3 times, until the supernatant was clear. The MnOx-CB product was

finally oven - dried at 60°C.

98



This MnOx-CB support was first characterised by TGA and ICP-MS to determine the MnOy

loading.
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Figure 7.1 TGA curve for MnOx-CB showing mass loss at different temperatures

The TGA curve for MnOx-CB (Figure 7.1) has a slightly different shape to the GO shown in
previous chapters. This is because the XC72 has a much lower oxygen content. Therefore, the
only steps which are visible are the water loss step, around 100°C, and the burning of the
carbon at 400°C. The carbon component burns at 400°C rather than the typical 600°C because
of the metal content in the sample, which catalyses the carbon oxidation. The residual mass

of 59% is assigned to MnOy, as all of the carbon will have burned off at 900°C.

Figure 7.2 shows the XPS of the MnOx-CB, which includes the oxidation state of the

manganese, and any bonds present in the oxygen and carbon.
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Figure 7.2 XPS survey, C1s and O1s spectra for MnOx-CB

From the survey spectra it is evident that only Mn, C, O and K are present in the support, and
no other significant contaminants are present. The large intensity of the Mn2p peak indicates

that a substantial amount of Mn has been added to the carbon black support.

The C1s spectrum shows a noticeable contribution from the K2p peaks around 294 eV and
296 eV. This is believed to be similar to the MnOx-GO supports, whereby the potassium ions
get trapped into the tunnel structures of the MnQy, preventing them from being successfully
washed out. The shape of the Cl1s peak differs from the Cls peaks seen in previous chapters
for graphene based materials. The C-C component for the Cls peak is very strong, with only
small contributions from C-0, C-O-C, >C=0 and COOH peaks, as the carbon black contains few

oxygen groups in comparison to the GO used previously.

The O1s peak also reflects the low oxygen content, with the majority of the peak being
attributed to the Mn-Ox component, with only small contributions from the C-O and C=0
peaks. In addition, there is a smaller water peak seen, which is due to the nature of the carbon

black, which is much less hydrophilic than the GO in previous chapters.
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Figure 7.3 XPS Mn2p and Mn3s spectra for MnOx-CB

The XPS Mn2p peak and Mn3s peaks are shown in Figure 7.3. The Mn2p peak shape and
separation suggests a Mn0O2/Mn;03 mixed oxide, similar to the MnOx deposited on GO. The
peak separation of 4.9 eV for the Mn3s peak is slightly larger than the 4.7 eV for MnO,, but

much smaller than the 5.3 eV for Mn;0s3, suggesting a mixed oxide, but predominantly MnO,.

Table 7.1 Mn present in MnOx-CB, values from ICP-MS

Mn/ %

MnO,-CB 22.8+0.5

ICP-MS (results shown in Table 7.1) shows a 22% Mn content in the MnOx-CB sample, which
matches with the 59% MnOy content obtained from TGA, when accounting for the oxygen

content of the MnOy.
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Figure 7.4 XRD spectra for carbon black (CB) and MnOx-CB

XRD results (Figure 7.4) show two carbon peaks at 8° and 18°. There is no noticeable
difference between the CB and MnO«-CB, indicating that the crystallinity of the carbon
support is unaffected by the deposition of MnOy. There are no visible Mn XRD peaks, despite
its presence being confirmed by ICP-MS and XPS. This may be due to a similar effect observed
in earlier chapters, whereby the MnOy deposits are so small and thin that they do not diffract

sufficiently to cause a visible XRD peak.

Finally, TEM images show the carbon black support in Figure 7.5 which is a smooth sphere

before addition of the MnOx.
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Figure 7.5 TEM image of carbon black, before any processing or deposition.

This morphology is to be expected for the XC72 Vulcan carbon used. The carbon spheres are
15 to 60 nm in diameter and form a 3D network with pores. These pores allow for good
reactant flow when the carbon black is used as a catalyst support, while the 3D network allows

for good electrical conductivity.
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Figure 7.6 TEM image of MnOx-CB

Figure 7.6 shows the MnOx-CB, with the lacey carbon TEM grid visible in the background. It
can be seen that on addition of the MnOQy, the carbon spheres appear rough, as if the MnOx

has deposited differently to the smooth patches of MnOyx seen on the GO in previous chapters.
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Figure 7.7 TEM image showing the MnOx nanorod growth of MnOx-CB




On closer inspection, in Figure 7.7, the MnOy appears to be growing in small nanorods out of
the carbon black. The growth of the MnOy is known to nucleate on defect sites. Carbon black,
being a more amorphous material and having few oxygen functional groups, exhibits fewer
defect sites than the GO had on its surface for the MnOx to grow on. Therefore, the MnOx
nucleates on these few defect locations and preferentially grows on top of itself because
there are no other defect sites for the MnOyx to nucleate on, resulting in the nanorod

structure.
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Figure 7.8 HR-TEM image showing the crystallinity of the MnOx nanorods on MnOx-CB. Inset:

line profile of a MnOx nanorod showing the interlayer spacing.

The MnOy nanorods are crystalline in nature, as can be seen from the line profile of the
nanorod measurement in Figure 7.8, which gives an interlayer spacing of 0.26 nm + 0.02 nm,
consistent with the (031) plane of Mn0,74.
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Figure 7.9 EDX map of MnOx-CB support, showing areas of C, O, and Mn. The yellow box on

the TEM image denotes the EDX map area.

The EDX map in Figure 7.9 of the MnO-CB support shows that the MnOy is deposited across
the entire surface of the carbon black. The intensity of oxygen and manganese coincide with
each other, meaning that the majority of the oxygen in the MnOx-CB support arises due to
the manganese oxide component, rather than the carbon black. This is expected and reflects

the XPS results.

7.2 Platinum on carbon black and MnOx-CB

Platinum was subsequently grown on top of this MnOx-CB support through a second
microwave deposition method. In addition to Pt/MnO«-CB, a platinum on carbon black (Pt/CB)
was produced, following the same Pt deposition synthesis route. This was to enable
comparison and show any differences between the commercial platinum deposited on

Johnson Matthey Pt/CBcom and my Pt/MnOx-CB.

Platinum was deposited via the same route as was used to prepare Pt/MnOx-CB. First, 1 mL

of 0.1 M KxPtCle was added to a homogeneous dispersion of 40mg catalyst support and 20mL
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ethylene glycol. This was then mixed for 60 minutes using sonication, and then microwaved
for 1 minute at 700 W to deposit platinum particles. The product was cooled, washed using

acetone and centrifugation and then dried at 60°C. See chapter 3.2 for more detail.

The Pt/CB and Pt/MnOx-CB were initially characterised by ICP-MS to determine the platinum

and manganese loadings.

Table 7.2 Pt and Mn present in Pt/CB and Pt/MnOx-CB, values from ICP-MS

Mn/ % Pt/ %
Pt/CB - 25.7+0.5
Pt/MnO,-CB 4.6+0.5 28.6+0.5

The ICP-MS results (Table 7.2) show that the amount of platinum deposited on the CB and
MnOy-CB is similar, though there is slightly more platinum deposited on the MnOx-CB. This
may be due to the influence of defect sites, of which there will be many more on the MnOx-
CB support compared to the CB support, meaning that platinum can nucleate and grow more
easily on the MnO-CB. ICP-MS shows that there is 4.6% manganese overall in the Pt/MnOy-

CB catalyst/support system.

Next, XRD was used to determine the crystallinity of the deposited platinum. The XRD spectra

for Pt/CB and Pt/MnOx-CB are shown in Figure 7.10.
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Figure 7.10 XRD spectra for Pt/CB and Pt/MnOx-CB

The same carbon peaks seen in the supports are seen in both the Pt/CB and Pt/MnO-CB
samples, which indicates that the deposition of the platinum does not significantly affect the
structural properties of the carbon black support. Very clear platinum peaks at are seen on
the Pt/CB at 40°, 46°, and 68° (JCPDS PDF 00-001-1194), indicating that the deposited
nanoparticles are crystalline. For Pt/MnOx-CB, the platinum peaks at 40° and 68° (JCPDS PDF
00-001-1194), are still visible but are much less intense than for Pt/CB and appear to be
broader. The Pt peak at 46° is not distinguishable from the background noise for the Pt/MnOx-
CB. These low intensity peaks indicate that the particles are less crystalline than the particles
on the Pt/CB, and the broader peaks point towards smaller particles, as smaller particles

produce wider diffraction peaks, as described by the Scherrer equation?>°82;

_ Ka
t= BcosO

(7.1)
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where T is the average crystallite size, K is a dimensionless shape factor (usually 0.9), A is the

wavelength of the X-ray, B is the full width at half the maximum (FWHM) of the X-ray peak,

and O is the Bragg angle.

Next, XPS was used to determine the oxidation states of the deposited platinum, and to

investigate the effect that the platinum deposition process has on the carbon black and MnOy-

CB supports. Pt/CB XPS survey spectra, C1s, O1s and Pt4f are shown in Figure 7.11.
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Figure 7.11 XPS survey, C1s, O1s and Pt4f spectra for Pt/CB
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The Pt/CB XPS survey spectrum shows that only carbon, oxygen and platinum are present in

the Pt/CB, and there are no major contaminants remaining after the synthesis procedure.

The Cls peak shows a very strong C-C component, and only very small carbon —oxygen bonds,
because the XC-72 carbon black used has very few oxygen groups. The deposition of the
platinum particles does not affect the C1s peak. The Pt4f shows a strong Pt° peak, indicating
that there is a large proportion of the deposited platinum nanoparticles are pure metal,

making them good candidate catalysts.
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Figure 7.12 XPS survey, C1s, O1s, Mn2p, Mn3s, and Pt4f spectra for Pt/MnOx-CB

The Pt/MnOy-CB is a more complex system owing to the MnOx content, however, shows a
similar story to the Pt/CB XPS spectra. These Pt/MnOx-CB XPS spectra are shown in Figure
7.12. Only carbon, oxygen, platinum and manganese are present in the survey spectra,

indicating that there are no significant contaminants present in this Pt/MnO-CB.
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The C1s spectra shows a strong carbon peak, similar to the Pt/CB, however in this instance,
there is a slight increase of the C-O component. This arises due to the MnOy, and the bond
between the oxygen from the MnOy and the carbon in the carbon black. There is also a small
amount of potassium visible as the K2p peaks in the C1s spectrum window. This arises from
the MnOy deposition, which left a large K2p peak visible in the MnOx-CB sample. The K2p peak
in the Pt/MnO«-CB is dramatically lower than for the MnOy-CB, indicating that the process of
depositing the platinum and the washing helps to remove the potassium that can easily
become trapped in the tunnel structures formed by manganese oxides. This removal of the
potassium during the platinum deposition step was also seen when using the graphene oxide

based supports in previous chapters.

The Pt4f spectra for the Pt/MnOy-CB is very similar to the Pt4f spectra for Pt/CB, showing a
large Pt° component, along with some Pt?* and Pt* components. The similarity indicates that
the MnO«-CB and CB behave similarly during the Pt deposition step, and the difference in
MnOy-CB and CB supports does not have a major effect in the electronic structure of the

deposited platinum.

The Mn2p peak for the Pt/MnO-CB has a peak separation of 11.7 eV, which is attributed to
MnO,, however the peak shape also shows a satellite feature, commonly found in MnO,
suggesting that the MnOxy is in a mixed oxide state. Further clarification on the MnOy oxidation
state could not be obtained from the Mn3s spectrum, as the peaks were not distinguishable
from the background noise. This may be because of the interference from the Pt4f peak,

which sits very close to the Mn3s peak.
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TEM images were obtained of both the Pt/CB and Pt/MnOx-CB samples to determine their
physical structure. The TEM images (Figure 7.14 and Figure 7.15) show that both the Pt/CB
and Pt/MnOx-CB exhibit the same platinum particle clustering effect seen in previous
chapters. This may be due to growth effects, as platinum particles nucleate on defect sites,
which there may be more of in certain areas. This effect may be minimised if a different
platinum particle growth method is used, as it is the direct growth method that utilises these
defect sites to initiate platinum particle growth. If the particles were to be prepared
separately and then deposited onto the support, this may prevent this clustering phenomena.
However, this would not come without some drawbacks in the performance of the final
material, for example the particle-support interaction would not be as strong, potentially

decreasing the durability of the catalyst/support system.

EDX maps of the Pt/MnOx-CB (Figure 7.13) show that the Pt and Mn are distributed across
the carbon black support. The Pt and Mn intensities appear to be higher in the same locations
on the material, however on closer inspection, this stronger intensity looks to be due to a

thicker part of the Pt/MnO-CB material.
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Figure 7.13 EDX map of MnOx-CB support, showing areas of C, O, Mn and Pt. Top 2 images:

TEM image & EDX composite map. Bottom 4 images: Individual element maps.
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Figure 7.14 TEM images of Pt/CB
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Figure 7.15 TEM images of Pt/MnOx-CB
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The TEM images of the Pt/CB (Figure 7.14) shows that the structure of the carbon support
remains the same, and the spherical carbon black support can be seen throughout the images.
Aside from a few clusters, the deposited platinum particles are evenly dispersed across the
carbon black and have a large inter-particle distance. The particles are deposited on the outer
edges of the carbon black spheres. The size of the platinum particles, measured from 229
particles, was 3.42 nm % 2.27 nm. This particle size is larger than for the platinum deposited
on graphene in earlier sections, showing that the choice of carbon support is one critical factor
in the development of the catalyst/support system — particularly when a direct growth
mechanism is used. This size effect is believed to be due to the relative lack of defect sites on
the carbon black compared to graphene oxide, which are required for the platinum to
nucleate on. Once the few defect sites have been covered by platinum particles, the only

place for further platinum deposition is on the existing Pt particles, causing them to grow

larger.
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Figure 7.16 Particle size histograms for Pt/CB and Pt/MnOx-CB

For the Pt/MnOy-CB catalyst/support system (Figure 7.15), the MnOx-CB roughness as seen in

the bare support characterisations in section 7.1 is still visible in the TEM images, which
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indicates that the Pt deposition does not drastically alter the structure of the MnOx in the
support. There is less clustering of platinum particles in the Pt/MnOx-CB compared to the
Pt/CB, and even in locations where there is a high density of particles, they appear to be
smaller clusters than for the Pt/CB. Again, the platinum particles are deposited on the surfaces
of the MnOx-CB support. The Pt particles in the Pt/MnOx-CB are much smaller, and as such
have a smaller inter-particle distance, owing to their small size. The size of the platinum
particles was measured from 206 particles and was 2.13 nm + 0.41 nm. In addition to being
much smaller, the standard deviation on the mean is also much smaller, showing that the
distribution is narrower, and indicating that the growth and deposition of platinum particles
is more controlled on the MnOx-CB support. This difference in size and inter-particle distance
is attributed to the growth mechanism relying on defect sites on which the platinum
nanoparticles nucleate. The surface of the MnOx-CB is visibly rougher, owing to the MnOx
which has many edges, steps and other crystal defects, so the Pt particles grow across the
whole surface, resulting in Pt particles that are smaller on the MnOy-CB support compared to
the CB. Therefore, addition of MnOx onto a carbon support can control the size and size

distribution of deposited Pt particles when they are grown in a direct growth method.

7.3 Electrochemical Performance of Pt/MnO«-CB

The Pt/CB and Pt/MnOy-CB were first assessed for their methanol oxidation reaction activity.

They were tested against Pt/Ccom and PtRu/Ccom, the commercial standards.
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Figure 7.17 Initial MOR testing for Pt/CB and Pt/MnOx-CB and their comparicon to Pt/Ccom and

PtRu/Ccom.

The Initial MOR cycles seen in Figure 7.17 shows that the performance of both the Pt/CB and
Pt/MnOy-CB is much greater (in terms of forwards peak current per milligram of catalyst) than
the commercial catalysts. The Pt/CB and Pt/MnOx-CB have a forwards peak current of 391
mA/mgp: and 426 mA/mgp: respectively, while the Pt/Ccom and PtRu/Ccom have forwards peak
currents of 177 mA/mgp: and 152 mA/mgmetal. This indicates that the Pt/CB and Pt/MnOy-CB
show great promise for MOR catalysts, as they provide more current per mg of Pt metal used

in the catalyst.

Despite its documented drawbacks'’¢178, the forwards : backwards peak current (ls:lp)ratio
was used to investigate the potential of the Pt/CB and Pt/MnOx-CB to be a durable catalyst as

an initial screening test.
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Table 7.3 Iz:lp ratios and ECSA values for Pt/CB and Pt/MnOx-CB, and comparison to Pt/Ccom

and PtRu/Ccom

I:lp ECSA / m?,gpit
PtRU/ccom 1.54 + 0.05 -
Pt/Ccom 0.82 +0.05 88.7+2.3
Pt/CB 0.93 +0.05 9.9+3.2
Pt/MnO,-CB 0.94 + 0.05 14.0+3.4

As can be seen in Table 7.3, the Izl ratio is higher in the case of Pt/CB and Pt/MnOx-CB than
for the commercial Pt/Ccom. Meanwhile, the PtRu/Ccom exhibits a much higher I¢:lp ratio than
any of the other catalysts in this instance, indicating its superior durability. The Pt/CB and
Pt/MnOy-CB may perform well as durable MOR catalysts, but since this I¢:l, ratio measurement
is not the most accurate for determining durability, accelerated cycling must be undertaken

in order to determine how durable these candidate catalysts are.

The ECSA for Pt/CB and Pt/MnOy-CB (Table 7.3) are higher than previously obtained when
using a graphene based support, indicating that the choice of a 3D carbon support material
such as carbon black has helped to overcome the re-stacking issue that was seen in previous
chapters where graphene oxide was used. The ECSA however is still not as high as the
commercial catalysts, indicating that there are some experimental parameters that are not
fully optimised, perhaps the catalyst ink preparation and deposition needs optimisation or a

further processing step is needed before these Pt/CB and Pt/MnOx-CB particles are used in
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an electrochemical environment. The ECSA for the Pt/MnOx-CB is higher than for Pt/CB, which

makes sense considering the platinum particle size and dispersion seen on the TEM images.

Accelerated cycling tests, which are shown in Figure 7.18, were undertaken for these Pt/CB
and Pt/MnOyx-CB, however due to laboratory conditions during this period, no accurate
temperature control could be maintained. For this reason, only 500 accelerated degradation
cycles were undertaken, in contrast to the 1000 used previously. The temperature variation
over 500 cycles was not significant, however greater temperature fluctuations occurred
between 500 and 1000 cycles, causing inaccuracies in the measurements at these high

numbers of cycles.
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Figure 7.18 MOR accelerated degradation cycles for Pt/CB and Pt/MnOx-CB.

After 500 degradation cycles at 50mV/s, the Pt/CB has started to degrade more rapidly than
the Pt/MnOy-CB, which exhibits very little drop in its performance. The forwards peak current
for Pt/MnO«-CB drops by only 4.7% after 500 cycles, compared to an 11% drop for Pt/CB. This
indicates that by adding MnOx to the support, it provides additional durability compared to

using carbon black alone. This improvement in durability has been observed both in the case
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of adding manganese oxide to graphene oxide, and to carbon black, suggesting that the
addition of MnOx to any carbon support should improve the durability of platinum catalysts
applied to the MnOy-carbon supports. This improved durability may arise due to the structural
changes when MnOx is added to the support, where the MnOx provides a very rough surface3
with many more defect sites than the carbon black alone, improving the CO to CO;
conversion. Also, the tunnel structure of manganese oxide will provide fast ion transport,
improving adsorption and desorption of hydrogen and CO%. In addition, hydroxyl species on

the MnO3 can help to oxidise the COa.q4s on the platinum surface!”®.
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Figure 7.19 500 cycle MOR accelerated degradation for Pt/Ccom and PtRu/Ccom.

In stark contrast, both commercial catalysts, whose accelerated cycle test cyclic
voltammograms can be seen in Figure 7.19, show a more drastic decline in forwards peak
current after 500 degradation cycles. The PtRu/Ccom shows the most drastic drop, losing
37.6%, while Pt/Ccom shows an 18.7% drop. It is worth noting that the PtRu/Ccom catalyst drops

drastically in the initial 200 cycles, and thereafter is very stable. So, it is this initial drop in
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performance that makes this catalyst appear so bad. On the other hand, the Pt/Ccom catalyst

has a steady decline upon degradation cycling.

The forwards peak for the commercial catalysts appears to show a shoulder on the lower
potential side. The origin of this step is believed to be due to the dual pathway for the
methanol oxidation reaction*. Differential electrochemical mass spectrometry proves that
the forwards peak is actually made of two components, one for each pathway (a diagram of
this dual pathway is shown in Figure 2.3). It is the prevalence of the two MOR pathways which
gives rise to this shoulder to the MOR peak, as the two pathways occur at slightly different
potentials. Such a shoulder is not as obvious for the Pt/MnOx-CB catalyst (Figure 7.18), which
indicates that only one pathway is preferred for this catalyst/support system. This may explain

why the Pt/MnO«-CB exhibits a superior durability.

The percentage drop in forwards peak current activity for Pt/Ccom and Pt/CB are 18.7% and
11% respectively, which is relatively similar — as to be expected for similar catalysts. The
Pt/MnOy-CB shows a dramatic improvement, with only a 4.7% drop after 500 cycles. The MOR
degradation cycles for the Pt/MnOx-CB can be seen in detail in Figure 7.20. This Pt/MnOx-CB
shows signs of being an extremely durable catalyst/support system, even more so than the
commercial alternatives. 1000 cycles were performed on this catalyst, with improved
temperature control. The temperature was still not completely stable, however much greater
control was achieved for this single test over the other synthesised catalyst/support tests
previously discussed in this chapter, meaning this result can be compared to the commercial

catalyst tests which did have greater temperature control over a longer number of cycles.
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Figure 7.20 1000 MOR cycles for Pt/MnOx-CB.

After 1000 MOR cycles, the forwards peak current has dropped by only 15.0%. This is less
than Pt/C.om had dropped after just 500 cycles, and much less than PtRu/Ccom had dropped
over only 500 cycles. This proves that this Pt/MnOx-CB catalyst/support system is highly
durable, even more so than the commercial catalysts, and is a very good candidate to

investigate further for an anode material for use in direct methanol fuel cells.

It may be that the structure of the catalyst/support system, being highly rough and porous,
enables a high CO to CO; conversion, as proposed by Wang et.al*3 which contributes to the
durability of this material. In addition, in previous chapters it has been shown that the
addition of manganese oxide into the support enhances the durability of the catalyst. There
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may be a number of reasons why the addition of MnOx may improve the durability®®. The
channels in the tunnel structures of manganese oxides allows for fast ion (and proton)
transport, improving the adsorption and desorption of hydrogen, and helping the adsorbed
CO to be oxidised. Hydrogen and CO are believed to be able to migrate or spillover from the
Pt to the MnOx support, leaving the Pt active sites available for further methanol oxidation.
In addition, MnO; may generate hydroxyl species, which can then help to oxidise the CO
intermediates on the Pt'’°. However, in addition to these suspected improvements from the
MnOy, it must be remembered that the structure of the Pt is also important. An optimum Pt
particle size of around 2 nm and a tight distribution, as seen for the Pt/MnOx-CB will also

contribute to the improved durability and performance of this candidate material.

7.4 Conclusions

A three-dimensional carbon in the form of Vulcan XC72 carbon black was used as the carbon
base to a manganese oxide — carbon catalyst support. Manganese oxide was grown directly
onto the carbon black, and found to have a nanorod structure, which is drastically different
from the sheet-like structure formed on graphene oxide, despite using the same MnOx
deposition method and conditions. This implies that the carbon base to the support has a
great impact on the structure of the MnOy formed. The deposited MnOx was found to be in a

mixed oxide state, based around MnO2/Mn-0s.

Deploying a direct growth mechanism for the platinum catalyst yielded a drastically different
looking platinum catalyst on plain carbon black vs MnOx-CB. The MnOx-CB grew very small,

and evenly dispersed platinum nanoparticles 2.13 nm + 0.41 nm in diameter, with Mn and Pt
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distributed evenly across the CB (as shown by EDX mapping). The carbon black on the other
hand grew less uniformly dispersed larger particles at 3.42 nm = 2.27 nm in diameter. In
addition, 25.7% loading was achieved on Pt/CB whereas 28.6% loading could be achieved on
Pt/MnOy-CB indicating a greater number of defects and higher roughness on the MnO-CB
support than the CB support, enabling the higher Pt loading. Despite these structural
differences, XPS showed that the oxidation states of the platinum particles grown were very
similar, and XRD proved that they were crystalline in both cases. The smaller size Pt particles
seen on the MnOy containing carbon black support reflects the trend seen in Chapter 6 where
increasing manganese content led to smaller deposited platinum nanoparticles because of

the increase in surface roughness and defect sites on which the Pt can grow.

Accelerated degradation testing showed that the microwave produced Pt/CB performed
comparably to the commercial Pt/Ccom, although the Pt/CB was slightly more durable (Pt/CB
had a forwards peak current drop of 11% whereas Pt/Ccom had a drop of 18.7%). The PtRu/Ccom
suffered from a dramatic initial drop in the first 200 cycles, leading to a poor durability. The
addition of MnOx to the carbon black support had a dramatic improvement on the durability
in accelerated tests, losing only 4.7% over 500 cycles, and only 15% over 1000 cycles. This
dramatic improvement seen on the addition of MnOx to the carbon support is of great
interest, as this catalyst only uses 30% precious metal loading, in comparison to the 75% metal
loading for PtRu/Ccom and the 30% loading for Pt/Ccom. This means that a highly durable,
relatively low loading catalyst for the direct methanol fuel cell anode has been successfully

produced.
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CHAPTER 8 Test case: Can utilising a MnO-CB support

improve a poor catalyst?

The results from this chapter were obtained during a collaborative research project, involving
two other PhD students from the University of Birmingham at the time: James Walker from
Chemical Engineering and Patrick Harrison from Physics.

The work on the RuSePt/MnOx-CB was split as follows:

Patrick Harrison:

- Operation of the TEM including imaging and EDX mapping.

James Walker:
- Synthesis of the RuSePt'#3,
- Sonication of the MnOx-CB and RuSePt to form the RuSePt/MnOx-CB.
- Testing and characterisation of the RuSePt.
- Electrochemical tests of the RuSePt/MnOx-CB including ECSA, pack away of IL-TEM

electrode system after long term cycling.

Aimee Jackson:

Synthesis of the MinOx-CB.

- Sonication of the MnOx-CB and RuSePt to form the RuSePt/MnOx-CB

- Testing and characterisation of the MnOx-CB.

- Electrochemical tests of the RuSePt/MnOx-CB including long term MOR, set up of IL-
TEM electrode system for long term cycling.

- Testing and characterisation of Pt/MnOx-CB and commercial catalysts for comparison.
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In previous chapters, it was shown that the addition of a MnOx-CB support can improve the
durability of a platinum catalyst support. Therefore, in order to test the suggestion that the
addition of MnOx to a carbon support can improve the durability of the supported catalyst
towards the methanol oxidation reaction, a test case was set up. A novel catalyst that has
poor activity and durability was used — in this case a RuSePt alloy. It was supported on the
MnOy-CB produced in Chapter 7, and some preliminary tests were undertaken to determine
the long term MOR activity and durability of the catalyst to see if the MnOx-CB support could

improve it.

8.1 Synthesis

In contrast to previous chapters, where a direct growth method was used, this RuSePt/MnOx-
CB catalyst/support system was produced by sonicating the pre-made support and pre-made
catalyst nanoparticles together. 1 mL of pre-made RuSePt nanoparticles (see Appendix A: for
details) were suspended in ethanol/hexane (1:1) and mixed with 1 mg MnOx-CB in a sample
vial. This was then sonicated in a sonic bath for 1 hour, to allow the support and catalyst to
thoroughly disperse and attach together. A second sample of RuSePt/CB was also produced
via the same method but using Vulcan XC72 carbon black rather than the MnOx-CB. Attaching
a catalyst to a support by mixing is a common procedure and allows the pre-made particles

to adhere to defect locations on the support.

8.2 Characterisation

From synthesis parameters and previous characterisation studies, the RuSePt particles are
assumed to be in a 1:1:1 elemental ratio and are capped by an oleylamine capping agent.

Further details on the RuSePt particles can be found in Appendix A:.
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MnOy-CB is known to be 59% MnOy on Vulcan XC72 carbon black. The MnOy is crystalline in
nature. It is a MnO2/Mn203 mixed oxide, and the MnOx forms a nanorod like structure across

the surface of the carbon black (see Chapter 7).

After the RuSePt/MnOy-CB catalyst/support was produced, it was characterised by TEM and
EDX to confirm adhesion of the particles to the support. Since the catalyst particles were very
small*®3 (3 nm on average), an aberration corrected STEM was used to obtain clear images

and high magnification.

Figure 8.1 HAADF-STEM and bright field STEM images of RuSePt/MnOx-CB before any

electrochemical testing.

The TEM images in Figure 8.1 show that the MnOx-CB support has retained its three-
dimensional structure, as evidenced by the varying levels of focus throughout the image. The
rough surface of the MnOy-CB indicates that the MnOx nanorod like structure (as discussed in

Chapter 7) of the MnOx-CB has been retained during the catalyst deposition step.
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The RuSePt catalyst nanoparticles have remained as discrete particles but have clustered
together and attached themselves in selected locations on the MnOx-CB support. The poor
dispersion of these particles is expected to have a detrimental effect on their electrochemical
activity as the electrolyte and reactants will not be able to access in between these clustered
particles. In addition, only some of the RuSePt particles are in contact with the catalyst
support. This will have an additional detrimental effect on the catalytic activity and
effectiveness in a fuel cell, as the electrons produced from the MOR reaction on nanoparticles
away from the support will not have a conductive pathway to follow out to the external
circuit, meaning they do not contribute to the activity of the catalyst for the fuel cell. In
addition, the poor contact of the particles on the support may hinder the durability

performance of the catalyst/support system.

From the HAADF-STEM images in Figure 8.2, it is not clear whether the oleylamine capping
agent has been removed during the catalyst deposition step. However, since the particles are
grouped together, but not in direct contact, it is expected that at least some of the capping
agent is present because the capping agent would keep the particles separated. This is
confirmed by the HR-TEM images, which show some crystallinity of the particles but also
shows some ‘fuzziness’ or variation in focus, indicating the likely presence of a film -
presumably the capping agent covering the particles. Despite the presence of the oleylamine
capping agent in the image, there are clearly crystalline RuSePt nanoparticles, with a
measured lattice spacing of 0.24 nm % 0.5 nm. This was calculated from the line profile of a
particle on the image, shown in the inset of Figure 8.2. This lattice spacing is consistent with

Pt under tensile strain'818> as would be the case for such a Pt-RuSe alloy.
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Figure 8.2 HAADF-STEM image showing the RuSePt particles. Inset: line profile across a RuSePt

particle, showing the lattice spacing and the crystalline nature of the RuSePt particles.

8.3 Electrochemical testing

For the electrochemical measurements, a 3mm glassy carbon working electrode was used,
with an Ag/AgCl reference electrode, and a platinum mesh counter. The electrolyte was 1M
methanol/0.1M H,S04 and the catalyst/support systems tested by potential cycling. A catalyst

ink was made from 1mg of catalyst/support powder and 1ml of Nafion ink — the same as
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previous chapters in this thesis. 2 x 5 uL drops of this ink were cast onto the 3mm glassy

carbon electrode, and dried using a heat lamp prior to testing.

8.3.1 RuSePt/CB electrochemical performance

In Figure 8.3, it can be shown that the RuSePt catalyst on CB shows some activity towards the

MOR, however this activity is very poor, lower than for the commercial Pt/Ccom or PtRu/Ccom

and the Pt/MnOx-CB from Chapter 7. The RuSePt/CB material also exhibits a large capacitance

— evident from the large separation between the forwards and backwards parts of the MOR

graph — shown in Figure 8.3.
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I ' I I I I I 1
0.04 4 RuSePt/CB 2 -

iv;’}"'-‘.' N, L \ ‘{'.:.;:
0.03 - i e £ i

g $
St _1:
0.02 ‘J’e,a’/ ’:'g“ -
& P
& P
y,,.»’“ '3
0.01 ’!,.v’ § -
r P
{_‘f _,ft"
0.00 - F; i _
$ V4
¢ 2 F
o
-0.01 - ' I A i
.;"'. ; “".\, .,el'.‘"“
N scan 1

'002 = sesssaresses Scan 500 -

> I I I I I I I

-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

Potential vs Ag/AgCI (V)

1.2

The RuSePt/CB shows some durability however, losing only 8% of its initial forwards peak

current after 500 cycles although it is not clear if this peak is a genuine MOR peak, or if it is
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some kind of diffusive reaction occurring on the RuSePt particles. Further detailed
investigation into the kinetics of this peak would be required, however this was beyond the
scope of this experiment. This relatively good durability exhibited (if indeed it is a genuine
MOR peak) may be enhanced through use of an MnOx-CB support as in previous chapters, in

addition to potentially improving the magnitude of the MOR current produced.
8.3.2 RuSePt/MnO«-CB electrochemical performance

In order to ascertain the effect of the MnOx support, a series of electrochemical

measurements were made.
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Figure 8.4 MOR cleaning cycles for RuSePt/MnOx-CB showing the methanol oxidation peaks

appearing after 120 cleaning cycles.
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First, the RuSePt/MnOx-CB was tested on a 3mm glassy carbon static electrode, to compare
to the RuSePt/CB, it was tested for 1500 cycles (after electrochemical cleaning) to determine

the long term behaviour of the catalyst and see if the durability could be improved.

The MOR cleaning cycles are shown in Figure 8.4. The first approximately 10 cycles show no
catalytic behaviour towards the MOR, and just a resistive/capacitive type loop. On the other
hand, Pt/Ccom, PtRuU/Ccom and Pt/MnO«-CB all exhibit some MOR behaviour on their initial

cycles, whose peak current increases with some cleaning cycles.

After around 20 — 30 potential cycles, the MOR behaviour for the RuSePt/MnOx-CB begins to
become apparent, and the forwards peak current (Ifpeak) Shows a maximum at around 120
cycles. This contrasts with the RuSePt/CB which still shows no MOR activity. Including MnOx
in the system appears to enhance the electrochemical cleaning of the RuSePt catalyst to allow
the MOR reaction to take place, although the mechanism through which this happens is
unclear. This cleaning behaviour exhibited by the RuSePt/MnOy-CB is different to the cleaning
behaviour seen in all other catalysts tested previously (Chapter 5 to Chapter 7). The Pt or PtRu
catalysts from previous chapters all exhibit some MOR activity in the initial scan, which simply
increases in peak current over 20 to 60 cycles. In the case of RuSePt/MnOx-CB, this initial
activity is not evident and must be slowly revealed and obtained over >100 potential cycles.
This effect may be due to the capping agent which is present on these RuSePt particles, but
not present on the commercial catalyst or the Pt/MnOx-CB. Even after this cleaning cycling,
the peak currents obtained are much lower than those obtained for the Pt/Ccom, PtRU/Ccom
and Pt/MnOy-CB. These low currents may be caused by a number of physical characteristics

including:
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i Poor contact between catalyst and support due to the procedure used to deposit the
catalyst onto the support.

ii. Poor dispersion of the catalyst particles on the support.

iii. Few catalyst particles in direct contact with the support.

iv. Effect of the capping agent on the catalyst particles.

After electrochemical cleaning, the MOR activity was measured over 1500 cycles. (for

degradation cycling, the start = scan 1 = cleaning cycle 120 = the maximum initial activity)
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Figure 8.5 MOR degradation cycles for RuSePt/MnOx-CB material on a 3mm glassy carbon

electrode.

The degradation cycling for RuSePt/MnO«-CB (Figure 8.5) shows the peak current drops by

48% over 100 degradation cycles, and by 55% after 1200 cycles. The voltammetry changes
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significantly between scan 1200 to 1500, such that all electrochemical activity is gone by 1500

cycles.

In addition, upon cycling for 1500 potential cycles, the MOR behaviour appears to have
disappeared, and the shape of the cyclic voltammogram appears to be more diffusive in
nature rather than adsorptive. The peak shape is asymmetrical and there is a wide peak
separation, indicating the diffusive nature of the reaction. An investigation with varying scan
rates would confirm this and enable more detail on the mechanism to be obtained, however

this was not in the scope of this preliminary study.

The shape and the potential at which the peaks occur indicate that there is oxidation and
reduction of manganese or ruthenium occurring in the catalyst/support system. The standard
potential for Mn(VIl) to Mn(1V) is 0.60V (vs SHE) and the standard potential for Ru(IV) to Ru(ll)
is 0.68V (vs SHE)'86, These match well with the potential of the observed peaks, suggesting
that reduction/oxidation of ruthenium or of manganese oxide may be responsible for this
shape. To investigate the effect of cycling on the catalyst and support in more depth, identical
location TEM was performed before and after potential cycling. Any changes in the structure
or in the elemental composition of the catalyst/support should be observable via the TEM
image and the EDX map. This was done by identical-location TEM and EDX before and after

MOR electrochemical cycling.

8.3.3 IL-TEM coupled MOR potential cycling

To measure the structural differences in the RuSePt/MnOx-CB before and after MOR cycling,
identical-location TEM was used (IL-TEM). First, TEM images and EDX maps were obtained at

a specific location on a TEM grid to examine the RuSePt/MnOx-CB before potential cycling.
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8.3.3.1 IL-TEM imaging before electrochemical cycling

1 pl of catalyst ink (at 1 mg/mL catalyst powder in Nafion solution) was applied to a gold TEM
grid, and allowed to dry, before being imaged using TEM. These initial TEM and EDX images

can be seen in Figure 8.6 and Figure 8.7.

Figure 8.6 HR-TEM image showing the RuSePt particles before electrochemical cycling. Inset:

line profile showing the lattice spacing of a single RuSePt particle.
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Figure 8.7 EDX maps before MOR cycling, showing the HAADF image along with the Mn, O,

Ru, Se and Pt elemental maps.

The TEM image shows the same trend as in section 8.2. The RuSePt particles are attached in
groups onto the MnOx-CB support. There is also some evidence for the presence of the
oleylamine capping agent, due to the distribution of the RuSePt particles and the fuzziness
visible on the crystalline particles. From the line profile, the lattice spacing for the particles is
0.22nm + 0.5nm. This is very similar to the not cleaned particles shown earlier in this chapter,
and matches with a Pt-alloy where the Pt lattice is under tensile strain'®18 as is to be

expected for a RuSePt alloy particle.

The EDX map shown in Figure 8.7 shows the distinct areas of the catalyst RuSePt and the

support MnOx-CB. The RuSePt alloy particles appear to be clustered together and have not
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been well dispersed. Despite this, the RuSePt cluster is attached well to an area of MnO«-CB

support. The MnOy is well distributed across the entire carbon black support.

8.3.3.2 Electrochemical cycling after initial IL-TEM imaging

Cap with 3mm Teflon Electrical connection —1
1mm Gold glassy electrode between glassy i
aperture 1EM carbon holder carbon and RDE shaft RDE shaft

grid  stub

|/

C IO (| e am |

Figure 8.8 IL-TEM electrochemical potential cycling setup.

After the initial TEM image was taken, the TEM grid was mounted onto an electrode using the
setup shown in Figure 8.8. The TEM grid was taken out of the TEM, and placed onto a polished
3mm glassy carbon stub, which had previously been inserted into a Teflon electrode holder.
The TEM grid was held in place by a Teflon cap, which had a 1Imm diameter hole drilled in the
centre to allow the electrolyte access to the catalyst particles on the TEM grid. The assembled
electrode was then attached to the RDE shaft and connected to the potentiostat by a

crocodile clip on the RDE shaft.
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The electrochemical results from this setup are inherently different to those found from the
standard 3mm glassy carbon electrode, coated with 10 uL of catalyst ink (at 1 mg/mL). This
difference in the electrochemical scan arises not only from the difference in the quantity of
catalyst on the electrode, but also because of the gold TEM grid, and the 1 mm aperture in
the cap which holds the TEM grid in place. These all contribute to a much lower current signal,
which is hardly visible on the potentiostat used, therefore the electrochemical scans from the
IL-TEM setup are not shown here. However, it is assumed that the potential cycling affects
the catalyst particles in the same way, and therefore the images before and after
electrochemical cycling are assumed to be representative of what happens at the catalyst

surface during MOR electrochemical cycling.

To see what the MOR cycles looked like, the MOR potential cycling was measured using the
same RuSePt/MnOy-CB ink as was deposited on the gold TEM grid, but with the ink deposited
on the 3mm glassy carbon static electrode and attached to the RDE shaft. There was no TEM
grid present and no 1mm aperture cap on top. The same counter and reference electrodes
were used, along with the same cycling procedure. These adjustments allowed for a strong
enough current to be observed from the potentiostat output. These cycles are shown in
Figure 8.5 above. The peak current drops by 55% after 1200 MOR cycles, and all

electrochemical activity is gone by 1500 cycles.

8.3.3.3 IL-TEM imaging after electrochemical cycling

After the potential cycling was complete, the gold TEM grid was carefully removed from the

mounted setup and placed back into the TEM for imaging.
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Figure 8.9 HAADF-STEM and Bright field STEM images of RuSePt-MnOx-CB after

electrochemical testing.

The same location was found on the TEM grid, and these post cycling STEM images can be
seen in Figure 8.9. The post-cycling TEM images show less evidence for the MnOx nanorod
type structures on the surface of the carbon black, and instead show a smoother support,

more visually similar to the unmodified vulcan carbon black.

The aberration corrected HR-TEM images post-cycling (Figure 8.10) show more clear
crystalline RuSePt particles, which suggests that the capping agent has been removed through
the process of potential cycling. The lattice spacing is measured to be 0.23 nm = 0.5 nm post-
cycling which has not changed from before cycling. This lattice spacing still matches with the

values for a Pt lattice under strain'®4, as is the case for a RuSePt alloy.
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Figure 8.10 Aberration corrected HR-TEM image showing the RuSePt particles after
electrochemical cycling. Inset: line profile across the same RuSePt particle from before cycling,

showing the crystallinity and lattice spacing has not changed.
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.

HAADF MAG: 1000kx HV: 200kV

Figure 8.11 EDX maps after MOR cycling, showing the HAADF image along with the Mn, O, Ru,

Se and Pt elemental maps.

In addition, the Mn signal in the EDX mapping (Figure 8.11) is much weaker, indicating that
the Mn has been leached out of the system during cycling. This matches with the visual clue
that shows the MnOyx nanorod type structure to have been diminished in the post cycling TEM

image (Figure 8.9).

8.3.4 Testing the electrolyte from the RuSePt/MnO«-CB MOR cycles for leached out catalyst

elements

To further test the possibility that the MnOy is leached out from the RuSePt/MnOy-CB,
another electrochemical cycling measurement was performed. The same batch of 1M

methanol/0.1M H,S04 electrolyte was used for each of these experiments in this series, and
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it was tested before and after potential cycling of each catalyst using ICP-MS, measuring for
all elements of interest present in the system: Pt, Ru, Se and Mn. This was to see if any of the
elements in the RuSePt/MnOx-CB system leach out during the course of the electrochemical
cycling, and to see if this may contribute to the cyclic voltammogram measurements seen
(Figure 8.5). Any elements from the RuSePt/MnOy-CB that have been leached out during the
process of MOR cycling will be present at elevated levels in the electrolyte. The RuSePt/MnOx-
CB was mounted on a 3mm glassy carbon working electrode, using 10 pL of 1mg/mL catalyst
ink and a heat lamp to dry. To ensure that the only Pt in the system could come from the
working electrode, the counter electrode in this experiment was a carbon rod, and the
reference used was a Hg/Hg,S0a4. A 30ml sample of the 1M methanol/0.1M H,S04 electrolyte
before cycling was retained as a ‘blank’ sample. Then, the 3 electrodes were set up in a
standard electrochemical setup, using a second portion of the same batch of 1M
methanol/0.1M H,S0, electrolyte, and the RuSePt/MnOx-CB was cycled for 1500 MOR cycles.
After cycling, the electrolyte was retained for ICP-MS testing. As a comparison, the Pt/MnOx-
CB from Chapter 7 was mounted on a 3mm glassy carbon electrode, using the same
experimental set up as for RuSePt/MnOx-CB. A third portion of the same batch of 1M
methanol/0.1M H,S04 electrolyte was used, and this Pt/MnOx-CB catalyst was also cycled for
1500 cycles, with the post-cycling electrolyte again retained for ICP-MS testing. The cyclic
voltammograms are not shown here (although they appear similar to those shown in Figure
8.5), as the main aim of this experiment was to identify any dissolving or leaching of the

components of the RuSePt/MnOx-CB catalyst/support system.
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Table 8.1 ICP-MS measurements of Mn, Pt, Ru and Se content of electrolyte before and after

electrochemical degradation cycling.

Mn/ppm  Pt/ppm Ru / ppm Se / ppm

0.011 0.012 0.005 0.002
Blank electrolyte +0.001 +0.001 +0.001 +0.001
RuSePt/MnOy-CB electrolyte 0.019 0.001 0.001 0.001
after 1500 cycles +0.001 +0.001 +0.001 +0.001
Pt/MnO,-CB electrolyte 0.009 0.002 0.001 0.002
after 1500 cycles +0.001 +0.001 +0.001 +0.001

The 3 electrolyte samples were tested for the elements of interest: Pt, Ru, Se and Mn using
ICP-MS. The ICP-MS results (which can be seen in Table 8.1) show that the blank electrolyte
already contains some trace amounts of Mn, Pt, Ru and little Se. After cycling however, the
electrolyte from the PtRuSe/MnO«-CB contains elevated levels of Mn, which are higher than
the background (blank electrolyte) measurements. This confirms the observations from TEM
and EDX that the Mn has leached out of the RuSePt/MnOy-CB system. For all other elements,
the signal after cycling is not significant above the background, indicating that these elements
do not leach significantly from the RuSePt/MnO-CB on the working electrode. These results
suggest that the diffusive behaviour seen in the MOR cycles in Figure 8.5 is in fact due to
reduction/oxidation of manganese oxide and not methanol oxidation. This is responsible for
the Mn leaching out into the electrolyte for the case of RuSePt/MnOx-CB and showing that

the RuSePt/MnOx-CB is not stable.
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On the other hand, in the Pt/MnO«-CB electrolyte, the Mn and Pt signals are not significant
compared to the background levels, indicating that the Mn and Pt do not leach significantly

in the case of the Pt/MnOx-CB material, suggesting the MnOx-CB is not unstable in this system.

In the case of Pt/MnOx-CB, the Pt and Mn are in direct contact with each other, as the Pt
nanoparticles have been deposited via a direct growth mechanism, whereas for the RuSePt
catalyst, the Mn and RuSePt particles do not have as much direct contact, as the RuSePt
particles are deposited in a post-growth sonication step. The RuSePt particles deposit in
clusters in discreet locations on the MnOx-CB, and are capped with capping agent, leading to
decreased contact between the RuSePt and MnOx-CB in the case of RuSePt/MnO«-CB,
compared to the Pt and MnOx-CB in the case of Pt/MnO«-CB. It appears that it is this direct
contact between the Pt and MnOy-CB that stabilises the MnOy in the support and enhances

the durability.

In addition, the presence of oleylamine as a capping agent on the RuSePt nanoparticles may
have a detrimental effect on the catalyst/support system. It is known that oleylamine can act
as a mild reducing agent'®, and so it is possible that when the potential is cycled, the
oleylamine may interact with the catalyst and the support and cause undesirable reduction

reactions, leading to the leaching of the MnOy from the system.

8.4 Conclusions

Initial MOR tests showed that electrochemical cycling cleans the oleylamine capping agent
from the RuSePt particles and improves the MOR performance of the RuSePt catalyst. Using
MnOy-CB as a support improves the methanol oxidation activity of the RuSePt catalyst over a

standard carbon black support.
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IL-TEM and subsequent ICP-MS electrolyte tests show that for the RuSePt/MnOx-CB, where
the catalyst and support have only poor contact with each other, manganese is lost from the
support material during electrochemical cycling. This is not the case for Pt/MnOx-CB, where
there is no evidence for manganese leaching out of the support during cycling. It is therefore
proposed that the combination of the MnOx and Pt in direct contact with each other and the
direct growth mechanism that gives rise to the stability and durability seen for the Pt/MnOx-
GO and Pt/MnOx-CB MOR catalysts. In addition, the use of oleylamine as a capping agent to
the catalyst nanoparticles is undesirable and its mild reducing agent status may contribute to

the degradation of the catalyst/support system.

Further investigation into the mechanism behind the diffusive behaviour observed in the
electrochemical cycling experiments for the RuSePt/MnOx-CB and the cleaning and

degradation mechanisms should be undertaken.
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CHAPTER 9 Summary

9.1 Conclusions

This study has produced a range of hybrid MnOx-nanocarbon catalyst supports for use in
direct methanol fuel cells. The support materials were subsequently decorated with platinum

nanoparticles for testing in an ex-situ electrochemical environment.

Based on a survey of the literature, three synthesis methods were selected.

Firstly, a graphene oxide material was successfully produced, following a modified Hummers
method. The graphene oxide produced had a C:O ratio of 3.0 to 3.2, and ICP-MS showed that
it was free from any contamination. The dominant oxygen groups on the graphene oxide were
hydroxyl and epoxide groups, with only a small contribution from carbonyl and carboxyl

groups.

Second, this graphene was taken as a starting point to be modified with a manganese oxide
layer using a one pot microwave technique. The one-pot microwave synthesis method was
successfully used and reliably enabled the direct growth of MnOx onto graphene oxide at a
range of loadings. MnOx was grown in a Mn0O2/Mn;03; mixed oxide state in crystalline nano
layers across the graphene support, which was reduced simultaneous to the MnOy growth

step. This direct growth enabled a good interaction between the GO and MnOxy.

Thirdly, the range of graphene oxide based support materials produced could be decorated
with platinum nanoparticles, using a second one-pot microwave synthesis method. Whilst
graphene oxide alone as a catalyst support for Pt nanoparticles proved to be unsuccessful

over long term ex-situ degradation cycling tests, the MnOx-GO materials showed a clear
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improvement above the GO alone when tested for long term stability. Increasing the MnOx
content above 50% was detrimental to the overall performance, as the GO in this case was
not as fully reduced as the supports with lower MnOy content. This decreased the electrical
conductivity of the overall support, and therefore minimised the peak currents that could be
obtained from the catalyst under ex-situ tests. However, despite this low activity, the hybrid
MnOx-GO support with the highest loading of MnOx (68%) produced a very durable catalyst.
All MnOx-GO materials suffered from suspected re-stacking of the sheet structure, which
caused a low electrochemical surface area and inhibited the performance. Interestingly, the
Pt particle size of the directly grown particles was also influenced by the MnOy loading. The
higher the MnOx loading on the hybrid support, the smaller the Pt particles that were grown.
It is expected that the size of the deposited Pt nanoparticles also had an influence on the
durability of the catalyst/support system. The size of the directly grown Pt nanoparticles
additionally had a detrimental effect on the electrochemical surface area of the Pt/MnOx-GO

materials, as they tended to have a larger particle size compared to commercial catalysts.

Next, the same one-pot hybrid support synthesis method was utilised to successfully produce
a MnOx-CB hybrid support. The MnOyx was again in a mixed oxide state but differed in its
morphology: forming crystalline nanorods rather than the nanosheets that were formed on
the GO. This different shape is expected to be a product of the direct growth mechanism,
whereby the manganese oxide grows from defect sites on the supporting carbon. There are
significantly more defect sites on graphene oxide than on the carbon black, causing sheet like
structures to grow across the surface of the graphene sheet vs crystalline nanorods to grow
out from the carbon black surface. Using a 3D carbon as the base for the hybrid support

overcame the issues of low electrochemical surface area, as the carbon black retained its
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porous structure and did not re-stack like the graphene-based supports. Pt nanoparticles
grown via a direct route on this MnOx-CB support exhibited an enhanced durability that was
even better than the commercial DMFC anode catalyst in these ex-situ tests. In addition, the
deposited platinum nanoparticles were of a small size which contributed to enabling a larger
surface area to be obtained. The Pt/MnOx-CB showed excellent durability and activity towards
the methanol oxidation reaction. This MnOx-CB support highlighted the significant influence
of the carbon support on the subsequent growth of the manganese oxide. It also showed that
through combining MnOx and carbon as a support, and through direct growth of platinum

catalyst particles, a highly durable MOR catalyst can be produced.

Finally, a test case was set up, combining the MnOx-CB support and a novel ternary RuSePt
alloy nanoparticle catalyst with the aim of investigating whether an MnOx-CB support can
improve any MOR catalyst. Pre-prepared RuSePt nanoparticles were attached to the MnOy-
CB support via a sonication deposition step. It was apparent that an indirect growth
mechanism does not produce a well dispersed catalyst on the support. In addition, the
nanoparticle’s capping agent appears to be detrimental to the performance of this
RuSePt/MnOx-CB catalyst/support system. Identical location TEM imaging and ICP-MS of the
electrolyte was performed before and after electrochemical cycling of the MnOx-CB with the
novel RuSePt ternary alloy MOR catalyst particles. This showed that the MnOyx was unstable
in this case, and the Mn could be seen to be leaching out into the electrolyte. As a result,
these catalyst/support RuSePt/MnO«-CB particles showed poor activity and poor durability.
This indicated that it is in fact the direct contact between catalyst and support and the direct
growth mechanism of the MnOx and Pt that generated the impressive durability that was

exhibited by the Pt/MnOx-CB seen in Chapter 7.
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Overall, it was found that graphene oxide was a poor choice for the carbon substrate for a
hybrid catalyst support. Despite many suggestions in the literature that graphene oxide may
prove to be an excellent catalyst support material because of its high surface area and the
high electrical conductivity of graphene materials , it was found that the material is not well
suited to the methanol fuel cell ex situ testing environment, and presumably this extends to
the in situ fuel cell environment. The graphene sheet structures tended to re-stack, which has
a detrimental effect on electrochemical surface area, and would lead to mass transport issues
inside a fuel cell environment. In addition, the carbon support has an effect on the growth of

the MnOy and the Pt nanoparticles when they are deposited in a direct growth method.

The use of carbon black as a 3D carbon support, with MnOy deposited directly on top of the
carbon black showed significantly improved durability over the commercial catalysts in ex situ
tests, and it was shown that the direct growth mechanism is vital to achieving this exceptional

durability.

151



9.2 Future outlook

While the Pt/MnOx-GO materials showed good durability, but poor activity, the Pt/MnOx-CB
material showed an improved durability when compared to the commercial standards

Johnson Matthey Hispec materials (referred to in this thesis as Pt/Ccom and PtRu/Ccom).

The Pt/MnOx-GO studies suggested that increasing the MnOx content can improve the
durability of the catalyst/support system. Taking these findings into account, further
investigations into the effect of increased MnOy content on the MnOx-CB support should be
undertaken. This may improve the Pt/MnOx-CB further, or the expected decrease in electrical

conductivity may prove to be detrimental to the overall performance.

It would also be interesting to investigate methods by which the particle size of the Pt
nanoparticles can be controlled and kept to be a smaller size, as the Pt/MnOx-GO materials
with smaller Pt particle size showed improved durability and performance, so combining the
small Pt size with the optimum MnOy loading should produce a highly durable

catalyst/support system with good activity.

In addition, tests with a directly grown PtRu alloy catalyst on the MnOx-CB support should be
undertaken. This would show whether the benefits of the RuPt alloy, which are already
employed in commercial catalysts, and the direct contact with the MnOx-CB support with the

catalyst can be combined to further improve the durability of the DMFC anode catalyst.

Further, longer term testing should be undertaken in order to confirm the durability of the
MnOy-CB supported particles. This will show if the MnOx-CB particles can retain their
exceptional durability over the lifetime of a fuel cell, or whether their exceptional durability

does not last over the lifetime of the fuel cell.
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Finally, the optimum composition of MnOx-CB supported catalyst from the ex-situ tests
should be tested inside a fuel cell environment, and durability studies undertaken to confirm

that the ex-situ performance can be transferred into the fuel cell in-situ and improve the

durability of the DMFC.
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APPENDIX A: RuSePt Nanoparticle Characterisation

The RuSePt nanoparticles which were used in chapter 8 were prepared by James Walker and
are discussed in detail in his thesis, titled “Ternary alloy nanoparticles for polymer electrolyte
fuel cell electrocatalysis”. Briefly, the particles were produced via a solvothermal route,
adapted from literature'®® whereby precursors were injected into hot oleylamine at 230°C,
the temperature maintained for one hour, and then the particles were washed via
centrifugation in ethanol/hexane 50:50 solution. Further details can be found in section
2.3.1.4 of the previously mentioned thesis®. The as synthesised particles have a surface

capping agent of oleylamine.

The particles were characterised in a range of methods, with more detail to be found in
section 2.4.2 of the thesis of James Walker!®. TEM imaging and subsequent particle sizing

showed that the RuSePt particles were spherical in nature, and their size was 3.3 + 0.4nm.

RuSePt Size Distribution

| ) [0
2 4 6
Nanoparticle Size (nm)

Figure A.1 Particle sizing of the RuSePt particles, used in chapter 8 (picture reproduced with

permission from the thesis of James Walker)
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The image shown in Figure A.1 confirms the particle sizing (the image is reproduced with

permission from James Walker’s thesis, section 2.4.2, page 75)

XPS results found that the particles may not have been produced in the 1:1:1 Ru:Se:Pt ratio
as was expected. The Ru is believed to be in a much lower ratio because the Ru and its
precursor had poor solubility in the oleylamine solvent. However, the composition of the
particles is not critical to the results in this thesis, where the focus is on the catalyst-support

interaction and its crucial role in the activity and stability of methanol fuel cell anode catalysts.
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